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Table 1. Comparison of Key Features of Focal-Adhesion-Based and Focal-Adhesion-Independent Cell Migration

Migration Mode Adhesive Non-adhesive

Protrusion type Usually lamellipodia Usually blebs

Propelling force generation Filament extension/actin flow Cortex flow

Force transmission Focal adhesion Friction, protrusion intercalations, etc.

Substrate interaction Specific Non-specific

Duration of cell-substrate interactions Longer than dwell time Shorter than dwell time

Speed-substrate interaction strength relationship Bell curve Plateau

Environment 2D surfaces and 3D environments 3D confinement

Migration speeda !0.1–1 mm/min !1–10 mm/min

Stresses exerted on substrateb !102 – 105 Pa <1Pa

Actin flow profile Mainly in lamellipodium At the cortex all along the cell body,

max velocity in cell center

Force dipole Contractile Expansile

aFor adhesive migration, Liu et al. (2015) and Maiuri et al. (2012); non-adhesive migration, Liu et al. (2015).
bFor adhesive migration, Balaban et al. (2001), Dembo andWang (1999), Galbraith and Sheetz (1997), and Legant et al. (2010); non-adhesivemigration,

Bergert et al. (2015).
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Actin retrograde flow:        v < 0.25µm/s

Summary 2D and 3D cell motility

Cell:        v ≈ 0.15µm/s                                          v < 10µm/min

v <12 µm/min ≈ 0.2 µm/s

YJ. Liu et al, Cell 160, 659–672 (2015)C. Wilson et al. Nature 465, 373–379. (2010)

Bodor et al. and E. Paluch. Developmental Cell. 52: 550-562 (2020)

F-actin
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Summary
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2D and 3D cell motility

• In 2D, the strength and duration of molecular bonds must be strong enough to counteract Brownian 
motion ( eg. catch bond for intern coupling to actin, and mechanical feedbacks)

• In 3D, confinement prolongs the contacts of weak molecular interactions and multiply them 

over the entire cell surface 

• In non-adhesive motion, friction does not interfere with cell retraction. Increasing friction does not 
lead to a plateau of migration speed, and no slowing down is expected even at high friction.
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Bergert M, et al and G. Salbreux and E. Paluch. 

Nat. Cell Biol. 17:524–29 (2015)  

• Opposite force dipole in 
adhesion and adhesion 
independent motility

• Adhesion dependent: Negative 
force dipole  of traction forces 
reflects combined effect of 
retrograde actin flow and cell 
contraction

          Contraction is used to de-adhere

• Adhesion free: 

Positive force dipole reflects   
expansion due to contraction at 
the back and frictional resistance

�4

Summary 2D and 3D cell motility



Can cells walk? — What is the gait of walking cells?
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crawl/creep

https://www.dreamstime.com/traces-snake-sand-sand-texture-sandy-beach-background-top-view-selective-focus-
traces-snake-sand-sand-image169158172

https://www.pinterest.fr/pin/171277592048798200/

walk

Land animals can:



Studying animal movement
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zoopraxography: movement of walking/running animals

Eadweard Muybridge
(1830-1904)

Physical principles of movement
swimming, walking, flying etc
Dimensional analysis



The walk of single cells: Euplotes
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Euplotes are ciliates that can swim or walk on a substrate
 

https://www.youtube.com/watch?v=i9DUz9hOsaE

Euplotes eurystomus 
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14 cirri on the ventral side
cilia form the membranellar band

Ben T. Larson, J. Garbus, J. B. Pollack, Wallace F. Marshall

bioRxiv 2021.02.26.433123; doi: https://doi.org/10.1101/2021.02.26.433123  (2021)

10µm



The walk of single cells: Euplotes
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Cirri consists of bundles of cilia
 

Basal Bodies Related System in Euplotes . 103

Fig. 3. Tangential section through the ventral surface of dividing Euplotesat stage 4-5. This section shows young transversal cirri (Tc),
located in cortical folds; at this stage, the dense material located at the proximal end of the basal bodies is still poorly developed.
Postciliary microtubules are associated with the posteriormost basal bodies of the cirri (arrows). One fronto-ventral cirrus lies
anteriorly, the postciliary microtubules of which are associated with the rightmost basal bodies. This cirrus is probably a parental one,
because of the fully developped dense material (double arrow), x 10000.

nemadesmal organization, the microtubules of the bundle
are linked together with fine strands [42,55]; they run in
the cytoplasm at a small distance under the cortex, i.e.
5 urn, and extend towards the anterior pole of the cell.

(B) Morphogenesis

The main developmental stages of the infraciliature
during division have been described using silver proteinate
procedures [45, 58]. Macronuclear DNA replication takes
place in two restricted areas, the replication bands, which
move from the extremities towards the middle of the
ribbon-like macronucleus. At the same time, the morpho-
genesis of the infraciliature begins. The parental oral
apparatus persists in the anterior product of division and a
new one is assembled for the posterior product. All of the
ventral cirri are resorbed while two new sets, one for each

cell, are assembled. The dorsal kinetal system grows by
addition of basal bodies in the equatorial zone.

The main stages of cirral and oral development have
allowed Ruffolo [45] to define division stages. Ruffolo's
nomenclature is used here and illustrated in Fig. 5 together
with additional data obtained in the course of the present
study.

B. 1. Orientation of the new basal bodies. In metazoan
cells, centriolar assembly follows one of two pathways,
defined by the relation between the new and the parental

centriole: the centriolar pathway, in which the new

centriole is assembled in close vicinity to a parental one and

the acentriolar one, in which the new centriole arises far

away from any parental structure [2,38]. These two
pathways coexist in Euplotes for the assembly of the basal

bodies and thus the orientation of new basal bodies is set
up following two distinct ways.

In the case of centriolar nucleation, basal bodies are

definitively oriented as soon as they are nucleated in such a

way that their orientation is identical to that of the parental
basal body: this is the elementary expression of cytotaxis
s.s. [47, 48]. The kinetal dorsal system of Euplotes follows
this rule [44].

On the ventral surface of Euplotes, the nucleation of
basal bodies occurs far away from any parental ones. In

this case (acentriolar nucleation), the orientation of the
new basal bodies varies depending on the region of the
cell.

In the oral anlage, which develops in a pouch just
beneath the pellicle, a field of randomly oriented basal
bodies or pairs of basal bodies is detected in Euplotes
(stage 2, Fig. 5A; see [45] for ultrastructural data); the
same process of randomly oriented basal body nucleation
is common to all hypotrichs (Paraurostyla [31]; Histricu�
Ius [6]) and to many heterotrichs (Condylastoma [5];
Stentor [3]). Pairs of basal bodies are progressively organ-

ized in rows in the anterior part of the anlagen while

nucleation still takes place in the posterior part (stages 2 to
4, Fig. 5 A to D). During development of the oral anlage,
one cirrus is assembled on the roof of the subcortical pouch
(Fig. 5, C and D): this is the so-called oral cirrus, according
to Diller [13] or paroral cirrus according to Tuffrau et al.
[56].

Cirral anlagen are detected first as rows of oriented basal
body pairs (Fig. 5A): two sets of five rows appear, one for
the anterior product of division and the other for the

posterior one. The postciliary microtubules lie on the right
side of the row, together with the kinetodesmal fiber [45];

this stage corresponds to the first round of proliferation of

basal bodies [30]. New basal bodies are assembled on the

left side of the row, this leading to the broadening of the
anlagen; this stage corresponds to the second round of

proliferation of basal bodies [30]. Two to three cirri are

then generated by the segmentation of each of these

anlagen (stages 3 and 4, Fig. 5, B and C). The dense

A. Fleury Eur. J. Protistol. 27, 99–114 (1991) 

10µm

Ben T. Larson, J. Garbus, J. B. Pollack, W. F. Marshall

bioRxiv 2021.02.26.433123; doi: https://doi.org/

10.1101/2021.02.26.433123  (2021)
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R. Phillips, J. Kondev, J. Thériot & H. Garcia. Physical Biology of the Cell (Garland Science) 2012



Euplotes within Ciliates
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Ciliates (ciliophora): 8000 species

Gao et al and Song. Eur. J. Prostistology. 261(Pt B):409-423. 

doi: 10.1016/j.ejop.2017.04.009.  (2017)

MJ. Syberg-Olsen et al PlosOne | DOI:10.1371/journal.pone.0165442 



The gaits of euplotes

Thomas LECUIT   2021-2022

Quantitative analysis

    a   b   c   d   e   f   g   h    i    j   k    l   m  n

t
1
 [0   0   0   0   0   0   0   0   0   0   0   0   0   0]
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 [1   0   1   0   0   1   0   0   0   0   0   0   0   0]
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• Walking state:
Encoded as a 14-bit binary vector
0: cirri in contact and stationary
1: not in contact and moving
No stereotypical pattern
Stochastic processes
What is the underlying structure?

• Gait state:
Reduced state space that describes 
the dynamics
Dimensionality reduction identifies 
3 components that correspond to 
partitions of cirrri activity
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32 clusters or gait states each 
characterised by an ensemble with 
similar cirral activity during walk

Reminiscent of finite state machine

Ben T. Larson, J. Garbus, J. B. Pollack, Wallace F. Marshall

bioRxiv 2021.02.26.433123; doi: https://doi.org/10.1101/2021.02.26.433123  (2021)
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The transition between gait states is necessary to account for movement

Velocity does not correlate with the 
number of active cirri
But correlates with small-moderate change 
in number of active cirri
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The gaits of Euplotes

Ben T. Larson, J. Garbus, J. B. Pollack, Wallace F. Marshall

bioRxiv 2021.02.26.433123; doi: https://doi.org/10.1101/2021.02.26.433123  (2021)



The gaits of Euplotes
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Transition dynamics between gaits show stereotypy and stochasticity
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• Restricted transitions between gaits are 
observed

• A few number of gait transitions are 
unbalanced (asymmetric) reflecting out of 
equilibrium state

    Some give rise to cycles:

• Majority of transitions are balanced

owing 2à3à17à2. W
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• The majority of cell movement occurs during 
infrequent, equilibrium-like (balanced) 
transitions. 

• Temporal irreversibility or directedness in the 
gait arises from biased, non-equilibrium-like 
(unbalanced) transitions, occurring at relatively 
high frequency from a small subset of states. 

>> Stochastic gait cycle

Ben T. Larson, J. Garbus, J. B. Pollack, Wallace F. Marshall

bioRxiv 2021.02.26.433123; doi: https://doi.org/10.1101/2021.02.26.433123  (2021)
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Mechanics of Euplotes’ gaits
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A• A fiber system connects cirri

• It was initially thought to be a rudimentary nervous 
system

• It consists instead of microtubule bundles (thick and 
thin) that mechanically couple individual cirri into a 
network

• The pattern of connectivity does not predict a simple 
covariation of activity of cirri

• However, cirri that are closer to one another and with 
fiber-cortex contacts in nearby regions of the cell tend 
to have higher mutual information 

Interconnected microtubule fibers mechanically couple cirri in gait coordination
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33 High cirral activity

• Microtubule deploymerization reduces the size of 
fibers, reduces motility

• And modifies the transition states between gaits

Ben T. Larson, J. Garbus, J. B. Pollack, Wallace F. Marshall

bioRxiv 2021.02.26.433123; doi: https://doi.org/10.1101/2021.02.26.433123  (2021)
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Working Model:

• Broken detailed balance in gait transitions gives rise to:
—A combination of stereotypy and variability in gait transitions
—Cyclic activity

• Proposed mechanism: 

— biased, actively controlled cyclic transitions serve to establish strain in fiber-cirri 

network, effectively storing stress in certain cirri.

— the spontaneous release of these cirri from the substrate, during a series of unbiased 

gait state transitions, allows the cell to move forward. 

The ensemble of unbiased transitions associated with cellular movement is consistent with 
motility not depending on the precise order in which the strained cirri are released from the 
substrate. 

—return to the cycle states then are necessary to establish this process anew by winding up 
the system for continued, proper cell movement. 

33  

2

4

3

16

17

18

26

27

28

25

Resting/start state

Substantial cell movement

Return to 3rd cycle state

1st cycle state

2nd cycle state

3rd cycle state

Return to 1st cycle state

7

1

H

Ben T. Larson, J. Garbus, J. B. Pollack, Wallace F. Marshall

bioRxiv 2021.02.26.433123; doi: https://doi.org/10.1101/2021.02.26.433123  (2021)

Walking Euplotes as a microtubule based finite state machine



Mechanical analogy
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Theo Jansen — Strandbeest (« beach animals »)
Plastic skeletons get their energy from the wind. 
based on evolution by selection of functional (moving) forms

https://www.strandbeest.com/



Walking choanoflagelates
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S. rosetta alternate between colonial and solitary state
In solitary state, they can swim, remain static or walk
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Walking bacteria
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Bacteria Use Type IV Pili to Walk
Upright and Detach from Surfaces
Maxsim L. Gibiansky,1* Jacinta C. Conrad,2* Fan Jin,1 Vernita D. Gordon,1

Dominick A. Motto,4 Margie A. Mathewson,3 Wiktor G. Stopka,3 Daria C. Zelasko,3

Joshua D. Shrout,4 Gerard C. L. Wong1,3†
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M. Gibiansky et al. Science 330:197 (2010)

J. Conrad et al, Biophysical Journal 100:1608–1616 (2011)



Swimming 
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AnimalCell

Fig. 1. Portions of multiple exposure, dark-field photomi-
crographs taken on moving film, showing ATP-reactivated
movement of demembranated spermatozoa from the sea
urchin, Lytechinuspictus (4). (A and B) Spermatozoa reacti-
vated with 80 LMMgATP and 2 mM lithium acetate; flash
rate, 120 Hz. (C) Spermatozoon reactivated with 6 ,uM
MgATP and 4 mM lithium acetate; 0.40 s between these
two images. (D) Images selected to show the extremes of
the bending cycle, separated by a half cycle (0.45 s), for a
flagellum carrying three beads attached to different doublet
microtubules; reactivated as in (C). In (D), the measured
separations of the upper bead pair were 2.25 ,m at a shear
angle of -1.75 rad and 2.13 pm at a shear angle of 1.25
rad, corresponding to sliding of -40 nni/rad. The mea-
sured separations of the lower bead pair were 3.50 ,um at
-1.78 rad and 3.23 pm at 1.24 rad, corresponding to
sliding of -90 nm/rad. Sliding between the top and
bottom bead was therefore -130 nm/rad. (A) and (B)
were taken with a 100x objective; (C) and (D) with a 40x
objective. Scale bar indicates 20 ,um in (A), (B), and (C);
10 pLm in (D).

A I

c 2.6

mE ,.o2 2
2.0

2.0

S Wm O.O
.-fe ..

Fig. 2. Examples of measure-

ments of bead separation and
shear angle (11). (A and C) Mea-
surements plotted as functions of
time (film image number at 20
images per second). (B and D)
Measurements replotted as bead
separation versus shear angle. (C)
and (D) are measurements on the
bead pair closest to the sperm

head in Fig. 1C.

amplitudes in phase with the curvature of
the flagellum, 900 out of phase with the
shear angle (Fig. 3, contraction model). Sec-
ond, bead movements resulting from length
changes accumulate through a bend, giving
maximal effects with measurements between
two beads at each end of a bend (Fig. 3,
contraction model, filled circles). As the
distance between a pair of beads diminishes,
the bead displacements also become small
(Fig. 3, contraction model, open circles).
The large movements observed with bead
pairs only 1 p.m apart can only be accounted

1594

2.
i

%.W

I

3

la

In

2.

2.

2.

1.

I I
o to 20 30 40

:ilm Image number

2.1

Ir.s

a1.7

.

m 1.3

B
.6

.4

.2 .

.0

-2.0 0.0 2.0
Shear angle (rd)

1.1L

Flim Image number

-2.0 0.0 2.0

Shear angle (rod)

for by sliding between microtubules.
These observations therefore provide di-

rect confirmation of the "central dogma" of
ciliary motility: that bending ofthe axoneme
during the beat cycle is associated with
sliding between outer doublet microtubules
rather than with contraction and elongation
of the doublets. This dogma was originally
established from electron micrographs of
cilia fixed in bent positions (1, 12), with the
assumption that the conformation of the
outer doublet microtubules is faithfully pre-

served during fixation for electron microsco-

py. Important additional support was ob-
tained from direct observations of ATP-
dependent sliding disintegration of flagellar
axonemes, after protease digestion to dis-
rupt the structures that are presumed to
limit sliding in intact axonemes and to con-
vert sliding into bending of the flagellum
(2).
The measurements of bead movements

also provide a direct, quantitative measure
ofmicrotubule sliding during active flagellar
bending. Unfortunately, the usefulness of
this measure for analyzing the generation of
bending by sliding is limited because the
doublets on which particular beads are rid-
ing are not readily identifiable. In the ab-
sence of this information, the distribution of
the movements of a large sample of beads,
assumed to attach randomly to outer dou-
blet microtubules, was examined. Data are
presented for 51 demembranated spermato-
zoa, 19 of which carried more than one
measured pair of beads, that were reactivat-
ed with low MgATP concentrations (to
obtain beat frequencies of 1 to 2 Hz and
bend angles of 2 to 3.5 rad) and photo-
graphed at 20 images per second. Because
there is little angular oscillation ofthe sperm
head at these low beat frequencies, measure-
ments of flagellar angle referred to the axis
of the sperm head are likely to be directly
proportional to sliding within the flagellum
(see below). For each measured bead pair,
the slope of the linear regression line for
bead separation versus shear angle was de-
termined (Fig. 2, B and D). This sfope
measures the bead movements in phase with
shear angle that result from interdoublet
sliding. When angular measurements are an

SCIENCE, VOL. 243

*2.0 .

20µm

Brokaw C. Science 243:1593–1596 (1989) Etienne -Jules  Marey (1830-1904)

Prof. at Collège de France (1869-1904)
Histoire naturelle des corps organisés

Sperm from Sea Urchin Squalus

cited in : Thomas Séon — Les lois d’échelle . ed. Odile Jacob. 2018

https://www.youtube.com/watch?v=yMpXCODiU-4
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Swimming at low Reynolds number

�19

•  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)

Re =
ULρ

η

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

inertia

viscosity



Bacteria swim, propelled by flagella
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AW405 
Wild type 
29.5s 
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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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'· 
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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. 
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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°). 

Howard Berg and Douglas Brown. 1972, Nature 239, 500-504 

• 6 flagella bundle when they rotate 
counterclockwise (CCW)

• Bundles rotate and propel E. coli along runs

• Runs are followed by tumbles due to CW 
rotation of flagella which are no longer bundled

Howard Berg http://www.rowland.harvard.edu/labs/bacteria/movies/ecoli.php
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J. P. ARMITAGE a n d  R. SCHMITT 
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Fig. 1. Flagellar arrangement and mechanism of swimming of (a) R. sphaeroides, (b) E. coli and (c) S. rneliioti. R. 
sphaeroides has a unidirectional motor which both changes speed and stops periodically. When the motor stops the 
flagellum relaxes to a short-wavelength, large-amplitude coil, the slow rotation of which reorients the cell. E. coli swims 
smoothly when i t s  CCW-rotating flagella come together as a bundle; periodically they switch to CW rotation and the 
bundle flies apart, the cell tumbles and reorients for the next period of smooth swimming. The direction of swimming 
also changes without stops when the speed changes (arrows). S. rneliloti has a bundle of flagella that only rotate CW. 
The speed of the individual motors can change and this causes the filaments to separate and the cell to turn (arrows); the 
flagella never stop or switch. All mechanisms result in a three-dimensional random swimming pattern. 

switch, for example the CW-rotating flagellum of C. 
crescentus switches briefly to CCW rotation to change 
its swimming direction (Gomes & Shapiro, 1984). The 
questions arise, what is the pattern of swimming 
produced by a unidirectionally rotating flagellum and 
how does this pattern change when cells are chemo- 
tactically stimulated ? 

Flagellar rotation is driven by the protonmotive force 
( A p )  across the membrane (Manson et al., 1977). If E.  
coli is examined, either free-swimming or tethered, 
under condition of saturating Ap, there is little evident 
change in the rotation rate of the flagella. On the other 
hand, S. rneliloti and R. sphaeroides can show major 
changes in the rate of flagellar rotation under conditions 
where the Ap can be considered saturating. 

R. sphaeroides has a single flagellum arising not from 
the pole, but laterally (Fig. la) .  The mechanisms 
involved in localizing the single flagellum are unknown, 
but it is always in the non-photosynthetic cytoplasmic 
membrane, whatever the growth conditions. The R. 

sphaeroides flagellum only rotates in one direction 
(Armitage & Macnab, 1987). This is usually CW but 
occasionally variants have been identified with a CCW 
flagellar motor; in neither case have the motors been 
seen to switch (Packer & Armitage, 1993). 

If anaerobically grown R. sphaeroides is tethered in a 
flow chamber and the cells subjected to increases and 
decreases in attractant concentration, no change in 
rotational behaviour is seen when the attractant con- 
centration is increased, but all the cells stop transiently 
when an attractant is removed (Packer et al., 1996). This 
suggests that rather than swimming and tumbling R. 
sphaeroides swims and stops, re-orienting during a stop, 
but the response is ‘pessimistic’ with the cells sensing 
the reduction in attractant (or its metabolic conse- 
quence), whereas E.  coli responds primarily to the 
increase in an attractant concentration. The behaviour 
of aerobically grown cells is more complex, and prob- 
ably reflects the more complex sensory pathways 
induced under these conditions. Direct observation of 

J. Armitage and R. Schmidt Microbiology. 143, 3671-3682  (1997)

Bacteria swim, propelled by flagella

Variations on the theme of flagella rotation in different bacteria

Rhodobacter sphaeroides Sinorhizobium meliloti E.coli

• single flagellum rotates in single direction

• motor stops and flagellum relaxes and coils
• CW rotation of motor/flagellum in bundle

• slow rotation causes flagella to separate

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



Bacteria swim, propelled by flagella
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• Rotation of flagellum at angular velocity     
with respect to cell body, which rotates CCW 

at velocity Ω.     >Ω

• Why does rotation of a flagellum generate 

thrust?

Howard C. Berg. Random walk in biology. Princeton Univ. press (1993)

1. Low Reynolds number: movement is 
dominated by viscosity of fluid

2. The viscous drag coefficient ƒ on a thin rod/

filament (or ellipsoid) is about twice for 
lateral movement compared to longitudinal 
movement 

≈ x2

• For each segment along flagellum: its movement at velocity v, is decomposed into normal and parallel 

velocities vp and vn. The drag forces acting on each segment Fn and Fp are such that Fn/Fp ≈ 2 vp/vn.

• Fn and Fp can be decomposed into forces normal and parallel to helical axis FΩ and Fv

• FΩ  and F’Ω  contribute to the Torque

• Fv and F’v  contribute to the Thrust



Structural organisation of Flagellar motor
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flagellum

flagellar
motor

inner
membrane

outer
membrane

flagellar
bundle

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

• Each flagellum is 25nm wide, up to 
50µm long

• Rotates at 100 Hz in E. coli, 300 Hz 
in Salmonella and up to 1700Hz in 
Vibrio

GPCR
ATP

Synthase

Motor complex

• Without the filament per se,
       >175 subunits , 6.3MDa

R. Phillips, J. Kondev, J. Thériot & H. Garcia. Physical Biology of the Cell (Garland Science) 2012

https://www.youtube.com/watch?v=cwDRZGj2nnY
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Basal body: 

• Rotational elements:
Rotor can rotate clockwise or anticlockwise

• Static elements:
Stator is anchored in inner membrane and 
peptidoglycan layer
LP ring supports rotation of rod

cap(A) FliD

FliC

FliF

FliG MotA

MotB

FliM,N FlhA,B   FliH,I,O,P,Q,R

FlgL
FlgK

hook

bushing

rotor stator

transport apparatus

drive shaft

filament

FlgE

FlgH FlgG

FlgB,C,FFlgI

L

P

MS

c c

45 nm

outer
membrane

inner
membrane

• 3 main parts: 

— basal body: reversible motor
— hook: universal joint
— flexible filament

Structural organisation of Flagellar motor

• >175 subunits , 6.3MDa

J. Tan et al. Cell 184, 2665–2679 (2021)

(B)

C-ring

MS-ring

P-ring

L-ring

• Different rings: C-ring, MS ring, L and P rings

basal 
body

hook

filament
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Successive incorporation of force-generating units 

S. Block & HC Berg Nature 309:470-472 (1984)

• a motB mutant E. coli cell does not swim and cannot 
rotate its flagella. It is rescued by lac promoter 
induced expression of motB transgene

• Cells are tethered to coverslip via a single flagellum

• Following induction (8-25 min), rotation of cells was 
rescued from <1Hz to >8Hz

• At low speed, rotation rate doubled in 
discontinuous steps. 

Rotation of Flagellar motor

S. Reid et al. And J Armitage and R. Berry PNAS. 103: 8066–8071 (2006)

• Confirmed to be at least 11 torque generating 
units using 1µm fluorescent beads attached to 
tip of flagella

• Suggests that incorporation of individual units 
contribute increment of applied torque in each 
flagellum

4 cells. Variation reflects 
difference in rotational drag

• Up to 16 steps could be inferred

• Rotation evolved in 7 steps of constant size.
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Successive incorporation of force-generating units 

S. Block & HC Berg Nature 309:470-472 (1984)

• At low Reynolds, linear proportionality 
between torque and angular velocity, with 
proportionality constant being viscous 
drag:                   , where b depends on 
cell geometry (sphere:                     )

• Estimate increments in torque associated with each 
force-generating unit:  2.7 dyn.cm = 270 pN.nm

Rotation of Flagellar motor

• Calculate number of protons passing through motor in one revolution (N):

proton motive force (162mV)
motor 
efficiency (1) 

• There are n force generating units per motor: n up to16

• For each force generating unit: M>=  270 pN.nm so               electrons per revolution m 

• So for each motor: N = 16x65 = 1040 electrons per motor revolution. 

HC Berg Nature 249:77-79 (1974)

• HC Berg gave similar estimate in 1974 based on tight coupling and zero dissipation:

(correspond to 10 pN per force generating unit at periphery of rotor (27 nm)
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Rotation of Flagellar motor

• Rescued of motB mutant with GFP-MotB 
transgene

• Track fluorescence intensity at single, 
functional flagellum (cell rotation), using 
TIRF

• Photobleaching curves indicate stepwise 
decay of fluorescence with unique step of 
around 5400 counts consistent with single 
GFP molecule.

• Fluorophore counting indicates 22 (+/-6) 
GFP-MotB molecules per motor

• This is consistent with 11 stators/motor 
and 2 MotB per stator.

• FLIP and FRAP experiments indicate dynamic exchange with 
membrane pool of 200 GFP-MotB diffusing at ,0.008 mm2 s21.

M. Leake et al R. Berrry and J. Armitage. Nature 443:355-358 (2006)

Stoechiometry of stator component MotB in motor
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Rotation is driven by energy harnessed from H+ or Na+ gradient

https://m.youtube.com/watch?v=B7PMf7bBczQ

outer
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proteins

rotor
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flagellar motor rotating
at more than 100 revolutions

per second

flagellum

proton pump

EXTRACELLULAR SPACE

CYTOPLASM

(A)

Rotation of Flagellar motor
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Mechanical adaptation of the flagellar motor

Tuning the stator stoechiometry

• Each stator unit is an ion (H+ or Na+) translocating unit anchored to the 
peptidoglycan layer and inner membrane

• It causes rotation of MS ring in rotor

• The number of stator units is tunable

A. Baker and G. O’Toole. J. Bacteriol. doi:10.1128/JB.00088-17 (2017)  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Mechanical adaptation of the flagellar motor

• Increased viscosity of the environment is associated with a switch to swarm behavior
— Long-term genetic adaptation

     swarming: multicellular movement across surface powered by rotating flagella

—Induction of flagellar genes and increase in number of flagella per cell

Flagella cover the entire cell (peritrichous flagella)
Peritrichous flagella bundle together when they rotate to increase the effective flagellar 
stiffness and make force generation more efficient in viscous liquids

Swimming

Flagellum

Flagellum

Swarming

Swimming

r
M
0
to
tr
s
t
s

—synthesis of new flagella (lateral flagella) in Vibrio parahaemolyticus: flagellar dynamometer
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Figure 1. Electron Micrographs of Wild-Type V. parahaemolyticus 

(A) Wild-type strain 8822 grown in 2216 broth. (B) Wild-type strain 

8822 grown on a 2216 agar plate. Final magnification is 11,000x. 

high microviscosity (Berg and Turner, 1979). However, 

Ficoll did not induce laf gene expression in an earlier test 

(Belas et al., 1966). After extensive dialysis to remove sub- 

stances inhibitory to growth, we found media with Ficoll 

to be as effective at inducing lef expression as solutions 

with greater macroviscosity. For example, a solution of 

16% (wh) Ficoll400 in 2216 medium (15 CP at 2PC) was 

comparable to a solution of 10% (w/v) polyvinylpyrrolidone 

(PVP-360) in 2216 medium (34 CP at 2PC) at inducing the 
bioluminescence of /ef:::/ux fusion strain RS313. Both vis- 

cous solutions were more effective at inducing laf tran- 

scription than growth on the surface of an agar medium 

(Figure 2A). The particular effectiveness of Ficoll sup- 

ports the idea. that V. parahaemolyticus senses the 

microviscosity of the environment. 
Expression of lateral flagella genes could also be in- 

duced by antibody raised to the surface of V. parahae 

molyticus. This polyclonal antibody reacted primarily with 

the sheath of the polar flagellum (as judged by colloidal 
gold staining; data not shown) and at low concentrations 

(1500) formed rosettes of a few cells and bouquets of 

many cells bound together at one pole. The cell bodies 
were often observed to rapidly rotate around the point of 

attachment, an indication of the generation of torque by 
the flagellar motor. Addition of antibody, but not preim- 

mune serum, to a growing culture of RS313 caused induc- 
tion of bioluminescence (Figure 28). The magnitude and 
timing of laf induction was similar with antibody or PVP- 
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TIME (IN MINUTES) 

Figure 2. Induction of Luminescence in a /af::lux Fusion Strain by Vis- 

cosity (A) and Antibody Agglutination (B) 

An overnight culture of strain RS313 was diluted 1:250 in 2216 broth 

and grown with aeration at 3CPC to an ODBoo of 0.05. Cultures (5 ul) 

were inoculated on agar cores, or into 100 pl of 2216 broth, or into 2216 

broth amended with viscosity-increasing agents or antisera in 

microcentrifuge tubes. Tubes were placed in the scintillation counter 

and cycled continuously to measure chemiluminescence at IO min in- 

tervals. Growth conditions in (A) were: broth (A); 10% PVP-360 (A); 

16% Ficoll (a); 9% Ficull (0); 4.5% Ficoll (0); and agar (0). In (B): 

broth (A); 10% PVP-360 (A); preimmune antiserum (I:10 dilution) (0); 

Antibody #I30 (1:lO) (0); Antibody #I30 (1:25) (m); and Antibody #I30 

(1:lOO) (0). Luminescence is reported as total light units, which is scin- 

tillation counts per minute obtained for each sample. 

360. However, a higher concentration of antibody (1:lO) 
was required for induction than for tethering of cells by 

their polar structures. Since considerable cell agglutination 
was observed at higher concentrations of antibody, effec- 

tive induction of the /af::lux fusion may require extensive 
cross-linking, which constrains the movement of the cell 
body relative to the polar flagellum. V. parahaemolyticus 

appears to sense and respond to forces that restrict its 
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L. McCarter et al. Cell 54: 345-351 (1988)

Kearns DB (2010) A field guide to bacterial swarming motility. Nat Rev Microbiol 8(9): 634–644. (2010) 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Mechanical adaptation of the flagellar motor

—Rotation of flagellum decreases in more viscous environment

—As flagellum grows (up to 50µm in E. coli) , the viscous drag increases, so rotation needs 
to adapt so rotation persists.
Moreover, adaptation ensures that the energy engaged in rotation is adjusted to the 
needs (see later)

1 cP = 10 Pa.s

HC Berg Nature 278:349-351 (1979)

• Increased viscosity of the environment changes rotation speed 

—Short-term mechanical adaptation

Q: How do cells perceive increased viscous load as they swim?
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Mechanical adaptation of the flagellar motor

• Viscous drag on flagellum is increased by 
attachment of 1µm bead to filament stub (using 
optical tweezer)

• This causes a sudden drop in rotation speed

• And is followed by a stepwise increase in CCW 
and CW rotation speed

• Torque adapts to viscous load:
— a: near zero load for a single stator element at 300Hz:  
torque is ∼10 pN.nm 

— b: at higher load, the same stator slows down instantly 
(6-8Hz) and driving torque increases to 100-200 pN.nm.
—b-c: as stator units are recruited, torque increases

• Rotation speed increases along with YFP-MotB 
recruitment to motor

Indicates that the number of stators driving the 
motor at a very low load is less than at a high load 

• Much higher viscous load when cell attached to substrate

P. Lele, B Hosu and HC Berg PNAS 110:11839-11844 (2013)

The stator is a dynamic mechanosensor
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Mechanism of motor mechanosensitivity: catch-bond model

Mechanical adaptation of the flagellar motor

• The lifetime of stator unit in motor increases when higher force is applied
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N. Wadhwa, R. Phillips and HC. Berg. PNAS. 116:11764-11769 (2019)

A. Nord et al, R. Berry and F. Pedaci. PNAS. 114:12952-12957 (2017)

• Magnetic tweezer to stall and release motor
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• Electrorotation to vary applied torque
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Mechanical adaptation of the flagellar motor

N. Wadhwa, R. Phillips and HC. Berg. PNAS. 116:11764-11769 (2019)

C

applied torque ON
lowers torque/stator

applied torque OFF

• The applied torque due to 
electrorotation lowers the load on 
motor and torque/stator (1    3)

• When applied torque is released, motor 
rotation speed is lower (4)
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repeated cycles (8s ON, 1s OFF, recording)• This reduction in rotation is enhanced  as applied 
torque increases, up to zero torque (300Hz)
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Mechanical adaptation of the flagellar motor

A. Nord et al, R. Berry and F. Pedaci. PNAS. 114:12952-12957 (2017)

N. Wadhwa, R. Phillips and HC. Berg. PNAS. 116:11764-11769 (2019)

• Model: kinetics of the torque-dependent stator assembly:  

—n stator bound to motor at time t dp(n, t)

dt
=(n +1)k

−
p(n +1, t)+ (N �n +1)k+p(n � 1, t)

�nk
−
p(n, t)� (N �n)k+p(n, t), [1]

time. k+
and N is

k
−

total
and         are on and off rates

master equation

dhni

dt
= k+(N �hni)� k

−
hni, [2]r =

hniss
N

=
1

1+
k
−

k+

,

average occupancy at steady state

by hni(t)= hniss +(n0 �hniss)e
−(k++k

−
)tsolution: ⌧ =

1

k
−
+ k+

relaxation time:

dependence

traces
which
occu-

in
this
and

Eq.

E

⌧

=
hniss

A C

B

D

• Data: steady state number of stator units increases with load, so KD decreases with load.

Only consistent with load-dependent off rate (catch-bond model)

KD
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Mechanical adaptation of the flagellar motor

 N. Wadhwa, R. Phillips and HC. Berg. PNAS. 116:11764-11769 (2019)

• Model for speed dependent on rate        to assemble a complex between stator unit and rotor (made of 26 FligG).time. k+
and N is

— contact between stator and rotor: diffusion limited ko 

probability of assembly once contact occurred:  ps  

ps  depends on contact time  tc   and assembly rate − time between 0 and
that ps =1� e−tc .

by −

probability that stator unit contacting rotor at time 0 successfully assembles at time tc is: 

Since the time of contact is inversely proportional to the rotation speed F

that ps =1� e− . Thus,
by k+ = k0(1� e−tc).

proportionality constant into
Therefore: 

tc / 1/F , we can absorb

get k+ = k0(1� e−


F ).

average occupancy 
at steady state

r =
hniss
N

=
1

1+ e�(✏b−µ−✏T)
,

• Torque dependent stator assembly

Equilibrium model: binding of stator to rotor changes its free energy by: �(✏b−µ

free energy of 
bound stator at 
zero torque 

chemical potential 
for taking stator out 
of membrane pool

Hypothesis: applied torque lowers the free energy change by:−✏T

where �= 1
kBT

temperature T .

Therefore: Or ✏T =�
1

�
log

 

1
r
� 1

1
r0

� 1

!

,where r0

: average occupancy at zero torque is 
known from experiments.  
This yields: ✏b �µ = 3.8 kBT .

electrorotation speeds

so          is calculated for different torques:−✏T

A B

yields k
−
= k0e

�(✏b−µ−✏T)(1� e−


F ).

find that

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

How the stator exerts torque on rotor

Structural insight: direct contact between MotB and C ring FligM
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Torque transmission in motor

The LP ring applies electrostatic forces to support rotation of

the rod

Tan et al., 2021, Cell 184, 2665–2679 (2021)

S. enterica 
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Run and Tumble require rotational switch

NATURE VOL. 239 OCTOBER 27 1972 

AW405 
Wild type 
29.5s 
26 runs 
Mean speed 21.2 µm/s 

50µm 

CheC491 
Nonchemotactic mutant 
7.2s 
I run 
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,,-;;~,~-
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3 
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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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Mechanism of rotational switch

Y. Chang et al and J. Liu. Nature Structural & Molecular Biology.  27:1041–1047 (2020)
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Mechanism of rotational switch

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



Motor coordination at both poles : mechanical?

Thomas LECUIT   2021-2022 Y. Chang et al and J. Liu. Nature Structural & Molecular Biology.  27:1041–1047 (2020)

• A run in spirochetes requires opposite direction of rotation of flagella at both poles

• Cells are too long for chemical coordination at poles (5-10 s for >10µm length)
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Eukaryotic cilia and flagella bending and beating

• Flagella — Sperm cell (sea Urchin)

• Cilia - swimming protists

Protist, 162, 691–709 (2011)

Pharyngomonas kirbyi

20µm

10µm

Brokaw C. 1989. Science 243:1593–1596. doi: 10.1126/science.2928796  

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

What a
re the s

izes of 
the cell

’s filam
ents? 

long is
 the ty

pical fi
lament

 and h
ow ma

ny of t
hem sp

an the
 “typic

al” 
microtubulecilium

 | 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.

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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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- 

805 

(A)
100 nm

central singlet
micr

(B)

Eukaryotic cilia and flagella bending

• Sliding model • Contraction model

Axoneme

Filaments shorten on one 
side to bend cilium 

— Bending models
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DYNEIN CAUSES 
MICROTUBULE TO BEND

(B)DYNEIN PRODUCES 
MICROTUBULE SLIDING

(A)

• Cilia bend in response to 
collective effect of Dynein 
motor activity

• Dynein induce sliding 
forces at doublets 
interfaces

Eukaryotic cilia and flagella bending

— Motor driven sliding forces bend cilia

<

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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P. Sartori et al. F. Jülicher and J. Howard. eLife 2016;5:e13258. DOI: 10.7554/eLife.13258 

• 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

• Model 1: Sliding-forces and slip 
bond behavior of Dynein, when 
forces opposed to sliding. Build up 
of tension on one side induces 
detachment on other side

• Model 2: Curvature of doublets 
(opposite signe of curvature on 
both sides of the axoneme)

• Model 3: Normal forces

Eukaryotic cilia and flagella beating

— Beating models: Mechanical Feedbacks



Ciliary synchronization

Thomas LECUIT   2021-2022

multicellular problem (next year)

Gilpin, W., Bull, M.S. & Prakash, M. The multiscale physics of cilia and flagella. 

Nat Rev Phys 2, 74–88 (2020). https://doi.org/10.1038/s42254-019-0129-0

ciliary bands produce vortices associated with motion and feeding
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Waterbury, J.B. et al. A cyanobacterium 

capable of swimming motility. Science 230, 

74-76 (1985). 

for more than 1 minute without showing
interruptions in translocation analogous
to the characteristic "tumbles" of flagel-
lated bacteria (2). As in other forms of
movement in prokaryotes, experiments
with a variety of inhibitors indicate that
swimming in Synechococcus is driven by
proton motive force (15).
The swimming strains of Synechococ-

cus did not show photokinesis or photo-
phobic responses, nor did they demon-
strate positive or negative phototaxis in
liquid or on semisolid preparations (16).
Rates of motility were similar for cells
incubated with light of different intensi-
ties or kept in the dark for up to 12 hours.
This suggests that, in the dark, motility
may be driven by oxidative metabolism
of glycogen reserves in a manner similar
to that shown for gliding in Oscillatoria
princeps (17). Lack of a photophobic
response by swimming Synechococcus is
indicated because they did not accumu-
late in a light trap experiment and they
did not reverse direction or alter their
swimming pattern in response to a rapid
reduction in light intensity (1).
The most striking feature of these

strains is the apparent absence of flagella
or any other organelle that might be
associated with motility. Transmission
electron microscopy of negatively
stained preparations did not reveal fla-
gella, whereas flagella were routinely
observed in control bacteria examined
by this technique (18). Examination of
thin sections by TEM did not reveal
flagella or unusual features in the outer
cell envelope or the periplasmic space
(Fig. IB) (19). Preliminary examination
by high-intensity dark-field light micros-
copy, a technique that allows visualiza-
tion of individual bacterial flagella (20),
also did not reveal flagella.

Shearing experiments provided further
evidence that the swimming strains of
Synechococcus lack conventional bacte-
rial flagella. Brief periods of blending are
sufficient to shear flagella from bacterial
cells without affecting cell viability (21).
We conducted shearing experiments
with the motile strains of Synechococcus
grown in basal medium (9) with 8.75 mM
sodium nitrate. Control bacteria, Esche-
richia coli H102 and Vibrio parahaemo-
lyticus, which have unsheathed peritri-
chous and sheathed polar flagella, re-
spectively, lost motility after 10 to 15
seconds of shearing; whereas swimming
in Synechococcus was not impaired even
after 15 minutes of continuous blending
(22).

Several properties of Synechococcus
indicate that the ecological advantage of
motility is not associated with responses
to light. First, the motile cells lack classi-
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Table 1. Isolation data and DNA base composition of swimming strains of Synechococcus.

Isolation data DNA base ratio
Strain (o QLocation Date Depth (mol % GC)*

Axenic
WH8011 340N, 65°W June 1980 25 m 59.3
WH8103 280N, 67°W March 1981 Surface 58.9
WH8112 360N, 66°W October 1981 20 m 59.8
WH8113 360N, 66°W October 1981 60 m 60.5

Nonaxenic
WH8401 390S, 49°W March 1984 10 m NDt
WH8406 300N, 77°W December 1984 50 m ND

*Moles of quanine plus cytosine per 100 mol of DNA. tND, not determined.

cal photokinetic and photophobic behav-
ior. Second, a cell swimming constantly
in a straight line at 25 iLm/sec could
cover only 2 m in 24 hours, a distance of
almost no consequence with respect to
light quantity or quality in the open
ocean. Finally, because of their size,
Synechococcus cells behave like colloi-
dal particles in seawater, which results in
their movement being dominated by the
physical mixing processes in the water
column. It seems more likely that motil-
ity enables these cyanobacteria to re-
spond chemotactically to nutrient-en-
riched micropatches or microaggregates,
which are currently believed to be im-
portant to nutrient cycling in the eupho-
tic zone (23).
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Fig. 2. Tracings of swimming Synechococcus
at 1/6-second intervals, illustrating patterns
and speed of movement. Sealed wet mounts
of cell suspensions were recorded by phase-
contrast video microscopy. (A and B) Strain
WH8103. (C and D) Strain WH8113. Filled
traings show the path of a cell where it
crosses previous tracings. Average speed be-
tween arrows: (B) 13.3 ,u.m/sec and (D) 15.5
iam/sec.

The existence of swimming cyanobac-
teria will be particularly fascinating if
future studies confirm that the swimming
strains lack flagella or other external
organelles. It is difficult to imagine how a
cell the size and shape of Synechococcus
could be driven through a liquid medium
at 25 ,um/sec by any other known mecha-
nism.
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A Cyanobacterium Capable of Swimming Motility

Abstract. A novel cyanobacterium capable of swimming motility was isolated in
pure culture from several locations in the Atlantic Ocean. It is a small unicellular
form, assignable to the genus Synechococcus, that is capable ofswimming through
liquids at speeds of25 micrometers per second. Light microscopy revealed that the
motile cells display many features characteristic of bacterial flagellar motility.
However, electron microscopy failed to reveal flagella and shearing did not arrest
motility, indicating that the cyanobacterium may be propelled by a novel mecha-
nism.

JoHN B. WATERBURY
JOANNE M. WILLEY
DIANA G. FRANKs
FREDERICA W. VALOIS
STANLEY W. WATSON
Department of Biology,
Woods Hole Oceanographic Institution,
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The cyanobacteria (blue-green algae)
are morphologically and developmental-
ly one of the most diverse groups of
prokaryotes, ranging from simple unicel-
lular forms to complex filamentous orga-

nisms, many of which display gliding
motility during all or part of their devel-
opmental cycles. Gliding motility is ex-

pressed only when cells are in contact
with a solid surface, and may reach
speeds of several micrometers per sec-

ond in some of the larger filamentous
forms (1). The mechanism responsible
for gliding motility remains one of the
major unsolved problems in prokaryotic
cell biology. Notably, visible external
organelles have not been associated with
this form of movement (1). In contrast,
"6swimming" (movement through a ho-
mogeneous liquid medium) generated by
flagella is widespread among other
groups of prokaryotes (2).
We report here the isolation and char-

acterization of a cyanobacterium capable
of swimming motility. To our knowl-
edge, this is the first substantiated report
of swimming motility in cyanobacteria
(3). The swimming strains appear to lack
bacterial flagella or other visible external
organelles of motility, even though their
swimming behavior has many of the fea-
tures of flagellar motility when examined
by light microscopy.
The swimming strains are marine uni-

cellular forms belonging to the genus

Synechococcus sensu Rippka (4). Mem-
bers of this genus have been described
that are capable of surface-associated
irregular gliding at speeds of a few micro-
meters per minute (1, 5). This property is
rare, occurring in only 1 of 28 strains of
Synechococcus in the Pasteur Institute
culture collection (PCC 6910) (6). Repre-
sentatives of the genus occur at high
concentrations (7) and contribute signifi-
cantly to primary biomass production (8)
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in the world's temperate and tropical
oceans. As part of a study to determine
the role of these cyanobacteria in the
marine environment, we have isolated
more than 40 closely related strains of
marine Synechococcus.

Six strains of Synechococcus capable
of swimming motility have been isolated
(9), five from the Sargasso Sea and one

from the temperate south Atlantic Ocean
(Table 1). The swimming strains of Syne-
chococcus are morphologically and
physiologically similar to the many open-

ocean nonmotile isolates in the Woods
Hole culture collection. The swimming
strains have coccoid to rod-shaped cells
0.7 to 0.9 ,um in diameter and 1.25 to 2.5
Lm in length (Fig. 1A) that divide by
binary fission in a single plane. They
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Fig. 1. (A) Phase-contrast photomicrograph of
Synechococcus strain WH801 1. (B) Transmis-
sion electron micrograph of a thin section of
Synechococcus strain WH8112.

have a typical synechococcoid ultra-
structure (Fig. IB) that is indistinguish-
able in thin sections from that of the
nonmotile marine isolates of Synecho-
coccus. The marine isolates of Synecho-
coccus, like all other cyanobacteria, con-
tain chlorophyll a as their primary photo-
synthetic pigment and phycobiliproteins
as accessory light-harvesting pigments.
The motile strains contain phycoerythrin
as their predominant phycobiliprotein, a
feature that characterizes all the open-
ocean isolates of Synechococcus (10).
The swimming strains share three eco-

logically important physiological traits
with all the open-ocean strains of Syne-
chococcus so far examined. They are
obligately marine, as evidenced by ele-
vated requirements for Na+, Cl-, Mg2+,
and Ca2+ for growth (11). They are obli-
gate photoautotrophs that cannot use
sugars or organic acids as sole carbon
sources either photoheterotrophically or
chemoheterotrophically (12). They can-
not fix nitrogen in the presence of air,
nor can nitrogenase be induced under
anaerobic conditions (13).
The DNA base ratios of the four axe-

nic swimming strains (Table 1) form a
tight cluster in the middle of the range for
the entire open-ocean strain cluster, 54
to 62 moles percent guanine plus cyto-
sine (14).
Swimming cells in liquid cultures ex-

amined during exponential growth by
phase contrast or epifluorescence light
microscopy had the following properties.
More than half of the cells were actively
motile, and moved through the medium
without touching any surface. Long rod-
shaped cells swam in relatively straight
paths, whereas more coccoid cells
looped and spiraled about, indicating
that cell morphology affects directional-
ity (Fig. 2). Individual cells sometimes
rotate end over end at 3 to 5 revolutions
per second. Occasionally cells attached
themselves to the slide or cover slip and
pivoted about one pole clockwise or
counterclockwise at 0.5 to 1 revolution
per second. Attached cells were never
observed to glide along a surface.
Swimming speed, measured from vid-

eo tracings of individual cells at 1/6-
second intervals, ranged from 5 to 25
,um/sec. The variation in speed was asso-
ciated with the age and condition of
individual cultures and not with varia-
tions in light intensity. Translocation
was accompanied by cell rotation, as
demonstrated by swimming cells in the
process of division in which the two
daughter cells were attached at an angle;
thus both thrust and torque contributed
to their movement. Swimming cells of
Synechococcus could often be observed
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Synechococcus swims at 25µm/s
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Model: Surface traveling wave (oscillations)

Proc. Natl. Acad. Sci. USA 93 (1996) 8341

FIG. 1. It is possible to swim at low Reynolds number using traveling tangential waves. Here we depict a traveling tangential wave with wavelength
about one-third of body length. The dark areas represent regions of contraction that drift to the left (short arrows). The intervening light areas
are regions of expansion. Local regions of the outer cell membrane simply expand or contract: there is no net flow of membrane mass. The cell
swims to the left (long arrow).

respectively, and v is the kinematic viscosity (the viscosity of
the fluid divided by its specific gravity). If Re is much less than
1, then Stokes equations can be used with confidence. If for U
and L we use the swimming speed and diameter of Synecho-
coccus, we get Re _10-5. If instead we use the wavespeed and
wavelength discussed in the introduction, Re _10-4. So Stokes
equations are a valid approximation of the fluid mechanics.
The cell membrane is assumed impermeable to the fluid, which
means that the boundary conditions are no-slip: the fluid
velocity at a point of the membrane matches the velocity of that
material point. Most of what we need from this Stokesian fluid
mechanics has already been worked out by Lighthill (4), Blake
(5), Brennen (6), Childress (8), Shapere and Wilczek (7), and
others. As noted earlier, their motivation was to understand
the swimming of ciliated swimmers, using the so-called enve-
lope model in which the cilia tips are approximated by a
smooth undulating surface.
The Stokes equations are partial differential equations for

the fluid velocity of the fluid outside of the cell, given the
instantaneous deformation of the cell membrane. From the
analytic point of view, the most important thing about these
equations are that they are linear and of the "elliptic" type, like
the Laplacian. Not all instantaneous deformations are possi-
ble. Only those deformations for which the net force and
torque on the cell are zero are physically allowable. These last
conditions together with Stokes equations determine the ve-
locity of the organism, given a particular swimming stroke (for
details, see refs. 4-12).
Our basic problem is to estimate the swimming velocity of

an organism whose swimming stroke consists of a small-
amplitude time-periodic deformation of its surface: a traveling
wave on the cell membrane. We will suppose for simplicity that
this deformation can be expressed in the form:

xl-x + a[cos(wt)vP(!) + sin(wt)v2(&i)].

=1 2aV= -aaCF(v1, v2) [3]

plus terms higher order in a2. The key to understanding
small-amplitude swimming is to understand the object F(V1, v2).
It is a vector-valued functional with units of inverse length. A
functional is a function of functions, which is to say, a function
with inputs being functions and outputs being numbers. Our F
is slightly more general. Its inputs are pairs of vector fields v1
= v,(x) and v2 = v2(1) (not just functions) defined along the cell
surface. Its output F(v1, v2) is a fixed vector representing
swimming direction. It depends parametrically on the back-
ground shape of the cell surface, which here we take to be a
sphere. In addition, our F satisfies the algebraic properties of
skew-symmetry F(v1, v2) = -F(v2, v1) and bilinearity F(v1 +
CV3, V2) = F(v1, v2) + cF(v3, V2), for any constant scalar c. These
properties are closely related to the linearity of the Stokes
equations and to the "scallop theorem" (8, 9). This theorem
asserts that if the material points of the membrane retrace their
path during the swimming stroke, then the net velocity is zero.
[In terms of our F, this becomes the assertion that if v2 = 0 or
more generally that if v1 = (const.)v2, then F(v1, V2) = 0.]
Computing F(v1, v2) involves solving the Stokes equations for
various deformations of the surface S.
The swimming model that we use was also used by Blake (5),

Brennen (6), and others. In this model, the organism is a
sphere of radius R that propels itself by oscillating its outer
membrane in an axially symmetric manner. We will use
spherical coordinates rm, 0m, and ),,, for the position of a
material point on the deformed sphere, with Om being the
azimuthal angle measured from the north pole. The surface
waves are then described by deformations of the form:

rm = rm(O, t) = R(1 +f(0, t)),

Om = Om(O t) = 0 + g(0, t),[2]

Here x denotes a point of the surface, a is a measure of the
wave amplitude, assumed to be small, t is time, and vi1() and
v2(x) are vector fields along (not necessarily tangent to) the cell
membrane. These vector fields represent two independent
deformations of the membrane. It can then be shown (7, 12)
that the average swimming velocity Vof the organism over one
period is of the form

[4]

[5]

and

4)( = 4), [6]

where (0, 4) are the coordinates of a material point on the
undeformed sphere, and where the deformations f, g are
periodic in t with a fixed period T. The particular tangential
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FIG. 2. How a longitudinal wave traveling on the surface of a cell affects the adjacent fluid. The arrows depict the fluid velocity profile at a
frozen time t; the wave is moving to the left. Imagine a water molecule starting where indicated (0). We will describe its trajectory as the wave
passes. It is initially being pushed to the right. As the region of contraction C approaches it is pushed up and to the right. As C passes, it is pushed
up and to the left. Between the region of contraction C and the region of expansion E, it is pushed to the left. As E approaches, it is pushed down
and to the left. Once E passes, it is pushed down and to the right, and between E and the next C it is pushed to the right. Notice that the water
molecule is closer to the membrane while being pushed to the right. Because the velocity profile rapidly decays away from the membrane, the
molecule is pushed farther to the right than to the left. Therefore, an organism that can move its outer membrane in this manner swims in the
same direction as the wave.

Biophysics: Ehlers et al.

Ehlers, K.M., Samuel, A.D.T., Berg, H.C. and Montgomery, R. 

Do cyanobacteria swim using traveling surface waves? 

Proc. Natl. Acad. Sci. USA 93, 8340-8343 (1996). 

Small amplitude, high frequency waves: Swimming speeds of order 25 µm/s are 

expected for a spherical cell propagating longitudinal waves of 0.2 µm length, 
0.02 µm amplitude, and 160 µm/s speed 

Proc. Natl. Acad. Sci. USA 93 (1996) 8341

FIG. 1. It is possible to swim at low Reynolds number using traveling tangential waves. Here we depict a traveling tangential wave with wavelength
about one-third of body length. The dark areas represent regions of contraction that drift to the left (short arrows). The intervening light areas
are regions of expansion. Local regions of the outer cell membrane simply expand or contract: there is no net flow of membrane mass. The cell
swims to the left (long arrow).

respectively, and v is the kinematic viscosity (the viscosity of
the fluid divided by its specific gravity). If Re is much less than
1, then Stokes equations can be used with confidence. If for U
and L we use the swimming speed and diameter of Synecho-
coccus, we get Re _10-5. If instead we use the wavespeed and
wavelength discussed in the introduction, Re _10-4. So Stokes
equations are a valid approximation of the fluid mechanics.
The cell membrane is assumed impermeable to the fluid, which
means that the boundary conditions are no-slip: the fluid
velocity at a point of the membrane matches the velocity of that
material point. Most of what we need from this Stokesian fluid
mechanics has already been worked out by Lighthill (4), Blake
(5), Brennen (6), Childress (8), Shapere and Wilczek (7), and
others. As noted earlier, their motivation was to understand
the swimming of ciliated swimmers, using the so-called enve-
lope model in which the cilia tips are approximated by a
smooth undulating surface.
The Stokes equations are partial differential equations for

the fluid velocity of the fluid outside of the cell, given the
instantaneous deformation of the cell membrane. From the
analytic point of view, the most important thing about these
equations are that they are linear and of the "elliptic" type, like
the Laplacian. Not all instantaneous deformations are possi-
ble. Only those deformations for which the net force and
torque on the cell are zero are physically allowable. These last
conditions together with Stokes equations determine the ve-
locity of the organism, given a particular swimming stroke (for
details, see refs. 4-12).
Our basic problem is to estimate the swimming velocity of

an organism whose swimming stroke consists of a small-
amplitude time-periodic deformation of its surface: a traveling
wave on the cell membrane. We will suppose for simplicity that
this deformation can be expressed in the form:

xl-x + a[cos(wt)vP(!) + sin(wt)v2(&i)].

=1 2aV= -aaCF(v1, v2) [3]

plus terms higher order in a2. The key to understanding
small-amplitude swimming is to understand the object F(V1, v2).
It is a vector-valued functional with units of inverse length. A
functional is a function of functions, which is to say, a function
with inputs being functions and outputs being numbers. Our F
is slightly more general. Its inputs are pairs of vector fields v1
= v,(x) and v2 = v2(1) (not just functions) defined along the cell
surface. Its output F(v1, v2) is a fixed vector representing
swimming direction. It depends parametrically on the back-
ground shape of the cell surface, which here we take to be a
sphere. In addition, our F satisfies the algebraic properties of
skew-symmetry F(v1, v2) = -F(v2, v1) and bilinearity F(v1 +
CV3, V2) = F(v1, v2) + cF(v3, V2), for any constant scalar c. These
properties are closely related to the linearity of the Stokes
equations and to the "scallop theorem" (8, 9). This theorem
asserts that if the material points of the membrane retrace their
path during the swimming stroke, then the net velocity is zero.
[In terms of our F, this becomes the assertion that if v2 = 0 or
more generally that if v1 = (const.)v2, then F(v1, V2) = 0.]
Computing F(v1, v2) involves solving the Stokes equations for
various deformations of the surface S.
The swimming model that we use was also used by Blake (5),

Brennen (6), and others. In this model, the organism is a
sphere of radius R that propels itself by oscillating its outer
membrane in an axially symmetric manner. We will use
spherical coordinates rm, 0m, and ),,, for the position of a
material point on the deformed sphere, with Om being the
azimuthal angle measured from the north pole. The surface
waves are then described by deformations of the form:

rm = rm(O, t) = R(1 +f(0, t)),

Om = Om(O t) = 0 + g(0, t),[2]

Here x denotes a point of the surface, a is a measure of the
wave amplitude, assumed to be small, t is time, and vi1() and
v2(x) are vector fields along (not necessarily tangent to) the cell
membrane. These vector fields represent two independent
deformations of the membrane. It can then be shown (7, 12)
that the average swimming velocity Vof the organism over one
period is of the form

[4]

[5]

and

4)( = 4), [6]

where (0, 4) are the coordinates of a material point on the
undeformed sphere, and where the deformations f, g are
periodic in t with a fixed period T. The particular tangential

-40-I -0

C E C

FIG. 2. How a longitudinal wave traveling on the surface of a cell affects the adjacent fluid. The arrows depict the fluid velocity profile at a
frozen time t; the wave is moving to the left. Imagine a water molecule starting where indicated (0). We will describe its trajectory as the wave
passes. It is initially being pushed to the right. As the region of contraction C approaches it is pushed up and to the right. As C passes, it is pushed
up and to the left. Between the region of contraction C and the region of expansion E, it is pushed to the left. As E approaches, it is pushed down
and to the left. Once E passes, it is pushed down and to the right, and between E and the next C it is pushed to the right. Notice that the water
molecule is closer to the membrane while being pushed to the right. Because the velocity profile rapidly decays away from the membrane, the
molecule is pushed farther to the right than to the left. Therefore, an organism that can move its outer membrane in this manner swims in the
same direction as the wave.

Biophysics: Ehlers et al.

contraction expansion

water molecule.

• water molecules are moved away (up) and closer (down) to the cell surface as the contraction waves pass

• the molecules are pushed farther to the right than to the left because the velocity decays away from surface

• the cell moves in same direction as the wave
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Synechococcus

100nm
CMi: inner cell membrane
S: surface layer

50nm

Cristalline 
arrangement of 
spicules

Spicules cover the 
entire surface

Model: an unidentified motor 
embedded in the cell membrane 
utilizes the spicules as oars to 
generate a traveling wave external to 
the surface layer

Samuel, A.D.T., Petersen, J.D. and Reese, T.S. BMC Microbiology 2001 1: 4 

freeze-fracture EM

Model: Surface traveling wave (oscillations)
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Model: Surface traveling wave (helicoidal track)

Ehlers K, Oster G. PLoS ONE 7(5): e36081. doi:10.1371/journal.pone.0036081 (2012)

• Cargo causes local deformation of surface layer and forms 
surface ridges.

• Synechococcus utilizes a continuous loop helical rotor

—Rotating helix model: motors anchored to the 
peptidoglycan layer drive rotation of the rotor 
creating helical waves along the cell surface

—Traveling cargo model: motor cargos move along 
the helical track creating deformations along the cell 
surface 

• Motor drives helicoidal wave of surface indentation

• Surface travelling wave drives cell movement



Thomas LECUIT   2021-2022 Ehlers K, Oster G. PLoS ONE 7(5): e36081. doi:10.1371/journal.pone.0036081 (2012)

• The surface layer presents tilted spicules 

• The surface layer amplifies the distorsions 
induced by the cargo

• The intrinsic asymmetry of the S layer causes an 
asymmetry in the surface deformation

• and asymmetric fluid flow

—when cargo moves against tilt, this causes large 
transverse deformations and fluid flow in the 
direction of the wave

—when cargo moves in direction of tilt, this causes 
local expansion of the membrane and fluid flow in 
opposite direction of wave

—therefore, CW and CCW rotation of cargo causes 
fluid flow in the same direction, and the cell moves in 
the opposite direction of flow

• This in turn causes the unidirectionality of cell 
movement

Model: Surface traveling wave (helicoidal track)

How can a cyanobacteria swim without flagella?
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