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Abstract

Helicobacter pylori infections are a major cause of peptic ulcers and gastric
cancers. The development of robust inflammation in response to these flag-
ellated, motile bacteria is correlated with poor prognosis. Chemotaxis plays
a crucial role in H. pylori colonization, enabling the bacteria to swim to-
ward favorable chemical environments. Unlike the model species of bacterial
chemotaxis, Escherichia coli, H. pylori cells possess polar flagella. They run
forward by rotating their flagella counterclockwise, whereas backward runs
are achieved by rotating their flagella clockwise. We delve into the impli-
cations of certain features of the canonical model of chemotaxis on our
understanding of biased migration in polarly flagellated bacteria such as
H. pylori. In particular, we predict how the translational displacement of
H. pylori cells during a backward run could give rise to chemotaxis errors
within the canonical framework. Also, H. pylori lack key chemotaxis en-
zymes found in E. coli, without which sensitive detection of ligands with a
wide dynamic range seems unlikely. Despite these problems, H. pylori exhibit
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robust ability to migrate toward urea-rich sources. We emphasize various unresolved questions
regarding the biophysical mechanisms of chemotaxis in H. pylori, shedding light on potential
directions for future research. Understanding the intricacies of biased migration in H. pylori
could offer valuable insights into how pathogens breach various protective barriers in the human
host.

INTRODUCTION

Motility is a remarkable product of evolution that allows living organisms to quickly inhabit
new territories. The ability to move significantly enhances the chances of survival, which is why
motility is common across all domains of life (1). It is especially widespread across the bacte-
rial kingdom. Bacteria exhibit numerous forms of motility, including gliding, sliding, twitching,
flagellar motility, and swarming (2, 3). By far, the fastest is flagellated motility, enabling a cell
to cover distances 10-50 times its own length in a second (4). Flagellated motility greatly en-
hances the rate at which a bacterial population can spread in a niche, almost as quickly as sugar
molecules, surpassing the rate at which nonmotile bacteria spread by several orders of magni-
tude (5-7). Not surprisingly, a significant fraction of known bacterial species carry flagellar genes
(8,9).

Flagellated bacteria rotate extracellular flagellar filaments with the aid of tiny electric mo-
tors known as flagellar motors (10). The rotation of the helical filaments exerts a propulsive
force on the cell body, enabling it to move in a persistent direction for a few seconds through
highly viscous environments. During the course of evolution, the flagellar motor likely became
coupled to a signaling network capable of controlling flagellar rotation (11). Modulation of
rotation influenced the random movements of cells, biasing their migration toward favorable
chemical environments and further enhancing their chances of survival (12). This phenomenon,
known as chemotaxis, has been studied extensively in the model species Escherichia coli (13,
14). However, flagellated bacteria exhibit a wide diversity of motility patterns and underly-
ing mechanisms of flagellar modulation. This diversity limits the applicability of the canonical
model in explaining directed migration, specifically in polarly flagellated species (6). Here, we
delve into some of these limitations with a focus on the opportunistic pathogen Helicobacter

pylori.

MODULATION OF FLAGELLAR ROTATION IN THE CANONICAL
CHEMOTAXIS NETWORK

Individual cells of E. coli carry approximately three to four left-handed flagellar filaments that ro-
tate counterclockwise (CCW) by default. CCW rotation causes the filaments to bundle together
(Figure 1a), propelling the cell in a relatively straight path known as a run. The chemotaxis net-
work induces stochastic switches in the direction of rotation of the flagella between CCW and
clockwise (CW). When filaments rotate in the opposite directions, the bundle comes apart, caus-
ing the cell to tumble (15, 16). The cell navigates its environment by alternating between runs and
tumbles (17).

The chemotaxis-signaling network in E. co/i is composed of transmembrane methyl-accepting
chemotaxis receptors that detect extracellular ligands. The receptors then modulate the activity
of a chemotaxis sensor kinase, CheA. In turn, CheA modulates the direction of rotation of the
flagellar motor by controlling the phosphorylation levels of a response regulator called CheY. An
increase (decrease) in CheA activity increases (decreases) phosphorylated CheY (CheY-P) levels.
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Figure 1

The canonical model of chemotaxis and motility patterns. (#) A cell of Escherichia coli runs by rotating its flagella counterclockwise
(CCW). A switch to clockwise (CW) rotation in one or more flagella causes a tumble. When all the flagella resume CCW rotation, the
cell initiates another run. (b)) The experimentally determined CW bias (probability of CW rotation) versus phosphorylated CheY
(CheY-P) levels is a sigmoidal relationship with a steep gradient (Hill coefficient ~10-20). (¢) In Helicobacter pylori cells, the flagella are
localized at the pole. CCW rotation of the flagella causes cell to swim in the pusher (forward) mode, and CW rotation causes it to swim

in the puller (backward) mode. Figure adapted from images created with BioRender.com.

CheY-P binds to two complexes, called FliM and FIliN, at the base of the flagellar motor. CheY-P
binding increases the probability of CW rotation, also known as the CW bias (18). The effect of
CheA activity on the CW bias has been explained successfully based on a thermal isomerization
model (19, 20).

The CW bias is highly sensitive to variations in CheY-P levels in E. co/i, as characterized by a
sigmoidal curve with a Hil coefficient of approximately 10-20 (21-23) (Figure 15). Even a small
change in the activity of CheA, and hence, CheY-P levels, can saturate the motor response, induc-
ing CCW-only or CW-only rotation. The cell maintains the basal CheA activity at a value that
ensures a baseline value of CW bias ~0.1-0.5. When the cell is exposed to a chemo-effector or
a ligand that it prefers, known as a chemo-attractant, or simply an attractant, CheA activity de-
creases. This decreases the CW bias. Conversely, when the cell is exposed to a ligand that it does
not prefer, termed a chemo-repellent or repellent, the CheA activity and the CW bias increase.
Thus, the CW bias is a sensitive probe of the CheA activity and the response of the cell to different
ligands (24).

To continue swimming up or down a chemical gradient, the cell must continually reset the
CW bias back to its basal value. This allows for a continuous response to the constantly fluctuat-
ing chemical signal. The resetting or adaptation of CW bias is accomplished mostly through the
action of two enzymes, CheR and CheB. CheR is a methyltransferase that adds methyl groups to
the glutamate side-chain residues on the receptors, elevating CheA activity. CheB, when phospho-
rylated (CheB-P), functions as a methylesterase. It demethylates the receptors to decrease CheA
activity (25). The addition of methyl groups by CheR is a relatively slow process compared to the
removal of methyl groups by CheB-P (26). The two enzymes work in tandem on the receptors
to ensure that steady-state CheY-P levels are maintained within the motor’s sensitive range (i.e.,
0 < CW bias < 1).

Another mechanism for adapting the CW bias involves the remodeling of motor complexes,
FliM and FliN, that bind CheY-P (23, 27). This remodeling process is slower, taking several min-
utes, and is secondary to the rapid adaptation achieved through receptor modification, which
occurs within a few seconds. Although motor remodeling contributes to overall performance (28),
it is primarily receptor modification that drives adaptation in CW bias. The precise adaptation in
CW bias is crucial for expanding the dynamic detection range and improving the network’s ability
to respond to signals that change over time.
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MOTILITY PATTERNS: RUN-AND-TUMBLE VERSUS
RUN-AND-BACKWARD RUNS

E. coli cells possess flagella that are uniformly distributed on their surfaces. Consequently, local
concentrations of CheY-P can vary at the sites of different motors within the same cell. Such
concentration variations and the fact that flagellar switching is probabilistic mean that the motors
on a cell may not switch simultaneously despite the steep relationship between CW bias and
CheY-P (29). Consequently, one or more filaments will often rotate in opposite directions,
causing frequent tumbles.

In contrast, polarly flagellated cells localize all their flagella at the poles. Several bacterial
species, such as Caulobacter crescentus, Vibrio parabaemolyticus, and Pseudomonas aeruginosa, carry
a single polar flagellum, whereas others, such as Vibrio fischeri, Pseudomonas putida, and H. pylori,
carry multiple flagella at their poles (30-33). Unlike randomly distributed flagella that lead to a
run-and-tumble pattern of motility, polar flagella tend to give rise to a run-and-backward run
pattern of motility. The run occurs when the motor rotates in one direction, thrusting the cell
forward, with its flagellum lagging behind the body. This is termed the pusher mode. The back-
ward run occurs when the motor rotates in the opposite direction, causing the cell to move back,
with the flagellum leading the cell body. This is termed the puller mode (Figure 1c). Whether
CCW rotation corresponds to pusher or puller mode depends on the handedness of the flagellar
filament. For example, CCW flagellar rotation causes P. aeruginosa to swim in the pusher mode
because the flagella are left-handed, whereas CCW rotation causes C. crescentus to swim in the
puller mode because their flagella are right-handed (34-36). In some bacterial species, buckling
of the universal joint connecting the flagellar filament and the flagellar motor, called the flagellar
hook, can cause the motility pattern to deviate from run-reversal to a run-flick-reverse or other
forms (37, 38).

We reported recently that H. pylori cells appear to switch between puller and pusher modes
without any discernible flicks. The close proximity of the flagella at a single pole suggests that the
local concentrations of CheY-P at the different motors are relatively similar. This uniformity in
concentration likely facilitates synchronized switching, leading to nearly instantaneous changes
in movement direction, either forward or backward. The absence of tumbling in these bacteria
makes it challenging to extend the general chemotaxis framework to this particular species, which
we explore further below.

POTENTTAL ISSUES WITH EXTENDING THE CANONICAL
CHEMOTAXIS FRAMEWORK TO POLAR FLAGELLATES

When an E. coli cell encounters an attractant, CheA activity decreases, depressing the probability
of CW bias. This results in an increase in the mean run time ( yuser), prolonging the cell’s current
run along the attractant gradient (Figure 2, case 1). Conversely, when the cell moves down the
gradient, the diminishing attractant levels increase CheA activity. Elevated CheA activity increases
CW bias, promoting a tumble. Because the cell does not go any further down the gradient owing
to the tumble, it has time to adapt its CW bias and initiate a new run. Thus, the tumbles occur
with different frequencies—the number of times a cell tumbles per unit time—depending on the
direction of the swimmer’ run with respect to the gradient (12).

A comprehensive picture of flagellar modulation under varying chemo-effector levels has been
developed from single-motor experiments (24, 39). A recurrent finding is that a step-decrease in
the attractant concentration can induce CW-only rotation in single flagellar motors for a few
seconds prior to adaptation. A step-increase in the concentration of indole, a powerful repellent,
induces a similar effect for much longer durations (40). Ultimately, the flagellar motor tends to
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Examination of predicted chemotaxis errors. Case 1: A pusher experiences higher attractant levels as it
moves toward the source. The consequent falling kinase activity promotes counterclockwise (CCW) flagellar
rotation, sustaining the pusher mode. This enables extension of the cell’s run in the appropriate direction.
Case 2: A puller experiences lower attractant levels as it moves away from the source. The increasing kinase
activity promotes CW flagellar rotation, sustaining the puller mode. As a result, the cell migrates in the
wrong direction away from the attractant source. Case 3: A puller experiences increasing attractant levels as
it backs into the source. The falling kinase activity promotes CCW rotation and, hence, the pusher mode.
This increases the probability that the cell’s movement in the appropriate direction is terminated
prematurely. The red and green arrows indicate movement in the wrong and correct directions, respectively.
Their lengths indicate the duration of travel. Figure adapted from images created with BioRender.com.

rotate in the CW direction for extended periods when a stimulus, such as decreasing attractant
concentration, causes CheA activity to increase significantly.

Biased migration in a polar flagellate resembles that in E. co/i for the scenario in which a cell
swims up a chemoattractant gradient in the pusher mode. As attractant concentrations increase,
CheA activity diminishes, increasing 7,4~ This extends the cell’s movement up the attractant
gradient (Figure 2, case 1). However, the eventual reversal to the puller mode tends to negate
the spatial gains made during the pusher mode. This is especially true in the absence of flagellar
flicking or kinematic oddities, as the cell may back up at an angle of ~180° relative to its original
direction of travel (6).

Significantly, the puller mode could give rise to errors between the chemotaxis signaling feed-
back and the physical movements of the cell. The cell’s ability to swim in the puller mode, as
opposed to tumbling, means that the cell may occasionally back away or back into the source of a
chemo-attractant. Consider the case of a polarly flagellated cell that moves in the pusher mode by
rotating its motors CCW and in the puller mode by rotating its motors CW. In the hypothetical
scenario depicted in Figure 2 (case 2) that may arise due to random chance, the cell’s movement
in the puller mode from areas of high to low attractant concentrations causes the receptors to
detect a decline in the number of attractant molecules. This decrease in attractant concentration
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enhances kinase activity, elevating CheY-P levels, as detailed above. If the cell modulates its flag-
ellar functions in a manner similar to that in a cell of E. co/i, the increased CheY-P binding to the
motor will boost 7. In this scenario, the cell will continue migrating away from the attractant
source, creating an error in the direction of migration.

In another scenario arising by random chance, in which the cell attempts to back into the at-
tractant source in the puller mode, the rise in attractant levels due to cell motion tends to suppress
CheA activity. This increases the probability of a switch to the pusher mode, causing the cell to
prematurely terminate its motion toward the attractant (Figure 2, case 3). The eventual run in
the pusher mode will be terminated just as quickly, owing to increasing CheA activity.

Thus, a polarly flagellated bacterium capable of swimming in the puller mode has an equal
likelihood of swimming up or down an attractant gradient. In predicting these errors, we made
several implicit assumptions, including rapid swimming speeds, a steep chemical gradient, a signif-
icant gain and an instantaneous response of the network to the external stimuli, and slow or absent
adaptation in kinase activity. These are reasonable assumptions based on what is already known
about motility in polar flagellates, such as H. pylori, and the mechanism by which the chemotaxis
network in E. co/i modulates flagellar functions.

MODULATION OF REVERSAL FREQUENCY CORRECTLY PREDICTS
CHEMOTAXIS IN RUN-TUMBLE AND RUN-BACKWARD RUN SPECIES

The directional movement of an E. co/i cell undergoing runs and tumbles is uncorrelated over
long times. The bacterial population’s dispersion can then be described by an effective diffusion
coefficient (41), which scales as the square of the cell’s swimming speed and is proportional to
Tpusher- It also depends on the angle of reorientation of the cell during a tumble or, in other words,
the persistence in its directional motion. On average, a tumble causes the bacterium to reorient
itself by ~70° relative to its original direction of travel (5).

In the presence of an attractant field, a chemotactic drift is superimposed that biases the cell’s
otherwise random walks. This drift causes an increase in cell density near the source of the at-
tractant over time. The mean velocity at which bacteria drift up the concentration gradient is
influenced greatly by the specific mechanism through which the chemotaxis signaling network
ultimately modulates flagellar functions. For example, the cell could modulate its tumbling fre-
quency, swimming speed, or turning angle (42). In the case of E. coli, the network primarily
modulates the CW bias to bias cell migration. The accompanying changes in the tumbling fre-
quency are reflected in the unimodal dependence of the flagellar motor’s switching frequency on
CheA activity (20, 21).

Because the cell does not undergo translational displacement during a tumble, it is not neces-
sary to explicitly consider tumble duration when modeling cell migration. In fact, several models
have been proposed that successfully reproduce experimental measurements of chemotaxis by as-
suming that 7, varies based on the chemical gradient (43-47), without explicitly accounting for
variations in tumble duration or CW bias modulation.

In the case of polarly flagellated bacteria, however, both 7 e and e produce cell displace-
ment. To our knowledge, modeling studies on the migration of polarly flagellated bacteria are
limited; however, existing works have modeled the dispersion and chemotaxis of the cell popula-
tion by assuming that the cell modulates reversal frequencies or swimming speeds (6, 31, 48-51).
The reversal frequency refers to the number of times the cell alternates between pusher and puller
modes in unit time. If the chemotaxis signaling network in these cells indeed increased the reversal
frequency, rather than the CW bias, through CheA activity, the two error-prone scenarios depicted
in Figure 2 (cases 2 and 3) would be resolved: The cell would revert to the pusher mode before
moving too far in the wrong direction.

Antani et al.
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THE CHEMOTAXIS NETWORK IN HELICOBACTER PYLORI
MODULATES CLOCKWISE BIAS

How valid is the assumption that the chemotaxis network in polar flagellates modulates reversal
frequency? In Vibrio and Pseudomonas species, the limited data suggest that the cells mostly mod-
ulate their reversal frequencies (50, 52), consistent with the aforementioned optimal strategy for
chemotactic navigation in polarly flagellated species. Notable gaps exist in our understanding of
flagellar modulation due to the technical difficulties in investigating its mechanisms. Being no
more than a few nanometers in diameter, the flagella are challenging to visualize. This makes it
difficult to distinguish between puller and pusher modes during chemotaxis. In peritrichous polar
flagellates, probing single motor function is particularly challenging because these filaments are
closely spaced (6).

In our recent work, we observed that H. pylori cells swim at different speeds in the puller and
pusher modes. Our dispersion modeling results indicated that this asymmetry in swimming speed
enabled H. pylori to spread much faster compared to E. co/i in 3D space. We further exploited this
asymmetry in swimming speeds to quantify the CW bias by analyzing the swimming trajectories
of individual cells. This approach proved beneficial because visualizing and probing the flagella
directly are technically challenging in H. pylori. Further, the cells rotated their flagella CCW when
swimming in the pusher mode and instantaneously reversed their paths by transitioning into the
puller mode via CW flagellar rotation. We found no evidence supporting the occurrence of a
run-reverse-flick behavior (6).

From the asymmetric tracks, we calculated that the basal CW bias was ~0.35 in wild-type
cells, showing a preference for swimming in the pusher mode. The CW bias and reversal fre-
quency decreased when the cells were treated with a potent attractant, urea. The CW bias was
zero in a mutant that lacked the chemotaxis response regulator, CheY. This strongly suggested
that the default direction of flagellar rotation is CCW and that CheY-P interactions with the flag-
ellar motor increase the CW bias. Thus, H. pylori is an intriguing exception among the few polar
flagellates that have been tested, in that it appears to adopt a strategy that mirrors E. colf’s strategy
of modulating flagellar functions (6).

The similarities in the mechanisms of flagellar modulation in H. pylori and E. coli are not sur-
prising considering the existence of several shared components in the core chemotaxis network of
the two species (53) (Figure 3). Similar to E. coli, H. pylori modulate flagellar reversals by phospho-
rylating CheY with the aid of CheA. H. pylori carry several types of membranous receptors (TIpA,
B, C), in addition to a cytoplasmic receptor called TIpD. The phosphatase, CheZ, functions as a
sink for CheY-P to control CheY-P lifetimes. Additional elements in H. pylori include ChePep,
which interacts with CheZ near the cell poles, and FliY, which localizes at the motor (54, 55).
The notable difference between these two systems is the absence of CheR and CheB homologs
in H. pylori. Instead, H. pylori harbors three CheV homologs, which are implicated in chemotactic
adaptation in Bacillus subtilis (56). More work is needed to determine whether CheV proteins are
responsible for chemotactic adaptation in H. pylori.

Because H. pylori modulate their CW bias, one may wonder if they cannot undergo chemotaxis
due to the predicted errors in the puller mode. Experimental observations suggest that this is not
the case. In fact, compelling evidence demonstrates that H. pylori respond to a diverse range of
chemo-effectors (57). H. pylori have been observed to rapidly accumulate around micropipettes
or agar plugs that release chemo-effectors (57-63). Additionally, in vivo studies have implicated
chemotactic migration in the occurrence of these pathogens in sites of gastric injury (64, 65). Evi-
dently, H. pylori successfully counteract chemotaxis errors in the puller mode through a mechanism
that remains unidentified at present.
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Comparison of the chemotaxis networks in (#) Escherichia coli and (b) Helicobacter pylori. A cascade of reactions
controlled by the membrane-embedded chemoreceptors modulates flagellar reversals in both species.
Chemotaxis (Che) proteins are denoted by the letters at the end of their names. The freely diffusible CheY-P
molecules function as the sole link between the input (chemoreceptors) and output (flagellum). The
phosphatase (CheZ) limits the lifetime of CheY-P. The notable difference is the absence of the enzymes
(CheR and CheB) involved in receptor-mediated adaptation, in H. pylori. Figure adapted from images
created with BioRender.com.

FUTURE DIRECTIONS

H. pylori are microaerophilic, Gram-negative bacteria that have successfully colonized most of
the world population. They are difficult to eradicate from an infected human and are implicated
in peptic ulcers and non-cardia gastric cancers (66-68). Chemotaxis and motility appear crucial
in helping these bacteria target favorable chemical habitats in the host (53). However, several
aspects of how the signaling network modulates flagellar functions to achieve chemotaxis remain
unknown.

Evidently, the H. pylori network modulates the probability of CW rotation, at least in response
to the attractant urea (6). How do they solve the chemotaxis errors predicted by the canonical
framework? Perhaps they employ unknown feedback mechanisms to truncate the puller mode
during an inappropriate backward run. A combination of modeling and experimental studies could
help uncover the type of feedback necessary to achieve chemotaxis in this species. In particular,
computational studies at a single-cell level could help test the various assumptions made during
error predictions. Experimental studies could probe whether H. pylori dispense with adaptation
through dynamic modifications of the steepness of the CW bias versus [CheY-P] relationship,
or whether they modulate additional flagellar functions, including rotational speeds. Considering
the absence of CheR and CheB homologs, numerous questions remain regarding the functional
roles of CheV proteins in H. pylori. Experimentally addressing these questions, and determining
whether H. pylori undergo different types of flagellar transitions, for example, the wrapped flagellar
mode, will be crucial. In this regard, developing innovative microfluidic devices and single-motor
assays will be a significant leap forward in shaping future research.
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1. Chemotaxis is well-studied in Escherichia coli but poorly understood in other bacterial

species, particularly those that localize their flagella at the cell poles.

2. The canonical chemotaxis framework predicts errors in bacteria capable of swimming

backward or using the puller mode, especially when there is no response adaptation.

3. These errors would be resolved if the chemotaxis network were to modulate reversal

frequencies, instead of the probability of being in the puller mode.

4. Although some bacterial species modulate reversal frequencies, current evidence in

Helicobacter pylori suggests that their network modulates puller mode probability.

5. To examine whether H. pylori employ a novel feedback mechanism in chemotaxis, com-

putational and experimental studies of single-swimmer responses to chemical fields are
needed.
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