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Chapter 4.1
KINESIN-2 MOTOR COOPERATION 
DURING CARGO IMPORT, HANDOVER 
AND TRANSPORT IN C. ELEGANS CILIA
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4.1.1 Abstract

Intracellular transport depends upon cooperation between distinct motor pro-
teins. In C. elegans cilia, two kinesin-2 motors, heterotrimeric kinesin-II and  
homodimeric OSM-3, cooperate by an uncertain mechanism to drive anterograde 
(base-to-tip) intraflagellar transport (IFT), but the functional advantage of using 
two motors is unclear. Here we examine this process using quantitative single- 
molecule fluorescence microscopy to visualize IFT in living strains containing 
single-copy transgenes encoding fluorescently labeled IFT-proteins. We find that 
kinesin-II transports IFT-particles through the ciliary base and transition zone 
to a “handover zone” extending along the proximal segment of the axoneme. 
Here OSM-3 gradually replaces kinesin-II and drives long-range transport to 
the distal tip of the cilium. Single dissociated kinesin-II motors undergo rapid 
turnaround and recycling to the cilium base whereas OSM-3 is recycled mainly 
to the handover zone. This reveals an unexpected functional differentiation in 
which kinesin-II serves to import IFT-trains into the cilium and OSM-3 drives 
long-range transport.

4.1.2 One-sentence summary

Single-molecule fluorescence microscopy of live C. elegans cilia reveals functional 
differentiation of cooperating anterograde intraflagellar transport motors.
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INTRODUCTION

Intracellular transport systems that utilize microtubule (MT)-based motor pro-
teins to move and position subcellular cargoes play critical roles in many cell and 
developmental processes (1-4). The generation of orderly pathways of intracellu-
lar transport requires the functional cooperation of different types of MT-based 
motors (5). For example, much research has been devoted to the problem of 
how plus-end-directed kinesins together with minus-end-directed dyneins drive 
bidirectional axonal or intraflagellar (IFT) transport within neurons and cilia, re-
spectively (1, 4, 6). Moreover, some forms of intracellular transport depend upon 
cooperation between same-polarity MT-motors. For example, in Caenorhabditis 
elegans, two types of plus-end-directed kinesin-2 motors cooperate to drive an-
terograde IFT, which is essential for ciliogenesis (7). How and why teams of such 
distinct, same-polarity motors are used to move the same cargo is also currently a 
topic of considerable interest (8-13).

In general the cilium  participates in both motility and sensory signaling, and 
consists of a membrane-bounded axoneme constructed from 9 doublet MTs that 
project outward from the cell surface with their plus ends distal (14). Cilium 
biogenesis requires the kinesin-2-driven anterograde IFT (15) of IFT-trains (16). 
These trains are assembled from multiple ~17S IFT-particles (the multi-protein 
complexes IFT-A and IFT-B) (17), which enter the cilium by crossing the “peri-
ciliary barrier” (18, 19) then deliver ciliary precursors to their site of assembly at 
the distal tip of the axoneme (20, 21). In the alga Chlamydomonas, a single type of 
plus-end-directed motor, heterotrimeric kinesin-2 (3, 22), drives the anterograde 
transport of IFT-trains to build the cilium (17, 23, 24), whereas IFT-dynein 
mediates retrograde transport back to the cell body (25, 26). The assembly of 
C. elegans sensory cilia also depends on retrograde transport mediated by a single 
form of IFT-dynein (27), but anterograde IFT depends on a surprising pattern 
of collaboration between two types of kinesin-2, heterotrimeric kinesin-II and 
homodimeric OSM-3 (3, 7, 8, 28). 

The axonemes of C. elegans cilia emanate from a modified basal body comprising 
the ciliary base and transition zone (TZ), and have a bipartite structure consisting 
of the proximal (a.k.a. middle) segment (PS) made of 9 doublet MTs from which 
9 singlet MTs emanate to form the distal segment (DS), which is required for cer-
tain forms of chemosensation (29, 30) (Fig. 1A). Kinesin-II and OSM-3 attach 
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to and transport the same IFT-trains along the PS to assemble the PS, but DS 
assembly depends on the transport of IFT-trains along the DS driven by OSM-3 
acting alone (7, 29, 31). The properties of these two same-polarity motors differ. 
In vitro, kinesin-II generates short, slow runs (~0.2 µm at ~0.5 µm s-1), whereas 
OSM-3 generates longer, faster runs (~1 µm at ~1.2 µm s-1) (32, 33). However, 
the functional advantage of deploying both motors to drive anterograde IFT is 
unclear. Shedding light on this may not only illuminate the general problem of 
how distinct same-polarity motors cooperate but may also reveal the functions of 
different kinesin-2 motors in a broad range of cilia (34, 35). 

Here we investigate why two distinct forms of kinesin-2 may be functionally ad-
vantageous for ciliogenesis in living C. elegans expressing functional, fluorescently 
labeled IFT-proteins, created by insertion of single transgenes containing natu-
ral regulatory sequences into their genome. We studied these nematodes using 
ultrasensitive, laser-illuminated epi-fluorescence microscopy. This allowed us to 
quantitatively dissect the IFT-system, at the single-protein, IFT-train and cilium 
levels, deep inside C. elegans, with minimal disturbance to the natural dynamics 
of the IFT-system. 

4.1.3 IFT-proteins display unexpected differences in their distribution

We first examined the overall distribution of components of the IFT-machinery 
along phasmid cilia located inside the tail of living C. elegans (Fig. 1A) using 
fluorescence microscopy. Specifically, we compared the distribution of mCher-
ry or eGFP-tagged kinesin-II, OSM-3 and the two IFT-particle subcomplexes, 
IFT-A and IFT-B, relative to the TZ, a structurally dense region at the base of the 
cilium, which is thought to function as a ciliary gate that controls and monitors 
cilium entry. Previous studies had revealed that kinesin-II is localized along the 
axoneme PS whereas OSM-3 and IFT-particle subunits are distributed along the 
full length of the cilium, consistent with the proposed model for motor coopera-
tion (7, 20, 28, 31). Accordingly, we observed that IFT-particle A (CHE-11::m-
Cherry, an IFT-particle A subunit, C. elegans strain: EJP81, see Table. S1 for 
detailed information of the C. elegans strains used in this study) and IFT-particle 
B (OSM-6::eGFP, an IFT-particle B subunit, EJP76) were distributed fairly uni-
formly all along the cilium; both fluorescence-intensity profiles showed a peak at 
the ciliary base with a shoulder extending into the TZ and a small bump around 
the junction between the PS and DS (Fig. 1B, C). Surprisingly however, the dis-
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Figure 1: IFT-particles and IFT-motors show distinct localization patterns along cil-
ia. (A) Cartoons depicting C. elegans and the location of the phasmid cilia, their structure 
and cross sections showing microtubules (MTs, green), and the core IFT-machinery. (B-E) 
Time-averaged fluorescence images (tops) and corresponding fluorescence-intensity profiles 
(bottoms) along the lower cilium (corresponding to the red dashed line in (A) left). Scale 
bars, 1 µm. B: Base, TZ: Transition Zone, PS: Proximal Segment and DS: Distal Segment. 
All fluorescence-intensity profiles are normalized to their maximum. (B) IFT-A marker; (C) 
IFT-B marker; (D) Kinesin-II; (E) OSM-3. The inset in (D) is an overlay of the kinesin-II 
distribution with that of a transition zone marker (MKS-6; see Fig. S1A).

tribution of the two kinesin-2 motors along the cilium was different from those 
reported previously. Kinesin-II (KAP-1::eGFP, a non-motor accessory subunit 
of heterotrimeric kinesin-2 complexes (36), EJP13) was highly enriched at the 
ciliary base and in the TZ (EJP70) (Fig. 1D; fig. S1A, B), whereas the homodi-
meric OSM-3 (OSM-3::mCherry, EJP16) mainly localized to the DS (Fig. 1E; 
fig. S1C). Strikingly, relatively little of either motor was observed along the PS. 
To better understand the basis of these localization patterns we evaluated the 
dynamics of the IFT-machinery in these cilia.
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4.1.4 Dynamics of IFT-trains

The current view is that multiple IFT-particles, each consisting of two subcom-
plexes, IFT-A and IFT-B, polymerize to form IFT-rafts that are propelled by kine-
sin-2 and IFT-dynein motors as IFT-trains in anterograde, respectively retrograde 
direction along the axonemal tracks (16). To shed light on the aforementioned 
localization patterns of IFT-component, we studied the dynamics of the four 
core components of the anterograde IFT-machinery - IFT-particle subcomplexes 
A and B, kinesin-II, and OSM-3. Image sequences were analyzed using kymog-
raphy (Fig. 2A). Fourier filtering of the kymographs allowed us to discriminate 
components of the IFT-machinery that were static or moving in the anterograde 
or retrograde directions and to quantify their motility behavior and composi-
tion. The anterograde IFT-trains displayed a surprisingly rich dynamic behavior: 
assembling at the ciliary base, entering the cilium in bursts, then gradually ac-
celerating as they move through the TZ and along the PS, finally reaching their 
maximal velocity at the DS (Fig. 2B; fig. S2A). As anterograde IFT-trains enter 
the cilium and reach about 2-3 µm from the base, they often start to splay apart 
into discrete particle assemblies that move at slightly different speeds. This could 
represent several discrete IFT-trains that enter the cilium together and then sep-
arate due to different velocities or a single large IFT-train that partially depolym-
erizes into smaller trains. In contrast, the retrograde IFT-trains move at relatively 
constant velocity from the ciliary tip to the TZ, where they decelerate (Fig. 2C; 
fig. S2B). Comparison of the IFT-particle intensities within both anterograde 
and retrograde moving IFT-trains revealed that, although train intensities vary 
considerably, on average, retrograde trains contain fewer IFT-particles than an-
terograde trains (fig. S2A, B, C). The intensity of IFT-particles appeared to be 
relatively constant within trains moving persistently in either direction, which 
indicates that the IFT-particles polymerize to form the stable backbones of IFT-
trains that remain intact during long-range transport. This explains the relatively 
uniform distribution of both IFT-A and IFT-B along the cilium, except at the 
base where train formation occurs and around the TZ where trains splay apart. 
Moreover these observations suggest that a strict coordination, rather than a tug-
of-war, operates between the anterograde and retrograde IFT-motors (4). We hy-
pothesize that motor proteins can use these stable backbones of the IFT-trains 
to dock on and off to, in order to drive their persistent bidirectional movement 
between base and tip of the cilium. 
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Figure 2: Kinesin-2 motors cooperate to transport IFT-trains along cilia. (A) Kymographs 
are generated from image stacks by plotting subsequent intensity profiles obtained from lines 
drawn along cilia of interest (red dashed line). Kymographs are Fourier filtered to separate an-
terograde-moving, static, and retrograde-moving components. Subsequent automated analysis 
yields position-dependent average train intensities and velocities. (B and C) Anterograde (B) 
and retrograde (C) Fourier-filtered kymograph of IFT-B particles and corresponding train- 
velocity plots. (D and E) Anterograde (D) and retrograde (E) Fourier-filtered kymograph 
of kinesin-II (green) and OSM-3 (magenta) with corresponding train intensity plots. (B-
E) Horizontal scale bars, 1 µm; vertical scale bars, 2 s. Dashed lines represent mean ± SD, 
line thickness represents 95% CIM (number of kymograph trajectories included shown in 
Fig. S8A, C, D).
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4.1.5 Changes in the dynamic interactions between IFT-motors and IFT- 
 trains define zones of import, handover, transport and recycling

To determine how IFT-motor behavior might contribute to these IFT-train dy-
namics, we created a double-labeled C. elegans strain (KAP-1::eGFP : OSM-3::m-
Cherry, EJP42) and used dual-color fluorescence microscopy to simultaneously 
monitor the composition of the two kinesin-2 motors on IFT-trains. In accord-
ance with the distribution patterns described above (Fig. 1), we observed that an-
terograde trains at the ciliary base and the TZ were mainly occupied by kinesin-II 
motors (Fig. 2D). However, as IFT-trains transit from the TZ onto the PS of the 
axoneme they undergo a dramatic change in motor composition, with the num-
ber of kinesin-II motors rapidly decreasing concomitant with an increase in the 
number of OSM-3 motors (fig. S2D). This defines a “handover zone” along the 
PS, approximately between 1 and 4 µm from the base, where IFT-trains are trans-
ferred from the slower kinesin-II to the faster OSM-3, resulting in the gradual ac-
celeration of the IFT-trains. The zone of rapid motor exchange coincides with the 
location where IFTtrains “splay apart”, where stochastic differences in kinesin-2 
motor ratio might result in different IFT-train velocities (8). While the IFT-trains 
continue to move in the anterograde direction throughout this exchange process, 
OSM-3 motors become more and more dominant towards the end of the PS and 
finally become the sole kinesin-2 motors transporting IFT-trains along the DS 
to the axoneme tip. Dynein-driven retrograde IFT-trains moving from the tip 
along the DS contained only OSM-3 motors as cargo and no kinesin-II (Fig. 2E). 
Along the PS, however, kinesin-II gradually replaces OSM-3 as main kinesin-2 
cargo of retrograde IFT-trains. Velocities of these motors as cargo (fig. S2E) are 
consistent with those of the IFT-particles (Fig. 2C; fig. S2B). These observations 
imply that motor activity is highly coordinated, with anterograde motors active 
on anterograde trains and inactive on retrograde (4).

We hypothesize that the elaborate dynamics of the IFT-machinery ensures that 
the two different kinesin-2 motors are confined to specific regions of the cilium 
where they exert their function. It thus appears that the anterograde and retro-
grade motor dynamics keep most kinesin-II close to the base and the TZ, and 
most OSM-3 in the DS, creating an intriguing handover zone in the PS where 
neither motor is dominant.

4.1
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4.1.6 Single molecules of kinesin-II, OSM-3 and IFT-particles turn   
 around independently in different regions of the cilium

The broadly accepted view is that intracellular transport motors and their cargo 
reverse direction at discrete “turnaround zones” e.g. at the base and tip of the 
axon or axoneme (1). However, the kinesin-2 group behavior described above 
suggests that individual kinesin-II motors might reverse direction throughout 
the handover zone in the PS, whereas OSM-3 might do so at more distal sites. 
To test this idea, we tracked the dynamics of individual kinesin-II and OSM-3 
motors in strains expressing KAP-1::eGFP (EJP13), KAP-1::paGFP (EJP18) and 
OSM-3::paGFP (EJP34). In the case of eGFP, single-molecule imaging condi-
tions were achieved through prolonged photobleaching of eGFP and the concur-
rent autofluorescence background (Fig. 3A). In the case of paGFP, illumination 
conditions were selected that result in the right balance of photo-activated and 
photo-inactivated fluorescent proteins (Fig. 3A). Using both approaches, single 
motors could be tracked revealing individual motor turnarounds. These turna-
rounds occurred at remarkably different locations along the cilium. Kinesin-II 
motors moving in the anterograde direction after entering the cilium suddenly 
turned around in the PS, moving back in the retrograde direction, as “passen-
gers” on IFT-dynein driven trains (Fig. 3B; fig. S3A, supplementary movies 6A, 
B). Such anterograde-to-retrograde turnarounds were most abundant in the TZ 
and decreased along the PS (Fig. 3F). These results are consistent with the de-
crease in the amount of kinesin-II on anterograde IFT-trains and the increase 
on retrograde trains, as discussed above (Fig. 2D, E). We also observed retro-
grade-to-anterograde turnarounds by kinesin-II, mainly at the ciliary base (Fig. 
3C, G; fig. S3B, supplementary movies 6A, B). At the base, all these direction 
reversals involved a significant pause, lasting 1.4 ± 0.3 s (mean ± s.e.m, n = 11), in 
stark contrast to the other turnaround events, for which no pauses were detected 
(within our time resolution of 0.15 s). In the case of OSM-3, anterograde-to- 
retrograde turnarounds took place in the DS, in particular at the distal tip 
(Fig. 3D, H; fig. S3C), whereas OSM-3 retrograde-to-anterograde turnarounds 
occurred most frequently in the PS and TZ (Fig. 3E, I; fig. S3D). The single- 
molecule IFT-dynamics unraveled here ensure that both kinesin-2 motors either 
act as “drivers” of anterograde IFT-trains or as “passengers” on retrograde IFT-
trains spending little time as detached, freely diffusing molecules, consistent with 
the sharp kinesin-2 concentration gradients (fig. S1). Their rapid detachment, 
turnaround and recycling allows them to repeatedly undertake bidirectional  
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excursions driving a continually acting “shuttle” system of stable IFT-train back-
bones. Most IFT particle turnarounds occurred at the distal tip (16 out of 20 in-
dividual IFT-B particles arriving at the tip turned around (fig. S3E, F), while the 
others photobleached). No retrograde-to-anterograde turnarounds were observed 
for these IFT-particle subunits (out of 27 retrograde arrivals). Together, these ob-
servations suggest that, following their assembly at the ciliary base, IFT-rafts only 
take single runs to the tip and back, in contrast to the motors. It could be that the 
IFT-rafts are degraded within the cytoplasm, together with the turnover products 
that they have ferried from the ciliary tip.
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4.1.7 Kinesin-II and OSM-3 facilitate ciliary import and long-range   
 transport, respectively

To gain insight into the functional significance of kinesin-2 motor cooperation, 
we first tested the ability of OSM-3 to drive the IFT-system following the loss 
of function of kinesin-II, using a kap-1 mutant (EJP22). We observed a striking, 
almost three-fold increase in the number of OSM-3 motors at the ciliary base 
(Fig. 4A; fig. S4A). These OSM-3 motors were found to accumulate in between 
the transition fibers, just before the TZ (fig. S4B) and they appeared to experi-
ence difficulties in entering the cilium, moving only very slowly from the ciliary 
base through the TZ, resulting in delayed bursts of OSM-3-driven anterograde 
IFT-trains compared to wild types (Fig. 4B; fig. S4C). These delayed OSM-3 
motors, however, finally escaped from the TZ and reached their maximal velocity 
almost immediately, in contrast to wild-type IFT-trains (Fig. 4C), which acceler-
ated more gradually along the handover zone. Moreover, the number of OSM-3 
motors per anterograde IFT-train in the TZ and PS was about twice that seen 
on wild-type IFT-trains (fig. S4D). This may reflect the increased accumulation 
of OSM-3 and the absence of kinesin-II at the base, which allows more OSM-3 
motors to dock onto the motor binding sites on IFT-trains. Overall, the results 
suggest that OSM-3 can only partially substitute for kinesin-II function at the 
base of the cilium because this faster, more processive motor might be better 
adapted for rapid long-range transport than for negotiating the highly crowded 
and structured environment close to the base. 

In parallel experiments, we tested kinesin-II’s behavior in the absence of OSM-3 
function using osm-3 mutants (EJP41) and observed a striking redistribution 
of kinesin-II motors, which became more abundant close to the TZ and were 
completely absent from the terminal region of the PS (from ~3 µm onwards) 
(Fig. 4D). In kymographs, kinesin-II appeared as “clouds” of motors (Fig. 4E, 
supplementary movie 8), indicating that IFT-train assembly is affected. Kine-
sin-II entry was still efficient, however, and no additional motor accumulation 
was observed in the base (fig. S4E). We further probed the behavior of individual 
kinesin-II motors and detected no kinesin-II motors beyond a distance of ~3 
µm from the cilium base (Fig. 4F). These results indicate that, in wild-type C. 
elegans, the OSM-3 motors that bind to IFT-particles in the handover zone serve 
to increase both the velocity and the processivity of the IFT-machinery, pulling 
the kinesin-II motors further along the PS than they can travel on their own.  
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Figure 4: Mutants with IFT-defects reveal kinesin-2 functional specialization. (A) 
Time-averaged fluorescence image of OSM-3 in a kinesin-II mutant (top) and corresponding 
fluorescence-intensity profile (bottom) along upper cilium (grey) with the OSM-3 wild-type 
profile (black) (from fig. 1E). (B) Anterograde Fourier-filtered kymograph of OSM-3 in a 
kinesin-II mutant. (C) Anterograde OSM-3 train-velocity profiles in strains lacking (grey) 
and containing (magenta) functional kinesin-II. (D) Time averaged fluorescence image of 
kinesin-II in an OSM-3 mutant (top) and corresponding fluorescence-intensity profile (bot-
tom) along lower cilium (grey) with the kinesin-II wild-type profile (black) (from fig. 1D). 
(E) Anterograde Fourier-filtered kymograph of kinesin-II in an OSM-3 mutant. (F) Cumu-
lative probability distributions of anterograde-moving kinesin-II in strains lacking (grey) and 
containing (green) OSM-3. Distributions represent summed ( ) probabilities of finding a 
motor between base and a certain location ( ) along the cilium (top). (G) Time-averaged 
fluorescence image of kinesin-II in an MKSR-1 mutant (top) and corresponding fluorescence 
intensity profile (bottom) along lower cilium (grey) together with the kinesin-II wild-type 
profile (black). (H) Location-dependent retrograde velocity of kinesin-II in an MKSR-1 mu-
tant (grey) compared to wild type (green). (I) Location-dependent anterograde velocity of 
OSM-3 in a kinesin-II (purple), and a kinesin-II and MKSR-1 double mutant (grey). (A, 
D and G) Scale bars, 1 µm. Fluorescence-intensity profiles normalized to their maxima (see 
Fig. S4A for OSM-3 intensity comparison). (B and E) Horizontal scale bars, 1 µm; vertical 
scale bars, 2 s. (C, H and I) Dashed lines, means ± SD; line thickness: 95% CIM. (number of 
kymograph trajectories included shown in Fig. S8C, D, E, F, G).
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This reveals a novel functional differentiation of these two kinesin-2 motors in 
which the slower, less processive, heterotrimeric kinesin-II motor appears to 
function as a “loader” at the base of the cilium capable of effectively navigating 
the IFT-machinery through the TZ, whereas the faster, more processive, homo- 
dimeric OSM-3 appears to function as a “transporter” that effectively distributes 
the IFT-machinery along the axoneme to the tip of the DS. 

4.1.8 Transition-zone structures act as roadblocks affecting IFT-dynamics

Our results suggest that kinesin-II serves to transport IFT-particles through 
the TZ, a structurally differentiated region of the cilium that controls ciliary  
import-export, being characterized by the presence of Y-shaped linkers that anchor 
the microtubule tracks of the axoneme to the ciliary membrane (Fig. 1A) (19). 
Although mutations in transition-zone proteins often disrupt its structural integ-
rity and cause ciliopathies such as nephronophthisis (NPHP) and Meckel-Gruber 
syndrome (MKS), it is not known if and how they affect IFT-dynamics (19). 
To test this, we examined IFT-dynamics in a MKS-1 related-1 (MKSR-1) mu-
tant (EJP64 and EJP73). We confirmed that the mksr-1 mutant has defective 
TZs almost completely lacking the transition-zone marker MKS-6 (MKS-6::m-
Cherry) (fig. S5A) (EJP71). We found that both anterograde and retrograde IFT-
train dynamics are significantly modified in the mksr-1 mutant background (fig. 
S5B, C). For example, while the entry and total amount of kinesin-II motors 
within the cilium appeared to be normal (fig. S5D), the number of kinesin-II 
motors was substantially reduced in the TZ and correspondingly enhanced in 
the PS (Fig. 4G). Moreover, we observed that IFT-trains moved faster through 
the TZ but slower along the PS in mksr-1 mutants, compared to wild type (fig. 
S5E), which accounts for the observed shift in the distribution of kinesin-II 
motors and could explain why anterograde IFT-trains contain 56 ± 12 percent  
(mean ± s.e.m., n = 102) more kinesin-II motors in the PS (measured at 3.5 µm 
from the base) compared to wild type. We hypothesize that, in the mksr-1 mu-
tants, kinesin-II might encounter fewer obstacles and therefore can move faster 
through the TZ relative to wild type, which can result in kinesin-II motors pro-
gressing further along the axoneme. We also observed that retrograde IFT-trains 
slowed down in mksr-1 mutants, but much closer to the base than in wild-type 
animals (Fig. 4H), indicating that IFT-dynein encounters fewer roadblocks in 
this mutant background than in an intact, wild-type, TZ. Finally we observed 
that OSM-3 motors, which normally have difficulty traversing the TZ in the 
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absence of kinesin-II, traverse the TZ more easily when also the TZ structure is 
disrupted in a kap-1 mksr-1 double-mutant background (EJP73). In this case, 
IFT-trains displayed accelerated transport (Fig. 4I) and several entry events oc-
curred without apparent delay (fig. S5F).
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Figure 5: IFT-particle loading and distribution is altered in the absence of kinesin-II.  
(A) Fluorescence-intensity profiles obtained from time-averaged fluorescence images (22.5 
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(40 phasmid cilia), and wild-type IFT-B (blue) (52 phasmid cilia). (B and C) Kymograph 
obtained from image stack of IFT-B in C. elegans strains containing (B) and lacking (C) func-
tional kinesin-II. (D) Average IFT-B intensity for anterograde trains in C. elegans strains lack-
ing (grey) and containing (blue) functional kinesin-II. (E) Super-resolution images obtained 
by accumulating localizations of multiple single-molecule trajectories for IFT-B in C. elegans 
strains containing (top) and lacking (bottom) functional kinesin-II. Scale bars: 0.25 µm. (F) 
Cumulative probability distribution of the durations of single particles escaping from the base. 
Distributions are obtained by defining a region of interest and measuring the time it takes 
for a particle to cross the boundary in anterograde direction (inset). IFT-B particles escaped 
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These results are all consistent with protein roadblocks hindering and slowing 
down transport through the TZ, which might be beneficial for optimal cargo 
loading/unloading, for example. The results further suggest that in wild-type 
animals, the TZ roadblocks serve to constrain kinesin-II to the TZ, where this 
motor slowly navigates IFT-trains through the highly structured and crowded en-
vironment. Next, in the PS, it hands over the IFT-rafts to OSM-3, which drives 
long-distance transport to the distal tip of the cilium.

4.1.9 Kinesin-II mediates both loading and transport at the TZ

Import of the IFT-machinery and associated cargo into the cilium is thought 
to involve its docking onto the membrane of the ciliary pocket at the base of 
the cilium, its passage through the ciliary base (loading), and its translocation 
through the TZ (transport) (18). To investigate the role of kinesin-2 motors in 
this poorly-understood process, we examined the transport of fluorescently la-
beled IFT-particles in C. elegans strains that contain (EJP76 and EJP81) or lack 
kinesin-II function (EJP77 and EJP82). Remarkably, we observed that the total 
number of IFT-particles (comprising both IFT-A and IFT-B) inside the cilium 
was about two-fold higher in the presence versus the absence of kinesin-II func-
tion, but that the number of IFT-particles at the ciliary base was very similar 
(Fig. 5A; fig. S6A). This indicates that it is the loading of IFT-particles into the 
cilium that is disrupted by loss of kinesin-II function. In wild-type animals, IFT-
trains took off from the base at a higher frequency and splayed apart into smaller 
trains in the PS, resulting in a further increase of IFT-train frequency as compared 
to the kinesin-II mutant background (Fig. 5B, C; fig. S6B, C). This observation 
is substantiated by the higher coefficient of variation of all IFT-particle kymo-
graphs obtained for the mutants lacking kinesin-II compared to wild type (Fig. 
S6B and C). Moreover, fewer IFT-particles were assembled into IFT-trains when 
kinesin-II was not present (Fig. 5D). Relatively more IFT-particles accumulated 
in front of the TZ, and fewer particles entered the cilium (Fig. 5E). In the absence 
of kinesin-II, it took IFT-particles at the ciliary base on average more than two-
fold longer to pass through the ciliary base (Fig. 5F), while TZ escape times were 
similar (fig. S6D), supporting the hypothesis that kinesin-II facilitates loading. 
In summary, we have shown that kinesin-II increases the number of IFT-particles 
inside the ciliary compartment by shortening the time IFT-particles take to load 
into the cilium TZ. 
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DISCUSSION

While IFT was discovered using DIC microscopy (37), the application of 
time-lapse fluorescence microscopy combined with kymography (38), allowed 
the tracking of specific IFT-polypeptides, leading to a model in which slower  
kinesin-II and faster OSM-3 together move IFT-trains and cargo at an interme-
diate speed along the PS, thereby building the PS in a redundant fashion. In con-
trast, OSM-3 alone moves along and builds the DS (7). The functional signifi-
cance of using two motors was unclear, especially as OSM-3 can apparently build 
the full-length cilium on its own (7, 8, 31). So, why is kinesin-II needed? Here we 
present new answers to this and related questions that are the result of improved 
fluorescence microscopy assays in living C. elegans. For example, the expression 
of fluorescently labeled proteins at endogenous levels maintains natural protein 
ratios thereby minimizing perturbation; ultrasensitive fluorescence microscopy 
allowed us to track and quantify motor behavior with single-molecule sensitivity 
and to relate single-motor activity to collective system dynamics; and automated, 
quantitative kymograph analysis reliably yielded high-throughput data on moti- 
lity parameters of groups of motors. These technological advances allowed us to 
dissect the IFT-system with unprecedented insight. 

The results reveal that kinesin-II motors mainly populate the structurally com-
plex cilium base and TZ where they may make short, slow runs while holding 
onto the backbone of IFT-trains while encountering “roadblocks” (39). It has 
been observed in vitro that heterotrimeric kinesin-2 motors readily switch tracks 
under load (40), and this may be manifest as switching between MT-proto- 
filaments, between MT doublet A- and B-subfibers, or between entire doublets 
as it circumnavigates obstacles at the ciliary base and TZ. In contrast, the major-
ity of faster, processive, OSM-3 motors, populate the relatively obstacle-free DS 
track where they can ensure fast and reliable delivery of IFT-trains and associated 
cargo to the ciliary tip. 

This functional differentiation of kinesin-II and OSM-3 depends on their dis-
tinct spatial distributions. This in turn depends upon the efficient “handover” of 
IFT-trains from kinesin-II to OSM-3 along the PS, combined with the action 
of IFT-dynein, which continually recycles kinesin-II and OSM-3 to the spatial 
domains where they are needed. For example, the efficient handover of the IFT- 
particles/cargo is facilitated by the stable IFT-train backbone consisting of tens 
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to hundreds of IFT-A and B subcomplexes. At the transition zone, IFT-trains are 
initially mostly occupied by kinesin-II, with only few OSM-3 motors bound. But 
as the trains move along the PS, kinesin-II is allowed to rapidly undock and is 
replaced by OSM-3 motors as they dissociate from retrograde trains. Retrograde 
trains, in contrast, are initially fully occupied by OSM-3 motors that gradually 
undock as kinesin-II binds and is recycled to the cilium base. Such recycling of 
kinesin-II, but not OSM-3, by IFT-dynein in C. elegans cilia has been reported 
previously (27) whereas in Chlamydomonas, heterotrimeric kinesin-2 may be re-
cycled by an IFT-dynein-independent mechanism (41).

The gradual handover of the IFT-trains from kinesin-II to OSM-3 gives rise 
to a corresponding increase in the speed and variance that underlies IFT-trains 
“splaying apart”. This differs from the constant intermediate speed of 0.7 µm s-1 

along the PS observed previously (7, 8) but we emphasize that the “mechanical 
competition” and “alternating action” mechanisms proposed to explain this inter-
mediate speed remain valid and can explain the range of intermediate velocities 
seen here (8). This issue does require further work, however, especially in light of 
the current debate over whether teams of multiple, same-polarity motors bound 
to a single cargo act independently, interfere with one another, or function in a 
highly coordinated fashion (9-13). A striking feature of the novel, gradual hand-
over that we have found here is that it produces a much richer dynamic behavior 
than the biphasic speed proposed previously, where OSM-3 and kinesin-II move 
IFT-trains at a constant speed until kinesin-II abruptly dissociates at the PS tip 
(7), and the unitary speed seen in Chlamydomonas where only one anterograde 
motor operates (14, 15). The IFT-machinery displays complex dynamics in other 
systems, e.g. in Trypanosomes (42) but whether this also reflects the functional 
cooperation between distinct anterograde motors, which coexist in many cilia, 
requires further work (34, 35).

Regulatory mechanisms may control IFT-dynamics in the C. elegans system, in-
cluding direct cues from the axonemal track such as, MT-associated proteins, 
distinct tubulin isotypes, tubulin post-translational modifications, tubulin GTP-
ase activity, and the Y-shaped linkers of the TZ (43, 44). It is notable that many 
TZ-proteins are crucial for proper cilium development and their dysfunction is 
linked to ciliopathies. Our finding using a Meckel-Gruber disease model that 
TZ-proteins act as roadblocks and significantly affect IFT-dynamics is very likely 
relevant to this problem. In addition, the IFT-particles themselves could regulate 
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motor activity, for example by relieving autoinhibition (33). Moreover, the mito-
gen-activated protein (MAP) kinase DYF-5 is known to affect kinesin-II docking 
and undocking, while proteins such as DYF-1 and BBS-8 are thought to regulate 
the kinesin-2 motors in other ways (28, 45). 

Our new view of the collaboration between kinesin-II and OSM-3 raises ques-
tions about how these motors contribute to cilium assembly. For example, we 
now find that, in the absence of OSM-3 function, kinesin-II cannot reach the tip 
of the PS yet it can still build the PS (7, 29, 31). Perhaps a small number of un-
detected kinesin-II motors, sufficient to deliver enough precursors for steady state 
length maintenance, do make it to the end of the PS, or perhaps diffusion con-
tributes to the final stages of PS precursor delivery. Similarly, it has been observed 
that, in the absence of kinesin-II function, OSM-3 alone can build a full-length 
cilium (7, 31) despite our observation of significant loading delays at the base of 
the cilium. Perhaps further work will reveal subtle defects in cilium function in 
mutants lacking kinesin-II function, for example the failure to properly localize 
some chemosensory signaling molecules.

Thus we propose that kinesin-II is specialized to mediate import of the IFT- 
machinery into cilia whereas OSM-3 drives its long-range transport. This has the 
advantage of enhancing the efficiency of sequential steps of anterograde IFT and 
resolves the puzzle of why these two same-polarity kinesin-2 motors are com-
bined to move the same IFT-trains along the axoneme to build the cilium. This 
involves a novel mode of transport where the amount of kinesin-2 motors on 
a single cargo (e.g. the IFT-train backbone) is well orchestrated, resulting in a 
gradual exchange of different motors (Fig. 6). In this way the transport system 
could make optimal use of each kinesin’s motor properties and at the same time 
ensure reliable handover of cargo. In a broader context, the deployment of simi-
lar, same-polarity yet functionally differentiated motors may represent a common 
strategy for enhancing the efficiency of intracellular transport. 
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Figure 6: “Gradual handover” as a novel mode of action for same-polarity motor-protein 
cooperation. (1) A stable IFT-train backbone (consisting of IFT-A and IFT-B particles) is 
loaded into the cilium and transported through the transition zone (TZ) at ~0.5 µm s-1 mainly 
by kinesin-II. (2) After navigating the TZ, kinesin-II gradually undocks while, at the same 
time, OSM-3 motors start docking, resulting in a gradually accelerating IFT-train reaching 
~1.3 µm s-1 at the end of the proximal segment (PS), and ensuring reliable handover of the 
backbone. (3) In the distal segment (DS), the train is occupied solely by OSM-3 reaching a 
terminal velocity of ~1.5 µm s-1. (4) Following turnaround and remodeling at the ciliary tip, 
the backbone is returned to the base by IFT-dynein, recycling OSM-3. (5) OSM-3 undocks 
from retrograde IFT-trains along the PS, while kinesin-II gradually docks. (6) Close to the 
base, kinesin-II is the main kinesin cargo of retrograde IFT-trains. In this way, the complete 
IFT-system dynamics ensure enrichment of kinesin-II at base and TZ and of OSM-3 in the 
DS.
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MATERIALS AND METHODS

4.1.10 Fluorescence microscopy

Microscopic images were acquired using a custom-built epi-illuminated wide-
field fluorescence microscope operated by a Micro-Manager software interface 
(µManager, Micro-Manager 1.4, https://www.micro-manager.org/), built around 
an inverted microscope body (Nikon, Eclipse Ti) fitted with a 60× water-immer-
sion objective (Nikon, CFI Plan Apo IR 60X WI, N.A.: 1.27). Excitation light, 
provided by two diode-pumped solid-state lasers (Cobolt Calypso 50TM 491 nm 
DPSS; and Cobolt Jive 50TM 561 nm DPSS), was first passed through an AOTF 
(AA Opto-Electronics, AOTFnC-400.650-TN) for wavelength selection, next 
through a quarter wave-plate (Thorlabs, mounted achromatic quarter-wave plate, 
400 – 800 nm, AQWP05M-600) to obtain circularly polarized light, and finally 
through a diffuser (SUSS MicroOptics, rotating ground-glass diffuser (tilted ver-
sion), 1° ± 0.25° FWHM @ 650 nm, AR-coating 400-750 nm R < 0.5%, dou-
ble-sided) to obtain uniform illumination, before being coupled into the objec-
tive using a dichroic mirror (Semrock, 488/561 nm lasers Brightline® dual-edge 
laser-flat, Di01-R488/561-25×36). Emission light was separated using a dichroic 
longpass filter (Chroma, T565lpxr) and filtered by emission filters in both separat-
ed emission light paths (Semrock, 525/50 nm Brightline® single-band bandpass 
filter, FF03-525/50-25; and Semrock, 630/92 nm Brightline® single-band band-
pass filter, FF01-630/92-25) inside a two-way image splitter (Cairn Research, 
Optosplit II), and for dual-color imaging imaged side-by-side on an EMCCD 
camera (Andor, iXon 897, DU-897E-COO-#BV). For single-color imaging the 
other emission light path was blocked. Additional 1.5× (inside Eclipse Ti) and 
2× (inside Optosplit II) intermediate magnification resulted in one camera pixel 
corresponding to 92 nm × 92 nm in the image plane.

For some of the experiments an almost identical microscope was used. This mi-
croscope differed in objective (Nikon, CFI Apo TIRF 100X, N.A.: 1.49) and 
employed a Cairn Research Optosplit III. In this instrument, the following filters 
were used; a dichroic mirror in the excitation path (Semrock, 405/488/561/635 
nm lasers Brightline® quad-edge laser-flat, Di01-R405/488/561/635-25×36). 
Emission light was separated inside the Optosplit III using a dichroic long-
pass filter (Semrock, 580 nm edge Brightline® single-edge imaging flat, FF580-
FDi01-25×36) and filtered by emission filters in both separated emission light 
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paths (Semrock, 525/45 nm Brightline® single-band bandpass filter, FF01-
525/45-25; and Semrock, 609/54 nm Brightline® single-band bandpass filter, 
FF01-609/54-25). Additional 2× (inside Optoslit III) intermediate magnifica-
tion resulted in one camera pixel corresponding to 80 nm × 80 nm in the image 
plane.

4.1.11 C. elegans strains

The C. elegans strains used in this study are listed in Table S1. Strains carrying 
integrated single-copy transgenes encoding for fluorescently labeled IFT-compo-
nents were constructed using the MosSCI method as previously described (46). 
Transgene integration was confirmed by PCR of regions spanning each side of the 
insertion. Worm maintenance and genetic crosses were performed using standard 
C. elegans techniques (47).

4.1.12 C. elegans imaging

Fluorescence imaging in living C. elegans was performed using modifications 
of (48) by anesthetizing adult worms (maintained at 20 °C) in M9 containing 
5 mM levamisole (Sigma, Tetramisole hydrochloride, L9756) immobilizing them 
between a 2% agarose (Roche, Agarose MP, 11 388 991 001) in M9 pad and 
a 22 × 22 mm cover glass (Marienfeld, High Precision No. 1.5H, 0107052), 
sealed with VaLaP (equal parts of vaseline, lanolin, and paraffin wax) to prevent 
media evaporation. Samples were imaged at room temperature (21°C), in most 
experiments, at 152 ms frame-1 at 5.3× pre-amplifier gain and 300 EM gain with 
10 MHz ADC readout. Typically, for each phasmid cilium 150 frames were re-
corded. For further data procession images were only taken into account when 
the nematode was oriented in such a way that most of the cilium (always includ-
ing the base) was in focus. Numbers of cilia and numbers of worms considered 
are noted in fig. S8 for each strain. Cilia were only measured once, except for 
OSM-6::eGFP strains EJP76 and EJP77, for which additional image series could 
be taken because of low photobleaching due to high signal levels.

4.1.13 Kymograph analysis

Images were analyzed by generating kymographs using a custom-written ImageJ 
(http://imagej.nih.gov/ij/) plugin. Fourier-filtering allowed for separation of the 

4.1



210 kinesin-2 motor cooperation during cargo import, handover and transport in c. elegans cilia

three different motility components (e.g. forward, backward and static) into 
three separate kymographs. These kymographs were analyzed using custom-writ-
ten routines in LabVIEW (National Instruments), based on peak detection and 
cross-correlation. The software and detailed information is available at: http://
www.nat.vu.nl/~erwinp/downloads.html.

4.1.14 Single-molecule analysis

Images were analyzed using custom-written routines in MATLAB (MathWorks). 
For each image, intensity profiles of individual fluorophores were fitted with a 
2D-Gaussian to obtain their location and intensity. Subsequently, the localiza-
tions in subsequent image frames were linked to obtain single-molecule trajecto-
ries using a linking algorithm (49). Super-resolution images (SRI) were generated 
by accumulating individual localizations of multiple single-molecule trajectories 
(each localization is rendered with a 2D-Gaussian of width 40 nm (sigma), the 
approximate localization precision). The SRIs allowed accurate determination of 
the four ciliary subdomains: base, transition zone, proximal segment and distal 
segment. A spline was drawn on top of the SRI to define a local 2D-coordinate 
system (x-axis parallel and y-axis perpendicular to ciliary long axis). For further 
data processing, all single-molecule localizations were transformed to this ciliary 
coordinate system. 

Turnaround events were identified in trajectories that displayed a local minimum 
or maximum in the x-coordinate. In order to suppress noise-induced false posi-
tives, turnarounds were only scored when this extremum was preceded and fol-
lowed by at least three consecutive steps in the same direction with an average 
displacement of at least 46 nm in each direction (twice the expected standard 
error of the mean of three displacements in each direction due to the localiza-
tion accuracy (assumed 40 nm)). Turnaround locations (extrema) from the se-
lected trajectories were determined with respect to the ciliary base using SRIs (see 
above). Pauses at turnarounds were identified in trajectories at localizations where 
the preceding and subsequent displacements where on average less than 28 nm 
(the standard error of the mean of the two displacements due to the localization 
accuracy). 

Trajectories in the anterograde direction were assigned to the ciliary subdomains 
based on the position of the first time point. Escape times were defined as the 
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minimum time a tracked molecule (motor, IFT-particle) required to move at least 
100 nm away from its starting point. Trajectories that did not cover this 100 nm 
distance, for example due to photobleaching, were not considered.

4.1.15 Quantification of fluorescence intensities

Single eGFP intensities were measured in vitro using E. coli expressed and puri-
fied fluorescent proteins in imaging buffer (50 mM Tris, pH 8.0, 100 mM NaCl, 
2 mM MgCl2) immobilized on a 22 × 22 mm cover glass (Marienfeld, High 
Precision No. 1.5H, 0107052). Identical intensities (within experimental uncer-
tainty) were obtained in vivo, using the EJP13 strains (Table S1).

In order to be able to quantitatively compare eGFP and mCherry intensities, we 
measured the cilium-averaged integrated fluorescence intensity of the KAP-1::eG-
FP (EJP13) and KAP-1::mCherry (EJP85) strains and compared them at differ-
ent excitation powers (fig. S7). From the relative slopes of the fluorescence inten-
sity versus excitation power a correction factor was obtained to convert measured 
mCherry intensity into eGFP intensity expected under the same conditions (in-
strument, excitation intensity). Under our imaging conditions, photobleaching 
of mCherry was far more severe than eGFP, which precluded quantitative com-
parison of fluorescence intensities in two-color experiments on double labeled 
strains (EJP42, kymographs in Fig. 2D and E). Therefore, quantification of the 
number of motors was performed on strains expressing only one kind of the flu-
orescently tagged motors (EJP13 and EJP16, train intensity traces in Fig. 2D, E, 
and fig. S2D, E). 

Fluorescence quantifications are presented throughout this paper in three differ-
ent ways. (I) Fluorescence-intensity profiles of individual cilia, which are present-
ed normalized to their maximum. (II) Average cilium intensity profiles, obtained 
by averaging the profiles of multiple individual cilia. These averaged intensities 
are corrected for imaging conditions and probe used, such that they can be com-
pared quantitatively throughout the paper. (III) Train intensities obtained from 
kymographs, which are converted to number of proteins by first correcting for 
imaging conditions and probe and second dividing their intensity by that of the 
average intensity of a single eGFP molecule.
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4.1.17 Supplementary figures

Table S1: C. elegans strains used in this study. Short notation is used throughout 
main text and figures to increase readability.

Strain Genotype Short notation

EJP13
kap-1(ok676) III; vuaSi1 [pBP20; Pkap-1::kap-
1::eGFP; cb-unc-119(+)] IV

Kinesin-II or
Kinesin-II WT

EJP16
vuaSi2 [pBP22; Posm-3::osm-3::mCherry; cb-
unc-119(+)] II; unc-119(ed3) III; osm-3(p802) IV

OSM-3 or
OSM-3 WT

EJP18
vuaSi2 [pBP22; Posm-3::osm-3::mCherry; cb-
unc-119(+)] II; kap-1(ok676) III; vuaSi4 [pBP30; 
Pkap-1::kap-1::paGFP; cb-unc-119(+)] IV

EJP22
vuaSi2 [pBP22; Posm-3::osm-3::mCherry; cb-
unc-119(+)] II; kap-1(ok676) III; osm-3(p802) IV

OSM-3 ΔKAP-1

EJP34
vuaSi8 [pBP31; Posm-3::osm-3::paGFP; cb-
unc-119(+)] II; kap-1(ok676) III; vuaSi9 [pBP27; 
Pkap-1::kap-1::mCherry; cb-unc-119(+)] IV

EJP41
vuaSi10 [pBP33; Pkap-1::kap-1::eGFP; cb-
unc-119(+)] I; kap-1(ok676) III; osm-3(p802) IV

Kinesin-II 
ΔOSM-3

EJP42

vuaSi10 [pBP33; Pkap-1::kap-1::eGFP; cb-
unc-119(+)] I; vuaSi2 [pBP22; Posm-3::osm-
3::mCherry; cb-unc-119(+)] II; kap-1(ok676) III; 
osm-3(p802) IV

Kinesin-II WT 
OSM-3 WT

EJP64
kap-1(ok676) III; vuaSi1 [pBP20; Pkap-1::kap-
1::eGFP; cb-unc-119(+)] IV; mksr-1(ok2092) X

Kinesin-II 
ΔMKSR-1

EJP70

mks-6(gk674) I; vuaSi21 [pBP39; Pmks-6::mks-
6::mCherry; cb-unc-119(+)] II; kap-1(ok676) 
III; vuaSi1 [pBP20; Pkap-1::kap-1::eGFP; cb-
unc-119(+)] IV

Kinesin-II 
MKS-6
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Strain Genotype Short notation

EJP71

mks-6(gk674) I; vuaSi21 [pBP39; Pmks-6::mks-
6::mCherry; cb-unc-119(+)] II; kap-1(ok676) 
III; vuaSi1 [pBP20; Pkap-1::kap-1::eGFP; cb-
unc-119(+)] IV; mksr-1(ok2092) X

Kinesin-II 
ΔMKSR-1
MKS-6 
ΔMKSR-1

EJP73
vuaSi2 [pBP22; Posm-3::osm-3::mCherry; cb-
unc-119(+)] II; kap-1(ok676) III; osm-3(p802) IV; 
mksr-1(ok2092) X

OSM-3 ΔKAP-
1 ΔMKSR-1

EJP76
vuaSi15 [pBP36; Posm-6::osm-6::eGFP; cb-
unc-119(+)] I; unc-119(ed3) III; osm-6(p811) V

IFT-B or 
IFT-B WT

EJP77
vuaSi15 [pBP36; Posm-6::osm-6::eGFP; cb-
unc-119(+)] I; kap-1(ok676) III; osm-6(p811) V

IFT-B ΔKAP-1

EJP81
vuaSi24 [pBP43; Pche-11::che-11::mCherry; cb-
unc-119(+)] II; unc-119(ed3) III; che-11(tm3433) V

IFT-A or 
IFT-A WT

EJP82
vuaSi24 [pBP43; Pche-11::che-11::mCherry; cb-
unc-119(+)] II; kap-1(ok676) III; che-11(tm3433) V

IFT-A ΔKAP-1

EJP85
kap-1(ok676) III; vuaSi9 [pBP27; Pkap-1::kap-
1::mCherry; cb-unc-119(+)] IV

Table S1: Continued
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Figure S1: IFT-particles and IFT-motors show distinct localization patterns along cil-
ia. (A) Two-color time-averaged fluorescence image of kinesin-II (green) and transition zone 
marker MKS-6 (magenta) (top), and corresponding fluorescence intensity profile (bottom) 
along the lower cilium (same data as inset fig. 1D). Scale bar, 1 µm. (B and C) Fluores-
cence-intensity profiles obtained from time-averaged fluorescence images (22.5 s each) of mul-
tiple different phasmid cilia. Line thickness represents 95% confidence interval of the mean 
(CIM). (B) Kinesin-II (30 phasmid cilia). (C) OSM-3 (32 phasmid cilia). (A-C) B – Base, 
TZ – Transition Zone, PS – Proximal Segment and DS – Distal Segment.
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Figure S2: Kinesin-2 motors cooperate to transport IFT-trains along cilia. (A and B) An-
terograde (A) and retrograde (B) Fourier-filtered kymograph of IFT-A particles and corre-
sponding train-velocity (black) and intensity (orange) plots. (C) Average IFT-B intensity for 
(left) anterograde and (right) retrograde trains. (D) IFT-train velocity (from fig. 2B) and kine-
sin-2 motor fraction, kinesin-II (green) and OSM-3 (magenta). (E) Plots of the velocities of 
retrograde transport of kinesin-II (green) and OSM-3 (magenta). (A-E) Horizontal scale bars, 
1 µm; vertical scale bars, 2 s. Dashed lines represent mean ± SD, line thickness represents 95% 
CIM. (number of kymograph trajectories included shown in Fig. S8A, B, C, D). 
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Figure S3: Single-motor turnarounds result in confinement of kinesin-II close to the 
base and OSM-3 near the distal segment. (A) All localizations of the kinesin-II antero-
grade-to-retrograde (A-to-R) trajectory of fig. 3B in main text; a single kinesin II motor in-
itially moves in the anterograde direction (green), suddenly switches direction, to move in 
retrograde direction (grey), being transported by IFT dynein. (B) All localizations of the kine-
sin-II retrograde-to-anterograde (R-to-A) trajectory of fig. 3C in main text; a single kinesin-II 
motor first moves in the retrograde direction (grey), transported by IFT-dynein, waits at the 
base, and next moves in the opposite, anterograde direction (green). (C) All localizations of 
the OSM-3 A-to-R trajectory of fig. 3D in main text; a single OSM-3 motor initially moves in 
the anterograde direction (magenta), suddenly switches direction into the retrograde direction 
(grey), transported by IFT-dynein. (D) All localizations of the OSM-3 R-to-A trajectory of 
fig. 3E in main text; a single OSM-3 motor initially moves in the retrograde direction (grey), 
carried by IFT-dynein, and suddenly switches direction just before the base, moving in the an-
terograde direction (magenta). (E) Single-particle trajectory (left) and corresponding images 
(right, indicated by open symbols in trajectories) of an IFT-B particle A-to-R turnaround. (F) 
All localizations of the IFT-B A-to-R trajectory of fig. S3E; Scale bars, 0.5 µm.
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Figure S4: Mutants with IFT-motor defects reveal that kinesin-II navigates IFT-trains 
into the proximal segment, where OSM-3 takes over and drives fast, long-distance trans-
port. (A) Fluorescence-intensity profiles obtained from time-averaged fluorescence images 
(22.5 s each) of multiple different phasmid cilia. Comparison of OSM-3 in kinesin-II mu-
tant background (grey) (46 phasmid cilia) and wild-type OSM-3 (magenta) (from fig. S1C) 
reveals a ~three-fold difference in OSM 3 intensity at the base. (B) Super-resolution (SR) 
images obtained by accumulating ( ) localizations (blue dots) of multiple single-molecule 
trajectories (grey lines) for OSM-3 (top right) and OSM-3 in a kinesin-II mutant background 
(bottom right). (C) Anterograde Fourier-filtered kymograph of OSM-3 in a kinesin-II mutant 
background. (D) Average OSM-3 intensity for anterograde trains in C. elegans strains lacking 
(grey) and containing (magenta) functional kinesin-II. (E) Super-resolution images for kine-
sin-II (top right) and kinesin II in an OSM-3 mutant background (bottom right). (B and E) 
Scale bars, 0.25 µm. (C) Horizontal scale bar, 1 µm; vertical scale bar, 2 s. (A and D) Dashed 
lines are means ± SD, line thickness represents 95% CIM. (number of kymograph trajectories 
included shown in fig. S8D and E).
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Figure S5: Mutants with transition-zone defects reveal that the transition zone affects 
dynamics and localization of IFT motors. (A) Two-color time-averaged fluorescence image 
of kinesin-II (green) and transition zone marker MKS-6 (magenta) (top), and corresponding 
fluorescence-intensity profile (bottom) along the lower cilium. Scale bar, 1 µm. The fluores-
cence-intensity profile of kinesin-II is normalized to its maximum and that of MKS-6 is scaled 
relative to MKS-6 in wild type (fig. S1A). (B and C) Anterograde (green) and retrograde 
(magenta) Fourier-filtered kymographs of (B) kinesin-II and (C) kinesin-II in an MSKR-1 
mutant background. Kymographs obtained and represented with identical settings. (D) Flu-
orescence-intensity profiles obtained from time-averaged fluorescence images (22.5 s each) 
of multiple phasmid cilia. Comparison of kinesin-II in MKSR-1 mutant background (grey) 
(42 phasmid cilia) and wild-type kinesin-II (green) (from fig. S1B) reveals a decrease of ki-
nesin-II in the TZ but an increase in the PS. (E) Location-dependent anterograde velocities 
of kinesin-II in wild type (green) and in an MKSR-1 mutant background (grey). (F) Anter-
ograde Fourier-filtered kymograph of OSM-3 in a kinesin-II and MKSR-1 double-mutant 
background. (B, C and F) Horizontal scale bars, 1 µm; vertical scale bars, 2 s. Dashed lines are 
mean ± SD, line thickness represents 95% CIM. (number of kymograph trajectories included 
shown in fig. S8C and F). 

PSTZ

C

FE OSM-3 ΔKAP-1 ΔMKSR-1

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Distance from base (µm)

0.50

0.75

1.00

1.25

1.50

Tr
ain

 ve
lo

cit
y (

µm
/s)

Kinesin-II ΔMKSR-1 
Kinesin-II WT

Kinesin-II & MKS-6 in ΔMKSR-1A
KAP-1::eGFP
MKS-6::mCherry

 Kinesin-II ΔMKSR-1
 MKS-6 ΔMKSR-1

0.0
0.2
0.4
0.6
0.8
1.0

No
rm

ali
ze

d 
in

te
ns

ity

-1 0 1 2 3 4 5
Distance from base (µm)

PSTZB

PSTZB

Anterograde Retrograde

  0Av
g.

 ci
liu

m
 in

te
ns

ity
 (a

.u
.)

10
20
30
40
50
60

-1 0 1 2 3 4 5
Distance from base (µm)

B Kinesin-II WT Kinesin-II ΔMKSR-1

Anterograde Retrograde

D
Kinesin-II ΔMKSR-1 (n = 30) 
Kinesin-II WT (n = 42)

4.1



225kinesin illuminated

A CB

IFT-A WT
IFT-A ΔKAP-1

  0

10

Co
ef

fic
ien

t o
f v

ar
iat

io
n 

(%
)

20

30

40

50

0 1 2 3 4 5
Distance from base (µm)

6 7
 

IFT-B WT
IFT-B ΔKAP-1

  0

10

Co
ef

fic
ien

t o
f v

ar
iat

io
n 

(%
)

20

30

40

50

0 1 2 3 4 5
Distance from base (µm)

6 7
 

D

IFT-B WT (n = 45)
IFT-B ΔKAP-1 (n = 45)

0.0 0.5 1.0 1.5 2.0 2.5
Time (s)

0.0
0.2
0.4
0.6

Cu
m

ul
at

ive
 p

ro
ba

bi
lit

y

0.8
1.0

  0

10

Av
g.

 ci
liu

m
 in

te
ns

ity
 (a

.u
.)

20

30

40

-1 0 1 2 3 4 5
Distance ciliary base (µm)

6 7

IFT-A WT (n = 50)
IFT-A ΔKAP-1 (n = 54)

TZ

Figure S6: IFT-particle loading and distribution is altered in the absence of kinesin II. 
(A) Fluorescence-intensity profiles obtained from time-averaged fluorescence images (22.5 
s each) of multiple different phasmid cilia. IFT-A in kinesin-II mutant background (grey) 
(44 phasmid cilia), and wild-type IFT-A (orange) (50 phasmid cilia). (B) Coefficient of var-
iation (standard deviation divided by the mean) of kymographs obtained from image stacks 
of IFT-B in C. elegans strains lacking (grey) and containing (blue) functional kinesin-II show 
that kymographs of C. elegans strains lacking kinesin-II are less regular. (C) Coefficient of 
variation (standard deviation divided by the mean) of kymographs obtained from image stacks 
of IFT-A in C. elegans strains lacking (grey) and containing (orange) functional kinesin-II 
show that kymographs of C. elegans strains lacking kinesin-II are less regular. (D) Cumulative 
probability distribution of the durations of single particles escaping from the transition zone. 
Distributions are obtained by defining a region of interest and measuring the time it takes for 
a particle to cross the boundary in anterograde direction (inset). IFT-B particles escaped the 
transition zone in 0.6 ± 0.1 s (mean ± s.e.m., n = 45) in the presence of kinesin-II and in 0.6 ± 
0.1 s (mean ± s.e.m., n = 45) lacking functional kinesin-II. Dashed lines are mean ± SD, line 
thickness represents 95% CIM.
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Figure S7: In vivo comparison of eGFP and mCherry intensity. Fluorescence intensities of 
eGFP-tagged (EJP13) and mCherry-tagged (EJP85) KAP-1 as a function of excitation inten-
sity. Intensies were obtained by integrating a cilium region of interest (~1.7 µm2) over the first 
ten frames of an image series and averaging over 12 to 20 cilia for each imaging condition. 
Error bars represents s.e.m.. Linear fits are used to calculate an mCherry to eGFP fluorescence 
intensity correction factor of 2.2. 
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Figure S8: Histograms of the amount of kymograph trajectories used to analyze train dy-
namics and intensities. (A) IFT-B, (left) anterograde trains (from 19 worms and 53 phasmid 
cilia) (corresponding to Fig. 2B, fig. S2C, D, fig. 5D) and (right) retrograde trains (from 17 
worms and 36 phasmid cilia) (corresponding to Fig. 2C, fig. S2C). (B) IFT-A, (left) antero-
grade trains (corresponding to Fig. S2A) (from 25 worms and 51 phasmid cilia) and (right) 
retrograde trains (corresponding to Fig. S2B). (C) Kinesin-II, (left) anterograde trains (corre-
sponding to Fig. 2D, fig. S2D, fig. S5E) and (right) retrograde trains (corresponding to Fig. 
2E, fig. S2E, fig. 4H). (D) OSM-3, (left) anterograde trains (corresponding to Fig. 2D, fig. 
S2D, fig. 4C, fig. S4D) and (right) retrograde trains (corresponding to Fig. 2E, fig. S2E). (E) 
Anterograde OSM-3 in a kinesin-II mutant background (corresponding to Fig. 4C, I, fig. 
S4D). (F) Anterograde (left) (corresponding to Fig. S5E) and retrograde (right) (correspond-
ing to Fig. 4H) kinesin-II in an MKSR-1 mutant background. (G) Anterograde OSM-3 in a 
kinesin-II and MKSR-1 double-mutant background (corresponding to Fig. 4I). (H) Antero-
grade IFT-B in a kinesin-II mutant background (corresponding to Fig. 5D).

4.1



228 kinesin-2 motor cooperation during cargo import, handover and transport in c. elegans cilia

A

IFT-B WT (loc. = 1803)
IFT-B ΔKAP-1 (loc. = 1206)

IFT-B ΔKAP-1

IFT-B WT
IFT-B SR-images Base & TZB C

Lo
ca

liz
at

tio
ns

 (%
)

0.0

0.4

0.8

1.2

1.6

Kinesin-II SR-images Base & TZ

Kinesin-II WT (loc. = 362)
Kinesin-II ΔOSM-3 (loc. = 471)

Kinesin-II WT

Kinesin-II ΔOSM-3  
0.0

0.4

0.8

1.2

0.0 0.5 1.0 1.5
Distance (µm)

OSM-3 SR-images Base & TZ
OSM-3 WT

OSM-3 ΔKAP-1

OSM-3 WT (loc. = 359)
OSM-3 ΔKAP-1 (loc. = 682)

0.0

0.4

0.8

1.2

0.0 0.5 1.0 1.5
Distance (µm)

0.0 0.5 1.0 1.5
Distance (µm)

Figure S9: The distribution and number of localizations used to build the super-resolu-
tion (SR) images. SR-images (top and bottom) and projection of localizations along long im-
age axis (middle, area for each trace normalized). (A) OSM-3, from fig. S4B; (B) Kinesin-II, 
from fig. S4E; (C) IFT-B, from Fig. 5E. Scale bar: 0.25 µm.
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