
Cellular Motility

Thomas Lecuit 

chaire: Dynamiques du vivant

Course 1:  Introduction — Principles of motility

http://nikhil.superfacts.org/archives/2010/02/bacteria_dont_h.html

https://www.nies.go.jp/chiiki1/protoz/morpho/ciliopho/euplotes.htm
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Historical perspective
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Movement is a defining feature of living organisms: 
• movement of parts or of whole organism

• what is different between movement of living and inert matter?

Aristotle: 4 types of movement: 
• quantitative: growth/shrinkage

• qualitative: aspect (shape, color etc) 

• displacement: in geometrical space. 

• genesis/corruption 

μεταϐολή,

Υένεσις

κινήσεις

δύναμις
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(Physics, III, 1)

— Geometric representation. Organisms respond passively to external 
source of movement (eg. heat) as in a machine

Causes of movement: 
• Mechanical view: Galileo, Descartes, etc.

• Leibnitz: 
—Cause of movement is internal. Living matter is active

XVIIth: Local movement only: Descartes, Galileo, Newton



Organism and cell motility
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Ubiquity of cell movement: 
Fonction

• source of energy/nutrition: 
phototaxis (eg. Volvox, Euglena), glucose (E. coli),  anaerobic 
conditions (e.g. magnetotactic bacteria)

• reproduction: sperm cells 

• escape from predators/toxins

• patrolling: immune defense (eg. dendritic cells)

• embryonic development

• regeneration-repair
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PLoS ONE 11(10): e0162602. doi:10.1371/journal.pone.0162602
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Zebrafish Embryo

Tissue shape changes and cell movement 

Mouse cell embryo

Cell tracking in Zebrafish

F; Amat et al . And P. Keller. Nat Methods. 11(9):951-8 (2014).
P. Keller et al. Science 322(5904):1065-9.(2008)

McDoleK and Guignard L. et al., Cell 175, 859–876 (2018)

μ

Average cell movement speed

08:20

μ

μ 0.18 0.44 μm min-1C D
15:50
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The nervous system illustrates the magnitude of cell motility

Wiring the human brain requires the laying down of about 1 million 
km of neurites, all proceeding through the crawling motility of growth 
cones. Pollard and Borisy Cell, Vol. 112, 453–465 (2003)

https://ki-galleries.mit.edu/2013/berger-5

https://www.livescience.com/19361-images-reveal-brain-simplicity.html
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Discovery of cell motility

Robert Hooke (1635-1703)
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Discovery of cell motility
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First observation of bacteria and movement

Antoni van Leeuwenhoek (1632-1723)

https://pixels.com/featured/leeuwenhoek-microscope-granger.html

A) is a motile bacillus. B) Selenomonas buccalis & the track 
of its movement (C to D). E) Micrococci. F) Leptothrix 

buccalis. G) A spirochaete,

« I then most always saw, with great 
wonder, that in the said matter there 
were many very little living 
animalcules, very prettily a-
moving. The biggest sort. . . had a 
very strong and swift motion, and 
shot through the water (or spittle) 
like a pike does through the water. 
The second sort. . . oft-times spun 

round like a top. . . and these were 
far more in number. » 

September 17, 1683
Letter to Royal Society

« The biggest sort. . . bent their 
body into curves in going forwards. 
. . Moreover, the other animalcules 
were in such enormous numbers, 
that all the water. . . seemed to be 
alive. »
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Discovery of cell motility

Metchnikoff ’s drawing of phagocytes at a site of inflammation 
(induced by silver nitrate) in the caudal fin of a Triton embryo.

Ilyia Metchnikoff  (1845-1905)
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Metchnikoff, E. Lectures on the Comparative Pathology of Inflammation. (Reprinted by Dover, New York, 1968).

Cited in: G. A. Dunn and G. E. Jones Nature Reviews Mol. Cell Biol. 5:667-672 (2004)

Metchnikoff observed in Sicily (Messina) starfish 
larvae, noticed motile cells and hypothesized that this 
might underly response to external agents.

Used rose thorns under larval skin and observed 
leukocyte chemotaxis and phagocytosis



Organism motility across scales
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• All organisms except plants and fungi are motile: swimming, flying, walking, crawling, creeping etc mor

1 µm
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1 m

Amoeba proteus

Escherichia coli

Blue whale

Megaphragma
mymaripenne

Goliathus
cacicus

Paedophryne
amauensis

• Variation in size: 
          (6 orders of magnitude in Metazoa)

G. Néry. https://www.youtube.com/watch?v=OnvQggy3Ezw

Sperm whale

Bacillus subtilis
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https://www.youtube.com/watch?v=n2nVrfgZ45s



Organism motility across scales
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• All organisms except plants and fungi are motile: swimming, flying, walking, crawling and more
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• Protozoans

Bland J. Finlay 

Science 296, 1061 (2002); 

DOI: 10.1126/science.

1070710 

studies on key “model” baker’s
“the cell”, that is the idea that what we say about one cell type is
types found both in unicellular and multicellular organisms.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

• Bacteria
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studies on key “model” baker’s
“the cell”, that is the idea that what we say about one cell type is

 

 

 

 

 

 

 

 

 

from the original literature. (A) Stella strain IFAM1312 (380); (B) Microcyclus (a genus since 

renamed Ancylobacter) flavus (367); (C) Bifidobacterium bifidum; (D) Clostridium cocleatum; (E) 

Aquaspirillum autotrophicum; (F) Pyroditium abyssi (380); (G) Escherichia coli; (H) Bifidobacterium 

sp.; (I) transverse section of ratoon stunt-associated bacterium; (J) Planctomyces sp. (133); (K) 

Nocardia opaca; (L) Chain of ratoon stunt-associated bacteria; (M) Caulobacter sp. (380); (N) 

Spirochaeta halophila; (O) Prosthecobacter fusiformis; (P) Methanogenium cariaci; (Q) 

Arthrobacter globiformis growth cycle; (R) gram-negative Alphaproteobacteria from marine 

sponges (240); (S) Ancalomicrobium sp. (380); (T) Nevskia ramosa (133); (U) Rhodomicrobium 

vanniellii; (V) Streptomyces sp.; (W) Caryophanon latum; (X) Calothrix sp. (Y) A schematic of part 

of the giant bacterium Thiomargarita namibiensis (290). All images are drawn to the same scale. 

(Adapted from K. D. Young, Microbiology & Molecular Bio. Rev., 70:660, 2006.)  

Cell motility across scales
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• Motility in aequous (viscous) or visco-elastic environments (host, mud etc)

1µm - few 10 of µm 0.2 - 2 mm long

Scale range among motile single cells: X 2000

Cell Biology by the numbers.  Ron Milo, Rob Phillips, illustrated by 
Nigel Orme. Garland Science 2012
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Prokaryotes

Escherichia coli motility

Cell motility across scales

Spirochetes motility (Lyme, disease, siphylis, leptospirosis etc)

https://www.youtube.com/watch?v=cXYfT5hSLoQ
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Howard Berg

http://www.rowland.harvard.edu/labs/bacteria/movies/ecoli.php
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Eukaryotes

Amoeba proteus (phylum: Amoebozoa)

• Giant cell motility

200µm

Cell motility across scales

Spirostomum ambiguum (phylum:Ciliophora)
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Ferry Siemensma

>1mm

http://www.edu.upmc.fr/biomedia/

https://www.youtube.com/watch?v=rAkzrXxS2tI https://www.youtube.com/watch?v=hN9YUwKa9aE
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Cell motility across scales

Velocities

( png)

ing

on

ost

oscopy.

ferent scales in

perspective is to evaluate how many body lengths a given organism moves every second.!

 5 09/

Michael Phelps: 100m in 50s, 1 bl/sec (for 1 min)

Sailfish  Istiophorus platypterus: 30 m/s, 15 
bl/sec, like E.coli

Prokaryotes

 

swim

glide
twitch

• swimming speed ranges from 5-1000µm/s (200 fold range)

• gliding/twitching speed ranges from 2-20µm/min (10 fold range)

• swimming about 1000 fold faster than gliding/twitching

�14

T; Fenchel FEMS Microb. Ecol. 48:231–238 (2004)

Cell Biology by the numbers.  Ron Milo, Rob Phillips, illustrated by 
Nigel Orme. Garland Science 2012
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Cell motility across scales

Velocities

( png)

ing

on

ost

oscopy.

ferent scales in
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 5 09/

Finals of the World Cell Race (Théry & Piel et al)

Eukaryotes

swim

crawl

• swimming speed ranges from 50-1000µm/s (20 fold range)

• crawling speed ranges from 16-3000µm/hour (200 fold range)

• swimming about 1000 fold faster than crawling
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Maiuri, P., et al. (2012). The first world cell race. Curr. Biol. 22, R673–R675. 

Cell Biology by the numbers.  Ron Milo, Rob Phillips, illustrated by 
Nigel Orme. Garland Science 2012

Race track:4 µm- and 12 µm-wide fibronectin lines 
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— Newton’s second Law:  F = m.a 

• inertia: movement at constant speed (a=0) without applied force
(e.g. force is not necessary at all time: eg. swimming)

• This is not true for cells and small objects: force needs to be constantly applied 
for motion. 

• Life operates at so called low Reynolds number 

Physical constraints on cell motility

�16

Osborne Reynolds
(1842-1912)

• Fluid mechanics: studied the impact of flow speed 
on nature of flow and conditions in which flow 
remains laminar

• This depends on ratio of inertial forces and 
viscous forces. 

• Reynolds the number is a dimensionless 
parameter that compares the effect of inertial and 
viscous forces

Re =
ULρ

η
length scale of system
velocity scale of system
density
viscosity

UL
ULρ

ULρ
η η

ULρ/    kinematic viscosity
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strain rate tensor:
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Low Reynolds number world

NAVIER-STOKES EQUATIONS
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R. Phillips and C. Hueschen, in prep.  
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Low Reynolds number world
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Fish:  1 cm and:     =10 cm/s            = 10   

ULρ
η

water: density    1g/cm3
10   g/cm. s (=1mPa.s or 1cP)-2viscosity

Re

Re

3UL

Human (max):  2m, 2m/s.                = 4. 10
6

Whale: up to 30 m and  max 45km/h (12.5 m/s)          = 3. 10Re 8

but for a Bacterium: 1µm and 10µm/s           = 10Re -5

dominated by inertia

dominated by viscosity

Edward Purcell
(1912-1997)

Analysis of the swimming of microscopic organisms

B y  S i r  G e o f f r e y  T a y l o r , F.R.S.

{Received 25 June 1951)

G.I. Taylor
(1886-1975)

Proc. R. Soc. Lond. A 209:447-461 (1951) doi: 10.1098/rspa.1951.0218 

American Journal of Physics 45, 3 (1977); http://doi.org/10.1119/1.10903

Re =
ULρ

η
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and

Low Reynolds number world

Motion of a bacterium (modeled as a sphere):

With a= 1µm, this is 0.2 µs. So a bacterium stops in about 1µs
 Starting at 20µm/s, a bacterium coasts 0.004 nm
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Howard C. Berg. Random walk in biology. Princeton Univ. press (1993)
E. Purcell. American Journal of Physics 45, 3 (1977)

Stokes law: 

ηm(-dv/dt) = 6π   av 
http://www.rowland.harvard.edu/labs/bacteria/movies/ecoli.php
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• Consequences of Low Reynolds number (no inertia) for motion in a fluid:

Physical constraints on cell motility

• Reciprocal movement is time symmetric.  

Corresponds to 1 degree of freedom in configuration space

�20

rp� ηr
2
v = F,

There is no explicit consideration of time:

Body force

E.M. Purcell  American Journal of Physics 45, 3 (1977)

https://www.youtube.com/watch?v=51-6QCJTAjU&list=PL0EC6527BE871ABA3&index=9

National Committee for Fluid Mechanics: G.I. Taylor 

(A) (B) (C)
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Physical constraints on cell motility
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• However: Non-reciproqual movement leads to net forward movement 
at low Reynolds number

• Beating of flexible filament (e.g. cilia) • Rotation of helical structure 
(e.g. flagellum)

E. Purcell. American Journal of Physics 45, 3 (1977)



The Tree of cell motility
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Miyata M, Robinson RC, Uyeda TQP, et al. Tree of motility – A proposed history of motility systems in the tree of life. 
Genes Cells. 2020;25:6–21. https://doi.org/10.1111/ gtc.12737 

• 5 Systems based on motor system: 
Bacterial flagella,  Actin polymerization and 
Motor proteins (Myosin, Kinesin, Dynein)

• 18 classes based on force/movement-
producing protein architectures

• Movement requires coupling  between motor 
output and the cell envelope to propel the cell 
via interactions with environment.

• Evidence of widespread evolution of 

motility mechanisms: extensive in Bacteria 
(envelope), not in Archea (no envelope)

• Evidence of convergent evolution:

— flagella in Bacteria (1a) and archaella 
in Archea (7), flagella in Eukarya sperm

—  helix rotation at cell periphery (3, 4) 
Myxococcus xanthus (ProteoB), and 

Flavobacterium johnsoniae (Bacteroidetes)

�22

Sperm cells



Thomas LECUIT   2021-2022

Convergent evolution

Case study 1:  swimming
— flagella in Bacteria and archaella in Archea

Propeller: helical structure powered by a rotary motor anchored to cell periphery

https://www.youtube.com/watch?v=PDRJA1yB5Jo

Sulfolobus 

acidocaldarius

M. Alam et al.

Fig. 2. Dark-field micrographs of square bacteria. Various examples of flagellation are shown. (A) (Taken from video film): flagellar bundle formed from in-
dividual filaments extending from different locations on the cell surface. (B) Flagellar bundle arising from one location on the cell surface. (C) and
(D) Several bundles rising at different locations on the cell surface. The bars indicate 1 jim.

them from those of eubacteria (Alam and Oesterhelt, 1984).
We therefore determined the helical handedness of square
bacterial flagellar bundles using the optical method reported
by Shimada (Shimada et al., 1975) and found that they also
have a right-handed helical form. This was done as illustrated
in Figure 4, which presents a series of micrographs focusing
on the top (a); the middle (b) and the bottom (c) of a flagellar
bundle and thereby clearly demonstrates that square bacterial
flagella have a right-handed (RH) helical form.

Using dark-field microscopy (Macnab, 1976), we video-
recorded swimming and reversing of single square bacterial
cells and could clearly observe the rotating flagella (Figure 5).
In the case of rod-shaped halobacteria carrying RH flagella
the cells swim forward by clockwise and backward by
counterclockwise rotation of their flagella (Alam and Oester-
helt, 1984). We carried out the same analysis for square
bacteria and as expected for a right-handed helix, found that
CW rotation of the flagellar bundle produces a pushing force
on the square bacterial cell (Figure 5, frames 1- 15). Thus,
the motility pattern for flagellated square bacteria consists of
smooth swimming (runs) in a forward direction, stops, and
then runs in the opposite or in the same direction. Video pic-
tures and direct observation of swimming and stationary
square bacterial cells with rotating flagellar bundles demon-
strate that the bundles never fly apart during the change of
direction of rotation from CW to CCW or vice versa. Thus as
in halobacteria, the filaments of square bacterial flagella
show strong lateral affinity. During the translational move-
ment, the cell body also rotates but opposite to the direction
of the flagellar rotation. If the cell body or the flagella are
immobilized by tethering, the other part still can rotate, thus
demonstrating that a rotatory unit exists between them. In
cell suspensions, cells clumped by their flagella occur quite
often and are responsible for the apparent tumbling seen

under the microscope . These cells can be of the type shown in
Figure 3C and be attached to the clump by one filament while
the other filament remains free. Thus, these cells may pro-
duce the kind of motility known, from uncoordinated eubac-
terial flagellar rotation, as tumbling. The multiple attachment
of filaments or bundles to various points of the cell surface,
producing a rotating giant flagellar bundle, causes compen-
satory rotation of the cell body during translational move-
ment. The observation that cell body rotation does not always
accompany flagellar rotation presents an interesting problem
which will be dealt with in another communication.

Square bacterial flagella have much in common with rod-
shaped halobacterial flagella: right-handedness, bundle for-
mation and strong lateral affinity. However, there are distinct
differences too. Square bacteria have either single filaments
attached to their cell body or giant flagellar bundles (Figure
6A) that sometimes contain as many filaments as the detach-
ed super flagella (compare Figure 6B with C). Square bac-
terial flagella can be isolated using the same procedure as
described for halobacteria (Alam and Oesterhelt, 1984). SDS-
PAGE of this material reveals a single band of an apparent
mol. wt. of 73 000, in contrast to the three flagellar protein
bands of multiple appearance in halobacteria. This clearly
emphasizes the fact that extreme halophilic members of the
archaebacteria although showing common physiological
properties and ecological requirements have distinct dif-
ferences, too.

Materials and methods

Culture growth conditions

Brine water from Sabkha Gavish in Southern Sinai was diluted and aliquots
were plated on the agar medium described by Javor et al. (1982). The large
numbers of colonies which grew on the plates were screened microscopically

2900

Flagella and motiliy behaviour of square bacteria

A

Fig. 6. (A) Electron micrograph of a negatively stained (I% uranyl acetate at pH 6.8) square bacterial cell having a giant flagellar bundle. (B) Detached
flagellar bundle of several filaments at higher magnification (negatively stained). (C) Detached flagellar bundle after shadowing with platinum/carbon. The
bars indicate I Mm.

Negative staining. A drop of cell suspension was left for 1 min on the grid as
above and then sucked off with filter paper while negative stain solution (2%
of phosphotungstic acid, pH 7.0 or uranyl acetate, at pH 4.8) was added
from the other side for - 5 s. Excess staining solution was sucked off with the
filter paper and the samples were allowed to dry. By this method most of the
square bacterial cells remain intact. Micrographs were recorded with either a
JEOL electron microscope JEM 100-CX operating at 80 kV or a Philips EM
300 operating at 60 kV.
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Archaea — Halobacteriaceae

Archaea — Sulfolobaceae

 Rotates clockwise and counterclockwisec d
2µm

Square bacteria

Square bacteria

Halobacterium salinarum 

https://en.wikipedia.org/wiki/Bacteria
after: Zhu et al Nat. Com. 2019

doi:10.1038/s41467-019-13443-4
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Convergent evolution

Case study 1:  swimming
— flagella in Bacteria and archaella in Archea

Propeller: helical structure powered by a rotary motor anchored to cell periphery

�24

Howard Berg

Y. Kinosita 2018 doi: 10.2142/biophysico.15.0_121 

http://www.rowland.harvard.edu/labs/bacteria/movies/ecoli.php

Bacteria —Gammaproteobacteria (Gram -)

https://en.wikipedia.org/wiki/Bacteria
after: Zhu et al Nat. Com. 2019

doi:10.1038/s41467-019-13443-4

 Rotates clockwise and counterclockwise
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Propeller: helical structure powered by a rotary motor anchored to cell periphery
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Convergent evolution

Case study 1:  swimming
— flagella in Bacteria and archaella in Archea

Halobacterium 

salinarum 

archaella use the free energy of ATP to rotate.

Right-handed helical structure of archaella with a rotation speed of 23 ± 5 Hz 
Estimated torque of 50 pN.nm

Rotation of cell body: Direct observation of rotation
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Convergent evolution

Case study 1:  swimming
— flagella in Bacteria and archaella in Archea

Rotation speed: 100Hz or more

R. Phillips, J. Kondev, J. Thériot & H. Garcia. Physical Biology of the Cell (Garland Science) 2012
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• The archaellum comprises a rigid helical filament that 
is attached to the cell membrane by a molecular motor

• Archaea do not code for any of the proteins that are 
part of the flagellum

• Archaella are evolutionarily and structurally related to 
type IV filament systems (TFF)

• TFF diversified into archaella, Type IV Pili etc. 

K. Jarrell and S-V. Albers. Trends in Microbiology, 2012,  20: 307-312

http://dx.doi.org/10.1016/j.tim.2012.04.007 

Propeller: helical structure powered by a rotary motor anchored to cell periphery

K. Jarrell and S-V. Albers. Frontiers in Microbiology, 2015, 6:23. 
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Convergent evolution

Case study 1:  swimming
— flagella in Bacteria and archaella in Archea
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—  helix rotation at periphery of cell resisted by adhesion on cell surface 
Myxococcus xanthus (ProteoB), and Flavobacterium johnsoniae (Bacteroidetes),

Flavobacterium johnsoniae (Bacteroidetes)

Myxococcus xanthus (ProteoB),

https://en.wikipedia.org/wiki/Bacteria
after: Zhu et al Nat. Com. 2019

doi:10.1038/s41467-019-13443-4

Case study 2:  Rotary gliding on a substrate

Moves at 2µm/s

Moves at 2-4 µm/min

S.T. Islam, T. Mignot / Seminars in Cell & Developmental Biology 46 (2015) 143–154 

cells secrete components that enhance adhesion: stigmergy
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https://www.youtube.com/watch?v=0BuVarYDurA

https://www.youtube.com/watch?v=iHg15E414lk
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Case study 2:  Rotary gliding on a substrate
— Flavobacterium johnsoniae (Fj, Bacteroidetes)

D. Nakane et al, and K. Nakayama. 2013 PNAS, 110: 11145–11150 

Fj is covered with 150nm SprB filaments at the cell surface.

SprB moves along helical path on cell surface in both directions

In substrate referential, movement of SprB is asymmetric if the cell moves (at 2µm/s): 
Forward movement in substrate referential at average 4µm/s or 0µm/s:
Retrograde movement in cell is immobile in substrate referential

BUT: In immobile cells, SprB movement is symmetric in substrate referential
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Case study 2:  Rotary gliding on a substrate
— Flavobacterium johnsoniae (Fj, Bacteroidetes)

D. Nakane et al, and K. Nakayama. 2013 PNAS, 110: 11145–11150 

Model: screw-like mechanism 

In a translocating cell, SprB moving 
toward the rear of the cell adheres to 
the surface, generating left-handed 
rotation and right-directed 
translocation of the cell. SprB moving 
toward the front of the cell apparently 
runs twice as fast with respect to the 
glass surface than SprB on a 
nontranslocating cell. 

A nontranslocating cell. 
Adhesin SprB moves along 
the left-handed helical loop 
with a speed of υ0. 

Shrivastava et al. and H. Berg, 2016 Biophysical Journal 111, 1008–1013 

Experimental test: 

Cells roll on substrate

Gold nanoparticles coated with SprB antibody 
rotate right-handedly on cell surface

So if cell adhered to substrate instead of 
nanoparticle, it would rotate in opposite 
direction as particle

�30



Convergent evolution

Thomas LECUIT   2021-2022

Shrivastava et al. and H. Berg, 2015, Current Biology 25, 338–341 

Shrivastava et al. and H. Berg, 2019 Science Advanced 111, 1008–1013 

Case study 2:  Rotary gliding on a substrate
— Flavobacterium johnsoniae (Fj, Bacteroidetes)

Energy source: Surface helicoidal movement of SprB 
requires proton gradient

D. Nakane et al, and K. 
Nakayama. 2013 PNAS, 110: 
11145–11150 

Motor: A cell attached to a single motor GldL rotates and exerts torque

Strains and 

Fig. 4.  A model of the gliding machinery. (A) A cross-sectional view of a cell with a rotary 

GldL localizes within 90nm of SprB helicoidal tracks

Model: Rack and pinion

Motor and track are fixed. The motor works as a 
pinion engaged in mobile tread on fixed track
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Case study 2:  Rotary gliding on a substrate
— Myxococcus xanthus (Mx, Deltaproteobacteria)

B. Nan et al. and G. Oster and D. Zusman. 2011. PNAS 108:2498-2503 

• Existence of Motility complex 

• Components of Motility Complex move along right-handed 
helical tracks on cell

• Movement of the complex requires a proton gradient
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• Motile complex is immobile in substrate 
referential when the cell is moving

• Formation or Focal adhesion sites are 
required for cell movement

We reasoned that if propulsion was linked to the counterclockwise 
trafficking of AglZ–YFP-containing motility complexes, then a glid-
ing cell body should rotate along a similar helical path but of opposite 
handedness (that is, clockwise; Fig. 2a). To test this idea, we followed 
the dynamics of fiducial markers (artificial fluorescent d-amino acids, 
or TADA) fixed to the cell periphery during cell movement (Extended 
Data Fig. 2a–d). In motile cells, TADA clusters moved from one side 

of the cell to the opposite side with angular velocities proportional to 
the speed of motility (Fig. 2b and Extended Data Fig. 2e), consistent 
with TADA clusters reporting on the overall rigid-body rotational 
 movement of the cell during propulsion.

To determine the direction of rotation, we directly tracked the 3D 
positions of TADA clusters during cell movement by inducing astig-
matism into the optical detection path11 (see Methods). In agreement 
with our predictions, TADA clusters rotated in the clockwise direction 
during cell propulsion (Fig. 2c and Extended Data Fig. 2f;    8). These 
observations were confirmed by monitoring the changes in fluores-
cence intensity produced when TADA clusters moved in and out of the 
imaging plane during cell movement (see Methods and Extended Data 
Fig. 2g;    17). The rotation angle for TADA clusters ( T) was  constant 
between cells (82.6°   2.7°,    25, as measured by both methods;  
Fig. 2d) and closely matched the angle of rotation ( a) measured for 
AglZ–YFP clusters (78°   5°). Interestingly, T did not vary signifi-
cantly with cell speed (Fig. 2d). Together, these findings indicate that 
anchoring of dynamic AglZ–YFP-containing complexes leads to the 
clockwise rotation and forward propulsion of the cell.

To gain further insight into the molecular mechanism of motility, we 
genetically dissected the functional groups composing the Agl–Glt 
machinery (Fig. 1a). Notably, mutations in  and  genes led to 
aberrant localization patterns and perturbation of AglZ–YFP cluster 
dynamics (Fig. 3a and Extended Data Fig. 3a). The global effect of each 
mutation on the localization pattern of AglZ–YFP was evaluated by 
measuring four observables: the proportion of cells with AglZ–YFP 
clusters, the mean number of clusters, and the longitudinal and radial 
distributions of clusters for wild-type and mutant cells (Fig. 3a and 
Extended Data Fig. 3b). Principal component analysis (PCA) was used 
to quantitatively characterize the effect of each mutant in the assembly 
of AglZ–YFP clusters (see Methods). This statistical method allowed 
us to convert the set of correlated observables into a set of linearly 
uncorrelated principal components (PCs).

The first three principal components described  87% of the variance 
(Extended Data Fig. 4a–d). PC1 represented a linear combination of 

 | 
, Spatial regulation of the  motility complex. 

A motile AglZ–YFP-expressing cell showing a complete assembly cycle 
is shown at 30-s intervals. A current view of an Agl (blue)–Glt (yellow) 
complex at an FAS is shown2,7,19. Assembly occurs at the leading cell pole 
following interactions between MglA–GTP, MreB and AglZ (right panel, 
blue8). The position of the Glt proteins is drawn based on published 
works2–5,7,20. , Immobilization of AglZ–YFP clusters correlates with 
cell movement. TIRFM of AglZ–YFP in a cell that shifts to motility on a 
chitosan-treated surface. Images were acquired every 0.5 s. Selected time 
frames and the corresponding high-resolution kymograph are shown. 
Two dynamic (orange) clusters are shown. Note that cell movement 
(indicated by the dashed line showing the initial cell position) is observed 

only when a cluster becomes stationary (see orange–blue cluster). Scale 
bar, 2  m. Lower panel: calculation of the correlation coefficient ( ) 
between the presence of a cluster and cell movement. The fixed cluster 
(blue) is highly correlated with cell movement (    1), while the dynamic 
cluster (orange) is partially anti-correlated (     0.3). , Distribution of 

 for fixed (blue) and dynamic clusters (orange),    95 (six biological 
replicates). , AglZ–YFP clusters move along helical trajectories. TIRFM 
at selected time frames of a dynamic AglZ–YFP cluster in a non-motile 
cell are shown. Scale bar, 2  m. ( ) Measurement of the trajectory angle 
( a) from    54 (eight biological replicates) single trajectories of dynamic 
AglZ–YFP clusters (top panels). Histogram of a and Gaussian fit (grey 
line) are shown. The mean angle is shown with a dashed vertical line and 
corresponds to counterclockwise trajectories.
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 | , The helical 
movement of intracellular motors predicts rotation of the cell during 
movement. , Rotation of a TADA-bright cluster in a motile cell (30-s 
intervals) and in a sum-type projection (right). The cartoon representation 
shows the position of the centroid of the cluster relative to the cell outline. 
, Three-dimensional positions of a TADA-bright cluster measured by 

astigmatism (orange dots) illustrating the clockwise rotation of the motile 
cell (    8; five biological replicates). Snapshots of the cell are displayed, 
illustrating the deformation of the microscope point spread function 
as a function of the axial position. , Rotation angle of TADA-bright 
clusters (  T) as a function of cell velocity from astigmatism (filled circles, 
83.9°   2.5°;    8, 5 biological replicates) and intensity variations  
(open circles 82.0°   2.6°;    17, three technical replicates).

We reasoned that if propulsion was linked to the counterclockwise 
trafficking of AglZ–YFP-containing motility complexes, then a glid-
ing cell body should rotate along a similar helical path but of opposite 
handedness (that is, clockwise; Fig. 2a). To test this idea, we followed 
the dynamics of fiducial markers (artificial fluorescent d-amino acids, 
or TADA) fixed to the cell periphery during cell movement (Extended 
Data Fig. 2a–d). In motile cells, TADA clusters moved from one side 

of the cell to the opposite side with angular velocities proportional to 
the speed of motility (Fig. 2b and Extended Data Fig. 2e), consistent 
with TADA clusters reporting on the overall rigid-body rotational 
 movement of the cell during propulsion.

To determine the direction of rotation, we directly tracked the 3D 
positions of TADA clusters during cell movement by inducing astig-
matism into the optical detection path11 (see Methods). In agreement 
with our predictions, TADA clusters rotated in the clockwise direction 
during cell propulsion (Fig. 2c and Extended Data Fig. 2f;    8). These 
observations were confirmed by monitoring the changes in fluores-
cence intensity produced when TADA clusters moved in and out of the 
imaging plane during cell movement (see Methods and Extended Data 
Fig. 2g;    17). The rotation angle for TADA clusters ( T) was  constant 
between cells (82.6°   2.7°,    25, as measured by both methods;  
Fig. 2d) and closely matched the angle of rotation ( a) measured for 
AglZ–YFP clusters (78°   5°). Interestingly, T did not vary signifi-
cantly with cell speed (Fig. 2d). Together, these findings indicate that 
anchoring of dynamic AglZ–YFP-containing complexes leads to the 
clockwise rotation and forward propulsion of the cell.

To gain further insight into the molecular mechanism of motility, we 
genetically dissected the functional groups composing the Agl–Glt 
machinery (Fig. 1a). Notably, mutations in  and  genes led to 
aberrant localization patterns and perturbation of AglZ–YFP cluster 
dynamics (Fig. 3a and Extended Data Fig. 3a). The global effect of each 
mutation on the localization pattern of AglZ–YFP was evaluated by 
measuring four observables: the proportion of cells with AglZ–YFP 
clusters, the mean number of clusters, and the longitudinal and radial 
distributions of clusters for wild-type and mutant cells (Fig. 3a and 
Extended Data Fig. 3b). Principal component analysis (PCA) was used 
to quantitatively characterize the effect of each mutant in the assembly 
of AglZ–YFP clusters (see Methods). This statistical method allowed 
us to convert the set of correlated observables into a set of linearly 
uncorrelated principal components (PCs).

The first three principal components described  87% of the variance 
(Extended Data Fig. 4a–d). PC1 represented a linear combination of 

 | 
, Spatial regulation of the  motility complex. 

A motile AglZ–YFP-expressing cell showing a complete assembly cycle 
is shown at 30-s intervals. A current view of an Agl (blue)–Glt (yellow) 
complex at an FAS is shown2,7,19. Assembly occurs at the leading cell pole 
following interactions between MglA–GTP, MreB and AglZ (right panel, 
blue8). The position of the Glt proteins is drawn based on published 
works2–5,7,20. , Immobilization of AglZ–YFP clusters correlates with 
cell movement. TIRFM of AglZ–YFP in a cell that shifts to motility on a 
chitosan-treated surface. Images were acquired every 0.5 s. Selected time 
frames and the corresponding high-resolution kymograph are shown. 
Two dynamic (orange) clusters are shown. Note that cell movement 
(indicated by the dashed line showing the initial cell position) is observed 

only when a cluster becomes stationary (see orange–blue cluster). Scale 
bar, 2  m. Lower panel: calculation of the correlation coefficient ( ) 
between the presence of a cluster and cell movement. The fixed cluster 
(blue) is highly correlated with cell movement (    1), while the dynamic 
cluster (orange) is partially anti-correlated (     0.3). , Distribution of 

 for fixed (blue) and dynamic clusters (orange),    95 (six biological 
replicates). , AglZ–YFP clusters move along helical trajectories. TIRFM 
at selected time frames of a dynamic AglZ–YFP cluster in a non-motile 
cell are shown. Scale bar, 2  m. ( ) Measurement of the trajectory angle 
( a) from    54 (eight biological replicates) single trajectories of dynamic 
AglZ–YFP clusters (top panels). Histogram of a and Gaussian fit (grey 
line) are shown. The mean angle is shown with a dashed vertical line and 
corresponds to counterclockwise trajectories.
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 | , The helical 
movement of intracellular motors predicts rotation of the cell during 
movement. , Rotation of a TADA-bright cluster in a motile cell (30-s 
intervals) and in a sum-type projection (right). The cartoon representation 
shows the position of the centroid of the cluster relative to the cell outline. 
, Three-dimensional positions of a TADA-bright cluster measured by 

astigmatism (orange dots) illustrating the clockwise rotation of the motile 
cell (    8; five biological replicates). Snapshots of the cell are displayed, 
illustrating the deformation of the microscope point spread function 
as a function of the axial position. , Rotation angle of TADA-bright 
clusters (  T) as a function of cell velocity from astigmatism (filled circles, 
83.9°   2.5°;    8, 5 biological replicates) and intensity variations  
(open circles 82.0°   2.6°;    17, three technical replicates).

We reasoned that if propulsion was linked to the counterclockwise 
trafficking of AglZ–YFP-containing motility complexes, then a glid-
ing cell body should rotate along a similar helical path but of opposite 
handedness (that is, clockwise; Fig. 2a). To test this idea, we followed 
the dynamics of fiducial markers (artificial fluorescent d-amino acids, 
or TADA) fixed to the cell periphery during cell movement (Extended 
Data Fig. 2a–d). In motile cells, TADA clusters moved from one side 

of the cell to the opposite side with angular velocities proportional to 
the speed of motility (Fig. 2b and Extended Data Fig. 2e), consistent 
with TADA clusters reporting on the overall rigid-body rotational 
 movement of the cell during propulsion.

To determine the direction of rotation, we directly tracked the 3D 
positions of TADA clusters during cell movement by inducing astig-
matism into the optical detection path11 (see Methods). In agreement 
with our predictions, TADA clusters rotated in the clockwise direction 
during cell propulsion (Fig. 2c and Extended Data Fig. 2f;    8). These 
observations were confirmed by monitoring the changes in fluores-
cence intensity produced when TADA clusters moved in and out of the 
imaging plane during cell movement (see Methods and Extended Data 
Fig. 2g;    17). The rotation angle for TADA clusters ( T) was  constant 
between cells (82.6°   2.7°,    25, as measured by both methods;  
Fig. 2d) and closely matched the angle of rotation ( a) measured for 
AglZ–YFP clusters (78°   5°). Interestingly, T did not vary signifi-
cantly with cell speed (Fig. 2d). Together, these findings indicate that 
anchoring of dynamic AglZ–YFP-containing complexes leads to the 
clockwise rotation and forward propulsion of the cell.

To gain further insight into the molecular mechanism of motility, we 
genetically dissected the functional groups composing the Agl–Glt 
machinery (Fig. 1a). Notably, mutations in  and  genes led to 
aberrant localization patterns and perturbation of AglZ–YFP cluster 
dynamics (Fig. 3a and Extended Data Fig. 3a). The global effect of each 
mutation on the localization pattern of AglZ–YFP was evaluated by 
measuring four observables: the proportion of cells with AglZ–YFP 
clusters, the mean number of clusters, and the longitudinal and radial 
distributions of clusters for wild-type and mutant cells (Fig. 3a and 
Extended Data Fig. 3b). Principal component analysis (PCA) was used 
to quantitatively characterize the effect of each mutant in the assembly 
of AglZ–YFP clusters (see Methods). This statistical method allowed 
us to convert the set of correlated observables into a set of linearly 
uncorrelated principal components (PCs).

The first three principal components described  87% of the variance 
(Extended Data Fig. 4a–d). PC1 represented a linear combination of 

 | 
, Spatial regulation of the  motility complex. 

A motile AglZ–YFP-expressing cell showing a complete assembly cycle 
is shown at 30-s intervals. A current view of an Agl (blue)–Glt (yellow) 
complex at an FAS is shown2,7,19. Assembly occurs at the leading cell pole 
following interactions between MglA–GTP, MreB and AglZ (right panel, 
blue8). The position of the Glt proteins is drawn based on published 
works2–5,7,20. , Immobilization of AglZ–YFP clusters correlates with 
cell movement. TIRFM of AglZ–YFP in a cell that shifts to motility on a 
chitosan-treated surface. Images were acquired every 0.5 s. Selected time 
frames and the corresponding high-resolution kymograph are shown. 
Two dynamic (orange) clusters are shown. Note that cell movement 
(indicated by the dashed line showing the initial cell position) is observed 

only when a cluster becomes stationary (see orange–blue cluster). Scale 
bar, 2  m. Lower panel: calculation of the correlation coefficient ( ) 
between the presence of a cluster and cell movement. The fixed cluster 
(blue) is highly correlated with cell movement (    1), while the dynamic 
cluster (orange) is partially anti-correlated (     0.3). , Distribution of 

 for fixed (blue) and dynamic clusters (orange),    95 (six biological 
replicates). , AglZ–YFP clusters move along helical trajectories. TIRFM 
at selected time frames of a dynamic AglZ–YFP cluster in a non-motile 
cell are shown. Scale bar, 2  m. ( ) Measurement of the trajectory angle 
( a) from    54 (eight biological replicates) single trajectories of dynamic 
AglZ–YFP clusters (top panels). Histogram of a and Gaussian fit (grey 
line) are shown. The mean angle is shown with a dashed vertical line and 
corresponds to counterclockwise trajectories.
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 | , The helical 
movement of intracellular motors predicts rotation of the cell during 
movement. , Rotation of a TADA-bright cluster in a motile cell (30-s 
intervals) and in a sum-type projection (right). The cartoon representation 
shows the position of the centroid of the cluster relative to the cell outline. 
, Three-dimensional positions of a TADA-bright cluster measured by 

astigmatism (orange dots) illustrating the clockwise rotation of the motile 
cell (    8; five biological replicates). Snapshots of the cell are displayed, 
illustrating the deformation of the microscope point spread function 
as a function of the axial position. , Rotation angle of TADA-bright 
clusters (  T) as a function of cell velocity from astigmatism (filled circles, 
83.9°   2.5°;    8, 5 biological replicates) and intensity variations  
(open circles 82.0°   2.6°;    17, three technical replicates).

L. Faure et al, and T. Mignot Nature 2016, 539:530-535
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Case study 2:  Rotary gliding on a substrate
— Myxococcus xanthus (Mx, Deltaproteobacteria)

L. Faure et al, and T. Mignot Nature 2016, 539:530-535

We reasoned that if propulsion was linked to the counterclockwise 
trafficking of AglZ–YFP-containing motility complexes, then a glid-
ing cell body should rotate along a similar helical path but of opposite 
handedness (that is, clockwise; Fig. 2a). To test this idea, we followed 
the dynamics of fiducial markers (artificial fluorescent d-amino acids, 
or TADA) fixed to the cell periphery during cell movement (Extended 
Data Fig. 2a–d). In motile cells, TADA clusters moved from one side 

of the cell to the opposite side with angular velocities proportional to 
the speed of motility (Fig. 2b and Extended Data Fig. 2e), consistent 
with TADA clusters reporting on the overall rigid-body rotational 
 movement of the cell during propulsion.

To determine the direction of rotation, we directly tracked the 3D 
positions of TADA clusters during cell movement by inducing astig-
matism into the optical detection path11 (see Methods). In agreement 
with our predictions, TADA clusters rotated in the clockwise direction 
during cell propulsion (Fig. 2c and Extended Data Fig. 2f;    8). These 
observations were confirmed by monitoring the changes in fluores-
cence intensity produced when TADA clusters moved in and out of the 
imaging plane during cell movement (see Methods and Extended Data 
Fig. 2g;    17). The rotation angle for TADA clusters ( T) was  constant 
between cells (82.6°   2.7°,    25, as measured by both methods;  
Fig. 2d) and closely matched the angle of rotation ( a) measured for 
AglZ–YFP clusters (78°   5°). Interestingly, T did not vary signifi-
cantly with cell speed (Fig. 2d). Together, these findings indicate that 
anchoring of dynamic AglZ–YFP-containing complexes leads to the 
clockwise rotation and forward propulsion of the cell.

To gain further insight into the molecular mechanism of motility, we 
genetically dissected the functional groups composing the Agl–Glt 
machinery (Fig. 1a). Notably, mutations in  and  genes led to 
aberrant localization patterns and perturbation of AglZ–YFP cluster 
dynamics (Fig. 3a and Extended Data Fig. 3a). The global effect of each 
mutation on the localization pattern of AglZ–YFP was evaluated by 
measuring four observables: the proportion of cells with AglZ–YFP 
clusters, the mean number of clusters, and the longitudinal and radial 
distributions of clusters for wild-type and mutant cells (Fig. 3a and 
Extended Data Fig. 3b). Principal component analysis (PCA) was used 
to quantitatively characterize the effect of each mutant in the assembly 
of AglZ–YFP clusters (see Methods). This statistical method allowed 
us to convert the set of correlated observables into a set of linearly 
uncorrelated principal components (PCs).

The first three principal components described  87% of the variance 
(Extended Data Fig. 4a–d). PC1 represented a linear combination of 
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, Spatial regulation of the  motility complex. 

A motile AglZ–YFP-expressing cell showing a complete assembly cycle 
is shown at 30-s intervals. A current view of an Agl (blue)–Glt (yellow) 
complex at an FAS is shown2,7,19. Assembly occurs at the leading cell pole 
following interactions between MglA–GTP, MreB and AglZ (right panel, 
blue8). The position of the Glt proteins is drawn based on published 
works2–5,7,20. , Immobilization of AglZ–YFP clusters correlates with 
cell movement. TIRFM of AglZ–YFP in a cell that shifts to motility on a 
chitosan-treated surface. Images were acquired every 0.5 s. Selected time 
frames and the corresponding high-resolution kymograph are shown. 
Two dynamic (orange) clusters are shown. Note that cell movement 
(indicated by the dashed line showing the initial cell position) is observed 

only when a cluster becomes stationary (see orange–blue cluster). Scale 
bar, 2  m. Lower panel: calculation of the correlation coefficient ( ) 
between the presence of a cluster and cell movement. The fixed cluster 
(blue) is highly correlated with cell movement (    1), while the dynamic 
cluster (orange) is partially anti-correlated (     0.3). , Distribution of 

 for fixed (blue) and dynamic clusters (orange),    95 (six biological 
replicates). , AglZ–YFP clusters move along helical trajectories. TIRFM 
at selected time frames of a dynamic AglZ–YFP cluster in a non-motile 
cell are shown. Scale bar, 2  m. ( ) Measurement of the trajectory angle 
( a) from    54 (eight biological replicates) single trajectories of dynamic 
AglZ–YFP clusters (top panels). Histogram of a and Gaussian fit (grey 
line) are shown. The mean angle is shown with a dashed vertical line and 
corresponds to counterclockwise trajectories.

 | , The helical 
movement of intracellular motors predicts rotation of the cell during 
movement. , Rotation of a TADA-bright cluster in a motile cell (30-s 
intervals) and in a sum-type projection (right). The cartoon representation 
shows the position of the centroid of the cluster relative to the cell outline. 
, Three-dimensional positions of a TADA-bright cluster measured by 

astigmatism (orange dots) illustrating the clockwise rotation of the motile 
cell (    8; five biological replicates). Snapshots of the cell are displayed, 
illustrating the deformation of the microscope point spread function 
as a function of the axial position. , Rotation angle of TADA-bright 
clusters (  T) as a function of cell velocity from astigmatism (filled circles, 
83.9°   2.5°;    8, 5 biological replicates) and intensity variations  
(open circles 82.0°   2.6°;    17, three technical replicates).
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• Cells rotate and cell rotation is coupled to cell motility

Propulsion is linked to the 
counterclockwise movement of the 
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Case study 2:  Rotary gliding on a substrate
— Myxococcus xanthus (Mx, Deltaproteobacteria)

 complex in the bacterial inner membrane (Fig. 4a; see also Methods 
and Extended Data Figs 5b, c, 6). To investigate whether clusters con-
taining both AglZ and AglQ were linked to cell motility, we calculated 
for each cell the correlation between cell movement and co-localization 
and computed the distributions for both stationary and mobile clusters 
(Fig. 4b; see also Methods and Extended Data Fig. 7). The presence of 
stationary clusters was highly correlated to cell movement, whereas that 
of mobile clusters was not, consistent with AglZ and AglQ being part of 
the trafficking internal complex (Fig. 4b). By contrast, GltD–mCherry 
and GltC–mCherry co-localized with AglZ–YFP only in stationary 
clusters (Fig. 4c, e and Extended Data Fig. 5b, c) and co-localization of 
stationary AglZ–GltC/D clusters was highly correlated to cell movement 
(Fig. 4d, f). These data strongly suggest that cytosolic–inner membrane 
and motor complexes assemble together in a mobile unit that requires a 
physical connection to periplasmic and outer membrane components 
to form stationary clusters that impart cell movement.

To investigate this hypothesis further, we determined the correla-
tion between cell speed and the proportion of clusters containing both 
AglZ and AglQ, GltC or GltD (Fig. 4g). Dynamic clusters containing 
AglZ and AglQ were observed in motile cells, but their number was 
independent of cell speed, indicating that they are not propulsive by 
themselves (Fig. 4g). On the contrary, the proportion of AglZ–AglQ 
clusters that were stationary increased rapidly with cell speed (Fig. 4g). 
The number of AglZ–AglQ clusters reached a maximum at  50% of 

the cell maximum speed ( ½), suggesting that this number is not a 
limiting factor (Fig. 4g). In fact, the recruitment of GltD and GltC to 
FASs could be a limiting step because a substantial number of static 
AglZ clusters lack GltD and, especially, GltC (Extended Data Fig. 5b, c).  
Consistent with this finding, the number of stationary AglZ–GltD and 
AglZ–GltC clusters was only  60% of the maximum at ½ and full speed 
was reached only when the percentage of GltD–GltC stationary clusters 
recruited to FASs saturated (Fig. 4g). Thus, the recruitment of GltD and 
GltC to FASs is required for propulsion, probably because these proteins 
belong to complexes that link the motor to the external surface.

To test further whether the stoichiometry of Agl–Glt components 
regulates the activity of FASs, we measured how the mean fluorescence 
intensity of stationary and mobile clusters changed with normalized 
cell speed (Fig. 4h and see Methods). Cell speed increased with the 
number of AglZ and AglQ subunits accumulating in stationary clusters  
(Fig. 4h). By contrast, the proportion of these subunits in mobile 
 clusters was systematically lower and uncorrelated with cell speed  
(Fig. 4h). All in all, these results show that stationary focal adhesion 
complexes form as a result of the transient recruitment of  periplasmic 
and outer membrane proteins by the mobile PMF-driven inner 
 membrane complex. Importantly, the activity of stationary complexes 
is regulated at two levels: by the number of Agl motor units (force 
 generation) and by the number of local contacts with periplasmic–outer 
membrane components (transmission).

 | 
, Simultaneous dynamics 

of AglZ–YFP and AglQ–mCherry and correlation to the motility phases. 
TIRFM time-lapse images and corresponding kymographs are shown for 
individual fluorescent fusions and in a heat map showing the computed 
co-localization scores. , AglZ and AglQ co-localize in the inner 
membrane trafficking complex (    156 cells; two biological replicates). 
Correlation scores reflect the correlation between cell movement and 
static co-localized clusters. , Simultaneous dynamics of AglZ–YFP 
and GltD–mCherry and correlation to the motility phase (    121 cells; 
seven biological replicates). Legend as in , Simultaneous dynamics 
of AglZ–YFP and GltC–mCherry and correlation to the motility phase 

(    100 cells; three biological replicates). Legend as in  Correlation 
between cell velocity and number of active complexes. For a given value 
of the cell speed (V), the percentage of co-localized clusters represents the 
proportion of events in which a cell was moving at speed V and an active 
cluster containing both AglZ and AglQ, GltD or GltC was detected. The 
percentage of co-localization is shown as a function of normalized cell 
speed (where 1 is the maximum cell speed). , Correlation between cell 
velocity and intensity of AglZ and AglQ clusters. Intensity was normalized 
with respect to the average intensity measured for dynamic clusters and 
shown as a function of normalized cell speed. Error bars represent s.e.m. 
calculated according to the total number of cells analysed (    114 cells for 
AglZ,    100 for AglQ).
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 complex in the bacterial inner membrane (Fig. 4a; see also Methods 
and Extended Data Figs 5b, c, 6). To investigate whether clusters con-
taining both AglZ and AglQ were linked to cell motility, we calculated 
for each cell the correlation between cell movement and co-localization 
and computed the distributions for both stationary and mobile clusters 
(Fig. 4b; see also Methods and Extended Data Fig. 7). The presence of 
stationary clusters was highly correlated to cell movement, whereas that 
of mobile clusters was not, consistent with AglZ and AglQ being part of 
the trafficking internal complex (Fig. 4b). By contrast, GltD–mCherry 
and GltC–mCherry co-localized with AglZ–YFP only in stationary 
clusters (Fig. 4c, e and Extended Data Fig. 5b, c) and co-localization of 
stationary AglZ–GltC/D clusters was highly correlated to cell movement 
(Fig. 4d, f). These data strongly suggest that cytosolic–inner membrane 
and motor complexes assemble together in a mobile unit that requires a 
physical connection to periplasmic and outer membrane components 
to form stationary clusters that impart cell movement.

To investigate this hypothesis further, we determined the correla-
tion between cell speed and the proportion of clusters containing both 
AglZ and AglQ, GltC or GltD (Fig. 4g). Dynamic clusters containing 
AglZ and AglQ were observed in motile cells, but their number was 
independent of cell speed, indicating that they are not propulsive by 
themselves (Fig. 4g). On the contrary, the proportion of AglZ–AglQ 
clusters that were stationary increased rapidly with cell speed (Fig. 4g). 
The number of AglZ–AglQ clusters reached a maximum at  50% of 

the cell maximum speed ( ½), suggesting that this number is not a 
limiting factor (Fig. 4g). In fact, the recruitment of GltD and GltC to 
FASs could be a limiting step because a substantial number of static 
AglZ clusters lack GltD and, especially, GltC (Extended Data Fig. 5b, c).  
Consistent with this finding, the number of stationary AglZ–GltD and 
AglZ–GltC clusters was only  60% of the maximum at ½ and full speed 
was reached only when the percentage of GltD–GltC stationary clusters 
recruited to FASs saturated (Fig. 4g). Thus, the recruitment of GltD and 
GltC to FASs is required for propulsion, probably because these proteins 
belong to complexes that link the motor to the external surface.

To test further whether the stoichiometry of Agl–Glt components 
regulates the activity of FASs, we measured how the mean fluorescence 
intensity of stationary and mobile clusters changed with normalized 
cell speed (Fig. 4h and see Methods). Cell speed increased with the 
number of AglZ and AglQ subunits accumulating in stationary clusters  
(Fig. 4h). By contrast, the proportion of these subunits in mobile 
 clusters was systematically lower and uncorrelated with cell speed  
(Fig. 4h). All in all, these results show that stationary focal adhesion 
complexes form as a result of the transient recruitment of  periplasmic 
and outer membrane proteins by the mobile PMF-driven inner 
 membrane complex. Importantly, the activity of stationary complexes 
is regulated at two levels: by the number of Agl motor units (force 
 generation) and by the number of local contacts with periplasmic–outer 
membrane components (transmission).
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of AglZ–YFP and AglQ–mCherry and correlation to the motility phases. 
TIRFM time-lapse images and corresponding kymographs are shown for 
individual fluorescent fusions and in a heat map showing the computed 
co-localization scores. , AglZ and AglQ co-localize in the inner 
membrane trafficking complex (    156 cells; two biological replicates). 
Correlation scores reflect the correlation between cell movement and 
static co-localized clusters. , Simultaneous dynamics of AglZ–YFP 
and GltD–mCherry and correlation to the motility phase (    121 cells; 
seven biological replicates). Legend as in , Simultaneous dynamics 
of AglZ–YFP and GltC–mCherry and correlation to the motility phase 

(    100 cells; three biological replicates). Legend as in  Correlation 
between cell velocity and number of active complexes. For a given value 
of the cell speed (V), the percentage of co-localized clusters represents the 
proportion of events in which a cell was moving at speed V and an active 
cluster containing both AglZ and AglQ, GltD or GltC was detected. The 
percentage of co-localization is shown as a function of normalized cell 
speed (where 1 is the maximum cell speed). , Correlation between cell 
velocity and intensity of AglZ and AglQ clusters. Intensity was normalized 
with respect to the average intensity measured for dynamic clusters and 
shown as a function of normalized cell speed. Error bars represent s.e.m. 
calculated according to the total number of cells analysed (    114 cells for 
AglZ,    100 for AglQ).
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 complex in the bacterial inner membrane (Fig. 4a; see also Methods 
and Extended Data Figs 5b, c, 6). To investigate whether clusters con-
taining both AglZ and AglQ were linked to cell motility, we calculated 
for each cell the correlation between cell movement and co-localization 
and computed the distributions for both stationary and mobile clusters 
(Fig. 4b; see also Methods and Extended Data Fig. 7). The presence of 
stationary clusters was highly correlated to cell movement, whereas that 
of mobile clusters was not, consistent with AglZ and AglQ being part of 
the trafficking internal complex (Fig. 4b). By contrast, GltD–mCherry 
and GltC–mCherry co-localized with AglZ–YFP only in stationary 
clusters (Fig. 4c, e and Extended Data Fig. 5b, c) and co-localization of 
stationary AglZ–GltC/D clusters was highly correlated to cell movement 
(Fig. 4d, f). These data strongly suggest that cytosolic–inner membrane 
and motor complexes assemble together in a mobile unit that requires a 
physical connection to periplasmic and outer membrane components 
to form stationary clusters that impart cell movement.

To investigate this hypothesis further, we determined the correla-
tion between cell speed and the proportion of clusters containing both 
AglZ and AglQ, GltC or GltD (Fig. 4g). Dynamic clusters containing 
AglZ and AglQ were observed in motile cells, but their number was 
independent of cell speed, indicating that they are not propulsive by 
themselves (Fig. 4g). On the contrary, the proportion of AglZ–AglQ 
clusters that were stationary increased rapidly with cell speed (Fig. 4g). 
The number of AglZ–AglQ clusters reached a maximum at  50% of 

the cell maximum speed ( ½), suggesting that this number is not a 
limiting factor (Fig. 4g). In fact, the recruitment of GltD and GltC to 
FASs could be a limiting step because a substantial number of static 
AglZ clusters lack GltD and, especially, GltC (Extended Data Fig. 5b, c).  
Consistent with this finding, the number of stationary AglZ–GltD and 
AglZ–GltC clusters was only  60% of the maximum at ½ and full speed 
was reached only when the percentage of GltD–GltC stationary clusters 
recruited to FASs saturated (Fig. 4g). Thus, the recruitment of GltD and 
GltC to FASs is required for propulsion, probably because these proteins 
belong to complexes that link the motor to the external surface.

To test further whether the stoichiometry of Agl–Glt components 
regulates the activity of FASs, we measured how the mean fluorescence 
intensity of stationary and mobile clusters changed with normalized 
cell speed (Fig. 4h and see Methods). Cell speed increased with the 
number of AglZ and AglQ subunits accumulating in stationary clusters  
(Fig. 4h). By contrast, the proportion of these subunits in mobile 
 clusters was systematically lower and uncorrelated with cell speed  
(Fig. 4h). All in all, these results show that stationary focal adhesion 
complexes form as a result of the transient recruitment of  periplasmic 
and outer membrane proteins by the mobile PMF-driven inner 
 membrane complex. Importantly, the activity of stationary complexes 
is regulated at two levels: by the number of Agl motor units (force 
 generation) and by the number of local contacts with periplasmic–outer 
membrane components (transmission).
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of AglZ–YFP and AglQ–mCherry and correlation to the motility phases. 
TIRFM time-lapse images and corresponding kymographs are shown for 
individual fluorescent fusions and in a heat map showing the computed 
co-localization scores. , AglZ and AglQ co-localize in the inner 
membrane trafficking complex (    156 cells; two biological replicates). 
Correlation scores reflect the correlation between cell movement and 
static co-localized clusters. , Simultaneous dynamics of AglZ–YFP 
and GltD–mCherry and correlation to the motility phase (    121 cells; 
seven biological replicates). Legend as in , Simultaneous dynamics 
of AglZ–YFP and GltC–mCherry and correlation to the motility phase 

(    100 cells; three biological replicates). Legend as in  Correlation 
between cell velocity and number of active complexes. For a given value 
of the cell speed (V), the percentage of co-localized clusters represents the 
proportion of events in which a cell was moving at speed V and an active 
cluster containing both AglZ and AglQ, GltD or GltC was detected. The 
percentage of co-localization is shown as a function of normalized cell 
speed (where 1 is the maximum cell speed). , Correlation between cell 
velocity and intensity of AglZ and AglQ clusters. Intensity was normalized 
with respect to the average intensity measured for dynamic clusters and 
shown as a function of normalized cell speed. Error bars represent s.e.m. 
calculated according to the total number of cells analysed (    114 cells for 
AglZ,    100 for AglQ).
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• Model: Contact and Mechanical coupling between 
inner and outer-membrane components is required for 
cell propulsion

A clear prediction of this model is that the motility complex should 
require direct adhesive contacts with the underlying surface to propel 
the cell. Consistent with this prediction, reflection interference contrast 
microscopy (RICM) revealed that motile cells are uniformly in contact 
with the substratum and high RICM densities were correlated with the 
position of AglZ–YFP clusters (Extended Fig. 5d). Notably, vesicles 
containing only outer membrane materials and specific outer mem-
brane Glt proteins (GltC–mCherry) were deposited at sites coinciding 
with the positions of focal adhesion complexes in the wake of motile 
cells (Fig. 5a and Extended Data Fig. 5e, f). Overall, these data suggest 
that adhesions involve strong, intimate contacts between the surface 
and the periplasm–outer membrane complex.

To gain molecular insight into the mechanisms involved in force 
 generation and surface adhesion, we predicted a protein-domain 
structure of the motility complex using bioinformatics approaches 
(Fig. 5b and Extended Data Figs 8, 9). Remarkably, both AglQ and 
AglS contain predicted TolR-like PG-binding motifs12 and AglR, a TolQ 
homologue interacts with GltG2 a TolA/TonB-like protein (Extended 
Data Fig. 8a-b). GltG and GltJ are similar modular proteins, specifically 
 sharing a single transmembrane helix, a periplasmic helical domain, 
and TonBC motifs13. Interactions of GltGJ with OM components could 
occur between their TonBC domains and potential TonB-box-carrying 
proteins -GltF in the periplasm (Extended Data Fig. 8a) and GltAB, 
two predicted porin-like  -barrel proteins in the OM (Extended Data 
Fig. 9a-b).

Thus, peptidoglycan-anchored Agl motor units may act as stators,  
pushing against adhesive outer membrane complexes through pep-
tidoglycan to generate propulsive forces. We reasoned that these 
dynamic interactions might be revealed under conditions in which 
the rigidity of the cell envelope is reduced, for example in cells under-
going sporulation where rapid peptidoglycan remodelling leads to 
the formation of round cells14. Indeed, the induction of sporulation 
rapidly led to the  formation of balloon-shaped cells (Fig. 5c). Notably, 
a small  fraction of cells (  1%) entering sporulation were still motile 
and formed conspicuous constrictions that, similar to focal adhesion 
complexes, remained fixed relative to the surface (Fig. 5c). These 
 constrictions  probably resulted from the activity of the Agl–Glt 
machinery because: (i) they formed only in motile sporulating cells 
(  1% of the  sporulating cell  population); and (ii) both AglQ–sfGFP 
(inner membrane) and GltC–mCherry (outer membrane) were 
enriched at constriction sites (Fig. 5c). Thus, in sporulating cells 
where the structure of peptidoglycan is different (peptidoglycan is 
not detected in mature spores15), dynamic Agl–Glt-driven physical 
contacts between the outer membrane and the inner membrane are 
unmasked.

On the basis of our results, we propose that the Agl motor and associ-
ated inner membrane proteins move directionally by cyclic interactions 
with factors in the periplasmic–outer membrane complex (Fig. 5d). 
Analogous to Tol–Exb systems13,16, these steps would occur by PMF-
driven conformational changes in the Glt TolA/TonB-like proteins 
(GltG and/or GltJ; Fig. 5b), the flexible domains of which might extend 
and retract through the peptidoglycan layer (Fig. 5d). Peptidoglycan 
itself could act as both a transient anchor point, as it becomes  
bound by AglQ/S via a TolR-like peptidoglycan-binding motif, and a 
guiding factor, as it opposes contractions to favour lateral movements 
(Fig. 5d).

The current study does not resolve the relative stoichiometries 
of the Agl and Glt proteins at focal adhesions, but the data show 
that the  activity of focal adhesion complexes is subject to regulation 
and contains variable stoichiometries of Agl motor components and 
 connections with the underlying surface. Thus, it is possible that 
several ‘legs’ operate coordinately at these sites. The  directionality 
of motility complexes is remarkably consistent between cells, sug-
gesting that a core cellular structure is involved; peptidoglycan is 
an attractive  candidate because the glycan strands are proposed 
to have a global right-handed helical ordering that could serve as 
tracks to guide the motility  complex17. At FASs, the interaction 
with the  surface appears to be strong, implying the existence of 
one or more  specific adhesion  molecule(s);  consequently, there 
is likely to be a relief  mechanism  similar to that found in gliding 
parasites, where the major adhesion molecule is removed from 
the motility complex by specific  proteolysis18. In  addition, our 
model makes several important predictions that will help future 
studies, such as the systematic exploration of protein interactions 
in the system to attain a molecular understanding of the motility  
mechanism.

 | 
, GltC–mCherry is released by 

gliding cells at focal adhesion complexes. Top, TIRFM snapshots for a 
representative cell expressing both GltC–mCherry (red) and AglZ–YFP 
(green). The positions of the GltC clusters on the surface coincide with 
the positions of focal adhesion complexes (white asterisk). Time frames, 
15 s. Scale bar, 2  m. Bottom, variation in intensity of GltC–mcherry (red) 
and AglZ–YFP (green) as a function of time before (negative time) and 
after (positive time) the cell moved away from the focal adhesion position 
(    10; two technical replicates). , Predicted domain architecture of 
the Agl–Glt machinery based on bioinformatics prediction, sequence 
analysis and previous literature. The different proteins of the complex are 
represented on the basis of their domain structures from bioinformatics 
predictions (Supplementary Table 1). Each protein is represented as a 
single copy in the complex. , A fixed contractile zone is observed in motile 
sporulating cells where peptidoglycan is profoundly remodelled. Motile 
cells in the early phases of sporulation are shown at 1-min intervals. AglQ–
sfGFP and GltC–mCherry are specifically enriched at the constriction 
site. Representative wild-type (    10), AglQ–sfGFP (    2, two technical 
replicates) and GltC–mCherry (    4, two technical replicates) cells are 
shown, obtained from two biological replicates. , Possible mechanism of 
propulsion. The structure of the Agl–Glt machinery is simplified to its core 
components for clarity. The proton flow through a peptidoglycan-bound 
TolQR-type channel (yellow) is proposed to energize cyclic interactions 
between a flexible inner membrane-anchored periplasmic protein (GltG/J, 
black and yellow) and TonB-box proteins in the outer membrane (orange). 
Combined with the rigid anchoring to peptidoglycan and link with MreB, 
this activity would push the outer membrane protein laterally (red arrow) 
because peptidoglycan counteracts the exerted traction force (grey arrow). 
The protein stoichiometries are not known and it is possible that the 
complex contains several coordinated legs, facilitating the processivity and 
directionality of the movements.
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Case study 2:  More on « screwing motility »

M. Harman et al. C. Wolgemuth. (2013) Biophysical Journal 105(10) 2273–2280 

Trypanosoma vs Spirochetes: corkscrew spiraling motility

https://www.youtube.com/watch?v=my58lrHqGWY

Gull Lab courtesy of Sue Vaughan, Wellcome Images
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10µm

Trypanosoma brucei
Bacteria: Spirochetes motility: Syphilis, Lyme disease, etc

https://www.youtube.com/watch?v=cXYfT5hSLoQ

Borrelia burgdorferi Spirocheta plicatilis

Intracellular bundle of flagella form a helical bundle that applies 
torque to cell body
Cell body stiffness exerts opposite torque

This gives rise to planar wave of cell body that rotates 

Motility on viscous substrates in vivo and in vitro

cell body

flagellar bundle
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Eukaryotic cilia and flagella bending and beating

https://www.youtube.com/watch?v=4vsYNPwSZks

• Flagella — Sperm cell (sea Urchin)

• Cilia - swimming protists

Protist, 162, 691–709 (2011)

Pharyngomonas kirbyi

20µm

10µm

Brokaw CJ. 1989. Science 243:1593–1596. doi: 10.1126/science.2928796  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Eukaryotic cilia and flagella bending and beating

H Ishikawa and WF Marshall Nature Reviews Mol Cell Biol 12: 222-234 (2011)
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which protrude beneath an extension of membrane, 
giving rise to the cilium. The distal region of the basal 
body, where the outer doublets begin to form, is called 
the transition zone. The ciliary pocket, an invagination 
of the plasma membrane at the root of cilium, is found on 

some types of mammalian cells and trypanosomatids18. 
Assembly of the outer doublets occurs exclusively at the 
distal end of the cilium19. Because all protein synthesis 
is restricted to the cytoplasm, continued elongation of 
the cilium requires the selective import and transport  

 | Transmission electron micrograph of the primary cilium of retinal pigment 
 | Immunofluorescence image of primary cilia in inner medullary collecting duct (IMCD3) cells. 

The primary cilium (green) is produced once per cell and extends from the basal body (magenta). Cell–cell junctions are 
d | Scanning electron micrographs of mouse nodal cilia (  | Schematic 

g | Cross-section diagrams of a typical motile cilium (which is identical to a flagellum) (
  The Company 

 is courtesy of S. Nonaka, The National Institute for Basic Biology, Japan. Image in part 
courtesy of Dartmouth College, Electron Microscope Facility, USA.
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What are the sizes of the cell’s filaments? 

long is the typical filament and how many of them span the “typical” 

tubulin
dimer

https://www.sciencesource.com/archive/Chlamydomonas--SEM--SS2526322.html

Chlamydomonas reinhardtii

Green algae

10µm

— Ultrastructure
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It~J II ~ 5 i . . .  

F m ~  37 Hypothesis: Peripheral filaments contract. In  neutral position (left), peripheral filaments are 
of equal length. Corresponding tip cross-section has 9 -t'- ~ unitary filaments. Filaments shorten on one 
side to bend eillum. In  effective-pointing cilium tip, filament 5 (near the cell surface) should be short if 
any are (upper right). Cilium bent into circular arc at  lower right. Where r is the radius of the circle, 
the length of uncontraeted filament is ~ 7rr/n. Filament 5 is 0.4 7r/n shorter than filament 1, but  cross- 
section again shows 9 -4- ~ unitary pattern. The same effect would be achieved if filament 5 were of 
unchanging length and filament 1 elongated. 

nl' 

I 

(o.2/z) 

Fiom~E 88 Hypothesis: Peripheral filaments slide without length change. Neutral position (left), as in 
Fig. 37, accounts for 9 + ~ unitary pattern. To accommodate curvature, filament 5 (near the cell sur- 
face) must  slide out and appear 0.4 ~r/n # longer than filament 1 in effective-pointing tips (right) al- 
though both filaments remain ~ ~r /n  # long. The length of filament 5 from basal plate to first hatched 
line at end of doublets of filament (1 lower right) is exactly as in Fig. 87. For n > ~ the critical length 
change involved under either hypothesis is less than 0.6 #. In  recovery-pointing tips (not shown), fila- 
ment  1 would appear longer than filament 3. 
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of equal length. Corresponding tip cross-section has 9 -t'- ~ unitary filaments. Filaments shorten on one 
side to bend eillum. In  effective-pointing cilium tip, filament 5 (near the cell surface) should be short if 
any are (upper right). Cilium bent into circular arc at  lower right. Where r is the radius of the circle, 
the length of uncontraeted filament is ~ 7rr/n. Filament 5 is 0.4 7r/n shorter than filament 1, but  cross- 
section again shows 9 -4- ~ unitary pattern. The same effect would be achieved if filament 5 were of 
unchanging length and filament 1 elongated. 

nl' 

I 

(o.2/z) 

Fiom~E 88 Hypothesis: Peripheral filaments slide without length change. Neutral position (left), as in 
Fig. 37, accounts for 9 + ~ unitary pattern. To accommodate curvature, filament 5 (near the cell sur- 
face) must  slide out and appear 0.4 ~r/n # longer than filament 1 in effective-pointing tips (right) al- 
though both filaments remain ~ ~r /n  # long. The length of filament 5 from basal plate to first hatched 
line at end of doublets of filament (1 lower right) is exactly as in Fig. 87. For n > ~ the critical length 
change involved under either hypothesis is less than 0.6 #. In  recovery-pointing tips (not shown), fila- 
ment  1 would appear longer than filament 3. 
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STUDIES ON CILIA 

II. Examination of the Distal Region of the Ciliary 

Shaft and the Role of the Filaments in Motility 

P E T E R  S A T I R  

From the Whitman Laboratory, University of Chicago, Chicago, Illinois 

A B S T R A C T  

Terminat ion of peripheral filaments of the axoneme of gill cilia of fresh-water mussels 
(Elliptio or Anodonta) occurs in characteristic fashion: (a) subfiber b of certain doublets ends 
leaving a single simplified tubular  uni t ;  (b) the wall of the uni t  becomes thick and may 
even obliterate the interior; and (c) the filament drops out of the 9 -[- 2 pattern. The order 
in which doublets begin simplifying is also characteristic. This may be determined by 
numbering the filaments, those with the bridge being 5-6, with the direction of number ing 
determined by the apparent enantiomorphic configuration (I  to IV) of the cross-section. 
Shorter filaments can be identified in simplifying tips with mixed double and single pe- 
ripheral units. In  this material, laterofrontal cirri show a morphological specialization in 
the region where individual cilia simplify. The cilia studied run frontally from the body 
of the cirrus and point in the direction of effective stroke. The longest filaments (Nos. 
3, 4, 5, 6, 7) appear as the doublets at the bottom of the cross-section, nearest the surface 
of the cell of origin. Above them, and above the central pair, a dark band (a section of a 
dense rod) runs through the matrix. The remaining filaments are the single units. Effective- 
pointing frontal and lateral ciliary tips end in a fashion similar to laterofrontal tips, although 
no dense band is present. For all effective-pointing tips studied, the order in which the 
peripheral filaments end appears to be Nos. (9, 1), 8, 2, 7, 6, 3, 4, 5. However, recovery- 
pointing lateral tips show a different order: Nos. 7, 6, 8, 5, 9, 4, 1 (3, 2), although the 
longer filaments are still at the bottom of the cross-section. In  simple models of ciliary 
movement involving contraction of the peripheral filaments, filaments at the top of the 
cross-section should be longer, if any are. Such models arc not supported by the evidence 
here. These results can be interpreted as supporting sliding-filament models of movement  
where no length change of peripheral filaments occurs. 

The tips of several different kinds of cilia and fla- 
gella have been examined with the electron micro- 
scope (Gibbons and Grimstone, 1960; Satir, 1961 
a; Roth and Shigenaka, 1964), and the general 
mode of termination of individual peripheral cili- 
ary filaments in the tip is understood in some de- 
tail. A typical reconstruction is illustrated in Fig. 
1. Apparently a terminating filament first loses its 
characteristic arms. Then  the doublet wall of the 

filament disappears and the filament becomes a 
single uni t  with an osmiophilic wall surrounding 
an electron-transparent core. Finally, the interior 
of the uni t  may become dense just before the fila- 
ment drops out of the tip pattern. Alterations in 
spacing and in the diameter of the ciliary cross- 
section accompany these changes. Tips with as few 
as one dense uni t  have been seen (Gibbons and 
Grimstone, 1960). In  some species, the central fila- 
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Eukaryotic cilia and flagella bending and beating

• Sliding model • Contraction model
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Filaments shorten on one 
side to bend cilium 

— Bending models

�38



Thomas LECUIT   2021-2022

(A)
100 nm

inner sheath

central singlet
microtubule

radial spoke

outer 
dynein arm

nexin

plasma 
membrane inner 

dynein arm

A microtubule    B microtubule

outer doublet microtubule

(B) (C)

isolated
doublet

microtubules

normal
flagellum

+ +

+

+

+ +
+ +

– –

–

– –
– –

–

+ATP bend

linking
proteins

DYNEIN CAUSES 
MICROTUBULE TO BEND

(B)DYNEIN PRODUCES 
MICROTUBULE SLIDING

(A)

• Cilia bend in response to 
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Eukaryotic cilia and flagella bending and beating

— Motor driven sliding forces

<
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Dynein motors convert the chemical 

energy of ~105 ATP per beat into a 
relative sliding motion among the nine 
microtubule doublets of the axonemal 
sheath. This causes a tension of ~10 nN to 
build up between neighbouring doublets. 

due to crosslinks and 
constraints at the base of 
axoneme

R. Phillips, J. Kondev, J. Thériot & H. Garcia. 
Physical Biology of the Cell (Garland Science) 2012
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• Bending and beating require spatial and 
temporal coordination of motor activity 
on both sides of axoneme

• Bending induces stresses that feedback 
on and regulate motor activity

• Dynein motor activity needs to 
alternate between the 2 sides of 
axoneme. If forces are equal, then they 
cancel each other and no bending 
occurs

• Motor switching is rapid (2x per cycle 
@ 100Hz in Chlamydomonas) : 

• Mechanical feedback model 

Eukaryotic cilia and flagella beating

— Beating models: Mechanical Feedbacks
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Physical constraints on cell motility

• Consequences of Low Reynolds number (no inertia) for motion in a fluid or visco-elastic medium

Convergent evolution
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Motility: 3 general problems

Thomas LECUIT   2021-2022

          1.   Decoding the environment:  What is the nature of cues?

• Cells don’t move randomly but sense an external cue

• What is the nature of external cues? Diversity of cues
(chemical, mechanical, electric, light)

• Temporal vs spatial decoding

�42

  
          2.   Processing the cue: Cell polarisation

• Symmetry breaking: converting external gradient into vectorial cell organisation

• Deterministic vs Stochastic processing

• Polarisation of a cell or a trajectory

          3.   Mechanical response: Principles of movement

• Depends on environment

• Force generation: Active processes: actin pushing forces, actin flow, 
actomyosin contractility

• Force transmission: Passive resistance: friction/adhesion, viscous 
resistance of medium.
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Mechanics of cell motility

• Adhesion dependent motility: on 2D substrates

particles derived from ink or resin adhered to the cell surface moved 
centripetally from the leading edge along the dorsal and ventral cell 
membranes at a constant rate and with rearward direction relative to 
the direction of leading edge protrusion20,21. These first observations of 
retrograde flow were proposed to be related to forward edge protrusion 
and rearward traction forces, although a moving plasma membrane was 
initially thought to cause the flow of particles20–22. Wolpert and Allison 
later proposed that this rearward particle movement could be due to the 
movement of the filamentous network inside the cell pulling proteins 
in a fluid plasma membrane22. Using electron microscopy, Small and 
Abercrombie showed that the leading part of a migrating cell is enriched 
in filamentous actin that is organized into structurally distinct leading 
lamellipodia followed by thin lamellae, and that actin filaments within 
lamellipodia are polarized with their fast-growing ‘barbed’ ends facing 

the cell edge23,24. In 1985, Wang performed seminal fluorescence recov-
ery after photobleaching (FRAP) experiments of fluorescently labelled 
actin to demonstrate that actin monomers were incorporated into fila-
ments at the leading edge of lamellipodia and that they underwent a 
rearward movement away from the edge10. Forscher also observed ret-
rograde flow in neuronal growth cones and showed that it depended 
on both actin polymerization and myosin II contractility13,25. Theriot 
and Mitchison demonstrated that actin polymerization in the lamel-
lipodia was directly coupled to forward cell movement11, and retrograde 
flow was observed to be inversely related to cell speed10,13,26,27. Based on 
these observations, in 1988 Mitchison and Kirschner proposed that 
a ‘molecular clutch’ connected the retrograde-moving actin cytoskel-
eton to ECM receptors in the plasma membrane, allowing tension to 
be exerted on the substrate14.

In the subsequent decades, the evidence supporting the molecular 
clutch hypothesis has grown; however, the basic principles remain 
unchanged (Fig. 1). Actin is rapidly polymerized in lamellipodia, and 
actin polymerization and myosin II contraction drive the net rearward/
retrograde movement of the actin network. Macromolecular FAs act as a 
regulable molecular clutch by mediating transient, indirect interactions 
between the retrograde-moving actin cytoskeleton and ECM-bound 
integrins. The clutch is ‘engaged’ when the actin cytoskeleton is indirectly 
connected to immobilized, ECM-bound integrins through the macro-
molecular FA complex. If actin polymerization and myosin contraction 
remain constant, this engagement causes retrograde flow to slow down 
as forces from the actin cytoskeleton are propagated to the substrate, 
resulting in rearward traction, whereas continued polymerization at the 
membrane-facing barbed ends of actin filaments that are immobilized 
at the adhesion site drives forward membrane protrusion. Conversely, 
disengagement or slippage of the clutch would result in faster retrograde 
flow, decreased traction forces and cessation of membrane protrusion.

The retrograde movement of the actin cytoskeleton is the basis of the 
molecular clutch hypothesis. In adherent migrating cells, the cortical 
actin cytoskeleton is organized into two structurally and function-
ally distinct regions: the lamellipodium and the lamellum23,28,29. Rapid 
Arp2/3-mediated F-actin polymerization at the tip of the lamellipodium 
generates a pushing force against the leading edge plasma membrane and 
has been proposed to drive its protrusion through a Brownian ratchet 
mechanism12,30,31. If membrane expansion is constrained, F-actin polym-
erization against the inextensible membrane barrier also results in a 
counterforce that is thought to push the entire F-actin network rearward 
relative to the membrane, with the majority of F-actin depolymerizing 
at the base of the lamellipodium10,25,28,32. Therefore, although new actin 
monomers are continuously incorporated at the lamellipodium tip, the 
lamellipodial actin network exhibits treadmilling behaviour and under-
goes retrograde flow of ~0.5–1.5 μm min (ref. 28). The flat lamellum 
region is located proximal to the lamellipodium (that is, closer to the cell 
centre) and contains many distinct F-actin structures including dorsal 
stress fibres, transverse arcs and ventral stress fibres33–35. In the lamellum, 
myosin II assembles into mini-filaments and contracts actin bundles to 
generate forces that reorganize and disassemble actin, and drive a slower 
retrograde flow of ~0.25–0.5μm min 28,33,36,37). Myosin II inhi-
bition blocks slow lamella retrograde flow, but leaves rapid lamellipodial 
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Mechanics of cell motility

d

Large friction Intermediate friction Small friction

Cell movement Cell movementCell movement

Retrograde flow Retrograde flowRetrograde flow BSA/F127 F127BSA

based adhesions17. In the absence of adhesions, nonspecific transient
interactions between transmembrane proteins and the substrate might
generate friction, transmitting flows into cell movement, as suggested
by theoretical studies11. To test this hypothesis, we modified the
coating of the channel walls to decrease friction-based coupling. We
passivated the channel walls with Pluronic F127, an analogue of
polyethylene glycol (PEG), which has been suggested to provide low-

friction substrates19. We directly measured friction coefficients on
single, unpolarized cells using a microfluidic chip and confirmed that
this coating resulted in a very low-friction environment compared
with BSA coating (Supplementary Fig. 2 and Supplementary Video 7).
In the low-friction F127-coated channels, Walker cells adopted the
same polarized morphology as in the high-friction BSA-coated
channels but were unable to migrate (Supplementary Video 8).

• Adhesion independent motility: induced by 3D confinement

Bergert et al, G. Salbreux and E. Paluch. Nat Cell Biol. 17(4):524-9 (2015)
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—Force generation: actin retrograde flow (induced by contractility) 
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Bodor et al. and E. Paluch. Developmental Cell. 52: 550-562 (2020)
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Guidance of cell motility

• Neutrophile chasing a bacterium (Staphilococcus aureus) 

https://www.youtube.com/watch?v=I_xh-bkiv_cDavid Rogers at Vanderbilt University.
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Deterministic vs Stochastic Guidance

• Spatial mechanism: comparison of chemoattractant concentration 

along cell length 

• Temporal mechanism: comparison of chemoattractant at different 

positions 

Deterministic:

Stochastic: 

• Statistical mechanism: biased random walk. 

      — probability of changing direction is a function of 

chemoattractant concentration: Asymmetric runs up and down a 

gradient of chemoattractant (temporal comparison)
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Stochastic Guidance
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Chemotaxis in Escherichia coli analysed 
by Three-dimensional Tracking 

HOWARD C. BERG & DOUGLAS A. BROWN 
Department of Molecular, Cellular and Developmental Biology, University of Colorado, Boulder, Colorado 80302 

Chemotaxis toward amino-acids results 
from the suppression of directional 
changes which occur spontaneously in 
isotropic solutions. 

IF a capillary tube containing an attractant is inserted into a 
suspension of motile bacteria, the bacteria accumulate near 
the mouth where the concentration of attractant is relatively 
high. Pfeffer 1 introduced this technique as an assay forchemo-
taxis in 1884. In 1901, Rothert2 and Jennings and Crosby3 

noted that bacteria often swam past the capillary but returned 
after failing to enter regions of much lower concentration. 
It is now generally thought that chemotactic bacteria actively 
avoid regions of lower concentration by backing up or by 
choosing new directions at random4 •5 • This is not obvious in 
Escherichia coli, since these bacteria repeatedly change their 
directions even in the absence of an applied stimulus. 

To study this motion in detail, we built a microscope which 
automatically follows individual cells6

• We have used this on 
mutants of E. coli K127

: a wild types, a nonchemotactic 
mutants, an uncoordinated mutant9

, a mutant defective in 
taxis toward serine10 • 11 and a mutant defective in taxis toward 
aspartate 11

• The results which we describe here demonstrate 
that the response to serine and aspartate at concentrations of 
order 10-5 M is not an avoidance response; when cells swim 
down gradients of these amino-acids their motion is indis-
tinguishable from that in isotropic solutions; when they swim 
up the gradients they change direction less frequently. 

In another communication12 we discuss a solution to the 
diffusion equation which allows us to compute the concentra-
tion of attractant outside the mouth of a capillary, and, thus, 
to follow cells in defined gradients. 

Motion in Isotropic Solutions 
The motion appears as an alternating sequence of intervals 

during which changes in direction are gradual or abrupt-we 
call these "runs" and "twiddles", respectively. Genetic and 
environmental differences in behaviour are associated chiefly 
with the lengths of runs. Fig. 1 illustrates this for the wild type 
and a nonchemotactic mutant. A number of results of a 
quantitative run-twiddle analysis are given in Table 1. 

Runs are long in cheC 497, short in unc 602, and of inter-
mediate length in AW 405 (Table 1 ). Mutants able to respond 
to a restricted set of attractants swim much like the wild type; 
the motion of the serine-blind mutant AW518 is essentially 
identical to that of A W405; the aspartate-blind mutant A W539 
has somewhat shorter twiddles and somewhat longer runs 

(0.11 ± 0.18 s and 1.3 ± 2.1 s, respectively). The speed is nearly 
uniform during runs, but the bacteria slow down or stop on 
twiddling (Fig. 2). The mean change in direction from the end 
of one run to the beginning of the next is less than 90° (Table 1). 
If the bacteria chose a new direction at random, the probability 
ofan angle change between 0 and 0+d0 would be 1/2 sin0 d0, 
the mean value of 0 would be 90°, and the standard deviation 
would be 39.2°. The distribution observed, however, is skewed 
toward small angles (Fig. 3). If changes in direction were random, 
the skew would be toward large angles because the digital 

Table 1 Run-twiddle Analysis of Mutants Swimming in a Homo-
geneous, Isotropic Medium 

Strain AW405 Unc 602 CheC497 
Type Wild type Uncoordin- Nonchemo-

ated tactic 
Number of bacteria tracked 35"' 10 14 
Total tracking time (min) 20 3.0 2.7 
Mean speed (µm/s) t 14.2±3,4 14.4±3.9 20.0±4.9 
Mean twiddle length (s)t 0.14±0.19 0.14±0.24 0.10±0.13 
Mean run length (s) 0.86± 1.18 0.42±0.27 6.3±5.2 
Mean change in direction 

from run to run (0
) 68±36 74±33 33± 15 

Mean change in direction 
during runs (0

) 23±23 18±23 35±22 
Mean angular speed while 

twiddling (0 /word)§ 56±29 54±27 41±32 
Mean angular speed while 

19±9 9±6 running (0 /word)§ 14±9 

Data points (words) were generated at the rate of 12.6 per second. 
The beginning of a run was scored if the angular speed§ was less than 
35°/word for three successive words. The end of a run was scored 
if the angular speed was greater than 35°/word for two successive 
words or if it was greater than 35°/word for one word, provided, in 
the latter case, that the change in the average direction between 
successive pairs of words was also greater than 35°. The angular 
speed is sensitive to short term fluctuations in the data. These 
depend on the ways in whic~ the _bacteria wobble and on the _ti_me 
constants (0.08 s) of the circmts which precede the analogue-to-d1g1tal 
converter. The time constants, the recording rate and the value 35°/ 
word were chosen empirically by comparing results of digital analyses 
with plots of the kind shown in Fig. 1. 

* Experiments done with three different cultures. 
t The values are the means± one standard dev!ati~n. I_n the 

calculation of the mean speed the mean for each bacterium 1s weighted 
equally, and the standard deviation is the standard deviation in the 
mean. 

t In this and in subsequent entries in the table each twiddle or run 
is weighted equally; the standard deviations are of the same order of 
magnitude as those found with a single bacterium. 

§ The angular speed is the change in the direction of motion from 
one word ( data point) to the next. 
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AW405 
Wild type 
29.5s 
26 runs 
Mean speed 21.2 µm/s 

50µm 

CheC491 
Nonchemotactic mutant 
7.2s 
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Mean speed 31.3 µm/s 

50µm 
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Fig. 1 Digital plots of the displacement of a wild type bacterium, A W405, and a generally nonchemotactic mutant, cheC 497, at the rate of 
12.6 words (data points) per second. Tracking began at the points indicated by the large dots. The plots are planar projections of three-
dimensional paths. If the left and upper panels of each figure are folded out of the page along the dashed lines, the projections appear in 
proper orientation on three adjacent faces of a cube. The cultures were grown in a minimal salts medium on glycerol, threonine, leucine, 
and histidine, as described by Hazelbauer et al.10

• They were washed twice at 4° C with a solution containing 10-2 M sodium phosphate 
(pH 7.0), 10-4 M EDTA (ethylenediamine tetraacetate) and 10-3 M magnesium sulphate and diluted at room temperature to an optical 
density of0.01 (590 nm) in a solution containing 10-2 M sodium phosphate(pH 7.0), 10-4 M EDTA,and 0.18 % (w/v) hydroxypropyl methyl-
cellulose (Dow Methocel 90 HG). They were tracked as such at 32.0° (viscosity 2.7 cp) in a tantalum and glass chamber 2 mm in diameter 

and 2 mm high. 

analysis ignores the smallest changes (Table 1, legend). Changes 
in direction also occur during runs (Table 1). The drift is about 
what one would expect from rotational diffusion: the root-
mean-square angular deviation of a 2 µm diameter sphere 
occurring int sec in a medium of viscosity 2.7 cp at 32° C is 29 
ytdegrees. 

1 
13,,-;;~,~-

01----------------~-~---~~ 

3 

00~------------r----------~ 

Fig. 2 The speed of the wild type bacterium of Fig. I displayed 
by an analogue monitor. The recording has been divided into 
three parts, each 9.8 s long; the figure should be read from left 
to right and top down. Twiddles occurred during the intervals 
indicated by the bars. Note the consequent changes in speed. 
The longest run can be seen at the left end of the bottom trace. 
It appears in the upper panel of Fig. 1 angling downwards and 
slightly to the left, five runs from the end of the track. It is 45 

words or 3.57 s long. 

The shortest twiddles and the shortest runs are the most 
probable (Fig. 4). The distribution of twiddle lengths is 
exponential (Fig. 4a). The distribution of run lengths is 
exponential for unc 602 (not shown) but only approximately 
so for AW405 (Fig. 4b). If for AW405 one allows for variations 
in mean run length for different bacteria, the curvature in the 
semi-log plot of the aggregate run-length data vanishes (Fig. 4c). 

From calculations of autocorrelation functions of sequences of 
twiddles and of sequences of runs we conclude that twiddles 
and runs of different length occur at random. The statistics are 
Poisson; for a given organism in a given isotropic environment 
the probability per unit time of the termination of a twiddle or 
the termination of a run is a constant. 

The wild type is known to have chemoreceptors for serine, 
for aspartate and for a number of sugars 7 • If serine is added to 
suspensions of A W405 (no gradients), the run-length dis-
tributions remain exponential but shift dramatically toward 
longer runs (Fig. 5); the twiddles are suppressed. Calcula-
tions of the autocorrelation functions indicate that runs of 

15 

Change in direction from run to run (degree) 

Fig. 3 Distribution of changes in direction from the end of one 
run to the beginning of the next for the wild type bacteria of 
Table I. The distribution was constructed from 1,166 events by 
summing the numbers falling in successive 10° intervals. If the 
analysis is confined to the shortest twiddles, the distribution is 
skewed even farther toward small angles (mean and standard 

deviation 62 ± 26°). 
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directions even in the absence of an applied stimulus. 

To study this motion in detail, we built a microscope which 
automatically follows individual cells6

• We have used this on 
mutants of E. coli K127

: a wild types, a nonchemotactic 
mutants, an uncoordinated mutant9

, a mutant defective in 
taxis toward serine10 • 11 and a mutant defective in taxis toward 
aspartate 11

• The results which we describe here demonstrate 
that the response to serine and aspartate at concentrations of 
order 10-5 M is not an avoidance response; when cells swim 
down gradients of these amino-acids their motion is indis-
tinguishable from that in isotropic solutions; when they swim 
up the gradients they change direction less frequently. 

In another communication12 we discuss a solution to the 
diffusion equation which allows us to compute the concentra-
tion of attractant outside the mouth of a capillary, and, thus, 
to follow cells in defined gradients. 

Motion in Isotropic Solutions 
The motion appears as an alternating sequence of intervals 

during which changes in direction are gradual or abrupt-we 
call these "runs" and "twiddles", respectively. Genetic and 
environmental differences in behaviour are associated chiefly 
with the lengths of runs. Fig. 1 illustrates this for the wild type 
and a nonchemotactic mutant. A number of results of a 
quantitative run-twiddle analysis are given in Table 1. 

Runs are long in cheC 497, short in unc 602, and of inter-
mediate length in AW 405 (Table 1 ). Mutants able to respond 
to a restricted set of attractants swim much like the wild type; 
the motion of the serine-blind mutant AW518 is essentially 
identical to that of A W405; the aspartate-blind mutant A W539 
has somewhat shorter twiddles and somewhat longer runs 

(0.11 ± 0.18 s and 1.3 ± 2.1 s, respectively). The speed is nearly 
uniform during runs, but the bacteria slow down or stop on 
twiddling (Fig. 2). The mean change in direction from the end 
of one run to the beginning of the next is less than 90° (Table 1). 
If the bacteria chose a new direction at random, the probability 
ofan angle change between 0 and 0+d0 would be 1/2 sin0 d0, 
the mean value of 0 would be 90°, and the standard deviation 
would be 39.2°. The distribution observed, however, is skewed 
toward small angles (Fig. 3). If changes in direction were random, 
the skew would be toward large angles because the digital 

Table 1 Run-twiddle Analysis of Mutants Swimming in a Homo-
geneous, Isotropic Medium 

Strain AW405 Unc 602 CheC497 
Type Wild type Uncoordin- Nonchemo-

ated tactic 
Number of bacteria tracked 35"' 10 14 
Total tracking time (min) 20 3.0 2.7 
Mean speed (µm/s) t 14.2±3,4 14.4±3.9 20.0±4.9 
Mean twiddle length (s)t 0.14±0.19 0.14±0.24 0.10±0.13 
Mean run length (s) 0.86± 1.18 0.42±0.27 6.3±5.2 
Mean change in direction 

from run to run (0
) 68±36 74±33 33± 15 

Mean change in direction 
during runs (0

) 23±23 18±23 35±22 
Mean angular speed while 

twiddling (0 /word)§ 56±29 54±27 41±32 
Mean angular speed while 

19±9 9±6 running (0 /word)§ 14±9 

Data points (words) were generated at the rate of 12.6 per second. 
The beginning of a run was scored if the angular speed§ was less than 
35°/word for three successive words. The end of a run was scored 
if the angular speed was greater than 35°/word for two successive 
words or if it was greater than 35°/word for one word, provided, in 
the latter case, that the change in the average direction between 
successive pairs of words was also greater than 35°. The angular 
speed is sensitive to short term fluctuations in the data. These 
depend on the ways in whic~ the _bacteria wobble and on the _ti_me 
constants (0.08 s) of the circmts which precede the analogue-to-d1g1tal 
converter. The time constants, the recording rate and the value 35°/ 
word were chosen empirically by comparing results of digital analyses 
with plots of the kind shown in Fig. 1. 

* Experiments done with three different cultures. 
t The values are the means± one standard dev!ati~n. I_n the 

calculation of the mean speed the mean for each bacterium 1s weighted 
equally, and the standard deviation is the standard deviation in the 
mean. 

t In this and in subsequent entries in the table each twiddle or run 
is weighted equally; the standard deviations are of the same order of 
magnitude as those found with a single bacterium. 

§ The angular speed is the change in the direction of motion from 
one word ( data point) to the next. 

—runs and tumbles: biased random walk in Bacteria

Howard Berg and Douglas Brown. 1972, Nature 239, 500-504 
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—runs and tumbles and polarity switches

• run

• tumble

Y. Chang et al … and J Liu. Nature Structural & Molecular Biology  27, 1041–1047 (2020)

• orientation of motor rotation
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We hypothesized that the choice between pseudopods could be made 
by any of three mechanisms — temporal, directional or spatial. Temporal 
comparisons, in which receptor occupancy is compared as pseudopods 
advance, should lead to fast pseudopods surviving more often. Similarly, 
in mechanisms in which the direction of pseudopods is important, pseu-
dopods oriented towards the micropipette should be favoured. Finally, 
a spatial sensing mechanism — in which choices are based on the local 
concentration of chemoattractant rather than on local rates of change 
— should depend more on the absolute position of pseudopods, rather 
than their orientation. To distinguish these mechanisms we examined 
cells with two active pseudopods and compared the properties of the 
pseudopod that went on to be retracted with the other surviving pseu-
dopod (Fig. 3B). Pseudopod speed, directionality and position all cor-
related with survival, the strongest correlation being with position. The 
pseudopod that extended fastest, measured as the peak forward speed, 
was retained over the slowest 67% of the time (Fig. 3C, a). Similarly, 
61% of the retracted pseudopods were oriented up the gradient less 
accurately than the concurrent supported pseudopod. In nearly 80% 
of cases, however, the supported pseudopod was closer to the source of 
chemoattractant than the pseudopod that was retracted concurrently 
(Fig. 3B, c). These results suggest that the retention of any particular 

pseudopod is biased in favour of the one that experiences the highest 
chemoattractant concentration, indicating that cells use spatial informa-
tion to guide chemotaxis.

Our analysis indicates that directional sensing couples to translo-
cation by maintaining or retracting existing pseudopods, rather than 
creating them. An example of how coupling at this level mediates chem-
otaxis is illustrated in Fig. 4. This shows cell traces and superimposed 
images of a typical cell reorienting itself towards a micropipette that has 
been moved, from a position low in the field to higher in the field (indi-
cated by white dots in Fig. 4b). New pseudopods are shown by coloured 
lines in the trace (Fig. 4b). Clearly, the cell does not specify the site of 

 pseudopods exclusively on the side of the cell closest to the pipette. 
Instead, the cell generates new pseudopods in seemingly random, often 
inaccurate, directions by splitting existing pseudopods. Individual deci-
sions to maintain a pseudopod seem to be biased by the gradient, and 
cumulative biased decisions bring about accurate chemotaxis (Fig. 4c 
and see Supplementary Information, Fig. S3). The black bars in the 
histogram indicate the change in angle achieved when a parent pseu-
dopod splits into daughter pseudopods. Positive values represent a 
daughter whose angle improves the alignment of the cell up the che-
moattractant gradient. When this distribution was divided according 

We hypothesized that the choice between pseudopods could be made 
by any of three mechanisms — temporal, directional or spatial. Temporal 
comparisons, in which receptor occupancy is compared as pseudopods 
advance, should lead to fast pseudopods surviving more often. Similarly, 
in mechanisms in which the direction of pseudopods is important, pseu-
dopods oriented towards the micropipette should be favoured. Finally, 
a spatial sensing mechanism — in which choices are based on the local 
concentration of chemoattractant rather than on local rates of change 
— should depend more on the absolute position of pseudopods, rather 
than their orientation. To distinguish these mechanisms we examined 
cells with two active pseudopods and compared the properties of the 
pseudopod that went on to be retracted with the other surviving pseu-
dopod (Fig. 3B). Pseudopod speed, directionality and position all cor-
related with survival, the strongest correlation being with position. The 
pseudopod that extended fastest, measured as the peak forward speed, 
was retained over the slowest 67% of the time (Fig. 3C, a). Similarly, 
61% of the retracted pseudopods were oriented up the gradient less 
accurately than the concurrent supported pseudopod. In nearly 80% 
of cases, however, the supported pseudopod was closer to the source of 
chemoattractant than the pseudopod that was retracted concurrently 
(Fig. 3B, c). These results suggest that the retention of any particular 

pseudopod is biased in favour of the one that experiences the highest 
chemoattractant concentration, indicating that cells use spatial informa-
tion to guide chemotaxis.

Our analysis indicates that directional sensing couples to translo-
cation by maintaining or retracting existing pseudopods, rather than 
creating them. An example of how coupling at this level mediates chem-
otaxis is illustrated in Fig. 4. This shows cell traces and superimposed 
images of a typical cell reorienting itself towards a micropipette that has 
been moved, from a position low in the field to higher in the field (indi-
cated by white dots in Fig. 4b). New pseudopods are shown by coloured 
lines in the trace (Fig. 4b). Clearly, the cell does not specify the site of 

 pseudopods exclusively on the side of the cell closest to the pipette. 
Instead, the cell generates new pseudopods in seemingly random, often 
inaccurate, directions by splitting existing pseudopods. Individual deci-
sions to maintain a pseudopod seem to be biased by the gradient, and 
cumulative biased decisions bring about accurate chemotaxis (Fig. 4c 
and see Supplementary Information, Fig. S3). The black bars in the 
histogram indicate the change in angle achieved when a parent pseu-
dopod splits into daughter pseudopods. Positive values represent a 
daughter whose angle improves the alignment of the cell up the che-
moattractant gradient. When this distribution was divided according 
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Deterministic vs Stochastic Guidance

—Informed choice model

We hypothesized that the choice between pseudopods could be made 
by any of three mechanisms — temporal, directional or spatial. Temporal 
comparisons, in which receptor occupancy is compared as pseudopods 
advance, should lead to fast pseudopods surviving more often. Similarly, 
in mechanisms in which the direction of pseudopods is important, pseu-
dopods oriented towards the micropipette should be favoured. Finally, 
a spatial sensing mechanism — in which choices are based on the local 
concentration of chemoattractant rather than on local rates of change 
— should depend more on the absolute position of pseudopods, rather 
than their orientation. To distinguish these mechanisms we examined 
cells with two active pseudopods and compared the properties of the 
pseudopod that went on to be retracted with the other surviving pseu-
dopod (Fig. 3B). Pseudopod speed, directionality and position all cor-
related with survival, the strongest correlation being with position. The 
pseudopod that extended fastest, measured as the peak forward speed, 
was retained over the slowest 67% of the time (Fig. 3C, a). Similarly, 
61% of the retracted pseudopods were oriented up the gradient less 
accurately than the concurrent supported pseudopod. In nearly 80% 
of cases, however, the supported pseudopod was closer to the source of 
chemoattractant than the pseudopod that was retracted concurrently 
(Fig. 3B, c). These results suggest that the retention of any particular 

pseudopod is biased in favour of the one that experiences the highest 
chemoattractant concentration, indicating that cells use spatial informa-
tion to guide chemotaxis.

Our analysis indicates that directional sensing couples to translo-
cation by maintaining or retracting existing pseudopods, rather than 
creating them. An example of how coupling at this level mediates chem-
otaxis is illustrated in Fig. 4. This shows cell traces and superimposed 
images of a typical cell reorienting itself towards a micropipette that has 
been moved, from a position low in the field to higher in the field (indi-
cated by white dots in Fig. 4b). New pseudopods are shown by coloured 
lines in the trace (Fig. 4b). Clearly, the cell does not specify the site of 

 pseudopods exclusively on the side of the cell closest to the pipette. 
Instead, the cell generates new pseudopods in seemingly random, often 
inaccurate, directions by splitting existing pseudopods. Individual deci-
sions to maintain a pseudopod seem to be biased by the gradient, and 
cumulative biased decisions bring about accurate chemotaxis (Fig. 4c 
and see Supplementary Information, Fig. S3). The black bars in the 
histogram indicate the change in angle achieved when a parent pseu-
dopod splits into daughter pseudopods. Positive values represent a 
daughter whose angle improves the alignment of the cell up the che-
moattractant gradient. When this distribution was divided according 

Dictyostelium discoideum

Informed choice model
Reinforcement of most up gradient 

protrusion

compass choice model
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• Cells make many pseudopods 
are regular intervals and select 
the better ones up the gradient

improves alignement 
with gradient

• The pseudopod that are better 
aligned with gradient have an 
increased survival (bias for survival)

N. Andrew and R. Insall. Nature Cell Biol..2: 193-200 (2007) 
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P. Maiuri, JF. Rupprecht, ..., M. Sixt, R. Voituriez  2015. Cell 161, 374–386 

—runs and tumbles: biased random walk in Eukaryotes

• Cells exhibit different persistence during motility 

• Faster cells are more persistent 

• Universal coupling between speed and 

persistence 

• This stems from feedback between polarity and 

retrograde actin flow
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We hypothesized that the choice between pseudopods could be made 
by any of three mechanisms — temporal, directional or spatial. Temporal 
comparisons, in which receptor occupancy is compared as pseudopods 
advance, should lead to fast pseudopods surviving more often. Similarly, 
in mechanisms in which the direction of pseudopods is important, pseu-
dopods oriented towards the micropipette should be favoured. Finally, 
a spatial sensing mechanism — in which choices are based on the local 
concentration of chemoattractant rather than on local rates of change 
— should depend more on the absolute position of pseudopods, rather 
than their orientation. To distinguish these mechanisms we examined 
cells with two active pseudopods and compared the properties of the 
pseudopod that went on to be retracted with the other surviving pseu-
dopod (Fig. 3B). Pseudopod speed, directionality and position all cor-
related with survival, the strongest correlation being with position. The 
pseudopod that extended fastest, measured as the peak forward speed, 
was retained over the slowest 67% of the time (Fig. 3C, a). Similarly, 
61% of the retracted pseudopods were oriented up the gradient less 
accurately than the concurrent supported pseudopod. In nearly 80% 
of cases, however, the supported pseudopod was closer to the source of 
chemoattractant than the pseudopod that was retracted concurrently 
(Fig. 3B, c). These results suggest that the retention of any particular 

pseudopod is biased in favour of the one that experiences the highest 
chemoattractant concentration, indicating that cells use spatial informa-
tion to guide chemotaxis.

Our analysis indicates that directional sensing couples to translo-
cation by maintaining or retracting existing pseudopods, rather than 
creating them. An example of how coupling at this level mediates chem-
otaxis is illustrated in Fig. 4. This shows cell traces and superimposed 
images of a typical cell reorienting itself towards a micropipette that has 
been moved, from a position low in the field to higher in the field (indi-
cated by white dots in Fig. 4b). New pseudopods are shown by coloured 
lines in the trace (Fig. 4b). Clearly, the cell does not specify the site of 

 pseudopods exclusively on the side of the cell closest to the pipette. 
Instead, the cell generates new pseudopods in seemingly random, often 
inaccurate, directions by splitting existing pseudopods. Individual deci-
sions to maintain a pseudopod seem to be biased by the gradient, and 
cumulative biased decisions bring about accurate chemotaxis (Fig. 4c 
and see Supplementary Information, Fig. S3). The black bars in the 
histogram indicate the change in angle achieved when a parent pseu-
dopod splits into daughter pseudopods. Positive values represent a 
daughter whose angle improves the alignment of the cell up the che-
moattractant gradient. When this distribution was divided according 

— Chemotaxis
breakdown, and endocytosis of cell surface- bound 
chemoattractants via scavenger/decoy receptors that 
specifically remove their ligand without initiating cell 
polarity/migration signalling (reviewed in25) . For 
example, it was established that a negative- feedback loop 
between CXCL12 and its receptor CXCR7 is required to 
maintain optimal CXCL12 concentration in the zebrafish 

26. Using a clever synthetic 
approach, where GFP is used to generate diffusible gra-
dients, it was recently shown that combining the expres-
sion of non- signalling decoy receptors with receptors 
engineered to respond to GFP allows the synthetic GFP 
gradient to generate normal growth and patterning of 
the  wing pouch27. In addition, 

self- generating gradients have recently been proposed 
as an alternative mechanism to generate chemical gradi-
ents. In this case, migrating cells would secrete enzymes 
that break down chemoattractants initially distributed 
uniformly — as observed for  
cells migrating towards folic acid28, and melanoma and 
pancreatic cells responding to lysophosphatidic acid29,30. 
Such a mechanism can theoretically give rise to steep 
gradients that work over long distances and convoluted 
migratory pathways. Accordingly, with use of artificial 
complex environments and mathematical modelling, it 
was recently shown that the breakdown of attractants 
allows  and pancreatic metastatic cell 
lines to navigate long, complex paths in a manner that 

Migration 
mode

Cue Signal generation

Chemotaxis Diffusible chemical 
released from 
cells or deposited 
extracellular vesicles

Simple diffusion

Regulated removal 
by degradation of the 
chemoattractant or decoy 
receptors

Release of extracellular 
vesicles

Dictyostelium discoideum

S. SenGupta, C. A. Parent and J. E. Bear, Nature Rev Mol. Cell Biol.  2021 
https://doi.org/10.1038/ s41580-021-00366-6 
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— Mechanical guidance: 

• Substrate stiffness gradient

• Adhesion gradient

— Durotaxis

— Haptotaxis

breakdown, and endocytosis of cell surface- bound 
chemoattractants via scavenger/decoy receptors that 
specifically remove their ligand without initiating cell 
polarity/migration signalling (reviewed in25) . For 
example, it was established that a negative- feedback loop 
between CXCL12 and its receptor CXCR7 is required to 
maintain optimal CXCL12 concentration in the zebrafish 

26. Using a clever synthetic 
approach, where GFP is used to generate diffusible gra-
dients, it was recently shown that combining the expres-
sion of non- signalling decoy receptors with receptors 
engineered to respond to GFP allows the synthetic GFP 
gradient to generate normal growth and patterning of 
the  wing pouch27. In addition, 

self- generating gradients have recently been proposed 
as an alternative mechanism to generate chemical gradi-
ents. In this case, migrating cells would secrete enzymes 
that break down chemoattractants initially distributed 
uniformly — as observed for  
cells migrating towards folic acid28, and melanoma and 
pancreatic cells responding to lysophosphatidic acid29,30. 
Such a mechanism can theoretically give rise to steep 
gradients that work over long distances and convoluted 
migratory pathways. Accordingly, with use of artificial 
complex environments and mathematical modelling, it 
was recently shown that the breakdown of attractants 
allows  and pancreatic metastatic cell 
lines to navigate long, complex paths in a manner that 

Haptotaxis Substrate- bound 
chemical cues such 
as an immobilized 
chemokine or ECM

ECM secretion and 
deposition

Binding of soluble factors 
to a substrate (mostly 
ECM)

Exposing new sites on 
the substrate through 
enzymatic action

Durotaxis Differential substrate 
compliance

Passive: creating a stiff 
substrate by crosslinking 
of ECM components or 
ECM deposition

Active: cells or tissues 
exerting a force on the 
substrate that is sensed  
by other cells

breakdown, and endocytosis of cell surface- bound 
chemoattractants via scavenger/decoy receptors that 
specifically remove their ligand without initiating cell 
polarity/migration signalling (reviewed in25) . For 
example, it was established that a negative- feedback loop 
between CXCL12 and its receptor CXCR7 is required to 
maintain optimal CXCL12 concentration in the zebrafish 

26. Using a clever synthetic 
approach, where GFP is used to generate diffusible gra-
dients, it was recently shown that combining the expres-
sion of non- signalling decoy receptors with receptors 
engineered to respond to GFP allows the synthetic GFP 
gradient to generate normal growth and patterning of 
the  wing pouch27. In addition, 

self- generating gradients have recently been proposed 
as an alternative mechanism to generate chemical gradi-
ents. In this case, migrating cells would secrete enzymes 
that break down chemoattractants initially distributed 
uniformly — as observed for  
cells migrating towards folic acid28, and melanoma and 
pancreatic cells responding to lysophosphatidic acid29,30. 
Such a mechanism can theoretically give rise to steep 
gradients that work over long distances and convoluted 
migratory pathways. Accordingly, with use of artificial 
complex environments and mathematical modelling, it 
was recently shown that the breakdown of attractants 
allows  and pancreatic metastatic cell 
lines to navigate long, complex paths in a manner that 

Migration 
mode

Cue Signal generation

Nature of guidance cues

S. SenGupta, C. A. Parent and J. E. Bear, Nature Rev Mol. Cell Biol.  2021 
https://doi.org/10.1038/ s41580-021-00366-6 
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— Mechanical guidance: 

— Barotaxis

Nature of guidance cues

• Cell migration is resisted by the 
pressure associated with fluid in front 
of a cell in a confined environment

• Guidance by hydraulic resistance 
arises from small force imbalance 
which is amplified by actomyosin 
contractility

H. Moreau et al. and Raphael Voituriez, Matthieu Piel, 
Ana-Maria Lennon-Duménil, 2019, Developmental Cell 49, 171–188 

Hélène Moreau and Ana-Maria Lennon-Duménil. 
Current Opinion in Cell Biology 2021, 72:131–136 

• Cells « read » their environment ahead of time 
and take the path of least hydraulic resistance: 
shortest path and avoidance of dead-end
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— Mechanical guidance: 

is dependent on attractant diffusibility, cell speed and 
path complexity31.

Gradients can be propagated by means other than 
simple diffusion32. For instance,  have 
long been known to be secreted in precursor forms 

that harbour motifs that bind to extracellular matrix 
(ECM) components and can be later released by 
cell- mediated proteolysis of the ECM component33. 
Similarly, it has been shown that neutrophils migrat-
ing in 3D collagen matrices activate discoidin domain 

Electric field

Topotaxis

Crosslinked ECM fibres

EV establishingEV establishing

Nanostructures

Tracks of 
aligned fibres

body with EVs

Confined tunnel

Tracks generated by 
proteolytic remodelling

fibre

MMP

Low stiffness High stiffness

Release of ECM-bound

— Topotaxis

breakdown, and endocytosis of cell surface- bound 
chemoattractants via scavenger/decoy receptors that 
specifically remove their ligand without initiating cell 
polarity/migration signalling (reviewed in25) . For 
example, it was established that a negative- feedback loop 
between CXCL12 and its receptor CXCR7 is required to 
maintain optimal CXCL12 concentration in the zebrafish 

26. Using a clever synthetic 
approach, where GFP is used to generate diffusible gra-
dients, it was recently shown that combining the expres-
sion of non- signalling decoy receptors with receptors 
engineered to respond to GFP allows the synthetic GFP 
gradient to generate normal growth and patterning of 
the  wing pouch27. In addition, 

self- generating gradients have recently been proposed 
as an alternative mechanism to generate chemical gradi-
ents. In this case, migrating cells would secrete enzymes 
that break down chemoattractants initially distributed 
uniformly — as observed for  
cells migrating towards folic acid28, and melanoma and 
pancreatic cells responding to lysophosphatidic acid29,30. 
Such a mechanism can theoretically give rise to steep 
gradients that work over long distances and convoluted 
migratory pathways. Accordingly, with use of artificial 
complex environments and mathematical modelling, it 
was recently shown that the breakdown of attractants 
allows  and pancreatic metastatic cell 
lines to navigate long, complex paths in a manner that 

Migration 
mode

Cue Signal generation

breakdown, and endocytosis of cell surface- bound 
chemoattractants via scavenger/decoy receptors that 
specifically remove their ligand without initiating cell 
polarity/migration signalling (reviewed in25) . For 
example, it was established that a negative- feedback loop 
between CXCL12 and its receptor CXCR7 is required to 
maintain optimal CXCL12 concentration in the zebrafish 

26. Using a clever synthetic 
approach, where GFP is used to generate diffusible gra-
dients, it was recently shown that combining the expres-
sion of non- signalling decoy receptors with receptors 
engineered to respond to GFP allows the synthetic GFP 
gradient to generate normal growth and patterning of 
the  wing pouch27. In addition, 

self- generating gradients have recently been proposed 
as an alternative mechanism to generate chemical gradi-
ents. In this case, migrating cells would secrete enzymes 
that break down chemoattractants initially distributed 
uniformly — as observed for  
cells migrating towards folic acid28, and melanoma and 
pancreatic cells responding to lysophosphatidic acid29,30. 
Such a mechanism can theoretically give rise to steep 
gradients that work over long distances and convoluted 
migratory pathways. Accordingly, with use of artificial 
complex environments and mathematical modelling, it 
was recently shown that the breakdown of attractants 
allows  and pancreatic metastatic cell 
lines to navigate long, complex paths in a manner that 

Topotaxis Geometric 
properties of the 
migration substrate 
irrespective of 
mechanical or 
chemical properties

Preformed tunnels 
created by other cells

Trails created by 
proteolytic ECM 
remodelling

Topological features 
created by non- lytic ECM 
deformation

1D fibrils such as bundles 
of collagen

Topology of natural tissue 
elements

Nature of guidance cues

S. SenGupta, C. A. Parent and J. E. Bear, Nature Rev Mol. Cell Biol.  2021 
https://doi.org/10.1038/ s41580-021-00366-6 
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— Galvanotaxis

breakdown, and endocytosis of cell surface- bound 
chemoattractants via scavenger/decoy receptors that 
specifically remove their ligand without initiating cell 
polarity/migration signalling (reviewed in25) . For 
example, it was established that a negative- feedback loop 
between CXCL12 and its receptor CXCR7 is required to 
maintain optimal CXCL12 concentration in the zebrafish 

26. Using a clever synthetic 
approach, where GFP is used to generate diffusible gra-
dients, it was recently shown that combining the expres-
sion of non- signalling decoy receptors with receptors 
engineered to respond to GFP allows the synthetic GFP 
gradient to generate normal growth and patterning of 
the  wing pouch27. In addition, 

self- generating gradients have recently been proposed 
as an alternative mechanism to generate chemical gradi-
ents. In this case, migrating cells would secrete enzymes 
that break down chemoattractants initially distributed 
uniformly — as observed for  
cells migrating towards folic acid28, and melanoma and 
pancreatic cells responding to lysophosphatidic acid29,30. 
Such a mechanism can theoretically give rise to steep 
gradients that work over long distances and convoluted 
migratory pathways. Accordingly, with use of artificial 
complex environments and mathematical modelling, it 
was recently shown that the breakdown of attractants 
allows  and pancreatic metastatic cell 
lines to navigate long, complex paths in a manner that 

Galvanotaxis Electric fields Ionic differences 
generated by 
transepithelial barriers 
such as in the skin, 
disrupted by wounding

breakdown, and endocytosis of cell surface- bound 
chemoattractants via scavenger/decoy receptors that 
specifically remove their ligand without initiating cell 
polarity/migration signalling (reviewed in25) . For 
example, it was established that a negative- feedback loop 
between CXCL12 and its receptor CXCR7 is required to 
maintain optimal CXCL12 concentration in the zebrafish 

26. Using a clever synthetic 
approach, where GFP is used to generate diffusible gra-
dients, it was recently shown that combining the expres-
sion of non- signalling decoy receptors with receptors 
engineered to respond to GFP allows the synthetic GFP 
gradient to generate normal growth and patterning of 
the  wing pouch27. In addition, 

self- generating gradients have recently been proposed 
as an alternative mechanism to generate chemical gradi-
ents. In this case, migrating cells would secrete enzymes 
that break down chemoattractants initially distributed 
uniformly — as observed for  
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complex environments and mathematical modelling, it 
was recently shown that the breakdown of attractants 
allows  and pancreatic metastatic cell 
lines to navigate long, complex paths in a manner that 
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magnetotactic bacteria have shown that magneto-
some biogenesis comprises four steps . First, 
the magnetosome membrane is invaginated from the 
cytoplasmic membrane, forming either vesicle-like 
permanent invaginations or detached vesicles. Second, 
either before, coincidently or following invagination, 
magneto some proteins are sorted to the magneto-
some membrane. Third, iron is transported into the 
magneto some membrane invagination or vesicle and 
mineralized as magnetite crystals. Fourth, a magneto-
some chain is assembled and positioned for segregation 
during cell division.

In this Review, we describe the factors that mediate 
each of the four stages of magnetosome formation in 
magnetotactic bacteria. Although our primary focus 
is magnetosome biogenesis in AMB and MSR, we also 
highlight the diversity of magnetosomes that have been 
observed in other species of magnetotactic bacteria. 

Furthermore, we discuss the use of genetic engineering 
to transfer the capacity for magnetosome biogenesis to 
other organisms to generate synthetic magnetic micro-
organisms, and we consider the potential biotechno-
logical applications of magnetic microorganisms and 
of magnetosomes. Finally, we address open questions of 
magnetosome biogenesis and discuss new perspectives 
and directions for future research in the field.

All four steps of magnetosome biogenesis are gov-
erned by complex machinery that has been shown 
to comprise a large number of genetic determinants. 
As yet, more than 40 different genes have been iden-
tified that encode magnetosome-associated proteins 
and/or that yield  magnetosome-related phenotypes in 

spp. when mutated (Supplementary 
information S1 (table)). Although several auxiliary, 
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non-essential functions are contributed by general met-
abolic and regulatory cellular pathways that are not spe-
cific to magnetosome biogenesis, all specific functions 
in magnetosome biogenesis are associated with a set 
of about 30  (magnetosome membrane) and  

(magnetic particle-membrane specific) genes17 20 that are 
clustered in a single chromosomal region, the genomic 
magneto some island (MAI)21,22. The MAI extends across 
about 100 kb, which is equivalent to approximately 2% 
of a typical spp. genome and shares 
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cussion. First, the remarkable precision of
size determination at resonance is on a rel-
ative basis only. It presumes that m is
fixed, and therefore any uncertainty in m
degrades the absolute precision. In trials to
determine both m and d simultaneously at
resonance, the precision of each seems lim-
ited to about 0.5 percent. This is also what
we find for nonresonant scattering. Sec-
ond, the relationship of "optical" diame-
ters determined at resonance to "physical"
diameters is not entirely clear, particularly
when relative precisions of a few ang-
stroms are considered. In polystyrene
aerosols ranging from about I to 3 Mm, di-
ameters determined by our optical method
(away from resonances) match those from
physical methods and electron microscopy
to within a few percent (7, 8).
The sensitivity of scattering to particle

parameters at resonance can be either a
useful tool or a liability. It is clearly the
latter if resonances within the range of
aerosol parameters are not recognized.
Techniques based on differential scattering
in particular may be subject to substantial
errors if one is not careful (8). On the other
hand, the availability of tunable mono-
chromatic light sources makes these reso-
nances generally accessible for many sys-
tems. Since the effects of resonance occur
for absorbing as well as nonabsorbing
particles, and since they should be seen
with cylindrical objects (10) as well as
spheres, numerous applications are pos-
sible. The phenomenon might be used to
detect extremely small changes in the di-
mensions of a scatterer due to externally
applied stress or modifications to its envi-
ronment, or to changes in its composition.
The effect might also be used as a contin-
uous monitor in the manufacturing of
wires or optical fibers requiring a precise
maintenance of the diameter or refractive
index. It is also possible that resonant scat-
tering may be a useful tool for studying
regularly shaped nonspherical particles in
biological systems.
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Few studies have unequivocally revealed
effects of the earth's magnetic field on liv-
ing organisms, although recent work in-
dicates that birds (1) and elasmobranchs
(2) detect and may use geomagnetism as a
cue for orientation. I now describe a bacte-
rial tactic response to magnetic fields, a
phenomenon for which the term magneto-
taxis is appropriate.

0 SEC

A~~~~~~A

4.SEC
... , .. 'A-

A s~~~~~~t.

I SECC Ns,f

Fig. 1. Cinematographic sequence of bacteria
displaying magnetotaxis. Portions of three se-
quential frames recorded on Kodak Tri-X re-
versal 16-mm movie film at 18 frames per sec-

ond, with a Zeiss RA 38 microscope. The im-
ages shown were photographically reversed and
enlarged. (A) Freely swimming magnetotactic
bacteria aggregated at the northern extremity of
a water drop by responding to geomagnetism.
At the time of recording, a small permanent
magnet was used to reverse the magnetic field.
The cells then migrated in the opposite direction
as recorded in frames (B) (0.5 second or 9
frames later) and (C) (recorded 1 second or 18
frames later). The arrow indicates the direction
of the earth's north geomagnetic pole (bar, 100
,Mm).

finite cylinders. Diameters can be found with pre-
cisions better than one-half percent.

11. Contribution No. 2632 from the Chemical Labora-
tories of Indiana University. Supported by the Na-
tional Science Foundation. C.S.P. appreciates the
help of E. C. Hartman in the formative stages of
this work
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During attempts to isolate Spirochaeta
plicatilis from marine marsh muds (3), I
observed microorganisms which rapidly
migrated (4) toward one side of drops of
the mud transferred to microscope slides
(Fig. 1). I presumed this to be a phototactic
response toward light from a northwest
laboratory window. It became apparent,
however, that light was not the stimulus di-
recting the migration of these organisms as
cells aggregated at the same side of mud
drops regardless of the distribution of light
on the slides, as well as in the dark. The di-
rection in which these organisms moved
immediately changed when small magnets
were moved about in the vicinity of the mi-
croscope preparations. This suggested that
geomagnetism was the stimulus for the be-
havior of the cells. It was experimentally
confirmed that the migration of the bac-
teria was, indeed, directed by the earth's
magnetic field (5).

Magnetotactic organisms were present
in surface sediments collected from salt
marshes of Cape Cod, Massachusetts, and
in surface layers of sedimentary cores col-
lected from a depth of 15 m in Buzzards
Bay. Population densities in these environ-
ments ranged from 200 to 1000 cells per
milliliter. Mud samples placed under sev-
eral centimeters of seawater in glass jars
and kept in dim light in the laboratory un-
derwent an ecological succession (3). Pop-
ulations of magnetotactic organisms in-
creased to hundreds of thousands of cells
per milliliter in many such mud samples
after several months to several years of
storage. Magnetotactic bacteria were
evenly distributed in surface layers of the
stored muds even though the jars were po-
sitioned for long periods in the same geo-
graphic orientation. Apparently factors
additional to magnetotaxis also determine
the distribution of the organisms in natural
environments, since larger populations of
magnetotactic bacteria were not detected
in the northern areas of a marsh as com-
pared to other locations in the marsh.
The organisms have not yet been iso-
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Abstract. Bacteria with motility directed by the local geomagnetic field have been ob-
served in marine sediments. These magnetotactic microorganisms possess flagella and
contain novel structured particles, rich in iron, within intracytoplasmic membrane vesi-
cles. Conceivably these particles impart to cells a magnetic moment. This could explain
the observed migration ofthese organisms infields as weak as 0.5 gauss.
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Magnetosome

Magnetosome:

marsh muds a larger type or species of
magnetotactic bacterium than that de-
scribed. This organism measures 1.2 by 3.2

Am and differs from the aforementioned in
a number of morphological details when
viewed by phase contrast microscopy. Both
types of magnetotactic bacteria contain
chains of iron-rich particles. At least five
morphologically distinct types of magneto-
tactic bacteria are recognizable in samples
collected from marshes in the vicinity of
Woods Hole. This raises the interesting
possibility that several (perhaps previously
unrecognized) species of bacteria may be
among those organisms which can be sepa-
rated from their environment by their
magnetotactic responses.

Magnetotaxis could not result from a
magnetic force tending to "pull" these bac-
teria northward since, in uniform magnetic
fields such as those used to demonstrate
cell responses to geomagnetism (5), a di-
pole would not translocate in any direction
as a consequence of magnetism; it would
merely rotate to a preferred orientation
within the magnetic field. Cells suspended
in seawater did not migrate when killed
with vapors of osmium tetroxide. Those
not stuck to glass surfaces rotated so as to
remain aligned with an applied magnetic
field when the direction of the field was
changed. Thus, cell motility is required for
magnetotaxis, and cell orientation is the
primary response to magnetism. Freely
suspended killed cells also frequently
formed chains of up to ten cells. Each
chain behaved as a single dipole in re-
sponse to changes in the position of a near-
by permanent magnet. Perhaps the iron-
rich cell inclusions serve as magnetic di-
poles which convey a magnetic moment
upon the cell, thus orienting the cells in
magnetic fields. Magnetotaxis would result
if, within each cell, a fixed spatial relation-
ship existed between the orienting mecha-
nism and cell propulsion. Studies of the be-
havior of living and dead cells in uniform
and nonuniform fields should contribute to
an understanding of the magnetotactic
mechanism. It may also be possible to de-
tect a preferred orientation of cells or their
flagella and their iron-rich inclusions in
magnetic fields. Results of survival experi-
ments indicate that these organisms are ei-
ther microaerophiles or strict anaerobes.
Because the vertical component of the
earth's magnetic field has a greater magni-
tude than the horizontal in the locations
where they have been found, magnetotaxis
might serve to direct these organisms
downward toward sediments and anaerob-
ic areas favorable to their growth.

RICHARD BLAKEMORE
Woods Hole Oceanographic Institution,
Woods Hole, Massachusetts 02543
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able with standard deviations of a single
weighing on the order of 0.03 mg, and re-

search balances in national laboratories
have standard deviations on the order of
0.005 mg. Careful attention must be given
to the manner in which the buoyant force is
accounted for if this precision is to be uti-

lized in the transfer of the mass unit from
one object to another.

In such a transfer the observed differ-
ence, as determined by the balance, is ad-
justed or corrected by the product of the
computed air density, D, at the time of the
measurement and the difference in the pre-
viously measured displacement volumes,
V, and V2, of the objects being compared.
In essence, the observed difference, Y, is
the difference between the resultant forces
acting on the two objects (the gravitational
force minus the buoyant force). To deter-
mine the gravitational force, one must add
a correction of Y for the difference D( V, -

V2) in buoyant force; that is, the value for
the mass difference, M, - M2, is given by

Ml - M2 = Y + D(V, V2)

One expects the mass difference for any
given pair of objects to be constant regard-
less of location.

379

Mass Measurement: A Study of Anomalies

Abstract. It has always been assumed that the measurement of the difference in mass
between two objects would be the same in all laboratories. Recent National Bureau of
Standards measurements involving dissimilar objects (effective density ranging from 2.7
to 16.6 grams per cubic centimeter) at a wide variety ofpressures (0.5 to 2 atmospheres)
have been made with sufficient precision to test this assumption. The results show unsus-
pected discrepancies which may approach 1 milligram in a kilogram in the assignment of
mass values when dissimilar materials are involved. These discrepancies have not been
noted in the past because precision comparisons of both like and unlike materials have
nearly always been made in a relatively restricted range ofenvironmental conditions. The
worldwide mass measurement system is therefore consistent, because similar materials
have been used in the construction of weight sets, but possibly offset with respect to the
mass unit as embodied in the platinum-iridium defining artifact.

R. Blackmore. Science 190:377-379 (1975)
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Deterministic vs Self-organised Guidance

>>Interaction between cells and environment: 

cells generate/modify their own guidance cue through such interactions 

The structure of the environment matters (eg. confinement)

How do cells navigate over long range in situ 

(development, immune system, cancer)?
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Self-organised guidance

Thomas LECUIT   2021-2022

a

1. Micro-contact printing 2. High density cell seeding 3. Cell detachment

b

x

t (h)
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b

Caco2

Conditioned substrate

Reinforcement of guidance landscape by cells: spatial memory

akin to stigmergia

d’Alessandro et al. RM Mège R. Voituriez and B. Ladoux Nature Communications 12:4118 (2021)
https://doi.org/10.1038/s41467-021-24249-8 
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• Conditioned substrate enhances cell motility

• Oscillatory migration in 1D channels
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Self-organised chemotaxis

Tweedy L, Knecht DA, Mackay GM, Insall RH (2016)  PLOS Biology | 
DOI:10.1371/journal.pbio.1002404 

• Cells produce an activity that degrades 
the chemoattractant

• A gradient of attractant is formed at 

the edge of cell cluster, that steers cells 
forward leaving behind no attractant 
where cells have random motility.

• A front wave emerges that self-propagates

• Self-reinforcing process: if a few cells go 
pass the front, they will adopt random 
motility because they can’t produce a new 
gradient of chemoattractant. If attractant 
diffuses behind the front, it will attract 
more cells
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Generation of spatially periodic patterns by a
mechanical instability: a mechanical alternative to

the Turing model

By ALBERT K. HARRIS1 , DAVID STOPAK2 AND
PATRICIA WARNER1

1
 Department of Biology, Wilson Hall (046A), University of North Carolina at

Chapel Hill, Chapel Hill, North Carolina 27514, U.S.A.
2
 Department of Biological Sciences, Stanford University, Stanford, Carolina

94305-2493, U.S.A.

SUMMARY

We have studied the generation of spatial patterns created by mechanical (rather than chemi-
cal) instabilities. When dissociated fibroblasts are suspended in a gel of reprecipitated collagen,
and the contraction of the gel as a whole is physically restrained by attachment of its margin to
a glass fibre meshwork, then the effect of the fibroblasts' traction is to break up the cell-matrix
mixture into a series of clumps or aggregations of cells and compressed matrix. These aggrega-
tions are interconnected by linear tracts of collagen fibres aligned under the tensile stress
exerted by fibroblast traction. The patterns generated by this mechanical instability vary
depending upon cell population density and other factors. Over a certain range of cell con-
centrations, this mechanical instability yields geometric patterns which resemble but are usu-
ally much less regular than the patterns which develop normally in the dermis of developing
bird skin. We propose that an equivalent mechanical instability, occurring during the embryon-
ic development of this skin, could be the cause not only of the clumping of dermal fibroblasts
to form the feather papillae, but also of the alignment of collagen fibres into the characteristic
polygonal network of fibre bundles - which interconnect these papillae and which presage the
subsequent pattern of the dermal muscles serving to control feather movements.

More generally, we suggest that this type of mechanical instability can serve the morpho-
genetic functions for which Turing's chemical instability and other reaction-diffusion systems
have been proposed. Mechanical instabilities can create physical structures directly, in one
step, in contrast to the two or more steps which would be required if positional information
first had to be specified by chemical gradients and then only secondarily implemented in
physical form. In addition, physical forces can act more quickly and at much longer range than
can diffusing chemicals and can generate a greater range of possible geometries than is possible
using gradients of scalar properties. In cases (such as chondrogenesis) where cell differentia-
tion is influenced by the local population density of cells and extracellular matrix, the physical
patterns of force and distortion within this extracellular matrix should even be able to accom-
plish the spatial control of differentiation, usually attributed to diffusible 'morphogens'.

INTRODUCTION

The development of a spatial pattern by an initially homogeneous tissue
requires some sort of autocatalytic instability; one capable of magnifying the

Spatially periodic patterns created by mechanical instability 9

J/ "I

^

:«*Fig. 4. Time sequence of pattern development. A. 24 h after plating, fibroblasts are
still evenly distributed. B. After 6 days, the formation of periodic condensations is
complete. The scale bar equals 100 fim.

attached). The net displacement is thus apparently less the result of the aggregat-
ing cells' own locomotion than it is the result of traction exerted on the collagen
meshwork by the cells already concentrated into these aggregations. The cells
appear to be pulled passively into the aggregations. Cells peripheral to these

A.K Harris, D. Stopak and P. Warner. J. Embryol exp. Morph.  1984. 80:1-20

Self-organised mechanical guidance

Thomas LECUIT   2021-2022
!60



94 G. F. OSTER, J. D. MURRAY AND A. K. HARRIS

{ rate of change in matrix density ^ r_ . , Ta , /1/Vv
n

b . . J
 y = [flux in] - [flux out] (10)

in a small volume element J
 l

By adding a term to the right-hand side of (10) we could also account for matrix
secretion by the cells. However, we shall assume for simplicity that, on the time
scale of cell movements we are interested in, matrix secretion is negligible.

Equations (7), (8) and (10) comprise a complete model for cell motion in an
elastic ECM. While the mathematical structure of the corresponding equations
derived in Appendix A appears complicated (it is), the physical interpretation
of the model is straightforward (see Fig. 4). Equation (7) is simply a balance
equation describing how local cell density changes due to cell division and the
various types of cell motion: kinesis, haptotaxis and strain guidance. Equation
(8) expresses the fact that cell tractions must be counterbalanced by the elastic
forces of the ECM. Equation (10) is a mass balance on the matrix material. We
emphasize that these equations simply embody the experimentally well-
documented properties of cell motility; we have not invented any novel or
hypothetical behaviours for cells. The mechanical equation coupling the cells to
the ECM is the simplest possible model: more complicated assumptions would
only enhance the model's pattern-forming predictions.

The parameters control the model's behaviour in dimensionless groupings

The mathematical model formulated in Appendix A contains 10 parameters,
which in principle are measurable: we list them here:

(Di(e), D2(e), a, r, T, N, E, V, & , in) (11)

cell tractions

cell aggregation
patterns

cell motion
convection
random motion
contact guidance
haptotaxis

^

guidance
cues

L

deform
ECM

J
Fig. 4. The causal chain contained in the model equations. Cell tractions, necessary
for cell motion and spreading, also deform the extracellular matrix material. These
deformations move cells attached to the matrix convectively, and produce guidance
cues which influence cell motions via contact guidance and haptotaxis. In turn, these
directional cues tend to cause cells to aggregate into patterned clusters.

J.D. Murray, G.F. Oster and A.K. Harris. J. Math. Biology  1983. 17:125-129

• Feedback mechanism between cells and the matrix: traction forces due 
to cell motility causes matrix deformation which steers cell motility

G.F. Oster, J.D. Murray,  and A.K. Harris. J. Embryol. esp. Morph.  1983. 78:83-125Thomas LECUIT   2021-2022
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this is in exact accord with the predictions of the model wherein cell tractions
align the ECM between condensation centres. The condensations spread pos-
teriorly and laterally as a 'wave'.

Consider a cross section of the presumptive feather tract along the midline -
corresponding to Fig. 5. Aggregation can be initiated at the anterior end when
any increase in cell density (by proliferation or lateral immigration) or traction
pushes the system over the bifurcation boundary. The uniform aggregation will
then become locally unstable as discussed in the previous section, and break up
into isolated condensations whose local spacing can be computed from the cell
and matrix properties (e.g. equation 13). The pattern will propagate posteriorly
and laterally along the age gradient as we discussed above.

If the ECM is isotropic then the aggregation wave will spread radially from the
initiation site (or perpendicularly to the age-contours). If, however, there is a pre-
stress in the tissue then the papillae will form faster in the direction of the tension
lines. Thus the temporal development of the model papillae can be made to imitate
the in vivo situation wherein feather primordia form first along the dorsal axis from
anterior to posterior, then secondary rows spreading laterally to form a 'chevron-
shaped' array. A full numerical simulation of the two-dimensional pattern will be
presented in a subsequent publication; here our analysis indicates that the model
can indeed generate dermal condensations in the manner illustrated in Fig. 8.

if —o#o

°:°

t I

—
®

1
•

Fig. 8. The model predicts the sequence of bifurcations shown, leading from a
uniform distribution to a columnar array, which then breaks up into isolated aggrega-
tions. Subsequent aggregations spread laterally to form a periodic array. Depending
on the anisotropic character of the substratum (e.g. prestresses), the final periodic
array can exhibit a variety of geometries ranging from hexagonal to square or
rhombic patterns.
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Shyer et al., Science 357, 811–815 (2017) 25 August 2017

• Emergence of cellular patterns during development
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1. Phenomenology across scales: diversity and convergence

2. Mechanics 

• Physical constraints

• Invariant modalities

3. Guidance

• Deterministic and 

• self-organised 
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