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High-speed motility originates from cooperatively pushing and pulling flagella
bundles in bilophotrichous bacteria
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Physics of Living Systems

Figure 1. 3D tracking in physiochemically controlled conditions. (A) MC-1 cells were transitioned into agar-free medium, the solution was degassed to
remove the oxygen and inserted into a microcapillary. Due to one open and one closed end, an oxygen gradient formed and the cells accumulated
near their preferred microoxic conditions (the oxic-anoxic-interface, OAI). (B) The cells were observed near the band using 400 fps phase contrast video
microscopy with a spherical aberration, which causes interference patterns around the spherical swimmers. These patterns can be correlated with
patterns from silica beads of known height relative to the focal plane. (C) A tracking algorithm enables high-throughput 3D tracking of the
microswimmers (Taute et al., 2015). Colors indicate different cells. (D) Individual tracks were analyzed and a clockwise helical travel path with a radius
close to the cell diameter was found as well as instantaneous traveling speeds between 100 um s~" and 500 um s~ Tracks can be interrupted by rapid
reorientation events that last only 2.5-5 ms. The helix parameters like pitch and period time do not change before and after an event, but apparently

do so in the projected 2D tracks (see projected shadow in D).
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Figure 1—figure supplement 1. Validation of event identification algorithm for 3D tracking on simulated tracks
with known parameters. Top simulation parameters: Theta (reorientation angle) was 90 °, velocity was 100 um/s,
and runtime was 0.86 s. Bottom parameters: Theta was 170 °, velocity was 14 pm/s and runtime was 0.86 s. The

mean time each reorientation lasted was 0.14 s for both cases.

Bente et al. eLife 2020;9:e47551. DOI: https://doi.org/10.7554/eLife.47551

30f15


https://doi.org/10.7554/eLife.47551

e LI F E Research article

Physics of Living Systems

0.06 A n = 4237

0.05

probability
e o ©Q
8 8 R

0.01
0 50 100 150
o1°
008 C n=1379

probability
o o
2 8

o
o
o

0 0.5 1
runtime /' s

0.2

0.15

0.1

probability

0.05

B n =1659
100 200 300
mean velocity / pm s
D n=1379
b
50 100 150 200 250
runlength / um

Figure 1—figure supplement 2. MC-1 swimming statistics. (A) Turning angle 6 after a reorientation event, (B)
effective traveling speed, (C) runtimes and D) runlengths in-between events.
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Figure 1—figure supplement 3. Oblique and top view of a typical event in an MC-1 swimming track. The radius,
pitch and period time of the helix remain constant before and after the event, which is identified as a drop in
velocity to 0 and which lasted 3.75 ms + 1.25 ms (error due to frame rate). While the top view indicates a change in
helix parameters, the 3D view reveals no apparent changes.
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Figure 2. High-speed dark-field video microscopy at 1640 fps reveals a dual helical travel path of a MC-1 cell
during free swimming. In (A) the tracked path is displayed after smoothing by a 5-point moving average filter and
then plotted together with the cell velocity. Green arrows indicate velocity maxima. In (B) it is shown that the
projected swimming path and projected velocity can be described by a projection of a large 3D double helix vq(t).
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Figure 3. Flagella bundle imaging. (A) TEM image of an MC-1 cell stained with uranyl acetate. Two flagella bundles emerge from the MC-1 cell body.
Each bundle features seven flagella, which emerge from a cavity on the cell surface. The individual flagella are bundled by a sheath (scale bar is 1 um).
(B-D) Individual frames from the high-speed dark-field video microscopy experiment at different points in time (Video 1, scale bars 1 um). Bright spots
appeared on the cell surface and next to the cell, which were identified as the parts of the flagella bundles that were closest to the cell surface. As the
cell swam downwards in the image (blue track), the flagella bundle spots appeared in front of and behind the cell (relative to its overall movement
direction). When comparing the times of B and C, the abrupt change in position indicates that another flagella bundle moved into focus of the
microscope. When comparing C and D, it becomes apparent that the spots appear at nearly the same position on the cell at nearly the same horizontal
position in the helical movement pattern, indicating a periodic flagella movement pattern that causes the helical track.
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A Snapshots of cell movement with flagella hook tracking over 85 ms

B Tracked movement of two hook bundles relative to cell body position and size

0-9ms (9-21ms 53-61ms (65 - 74 ms| (78 - 85 ms]

Flagellum 1 Flagellum 2 Flagellum 1 Flagellum 1 Flagellum 2 Flagellum 1

QCOeVEe

@ Flagellum hook postition over time

C Schematic of cell anq,corres
o

ponding flagella movement

0-9ms 9-21ms 21-52ms
Movement of flagella
anchor on cell surface,
1st period

Instantaneous cell
propulsion direction,
neglecting the small
helix contributions

-

H

2
?,

e Flagellum 1

N
e
o

= Flagellum 2

g

N

Cell body with
2 flagella

53-61ms 65-74ms 78-85ms
Movement of flagella
anchor on cell surface,
Overall movement Q 2nd period (unfinished)
direction

Figure 4. Positions of flagella bundles on the cell over 85 ms at 1424 fps. (A) The cell swam from top to bottom in the field of view. Moving bright spots
were identified as the parts of the flagella bundles that were closes to the cell surface. The cell’s helical traveling path had a period time of 52 ms. (B)
The positions were tracked over time and are depicted relative to the center of the cell, represented by different spheres for different time intervals. (C)
The schematic of the cell’s large helical track is color-coded according to the different time intervals where the flagella bundle parts were visible to
highlight the periodicity of the flagella bundle movement.
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Figure 5. Simulations of MC-1 swimming dynamics with one pushing and one pulling flagellar bundle. The principle cell and flagella bundle
arrangement is shown in (A) at four distinct time points where the cell body diverges strongly from the helix axis. (B) Shows the projected track of a
simulated MC-1 with the flagellar opening angle 60° together with the projected speed. The results are comparable to measured data from Figure 2A.
(C) Histogram of turning angles for the reorientation events seen in experiments and in simulations, where reorientation results from periods of
synchronous rotation. (D) Validation of the cooperative pushing and pulling model in the presence of a strong magnetic field (3 mT). A third hyper-helix

is observed in both experiment and simulation.
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Figure 5—figure supplement 1. Swimming path parameters from numerical simulations with an asymmetry in
flagella lengths compared to experimental values. No match could be reached for either pitch or diameter in the
simulations.
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Figure 5—figure supplement 2. Comparison of cell path parameters from experiments and the pushper-puller

simulation scenario. While the pitch is not fully matched for any opening angles between the two flagella, the helix
diameter and cell's speed could be simulated.
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Figure 5—figure supplement 3. Reorientation angle histogram for the following transient flagella bundle
configuration: CCW and CW — CCW and 0 - CCW and CW (the rotation of the puller flagella is stopped during

reorientation).
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Figure 5—figure supplement 4. Reorientation angle histogram for the following transient flagella bundle
configuration: CCW and CW — CCW and CCW — CW and CCW — CW and CW — CCW and CW.
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Figure 5—figure supplement 5. Reorientation angle histogram for the following transient flagella bundle
configuration: CCW and CW — CCW and CCW — CW and CCW — CCW and CCW — CCW and CW.
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Figure 5—figure supplement 6. Simulations of different scenarios of MC-1 swimming with varying magnetic fields and magnetic moment orientation.
The tested flagella rotation patterns are shown together with the resulting cell trajectories for five different conditions: no magnetic field, weak
magnetic field (50 uT) for a cell with magnetic moment parallel and perpendicular to the flagellar axes, and strong magnetic field (5 mT), again with
magnetic moment parallel and perpendicular to the flagellar axes.. In the absence of a magnetic field, two pushing flagella produce small helices, two
pulling flagella cause a strongly distorted movement pattern and only a cooperatively pushing and pulling flagella combination reproduces the
experimentally observed double helical motion shown in Figure 2A. A strong magnetic field results in the hyper-helical motion shown in Figure 4D, if
the magnetic moment is not parallel to the flagellar axes.
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