From failure to function:

Flagellar buckling reorients marine bacteria
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Nature’s solutions for motility

 Flexible flagella (eukaryotes)  Rigid flagella (prokaryotes)
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Mechanics of flagellar propulsion

Flagellar Kinematics
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Transport processes 1n active suspensions

Mixing and Stirring - Swimming in -_Flow LA
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Propulsion is only half of the story ...
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Turning is crucial for bacterial survival strategies
E. coli i —
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Many bacteria have only one flagellum

I um

- Vibrio alginolyticus

* 95% of marine bacteria:

— Vibrio alginolyticus
— Vibrio cholerae

— Shewanella putrefaciens

— Pseudoalteromonas
haloplanktis

[Na‘] = 100 mM

* Previous view:

— Cells only swim forward and
backward (‘run and reverse’)
via rotary motor control
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Run, reverse, & flick motility
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How to turn (‘tumble’)

with only one flagellum’? s
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Cells swim forward prior to ‘flick’

Alignment, ¢
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Flagellar bending concentrated at base

420 fps (dark-field)

0000 ms
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raw video tracked flagellum =

« 20 nm diameter flagellum




Forward swimming implies compression

Drag Thrust

Zum Vibiodignolicss & =
iR Swimming
Backward : tension = stable direction

Swimming D
directiond®™1T—" igb
Thrust

Forward : compression = unstable

Nishioka et al, 1998 H.C. Berg
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Turning by buckling
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- Flagellum El is 10,000
greater than hook!

P
- Hydrodynamic load: PW.SC ~ uaV
» Critical buckling load: P ~ ﬂ times

Hydrodynamic load

Critical load (hook) Buckling!?
Critical load (flagellum) -
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Shum & Gaffney, Phys Fluids 2012
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Slow down bacteria to test for buckling
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Swimming speed distribution
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Slowing down suppresses turning
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Transition between turning states
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But, why does the hook
not buckle during normal
forward swimming?
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Twisting stiffens the hook

* During normal swimming the hook is twisted
— it ‘locks up’ beyond a half turn (Block & Berg, Nature 1991)
« Spaces between protofilaments compress under torsional load
- El likely increases (Samatey et al, Nature 2004)




Estimating hook stiffness — relaxed hook

Experiment:

Hook (EL L) [
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Model:
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Estimating hook stiffness — stiffened hook

420 fps (dark field) tracked
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Hook stability near a turn

compression

Fcr = m?

LZ
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Timoshenko, 1961

Note: for Euler buckling,
critical forces/torques
depend only upon E/, not

upon GJ.
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Turning by buckling may be ubiquitous

* Observed in 60-70% of cells

€3 Tufts

UNIVERSITY



Turning by buckling

* Ubiquitous amongst
monotrichous bacteria

* Biologically cheap mechanism
In bacterial locomotion

* Functional failure in
engineered microsystems
and robotics
- under-actuated dynamics
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Bacteria can exploit a flagellar buckling instability
to change direction
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