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• Low-Re very quick recap 
• Bacterial flagella 
• Run-and-tumble

• Eukaryotic flagella 
• Flagellar synchrony 
• Flagellar growth

The Plan:



⇠ 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



Eukaryotes



100µm

Chlamydomonas photo-bioconvection (10x speed)

Generally larger (>10μm) and faster (>100μm/s) 
than bacteria



http://en.wikipedia.org

• transport 
• propulsion 
• mechanochemical 
sensing 

• mating 
• regulation of cell cycle 
• ....

Prof. U. B. Kaupp, 
Forschungszentrum Jülich 

outer arm assembly. All of these subunits have been cloned
and sequenced (table 1). Importantly, mutational analysis
indicates that defects in most of the above proteins, even
including the LCs, can cause loss of the outer dynein arms in
Chlamydomonas (table 1). Therefore, the human genes
encoding orthologues of all of these proteins are candidates
for causing PCD in those human patients with outer dynein
arm defects. In addition to identifying these potential
orthologues, we also place the outer dynein arm loci on the
human genetic map for easy comparison with known or
suspected PCD loci.
The nomenclature of dynein genes is complicated and

convoluted with multiple names given to the same sequence
and the same names given to different sequences. This has
produced a situation where it is difficult for even an expert in
the field to follow the literature. To overcome this problem,
we have used the official names given to the genes by the
HUGO Gene Nomenclature Committee (http://www.gene.
ucl.ac.uk/nomenclature/) and provided RefSeq numbers for
the proteins (in the text) and corresponding mRNAs (in the
tables) whenever possible. We have also extensively docu-
mented GenBank accession numbers (acc. no.) and NCBI
GeneID tags throughout the document. Since even this may
still leave uncertainty, we have also included the predicted

peptide sequence encoded by each of the loci in the
supplemental material (available at http://www.jmedgenet.
com/supplemental).

METHODS
Bioinformatics
BLAST searches were performed using the NCBI BLAST
server (http://www.ncbi.nlm.nih.gov/BLAST/). Multiple
sequences were aligned with ClustalW11 and phylogenetic
trees were drawn with NJPlot.12 Human genome positions
were identified using the NCBI human genome BLAST server
(http://www.ncbi.nlm.nih.gov/genome/seq/HsBlast.html) and
the Golden Path web server at the University of California at
Santa Cruz (http://genome.ucsc.edu).

RESULTS
HC genes
Dynein HCs are large ,450 kDa proteins that convert the
energy of ATP to force. These proteins have an N-terminal tail
connected to a C-terminal globular head. The N-terminal tail
binds ICs and most LCs and is thought to be involved in
binding the dynein motor to microtubules or cargo in an ATP
insensitive manner. The globular head is made up of six AAA
domains organised in a hexameric ring with a short
extension protruding from the ring that is postulated to bind
microtubules in an ATP sensitive manner.13 The
Chlamydomonas outer dynein arm is composed of three HCs
termed DHCa (Q39610), DHCb (Q39565), and DHCc
(Q39575). Mutations in the ODA4 and ODA2 genes, which
encode DHCb and DHCc, respectively, block assembly of the
entire outer arm complex and cause an approximately two
thirds reduction in swimming speed.14–17 Cells carrying a
mutation in ODA11, which encodes DHCa, assemble an outer
dynein arm that lacks DHCa and the DHCa associated LC5.
These cells swim only slightly slower than normal.18 The
number of HCs in flagellar outer arm dyneins varies with
species. Like Chlamydomonas, Tetrahymena has three distinct
HCs, while sea urchins have two HCs.19 The organisation of
human outer arm dynein has not been examined, but in two
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Figure 1 The ‘‘9+2’’ axoneme is structurally similar in Chlamydomonas
and humans. (A) Schematic cross section of a 9+2 cilium showing the
major axonemal substructures. (B, C) Cross sections of wildtype (B) and
mutant (C) cilia from Chlamydomonas and humans. An outer dynein
arm in each wildtype cilium is marked with an arrow. In the mutants of
both species, a defect in the gene encoding the IC1 subunit of the outer
arm dynein results in loss of the outer arms (arrows). The
Chlamydomonas images are from Wilkerson et al,24 and the human
images are from Pennarun et al3 and are used with permission.

Table 1 Known Chlamydomonas outer dynein arm
subunits and associated proteins

Protein
Mutant
gene Mutant phenotype Reference

Heavy chains
DHCa oda11 Loss of part of outer arm 15, 17, 18, 64
DHCb oda4 Loss of outer arm 14, 15, 17, 65
DHCc oda2 Loss of outer arm 15, 16

Intermediate chains
IC1 oda9 Loss of outer arm 15, 24
IC2 oda6 Loss of outer arm 15, 23

Light chains
LC1 Unknown 27
LC2 oda12 Loss of outer arm 28, 29
LC3 Unknown 34
LC4 Unknown 40
LC5 Unknown 34
LC6 oda13 No structural defect; 45

slightly slow swimming
LC7a oda15 Loss of outer arm 44, 45
LC7b Unknown 46
LC8 fla14 Loss of outer arm+others 41, 43

Docking complex
DC1 oda3 Loss of outer arm 15, 48
DC2 oda1 Loss of outer arm 15, 49
DC3 oda14 Loss of most outer arms 50

Associated proteins
ODA5 oda5 Loss of outer arm 15, 51
ODA5-AK Unknown 51

Human outer dynein arm genes 63
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Chlamydomonas 
(biflagellate alga)Homo sapiens
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250 nm

Eukaryotic flagellum/cilium

highly conservedsophisticated

different gaits



Involved in a wide variety of ciliopathies

breaking left-right symmetry

V. Singla, Science (2006)

kidney proliferation



We will focus on  
Chlamydomonas reinhardtii

• good model system to study flagella 
• representative of eukaryotic swimming microorganisms



• Unicellular biflagellate green alga  
(Volvocaceae ⊂ … ⊂ Chlorophyta ⊂ Viridiplantae) 

F. Leliaert, et al. Crit. Rev. Plant Sci. (2012)

A quick tour of Chlamy

⇠ 10µm

• Cell body: ~10 μm; “front” flagella: ~12 μm / ~50 Hz 
• Swimming speed: ~100 μm/s 
• Cell spins at ~2 Hz

• Short vegetative life cycle (haploid):  
1 day, up to 8x growth 

• 2 “mating types” (+/-) for sexual reproduction 

perrin33.com/microbiologie/lereste

swimming 
direction



CW

A quick tour of Chlamy

N

Chl
Py

FC

• Chloroplast (Chl) for photosynthesis (~70% cell volume) 
• A single pyrenoid (Py): starch accumulation 

• Cell body surrounded by a cell wall (CW; ~200nm thick; 
glycoproteins; no cellulose)  

• CW has specialised flagellar pores (Flagellar Collar; ~500nm ∅)

CW layers
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Bioconvection !

M. Bees, University of York



A quick tour of Chlamy

MTR

• Mictorubule rootlets (MTR) ensure the correct internal 
organisation of the cell.  
(E.g. the eyespot is ~20∘ ahead of the flagellar plane.)

BB

Chlamy Sourcebook

• The rootlets stem from two Basal Bodies (BB):  
- Joined by fibres 
- Become centrosomes during cell division 
- Template the growth of flagella and root them in the cell body



The structure: “passive scaffold”

• 9 outer microtubule pairs (A and B) 
• Nexin links between adjacent pairs 
• Central microtubule pair (twisted in protists, not in animals) 
• Radial spokes b|w central pair and outer doublets 
• All microtubules plus ends towards the tip

standard “9+2” axoneme

⇠ 250 nm



The structure: “passive scaffold”

• Cilia ~2-5μm; Flagella ~10-20μm (typical) 
• Connection to basal body by transition region (~200nm) 
• Transition region is also the SOFA (site of flagellar autotomy) (wait a few slides) 
• Specialised tip structure (~500nm) 
• Specialised flagellar membrane: flagellar “necklace” controls mixing with cell 

membrane “proper” 
• Ectosomes are constantly ejected at the tip (50-200nm): proposed to act e.g. as 

TxT Msg between cells

closeup on tip structures



Question: are flagella stiff or flexible?
(you have 2 min to think about it)



Stiff or flexible is a length-dependent concept

For “thermal” filaments:  
compare length L with persistence length LP

L ⌧ LP L � LPL ⇠ LP

stiff semi-flexible flexible

Q: Estimate the persistence length for a flagellum

LP =
EI

kBT
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Flexural rigidity of a single microtubule

Kikumoto et al. Biophys J. 2006



Stiff or flexible is a length-dependent concept

For “thermal” filaments:  
compare length L with persistence length LP

L ⌧ LP L � LPL ⇠ LP

stiff semi-flexible flexible

LP ' 10 cm � L ' 10µm
<latexit sha1_base64="yvU43SrgHkFBH+ak90KedYr02vw=">AAACG3icbVA9SwNBEN2LXzF+nVraLAbBQsJdENQuYGORIoJJhFwIe5tJXLJ7d+7OieHI/7Dxr9hYKGIlWPhv3HwU8ePBwOO9GWbmhYkUBj3vy8ktLC4tr+RXC2vrG5tb7vZOw8Sp5lDnsYz1dcgMSBFBHQVKuE40MBVKaIaD87HfvANtRBxd4TCBtmL9SPQEZ2iljluudmqBEQpuqe8FRwHCPWZcjYJ+n1bnDZVOPTXquEWv5E1A/xJ/RopkhlrH/Qi6MU8VRMglM6blewm2M6ZRcAmjQpAaSBgfsD60LI2YAtPOJr+N6IFVurQXa1sR0ok6P5ExZcxQhbZTMbwxv72x+J/XSrF32s5ElKQIEZ8u6qWSYkzHQdGu0MBRDi1hXAt7K+U3TDOONs6CDcH//fJf0iiXfK/kXx4XK2ezOPJkj+yTQ+KTE1IhF6RG6oSTB/JEXsir8+g8O2/O+7Q158xmdskPOJ/fKa6g3A==</latexit><latexit sha1_base64="yvU43SrgHkFBH+ak90KedYr02vw=">AAACG3icbVA9SwNBEN2LXzF+nVraLAbBQsJdENQuYGORIoJJhFwIe5tJXLJ7d+7OieHI/7Dxr9hYKGIlWPhv3HwU8ePBwOO9GWbmhYkUBj3vy8ktLC4tr+RXC2vrG5tb7vZOw8Sp5lDnsYz1dcgMSBFBHQVKuE40MBVKaIaD87HfvANtRBxd4TCBtmL9SPQEZ2iljluudmqBEQpuqe8FRwHCPWZcjYJ+n1bnDZVOPTXquEWv5E1A/xJ/RopkhlrH/Qi6MU8VRMglM6blewm2M6ZRcAmjQpAaSBgfsD60LI2YAtPOJr+N6IFVurQXa1sR0ok6P5ExZcxQhbZTMbwxv72x+J/XSrF32s5ElKQIEZ8u6qWSYkzHQdGu0MBRDi1hXAt7K+U3TDOONs6CDcH//fJf0iiXfK/kXx4XK2ezOPJkj+yTQ+KTE1IhF6RG6oSTB/JEXsir8+g8O2/O+7Q158xmdskPOJ/fKa6g3A==</latexit><latexit sha1_base64="yvU43SrgHkFBH+ak90KedYr02vw=">AAACG3icbVA9SwNBEN2LXzF+nVraLAbBQsJdENQuYGORIoJJhFwIe5tJXLJ7d+7OieHI/7Dxr9hYKGIlWPhv3HwU8ePBwOO9GWbmhYkUBj3vy8ktLC4tr+RXC2vrG5tb7vZOw8Sp5lDnsYz1dcgMSBFBHQVKuE40MBVKaIaD87HfvANtRBxd4TCBtmL9SPQEZ2iljluudmqBEQpuqe8FRwHCPWZcjYJ+n1bnDZVOPTXquEWv5E1A/xJ/RopkhlrH/Qi6MU8VRMglM6blewm2M6ZRcAmjQpAaSBgfsD60LI2YAtPOJr+N6IFVurQXa1sR0ok6P5ExZcxQhbZTMbwxv72x+J/XSrF32s5ElKQIEZ8u6qWSYkzHQdGu0MBRDi1hXAt7K+U3TDOONs6CDcH//fJf0iiXfK/kXx4XK2ezOPJkj+yTQ+KTE1IhF6RG6oSTB/JEXsir8+g8O2/O+7Q158xmdskPOJ/fKa6g3A==</latexit><latexit sha1_base64="yvU43SrgHkFBH+ak90KedYr02vw=">AAACG3icbVA9SwNBEN2LXzF+nVraLAbBQsJdENQuYGORIoJJhFwIe5tJXLJ7d+7OieHI/7Dxr9hYKGIlWPhv3HwU8ePBwOO9GWbmhYkUBj3vy8ktLC4tr+RXC2vrG5tb7vZOw8Sp5lDnsYz1dcgMSBFBHQVKuE40MBVKaIaD87HfvANtRBxd4TCBtmL9SPQEZ2iljluudmqBEQpuqe8FRwHCPWZcjYJ+n1bnDZVOPTXquEWv5E1A/xJ/RopkhlrH/Qi6MU8VRMglM6blewm2M6ZRcAmjQpAaSBgfsD60LI2YAtPOJr+N6IFVurQXa1sR0ok6P5ExZcxQhbZTMbwxv72x+J/XSrF32s5ElKQIEZ8u6qWSYkzHQdGu0MBRDi1hXAt7K+U3TDOONs6CDcH//fJf0iiXfK/kXx4XK2ezOPJkj+yTQ+KTE1IhF6RG6oSTB/JEXsir8+g8O2/O+7Q158xmdskPOJ/fKa6g3A==</latexit>

…even without taking into account the internal structure!



• 96nm repeat unit:  
- four outer dynein arms (oda): produce most of 

the power 
- various inner dynein arms (ida) + Dynein 

Regulatory Complex (DRC): mostly regulatory 
- Linker proteins b|w odas; idas & odas;   DRC 

& odas (not shown)

Outer doublet

96nm

The structure: “active components”

• Radial spokes (RS) approx. 30nm long: 
-  emerge from A μtubule, towards central pair at 16nm repeats; 
-  involved in regulating the activity of DRC and ida I1

Your Turn: 
How many dyneins are 
there in a typical 10um 

9+2 flagellum?

~4500



The structure: “active components”

• Tangential shear from the dyneins is then converted to 
bending by the presence of mechanical constraints 
(basal body; nexins)

Riedel-Kruse I.H., et al. HFSP J. (2007)

Warner & Mitchell, JCB (1981)

• the dyneins generate relative translation 
between adjacent microtubule doublets

Isolated Tetrahymena cilia reactivated in ATP-containing buffer

• Periodic beating requires regulation of dynein activity

i) active clocking from the cell ? 
ii)emergent self-regulation within the axoneme ?



Gibbons & Gibbons, JCB (1972)

The structure: “active components”
Sea urchin sperm

alive de-membranated and 
in “proper” buffer

time

Axonemal beating is an  
“emergent property”  

of the interaction between the passive 
scaffold and the active component 

(dyneins)

Currently three alternative hypotheses: 

• geometric clutch 

• curvature control 

• sliding control

Interested? see e.g. notes in mpolin.com/teaching_and_outreach



100 µm

Metachronal waves on the alga Volvox carteri 

Coordinating thousands of eukaryotic flagella  
without “a brain”!

An unexpected consequence of motility: 
Flagellar Coordination



Flagellar coordination in eukaryotes: a universal feature

Brennen and Winet (1977)

Paramecium (protozoan)

5 µm

Opalina (protozoan)

10 µm

Frog respiratory mucosa

Can coordination emerge spontaneously ? 
Role of mechanical coupling?

poorly understood

metachronal waves



100 µm

Volvocales to the rescue:  
A model system for flagellar dynamics

10µm

Volvox (multicellular)Chlamydomonas (unicellular)

Solari, C. et al. PNAS 103, 1352 (2006)

Kirk, D. L. Volvox, CU Press (1998) ; Kirk, D. L. BioEssays 27, 299 (2005) ; Herron M. D., and Michod, R. E. Evolution 62, 436 (2007) ; ....



Coordination between two cells



beating 
in phase

beating 
out of phase

Interflagellar phase difference �(t)
Analysis of experimental phase difference:
Polin, et al. Science (2009);   Goldstein, Polin, Tuval PRL (2009,2011);  Leptos, et al. PRL (2013)

100 µm

Dynamics of individual somatic cells



Synchronisation properties

fluctuations

d = 48µm d = 37µm d = 25µm d = 20µm



Fluctuations’ PDFs during synchrony
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Far

Close

(L = d/�)

separation
flag length

�2 ⇠ L

Rescaled PDFs
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Ve�(�)
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Ve�(�)

{�dVe↵(�)
d�

without noise

flagella are 
phase-locked

Phenomenological model

R. E. Goldstein, M. Polin, I. Tuval,  PRL (2009)

with noise

Stochastic Adler model for �(t)

difference in 
intrinsic frequency effective coupling

�̇(t) = ��⌫ + 2⇡ sin(2⇡�) + noise



�2 ⇠ LQ: Given the scaling of       , how does      depend on L ??  ⇠ 1

L

Phenomenological model

Stochastic Adler model for �(t)

difference in 
intrinsic frequency effective coupling

�̇(t) = ��⌫ + 2⇡ sin(2⇡�) + noise
(L = d/�)

separation
flag length

�2 ⇠ L

Rescaled PDFs

 ⇠ 1

L



In-phase Anti-phase

Dependence on alignment

 > 0  < 0



Estimated coupling strength vs. separation

Experimental averages

h�̄i = 33.9Hz

h�i = 20.1µmFlag. length

Beating freq. }
• Niedermayer, Eckhardt, Lenz Chaos  18, 037128 (2008)
• Brumley, Polin, Pedley, Goldstein PRL 109, 268102 (2012)

Minimal model |�model| = 0.015� L�1

|�anti| = 0.015� L�1

|�in| = 0.018� L�1

+



Minimal model: 
flexible rotating spheres

cell body

flagellar 
trajectory

colony surface

can propagate in the direction of the effective stroke !sym-
plectic metachronal waves", in the opposite direction !anti-
plectic", perpendicular direction !laeoplectic or dexioplecit",
or oblique direction.20

Small animals, such as Paramecium, use this collective
ciliary motion to swim. Typically, the cilia beat with a trav-
eling helical wave, where the direction of the ciliary effective
stroke is oblique to the long axis of the body.19 Thus, a
Paramecium swims in a spiral course, rotating around its
longitudinal axis. By changing the axis of the helix, a Para-
mecium can steer and reverse its direction of motion.21 This
swimming is extremely efficient: The #100 !m long Para-
mecium can swim with a velocity of the order of #1 mm /s.

The causes for this cooperative behavior in ciliary arrays
are unclear. Of course, motion could be triggered
biochemically22 but there are also experimental indications
that hydrodynamic interactions couple the beating pattern of
neighboring cilia.23 We show here analytically that hydrody-
namic interactions can indeed lead to collective ciliary mo-
tion, in particular to synchronization of beating and to
metachronal wave formation. We build on a previous
model24 that also introduced a phase oscillator description in
the spirit of the “discrete cilia models” introduced by
Blake.25 ,26 Each cilium is treated separately, and the total
velocity field in the system is given by the superposition of
the velocity fields induced by each cilium, as discussed in
Sec. II. The new model introduced here is complex enough
to capture the essential properties of the flow a beating ci-
lium induces in the surrounding fluid and to show synchro-
nization and phase locking between neighboring cilia and
metachronal wave formation. At the same time, it is simple
enough to make the phenomena analytically accessible.

The phase oscillator model introduced in Ref. 24 did not
show synchronization. The important generalization intro-
duced here is the inclusion of an additional degree of free-
dom in ciliary motion that allows for some variability in the
trajectory. As we show here, this additional degree of flex-
ibility is sufficient to lead to the mentioned collective effects.
Thus, the model introduced here bridges the gap between
simple models not showing collective effects !such as the
one introduced in Ref. 24" and more complex numerical
simulations where these phenomena have been observed;
see, e.g., Refs. 27 –29 . In particular, for two interacting cilia
our model shows the same synchronization properties as a
more complicated model of interacting helices.30

Our equations of motion for a chain of hydrodynami-
cally coupled cilia are reminiscent of the Kuramoto
model.11,31,32 However, our equations differ in two features
from Kuramoto’s model: !i" The oscillators are only coupled
to their nearest neighbors, and !ii" the coupling function is
not sinusoidal. Both modifications have been considered be-
fore. In Refs. 33–35 , the interactions are restricted to nearest
neighbors, and it was shown that only finite chains or subsets
can phase-lock. More general coupling functions were con-
sidered in Refs. 36 and 37 , and the combined effect in Refs.
38 and 39 . As we will see below, the specific interactions
induced by the hydrodynamic coupling have different prop-
erties, so that the results from these studies are not immedi-
ately applicable.

The outline of this paper is as follows: First, the theoret-
ical description of a beating single cilium is introduced !Sec.
II". The description of hydrodynamic interactions for two
interacting cilia and the derivation of the fundamental model
are discussed in Sec. III. The transition to a phase-locked or
synchronized state is discussed in Sec. IV. In Sec. V, we
analyze these phenomena !and metachronal wave formation"
in ciliary arrays. We conclude with a summary and an out-
look in Sec. VI.

II. BEATING OF A SINGLE CILIUM

To study collective effects in ciliary arrays, we first have
to analyze the forces a beating cilium exerts on the surround-
ing fluid. Lengths and beating frequencies of cilia are very
different for different organisms. Here, we focus on mono-
cilia performing a rotational motion.40 Because their length
L$2–3 !m !Ref. 41" is much larger than their thickness
%radius a$0.1 !m !Ref. 42"&, one can describe the motion
of the cilium as being created by a set of forces localized at
the centerline of the cilium. The beating frequencies are of
the order f =" /2#$10 s−1.12,41 The ciliary beating is thus
characterized by a low Reynolds number, Re$10−4, and the
motion of the cilium is completely overdamped. For suffi-
ciently small systems !typical extensions of a few 100 !m",
momentum injection is instantaneous and the velocity field
in the surrounding fluid induced by the beating cilium is a
solution of the Stokes equation,

$!2v = !p + F%!r − rt" . !1"

Here, v=v!r" is the velocity in the fluid at position r, p
= p !r" is the distribution of pressure, $ is the viscosity of the
surrounding fluid !i.e., water", and F is the force acting on
the cilium moving on the trajectory rt.

In our approach, the forces driving the ciliary motion are
prescribed and not calculated from the bending deformations
of the ciliary filament as in, e.g., Refs. 28 and 43. In the case
of a single monocilium, these forces result in an essentially
circular trajectory. To obtain the velocity fields, we follow
the “discrete cilia model” and reduce the rotating monoci-
lium to a spherical bead of radius a that follows a closed
trajectory at a height h above the lipid membrane; see Fig. 1.
In Ref. 24, this trajectory was enforced to be exactly circular
by a holonomic constraint. We relax this constraint here and
allow for some radial flexibility by introducing a radial re-

FIG. 1. Cilia are modeled as Stokeslets moving along !nearly" circular tra-
jectories perpendicular to the membrane the cilia are attached to. Neighbor-
ing cilia interact via their induced velocity fields. For sufficiently low ciliary
densities, the hydrodynamic interactions are weak and only lead to small
variations in the radius of the trajectory.

037128-2 Niedermayer, Eckhardt, and Lenz Chaos 18, 037128 "2008#
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1) Abstract flagella as point forces

2) Assume that orbits are flexible

two main assumptions….


….but are they actually borne out of 
the experiments?



Single cell flow field      is like that of a point force

AverageTime-dependent

Cell body

experimental region of interest: v ⇠ 1

(distance)

v

v



Point-force approximation to single cell flow

Point-force fit Measured flow

µm

s
µm2

s

Well described by a point force  
but applied to a point that does not move along direction of the force 

(anisotropic drag of flagellum)

average 
limit cycle cell body
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Flagellar waveform vs. separation: 
flow induced deformations??

10 µm

Close

Far



Flagellar waveform vs. separation

The waveform is  
distorted by the interaction



Interactions distort flagellar waveform

•limit cycle constructed from 3 reference points along flagellum 

•approximately 8000 beats for each cell-cell separation 

•deformation is more pronounced along distal portions of the flagellum

 

 



•Hydrodynamic coupling leads to flagellar synchronisation between different cells. 

•Synchronisation is accompanied by a subtle but easily measurable deformation of the 
beating waveform. 

•Quantitative agreement with a simple minimal model supports coordination as an 
emergent property, resulting from the interplay of hydrodynamics and flagellar elasticity.  

…to summarise:

Done! We found the mechanism!!

Fibres

Chlamy Sourcebook

…not quite!  
Within a single cell the mechanism seems to be different… 

•Quaranta, Aubin-Tam, Tam, PRL  (2015)
•Wan, Goldstein PNAS  (2016)



Final stretch: Flagellar assembly!



R. E. Goldstein, M. Polin, I. Tuval PRL (2011)

Flagellar Autotomy

• Deflagellation in response to “harsh” stimuli: mechanical stress; pH shock; etc. 
• Triggered by Ca2+ influx
• A regulated process:  

- axoneme severed at the SOFA (“site of flagellar autotomy”) 
within the transition region 

- produces a clean cut
• Unclear evolutionary advantage 
• Instrumental for flagellar proteomics: easy to isolate and collect a lot of flagella



• If you shed it, you need to be able to GROW IT BACK

How to cut a flagellum



CHAPTER 4 : Intraflagellar Transport74

hundreds of nanometers in the direction of the long axis of the axoneme 
(      Kozminski et al., 1993, 1995 ; Sloboda and Howard, 2007 ). Flagellar cross-
sections reveal that IFT particles are approximately 50    nm across. In wild-
type cells, outer doublet microtubule connections nearly always link to the 
B-tubule ( Figure 4.1C, D ); for reference, the outer and inner dynein arms 
decorate the A-tubules. These microtubular connections with the particles 
are likely to include the IFT-motor proteins, which are described below. 
The IFT particles also appear to have multiple connections with the fl agel-
lar membrane; the nature of these interactions is poorly understood. 

  The discovery of IFT in  Chlamydomonas raised many questions. What 
was being moved? What were the particles made of? What molecular motors 
were responsible? Was IFT conserved in other ciliated organisms? Perhaps 
most important of all, what were the function(s) of IFT? Many answers to 
these questions have now been uncovered and are summarized in this chapter. 

A B

Cell body Distal tip

Anterograde
IFT

Outer doublet MT

FLA8 FLA10

LC8
FAP133

D1bLIC

DHC1b

Kinesin-2 Dynein-1b IFT complexes

Outer doublet MT

Retrograde
IFT

!

!

KEY

KAP/FLA3

FIGURE 4.2     
  Chlamydomonas IFT model. 
Anterograde IFT particles 
consisting of multiple copies 
of complexes A and B are 
moved from the base of the 
organelle out to the distal tip 
by heterotrimeric kinesin-2.
Retrograde transport of 
smaller IFT particles toward 
the cell body is mediated 
by cytoplasmic dynein 1b. 
The model of the dynein 
1b structure is adapted 
from Rompolas et al. 
(2007). How the A and 
B complexes associate to 
form the IFT particles is 
unknown.   
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a) b) c)

This is compatible with a simple elastohydrodynamic
estimate and provides the strongest evidence yet for a
mechanical origin of flagellar synchronization.

CR strain CC124 [12] was grown axenically in tris-
acetate-phosphate medium [11] in a growth chamber
(Binder, Germany) set to 24 !C and a cycle of 16 h light
at 100 !Em" 2 s" 1 (Fluora, OSRAM) and 8 h dark. Cells
from batch cultures in midlog phase (# 106 cells=ml) were
harvested during the light period, and a small aliquot was
inserted in a 22 $ 22 $ 3 mm observation chamber filled
with fresh tris-acetate-phosphate medium at room tem-
perature (# 22 !C). The chamber was held on a custom
stage of a Nikon TE2000-U inverted microscope with a
Zeiss 63$ W Plan-Apo water immersion objective (with a
numerical aperture of 1.0) fitted with an adapter collar. The
objective’s working distance of 2.1 mm allowed imaging
cells* 1 mm from any surface, eliminating wall effects on
the motion. Freely swimming cells were captured by ap-
plying gentle suction from a manual microinjector (Sutter
Instrument Co., USA) to a micropipette with a 2–4 !m
diameter tip, hosted on a pipette holder (World Precision
Instruments, USA) held by a motorized micromanipulator
(Patchstar, Scientifica, USA). A custom stage mounted on
the holder allowed rotation around the pipette’s axis and
was used to assess the angle between that axis and the
anteroposterior axis of the cell. Cells aligned to & 10!

were rotated to bring the flagellar plane into the focal plane
of the microscope objective. By shearing the flagella with a
second micropipette (Fig. 1), we induced deflagellation, a
process actively regulated by the cell; axonemal severing
occurs at a precise position just distal to the transition zone
inside the flagellar collar, a specialized region of the cell

wall [11]. Controlled excision allows the plasma mem-
brane to seal around the axonemal stub, preserving cellular
integrity, and is likely a trait already present in the ciliated
ancestral eukaryote [11]. Flagella fully regrow over # 2 h
[13] and are fully motile after # 15 min. For each cell we
recorded movies * 2 min long immediately before and
then at 20, 30, 40, 50, 60, 70, and 90 min after deflagella-
tion (Fig. 2), using a high-speed video camera (Fastcam
SA3, Photron, USA) at 500 fps under bright-field illumi-
nation. A long-pass interference filter with a 10 nm tran-
sition ramp centered at 620 nm (Knight Optical, United
Kingdom) prevented any phototactic responses [14].
Movies were processed and analyzed with custom
MATLAB routines. After each set of movies, we identified
under white light the cis flagellum as the closest to and
trans the furthest from the eyespot, a primitive light-
sensitive organelle.
Regrowth dynamics of the length ‘ averaged over 19

experiments [Fig. 2(a)] can be compared to the balance-
point model of flagellar elongation, which predicts the
relation ‘=‘0 þ lnð1 " ‘=‘0Þ ¼ " t=" [15]. The fit to the
data shown in blue yields parameters (‘0¼14:05!m and
"¼100:9 min) and an overestimate of the early-time data
that are both similar to findings in earlier studies [13,15].
Interestingly, the length reached after 90 min (11:48 )
0:27 !m) is significantly longer than that before deflagel-
lation (10:82 ) 0:19 !m). This difference is too large to
arise from projection errors caused by the deflagellation
protocol. We are unaware of any previous reports of a
similar phenomenon under any deflagellation technique
employed. This observation supports the idea that flagellar
length control is more complex than suggested by the

FIG. 2 (color online). Flagellar regrowth and the emergence of synchrony. (a) Regrowth dynamics of flagella after autotomy, and
image processed movie frames at the indicated times after deflagellation. The scale bar is 10 !m. The blue line indicates a fit to the
balance-point model of regrowth. (b) Phase difference ! as a function of time for a single cell during short experiments at various
times (in minutes) after deflagellation, as indicated. Plateaus in !, corresponding to periods of synchronous beating, become
progressively longer as flagella regrow.
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Figure 2. Dynein-1b drives gliding motility. (A) (Left) Kymograph of a gliding IFT20-GFP cell. A single retrograde IFT train transiently pauses (red arrow) 
and initiates the gliding movement of the cell toward the paused train. (Right) A schematic representing the timing and trajectory of the paused IFT train 
(red curve) in the gliding cell shown on the left. (B) (Left) Kymograph of an IFT27-GFP cell, pseudo-colored to show the corresponding velocity of each 
IFT train. Multiple IFT trains (red arrows) pause (green color) prior to gliding motility. The cell glides until it reaches the paused IFT trains. (Right) A 
schematic representing the timing and trajectories of the paused IFT trains (red curves) in the gliding cell shown on the left. (C) Gliding of uniflagellate 
cells under bright field illumination. A uniflagellate pf18 cell glides unidirectionally toward its flagellum. A uniflagellate dhc1b-3ts cell displays bidirec-
tional gliding at the restrictive temperature. Red and blue arrowheads represent forward (flagellum in the lead) and backward (cell body in the lead) 
gliding directions. (D) All of the uniflagellate pf18 cells glided with the flagellum in the lead. Heat inactivation of dynein-1b in dhc1b-3ts cells at 37°C 
resulted in a 46% reduction in gliding frequency (N = 35) and led to bidirectional gliding motility. 8% of the cells glided with the flagellum leading the 
cell body (0.34 ± 0.09 µm/s, mean ± SEM), while 23% glided with the cell body leading the flagellum (0.47 ± 0.16 µm/s). 23% of the cells displayed 
saltatory gliding movement. (E) Uniflagellate cells glided ∼20% faster than biflagellate cells. Inhibition of dynein-1b (dhc1b-3ts) resulted in a fivefold 
decrease in gliding speed, whereas inhibition of kinesin-2 (pf1 fla10-1ts) led to a twofold speed increase (mean ± SEM). In temperature-insensitive 
paralyzed (pf18) and WT cells, changes in gliding speed between permissive and restrictive temperatures were negligible. (F) A model for gliding 
motility. Retrograde IFT trains adhere to the glass surface through FMG1-B, and the surface-tethered dynein motors pull the cell body through microtu-
bules toward the flagellar tip.
DOI: 10.7554/eLife.00744.006
The following figure supplements are available for figure 2:

Figure supplement 1. Three additional examples for kymographs of gliding IFT27-GFP cells. 
DOI: 10.7554/eLife.00744.007

Figure supplement 2. The procedure for Fourier space direction analysis. 
DOI: 10.7554/eLife.00744.008

Figure supplement 3. Lag time between IFT pausing and initiation of gliding motility. 
DOI: 10.7554/eLife.00744.009

Figure supplement 4. Three examples for kymograph of gliding uniflagellate IFT27-GFP cells. 
DOI: 10.7554/eLife.00744.010

Flagellar regrowth

• ~1 - 2h to full length 
• Non-linear growth dynamics 
• Symmetric: same for both flagella  
• Beating resumes at ~4μm length (why??)

Intra Flagellar Transport (IFT) (Highly Conserved!!)
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hundreds of nanometers in the direction of the long axis of the axoneme 
(      Kozminski et al., 1993, 1995 ; Sloboda and Howard, 2007 ). Flagellar cross-
sections reveal that IFT particles are approximately 50    nm across. In wild-
type cells, outer doublet microtubule connections nearly always link to the 
B-tubule ( Figure 4.1C, D ); for reference, the outer and inner dynein arms 
decorate the A-tubules. These microtubular connections with the particles 
are likely to include the IFT-motor proteins, which are described below. 
The IFT particles also appear to have multiple connections with the fl agel-
lar membrane; the nature of these interactions is poorly understood. 

  The discovery of IFT in  Chlamydomonas raised many questions. What 
was being moved? What were the particles made of? What molecular motors 
were responsible? Was IFT conserved in other ciliated organisms? Perhaps 
most important of all, what were the function(s) of IFT? Many answers to 
these questions have now been uncovered and are summarized in this chapter. 
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FIGURE 4.2     
  Chlamydomonas IFT model. 
Anterograde IFT particles 
consisting of multiple copies 
of complexes A and B are 
moved from the base of the 
organelle out to the distal tip 
by heterotrimeric kinesin-2.
Retrograde transport of 
smaller IFT particles toward 
the cell body is mediated 
by cytoplasmic dynein 1b. 
The model of the dynein 
1b structure is adapted 
from Rompolas et al. 
(2007). How the A and 
B complexes associate to 
form the IFT particles is 
unknown.   
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a) b) c)

This is compatible with a simple elastohydrodynamic
estimate and provides the strongest evidence yet for a
mechanical origin of flagellar synchronization.

CR strain CC124 [12] was grown axenically in tris-
acetate-phosphate medium [11] in a growth chamber
(Binder, Germany) set to 24 !C and a cycle of 16 h light
at 100 !Em" 2 s" 1 (Fluora, OSRAM) and 8 h dark. Cells
from batch cultures in midlog phase (# 106 cells=ml) were
harvested during the light period, and a small aliquot was
inserted in a 22 $ 22 $ 3 mm observation chamber filled
with fresh tris-acetate-phosphate medium at room tem-
perature (# 22 !C). The chamber was held on a custom
stage of a Nikon TE2000-U inverted microscope with a
Zeiss 63$ W Plan-Apo water immersion objective (with a
numerical aperture of 1.0) fitted with an adapter collar. The
objective’s working distance of 2.1 mm allowed imaging
cells* 1 mm from any surface, eliminating wall effects on
the motion. Freely swimming cells were captured by ap-
plying gentle suction from a manual microinjector (Sutter
Instrument Co., USA) to a micropipette with a 2–4 !m
diameter tip, hosted on a pipette holder (World Precision
Instruments, USA) held by a motorized micromanipulator
(Patchstar, Scientifica, USA). A custom stage mounted on
the holder allowed rotation around the pipette’s axis and
was used to assess the angle between that axis and the
anteroposterior axis of the cell. Cells aligned to & 10!

were rotated to bring the flagellar plane into the focal plane
of the microscope objective. By shearing the flagella with a
second micropipette (Fig. 1), we induced deflagellation, a
process actively regulated by the cell; axonemal severing
occurs at a precise position just distal to the transition zone
inside the flagellar collar, a specialized region of the cell

wall [11]. Controlled excision allows the plasma mem-
brane to seal around the axonemal stub, preserving cellular
integrity, and is likely a trait already present in the ciliated
ancestral eukaryote [11]. Flagella fully regrow over # 2 h
[13] and are fully motile after # 15 min. For each cell we
recorded movies * 2 min long immediately before and
then at 20, 30, 40, 50, 60, 70, and 90 min after deflagella-
tion (Fig. 2), using a high-speed video camera (Fastcam
SA3, Photron, USA) at 500 fps under bright-field illumi-
nation. A long-pass interference filter with a 10 nm tran-
sition ramp centered at 620 nm (Knight Optical, United
Kingdom) prevented any phototactic responses [14].
Movies were processed and analyzed with custom
MATLAB routines. After each set of movies, we identified
under white light the cis flagellum as the closest to and
trans the furthest from the eyespot, a primitive light-
sensitive organelle.
Regrowth dynamics of the length ‘ averaged over 19

experiments [Fig. 2(a)] can be compared to the balance-
point model of flagellar elongation, which predicts the
relation ‘=‘0 þ lnð1 " ‘=‘0Þ ¼ " t=" [15]. The fit to the
data shown in blue yields parameters (‘0¼14:05!m and
"¼100:9 min) and an overestimate of the early-time data
that are both similar to findings in earlier studies [13,15].
Interestingly, the length reached after 90 min (11:48 )
0:27 !m) is significantly longer than that before deflagel-
lation (10:82 ) 0:19 !m). This difference is too large to
arise from projection errors caused by the deflagellation
protocol. We are unaware of any previous reports of a
similar phenomenon under any deflagellation technique
employed. This observation supports the idea that flagellar
length control is more complex than suggested by the

FIG. 2 (color online). Flagellar regrowth and the emergence of synchrony. (a) Regrowth dynamics of flagella after autotomy, and
image processed movie frames at the indicated times after deflagellation. The scale bar is 10 !m. The blue line indicates a fit to the
balance-point model of regrowth. (b) Phase difference ! as a function of time for a single cell during short experiments at various
times (in minutes) after deflagellation, as indicated. Plateaus in !, corresponding to periods of synchronous beating, become
progressively longer as flagella regrow.
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Figure 2. Dynein-1b drives gliding motility. (A) (Left) Kymograph of a gliding IFT20-GFP cell. A single retrograde IFT train transiently pauses (red arrow) 
and initiates the gliding movement of the cell toward the paused train. (Right) A schematic representing the timing and trajectory of the paused IFT train 
(red curve) in the gliding cell shown on the left. (B) (Left) Kymograph of an IFT27-GFP cell, pseudo-colored to show the corresponding velocity of each 
IFT train. Multiple IFT trains (red arrows) pause (green color) prior to gliding motility. The cell glides until it reaches the paused IFT trains. (Right) A 
schematic representing the timing and trajectories of the paused IFT trains (red curves) in the gliding cell shown on the left. (C) Gliding of uniflagellate 
cells under bright field illumination. A uniflagellate pf18 cell glides unidirectionally toward its flagellum. A uniflagellate dhc1b-3ts cell displays bidirec-
tional gliding at the restrictive temperature. Red and blue arrowheads represent forward (flagellum in the lead) and backward (cell body in the lead) 
gliding directions. (D) All of the uniflagellate pf18 cells glided with the flagellum in the lead. Heat inactivation of dynein-1b in dhc1b-3ts cells at 37°C 
resulted in a 46% reduction in gliding frequency (N = 35) and led to bidirectional gliding motility. 8% of the cells glided with the flagellum leading the 
cell body (0.34 ± 0.09 µm/s, mean ± SEM), while 23% glided with the cell body leading the flagellum (0.47 ± 0.16 µm/s). 23% of the cells displayed 
saltatory gliding movement. (E) Uniflagellate cells glided ∼20% faster than biflagellate cells. Inhibition of dynein-1b (dhc1b-3ts) resulted in a fivefold 
decrease in gliding speed, whereas inhibition of kinesin-2 (pf1 fla10-1ts) led to a twofold speed increase (mean ± SEM). In temperature-insensitive 
paralyzed (pf18) and WT cells, changes in gliding speed between permissive and restrictive temperatures were negligible. (F) A model for gliding 
motility. Retrograde IFT trains adhere to the glass surface through FMG1-B, and the surface-tethered dynein motors pull the cell body through microtu-
bules toward the flagellar tip.
DOI: 10.7554/eLife.00744.006
The following figure supplements are available for figure 2:

Figure supplement 1. Three additional examples for kymographs of gliding IFT27-GFP cells. 
DOI: 10.7554/eLife.00744.007

Figure supplement 2. The procedure for Fourier space direction analysis. 
DOI: 10.7554/eLife.00744.008

Figure supplement 3. Lag time between IFT pausing and initiation of gliding motility. 
DOI: 10.7554/eLife.00744.009

Figure supplement 4. Three examples for kymograph of gliding uniflagellate IFT27-GFP cells. 
DOI: 10.7554/eLife.00744.010

• IFT Trains: 0.05-1μm long; 50nm wide 
• Walk on B-microtubules of outer pairs 
• Kinesin → Anterograde (tip-wise) ~2μm/s 
• Dynein → Retrograde (BB-wise) ~3μm/s 
• New proteins moved to tip; old go back to cell 

IFT TrainDynein

Kinesin



Reaching a finite length: the balance point model

������"���������

���� ���
�������� 	����� ��
�������� ���� ���"�����������"������ 	����� ���"�����������"������

	���������!�� 	���������!�� ����������������

�!������������������������ �!������������ ����������

������

������������	��


����������	��

�����
�����������

��������

��������
��������

�����	��	��	���#��
�	�������	�����
�

�

Polyglutamylation
Modification by addition of 
multiple glutamate residues 
onto a protein.

Bardet–Biedl syndrome
A ciliopathy that is 
characterized by obesity, 
retinitis pigmentosa, 
polydactyly and cognitive 
disability.

IFT complex proteins. IFT particles were first isolated 
from C. reinhardtii flagella and were found to consist of 
two large, biochemically distinct complexes, termed IFT 
complex A and complex B48,49. IFT complex A and com-
plex B seem to move together within the cilium, but they 
can be dissociated from each other in vitro. Subsequent 
studies have identified additional IFT protein constituents 
of these complexes. IFT particles are constructed from 
at least 20 proteins; IFT complex A contains six known 
proteins (IFT43, IFT121, IFT122, IFT139, IFT140 and 
IFT144) and IFT complex B contains 14 known proteins 
(IFT20, IFT22, IFT25, IFT27, IFT46, IFT52, IFT54, IFT57, 
IFT70, IFT74 (also known as IFT72), IFT80, IFT81, IFT88 
and IFT172) (TABLE 1 and reviewed in REFS 27,28). The 
majority of these IFT proteins are conserved among 
ciliated organisms and are enriched in protein–protein 
interaction domains50,51. The phosphoprotein IFT25 was 
recently identified52–54 and shown to interact with IFT27, a 
small GTPase of the RAB family55. In C. elegans, the IFT22 
homologue (IFT-associated 2 (IFTA-2)) is a RAB-like pro-
tein that is not required for ciliogenesis, but it was recently 
shown to be required for signalling by the insulin-like 
growth facto r pathway56. IFT70, a homologue of C. elegan s 
abnormal dye-filling 1 (DYF-1) (REF. 57) and zebrafish 
Fleer (also known as Ttc30a)6, was recently identified as an 
integral component of IFT complex B in C. reinhardtii58. 
IFT70 is also required for tubulin polyglutamylation and 
the formation of the outer doublet B tubule in C. elegans, 
zebrafish and Tetrahymena6,59.

The two IFT complexes play complementary but 
distinct parts in the transport of ciliary proteins. IFT 
complex B contributes to anterograde transport and is 
essential for the assembly and maintenance of cilia and 
flagella (FIG. 2). In most cases, loss of any IFT complex B 
protein results in short or absent cilia55,60–67. By contrast, 

IFT complex A is required for retrograde transport that 
returns proteins to the cell body for turnover, but it does 
not appear to be necessary for ciliary assembly68–73. For 
example, C. reinhardtii with mutations in fla15  and 
fla17 (that encode IFT144 and IFT139, respectively) do 
assembl e flagella, but these have abnormal bulges that 
contain accumulated IFT complex B proteins68,73,74. It 
is currently unknown whether IFT complexes A and B 
carry distinct sets of cargo proteins, and the specific roles 
of most IFT proteins remain uncharacterized.

IFT complex accessory proteins. Although IFT proteins 
have been conventionally defined as proteins that were 
identified through the biochemical analysis of purified 
IFT particles48–50, some studies have identified puta-
tive IFT particle components independently of this type 
of analysis. In this Review, we classify these additional 
IFT proteins as IFT complex accessory proteins. The pro-
tein products of C. elegans dye-filling-defective mutants 
dyf-3  and dyf-13  were identified as IFT complex B acces-
sory proteins by genetic and bioinformatic analyses75–78. 
DYF-13 may be required to activate the OSM-3 Kinesin-2 
by docking this motor onto IFT complex B57. The dyf-3  
mutation was also mapped to the qilin (also known as 
cluap1) zebrafish cystic kidney mutant66.

Tubby-like protein 3 (TULP3) interacts with IFT com-
plex A and promotes the ciliary localization of a subset of 
G protein-coupled receptors (GPCRs), such as somato-
statin receptor 3 (SSTR3) and melanin-concentrating  
hormone receptor 1 (MCHR1)79.

Some Bardet–Biedl syndrome (BBS) proteins, products 
of BBS genes, have been shown to undergo IFT-like move-
ment along the ciliary axoneme57,78,80,81. In C. elegans, loss-
of-function mutations in bbs-7 and bbs-8  lead to structural 
and functional ciliary defects. This might be because 
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IFT does not stop at full flag. length…
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Without IFT: flag. dissociates at constant rate
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(temperature-
sensitive mutant)

W. Marshall, et al. Mol. Biol. Cell (2005)
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Gliding: an unexpected consequence of IFT
S. M. Shih, et al. eLife, 2, e00744 (2013)

Chlamys attach on glass surfaces 
spreading their flagella TIRF + GFP-tagged IFT trains

notice IFT trains moving!!

Gliding!

IFT dyneins
cargo
trans-membrane protein
glass

outer μtubule doubletRetrograde dyneins: 
1) attach to glass (transmembrane 

proteins) and…. 
2) pull the cell

How gliding works



IFT dyneins
cargo
trans-membrane protein
glass

outer μtubule doublet• gliding force ~20-30 pN 
• gliding speed ~1-2 μm/s

Your turn

How many dyneins are involved?

Is the gliding velocity limited by 
viscous drag by the cell body?

No. It is not always 
hydrodynamics !

~4


