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C. elegans PPEF-type phosphatase
(Retinal degeneration C ortholog)
functions in diverse classes of cilia
to regulate nematode behaviors
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Kwangjin Park%2, Adam Warner%?, X. Z. Shawn Xu*, Shai Shaham? & Michel R. Leroux%2**

Primary (non-motile) cilia represent structurally and functionally diverse organelles whose roles

as specialized cellular antenna are central to animal cell signaling pathways, sensory physiology

and development. An ever-growing number of ciliary proteins, including those found in vertebrate
photoreceptors, have been uncovered and linked to human disorders termed ciliopathies. Here,

we demonstrate that an evolutionarily-conserved PPEF-family serine-threonine phosphatase, not
functionally linked to cilia in any organism but associated with rhabdomeric (non-ciliary) photoreceptor
degeneration in the Drosophila rdgC (retinal degeneration C) mutant, is a bona fide ciliary protein in

C. elegans. The nematode protein, PEF-1, depends on transition zone proteins, which make up a ‘ciliary
gate’ in the proximal-most region of the cilium, for its compartmentalization within cilia. Animals
lacking PEF-1 protein function display structural defects to several types of cilia, including potential
degeneration of microtubules. They also exhibit anomalies to cilium-dependent behaviors, including
impaired responses to chemical, temperature, light, and noxious CO, stimuli. Lastly, we demonstrate
that PEF-1 function depends on conserved myristoylation and palmitoylation signals. Collectively, our
findings broaden the role of PPEF proteins to include cilia, and suggest that the poorly-characterized
mammalian PPEF1 and PPEF2 orthologs may also have ciliary functions and thus represent ciliopathy
candidates.
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Primary cilia are complex cellular organelles found across a diverse range of cell types in metazoans'™. They
act as specialized antenna, harboring receptors and signal transduction proteins finely tuned to capture and
propagate distinct environmental signals®®. Such compartmentalization of the signaling machinery allows
cilia to orchestrate various cell signaling pathways and play essential roles in physiology and development. For
example, in humans, olfactory cilia enable olfaction (smell), neuronal cilia relay hormonal (such as satiety)
signals, and rod/cone ciliary photoreceptors transduce visual information’-'!. Defects in the formation or
function of primary cilia result in so-called ciliopathies that collectively affect most organs!?!®. Nearly 200 genes
are implicated in such disorders, whose clinical phenotypes include but is not limited to retinal degeneration,
cystic kidneys, obesity, congenital heart defects, as well as skeletal and brain malformations!'>~*8,

Cilia are anchored at the plasma membrane by a modified centriole termed basal body'?’. The ciliary
backbone, or axoneme, is enveloped by a distinctive ciliary membrane contiguous with the cell body membrane?!.
In most cell types, the axoneme is built using a conserved kinesin- and dynein-driven intraflagellar transport
(IFT) system, and consists of nine concentric doublet microtubules with a distal region composed of singlet
microtubules??-?%. Within the most proximal region of the axoneme is a conserved subdomain, the transition
zone, which functions as a selective diffusion barrier (‘ciliary gate’) that regulates the composition of the ciliary
compartment?>~%’. Most primary cilia are unitary and rod- or whip-shaped, but depending on the organism
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and cell type, substantial variations exist?®. For instance, mammalian olfactory neurons contain multiple long
cilia??, some ependymal cells are bi-ciliated®!, and photoreceptor ciliary outer segments (distal to the transition
zone) comprise a complex array of membrane folds that house rhodopsin, the light-sensing G protein-coupled
receptor (GPCR)393233,

The nematode C. elegans has proven to be a useful model system to identify novel cilium-associated proteins
and dissect their roles in cilium formation and function. Its cilia are exclusively non-motile and found within
sensory neurons at the distal ends of dendrites®~3. The cilia exhibit an assortment of shapes (Fig. 1A), with each
ciliary type specifically adapted for their particular sensory functions®. For instance, rod-like and bi-ciliated
cilia (e.g., from ASE/ADL/ASH neurons) perform roles in chemosensation, osmosensation, photosensation and/
or mechanosensation; ‘wing’- and ‘bag’-shaped cilia (AWA/AWB/AWC/BAG neurons) sense volatile odorants
and gases, including oxygen and carbon dioxide; lastly, an elaborate ciliary compartment containing numerous
microvilli (AFD neuron) acts as a highly sensitive thermosensor43%37-40,

Using available C. elegans single-cell transcriptome data to enrich for genes specifically expressed in ciliated
cells, we identified PEF-1, a member of the evolutionarily-conserved serine-threonine PPEF phosphatase
family*, as a strong candidate for having a ciliary function. Currently no PPEF family member has been
functionally linked to cilia, although notably, the C. elegans ortholog, PEF-1, was shown in 2001 by Ramulu and
Nathans to be localized to the distal ends of dendrites, presumably within cilia, and that this localization depends
on an N-terminal myristoylation and palmitoylation concensus sequence (MGCxxS/T)*%. We demonstrate that
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«Fig. 1. The myristoylated and palmitoylated serine-threonine phosphatase PPEF C. elegans ortholog, PEF-1,
is compartmentalized within cilia in a transition zone-dependent manner. (A). Schematics for different types
of C. elegans ciliary structures (green) found at the ends of dendrites (pink) in sensory neurons (AFD, AWC,
AWB, BAG, ASG and ASE are shown) in the head and tail of the animal. The AFD neuron ‘fingers’ (microvilli)
are depicted green and the cilium yellow. BB, basal body. (B). Donut chart displaying the relative expression
levels of pef-1 in the indicated ciliated sensory neurons (based on single-cell expression profiling data in
Taylor and colleagues 2). (C). Representative images of wild-type worms showing the ciliary localization of
PEF-1::GFP expressed from a bbs-8 promoter construct within head neurons (amphid and labials) and tail
neurons (phasmids). tdTomato-tagged XBX-1 (red) marks basal bodies (BB) strongly and ciliary axonemes
more weakly. PCMC, periciliary membrane compartment; TZ, transition zone (‘ciliary gate’). Scale bars, 2 pm.
(D). Myristoylation and palmitoylation motifs in the C-terminal region of PEF-1 are sufficient to enrich a
non-ciliary protein (GFP) within the ciliary compartment (the reporter is specifically expressed in phasmid
neurons). GFP diffuses throughout the sensory neuron, including cilium. A myristoylated form of GFP (myr-
GFP) is similarly distributed throughout the sensory neuron. A myristoylated and palmitoylated form of
GFP (myr-palm-GFP) is targeted specifically to the ciliary axoneme and largely excluded from the transition
zone (TZ). Representative images are shown and the distribution of each protein relative to the basal body
marker (XBX-1:tdTomato) is quantitated in the graph. Scale bar, 2 pm. (E). The TZ ‘ciliary gate’ is required
for the correct ciliary compartmentalization of PEF-1. In wild-type animals, PEF-1::GFP is largely excluded
from the TZ and enriched in the ciliary axoneme. Loss of scaffolding modules (MKS-5 or CEP-290) leads to
a redistribution of PEF-1::GFP to the TZ and outside of the cilium in the periciliary membrane compartment
(PCMC). The core MKS module protein MKS-2 and core NPHP module protein NPHP-4 do not significantly
influence PEF-1::GFP redistribution to the TZ. Scale bar, 4 pm.

the lipidated C. elegans PEF-1 protein is enriched within the ciliary axoneme, and that this requires a functionally
intact transition zone ‘ciliary gate. We show that PEF-1 is required for the correct formation and/or maintenance
of structurally distinct ciliary structures, and that it regulates several cilium-dependent behaviors. Finally,
mutant analysis demonstrates that PEF-1 function depends on its ability to be myristoylated and palmitoylated.
In sum, our work reveals an important role for C. elegans PEF-1 in supporting the structures and functions of
several classes of cilia, a first for this family of phosphatases.

Results

Myristoylated and palmitoylated C. elegans PEF-1 localizes to the axonemal region of cilia

To identify novel cilium-associated proteins, we and others have employed various approaches, including
comparative genomics, genetics, transcriptomics and proteomics. C. elegans sports 26 types of ciliated
sensory neurons mostly in its head and tail (Fig. 1A), encompassing 62 out of a total of 302 neurons in adult
hermaphrodites*3>43, Using data from C. elegans single-cell transcriptomes*?, we obtained a ranked list of genes
conserved in humans and preferentially expressed in ciliated sensory neurons (Suppl. Table 1). As expected,
most highly-ranked genes encode proteins with established ciliary functions (77 of the top 120), including many
involved in intraflagellar transport, the transition zone (‘ciliary gate’) and signal transduction (e.g., cGMP and
calcium signaling).

From the remaining candidates, we chose to characterize PEF-1 (ranked 72™9), the sole C. elegans member of
the evolutionarily-conserved PPEF phosphatase family (Suppl. Table 1; Suppl. Figure 1) for several reasons. First,
PPEF proteins have not been specifically associated with a ciliary function in any organism. Second, C. elegans
PEF-1 is not functionally characterized (no mutants were available), but significantly, was shown to be lipidated
and localized to the distal ends of some dendrites, presumably within cilia??. Third, the Drosophila PPEF ortholog,
RDGC, regulates rhodopsin phosphorylation, and its disruption results in the degeneration of rhabdomeric
(non-ciliary) photoreceptors*-#. This latter observation is interesting, as vertebrate photoreceptors harbor
specialized cilia, and some invertebrate (including nematode) light-sensing neurons are also ciliated*®->°. Finally,
vertebrate PPEF proteins PPEF1 and PPEF2 are poorly studied and not currently implicated in cilium-associated
(including ciliary photoreceptor) functions™'.

As a first step in characterizing the potential role of PEF-1 in cilia, we sought to corroborate the expression
profile of the pef-1 gene in ciliated sensory neurons and use an established ciliary co-marker to unambiguously
assess the subcellular localization of the protein using superresolution microscopy. We generated a strain bearing
a PEF-1:GFP fusion protein construct under the control of the endogenous pef-1 promoter and observed
expression in several head-localized ciliated neurons, including AFD, AWC, ASE, BAG, and PQR, as well as the
tail-localized ciliated neurons PHA and PHB (Suppl. Figure 2). A CRISPR-Cas9 GFP knock-in similarly revealed
the presence of PEF-1 in head- and tail-localized cilia (Suppl. Figure 2A, B). This expression profile is consistent
with a recently-published single-cell resolution neuronal expression profiling (transcriptomics) study>? (Fig. 1B)
and the previously-published GFP reporter expression analysis*2.

Because endogenous expression of PEF-1 is most prevalent—yet mostly difftuse—within the large membrane
regions of wing-type cilia, and weakly expressed in rod-shaped cilia, we struggled to use endogenous PEF-1 as a
reliable reporter for our subsequent localization studies of the phosphatase (including the role of myristoylation
and palmitoylation). We therefore used the bbs-8 promoter to drive robust expression of the transgene in ciliated
sensory neurons>>. By employing a tdTomato-tagged IFT protein (XBX-1) protein as co-marker, we found the
PEF-1::GFP protein to be concentrated within the cilium, but in a region distal to the transition zone (TZ),
which represents the proximal-most region of the axoneme (Fig. 1C). Notably, the PEF-1::GFP protein was also
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present within the periciliary membrane compartment (PCMC), at the distal end of the dendrite, where the
basal body (BB) is also located (marked by XBX-1::td-Tomato; Fig. 1C).

The specific ciliary localization of PEF-1 is a property of its myristoylation and palmitoylation modifications
(Suppl. Figure 2C and ref “2.). The C. elegans PEF-1 amino acid sequence begins with MGCGPS, which matches a
well-known consensus sequence (MGCxxS/T) for myristoylation (at the glycine [G] residue) and palmitoylation
(cysteine [C] residue) of various proteins, including Src family kinases and G subunits**-%. Palmitoylation in
this context depends on the addition of a myristoyl group, and the lipid modifications work together to ensure
stronger membrane association®’. Hence, a G2A mutation inhibits both modifications, while a C3S disrupts
palmitoylation alone (Suppl. Figure 2C). We show that while GFP alone diffuses inside but is not enriched in the
ciliary compartment, a GFP fusion containing a short N-terminal region of PEF-1 (14 residues containing the
MGCxxS/T myristoylation and palmitoylation motif), which we name myr-palm-GFPb, is sufficient to confer a
PEF-1-like localization to the ciliary axoneme (including exclusion from the transition zone; see representative
images and graphs in Fig. 1D). In contrast, the same GFP fusion construct with a C3S mutation (myr-GFP)
creates a myristoylated form of GFP that is not ciliary enriched (Fig. 1D).

Enrichment of PEF-1 within the axoneme but excluded from the transition zone requires a
functionally intact transition zone

We observed that both PEF-1:GFP and myr-palm-GFP are cilium-localized but largely excluded from the
transition zone (TZ; Figs. 1C,D Suppl. Figure 2C). This ciliary zone of exclusion or ‘CIZE’ parallels what is seen
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«Fig. 2. PEF-1 is required for cilium-dependent dye-filling of sensory neurons and regulation of cilium
shape. (A). Dye-filling assay schematic shows the fluorescent dye Dil (red) penetrating sensory neurons
via structurally intact, environmentally-exposed head and tail ciliated endings. Defects in ciliary structures
can result in an abnormal dye filling (Dyf) phenotype. (B). Assessment of amphid neuron dye-filling by
fluorescence microscopy, and categorization as no dye-filling (Dyf), partial Dyf or normal (non-Dyf). The
pef-1 mutant has a strong dye-filling defect comparable to the che-3 Dyf mutant, a positive control with short
bulbous cilia. Each dataset represents the mean from 3 independent experiments (at least 15 animals were
measured for each). Scale bar, 20 um. (C). Phasmid neuron dye-filling defect of pef-1 mutant analyzed as in
(B). Scale bar, 20 um. (D). Representative images of wt or pef-1 mutant animals expressing a GFP reporter
specifically in AWB neurons by way of the str-1 promoter (str-1p::GFP). The surface area (um?) of the AWB
cilia ‘wings’ at the ends of short or long ‘branches’ is significantly large in pef-1 animals compared to wt. Scale
bar, 2 pm. (E). The branch length (um) of the long AWB cilium in pef-1 mutant animals is significantly shorter
compared to wt animals. (F). Representative images of wt or pef-1 worms expressing a GFP marker specifically
in AWC neurons (ceh-36p::GFP). The total surface area (um?) of the AWC cilium ‘wings’ is significantly larger
in pef-1 mutant animals compared to wt. Scale bar, 2 um. (G). The length (um) of AWC short and long cilium
branches are significantly shorter in pef-I mutant animals compared to wt. (H). Representative images of a gcy-
5p::GFP reporter expressed in the ASE neuron reveals a statistically-shorter cilium length for the pef-1 mutant
compared to wt. Scale bar, 2 um. (I). The overall shape of the AFD dendritic ending, which can be observed
with the srtx-1p::GFP AFD neuron-specific reporter, harbors numerous microvilli and one cilium (only overall
shape and some microvilli are resolved). In the pef-1 mutant, the shape of the AFD finger/cilium compartment
shows a statistically-significant alteration in width-to-length aspect ratio (representative images on the left).
Scale bar, 2 um. Dots represent individual measurements. Tukey’s honestly significant difference was used for
significance (p-value). *, p <0.05; **, p <0.01; ***, p<0.001; n.s., not significant.

with transmembrane ciliary proteins®’%. We hypothesized that the TZ, acting as a ciliary gate’ that excludes
the lipidated proteins (i.e., limits their diffusion across/within the region), may be necessary for their strong
enrichment distal to the gate and within the ciliary compartment. To test this, we introduced our PEF-1::GFP
reporter into mutants that affect three known TZ functional modules implicated in ciliopathies!*?>85%: (1) a
scaffolding module consisting of MKS-5 and CEP-290; (2) an MKS module consisting of at least 12 proteins,
many of which are membrane-associated; and (3) an NPHP module known to harbors two proteins, NPHP-1
and NPHP-4.

We find that disrupting the scaffolding proteins MKS-5 or CEP-290 causes PEF-1::GFP mislocalization,
diminishing its enrichment within the ciliary region distal to the TZ and increasing its localization to the TZ
(Fig. 1E). Mutation of the MKS module protein MKS-2, known to affect the localization of other proteins within
the same module®”58061, does not as significantly alter the localization of PEF-1:GFP (Fig. 1E). Similarly,
disruption of NPHP-4 (the ‘cor¢ NPHP module protein®®) has no clear effect on PEF-1:GFP localization
(Fig. 1E).

To query if the compartmentalization of PEF-1 by the transition zone may be a general property of
myristoylated/palmitoylated proteins, we compared our localization results with the G protein -subunit GPA-13,
which has the same lipidation motif (its N-terminus, MGCNEFSS, matches the MGCxxS/T consensus). Indeed,
GPA-13 is strongly enriched in the axoneme of cilia but distal to the TZ in a wild-type strain, whereas the protein
disperses across the TZ (and is more abundant in the PCMC) in the mks-5 and cep-290 mutants (as well as the
mks-2 mutant); in contrast, localization is not significantly affected in the nphp-4 mutant (Suppl. Figure 3). These
findings show that the strong enrichment of two different myristoylated and palmitoylated proteins to the ciliary
compartment (distal to the TZ) depend on a functionally intact TZ, and suggest that the NPHP module may not
play an important role with regards to the ‘gating’ of lipidated proteins.

PEF-1is required for normal cilium-dependent dye uptake in ciliated sensory neurons

As no mutant was available to study the function of PEF-1, we generated a full-deletion (null) allele of the pef-
1 gene using CRISPR/Cas9 engineering. The overall morphology (including body length) and developmental
profile of pef-1 mutant animals appears normal (Suppl. Figure 4A and 4B). In addition, the movement of the
pef-1 mutant animals appears normal (described later).

To test for a potential role for PEF-1 in cilium formation, we first carried out a dye-uptake assay. In wild-
type animals, several head cilia, as well as tail cilia, are environmentally-exposed and their membranes can
incorporate an externally-supplied lipophilic dye (Dil); the dye then disperses throughout the respective sensory
neuron cell bodies® (Fig. 2A). A dye-filling defect often occurs when ciliary axonemes are absent or shortened,
as for example seen upon disrupting intraflagellar transport (IFT), which is required for cilium formation and
maintenance®-6.

The pef-1 null mutant shows a prominent dye-filling defect in amphid (head) ciliated neurons, comparable
to that of the IFT-dynein mutant che-3 used as a positive control (Fig. 2B). A dye-filling defect is also observed
in phasmid (tail) ciliated neurons (Fig. 2C). In addition, dye-fill defects were also observed in two additional
CRISPR/Cas9-generated pef-1 missense alleles of pef-1 that target its myristoylation and palmitoylation lipid
modification sites (described later). Importantly, the dye-filling phenotypes of the pef-1 null mutant can be
partially rescued by expression of a wild-type pef-1 transgene (Suppl. Figure 4C). We note that this ‘global’ dye-
filling defect in the pef-1 mutant might involve non-cell autonomous effects, or perhaps more likely, additional
sensory neurons wherein pef-1 expression is low and may not be observed in the transcriptome studies (but in
the case of phasmids is detectable with PEF-1 endogenously tagged with GFP; Suppl. Figure 2B). Together, these
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results show that in C. elegans, PEF-1 is required for correct dye-filling of ciliated sensory neurons, and thus may
help establish and/or maintain at least some, if not all, ciliary structures.

PEF-1 influences the structures of diverse classes of cilia

To directly visualize if disrupting PEF-1 results in cilium structure anomalies, we used a panel of soluble GFP
reporters, expressed in different ciliated sensory neurons, that reveal the overall shapes/structures of cilia. Strains
harboring reporters expressed in the following neurons were made: AFD, AWC and ASE neurons, wherein
endogenous pef-1 expression is strong (Fig. 1B); AWB neuron, which exhibits lower expression; and as a control
the ASI neuron, which has no detectable pef-1 expression. Confocal microscopy was performed to measure the
overall lengths and/or shapes of the respective ciliary structures (see Fig. 1A schematics).

“The AWC and AWB neurons both have two branched or ‘wing-like membranous dendritic endings,
although notably, only one branch in the former structure contains a cilium, whereas both branches harbor cilia
in the latter structure. In the pef-1 mutant, the single-ciliated AWC and double-ciliated AWB wing-like endings
are present but show statistically-significant increases in membrane area compared to wild-type; furthermore,
shortened branches are present (Fig. 2D-G). Our AWC membrane area for wild-type is notably smaller than that
previously reported (~7 pum? vs. 11.6 um>%’), potentially due to several factors, including the level of expression
of the AWC cilium GFP reporter, imaging, and tracing of the wings for measurements (in our case, automatic
segmentation based on fluorescence intensity; see Materials and Methods).

The length of the rod-shaped ASE cilium is shorter in the pef-1 mutant (5.65+ 0.5 um) compared to wild-type
(6.8 +0.7 pm) (Fig. 2H). In comparison, ASI cilium length is not affected in the pef-1 mutant (Suppl. Figure 4D).
Lastly, a statistically-significant proportion of AFD neuron endings—which consist of a bulbous compartment
from which emanate numerous microvilli (‘fingers’) as well as a single cilium® % —exhibit a more extended
morphology in the pef-1 mutant compared to wild-type (Fig. 2I; aspect ratio is measured). These findings reveal
that PEF-1 is not required for the formation of cilia (ciliogenesis) per se, but does have an influence on the
development and/or maintenance of the structures of several classes of cilia, consistent with the observed dye-
filling defects.

To complement our fluorescent reporter analyses, we directly visualized the ciliary ultrastructures of the
pef-1 null mutant using transmission electron microscopy (TEM) (Fig. 3). In the proximal-most region of the
channel (rod-shaped) ciliary axonemes, the transition zone (TZ) regions appear normal (Fig. 3A), exhibiting
the characteristic Y-shaped connections between the axoneme and overlying membrane?**”7, Distal to this,
in the ciliary proximal (middle) segments, the expected doublet microtubules’® are visible, although many look
incomplete and have ‘open’ B tubules that do not connect to the A tubules to form intact doublets (Fig. 3A).
Ultrastructural defects are increasingly apparent in the more distal region of the channel cilia. While this ciliary
subdomain (distal segment) is indeed present and bounded by a membrane, the singlet microtubules which are
readily identified in wild-type cilia’® are absent or indistinct in the pef-1 mutant (Fig. 3A). Instead, electron-dense
amorphous material interspersed with occasional singlet-like, microtubule-like structures fill the region. While
AWC wings extend properly and AFD fingers and cilia appear largely normal in the pef-1 mutant (Fig. 3H-M),
in one of the three animals we sectioned, the ciliary ending and actin-rich fingers of one of the AFD neurons
was displaced posteriorly by ~2 pm, consistent with the elongated morphology observed using the fluorescent
marker (Fig. 2I). Finally, in AWA and AWB (but not AWC) cilia, fewer microtubules are seen compared to wild-
type animals (Fig. 3B-G).

The ultrastructural anomalies of the channel cilia are potentially indicative of either a defect in microtubule
formation (biogenesis)—or potentially, given the presence of amorphous material and potential single
microtubule remnants (Fig. 3A)—of a microtubule degeneration phenotype. This could be similar to that
observed in the che-10 mutant, where cilia are made but degenerate during post-embryonic development®®’!.
We took advantage of the dye-filling assay as a proxy to test whether the ciliary integrity of the pef-1 mutant
might worsen during development. We find that as previously described’?, the earliest larval stages (day 1 ex
utero) of wild-type animals have incomplete/reduced dye-filling compared to later stages (days 2-4), which have
close to 100% dye-filling (Suppl. Figure 5). While the pef-1 animals dye-fill to an extent comparable to wild-type
at the earliest stage, their ability to dye-fill at later stages becomes worse (Suppl. Figure 5). This is consistent with
the potential degeneration of cilia—in particular the distal region, which is important for correct dye-filling—
during development. An alternative but not mutually exclusive possibility is that cilium formation in the pef-1
mutant may be impaired during development relative to wild-type animals.

Altogether, our observations reveal that loss of PEF-1 results in ultrastructural changes to diverse cilia, and
hint at—particularly within the distal regions of rod-shaped cilia—potential degeneration of ciliary microtubule
structures.

PEF-1 plays a role in cilium-dependent chemosensory, thermosensory and photosensory
behaviors

Having established a function for PEF-1 in sculpting and potentially maintaining the structures of different
cilia, we sought to determine if the phosphatase also regulates cilium-dependent sensory processes and
behaviors. To this end, we conducted behavioral assays that test the functions of different classes of cilia, namely
chemosensation (attraction and avoidance), thermosensation and photosensation3#3%374373,

Attraction to and repulsion from soluble compounds

The strong expression of pef-1 in the ASE and AWC neurons suggested a potential role for the phosphatase in the
detection—and chemotaxis towards—a soluble or volatile compound, namely salt (NaCl) or alcohol (isoamyl
alcohol), respectively. We carried out standard chemotaxis assays and found that pef-1 mutants have a lower
attraction to salt compared to wild-type animals (Fig. 4A). The phenotype is not as severe as that of the che-
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Fig. 3. Loss of PEF-1 leads to ciliary ultrastructure defects. (A). Analysis of wt and pef-1 mutant amphid
channel neurons by transmission electron microscopy. Representative cross-section images for the periciliary
membrane compartment (PCMC), transition zone (TZ), middle segment (MS) containing doublet
microtubules (MTs), and distal segment (DS) containing singlet MTs are shown (den, dendrite). For each
genotype, the right image of an image pair is a magnified view of one ciliated neuron from the left image.

pef-1 mutant distal MTs are difficult to resolve (top row), and some doublet MTs in the MS appear incomplete,
exhibiting open links. pef-1 mutants resemble wt animals closer to the ciliary base. Scale bars: left, 200 nm;
right, 100 nm. (B-G). Representative images of wt and pef-1 mutant AWA, AWB, and AWC neuron cilia (B,D,F
and C,E,G, respectively). Note that AWA and AWB neurons have fewer microtubules in the pef-I1 mutant. Scale
bars: 100 nm. Red arrows, horizontal microtubules. (H,I). The AWC neuron cilium wing, highlighted in yellow,
in wt (H) and pef-1 mutant (I). Scale bar: 500 nm. (J,K). AFD neuron fingers (yellow arrowheads) in wt (J) and
pef-1 mutant (K). Scale bar: 500 nm. (L,M). AFD cilium in wt (L) and pef-1 mutant (M). Scale vars: 100 nm.
Red arrows, horizontal microtubules.

3 mutant, which has a defect in retrograde IFT and exhibits severely compromised ciliary structures with a
bulbous accumulation of IFT proteins at their tips®7%. In contrast, the attraction of the pef-1 mutant to isoamyl
alcohol does not appear to be affected (Fig. 4B).

C. elegans avoids high-osmolarity environments such as glycerol and sucrose®>3%. This defensive behavior
depends on functionally-intact cilia (ASH neurons), such that IFT- and BBS-defective mutants exhibit
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osmoavoidance (osm) phenotypes>>33%. The pef-1 gene does not appear to be (abundantly) expressed in ASH
neurons, and unlike the IFT gene mutant osm-37>, the pef-1 null mutant behaves like wild-type (i.e., shows an
avoidance phenotype) when confronted with a high-osmolarity glycerol barrier (Fig. 4C).

Avoidance response to CO, stimulus

The pef-1 gene shows strong expression in the BAG neuron (Fig. 1A,B), which plays an essential role in mediating
an acute, aversive response to an elevated CO, level that is harmful to C. elegans®. Other neurons that express
pef-1, including the O,-sensing neurons URX, AQR and PQR, as well as ASE and AFD (Fig. 1B), also participate
in this avoidance response’®~””.

To determine if PEF-1 regulates the response of C. elegans to CO,, we monitored the behavior of animals
subjected to an elevated level of the gas using a Multi-Worm Tracker (MWT). The MWT records several kinetic
parameters of individual animals, including velocity, angular velocity and direction bias®®. Each MWT-CO,
assay tracks 150-200 animals during three stages totalling 250 s (Fig. 4D): a 100-s acclimatization period (shown
in blue); a 4-s pulse of 10% CO, (red); and finally, a 146-s recovery period (green).

Wild-type animals exhibit a stereotypical behavior during the assay (Fig. 4D and Movie 1). First, they reduce
their velocities during acclimatization. Following the CO, pulse, animals slow down abruptly, stop and reverse
direction briefly. Animals then typically execute one high-amplitude (‘omega’) turn (Fig. 4E), where the head and
tail join to form a compact (omega-shaped) loop (Fig. 4D). Both the pef-1 mutant and a gcy-9 mutant (control)
respond to the CO, stimulus by slowing down (Fig. 4D; Movies 2 and 3). However, the fraction of animals that
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«Fig. 4. PEF-1 function is required for cilium-dependent chemosensory, thermosensory and photosensory
behaviors. (A, B). Chemotaxis responses of wt, che-3 and pef-1 mutant animals to a gradient of NaCl (A) or
1:100 dilution of isoamyl alcohol (B). The chemotaxis index is significantly different for salt but not isoamyl
alcohol. The che-3 mutant control has a defect in retrograde IFT and exhibits severely impaired cilia. (C).
Osmolarity avoidance of wt, osm-3 and pef-1 mutant animals when placed in an 8 M glycerol ring. Most of
the wt or pef-1 animals avoid crossing the barrier whereas the osm-3 mutant (lacking ciliary distal segments)
is defective in osmosensation and crosses the barrier. Dots represent individual plates. Tukey’s honestly
significant difference was used for significance (p-value). n.s., p>0.05; ***, p <0.001. (D). C. elegans responses
to a noxious puff of CO, as measured in a Multi-Worm Tracker (MWT) experiment. Synchronized animals
are plated with no food and left to acclimatize to the environment for 100 s. A 10% CO, gas stimulus is then
delivered to the animals and their responses recorded until 250 s. In wt animals, a stereotypical behavior
includes: velocity (um/s) decreases during acclimatization; a sharp reduction in speed and stopping after the
CO, puff; typically one high-amplitude (omega) turn occurs; finally, animals recover and increase their speeds.
The gcy-9 mutant slows down following the CO, pulse but generally does not execute an omega turn. Similar
to wild-type animals, pef-1 mutant animals slow down during acclimatization then stop after the CO, puff.
However, they have a prolonged response (see panels E and F) and do not recover their speed rapidly. (E).
Visual inspection of the number of omega turns executed by animals following the 10% CO, puff. gcy-9 mutant
animals often fail to make an omega turn, whereas most wt animals perform one turn. A higher proportion
of pef-1 mutant animals undertake 1, 2 or 3 turns. (F). Graph showing the fraction of animals executing
high-amplitude turns during different stages of the MWT-CO, assay (automated quantitation of turns). gcy-9
mutants exhibit a greatly attenuated response, with few turns compared to wt and the pef-1 mutant following
the CO, puff at 100 s. Compared to wt animals, which rapidly return to a low fraction of high-amplitude turns
after the peak response (~ 130 s), pef-1 mutant animals exhibit a prolonged duration of time executing high-
amplitude turns. (G). pef-1 animals exhibit impaired thermotaxis in a linear temperature gradient (19-22°C).
Wild-type animals are attracted to the warmer temperature (positive thermotaxis index) and migrate towards
the edge of the plate. In contrast, pef-1 mutants behave similar to tax-4 animals, exhibiting a low thermotaxis
index and reduced preference for their cultivation temperature. Each dot represents the thermotaxis index
of a biologically independent assay comprised of at least 300 animals. Tukey’s honestly significant difference
was used for significance (p-value). **, p <0.01; ***, p<0.001. (H). pef-1 mutant animals exhibit a defect in
photosensory avoidance behavior. Head avoidance responses to UV-A light (2 s, 350 +25 nm, 406 mW/ mm?)
were scored as described in the Materials and Methods. The response rate in pef-1 was reduced compared to wt
but not as strongly as for lite-1. (n>10). One-way Anova with Bonferroni’s test was used to test for significance.
©0 b <0.0001.

performs high-amplitude turn(s) is significantly lower for the gcy-9 control mutant (Fig. 4E,F Movie 2); this is
expected given the role of the guanylyl cyclase in this response®!#2. In contrast, pef-1 mutants perform a greater
number of turns on average and for a prolonged period of time after the stimulus (Fig. 4E,F; Movie 3). This
suggests that PEF-1 modulates the response to the CO, stimulus. Notably, pef-1 mutants lacking myristoylation/
palmitoylation signals also exhibit an overactive response (see below), confirming the role of the PPEF-type
phosphatase in this avoidance behavior.

Thermotaxis

Several ciliated sensory neurons, in particular AFD and to a lesser degree AWC, ASI and AS]J, form an exquisitely
sensitive and precise thermosensory network that helps C. elegans move (thermotax) toward its preferred
(cultivation) temperature?®33. Given the robust expression of pef-I in AFD and AWC neurons (Fig. 1B), we
tested the ability of the pef-1 mutant to navigate a thermal gradient ranging from 19°C to 22°C. Our assays
show that pef-1 mutants are not able to thermotax like wild-type animals. Rather than favor movement towards
their cultivation temperature (20°C), the pef-1 mutant animals showed a significantly more random distribution
between the higher and lower temperatures, yielding a thermotaxis index of less than 0.5, compared to over 2 for
wild-type (Fig. 4G; see also materials and methods). Notably, the pef-1 thermotaxis phenotype is similar to that
of the tax-4 mutant, which lacks the alpha subunit of a cGMP-gated channel necessary for sensory transduction
in thermosensory neurons®.

Photoavoidance
Nematodes like C. elegans lack a distinct light-sensing organ (eye) but have a robust negative phototaxis
response to avoid UV light®. This response depends on a G protein signal transduction pathway initiated by a
photosensitive protein (LITE-1) that is unrelated to rhodopsin, and which operates in several ciliated sensory
neurons**%, We tested pef-1 mutant animals in a photo-avoidance assay and found a statistically-significant
decreased response relative to wild-type; however, this attenuated response is not as pronounced as that of the
lite-1 mutant (Fig. 4H).

Altogether, our findings suggest that C. elegans PEF-1 plays roles in ciliated sensory neurons that control
various sensory modalities and regulate behaviors, including chemosensation, thermosensation, and to a lesser
degree, photosensation.

Myristoylation and palmitoylation is required for the ciliary functions of PEF-1
Many PPEF-type phosphatases found across protists and metazoans have evolutionarily conserved myristoylation
and palmitoylation signals at their N-terminus (see references*>>>%”8% and Suppl. Figure 1). To determine if the
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lipid modifications of PEF-1 are necessary for the biological function of the phosphatase, we first confirmed
the finding by Ramulu and Nathans*? that PEF-1::GFP bearing G2A and C3S mutations—which alter its ability
to be myristoylated and palmitoylated, or palmitoylated, respectively—indeed cause the mislocalization of the
protein (no longer concentrated at the cilia; Suppl. Figure 2C). Next, we used CRISPR/Cas9 to engineer into the
genomic pef-1 locus two separate strains, one bearing the G2A, or the C3S mutation. These pef-1 G2A and C3S
mutant strains were then subjected to various assays wherein the pef-I null mutant previously showed a cilium
structure phenotype (dye-filling to test for ciliary integrity; AWB and AWC wing area; ASE cilium length) or a
cilium-dependent behavioral defect (chemotaxis towards NaCl and CO, avoidance). In all cases, the pef-1(G2A)
and pef-1(C3S) mutants displayed phenotypes comparable (if not nearly identical) to that of the pef-1 null allele;
this includes the prolonged response to the CO, stimulus compared to wild-type (Figs. 5A,B). Altogether, these
analyses of the PEF-1 G2A and C3S variants reveal the importance of myristoylation and palmitoylation for the
ciliary functions of the protein phosphatase.

Discussion

Early two-dimensional gel electrophoresis analyses of isolated Chlamydomonas motile cilia revealed several
hundred distinct protein species, providing evidence that the cilium is a complex cellular organelle®. Since
then, numerous complementary studies, including proteomics, functional genomics, comparative genomics
(bioinformatics), genetics, and transcriptome analyses have aimed to identify complete ‘ciliomes” from multiple
species”*%. All approaches have limitations, however, and may for example fail to uncover low-abundance
proteins, membrane-associated proteins, poorly-expressed genes, and/or genes only expressed in specific
metazoan cell types®.

Here, we used single-cell transcriptome data from C. elegans to enrich for genes specifically expressed in
cells (sensory neurons) bearing cilia (Suppl. Table 1), and identified the evolutionarily-conserved PPEF (Serine/
threonine-protein phosphatase with EF-hands) family gene, pef-1, as a noteworthy target for further analysis. We
confirmed that pef-1 is expressed in ciliated sensory neurons and that its protein product specifically localizes
distal to the transition zone in diverse types of cilia in the head and tail of the animal (Fig. 1C).

Our dye-filling experiments first suggested a potential defect in the (normal) exposure of ciliary structures
to the external environment (Fig. 2A-C). Analyses involving cell-specific fluorescent reporters corroborated this
finding, revealing that C. elegans lacking PEF-1 have defects in the structures of various classes of cilia (Fig. 2D-
I). The rod-shaped ASE cilium is shorter; the ‘wings’ (elaborate membraneous structures) of the AWB and AWC
cilia have a larger surface area and different branch lengths; and the morphology of the AFD ciliated ending is
abnormal. Importantly, TEM analyses identified loss of ultrastructural integrity for some cilia, in the middle
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Fig. 5. The function of PEF-1 depends on myristoylation and palmitoylation. (A, B). Myristoylation and
palmitoylation are both required for the functions of PEF-1. pef-1(G2A) and pef-1(C3S) mutant animals
exhibit, to varying degrees, the same cilium-associated phenotypes as that of the pef-1 (null) mutant. The bar
graph (top) shows that all three pef-1 mutant strains exhibit, relative to wt: decreased (absent or low) amphid
and phasmid neuron dye-filling; increased AWB and AWC ‘wing’ cilia area; decreased ASE cilium length;
and reduced ability to chemotax towards salt (NaCl). All assays were carried out in parallel to those shown in
Fig. 2B-H and Fig. 4A, and levels shown are relative to wild-type, which has been normalised to 1.0. The plot
(bottom) shows the proportion of animals executing high-amplitude turns after a CO, stimulus delivered at
100 s (assays carried out as in Fig. 4E,F). The prolonged response of the pef-1(G2A) and pef-1(C3S) mutants
following the stimulus is similar to that of the pef-1(null) mutant. Tukey’s honestly significant difference was
used to test for significance. ¥, p <0.05; **, p<0.01; ***, p <0.001; n.s., not significant.
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segment and particularly towards the distal end (distal segment), in the form of indistinct and thus potentially
degenerated microtubules (Fig. 3). Together, these findings show that unlike intraflagellar transport (IFT)
proteins?22+100101 'PEE-1 s not essential for cilium formation (ciliogenesis) per se. Instead, the phosphatase
appears to regulate morphological characteristics of some but not all cilia, including their length and membrane
elaborations. In addition, or alternatively, PEF-1 may be required for the maintenance of these microtubule-
based ciliary structures; this may stem from the influence of the phosphatase on the function of the intraflagellar
transport (IFT) system, kinases, depolymerizing kinesins, or tubulin post-translational modifications—all of
which are known to participate in cilium length control, shape, and/or maintenance*®13151923:28  Potentially
consistent with this possibility, we find that the dye-filling phenotype in the pef-1 mutant becomes worse over a
4-day period of development, from L1 larvae to young adults (Suppl. Figure 5).

Disruption of PEF-1 causes reduced chemotaxis towards an attractant, NaCl (Fig. 4A). Since the mutant
animals move normally, this phenotype likely results from a salt-sensing or signaling defect in the ASE
neuron'%%1%, The reduced exposure of amphid (head) cilia to the environment, which is suggested by the dye-
filling defect observed in the pef-1 mutant (Figs. 2A-C), could in principle fully or partially account for this
phenotype®>¢*104 However, we also observed defects in thermotaxis (Fig. 4G), which depends on AFD (as well
as AWC) neurons that are not directly exposed to the environment**$*1%>, This suggests that the altered ciliary
structures and functions in these neurons could directly underlie the behavioral defects. Interestingly, PEF-1
may not act in all classes of cilia and/or may have functions that are not revealed in certain behavioral assays.
The pef-1 mutant displays normal chemotaxis towards isoamyl alcohol and can avoid a high-osmolarity barrier
(Figs. 4B,C). Also notable is that the major reported role for Drosophila RDGC is in (non-ciliary) rhabdomeric
photoreceptors?, and the photoavoidance response in the C. elegans pef-1 mutant is also partially impaired
(Fig. 4H). This latter finding further confirms a ciliary role for the phosphatase, as photosensation in the
nematode depends on ciliated neurons, including AS]J, ASK and ASH®%,

Given the strong expression of pef-1 in the BAG ciliated neuron, we also tested if disruption of the phosphatase
influences the animal’s aversive reaction to CO,, which at an elevated concentration is toxic to C. elegans’®106:107,
We find that pef-1 mutant animals can sense the gas, first slowing their movement after exposure to the CO, puft
(Fig. 4D). However, compared to wild-type, they execute a greater number of omega-turns, for a longer period
of time, in an attempt to reorient away from the noxious stimulus (Fig. 4E,F). This suggests that PEF-1 might
help downregulate the signaling pathway required for amplification if this response, which involves the cGMP-
producing guanylyl cyclase GCY-9 (Fig. 4D-F) and TAX2/TAX4 cGMP-dependent calcium channel7681:82,

The PPEF family of phosphatases are widely conserved across ciliated eukaryotes but absent from fungi
and plants*! which secondarily lost cilia during evolution®"*°. This may indicate that prior to the emergence
of metazoans, the primordial cellular function for PPEF phosphatases was associated with cilia. Our findings
support such a possibility, since C. elegans PEF-1 contributes to the formation and potentially maintenance of
different types of cilia, and its function is needed for the correct execution of cilium-dependent behaviors.

PPEF phosphatases from other metazoans may also have ciliary functions, and there is evidence that at least
one has acquired an alternate, non-ciliary function. By far the best characterized member of the PPEF family is
RDGC in Drosophila, whose disruption was shown by the O’Tousa laboratory in 1992 to cause the light-induced
degeneration of photoreceptors*#°. Notably, fruit fly photoreceptors are not ciliary (microtubule-based) like in
vertebrates, but instead, comprise rhabdomeres with numerous actin-based microvilli'®-1! (Fig. 6A). In these
membrane-ensheathed compartments, RDGC is thought to dephosphorylate the G protein-coupled receptor
(GPCR) rhodopsin as part of a light-dependent signaling cascade involving the heterotrimeric G protein,
arrestin, phospholipase C (PLC), and Protein Kinase C (PKC)6:47:10%112113 RDGC is also 1mphcated in the
dephosphorylation of another player in the phototransduction pathway, namely a TRP-family Ca®* channel'!*.
Notably, both GPCRs and TRP channels function in comparable pathways in ciliary compartments''>~'17. The
roles of RDGC in a non-ciliary compartment, both in Drosophila and potentially other metazoans, is summarized
in Fig. 6A.

Aside from their conserved phosphatase domain, RDGC and other PPEF proteins, including C. elegans PEF-1,
contain two flanking regions relevant to the calcium-dependent regulation of signal transduction pathways. One
is an N-terminal IQ domain, which in Drosophila RDGC and the two human PPEF proteins (PPEF1 and PPEF2)
have been experimentally confirmed to interact with calmodulin (CaM)!!*!!8. CaM contains four Ca**-binding
EF-hands and has established roles in vision, olfaction, and other processes, including muscle contraction!!?.
The second is a C-terminal domain containing EF-hands, which in C. elegans PEF-1 has confirmed Ca?*-binding
properties!?0,

In addition, consensus sites for myristoylation and palmitoylation (N-terminal MGCxxS/T motif) are
present in C. elegans PEF-1*2, Drosophila RDGC?, Kinetoplastid (Leishmania) PPEFY, as well as mammalian
PPEF1 (Suppl. Figure 1A; lipid modifications are experimentally confirmed in the first three). In this study, we
found that both modifications are required for PEF-1 enrichment within the axonemal region of cilia (Fig. 5A),
consistent with the previous findings of Ramulu and Nathans %>, Mechanistically, we ascribe this ciliary targeting
and enrichment to the modifications, since GFP itself becomes enriched in cilia when it harbors the MGCxxS/T
motif, and like PEF-1 is no longer specifically enriched in cilia when it loses both modifications or palmitoylation
alone (Fig. 1D). We also show that ciliary enrichment for not only PEF-1 but also the myristoylated/palmitoylated
GPA-13 protein depends on the transition zone (TZ) (Fig. 1E and Suppl. Figure 3), which excludes membrane-
associated proteins and acts as a ‘ciliary gate’ or membrane diffusion barrier, ostensibly because it forms a lipid
microdomain®®. Particularly important in this regard are the core scaffolding proteins MKS-5 (ortholog of
mammalian RPGRIP1L) and CEP-290 (CEP290), and to a lesser degree the so-called core ‘MKS module’ protein
MKS-2 (MKS2/TMEM216), all of which are implicated in ciliopathies'®. Both lipid modifications—which
together likely strengthen membrane attachment®—are required for the various cilium-associated functions
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Fig. 6. Model: PPEF family phosphatase proteins function in non-ciliary and ciliary sensory compartments.
(A). The canonical PPEF-family phosphase from Drosophila, retinal degeneration C (RDGC), is known to
regulate signaling in rhabdomeric (non-ciliary) photoreceptors by influencing two substrates (shown in
green), namely the light-sensing GPCR rhodopsin and a calcium TRP channel (see text for details). In both
Drosophila and other metazoans, PPEF proteins could potentially play signaling roles in other non-ciliated
cell types (indicated as a question mark). (B). The C. elegans PPEF protein, localizes to several types of cilia
and is required for several cilium-dependent functions, namely chemosensation, thermosensation and
photosensation. Its substrates are unknown (shown in orange) but could also include GPCRs, TRP channels,
and potentially components of cyclic nucleotide signaling, including guanylate cyclases (GCY) and adenylate
cyclase (ACY) that regulate the sensory behaviors. In other metazoans, including vertebrates, PPEF proteins
may play currently-unknown roles in ciliary photoreceptors (rods/cones) or other types of cilia, potentially
affecting opsins, GPCRs and other signaling proteins.

of PEF-1, including dye-filling via intact cilia, cilium structure properties, and chemosensation (salt chemotaxis
and CO, avoidance) (Fig. 5A,B).

Collectively, the studies conducted on Drosophila RDGC and our work on C. elegans PEF-1 suggest that
PPEF phosphatases can regulate membrane-associated sensory/signaling processes, in either a non-ciliary, or
a ciliary, context. In the case of rhabdomeric and ciliary photoreceptors, many of the signaling components
that function together with the PPEF phosphatases are evolutionarily related, including GPCRs, GPCR kinase,
arrestin (modulates GPCRs), G proteins, PLC and TRP channels!'%!!%121 Based on these findings, we present
a model, wherein PPEF phosphatases influence signaling pathways in non-ciliary (Fig. 6A) or ciliary (Fig. 6B)
compartment(s). The clearest evidence for non-ciliary functions is thus far restricted to Drosophila rhabdomeric
photoreceptors, while evidence for ciliary functions is restricted to our work.

Although mammalian PPEF2 is known to be expressed in the retina, and its encoded protein has been
detected in the mouse ciliary phosphoreceptor proteome®2, a mouse PPEFI1-PPEF2 double knockout mouse
perhaps surprisingly does not show detectable differences in rhodopsin phosphorylation levels, or retinal
degeneration®.. It is possible in mammals at least, the major effector of opsin dephosphorylation is not PPEF1
or PPEF2, but the related PPP phosphatase, Protein Phosphatase 2A (PP2A), which has recognized roles at
centrioles/centrosomes and cilia!?>"1?%, This may reflect promiscuity and/or evolving substrate specificity
amongst different PPP phosphatases.

Mammalian PPEF1 and PPEF2 proteins are poorly characterized, and currently have no known ciliary
functions. However, mutational analysis of a family presenting with nonsyndromic high myopia was found to
have a variation in an evolutionarily conserved residue of PPEF2!%. Interestingly, in a zebrafish screen for genes
with retinal functions, PPEF2 was selected for morpholino-knockdown phenotypic analysis, and shown to result
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in a small eye-phenotype potentially indicative of ciliary photoreceptor degeneration'?°. This, combined with
our discovery that C. elegans PEF-1 functions in a variety of ciliated sensory neurons and is cilium-localized,
provides impetus for proposing in our model (Fig. 6B) that the mammalian PPEF counterparts could potentially
play regulatory roles in certain ciliated cell types, and as such, are worth exploring as novel ciliopathy candidates.

Materials and methods

C. elegans strains and maintenance

All C. elegans strains used in this study are listed in Supplementary Table 2. Strains were grown and cultured
according to standard procedures on nematode growth medium (NGM) plates with OP50 bacteria as a food
source and maintained at 20C. GFP-tagged protein constructs were introduced into listed genetic backgrounds
by standard C. elegans mating methods. Genotyping of the strains generated was performed by single-worm
PCR. The wild-type C. elegans used was the strain Bristol. The following strains were kindly provided to us:
Dr. Sengupta: N2[str-3p::srg-36:gfp] and oyIs50[ceh-36p::gfp], Dr. Moerman pef-1(gk5346[loxP+ Pmyo-
2::GFP::unc-54 3° UTR + Prps-27::neoR::unc-54 3’ UTR + loxP]) created using CRISPR-Cas9 genome engineering.
Several C. elegans strains were obtained from the Caenorhabditis Genetics Center (CGC), namely lin-15B&lin-
15A(n765);kyIs104[str-1p::gfp], osm-3(p802) and che-3(el124).

Generation of GFP translational fusion protein constructs

Pbbs8::PEF-1::GFP constructs and their variants (G2A and C3S) were was generated by creating a translational
fusion construct using Gibson Assembly. Transgenic worms expressing the above construct were generated
by gonadal transformation of N2 hermaphrodites via microinjection and subsequent screening for
transgenic progeny. A GFP fusion construct containing at its N terminus the first 14 amino acids of PEF-1
(MGCGPSSGRQNPST, which contains the myristoylation/palmitoylation consensus sequence MGCxxS/T) was
generated together with a palmitoylation-deficient construct (C3S mutant). Strains bearing all constructs were
generated and analyzed by confocal microscopy.

Myristoylation- and/or palmitoylation-defective pef-1 mutant strains

Strains harboring point mutations at the lipid modification sites (residues G2 and C3) of pef-1, namely PHX2678
(pef-1(syb2678-G2A)) and PHX2989 (pef-1(syb29890-C3S)), were generated by CRISPR-Cas9 genome
engineering by SunyBiotech (https://www.sunybiotech.com) and verified by sequencing.

Methods for identifying potential cilia genes

Identification of genes with a potentially core role in ciliated neurons was carried out using the dataset from Cao
and colleagues**. This single cell RNA-seq dataset contains transcriptomic data from the L2 stage of C. elegans
at which point the cilia have formed. Cells that were identified by subtype and consensus expression values for
major cell types in C. elegans were calculated. We used both the ciliated neuron-enriched genes and oxygen
sensory-enriched genes for this analysis due to oxygen sensory neurons also having cilia. In total, 1593 genes
fit the criteria for further analysis. To normalize the data, we calculated the maximum TPM value a given gene
across all cell types, and the TPM for each cell-type was scaled to the proportion of the max. This gave a max
of 1 for any given gene for expression. This was carried out for the cell-type specific dataset from Cao et al.*%, as
well as the TPM values for genes across 40 clustered neuronal subtypes. Max 1 normalized values for each gene
across each cell type was then input into a matrix for t-SNE dimensional reduction and k-means and hierarchical
clustering. Multiple iterations of dimensional reduction and clustering were carried out and the location of 77
known cilia genes was compared for each cluster. By excluding two clusters of 443 genes, 73 of 77 known cilia
genes were captured using this methodology in the remaining 4 clusters of genes. These 1150 remaining genes
were then filtered for genes with a human ortholog and ranked by % of total gene expression in ciliated cell-types
vs non-ciliated cell-types for a total of 414 genes.

Visualization of fluorescent proteins in transgenic animals
Fluorescently tagged proteins were visualized by first immobilizing animals using 0.5 pL of 10 mM levamisole
and 0.5 pL of 0.1 um diameter polystyrene microspheres (2.5% w/v suspension) on 7% agarose pads. To assess
the subcellular localization of the various fluorescent reporters for both the wild-type and each mutant strain,
Z-stacks were captured using an LSM880 laser scanning microscope with Airyscan and Zeiss ZEN 2.3 software.
To normalise the fluorescence levels (Fig. 1E) for PEF-1::GFP, as well as XBX-1::tdTomato (the peak of which
is used to define the relative positions of all signals), the intensities of the visible fluorescent signals (spanning
from the PCMC to the end of the axoneme) from each fluorescent protein were measured using Zeiss ZEN 2.3
software. All signal intensities were then normalised relative to the peak signal intensity (set at 100) obtained for
the fluorescent marker (PEF-1::GFP or XBX-1::tdTomato), and graphed.

Cilium length and morphology measurements

Cilium length and morphology measurements in wild-type and indicated mutant animals were carried out
by visualizing GFP reporters expressed in specific ciliated neurons, as described. The length (in um) of cilia
(or ciliary branch in the case of AWB/AWC cilia) was measured by drawing a line longitudinally using the
ZEN 2.3 software. The surface areas of the AWB and AWC cilia ‘wings’ were assessed by measuring at least
14 AWB or AWC ‘wing’ ciliary branches (both) from each strain, using the ZEN 2.3 software and automatic
segmentation based on fluorescence intensity. The aspect ratio (width divided by length) of the AFD finger
ciliary compartment was assessed from at least 13 neurons from each strain using the ZEN 2.3 software. Width
and length refer to the largest dimensions (in um) of the structure perpendicular or parallel to the main axis of
the dendrite, respectively.
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Transmission electron microscopy (TEM)

Animals were prepped and sectioned using standard methods'?’. Images were acquired with an FEI Tecnai G2
Spirit BioTwin transmission electron microscope equipped with a 4 K digital camera. Image processing and
analysis was performed using SerialEM and IMOD software!%,

Developmental assays

Gravid adult worms were allowed to lay eggs for 60 min and these egg progenies were grown at 20 °C for 68 h.
Then the L4 larvae on each plate were counted and the remaining adults were imaged with Zeiss Axioskop
2+ microscope for evaluating development stage and scored as L4, young adult, mature adult or gravid adult.

Body length measurement
L4-stage worms were placed onto plates with an OP50 bacteria lawn and grown at 20 °C for 48 h. Worms
were imaged using Axioskop 2+ microscope, and their body length (length of the midline of worm body) was
measured using Image]J software.

Dye-filling assays

Dye-filling assays were conducted essentially as reported'?, by incubating animals for 30 min in a solution of
lipophilic dye (Dil) diluted with M9 buffer 1:1000, followed by recovery (feeding) for 30 min on seeded NGM
plates to minimize gut fluorescence. Dye uptake into amphid and phasmid neurons was assessed by fluorescence
microscopy. At least 15 staged animals (L4 larvae) were scored for each strain per experiment.

Osmolarity assays

Osmolarity avoidance assays were carried out as reported'? on unseeded NGM plates by measuring the
proportion of adult animals that cross a ring of high osmotic strength (8 M glycerol) within a 10 min timespan.
Worms that crossed the barrier were removed from the assay.

Chemotaxis assays

The response to a gradient of NaCl (10 mM to < 1 mM) was based on assays developed by Chang and colleagues'*.
As a control, the che-3 IFT mutant was used. To establish the chemical gradients on the assay plates, a 10 pL
drop of 2.5 M NaCl (pH=6.0) was placed 15 mm from the edge of the plate at the “attractive spot” A 10 uL
drop of ddH,0 was placed diametrically opposite and was considered the “negative control spot”. The attractant
was allowed to diffuse for 14-16 h at room temperature. To increase the steepness of the chemical gradient, 4 to
4.5 h prior to chemotaxis assay 4 uL attractant was added to the “attractive spot” and 4 pL ddH,0 added to the
“negative control spot”. Synchronized adult cultures were rinsed off culture plates with ddH20. Before placing
animals on assay plates, sodium azide was pipetted onto the “attractive spot” and onto the “negative control spot”
to anesthetize animals reaching either spot. Animals were placed in the center of the plate equidistant from the
“attractive spot” and the “negative control spot” in a minimal drop of ddH,0. Chemotaxis assays were performed
at room temperature for 60 min and assay plates were subsequently placed in a refrigerator (5C) to immobilize
animals. The chemotaxis index for an assay plate was calculated as follow:

o animals at” attractive spot" — animals at”negative control spot”
chemotaxis indexr =

total number of animals in assay

In the case of a volatile chemoattractant, 10 uL of 1/100 isoamyl alcohol was placed on the attractant spot
and 10 pL of 95% ethanol (diluent) was also placed onto the control spot. The behavior of animals was always
compared with controls performed on the same day. At least 4 plates were assayed in at least three independent
experiments performed on separate days.

CO, avoidance analysis

Wild-type, pef-1(gk5346), pef-1(G2A), pef-1(C3S) and gcy-9(tm2816) mutant adult-stage animals (n=15) were
allowed to lay eggs on a bacterial lawn for 3 h at 20 °C and were then removed. The eggs were hatched and grown
for 4 days at the same temperature. After 100 s of placing a plate on a Multi-Worm Tracker (MWT), 10% CO,
gas was delivered to worms for 4 s and their behavioral (movement) responses were recorded for an additional
146 s. The animal avoidance behaviors (omega-turns and speed) were analyzed and graphed using R software
essentially as described previously'3!.

Phototosensory avoidance behavior

Phototaxis behavior was analyzed as described previously®. Briefly, day 1 adult worms were transferred to NGM
plates covered with a thin layer of freshly spread OP50 bacteria ~30 min before the test. Worms were tested
under a 10 X objective on a fluorescence dissection microscope (Zeiss Discovery). A 2 s light pulse (350 +25 nm,
406 mW/mm?2, Sola, Lumencor) was delivered to the head of a worm that was slowly moving forward. A positive
response was scored if the worm stopped forward movement during the illumination time or 3 s after and
initiated a backward movement that lasted at least half a head swing.

Thermosensation

Thermal gradients were generated across an aluminum platform (60 cm x 10 cm X 1.3 cm) attached on either end
to two water baths, set to 5°C and 45°C. Rectangular Petri dishes (86 % 128 mm, Thermo Scientific) containing
20 ml of NGM (2% agar) were placed on an aluminum plate (135 mm X 95 mm, 1 mm) with some water and
allowed to equilibrate (typically within 10 min), generating a linear thermal gradient (22°C - 19°C) across the
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agar

surface. The gradient was confirmed by measuring the temperature at the agar surface using a small type

K probe (Total-Range Thermometer, Fisher Scientific). Animals were reared at 20°C for all experiments with

shift:
ddH
was
was

s to 25°C at least 30 min prior to testing. Briefly, synchronized young adult populations were washed in
,O, then transferred by pipette to the narrow (0.5 cm) starting zone at the center of the plates. Migration
monitored for 60 min since the distribution of animals reaches a steady state in this time window. Time 0
set as the time when worms began crawling away from the starting zone, typically 2 min after transfer to

the assay plate, and experiments were terminated after 60 min by killing worms in situ using chloroform vapor.
The thermotaxis (Ttx) index was calculated as follow:

n =
X

Diotal

+

TtrInder = ==
Nitotal

4T EN

number of animals in each region (x=-4~ +4).

=total number of animals.

Statistical analyses

Data distribution was determined by Shapiro-Wilk test. If the data had a normal distribution, the statistical
significance was calculated by Tukey’s honestly significant difference. If the data was not normally distributed,
Kruskal-Wallis test was used for calculation of the p-value. When more than three strains were analyzed, the
significance was obtained based on Dunn’s Kruskal-Wallis Multiple Comparisons with Holm-Sidak adjustment.

Data availability

Data is provided within the manuscript and a supplementary information file.
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