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Fig. 1. Micro-structure and operation mechanism model of the bacterial flagellar motor [46]

(d)

. (a) Schematic of the E.
coli flagellar motor. The motor consists of multiple proteins, including F1iG (~26 copies), FliM (~34 copies), and
FliN (~136 copies).

orange). Conformational changes in FliM upon binding of the signaling molecule CheY-P are coupled indirectly to

Anchored to the cell wall are the torque-generating stator units MotA4 MotB2 (~10 copies,

conformational changes in the FliG track, which interfaces with the torque generating units to determine rotation
direction; (b) each protomer possesses a single binding site to which a CheY-P molecule can be bound (B) or not
bound (b) and has two conformations, active (A, corresponding to CW rotation) or inactive (a, CCW rotation); (c) it
is assumed that the free energy of interaction between adjacent protomers favors pairs with the same conformation,
so the energy is lower by E; than the pair with different conformation regardless of CheY-P binding; (d) the
rotor stochastically switches between CCW and CW, independent of CheY-P binding. Switches typically occur by

nucleation of a new domain, followed by conformational spread of the domain.
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Fig. 2. Distributions of motor rotation intervals for
tethered cells [47]. (Top panels) Cell body rotating
around a fixed point (the green dot), with the direc-
tion of rotation noted by an arrow. A switch from
CW to CCW rotation occurs at time 0 ms. (Bottom
panel) Distribution density of motor rotation intervals
for both directions plotted along with fit lines to first
passage time theory. (Inset) The angular velocity of
a rotating cell over a short duration, showing a pair
of CW and CCW intervals. Angular velocity is nearly
constant during the rotation intervals and quickly flips
the sign when the motor switches direction. A total of
2338 CW and 2236 CCW intervals were recorded.
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(c) (d)

K3 (a) Caulobacter swarmer 41t (1) #i & ¥ 3 77 4]
I Fo o Sk iR 2 2 ST By MR &5 (b) Caulobacter
swarmer 47T MU & IR SR S). B SR
SCHR [60]; (c) HESHANTE e s B B AR IR B Ak
Y SCHR [62]; (d) 4UHR LN AY: HEE R £ F i
LR ST B0 R LA FH S 20 M B AR B RN - 3.
VPSR SR [62).

Fig. 3. (a) A schematic drawing illustrating the back-
ward swimming of a cell above a surface. The two
solid curved arrows indicate the rotation directions
of the cell body and flagellar filament, and the two
straight arrows indicate the net lateral drag forces on
them. The dashed arrow depicts the circular trajec-
tory (601 (b) an overlay of consecutive frames taken
at 10 frames per second showing a typical swimming
trajectory observed by dark-field microscopy with a
10x objective. The arrows indicate the swimming di-
rection. The cell followed a circular trajectory while
swimming [60]; (c) thrust-based mechanisms are un-
likely to be correct. Depending on the relative po-
sition of the tethering point, the same force F' can
cause CCW cell rotation (in case of the white tether-
ing point) or CW rotation (in case of the grey tethering
point) (621 (d) model for cell rotation: CCW rotation
of the flagellum causes CW cell rotation through hy-

drodynamic coupling with the solid substrate 162],
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Fig. 4. An early stage biofilm of Bacillus subtilis!®%]. Left: a phase contrast image of a swarm front. Right: a

fluorescence image showing two types of cells at the swarm front. The red and green labels represent, respectively,

surfactin- and matrix-producing cells in the double-labeled PtapA-CFP PsrfA-YFP WT strain (CFP and YFP are

artificially colored green and red, respectively).

Bl 5 gip AR Ky Bod R i B AR (a)—(c) SRR BN R B T B A9 1 40 T 43 2 Y R i R A T 45 (I
JroRVE: 5 EATEA K S (Waishing Tang 2015 Brown University)); (d), (e) 4B ERYA B FAEY BRI 404> ST (LA SRIE: X
R [67]); (F) PA/N4NBEHB9 TAHHE R, TR B o 2k (B okiE: 2 E A K% [Zidong Ma 2016 Master of Science Thesis,
Brown University])

Fig. 5. The self-organized patterns formed by the spreading biofilm. (a)—(c) The expanding colony of Pseudomonas aeruginosa
form a homogeneous disk, fractal branches, and expanding paddles [images taken by Waishing Tang, 2015, at Brown University];
(d), (e) the bacterial colonies form a chiral fan and a sun-flower pattern, respectively (671, (f) two colonies repel each other to

generate a cell-free boundary between them (Zidong Ma, 2016, master of science thesis, Brown University).
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Fig. 6. P. aeruginosa produces a biosurfactant that induces a Marangoni flow and inhibits the coffee ring

effect 1091 Droplets of liquid culture of P. aeruginosa are spotted on agar plates of a rhamnolipid production

deficient mutant (a) and a wild-type (b). The mutant undergoes the capillary flow, producing a coffee ring

during drying, causing the bacteria to pile-up at the contact line. The wild type gives a more uniform

distribution of cells after drying due to the Marangoni flow that inhibits the coffee ring effect (105],
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Fig. 7. Schemetic of chemotaxis network of E. coli.[119].
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Fig. 8. Representative trajectory of a Caulobacter cre-
sentus swimming in a microfluidic device. In this per-
spective, the air channel is located below the graph
and runs along the X coordinate direction, such that
the local pp Oz increases as the cell moves down the
image. Forward and backward swimming segments are
marked as green and orange, respectively, and arrows

indicate the swimming direction (131],
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Abstract

Bacteria form a complex system. It consists of many components that cover broad size scales, including ions, small
molecules, DNA, polymers, sub-micrometer sized organelles and compartments, micrometer sized cells, packs of cells in
films of a few micrometers in thickness, large swarms or populations spanning plates over several centimeters in diam-
eter, etc. The mechanisms to be explored span a wide range of time scales from micro-second or shorter for molecular
interaction, to milli-second or longer times for diffusion and transport, up to minutes and hours for cellular metabolism,
growth, and reproduction. An invisible colony of bacteria can grow rapidly and becomes visible to the human eye in
several hours. Novel phenomena or behaviors emerge across these broad size and time scales. For example, the rotation
direction and speed of a flagella motor, about 50 nm in diameter, are both tightly regulated by a signaling pathway
within the cell. The fast rotation of the helical flagellum driven by the rotary motor is a key to explaining the bacterial
swimming trajectory, chemo-taxis, accumulation, adhesion, or anchored body rotation near or at a solid surface. The
activities of individual bacteria in response to their physicochemical environment give rise to their collective response
such as quorum sensing, swarming, and growth of biofilms.

The physical biology of bacteria is an interdisciplinary research covering micromechanics, micro-fluidics, non-
equilibrium statistical physics, etc. This review covers several aspects of bacterial motility, including flagella motor
behavior, bacterial swimming and accumulation near the surface, the self-organized patterns of bacterial swarms, and
chemo-taxis regulated by the biochemical signaling network inside bacteria. Instead of presenting each aspect as a sepa-
rate topic of microbiological study, we emphasize the strong relations among these topics, as well as the multidisciplinary
perspective required to appreciate the strong relations among the topics covered. For instance, we point out the relevance
of numerous phenomena in thin film fluid physics to bacterial swarming, such as capillary flow, surface tension reduction
by surfactant, Marangoni flow, and viscous fingering. Another notable example is a recent application of a statistical
mechanical theory called the first passage time theory to account for the intervals between the switches of bacterial
motor rotation from clockwise to counter-clockwise, and vice versa.

In concluding remarks, we point out a few open questions in the field of bacterial motility and likely advances that
might transform the field. The central view conveyed through this review article is that further progress in the field
demands interdisciplinary efforts. Therefore, a collaborative approach among those with both in depth knowledge and

broad perspectives in biological and physical sciences will prove to be the most successful one.
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