The short flagella 1 (SHF1) gene in
Chlamydomonas encodes a Crescerin
TOG-domain protein required for late
stages of flagellar growth
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ABSTRACT Length control of flagella represents a simple and tractable system to investigate
the dynamics of organelle size. Models for flagellar length control in the model organism
Chlamydomonas reinhardtii have focused on the length dependence of the intraflagellar
transport (IFT) system, which manages the delivery and removal of axonemal subunits at the
tip of the flagella. One of these cargoes, tubulin, is the major axonemal subunit, and its fre-
quency of arrival at the tip plays a central role in size control models. However, the mecha-
nisms determining tubulin dynamics at the tip are still poorly understood. We discovered a
loss-of-function mutation that leads to shortened flagella and found that this was an allele of
a previously described gene, SHF1, whose molecular identity had not been determined. We
found that SHF1 encodes a Chlamydomonas orthologue of Crescerin, previously identified as
a cilia-specific TOG-domain array protein that can bind tubulin via its TOG domains and in-
crease tubulin polymerization rates. In this mutant, flagellar regeneration occurs with the
same initial kinetics as in wild-type cells but plateaus at a shorter length. Using a computa-
tional model in which the flagellar microtubules are represented by a differential equation for
flagellar length combined with a stochastic model for cytoplasmic microtubule dynamics, we
found that our experimental results are best described by a model in which Crescerin/SHF1
binds tubulin dimers in the cytoplasm and transports them into the flagellum. We suggest
that this TOG-domain protein is necessary to efficiently and preemptively increase intrafla-
gella tubulin levels to offset decreasing IFT cargo at the tip as flagellar assembly progresses.
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INTRODUCTION

The complex structure of a eukaryotic cell can be broken down into
a collection of distinct organelles, such that the question of cell archi-
tecture is reduced to the question of organelle size, shape, number,
and position. The size of organelles can vary on a dynamic basis in
response to external and internal signals (Chan and Marshall, 2012).
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The mechanisms by which organellar morphologies are maintained
and transformed remain largely unknown. Measuring changes in or-
ganelle size is typically complicated by the inherently complex three-
dimensional structures of many organelles, but the cilium or flagel-
lum (used interchangeably) eases this technical barrier because the
only parameter that varies is its length. By reducing the complexity
to one dimension, it is easier to measure and model the dynamics of
this protruding organelle (Wemmer and Marshall, 2007).

Eukaryotic flagella are appendages that extend from the surface
of the cell. The flagellar membrane is continuous with the plasma
membrane of the cell, but it is compartmentalized from the cytosol
through the transition zone, a segment near the base of the flagella
that acts as a protein diffusion barrier (Czarnecki and Shah, 2012).
Because there are no ribosomes in flagella (Rosenbaum and Child,
1967), all flagellar structures must be assembled from precursor
proteins synthesized in the cell body. Approximately 4-5% of the
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nuclear-encoded proteins made in the cell body are imported into
the flagella (Pazour et al., 2005). Flagellar assembly is accomplished
through the addition of subunits at the distal tip (Rosenbaum and
Child, 1967; Witman, 1975; Johnson and Rosenbaum, 1992). Be-
cause the axoneme, the core scaffold of the flagellum, is composed
of nine doublet microtubules arranged in radial symmetry, tubulin
subunits are critical for the assembly process. Flagellar length is de-
termined by competing processes of assembly and disassembly
both occurring at the flagellar distal tip (Johnson and Rosenbaum,
1992; Marshall and Rosenbaum, 2001; Song and Dentler, 2001). As-
sembly and disassembly rates are driven by the arrival of proteins at
the tip and base of the flagella. The system dedicated to this bidi-
rectional movement, intraflagellar transport (IFT), is responsible for
moving select proteins along the axonemal microtubules via mole-
cular motors (Kozminski et al., 1993; Taschner et al., 2016). Tubulin
transported by the IFT system is mediated by specific binding sites
for tubulins on specific IFT proteins (Bhogaraju et al., 2013b, 2014;
Kubo et al., 2016; Taschner et al., 2016), and tubulin can be visual-
ized undergoing active IFT toward the assembly site at the tip (Hao
etal., 2011; Craft et al., 2015).

Characterization of IFT dynamics has led to a simple “balance
point” model that describes how steady-state flagellar length is
set by a balance between assembly and disassembly rates (Mar-
shall et al., 2005). The disassembly rate has been found to be
length independent, whereas the assembly rate decreases as the
flagellum increases in length. IFT plays a major role in maintaining
flagellar length because it balances the ongoing disassembly of
the outer doublet microtubules by providing a constant supply of
fresh subunits at the distal end. Reduction of IFT using tempera-
ture-sensitive mutants leads to reduction in steady-state flagellar
length (Marshall and Rosenbaum, 2001; Marshall et al., 2005; En-
gel et al., 2012). Quantitative measurements show that the rate at
which IFT particles enter the flagellum is a decreasing function of
length (Engel et al., 2012; Ludington et al., 2013) such that as fla-
gella elongate, the assembly rate will decrease until it exactly bal-
ances the disassembly rate, resulting in a unique steady-state
length. Another model derived for flagellar length control is based
on differential cargo loading by IFT. In this model, regulation of
the cargo size transported by IFT particles is a decreasing function
of length (Wren et al., 2013) such that the cargo-carrying capacity
is low in steady-state flagella and high during growth of new
flagella.

The crux of these and most flagellar size control models is
centered primarily around IFT dynamics. However, other work
has pointed to regulation of the cytoplasmic precursor pool as an
additional parameter that is crucial for proper size control (Rosen-
baum et al., 1969; Lefebvre et al., 1978; Jarvik et al., 1984). Tubu-
lin is thought to be the limiting protein component of the precur-
sor pool, supported by experiments showing that competition
between flagella and cytoplasmic microtubules for a fixed pool of
tubulin affects flagellar length. During flagellar regeneration, cy-
toplasmic microtubules undergo transient shortening, suggest-
ing that tubulin is depleted and used for building the flagellum
(Wang et al., 2013). Loss-of-function in either kinesin 13, a micro-
tubule depolymerizer located in the cell body (Piao et al., 2009;
Wang et al., 2013), or katanin, a cytoplasmic microtubule-sever-
ing protein (Qasim Rasi et al., 2009; Kannegaard et al., 2014),
both lead to shorter flagellar length. These mutant phenotypes
can be explained if these microtubule disassembly factors nor-
mally act to shift cytosolic microtubule dynamics during flagellar
formation so as to favor a more readily available tubulin pool.
When these genes are mutated, cytoplasmic microtubules are
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more stable, and flagella become shorter because they cannot
access the cytoplasmic tubulin pool.

Much of what is known about flagellar length, assembly, and pre-
cursor pools has come about through use of the model organism
Chlamydomonas reinharditii. This green unicellular alga has two fla-
gella of equal lengths (10-12 pm) that can easily be detached
through pH shock, after which the flagella regenerate back to normal
length. Chlamydomonas can be grown as a haploid or diploid and
has genetics similar to that of budding yeast. The ability to easily
perform forward genetic screens in Chlamydomonas has led to the
discovery of many mutants with abnormal flagellar lengths. Length-
altering phenotypes in Chlamydomonas include diverse phenotypes
such as short-flagella (shf), long-flagella (If), and unequal-length fla-
gella (ulf) (McVittie, 1972; Jarvik et al., 1984; Barsel et al., 1988;
Asleson and Lefebvre, 1998; Tam et al., 2003). Although the genes
affected in some of these mutants have been identified and charac-
terized, usually by taking advantage of insertional mutagenesis strat-
egies, in many cases the underlying genes remain unidentified due
to the fact that the mutation was not tagged with an insertion. Identi-
fied length-altering genes described so far include components of
the IFT system (Pazour et al., 1998; lomini et al., 2001; Matsuura
et al., 2002; Lucker et al., 2010; Dutcher et al., 2012; Lin et al., 2013),
kinases that regulate IFT (Berman et al., 2003; Tam et al., 2003, 2007,
2013; Ludington et al., 2013; Wemmer et al., 2020), and cytoplasmic
microtubule regulators (Piao et al., 2009; Qasim Rasi et al., 2009;
Wang et al., 2013; Kannegaard et al., 2014). Until now, factors di-
rectly involved in the incorporation of tubulin into the growing flagel-
lum itself have not been reported among the existing length mutants
of C. reinhardtii. As a result, models for flagellar length have gener-
ally not included specific representation of active modulators of tu-
bulin dynamics. Here, we use a genetic approach to show that a
TOG-domain array protein of the Crescerin family is required to
achieve proper flagellar length, and we propose that it does so by
allowing flagella to continue growth by preemptively increasing tu-
bulin levels at the tip earlier in flagellar regeneration.

RESULTS

Identification of a TOG domain—containing protein required
for full flagellar length

During the course of screening mutants obtained from the Chlam-
ydomonas Library Project (CLiP) (Li et al., 2019), we found a mutant
strain with shorter flagella than that of wild-type (WT) cells that we
provisionally refer to as shf-A (Figure 1A). Flagella in these mutant
cells were 4.91 + 0.226 (SEM) um shorter than WT cells (Figure 1B)
but were not paralyzed because they were capable of swimming.
After backcrossing the original mutant to WT, tetrad analysis showed
that the mutation was due to a single Mendelian mutation based on
the 2:2 segregation pattern of the shf phenotype. Although paro-
momycin resistance also segregated 2:2, confirming the presence
of only one full cassette, the paromomycin resistance and shf phe-
notypes did not cosegregate with each other, indicating that the shf
phenotype was not caused by the insertion of the resistance cas-
sette into the shf gene. Given that insertional mutagenesis often
leads to multiple and diverse types of genetic disruptions, that is,
large insertions, deletions, single nucleotide polymorphisms (SNPs),
and global genomic rearrangements (Li et al., 2016), we took an
unbiased approach to discovering the genetic mutation in question
(Figure 1C). One of the offspring from the first cross was used to
cross once more to WT. After the second cross, tetrads were ana-
lyzed and separated into two pools, one containing DNA of 20 shf
phenotype—exhibiting spores and one containing DNA of 20 WT
phenotype—exhibiting spores. This approach was used to randomize
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FIGURE 1: Discovery of a gene lesion resulting in short-flagellar phenotype. (A) Representative DIC images of WT
(CC-125) and shf-A Chlamydomonas cells. Scale bar: 5 ym. (B) Box-and-whisker plot displaying flagellar-length data for
WT (n = 48) and shf-A (n = 50) grown in alternating light and dark cycles in M1 media and subsequently fixed in
glutaraldehyde. An unpaired t test was conducted to determine the P value (p < 0.0001). (C) Schematic showing our
approach to discover the genetic lesion underpinning the short-flagellar phenotype. shf-A (mt-) was backcrossed to
CC-125 (mt+), and then an shf-exhibiting offspring spore from this first cross was backcrossed once more to CC-125.
The spores from tetrads and octads were scored for shf vs. WT flagellar lengths and separated into two different gDNA
pools to enrich for the allele of interest. (D) Schematic describing the bioinformatic workflow for the mutational analysis.
PE: Paired end, GATK: Genome Analysis Toolkit. (E) The diagram depicts the Cre06.9278219 gene with the green
outermost boxes representing the 5’ untranslated region (5'UTR) and the 3’ untranslated region (3'UTR) from left to
right, respectively. The purple boxes represent the exons, and the connecting black lines are the introns. The 5-base-
pair deletion site for shf-A is shown through the Sanger sequencing chromatogram, whereas the insertion site of the

mutagenic cassette (PARO) is indicated for the shf-B allele.

mutations specific to each background (WT vs. mutant) and enrich
for the mutant allele of interest causing the shf phenotype. Using a
modified bioinformatics workflow similar to that of Schierenbeck
et al. (2015) (Figure 1D), we arrived at two filtered lists by variant
calling algorithms, Pindel (structural variants, e.g., large deletions,
insertions, inversions) and GATK (SNPs and Indels). Of the final fil-
tered lists derived from each algorithm, one variant was found in
both lists—a 5-base-pair deletion in exon 8 of gene Cre06.9278219
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(Figure 1E). PCR of this region from tetrad products followed by
Sanger sequencing confirmed the existence of the 5-base-pair dele-
tion in spores showing the shf-A phenotype. The shf phenotype
most likely results from a loss-of-function mutation because a
5-base-pair deletion would lead to an early stop codon. To increase
our confidence that this was the causative allele of interest, we ob-
tained a second, independently generated, mutant from the
CLiP, which we found contained a paromomycin resistance cassette

Chlamydomonas Crescerin | 3



Domain ke N Q
A td M. musculus crescerin 2 — @ 2
7062) (Toc4) H. sapiens crescerin 2 —@™ 5
Z. vivipara crescerin 2 —a@a @ 2
&
X. tropicalis crescerin 2 @@ E}
X. tropicalis (e <
Z. vivipara —(O—a™
M. musculus O —a @™
H. sapiens O ——a@
. purpur, oOo—ee o
) .pu puratus g
B. floridae oOoOo—a.d 8
i E
Trichoplax O——ao@ >
H. vulgaris oOoOOoO—ae g
)
3
C. elegans oOoOo-—ee |G
S. coereleus oOo—ee

A. invadans o oo

S C. reinhardtii o—eo

A. queenslandica -oOo—— e

—_—
0.50
B a-A a-A a-B a-B’ a-C
M. musculus 346 KFEITHQELHARLIDQEDYKNRTQAVEEL-KQLLGKFNPSS----TPHRSLVGFISLLYNLIDDSNFKVVHEGTLQVLH----LLVIRIGEQVQQFLGPVIAASVKVLAPN 446
C. reinhardtii 8 AFGFVPAHVVADLODIGNWKSRATAIDLLYKALKDVSRPONLVESLPD--—-— FVKFLVGLIAPPNFKIATSSMSILG-—---ELASK\GEELEAHLSVVVPALLEKHTDS 108
* A

a-C’ a-D a-D’ ao-E o-E’ a-F

M. musculus 447 HLVIKQEYMKIFLKLMKEV[GPQRMKEVGPQRVLSLLLENLKHKHERVREEVVNICICSLLT)Y PSEDFDLPKLSFDLAPALVDSKRKRRVRQAALEAFAVLASSMES 546

C. reinhardtii 109 |KILVRAANMKAIKKLMG%TSPGGMGATSIPGGVLELLALGSISHTS'NRVREEVLNTHIMAMLSt‘GRSAYQbAAVYSLMRAGMbDGKDKDKVRLVALEGMAVLGARA&S- AELTf 208

o-F a-F

M. musculus 547 ‘VLFKAVdTVELQDNFDGVMNA————VQARLARK‘TLPRLTEQGFVEYAIL——MPSS——AQGRSSHLAHGADTDWLMSGNRTQSAHCYCGDHTRDSM 633
C. reinhardtii 209 BLMAG----- QKPGARPLAEEHKREVMVELANPALPATNGDGLVEHCVE -~ LPAA-~AGAEAADMRL ~ADAAF —————————————————————— 271

FIGURE 2: Cre06.9278219 encodes a conserved TOG-domain array protein. (A) The left side shows a cladogram
depicting the relationships between Crescerin subfamilies. The tree is drawn to scale, with branch lengths measured in
the number of substitutions per site. The right side shows the corresponding domain architectures for each organism.
Each of the organisms’ predicted domain structure and architecture are compared with the human TOG domains with
all TOG domains and unstructured regions scaled to the human TOG-domain array-containing protein. TOG domains

1-4 are color coded as shown in the top left-side corner under the domain key. Supplemental_Table_1, sheet 3, contains
the NCBI sequence identifiers for the Crescerin homologues used in this tree. (B) Amino acid sequence alignment of the
Crescerin1 TOG2 domain of M. musculus and C. reinhardtii shows the archetypical structure of the TOG domain with six
HEAT repeats (A-F) each containing a highly conserved alpha helical fold. The M. musculus crystal structure from Das

et al. (2015) was used to demarcate the alpha helices in purple outlined rectangles, whereas a structural prediction
program, PSIPRED, was used for the C. reinhardtii sequence. The yellow box highlights part of a unique beta-hairpin of
the Crescerin protein (Das et al., 2015) that differentiates it from other TOG-domain proteins. The residue number for
each Crescerin sequence is shown to the left of the residues. An asterisk (*) underneath the sequence alignment

indicates a conserved residue critical for binding to tubulin in both Crescerin (Das et al., 2015) and other TOG-domain
array proteins like CLASP and XMAP215 (Al-Bassam and Chang, 2011). The pound sign (#) underneath the sequence
alignment indicates a residue that was found to be mutated in ciliopathies (Latour et al., 2020; Morbidoni et al., 2021).
Finally, the triangle (A) underneath the sequence alignment highlights a residue found mutated in JBS ciliopathy patients

(Latour et al., 2020).

insertion in the exact location where the 5-base-pair deletion started
(Figure 1E). This mutant, shf-B, phenocopied the shf phenotype of
our original mutant (Supplemental Figure 1, A and B), shf-A, thus
increasing our confidence that this gene, Cre06.9278219, is crucial
in maintaining flagellar length.

The mutated gene, Cre06.g278219, designated as sensory, struc-
tural and assembly 6 (SSA6) in the C. reinhardtii genome database
(Merchant et al., 2007) is a homologue of the Crescerin1/CHE-12
gene. CHE-12 was first characterized in Caenorhabditis elegans,
when it was observed that che-12 worms exhibited abnormal chemo-
taxis in response to sodium chloride (Bacaj et al., 2008). Furthermore,
che-12 mutants had a cilia formation defect in a subset of sensory
neurons. The human homologue, TOGARAM1 (later renamed
Crescerin for the Latin crescere, to grow), belongs to a large family
conserved across ciliated eukaryotes (Das et al., 2015). Recently,
TOGARAM1/Crescerin variants were shown to cause Joubert syn-
drome (JBS), a recessive neurodevelopmental ciliopathy (Latour et al.,
2020; Morbidoni et al., 2021). TOGARAM?1/Crescerin is a TOG (tumor
overexpressed gene) domain array—containing protein that regulates
4 |
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cilia microtubule structure. TOG domains bind tubulin and have been
shown to promote microtubule polymerization (Brouhard et al., 2008;
Fox et al., 2014; Das et al., 2015; Byrnes and Slep, 2017), raising the
possibility that the shf-A mutant phenotype might reflect a role for
microtubule growth dynamics in flagellar length control.

To examine the potential function of Crescerin in flagellar length
regulation, we analyzed Crescerin protein domain structure and
evolutionary conservation via phylogenetic analysis and sequence
alignment. Previous analysis revealed two Crescerin subfamilies,
Crescerin1 and Crescerin2 (Das et al., 2015). We found that, whereas
Crescerin2 is specific to vertebrates, Crescerin1 exists in both verte-
brates and invertebrates (Figure 2A). Interestingly, our BLAST
searches revealed no clear Crescerin1 homologue in plants, even in
nonvascular plants such as liverworts, hornworts, and mosses clos-
est to ancestral green algae, which contain motile cilia in their
sperm. This result suggests that the sperm flagella in Bryophytes do
not require Crescerin for proper assembly and function. Sequence
alignments and structural predictions of homologues in other
organisms indicate that the minimal unit of the Crescerin1 subfamily
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FIGURE 3: Expression of Crescerin transgene leads to rescue of short-flagellar phenotype.

(A) The top panel shows the SHF transgene designed in the form of a gDNA and cDNA hybrid.
The left green outermost rectangle depicts the 5" untranslated region (UTR), whereas the right
green outermost rectangle is the 3’ UTR. The first part of the transgene contains exons and
introns 1-9, and the rest of the transgene is strictly exonic regions 10-16. In both the top and
bottom panels, the horizontal lines demarcate the exon boundaries. The bottom panel shows
the SHF-coding region and the different variety of transgenes used in this study: SHF-A, SHF-B,
and SHF-C. The positions of the epitopes and/or fluorescent proteins for the different transgene
constructs are shown. The 3x-FLAG epitope in SHF-A and SHF-C, mCherry-3x-HA in SHF-B, and
the GFP in SHF-C. (B) Immunoblot analysis of samples prepared from strains shf-B and shf-
B:SHF-A, a transformant selected for its WT-like length. Detection was done with antibodies
against Flag (SHF-A), and o-tubulin (loading control). (C) Flagellar lengths were measured for
each strain (n = 26) grown in TAP media. The horizontal line represents the median length of
each strain. (D) Representative DIC images of the following strains: WT, shf-B, and shf-B:SHF-A.

Scale bar: 5 pm.

consists of TOG2, a flexible central linker, and TOG3. The C. rein-
hardtii Crescerin1 homologue contains a TOG2 domain at the N-
terminus followed by a central linker, TOG3, and TOG4 at the C-
terminal end. The Crescerin2 subfamily, which is exclusive to
vertebrates, contains only TOG3 and TOG4 domains. Given that
the crystal structure of the Crescerinl TOG2 domain has been
solved and is the best characterized, we compared the C. reinhardtii
TOG2 domain to the Mus musculus (mouse) TOG2 domain (Figure
2B). TOG domains contain six conserved HEAT (Huntington, elon-
gation factor 2, phosphatase A2, TOR PI-3 kinase) that are adja-
cently aligned (Al-Bassam et al., 2007; Slep and Vale, 2007). Each
HEAT repeat is composed of two alpha helices connected by a loop.
These intra-HEAT loops comprise the most conserved surface of the
domain and are most similar in composition and structure to the
tubulin-binding intra-HEAT loops found in ch-TOG and CLASP pro-
tein family TOG domain structures (Al-Bassam and Chang, 2011;
Das et al., 2015). The C. reinhardtii TOG2 domain contained all of
these features, including a sequence predicted to form a beta-sheet
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ing to the Crescerin family (Figure 2B). In ad-

dition, the C. reinhardtii TOG2 domain con-
Flag tains conserved residues at amino acid
=160 kDa positions for which mutation variants that
lead to ciliopathies, such as JBS, have been
identified (Figure 2B). These similarities reaf-
firm that the gene mutated in the shf-A
strain is a bona fide Crescerin1 homologue.
The facts that C. reinhardtii has only one
Crescerinl homologue (compared with
other protists that contain multiple copies)
and does not contain Crescerin2 (verte-
brate-specific) creates an opportunity for
studying the role of Crescerin1 in flagellar
regeneration and length control.

To verify whether this genetic mutation
was actually causing the shf phenotype, we
complemented the shf-B mutation with a C.
reinhardtii Crescerin transgene. This trans-
gene included the endogenous promoter,
5’'UTR and 3'UTR, with a 3x-FLAG epitope
tag positioned after aspartic acid 1169 to
permit confirmation of transgene expres-
sion (Figure 3A). In an effort to minimize the
impact of potential disruption to the sec-
ondary structure of the protein when intro-
ducing these epitopes, we selected the po-
sition for inserting these epitopes with the
following criteria: 1) The region is predicted
to be in an unstructured, disordered region
between TOG3 and TOG4 and 2) the re-
gions flanking the epitope contain intrinsic
flexible linkers (GGS or GGA) (Chen et al.,
2013). When shf-B mutants were trans-
formed with this transgene, cells expressing
the FLAG epitope, detected through
immunoblots (Figure 3B), were found to res-
cue the flagellar length phenotype (Figure
3, C and D), thereby confirming that the
Crescerin gene mutation was indeed re-
sponsible for the shf phenotype.

S,

- a-Tubulin
~50 kDa

shf-B

Crescerin is encoded by the SHF1 gene of Chlamydomonas

We noticed that the Crescerin gene that we identified was in the
same region of the genetic map (Figure 4A) as a previously de-
scribed gene, SHF1, in which mutations also cause a short but non-
paralyzed flagella phenotype (Jarvik et al., 1984). shf1 has long been
of interest because it has several features that are unlike those of
many other short-flagellar mutants. First, its length distribution
shows an average length roughly half that of WT cells with a vari-
ance similar to that of WT. Second, its flagellar motility appeared
normal and the cells displayed normal phototaxis, unlike many
other shf mutants that are paralyzed. Kuchka and Jarvik (1987) had
mapped the responsible gene to chromosome VI, approximately
five map units from the centromere. However, the SHF1 gene was
not cloned, and its identity has remained unknown. Given its loca-
tion, we hypothesized that SHF1, which was the first short-flagellar
gene to be genetically characterized, was in fact the gene encoding
Crescerinl. To test this, we obtained shf1-253, shf1-277, and shf1-
236 from the Chlamydomonas Resource Center and confirmed that
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FIGURE 4: The previously identified SHF1 gene is encoded by Crescerin/Cre06.9278219. (A) Genetic map position of
the SHF1 gene. The genetic map of linkage group VI (redrawn from Kathir et al., 2003) is shown at the top, with the
centromere represented by the black oval. The scale bar showing the percentage of recombination is above the genetic
map. The starting base pair position (million) for genetic markers arg9 and vfl3 is indicated in parenthesis. The predicted
relative location of the Crescerin gene is indicated. For reference, the Crescerin gene begins at position 4.08 (million) of

chromosome 6. The molecular map is shown at the bottom, with the vertical lines indicating centimorgans; it is
estimated that one centimorgan is equivalent to ~100,000 base pairs. The dashed line connecting the genetic and
molecular map indicates a molecular marker corresponding directly to a previously mapped phenotypic marker. (B) The
full Cre06.9278219 gene with exons in rectangles and introns as the connecting lines. Both the shf1-277 and shf1-253
alleles are indicated. (C) The mean flagellar lengths of WT, shf1-277, and two rescue strains (transformant A and
transformant B) selected for their WT-like length after transformation with the SHF-C genetic construct. An unpaired

t test was conducted for the following pairs, * shf1-277 and WT p < 0.0001, ** shf1-277 and transformant A p < 0.0001,

*** shf1-277 and transformant B p < 0.0001.

they still had the shf phenotype (Supplemental Figure 2A). We per-
formed one pooled whole-genome-sequencing experiment
whereby a single library was created that contained different ratios
of each genome: 65% shf1-277, 30% shf1-253, and 5% shf1-236.
This was a biased approach because we planned to align all reads
only to Cre06.g278219 and analyze the allele frequencies. Our re-
sults showed that chromosome 6, position 4,096,355, contained a
T-A transversion at 74% frequency and chromosome 6, position
4,096,059, contained a base pair deletion that accounted for 28% of
the aligned reads. Both variants reside in exon 10 of Cre06.g278219,
and both lead directly or indirectly (frame-shift mutation leading to
an early stop codon), respectively, to a nonsense mutation (Figure
4B). We infer that the short-flagellar phenotype in shf1-277 is due to
the T-A nonsense mutation and in shf1-253 is due to the single base
deletion, because the approximate input of each genome in the
sequenced pool, 65 and 30%, roughly parallels the observed allele
frequencies, 74 and 28%, respectively. The discrepancy in the ratios
is due to the sensitivity and accuracy of the DNA concentration
readings and possibly DNA degradation. Because the DNA input
for shf1-236 was too low and within the range of noise, the se-
quence for this allele was not determined. Upon transformation with
an SHF-C transgene (see Figure 3A for a description of each trans-
gene), we found transformants that were capable of rescuing the
mutant phenotype in shf1-277 (Figure 4C and Supplemental Figure
2B). This experiment allowed us to identify the causative alleles of
shfl. From here on, we will refer to this gene and its product as
Crescerin/SHF1.

Dynamics of flagellar regeneration in SHF1
Interestingly, the original shfT mutant (Kuchka and Jarvik, 1987) re-
portedly regenerated flagella with initial kinetics similar to those of
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WT, but the flagellar length plateaued at a shorter value. This was in
contrast to many other shf mutants that regenerate more slowly. We
replicated this experimental result using pH shock-induced deflag-
ellation of WT, shf-B, and the rescue strain (shf-B:SHF-A) (Figure 5A
and Supplemental Figure 3A), as well as the original shfl mutant
allele, shf1-253 (Supplemental Figure 3B). Our results confirmed the
previous results from Kuchka and Jarvik (1987) on the original shf1
mutant and demonstrate that Crescerin/SHF1 is not required for ini-
tiation of regeneration or for the earliest stages of regrowth but be-
comes functionally necessary only when the flagellum reaches ap-
proximately half length to complete the structure.

Synthesis of precursor molecules is not necessary for early stages
of growth but is known to be required for flagellar regeneration to
full length. Genes encoding flagellar proteins are synchronously up-
regulated, and protein synthesis pathways are activated upon fla-
gellar detachment (Keller et al., 1984; Lefebvre and Rosenbaum,
1986; Stolc et al., 2005; Yuan et al., 2012). When new protein syn-
thesis is blocked through the use of cycloheximide, flagella regener-
ate with initially normal kinetics but reach a shorter final length
(Rosenbaum et al., 1969; Lefebvre et al., 1978). Typically, the
length to which flagella grow in cycloheximide is referred to as the
“precursor pool size,” interpreted as the amount of preexisting pre-
cursor molecules that the cell body has in storage at any given mo-
ment that can be used to reassemble new flagella. Conversely, be-
cause this “pool size” (~6 pm) is ~50-60% of the average length of
flagella (10-12 pm), the remaining amount of precursor molecules
needed to grow the other half of the flagellum must be actively
synthesized during regeneration to complete a full-length flagellum.
If the size of the flagellar precursor pool were proportionally re-
duced in shf1, the a priori expectation is that cells would regenerate
flagella to ~50-60% of their original length, which, given the shorter

Molecular Biology of the Cell
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FIGURE 5: The shf-B mutant regenerates with early kinetics similar to
those of WT and has a precursor pool size similar to that of WT. pH
shock-induced flagellar length regeneration curves for cells grown in
TAP media (A) and in the presence of cycloheximide (B) are shown for
WT, shf-B, and shf-B:SHF-A strains. Predeflagellation lengths are
shown before the 0 min time mark. The mean and error bars depicting
the SD are plotted. n was at least 49 for each time point, strain, and
treatment plotted.

initial length in the mutant, would be ~3-3.5 pm, in cycloheximide
drug treatment. Kuchka and Jarvik (1987) reported that contrary to
this prediction, shfl mutants could only regenerate short flagellar
stumps in cycloheximide. In contrast to these previous claims for
shf1, our results show that shf-B is in fact capable of growing back its
flagella to ~92% of their original length (final average length in cy-
cloheximide of 6.2 pm/predeflagellation average length of 6.7 pm).
Therefore, the precursor pool size as defined by these experiments
is seemingly unaffected compared with WT and the rescue strain as
exhibited by their final average length of 6.9 and 6.7 um, respec-
tively (Figure 5B and Supplemental Figure 3C). We also tested the
original shf1 allele, shf1-253, and found that it was also capable of
growing back to ~90% of its original length (final average length in
cycloheximide of 5.4 pm/predeflagellation average length of 6.0
pm) (Supplemental Figure 3B). We note that one other short-flagel-
lar mutant, ift56-2, has been reported to grow back to its original shf
length in the presence of cycloheximide (Jiang, 2017), which further
argues that a fixed scaling factor, between the length of flagella
before deflagellation and the precursor pool size, may not exist. We
hypothesize that in our shf mutants, the transcription and protein
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synthesis pathways are up-regulated normally due to the unaltered
early regeneration rates, which allows for replenishing of the precur-
sor pool to the same extent as WT cells. Supporting this hypothesis,
it has been shown that the flagellar transcriptional response follow-
ing deflagellation was unaffected in the shf1 allele, shf1-253 (Kan-
negaard et al., 2014).

Dynamic relocalization of SHF1/Crescerin during flagellar
regeneration

To better understand Crescerin/SHF1's role in flagellar growth and
length maintenance, we determined its localization in steady state
versus during regeneration. Our initial attempt was to visualize
Crescerin/SHF1 directly by integrating a modified transgene con-
taining a fluorescent protein (mCherry and green fluorescent protein
[GFP]) within the Crescerin/SHF1 protein (Figure 3A); however, we
were unable to detect any signal despite successful integration and
complementation (Figure 4C and Supplemental Figure 2B). As an
alternative approach, we immunostained shfl mutant strains com-
plemented with HA-Crescerin/SHF1 using antibodies against HA
and o-tubulin, at steady state and during regeneration (30 and 60
min postdeflagellation). In each condition, we observed pronounced
puncta of HA-Crescerin/SHF1 within the cell body, at the base of the
flagella and within the flagella, in addition to a more diffuse cyto-
plasmic localization (Figure 6A and Supplemental Figure 5A). The
punctate localization, which has previously been reported in C. ele-
gans (Das et al., 2015), strongly resembles IFT puncta detected
through immunofluorescence of C. reinhardtii, suggesting a poten-
tial coupling of Crescerin/SHF1 to IFT (Wood et al., 2012; Ishikawa
etal., 2014).

To quantify the signal within the flagella, we determined the in-
tensity values for each channel by taking linescans of flagella, per-
forming background subtraction and then normalizing the flagellar
intensity of HA-Crescerin/SHF1 to tubulin. We found that the mean
intensity of HA-Crescerin/SHF1 (normalized to tubulin, HA:TUB) per
unit length was positively correlated with flagellar length in steady
state (steady state, R? = 0.77) and late regeneration (60 min regen-
erating, R? = 0.74), but even more strongly correlated at midregen-
eration (30 min regenerating, R? = 0.94) (Figure 6B). This is in line
with the idea that Crescerin/SHF1 acts as a positive regulator of
flagellar length, particularly during regeneration.

To test whether the Crescerin puncta differentially localizes dur-
ing regeneration compared with at steady state, we performed
puncta detection for flagella in all three conditions. We found that
puncta showed a bias toward being localized at the tip of the fla-
gella in steady-state cells and both at or near the tip for 30-min-re-
generating flagella (Figure 6C) but not for 60-min-regenerating fla-
gella, in line with previous accounts on Crescerin/SHF1 localization
(Louka et al., 2018). Interestingly, puncta were detected very early
on during regeneration in short flagella, which decreases the likeli-
hood that Crescerin/SHF1 import is triggered at a set length during
regeneration. In all three conditions there was no particular flagellar
length for which puncta were most enriched, suggesting that
Crescerin/SHF1 is not exclusive to any particular length (Supple-
mental Figure 5B). The number of puncta per micrometer of flagella
increased slightly at 30 min of regeneration compared with 60 min
of regeneration and steady-state cells (Supplemental Figure 5C),
which prompted us to analyze the number of puncta per microme-
ter of flagella as a function of flagellar length. Overall, the trend is
that as flagella get longer during regeneration, the number of
puncta per micrometer seems to decrease, which is an observation
that mirrors the distribution of IFT trains (Figure 6D) (Engel et al.,
2009; Craft et al., 2015; Ludington et al., 2015).
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Localization of HA-Crescerin/SHF1 and tubulin within flagella during regeneration. (A) Mutant strains
complemented with HA-Crescerin/SHF1 were fixed at steady state (predeflagellation) or during regeneration at 30 or
60-min post-pH shock, immunostained against HA-Crescerin/SHF1 and a-tubulin, and displayed as a sum-slices
Z-projection. The light green arrowheads show examples of puncta within the flagella, whereas the blue arrowheads
show accumulation of HA-Crescerin/SHF1 at the base of the flagella. (B-D) Intensity line scans for each channel were
taken from flagellar base to tip. Puncta were identified by thresholds described in Materials and Methods. (B) Scatter
plot of mean HA:TUB intensity per unit length vs. length of each flagellum (one data point is one flagellum). Steady
state: 47 flagella, 30 min regenerating: 78 flagella, 60 min regenerating: 7 flagella. (C) Relative frequency distribution
plot of the location of all puncta within the flagella that were identified in steady-state flagella and flagella regenerating
for 30 and 60 min. Puncta location is normalized to the measured flagellar length. Steady state: 130 puncta, 30 min
regenerating: 143 puncta, 60 min regenerating: 16 puncta. The bin size is 0.05. (D) The mean and SD of the number (#)
of puncta per micrometer of flagella were plotted against the measured flagellar length for steady-state flagella and
flagella regenerating for 30 and 60 min. The bin size is 1 pm. Scale bar: 5 pm.

Modeling Crescerin/SHF1 function in flagellar assembly

The results thus far establish that Crescerin/SHF1 is necessary for
achieving normal flagellar length in C. reinhardtii. Given that
Crescerin/SHF1 contains several putative microtubule-binding TOG
domains, which are known to bind tubulin and to help facilitate mi-
crotubule polymerization, and given that Crescerin/SHF1 appears to
be associated with both IFT trains and the flagellar tip (Bacaj et al.,
2008; Das et al., 2015; Louka et al., 2018), there are at least two
potential ways that Crescerin/SHF1 may contribute to length regula-
tion. In one model (Figure 7A), Crescerin/SHF1 acts as a microtubule
polymerase at the flagellar tip, facilitating the incorporation of tubu-
lin dimers onto the end of the growing outer doublet microtubules.
An alternative model is that Crescerin/SHF1 may help to bind tubu-
lin dimers in the cytoplasm and transport them into the flagellum
(Figure 7B). Are both of these models equally able to explain the
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shf1 phenotype? We implemented a computational model (see
Materials and Methods) that represents the processes of tubulin im-
port, flagellar microtubule turnover, and cytoplasmic microtubule
dynamics. Using this model, we asked which of the two scenarios,
microtubule polymerization or tubulin transport, can best explain
the observed mutant phenotype, which we characterize in terms of
three features: 1) a steady-state flagellar length that is roughly half
that of WT cells, 2) no observable difference in flagellar growth rate
between mutant and WT during the initial phase of growth up to
several micrometers, and 3) during regeneration in the absence of
protein synthesis, WT flagella grow back to roughly half their pre-
shock length while mutant flagella grow back to ~80% of preshock
length. Given the highly simplified nature of our computational
model, we do not expect precise numerical matching of experimen-
tal data. Rather we ask whether the simplified model can or cannot

Molecular Biology of the Cell



A
MODEL A 2.> 5 ym: SHF1/Crescerin
accumulates and mediates tubulin
polymerization as IFT cargo
SHE1/ reaching the tip decreases.
Crescerin
3
+ +® A-tubule +
T Brubule
dimer
£
o
|
S
2
z -
- O
\Q%@*
1. <5 ym: SHF1/Crescerin is transported to the tip of the flagella
where it begins to accumulate.
Tubulin polymerization is driven by tubulin brought from IFT cargo.
/I U Plasma membrane
B
MODEL B
.o
SHF1/
o % e * Crescerin +

b7 N s ) )
/ Actubule 3. > 5 pm:Tubulin brought in

e +8 — earlier from Crescerin/SHF1

B-tubule is incorporated into the tip.

Tubulin

dimer
2. <5 ym: High levels of tubulin at the tip I

due to SHF1/Crescerin and IFT unloading
tubulin leads to fast incorporation
into axoneme.

Anterograde IFT trains

ﬁ-(

Flagellar base

SHF1/
Crescerin

t 0o »
+ § + GHEDED _— A chaEhaED
t

Tubulin
dimers

1. < 5 ym: Assembly of SHF 1/Crescerin withTubulin complex onto IFT cargo.

: Plasma membrane
AN

FIGURE 7: Two hypothesized mechanisms for how Crescerin/SHF1 could regulate flagellar
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readily available tubulin pool at the tip of the flagella. As flagellar regeneration continues, IFT
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concentration dips below the critical concentration for self-polymerization, Crescerin/SHF1
would become crucial for accelerating polymerization and decreasing the effective tubulin
concentration necessary for polymerization. (B) Tubulin-binding-site model. In the early stages of
regeneration, the TOG domains of Crescerin/SHF1 bind to tubulin and load onto the IFT trains.
This Crescerin/SHF1 + tubulin cargo would increase the amount of tubulin inside the flagellum
compared with what could be imported if IFT molecules were the sole tubulin-binding
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replicate the three qualitative aspects of the
phenotype.

As seen in Figure 8A, a model based on
loss of an elongation factor at the tip does
not account for the observed phenotypes. It
can explain the reduced steady-state length
in the mutant, but in such a model, it is pre-
dicted that flagella regenerated in cyclo-
heximide should be extremely short, or not
regenerate at all. This is consistent with prior
reports from Kuchka and Jarvik (1987) but is
not consistent with our observations (Figure
5B and Supplemental Figure 3B). The poly-
merase model also predicts a much slower
initial growth rate, which again is not consis-
tent with our observations. In contrast, a
model based on loss of high-affinity tubulin-
binding domains from the IFT particle, cor-
responding to the TOG domains of
Crescerin/SHF1 (Figure 8B), is able to reca-
pitulate the observation that flagella regen-
erate to a length closer to preshock length
in cycloheximide-treated mutants than in
cycloheximide-treated WT cells (Figure 5B
and Supplemental Figure 3C).

Figure 8A shows the result of simulations
using one specific set of model parameters,
but as discussed in Materials and Methods,
systematic variation of model parameters
was unable to identify a parameter set in
which a reduction in polymerization rate re-
sulting in half-length flagella at steady state
could also allow flagella to regrow after
deflagellation in the absence of new protein
synthesis. One particular combination of pa-
rameters that we explored was reduced
elongation rate (as per the polymerase
model tested in Figure 8A) along with re-
duced tubulin binding by IFT (as per the tu-
bulin-loading model of Figure 8B). This type
of model would represent a situation in
which Crescerin plays roles in both tubulin
binding/import as well as tubulin polymer-
ization at the flagellar tip. Figure 8C illus-
trates simulation results for four different
levels of tubulin binding ranging between
the fully mutant and fully WT examples plot-
ted in Figure 8B. For each set of tubulin-
binding parameters, we then varied the
elongation rate constant to simulate muta-
tions that reduce polymerase activity in ad-
dition to the reduced tubulin binding. As
can be seen in Figure 8C, reducing the elon-
gation rate always has a much more severe
effect on the length of flagella regenerated
in the absence of protein synthesis, com-
pared with the effect that it has on the pre-
shock flagellar length. The only combina-
tion of parameters that reflects our
observations is when the Crescerin mutant
affects tubulin binding but has minimal ef-
fect on elongation rate.
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polymerization rates as in model A of Figure 7. The sole parameter that changed between WT and shf1 is the
elongation rate of the microtubule as a function of tubulin concentration inside the flagella. In this scenario, the flagellar
length of the shf1 mutant showed an approximately two-fold decrease compared with WT (left side) that was observed
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lar precursor proteins from the cell body
pool (Wilson and Lefebvre, 2004). Our ex-
pectation was that LiCl-induced elongation
would be impaired in the shf-B mutant pos-
sibly due to decreased capacity for tubulin
transportation. We found that upon 60 min
of LiCl treatment, WT and the rescue line in-
creased their lengths by an average of 4 and
3.5 um, respectively, but shf-B mutant cells
increased flagellar length by only 1.6 pm
(Figure 9A and Supplemental Figure 4A).
We note that while these results are consis-
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FIGURE 9: Relation between Crescerin/SHF1 and flagellar length. (A) Crescerin/SHF1 is
important for growth from longer lengths. The flagellar length mean difference between cells
grown for 60 min in the presence of LiCl and untreated cells is shown for WT, shf-B:SHF-A, and
shf-B. The error bars are the SE for the difference between the two means. (B) Increased
Crescerin/SHF1 expression leads to increased length. Steady-state flagella of WT (CC-5325)
cells (n = 32) and WT cells expressing the SHF-B construct, overexpressor A (n=41) and
overexpressor B (n = 41), were measured and plotted as a cumulative frequency graph. A
Kolmogorov-Smirnov test was performed between the following pairs: WT and overexpressor

A (p = 0.0055); WT and overexpressor B (p = 0.0005).

If we increase the quantity of Crescerin/SHF1 in the model, such
as could be achieved by overexpression, a longer steady-state
length is predicted (Figure 8D). However, the relationship between
Crescerin/SHF1 levels and steady-state length is nonlinear, such that
a sixfold increase in Crescerin/SHF1 would be required to produce
a doubling of length (Figure 8E). Thus, our model makes the predic-
tion that Crescerin/SHF1 overexpression should lead to a measur-
able length increase, but even with a strongly expressing construct,
less than an overall doubling of length.

Effect of Crescerin/SHF1 on steady-state length

The fact that shfl mutant cells stop growing flagella at approxi-
mately half WT length without having exhausted the precursor pool
suggests that the mutant flagella are unable to make full use of the
existing pool at this length. We therefore asked how the absence of
Crescerin/SHF1 would affect the growth of flagella starting at
steady-state length when their elongation is stimulated. In C. rein-
hardtii, incubation of cells with lithium chloride (LiCl) is used to in-
duce flagellar growth from steady-state lengths (Nakamura et al.,
1987). Although the exact mechanism is not known, LiCl elongation
is associated with increased IFT within the flagellum (Ludington
etal., 2013) and is known to occur through the recruitment of flagel-

tent with a decrease in tubulin import, they
do not disprove the polymerase model be-
cause a loss of polymerization activity in the
shf-B mutant would also potentially be con-
sistent with the same result.

One prediction of the tubulin import
model is that increased levels of Crescerin/
SHF1 would increase the steady-state flagel-
lar length (Figure 8, D and E). This result was
first reported in hTERT-RPE1 cells, where
overexpression of Crescerin/SHF1 was
shown to increase cilia length (Latour et al.,
2020). To test this prediction in Chlamydo-
monas, we introduced a Crescerin/SHF1
transgene in WT cells. Cumulative frequency plots show that trans-
formants overexpressing Crescerin/SHF1 had increased flagellum
length distribution compared with unaltered WT cells (Figure 9B
and Supplemental Figure 4, B and C). This effect suggests that one
possible method for regulating the steady-state length of the flagel-
lum is to tune the levels of Crescerin/SHF1.

DISCUSSION

The role of Crescerin in flagellar elongation

Within the context of the balance point family of models, there are
four ways to make a shorter flagellum: reduction of IFT, reduction of
precursor pool synthesis, increased disassembly of the axoneme,
and reduced incorporation of tubulin from the precursor pool into
the flagellum. Given that the early rapid phase of regeneration is
primarily driven by IFT and the shfl mutant is unaffected in this
growth phase up to half length, it is improbable that IFT rates are
grossly affected in the shfl mutant. Furthermore, the ability of shf1
mutants to elongate in response to LiCl suggests that IFT is still func-
tioning properly at steady state, in contrast with the actin mutant,
ida5, which is completely incapable of flagellar elongation upon LiCl
treatment due to an impairment of actin-dependent IFT recruitment
to the basal bodies and/or train size regulation (Avasthi et al., 2014).

is capable of regenerating to ~78% of its predeflagellation length (right side), which is similar to the experimental results
shown in Figure 5B and Supplemental Figure 3B. (C) Simulation combining effects on both polymerization rate and
tubulin binding. Five different values for tubulin binding, ranging from the WT rate (blue curve of panel B) to fully

mutant (red curve of panel B) were combined with a range of elongation rates. Colored symbols represent the different
values of tubulin binding. Plot shows the preshock steady-state length on the X axis and the length of flagella
regenerated in cycloheximide on the Y axis. The high slope of the curves indicates that reduction of polymerase rate has
a stronger effect on the cycloheximide-regenerated length than on the preshock steady-state length. (D) Simulation of
Crescerin overexpression assuming the tubulin-binding model. This model simulates the regeneration curve of WT and a
strain that has twofold overexpression of Crescerin/SHF1. In this simulation, the constant describing the number of IFT
particles and effective cargo-carrying capacity was increased twofold relative to WT. (E) Predicted effect of Crescerin
overexpression. The figure plots the steady-state length vs. relative Crescerin levels, where a relative level of 1
corresponds to a WT cell, indicating that while increased Crescerin expression should lead to increased length, the
length increase is nonlinear with respect to the level of overexpression.
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The fact that shfl mutant flagella grow back almost to the pre-
deflagellation length in cycloheximide (Figure 5B and Supplemental
Figure 3B), together with prior results that flagellar genes are fully
induced during regeneration in an shf1 mutant (Kannegaard et al.,
2014), argues against the possibility that growth in shfl mutants is
impaired due to a defect in precursor pool synthesis. Our results
taken together are most consistent with the idea that in the shf1
mutant, tubulin incorporation into the axoneme at the distal tip is
decreased, although not abolished, due to a role of Crescerin/SHF1
protein in tubulin transport or dynamics.

Tubulin and Crescerin/SHF1 in flagellar length control
models

Because tubulin represents the most abundant, main structural unit
of the axoneme, large quantities of tubulin need to move from the
cell body to the tip of an assembling flagellum. One question that
has been largely explored is how to reconcile the observed kinetics
of flagellar assembly with the rate at which tubulin reaches the fla-
gellar tip (Bhogaraju et al., 2014).

Bhogaraju and colleagues hypothesized that aside from the tu-
bulin-cargo—binding site they had discovered, several other tubulin-
cargo-binding sites in IFT proteins may exist to compensate for the
decreased tubulin amounts as assembly proceeds (Bhogaraju et al.,
2014). Our results suggest an alternative: increased tubulin recruit-
ment is provided by the tubulin-binding TOG domains of Crescerin/
SHF1. Our immunofluorescence experiments show Crescerin/SHF1
in puncta at the distal region and along the flagella from the com-
mencement of regeneration, suggesting that Crescerin/SHF1 is traf-
ficked by the IFT system. Corroborating this idea are previous find-
ings showing that the Crescerin/SHF1 homologue in C. elegans,
CHE-12, requires IFT particle B to localize to the flagella (Bacaj
et al, 2008). Furthermore, CHE-12 GFP puncta were detected
showing anterograde and retrograde movement in the flagella (Das,
2016). Most recently, tandem affinity purification combined with
mass spectrometry of Crescerin/TOGARAM1 identified multiple IFT-
B proteins as possible binding partners (Latour et al., 2020). Our
results indicate that Crescerin is associated with IFT particles at the
earliest stages of flagellar assembly, even though the flagellar re-
generation curve indicates that loss of Crescerin/SHF1 is felt only
when the flagellum reaches a certain length. In our computational
model, Crescerin allowed IFT particles to import tubulin at a rate
that exceeded the growth rate of the flagellum, allowing the flagel-
lum to transiently build up a reserve of tubulin that was then used to
allow for assembly when the frequency of IFT cargo deposits at the
tip decreases later in regeneration.

During assembly, the tubulin concentration at the tip is predicted
to decrease in part due to IFT trains decreasing in size and injection
rates decreasing as a function of ciliary length (Marshall and Rosen-
baum, 2001; Marshall et al., 2005; Engel et al., 2009; Ludington
etal., 2013). Even though tubulin can reach the tip of an assembling
flagellum through diffusion, IFT is necessary to promote the proper
concentration for assembly of tubules at the tip (Craft Van De Weghe
et al., 2020). In fact, when a tubulin-binding motif on the IFT cargo
molecules is mutated, flagellar regeneration and length are impaired
significantly (Bhogaraju et al., 2013b; Kubo et al., 2016). Our model-
ing work found that it was necessary to change two parameters in
order to account for the ability of shfl mutants to regenerate to
within 90% of their preshock length in cycloheximide. Specifically,
this effect was seen only when the number of tubulin-binding sites
per IFT particle decreases and the affinity of the remaining sites for
tubulin decreases, compared with WT. These two parameter changes
would be achieved in an shfT mutant if Crescerin/SHF1 is associated
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with IFT particles, where it provides tubulin-binding sites of high af-
finity relative to the non- Crescerin tubulin-binding sites of the core
IFT proteins. Future biochemical characterization of Crescerin/SHF1
are required to prove that this protein does in fact act as a tubulin-
binding factor for the IFT system. Regulation of Crescerin/SHF1 ac-
tivity could provide a regulatory point that would affect tubulin load-
ing onto IFT, as is the case with the structural protein DRC-4 (Wren
et al., 2013). Proteomic data of C. reinhardtii cells have identified
multiple phosphorylated and oxidized residues in the disordered re-
gions between the TOG domains and within TOG-3 (Wang et al.,
2014; Ford et al., 2020). One intriguing possibility is that these resi-
dues get modified by kinases to tune the affinity of Crescerin/SHF1
to tubulin and IFT molecules. Many kinases have been found to play
a role in flagellar length control, but almost nothing is known about
their physiologically relevant substrates (Berman et al., 2003; Pan
etal., 2004; Wilson and Lefebvre, 2004; Bradley and Quarmby, 2005;
Tam et al., 2007, 2013; Luo et al.,, 2011). We propose that some of
these length-regulating kinases may work via an effect on Crescerin.

Another important factor affecting the ability to form IFT-tubulin
cargoes is the soluble tubulin concentration at the base of the
flagella, which in turn depends on the cytoskeleton microtubule
dynamics in the cell body. In C. reinhardltii, katanin, a cytoplasmic
microtubule-severing protein, and kinesin-13, a microtubule depo-
lymerizer, have loss-of-function mutant phenotypes that lead to fla-
gellar length abnormalities (Piao et al., 2009; Qasim Rasi et al.,
2009; Wang et al., 2013; Kannegaard et al., 2014). These results
suggest that the tubulin dynamics of the cell body affect flagellar
length. This underscores the need to better understand soluble tu-
bulin concentrations both at the tip and at cargo assembly locations
near the basal bodies, because subtle changes in tubulin concentra-
tion can lead to major changes in the frequency of IFT-tubulin com-
plex formation. Future biochemical characterization experiments
determining the affinities of these interactions are necessary to gain
a more detailed mechanistic understanding of these processes.
Such biochemical measurements will also greatly constrain possible
models for Crescerin function, allowing future computational simu-
lations to be increasingly realistic.

TOG domains have conserved tubulin-binding features found in
several well-studied protein families such as XMAP-215 and CLASP
proteins (Slep and Vale, 2007; Al-Bassam et al., 2010; Fox et al.,
2014; Byrnes and Slep, 2017). Structural analysis of a TOG domain
in Crescerin/SHF1 has identified conserved key features such as the
intra-HEAT loops that bind to tubulin in XMAP-215 and CLASP pro-
tein families (Das et al., 2015). We also found that these features are
conserved in the TOG domains of the C. reinhardtii homologue
(Figure 2B). In vitro polymerization assays with purified mammalian
Crescerin/SHF1 TOG domains have shown that each domain can
additively increase tubulin polymerization (Das et al., 2015). More-
over, point mutations that disrupt binding of the TOG domains to
tubulin phenocopy a Crescerin/SHF1 knockout in its shorter flagellar
length at steady-state, suggesting that tubulin binding is paramount
for its activity. Cumulatively, these results imply that Crescerin/SHF1
is binding to tubulin and increasing polymerization; however, the
latter has never been explored in vivo. In terms of the competition
between cytoplasmic and flagellar microtubules, we infer that
Crescerin is mainly acting on the latter, because its loss leads to
shorter flagellar length. If Crescerin was acting to promote cytoplas-
mic microtubule polymerization, then its loss would lead to longer
flagella. In terms of Crescerin’s function in flagellar microtubules, our
modeling simulations suggest that Crescerin/SHF1's tubulin-bind-
ing ability acts as a recruiting factor for IFT particles as they enter the
flagellum rather than acting as a polymerase at the flagellar tip.
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Comparison between flagellar TOG-domain proteins
Crescerin/SHF1 and Cep104/Fap256

In Tetrahymena, another TOG-domain—containing protein, Cep104/
Fap256, was reported to localize near the A-tubule, whereas
Crescerin/SHF1 was found near the B-tubule, which led Louka et al.
(2018) to suggest that each of these proteins helps assemble tubulin
on each respective tubule. Among flagella there is dramatic varia-
tion in the size and composition of the distal segment defined as a
region at the tip consisting of only an A-tubule singlet due to a gap
between the plus ends of the longer A-tubule and shorter B-tubule.
In C. reinhardtii and Trypanosoma brucei, a distinct singlet distal
segment was not observed through cryoelectron tomography re-
constructions at steady state (H66g et al., 2014). Furthermore, dur-
ing assembly of flagella, C. reinharditii flagella had approximately
equal lengths of A- and B-tubules (H66g et al., 2014). Given that the
early flagellar regeneration kinetics was nearly the same in WT as in
the shf1 mutant, we find it improbable that Crescerin/SHF1 is impor-
tant only for B-tubule formation.

In C. reinhardtii (Satish Tammana et al., 2013; Rezabkova et al.,
2016; Al-Jassar et al., 2017), mutants in Cep104/Fap256, known as
roc22, have shortened flagella similar to shf1. However, most cells
(~70%) fail to regenerate flagella after pH shock-induced deflagella-
tion (Satish Tammana et al., 2013). This result suggests that unlike
Crescerin/SHF1, Cep104/Fap256's function is crucial from the onset
of regeneration. The distinct mutant phenotypes of roc22 and shf1
cells revealed in regeneration experiments indicate that these pro-
teins have different temporal regulatory roles in flagellar assembly:
Cep104/Fap256 is key for the start of assembly, and Crescerin/SHF1
is crucial during the early stages to enrich for tubulin at the tip. Inter-
estingly, in a recent study, Cep104/Fap256 and Crescerin/SHF1
were found as part of a larger protein complex in mammalian cell
lines (Latour et al., 2020). Given the presence of one TOG domain in
Cep104/Fap256 and three TOG domains in Crescerin/SHF1, we
speculate that the two proteins in complex with each other and pos-
sibly with other MAPs can lead to altered on and off rates with tubu-
lin compared with each individual component.

From these perspectives, it will be intriguing to decipher how
these two proteins work together to regulate flagellar microtubule
dynamics. In C. reinhardtii and Tetrahymena flagella, Cep104/
Fap256 has been found exclusively at the tip during assembly and
at steady state (Satish Tammana et al., 2013; Louka et al., 2018). In
contrast, Crescerin/SHF1 localizes in puncta at the tip and along the
flagella. Perhaps Crescerin/SHF1's extra stretches of positive resi-
dues located C-terminal to its TOG domains, shown to be important
in binding to the microtubule lattice in XMAP215 and CLASP (Al-
Bassam et al., 2006, 2010; Brouhard et al., 2008), allow for attach-
ment modules along the lattice of the microtubules, which could
increase tubule stability during steady state. Crescerin/SHF1 con-
tains a TOG-domain architecture similar to that of the CLASP pro-
teins. The family of CLASP proteins decrease microtubule catastro-
phe and promote microtubule rescue (Slep, 2018). This added
functionality could also explain the increased prevalence of
Crescerin/SHF1 puncta at the tip in nonassembling flagella.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Initial identification of strain carrying a candidate
short-flagellar mutation

We originally set out to understand how the massive transcrip-
tional response that is turned on during flagellar regeneration ties
back to flagellar length control. Publications focusing on gene
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expressionduring the cell cycle highlighted the expression profiles
of putative transcription factors that are up-regulated following
deflagellation (Albee et al., 2013; Zones et al., 2015). Assuming that
there could be a feedback loop that turns on these transcription fac-
tors during flagellar regeneration, we hypothesized that mutations
in these up-regulated transcription factors would result in flagellar
length abnormalities. Therefore, we screened for changes in flagel-
lar length in a set of insertional mutants predicted to disrupt genes
encoding these putative transcription factors. Candidate genes
were identified as annotated transcription factors in Zones et al.
(2015) (summarized in sheet 1 of Supplemental_Table_1). The mu-
tants that we screened did not have any visible length abnormalities
in steady-state conditions with the exception of mutant LMJ.
RY0402.093488_1, which was predicted to contain a genetic lesion
in Cre01.g003376. Cre01.g003376 is predicted to encode a tran-
scription factor with a putative Myb-like DNA-binding domain. This
strain had shorter flagella (shf) than WT. To test whether the tran-
scription factor disruption was causing the short-flagellar pheno-
type, we analyzed another mutant, LMJ.RY0402.230098, with a pre-
dicted insertion cassette (95% confidence) in the intron of the same
gene, Cre01.g003376. This second mutant did not have an shf phe-
notype in steady-state conditions. Given these differences in pheno-
types, we asked whether some other mutation besides the insertion
at Cre01.g003376 was leading to this phenotype. Therefore, we
backcrossed the mutant exhibiting the short-flagellar phenotype
(LMJ.RY0402.093488_1) to WT cells to see whether the mutant phe-
notype cosegregated with the paromomycin cassette. Through tet-
rad analysis, we found thatone full paromomycin cassette was pres-
ent (2:2 segregation) and that the short-flagellar phenotype
segregated 2:2 and was therefore presumably due to a single muta-
tion, but that paromomycin resistance and the short-flagellar phe-
notype did not cosegregate. Furthermore, a PCR designed to de-
tect the junction site of the Cre01.g003376 locus (sheet 2 of
Supplemental_Table_1) with the paromomycin cassette showed
that the paromomycin resistance was indeed coming from the
Cre01.g003376 locus disruption, eliminating the possibility that a
full paromomycin resistance cassette inserted elsewhere in the ge-
nome was causing the short-flagellar phenotype. Thus, it became
increasingly clear that the short-flagellar phenotype was not actually
due to the transcription factor gene lesion we had originally chosen
to screen. The mutation apparently identifies a gene involved in fla-
gellar length control, and we denoted it initially as SHF-A, to indi-
cate the fact that we did not initially know whether it related to any
previously described short-flagellar genes.

Strains and media

Chlamydomonas strains were obtained from the Chlamydomonas
stock center. WT strains include CC-125 mt+ and CC-5325 cw15
mt— (the latter is the background strain of the Chlamydomonas Li-
brary Project). The original un-backcrossed shf-A mutant is LMJ.
RY0402.093488. shf-A was backcrossed twice to CC-125 mt+. shf-B
isLMJ.RY0402.172376 and has a paromomycin resistance cassette
insertion at the same location where the 5-base-pair deletion starts
in shf-A. For the shf1 mutants, the following strains were used: CC-
2348 (shf1-253), CC-2347 (shf1-277), and CC-2345 (shf1-236). For
liquid cultures, cells were grown either in M1 media (Sager and
Granick Medium 1) in a 14:10-h light:dark cycle and measured dur-
ing the light part of the cycle or in Tris-acetate phosphate (TAP)
media for ~2-3 d in constant light. Cells were maintained in 1.5%
TAP agar plates; however, if a strain carried a paromomycin resis-
tance cassette, it was kept in media supplemented with 20 pg/ml
paromomycin. Strains containing a Crescerin/SHF1 transgene
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construct were maintained in solid media containing 20 pg/ml
hygromycin.

For gamete formation, cells were restreaked onto fresh TAP agar
and incubated in low light. They were then transferred onto TAP-N
medium for 4-5 d to induce gametogenesis. The gametes from
each strain were then resuspended using 150-200 pl of TAP until a
dark green resuspension was obtained. Sporulation and dissection
were done as in Perlaza et al. (2019).

Whole genome sequencing

Culture conditions for original mutant pooled spores. The
original mutant LMJ.RY0402.093488 was backcrossed twice to CC-
125 mt+ [137c]. Spores from tetrads and octads were scored for
short- versus WT-length flagella. Twenty spores corresponding to
each category, WT or short, were grown as follows: cultures (2 ml
per well) for each spore were grown on 24-well plates in alternating
dark:light cycles (14:10) for 3 d. To make sure that there was equal
representation of each spore’s genomes, the cell density for each
spore was checked to ensure equal input before pooling. One
milliliter per spore was used for each phenotypic pool for a total of
20 ml per sample, WT versus mutant. The genomic DNA (gDNA)
extraction was performed as described in the pooled genome
sequencing method in Perlaza et al. (2019).

The sequencing libraries were prepared with the aid of the KAPA
hyperprep library kit by the Vincent J. Coates Genomics Sequenc-
ing Laboratory and Functional Genomics Laboratory at the Univer-
sity of California, Berkeley. One cycle of PCR was used to linearize
the library molecules. Fragment analyzer traces and Qubit values
were assessed for each sequencing library as quality control checks.
Pooled 150PE NovaSeq S4 sequencing was performed at the UCSF
Center for Advanced Technology Lab. Twenty gigabytes of data was
requested per sample.

Culture conditions and gDNA preparation for shfl mu-
tants. Strains CC-2345 (shf1-236), CC-2347 (shf1-277), and CC-
2348 (shf1-253) were streaked out to singles to ensure an isogenic
population of cells. The cultures conditions and gDNA extractions
were done exactly as described in Culture conditions for original
mutant pooled spores, with the exception that the starting volume
of each strain was ~7 ml. The concentrations of DNA were deter-
mined by a nanodrop. The final gDNA sample that was sent to se-
quence was a pooled sample that combined ~65% of shf1-277,
~30% of shf1-253, and 5% of shf1-236 gDNA.

The gDNA pool was prepped for sequencing using the NEB Ul-
tra Il DNA library kit. Fragment analyzer traces and Qubit values
were assessed for each sequencing library as quality control checks.
Novaseq 6000 sequencing was performed by Novogene with 15
GB of data requested.

Processing of sequence data. Unless otherwise noted, the follow-
ing steps were used for analyzing data from the WT versus mutant
pooled experiment samples and the various ratios of shfl allele
pool sample.

The raw sequences were processed using FastQC: a quality
control tool for high throughput sequence data, version 0.11.8
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
Trimmomatic was used for quality filtering of the reads and to re-
move sequences that match the adapter (Bolger et al., 2014). These
reads were then aligned to version 5.0 of the C. reinhardtii genome
DOE Joint Genome Institute (JGI), reference strain CC-503, mt+
(Merchant et al., 2007) using the Burrows-Wheeler Aligner (BWA) (Li
and Durbin, 2009). Conversion of SAM files to BAM files was done
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using SAMtools (Li et al., 2009). Deduplication was done using
Picard (http://broadinstitute.github.io/picard).

Further processing of the WT versus mutant pooled experiment
samples. The following steps are exclusive for the sequence pro-
cessing of the WT versus mutant pooled experiment. At this point,
we attempted two parallel approaches to call variants. Given that
there was not any indication as to the nature of the mutation (SNP,
long vs. short insertion, deletion, duplication), we decided to use
both the Genome Analysis Toolkit (GATK) variant caller (DePristo
et al., 2011) and Pindel (Ye et al., 2009).

GATK. GATK base recalibration was performed using The Supple-
mental VCF file including SNVs, and small Indels from Gallaher et al.
(2015) was used for the BQSR step. GATK Haplotype Caller fol-
lowed by GATK GenotypeGVCF commands were performed to get
a file with SNPs and Indels. These were then separated to generate
a file with SNPS and another with Indels. Using the bcftools isec (-c
all) command option, the two sample pools (WT vs. MUT) were com-
pared with one another to get variants unique to each sample. The
variants unique to the mutant pool were further filtered by including
only variants with GQ > 20 and AF > 0.9. Common SNPs and Indels
found in laboratory strains were removed using the http://stormo.
wustl.edu/SNPlibrary/index.html| database. Next, using the variant
effect predictor, snpEff (Cingolani et al., 2012), only alleles with a
High and Moderate effect were included.

Pindel. The deduplicated BAM files for each sample, WT and mu-
tant, were inputted into the Pindel software, which gave separate
files for different types of genetic lesions as the output. The short
insertions and deletions files were filtered to include only alleles
whereby the genotype was 1/1 in one pool and 0/0 in the other.

The final filtered SNP file from the GATK pipeline contained two
variants. The final filtered Indel file from the GATK pipeline con-
tained 10 variants. The Pindel file containing deletion variants had
eight different variants. We used the Integrated Genomics Viewer
(IGV) (Thorvaldsdottir et al., 2013) to directly compare the pool
alignments to each other and the reference genome, focusing on
the regions of interest provided by the final filtered variant files. We
found that most of the unique variants called in the mutant sample
were in fact common between the two samples or common to
known variants listed in Phytozome. The 5-base-pair deletion called
in chromosome 6, position 4,097,271, was interesting because it
was the only variant called both in the filtered Pindel deletion file
and in the final, filtered GATK variant file. In addition, the aligned
reads very clearly demonstrated that the deletion could be seen
only in the mutant pool and not in the WT pool. Interestingly, one of
the two SNPs from the final filtered SNP variant file produced by
GATK, chromosome_é position 3344626, C to A, was only found in
the mutant pool when aligned reads were viewed through IGV. This
genotype has been reported previously as it was present in the Phy-
tozome variation list for the gene Cre06.g277500. Therefore, we did
not believe that it was the mutation leading to the short-flagellar
phenotype. We do believe that this is worth noting because it is lo-
cated relatively close to the 5-base-pair deletion, indicating that
these mutations are linked.

Further processing of the varying genomic ratios of shf1 allele pool
sample. Given that the shf1 allele was previously mapped to link-
age group VI near the centromere, we had a strong suspicion that
the gene affected in this mutant was Crescerin. Therefore, we took
a biased but quick approach to looking for the causative mutation
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by focusing on the Crescerin gene. The BAM file—-generated SAM-
tools conversion was used to view the reads in IGV. Scrolling through
the gene, there were two notable variants. In chromosome 6, posi-
tion 4,096,059, there was a single base change from T to A, with a
frequency of 74% A and 26% T. In chromosome 6, position
4,096,059, there was a base pair deletion that accounted for 28% of
the aligned reads. The T to A nonsense mutation leads to an early
stop codon, and the base pair deletion leads to a frame shift in the
open reading frame that leads to an early stop codon. We infer that
the short-flagellar phenotype in shf1-277 is due to the T to A non-
sense mutation and in shf1-253 it is due to the single base deletion,
because the approximate input of each genome in the sequenced
pool (65 and 30%) roughly parallels the observed allele frequency,
74 and 28%, respectively. We were not able to obtain a predicted
allele for shf1-236, presumably because 5% of the pool was under
the limit of sensitivity.

Crescerin/SHF1 gene cloning (pKPL_1- SHF-A)

A hybrid approach of stitching together gDNA and cDNA was used
to generate the template Crescerin/SHF1 transgene plasmid
(PKPL_1), which was then used to generate pKPL_2 and pKPL_3.
Given the high GC content and the size of the gene (~10.4 kb in-
cluding a 500-base-pair promoter region, 5'UTR-exon1-exon14-
3’'UTR), the final transgene was a result of piecewise stitching via
In-fusion by way of intermediate plasmids. This approach was used
because the original approach, a one-shot In-fusion reaction with
several DNA pieces, failed to give any colonies. Two intermediate
plasmids were generated through In-Fusion in a sequential manner
that then led to one of the final transgene plasmids (pKPL_1) used
for transformation of cells. Supplemental_Table_2 has a thorough
description of all the gene regions amplified. Phusion Hotstart II
polymerase (Thermofisher) was used to generate all the inserts. In
the following steps each amplicon generated by either PCR amplifi-
cation or vector digestion was isolated and extracted from a 1%
agarose gel through the NucleoSpin Gel (Macherey-Nagel) and PCR
Clean-Up Kit (Takara), and then In-Fusion (Takara) was used to com-
bine these homologous inserts and linearized vectors. In brief, the
first intermediate plasmid was generated by fusing three inserts with
homologous overhangs and a linearized vector that contains a hy-
gromycin resistance gene for selection. This first intermediate plas-
mid was linearized via EcoRV (New England Biolabs-NEB) digestion,
and two inserts were added to it by In-Fusion to generate the sec-
ond intermediate plasmid. The final plasmid (pKPL_1) was gener-
ated by linearizing the second intermediate plasmid with EcoRV di-
gestion and adding two more inserts. One of these two final inserts
included a 3x-FLAG tag inserted in-frame after glycine 1289. Sanger
sequencing was used to verify the sequence of pKPL_1.

Additional Crescerin/SHF1 gene tagging (pKPL_2 [SHF-B])
To generate a construct with an mCherry + 3x-HA tag at the same
location as the tag in pKPL_1 (glycine 1289), the pKPL_1 plasmid
was used as PCR template and linearized vector while the pBR%-
mCherry plasmid was used to amplify the mCherry coding region
(Rasala et al., 2013). Supplemental_Table_2 has a thorough descrip-
tion of all the gene regions amplified. In brief, the pKPL_1 plasmid
was linearized with EcoNI (NEB) and Sapl (NEB) to generate a
11,989-base-pair region with most of the Crescerin gene. Three in-
serts generated by PCRs were added to this linearized vector in one
In-Fusion reaction. The final plasmid, pKPL_2, is essentially the same
as pKPL_1 with the exception that after glycine 1289, there is an
mCherry + 3x-HA tag rather than a 3x-FLAG. Sanger sequencing
was used to verify the sequence of pKPL_2.
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Additional Crescerin gene tagging (pKPL_1-CrGFP [SHF-C])
For the pKPL_1-CrGFP plasmid, the codon-optimized Chlamydo-
monas GFP tag was amplified by PCR from the plasmid pBR? GFP
(Rasala et al., 2013) with primers (CrCHE12-CrGFP:IFS-2 and CrGFP-
CrCHE12:IFR-2) and inserted into a unique Stul site in the pKPL_1
plasmid. Supplemental_Table_2 has a thorough description of the
primer sequences. The GFP PCR insert was added to the Stul linear-
ized vector in one In-Fusion reaction. The final plasmid, pKPL_1-
CrGFP, is essentially the same as pKPL_1 with the exception that in
addition to the 3x-FLAG after glycine 1289 there is a GFP tag after
phenylalanine 9.

Sequence alignment and phylogenetic tree

Crescerin/SHF1 homologues from different organisms were identi-
fied using BLASTP (Altschul et al., 1990). NCBI accession numbers
of these homologues that were used for the phylogenetic tree anal-
ysis are listed in sheet 3 of Supplemental_Table_1. The phylogenetic
analysis was done using the algorithms of MEGAX (Kumar et al.,
2018). The evolutionary tree was inferred by using the maximum-
likelihood method and JTT matrix-based model (Jones et al., 1992).
The sequence alignment between the M. musculus and C. rein-
hardltii proteins was done using T-coffee, http://tcoffee.crg.cat/
apps/tcoffee/index.html (Notredame et al., 2000). Secondary struc-
ture prediction was done using the PSIPRED servers (McGuffin et al.,
2000; Buchan et al., 2013).

Transgene nuclear transformation

The Crescerin/SHF1 transgene was integrated into the nuclear ge-
nome with the NEPA21 electroporator (Nepagene) using the set-
tings found to be most effective in Yamano et al. (2013) and the
protocol described in Perlaza et al. (2019). Briefly, 5-8 pl of nonlin-
earized, plasmid DNA at a concentration of 1-2 mg/ml was mixed
with 5 pl of salmon sperm DNA (10 mg/ml) (Thermofisher Scientific)
before electroporation. Chlamydomonas cells in the logarithmic
stage were spun down and resuspended in TAP media and placed
in a cuvette in a final volume of 50 pl. Electroporation parameters
are thoroughly described in Perlaza et al. (2019). Transformants were
isolated on TAP agar containing 20 pg/ml hygromycin.

Screening of transformants grown in hygromycin plates
Typically, any shf mutant transformed with a Crescerin/SHF1 plasmid
was screened by selecting ~10-20 colonies from the hygromycin
plates, isolating them onto fresh hygromycin TAP plates (20 ug/ml),
and then looking at their flagella using the Deltavision. This first pass
allowed us to narrow down the samples needed for epitope
immunoblot verification. Every transformant that we selected as
having WT-like flagella also expressed Crescerin/SHF1. For the WT
background transformations with the Crescerin/SHF1 plasmids, we
did not prescreen transformants because we did not know what to
expect. Instead, we selected ~10-20 colonies and directly analyzed
them through epitope immunoblots.

Immunofluorescence microscopy

Immunofluorescence experiments on Chlamydomonas strains were
done essentially as described previously (Wood et al., 2012) with
several deviations as described below. Cells were allowed to adhere
onto poly-lysine-coated coverslips for a maximum of 3 min because
flagella begin to curl if left for longer. Both primary and secondary
antibodies were diluted in 20% of the blocking buffer (in phosphate-
buffered saline [PBS]). The cells were incubated in a mixture of pri-
mary antibodies, anti—a-tubulin rabbit polyclonal (Abcam 18251)
(1:1000) and anti-HA tag mouse monoclonal antibody ([HA.C5]
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Abcam ab18181) (1:400), for 1 h at room temperature (RT). The flu-
orophore-conjugated secondary antibodies, Thermofisher Alexa
Fluor Plus 488 goat anti-mouse (1:1000) and Thermofisher Alexa
Fluor 546 goat anti-rabbit (1:1000), were diluted in 20% blocking
buffer and mounted in Vectashield medium. Laser scanning confo-
cal microscopy was performed using a Nikon Ti inverted fluores-
cence microscope with CSU-22 spinning-disk confocal with the Plan
Apo VC 100x/1.4 oil objective lens.

Image processing and analysis

Image processing. Multichannel z-stacks were imported in FlJI
(Schindelin et al., 2012) as 32-bit TIFFs, and Sum Slices z-projection
was performed on composite images. Single cells were cropped for
analysis if they had at least one intact flagellum, at least 1.5 pm long,
which did not overlap with any other fluorescent structure. Flagellar
intensity linescans were taken from base to tip of each flagellum for
tubulin and Crescerin-HA channels using the Segmented Line tool
and Plot Profile function in FIJI. Measurements were saved as
separate .csv files for each channel. Background fluorescence for
each channel was taken as the mean intensity of a circular area of
1-2 pm diameter near the cell using the Measurement tool.
Background measurements were saved as one .csv file containing
measurements for all flagella in the data set. Image metadata
including z-sizes of stacks were extracted in Python and saved in a
separate file.

Image analysis. Data formatting, processing, statistical analysis, and
plotting were performed in Python and Microsoft Excel. Intensity and
position values from each flagellum were preprocessed in the follow-
ing steps: 1) positions normalized to total flagellar length (“normal-
ized x"), 2) Sum Slices intensities divided by z-size for Average Slices
intensity, 3) Background subtraction of Sum Slices and Average Slices
intensities, 4) HA normalized to tubulin at each point for Average
Slices intensities (HA:TUB), in order to control for artifacts such as
flagellar curling at the tip (resulting in locally increased tubulin and
HA-Crescerin intensity), and 5) moving average smoothing of
HA:TUB. Based on HA:TUB intensity, mean and SD of flagellar inten-
sities, as well as flagellar length, were pooled into a common file.

For analysis of HA:TUB puncta in flagella, puncta detection was
performed as follows. Binary thresholding (average + 1.4 SD) of
smoothed HA:TUB intensity for each flagellum was performed. Al
intensities below the threshold were averaged for the mean baseline
intensity. A new threshold of 1 + 1.25 SD of the baseline intensity
was applied to the smoothed HA:TUB data. Consecutive regions
above the threshold were recorded as a series of puncta start and
end positions. Puncta consisting of only one point were removed.
Within the boundaries of each punctum, the mean, SD, max, and
sum intensity were calculated based on unsmoothed HA:TUB inten-
sity. Puncta size, midpoint position, max position, mean and max
intensity enrichment (normalized to mean baseline intensity), and
number of puncta per flagellum were calculated. Finally, the pres-
ence of puncta at the flagellar tip was scored if the final point was
inside of a punctum (final point of thresholded binary equal to 1).

Note that five flagella from steady state were not plotted in
Figure 6B because their lengths were shorter than 5 pm, which
could mean that they correspond to cells actively regenerating fla-
gella due to mechanical shearing or they may have been cut off
during fixation.

Modeling
To model potential roles of for Crescerin/SHF1 in flagellar length
control, we started with a computational model that we previously
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developed for studying the effect of katanin on flagellar length con-
trol, in which the length of flagellar microtubules is represented by a
differential equation for flagellar length combined with a stochastic
model for cytoplasmic microtubule dynamics (Kannegaard et al.,
2014). Our model is identical to the previously described model
except that we modified it to explicitly model soluble tubulin within
the flagellar compartment. At each time step, the current concentra-
tion of soluble tubulin in the cell body is used to calculate the frac-
tion of IFT particles entering the flagella that have tubulin bound.
This calculation assumes saturable binding with a dissociation con-
stant that is a parameter of the model. A second parameter of the
model is the number of tubulin-binding sites per IFT particle. IFT
particles are then modeled as entering the flagellum at a rate pro-
portional to 1/L, based on previous observations (Engel et al., 2009;
Ludington et al., 2013). As IFT particles enter the flagellum, they
release their tubulin cargo. The concentration of tubulin is described
by a differential equation that takes into account the rate at which
new tubulin is delivered by IFT and the rate at which tubulin is as-
sembled onto the growing axoneme. The net flagellar growth rate
is calculated as the difference between an assembly and disassem-
bly term. The disassembly term is a length-independent constant,
consistent with previous observations (Marshall and Rosenbaum,
2001). Based on the assumption that tubulin removed from the axo-
neme via disassembly is in the GDP-bound form and hence inca-
pable of reassembly, the tubulin produced by disassembly is added
back to the cytoplasmic pool. The assembly rate is a linear function
of the tubulin concentration in the flagellum, with the slope and in-
tercept being two adjustable parameters of the model. Flagellar
length is updated using an Euler method with a timestep of 0.05 s.
At each time point, after the tubulin concentration and flagellar
lengths are updated, a stochastic simulation is carried out to deter-
mine how the lengths of a set of 10 cytoplasmic microtubules may
have changed during the time step. This simulation is based on a
previously described simplified model of tubulin dynamics (Grego-
retti et al., 2006) augmented to include the action of a microtubule-
depolymerizing kinesin at the tip and a microtubule-severing pro-
tein along the length, as previously described (Kannegaard et al.,
2014). This last step updates the free tubulin concentration that will
then be used to calculate import at the next time step.

Simulations start with an initial condition of length equal to 0.1
pm (we avoid O to prevent division by zero), and the simulation is
allowed to run for a specified number of iterations, sufficient to
reach a visible steady state. This first part of the simulation provides
a prediction for the steady-state flagellar length. Next, the flagellar
length is reset to 0.1 and the total quantity of available tubulin is
reduced by a quantity equivalent to that stored in the two flagella.
The flagella are now simulated regrowing in the presence of this
reduced pool, in order to simulate the experiments in which regen-
eration is done in the absence of protein synthesis. This second
phase is allowed to run to steady state, allowing us to calculate the
predicted flagellar length after regeneration in cycloheximide.

We modeled two different possible effects of the Crescerin/SHF1
mutation. In the first scenario, we make the assumption that Crescerin/
SHF1 is acting as a microtubule polymerase to catalyze microtubule
assembly at the flagellar tip. To represent the effect of a Crescerin/
SHF1 mutation, we reduced the slope of the elongation versus tubu-
lin concentration function in the assembly term of the flagellar length
rate equation. In the second scenario, we make the assumption that
Crescerin/SHF1 is acting primarily as a tubulin-recruiting factor for IFT
particles as they enter the flagellum. To represent the effect of a
Crescerin/SHF1 mutation in this scenario, we reduced the number of
tubulin-binding sites in the model and also increased the dissociation
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constant for tubulin binding, to represent the idea that Crescerin/
SHF1 can bind tubulin more tightly than the built-in tubulin-binding
sites on the IFT particles (Bhogaraju et al., 2013a).

In an attempt to determine parameters under which the poly-
merase model could account for our observations, we systematically
changed each parameter in the model other than the elongation
rate parameter that reflects the proposed polymerase activity. Spe-
cifically, we changed the flagellar disassembly rate, the critical con-
centration of tubulin for flagellar assembly, the cytoplasmic microtu-
bule-severing rate mediated by katanin, and the cytoplasmic
microtubule turnover rate. These parameter changes each resulted
in a changed steady-state length, but when the elongation rate con-
stant was then swept to simulate a mutation in a presumed poly-
merase function, it was found that any reduction in elongation rate
sufficient to produce a half-length flagellum at steady state did not
permit subsequent reassembly of flagella in the absence of new
protein synthesis within the model. We speculate that this effect is
due to the fact that when the elongation rate is reduced, the flagel-
lum spends more time growing at a shorter length. Because the rate
of IFT particle transport is proportional to 1/L in our model, the im-
port of tubulin is much higher in very short flagella. Because elonga-
tion rate mutants spend more time at these short lengths, they are
able to sequester a larger quantity of tubulin, which is then lost
when flagellar severing is simulated.

We note that this model is a coarse-grained, highly simplified
model of tubulin behavior in flagellar length dynamics. Many key
biochemical parameters, such as binding affinities and absolute pro-
tein numbers, remain unknown for many parts of the flagellar as-
sembly system. However, as such values become available from ex-
periments in the future, they can be readily incorporated into the
existing modeling framework to constrain possible models.

Denaturing protein extract and immunoblot assay

Cell cultures were grown to mid-log phase and subsequently spun
down at 3000 x g for 8 min. The pellets were resuspended in 150 pl
of TAP. An equal volume of 0.2 M NaOH was added to the pellets,
vortexed at RT for 5 min, and pelleted at 15,000 x g for 5 min. The
supernatant was removed, the pellet was resuspended in ~200 pl of
SDS sample buffer (0.06 M Tris-HCI, pH 6.8, 5% glycerol, 2% SDS,
4% 2-mercaptoethanol, 0.0025% bromophenol blue), boiled for 5
min, and then pelleted again. Proteins were separated by SDS-
PAGE using Criterion Precast Gels (Bio-Rad) and transferred onto
nitrocellulose membrane, 0.2 pm pore. Nonspecific signal was
blocked with phosphate buffered saline with 0.1% Tween 20 deter-
gent (PBS-T) supplemented with 5% instant nonfat dry milk for 1 h
at RT or overnight at 4°C. All primary and secondary antibodies
were diluted in this blocking buffer. The following antibodies (at the
indicated dilution) were used for this publication: monoclonal
mouse anti-Flag (1:2000) (M2; Sigma F1804) and monoclonal mouse
anti—a-tubulin (1:5000) (Sigma; #T6074). To detect the primary anti-
bodies, horseradish peroxidase-conjugated anti-rabbit and anti-
mouse secondary antibodies (Promega) were used at dilution
1:10,000 in PBS-T supplemented with 5% instant nonfat dry milk for
1 h at RT. In between the incubation with primary and secondary
antibodies and after the incubation with the secondary antibody,
three washes of ~10 min each time, at RT, were performed using
PBS-T in 5% instant nonfat dry milk. The enhanced chemilumines-
cence (ECL) method was applied to develop the signal. For most
immunoblot analysis, the SuperSignal West Dura Extended Dura-
tion Substrate kit (Thermofisher Scientific) was used according to
the manufacturer’s directions. The ECL signal was detected with the
LI-COR Odyssey imaging system.
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Flagellar regeneration

pH shock was used to induce flagellar regeneration. The pH of cell
cultures was adjusted to pH 4.5 with 0.5 N acetic acid and incubated
for 1 min to deflagellate, and then the pH was returned to pH 7.0
with 0.5 N KOH. Immediiately after this, the cells were spun down for
~3 min at 500 x g and resuspended in the same starting volume of
TAP or M1 media. For time point experiments, cells were fixed in a
final concentration of 1.5% glutaraldehyde. Flagella were imaged
using differential interference contrast (DIC) microscopy (Deltavi-
sion) at 100x magnification. Then, flagellar lengths were measured
using the line segment tracing tool on the ImageJ software.

LiCl elongation and cycloheximide regeneration
experiments

For the LiCl experiments, strains were grown in TAP media to ~2-4
x 10 cells/ml. A stock solution of 7.5 M LiCl in water was diluted in
TAP medium to a final concentration of 50 mM of LiCl. The cell cul-
ture was then diluted twofold by mixing in an equal volume of 50
mM LiCl medium. In experiments using cycloheximide, cells were
grown in TAP media to ~6 x 10% cells/ml and then cycloheximide
was added to a final concentration of 12.5 ug/ml from a stock solu-
tion of 10 mg/ml in water. The drug was added to the cells 15 min
before pH shock. Immediately after pH shock, cells were spun down
for 3 min at 500 x g and resuspended in TAP media containing 12.5
pg/ml cycloheximide. For both the LiCl and cycloheximide experi-
ments an equal volume of water was added as a control for drug
addition.
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