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Biophysics of swimming cells 
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• Low-Re very quick recap 
• Bacterial flagella 
• Run-and-tumble

• Eukaryotic flagella 
• Flagellar synchrony 
• Flagellar growth

The Plan:



Microorganisms swim for a variety of different reasons….

For example?

..however..



…in order to understand swimming…..

…we need to describe fluid flows

u(x, t) p(x, t)

fluid velocity fluid pressure

flow field

Linked through Navier-Stokes equations

viscosity
density

�rp+ µr2u = ⇢

✓
@u

@t
+ u ·ru

◆
Density conservation

r · u = 0
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Momentum conservation



The Reynolds number

�rp+ µr2u = ⇢

✓
@u

@t
+ u ·ru

◆
(Navier-Stokes equations)

Q: How important is viscosity vs inertia?

Need typical values: U typical velocity

L typical length

viscous term inertial term

µ
U

L2 ⇢
U2

L

Re =
inertia

viscosity
=

✓
⇢
U2

L

◆✓
L2

µU

◆
= ⇢

UL

µ

Reynolds number



Your turn!Inertia winsRe� 1

Re ⇠ 106 (1.000.000)

Re ⇠ 103 (1.000)

Re ⇠ 10�2 (0.01)

Re ⇠ 10�5 (0.00001)

Re ⌧ 1 Viscosity wins

Reynolds number: relative importance of viscous and inertial forces

Fluid will stop earlier ↔ Change in Re

Increasing viscosity
Fluid rotates 
due to inertia

Swimming person

stirred coffee cup

ciliate

bacterium

U
L

⇢ = 103 Kg/m3

µ = 10�3 Pa s

typical velocity
typical length

water density

water viscosity

Re =
inertia

viscosity
= ⇢

UL

µ



two consequences

Cells live in a low Reynolds number world: 
dominated by viscosity!

�rp+ µr2u ' 0

(�rp+ µr2u+ f ' 0)

Stokes Equation

(Stokes Equation with external force)



Velocity is (effectively) proportional to Force

F
v

�sphere = 6⇡µa a= radius of sphere

F = �v

force velocity

� drag coefficient

⌧ =
mass

drag coe�cient
=

m

�

Actually…. finite time to reach terminal velocity 
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0.25
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0.75

1

v(t) = vtrmnl(1� e�t/⌧ )

Your turn: estimate the characteristic time 𝜏 for 
a bacterium and compare it to typical motility 

timescales (>1ms) 

⌧ ' 10�7 s ⌧ 10�3 s



glycerin

Completely reversible!

Time reversibility at low Reynolds number



symmetric under 
time reversal

The “scallop theorem” 
(Edward Purcell, 1977)

…mathematically:

�rp+ µr2u = 0Navier-Stokes equations Stokes equations

No explicit temporal dependence
Re ' 0



Actually real scallops don’t care….



⇠ µm ⇠ 10µm ⇠ 100µm

choanoflagellates

Prokaryotes
spermatozoa

eukaryotic microalgae

protists

Brennen and Winet (1977)

kinglab.berkeley.edu stanford.edu/group/Urchin

Prokaryotes and Eukaryotes:  
two solutions to the swimming problem

E. coli

V. cholerae

H. pilori

average width 
human hair

Eukaryotes



100 µm

E. coli 

Turner, Ryu and Berg J. Bacteriol. 182, 2793 (2000)

10 µm

Bacterial motility



…driven at the base  
by a rotary motor

Protonic NanoMachine Group, Osaka Univ.

v ⇠ 30µm/s

⌫rot ⇠ 100Hz

Helical filament(s)…

Di Leonardo et al. PRL (2011)

` ⇠ 10µm/s

� ⇠ 1� 2µm

d ⇠ 0.2µm

thickness ⇠ 15 nm



ADVANCES IN PHYSICS: X 325

Figure 1. Rotation of a bacterium’s flagellum is driven by a rotary motor attached to its base by a
flexible hook.
Notes: The rings of the flagellar motor’s basal body are called the rotor. FliG proteins are placed around the
periphery of the rotor’s C-ring. These interact with the loops of the stator-units to generate torque and rotate the
flagellum. Each stator unit is composed of MotA and MotB proteins, the latter of which attaches the stator to the
peptidoglycan layer, allowing for torque generation via the MotA–FliG interaction. A motor maintains up to 11
engaged stator units, depending on the load.

Rotary motors, despite their ubiquity in man-made machinery, are rarely
found in the natural world. Only flagellated bacteria are known to incorporate
such machinery in their locomotive strategy, making use of the rotary bacterial
flagellar motor (BFM) to spin long flagellar filaments that sprout from the cell
body (Figure 1). In this review, we provide an overview of the theoretical and
experimental steps researchers have taken towards understanding one of the
most powerful and efficient machines in existence.

The basal body of the BFM spans the cellular envelope and is comprised of
several transmembrane rings that connect to the bacterium’s flagellar filament
by a flexible hook. These rings are approximately 45 nm in diameter, containing
approximately 25 different proteins. Motor rotation is known to occur via an
interaction between one ormoremembrane-embedded torque-generating stator
units and spoke-like proteins along the periphery of the rotor ring.

Flagellar structure I: hook and basal body

Mandadapu et al. PNAS (2015) Wikipedia

1) Cuts across the membranes surrounding the cell: cytoplasmic membrane and the 
cell wall (plus outer membrane for gram negative bacteria)

interior

exterior

2) Cytoplasmic membrane contains stator units (4 MotA and 2 MotB per unit) 
3) Stator: ring of up to 11 units (depending on load; more later).  
4) Stator units: connected to the cell wall  
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Figure 1. Rotation of a bacterium’s flagellum is driven by a rotary motor attached to its base by a
flexible hook.
Notes: The rings of the flagellar motor’s basal body are called the rotor. FliG proteins are placed around the
periphery of the rotor’s C-ring. These interact with the loops of the stator-units to generate torque and rotate the
flagellum. Each stator unit is composed of MotA and MotB proteins, the latter of which attaches the stator to the
peptidoglycan layer, allowing for torque generation via the MotA–FliG interaction. A motor maintains up to 11
engaged stator units, depending on the load.

Rotary motors, despite their ubiquity in man-made machinery, are rarely
found in the natural world. Only flagellated bacteria are known to incorporate
such machinery in their locomotive strategy, making use of the rotary bacterial
flagellar motor (BFM) to spin long flagellar filaments that sprout from the cell
body (Figure 1). In this review, we provide an overview of the theoretical and
experimental steps researchers have taken towards understanding one of the
most powerful and efficient machines in existence.

The basal body of the BFM spans the cellular envelope and is comprised of
several transmembrane rings that connect to the bacterium’s flagellar filament
by a flexible hook. These rings are approximately 45 nm in diameter, containing
approximately 25 different proteins. Motor rotation is known to occur via an
interaction between one ormoremembrane-embedded torque-generating stator
units and spoke-like proteins along the periphery of the rotor ring.

Flagellar structure I: hook and basal body

7) Flexible hook outside: allows formation of bundles of flagella; connects to the 
flagellum proper through a junction (HAP1; HAP3)

Wikipedia

55 nm

5) Basal body unit. Templated by the MS-ring; contains: outer membrane L-ring; cell-wall 
P-ring; a rod spanning the periplasmic space. (variant of type III injection system)

6) Rotor and switch unit (C-ring and FliG proteins; 26-fold symmetry)

Mandadapu et al. PNAS (2015)



Powering flagellar rotation
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Figure 1. Rotation of a bacterium’s flagellum is driven by a rotary motor attached to its base by a
flexible hook.
Notes: The rings of the flagellar motor’s basal body are called the rotor. FliG proteins are placed around the
periphery of the rotor’s C-ring. These interact with the loops of the stator-units to generate torque and rotate the
flagellum. Each stator unit is composed of MotA and MotB proteins, the latter of which attaches the stator to the
peptidoglycan layer, allowing for torque generation via the MotA–FliG interaction. A motor maintains up to 11
engaged stator units, depending on the load.

Rotary motors, despite their ubiquity in man-made machinery, are rarely
found in the natural world. Only flagellated bacteria are known to incorporate
such machinery in their locomotive strategy, making use of the rotary bacterial
flagellar motor (BFM) to spin long flagellar filaments that sprout from the cell
body (Figure 1). In this review, we provide an overview of the theoretical and
experimental steps researchers have taken towards understanding one of the
most powerful and efficient machines in existence.

The basal body of the BFM spans the cellular envelope and is comprised of
several transmembrane rings that connect to the bacterium’s flagellar filament
by a flexible hook. These rings are approximately 45 nm in diameter, containing
approximately 25 different proteins. Motor rotation is known to occur via an
interaction between one ormoremembrane-embedded torque-generating stator
units and spoke-like proteins along the periphery of the rotor ring.
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Across the membrane:

• difference in proton concentration 
• difference in electrostatic potential

trans-membrane potential

Q: what is this ?

�µ = Vm � ln(10)
kBT

e
�pH
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Difference in electrochemical potential of protons
(also known as: Proton Motive Force -PMF-)



Typical values of: 

�µ ' �170mV
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(motor torque, more next slide)

Powering flagellar rotation

ADVANCES IN PHYSICS: X 325

Figure 1. Rotation of a bacterium’s flagellum is driven by a rotary motor attached to its base by a
flexible hook.
Notes: The rings of the flagellar motor’s basal body are called the rotor. FliG proteins are placed around the
periphery of the rotor’s C-ring. These interact with the loops of the stator-units to generate torque and rotate the
flagellum. Each stator unit is composed of MotA and MotB proteins, the latter of which attaches the stator to the
peptidoglycan layer, allowing for torque generation via the MotA–FliG interaction. A motor maintains up to 11
engaged stator units, depending on the load.

Rotary motors, despite their ubiquity in man-made machinery, are rarely
found in the natural world. Only flagellated bacteria are known to incorporate
such machinery in their locomotive strategy, making use of the rotary bacterial
flagellar motor (BFM) to spin long flagellar filaments that sprout from the cell
body (Figure 1). In this review, we provide an overview of the theoretical and
experimental steps researchers have taken towards understanding one of the
most powerful and efficient machines in existence.

The basal body of the BFM spans the cellular envelope and is comprised of
several transmembrane rings that connect to the bacterium’s flagellar filament
by a flexible hook. These rings are approximately 45 nm in diameter, containing
approximately 25 different proteins. Motor rotation is known to occur via an
interaction between one ormoremembrane-embedded torque-generating stator
units and spoke-like proteins along the periphery of the rotor ring.
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Across the membrane:

• difference in proton concentration 
• difference in electrostatic potential

trans-membrane potential

�µ = Vm � ln(10)
kBT

e
�pH
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Difference in electrochemical potential of protons
(also known as: Proton Motive Force -PMF-)

entropic contribution 
(see entropy of the ideal gas)

Q: How many protons  
are used per revolution? 

~40
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Powering flagellar rotation
• Stepwise rotation in units of 1/26th of a full turn (reflecting symmetry of the rotor) 
• Power stroke driving rotation is generated in the MotA/MotB stator units

This motion is transmitted to the rotor by means of interactions
at the rotor–stator interfaces (see refs. 2 and 3 and references
therein). The details of these interactions will remain vague until
the atomic structure of the stator has been determined; currently
the structures of but a few portions of the rotor are available
(17–19). We will base our calculations on the rotor–stator
interaction model proposed by Blair and coworkers (20, 21);
however, we emphasize that our general conclusions depend
only on the four assumptions listed above, not on the exact
details of the stator model. For example, the mechanical es-
capement proposed by Schmitt and coworkers (22, 23) will work
as well.

To generate sufficient torque, we assume that one power
stroke cycle of the stator is driven by the binding free energy of
two protons to the two negatively charged D32 residues on the
two MotB helices in the stator (see Movie 1, which is published
as supporting information on the PNAS web site). In Blair’s
model, the cycle is accomplished in two ‘‘half’’ strokes as shown
by the cartoon motor in Fig. 4a where two MotA loops alternate
in contacting successive FliGs on rotor. Each downward stroke
is followed by a recovery stroke, so that the two ‘‘pistons’’
alternate, and the stator is almost always engaged with the rotor;
i.e., the duty ratio is 1. The binding energy of the protons to
MotB is converted into a ‘‘f lashing’’ electric field in the stator
that triggers a pair of conformational transitions. The stator can
be modeled as an asymmetric bistable system, alternating be-
tween two free-energy potential minima as shown in Fig. 4a. The
power stroke is generated when the system passes the transition
state separating the two potential minima and slides down to the
other side. The torque thus generated is transmitted to the rotor
when the MotA loops are in contact with the FliGs. The detailed
dynamics of the motor can be described by the stochastic motion
along the slow DoF driven by the multidimensional potentials of
mean force. However, we will focus on the main physics revealed
by the motor torque–speed relations without distracting details
of the motor function, leaving more detailed descriptions for the
future. This mechanism is only one of the possible schemes
consistent with the mathematical model (see Supporting Text for
discussion).

First, transitions between the two stator conformations re-
quire a thermally activated step that triggers the electrostatically
driven power stroke. Fig. 4a shows the stator in the left or right
potential minimum or, equivalently, the left or right MotA loops

down in contact with FliG. Each transition is composed of two
consecutive steps: ions hop onto and off the stator generating the
flashing electric field that trigger the thermally activated barrier
crossing over the transition state of the double well. This process
is represented schematically in Fig. 4a Upper by switching
between the double-well potentials. We shall assume that these
transitions are well characterized by a set of rotor angular
position (!)-dependent composite rate constants kon and koff.

Second, we assume that most of the motor dynamics can be
described by focusing on a set of one-dimensional ‘‘minimum
energy paths’’ in the multidimensional space subtended by the
relevant DoF at a given stator conformation [this assumption is
related to the so-called reaction path Hamiltonian approxima-
tion (26)]. It should be pointed out that the minimum energy
path is a reduced DoF, which includes the relative rotation
between the rotor and the stator, the MotA loop motion, and the
extension of the elastic connection of the stator to its periplasmic
anchor (but see Supporting Text and see also Fig. 6, which is
published as supporting information on the PNAS web site).

Results
Low-Speed Plateau. Analysis and simulations of the model equa-
tions show that, for a motor dragging a large load with a compliant
elastic linkage, there exists a time-scale separation between the
motor and the load dynamics: tM !! tL (see Supporting Text). In
rotation experiments, viscous loads are attached to the flagellar
motor via the hook, which is soft enough to allow the rotor to
fluctuate over several step lengths before the load moves appre-
ciably (12). Distending the soft elastic linkage effectively converts
the viscous load into a conservative load on the motor. That is, the
work done to stretch the linkage can be returned to the motor
before it is dissipated by the viscous load (see Fig. 7b, which is
published as supporting information on the PNAS web site). The
Stokes and thermodynamic efficiencies are defined as the ratios of
the power dissipated by a viscous load (Stokes) or the rate of work
done against a conservative load (thermodynamic), respectively, to
the power consumed by the motor (27). The separation of time
scales between the flagellar motor and the load renders the Stokes
efficiency nearly equivalent to a thermodynamic efficiency. Ther-
modynamics dictates that 100% thermodynamic efficiency is ap-
proached as the system evolves ‘‘infinitesimally’’ slowly (i.e., revers-
ibly). This requirement is satisfied with a large bead and a soft
linkage even at rotation speeds of several hundred Hz, because the

Fig. 3. Comparison of model calculations and experimental data. (Upper) Experimental torque-speed curves at different temperatures (squares) (data from
refs. 6 and 8). The filled dots are calculated from the model. (Lower) The linear dependence of the motor rotation speed with pmf at three different high loads.
The experimental data (squares) are taken from Fung and Berg (10). The calculated results are shown as filled dots.
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Torque (𝜏) vs. speed (⍵):  
typical “knee” dependence

𝜏 almost independent of ⍵ 
𝜏 decreases with ⍵

Xing et al. PNAS 103:1260 (2006)

Idea behind the knee: two regimes

rotor angle𝜃

Wait for proton
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Meacci, Tu PNAS (2009)



Not so simple!!  
Flagella are mechanosensitive

expected steady speed. These step increments in speed are like
those seen previously at fixed loads when stator elements of
paralyzed mutants were replaced by wild-type elements through
protein exchange (14, 15).
Fig. 1D shows the steady-state torque–speed relationship

measured in previous studies for flagellar motors of E. coli, over
a range of bead sizes and viscosities (13). The two load lines for
our experiments are represented by the two dashed lines. One,
with a near-horizontal slope, represents the low load for a short
flagellar stub. The other, with a much steeper slope, represents
the high load for a 1-μm bead. Before the bead was added, the
operating point for the motor was at a steady-state a shown by
the open square. When the bead was added, the operating point
jumped to state b shown by the bottom closed circle, where the
speed was relatively low. For the motor of Fig. 1C, the speed
decreased from ∼300 Hz to 5–10 Hz and then increased in nine
stepwise increments (6–11 for the set of seven motors studied)
with the final operating point indicated at steady-state c, corre-
sponding to a motor with n = 11 force-generating units. The
experimental torque values indicated by the filled circles were
calculated from the drag coefficient for a 1-μm bead and the
motor speeds shown in Fig. 1C. These values match previously
measured values for relative torques delivered by increasing
numbers of stator elements, as indicated by the dotted lines (16).
Stator proteins have been visualized previously under constant

loads by imaging GFP fusions of the stator protein MotB by total
internal reflection fluorescence (TIRF) (17). To test whether the
stator elements were added one after the other or were already
present and were sequentially activated upon the change in load,
we fused yellow fluorescent protein (eYFP) to MotB and observed
the fusions under TIRF. We did this by adding sheared cells
expressing YFP–MotB to a slide on a microscope also equipped
for phase contrast. We waited for a cell to settle to the glass and
tether on its own (Fig. 1B), which suddenly increased the load.
The sudden change in speed (shown for wild-type cell in Movie
S2) alleviated concerns about events that might have occurred
during the lag between load change and speed measurement in the

bead experiments. Once the cell tethered, we monitored motor
fluorescence with TIRF (at visible wavelengths) and measured the
rotation speed with phase contrast (in the infrared). The load for
a tethered cell is larger than that for a 1-μm-diameter spherical
bead, so the speed increments and final speeds were lower than
shown in Fig. 1C; however, the same kind of stepwise increments
in speed were observed. The motor in Fig. 2A showed at least two
step increments in speed and reached a steady-state speed of ∼3.2
Hz. The corresponding TIRF images indicating the YFP–MotB
assembly are shown in Fig. 2B. If the brightness of the fluorescent
stator assembly increased with speed, it was considered evidence
of an increase in stator numbers around the tethered motor. The
motor spot was defined by placing a circular mask around the
bright spot, as described previously (18). Motor intensity (labeled
a) was the maximum intensity calculated from a burst of three
images (0.2-s exposure each) taken immediately after tether-
ing. Because continuous illumination bleached the preparation,
it was not possible to observe step-increments in intensities.
Hence, intermittent illumination was used and subsequent bursts
of TIRF images were spaced ∼5 min apart to allow time for the
exchange of photobleached stators with unbleached stators from
the cell body (Materials and Methods). Fluorescence intensity of
YFP–MotB increased in parallel with the speed, as shown in Fig.
2B. The average intensity increments in different motors (13
motors), calculated as the motor intensities at various times minus
the initial motor intensities following tethering, are shown in Fig.
2C with the corresponding speeds. The increments are linearly
proportional to motor speeds. So more stator elements are added
to the motor following the increase in load. The average motor
speeds observed with YFP–MotB were about 0.3–0.5 times as
large as those normally observed with wild-type tethered cells.

Number of Stator Units at Varying Viscous Loads.We repeated these
tethered-cell experiments with wild-type cells (wild-type MotB)
and found that the average steps in motor speeds numbered 6–8.
The time for the load change was very short, so the jump from
state a to state b (Fig. 1D) occurred over a few milliseconds.

Fig. 1. Adaptation to mechanical stimuli: (A) A cell is brought up to a 1-μm latex bead held in an optical trap (trap not shown). The bead binds to a short
sticky-filament stub and its rotation is monitored. (B) A cell with a short sticky-filament stub is allowed to settle onto the surface of a glass cover-slip and self-
tether. The rotation of the cell body is monitored. (C) Bead rotational speeds measured from the time of attachment, plotted as a function of time. Positive
values are CCW; negative values are CW. The black line is the mean value of the absolute speed for the interval between successive steps. The arrow rep-
resents the time of mechanical stimulus. Dashed lines indicate speeds before increase in viscous loads. (D) Steady-state torque–speed curves for CCW rotation
of the bacterial flagellar motor (solid curve). Two load lines are shown (dashed lines), one for high loads (Left, with a steep slope) and one for low loads
(Right, with near-horizontal slope). The square near 300 Hz (state a) indicates the torque delivered by a single stator element to the motor at low loads. The
filled circles (from state b to state c) represent the driving torques for the corresponding speeds at which the 1-μm bead rotates in Fig. 1C. The dotted lines
indicate the driving torque on the motor for stator elements ranging in number from 1 to 11.
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calculated from the drag coefficient for a 1-μm bead and the
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present and were sequentially activated upon the change in load,
we fused yellow fluorescent protein (eYFP) to MotB and observed
the fusions under TIRF. We did this by adding sheared cells
expressing YFP–MotB to a slide on a microscope also equipped
for phase contrast. We waited for a cell to settle to the glass and
tether on its own (Fig. 1B), which suddenly increased the load.
The sudden change in speed (shown for wild-type cell in Movie
S2) alleviated concerns about events that might have occurred
during the lag between load change and speed measurement in the

bead experiments. Once the cell tethered, we monitored motor
fluorescence with TIRF (at visible wavelengths) and measured the
rotation speed with phase contrast (in the infrared). The load for
a tethered cell is larger than that for a 1-μm-diameter spherical
bead, so the speed increments and final speeds were lower than
shown in Fig. 1C; however, the same kind of stepwise increments
in speed were observed. The motor in Fig. 2A showed at least two
step increments in speed and reached a steady-state speed of ∼3.2
Hz. The corresponding TIRF images indicating the YFP–MotB
assembly are shown in Fig. 2B. If the brightness of the fluorescent
stator assembly increased with speed, it was considered evidence
of an increase in stator numbers around the tethered motor. The
motor spot was defined by placing a circular mask around the
bright spot, as described previously (18). Motor intensity (labeled
a) was the maximum intensity calculated from a burst of three
images (0.2-s exposure each) taken immediately after tether-
ing. Because continuous illumination bleached the preparation,
it was not possible to observe step-increments in intensities.
Hence, intermittent illumination was used and subsequent bursts
of TIRF images were spaced ∼5 min apart to allow time for the
exchange of photobleached stators with unbleached stators from
the cell body (Materials and Methods). Fluorescence intensity of
YFP–MotB increased in parallel with the speed, as shown in Fig.
2B. The average intensity increments in different motors (13
motors), calculated as the motor intensities at various times minus
the initial motor intensities following tethering, are shown in Fig.
2C with the corresponding speeds. The increments are linearly
proportional to motor speeds. So more stator elements are added
to the motor following the increase in load. The average motor
speeds observed with YFP–MotB were about 0.3–0.5 times as
large as those normally observed with wild-type tethered cells.

Number of Stator Units at Varying Viscous Loads.We repeated these
tethered-cell experiments with wild-type cells (wild-type MotB)
and found that the average steps in motor speeds numbered 6–8.
The time for the load change was very short, so the jump from
state a to state b (Fig. 1D) occurred over a few milliseconds.

Fig. 1. Adaptation to mechanical stimuli: (A) A cell is brought up to a 1-μm latex bead held in an optical trap (trap not shown). The bead binds to a short
sticky-filament stub and its rotation is monitored. (B) A cell with a short sticky-filament stub is allowed to settle onto the surface of a glass cover-slip and self-
tether. The rotation of the cell body is monitored. (C) Bead rotational speeds measured from the time of attachment, plotted as a function of time. Positive
values are CCW; negative values are CW. The black line is the mean value of the absolute speed for the interval between successive steps. The arrow rep-
resents the time of mechanical stimulus. Dashed lines indicate speeds before increase in viscous loads. (D) Steady-state torque–speed curves for CCW rotation
of the bacterial flagellar motor (solid curve). Two load lines are shown (dashed lines), one for high loads (Left, with a steep slope) and one for low loads
(Right, with near-horizontal slope). The square near 300 Hz (state a) indicates the torque delivered by a single stator element to the motor at low loads. The
filled circles (from state b to state c) represent the driving torques for the corresponding speeds at which the 1-μm bead rotates in Fig. 1C. The dotted lines
indicate the driving torque on the motor for stator elements ranging in number from 1 to 11.
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!! Recruitment of stators is load-dependent !!

• Recent studies: mutants with only ONE stator 
• For a detailed mechanistic model of power stroke for 1 stator: Mandadapu et al. PNAS 2015
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TABLE 1 Proteins of the flagellum and its export apparatus, arranged by cellular location
Protein Stoichiometry Assembly/
symbola Common name and function Cellular location (approx.)b export method

FliI ATPase; drives type III flagellar export Cytoplasm
FliH Negative regulator of FliI Cytoplasm
FliJ General chaperone Cytoplasm
FlgN FlgK-, FlgL-specific chaperone Cytoplasm
FliS FliC-specific chaperone Cytoplasm
FliT FliD-specific chaperone Cytoplasm

FliG Rotor/switch protein; torque generation; Peripheral 26 Self-assembly
strong interaction with MS ring

FliM C ring; rotor/switch protein; target for Peripheral 37 Self-assembly
CheY-P binding

FliN C ring; rotor/switch protein Peripheral 110 Self-assembly

FliF MS-ring protein; mounting flange for rotor/ Cytoplasmic 26 Sec
switch and rod; housing for export apparatus membrane

MotA Stator protein; exerts torque against Cytoplasmic 64 Sec
rotor/switch membrane

MotB Stator protein; converts proton energy Cytoplasmic 32 Sec
into torque membrane

FlhA Export component; target for soluble Center of MS ringc �2 Sec?
export complex

FlhB Export component; substrate specificity Center of MS ring �2 Sec?
switch; target for soluble export complex

FliO Export component Center of MS ring �1 Sec?
FliP Export component Center of MS ring ⇠4 Sec?
FliQ Export component Center of MS ring �1 Sec?

FliR Export component Center of MS ring �1 Sec?

FliE MS-ring rod junction protein; export gate Periplasmic space ⇠9 Type III
FlgB Rod protein; transmission shaft Periplasmic space 7 Type III
FlgC Rod protein; transmission shaft Periplasmic space 6 Type III
FlgF Rod protein; transmission shaft Periplasmic space 6 Type III
FlgG Distal rod protein; transmission shaft Periplasmic space 26 Type III
FlgJ Rod capping protein; muramidase Periplasmic space 5? Type III
FlgI P-ring protein; part of bushing; internal Periplasmic space 24 Sec

disulfide bridge
FlgA Chaperone for P-ring protein Periplasmic space ? Sec

FlgH L-ring protein; part of bushing; lipoprotein Outer membrane 28 Sec

FlgD Hook-capping protein Cell exterior 5? Type III
FlgE Hook protein Cell exterior 132 Type III
FliK Hook-length-control protein Cell exterior ? Type III
FlgK HAP1; first hook-filament junction protein Cell exterior 13 Type III
FlgL HAP3; second hook-filament junction protein Cell exterior ⇠10 Type III
FliD HAP2; filament-capping protein; Cell exterior 5 Type III

flagellin folding chaperone
FliC Filament protein; flagellin Cell exterior 20,000 Type III

aThe original flagellar gene and gene product nomenclatures for Salmonella and E. coli were replaced by a unified and
simplified nomenclature in 1988 (30).
bPer flagellum. For references, see text.
cThese proteins are believed to reside in a specialized patch of membrane within a pore in the MS ring. See text for details.
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Back to the structure: A long list of flagellar proteins

hook-basal body 
apparatus

flagellum proper



Flagellar structure II: flagellar filament

Macnab (1999)

~15 nm

Figure 5. The contribution of inter-subunit chains for filament elongation rate. (a) The 2 nm wide filament channel only accommodates one folded a-

helix. (b) The N- and C-termini of successive flagellin molecules are anti-parallel and far apart in the polymerized filament structure. (c) Top: Structure,
domains, and secondary structures of flagellin FliC (PDB: 1UCU). Mutant flagellins lacking combinations of the N- and C-terminal domains required for

head-to-tail coiled-coil chaining (DN, DCS, DCL) were co-expressed together with endogenous flagellin (FliC) to disrupt chain formation. Bottom:

Flagellin immunoblotting on cellular and secreted fractions (relative full-length flagellin levels report mean ± s.d., n = 3). (d) Simultaneous secretion of

non-chaining substrates breaks a filament-spanning chain of flagellin molecules. A strict chain model requires the chain to span the entire filament and

does not allow for disruptions of the chain. A chain model with the possibility of recovery by diffusion of broken chains is discussed in Figure 5—figure

supplement 1. (e) In situ, multicolour labelling of flagellar filaments during competitive co-expression of chain-disrupting mutant flagellins. The average

growth of fits computed from basal/apical coordinates presented in Figure 5—figure supplement 3c and as described in Figure 3c is shown as a

function of time. Basal/apical coordinates were derived from multiple labelling data of individual filaments: n = 399 from 89 filaments (!), n = 271 from

58 filaments (WT), n = 278 from 62 filaments (DCL), n = 412 from 93 filaments (DN DCL), n = 209 from 46 filaments (DCS), n = 312 from 73 filaments (DN

DCS). The fits represent the injection-diffusion model and parameters kon and D are given in Figure 5—source data 1. (f) Probability of existence of n-

long chains defined by the binomial law. Long chains are highly improbable for a 15% proportion of competing substrates (i.e. formation of a more

than 2.4 mm long chain (n > 33) has a probability of 1%). The bars show the individual probability of existence, the dotted blue line the cumulated

Figure 5 continued on next page
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1) Flagellin subunits (FliC) which assemble into a left-handed helical filament (~1-2um 
pitch) composed of 11 fibrils. 

2) Helical shape comes from the quaternary structure of the fibrils (a bit more later) 
(quaternary structure = structure of protein assemblies) 

3) Extension ~10um; terminates with a capping structure at the tip

4) The flagellum breaks easily! …but then…. how is it (re)made ?!?

Renault et al.   eLife (2017)
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Flagellar assembly
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Assembly rate  
decreases with flagellar length

Apical growth vs. length of preceding portion of the flagellum

An injection-diffusion mechanism explains the growth dynamics of
flagellar filaments
The solid curves in Figure 2 and Figure 3 represent the best fit of the data to a growth curve

for which the growth rate is a function of the length L of the form a
bþL

, where the parameter a

Figure 3. Growth kinetics of individual flagella revealed by in situ, multicolour labelling. (a) Left: Experimental design of the in situ, multicolour

labelling. Right: Representative fluorescent microscopy image for multiple labelling of flagellar filaments with a series of maleimide dyes. TB: tryptone

broth without dye, AnTc: anhydrotetracyline induction of flagella genes. Scale bar 2 mm. (b) Basal/apical length coordinates were obtained by varying

the duration of basal growth and successive fragments were combined to generate a total of 1276 basal/apical coordinates from 291 filaments. The

growth duration of the apical fragment was 30 min. Average speeds are calculated from the average elongation per 30 min (<1 mm or >8 mm). The fit

represents the injection-diffusion model with parameters kon » 27.09 s"1and D » 5.41 # 10"13 m2 $ s"1. (c) Basal/apical length coordinates were

obtained for various durations of apical growth (30–150 min) from the multiple labelling data shown in panel b. (n = 1276 for 30 min, n = 986 for 60 min,

n = 697 for 90 min, n = 422 for 120 min, n = 169 for 150 min). The fit for various durations of apical growth represents the injection-diffusion model with

parameters kon and D (60 min: kon » 27.72 s"1, D » 5.56 # 10"13 m2 $ s"1; 90 min: kon » 28.06 s"1, D » 5.63 # 10"13 m2 $ s"1; 120 min: kon » 27.03 s"1,

D » 5.42 # 10"13 m2 $ s"1; 150 min: kon » 26.36 s"1, D » 5.29 # 10"13 m2 $ s"1). Average growth rates were estimated from the Y-intercept of the fit

curve. The inset presents the average growth plotted against time. (d) Filament length as a function of time of individual flagella from the multiple

labelling data. Each grey line represents the growth curve of an individual filament. The average growth rates estimated in panel c are plotted for

comparison. (e) Quality of multiple labelling data. Only a minor fraction of the filaments were broken or stalled (highlighted as red dots, Figure 3—

figure supplement 1a), which has limited effect on the parameter fit.

DOI: 10.7554/eLife.23136.010

The following figure supplements are available for figure 3:

Figure supplement 1. Quality of multiple labelling data.

DOI: 10.7554/eLife.23136.011

Figure supplement 2. Filament breaking/stalling events and heterogeneous injection rates decrease the quality of the data required to fit the

injection-diffusion model.

DOI: 10.7554/eLife.23136.012
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Flagellar assembly
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Injection diffusion model

Materials and methods

Bacteria, plasmids and media
Salmonella enterica serovar Typhimurium strains and plasmids used in this study are listed in Table 1.

Lysogeny broth (LB) contained 10 g of Bacto-Tryptone (Difco), 5 g of yeast extract, 5 g of NaCl and

0.2 ml of 5N NaOH per litre. Soft agar plates used for motility assays contained 10 g of Bacto-Tryp-

tone, 5 g of NaCl, 3.5 g of Bacto-Agar (Difco) and 0.2 ml of 5N NaOH per liter. Tryptone broth (TB)

contained 10 g of Bacto-Tryptone and 5 g of NaCl. Ampicillin was added to the medium at a final

concentration of 100 mg/ml, L-arabinose at a final concentration of 0.2% and anhydrotetracyline at a

final concentration of 100 ng/ml if required.

DNA manipulations
DNA manipulations were carried out as described before (Hara et al., 2011). Site-directed mutagen-

esis was carried out using QuickChange site-directed mutagenesis method as described by Agilent

Technologies, Santa Clara, CA, USA. DNA sequencing reactions were carried out using BigDye v3.1

as described in the manufacturer’s instructions (Applied Biosystems, Foster City, CA, USA), and then

the reaction mixtures were analysed by a 3130 Genetic Analyzer (Applied Biosystems).

Figure 6. The effect of pmf on flagellin injection and filament growth rate. (a) Top: Experimental design. Carbonyl cyanide m-chlorophenyl hydrazone

(CCCP) reduces the proton motive force (pmf) and was present during growth of the second fragment (60 min) and removed during growth of the third

fragment, which allowed the pmf to regenerate. TB: tryptone broth without dye, AnTc: anhydrotetracyline induction of flagella genes. Bottom:

Fragment lengths represented as basal/apical (F1/F2) coordinates (n = 255 for 0 mM CCCP, n = 395 for 10 mM CCCP, n = 371 for 20 mM CCCP, n = 353

for 30 mM CCCP). The fits represent the injection-diffusion model with parameters D » 5.25 ! 10"13 m2 # s"1, and kon » 26.10, 3.19, 1.19, 0.70 s"1 for 0

mM, 10, 20, 30 mM CCCP respectively. Representative fluorescent microscopy images of labelled flagella and matching coordinates are highlighted by

coloured frames and arrows. Scale bar 2 mm. (b) Filament length as a function of time for decreasing values of kon. For small values of kon, the injection

rate but not flagellin transport is rate-limiting, which results in a quasi-linear growth. (c) Growth curves for the CCCP raw data of panel a determined by

fitting the data to the injection-diffusion model with a fixed parameter a. The values for kon decrease by a factor of 8 (10 mM CCCP), 22 (20 mM CCCP),

and 38 (30 mM CCCP), compared to the untreated control. (d) Equation and biophysical parameters of the injection-diffusion model.

DOI: 10.7554/eLife.23136.020

The following figure supplement is available for figure 6:

Figure supplement 1. Supporting data for effect of CCCP inhibition of the pmf-dependent protein export on flagella growth rate.

DOI: 10.7554/eLife.23136.021
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Figure 5. The contribution of inter-subunit chains for filament elongation rate. (a) The 2 nm wide filament channel only accommodates one folded a-

helix. (b) The N- and C-termini of successive flagellin molecules are anti-parallel and far apart in the polymerized filament structure. (c) Top: Structure,
domains, and secondary structures of flagellin FliC (PDB: 1UCU). Mutant flagellins lacking combinations of the N- and C-terminal domains required for

head-to-tail coiled-coil chaining (DN, DCS, DCL) were co-expressed together with endogenous flagellin (FliC) to disrupt chain formation. Bottom:

Flagellin immunoblotting on cellular and secreted fractions (relative full-length flagellin levels report mean ± s.d., n = 3). (d) Simultaneous secretion of

non-chaining substrates breaks a filament-spanning chain of flagellin molecules. A strict chain model requires the chain to span the entire filament and

does not allow for disruptions of the chain. A chain model with the possibility of recovery by diffusion of broken chains is discussed in Figure 5—figure

supplement 1. (e) In situ, multicolour labelling of flagellar filaments during competitive co-expression of chain-disrupting mutant flagellins. The average

growth of fits computed from basal/apical coordinates presented in Figure 5—figure supplement 3c and as described in Figure 3c is shown as a

function of time. Basal/apical coordinates were derived from multiple labelling data of individual filaments: n = 399 from 89 filaments (!), n = 271 from

58 filaments (WT), n = 278 from 62 filaments (DCL), n = 412 from 93 filaments (DN DCL), n = 209 from 46 filaments (DCS), n = 312 from 73 filaments (DN

DCS). The fits represent the injection-diffusion model and parameters kon and D are given in Figure 5—source data 1. (f) Probability of existence of n-

long chains defined by the binomial law. Long chains are highly improbable for a 15% proportion of competing substrates (i.e. formation of a more

than 2.4 mm long chain (n > 33) has a probability of 1%). The bars show the individual probability of existence, the dotted blue line the cumulated

Figure 5 continued on next page
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Your Turn: Write down the equations modelling the  
“injection-diffusion-flagellar growth” problem.

•    = length of a flagellin monomer 
• u(x,t) = number of flagellin monomers at (x,t) 
• L(t) = length of the (assembled) flagellum at time t 
• Flagellin injected at the base: type III injection system, pmf-powered 
• Crowding at the injection point ⇒ injection rate kon → kon(1-u(0,t))  

• Monomers diffuse along the central hole (~2nm ∅) with diffusivity D 
• Monomers at the tip fold in place (helped by capping structure), 

adding a length β 
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Injection diffusion model

Materials and methods

Bacteria, plasmids and media
Salmonella enterica serovar Typhimurium strains and plasmids used in this study are listed in Table 1.

Lysogeny broth (LB) contained 10 g of Bacto-Tryptone (Difco), 5 g of yeast extract, 5 g of NaCl and

0.2 ml of 5N NaOH per litre. Soft agar plates used for motility assays contained 10 g of Bacto-Tryp-

tone, 5 g of NaCl, 3.5 g of Bacto-Agar (Difco) and 0.2 ml of 5N NaOH per liter. Tryptone broth (TB)

contained 10 g of Bacto-Tryptone and 5 g of NaCl. Ampicillin was added to the medium at a final

concentration of 100 mg/ml, L-arabinose at a final concentration of 0.2% and anhydrotetracyline at a

final concentration of 100 ng/ml if required.

DNA manipulations
DNA manipulations were carried out as described before (Hara et al., 2011). Site-directed mutagen-

esis was carried out using QuickChange site-directed mutagenesis method as described by Agilent

Technologies, Santa Clara, CA, USA. DNA sequencing reactions were carried out using BigDye v3.1

as described in the manufacturer’s instructions (Applied Biosystems, Foster City, CA, USA), and then

the reaction mixtures were analysed by a 3130 Genetic Analyzer (Applied Biosystems).

Figure 6. The effect of pmf on flagellin injection and filament growth rate. (a) Top: Experimental design. Carbonyl cyanide m-chlorophenyl hydrazone

(CCCP) reduces the proton motive force (pmf) and was present during growth of the second fragment (60 min) and removed during growth of the third

fragment, which allowed the pmf to regenerate. TB: tryptone broth without dye, AnTc: anhydrotetracyline induction of flagella genes. Bottom:

Fragment lengths represented as basal/apical (F1/F2) coordinates (n = 255 for 0 mM CCCP, n = 395 for 10 mM CCCP, n = 371 for 20 mM CCCP, n = 353

for 30 mM CCCP). The fits represent the injection-diffusion model with parameters D » 5.25 ! 10"13 m2 # s"1, and kon » 26.10, 3.19, 1.19, 0.70 s"1 for 0

mM, 10, 20, 30 mM CCCP respectively. Representative fluorescent microscopy images of labelled flagella and matching coordinates are highlighted by

coloured frames and arrows. Scale bar 2 mm. (b) Filament length as a function of time for decreasing values of kon. For small values of kon, the injection

rate but not flagellin transport is rate-limiting, which results in a quasi-linear growth. (c) Growth curves for the CCCP raw data of panel a determined by

fitting the data to the injection-diffusion model with a fixed parameter a. The values for kon decrease by a factor of 8 (10 mM CCCP), 22 (20 mM CCCP),

and 38 (30 mM CCCP), compared to the untreated control. (d) Equation and biophysical parameters of the injection-diffusion model.

DOI: 10.7554/eLife.23136.020

The following figure supplement is available for figure 6:

Figure supplement 1. Supporting data for effect of CCCP inhibition of the pmf-dependent protein export on flagella growth rate.

DOI: 10.7554/eLife.23136.021
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Figure 5. The contribution of inter-subunit chains for filament elongation rate. (a) The 2 nm wide filament channel only accommodates one folded a-

helix. (b) The N- and C-termini of successive flagellin molecules are anti-parallel and far apart in the polymerized filament structure. (c) Top: Structure,
domains, and secondary structures of flagellin FliC (PDB: 1UCU). Mutant flagellins lacking combinations of the N- and C-terminal domains required for

head-to-tail coiled-coil chaining (DN, DCS, DCL) were co-expressed together with endogenous flagellin (FliC) to disrupt chain formation. Bottom:

Flagellin immunoblotting on cellular and secreted fractions (relative full-length flagellin levels report mean ± s.d., n = 3). (d) Simultaneous secretion of

non-chaining substrates breaks a filament-spanning chain of flagellin molecules. A strict chain model requires the chain to span the entire filament and

does not allow for disruptions of the chain. A chain model with the possibility of recovery by diffusion of broken chains is discussed in Figure 5—figure

supplement 1. (e) In situ, multicolour labelling of flagellar filaments during competitive co-expression of chain-disrupting mutant flagellins. The average

growth of fits computed from basal/apical coordinates presented in Figure 5—figure supplement 3c and as described in Figure 3c is shown as a

function of time. Basal/apical coordinates were derived from multiple labelling data of individual filaments: n = 399 from 89 filaments (!), n = 271 from

58 filaments (WT), n = 278 from 62 filaments (DCL), n = 412 from 93 filaments (DN DCL), n = 209 from 46 filaments (DCS), n = 312 from 73 filaments (DN

DCS). The fits represent the injection-diffusion model and parameters kon and D are given in Figure 5—source data 1. (f) Probability of existence of n-

long chains defined by the binomial law. Long chains are highly improbable for a 15% proportion of competing substrates (i.e. formation of a more

than 2.4 mm long chain (n > 33) has a probability of 1%). The bars show the individual probability of existence, the dotted blue line the cumulated

Figure 5 continued on next page
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•    = length of a flagellin monomer 
• u(x,t) = number of flagellin monomers at (x,t) 
• L(t) = length of the (assembled) flagellum at time t 
• Flagellin injected at the base: type III injection system, pmf-powered 
• Crowding at the injection point ⇒ injection rate kon → kon(1-u(0,t))  

• Monomers diffuse along the central hole (~2nm ∅) with diffusivity D 
• Monomers at the tip fold in place (helped by capping structure), 

adding a length β 
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Figure 1. Flagellin protein export and flagella growth rate decrease with filament length. (a) Schematic depiction of the bacterial flagellum and

proposed models to explain the filament elongation dynamics (Iino, 1974; Turner et al., 2012; Evans et al., 2013). OM=outer membrane, IM=inner

membrane. (b) Top: Electron micrograph images of mutants deficient in the hook-filament junction protein FlgK or the flagellin-specific chaperone FliS.

Bottom: Immunoblotting of cellular and Coomassie-staining of secreted flagellin (FliC) in DflgK and DfliS mutant strains (relative secreted flagellin levels

report mean ± s.d., n = 3). (c) Representative images of a population-based flagellin immunostaining time-course. Time in minutes after induction of

flagellin synthesis is indicated. (d) Continuous in situ flagellin immunostaining reveals elongation kinetics of individual filaments in real time. Exemplary

movie frames are shown and elapsed time in minutes after start of imaging is indicated. (e) Quantification of the population immunostaining. Measured

filaments per group: t15’ (n = 187), t30’ (n = 206), t45’ (n = 480), t60’ (n = 648), t90’ (n = 700), t120’ (n = 827), t180’ (n = 302), t240’ (n = 172). The box plot

reports the median (in red), the 25th and 75th quartiles and the 1.5 interquartile range. (f) Quantification of the continuous in situ flagellin

immunostaining. The dark line represents the global, averaged fit of 8 individual filaments. Raw data shown as coloured dots excluding measurement

incidents as explained in Figure 1—figure supplement 2. The initial velocity (Vi) was measured on the initial, linear part of the growth curve. Scale bars

2 mm.

DOI: 10.7554/eLife.23136.003

The following figure supplements are available for figure 1:

Figure supplement 1. Quantitative measurements of flagellin leakage during filament formation.

DOI: 10.7554/eLife.23136.004

Figure supplement 2. Growth of individual filaments monitored by continuous flow real-time immunostaining.

DOI: 10.7554/eLife.23136.005
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Different arrangements of bacterial flagella

V. cholerae

P. aeruginosa
C. crescentus

Alkaligenes faecalis

Spirillum E. coli
S. typhi

S. aureus

atrichous



From flagellum to motion



All (swimming) bacteria  
swim by coupling translation and rotation

E. M. Purcell PNAS (1997)

Rotation of a helical 
filament generates thrust…

…due to difference in drag of a filament for:

v
“parallel” motion

F

F = �||v

v

“transverse” motion

F

F = �?v

�? ' 2�||
“slender” filament



How??



Drag force on a section of rotating flagellum

v ✓

F? = �?v?

F|| = �||v||

perpendicular drag

parallel drag

Your turn: find the force along the 
swimming direction Fsd due to motion of 

the filament shown above.

Fsd
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Drag force on a section of rotating flagellum

v ✓

F? = �?v?

F|| = �||v||

perpendicular drag

parallel drag

Fsd
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Along the swimming direction the total force is 

Fsd = (�? � �||)
v

2
sin(2✓)Contribution to 

flagellar thrust

No thrust for
�? = �||

Difference in drag is essential for propulsion



Drag force on a section of rotating flagellum

Fsd = (�? � �||)
v

2
sin(2✓)

Maximum for 
45 degrees 

tan(✓) =
�

2⇡ d
dexp ' 200 nm

� ⇠ 1� 2µm

dmax =
�

2⇡
' 160� 320 nm

operates close to 
maximum thrust!!

✓deg

swimming direction



Is it an efficient propulsion method?
Rough estimate

! = 2⇡ ⌫ angular speed (rad/s)

bacterium = two spheres counter-rotating at frequency 𝜈
translating at speed v

“flagellum” “cell body”

v

Swimming efficiency:

✏ =
power dissipated for translation

total power dissipated
' Fdrag v

Trot!

Trot = 8⇡�a3!

Fdrag = 6⇡�a v drag force on a single sphere translating at speed

drag torque on a single sphere rotating at  angular speed

v

!



Is it an efficient propulsion method?
Rough estimate

! = 2⇡ ⌫ angular speed (rad/s)

“flagellum” “cell body”

v

✏ =
power dissipated for translation

total power dissipated
' Fdrag v

Trot!

Fdrag = 6⇡�a v drag force on a single sphere translating at speed v

Trot = 8⇡�a3! drag torque on a single sphere rotating at  angular speed !

rotation frequency⌫ ' 100Hz

v ' 30µm/s swimming speed

Your turn:  
estimate the efficiency of  

bacterial propulsion



Is it an efficient propulsion method?
Rough estimate

! = 2⇡ ⌫ angular speed (rad/s)

“flagellum” “cell body”

v

✏ =
power dissipated for translation

total power dissipated
' Fdrag v

Trot!

Fdrag = 6⇡�a v drag force on a single sphere translating at speed v

Trot = 8⇡�a3! drag torque on a single sphere rotating at  angular speed !

rotation frequency⌫ ' 100Hz

v ' 30µm/s swimming speed

✏ ' 0.8%

(a = 0.5µm)

✏exp ' 2%experimentally

Not very efficient



Why do they move?

Could it be to increase absorption of nutrients?

v

Diffusive uptake rate Advective uptake rate

Your turn: estimate the importance of nutrient uptake by 
advective vs. diffusive uptake

rdr = Svc0

D ' 4⇥ 103 µm2/s diffusion constant 
for molecules S cross-section of 

the sphere

c0 background 
concentration

rdif = 4⇡aDc0



Why do they move?

Could it be to increase absorption of nutrients?

v

Diffusive uptake rate Advective uptake rate

rdr
rdif

' 0.3%

Not significant!
Ideas??

rdr = Svc0

D ' 4⇥ 103 µm2/s diffusion constant 
for molecules S cross-section of 

the sphere

c0 background 
concentration

rdif = 4⇡aDc0



bacterial cells

source of nutrients (chemoattractant)

Motility allows to move to better locations

Swimming 
+ 

directional changes



100 µm

Turner et al. (2000)

How do you change the direction of motion?
“tumbles”…

…due to individual flagella 
randomly rotated in a direction 

opposite to normal

Simulated tumble

Watari, Larson Biophys. J. 98, 12 (2010)

Notice: shape of counter-
rotating flagellum changes!



100 µm

E. coli

Turner, Ryu and Berg J. Bacteriol. 182, 2793 (2000)

10 µm

Flagellar polymorphism facilitates “run and tumble”

(run and tumble)
Darnton N., Berg H.  Biophys. J. (2007)

11 flagellin filaments

Polymorphic states of bacterial flagella

Macnab R.M. Flagella and Motility (1999)
Calladine C.R. in Prokaryotic and eukaryotic flagella (1982)



“Normal” is actually  
the most hydrodynamically efficient shape

semicoiled

curly

Spagnolie, Lauga Phys. Rev. Lett. (2011)



Chemotaxis: 
control of the “average” motion by  
regulation of tumbling frequency

bacterial cells

nutrient source (chemoattractant)

Cell “memory” ~1s 
• if concentration increases: 

tumble less 
• if concentration decreases: 

tumble more

Directionality is achieved 
through a modulation of 

randomness



Example: Marine bacteria chemotaxing to a dead diatom

Son, Brumley, Stocker Nat. Rev. Microbiol. 13, 761 (2015)

It works!


