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ABSTRACT

We present an in silico microswimmer motivated by peritrichous bacteria, E. coli, which can run and tumble by spinning their flagellar
motors counterclockwise (CCW) or clockwise (CW). Runs are the directed movement driven by a flagellar bundle, and tumbles are
reorientations of cells caused by some motors’ reversals from CCW to CW. In a viscous fluid without obstacles, our simulations reveal that
material properties of the hook and the counterrotation of the cell body are important factors for efficient flagellar bundling and that longer
hooks in mutant cell models create an instability and disrupt the bundling process, resulting in a limited range of movement. In the presence
of a planar wall, we demonstrate that microswimmers can explore environment near surface by making various types of tumble events as
they swim close to the surface. In particular, the variation of tumble duration can lead the microswimmer to run in a wide range of direction.
However, we find that cells near surface stay close to the surface even after tumbles, which suggests that the tumble motion may not promote
cells’ escape from the confinement but promote biofilm formation.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0142836

I. INTRODUCTION

Artificial microswimmers inspired by natural swimming micro-
organisms, such as bacteria, have been an interest of many scien-
tists.” * Of the motile microorganisms, bacteria propelled by helical
flagella have shown significant potential to be applicable for biomedi-
cal devices.” ” Flagellated bacteria have a cell body, which typically
takes the form of a sphere, a spherocylinder, or a helical shape, and
they are generally classified into four groups based on flagellar distri-
bution: monotrichous, a single polar flagellum at one end; lophotri-

paths in viscous fluids without environmental obstacles, whereas tum-
bles lead abrupt changes in the swimming direction.'" '” During a
run, all flagellar motors turn CCW and flagella form a left-handed
bundle, which pushes the cell body forward. During a tumble, some of
the motors reverse and initiate flagellar unbundling, which turns the
cell body into a different swimming direction. In this paper, we investi-
gate the dynamics of an E. coli cell model in two aspects: (1) how is fla-
gellar bundling influenced by the hook’s material property and the
counterrotation of the cell body? and (2) how do cells near a planar

chous, a tuft of flagella at one end; amphitrichous, a single or tuft at
both ends; and peritrichous, multiple flagella distributed over the cell
body. Variations of such groups are also available; for example,
Magnetococcus marinus are equipped with two sheathed bundles of
flagella on one pole of the spherical cell body."” A common character-
istic of such bacteria is that they have rotary motors embedded into
the cell body that can turn either clockwise (CW) or clockwise (CCW)
and drive the flagellar rotation so that flagella can create thrust to
move the cell body, which counterrotates to the flagella.

Peritrichous bacteria, such as E. coli, explore fluid environment
by alternating runs and tumbles in which runs roughly draw straight

wall modify swimming paths using run-and-tumble motion?

Flagellar bundling and unbundling that lead to runs and tumbles,
respectively, are important events of bacterial locomotion.'”"” Tt is
computationally reported that flagellar bundling is affected by flagellar
distribution associated with the number and location of flagella and
that stiffness of the helical filament must be in a certain range for the
flagella to bundle properly.”* In this work, we focus on the hook
known as a universal joint that links the rotary motor to the helical fil-
ament. The hook is much more flexible than the filament, and the typ-
ical length of the wild type is ~55nm."” '’ The flexibility and the
length of the hook may be important factors for flagellar bundling and
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even for reorientation. Another factor that we consider is the counter-
rotation of the cell body, which has been questioned about its role in
bundle formation.” ** It is reported that either flagellar hydrodynam-
ics or the cell body rotation alone still makes flagella bundle.”"** >
Therefore, we investigate the contribution of the flagellar hydrody-
namics and the cell body rotation to the bundling process while incor-
porating the hook compliance.

Cell motility changes when bacteria get close to a solid surface
due to the hydrodynamic interaction between motile microorganisms
and the surface. It is experimentally and theoretically reported that
cells near surfaces tend to circle,”® ! in particular, drawing CW circu-
lar trajectory when the cell runs with a left-handed flagellar bundle.
Bacteria accumulate and spend a long residence time near the surface,
and hence, they are likely to be trapped near the surface.”” *" There
have been many studies on flagellated bacteria near surfaces focusing
on the run motion. However, little attention has been paid to the tum-
ble motion near surfaces since the first report from three-dimensional
tracking by Frymier et al.”” Some studies suggested that tumbles may
allow cells to escape from the surface or tumbles may be hindered near
a solid surface.””*" Recently, Lemelle et al. investigated tumble kine-
matics of E. coli near a solid surface and identified tumbles as events
starting in abrupt deceleration and finishing in abrupt reacceleration
of the body motion.” In this paper, we investigate the run-and-tumble
motion near a solid surface with or without a shear flow, which may
be the first study with a full three-dimensional bacteria model
immersed in a viscous fluid.

In order to explore the maneuverability of peritrichous bacteria
in a free space, we employ the same method previously developed by
Lim et al.'* The cell body is modeled as a neutrally buoyant rigid
body, the flagella are described by helical elastic rods based on a non-
standard Kirchhoff rod theory, and the cell interacts with a viscous
fluid using the regularized Stokeslet formulation. The rotary motor
generates the torque so that the flagella rotate and the cell body coun-
terrotates under the force- and torque-free conditions. Furthermore,
in order to investigate the run-and-tumble motion of multi-flagellated
bacteria near surface, we incorporate the image method to account for
the effect of a planar wall on the cell motility, which was developed by
Park et al."’ for a toy model consisting of a spherical or spheroidal cell
body and a single flagellum attached to the cell surface. The image
method satisfies zero flow boundary conditions at the infinite planar
W a]l.4()—42

Il. MATHEMATICAL FORMULATION

We use the mathematical model for the bacterial locomotion
developed by Lim and her collaborators'**>**** and summarize it
here. Equations of motion consist of three parts: the cell body dynam-
ics, flagellar dynamics, and hydrodynamics of a cell.

First, we model the cell body with the shape of a spherocylinder
as an approximately rigid body using a penalty method. The cell sur-
face is discretized by a collection of n;, points, and the reference config-
uration of the rigid body is denoted by the time-independent vectors
Z,, satisfying the condition Y, Z,, = 0. Then, the configuration of
the rigid body at time #, Y®, (¢), is given by

Y3,(t) = C(t) + #(1) 2,

where C(t) is the centroid of {Y®, m = 1, ..., m,} and Z(t) is a rota-
tion matrix.

m=1,..., ny, 2.1)

scitation.org/journal/phf

To enforce the rigidity of the cell body, we use two Lagrangian
descriptions of the discretized cell body surface; X2 () and
Y (t), m=1,...,nm,. The former interacts with the surrounding
fluid, while the latter has no interaction with the fluid and moves as a
rigid body. For each 1, the markers X? (¢) and Y (¢) are coupled by a
stiff spring, which generates the following force:

E,,(1) = K(X;,(1) = Y}, (1), (2.2)

where K is a penalty parameter that determines how tightly the two
Lagrangian markers are tied together. This penalty force acts on Y°,
and —F (¢) becomes a body force on the fluid.

Let £2(¢) and n°(t) be the sum of all external forces and torques,
respectively, acting on the body other than those generated from the
coupling springs. When X (¢), £°(¢), and n°(t) are known at any
time, the balance equations for the cell body are given as follows:

0="f"+ iF‘;n(t), 0=n"+ i(%(t)zm) x B (). (2.3)
m=1 m=1

At each time ¢, we solve Eqgs. (2.2) and (2.3) for C(¢) and Z(t) to
determine Y? (t).

Second, to describe the flagellar dynamics, we employ Kirchhoff
rod theory since the flagellum is a long but thin filamentous structure.
Each flagellum is composed of a rotary motor, a short flexible hook,
and a long helical filament. The hook links the filament to the motor,
which generates torque and, thus, drives the flagellar rotation, see
Fig. 1. For simplicity, we describe equations of motion for a single
flagellum. Multiple flagella can be attached to the cell body in the
same manner described below. The Kirchhoff rod can be described in
the Lagrangian form as {X(s,t),D!(s,t), D*(s,t),D?(s,t)}, where
X(s,t) is a three-dimensional space curve and {D!(s,t), D?(s, 1),
D3(s,t)} is its associated orthonormal triad, where s is a Lagrangian

filament

g

FIG. 1. A schematic diagram of a computational microswimmer with two flagella.
Each flagellum consists of a rotary motor embedded in the cell body and a helical
filament that is linked to the motor via a short compliant hook.

cell body
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parameter ranging from 0 < s < L with L = L, + L, and ¢ is the
time. Here, Ly, and Ly denote the lengths of the hook andﬁthe filament,
respectively. The reference helical flagellum is defined as*

Xo(s) = (r(s) cos (ks), r(s) sin (ks), s), (2.4)

where k is the wave number. The helical radius 7(s) is zero for 0 <'s
<Ly and r(s) = R(1 — e“<5_Lh)z) for L, < s < Ly + L¢, where R is
the helical radius of the flagellum. We construct the initial configura-
tion of a Kirchhoff flagellum X(s,0) by attaching Xo(s) normally to
the surface of the cell body and by setting D*(s,0), D!(s,0), and
D? (s, 0) to be the unit tangent vector, the principal normal, and binor-
mal vectors to X(s, 0), respectively, see Fig. 1. Note that our model fla-
gellum is only approximately inextensible and, hence, s is not arc
length, in general. In our computations, the flagellum is reparame-
trized by arc length before being used and is discretized with equally
spaced points along the filament.

To describe forces and torques of a rotating flagellum, we let the
internal forces and torques that are transmitted across a section of the
flagellum be denoted by F and N, respectively, and let the applied force
and torque densities be denoted by f and n, respectively. Then, the bal-
ance equations for the linear and angular momenta are given as follows:

0—f+§ 0—n+8—N+a—XxF (2.5)
n Os’ n Os = Os ’ '
where
F= ZF,DZ N = ZN,»D'. (2.6)
i=1 i=1
The constitutive relations are as follows:
. 0X
F,-:b,(DV—f(Sg,»), i=1,2,3, 2.7)
Js
oD/
N; = a;(s) (a—b’ugf(s)), i=1,2,3, (2.8)
s

where d3; is the Kronecker delta and (4, j, k) is any cyclic permutation of
(1,2, 3). {Q1,Q,, Q5 } describes the intrinsic curvature and twist, which
are determined by the helical radius and pitch of the flagellum. Two
bending moduli and twist modulus are given as a;, a,, and as, respec-
tively, and two shearing coefficients and stretching modulus are given as
by, by, and b, respectively. The above constitutive relations can be
derived from a variational argument of the energy functional given by

(& oD/ g . 0X :
E:21|:;ul(s) (KD](*Q’(S)) +;b, (D 5753,) :|dS
(2.9)

In order to drive the flagellar rotation, each flagellum is embed-
ded into the cell body normal to the surface at the onset and the motor
is located at the bottom of the flagellum. Each motor generates the fol-
lowing constant torque in the normal direction E(t) at the motor point

X(Smots £):
N(smot, t) = —7E(t), (2.10)

where |1| is a parameter that determines the magnitude of the torque,
and the motor and, hence, the flagellum rotate counterclockwise when

scitation.org/journal/phf

7 > 0 and clockwise when 7 < 0. Note that N(sye, t) is the torque of
the flagellum onto the motor, which is minus the torque applied by
the motor to the flagellum. If a cell has Ny flagella, ZJN;I N;(Smot, t)
=— Zj\ﬁl 7;E;(t) is the total torque applied to the cell body by the N¢
motors, which results in counterrotation of the cell body.l'l For sim-
plicity, we use the same value of || for each flagellum of a cell regard-
less of the direction of motor rotation.

Finally, we couple the cell to the surrounding fluid governed by
the viscous incompressible Stokes equations,

0=-Vp+uAu+g, 0=V u, (2.11)

where the fluid velocity u and the fluid pressure p are unknown func-
tions in terms of the Cartesian coordinates x and time ¢, and y is the
fluid viscosity. The regularized force density g applied to the fluid by
the immersed cell is given by

Ni L
g = J (—a(s, 1) — £5(5, ) (x — X s, £)ds
+ %V X L (=, (s, 1)), (x — X, (s, t))ds
3 En () (x — Y1), 2.12)

where Ny is the number of flagella and f, (s, t) and n,(s, t) are com-
puted using Egs. (2.5)—(2.8) on the nth flagellum X,,(s, ¢). The func-
tion f},(s,t) represents the repulsive force to prevent the contact
between the flagella, and the smooth cutoff function 1/, which satisfies
Jrath,(r)dr = 1, is defined as

15¢*

llja(r) = 87‘[(”1‘”2 n 82)7/27

where ¢ is a regularization parameter.

The motion of each flagellum {X,,, D}, D2, D?} and the marker
point X°, that is linked by a stiff spring to the rigid cell body Y°, can
be described by

OX, (s, t
9Xnl(s) _ u(X,,(s, 1), 1), (2.13)
ot
X, (1) b
= u(X, (1), t 2.14
) ux (1), 1) (.14)
D! i
%g&t)zw(xn(s, 0,0 xDi(st), i=123  (215)
where the angular velocity of the fluid w is defined as
1
WZEV x u(x, t). (2.16)

Computational and physical parameter values used for this work
are provided in Table I.

lll. RESULTS

Our bio-inspired computational model of a microswimmer
allows us to explore swimming properties in a free space filled with
fluid or in a confined environment. This paper has three folds: (1) we
survey the relationship between applied torque, rotational rates, and
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TABLE I. Computational and physical parameters.

Parameters (symbol) Value

Fluid viscosity (1) 0.01 x 10~* g/(um s)

Mesh width for flagellum (As) 0.0304 um
Number of material points of each rod 300
Number of points of the cell body (Ny,) 770
Regularization parameter (&) 3As
Time step (At) 2x1078%s

Cell body length (24)
Cell body width (2B)
Length of filament (L¢)

2 um (Refs. 11 and 12)
1 um (Refs. 11 and 12)
9.09 um
(Refs. 12, 13, and 46)
Bending modulus of filament 0.0035g pm?/ s> (Ref. 47)

(a1 =a; =a)

Twist modulus of filament (as) 0.0035 g um?/ s

Shear modulus (b; = b,) 1gum/ s’

Stretch modulus (b3)

Length of hook (Ly,)

Bending modulus of hook

(aklxook — alzmok — ghook — a/20)
Twist modulus of hook (a}*°* = a;)

1gum/ s>
0.0608 um (Refs. 15-19)

0.000175g um?/ s>
0.0035g um?/ s>

fluid viscosity; (2) we investigate important factors that influence fla-
gellar bundling in a free space; and (3) we investigate run-and-tumble
kinematics near wall.

A. Survey on motor torque, rotation rates, and fluid
viscosity

In this section, we consider a cell model with a single polar flagel-
lum to investigate rotation rates of the flagellum and the cell body as
functions of the applied torque (t) and fluid viscosity (1). The flagel-
lum takes the representative form of either a normal left-handed helix
with a helical pitch of 2.1611 um and a radius of 0.2116 um, or a semi-
coiled right-handed helix with a helical pitch of 1.0766 um and a
radius of 0.3810 xm. As the rotary motor generates torque, the motor
rotation drives the rotation of the flagellum and at the same time the
cell body counterrotates under the force- and torque-free conditions.
Figure 2 demonstrates that rotation rates of both the flagellum (wr)
and the cell body (wy,) linearly increase as the applied torque increases,
while the fluid viscosity is being held fixed. However, when the applied
torque is fixed as constant, rotation rates of the flagellum and the cell
body are inversely proportional to the fluid viscosity. The relations can
be found using the least squares data fitting as

wiomal — 0. 87967/,
W?emicoiled — 046041'/,“, (31)
wp = 0.21447/ .

When the applied torque and the fluid viscosity are being held fixed,
the rotation rate of the normal flagellum is approximately twice faster
than that of the semicoiled flagellum and the same goes for the

scitation.org/journal/phf

swimming speed. Note that the body rotation rate remains the same
independent of the flagellum type as long as the geometry of the
cell body is the same. For the rest of work in this paper, we set fluid
viscosity to be 0.01 x 10~ g/(um s) and the applied torque to be
1.1 X 1072 (g um?/s?) so that the motor rotation rate and swimming
speed are approximately 100 Hz and 10 um/s, respectively, as observed
in wild-type E. coli cells.'""”

B. Effect of hook's properties on bundling

Compliant hooks that can bend up to 90° from the rotational
axis of the motor are known to play an important role in bacterial fla-
gella bundling.”** Together with the flexibility of the hook, the distan-
ces between the points at which flagella originate from the cell body
may also influence the ability of the flagella to bundle. To investigate
this, we place three flagella uniformly on the same latitudinal line of
the cell body at which the flagellar axis is normal to the cell body sur-
face. We characterize the flagellar location by its block angle o, which
is defined as the angle between the polar axis and the flagellar axis at
the onset, see Fig. 3(a). The smaller the angle is, the closer it is to the
pole, and therefore, the closer are the bases of the three flagella. To
assess the extent to which bundling has occurred, we choose two of
the three flagella and measure the limiting distance between their free
ends, once the motion has become steady. In these simulations, all fla-
gella are in the normal form and rotate CCW at approximately
100 Hz. Figures 3(b)-3(d) show the limiting distance as functions of
the block angle and the bending modulus of the hook when the flagel-
lar length is given as L¢ = 6, 9, and 12 um. Large values of the limiting
distance, indicated by gray bars, imply that three flagella do not bundle
and independently rotate with some steady distance, whereas the val-
ues that are close to zero indicate that the flagella form a bundle and
rotate closely side by side. Our simulation results demonstrate that
both the flexibility of the hook and the proximity of flagellar motors
are important factors that control the possibility of flagellar bundling.
We can see that stiffened hooks disrupt bundle formation unless their
motor points, at which the flagella is attached to the cell body, are close
enough, as observed in experiments.”” We can also observe that the
longer the flagellar length Ly is, the more likely the bundle is formed.
Note that, whereas bars in gray represent unbundling cases, the rest
colors indicate the time when the flagellar bundle starts to form.

C. Role of the cell body in bundling

The role of the cell body in flagellar bundling has been ques-
tioned.”” > It has been reported that hydrodynamic interaction
between flagella can cause bundling even without the counterrotation
of the cell body,ZI’l"‘25 but it is also known that rotation of the cell
body is sufficient to form a bundle even among passive flagella.”’ To
investigate the effect of the cell body on bundling, we consider four dif-
ferent settings depending on the ability of the cell body’s rotation and
translation: a free swimmer (the cell body can both rotate and trans-
late), a cell with a fixed cell body center (rotate but not translate), a cell
with a fixed body frame (translate but not rotate), and a cell with a
fixed cell body (neither translate nor rotate). Figure 4 displays the clas-
sification for bundling and unbundling for the four settings as the
bending modulus of the hook apeek and the block angle o vary. Figures
4(a) and 4(b) demonstrate that the rotation of the cell body and
the flexibility of the hook are important in the bundling process.

Phys. Fluids 35, 031908 (2023); doi: 10.1063/5.0142836
© Author(s) 2023

35, 031908-4



Physics of Fluids ARTICLE
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FIG. 2. Rotation rates as functions of the fluid viscosity for various applied torques for a cell with a normal form (a) and a cell with a semicoiled form (b). Rotation rates of the
flagellum and the cell body are proportional to the applied torque, but they are inversely proportional to fluid viscosity.

The irrotational cell body predominantly decreases the chance of flagellar
bundling, see Figs. 4(c) and 4(d). In the free swimming, the cell body’s
rotation enhances the flagellar bundling and enlarges the scope of flagel-
lar distance and the hook compliance for the flagellar bundling to occur.

D. Run-and-tumble in a free space

Peritrichous bacteria, such as E. coli, alternate two modes of motil-
ity: runs and tumbles. Runs are approximately straight movement with
a normal left-handed flagellar bundle rotating CCW, and tumbles are
erratic displacement upon motor reversals of some flagella. During a
tumble, the associated flagella undergo a sequence of polymorphic
transformations from normal to semicoiled to curly 1 and then back to
the normal state when its motor returns to CCW rotation.'"” Tt is
experimentally and computationally reported that normal and semi-
coiled forms are key polymorphic forms in reorientation.'”'**’ Hence,
we omit curly 1 form in all simulations below.

In this section, the model cell has three flagella, which are equally
spaced on a latitudinal line near the pole, one of which undergoes
polymorphic transformations from normal to semicoiled and back to
normal polymorphism as the associated motor reverses from CCW to
CW and then back to CCW. Cells run and tumble repeatedly in a free

space, while run and tumble durations are fixed as 0.3 and 0.1s,
respectively. Figure 5(a) (Multimedia view) shows an exemplary trajec-
tory of the centroid of the cell body in the case of block angle o = 30°.
The inset of Fig. 5(a) illustrates the configurations of the cell at some
selected times together with a trajectory of the cell body center for the
time duration of 0.5s during which the cell undergoes a run and a
tumble, and then a new run, which corresponds to the thick line of the
whole trajectory. When the designated flagellum experiences a poly-
morphic transformation from normal to semicoiled states upon the
motor reversal from CCW to CW, the flagellum leaves the bundle and
turns the cell body, resulting in the change in the swimming direction
for the next run. Another motor reversal from CW to CCW leads the
designated flagellum to transform back into the normal form and to
rejoin the bundle tightly.''*** Note that the trajectory has shown a
similar pattern during each of the repeated run-and-tumble, since the
durations of runs and tumbles are fixed. Variations of these durations
may change the swimming trajectories.

In order to measure the reorientation caused by a tumble, we
define a tumble angle 0 as the angle between two consecutive straight
runs. Figure 5(b) shows the mean and the standard deviation of tum-
ble angles of the repeated run-and-tumble for various values of the
block angle, « = 10°, 20°, 30°, 40°, 50°, and 60°. In general, as the
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FIG. 3. Bundle formation can be affected by the bending modulus of the hook (anek), flagellar length (L¢), and block angle (), where o is defined as the angle between the
cell body axis and the flagellar axis at the onset (a), and L; is set as 6 (b), 9 (c), and 12 um (d). After the cell reaches a steady run motion in a sense that bacteria run straight
at a constant swimming speed and the distance between flagella remains constant, limiting distance between the tips of the flagella indicates the success of flagellar bundling
with small values in colors and the failure of bundling (unbundling) with large values in gray. The colorbar represents the time when the flagellar bundle starts to form.

block angle gets larger, the average tumble angle increases following a Our simulations demonstrate that the length of the hook influen-

trend of a step function. When the block angle is very small and hence
flagella stay close to each other, the average tumble angle is also small,
which implies that the swimming directions of the old and new runs
are almost aligned with each other. As the block angle increases, the
tumble angle increases dramatically and stay around 30° for the range
of 30° < o < 50°. There is another jump when « is further increased
to 60°.

E. Effect of hook lengths on runs and tumbles

Recently, Erhardt et al."” revealed that the length of the hook is
controlled in a sophisticated manner on a nanometer scale and that
the motility performance is optimal around the wild-type (WT) hook
length. To investigate the effect of hook length on bacterial swimming,
we consider cells with four identical flagella, in which the hook lengths
of all four flagella are set to be one of the following four different val-
ues: 0, 60 (WT), 120, or 180 nm. Then, one of the four flagella goes
through a series of polymorphic transformations as in Sec. I11 D.

ces flagellar propulsion. The cell with no hook swims faster during
runs but fails in bundle formation, since all the flagellar parts near the
motors are less compliant and resist bending, and thus, the four fla-
gella independently work, even though they are placed near one pole
of the cell body. Moreover, the tumble angle is substantially increased
in comparison with that of the wild type cell as shown in Table II. In
the presence of hooks, the flagellar bundle is formed earlier and tight-
ened more firmly as the hook gets longer. However, the flagella with
longer hooks create a buckling instability when the cell swims, which
interrupts reorientation of the cell during a tumble and causes the cell
body to wobble during a next run. Figure 6 (Multimedia view) shows
time evolution of the cell movement and its trajectory when the hook
length L¢ is 60 (top) and 180nm (bottom). During the first run
(t=0.4s), the axes of the cell body in both cases are well aligned with
the flagellar axes because their initial configurations are approximately
symmetric about the body axis. During a tumble (t= 0.5 s), the trans-
forming flagellum leaves the bundle in the wild type cell; however, the
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FIG. 4. Classification of flagellar bundling (blue) and unbundling (orange) for various bending moduli of the hook an.ox and various block angle o in the four different settings
of the cell body that can rotate and translate (a), rotate but not translate (b), translate but not rotate (c), and neither translate nor rotate (d).

transforming flagellum still stays close to the bundle in the mutant cell
with the longer hooks, which induces the small tumble angle and the
wobble dynamics of the cell body. Note that during the second run
(t =0.6-0.7 s), the cell with normal hooks maintains the body axis
and the bundle axis in the same direction, whereas the cell with longer
hooks leads the cell body axis to deviate from the flagellar bundle axis
at a certain angle, which makes the cell body to wobble periodically as
the cell runs.

F. Surface exploration through run-and-tumble
motion

Peritrichous bacteria explore in a free space by alternate runs
and tumbles. Such bacteria frequently encounter complex environ-
ments, such as physical barriers and flow shear, and, hence, the run-
and-tumble motion is likely to be altered as opposed to that in a free
space. In this section, we consider a cell with a left-handed flagellar
bundle formed by three flagella and place it near a planar wall in the
absence/presence of the shear flow in the background and investi-
gate swimming behavior of bacteria, which is determined by hydro-
dynamic interaction of the cell with the surrounding environmental
conditions.

In the presence of the planar wall, the hydrodynamic torque due
to the wall changes the straight run path in the free space into a persis-
tent CW circular path with almost constant height from the wall, see
the swimming motion of a single cell in Fig. 7(a) (Multimedia view).
Three trajectories are drawn by following the center of the cell body
(blue), one point on the cylindrical cell surface (green) and the tip of
one flagellum (brown), each of which shows periodic oscillatory
behavior with small amplitude while drawing a large circular path in
the CW direction. Enlargement of the trajectories around t =4.875s is
put in the inset in the middle.

Tumble events cause bacteria to deviate from the smooth circular
path and lead into the new direction. Figure 7(b) illustrates some rep-
resentative trajectories of the centroid of cells in which the circular
runs are interrupted by three different types of tumble conditions. The
very first run denoted by B (black line) is interrupted by the first group
of tumble events, which is classified by which and how many flagella
transform, denoted by Fijk where i, j, and k indicate the index of the
transforming flagellum (blue lines). The second run in the case of
F1 >3 meets the second group of tumble events, which is classified by
different tumble durations, denoted by Dy = (0.1 4 0.02¢) s (red
lines). The third run in the case of Dy is interrupted by the last group
of tumble events, which is classified by the initiation time of tumble,
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FIG. 5. Repeated run-and-tumble motion and the resultant tumble angles of cells in a free space. Each cell has three flagella and experiences repeatedly over time the follow-
ing process: one of the flagella goes through a series of polymorphic transformations from normal to semicoiled and then back to normal as the associated motor reverses
from CCW to CW and then to CCW. Left panel shows a sample trajectory of the centroid of the cell body that alternates runs (blue) and tumbles (orange) when the initial block
angle is given as o = 30°. Run and tumble durations are fixed at 0.3 and 0.1, respectively. The inset illustrates snapshots in the process of a run and a tumble followed by
another run, which corresponds to the time interval from t=0.9 s to = 1.4 s. Right panel shows the mean and the standard deviation of tumble angles between any two con-
secutive runs as the block angle « varies. Multimedia view: https://doi.org/10.1063/5.0142836.1

denoted by Ty = 0.005¢ s, in which motor reversals are initiated at dif-
ferent times over two cycles of the flagellar rotation (purple curves).
All three flagella go through polymorphic transformations at the same
time during tumbles in the second and the last groups of tumbles.

We can see that, during the new run after a tumble, trajectories
eventually go back to a CW circular path except for the case of the
indefinite tumble duration D,, in which all the flagella are of the
right-handed semicoiled form turning CW and the cell draws a
smooth CCW trajectory. We can also see that the reoriented directions
due to the tumbles are different depending on the different cases in
each group of tumbles. Note, however, that the representative trajecto-
ries in Fig. 7(b) for the first and last groups include the maximum
range of reoriented directions within each group. This illustrates that
the direction of reorientation is limited as opposed to the cells in a free
space. For example, it is computationally reported that cells in a free
space can be reoriented sweeping out 0 to 27 in longitude and 0 to
7/2 in turning angle by running through all the phases of the initia-
tion time of tumble over a single cycle of the cell body rotation."*
Unlike the cells in the first and last groups, the cells in the second
group follow a circular CCW path of D, during the tumble duration
and then switch to a CW path in the new run, demonstrating that the
tumble duration can lead the cell to be reoriented in a wide range of
the direction. It is interesting to see that the cells remain close to the
wall before and after tumbles in any group, i.e., they are trapped near

TABLE IIl. Measurements of reorientations with various hook lengths.

Hook length (nm) no hook 60 (WT) 120 180

Tumble angle, 0 (°) 46.55 14.91 3.89 3.65

wall, which suggests that tumbles may not be an efficient strategy for a
cell to escape from the wall. This implies that the hydrodynamic inter-
action of cells with surfaces may always promote the opportunity for
the cell to be adhered to the surfaces so that they can form biofilm.”
Recently, Junot et al.”' found long surface residence times and fre-
quent tumbling during the residence near surface before escaping,
confirming that tumbling would be an inefficient escape mechanism.
However, they also reported that escape is tightly coupled to tumble
and most cell escapes from the surface indeed occur immediately after
a tumble. A further study is needed to find conditions that make the
cell escape.

Lemelle et al.”® reported that run-and-tumble motion near a planar
wall is different from that in a free space and that tumbles near a wall
appear to take a longer time, following deceleration—reorientation—
acceleration pattern. Our simulations also show a similar trend to those
observed in experiments, see the representative case in Fig. 8(a), which
shows time evolution of the time-averaged swimming speed of the
case Dyo during the run-and-tumble motion near a solid surface. The
swimming speed in Fig. 8(a) displays the three phases: deceleration—
reorientation—acceleration, which is the common feature of tumble
events near a solid wall. There is a drop in swimming speed in the begin-
ning of the tumble, and the cell maintains a low speed during reorienta-
tion and then accelerates during the transition toward the new run. Two
shaded areas indicate the time period of transitions from normal (CCW)
to semicoiled (CW) and vice versa. The pattern of average speed is con-
sistent with other trajectories in the second group except for the case of
D;, which has a tumble duration of 0.16s. This demonstrates that there
is a threshold of tumble duration to maintain this pattern, see Fig. 8(b),
which displays time evolutions of the swimming speed of all cases in the
second group. Note that the phase duration of reorientation is linearly
proportional to the tumble duration. Time evolutions of the swimming
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speed in other groups show the pattern similar to that of D; because the
tumble duration in those cases is given as 0.1's, which is slightly shorter
than the case of Ds.

We now investigate the hydrodynamic interaction between bac-
teria and the perturbed ambient flow in the presence of a planar wall.
The background flow is a time-independent shear flow, which can be
applied by imposing on the whole domain the following velocity field:

Ushear (X) = ﬁ(Z, 07 0)7 (32)

where z is the z-coordinate of the point x and f is a constant repre-
senting the shear rate. This positive x-directional flow velocity and the
associated angular velocity, Ugenr(X) and When(X) = %V X Ughear
= (0, #/2,0), respectively, are added to the velocities of the immersed
boundaries given in Egs. (2.13), (2.14), and (2.16).

When the cell is placed near a wall and under the shear flow, the
competition between the shear stress from the fluid and the flagellar
propulsive force leads to two types of paths depending on the shear
rate: periodic skewed coil paths and linear paths, see Fig. 9(a)
(Multimedia view). Both types of trajectories oscillate with very small
amplitudes but roughly lie on a plane-parallel to the wall, z= 0, that is,
the height of the cell from the wall remains almost constant. For small
values of f, the flagellar propulsion against the shear flow is strong
and, hence, creates skewed coiled trajectories in the leftward direction
when viewed toward the downstream direction. The wavelength of the

helical trajectories gets larger as the shear rate increases. For large
values of f5, however, the fluid shear stress overcomes the bacterial
propulsive force and induces the leftward linear path.

Figure 9(b) shows perturbed trajectories of the case f = 10/s
after tumbles caused by transforming different flagella, as done previ-
ously. Each tumble is initiated at ¢ = 15.6 s with the duration of 0.1s.
The blue curve denoted by B is the trajectory without any
tumble. Figure 9(c) shows the corresponding height of the trajectories
in Fig. 9(b) from the surface. As shown in figure, tumbles under the
shear flow change the swimming direction but the cells after tumbles
still stay near the surface and draw skewed coil paths.

IV. SUMMARY AND DISCUSSION

Motivated by peritrichous bacteria, such as E. coli cell, we present
an in silico model of a swimming cell with multiple flagella to under-
stand run-and-tumble motion in a viscous fluid. Flagella are embed-
ded uniformly near one pole of the cell body, and this cell runs by a
spinning flagellar bundle and tumbles by some motor reversals. Our
simulations show that flagellar bundling is enhanced by the hook flexi-
bility, provided that the flexibility of the hook is in the right range. If
the hook is too stiff, it limits the range of flagellar distance for bun-
dling. If it is too flexible, the buckling instability occurs. Similarly, our
model shows that optimized hook length is necessary for the forma-
tion and proper function of a flagellar bundle. Flagella with hooks that
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FIG. 7. Trajectories of the run and tumble motion of cells with three flagella located near a planar wall. The left panel shows three circular CW trajectories of a single cell with
a persistent run, in which trajectories are drawn by following the center of the cell body (blue), one point on the cylindrical cell body surface (green), and the tip of one flagellum
(brown). Enlargement of the trajectories around ¢t = 4.875 s is put in the inset in the middle. A tumble event deviates the smooth circular trajectories and leads to different cir-
cular paths. The right panel shows representative trajectories caused by different types of tumble conditions. The size of bacteria is scaled up by a factor of two for a better
visualization. After a run for a certain period, denoted by B (black curve), the first group of tumble events occurs due to which and how many flagella transform (blue curves),
denoted by F;;x, where i, j, and k indicate the transforming flagella. In the case of 4, 3, the second group of tumble events occurs due to different lengths of tumble duration
(red curves), denoted by D, = (0.1 + 0.02¢) s. Following the case of Dy, the last group of tumble events occurs due to tumble timing (purple curves), denoted by T,
= 0.005¢s, in which motor reversals are initiated at different times over two cycles of the flagellar rotation. All three flagella go through polymorphic transformations at the
same time during tumbles in the second and the last groups of tumbles. In the new run after a tumble, trajectories eventually go back to a CW circular path except for the case
of the indefinite tumble duration D, in which all the flagella are of the right-handed semicoiled form turning CW and the cell draws a smooth CCW path. Multimedia view:
https://doi.org/10.1063/5.0142836.3

are too short are unable to form a bundle, and those with hooks that Cell swimming is constrained by the torque-free condition, and
are too long form bundles that buckle when the cell tries to reorient by hence, the cell body necessarily rotates in the opposite direction from
reversing some flagella to initiate a tumble. These effects of hook that of the flagella, which eventually helps the process of flagellar bun-
length are similar to those of hook flexibility. This underscores the dling. To demonstrate this, we have artificially prevented rotation and/

importance of the control of hook length as reported in Ref. 19. or translation of the cell body in some of our simulations and have
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FIG. 8. Time-averaged swimming speed of the cases in the second group during the run-and-tumble motion near a solid surface. (a) A representative case of Dy in which the
total tumble duration is 0.3 s. The cell displays three phases during a tumble; deceleration (speed drop)-reorientation (low speed)-acceleration (transition). Colored areas indi-
cate the time period of transitions from normal to semicoiled and vice versa. (b) All cases in the second group and demonstrates that there is a threshold of tumble duration
that separates D5 from rest of the cases.
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respectively. The right panel shows the corresponding height of the cell trajectories from the surface given in Fig. 9(b). Multimedia view: https:/doi.org/10.1063/5.0142836.4

shown that the range of parameters with which bundling occurs is,
thereby, narrowed. The extent of counterrotation in our model cell
may be exaggerated, however, by our assumption that the flagellar
motors are clustered near one pole. If the flagellar motors were more
uniformly distributed over the cell body, one would expect the (vecto-
rial) torques produced by those motors on the cell body to cancel.

It is known that bacteria E. coli seek to adhere to the surface and
form a bacterial colony embedded in a matrix of extracellular poly-
meric substances (EPS), which protects the microbes from unfavorable
environmental conditions, which could result in bacterial infec-
tion.”*”>"? In order to investigate the surface exploration of the cell,
different types of tumble events, such as various initiation times and
durations of tumbles, are applied in the model. Our simulations dem-
onstrate that as the cell explores the surface through run-and-tumble
motion, the hydrodynamic effect of the wall keeps the cell motility
near the surface, which suggests that the biofilm formation on the sur-
face may be promoted regardless of cell’s ability to tumble and that the
tumble dynamics near wall is not for cells’” escape from the surface. In
contrast to E. coli, bacteria P. putida, which has a polar flagellar bun-
dle, take the benefit of the wrapping mode when they are often found
in physically confined environments.”* *” The wrapping mode occurs
when the polar bundle coils around the cell body and is responsible
for reorientation in a free space. Moreover, both experimental and
computational data suggest that these cells make use of the wrapping
mode to run away from the confinement unlike tumbles in E. coli.

In the presence of a solid surface and shear flow, the interplay of
hydrodynamic forces on bacteria significantly modifies motility of bac-
teria. For low shear rates, the flagellar propulsive force dominates
against the shear force and, thus, the cell draws skewed helical-like tra-
jectories. For high shear rates, the shear force dominates and leads the
cell to linear paths. It is worth mentioning that cells stay close to the
surface regardless of various shear rates. Moreover, tumbles under
shear flow deviate the running path but still keep the cell near the sur-
face. Our simulations propose that surface tumbles may not promote
cell escape from the surface, which may facilitate biofilm formation.

However, the shear flow leads cells to the overall downstream motility
and, thus, biofilm is less likely to form over a substrate with shear flow.

Our model is idealized and allows us to explore the dynamics of
microswimmers. This work may provide insight into the design of an
artificial microrobot with potentials to optimize its performance and
to control maneuverability as intended. Characteristic features for
tumble angles and trajectories determined by material and geometrical
properties of bacteria in a free space or in the presence of the physical
barriers may be incorporated into the design of micromachines. One
of the main interest in this research field is to understand the swim-
ming mechanism of bacteria in complex fluids often found in nature
and biology. In particular, it is reported that E. coli in non-Newtonian
shear flow causes upstreaming motility (i.e., positive rheotaxis) near a
surface,”® *’ which can affect bacterial transport in biomedical setting,
such as the urinary tract and catheters. Understanding nonlinear rheo-
logical behavior in bacterial swimming in complex fluids may help to
understand bacterial pathogenesis, which will be the subject of future
investigations.
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