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In the cilia of the nematode Caenorhabditis elegans, anterograde
intraflagellar transport (IFT) is mediated by two kinesin-2 complexes,
kinesin II and OSM-3 kinesin. These complexes function together in
the cilia middle segments, whereas OSM-3 alone mediates transport
in the distal segments. Not much is known about the mechanisms that
compartmentalize the kinesin-2 complexes or how transport by both
kinesins is coordinated. Here, we identify DYF-5, a conserved MAP
kinase that plays a role in these processes. Fluorescence microscopy
and EM revealed that the cilia of dyf-5 loss-of-function (lf) animals are
elongated and are not properly aligned into the amphid channel.
Some cilia do enter the amphid channel, but the distal ends of these
cilia show accumulation of proteins. Consistent with these observa-
tions, we found that six IFT proteins accumulate in the cilia of dyf-5(lf)
mutants. In addition, using genetic analyses and live imaging to
measure the motility of IFT proteins, we show that dyf-5 is required
to restrict kinesin II to the cilia middle segments. Finally, we show that,
in dyf-5(lf) mutants, OSM-3 moves at a reduced speed and is not
attached to IFT particles. We propose that DYF-5 plays a role in the
undocking of kinesin II from IFT particles and in the docking of OSM-3
onto IFT particles.

cilia length � dyf-5 � intraflagellar transport

Cilia are present on almost every vertebrate cell and have
important functions in motility or sensation. Within cilia,

structural components and signaling molecules are transported by
a specialized system, called intraflagellar transport (IFT) (1–5).
Transport from the base of the cilia to the tip (anterograde) is
mediated by kinesin-2 motor complexes, whereas dynein motor
complexes mediate transport back to the base (retrograde). The
nematode Caenorhabditis elegans has 60 ciliated neurons, including
eight pairs of amphid neurons exposed to the environment (6). The
cilia of these neurons can be divided into a middle segment with
nine doublet microtubules and a distal segment with nine singlet
microtubules (7). In the middle segments, two distinct kinesin-2
motor complexes mediate anterograde transport, heterotrimeric
kinesin II, encoded by klp-11, klp-20, and kap-1 and homodimeric
OSM-3 kinesin (8). In the distal segments, transport is mediated by
only OSM-3 (8). Live imaging of the movement of these kinesins
suggests that kinesin II alone moves at 0.5 �m/s, and OSM-3 alone
moves at 1.3 �m/s, whereas the two motor complexes together move
at 0.7 �m/s (8). Recently, Pan et al. (9) have shown that these in vivo
transport rates can be reconstituted in vitro by using purified kinesin
II and OSM-3 motors. Thus far, two proteins have been identified
that are required to stabilize IFT complexes transported by both
kinesin II and OSM-3, BBS-7 and BBS-8 (10). However, it remains
unclear how kinesin II is restricted to the cilia middle segments,
whereas OSM-3 is allowed to enter the distal segments and what the
functional significance is of this compartmentalization.

Recently, Evans et al. (11) have suggested that differences in the
activities of the two kinesins contribute to morphological and
functional differences between the cilia of individual neurons. Not
much is known about the molecular mechanisms that control length
and morphology of cilia, although it has been proposed that cilia

length is controlled by a balance between cilia assembly and
disassembly regulated by IFT (12–14). Genetic approaches have
thus far identified three proteins involved in the regulation of cilia
length: two Chlamydomonas reinhardtii proteins, LF1 and LF2, and
the Chlamydomonas MAP kinase LF4 and its Leishmania mexicana
homologue LmxMPK9 (15–18).

The identification of genes involved in IFT in C. elegans has
profited significantly from the fact that a subset of C. elegans’
amphid neurons exposed to the environment can take up fluores-
cent dyes via their cilia, a process called dye-filling (19). This
phenomenon has allowed the identification of mutants with cilia
defects, often caused by mutations in components of the IFT
machinery (1, 2, 7, 20). Here, we describe the identification of the
gene mutated in dyf-5 animals, a dye filling-defective (Dyf) mutant
isolated previously in a forward genetic screen (20). dyf-5 encodes
a predicted serine–threonine kinase homologous to three human
MAP kinases with unknown functions, Chlamydomonas LF4 and
Leishmania LmxMPK9. We found that mutations in dyf-5 affect
cilia length and morphology. We also show that dyf-5(lf) affects the
constitution and coordination of IFT particles. First, kinesin II can
enter the distal segments in dyf-5(lf) mutants. Second, OSM-3 is
separated from the IFT particles and moves at a reduced speed in
dyf-5(lf) mutants. Third, dyf-5(lf) animals show accumulation of six
different IFT proteins in the cilia.

Results
dyf-5 Encodes a Conserved MAP Kinase. dyf-5 has been mapped to a
small region of chromosome I (20). We identified dyf-5 as M04C9.5
using transgenic rescue and candidate gene sequencing (Fig. 1A).
Independently, others have also identified the dyf-5 gene (21).

dyf-5(mn400) contains a G-to-A transition in exon 3 (Fig. 1A),
which introduces a stop codon at amino acid position 49. In
addition, we characterized two deletion alleles of dyf-5, ok1170 and
ok1177, generated by the C. elegans gene knockout consortium.
Both deletion alleles remove most of the dyf-5 coding region and are
very likely null alleles (Fig. 1A). All three dyf-5(lf) alleles show Dyf
phenotypes (Fig. 1 B and C and results not shown). Dye-filling could
be restored by introducing low concentrations (5 ng/�l) of a 7.5-kb
genomic fragment containing the M04C9.5 gene or a full-length
dyf-5::gfp fusion construct in dyf-5(ok1170) and dyf-5(mn400) ani-
mals (Fig. 1D and results not shown), confirming that this gene
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indeed encodes dyf-5. Transgenic animals carrying high copy num-
bers of the dyf-5 gene (dyf-5XS, injected with 75 ng/�l) or the
full-length dyf-5::gfp construct showed dye-filling defects (Fig. 1E
and results not shown), suggesting that the levels of DYF-5 are
important for its function.

Characterization of the dyf-5 gene structure using RT-PCR
identified an additional upstream exon as well as some errors in the
predicted M04C9.5 gene structure. We have communicated the
confirmed dyf-5 gene structure to Wormbase (www.wormbase.org).
dyf-5 encodes a protein of 471 aa, which shows extensive homology
to three mammalian proteins that form a small subfamily of MAP
kinases. This subfamily consists of MAK (male germ cell-associated
kinase) (22), ICK or MRK (intestinal cell kinase and MAK-
related kinase, respectively) (23, 24), and MOK (MAPK/MAK/
MRK overlapping kinase) (25), with highly conserved N-terminal
catalytic domains and more divergent C-terminal noncatalytic
domains. Although the functions of these kinases in mammals are
not known, studies in other organisms suggest a function in the cilia.
Mutations in a DYF-5 homologue in Leishmania mexicana,
LmxMPK9 (17), and in one of the two homologues in Chlamydo-
monas reinhardtii, LF4 (18), affect the length of the flagella of these
organisms. In addition, several genome-wide approaches have
identified DYF-5 and its homologues as likely ciliary proteins (21,
26–30).

dyf-5 Functions in Ciliated Neurons. We examined the expression
pattern of dyf-5 using two dyf-5::gfp fusion constructs: a full-length,
functional dyf-5::gfp fusion and a construct in which GFP is fused
in frame to the fourth exon of dyf-5 (dyf-5ex4::gfp) (Fig. 1A). The
full-length dyf-5::gfp construct showed weak GFP expression in
many neurons in the head, including amphid and labial sensory
neurons (Fig. 2A) and three pairs of neurons in the tail, including
the phasmid sensory neurons. In addition, we observed expression
in many cells in the male tail (Fig. 2B). This DYF-5::GFP fusion

could be detected uniformly in axons, cell bodies, and dendrites. In
addition, we observed strong fluorescence at the transition zones,
which connect the cilia with the dendrites, and weak fluorescence
uniformly in the cilia (Fig. 2C). The dyf-5ex4::gfp fusion construct
essentially showed the same dyf-5 expression pattern, albeit stronger
and more restricted to the cell bodies. In addition, DYF-5ex4::GFP
could be detected in the CAN cells, neurons associated with the
excretory canal (6) and in a pair of neurons in the posterior lateral
ganglion (results not shown).

Expression of many ciliary genes is regulated by the DAF-19
transcription factor (31). This regulation occurs through an X-box
promoter element. The dyf-5 promoter region contains a predicted
X-box promoter element, 193 bp upstream of the SL1 trans splice
site and 271 bp upstream of the translational start (Fig. 1A).
Previous genomic analyses have identified many genes that contain
X-box elements, including M04C9.5 (21, 26, 28). Chen et al. (21)
have confirmed that expression of dyf-5 is indeed regulated by
daf-19.

Mutation of dyf-5 Affects Cilia Morphology and Length. We wondered
whether mutations in dyf-5 affect cilia morphology and length, as in
Chlamydomonas and Leishmania (17, 18). Visualization of the
microtubular axonemes of the cilia using anti-tubulin antibodies
revealed that the cilia of dyf-5(lf) animals were not properly aligned
into the amphid pore. The cilia were more dispersed, misdirected,
and sometimes turned back toward the transition zone (Fig. 3B). In
contrast, in the two dyf-5XS strains, gjIs828 and gjIs831, we ob-
served very weak anti-tubulin staining and only very short or no cilia
structures (results not shown).

To study the morphological defects in more detail, we examined
cross-sections of wild-type and dyf-5(lf) animals with EM. In the
wild-type animal, the 10 cilia were enveloped by the sheath cell and
projected to the tip of the animal, where the cilia ended in a channel
lined by the socket cell (Fig. 3 C and D; refs. 7, 32, and 33). The
microtubular axoneme in the middle segment consisted of a ring of
nine doublet microtubules and up to six singlet microtubules (Fig.
3D) (7, 32, 33). In the tip of the cilium the nine microtubules were
all singlets (Fig. 3D) (7, 32, 33). In the dyf-5(lf) mutant, the
morphology of the cilia was severely affected. In the most proximal
section, the cilia were more dispersed, consistent with the anti-
tubulin data (Fig. 3D). We could not identify all 10 cilia, perhaps
because of their dispersion and their altered morphology. In the
cilia, the microtubular axoneme consisted of an array of singlet and

Fig. 1. dyf-5 encodes a putative protein kinase. (A) Schematic representation
of the dyf-5 gene structure (M04C9.5). Coding exons are indicated as black
boxes; 5� and 3� UTR are depicted as gray boxes. Exons of the flanking genes
are indicated as open boxes. The predicted X-box is indicated. Arrows indicate
the position of the G-to-A substitution in dyf-5(mn400) animals, and the
regions deleted in the ok1170 and ok1177 alleles. The two dyf-5::gfp fusion
constructs have been indicated. (B–E) DiI dye-filling of wild-type (B), dyf-
5(mn400) (C), dyf-5(ok1170) gjEx824(dyf-5) rescue strain (D), and dyf-
5XS(gjEx817) (E) animals. Both dyf-5(lf) and dyf-5(XS) animals are dye-filling-
defective. (Scale bars, 20 �m.) Anterior is to the left.

Fig. 2. dyf-5::gfp expression pattern. (A) Expression of dyf-5::gfp in the
dendrites and cell bodies of many neurons, including amphid sensory neurons
in the head. (B) Strong dyf-5::gfp expression in many neurons in the male tail.
Cell bodies are indicated with arrowheads, expression in the sensory rays is
indicated with arrows, and autofluorescence of the spicule and the posterior
end of the fan is indicated with asterisks. (C) Strong dyf-5::gfp expression in
the tip of the head in dendrites and transition zone (tz) and weakly in cilia.
[Scale bars, 20 �m (A and B) or 10 �m (C).] Anterior is to the left.
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doublet microtubules (Fig. 3D). More distally, we observed some
cilia entering into the channel, indicating that the socket cell is
present and open. At this level, the microtubules were singlets. Not
all cilia entered the channel. Next to the socket cell, we observed
two structures resembling oblique sections through cilia, which

could be misdirected channel cilia (Fig. 3D). In the most distal
sections, the channel was completely filled with electron-dense
matrix material, probably accumulated proteins (Fig. 3D).

To study the effect of dyf-5(lf) on the morphology of individual
amphid cilia, we examined transgenic animals expressing gpa-4::gfp
or gpa-15::gfp. The G� subunits gpa-4 and gpa-15 are expressed in
only the ASI amphid neurons or in the ADL, ASH, and ASK
neurons, respectively (34) and localized along the length of the cilia
in wild-type animals (Fig. 4 A and J). Again, we observed that the
cilia were more dispersed and misdirected. In addition, the cilia of
dyf-5(lf) animals were significantly longer than cilia of wild-type
animals (Fig. 4 B and K and Table 1). In contrast, in dyf-5XS
animals, we observed very short cilia or, in 27% of the animals, no
discernible cilia at all (Fig. 4 C and L and Table 1).

The above-described approaches all showed similar effects of
dyf-5(lf) on the length and morphology of the cilia. To determine
whether dyf-5 regulates cilia length in a cell-autonomous fashion, we
expressed the full-length dyf-5::gfp construct specifically in the ASI
neurons of dyf-5(lf) animals and determined the lengths of the ASI
cilia of these animals by using gpa-4::gfp. In two of the five
transgenic lines that expressed dyf-5::gfp specifically in the ASI
neurons, the cilia were significantly shortened, to approximately
wild-type length (Table 1). These results indicate that dyf-5 func-
tions cell-autonomously to regulate cilia length.

Kinesin II Localizes to the Distal Segments in dyf-5(lf) Animals. Next,
we wondered whether elongation of the cilia in dyf-5(lf) animals
requires the function of either of the two anterograde motors,
kinesin II or OSM-3. To this end, we generated dyf-5(lf); kap-1 and
dyf-5(lf); osm-3 double mutants. osm-3 animals lack the cilia distal
segments, because OSM-3 is essential for transport in these seg-
ments (8) (Fig. 4 F and O). kap-1 animals have lost an essential
component of the heterotrimeric kinesin II complex but have
full-length cilia, because OSM-3 can mediate IFT by itself (8) (Fig.
4 D and M).

Both dyf-5(lf); osm-3 and dyf-5(lf); kap-1 double-mutant animals
were dye filling-defective (results not shown). Anti-tubulin antibody
staining and gpa-4::gfp and gpa-15::gfp fluorescence showed that the
cilia of both double mutants were as long as or even longer than the
dyf-5(lf) cilia (Fig. 4 E, G, N, and P and Table 1). This suggests that
both motors can transport cargo along the full length of the cilia
and, thus, that DYF-5 is required to restrict kinesin II to the middle
segments. In addition, these results suggest that the elongation of
the cilia in dyf-5(lf) does not depend solely on either of the two
kinesin-2 motors.

Interestingly, we observed an additional morphological defect of
the cilia of dyf-5(lf); kap-1 animals: in 30% of the animals, the cilia
were branched (Fig. 4E), a defect that was observed in only 7% of
dyf-5(lf) animals and never in wild-type or kap-1 animals. In
dyf-5(lf); osm-3 animals, branching was observed in only 1 animal
of 33 analyzed. These results suggest that DYF-5 and kinesin II both
play a role in cilium morphogenesis.

To determine whether transport in the cilia of dyf-5(lf) animals
can be mediated by a kinesin II- and OSM-3-independent mech-
anism, we generated dyf-5(lf); kap-1; osm-3 triple-mutant animals.
Visualization of the cilia using anti-tubulin antibodies and gpa-4::gfp
and gpa-15::gfp showed that these triple mutants have no or only
very short cilia, similar to kap-1; osm-3 animals (Fig. 4 H, I, Q, and
R and Table 1), indicating that either kinesin II or OSM-3 is
required for ciliogenesis.

Because both kinesin-2 motors are individually dispensable for
cilia elongation in dyf-5(lf) animals, we analyzed the localization of
OSM-3::GFP and KAP-1::GFP fusion constructs in dyf-5(lf) ani-
mals (8). In wild-type animals, OSM-3::GFP could be detected
along the length of the cilia, whereas KAP-1::GFP could be
detected only in the cilia middle segment (Fig. 5 A–C), as reported
(8). In dyf-5(lf) animals, OSM-3::GFP could be detected along the
full length of the cilia. Additionally, we observed strong accumu-

Fig. 3. Mutation of dyf-5 affects cilia length and morphology. (A and B)
Anti-tubulin immunostaining of wild-type (A) and dyf-5(ok1177) (B) animals.
(Scale bar, 2 �m.) Anterior is up. (C) Schematic representation of three of the
amphid channel cilia embedded in the sheath cell (sh) and the socket cell (so).
The approximate positions of the EM cross-sections in D have been indicated.
(D) EM cross-section of a wild-type (Left 1–3) and dyf-5(lf) (Right 1–3) animal
(1). Sections through the socket cell (arrow), showing the distal segments of
the 10 channel cilia that contain singlet microtubules in the wild-type animal
and the channel filled with electron-dense material in the dyf-5(lf) animal (2).
Ten channel cilia embedded in the sheath cell are present in the wild-type
animal. Most cilia contain doublet microtubules; some contain singlets (open
arrowheads). Section of a dyf-5(lf) animal through the socket cell (arrow),
showing some cilia with singlet microtubules (open arrowhead) and some cilia
filled with electron-dense material (white arrowhead). Black arrowheads
indicate oblique sections through cilia (3). Sections through the middle seg-
ments close to the base of the cilia. In the wild-type animal, 10 channel cilia
(numbered 1–10) embedded in the sheath cell are present, containing doublet
microtubules. In the dyf-5(lf) animal, six channel cilia (1–6) embedded in the
sheath cell could be identified, containing doublet microtubules. The cilia are
more dispersed than in wild-type animals. (Scale bars, 200 nm.)
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lation of OSM-3::GFP starting �2–3 �m from the transition zone
and in the distal region of the cilia (Fig. 5H). Also KAP-1::GFP
fluorescence could be seen along the full length of the cilia of
dyf-5(lf) animals (Fig. 5G), confirming that DYF-5 is required to
restrict KAP-1::GFP to the middle segments. We also observed
accumulation of KAP-1::GFP halfway along the cilia. dyf-5XS
animals showed both OSM-3::GFP and KAP-1::GFP fluorescence
at the transition zones, but not at all or only very weakly in the cilia
of these animals (results not shown), confirming that dyf-5 overex-
pression blocks cilia assembly.

To determine whether the localization of other IFT proteins was
affected, we used a che-11::gfp fusion construct to visualize this
complex-A IFT protein (35), a che-13::gfp fusion construct and
anti-OSM-5 antibodies to visualize these two complex-B proteins
(35–37), and xbx-1::gfp to visualize the dynein complex (38). All
these IFT proteins could be detected along the length of the cilia
of dyf-5(lf) animals, and they all showed accumulation starting
approximately halfway along the cilia and into the distal segments
(Fig. 5 D–F and I–K and results not shown). Also dyf-5(lf); kap-1 and
dyf-5(lf); osm-3 double-mutant animals showed accumulation of
CHE-11 and OSM-5 in the cilia (results not shown), suggesting that

these effects of dyf-5(lf) do not depend on either kinesin II or
OSM-3.

dyf-5(lf) Separates the OSM-3 Motor from IFT Particles. Because
DYF-5 is required to restrict kinesin II to the cilia middle segments,
we wondered whether dyf-5(lf) affects the transport rates of the two
kinesin-2 motors. In the middle segments of wild-type animals,

Fig. 4. Mutation of dyf-5 affects cilia length. Visualization of ASI cilia structures using gpa-4::gfp (A–I) and ADL, ASH, and ASK cilia morphology using
gpa-15::gfp (J–R) in wild-type (A and J), dyf-5(ok1177) (B and K), dyf-5XS(gjIs828) (C and L), kap-1(ok676) (D and M), dyf-5; kap-1 (E and N), osm-3(p802) (F and
O), dyf-5; osm-3 (G and P), kap-1; osm-3 (H and Q), and dyf-5; kap-1; osm-3 (I and R) animals. In dyf-5, dyf-5; kap-1, and dyf-5; osm-3 animals, cilia were elongated
and misdirected. In dyf-5XS animals, cilia were very short or could not be detected. We observed branching of the cilia in 30% of dyf-5; kap-1 animals. Transition
zones are indicated with asterisks. (Scale bars, 2 �m.) Anterior is up.

Table 1. Cilia lengths of dyf-5 mutant animals

Genotype

gpa-4::gfp gpa-15::gfp

Length, �m n Length, �m n

Wild type 4.94 � 0.57 60 6.83 � 0.40 40
dyf-5 5.66 � 0.97* 83 8.62 � 0.86* 30
dyf-5XS(gjIs828) 1.89 � 0.49* 18 ND
dyf-5XS(gjIs831) 2.13 � 0.66* 15 4.56 � 0.72* 28
kap-1 4.78 � 0.24 23 6.79 � 0.40 31
dyf-5; kap-1 5.48 � 1.11†‡ 54 8.32 � 1.23*‡ 50
osm-3 3.77 � 0.32* 24 4.89 � 0.47* 41
dyf-5; osm-3 6.48 � 0.86*§¶ 43 8.70 � 1.35*¶ 47
kap-1; osm-3 1.84 � 0.31*‡¶ 26 ND
dyf-5; kap-1; osm-3 1.86 � 0.39*‡§¶ 23 ND
dyf-5; gjEx312 4.96 � 0.97� 24 ND
dyf-5; gjEx324 4.83 � 0.83§ 22 ND

Indicated are the average lengths of GPA-4::GFP and GPA-15::GFP staining
cilia �SD, the significance tested by using a two-tailed paired t test compared
with wild-type animals (*, P � 0.001; †, P � 0.005); kap-1 (‡, P � 0.001); dyf-5
(§, P � 0.001; �, P � 0.005); and osm-3 (¶, P � 0.001), and the number of animals
(n). The dyf-5XS cilia lengths indicated represent the lengths of the cilia where
cilia could be seen; in an additional 27%, no cilia could be detected. gjEx312
and gjEx324 are two independent gpa-4::dyf-5::gfp strains that express dyf-5
only in the ASI neurons. ND, not determined.

Fig. 5. DYF-5 is required to restrict kinesin II to cilia middle segments. (A)
Model of anterograde IFT in C. elegans (based on model in ref. 10). In the cilia
middle segments, cargo is transported by IFT particles that contain OSM-3
kinesin-2, kinesin II, complex A (A) and B (B) proteins and the BBS-7 and BBS-8
proteins (BBS). At the end of the middle segments, kinesin II is probably
released from the IFT particle. Transport in the distal segment is mediated by
OSM-3. (B–K) Visualization of KAP-1::GFP (B and G), OSM-3::GFP (C and H),
XBX-1::GFP (D and I), CHE-11::GFP (E and J), and OSM-5 (F and K) in wild-type
(B–F) and dyf-5(ok1170) (G–K) animals. All IFT proteins, including KAP-1::GFP,
could be detected along the length of the cilia of dyf-5 animals. We observed
accumulation of all IFT proteins, approximately halfway along the cilia and in
the distal segment. Because these GFP constructs are expressed in all channel
cilia, it was impossible to determine the length of a specific cilium. Transition
zones are indicated with asterisks. (Scale bars, 2 �m.) Anterior is up.
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kinesin II and OSM-3 traveled jointly at 0.7 �m/s (Table 2). In the
absence of kinesin II OSM-3 moved faster (1.15 �m/s), and in the
absence of OSM-3, kinesin II moved slower (0.5 �m/s; Table 2). In
the distal segments, only OSM-3 is found, moving at a rate of 1.14
�m/s. These speeds are in agreement with previous reports (8).
Examples of live imaging of CHE-11::GFP in wild-type and dyf-5(lf)
animals and corresponding kymographs are given in supporting
information (SI) Figs. 6 and 7 and Movies 1 and 2.

We found that, in the middle segments of dyf-5(lf) animals,
kinesin II traveled at a rate of 0.5 �m/s, and OSM-3 traveled at 0.59
�m/s (Table 2). We found very similar speeds in the distal segments,
although imaging was very difficult in these segments because of the
twisted appearance of the cilia, often only partly in focus, and
accumulation of the GFP fusion proteins. These results suggest that
kinesin II and OSM-3 move at least partly separately in the cilia. Ou
et al. (10) have recently described two mutants that cause separation
of kinesin II and OSM-3-mediated transport: osm-12/bbs-7 and
bbs-8. In these animals, kinesin II transports the complex-A pro-
teins, and OSM-3 transports the complex-B proteins. To test
whether a similar separation occurs in dyf-5(lf) animals, we deter-
mined the anterograde speeds of the complex-A protein CHE-11,
the complex-B protein OSM-5, and the dynein subunit XBX-1.
Interestingly, all these proteins moved at 0.5 �m/s in the middle and
distal segments of the cilia of dyf-5(lf) animals (Table 2), a rate very
similar to kinesin II.

The difference in transport rates of kinesin II, CHE-11, OSM-5,
and XBX-1 on the one hand and OSM-3 on the other hand suggests
that OSM-3 is no longer part of the joint IFT complex in dyf-5(lf)
animals. However, the speed of OSM-3::GFP observed in dyf-5(lf)
animals is lower than that of free traveling OSM-3 (Table 1) (8, 10).
This effect can be explained by a reduction of the motility of OSM-3
itself. Alternatively, OSM-3 containing particles may be trans-
ported predominantly by the slower moving kinesin II, thereby
reducing their average speed. To test the latter possibility, we
measured transport rates of OSM-3::GFP, CHE-11::GFP, and

OSM-5::GFP in dyf-5(lf); kap-1 and dyf-5(lf); osm-3 double-mutant
animals. We found that, in dyf-5(lf); kap-1 animals, OSM-3, CHE-
11, and OSM-5 moved at 0.59–0.60 �m/s (Table 2), whereas, in
dyf-5(lf); osm-3 animals, CHE-11 and OSM-5 moved at 0.5 �m/s.
These findings suggest that the speeds of OSM-3 and kinesin II in
dyf-5(lf) animals are independent of each other and that these
motors indeed move separately. Therefore, we favor the hypothesis
that dyf-5(lf) reduces the speed of OSM-3 itself. In addition, these
results confirm that, in the absence of kinesin II, IFT still can be
mediated by OSM-3.

Discussion
In this article, we identify the gene mutated in dyf-5 animals. DYF-5
encodes a putative MAP kinase that regulates the length of sensory
cilia in C. elegans, similar to what has been reported for DYF-5
homologues in Chlamydomonas (LF4) and Leishmania
(LmxMPK9) (17, 18): dyf-5 loss-of-function results in cilia elonga-
tion, whereas overexpression results in shorter cilia. In addition,
fluorescence and EM showed that, in the absence of DYF-5, the
cilia are more dispersed and that many cilia are not properly aligned
into the amphid channel and sometimes turn back to the base,
although some cilia do enter the channel.

Within the cilia, we find three defects. First, six components of
the IFT machinery are not properly localized in dyf-5(lf) animals.
Interestingly, heterotrimeric kinesin II localizes to the distal seg-
ments of dyf-5(lf) animals. This is an intriguing finding, because this
motor cannot enter this segment of the cilia in wild-type animals.
In addition, all six IFT proteins tested accumulate approximately
halfway and in the distal regions of the cilia, which correlates with
the accumulation of protein seen in these regions by using EM.
Second, in dyf-5(lf) animals, OSM-3-containing particles travel at a
different speed than particles containing either kinesin II, com-
plex-A and -B proteins, or dynein, suggesting that OSM-3 travels
separately. In addition, this suggests that DYF-5 functions in a
different process than the BBS-7 and BBS-8 proteins, mutations of

Table 2. dyf-5 separates the OSM-3 motor from IFT particles

IFT particle Genotype

Middle segment Distal segment

Speed, �m/s n Speed, �m/s n

KAP-1::GFP Wild type 0.70 � 0.14 189
osm-3 0.49 � 0.10* 91
dyf-5 0.50 � 0.12* 110 0.51 � 0.16 56

OSM-3::GFP Wild type 0.70 � 0.19 117 1.14 � 0.23 43
kap-1 1.17 � 0.24* 124 1.23 � 0.28 42
dyf-5 0.59 � 0.15*† 210 0.59 � 0.17*‡ 84
dyf-5; kap-1 0.58 � 0.15* 91

CHE-11::GFP Wild type 0.69 � 0.20 118 1.20 � 0.27 49
osm-3 0.50 � 0.09* 90
dyf-5 0.49 � 0.11* 170 0.49 � 0.11* 45
dyf-5; kap-1 0.60 � 0.16*§ 118 0.61 � 0.12*§ 38
dyf-5; osm-3 0.49 � 0.12* 109 0.49 � 0.11* 31

OSM-5::GFP Wild type 0.70 � 0.17 136 1.13 � 0.29 66
osm-3 0.50 � 0.11* 88
dyf-5 0.51 � 0.11* 151 0.50 � 0.11* 42
dyf-5; kap-1 0.59 � 0.19*§ 117 0.58 � 0.12*§ 45
dyf-5; osm-3 0.51 � 0.13* 103

XBX-1::GFP Wild type 0.70 � 0.17 141 1.11 � 0.19 55
dyf-5 0.50 � 0.11* 139 0.47 � 0.08* 42

Indicated are average speeds �SD and the number of tracks (n). Footnotes indicate significant differences
when comparing speeds of: *, IFT protein in a mutant background with the same IFT protein in wild type (P �
0.001); † and ‡, OSM-3::GFP with the other IFT proteins in dyf-5(lf) animals (‡, P � 0.001; ‡, P � 0.01); and §, CHE-11
and OSM-5 in dyf-5; kap-1 with their speeds in dyf-5 and dyf-5; osm-3 animals. The speeds of all IFT proteins in
dyf-5 and dyf-5; osm-3 animals, except OSM-3::GFP, were not significantly different from the speeds in osm-3
animals. Speeds in dyf-5; kap-1 animals were not significantly different from the speed of OSM-3::GFP in dyf-5
animals.
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which result in separation of complex-A and -B particles (10).
Interestingly, OSM-3 can still mediate IFT in dyf-5(lf) animals but
only in the absence of functional kinesin II. This suggests that
inactivation of dyf-5 does not fully block docking of OSM-3 onto
IFT particles, but rather changes the affinity between either of the
two kinesins and the IFT particles. Third, the speed of OSM-3 in
dyf-5(lf) animals was markedly reduced, from 1.2 �m/s to 0.6 �m/s.
Our results suggest that this reduced speed is not a result of a
combined speed of kinesin II and OSM-3, but rather an effect on
OSM-3 itself.

But how does mutation of dyf-5 mediate these three effects on
IFT, and how do these effects correlate with cilia morphology and
length? A possible explanation for the effects on the localization of
IFT proteins is that DYF-5 functions at sites where the IFT particles
switch between different motor complexes, such as the transition
from the middle to the distal segment and at the distal tip. Failure
in removing kinesin II from IFT particles would explain its entry
into the distal segments in dyf-5(lf) animals. In addition, a failure in
switching from anterograde to retrograde transport would explain
the aggregation of IFT proteins in the distal segments. However,
such a model does not provide an explanation for the effects that
dyf-5(lf) has on the speed of OSM-3. The motility of kinesins can be
modulated at several levels. For example, the processivity of these
motors, and hence their speed, may be reduced by interference with
the properties of the kinesin itself, such as ATP binding and
hydrolysis or allosteric inhibition of directional movement (39, 40).
Also, posttranslational modifications of the microtubules on which
the kinesins walk have been reported to affect the motility of
kinesins (41). Perhaps DYF-5 functions in a similar manner,
changing the affinity of both kinesins for its normal targets, either
the IFT particles or the microtubules, resulting in the effects we
observe. Interestingly, the entry of kinesin II in the distal segments
or the presence of unattached OSM-3 by themselves do not cause
the elongation of the cilia of dyf-5(lf) animals, because removal of
kinesin II or OSM-3 in dyf-5(lf); kap-1 or dyf-5(lf); osm-3 animals
did not suppress cilia elongation. It will be very interesting to further
unravel the mechanisms by which DYF-5 regulates IFT, cilia
morphology, and length.

The DYF-5 kinase is conserved in evolution. Using BLAST
searches, we have identified putative DYF-5 homologues in various
organisms that have cilia: in mammals, Drosophila, Chlamydomo-
nas, Leishmania, and Trypanosoma (results not shown). Interest-

ingly, we could not find an obvious homologue in Plasmodium,
which has cilia, but the cilia are assembled in the cytoplasm in a
process that does not require IFT (42). Mammals have three
putative DYF-5 homologues that form a small subfamily of MAP
kinases, the MAK kinases (22–25). The functions of these MAK,
MOK, and ICK/MRK proteins remain to be determined. However,
given the evolutionary conservation of the IFT machinery, the
DYF-5/MAK kinases and their functions in C. elegans, Chlamydo-
monas, and Leishmania, we expect that one or more of the
mammalian MAK kinases play a role similar to that of DYF-5 in
the control of cilia length and the docking and undocking of
kinesin-2 motors from IFT particles.

Materials and Methods
Strains and Constructs. All strains were grown at 20°C. Strains and
alleles used: Bristol N2 (wild type), dyf-5(mn400)I, dyf-5(ok1170)I,
dyf-5(ok1177)I, kap-1(ok676)III, osm-3(p802)IV, dyf-5XS(gjIs828),
and dyf-5XS(gjIs831). dyf-5::gfp reporter constructs were generated
by using a fusion PCR protocol (43).

Microscopy dye-filling was performed by using DiI (Molecular
Probes, Eugene, OR) (19). Immunofluorescence using monoclonal
rat antibody against tubulin (ab6160; Abcam, Cambridge, U.K.)
and monoclonal mouse antibody against OSM-5 (a kind gift from
B. Yoder and C. Haycraft) was performed as described (44).

EM. Animals were fixed in 3% glutaraldehyde for 16 h, followed by
postfixation in 1% osmiumtetroxide for 2 h. Epon-embedded
animals were cut and stained with uranyl acetate and lead nitrate.

Live Imaging of IFT Particles. Live imaging of the GFP-tagged IFT
particles was carried out as described (8). Kymographs were
generated in ImageJ with the Kymograph plugin, written by J.
Rietdorf. For additional information, see SI Materials and Methods.
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