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Introduction
Cilia are microtubule-based structures that play diverse roles 
in motility, sensory perception, and signaling (Rosenbaum and 
Witman, 2002; Scholey, 2003; Eggenschwiler and Anderson, 
2007; Ishikawa and Marshall, 2011). The assembly and main-
tenance of cilia require bidirectional intraflagellar transport 
(IFT), which ferries ciliary precursors bound to the IFT par-
ticle protein complex from the base of the ciliary axoneme to 
the tip (Rosenbaum and Witman, 2002; Scholey, 2003, 2013). 
Anterograde IFT is powered either by a single heterotrimeric 
kinesin-2 motor, which was first proposed in Chlamydomonas 
reinhardtii, or by the concerted action of a heterotrimeric 
kinesin-2 and a homodimeric OSM-3-kinesin in kinesin-2 fam-
ily in Caenorhabditis elegans neuronal cilia (Rosenbaum and 
Witman, 2002; Scholey, 2003, 2013). Retrograde IFT is driven 
by a special cytoplasmic dynein that is proposed to recycle the 
anterograde motors, IFT particles, and breakdown products of 
ciliary turnover back to the cell body (Pazour et al., 1998, 1999; 

Porter et al., 1999; Signor et al., 1999; Rosenbaum and Witman, 
2002; Scholey, 2003).

Cytoplasmic dyneins include cytoplasmic dynein 1 
(DYNC1) and the IFT-specific cytoplasmic dynein 2 (DYNC2; 
Pfister et al., 2005). DYNC1 consists of a heavy chain homo-
dimer, intermediate chains, light intermediate chains, and light 
chain dimers of the LC8, Tctex1, and Roadblock protein fami-
lies (Kardon and Vale, 2009). These accessory subunits con-
tribute to the structural integrity, motor regulation, and cargo 
specificity of the dynein complex. Moreover, cytoplasmic dy-
nein motor activity appears to be governed by the Lis1–NudEL 
complex and the dynactin complex (Kardon and Vale, 2009; 
Roberts et al., 2013). In contrast, the composition and regu-
lation of IFT–dynein remain unclear. Biochemical studies in  
C. reinhardtii revealed that IFT–dynein contains the heavy 
chain DHC1b, intermediate chains FAP133 and FAP163, light  
intermediate chain D1bLIC, and light chain LC8 (Pazour  
et al., 1998, 1999; Porter et al., 1999; Hou et al., 2004; Rompolas  
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ated conditional mutations in IFT motors and particles, 
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this method to bypass the embryonic requirement, we 
show the following: the dynein intermediate chain, light 
chain LC8, and lissencephaly-1 regulate retrograde IFT; 
the dynein light intermediate chain functions in dendrites 
and indirectly contributes to ciliogenesis; and the Tctex 
and Roadblock light chains are dispensable for cilium 
assembly. Furthermore, we demonstrate that these com-
ponents undergo biphasic IFT with distinct transport fre-
quencies and turnaround behaviors. Together, our results 
suggest that IFT–dynein and cytoplasmic dynein have 
unique compositions but also share components and 
regulatory mechanisms.
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Figure 1. The somatic CRISPR–Cas9 technique generates conditional mutations in IFT components in C. elegans ciliated sensory neurons. (A) Schematic 
illustrating the use of somatic CRISPR–Cas9 for creating conditional mutants. (B) osm-3 and xbx-1 gene models. Exons are in blue, and arrows indicate 
sgRNA sequences corresponding to exons (Table S4). The NGG (PAM) sequences are denoted in red. (C) Representative gels showing the T7EI assay results 
for osm-3 and xbx-1. Indels are indicated at the bottom. (D, left) Schematic of cilia in WT and osm-3 animals. DS, distal segments; MS, middle segments;  
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TZ, transition zone. (D, right) The morphology of amphid (top) and phasmid (bottom) cilia visualized using OSM-6::GFP. Arrowheads indicate junctions be-
tween the middle and distal segments. The length of the cilia are 8.2 ± 0.1 µm (amphids [A]) or 7.9 ± 0.3 µm (phasmids [P]) in WT, 4.8 ± 0.1 µm (A) or 3.9 ±  
0.2 (P) µm in Phsp::Cas9; osm-3-sg, and 4.5 ± 0.1 µm (A) or 3.5 ± 0.1 µm (P) in Pdyf-1::Cas9; osm-3-sg. n = 23–81. Mean ± SE. Bar, 5 µm. (E) Dye-filling 
defects under a 100× objective lens. 0–4 and their respective colors represent the number of PHA/B neurons defective in dye-filling assays. n = 26–51.  
(F) Dye-filling defects under a fluorescence stereoscope. n = 150–315. Mean ± SE (error bars). (G) Kymographs (M or D) and corresponding lines (M’ or D’) of 
OSM-6::GFP motility. Error bars indicate mean ± SE. Horizontal bar, 2 µm; vertical bar, 5 s. n = 120–323. (H) Cilium morphology in conditional mutants visual-
ized by OSM-6::GFP. Arrowheads indicate the positions where the junctions between the middle and distal segments should be in WT animals. Bar, 5 µm.

 

et al., 2007; Patel-King et al., 2013). A recent study using a tem-
perature-sensitive allele of DHC1b demonstrated that retrograde 
IFT regulates flagellar assembly and function but not mainte-
nance (Engel et al., 2012). Genetic research in Caenorhabditis 
elegans revealed that mutations of che-3 (DHC1b homologue) 
or xbx-1 (D1bLIC) caused defects in retrograde IFT (Signor  
et al., 1999; Schafer et al., 2003).

Identification of IFT–dynein components largely relied 
on biochemical fractionation and proteomic analysis of flagellar 
proteins in C. reinhardtii, and this strategy does not differenti-
ate between the integral components and the cargo molecules of 
IFT–dynein, as axonemal dynein complexes share subunits with 
IFT and cytoplasmic dyneins (e.g., LC8; Pazour et al., 1998). 
Moreover, mass spectrometry may not be sensitive enough to de-
tect IFT regulators present at substoichiometric concentrations. 
The C. elegans neuronal cilia provide a complementary system to 
study IFT–dynein using genetic and imaging approaches. How-
ever, the efficiency of RNAi in knocking down gene activity in 
C. elegans ciliated neurons has been very limited (Pastrana, 2010). 
Moreover, the use of RNAi may lead to variable penetrance of 
the phenotype due to the incompleteness of protein depletion, and 
may also be accompanied by off-target effects (Pastrana, 2010). 
Thus, new techniques that are efficient and robust are needed to 
access the role of the target gene in cilia.

The clustered regularly interspaced short palindromic re-
peats (CRISPR)/CRISPR-associated (Cas) system has been re-
cently demonstrated as a powerful tool for genome editing (for 
review see Hsu et al., 2014). The specificity of Cas9 nuclease is 
determined by a synthetic guide RNA (sgRNA) that base-pairs 
with a G(N)19NGG “protospacer” DNA sequence in the ge-
nome. Cas9 generates double-strand breaks, which are often in-
accurately repaired by the nonhomologous end joining pathway, 
causing frameshift insertions or deletions (indels) in the target 
locus. We have developed the somatic CRISPR–Cas9 technique 
in which CRISPR–Cas9 is expressed under the control of an in-
ducible or tissue-specific promoter to generate conditional mu-
tants in C. elegans (Shen et al., 2014). Here, we first demonstrate 
that somatic CRISPR–Cas9 efficiently creates conditional muta-
tions in ciliated neurons. Using this platform, we bypass the em-
bryonic requirement of dynein-associated chains and investigate 
their roles in the construction of C. elegans neuronal cilia.

Results and discussion
Generation of conditional mutants in 
ciliated neurons of C. elegans
We generated transgenic animals that specifically express Cas9 
under the control of either a heat-shock-inducible promoter 
(Phsp-16.2 or Phsp) or a ciliated neuron-specific promoter 

(Pdyf-1) and that ubiquitously express the sgRNA under the 
control of the U6 gene promoter (PU6; Fig. 1 A; Ou et al., 2005; 
Shen et al., 2014). We first designed sgRNA that was comple-
mentary to the coding sequence of the osm-3 gene or the xbx-1 
gene (Fig. 1 B). osm-3 encodes a homodimeric kinesin-2 that 
is essential for building the ciliary distal segment (Snow et al., 
2004), and xbx-1 encodes an IFT–dynein light intermediate 
chain (Schafer et al., 2003). We chose to target osm-3 and xbx-1  
on the basis of their easily identifiable defects in the cilium 
structure, IFT, and uptake of a fluorescent dye (abnormal dye 
filling [Dyf] phenotype). To achieve temporally controlled mu-
tation, the expression of Cas9 was controlled by Phsp (Fig. 1,  
B and C). We transformed a plasmid containing Cas9 and 
sgRNA into C. elegans, and in the resultant transgenic animals, 
we refer to the sgRNA targeting osm-3 or xbx-1 as osm-3-sg or 
xbx-1-sg, respectively. Because T7 endonuclease I (T7EI) rec-
ognizes and cleaves the imperfectly matched DNA (Hsu et al., 
2014), we applied the T7EI assay to detect the indels in osm-3-sg 
and xbx-1-sg animals whose embryos were treated with heat 
shock. We first PCR-amplified the genomic DNA fragments 
containing the target sites from these transgenic animals. After 
T7EI digestion, these PCR fragments were cut into two small 
fragments of the expected sizes; however, the fragments were 
intact in wild-type (WT) animals (Fig. 1 C), which indicates 
that somatic CRISPR–Cas9 induced molecular lesions in the 
osm-3 and xbx-1 loci.

We next used a compound microscope with a 100× ob-
jective lens to examine the Dyf phenotype (Fig. S1). By examin-
ing four phasmid ciliated neurons (PHA/B/L/R) of osm-3-sg and 
xbx-1-sg conditional mutants, we found that 69% and 62% of the 
animals showed defects in DiI uptake, respectively (n = 51 and 26; 
Figs. 1 E and S1 A). All neurons showed complete uptake of DiI 
in 100% of WT animals (n > 100; Fig. 1, E and F). We noticed that 
the mosaic Dyf phenotype ranged from 14% to 24% for osm-3-sg 
and from 12% to 19% for xbx-1-sg in one to four phasmid neurons 
(Fig. 1 E), which is a common feature in conditional mutants. 
We also assessed the Dyf phenotype using a fluorescence stereo-
scope and detected the lower Dyf penetrance (Fig. 1 F). This result 
may have occurred because the stereoscope is sensitive enough to 
detect fluorescence from a single neuron, and we only scored the 
Dyf phenotype in animals with phasmid neurons that completely 
failed to take up DiI (Figs. 1 E and S1, A and B).

To induce spatially controlled mutations, we used Pdyf-1 
to express Cas9. Under a fluorescence stereoscope, we found 
that 92% (n = 50) and 56% (n = 27) of transgenic animals ex-
pressing Pdyf-1::Cas9; osm-3-sg and Pdyf-1::Cas9; xbx-1-sg 
showed the Dyf phenotype, respectively. Thus, the expression 
of Cas9 under the control of a heat-shock promoter or a ciliary-
specific promoter allows efficient creation of conditional mutants 
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mutants but was not altered in dylt-3-sg or dyrb-1-sg animals 
(Fig. 3, A and B). IFT cargo includes IFT particles and ciliary 
receptors such as a transient receptor potential vanilloid channel 
OSM-9 (Qin et al., 2005). We did not find that OSM-6::GFP or 
OSM-9::GFP moved in the remaining cilia of the dyci-1-sg and 
dlc-1-sg conditional mutants (Figs. 3 B and S3 A). These ciliary 
defects are similar to those detected in che-3– and xbx-1–null 
mutants. To further test whether DYCI-1 and DLC-1 function 
with IFT–dynein, we determined the cellular localization of 
GFP-tagged DYCI-1 and DLC-1. We showed that they were dis-
tributed along the cilia and underwent the same biphasic IFT as 
XBX-1 (Fig. 3 C and see Fig. 5 B). Furthermore, we genetically 
introduced XBX-1::YFP into the dyci-1-sg conditional mutant 
and GFP::DYCI-1 into the xbx-1(ok279) mutant. We found that 
XBX-1::YFP and GFP::DYCI-1 formed aggregates around the 
transitional zone and were not motile in cilia (Fig. 3, D and E). 
The interdependence of XBX-1 and DYCI-1 in IFT further indi-
cated that they may function together with IFT–dynein.

We studied how DLI-1 contributes to ciliogenesis. We did 
not find that OSM-6::GFP formed aggregates within the cilia  
of dli-1-sg conditional mutants (Fig. 3 B), nor did we detect the 
ciliary localization of DLI-1::GFP in transgenic animals ex-
pressing the Pdli-1::dli-1::GFP or Pdyf-1::gfp::dli-1 reporter 
(Figs. 3 C and S2 A). Instead, we found that DLI-1::GFP was 
distributed along the dendrite in these neurons (Fig. S2 B) and 
that OSM-6::GFP formed aggregates in the dendrites of dli-1-sg 
conditional mutants (Fig. S2 C). To further examine the func-
tion of DLI-1 in the retrograde dendritic transport, we com-
pared the transport velocities of OSM-6::GFP in the dendrites  
of WT and dli-1 conditional mutants. Consistent with the previ-
ous measurements (Signor et al., 1999), OSM-6::GFP moved 
along the dendrite at the anterograde speed of 0.75 ± 0.05 µm/s 
(n = 33) and at 0.90 ± 0.04 µm/s (n = 30) in WT animals. How-
ever, we did not detect the retrograde movement of OSM-6::
GFP in the dendrites of the dli-1 conditional mutants, whereas 
we found that OSM-6::GFP moved at the anterograde speed of 
0.68 ± 0.02 µm/s (n = 33) in these dendrites. These results indi-
cate that DLI-1 indirectly contributes to cilium formation by 
regulating the retrograde dendritic transport.

Dynein subunits undergo diverse IFT
To understand the transport behavior of IFT–dynein subunits, 
we generated kymographs from time-lapse movies of IFT of 
GFP-tagged dynein subunits (Videos 1–4). We first quantified 
the transport frequency as the number of transport events per  
minute. OSM-6::GFP and XBX-1::YFP both showed a fre-
quency of 16 events/min; however, DYCI-1, DLC-1, and DYLT-3  
displayed frequencies of 3, 9, and 6 events/min, respectively  
(Fig. 4 A). We next examined their turnaround sites. The ma-
jority of OSM-6 and XBX-1 turned around at the distal tip, 
whereas DYCI-1, DLC-1, and DYLT-3 returned at the middle 
and distal segments (Fig. 4, B and C). 76% of the GFP::DYCI-1 
puncta returned along the distal segment and very few reached 
the distal tip, and 24% of DYCI-1 turned around at the tip of the 
middle segment. 60% of the DLC-1::GFP puncta turned back 
at the distal segment, whereas 40% of DLC-1 returned at the 
middle tip. Finally, 69% of the DYLT-3::GFP puncta returned 

of osm-3 and xbx-1. By comparing mutation efficacies and the 
penetrance of ciliary phenotypes between osm-3 and xbx-1, we 
noticed that the higher indel frequency (28% for osm-3, 10% for 
xbx-1) may correlate with the higher dye filling defect (15% for 
osm-3, 9% xbx-1; Fig. 1, C and F).

Next, we examined the defects in cilium structure and IFT 
in osm-3-sg and xbx-1-sg animals using the OSM-6/IFT52::GFP 
reporter, which undergoes biphasic IFT along the entire cilia 
(Fig. 1 D). The osm-3-sg animals lost their ciliary distal seg-
ments, and the cilium length was reduced from 8 µm to 4–5 µm  
(Fig. 1 D), phenocopying osm-3(p802) null mutants (Snow  
et al., 2004). We further performed live imaging analysis of IFT in  
osm-3-sg mutants and found that the IFT velocity was reduced 
from 0.77 ± 0.02 µm/s (mean ± SE, n = 213) in the WT animals 
to 0.58 ± 0.01 µm/s (n = 323) in the remaining middle segments, 
which is also comparable to the IFT speed in osm-3(p802) mu-
tants (Fig. 1 G). In xbx-1-sg conditional mutants, OSM-6::GFP 
formed aggregates around the transition zone and no IFT was 
detected in the residual cilia (Fig. 1 D), which are similar to 
those observed in xbx-1(ok279) deletion mutants (Schafer et al., 
2003). To extend our initial successes to other IFT components, 
we conditionally mutated the IFT–dynein heavy chain (che-3), 
IFT particle A (che-11), and IFT particle B (osm-1) components 
by using the heat-shock strategy (Signor et al., 1999; Scholey, 
2003). We showed that these conditional mutants reproduced 
the defects in cilium structure caused by their corresponding 
null alleles, and that the Dyf penetrance ranged from 10% to 
25% in four phasmid ciliated neurons (Fig. 1, F and H). Col-
lectively, somatic CRISPR–Cas9 can be used to generate con-
ditional mutations of IFT motors (osm-3, xbx-1, and che-3) and 
IFT particles (che-11 and osm-1).

The functions of cytoplasmic dynein 
components in ciliogenesis
The C. elegans genome encodes 14 dynein-associated chains (Hao 
et al., 2011), five of which are essential for embryonic development 
(WormBase), including the intermediate chain (DYCI-1), light in-
termediate chain (DLI-1), light chain LC8 (DLC-1), Tctex-type 
light chain (DYLT-3), and roadblock-type light chain (DYRB-1; 
Fig. 2 A). We first generated transgenic animals that expressed Cas9 
under the control of the Phsp promoter and ubiquitously expressed 
sgRNAs that target one site for dylt-3 and dyrb-1 or two sites for 
dyci-1, dlc-1, and dli-1 (Fig. 2 A). Our T7EI assays detected the 
expected molecular lesions (Fig. 2 B). Although the heat-shock 
treatment did not alter the embryonic viability of WT embryos, 
the conditional mutant embryos exhibited embryonic lethality with 
penetrances ranging from 40% to 55% after heat shock (Fig. 2 C). 
These data indicated that we generated conditional mutants of em-
bryonically essential dynein subunits.

Next, we used these conditional mutants to study the con-
tribution of the dynein components to cilium formation. We first 
showed that 29% (dyci-1), 19% (dlc-1), and 18% (dli-1) of the 
conditional mutants failed to take up DiI, whereas <4% of dylt-3 
or none of dyrb-1 conditional mutants developed the Dyf phe-
notype (Fig. 3 A). Consistently, we found that the cilium length 
was significantly reduced from 8.3 µm in WT animals to 4.4 µm 
(dyci-1), 4.9 µm (dlc-1), and 4.8 µm (dli-1) in the conditional 
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lethality (Fig. 2, B and C). In lis-1-sg animals, we found that 22% 
of worms failed to take up DiI and reduced the cilium length, and 
that OSM-6::GFP did not move but rather aggregated along the 
residual cilia (Fig. 3, A and B), which indicates that the function of 
LIS-1 is similar to that of CHE-3 and XBX-1 in retrograde IFT. We 
then visualized GFP-tagged LIS-1 in ciliated neurons and showed 
that GFP::LIS-1 entered the middle segment of cilia and occasion-
ally moved into the distal segment (Fig. 5, A and B). We detected 
sparse and biphasic IFT of GFP::LIS-1 puncta (Fig. 5, A and B). 
Thus, LIS-1 undergoes IFT and regulates retrograde IFT.

in the middle segment, not even reaching the middle tip (Fig. 4,  
B and C). These data suggest that multiple retrograde IFT path-
ways may operate within a single cilium.

Lissencephaly-1 regulates retrograde IFT
We studied the function of lissencephaly-1 in cilium formation. 
Lis1 is thought to function as a “clutch” to suppress cytoplasmic 
dynein motility and to cause the dynein to tightly bind micro-
tubules (Huang et al., 2012). We generated lis-1-sg conditional mu-
tants that exhibited the expected molecular lesions and embryonic 

Figure 2. Conditional mutations in six embry-
onically essential dynein components. (A, left) 
The essential dynein subunits and known IFT–
dynein components across species. (A, right) 
Gene models of dyci-1, dlc-1, dli-1, dylt-3, 
dyrb-1, and lis-1. Exons are in blue and red 
arrows indicate one or two sgRNA sequences 
targeting dynein components (Table S4). Bars, 
300 bp. (B) Representative gels showing the 
results of T7EI assays. One target site gen-
erated two small fragments. (C) Embryonic 
lethality was determined by quantifying vi-
able embryos after heat-shock treatment. n = 
97–242; mean ± SE (error bars); *, P < 0.05; 
**, P < 0.01.
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DYRB-1 are dispensable for ciliogenesis (Fig. 5, A and B). 
These findings suggest that cytoplasmic dynein and IFT–dynein 
have unique compositions but share essential components and 
regulatory mechanisms.

To visualize IFT of dynein subunits, this work relied on 
the GFP fusion technique, a standard protocol that has gen-
erated reliable results including ones related to IFT–dynein 

In conclusion, this study demonstrated that embryonically 
essential dynein-associated chains behave distinctly in C. el-
egans neuronal cilia: the intermediate chain DYCI-1, the light 
chain LC8/DLC-1, and the dynein regulator LIS-1 undergo bi-
phasic IFT and are essential for retrograde IFT; the light inter-
mediate chain DLI-1 regulates the dendritic transport of IFT 
particles; the light chain Tctex-type DYLT-3 and roadblock-type 

Figure 3. Ciliary defects in conditional mu-
tants of embryonically essential dynein compo-
nents. (A) Defects of dye-filling assays (left) and 
the cilium length (right). Mean ± SE (error bars); 
n = 34–381 from three generations. ***, P < 
0.001. (B) Amphid and phasmid cilia visual-
ized by OSM-6::GFP. Asterisks indicate transi-
tion zones. Bar, 5 µm. (C) Ciliary localization 
of DYCI-1, DLC-1, DYLT-3, and DLI-1 (GFP) and 
OSM-6::mCherry (red). (D and E) Localization 
(left) and motility (kymographs, right) of XBX-1::
YFP in WT and dyci-1 conditional mutants (D) or 
GFP::DYCI-1 in xbx-1 mutants (E). Micrograph 
bar, 5 µm; kymograph horizontal bar, 2 µm; 
vertical bar, 5 s.
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rescue experiments to examine whether the overexpression of 
GFP-tagged dynein subunits could rescue ciliary phenotypes 
in the corresponding conditional mutants. We studied dyci-1 
and dlc-1 as they regulate ciliogenesis. In these experiments, 
we first made all the possible synonymous mutations in the 
target sites of transgenes such that they would not be cleaved 
by CRISPR–Cas9 (Fig. S3 B). We transformed GFP-tagged 
mdyci-1 (m for synonymous mutation) and mdlc-1 into condi-
tional mutants, and we did not detect any Dyf phenotype after 

(Mello et al., 1991; Signor et al., 1999; Schafer et al., 2003). 
Despite the fact that we injected DNA with a low concentra-
tion (10 ng/µl), below which the GFP fluorescence is in-
visible, and that we did not notice any ciliary phenotype in 
these animals, this method can cause the overexpression of 
the transgene. Dynein is a holoenzyme complex with a strict 
stoichiometry, and the overexpression of subunits or GFP tag-
ging could result in artifacts because some complexes would 
be disrupted or not fully assembled. We thus performed the 

Figure 4. Transport behaviors of dynein sub-
units in cilia. (A) IFT frequencies of IFT particle 
and dynein subunits. n = 64–212; mean ± SE 
(error bars). ***, P ≤ 0.001. (B) Kymographs 
(left) of DYCI-1, DLC-1, DYLT-3, and XBX-1 in 
the middle (M) or distal segments (D). M and 
D indicate turnaround events. M and D (right) 
are 4× enlarged images of turnarounds in the 
green boxes on the left. Horizontal bar, 2 µm; 
vertical bar, 5 s. (C) Distribution of turnaround 
events along the cilia. The y axis indicates the 
percentage of turnaround events at the specific  
region of cilia among the total turnaround events. 
n = 58–140. The broken line shows the junction 
between the middle and distal segments.
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subunits can be specific (Fig. 3 C). It remains unknown why 
DLI-1 only functions within the dendrites but does not enter 
cilia. The emerging evidence suggests that a selective ciliary 
gate may regulate protein trafficking between cilia and the gen-
eral cytoplasm (Ishikawa and Marshall, 2011), and DLI-1 may 
not be able to pass such a gate at the base of cilia.

Our results with IFT–dynein are consistent with biochem-
ical data from other organisms, and also provide new insights. 
For example, LC8/DLC-1 was proposed as an essential compo-
nent for retrograde IFT from C. reinhardtii (Pazour et al., 1998). 
However, LC8 can be the subunit or cargo—or both—of IFT–
dynein, as it is a known component in axonemal dyneins. Our 
study from nonmotile cilia enables us to conclude that LC8 can 
be an IFT–dynein subunit. Similarly, a recent study used the 
biochemical approach to study IFT–dynein composition in ver-
tebrates, and their data are also largely complementary to ours 

inducing Cas9 expression by heat-shock treatment (GFP::
mdyci-1, n = 59; mdlc-1::GFP, n = 87; Fig. 3 A). We further 
examined the ciliary structure and measured the cilium length 
in these animals, and we did not find any obvious abnormal-
ity compared with those in WT animals (Figs. 3 A and S3 C).  
These rescue results indicated that GFP fusion or overex-
pression of DYCI-1 and DLC-1 does not affect IFT–dynein’s 
function. Because the potential off-target effect is a major 
concern for Cas9, our results not only demonstrated the func-
tionality of GFP fusion, but also alleviated the concern of off- 
target cleavages.

The GFP-tagged dynein subunits undergo IFT at the same 
speeds as other IFT motors (Fig. 5 B), which suggests that they 
are probably associating with the dynein complex. We did not 
detect DLI-1::GFP in the cilia using the same expression strat-
egy, suggesting that the ciliary location of GFP-tagged dynein 

Figure 5. IFT of LIS-1, IFT velocities, and the 
proposed model. (A) Colocalization of GFP::
LIS-1 with OSM-6::mCherry (red) in cilia (left), 
and a kymograph of GFP::LIS-1 motility (right). 
Micrograph bar, 5 µm; kymograph horizontal 
bar, 2 µm; vertical bar, 5 s. (B) Velocities of 
IFT particle and dynein subunits (mean ± SE).  
(C) A proposed model of subunits in the IFT–
dynein complex and multiple turnaround sites 
on the cilium.
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method is also amenable to investigations of the ciliary function 
of other essential embryonic genes as well as the formation and 
function of other organelles.

Materials and methods
C. elegans strains, genetics, and DNA manipulations
C. elegans strains were raised on nematode growth media (NGM) plates 
seeded with the Escherichia coli strain OP50 at 20°C using standard meth-
ods. CRISPR–Cas9 constructs were produced according to a previously de-
scribed method (Shen et al., 2014). In brief, to generate the conditional 
knockout vectors, CRISPR–Cas9 target sequences were added to CRISPR–
Cas9 vectors by PCR using Phusion high-fidelity DNA polymerase (New Eng-
land Biolabs, Inc.) with the primers listed in Table S3 followed by self-ligation 
and transformation into E. coli. GFP-tagged dyneins were constructed by 
insertion of genomic sequences (3 kb promoter plus coding region) into 
pPD95.77 (containing GFP and unc-54 3 UTR) for endogenous expression 
or into pOG1264 (containing dyf-1 promoter, GFP, and unc-54 3 UTR) 
for ciliated neuron specific expression, except that DYLT-3::GFP fusion was 
generated by PCR gene splicing by overlap extension (SOEing) of a dylt-3 
genomic sequence (3 kb promoter plus coding region) with GFP::unc-54  
3 UTR DNA fragments. Transgenic C. elegans were generated by the germ 
line microinjection of DNA plasmids at 10–50 ng/µl and a selection marker 
pRF4(rol-6(su1006)), Podr-1::dsRed, WT unc-76 gene or Pegl-17::Myri-
mCherry + Pegl-17::mCherry::his-24 into N2 or unc-76(e911) hermaphro-
dites. The strains, primers, and plasmids are listed in Tables S1–S3.

Molecular assays
Molecular lesions induced by CRISPR–Cas9 were detected according to 
previously described methods (Shen et al., 2014). In brief, worms were 
lysed with 10× PCR buffer (Mg2+) and were used as templates for amplify-
ing DNA fragments containing CRISPR–Cas9 targets. PCR products were 
purified by QIAquick PCR Purification kit (QIAGEN) and digested by T7EI 
at 37°C for 30 min. The indel percentage was determined using the for-
mula 100 × {1 – [1 – (b + c)/(a + b + c)]1/2}, where a is the integrated in-
tensity of the intact band and b and c are the integrated intensities of the 
digested small bands.

Heat-shock treatment, dye-filling assay, and viability assay
Heat-shock treatment was performed at 33°C for 1 h at 8 h after egg lay-
ing. The dye-filling assay was performed according to a previously de-
scribed protocol (Snow et al., 2004). In brief, young adult worms were 
collected into 200 µl M9 solution, and mixed with 200 µl dyes (DiI 
1,1-dioctadecyl-3,3,3,3,-tetramethylindo-carbocyanine perchlorate, or 
DiO 3,3-dioctadecyloxacarbocyanine perchlorate) at a working concen-
tration (20 µg/ml). After incubation at room temperature in a dark place 
for 30–60 min, animals were transferred to a seeded NGM plate, and 
examined for dye uptake 1 h later. For the viability assay, the number of 
viable adult worms was divided by the number of originally laid eggs.

Live cell imaging
C. elegans were anesthetized with 0.1 mmol/liter levamisole in M9 buffer, 
mounted on 2% agar pads, and maintained at 22°C. Our imaging system 
includes an Axio Observer Z1 microscope (Carl Zeiss) equipped with a 
100×, 1.45 NA objective lens, an EM CCD camera (iXon+ DU-897D-C00-
#BV-500; Andor Technology), and the 488 nm and 568 nm lines of a 
Sapphire CW CDRH USB Laser System (Coherent) with a spinning disk 
confocal scan head (CSU-X1 Spinning Disk Unit; Yokogawa Electric Cor-
poration). Time-lapse images were acquired with an exposure time of 200 ms 
by µManager (www.micro-manager.org). We used ImageJ software (http:// 
rsbweb.nih.gov/ij/) to process the images.

Statistical analysis
Student’s t test and 2 analysis were used to examine significant differ-
ences in ciliary phenotypes between WT and mutant animals, as indicated 
in the figure legends.

Online supplemental material
Fig. S1 (related to Fig. 1), shows the Dyf phenotype in osm-3-sg or xbx-1-sg 
animals under a 100× objective lens and a fluorescence stereoscope, re-
spectively. Fig. S2 (related to Fig. 3) shows DLI-1 localization and function 
in ciliated neurons. Fig. S3 (related to Fig. 3 and Fig. 4) indicates that GFP 
fusion or overexpressed DYCI-1 and DLC-1 do not affect IFT–dynein’s func-
tion. Table S1 lists strains used in this study. Table S2 and S3 list all PCR 
products and plasmids for construction of transgenic C. elegans. Table S4 

(Asante et al., 2014). However, Lis1 was not identified in IFT–
dynein fraction but was localized in cilia by immunofluores-
cence (Asante et al., 2014). We found that GFP::LIS-1 was not 
associated with IFT–dynein all the time (Fig. 5 A), and the bio-
chemical fractionation must be difficult to detect the transient 
interaction. Our data also indicate that DYCI-1 is an integral 
IFT–dynein component. The previous work using a transcrip-
tional GFP reporter did not detect the expression of dyci-1 in  
C. elegans ciliated neurons (Hao et al., 2011). By increasing  
the length of the 5 UTR regulatory sequence, we detected the 
expression of Pdyci-1::gfp in ciliated neurons (Fig. 3 C). Con-
sistently, biochemical studies identified FAP133/DYCI-1 as an 
IFT–dynein component (Rompolas et al., 2007), and RNAi ex-
periments in Trypanosome brucei showed that DIC5/DYCI-1 
regulates retrograde IFT (Blisnick et al., 2014). Moreover, we  
showed that DYLT-3 and DYRB-1 do not regulate ciliogene-
sis (Fig. 3, A and B). Dynein-associated chains may comple-
ment each other in cilium formation, and the generation of 
double or multiple conditional mutations by somatic CRISPR–
Cas9 may dissect their redundant roles in ciliogenesis. Inter-
estingly, the single or double genetic deletions of C. elegans 
Tctex-type light chain DYLT-1 or DYLT-2 do not cause de-
fects in cilium assembly, even though they undergo biphasic 
IFT (Hao et al., 2011). We cannot exclude the possibility that 
these dynein light chains regulate ciliogenesis, but they may 
also likely modulate currently unidentified physiological events 
in cilia.

Lis1 has been found to induce slow or nonmoving dynein 
(Huang et al., 2012). We showed that GFP::LIS-1 is distrib-
uted in the middle segment (Fig. 5 A), where it may inactivate 
IFT–dynein during anterograde IFT. We observed biphasic but 
infrequent IFT of LIS-1 in C. elegans (Fig. 5, A and B), which 
is consistent with the brief motility of Lis1 in Aspergillus nidu-
lans (Egan et al., 2012). Because limited GFP::LIS-1 enters the 
ciliary distal segment where retrograde IFT commences, IFT–
dynein motility may also require the detachment of LIS-1, and a 
substoichiometric amount of LIS-1 at the distal tip may initiate 
IFT. In Lis1 mutants, cytoplasmic dynein and its cargo move at 
normal speeds with reduced frequencies in A. nidulans (Egan  
et al., 2012; Huang et al., 2012). However, we did not observe 
retrograde IFT in the lis-1-sg conditional mutants, which sug-
gests that LIS-1 may be more critical for the motility of IFT– 
dynein. Studies from mammalian motile cilia and C. reinhardtii 
flagella reported that Lis1 regulates the activity of the outer 
dynein arm (Pedersen et al., 2007), indicating that Lis1 plays 
manifold roles in the regulation of cytoplasmic dynein, IFT– 
dynein, and axonemal dynein.

In summary, the somatic CRISPR–Cas9 technique enables 
the functional analysis of embryonically essential dynein subunits 
in C. elegans ciliogenesis. These dynein-associated molecules 
may regulate the motor processivity or function as a switch to 
change the direction of motion, and single molecule biophysics 
studies should be pursued in the future to better understand the 
function of these dynein-associated chains. The present study 
focuses on the ciliary roles of embryonically essential dynein 
components, and these conditional mutants are also valuable 
resources for the study of other dynein-based processes. This 
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Figure S1.  The Dyf phenotype  in osm-3-sg or xbx-1-sg animals. (A) The 
dye-filling phenotype of four phasmid neurons (PHA/B/L/R) of WT, osm-
3-sg, and xbx-1-sg conditional mutants under a 100× objective lens. The 
asterisk indicates a PQR neuron, which does not take up DiI in WT animals. 
Bar, 5 µm. (B) The Dyf defects in osm-3-sg and xbx-1-sg conditional mutants 
as observed under a fluorescence stereoscope. The head and the tail of the 
ciliated sensory neurons are stained by the red fluorescent DiI dye in WT ani-
mals, whereas a dye-filling defect is observed in conditional mutant animals. 
The asterisk indicates the transgenic marker. Non-hs, nonheat shock; hs, heat 
shock. Bar, 50 µm.
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Figure S2.  DLI-1 functions in C. elegans ciliated neurons. (A and B) Animals expressing Pdli-1::dli-1::GFP illustrate that DLI-1 does not enter the cilia (A) 
but localizes in the cell body and dendrites of ciliated neurons (B, arrows). The broken outlines indicate the junctions between segments within ciliated neu-
rons. (C) Aggregates of OSM-6::GFP (arrows) along the dendrite are observed in dli-1 conditional mutant animals. Bar, 5 µm.
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Figure S3.  GFP-tagged DYCI-1 and DLC-1 with synonymous mutations rescued ciliary phenotypes in the corresponding conditional mutants. (A) The retro-
grade movement of OSM-9::GFP in cilia of WT, dyci-1-sg, and dlc-1-sg conditional mutant animals. (top) OSM-9::GFP localization. (bottom) Kymographs 
and corresponding lines of the movement. Bars: (micrograph bar on top) 5 µm; (kymograph horizontal bar) 2 µm; (vertical bar) 5 s. (B) Synonymous muta-
tions (red) of the target sites in dyci-1 and dlc-1. (C) The localization of GFP-tagged DYCI-1 and DLC-1 with synonymous mutations in cilia of dyci-1-sg and 
dlc-1-sg conditional mutant animals. Bar, 5 µm. m.s., middle segment; d.s., distal segment. The asterisks indicate the transition zone.
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Table S1. C. elegans strains used in this study

Strain name Genotype Method

SP2101 ncl-1(e1865) unc-36(e251); osm-6(p811); mnIs17[Posm-6::osm-6::GFP; unc-36(+)] CGC
JT11069 xbx-1(ok279) CGC, a 1,600-bp deletion
CX3716 lin-15B(n765); kyIs141[Posm-9::osm-9::gfp; lin-15(+)] CGC
GOU1348 casEx1605[Phsp-16.2::Cas9+PU6::che-3 sgRNA; Podr-1::dsRed; unc-76(+)]; mnIs17 Micoinjection and cross with mnIs17
GOU1411 casEx5520[Phsp-16.2::Cas9+PU6::lis-1-T1/2 sgRNA; Podr-1::dsRed; unc-76(+)]; mnIs17 Microinjection and cross with mnIs17
GOU1417 casEx5512[Phsp-16.2::Cas9+PU6::dlc-1-T1/2 sgRNA; Podr-1::dsRed; unc-76(+)]; mnIs17 Microinjection and cross with mnIs17
GOU1418 casEx5514[Phsp-16.2::Cas9+PU6::dyci-1-T1/2 sgRNA; Podr-1::dsRed; unc-76(+)]; mnIs17 Microinjection and cross with mnIs17
GOU1419 casEx5513[Phsp-16.2::Cas9+PU6::dli-1-T1/2 sgRNA; Podr-1::dsRed; unc-76(+)]; mnIs17 Microinjection and cross with mnIs17
GOU1421 casEx5516[Phsp-16.2::Cas9+PU6::dylt-3 sgRNA; Podr-1::dsRed; unc-76(+)]; mnIs17 Microinjection and cross with mnIs17
GOU1422 casEx5517[Phsp-16.2::Cas9+PU6::dyrb-1 sgRNA; Podr-1::dsRed; unc-76(+)]; mnIs17 Microinjection and cross with mnIs17
GOU1423 casEx5534[Phsp-16.2::Cas9+PU6::osm-1-T1/2 sgRNA; Pegl-17::Myri-mCherry; Pegl-17::

mCherry::his-24]; mnIs17
Microinjection and cross with mnIs17

GOU1442 casIs482[Phsp-16.2::Cas9+PU6::dyci-1 sgRNA T1/2; Podr-1::dsRed (+)]; mnIs17 Cross with mnIs17
GOU1444 casEx1629[Phsp-16.2::Cas9+PU6::che-11 sgRNA; Pegl-17::Myri-mCherry; Pegl-17::

mCherry::his-24]; mnIs17
Microinjection and cross with mnIs17

GOU1448 casEx1633[Pxbx-1::xbx-1::YFP; rol-6(su1006) (+)];casIs482 Microinjection and cross with casIs482
GOU1453 xbx-1(ok279); casEx1630[Pdyf-1::gfp::dyci-1; Pdyf-1::osm-6::mCherry; rol-6(su1006) (+)] Microinjection
GOU1461 casEx5524[Phsp-16.2::Cas9+PU6::osm-12-T1/2 sgRNA; Pegl-17::Myri-mCherry; Pegl-17::

mCherry::his-24]; mnIs17
Microinjection and cross with mnIs17

GOU1460 casEx1629[Phsp-16.2::Cas9+PU6::xbx-1 sgRNA; Pegl-17::Myri-mCherry; Pegl-17::mCher-
ry::his-24]; mnIs17

Microinjection

GOU1463 casEx1629[Phsp-16.2::Cas9+PU6::xbx-1 sgRNA; Pegl-17::Myri-mCherry; Pegl-17::mCher-
ry::his-24]; casIs487[Pdyf-1::Cas9; Podr-1::dsRed;unc-76(+)]; mnIs17

Cross with casIs487

GOU1464 casEx5544[Phsp-16.2::Cas9+PU6::osm-3 sgRNA; Pdyf-1::osm-6::mCherry; Pegl-17::Myri-
mCherry; Pegl-17::mCherry::his-24]

Microinjection

GOU1465 casEx5535[Pdlc-1::dlc-1::GFP;Pdyf-1::osm-6::mCherry; unc-76(+)] Microinjection
GOU1466 casEx5537[Pdylt-3::dylt-3::GFP;Pdyf-1::osm-6::mCherry; unc-76(+)] Microinjection
GOU1467 casEx5527[Pdyf-1::GFP::dyci-1;Pdyf-1::osm-6::mCherry; rol-6(su1006) (+)] Microinjection
GOU1468 casEx5523[Pdyci-1::dyci-1::GFP; Pdyf-1::osm-6::mCherry; rol-6(su1006) (+)] Microinjection
GOU1469 casEx5538[Pdli-1::dli-1::GFP; Pdyf-1::osm-6::mCherry; unc-76(+)] Microinjection
GOU1470 casEx5547[Pdyf-1::GFP::dli-1; Pdyf-1::osm-6::mCherry; unc-76(+)] Microinjection
GOU1471 casEx5548[Plis-1::lis-1::GFP; Pdyf-1::osm-6::mCherry] Microinjection
GOU1472 casEx5549[Pdyf-1::GFP::lis-1; Pdyf-1::osm-6::mCherry] Microinjection
GOU1473 casEx5540[Phsp-16.2::Cas9+PU6::osm-3 sgRNA; Pdyf-1::Cas9; Pegl-17::Myri-mCherry; 

Pegl-17::mCherry::his-24]; mnIs17
Microinjection

GOU1474 casIs482[Phsp-16.2::Cas9+PU6::dyci-1 sgRNA T1/2; Podr-1::dsRed (+)] Microinjection and integration
GOU1475 casIs487[Pdyf-1::Cas9; Podr-1::dsRed; unc-76(+)] Microinjection and integration
GOU1568 casIs509; kyIs141 Cross with kyIs141
GOU1570 casIs482; casEx1642[Pdyf-1::gfp::mdyci-1; Pegl-17::Myri-mCherry; Pegl-17::mCherry::

his-24; rol-6(su1006) (+)]
Microinjection

GOU1571 casIs509[Phsp-16.2::Cas9+PU6::dlc-1 sgRNA T1/2; Podr-1::dsRed; unc-76(+)]; 
casEx1643[Pdlc-1::mdlc-1::GFP; Pegl-17::Myri-mCherry; Pegl-17::mCherry::his-24; rol-
6(su1006) (+)]

Microinjection and integration

GOU1584 casIs482; kyIs141 Cross with kyIs141

CGC, Caenorhabditis Genetics Center.

Table S2. PCR products for construction of transgenic C. elegans

PCR product 5 primer (5 to 3) 3 primer (5 to 3) Template

Pdylt-3::dylt-3::GFP CAGCGTGAGTGAGAAGTTGGTCTAG AAGGGCCCGTACGGCCGACTAGTAGG N2 Genomic DNA
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Table S3. Plasmids for construction of transgenic C. elegans

Plasmid name 5 primer (5 to 3) 3 primer (5 to 3) Notes

pDD162-Phsp-16.2::Cas9+ PU6::
dyci-1-T1 sgRNA

GATATTCTCCGTCAAGTGTTTTAGAGCT
AGAAATAGC

CTTGACGGAGAATATCCTCAAGACATCTC
GCAATAGGAGG

PCR from pDD162-Phsp-16.2::
Cas9+ PU6::Empty sgRNA

pDD162-Phsp-16.2::Cas9+ PU6::
dyci-1-T2 sgRNA

TGTACAGACAGCGTGCAGTTTTAGAGCT
AGAAATAGC

GCACGCTGTCTGTACACTCAAGACATCTC
GCAATAGGAGG

PCR from pDD162-Phsp-16.2::
Cas9+ PU6::Empty sgRNA

pDD162-Phsp-16.2::Cas9+ PU6::
dlc-1-T1 sgRNA

ACCTGGCATTGCATCGTGTTTTAGAGCT
AGAAATAGC

CGATGCAATGCCAGGTTGCAAGACATCTC
GCAATAGGAGG

PCR from pDD162-Phsp-16.2::
Cas9+ PU6::Empty sgRNA

pDD162-Phsp-16.2::Cas9+ PU6::
dlc-1-T2 sgRNA

CATCGACTGCGCCACCCGTTTTAGAGCT
AGAAATAGC

GGTGGCGCAGTCGATGGCCAAGACATCTC
GCAATAGGAGG

PCR from pDD162-Phsp-16.2::
Cas9+ PU6::Empty sgRNA

pDD162-Phsp-16.2::Cas9+ PU6::
dli-1-T1 sgRNA

AGCAAATGCTGTGCTTCGTTTTAGAGCT
AGAAATAGC

AAGCACAGCATTTGCTGTCAAGACATCTC
GCAATAGGAGG

PCR from pDD162-Phsp-16.2::
Cas9+ PU6::Empty sgRNA

pDD162-Phsp-16.2::Cas9+ PU6::
dli-1-T2 sgRNA

TCGACAGACGAAGAAGTGTTTTAGAGCT
AGAAATAGC

CTTCTTCGTCTGTCGAAGCAAGACATCTC
GCAATAGGAGG

PCR from pDD162-Phsp-16.2::
Cas9+ PU6::Empty sgRNA

pDD162-Phsp-16.2::Cas9+ PU6::
dylt-3 sgRNA

CACAATTTCTGTGTGTCGTTTTAGAGCT
AGAAATAGC

ACACACAGAAATTGTGTACAAGACATCTC
GCAATAGGAGG

PCR from pDD162-Phsp-16.2::
Cas9+ PU6::Empty sgRNA

pDD162-Phsp-16.2::Cas9+ PU6::
dyrb-1 sgRNA

CATGATTGCTCCAGACAGTTTTAGAGCT
AGAAATAGC

GTCTGGAGCAATCATGATCAAGACATCTC
GCAATAGGAGG

PCR from pDD162-Phsp-16.2::
Cas9+ PU6::Empty sgRNA

pDD162-Phsp-16.2::Cas9+ PU6::
lis-1-T1 sgRNA

ACATGAGTTTGTCGGAGGTTTTAGAGCT
AGAAATAGC

TCCGACAAACTCATGTTGCAAGACATCTC
GCAATAGGAGG

PCR from pDD162-Phsp-16.2::
Cas9+ PU6::Empty sgRNA

pDD162-Phsp-16.2::Cas9+ PU6::
lis-1-T2 sgRNA

GATATCAAGCCACTAGGGTTTTAGAGCT
AGAAATAGC

CTAGTGGCTTGATATCATCAAGACATCTC
GCAATAGGAGG

PCR from pDD162-Phsp-16.2::
Cas9+ PU6::Empty sgRNA

pDD162-Phsp-16.2::Cas9+ PU6::
osm-3 sgRNA

GGCACTGTGTTTGCCTAGTTTTAGAGCT
AGAAATAGC

AGGCAAACACAGTGCCATCAAGACATCTC
GCAATAGGAGG

PCR from pDD162-Phsp-16.2::
Cas9+ PU6::Empty sgRNA

pDD162-Phsp-16.2::Cas9+ PU6::
xbx-1 sgRNA

CGAGTCATTTCGCATTGTTTTAGAGCTA
GAAATAGC

ATGCGAAATGACTCGTCAAGACATCTCGC
AATAGGAGG

PCR from pDD162-Phsp-16.2::
Cas9+ PU6::Empty sgRNA

pDD162-Phsp-16.2::Cas9+ PU6::
che-3 sgRNA

AGTCGGGATTTCCAATTGTTTTAGAGCT
AGAAATAGC

TTGGAAATCCCGACTTCAAGACATCTCGC
AATAGGAGG

PCR from pDD162-Phsp-16.2::
Cas9+ PU6::Empty sgRNA

pDD162-Phsp-16.2::Cas9+ PU6::
che-11 sgRNA

GTAGATTGGAGCCACGAGTTTTAGAGCT
AGAAATAGC

GTGGCTCCAATCTACTCCAAGACATCTCG
CAATAGGAGG

PCR from pDD162-Phsp-16.2::
Cas9+ PU6::Empty sgRNA

pDD162-Phsp-16.2::Cas9+ PU6::
osm-1-T1 sgRNA

AGTTCCTCCGTACAATTGTTTTAGAGCT
AGAAATAGC

TTGTACGGAGGAACTTGCAAGACATCTCG
CAATAGGAGG

PCR from pDD162-Phsp-16.2::
Cas9+ PU6::Empty sgRNA

pDD162-Phsp-16.2::Cas9+ PU6::
osm-1-T2 sgRNA

TGCCAGAAGAGGTGCCGTTTTAGAGCTA
GAAATAGC

GCACCTCTTCTGGCAGACAAGACATCTCG
CAATAGGAGG

PCR from pDD162-Phsp-16.2::
Cas9+ PU6::Empty sgRNA

pDD162-Phsp-16.2::Cas9+ PU6::
osm-12-T1 sgRNA

ACTGATTTCGCTCAAGTGTTTTAGAGCT
AGAAATAGC

CTTGAGCGAAATCAGTTCCAAGACATCTC
GCAATAGGAGG

PCR from pDD162-Phsp-16.2::
Cas9+ PU6::Empty sgRNA

pDD162-Phsp-16.2::Cas9+ PU6::
osm-12-T2 sgRNA

ATACCCTGTTCAATCGTGTTTTAGAGCT
AGAAATAGC

CGATTGAACAGGGTATCCCAAGACATCTC
GCAATAGGAGG

PCR from pDD162-Phsp-16.2::
Cas9+ PU6::Empty sgRNA

pDONR-Pdyf-1::Cas9 TGTAAGCTTGTCAAAATGGACAAAAAAT
ACAGCATCGG

GAAGAGTAATTGGACTTAGGCGTAGTCT
GGGACGT

PCR from pDD162-Phsp-16.2::
Cas9+ PU6::Empty sgRNA

pPD95.77-Pdyci-1::dyci-1::GFP GTACCGGTAGAAAAACGGTAGATTCTGC
AAGTTTGCGTG

TTCTTCTCCTTTACTCATGTTATAATTCT
CCGCTTCCTCATTCG

PCR from N2

pPD95.77-Pdlc-1::dlc-1::GFP AGTGACCTGTTCGTTCTCCCTTTGGAGC
CTCAATCGGTA

CCCTCCACCTCCGCCTCCACCTCCAGACT
TGAATAGCAGGATGGCGA

PCR from N2

pPD95.77-Pdli-1::dli-1::GFP AGTGACCTGTTCGTTGTCAAATGGAACA
GTTTGTAGATCGGATTGAC

CCCTCCACCTCCGCCTCCACCTGCATCAC
TGTCCCGGGGTTGAGG

PCR from N2

pPD95.77-Plis-1::lis-1::GFP AGTGACCTGTTCGTTTGTTTGCACACAA
TATTTCTCACGACC

CCCTCCACCTCCGCCTCCACCACGGCATT
CCCAAACTTTGCAC

PCR from N2

pDONR-Pdyf-1::GFP::dyci-1 GATGAACTATACAAAATGTCAGAACTGA
GGAAACTCGAA

GAAGAGTAATTGGACCATGTTATAATTCT
CCGCTTCCTCA

PCR from N2

pDONR-Pdyf-1::dli-1::GFP TGTAAGCTTGTCAAAATGCCACCAACTG
CGCAACCACTGG

CCCTCCACCTCCGCCTCCACCTGCATCAC
TGTCCCGGGGTTGAGG

PCR from N2

pDONR-Pdyf-1::GFP::lis-1 GATGAACTATACAAAATGAGTTTGTCGG
AGAGGCAAAAAG

GAAGAGTAATTGGACTCAACGGCATTCCC
AAACTTTGC

PCR from N2

pDONR-Pdlc-1::dlc-1::GFP AGTGACCTGTTCGTTCTCCCTTTGGAGC
CTCAATCGGTA

CCCTCCACCTCCGCCTCCACCTCCAGACT
TGAATAGCAGGATGGCGA

PCR from N2

pDONR-Pdyf-1::GFP::dyci-1mT1 ACCTGTCTCAATATGTCTTCGACCTCAT
TCGATGAAAG

CATATTGAGACAGGTCGGTATTTCAACTG
AGCCAACAG

PCR from pDONR-Pdyf-1::GFP::
mdyci-1

pDONR-Pdyf-1::GFP::dyci-1mT1+mT2 GTACAAGCGGTTTGGACGCTGGAAAATT
CCAAGTCGAC

CCAAACCGCTTGTACTGATAACAAAGATT
CGGTAAGC

PCR from pDONR-Pdyf-1::GFP::
dyci-1mT1

pDONR-Pdlc-1::dlc-1mT1::GFP GTGTTGCACAATCTATTGCGTCCTGTTG
CATGTCATC

TAGATTGTGCAACACAAGCCCTCGAGAAA
TACAACAT

PCR from pDONR-Pdlc-1::dlc-1::
GFP

pDONR-Pdlc-1::dlc-1mT1+mT2::GFP TATACAGTGCCATGTGGGGTTGTATTTC
TTGTCGAACT

ACATGGCACTGTATAGTAGGAAGAAACTT
TGGAAGCTAC

PCR from pDONR-Pdlc-1::dlc-
1mT1::GFP

Promoters are highlighted in bold.
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Table S4. Targets of CRISPR in C. elegans

Gene CRISPR–Cas9 targets (POM)

Target Sequence

dyci-1 T1 AGGATATTCTCCGTCAAGTAGG
T2 AGTGTACAGACAGCGTGCACGG

dlc-1 T1 CAACCTGGCATTGCATCGTCGG
T2 GCCATCGACTGCGCCACCCAGG

dli-1 T1 ACAGCAAATGCTGTGCTTCCGG
T2 CTTCGACAGACGAAGAAGTCGG

dylt-3 T1 TACACAATTTCTGTGTGTCCGG
dyrb-1 T1 ATCATGATTGCTCCAGACAAGG
lis-1 T1 CAACATGAGTTTGTCGGAGAGG

T2 ATGATATCAAGCCACTAGGAGG
osm-3 T1 ATGGCACTGTGTTTGCCTATGG
xbx-1 T1 ACGAGTCATTTCGCATTTGG
che-3 T1 GAAGTCGGGATTTCCAATTTGG
osm-1 T1 CAAGTTCCTCCGTACAATTTGG

T2 TCTGCCAGAAGAGGTGCCTGG
che-11 T1 GAGTAGATTGGAGCCACGACGG
dyci-1 mT1 AAGACATATTGAGACAGGTCGG

mT2 AGCGTCCAAACCGCTTGTACTG
dlc-1 mT1 CCACATGGCACTGTATAGTAGG

mT2 GCCATCGACTGCGCCACACAAG

Bold text indicates PAM sequences. Underlined text indicates synonymous muta-
tions of the CRISPR–Cas9 targets for the rescue experiments. Sequences are 5 
to 3.

Table S5. Primers for molecular analysis

Target gene 5 sequence (5 to 3) 3 sequence (5 to 3)

osm-3 CAAGGACTTCACGTTCGATGGAGC GTCAAAGAGTCAGGTCAAGGGC

xbx-1 CAGTATCAGAAGTTCGTCGT CACCAATACAAGTCTAAGCTAG

dyci-1 GGCAGAGCTGAAATCTCAGCGG CGCTCATCGTCAGTCTGGGTTCC

dlc-1 GGTTGACCGCAAGGCTGTGATCAA GCACACTGAAGATCCTACGCCACC

dli-1 GCACGTGGAGCACACGATATCC GCAGACGAACTTCTCCGAGGG

dylt-3 TGCCATGACGGACCGGAAATACTTT ACTCATTGCCTTTACCGATTCTCGCC

dyrb-1 TCGTTCCTCGATTCACTGGCTGC ACGTGGAGGGACACTGTTCTAAGCA

lis-1 CTGCAAAAAATCTGAATTTCCTTTTTCAATCTC GATATTTCATCTCTTGAACCTTAATGAGCAGG

Video 1.  IFT of GFP::DYCI-1. Transgenic C. elegans strain (GOU1467) expressing GFP-tagged DYCI-1 in cilia. Images were 
taken using a time-lapse fluorescence microscope (Axio Observer Z1 microscope; Carl Zeiss) attached to a spinning disk confo-
cal scan head (CSU-X1 Spinning Disk Unit; Yokogawa Electric Corporation). Frames were taken continuously for 1.5 min. The 
display rate was 7 frames per second.
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Video 2.  IFT of DLC-1::GFP. Transgenic C. elegans strain (GOU1465) expressing GFP-tagged DLC-1 in cilia. Images were 
taken using a time-lapse fluorescence microscope (Axio Observer Z1 microscope; Carl Zeiss) attached to a spinning disk confo-
cal scan head (CSU-X1 Spinning Disk Unit; Yokogawa Electric Corporation). Frames were taken continuously for 1.5 min. The 
display rate was 7 frames per second.

Video 3.  IFT of DYLT-3::GFP. Transgenic C. elegans strain (GOU1466) expressing GFP-tagged DYLT-3 in cilia. Images were 
taken using a time-lapse fluorescence microscope (Axio Observer Z1 microscope; Carl Zeiss) attached to a spinning disk confo-
cal scan head (CSU-X1 Spinning Disk Unit; Yokogawa Electric Corporation). Frames were taken continuously for 1.5 min. The 
display rate was 7 frames per second.

Video 4.  IFT of GFP::LIS-1. Transgenic C. elegans strain (GOU1472) expressing GFP-tagged LIS-1 in cilia. Images were taken 
using a time-lapse fluorescence microscope (Axio Observer Z1 microscope; Carl Zeiss) attached to a spinning disk confocal 
scan head (CSU-X1 Spinning Disk Unit; Yokogawa Electric Corporation). Frames were taken continuously for 1.5 min. The 
display rate was 7 frames per second.




