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The unicellular green alga, Chlamydomonas reinhardtii, has played a central role
in discoveringmuch ofwhat is currently known about the composition, assembly,
and function of cilia and flagella. Chlamydomonas combines excellent genetics,
such as the ability to grow cells as haploids or diploids and to perform tetrad
analysis, with an unparalleled ability to detach and isolate flagella in a single step
without cell lysis. The combination of genetics and biochemistry that is possible in
Chlamydomonas has allowed many of the key components of the cilium to be
identified by looking for proteins that are missing in a defined mutant. Few if any
other model organisms allow such a seamless combination of genetic and
biochemical approaches. Other major advantages of Chlamydomonas
compared to other systems include the ability to induce flagella to regenerate
in a highly synchronous manner, allowing the kinetics of flagellar growth to be
measured, and the ability of Chlamydomonas flagella to adhere to glass
coverslips allowing Intraflagellar Transport to be easily imaged inside the
flagella of living cells, with quantitative precision and single-molecule
resolution. These advantages continue to work in favor of Chlamydomonas as
a model system going forward, and are now augmented by extensive genomic
resources, a knockout strain collection, and efficient CRISPR gene editing. While
Chlamydomonas has obvious limitations for studying ciliary functions related to
animal development or organ physiology, when it comes to studying the
fundamental biology of cilia and flagella, Chlamydomonas is simply
unmatched in terms of speed, efficiency, cost, and the variety of approaches
that can be brought to bear on a question.
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1 Introduction

Cilia and flagella are complex organelles with diverse functions and highly conserved
molecular structures, found throughout the eukaryotic tree of life. While a number of different
model organisms can be used to study the assembly and function of cilia, the unicellular green alga
Chlamydomonas reinhardtii, sometimes known as “green yeast,” stands out as the most tractable
genetic and biochemical model organism, which also has specific advantages for live cell imaging
and quantitative analysis. The central premise of this article is that, if youwant to study the general
mechanisms of how cilia assemble and function, as opposed to the specific roles that they play in a
developmental or disease context, Chlamydomonas is the most convenient and powerful system
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in which to carry out such studies. As a haploid, unicellular organism,
that grows on plates or liquid culturewith a doubling time of a few hours,
Chlamydomonas allows rapid, high-throughput, yeast-like approaches
that make it the most convenient and efficient model organism for
genetic analysis of cilia. As a system in which cells can be grown in
biochemical quantities in a matter of days with minimal equipment and
inexpensive media, and in which flagella can be cleanly detached from
the cell body without cell lysis, Chlamydomonas is by far the best system
for biochemical analysis of cilia.Chlamydomonas is also ideal for live-cell
imaging of flagella by TIRF microscopy. All of these advantages will be
discussed in detail below.

Another “advantage” is not intrinsic to the cell but a product of
its history, and that is the long legacy of genetic analysis that has
resulted in a vast array of mutations, all available in the
Chlamydomonas Genetics Center, which any researcher can use
for their own new purposes. In this sense, Chlamydomonas occupies
a similar place in the genetic analysis of cilia and flagella as
Drosophila does in the genetic analysis of animal development.
But because of so much interest in Chlamydomonas genetics,
many modern tools also exist. A high quality genome is available
with excellent annotation, knockout collections exist so that for
almost any gene one can obtain mutants simply by pulling the
appropriate plates out of the freezer, and CRISPR gene editing allows
insertion of tags at endogenous loci and other such genomic
manipulations.

Historically, Chlamydomonas played a leading role inmany of the
key discoveries about cilia and flagella, for example, the discovery of
intraflagellar transport (Kozminski et al., 1993; Cole et al., 1998),
which led to the explosion of interest in ciliary diseases when it was
found that a protein component of the Chlamydomonas IFT system
corresponded to the Tg737 mouse mutation that caused polycystic
kidney disease (Pazour et al., 2000). Indeed, the vast majority of ciliary
proteins appear to be conserved between Chlamydomonas and
humans, with differences being limited mainly to proteins involved
in developmental signaling or specific physiological sensing functions
that a free living cell would not need to have. For an excellent overview
of the history of Chlamydomonas flagellar research, see (Rosenbaum,
2009). Here we will focus on what one can do now, using
Chlamydomonas; its unique advantages compared to virtually any
other model organism; and the new types of high-throughput and
quantitative studies that it enables.

2 Cell biology of
Chlamydomonas flagella

2.1 Anatomy of the Chlamydomonas cell

Chlamydomonas cells are spheroidal, around 10 microns in
diameter, with two conspicuous flagella protruding from one

FIGURE 1
The anatomy of the Chlamydomonas cell.

Frontiers in Cell and Developmental Biology frontiersin.org02

Marshall 10.3389/fcell.2024.1412641

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1412641


end, conventionally called the anterior end of the cell. The cell is
highly polarized, with virtually all internal structures occupying
defined positions relative to the anterior-posterior axis
(Figure 1). Just under the flagella are the basal bodies from
which the flagella extend. Associated with these basal bodies are
a complex arrangement of fibers that connect the basal bodies to
each other, to the intracellular microtubule cytoskeleton, and to
the nucleus. The nucleus sites below (posterior to) the basal
bodies, within an invagination in the chloroplast that fills up the
whole posterior half of the cell. The surface of the cell is covered
with a cell wall except for two holes through which the flagella
protrude. Near the cell surface is an eyespot, which acts as a
directional photosensor and allows the cell to swim towards
light. The cytoplasmic microtubule cytoskeleton consists of two
types of microtubules. Rootlet microtubules are bundles of 2 or
4 microtubules that form a cross-like pattern near the anterior
and run down the sides of the cell. The eyespot is always located
adjacent to one of these rootlet microtubule bundles. In
addition to the rootlet, there is also a set of more
conventional singlet microtubules. All of these microtubules,
rootlet or not, have their minus ends located near the
basal bodies.

2.2 Chlamydomonas flagella

Chlamydomonas flagella are roughly 10 microns long motile
structures that are, in all respects, virtually identical to motile cilia in
animal cells. They contain the usual nine outer doublet microtubules
surrounding a central pair of microtubules. The outer doublets are
associated with inner and outer dynein arm complexes as well as
radial spokes and the dynein regulatory complex. All of these
components share a high degree of molecular homology to their
counterparts in other species including humans. On the outside of
the flagella are hairlike projects called mastigonemes that are
thought to be involved with hydrodynamic interactions (Witman
et al., 1972).

The flagella of Chlamydomonas were so-named because
there are only two of them, not the large number of cilia
typically found on ciliates or multi-ciliated epithelial cells.
On the other hand, the motility pattern of Chlamydomonas
flagella is characterized by a breast-stroke like motion of the two
flagella in a plane with a recovery stroke near the cell body, a
type of motion often referred to as “ciliary.” Moreover,
Chlamydomonas flagella arise from basal bodies that
associate with the poles of the mitotic spindle during
division, and by this definition they are classified as primary
cilia. There has been some debate in recent years about whether
Chlamydomonas researchers should switch terminology and
start calling the flagella “cilia,” but we do not recommend
this because so many of the gene names (see below) refer to
the flagella, and in any case the scientific community
presumably has the ability to grasp the simple fact that
“cilia” and “flagella” are really just two words that have been
used to describe the same object, much like “morning star” and
“evening star.” Certainly at the level of ultrastructure and
biochemical composition, the flagella of Chlamydomonas and
the motile cilia of humans are virtually indistinguishable.

2.3 The basics: how to grow
Chlamydomonas

One simple advantage of Chlamydomonas is that it is extremely
easy to grow. Chlamydomonas forms colonies on agar plates, which
makes isolating clonal lines extremely easy. Although these plates can be
grown in temperature controlled, light cycling incubators for precise
control of growth conditions, this is not at all necessary, and in most
cases they can just be grown on a shelf with a fluorescent light, or even
just on the bench top. These colonies on plates are highly robust and can
be left for days or weeks without the cells dying. For longer term culture,
Chlamydomonas can be frozen, and it is in this form that the knockout
mutant collection is stored.Chlamydomonas can also be grown in liquid
cultures, ranging from a few hundred microliters in multiwell plates up
to 8L cultures in glass or plastic carboys. Larger cultures are of course
possible with bioreactors. The media for growing Chlamydomonas is
easy to make and costs virtually nothing, since they do not require a
carbon source due to their ability to fix carbon from CO2 in the air.

Compared to the cost in time and labor of maintaining
mammalian cells in culture, Chlamydomonas requires essentially
no effort, cost essentially nothing, and take almost no time to grow: if
you have an idea for an experiment, you can start a liquid culture
from a plate or slant and be ready to do your experiment the next day
or even later the same day. Growing a large 8L culture for
biochemical preparations takes about a week.

2.4 Imaging Chlamydomonas

Because Chlamydomonas flagella protrude from the cell surface,
they are easy to see even with student-grade microscopes, provided one
can get the cells to hold still. For fixed measurements, cells are simply
fixed in glutaraldehyde or Lugol’s iodine, which allow easy visualization
and measurement of the flagella. For live imaging, proteins are tagged
with GFP or other fluorescent protein tags and expressed as transgenes.
Increasingly this tagging is being done at endogenous loci using CRISPR
gene editing to insert the tag. Once the fluorescent reporter is expressed,
flagella are typically imaged using TIRF microscope (Engel et al., 2009).
Because Chlamydomonas is a soil alga it has the ability to adhere to, and
glide along, solid surfaces such as a glass coverslip. Simply placing a drop
of liquid Chlamydomonas culture on top of a coverslip is enough for the
flagella to adhere, which places the flagella directly in the TIRF field,
while the cell body remains outside the TIRF field, allowing protein
dynamics within flagella to be imaged at high signal to noise without
interference from any protein that may be expressed inside the cell body.
The extreme convenience of TIRF imaging inChlamydomonas flagella is
another major advantage of this model system, compared to, for
example, mammalian cells where the cilia overlay the cell body, and
allows transport within the flagellum to be studied quantitatively, at
single-molecule resolution (Ludington et al., 2013; Wren et al., 2013;
Craft et al., 2015; Chien et al., 2017). Chlamydomonas flagella are also
well suited for high resolution live cell imaging by label-free methods
such as DICmicroscopy, due to the fact that the flagellum sticks out on a
coverslip away from the cell body, so that there is nowavefront distortion
such as what would occur with imaging cilia on the surface of a
mammalian cell or inside an animal embryo. DIC imaging provided
the first discovery of IFT (Kozminski et al., 1993) and has been used since
to measure the speed and frequency of IFT particles (Dentler, 2005).
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For electron microscopy, the fact that flagella extend out from
the cell surface, can be easily isolated (see below), and adhere to glass
surfaces makes it a particularly convenient model organism for
ultrastructural studies. The small size of the Chlamydomonas cell
and its ability to grow in a suspension of individual cells alsomakes it
particularly easy to prepare samples for cryoEM. Chlamydomonas
continues to be a dominant model organism for cryoEM analysis of
ciliary structure, including ultrastructural analyses of dynein arms
(Nicastro et al., 2006; Oda et al., 2007; Movassagh et al., 2010; Heuser
et al., 2012; Roberts et al., 2012), the dynein regulatory complex
(Heuser et al., 2009; Song et al., 2015; Lin et al., 2019; Walton et al.,
2023), the central pair apparatus (Hou et al., 2021; Han et al., 2022),
radial spokes (Pigino et al., 2011; Barber et al., 2012; Zhu et al., 2019;
Poghosyan et al., 2020; Gui et al., 2021; Grossman-Haham
et al., 2021), IFT particles (Jordan et al., 2018; van den Hoek
et al., 2022; Lacey et al., 2023), and the outer doublet
microtubules (Lin et al., 2012; Yanagisawa et al., 2014; Owa
et al., 2019; Khalifa et al., 2020).

2.5 Isolating Chlamydomonas flagella for
biochemical analysis

Although we rightfully emphasize the importance of
Chlamydomonas as a genetic model system for rapid genetic analysis
of flagellar processes (see below), it has proven equally valuable for its
biochemical tractability. One obvious reason Chlamydomonas is so
good for biochemistry is just how easy it is to grow in huge quantities.
No special bioreactors are required, just a large container, some media
which is essentially salt water and costs next to nothing, and a hose to
connect the bottle to an air line, with a bubbler or even just a serological
pipette attached to one end to introduce the air into the culture in a
stream of fine bubbles. House air works for this purpose, there is no
need for a CO2 line, since the cells can extract what they need from the
air. A simple fluorescent light fixture provides plenty of light. It isn’t
even necessary to stir the cells: becauseChlamydomonas aremotile, they
keep themselves in suspension.

But even more important than the ease and low cost of growing
Chlamydomonas in biochemical quantities is the fact that
Chlamydomonas flagella can be induced to detach from the cell
using a simple pH shock. The normal pH of a Chlamydomonas
culture is around 7. By adding HCl, the pH is dropped down to
4.5 for 1 min and then brought back to 7 by adding KOH. During
this pH shock, flagella detach from the cell body and float into the
media. This takes place without cell lysis, such that once the cell
bodies are separated from the flagella by spinning through a sucrose
cushion, one obtains a virtually pure sample of flagella, free from
contamination with other cellular proteins. The flagella can then be
harvested by centrifugation at higher speeds to form a glassy pellet.
We are unaware of any other model system that allows cilia and
flagella to be isolated in such pure form. In particular, the lack of a
method to cleanly remove cilia from mammalian cells in culture has
made proteomic studies extremely challenging (see, for example, the
mouse primary ciliary proteomic study by Ishikawa et al., 2012,
which required hundreds of cell culture dishes and where it was
necessary to use comparative proteomics across fractions to identify
ciliary proteins by correlation profiling. No such elaborate schemes
are required with Chlamydomonas).

Given the ability to cleanly isolate flagella with virtually no
contamination from the cell body, and the high quality annotation
of the Chlamydomonas genome, this system is perfect for proteomic
analysis of cilia and flagella. The first proteome of theChlamydomonas
flagellum (Pazour et al., 2005) was a large advance over the previously
published proteomic study of mammalian airway cilia which was full
of apparent contamination from other proteins due to the difficulty of
isolating cilia without cell damage (Ostrowski et al., 2002). In fairness
though, we note that a re-annotation of the mammalian dataset using
the better annotated ciliary genes from Chlamydomonas showed that
quite a few of the proteins found in that study, initially annotated as
hypothetical or with uninformative human gene names, were in fact
bona fide ciliary proteins (Marshall, 2004).

3 Chlamydomonas genetics

3.1 Overview of Chlamydomonas genetics

Chlamydomonas normally grows as a haploid cell with
17 chromosomes per haploid complement. It is heterothallic and
exists in two mating types, mat+ and mat-. Haploid cells may be

FIGURE 2
Basic Chlamydomonas genetics, showing a pair of opposite
mating type cells that fuse to form a dikaryon, which, can then either
undergo meiosis to produce haploid products, or remain as a
stable diploid.
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induced to form gametes by growth in nitrogen-free media, and
when mat+ and mat-gametes are mixed together, the cells fuse to
form a dikaryon with four flagella, which then resorbs its flagella,
undergoes meiosis, to yield haploid progeny (Figure 2). A fraction of
mated cells remain permanently in the diploid condition.

3.2 Methods for genetic analysis in
Chlamydomonas

Although we often associate tetrad analysis with budding yeast,
it is even easier to do in Chlamydomonas since the tetrads are larger.
The ability to recover all four meiotic products in a tetrad facilitates
genetic analysis by making it straightforward to determine if a
phenotype segregates 2:2, indicating it is caused by a single gene,
and to test for linkage between two mutations based on co-
segregation.

By looking at enough tetrads with different markers on known
chromosomes, it is straightforward to map the location of a new
mutant. One might ask, in the modern era of reverse genetics,
knockout collections, and CRISPR editing, why would anyone need
to map a mutation? The answer is that all of these methods suffer
from occasional off-target mutations, such that even a known and
sequenced insertional mutant or gene edit can also be associated
with an unknown change elsewhere in the genome. The first step
with any experiment involving a new mutant or edited gene is to
confirm co-segregation of the insertion or edit with the observed
phenotype. In cases where the phenotype can be separated from the
insert or edit by a cross, it is then necessary to identify the location of
the actual mutation. Genomic sequencing is now the preferred
method to do this, but even there, knowing which chromosome
is affected can make it much easier to focus on the most
relevant SNPs.

The fact that a fraction of cells form diploids allows one to
determine if a given mutation is recessive or dominant. Because only
a fraction of mated cells will go on to form diploids, they must be
selected by using appropriate combinations of markers in the two
parental strains.

3.3 Dikaryon rescue

The mating process in Chlamydomonas also provides a
uniquely fast and powerful mechanism for assessing
complementation of mutations by cell fusion. When a mat+
and mat-cell mate, the resulting dikaryon retains its flagella
(four in total, two from each parental cell) for approximately
2 h. During this time, the cell bodies are fully fused to form one
cell, which allows rapid and complete mixing of the cellular
contents. If one of the cells had a recessive mutation, the wt
protein from the other cell can complement the flagellar
phenotype. But this doesn’t always happen, and one can
imagine several reasons. First, if the phenotype arises from a
defect in a multi-protein assembly, these assemblies may have
formed a defective structure in the mutant that does not permit the
wild-type protein from the other parent to add on after the
structure has assembled. Second, if a gene functions to promote
proper flagellar assembly at the time flagella form, it may not be

possible to rescue the defect once the flagella are done assembling.
Thus, looking at “dikaryon rescue” can shed light on when and
how a gene functions, and this approach has been applied to a large
number of flagella related mutants (Dutcher, 2014). Formation of
dikaryons also provides a convenient way to “pulse label” a cell by
introducing a tagged protein from one parent and watching it
incorporate into the flagella of the other parent (Marshall and
Rosenbaum, 2001).

3.4 Screening methods for flagella-
related genes

A prerequisite to genetic analysis is a method to screen for
mutants of interest. For classical unbiased screening, mutagenesis is
carried out by UV or chemical mutagenesis, or by insertional
mutagenesis using plasmids. Insertional mutagenesis has the
obvious advantage that the mutated gene can, at least in theory,
be identified by using the insert as a sequence tag.

After mutagenesis, cells are screened for mutations affecting
flagella. Because flagella are completely dispensable for growth and
viability, you can’t tell by looking at a colony whether or not the
flagella are defective. One approach is to pick individual colonies
into liquid cultures and then examine each one under a microscope
to see if the cells are swimming. This is a bit tedious but is effective
and has the advantage that it is a very direct assay for flagellar
motility. Another type of screen takes advantage of the fact that
when embedded in a low percentage agar gel, Chlamydomonascells
can spread through the gel using flagellar motility, such that a single
cell gives rise to a diffuse light green colony. Flagellar mutant cells
cannot move through the gel and produce tiny dark green colonies
(Engel et al., 2012). Flagellar motility can also be assayed in 96 well
plates with U-botton wells. Many strains of Chlamydomonas have a
tendency to swim downwards to the bottom of whatever container
they are placed in, and in a U-bottom well, this means the center of
the well. When viewed from above such strains show a dark green
dot in the center of each well, while flagellar motility mutants, which
lose the ability to concentrate at the lowest point, remain diffuse
throughout the well, making them easy to spot. This assay has the
advantage of being easy to quantify using image analysis, and has
been used for high-throughput chemical screens (see Section
3.8 below).

Another way to identify mutants affecting flagellar motility is to
assay phototaxis. When a tube full of liquid Chlamydomonas culture
is placed in front of a slit of light, the culture will concentrate near
the slit, making a green bar when the tube is viewed from the side.
This type of screen will pick up mutants defective in flagellar
motility, as well as mutants with eyespot defects (see Section
5.3 below).

3.5 Cloning by sequencing

Insertional mutants can be cloned by first identifying flanking
sequence and then confirming that the insertion is the causal
mutation. But many useful mutants have been generated using
methods such as UV or chemical mutagenesis, either for
historical reasons or with the goal of obtaining conditional
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mutants that cannot be generated by insertion. Such mutants are
now identified by whole genome sequencing to detect alterations in
sequence (see, for example, Lin et al., 2013; Perlaza et al., 2022).
Because there may be multiple genomic differences in any given
mutant strain, it is important to confirm that the proposed gene
really is the cause of the phenotype. At the very least, one can
perform tetrad analysis to show that the phenotype co-segregates
with the genomic change (as verified by PCR, for example,). But the
most convincing proof is to perform rescue by showing that
insertion of a plasmid carrying the wild-type copy of the gene
actually does restore the wild-type phenotype in the mutant line.

3.6 Reverse genetics

A large proportion of flagella-related genes in Chlamydomonas
were first identified by classical “forward” genetics, meaning they
were first found by looking for a phenotype of interest in a large
collection of randomly mutated cells. In cases where the gene of
interest is known, and it is desired to have a mutation in that gene,
there are two main strategies currently in use. First, one can simply
look up that gene in a database that lists the insertion site
sequences in a large knockout collection that is now available to
the community (Li et al., 2016). Mutants in this collection generally
involve an insertion of a plasmid into the gene, leading to a loss of
function. However, the insertion event can sometimes cause
additional mutagenic events elsewhere in the genome, so one
must always confirm that the observed phenotype results from
the insertion, ideally by rescue with a transgene. Now that CRISPR
gene editing works well in Chlamydomonas, this provides an
alternative strategy for obtaining mutants in a gene of interest
(Nievergelt et al., 2023) with potentially much greater control over
the nature of the mutation compared to random insertional
mutagenesis.

3.7 Combining genetics and biochemistry

As noted above, Chlamydomonas has many advantages for
biochemical analysis of flagellar proteins, but the real power
comes when these advantages are combined with genetics.
Suppose one wants to identify protein components of a
particular cilia-associated structure, such as the radial spoke
or inner dynein arm. In many cases, mutants are already
available that are missing that particular structure while the
rest of the flagellum remains intact. One therefore can isolate
flagella from wild type cells, and from the mutant in question, and
then compare the two samples to identify proteins that are
missing in the mutant (Piperno et al., 1977). The clean
isolation of flagella that is possible in Chlamydomonas makes
this type of strategy far more effective in Chlamydomonas than in
any other ciliary model organism. The large number of well-
characterized mutants with defects in specific flagellar structures
provides the necessary genetic substrate to support this type of
approach. An excellent example of this combined biochemistry/
genetics approach has been the identification of the complete
protein composition of the radial spoke complex (Curry and
Rosenbaum, 1993; Yang et al., 2006).

3.8 Chemical screening

In addition to its numerous advantages for genetic screening,
Chlamydomonas is also highly effective as a model system that
allows chemical screening at far lower cost and far higher
throughput than other ciliary model systems. A liquid culture of
Chlamydomonas can be readily dispensed into multi-well plates in a
single, rapid step. Motility defects can be assessed in a plate format
simply by looking at the distribution of green intensity (signifying
accumulation of cells) throughout the well, which can be done using
a flatbed scanner or any other simple imaging system (Marshall,
2009; Avasthi and Marshall, 2013). Counter-screening for toxicity is
equally simple since it just entails measuring the OD in a well on a
plate. Follow-up assays using simple microscopy methods can
quickly distinguish effects on flagellar motility from flagellar
length. The fact that flagella stick out from the cell body and do
not contain obvious drug efflux pumps makes them excellent targets
for chemical screens.

This type of approach has been used to discover a number of
effective inhibitors of flagellar assembly and motility in
Chlamydomonas (Engel et al., 2011; Avasthi et al., 2012).
Among these compounds are several that were predicted to
target a specific class of GPCRs which also turned out to be
cilia-related in mammalian cells (Avasthi et al., 2012). These
screens also focused interest on actin modulators, which
ultimately led to the finding that actin plays a role in transport
into the flagellum (Avasthi et al., 2014; Jack et al., 2019; Bigge et al.,
2023). For these latter studies, a key element of the approach was
using well-characterized genetic mutants in a combined chemical/
genetic approach.

FIGURE 3
Studying the dynamics of flagellar assembly in Chlamydomonas.
(A) Regeneration of flagella following pH shock. (B) Flagellar length
equalization following removal of one flagellum. Red curve shows the
length of the severed flagellum as it regenerates. Blue curve
shows the length of the other flagellum that shortens until the two
flagella reach equal length.
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4 Using Chlamydomonas to study
flagellar assembly

4.1 Flagellar regeneration—a unique
advantage of Chlamydomonas

We noted above that a major advantage of Chlamydomonas for
biochemistry is the ability to cleanly remove the flagella. This turns
out to also be a major, and again quite unique, advantage for the
study of flagellar assembly (ciliogenesis), because after the flagella
are removed, they grow back again in about 1.5 h (Figure 3A). This
flagellar regrowth takes place with decelerating kinetics, and the
growth rate provides a direct measure of the flagellar assembly
process. A flagellar regeneration curve allows not only the initial
growth rate, but also the final length, to be easily determined.
Because protein synthesis is required for flagella to reach the
final correct length (Rosenbaum et al., 1969), these experiments
can also be used to measure the effective size of the flagellar
precursor pool (Lefebvre et al., 1978).

4.2 The BLD and FLA mutants

Two main classes of mutants have been identified in
Chlamydomonas with severe effects on flagellar assembly. Both
types of mutants are characterized by lack of flagella, the
difference is whether the mutations are conditional or not.

One class of mutants comprises non-conditional mutants lack
flagella entirely, and were thus named bld and define genes necessary
for building either the basal bodies or the flagella. Examples of BLD
genes that have been characterized include BLD1, which encodes a
protein necessary for intraflagellar transport (Brazelton et al., 2001;
see below), BLD2, which encodes epsilon tubulin (Dutcher et al.,
2002), BLD10 which encodes part of the basal body cartwheel
structure (Matsuura et al., 2004), and BLD12 which encodes the
SAS6 centriole assembly protein (Nakazawa et al., 2007). These
mutants have proven highly useful in exploring the mechanisms for
establishing 9-fold symmetry in centriole structures (Hiraki et al.,
2007; Nakazawa et al., 2007; Noga et al., 2022).

A second class of mutants affecting flagella are conditional
mutants, known as “FLA” for flagellar assembly defective, in
which cells have normal or approximately normal length flagella
when grown at the permissive temperature, but are unable to
regenerate flagella when the temperature is increased to the
nonpermissive temperature (Huang et al., 1977; Adams et al.,
1982). Many of these mutants also lose their pre-existing flagella
when the temperature is shifted. Examples of FLA genes that have
been characterized include FLA3, FLA8, and FLA10 which encode
the three subunits of a heterotrimeric kinesin involved in
anterograde intraflagellar transport (Walther et al., 1994; Miller
et al., 2005; Mueller et al., 2005), and FLA14 which encodes a light
chain of the dynein complex responsible for retrograde IFT (Pazour
et al., 1998). The fact that flagella shorten when IFT is abruptly
halted in such mutants was the first indication that flagella were
dynamic rather than static assemblies, and led to a concept for
length control based on a competition between assembly and
disassembly as discussed below in Section 6.4. An interesting
feature of many of these fla mutants is the fact that when IFT is

impaired by the mutation, it leads not only to flagellar shortening,
but also to severing of the flagella (Parker and Quarmby, 2003).

4.3 IFT in Chlamydomonas

Intraflagellar transport (IFT) was first discovered as a motility
visible within Chlamydomonas flagella by DIC microscopy
(Kozminski et al., 1993). Building on the observation that IFT
stops in fla10 mutants when they are shifted to the restrictive
temperature (Kozminski et al., 1995), comparison of proteins in
flagella isolated from wt and fla10 mutant flagella revealed a set of
polypeptides that were named the IFT proteins (Piperno and Mead,
1997; Cole et al., 1998). Determining the molecular identity of the
IFT proteins (Cole et al., 1998) was the key observation that
launched the renaissance of interest in cilia after it was
recognized that one of the IFT proteins from Chlamydomonas
was an ortholog of a gene, of previously unknown function,
implicated in polycystic kidney disease (Pazour et al., 2000). Due
to the combination of advantages for taking genetic, biochemical,
and imaging approaches in Chlamydomonas, IFT has become
extremely well characterized in this organism, including
numerous studies of the structure (Pigino et al., 2009;
Vannuccini et al., 2016; Jordan et al., 2018; Lacey et al., 2023)
and biochemical composition (Cole et al., 1998; Lucker et al., 2005;
Qin et al., 2007; Taschner et al., 2011; Behal et al., 2012; Taschner
et al., 2016) of the IFT particles, their movements back and forth in
the flagellum (Pedersen et al., 2005; Ludington et al., 2013; Chien
et al., 2017), their recruitment to the basal body (Deane et al., 2001;
Richey and Qin, 2012; van den Hoek et al., 2022), and their transport
of cargo (Qin et al., 2004; Bhogaraju et al., 2013; Wren et al., 2013;
Craft et al., 2015; Jiang et al., 2017; Taschner et al., 2017; Perlaza
et al., 2022). Overall, it is fair to say that we know more about the
details of IFT in Chlamydomonas than in any other model organism,
making it a logical starting point for future investigations into
this process.

4.4 Gene expression during
flagellar assembly

The ability to remove flagella and have them regenerate
synchronously in a population of cells makes it easy to study
gene expression during flagellar growth, something far more
difficult to analyze in organisms where ciliogenesis occurs
asynchronously. When flagella regenerate in Chlamydomonas,
genes encoding virtually all flagellar proteins are upregulated,
showing increased levels of mRNA peaking around 20–30 min
after the start of flagellar assembly (Lefebvre et al., 1980; Baker
et al., 1984; Keller et al., 1984; Schloss et al., 1984; Lefebvre and
Rosenbaum, 1986). This phenomenon has been extremely useful in
identifying flagella-related genes based on transcriptomic analysis
(Pazour et al., 2005; Stolc et al., 2005; Chamberlain et al., 2008; Albee
et al., 2013; Lin and Dutcher, 2015; Zones et al., 2015).

How this gene regulation occurs is still very much an open
question. It has been shown that flagellar gene induction requires
not just loss of flagella, but their ability to regrow, such that
mutations that block or delay flagellar regeneration greatly
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reduces gene induction (Perlaza et al., 2023). Not just removal of
flagella, but also induction of further growth of flagella, is sufficient
to trigger flagella related gene expression (Periz et al., 2007). The
molecular basis by which flagellar growth is coupled to gene
expression is currently unknown. Mutations in the promotor
region of flagella related genes can prevent their upregulation
during flagellar assembly (Davis and Grossman, 1994), but the
factors necessary to bind to promotor sequences in response to
flagellar growth are not known. A transcription factor has been
identified, XAP5, that is required for cells to have flagella (Li et al.,
2018), but because the presence of flagella and their subsequent
regeneration is required for flagellar gene induction (Perlaza et al.,
2023), it is not possible to test whether this particular factor is a
necessary part of the normal induction machinery. While the
question of how growth of cilia and flagella are coupled to gene
expression is a very general one, Chlamydomonas has huge
advantages for exploring the molecular mechanism due to the
ability to induce flagellar regeneration precisely and
synchronously, on top of the usual advantages in terms of being
able to carry out rapid screens in haploid cells.

5 Using Chlamydomonas to study
flagella-based motility

5.1 Motility mutants

Three classes of paralyzed flagella mutants have been reported:
pf, ida, and oda (Kamiya, 1988). PF refers to “paralyzed flagella” and
was the original term used to name genes, mutations in which cause
defects in swimming motility. Over the years, the identity of many of
the original PF genes have been determined. In some cases, these
have been identified directly by either genetic mapping followed by
complementation or by use of insertional mutants from which the
flanking DNA can be determined. In addition, a significant number
of paralyzed mutants showed loss of specific structures by electron
microscopy, such that analysis of proteins lacking from mutant
flagella pointed the way to potential protein products of the
mutated genes.

Flagellar motility ultimately is produced by the inner and outer
dynein arms, and given the complexity of the dynein arms, each of
which is composed of many different chains, it is not surprising that
a large number of motility mutants turn out to affect dynein arm
assembly or function. Axonemal dynein arms in Chlamydomonas
pre-assemble in the cytoplasm and are then transported into the
flagellum and attached to the axoneme (Fowkes and Mitchell, 1998).
While some of the ida and oda mutations affect genes encoding
components of the dynein arms themselves (as just a few examples
see Kamiya et al., 1991; Sakakibara et al., 1993; Pazour et al., 1999;
Perrone et al., 2000), many affect genes required for the assembly,
transport, or docking of the arms onto the axoneme (Wirschell et al.,
2004; Ahmed andMitchell, 2005; Oda et al., 2014). Many, but not all,
of the ida and oda mutants, show short flagellar length (Kannegaard
et al., 2014) possibly because their binding to the outer doublet
serves to stabilize it against turnover (see Section 6 below).

The activity of inner dynein arms is coordinated in part by
signaling through the dynein regulatory complex (DRC; Piperno
et al., 1992; Gardner et al., 1994). This protein complex turns out to

be the “nexin” link observed decades earlier by electron microscopy
(Heuser et al., 2009). Mutations in the DRC lead to alterations in
swimming motility (Piperno et al., 1994). Adjacent to the DRC on
the outer doublets and pointing towards the central pair, are the
radial spoke complexes (Curry and Rosenbaum, 1993). Like the
dynein arms, radial spokes are partially assembled in the cytoplasm
and then transported to the axoneme for final attachment (Diener
et al., 2011). Mutations in components of the radial spokes, or the
central pair itself, lead to paralyzed flagella or impaired motility
(Williams et al., 1989; Smith and Lefebvre, 1996; Mitchell and
Sale, 1999).

5.2 Gliding motility

In addition to the canonical “swimming” motility that involves
bending of the flagella, Chlamydomonas also can undergo a “gliding”
motility, whereby the retrograde IFT motor system engages with
membrane proteins (Bloodgood et al., 2019) that adhere to an
external surface, causing the cell body to be dragged forward
(Fort et al., 2021). One reason to investigate gliding is that it
may provide a window into the evolutionary origins of cilia.
Canonical flagellar or ciliary motility requires a huge number of
components to interact in the correct way, but surface motility like
gliding is far simpler to achieve, can be used to capture prey
(Bloodgood, 2020) or possibly to avoid predation (Marshall,
2020a). Such considerations have led to speculation that cilia
may have evolved from structurally simpler precursors whose
main function was surface motility of the membrane.
Chlamydomonas gliding provides a genetically tractable system in
which to investigate the mechanism of such processes.

A related surface motility process, likely reflecting the same
underlying machinery, is the motion of adherent beads back and
forth over the flagellar surface (Bloodgood, 1977). Such bead
movement is convenient to measure and possibly relates to early
evolution origins of cilia-like structures as feeding organelles.

5.3 Phototaxis

Phototaxis in Chlamydomonas is accomplished by a complex
interaction between the eyespot, which is a directional photodetector
formed by rhodopsin-like photoreceptors overlying a pigment layer
that blocks light from one side, and flagellar motility, such that when
light impinges on the eyespot, the motility of one of the two flagella
is altered in such a way that the cell swims towards the light
(Wakabayashi et al., 2021). Because of the ease with which
phototaxis mutants can be identified in screens, this system
presents an excellent opportunity to investigate the general
question of how ciliary motility can be controlled by cellular
signaling pathways, which is relatively much harder to investigate
in other model systems.

Because phototaxis requires an interaction between the eyespot
and flagellum, mutations that disrupt phototaxis can arise from
defects in the flagellum, the eyespot, or the signaling pathway that
links them. Phototaxis relies in the fact that the two flagella respond
differently to light, which allows the cell to turn. The difference in
response between the two flagella ultimately depends on which basal
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body (mother or daughter) served to template the assembly of the
flagellum. Mutations that affect the asymmetry between the two
flagella lead to loss of phototaxis (Rüffer and Nultsch, 1997; Okia
et al., 2005).

Mutants affecting eyespot formation also lead to impaired
phototaxis, and include mutants with miniature eyespots,
multiple eyespots, and completely missing eyespots (Mittelmeier
et al., 2008; Boyd et al., 2011a) as well as mutants with eyespots in an
incorrect location due to alterations in rootlet microtubules (Boyd
et al., 2011b). Control of flagellar beating by the eyespot involves not
only ion current through the eyespot itself, but also a calcium
channel in the flagellar membrane, such that mutants affecting
signaling can arise from defects in flagellar calcium influx
(Pazour et al., 1995). Effective phototaxis also requires a precise
angular position of the eyespot relative to the flagella, such that
mutants affecting eyespot or basal body positioning lead to loss of
phototaxis (Feldman et al., 2007).

6 Using Chlamydomonas to study
flagellar length regulation

6.1 Do cells “know” how long their
flagella are?

Cilia and flagella are convenient organelles in which to
investigate the general question of how cells regulate organelle
size (Marshall, 2020b). Advantages of cilia/flagella for this
question include the fact that their size only varies in one
dimension (length), their large size on the order of several
microns, and the fact that they typically protrude from the
surface of the cells making them easy to visualize. Moreover,
unlike many organelles, flagella in Chlamydomonas can be
removed from the cell and induced to regenerate in a highly
synchronous manner, allowing the kinetics of length restoration
to be measured. Chlamydomonas flagella thus represent a highly
tractable system in which to investigate the general question of
organelle size control using a combination of yeast-like genetics and
precise quantitative measurements (Wemmer and Marshall, 2007).

Flagellar length is usually around 10 microns but can vary from
8 to 12 in wild-type strains depending on the exact strain and growth
conditions. Length also is a function of cell size, with larger cells
having longer flagella, showing a linear scaling of flagellar length
with cell diameter (Bauer et al., 2021). Flagellar length is important
for swimming motility, such that cells with lengths outside the
normal range, or with unequal flagellar lengths, show impaired
swimming (Bauer et al., 2021).

A basic question is whether flagellar length is actually under any
sort of regulatory control. When flagella regenerate, they return to
their original length, and do so with decelerating kinetics such that at
any point in time, the growth rate is proportional to 1/L (Marshall
et al., 2005). When fluctuations of flagellar length are measured, we
find that lengths can increase and decrease randomly but only within
a limited range of variation, beyond which they are somehow
prevented from growing or shrinking (Bauer et al., 2021). The
restoration of length following perturbation, and the constrained
fluctuations about the mean length, are both hallmarks of a control
system regulating length. Another reason for thinking that the cell

contains signaling pathways that can measure length is the fact that
some proteins show length-dependent phosphorylation (Luo
et al., 2011).

6.2 Flagellar length equalization

One of the most compelling reasons for suspecting that some
mechanism exists to regulate flagellar length in Chlamydomonas is
the fact that cells are able to restore equal lengths of their flagella.
This is seen most dramatically in the so-called “long zero”
experiment, in which a single flagellum is removed, either by
careful mechanical perturbation (Coyne and Rosenbaum, 1970)
or more recently by laser ablation of just one flagellum
(Ludington et al., 2012). In these experiments, the flagellum that
is removed regenerates with similar kinetics as seen when both
flagella are removed. The remarkable thing, however, is that the
other flagellum, which was at normal length, immediately starts to
shorten, and continues shortening until it matches the length of the
regenerating flagella (Figure 3B). Once they reach the same length,
the two flagella grow out together, unless protein synthesis is
inhibited, in which case the two flagella reach equal length and
then stop further growth.

6.3 Mutants affecting flagellar length

A principal reason for studying flagellar length in
Chlamydomonas is the genetics of the system. Using screens,
primarily for alterations in motility which is an easily scored
phenotype, a number of length-altering mutants have been
identified, which fall into two main classes: long-flagella (lf)
mutants with flagella typically around twice normal length
(Barsel et al., 1998; Berman et al., 2003; Tam et al., 2003; Tam
et al., 2007; Tam et al., 2013), and short flagella (shf) mutants with
flagella around half normal length, still long enough to be clearly
visible but outside the range of wt flagellar lengths (Mcvittie, 1972;
Kuchka and Jarvik, 1987; Perlaza et al., 2022).

Five of the LF genes have been identified (Berman et al., 2003;
Nguyen et al., 2005; Tam et al., 2007; Tam et al., 2013). Three of
them, LF2, LF4, and LF5, encode protein kinases, but their targets or
upstream regulators remain poorly understood. LF4 seems to be
involved in phosphorylating a subunit of the kinesin that drives IFT
(Wang et al., 2019), which based on other studies (Liang et al., 2018)
is predicted to decrease IFT entry into flagella. This leads to a simple
model in which mutation of LF4 leads to reduced kinesin
phosphorylation and increased IFT. Indeed, LF4, as well as
LF1 and 2, appears to be involved in the regulation of IFT based
on quantitative measurement of IFT in mutant cells (Ludington
et al., 2013; Wemmer et al., 2020). LF4 is not, however, necessary for
length control: lf4 null mutants still grow flagella to defined lengths,
the defect is just that the length set-point is longer than in wild-
type cells.

Compared to long flagella mutants there has been comparatively
less effort to identify the genes altered in short flagella (shf) mutants.
This is due to the perception, not usually stated explicitly, that there
are more ways to make something smaller than to make it larger. On
the other hand, the fact that shf mutants have defined lengths that
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are different from wt cells still raises the question of what has
changed in such cases. The first short flagella gene identified, sfh1,
was recently shown to encode a TOG-domain tubulin binding
protein, suggesting a role in tubulin transport into flagella
(Perlaza et al., 2022). A short flagella mutant obtained in a
screen for phototaxis defects (Feldman et al., 2007) was found to
be caused by a mutation in the PF15 gene encoding the
p80 regulatory subunit of katanin (Kannegaard et al., 2014).
Since katanin in Chlamydomonas seems to be localized in the
cytoplasm near the basal bodies rather than inside the flagella
(Esparza et al., 2013), this result suggested that perhaps katanin
plays a role in destabilizing cytoplasmic microtubules during
flagellar assembly, allowing the growing flagella to compete for
the limited pool of tubulin, an idea that was supported by
computational modeling (Kannegaard et al., 2014).

6.4 Turnover and transport

Although identifying the genes in flagellar length altering
mutants has represented a major point of progress in
understanding length regulation, it does not by itself point to an
actual mechanism for controlling length. A key question for any
mechanistic model for organelle size regulation is to know whether
the control is exerted only at the time of initial assembly, or
continuously throughout the life of the organelle. In the case of
Chlamydomonas flagella, the answer is clearly the latter: flagellar
outer doublet microtubules undergo continuous turnover at their tip
(Marshall and Rosenbaum, 2001; Song and Dentler, 2001) and
immediately begin to shorten when IFT is shut off (Kozminski
et al., 1995). The fact that shortening in the absence of IFT occurs at
a constant rate shows that microtubule disassembly occurs at a
length-independent rate. Since assembly requires IFT, we have
extensively investigated the rate of IFT as function of length and
find that the rate of IFT particles leaving the base of the flagellum to
travel out to the tip is proportional to 1/L, just like the rate of flagellar
assembly itself (Engel et al., 2009; Ludington et al., 2013).
Interestingly, the size of IFT trains changes as a function of
flagellar length, with much longer trains being found in short,
rapidly growing flagella (Engel et al., 2009). Mutations that

partially reduce IFT lead to shorter steady state flagellar lengths
(Marshall and Rosenbaum, 2001), and mutations that increase IFT
lead to longer steady state flagellar length (Wemmer et al., 2020).

With these results in hand, it is possible to formulate an
extremely simple model for flagellar length control (Marshall and
Rosenbaum, 2001; Marshall et al., 2005), in which the steady-state
flagellar length is determined by the balance between length-
dependent assembly (due to the 1/L dependence of IFT on
length) and length-independent disassembly (Figure 4). This
model can explain the ability of cells to stably maintain a unique
length, as well as the regeneration kinetics of flagella as they regrow,
since the growth rate turns out to show the same 1/L dependence on
length as does IFT (Marshall et al., 2005). The model can also
account for length equalization in the “long-zero experiment”
because when one flagellum is removed, and starts to regrow, it
creates a situation in which that flagellum is taking up more tubulin
than it returns by disassembly, so it becomes a net consumer, thus
reducing the supply available for the other flagellum (Ludington
et al., 2012). The model also explains the fact that in cells with
variable numbers of flagella, the more flagella a cell has, the shorter
they are (Marshall et al., 2005).

Here we have discussed only the simplest version of the model.
Building in some of the known or potential complexity of the
system, such as length-dependence of disassembly, saturable
binding of tubulin to IFT particles, and limited availability of
precursor proteins, does not fundamentally alter the ability of
this type of model to account for length equalization and the
ability to reach a stable steady state length (Marshall, 2023).

6.5 Models for IFT regulation

The length control model discussed in the last section only
works if IFT is a decreasing function of length, which raises the
question of how this can be achieved? There are a large number of
potential mechanisms by which the length of the flagellum could be
sensed, many of which have been shown to be capable, in theory, of
fitting available measurements of flagellar regeneration (Ludington
et al., 2015). Testing these models has employed a combination of
specific mutations with quantitative imaging, which has allowed us
to rule out three models so far: (a) an “initial bolus” model where
flagella are loaded with a fixed quantity of IFT particles that circulate
back and forth, ruled out by photobleaching experiments
(Ludington et al., 2015); (b) a “time of flight” model where
length is sensed by a molecular timer attached to the IFT
particle, ruled out using mutants that change the speed of
retrograde IFT (Ishikawa and Marshall, 2017); and (c) an “ion
current” model where length is sensed by the magnitude of a
calcium current flowing across the flagellar membrane, ruled out
using mutations and chemical perturbations that alter flagellar
calcium transport (Ishikawa et al., 2023).

One current model is based on the observation that the KAP
subunit of the heterotrimeric kinesin-II driving anterograde IFT
does not return to the cell body by retrograde IFT, but instead,
diffuses back in a random walk (Chien et al., 2017). This led to a
model in which the entry of new IFT trains is delayed until sufficient
kinesin has been able to return by diffusion, and this model was
shown to be able to fit with the observed kinetic data using the

FIGURE 4
Steady state “balance point” model for flagellar length, in which
the only stable length occurs when the rate of assembly matches the
rate of disassembly.
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measured diffusion constant (Hendel et al., 2018; Ma et al., 2020).
When a kinesin-II motor with reduced speed was expressed in
Chlamydomonas, this had only a small effect on steady state length,
consistent with the idea that the timescale of kinesin diffusion, rather
than its anterograde motion out to the tip, is limiting (Li et al., 2020).
A recent study confirmed the diffusive return of kinesin by tracking
the Fla8 subunit (Patel et al., 2024), but reported that the diffusing
pool of kinesin is only a small fraction of the total available kinesin,
raising questions about the ability of a diffusion model to explain the
length dependence of IFT.

6.6 Regulating cargo loading and precursor
availability

In addition to the length-dependence of IFT, quantitative
imaging also suggests that the loading of tubulin and other
cargos onto the IFT trains may be regulated by flagellar
length (Wren et al., 2013; Craft et al., 2015; Patel et al.,
2024). Thus far, no mechanism has been proposed by which
this loading would be regulated by length, and so cargo loading is
not in itself a solution to the question of how length is sensed. It
has also been noted that because the number of IFT particles per
IFT train is itself length dependent (Engel et al., 2009), the
overall capacity of an IFT train to transport tubulin or other
cargos will vary with length simply by virtue of the fact that the
number of binding sites is length-dependent (Wemmer et al.,
2020). Clearly, the jury is still out on whether IFT or its cargo
binding are the primary targets for length regulation, and in
either case, what sort of molecular pathway could be sensing
length in the first place. The fact that we can even entertain such
a debate at this level of detail is a testimony to the numerous
advantages of Chlamydomonas including not only its genetics
but also the ability to induce flagellar regeneration and the ability
to acquire TIRF images of IFT at extremely high signal to noise
ratios, all of which continue to make this system the idea model
organism in which to investigate the general question of ciliary
length control.

7 Discussion: Chlamydomonas—why
use anything else?

In this article we have seen the numerous practical advantages
that make Chlamydomonas such an excellent system for studying
cilia and flagella. For virtually any question that applies to cilia in
general, such as how they assemble, how they move, and what they
are made of, there is simply no question that Chlamydomonas allows
such fundamental questions to be answered more easily, more
quickly, and with greater genetic precision. The questions for
which Chlamydomonas is not as useful are those that apply only
in a multicellular context, such as the roles of cilia in hedgehog
signaling or kidney homeostasis. Even there, there are likely to be
aspects of the system for which the awesome power of
Chlamydomonas genetics and biochemistry can be brought to
bear. For example, while Chlamydomonas doesn’t have a kidney,
it has an ortholog of PKD2 (Huang et al., 2007) and recently it has
been shown that the mastigoneme protein that forms filaments on

the outside of the Chlamydomonas flagellum (Witman et al., 1972),
is a structural homolog of PKD1 (Huang et al., 2024), and interacts
with PKD2 (Das et al., 2024), suggesting that Chlamydomonas really
does have something equivalent to the PKD1/2 system in
mammalian kidneys. In fact, a startlingly large number of genes
involved in human ciliopathies have orthologs in Chlamydomonas,
consistent with the high conservation of ciliary proteins. We
conclude that for both basic cell biology of cilia, as well as for
more specialized disease-related functions. Chlamydomonas has a
unique role to play whenever one wants to study such process using
yeast-like genetics, combined genetic and biochemical analysis, and
high resolution quantitative live cell imaging.

Author contributions

WM: Writing–original draft, Writing–review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. Work in my
group onChlamydomonas flagellar length regulation is supported by
NIH grant R35 GM130327.

Acknowledgments

The tremendous power of Chlamydomonas as a model
system for studying cilia and flagella, combined with its long
history and the large community of creative researchers who
have made use of it, means that the literature on this topic is far
too voluminous to be comprehensively covered in a single
article. I thus ask for forbearance on the part of those whose
papers were not cited. I acknowledge Joel Rosenbaum for
getting me started in Chlamydomonas and for his extensive
mentorship in this field over many years, Dennis Diener and
Doug Cole for first teaching me how to work with
Chlamydomonas, and the entire Chlamydomonas community
for creating a stimulating environment for intellectual
exchange. I particularly acknowledge Hongmin Qin for many
collaborations relating to flagellar assembly in Chlamydomonas
and Junmin Pan and Karl Lechtreck for enlightening debates
about flagellar length control. Finally, I thank the past and
present members of my lab at UCSF for innumerable
discussions about Chlamydomonas flagellar length control
over the years, especially Hiroaki Ishikawa, Karina Perlaza,
Nat Hendel, Prachee Avasthi, Ben Engel, Will Ludington,
Elisa Kannegaard, Kim Wemmer, Lani Keller, Ivan Zamora,
and Jessica Feldman.

Conflict of interest

The author declares that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Frontiers in Cell and Developmental Biology frontiersin.org11

Marshall 10.3389/fcell.2024.1412641

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1412641


Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Adams, G. M.W., Huang, B., and Luck, D. J. (1982). Temperature-sensitive assembly-
defective flagella mutants of Chlamydomonas reinhardtii. Genetics 100, 579–586.
doi:10.1093/genetics/100.4.579

Ahmed, N. T., and Mitchell, D. R. (2005). ODA16p, a Chlamydomonas flagellar
protein needed for dynein assembly. Mol. Biol. Cell 16, 5004–5012. doi:10.1091/mbc.
e05-07-0627

Albee, A. J., Kwan, A. L., Lin, H., Granas, D., Stormo, G. D., and Dutcher, S. K. (2013).
Identification of cilia genes that affect cell-cycle progression using whole-genome
transcriptome analysis in Chlamydomonas reinhardtti. G3 (Bethesda). 3, 979–991.
doi:10.1534/g3.113.006338

Avasthi, P., Marley, A., Lin, H., Gregori-Puigjane, E., Shoichet, B. K., von Zastrow, M.,
et al. (2012). A chemical screen identifies class a g-protein coupled receptors as
regulators of cilia. ACS Chem. Biol. 7, 911–919. doi:10.1021/cb200349v

Avasthi, P., and Marshall, W. F. (2013). Chemical screening methods for flagellar
phenotypes in Chlamydomonas.Methods Enzymol. 525, 351–369. doi:10.1016/B978-0-
12-397944-5.00017-1

Avasthi, P., Onishi, M., Karpiak, J., Yamamoto, R., Mackinder, L., Jonikas, M. C., et al.
(2014). Actin is required for IFT regulation in Chlamydomonas reinhardtii. Curr. Biol.
24, 2025–2032. doi:10.1016/j.cub.2014.07.038

Baker, E. J., Schloss, J. A., and Rosenbaum, J. L. (1984). Rapid changes in tubulin RNA
synthesis and stability induced by deflagellation in Chlamydomonas. J. Cell Biol. 99,
2074–2081. doi:10.1083/jcb.99.6.2074

Barber, C. F., Heuser, T., Carbajal-González, B. I., Botchkarev, V. V., Jr, and Nicastro,
D. (2012). Three-dimensional structure of the radial spokes reveals heterogeneity and
interactions with dyneins in Chlamydomonas flagella. Mol. Biol. Cell 23, 111–120.
doi:10.1091/mbc.E11-08-0692

Barsel, S. E., Wexler, D. E., and Lefebvre, P. A. (1988). Genetic analysis of long-flagella
mutants of Chlamydomonas reinhardtii. Genetics 118, 637–648. doi:10.1093/genetics/
118.4.637

Bauer, D., Ishikawa, H., Wemmer, K. A., Hendel, N. L., Kondev, J., and Marshall, W.
F. (2021). Analysis of biological noise in the flagellar length control system. iScience 24,
102354. doi:10.1016/j.isci.2021.102354

Behal, R. H., Miller, M. S., Qin, H., Lucker, B. F., Jones, A., and Cole, D. G. (2012).
Subunit interactions and organization of the Chlamydomonas reinhardtii intraflagellar
transport complex A proteins. J. Biol. Chem. 287, 11689–11703. doi:10.1074/jbc.M111.
287102

Berman, S. A., Wilson, N. F., Haas, N. A., and Lefebvre, P. A. (2003). A novel MAP
kinase regulates flagellar length in Chlamydomonas. Curr. Biol. 13, 1145–1149. doi:10.
1016/s0960-9822(03)00415-9

Bhogaraju, S., Cajanek, L., Fort, C., Blisnick, T., Weber, K., Taschner, M., et al. (2013).
Molecular basis of tubulin transport within the cilium by IFT74 and IFT81. Science 341,
1009–1012. doi:10.1126/science.1240985

Bigge, B. M., Rosenthal, N. E., and Avasthi, P. (2023). Initial ciliary assembly in
Chlamydomonas requires Arp2/3 complex-dependent endocytosis. Mol. Biol. Cell 34,
ar24. doi:10.1091/mbc.E22-09-0443

Bloodgood, R. A. (1977). Motility occurring in association with the surface of the
Chlamydomonas flagellum. J. Cell Biol. 75, 983–989. doi:10.1083/jcb.75.3.983

Bloodgood, R. A. (2020). Prey capture in protists utilizing microtubule filled processes
and surface motility. Cytoskeleton 77, 500–514. doi:10.1002/cm.21644

Bloodgood, R. A., Tetreault, J., and Sloboda, R. D. (2019). The Chlamydomonas
flagellar membrane glycoprotein FMG-1B is necessary for expression of force at the
flagellar surface. J. Cell Sci. 132, jcs233429. doi:10.1242/jcs.233429

Boyd, J. S., Gray, M.M., Thompson,M. D., Horst, C. J., and Dieckmann, C. L. (2011b).
The daughter four-membered microtubule rootlet determines anterior-posterior
positioning of the eyespot in Chlamydomonas reinhardtii. Cytoskeleton 68, 459–469.
doi:10.1002/cm.20524

Boyd, J. S., Lamb, M. R., and Dieckmann, C. L. (2011a). Miniature- and multiple-
eyespot loci in chlamydomonas reinhardtii define new modulators of eyespot
photoreception and assembly. G3 (Bethesda) 1, 489–498. doi:10.1534/g3.111.
000679

Brazelton, W. J., Amundsen, C. D., Silflow, C. D., and Lefebvre, P. A. (2001). The
bld1 mutation identifies the Chlamydomonas osm-6 homolog as a gene required
for flagellar assembly. Curr. Biol. 11, 1591–1594. doi:10.1016/s0960-9822(01)
00485-7

Chamberlain, K. L., Miller, S. H., and Keller, L. R. (2008). Gene expression profiling of
flagellar disassembly in Chlamydomonas reinhardtii. Genetics 179, 7–19. doi:10.1534/
genetics.107.082149

Chien, A., Shih, S. M., Bower, R., Tritschler, D., Porter, M. E., and Yildiz, A. (2017).
Dynamics of the IFT machinery at the ciliary tip. Elife 6, e28606. doi:10.7554/eLife.
28606

Cole, D. G., Diener, D. R., Himelblau, A. L., Beech, P. L., Fuster, J. C., and Rosenbaum,
J. L. (1998). Chlamydomonas kinesin-II-dependent intraflagellar transport (IFT): IFT
particles contain proteins required for ciliary assembly in Caenorhabditis elegans
sensory neurons. J. Cell Biol. 141, 993–1008. doi:10.1083/jcb.141.4.993

Coyne, B., and Rosenbaum, J. L. (1970). Flagellar elongation and shortening in
Chlamydomonas. II. Re-utilization of flagellar proteins. J. Cell Biol. 47, 777–781. doi:10.
1083/jcb.47.3.777

Craft, J. M., Harris, J. A., Hyman, S., Kner, P., and Lechtreck, K. F. (2015). Tubulin
transport by IFT is upregulated during ciliary growth by a cilium-autonomous
mechanism. J. Cell Biol. 208, 223–237. doi:10.1083/jcb.201409036

Curry, A. M., and Rosenbaum, J. L. (1993). Flagellar radial spoke: a model molecular
genetic system for studying organelle assembly. Cell Motil. Cytoskelet. 24, 224–232.
doi:10.1002/cm.970240403

Das, P., Mekonnen, B., Alkhofash, R., Ingle, A. V., Workman, E. B., Feather, A., et al.
(2024). The Small Interactor of PKD2 protein promotes the assembly and ciliary entry
of the Chlamydomonas PKD2-mastigoneme complexes. J. Cell Sci. 137, jcs261497.
doi:10.1242/jcs.261497

Davies, J. P., and Grossman, A. R. (1994). Sequences controlling transcription of the
Chlamydomonas reinhardtii beta 2-tubulin gene after deflagellation and during the cell
cycle. Mol. Cell Biol. 14, 5165–5174. doi:10.1128/mcb.14.8.5165

Deane, J. A., Cole, D. G., Seeley, E. S., Diener, D. R., and Rosenbaum, J. L. (2001).
Localization of intraflagellar transport protein IFT52 identifies basal body transitional
fibers as the docking site for IFT particles. Curr. Biol. 11, 1586–1590. doi:10.1016/s0960-
9822(01)00484-5

Dentler, W. (2005). Intraflagellar transport (IFT) during assembly and disassembly of
Chlamydomonas flagella. J. Cell Biol. 170, 649–659. doi:10.1083/jcb.200412021

Diener, D. R., Yang, P., Geimer, S., Cole, D. G., Sale, W. S., and Rosenbaum, J. L.
(2011). Sequential assembly of flagellar radial spokes. Cytoskeleton 68, 389–400. doi:10.
1002/cm.20520

Dutcher, S. K. (2014). The awesome power of dikaryons for studying flagella and basal
bodies in Chlamydomonas reinhardtii. Cytoskeleton 71, 79–94. doi:10.1002/cm.21157

Dutcher, S. K., Morrissette, N. S., Preble, A. M., Rackley, C., and Stanga, J. (2002).
Epsilon-tubulin is an essential component of the centriole. Mol. Biol. Cell 13,
3859–3869. doi:10.1091/mbc.e02-04-0205

Engel, B. D., Ishikawa, H., Feldman, J. L., Wilson, C. W., Chuang, P. T., Snedecor, J.,
et al. (2011). A cell-based screen for inhibitors of flagella-driven motility in
Chlamydomonas reveals a novel modulator of ciliary length and retrograde actin
flow. Cytoskeleton 68, 188–203. doi:10.1002/cm.20504

Engel, B. D., Ishikawa, H., Wemmer, K. A., Geimer, S., Wakabayashi, K. i.,
Hirono, M., et al. (2012). The role of retrograde intraflagellar transport in flagellar
assembly, maintenance, and function. J. Cell Biol. 199, 151–167. doi:10.1083/jcb.
201206068

Engel, B. D., Lechtreck, K. F., Sakai, T., Ikebe, M., Witman, G. B., and Marshall,
W. F. (2009a). Total internal reflection fluorescence (TIRF) microscopy of
Chlamydomonas flagella. Meth. Cell Biol. 93, 157–177. doi:10.1016/S0091-
679X(08)93009-0

Engel, B. D., Ludington, W. B., and Marshall, W. F. (2009). Intraflagellar transport
particle size scales inversely with flagellar length: revisiting the balance-point length
control model. J. Cell Biol. 187, 81–89. doi:10.1083/jcb.200812084

Esparza, J. M., O’Toole, E., Li, L., Gidding, T. H., Kozak, B., Albee, A. J., et al. (2013).
Katanin localization requires triplet microtubules in Chlamydomonas reinhardtii. PLoS
One 8, e53940. doi:10.1371/journal.pone.0053940

Feldman, J. L., Geimer, S., and Marshall, W. F. (2007). The mother centriole plays an
instructive role in defining cell geometry. PLoS Biol. 5, e149. doi:10.1371/journal.pbio.
0050149

Fort, C., Collingridge, P., Brownlee, C., and Wheeler, G. (2021). Ca2+ elevations
disrupt interactions between intraflagellar transport and the flagella membrane in
Chlamydomonas. J. Cell Sci. 134, jcs253492. doi:10.1242/jcs.253492

Frontiers in Cell and Developmental Biology frontiersin.org12

Marshall 10.3389/fcell.2024.1412641

https://doi.org/10.1093/genetics/100.4.579
https://doi.org/10.1091/mbc.e05-07-0627
https://doi.org/10.1091/mbc.e05-07-0627
https://doi.org/10.1534/g3.113.006338
https://doi.org/10.1021/cb200349v
https://doi.org/10.1016/B978-0-12-397944-5.00017-1
https://doi.org/10.1016/B978-0-12-397944-5.00017-1
https://doi.org/10.1016/j.cub.2014.07.038
https://doi.org/10.1083/jcb.99.6.2074
https://doi.org/10.1091/mbc.E11-08-0692
https://doi.org/10.1093/genetics/118.4.637
https://doi.org/10.1093/genetics/118.4.637
https://doi.org/10.1016/j.isci.2021.102354
https://doi.org/10.1074/jbc.M111.287102
https://doi.org/10.1074/jbc.M111.287102
https://doi.org/10.1016/s0960-9822(03)00415-9
https://doi.org/10.1016/s0960-9822(03)00415-9
https://doi.org/10.1126/science.1240985
https://doi.org/10.1091/mbc.E22-09-0443
https://doi.org/10.1083/jcb.75.3.983
https://doi.org/10.1002/cm.21644
https://doi.org/10.1242/jcs.233429
https://doi.org/10.1002/cm.20524
https://doi.org/10.1534/g3.111.000679
https://doi.org/10.1534/g3.111.000679
https://doi.org/10.1016/s0960-9822(01)00485-7
https://doi.org/10.1016/s0960-9822(01)00485-7
https://doi.org/10.1534/genetics.107.082149
https://doi.org/10.1534/genetics.107.082149
https://doi.org/10.7554/eLife.28606
https://doi.org/10.7554/eLife.28606
https://doi.org/10.1083/jcb.141.4.993
https://doi.org/10.1083/jcb.47.3.777
https://doi.org/10.1083/jcb.47.3.777
https://doi.org/10.1083/jcb.201409036
https://doi.org/10.1002/cm.970240403
https://doi.org/10.1242/jcs.261497
https://doi.org/10.1128/mcb.14.8.5165
https://doi.org/10.1016/s0960-9822(01)00484-5
https://doi.org/10.1016/s0960-9822(01)00484-5
https://doi.org/10.1083/jcb.200412021
https://doi.org/10.1002/cm.20520
https://doi.org/10.1002/cm.20520
https://doi.org/10.1002/cm.21157
https://doi.org/10.1091/mbc.e02-04-0205
https://doi.org/10.1002/cm.20504
https://doi.org/10.1083/jcb.201206068
https://doi.org/10.1083/jcb.201206068
https://doi.org/10.1016/S0091-679X(08)93009-0
https://doi.org/10.1016/S0091-679X(08)93009-0
https://doi.org/10.1083/jcb.200812084
https://doi.org/10.1371/journal.pone.0053940
https://doi.org/10.1371/journal.pbio.0050149
https://doi.org/10.1371/journal.pbio.0050149
https://doi.org/10.1242/jcs.253492
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1412641


Fowkes, M. E., and Mitchell, D. R. (1998). The role of preassembled cytoplasmic
complexes in assembly of flagellar dynein subunits.Mol. Biol. Cell 9, 2337–2347. doi:10.
1091/mbc.9.9.2337

Gardner, L. C., O’Toole, E., Perrone, C. A., Giddings, T., and Porter, M. E. (1994).
Components of a "dynein regulatory complex" are located at the junction between the
radial spokes and the dynein arms in Chlamydomonas flagella. J. Cell Biol. 127,
1311–1325. doi:10.1083/jcb.127.5.1311

Grossman-Haham, I., Coudray, N., Yu, Z., Wang, F., Zhang, N., Bhabha, G., et al.
(2021). Structure of the radial spoke head and insights into its role in
mechanoregulation of ciliary beating. Nat. Struct. Mol. Biol. 28, 20–28. doi:10.1038/
s41594-020-00519-9

Gui, M., Ma, M., Sze-Tu, E., Wang, X., Koh, F., Zhong, E. D., et al. (2021). Structures
of radial spokes and associated complexes important for ciliary motility. Nat. Struct.
Mol. Biol. 28, 29–37. doi:10.1038/s41594-020-00530-0

Han, L., Rao, Q., Yang, R., Wang, Y., Chai, P., Xiong, Y., et al. (2022). Cryo-EM
structure of an active central apparatus. Nat. Struct. Mol. Biol. 29, 472–482. doi:10.1038/
s41594-022-00769-9

Hendel, N. L., Thomson, M., and Marshall, W. F. (2018). Diffusion as a ruler:
modeling kinesin diffusion as a length sensor for intraflagellar transport. Biophys. J. 114,
663–674. doi:10.1016/j.bpj.2017.11.3784

Heuser, T., Barber, C. F., Lin, J., Krell, J., Rebesco, M., Porter, M. E., et al. (2012).
Cryoelectron tomography reveals doublet-specific structures and unique interactions in
the I1 dynein. Proc. Natl. Acad. Sci. U. S. A. 109, E2067–E2076. doi:10.1073/pnas.
1120690109

Heuser, T., Raytchev, M., Krell, J., Porter, M. E., and Nicastro, D. (2009). The dynein
regulatory complex is the nexin link and a major regulatory node in cilia and flagella.
J. Cell Biol. 187, 921–933. doi:10.1083/jcb.200908067

Hiraki, M., Nakazawa, Y., Kamiya, R., and Hirono, M. (2007). Bld10p constitutes the
cartwheel-spoke tip and stabilizes the 9-fold symmetry of the centriole. Curr. Biol. 17,
1778–1783. doi:10.1016/j.cub.2007.09.021

Hou, Y., Zhao, L., Kubo, T., Cheng, X., McNeill, N., Oda, T., et al. (2021).
Chlamydomonas FAP70 is a component of the previously uncharacterized ciliary
central apparatus projection C2a. J. Cell Sci. 134, jcs258540. doi:10.1242/jcs.258540

Huang, B., Rifkin, M. R., and Luck, D. J. (1977). Temperature-sensitive mutations
affecting flagellar assembly and function in Chlamydomonas reinhardtii. J. Cell Biol. 72,
67–85. doi:10.1083/jcb.72.1.67

Huang, J., Tao, H., Chen, J., Shen, Y., Lei, J., Pan, J., et al. (2024). Structure-guided
discovery of protein and glycan components in native mastigonemes. Cell 187,
P1733–P1744.e12. doi:10.1016/j.cell.2024.02.037

Huang, K., Diener, D. R., Mitchell, A., Pazour, G. J., Witman, G. B., and Rosenbaum,
J. L. (2007). Function and dynamics of PKD2 in Chlamydomonas reinhardtii flagella.
J. Cell Biol. 179, 501–514. doi:10.1083/jcb.200704069

Ishikawa, H., andMarshall, W. F. (2017). Testing the time-of-flight model for flagellar
length sensing. Mol. Biol. Cell 28, 3447–3456. doi:10.1091/mbc.E17-06-0384

Ishikawa, H., Moore, J., Diener, D. R., Delling, M., andMarshall, W. F. (2023). Testing
the ion-current model for flagellar length sensing and IFT regulation. Elife 12, e82901.
doi:10.7554/eLife.82901

Ishikawa, H., Thompson, J., Yates, J. R., 3rd, andMarshall,W. F. (2012). Proteomic analysis
of mammalian primary cilia. Curr. Biol. 22, 414–419. doi:10.1016/j.cub.2012.01.031

Jack, B., Mueller, D. M., Fee, A. C., Tetlow, A. L., and Avasthi, P. (2019). Partially
redundant actin genes in chlamydomonas control transition zone organization and
flagellum-directed traffic. Cell Rep. 27, 2459–2467. doi:10.1016/j.celrep.2019.04.087

Jiang, X., Hernandez, D., Hernandez, C., Ding, Z., Nan, B., Aufderheide, K., et al.
(2017). IFT57 stabilizes the assembled intraflagellar transport complex and mediates
transport of motility-related flagellar cargo. J. Cell Sci. 130, 879–891. doi:10.1242/jcs.
199117

Jordan, M. A., Diener, D. R., Stepanek, L., and Pigino, G. (2018). The cryo-EM
structure of intraflagellar transport trains reveals how dynein is inactivated to ensure
unidirectional anterograde movement in cilia. Nat. Cell Biol. 20, 1250–1255. doi:10.
1038/s41556-018-0213-1

Kamiya, R. (1988). Mutations at twelve independent loci result in absence of outer
dynein arms in Chylamydomonas reinhardtii. J. Cell Biol. 107, 2253–2258. doi:10.1083/
jcb.107.6.2253

Kamiya, R., Kurimoto, E., and Muto, E. (1991). Two types of Chlamydomonas
flagellar mutants missing different components of inner-arm dynein. J. Cell Biol. 112,
441–447. doi:10.1083/jcb.112.3.441

Kannegaard, E., Rego, E. H., Schuck, S., Feldman, J. L., and Marshall, W. F. (2014).
Quantitative analysis and modeling of katanin function in flagellar length control.Mol.
Biol. Cell 25, 3686–3698. doi:10.1091/mbc.E14-06-1116

Keller, L. R., Schloss, J. A., Silflow, C. D., and Rosenbaum, J. L. (1984). Transcription
of alpha- and beta-tubulin genes in vitro in isolated Chlamydomonas reinhardi nuclei.
J. Cell Biol. 98, 1138–1143. doi:10.1083/jcb.98.3.1138

Khalifa, A. A. Z., Ichikawa, M., Dai, D., Kubo, S., Black, C. S., Peri, K., et al. (2020). The
inner junction complex of the cilia is an interaction hub that involves tubulin post-
translational modifications. Elife 9, e52760. doi:10.7554/eLife.52760

Kozminski, K. G., Beech, P. L., and Rosenbaum, J. L. (1995). The Chlamydomonas
kinesin-like protein FLA10 is involved in motility associated with the flagellar
membrane. J. Cell Biol. 131, 1517–1527. doi:10.1083/jcb.131.6.1517

Kozminski, K. G., Johnson, K. A., Forscher, P., and Rosenbaum, J. L. (1993). A
motility in the eukaryotic flagellum unrelated to flagellar beating. Proc. Natl. Acad. Sci.
U. S. A. 90, 5519–5523. doi:10.1073/pnas.90.12.5519

Kuchka, M. R., and Jarvik, J. W. (1987). Short-flagella mutants of chlamydomonas
reinhardtii. Genetics 115, 685–691. doi:10.1093/genetics/115.4.685

Lacey, S. E., Foster, H. E., and Pigino, G. (2023). The molecular structure of IFT-A and
IFT-B in anterograde intraflagellar transport trains. Nat. Struct. Mol. Biol. 30, 584–593.
doi:10.1038/s41594-022-00905-5

Lefebvre, P. A., Nordstrom, S. A., Moulder, J. E., and Rosenbaum, J. L. (1978).
Flagellar elongation and shortening in Chlamydomonas. IV. Effects of flagellar
detachment, regeneration, and resorption on the induction of flagellar protein
synthesis. J. Cell Biol. 78, 8–27. doi:10.1083/jcb.78.1.8

Lefebvre, P. A., and Rosenbaum, J. L. (1986). Regulation of the synthesis and assembly
of ciliary and flagellar proteins during regeneration. Ann. Rev. Cell Biol. 2, 517–546.
doi:10.1146/annurev.cb.02.110186.002505

Lefebvre, P. A., Silflow, C. D., Wieben, E. D., and Rosenbaum, J. L. (1980).
Increased levels of mRNAs for tubulin and other flagellar proteins after
amputation or shortening of Chlamydomonas flagella. Cell 20, 469–477. doi:10.
1016/0092-8674(80)90633-9

Li, L., Tian, G., Peng, H., Meng, D., Wang, L., Hu, X., et al. (2018). New class of
transcription factors controls flagellar assembly by recruiting RNA polymerase II in
Chlamydomonas. Proc. Natl. Acad. Sci. U.S.A. 115, 4435–4440. doi:10.1073/pnas.
1719206115

Li, S., Wan, K. Y., Chen, W., Tao, H., Liang, X., and Pan, J. (2020). Functional
exploration of heterotrimeric kinesin-II in IFT and ciliary length control in
Chlamydomonas. Elife 9, e58868. doi:10.7554/eLife.58868

Li, X., Zhang, R., Patena, W., Gang, S. S., Blum, S. R., Ivanova, N., et al. (2016). An
indexed, mapped mutant library enables reverse genetics studies of biological processes
in chlamydomonas reinhardtii. Plant Cell 28, 367–387. doi:10.1105/tpc.15.00465

Liang, Y., Zhu, X., Wu, Q., and Pan, J. (2018). Ciliary length sensing regulates IFT
entry via changes in FLA8/KIF3B phosphorylation to control ciliary assembly. Curr.
Biol. 28, 2429–2435. doi:10.1016/j.cub.2018.05.069

Lin, H., and Dutcher, S. K. (2015). Genetic and genomic approaches to identify genes
involved in flagellar assembly in Chlamydomonas reinhardtii. Methods Cell Biol. 127,
349–386. doi:10.1016/bs.mcb.2014.12.001

Lin, H., Nauman, N. P., Albee, A. J., Hsu, S., and Dutcher, S. K. (2013). Newmutations
in flagellar motors identified by whole genome sequencing in Chlamydomonas. Cilia 2,
14. doi:10.1186/2046-2530-2-14

Lin, J., Heuser, T., Song, K., Fu, X., and Nicastro, D. (2012). One of the nine doublet
microtubules of eukaryotic flagella exhibits unique and partially conserved structures.
PLoS One 7, e46494. doi:10.1371/journal.pone.0046494

Lin, J., Le, T. V., Augspurger, K., Tritschler, D., Bower, R., Fu, G., et al. (2019). FAP57/
WDR65 targets assembly of a subset of inner arm dyneins and connects to regulatory
hubs in cilia. Mol. Biol. Cell 30, 2659–2680. doi:10.1091/mbc.E19-07-0367

Lucker, B. F., Behal, R. H., Qin, H., Siron, L. C., Taggart, W. D., Rosenbaum, J. L., et al.
(2005). Characterization of the intraflagellar transport complex B core: direct
interaction of the IFT81 and IFT74/72 subunits. J. Biol. Chem. 280, 27688–27696.
doi:10.1074/jbc.M505062200

Ludington, W. B., Ishikawa, H., Serebrenik, Y. V., Ritter, A., Hernandez-Lopez, R. A.,
Gunzenhauser, J., et al. (2015). A systematic comparison of mathematical models for
inherent measurement of ciliary length: how a cell can measure length and volume.
Biophys. J. 108, 1361–1379. doi:10.1016/j.bpj.2014.12.051

Ludington, W. B., Shi, L. Z., Zhu, Q., Berns, M. W., and Marshall, W. F. (2012).
Organelle size equalization by a constitutive process. Curr. Biol. 22, 2173–2179. doi:10.
1016/j.cub.2012.09.040

Ludington, W. B., Wemmer, K. A., Lechtreck, K. F., Witman, G. B., and Marshall, W.
F. (2013). Avalanche-like behavior in ciliary import. Proc. Natl. Acad. Sci. U. S. A. 110,
3925–3930. doi:10.1073/pnas.1217354110

Luo, M., Cao, M., Kan, Y., Li, G., Snell, W., and Pan, J. (2011). The phosphorylation
state of an aurora-like kinase marks the length of growing flagella in Chlamydomonas.
Curr. Biol. 21, 586–591. doi:10.1016/j.cub.2011.02.046

Ma, R., Hendel, N. L., Marshall, W. F., and Qin, H. (2020). Speed and diffusion of
kinesin-2 are competing limiting factors in flagellar length-control model. Biophys. J.
118, 2790–2800. doi:10.1016/j.bpj.2020.03.034

Marshall, W. F. (2004). Human cilia proteome contains homolog of zebrafish
polycystic kidney disease gene qilin. Curr. Biol. 14, R913–R914. doi:10.1016/j.cub.
2004.10.011

Marshall, W. F. (2009). Quantitative high-throughput assays for flagella-based
motility in Chlamydomonas using plate-well image analysis and transmission
correlation spectroscopy. J. Biomol. Screen 14, 133–141. doi:10.1177/1087057108328131

Marshall, W. F. (2020a). Axopodia and the cellular arms-race. Cytoskeleton 77,
483–484. doi:10.1002/cm.21642

Frontiers in Cell and Developmental Biology frontiersin.org13

Marshall 10.3389/fcell.2024.1412641

https://doi.org/10.1091/mbc.9.9.2337
https://doi.org/10.1091/mbc.9.9.2337
https://doi.org/10.1083/jcb.127.5.1311
https://doi.org/10.1038/s41594-020-00519-9
https://doi.org/10.1038/s41594-020-00519-9
https://doi.org/10.1038/s41594-020-00530-0
https://doi.org/10.1038/s41594-022-00769-9
https://doi.org/10.1038/s41594-022-00769-9
https://doi.org/10.1016/j.bpj.2017.11.3784
https://doi.org/10.1073/pnas.1120690109
https://doi.org/10.1073/pnas.1120690109
https://doi.org/10.1083/jcb.200908067
https://doi.org/10.1016/j.cub.2007.09.021
https://doi.org/10.1242/jcs.258540
https://doi.org/10.1083/jcb.72.1.67
https://doi.org/10.1016/j.cell.2024.02.037
https://doi.org/10.1083/jcb.200704069
https://doi.org/10.1091/mbc.E17-06-0384
https://doi.org/10.7554/eLife.82901
https://doi.org/10.1016/j.cub.2012.01.031
https://doi.org/10.1016/j.celrep.2019.04.087
https://doi.org/10.1242/jcs.199117
https://doi.org/10.1242/jcs.199117
https://doi.org/10.1038/s41556-018-0213-1
https://doi.org/10.1038/s41556-018-0213-1
https://doi.org/10.1083/jcb.107.6.2253
https://doi.org/10.1083/jcb.107.6.2253
https://doi.org/10.1083/jcb.112.3.441
https://doi.org/10.1091/mbc.E14-06-1116
https://doi.org/10.1083/jcb.98.3.1138
https://doi.org/10.7554/eLife.52760
https://doi.org/10.1083/jcb.131.6.1517
https://doi.org/10.1073/pnas.90.12.5519
https://doi.org/10.1093/genetics/115.4.685
https://doi.org/10.1038/s41594-022-00905-5
https://doi.org/10.1083/jcb.78.1.8
https://doi.org/10.1146/annurev.cb.02.110186.002505
https://doi.org/10.1016/0092-8674(80)90633-9
https://doi.org/10.1016/0092-8674(80)90633-9
https://doi.org/10.1073/pnas.1719206115
https://doi.org/10.1073/pnas.1719206115
https://doi.org/10.7554/eLife.58868
https://doi.org/10.1105/tpc.15.00465
https://doi.org/10.1016/j.cub.2018.05.069
https://doi.org/10.1016/bs.mcb.2014.12.001
https://doi.org/10.1186/2046-2530-2-14
https://doi.org/10.1371/journal.pone.0046494
https://doi.org/10.1091/mbc.E19-07-0367
https://doi.org/10.1074/jbc.M505062200
https://doi.org/10.1016/j.bpj.2014.12.051
https://doi.org/10.1016/j.cub.2012.09.040
https://doi.org/10.1016/j.cub.2012.09.040
https://doi.org/10.1073/pnas.1217354110
https://doi.org/10.1016/j.cub.2011.02.046
https://doi.org/10.1016/j.bpj.2020.03.034
https://doi.org/10.1016/j.cub.2004.10.011
https://doi.org/10.1016/j.cub.2004.10.011
https://doi.org/10.1177/1087057108328131
https://doi.org/10.1002/cm.21642
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1412641


Marshall, W. F. (2020b). Scaling of subcellular structures. Annu. Rev. Cell Dev. Biol.
36, 219–236. doi:10.1146/annurev-cellbio-020520-113246

Marshall, W. F. (2023). The flagellar length control system: exploring the physical
biology of organelle size. Phys. Biol. 20, 021001. doi:10.1088/1478-3975/acb18d

Marshall, W. F., Qin, H., Rodrigo Brenni, M., and Rosenbaum, J. L. (2005). Flagellar
length control system: testing a simple model based on intraflagellar transport and
turnover. Mol. Biol. Cell 16, 270–278. doi:10.1091/mbc.e04-07-0586

Marshall, W. F., and Rosenbaum, J. L. (2001). Intraflagellar transport balances
continuous turnover of outer doublet microtubules: implications for flagellar length
control. J. Cell Biol. 155, 405–414. doi:10.1083/jcb.200106141

Matsuura, K., Lefebvre, P. A., Kamiya, R., and Hirono, M. (2004). Bld10p, a novel
protein essential for basal body assembly in Chlamydomonas: localization to the
cartwheel, the first ninefold symmetrical structure appearing during assembly. J. Cell
Biol. 165, 663–671. doi:10.1083/jcb.200402022

McVittie, A. (1972). Flagellum mutants of Chlamydomonas reinhardii. J. Gen.
Microbiol. 71, 525–540. doi:10.1099/00221287-71-3-525

Miller, M. S., Esparza, J. M., Lippa, A. M., Lux, F. G., Cole, D. G., and Dutcher, S. K.
(2005). Mutant kinesin-2 motor subunits increase chromosome loss.Mol. Biol. Cell 16,
3810–3820. doi:10.1091/mbc.e05-05-0404

Mitchell, D. R., and Sale, W. S. (1999). Characterization of a Chlamydomonas
insertional mutant that disrupts flagellar central pair microtubule-associated
structures. J. Cell Biol. 144, 293–304. doi:10.1083/jcb.144.2.293

Mittelmeier, T. M., Berthold, P., Danon, A., Lamb, M. R., Levitan, A., Rice, M. E., et al.
(2008). C2 domain protein MIN1 promotes eyespot organization in Chlamydomonas
reinhardtii. Eukaryot. Cell 7, 2100–2112. doi:10.1128/EC.00118-08

Movassagh, T., Bui, K. H., Sakakibara, H., Oiwa, K., and Ishikawa, T. (2010).
Nucleotide-induced global conformational changes of flagellar dynein arms revealed
by in situ analysis. Nat. Struct. Mol. Biol. 17, 761–767. doi:10.1038/nsmb.1832

Mueller, J., Perrone, C. A., Bower, R., Cole, D. G., and Porter, M. E. (2005). The
FLA3 KAP subunit is required for localization of kinesin-2 to the site of flagellar
assembly and processive anterograde intraflagellar transport. Mol. Biol. Cell 16,
1341–1354. doi:10.1091/mbc.e04-10-0931

Nakazawa, Y., Hiraki, M., Kamiya, R., and Hirono, M. (2007). SAS-6 is a cartwheel
protein that establishes the 9-fold symmetry of the centriole. Curr. Biol. 17, 2169–2174.
doi:10.1016/j.cub.2007.11.046

Nguyen, R. L., Tam, L. W., and Lefebvre, P. A. (2005). The LF1 gene of
Chlamydomonas reinhardtii encodes a novel protein required for flagellar length
control. Genetics 169, 1415–1424. doi:10.1534/genetics.104.027615

Nicastro, D., Schwartz, C., Pierson, J., Gaudette, R., Porter, M. E., and McIntosh, J. R.
(2006). The molecular architecture of axonemes revealed by cryoelectron tomography.
Science 313, 944–948. doi:10.1126/science.1128618

Nievergelt, A. P., Diner, D. R., Bogdanova, A., Brown, T., and Pigino, G. (2023).
Efficient precision editing of endogenous Chlamydomonas reinhardtii genes with
CRISPR-Cas. Cell Rep. Methods 3, 100562. doi:10.1016/j.crmeth.2023.100562

Noga, A., Horii, M., Goto, Y., Toyooka, K., Ishikawa, T., and Hirono, M. (2022).
Bld10p/Cep135 determines the number of triplets in the centriole independently of the
cartwheel. EMBO J. 41, e104582. doi:10.15252/embj.2020104582

Oda, T., Hirokawa, N., and Kikkawa, M. (2007). Three-dimensional structures of the
flagellar dynein-microtubule complex by cryoelectron microscopy. J. Cell Biol. 177,
243–252. doi:10.1083/jcb.200609038

Oda, T., Yanagisawa, H., Kamiya, R., and Kikkawa, M. (2014). A molecular ruler
determines the repeat length in eukaryotic cilia and flagella. Science 346, 857–860.
doi:10.1126/science.1260214

Okita, N., Isogai, N., Hirono, M., Kamiya, R., and Yoshimura, K. (2005). Phototactic
activity in Chlamydomonas ’non-phototactic’ mutants deficient in Ca2+-dependent
control of flagellar dominance or in inner-arm dynein. J. Cell Sci. 118, 529–537. doi:10.
1242/jcs.01633

Ostrowski, L. E., Blackburn, K., Radde, K. M., Moyer, M. B., Schlatzer, D. M., Moseley,
A., et al. (2002). A proteomic analysis of human cilia: identification of novel
components. Mol. Cell Proteomics 1, 451–465. doi:10.1074/mcp.m200037-mcp200

Owa, M., Uchihashi, T., Yanagisawa, H. A., Yamano, T., Iguchi, H., Fukuzawa, H.,
et al. (2019). Inner lumen proteins stabilize doublet microtubules in cilia and flagella.
Nat. Commun. 10, 1143. doi:10.1038/s41467-019-09051-x

Parker, J. D., and Quarmby, L. M. (2003). Chlamydomonas fla mutants reveal a link
between deflagellation and intraflagellar transport. BMC Cell Biol. 4, 11. doi:10.1186/
1471-2121-4-11

Patel, M. B., Griffin, P. J., Olson, S. F., Dai, J., Hou, Y., Malik, T., et al. (2024).
Distribution and bulk flow analyses of the intraflagellar transport (IFT) motor kinesin-
2 support an “on-demand” model for <i>Chlamydomonas</i> ciliary length control.
Cytoskeleton. doi:10.1002/cm.21851

Pazour, G. J., Agrin, N., Leszyk, J., and Witman, G. B. (2005). Proteomic analysis of a
eukaryotic cilium. J. Cell Biol. 170, 103–113. doi:10.1083/jcb.200504008

Pazour, G. J., Dickert, B. L., Vucica, Y., Seeley, E. S., Rosenbaum, J. L., Witman, G. B.,
et al. (2000). Chlamydomonas IFT88 and its mouse homologue, polycystic kidney

disease gene tg737, are required for assembly of cilia and flagella. J. Cell Biol. 151,
709–718. doi:10.1083/jcb.151.3.709

Pazour, G. J., Koutoulis, A., Benashski, S. E., Dickert, B. L., Sheng, H., Patel-King, R. S.,
et al. (1999). LC2, the Chlamydomonas homologue of the t complex-encoded protein
Tctex2, is essential for outer dynein arm assembly.Mol. Biol. Cell 10, 3507–3520. doi:10.
1091/mbc.10.10.3507

Pazour, G. J., Sineshchekov, O. A., and Witman, G. B. (1995). Mutational analysis of
the phototransduction pathway of Chlamydomonas reinhardtii. J. Cell Biol. 131,
427–440. doi:10.1083/jcb.131.2.427

Pazour, G. J., Wilkerson, C. G., and Witman, G. B. (1998). A dynein light chain is
essential for the retrograde particle movement of intraflagellar transport (IFT). J. Cell
Biol. 141, 979–992. doi:10.1083/jcb.141.4.979

Pedersen, L. B., Miller, M. S., Geimer, S., Leitch, J. M., Rosenbaum, J. L., and Cole, D.
G. (2005). Chlamydomonas IFT172 is encoded by FLA11, interacts with CrEB1, and
regulates IFT at the flagellar tip. Curr. Biol. 15, 262–266. doi:10.1016/j.cub.2005.01.037

Periz, G., Dharia, D., Miller, S. H., and Keller, L. R. (2007). Flagellar elongation and
gene expression in Chlamydomonas reinhardtii. Eukaryot. Cell 6, 1411–1420. doi:10.
1128/EC.00167-07

Perlaza, K., Mirvis, M., Ishikawa, H., and Marshall, W. (2022). The short flagella 1
(SHF1) gene in Chlamydomonas encodes a Crescerin TOG-domain protein required
for late stages of flagellar growth.Mol. Biol. Cell 33, ar12. doi:10.1091/mbc.E21-09-0472

Perlaza, K., Zamora, I., and Marshall, W. F. (2023). Role of intraflagellar transport in
transcriptional control during flagellar regeneration in Chlamydomonas.Mol. Biol. Cell
34, ar52. doi:10.1091/mbc.E22-09-0444

Perrone, C. A., Myster, S. H., Bower, R., O’Toole, E. T., and Porter, M. E. (2000).
Insights into the structural organization of the I1 inner arm dynein from a domain
analysis of the 1beta dynein heavy chain. Mol. Biol. Cell 11, 2297–2313. doi:10.1091/
mbc.11.7.2297

Pigino, G., Bui, K. H., Maheshwari, A., Lupetti, P., Diener, D., and Ishikawa, T. (2011).
Cryoelectron tomography of radial spokes in cilia and flagella. J. Cell Biol. 195, 673–687.
doi:10.1083/jcb.201106125

Pigino, G., Geimer, S., Lanzavecchia, S., Paccagnini, E., Cantele, F., Diener, D. R., et al.
(2009). Electron-tomographic analysis of intraflagellar transport particle trains in situ.
J. Cell Biol. 187, 135–148. doi:10.1083/jcb.200905103

Piperno, G., Huang, B., and Luck, D. J. (1977). Two-dimensional analysis of flagellar
proteins from wild-type and paralyzed mutants of Chlamydomonas reinhardtii. Proc.
Natl. Acad. Sci. U.S.A. 74, 1600–1604. doi:10.1073/pnas.74.4.1600

Piperno, G., and Mead, K. (1997). Transport of a novel complex in the cytoplasmic
matrix of Chlamydomonas flagella. Proc. Natl. Acad. Sci. U.S.A. 94, 4457–4462. doi:10.
1073/pnas.94.9.4457

Piperno, G., Mead, K., LeDizet, M., and Moscatelli, A. (1994). Mutations in the
"dynein regulatory complex" alter the ATP-insensitive binding sites for inner arm
dyneins in Chlamydomonas axonemes. J. Cell Biol. 125, 1109–1117. doi:10.1083/jcb.
125.5.1109

Piperno, G., Mead, K., and Shestak, W. (1992). The inner dynein arms I2 interact with
a "dynein regulatory complex" in Chlamydomonas flagella. J. Cell Biol. 118, 1455–1463.
doi:10.1083/jcb.118.6.1455

Poghosyan, E., Iacovache, I., Faltova, L., Leitner, A., Yang, P., Diener, D. R., et al.
(2020). The structure and symmetry of the radial spoke protein complex in
Chlamydomonas flagella. J. Cell Sci. 133, jcs245233. doi:10.1242/jcs.245233

Qin, H., Diener, D. R., Geimer, S., Cole, D. G., and Rosenbaum, J. L. (2004). Intraflagellar
transport (IFT) cargo: IFT transports flagellar precursors to the tip and turnover products
to the cell body. J. Cell Biol. 164, 255–266. doi:10.1083/jcb.200308132

Qin, H., Wang, Z., Diener, D., and Rosenbaum, J. (2007). Intraflagellar transport
protein 27 is a small G protein involved in cell-cycle control. Curr. Biol. 17, 193–202.
doi:10.1016/j.cub.2006.12.040

Richey, E. A., and Qin, H. (2012). Dissecting the sequential assembly and localization
of intraflagellar transport particle complex B in Chlamydomonas. PLoS One 7, e43118.
doi:10.1371/journal.pone.0043118

Roberts, A. J., Malkova, B., Walker, M. L., Sakakibara, H., Numata, N., Kon, T., et al.
(2012). ATP-driven remodeling of the linker domain in the dynein motor. Structure 20,
1670–1680. doi:10.1016/j.str.2012.07.003

Rosenbaum, J. L. (2009). “A stroll through time with Chlamydomonas,” in The
Chlamydomonas sourcebook. Editor G. B. Witman 2nd edition (Oxford UK: Academic
Press).

Rosenbaum, J. L., Moulder, J. E., and Ringo, D. L. (1969). Flagellar elongation and
shortening in Chlamydomonas. The use of cycloheximide and colchicine to study the
synthesis and assembly of flagellar proteins. J. Cell Biol. 41, 600–619. doi:10.1083/jcb.41.
2.600

Rüffer, U., and Nultsch,W. (1997). Flagellar photoresponses of ptx1, a nonphototactic
mutant of Chlamydomonas. Cell Motil. Cytoskelet. 37, 111–119. doi:10.1002/(SICI)
1097-0169(1997)37:2<111::AID-CM3>3.0.CO;2-B
Sakakibara, H., Takada, S., King, S. M., Witman, G. B., and Kamiya, R. (1993). A

Chlamydomonas outer arm dynein mutant with a truncated beta heavy chain. J. Cell
Biol. 122, 653–661. doi:10.1083/jcb.122.3.653

Frontiers in Cell and Developmental Biology frontiersin.org14

Marshall 10.3389/fcell.2024.1412641

https://doi.org/10.1146/annurev-cellbio-020520-113246
https://doi.org/10.1088/1478-3975/acb18d
https://doi.org/10.1091/mbc.e04-07-0586
https://doi.org/10.1083/jcb.200106141
https://doi.org/10.1083/jcb.200402022
https://doi.org/10.1099/00221287-71-3-525
https://doi.org/10.1091/mbc.e05-05-0404
https://doi.org/10.1083/jcb.144.2.293
https://doi.org/10.1128/EC.00118-08
https://doi.org/10.1038/nsmb.1832
https://doi.org/10.1091/mbc.e04-10-0931
https://doi.org/10.1016/j.cub.2007.11.046
https://doi.org/10.1534/genetics.104.027615
https://doi.org/10.1126/science.1128618
https://doi.org/10.1016/j.crmeth.2023.100562
https://doi.org/10.15252/embj.2020104582
https://doi.org/10.1083/jcb.200609038
https://doi.org/10.1126/science.1260214
https://doi.org/10.1242/jcs.01633
https://doi.org/10.1242/jcs.01633
https://doi.org/10.1074/mcp.m200037-mcp200
https://doi.org/10.1038/s41467-019-09051-x
https://doi.org/10.1186/1471-2121-4-11
https://doi.org/10.1186/1471-2121-4-11
https://doi.org/10.1002/cm.21851
https://doi.org/10.1083/jcb.200504008
https://doi.org/10.1083/jcb.151.3.709
https://doi.org/10.1091/mbc.10.10.3507
https://doi.org/10.1091/mbc.10.10.3507
https://doi.org/10.1083/jcb.131.2.427
https://doi.org/10.1083/jcb.141.4.979
https://doi.org/10.1016/j.cub.2005.01.037
https://doi.org/10.1128/EC.00167-07
https://doi.org/10.1128/EC.00167-07
https://doi.org/10.1091/mbc.E21-09-0472
https://doi.org/10.1091/mbc.E22-09-0444
https://doi.org/10.1091/mbc.11.7.2297
https://doi.org/10.1091/mbc.11.7.2297
https://doi.org/10.1083/jcb.201106125
https://doi.org/10.1083/jcb.200905103
https://doi.org/10.1073/pnas.74.4.1600
https://doi.org/10.1073/pnas.94.9.4457
https://doi.org/10.1073/pnas.94.9.4457
https://doi.org/10.1083/jcb.125.5.1109
https://doi.org/10.1083/jcb.125.5.1109
https://doi.org/10.1083/jcb.118.6.1455
https://doi.org/10.1242/jcs.245233
https://doi.org/10.1083/jcb.200308132
https://doi.org/10.1016/j.cub.2006.12.040
https://doi.org/10.1371/journal.pone.0043118
https://doi.org/10.1016/j.str.2012.07.003
https://doi.org/10.1083/jcb.41.2.600
https://doi.org/10.1083/jcb.41.2.600
https://doi.org/10.1002/(SICI)1097-0169(1997)37:2<111::AID-CM3>3.0.CO;2-B
https://doi.org/10.1002/(SICI)1097-0169(1997)37:2<111::AID-CM3>3.0.CO;2-B
https://doi.org/10.1083/jcb.122.3.653
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1412641


Schloss, J. A., Silflow, C. D., and Rosenbaum, J. L. (1984). mRNA abundance changes
during flagellar regeneration in Chlamydomonas reinhardtii.Mol. Cell Biol. 4, 424–434.
doi:10.1128/mcb.4.3.424

Smith, E. F., and Lefebvre, P. A. (1996). PF16 encodes a protein with armadillo repeats
and localizes to a single microtubule of the central apparatus in Chlamydomonas
flagella. J. Cell Biol. 132, 359–370. doi:10.1083/jcb.132.3.359

Song, K., Awata, J., Tritschler, D., Bower, R.,Witman, G. B., Porter, M. E., et al. (2015).
In situ localization of N and C termini of subunits of the flagellar nexin-dynein
regulatory complex (N-DRC) using SNAP tag and cryo-electron tomography.
J. Biol. Chem. 290, 5341–5353. doi:10.1074/jbc.M114.626556

Song, L., and Dentler, W. L. (2001). Flagellar protein dynamics in Chlamydomonas.
J. Biol. Chem. 276, 29754–29763. doi:10.1074/jbc.M103184200

Stolc, V., Samanta, M. P., Tongprasit, W., and Marshall, W. F. (2005). Genome-wide
transcriptional analysis of flagellar regeneration in Chlamydomonas reinhardtii
identifies orthologs of ciliary disease genes. Proc. Natl. Acad. Sci. U.S.A. 102,
3703–3707. doi:10.1073/pnas.0408358102

Tam, L.-W., Dentler, W. L., and Lefebvre, P. A. (2003). Defective flagellar assembly
and length regulation in LF3 null mutants in Chlamydomonas. J. Cell Biol. 163,
597–607. doi:10.1083/jcb.200307143

Tam, L.-W., Ranum, P. T., and Lefebvre, P. A. (2013). CDKL5 regulates flagellar
length and localizes to the base of the flagella in Chlamydomonas. Mol. Biol. Cell 24,
588–600. doi:10.1091/mbc.E12-10-0718

Tam, L.-W., Wilson, N. F., and Lefebvre, P. A. (2007). A CDK-related kinase regulates
the length and assembly of flagella in Chlamydomonas. J. Cell Biol. 176, 819–829. doi:10.
1083/jcb.200610022

Taschner, M., Bhogaraju, S., Vetter, M., Morawetz, M., and Lorentzen, E. (2011).
Biochemical mapping of interactions within the intraflagellar transport (IFT) B core
complex: IFT52 binds directly to four other IFT-B subunits. J. Biol. Chem. 286,
26344–26352. doi:10.1074/jbc.M111.254920

Taschner, M., Mourão, A., Awasthi, M., Basquin, J., and Lorentzen, E. (2017).
Structural basis of outer dynein arm intraflagellar transport by the transport
adaptor protein ODA16 and the intraflagellar transport protein IFT46. J. Biol.
Chem. 292, 7462–7473. doi:10.1074/jbc.M117.780155

Taschner, M., Weber, K., Mourão, A., Vetter, M., Awasthi, M., Stiegler, M., et al.
(2016). Intraflagellar transport proteins 172, 80, 57, 54, 38, and 20 form a stable tubulin-
binding IFT-B2 complex. EMBO J. 35, 773–790. doi:10.15252/embj.201593164

van den Hoek, H., Klena, N., Jordan, M. A., Alvarez Viar, G., Righetto, R. D., Schaffer,
M., et al. (2022). In situ architecture of the ciliary base reveals the stepwise assembly of
intraflagellar transport trains. Science 377, 543–548. doi:10.1126/science.abm6704

Vannuccini, E., Paccagnini, E., Cantele, F., Gentile, M., Dini, D., Fino, F., et al. (2016).
Two classes of short intraflagellar transport train with different 3D structures are
present in Chlamydomonas flagella. J. Cell Sci. 129, 2064–2074. doi:10.1242/jcs.183244

Wakabayashi, K. I., Isu, A., and Ueki, N. (2021). Channelrhodopsin-dependent
photo-behavioral responses in the unicellular green alga chlamydomonas
reinhardtii. Adv. Exp. Med. Biol. 1293, 21–33. doi:10.1007/978-981-15-8763-4_2

Walther, Z., Vashishtha, M., and Hall, J. L. (1994). The Chlamydomonas FLA10 gene
encodes a novel kinesin-homologous protein. J. Cell Biol. 126, 175–188. doi:10.1083/jcb.
126.1.175

Walton, T., Gui, M., Velkova, S., Fassad, M. R., Hirst, R. A., Haarman, E., et al. (2023).
Axonemal structures reveal mechanoregulatory and disease mechanisms. Nature 618,
625–633. doi:10.1038/s41586-023-06140-2

Wang, Y., Ren, Y., and Pan, J. (2019). Regulation of flagellar assembly and length in
Chlamydomonas by LF4, a MAPK-related kinase. FASEB J. 33, 6431–6441. doi:10.1096/
fj.201802375RR

Wemmer, K., Ludington, W., and Marshall, W. F. (2020). Testing the role of
intraflagellar transport in flagellar length control using length-altering mutants of
Chlamydomonas. Philos. Trans. R. Soc. Lond B Biol. Sci. 375, 20190159. doi:10.1098/
rstb.2019.0159

Wemmer, K. A., and Marshall, W. F. (2007). Flagellar length control in
chlamydomonas--paradigm for organelle size regulation. Int. Rev. Cytol. 260,
175–212. doi:10.1016/S0074-7696(06)60004-1

Williams, B. D., Velleca, M. A., Curry, A. M., and Rosenbaum, J. L. (1989). Molecular
cloning and sequence analysis of the Chlamydomonas gene coding for radial spoke
protein 3: flagellar mutation pf-14 is an ochre allele. J. Cell Biol. 109, 235–245. doi:10.
1083/jcb.109.1.235

Wirschell, M., Pazour, G., Yoda, A., Hirono, M., Kamiya, R., and Witman, G. B.
(2004). Oda5p, a novel axonemal protein required for assembly of the outer dynein arm
and an associated adenylate kinase.Mol. Biol. Cell 15, 2729–2741. doi:10.1091/mbc.e03-
11-0820

Witman, G. B., Carlson, K., Berliner, J., and Rosenbaum, J. L. (1972).
Chlamydomonas flagella. I. Isolation and electrophoretic analysis of microtubules,
matrix, membranes, and mastigonemes. J. Cell Biol. 54, 507–539. doi:10.1083/jcb.54.
3.507

Wren, K. N., Craft, J. M., Tritschler, D., Schauer, A., Patel, D. K., Smith, E. F., et al.
(2013). A differential cargo-loading model of ciliary length regulation by IFT. Curr. Biol.
23, 2463–2471. doi:10.1016/j.cub.2013.10.044

Yanagisawa, H. A., Mathis, G., Oda, T., Hirono, M., Richey, E. A., Ishikawa, H., et al.
(2014). FAP20 is an inner junction protein of doublet microtubules essential for both
the planar asymmetrical waveform and stability of flagella in Chlamydomonas. Mol.
Biol. Cell 25, 1472–1483. doi:10.1091/mbc.E13-08-0464

Yang, P., Diener, D. R., Yang, C., Kohno, T., Pazour, G. J., Dienes, J. M., et al. (2006).
Radial spoke proteins of Chlamydomonas flagella. J. Cell Sci. 119, 1165–1174. doi:10.
1242/jcs.02811

Zhu, X., Poghosyan, E., Rezabkova, L., Mehall, B., Sakakibara, H., Hirono, M., et al.
(2019). The roles of a flagellar HSP40 ensuring rhythmic beating. Mol. Biol. Cell 30,
228–241. doi:10.1091/mbc.E18-01-0047

Zones, J. M., Blaby, I. K., Merchant, S. S., and Umen, J. G. (2015). High-resolution
profiling of a synchronized diurnal transcriptome from chlamydomonas reinhardtii
reveals continuous cell and metabolic differentiation. Plant Cell 27, 2743–2769. doi:10.
1105/tpc.15.00498

Frontiers in Cell and Developmental Biology frontiersin.org15

Marshall 10.3389/fcell.2024.1412641

https://doi.org/10.1128/mcb.4.3.424
https://doi.org/10.1083/jcb.132.3.359
https://doi.org/10.1074/jbc.M114.626556
https://doi.org/10.1074/jbc.M103184200
https://doi.org/10.1073/pnas.0408358102
https://doi.org/10.1083/jcb.200307143
https://doi.org/10.1091/mbc.E12-10-0718
https://doi.org/10.1083/jcb.200610022
https://doi.org/10.1083/jcb.200610022
https://doi.org/10.1074/jbc.M111.254920
https://doi.org/10.1074/jbc.M117.780155
https://doi.org/10.15252/embj.201593164
https://doi.org/10.1126/science.abm6704
https://doi.org/10.1242/jcs.183244
https://doi.org/10.1007/978-981-15-8763-4_2
https://doi.org/10.1083/jcb.126.1.175
https://doi.org/10.1083/jcb.126.1.175
https://doi.org/10.1038/s41586-023-06140-2
https://doi.org/10.1096/fj.201802375RR
https://doi.org/10.1096/fj.201802375RR
https://doi.org/10.1098/rstb.2019.0159
https://doi.org/10.1098/rstb.2019.0159
https://doi.org/10.1016/S0074-7696(06)60004-1
https://doi.org/10.1083/jcb.109.1.235
https://doi.org/10.1083/jcb.109.1.235
https://doi.org/10.1091/mbc.e03-11-0820
https://doi.org/10.1091/mbc.e03-11-0820
https://doi.org/10.1083/jcb.54.3.507
https://doi.org/10.1083/jcb.54.3.507
https://doi.org/10.1016/j.cub.2013.10.044
https://doi.org/10.1091/mbc.E13-08-0464
https://doi.org/10.1242/jcs.02811
https://doi.org/10.1242/jcs.02811
https://doi.org/10.1091/mbc.E18-01-0047
https://doi.org/10.1105/tpc.15.00498
https://doi.org/10.1105/tpc.15.00498
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1412641

	Chlamydomonas as a model system to study cilia and flagella using genetics, biochemistry, and microscopy
	1 Introduction
	2 Cell biology of Chlamydomonas flagella
	2.1 Anatomy of the Chlamydomonas cell
	2.2 Chlamydomonas flagella
	2.3 The basics: how to grow Chlamydomonas
	2.4 Imaging Chlamydomonas
	2.5 Isolating Chlamydomonas flagella for biochemical analysis

	3 Chlamydomonas genetics
	3.1 Overview of Chlamydomonas genetics
	3.2 Methods for genetic analysis in Chlamydomonas
	3.3 Dikaryon rescue
	3.4 Screening methods for flagella-related genes
	3.5 Cloning by sequencing
	3.6 Reverse genetics
	3.7 Combining genetics and biochemistry
	3.8 Chemical screening

	4 Using Chlamydomonas to study flagellar assembly
	4.1 Flagellar regeneration—a unique advantage of Chlamydomonas
	4.2 The BLD and FLA mutants
	4.3 IFT in Chlamydomonas
	4.4 Gene expression during flagellar assembly

	5 Using Chlamydomonas to study flagella-based motility
	5.1 Motility mutants
	5.2 Gliding motility
	5.3 Phototaxis

	6 Using Chlamydomonas to study flagellar length regulation
	6.1 Do cells “know” how long their flagella are?
	6.2 Flagellar length equalization
	6.3 Mutants affecting flagellar length
	6.4 Turnover and transport
	6.5 Models for IFT regulation
	6.6 Regulating cargo loading and precursor availability

	7 Discussion: Chlamydomonas—why use anything else?
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


