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ABSTRACT

The Drosophila chordotonal neuron cilium is the site of mechanosensory transduction. The cilium
has a 9+0 axoneme structure and is highly sub-compartmentalised, with proximal and distal zones
harbouring different TRP channels and the proximal zone axoneme also being decorated with
axonemal dynein motor complexes. The activity of the dynein complexes is essential for
mechanotransduction. We investigate the localisation of TRP channels and dynein motor complexes
during ciliogenesis. Differences in timing of TRP channel localisation correlate with order of
construction of the two ciliary zones. Dynein motor complexes are initially not confined to their
target proximal zone, but ectopic complexes beyond the proximal zone are later cleared, perhaps by
retrograde transport. Differences in transient distal localisation of outer and inner dynein arm
complexes (ODAs and IDAs) are consistent with previous suggestions from unicellular eukaryotes of
differences in processivity during intraflagellar transport. Stable localisation depends on the
targeting of their docking proteins in the proximal zone. For ODA, we characterise an ODA docking
complex (ODA-DC) that is targeted directly to the proximal zone. Interestingly, the subunit
composition of the ODA-DC in chordotonal neuron cilia appears to be different from the predicted

ODA-DC in Drosophila sperm.



INTRODUCTION

Cilia are compartmentalised organelles, and their growth (ciliogenesis) requires mechanisms for
transport of cilium-resident proteins and protein complexes into the cilium and their incorporation
into the ciliary membrane or onto the microtubular axoneme. Ciliogenesis proceeds by growth at the
tip of the cilium. In general, at the basal body/transition zone the majority of ciliary proteins are
loaded as cargoes onto ‘trains’ for transport along the axonemal microtubules by a dedicated
process called intraflagellar transport (IFT) ¥3. Anterograde movement of IFT trains from the base to
the tip of the flagellum/cilium is powered by kinesin-2 motors interacting with IFT-B proteins; and
retrograde movement from the tip to the base by IFT dynein-2 motors with IFT-A proteins. Most
cargoes appear to be transported to the growing ciliary tip before being released for incorporation
into the ciliary structure 4, although some cargoes may be released during anterograde transport

itself.

In motile cilia, major cargoes of IFT are the specialised axonemal dynein motor complexes that
power ciliary movement. These form Inner and Outer Dynein Arms (IDAs and ODAs) (Fig. 1A). The
multicomponent motor complexes are very large (1-2 MDa in size), with subunits including the
force-generating heavy chains, scaffolding intermediate and light-intermediate chains, as well as
light chains that regulate protein interaction and microtubule-anchoring ® (Fig. 1A). In our current
understanding, especially from studies in unicellular organisms such as the biflagellate
Chlamydomonas reinhardtii, dynein motor complexes are pre-assembled within the cytoplasm
before transport into the cilium and docking on the axoneme °. Pre-assembly requires dedicated co-
chaperone assembly factors (generally known as DNAAFs) 72 (Fig. 1B). These pre-assembled
complexes must move past the transition zone barrier at the base of the cilium and are then
transported through the cilium by IFT trains, to which they bind with the help of adaptor proteins *°
(Fig. 1B). Subsequent events are less clear and may vary between complexes. IFT trains may take
motor cargoes to the tip of flagellum, where cargoes undergo ‘maturation’ and release °, or they
may be released during anterograde transport 1!, The complexes are then thought to diffuse
locally onto their microtubule anchoring sites, where their periodic binding is guided and stabilised
by pre-bound ‘docking proteins’. For ODAs, this consists of a three-subunit ODA docking complex
(ODA-DC) % for IDAs and other motility complexes, several proteins participate in docking, including

a’96 nm molecular ruler’ formed of two coiled-coil proteins ** (Fig. 1A).



The dynein assembly pathway is thought to be conserved in humans and other metazoans, including
Drosophila *. The pathway is medically important because defects in it are a frequent cause of the
inherited disease, primary ciliary dyskinesia (PCD), characterised by reduced or absent ciliary motility
15, However, while such studies have identified conserved components, there are also differences in
metazoans. For instance, the ODA-DC seems to have a different composition from Chlamydomonas
1617 Moreover, mechanistic evidence in metazoans for dynein motor transport and docking is

sparse.

It is increasingly apparent that ciliary proteins can be located to different regions of a
cilium/flagellum for functional reasons. The mechanisms by which such sub-compartmentation is
achieved during assembly are poorly known. A striking example is found in Drosophila in the ciliated
dendrite of auditory/proprioceptive sensory neurons (chordotonal neurons) of the antennal sensory
organ known as Johnston’s Organ (Fig. 1C). These specialised 9+0 cilia are notable for two reasons:
(1) They have the features of motile cilia, including axonemal dynein motor complexes ** the
function of which is critical to their mechanotransduction mechanism *#*°; (2) They have structurally
distinct zones with specialised functions: a sensory ‘distal zone’ closely connected with an external
ciliary cap and containing the mechanosensory TRP channel, NompC, and a motile ‘proximal zone’
containing heteromeric TRPV channels (Inactive/Nanchung or lav/Nan) as well as the axonemal
dynein motors (Fig. 1D) (Table 1). These zones are separated by a ‘ciliary dilation’ of unclear
function. Chordotonal neuron cilia thus serve as a model to address two questions: how are dynein

motors assembled onto axonemes? How are these and other proteins targeted to zones within cilia?

Table 1 Genes/proteins in this study

Drosophila Human Chlamydomonas Notes

iav CG4536 TRPV1-6 TRP channel

nompC CG11020 trpn1 (zebrafish) TRP channel

ODA-Dnall CG8800 DNAL1 LC1 ODA light chain

IDA-Dnalil CG6971 DNALI1 p28 IDA light-intermediate chain
Dnah5 CG9492 DNAHS5 ODA2 ODA dynein heavy chain (gamma)
Dhc93AB CG3723 DNAH11 ODA4 ODA dynein heavy chain (beta)
Ccdc114 CG14905 CCDC114 DC2 ODA docking complex

Ccdc151 CG14127 CCDC151 ODA10 ODA docking complex

Ccdc39 CG17387 CCDC39 FAP59 Molecular ruler

Cfap57 CG4329 CFAP57/WDR65 FAP57 IDA docking protein

rempA CG11838 IFT140 IFT140 IFT-A complex

dTulp/ktub CG9398 TUB, TULP1, TULP3 TLP1 TRP transport adaptor




For the latter question, localisation of the TRP channels has been extensively studied. Based on
mutant analyses of IFT-A proteins (rempA and Oseg4) and IFT dynein (beethoven), retrograde IFT
plays a role in TRP channel entry into the cilium and correct localisation to distinct zones %21, Since
the ciliary dilation is also defective in these mutants, and IFT-A protein RempA accumulates at the
ciliary dilation that separates the zones (Fig. 1D), it is suggested that the ciliary dilation is required
for correct TRP targeting. But an alternative interpretation is that these retrograde transport genes
regulate TRP targeting and ciliary dilation structure in parallel. As with other ciliary membrane
proteins, localisation of the TRP channels require a Tulp protein (dTulp/king tubby) as an adaptor
linking these cargoes to IFT 2223, As in other organisms, release of TRP cargo from dTulp appears to
be regulated by PIP levels in the cilium 2>%4, In contrast to the TRP channels, nothing is known about
how dynein motors are transported and then released and localised specifically to the proximal zone

of chordotonal cilia.

To investigate protein localisation in chordotonal cilia, we first characterise TRP channel localisation
during the time course of chordotonal ciliogenesis. Using this as a guide, we then demonstrate
qualitative differences in how ODA and IDA motors become localised over time, which reflect prior
differences in localisation of ODA-DC and the molecular ruler complex, respectively. We show that
ODA is targeted directly to the proximal zone via an ODA-DC containing conserved Ccdc114 and
Ccdc151 subunits. In contrast, IDAs appear to be transported to the ciliary tip before stable docking
in the proximal zone. This mode is reflected by IDA docking protein, Ccdc39. Our data are consistent
with a model in which ‘outer’ axonemal proteins (ODA and ODA-DC) are released from IFT trains
during transport for local axonemal binding, while ‘inner’ axonemal proteins (including IDAs and
their docking factors) are released at the ciliary tip to gain access inside the growing axoneme. In
addition, we discuss the finding that the ODA docking complex appears to be an entirely different

structure in chordotonal cilia compared with sperm flagella.

RESULTS

To analyse protein localisation, we made extensive use of transgenic lines expressing the gene of
interest (upstream, promoter and coding regions) fused to GFP, mVenus or mCherry reporters. In
common with other motile ciliary genes in Drosophila, a relatively small proportion of upstream
region drives chordotonal neuron expression through regulation by Rfx and Fd3F transcription
factors . We focussed on the differentiating chordotonal neurons of Johnston’s Organ within the

pupal antenna. These neurons are generated in the antennal imaginal disc within a few hours after



puparium formation (APF) and then differentiate over the next few days of pupal development

before eclosion of the adult 4-5 days later.

TRP channels show differences in timing of localisation within chordotonal neuron cilia

Late in pupal development (96 h APF), the chordotonal neuron cilium appears largely to have its
mature structure. It is about 12-15 um long, with proteins confined to proximal and distal zones
separated by a ciliary dilation (Fig. 1). Most genetic studies of ciliary protein localisation examine
adult or late-stage pupal neurons, thereby restricting analysis to the final outcome of any transport
or localisation process. In order to determine how localisation is achieved, we began by examining
the time-course of localisation during chordotonal neuron ciliogenesis in the pupal antenna. At 6 h
APF (shortly after the neurons are born), the cilium has already extended to c.4 um (as estimated by
the axonemal marker CG6652-GFP %%) (Fig. 2A,B). Over the next few days, it extends slowly to its final
length, as estimated by measuring the distance between Sas-4 (basal body marker) and NompC
(distal marker, see later) (Fig. 2F—H). As the cilium grows exclusively from its tip, we deduce that the
future proximal zone is generated in the first 24 h, and then further extension between 24 and 72 h
adds the future distal zone. Extension appears to be coordinated with, and perhaps limited by, the
elongation of the enclosing actin-rich scolopale and cap structures generated by support cells (Fig.

10).

We examined the localisation of the two TRP channels lav and NompC (Fig. 2C—L). Neither channel
was detected in the first 6 h of ciliogenesis. TRPV subunit, lav-GFP, was first observed at around 6 h
but not clearly localised (Fig. 2C). But at 24 h, lav-GFP was clearly localised along the growing length
of the cilium from 2.5-3.5 um to a maximum extent of 5-6 um at 30-36 h (Fig. 2D,E). At later stages,
the extent of staining appeared constant despite further cilium extension (Fig. 2F,G). This suggests
that lav localises directly to its proximal location as the proximal zone is being generated. In contrast,
the distal zone channel NompC, was not detectable in the cilium until about 30 h. Upon its initial
appearance, it localised directly to a 3-um distal part of the cilium, with clear separation from lav-
GFP (Fig. 2F,G). Over the next few days as the tip extends, NompC remains in the distal part, and

becomes restricted to a smaller area of the ciliary tip (c.1.8 um) (Fig. 21-M).

We examined localisation of ciliary dilation proteins to determine when this structure may become
important in separating proximal and distal zones. Interestingly, RempA-YFP does not become fully

localised to the future ciliary dilation until about 72 h (Fig. 2N,0). This suggests that the initial



restriction of TRP proteins is not dependent on the ciliary dilation. Since NompC protein appears
relatively late in ciliogenesis, we considered whether late expression onset determines its
localisation to the late-generated distal zone. To test this, we overexpressed NompC using a Gal4
driver that is active in chordotonal neurons from their birth (scaGal4, UAS-NompC). In these
antennae, the localisation to the tip was more extended than normal, but NompC remained in the
distal zone (Supplementary Fig. S1). This suggests that late timing of expression of NompC does not

explain its exclusion from the proximal zone.

In summary, the time-course of TRP channel entry into the cilium correlates with their sites of

localisation — proximal—early (lav) and distal-late (NompC) (Fig. 2P).

IDA motor complexes are generally distributed in the cilium until late in ciliogenesis

Although the role of DNAAFs in cytoplasmic pre-assembly within chordotonal neurons has been
studied %2772, the later stages of dynein motor complex assembly have not been addressed
previously. To follow IDA complex localisation, we used an mVenus fusion reporter for Dnalil,
hereafter referred to as IDA-Dnalil for clarity %’. This is a predicted light-intermediate chain subunit
of several monomeric IDA species 1* (Table 1). The corresponding Chlamydomonas subunit (p28) is
required for cytoplasmic IDA complex pre-assembly and so IDA complexes do not localise in its
absence. In the adult antenna, we found that IDA-Dnalil localised to approximately 4.5-5.5 um
structures, corresponding well to the extent of the proximal zone as observed by both transmission

electron microscopy and lav localisation (Fig. 1; Fig. 3A).

Like lav, IDA-Dnalil enters the cilium early in ciliogenesis (at least by 12 h, Fig 3B,C). In contrast to
lav, however, IDA-Dnalil is detected along the length of the cilium as it extends further, to a
maximum of 10.5 um at 48 h (Fig. 3H). Indeed, there is substantial overlap with NompC at 30-48 h
(Fig. 3D-F), suggesting that IDA-Dnalil is present in both proximal and distal zones. From 72 h, IDA-
Dnalil becomes progressively refined to the proximal zone (9 um at 72 h) (Fig. 3G), but this
refinement is still not complete by 96 h APF. Overall, this suggests that IDA-Dnalil, and therefore IDA
complexes, are present along the entire cilium during ciliogenesis until a late stage of maturation,

when they become confined to the proximal zone (Fig. 3l).

ODA motor complexes are distributed in proximal zone and ciliary dilation until late in ciliogenesis



A different pattern was observed for the ODAs. To follow ODA complex localisation, we used a
reporter for the light chain subunit CG8800 (homologue of human DNAL1 and Chlamydomonas LC1,
Table 1), hereafter referred to as ODA-Dnal1 for clarity 1*. In the adult antenna, ODA-Dnal1 localised
to approximately 4.5-5.5 um structures corresponding to the proximal zone (Fig. 1; Fig. 3)). Like IDA-
Dnalil, ODA-Dnall is present in the cilium early but differs in that it is excluded from the distal cilium
as it later forms, thereby showing no overlap with NompC at 30-96 h (Fig. 3K-M). However,
compared with lav, the extent of ODA-Dnall localisation appears longer at 72 h (c.6 um), suggesting
that it extends into the future ciliary dilation (Fig. 3L). By 96 h, the extent of localisation reduces to
resemble that of lav (c.5 um), thereby becoming restricted to the proximal zone (Fig. 3M). The
difference between IDA-Dnalil and ODA-Dnall localisation was confirmed by simultaneous
detection of IDA-Dnalil-mVenus and ODA-Dnall-mCherry (Fig. 3N). To confirm that the localisation
dynamics of ODA-Dnall reflected ODA complexes, we used an antibody generated against
Drosophila ODA heavy chain, Dnah5 (CG9492). Dnah5 was localised in a similar manner to ODA-
Dnal1l (Fig. 30,P).

Therefore, we infer that proximal zone proteins (ODA/IDA complexes and lav) all enter the cilium
early, but there are differences in initial localisation. lav never localises beyond the proximal zone
(Fig. 2P). In contrast, dynein complexes transiently localise beyond the proximal zone during
ciliogenesis, but these ‘ectopic’ complexes are eventually cleared (Fig. 31,Q). There are differences in
this transient initial localisation between ODA and IDA markers, with ODA-Dnall and Dnah5 only
extending into the area of the ciliary dilation (Fig. 3Q), while IDA-Dnalil initially localises throughout

the cilium (Fig. 3I).

Since TRPV and dynein complexes ultimately colocalise at the proximal zone, and are functionally
connected 8, we asked whether the eventual restriction of dynein complexes to the proximal zone
was guided by prior lav localisation. For this we examined the effect of dTulp knockdown, which
prevents lav entry into the cilium 2. We found, however, that IDA-Dnalil and ODA-Dnal1 localisation
were unaltered in dTulp knockdown antennae (scaGal4, UAS-dTulp-RNAI) (Fig. 4A—C,H), despite
confirmation that lav does not enter the cilium (Fig. 4D,E,H). This suggests that dynein transport and

localisation require neither lav nor the dTulp/PIP mechanism of ciliary targeting.

Conversely, to determine whether the presence of dynein complexes is required for lav localisation,
we analysed flies with a CRISPR-engineered null mutation of Dnaaf3 (CG17669), the orthologue of
the human dynein assembly factor and PCD gene, DNAAF3. Human DNAAF3 is required for all dynein



assembly, and Drosophila Dnaaf3f mutant flies likewise show absence of dynein arms from the
chordotonal neuron cilia *°. However, we found that lav localisation was unaltered in Dnaaf3®

mutant antennae (Fig. 4F,G,H).

IDA docking proteins are generally distributed in the cilium until late in ciliogenesis

To understand further how dynein complexes populate the proximal zone, we analysed Drosophila
orthologues of proteins required for dynein docking to the axoneme. In Chlamydomonas, the
binding of IDA complexes in their correct periodicity requires two coiled-coil proteins that are said to
form a 96 nm molecular ruler’ (Fig. 1A; Table 1). The human homologues of these, CCDC39 and
CCDC40, cause PCD when mutated, with disruption of binding of IDA complexes, nexin-dynein
regulatory complexes (N-DRC) and radial spoke complexes 332, Drosophila has a single orthologue
of each gene: CG17387 (which we name Ccdc39) and /(2)41Ab (which we name Ccdc40) **. To
confirm that Drosophila Ccdc39 is required for IDA localisation, we carried out RNA interference.
Knockdown of Ccdc39 in chordotonal neurons (scaGal4, UAS-Ccdc39-RNAI) resulted in reduced IDA-
Dnalil localisation in the cilium but localisation of ODA-Dnall appeared unaffected, consistent with
a role in stable docking of IDAs (Supplementary Fig. S2). Residual IDA-Dnalil protein in the cilium

may represent complexes that enter the cilium but are not stably docked.

We examined the localisation of a Ccdc39-mVenus fusion protein, and observed that it was present
along the whole length of the developing cilium from 24 h to 96 h (Fig. 5A,B). This was confirmed by
finding the complete colocalization of Ccdc39-mVenus with IDA-Dnalil-mCherry (Fig. 5C). Therefore,
like IDA-Dnalil itself, an IDA docking protein is not restricted to the proximal zone until late in
ciliogenesis (Fig. 5E). Another protein required for a subset of IDA motors (g and d) is CFAP57 3334
and mutants of the Drosophila orthologue gene CG4329 (which we name Cfap57), are moderately
deaf . In contrast to Ccdc39, we found that Cfap57-GFP 3¢ shows greater exclusion from the distal

zone (Fig. 5D).

An ODA docking complex (ODA-DC) subunit, Ccdc114, is required for stable docking but not cilium
entry of ODAs

In order to characterise stable ODA localisation, we wished to analyse the function of the Drosophila
ODA docking complex. Although there are differences between Chlamydomonas and human ODA-

DC & a common component is the coiled-coil protein known as DC2 in Chlamydomonas (odal gene),



and conserved in humans as CCDC114. In Drosophila, a CCDC114 homologue, CG14905, is expressed
exclusively in chordotonal neurons *37 (Table 1). The following experiments present evidence that
this gene is a functional homologue of CCDC114, and hereafter we refer to the CG14905 gene as
Ccdc114.

A null allele of Ccdc114 was generated using CRISPR/Cas9 genome engineering to replace the ORF
with a mini-white gene. Homozygous Ccdc114® flies were viable and fertile, but exhibited reduced
ability in a climbing assay, which (combined with the gene’s chordotonal neuron-specific expression
pattern) is consistent with defective chordotonal neuron function (Supplementary Fig. S3A). This
phenotype could be partially rescued by an mVenus-tagged Ccdc114 gene expressed under its own

promoter (Supplementary Fig. S3A).

We determined the requirement of Ccdc114 for ODA localisation. At 36, 72 and 96 h, ODA-Dnall and
Dnah5 localisation were both largely absent in Ccdc114F mutant cilia, suggesting that the anchoring
of ODA complexes in the proximal zone was abolished (Fig. 6A—F). This supports the prediction that
Ccdc114 encodes a subunit of the ODA-DC that is essential for stable ODA docking. In the mutant
cilia at 36 and 72 h, however, some remaining ODA protein (ODA-DNAL1 and Dnah5) was detected in
the region of the ciliary dilation. This accumulation disappeared at 96 h (Fig. 6E,F). This supports the
hypothesis suggested above that there are separate pools of ODAs within differentiating cilia:
stable/ODA-DC-dependent in the proximal zone and transient/ODA-DC-independent at the ciliary
dilation. Moreover, the observations demonstrate that in the absence of the ODA docking complex,
ODA motor complexes are still able to enter the cilium independently (Fig. 6K). Together, these
results confirm that Ccdc114, and by inference ODA-DC, is required for stable localisation of ODA

complexes in the proximal zone.

To confirm this finding, we examined the function of a second predicted ODA-DC component,
CG14127, a homologue of ODA10/CCDC151 (Table 1). Although the Chlamydomonas ODA10 gene is
associated with ODA trafficking rather than docking 2, vertebrate CCDC151 appears to be a
component of ODA-DC itself 377°, In order to investigate whether CG14127 (hereafter named
Ccdc151) affects dynein complex localisation in Drosophila, we used genetically supplied RNAi
interference. Ccdc151 knockdown in sensory neurons (scaGal4, UAS-Ccdc151-RNAi) resulted in flies
with sensory defects, consistent with defective chordotonal neuron function *3’ (Supplementary
Fig. S3B). Knockdown resulted in strong loss of ODA-DNAL1 protein from the proximal zone, but the

transient protein accumulation at the ciliary dilation remained, similar to the phenotype observed in

10



the Ccdc114 mutant (Fig. 6G,H). A previous study suggested that zebrafish ccdc151 may be required
for IDA localisation *’. In Drosophila, we found that IDA-Dnalil localisation to the axoneme appeared
unaffected by Ccdc151 knock-down (Fig. 61,]). Together, these results are consistent with Ccdc151

being a component of ODA-DC.

Ccdc114 protein is targeted directly to the proximal zone

To determine the localisation time course of ODA-DC, we examined the ciliary localisation of
Ccdc114-mVenus fusion protein. From 24 h onwards, the fusion protein localised to the proximal
zone of the chordotonal neuron cilia, consistent with its docking function (Fig. 7A—C). During
ciliogenesis, the extent of Ccdc114-mVenus localisation at no time exceeded 5 um, which is similar
to that of lav-GFP. Thus, Ccdc114 seems to be targeted specifically and directly to the future
proximal zone, in contrast to Ccdc39. Notably, the extent of Ccdc114 localisation is shorter than we
had observed for ODA-Dnall, with the former not extending into the ciliary dilation area. This
difference was confirmed by co-labelling of Ccdc114-mVenus and ODA-Dnall-mCherry (Fig. 7D,F).
These observations are consistent with the hypothesis that ODAs transiently accumulate

independently of ODA-DC at or near the future ciliary dilation.

Analysis of Ccdc151-GFP localisation showed a similar pattern of localisation to Ccdc114 (Fig. 7E),
confirming that Ccdc151 and Ccdc114 are likely physically interacting as part of ODA-DC 32, Given
this, we examined the dependence of Ccdc114 localisation on Ccdc151 function, with the finding
that upon Ccdc151 knockdown, Ccdc114 protein was completely absent from cilia (Fig. 7G,H). Similar
observations were reported for zebrafish morphants and human PCD patients 33440, suggesting that

Ccdc151 is a core component of the Drosophila ODA-DC.

We then examined Ccdc114 protein localisation in flies in which ODA complexes are not formed. We
examined antennae in which the expression of ODA heavy chain Dhc93AB (Table 1) was knocked
down in chordotonal neurons (sca-Gal4; UAS-Dhc93AB RNAI). Dhc93AB is known to be expressed
and required in chordotonal neurons 4, and the reduction of the heavy chain is predicted to result in
failure of ODA motor pre-assembly and therefore failure in localisation of the ODA complex>. In
support of this, RNAi knockdown of Dhc93AB resulted in flies with reduced climbing ability
(Supplementary Fig. S3B). Upon Dhc93AB knockdown, however, localisation of Ccdc114-mVenus
appeared unaltered (Fig. 71). These results suggest that ODA-DC is transported and bound to the

proximal zone axoneme independently of ODA motor complexes. To extend this observation, we

11



analysed localisation in Dnaaf3“® mutant flies, whose cilia lack all dyneins. In homozygous Dnaaf3®
mutant antennae, Ccdc114-mVenus localisation appeared little different from wildtype (Fig. 7J,K).
Together, these results suggest that ODA-DC is transported and bound to the proximal zone

axoneme independently of ODA motor complexes.

DISCUSSION

In this study, we characterise the dynamics of protein localisation to zones within the highly sub-
compartmentalised chordotonal neuron cilium. Ciliogenesis in the chordotonal neurons of
Johnston’s Organ is prolonged, occurring over several days of pupal development. Over this time,
TRP channel proteins appear to be targeted directly to their respective zones, albeit at different
times. In contrast ODAs and IDAs are not confined to the proximal zone until late into ciliary
maturation. Initially, ODA and IDA markers transiently accumulate ectopically at the ciliary dilation
and whole distal region, respectively (Fig. 8A). Below we discuss the roles of docking factors in

dynein motor targeting, and possible implications and mechanisms.

Spatial differences in TRP channel localisation correlate with temporal differences in cilium entry

During transport, ciliary TRP channels are linked to IFT trains by Tulp adaptors, which release their
cargoes in response to PIP levels within the cilium. For Drosophila chordotonal cilia, dTulp is required
for correct targeting of both lav and NompC %, and this is affected by PIP signalling regulated by
dinpp5e *. It is not clear, however, how the different localisations of the two TRP channels are
achieved. Perhaps in response to PIP levels, lav is released from IFT trains sooner than is NompC. In
this possibility, differences in drop-off from IFT trains (processivity) may provide the initial
localisation. Our observations suggest instead that lav enters the cilium early in ciliogenesis and
populates the proximal zone as it is being generated, while NompC enters later and populates the
distal zone as it is being generated subsequently. The time of localisation in the cilium suggests a
simple mechanism for TRP protein localisation to different zones based on timing of expression, but
we found that early overexpression of NompC did not cause substantial mislocalisation to the
proximal zone. It remains possible that timing of entry into the cilium could be controlled, rather

than timing of expression.

Since the zones of TRP channel localisation are separated by the ciliary dilation, it has been proposed

that this structure actively defines the zones and targets proteins to them. Indeed, disruption of the
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proteins that locate to, and are required for, the ciliary dilation also affect lavand NompC
localisation. However, we find that ciliary dilation proteins are not localised until quite late, whereas
lavand NompC are largely targeted to their respective zones immediately upon ciliary entry. It
seems more likely therefore that the role of the ciliary dilation may be in later refinement and
maintenance of this initial separation. It remains unclear, therefore, what determines the initial
localisations of the TRP channels. Since the cilium is ensheathed in scolopale and cap structures from
an early stage, one plausible mechanism is that the surrounding cap provides an external cue for
distal proteins such as NompC, e.g. via contact between the cap and ciliary tip membrane mediated
by the linking protein, NompA #1. Dynamic changes in such contact during maturation might also
explain why the extent of NompC localisation becomes more restricted at later stages of
development. A second possibility is a temporal change in axonemal modification mechanisms

during synthesis of the proximal and then distal zones.

Dynein transport in chordotonal cilia: differences between ODAs and IDAs correspond to

differences in IFT dynamics known in Chlamydomonas

Very little is known about the dynamics of dynein motor transport and localisation in metazoans. We
find that ODA and IDA complexes enter the cilium early in ciliogenesis of chordotonal neurons. In
addition to localisation in the proximal zone, both complexes show temporary accumulation beyond
their final destination. For ODA, accumulation is confined to a point just beyond the proximal zone,
whereas for IDA it is at the whole of the ciliary tip. We suggest that these represent transient
populations of (excess?) motor complexes that are eventually cleared from the cilium, presumably

by retrograde IFT (Fig. 8A).

Why the difference in non-proximal ODA and IDA populations? A possibility is that this reflects
differences in how the complexes are released from IFT trains. This is based on comparison with
observations obtained in Chlamydomonas from live imaging and dikaryon analysis (observing the
assembly of complexes onto pre-existing flagella after dikaryon fusion). In these studies, most IFT
cargoes are transported to the flagellar tip before release **2, Such a mechanism has been
described for IDAs %3, radial spoke complexes #*4, nexin-DRCs 1> and central pair components “°.
Release at the tip is thought to occur by ‘maturation’ and remodelling of IFT trains, probably an IFT-A
function. Thus, most of these IFT cargoes show a high processivity (low rate of dissociation from IFT
trains) during transport >4’ The complexes are then presumed to diffuse locally onto docking sites

accessible at the growing tip of the cilium. Thus, we speculate that the distal zone accumulation of
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IDA complexes represents continued transport to the tip throughout ciliary growth, but lack of local
docking sites in the distal zone means that these complexes do not bind the axoneme stably and are

eventually cleared.

It has been suggested that transport to the tip is required for IDAs (and many other components
such as radial spokes, nexin-DRC) because their docking sites in the interior of the axonemal shaft
are only accessible via the tip during ciliogenesis (Fig. 1B) #***%49_|n contrast, ODA motor complexes
can theoretically access their docking sites (if present) along the entire length of the axoneme. Thus,
ODAs may have low processivity (high rate of dissociation) and so may be released from IFT trains
along the length of the cilium before diffusing locally onto docking sites °. This may explain the
lower level of transient accumulation beyond the proximal zone — most ODA complexes are released
before the trains reach the distal zone. It is not known how the release might be regulated, but it

does not appear to involve the Tulp/PIP mechanism.

Little is known of transport and localisation of the ODA docking complex, and it has not yet been
demonstrated that it is an IFT cargo, although several metazoan ODA-DC proteins are known to
associate with IFT proteins *®°1. In chordotonal cilia, ODA-DC (as marked by Ccdc114) is directly
targeted to the proximal zone, independently of ODA complexes. This pattern of localisation
suggests that ODA-DC is either a low processivity IFT cargo, like ODA motors, or that it populates the

cilium via simple diffusion from the base >2.

To understand how dynein motors stably dock only in the proximal zone, it will be necessary to
understand how their docking sites are eventually restricted to this zone. For the 96-nm molecular
ruler subunit, Ccdc39, its early distribution along the whole cilium is consistent with it being released
from IFT trains only at the tip. Why it does not bind stably to the distal zone (and thereby guide the
docking of IDAs) is not presently clear. It seems highly probable that the axoneme has different
properties in the proximal and distal zones that allow differential binding of docking proteins, and
thereafter of dynein complexes. One possibility is that there is a difference in tubulin modification in
the proximal and distal axonemes. Another is that there are initial differences in so-called
‘microtubule internal proteins’ (MIPs) 3°3, These are proteins that line the lumen of the
microtubules, and therefore clearly can only incorporate within the microtubules at their growing
tips. Their roles are only now being unravelled, but so far they appear to be critical in defining the
binding periodicity of proteins to the outside of the microtubules. We predict that one or more key

MIPs are incorporated exclusively into the proximal zone during axoneme extension.
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Overall, very little is known of compartmentation within cilia. Investigating dynein motor docking

proteins in chordotonal cilia offers a useful model for exploring this further.

Variation in the composition and function of metazoan ODA-DC

In this investigation, we have begun to characterise the ODA docking complex of chordotonal cilia.
The composition of the ODA-DC had not been well characterized outside Chlamydomonas until
recently. Evidence indicates that the metazoan complex differs from that of the alga. Of the three
Chlamydomonas ODA-DC subunits (DC1, DC2 and DC3), only DC2 is conserved as CCDC114 in
vertebrates 37%° (Fig. 8B). We provide strong evidence that CCDC114 is conserved in Drosophila as
CG14905 (which we name Ccdc114). This gene is essential for ODA docking in chordotonal cilia.

Moreover, it is clear that Ccdc114 is transported and localised independently of ODA complexes.

Until recently, the remaining proteins of the metazoan ODA-DC were not fully known. ODA-DC in
human respiratory cilia is suggested to include CCDC114, CCDC151, and ARMC4. Mutation of these
human genes results in PCD with loss of ODAs on the axoneme ®17>* In humans, TTC25 is required
for ODA-DC localisation and function, but its axonemal localisation was retained in the absence of
CCDC114 function *°, making it unclear whether it was part of the complex. Recent ultrastructural
analysis, however, has shown that mammalian ODA-DC is a pentameric complex comprising the

above subunits, TTC25 and a further subunit, Calaxin/EFCAB1 * (Fig. 8B).

Our evidence suggests that the subunits of this complex are conserved in Drosophila, but their
requirement seems to vary between cell types. We found that Ccdc114 and Ccdc151 are likely part
of ODA-DC in chordotonal cilia, but notably, neither are expressed in sperm and so cannot account
for ODA docking in sperm flagella **. In sperm, Ccdc114 expression is replaced by a paralogue,
wampa (CG17083) . One feature of wampa mutant sperm is that their flagella lack ODAs >3,
consistent with an ODA-DC function. Likewise, the Drosophila TTC25 homologue, CG13502 (Ttc25), is
restricted to chordotonal neurons, although it may be represented in sperm by a more distantly
related gene, CG15128 (Ttc25like). The single Drosophila ARMC4 homologue, gudu, is only expressed
in sperm 4, where it is required for fertility >, whereas Calaxin (CG2256) is only expressed in
chordotonal neurons *. We therefore suggest that docking complex composition may differ
substantially between chordotonal cilia and sperm flagella (Fig. 8B). Interestingly, this might be a

common feature of metazoans: in humans CCDC114 is required for respiratory cilia but PCD patients
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with CCDC114 mutations appear to be fertile %%°’. It is suggested that its docking function may be
replaced in sperm by the paralogue, CCDC63 *°, which is orthologous to wampa. It seems likely that
CG14905/CCDC114 and wampa/CCDC63 form functionally equivalent gene pairs in cilia and sperm

respectively.

Why are there celltype-specific ODA-DCs in Drosophila, and perhaps in other metazoans? One
possibility relates to the fact that motile cilia and sperm flagella contain distinct ODA complexes,
with different heavy chains and intermediate chains, as has been shown for Drosophila ** and
humans *2 (Fig. 8B). Thus, each ODA-DC may be adapted for recognising and binding different ODA
subtypes. Consistent with this, human CCDC114 protein directly binds the non-sperm heavy chain,
DNAH9. Alternatively, or in addition, ODA-DC differences may relate to differing modes of
ciliogenesis. Chordotonal ciliogenesis is compartmentalised and requires IFT, while sperm
flagellogenesis occurs within the cytoplasm independently of IFT >9%°, Indeed, human TTC25
interacts with the IFT protein machinery *°. Phylogenetic analysis of CCDC151 homologues revealed a
link between CCDC151 genes and IFT 3. CCDC151 homologues are absent from organisms in which

motile cilia assemble in an IFT-independent process.

METHODS

Fly stocks

All fly strains were reared on a standard cornmeal agar medium at 25°. The following stocks were
obtained from the Bloomington Drosophila Stock Center (Indiana University, Bloomington, IN) :
v[1Iw[*]P{y[t7.7]=nos-phiC31\int.NLS}X; P{y[t7.7]=CaryP}attP40 (#79604),
y[1]M{RFP3xP3.PB]GFP[E.3xP3]=vas-Cas9}ZH-2A w[1118]/FM7c (#51323), w1118 (#3605) and
P{w[=mC]=UAS-Dcr-2.D}1, w[1118]; Pin[1]/CyO P (#24644). CG14127-GFP, CG4329-GFP, CG6652-GFP
stocks were gifts from Bénédicte Durand. The sca-Gal4 line was a gift from M. Mlodzik/N. Baker 2.
The RNAI lines were obtained from the Vienna Drosophila Resource Centre (VDRC) ®%: UAS-CG14127
RNAI (106258), UAS-CG3723 RNAI (108658), UAS-dTulp RNAIi (29111) and control (KK) line (60100).

For the dTulp RNAI crosses, the pupae were raised at 28°C.

mVenus and mCherry fusion gene constructs
mVenus fusion constructs for CG6971/IDA-Dnalil, CG8800/ODA-Dnall, CG17387/Ccdc39 and
CG14905/Ccdc114 were designed to fuse the coding region of mVenus in frame at the 3’ end of the

coding region of the target gene (primers in Supplementary Table S1). The target gene fragment was
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amplified to include the entire ORF and sufficient upstream regulatory region to ensure the spatial-
temporal pattern of expression from its own promoter (as judged by presence of conserved binding
sites for transcription factors Rfx and Fd3F 2°). An attB-flanked gene fragment was amplified by PCR
from genomic DNA. Using the Gateway® two-step recombination system (Life Technologies), the
fragment was first inserted into pDONR221 in the BP reaction and then incorporated into a modified
pBID-UASC-GV vector (Wang et al., 2012) using the LR reaction mix. The UAS site deletion was
generated performing single primer mutagenesis using Pfu Turbo Cx DNA polymerase (Agilent). The
pBID-GmCherry vector was constructed by replacing the mVenus of the pBID-GV vector by the
mCherry sequence. This was achieved by digesting the pBID-GV vector with Xhol and Xbal, followed
by Gibson cloning (NEBuilder HiFi). The CG6971/IDA-Dnalil ?’ and the above mentioned
CG8800/0DA-Dnall pDONR221 BP plasmids were repurposed for the cloning into the LR destination
plasmid pBID-GmCherry. Transformant fly lines were generated by microinjection into syncytial

blastoderm embryos of the attP40 landing site line using nos-PhiC31 integrase.

Engineering of CG14905 Crispr/Cas9 deletion mutant

A CG14905 CRISPR/Cas9 mutant was constructed by a mini-white gene substitution according to zur
Lage et al. %°. The guide RNA plasmid and the homology arm plasmid were subsequently injected
together into the Cas9 injection line vasa::Cas9 to generate the transformant line (primers in

Supplementary Table S1).

Drosophila embryonic microinjection

Purified plasmids (GenelET Plasmid Miniprep Kit, Thermo Scientific KO503) were microinjected into
embryos of nos/attP40 flies for mVenus fusion gene construct injection and nos-Cas9 flies for CRISPR
mutagenesis, which contains the 1:1 mix solution of the gRNA expression construct and the
homology arm expression construct. Single fly PCRs were used to confirm correct substitution of
CG14905 with mini-white. Two pairs of primers were used, each containing one primer inside mini-

white gene sequence and another primer inside upstream/downstream homology arm sequence.

Genomic DNA extraction from adult fruit flies

50 flies from the same line were frozen in lysis buffer (100mM Tris-HCl [pH9], 100mM EDTA, 1% SDS)
at -20°C. After thawing, the sample was homogenized and incubated the sample at 70°C for 30min.
Potassium acetate (8M) was then added and the sample was incubated on ice. After centrifugation,

the supernatant was transferred, and nucleic acids precipitated using isopropanol. After redissolving
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the pellet, the solution was extracted with Phenol-chloroform (Sigma #P3803) and precipitated with

ethanol. DNA was redissolved in TE.

Immunohistochemistry for pupal antennae

White puparia were aged for the appropriate period of time at 25°C. The anterior puparium case
was opened up and removed to uncover the pupal head region and the whole pupa was fixed in
3.7% formaldehyde for 30 minutes, followed by washing in PBT (0.3% Triton X-100). Subsequently,
the antennae were dissected off, collected in a 1.5 ml tube and blocked overnight in 3% BSA (Roche)
before incubating in primary antibody (3% BSA in PBT) at 4°C for 2 days. After washing in PBT,
antennae were incubated in secondary antibodies at 4°C overnight. They were mounted in a 2.5% n-
Propyl gallate/glycerol mix. The following primary antibodies were used: Goat anti-GFP (1:500:
Abcam, ab6673), Rabbit anti-mCherry (1:500; Abcam, ab167453), Mouse anti-NompC (1:250; Liang
et al. 2011), Rabbit anti-Sas4 (1: 350; gift from Jordan Raff), Rabbit anti-Dnah5 (1:2000; °. The
secondary antibodies (Life Technologies) were all used at a 1:500 concentration and included:
Donkey anti goat (Alexa Fluor® 488, A11055), Donkey anti mouse (Alexa Fluor® 568, A10037),
Donkey anti rabbit (Alexa Fluor® 647, A31573). Phalloidin (Life Technologies, A12380) was used at
1:2000.

Confocal imaging
Images were captured using Leica TCS SP2, Nikon A1R and Zeiss Pascal confocal microscopes and
processed using Fiji software. Where appropriate, the length of protein staining of 4-6 randomly

selected cilia in each z-stack was measured using Fiji software.

Negative geotaxis climbing assay

10-15 mated female flies were collected for each group and placed in separate vials at 25°C for 24h
to allow recovery. For each assay, flies from one group were placed in a 100-ml measuring cylinder,
which was divided lengthwise into four 5-cm quadrants, and then after a 1-min recovery period, they
were banged down to the bottom of the cylinder. Climbing performance in 10 s was recorded. The
average climbing index was calculated based on the distance the flies climbed. The quadrant furthest
away from the bottom is given a weight of 4 followed by 3, 2 and 1 to the quadrant nearest to the
bottom and the climbing index = X (the numbers of flies in each quadrant) X (each quadrant weight)
/ the total number of flies. For comparing average climbing index, we conducted climbing assay for

5-7 times for each condition (each time with new flies), then calculated average climbing index.

Statistical analysis
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GraphPad Prism 9 was used for all analysis.

REFERENCES

10.

11.

12.

13.

14.

Kozminski, K. G., Beech, P. L. & Rosenbaum, J. L. The Chlamydomonas kinesin-like protein
FLA10 is involved in motility associated with the flagellar membrane. J. Cell Biol. 131, 1517—-
1527 (1995).

Rosenbaum, J. L. & Witman, G. B. Intraflagellar transport. Nature Reviews Molecular Cell
Biology (2002). doi:10.1038/nrm952

Kozminski, K. G., Johnson, K. A., Forscher, P. & Rosenbaum, J. L. A motility in the eukaryotic
flagellum unrelated to flagellar beating. Proc. Natl. Acad. Sci. U. S. A. 90, 5519-23 (1993).
Johnson, K. A. & Rosenbaum, J. L. Polarity of flagellar assembly in Chlamydomonas. J. Cell
Biol. 119, 1605-1611 (1992).

King, S. M. Axonemal Dynein Arms. Cold Spring Harb. Perspect. Biol. 8, 028100 (2016).
Fowkes, M. E. & Mitchell, D. R. The role of preassembled cytoplasmic complexes in assembly
of flagellar dynein subunits. Mol. Biol. Cell 9, 2337-47 (1998).

Horani, A. & Ferkol, T. W. Molecular Genetics of Primary Ciliary Dyskinesia. in eLS (John Wiley
& Sons, Ltd, 2013). doi:10.1002/9780470015902.2a0024989

Desai, P. B., Dean, A. B. & Mitchell, D. R. Cytoplasmic preassembly and trafficking of axonemal
dyneins. in Dyneins 140-161 (Elsevier, 2018). doi:10.1016/B978-0-12-809471-6.00004-8
Viswanadha, R. et al. The ciliary inner dynein arm, 11 dynein, is assembled in the cytoplasm
and transported by IFT before axonemal docking. Cytoskeleton 71, 573—-586 (2014).

Dai, J., Barbieri, F., Mitchell, D. R. & Lechtreck, K. F. In vivo analysis of outer arm dynein
transport reveals cargo-specific intraflagellar transport properties. Mol. Biol. Cell 29, 2553—
2565 (2018).

Wren, K. N. et al. A Differential Cargo-Loading Model of Ciliary Length Regulation by IFT. Curr.
Biol. 23, 2463-2471 (2013).

Wakabayashi, K., Takada, S., Witman, G. B. & Kamiya, R. Transport and arrangement of the
outer-dynein-arm docking complex in the flagella ofChlamydomonas mutants that lack outer
dynein arms. Cell Motil. Cytoskeleton 48, 277—286 (2001).

Ma, M. et al. Structure of the Decorated Ciliary Doublet Microtubule. Cell 179, 909-922.e12
(2019).

zur Lage, P., Newton, F. G. & Jarman, A. P. Survey of the Ciliary Motility Machinery of

Drosophila Sperm and Ciliated Mechanosensory Neurons Reveals Unexpected Cell-Type

19



15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

Specific Variations: A Model for Motile Ciliopathies. Front. Genet. 10,
10.3389/fgene.2019.00024 (2019).

Mitchison, H. M. & Valente, E. M. Motile and non-motile cilia in human pathology: from
function to phenotypes. J. Pathol. 241, 294-309 (2017).

Onoufriadis, A. et al. Combined exome and whole-genome sequencing identifies mutations in
ARMC4 as a cause of primary ciliary dyskinesia with defects in the outer dynein arm. J. Med.
Genet. 51, 61-67 (2014).

Knowles, M. R. et al. Exome sequencing identifies mutations in CCDC114 as a cause of
primary ciliary dyskinesia. Am. J. Hum. Genet. 92, 99-106 (2013).

Karak, S. et al. Diverse Roles of Axonemal Dyneins in Drosophila Auditory Neuron Function
and Mechanical Amplification in Hearing. Sci. Rep. 5, 17085 (2015).

zur Lage, P. et al. The Drosophila orthologue of the primary ciliary dyskinesia-associated gene,
DNAAFS3, is required for axonemal dynein assembly. bioRxiv (2021).
doi:10.1101/2021.05.11.443597

Lee, E., Sivan-Loukianova, E., Eberl, D. F. & Kernan, M. J. An IFT-A Protein Is Required to
Delimit Functionally Distinct Zones in Mechanosensory Cilia. Curr. Biol. (2008).
doi:10.1016/j.cub.2008.11.020

Eberl, D. F., Hardy, R. W. & Kernan, M. J. Genetically similar transduction mechanisms for
touch and hearing in Drosophila. J. Neurosci. 20, 5981-5988 (2000).

Mukhopadhyay, S. & Jackson, P. K. The tubby family proteins. Genome Biol. 12, 225 (2011).
Park, J. et al. dTULP, the Drosophila melanogaster Homolog of Tubby, Regulates Transient
Receptor Potential Channel Localization in Cilia. PLoS Genet. 9, 1003814 (2013).

Park, J. et al. Ciliary Phosphoinositide Regulates Ciliary Protein Trafficking in Drosophila. Cell
Rep. (2015). doi:10.1016/j.celrep.2015.12.009

Newton, F. G. et al. Forkhead Transcription Factor Fd3F Cooperates with Rfx to Regulate a
Gene Expression Program for Mechanosensory Cilia Specialization. Dev. Cell 22, 1221-1233
(2012).

Vieillard, J. et al. Transition zone assembly and its contribution to axoneme formation in
Drosophila male germ cells. J. Cell Biol. 214, 875—-889 (2016).

Moore, D. J. et al. Mutations in ZMYND10, a gene essential for proper axonemal assembly of
inner and outer dynein arms in humans and flies, cause primary ciliary dyskinesia. Am. J.
Hum. Genet. 93, 346—356 (2013).

Diggle, C. P. et al. HEATR2 Plays a Conserved Role in Assembly of the Ciliary Motile Apparatus.
PLoS Genet. 10, 1004577 (2014).

20



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

zur Lage, P. et al. Ciliary dynein motor preassembly is regulated by Wdr92 in association with
HSP90 co-chaperone, R2TP. J. Cell Biol. 217, 2583-2598 (2018).

Becker-Heck, A. et al. The coiled-coil domain containing protein CCDC40 is essential for
motile cilia function and left-right axis formation. Nat. Genet. 43, 79-84 (2011).

Merveille, A. C. et al. CCDC39 is required for assembly of inner dynein arms and the dynein
regulatory complex and for normal ciliary motility in humans and dogs. Nat. Genet. 43, 72-78
(2011).

Antony, D. et al. Mutations in CCDC39 and CCDC40 are the Major Cause of Primary Ciliary
Dyskinesia with Axonemal Disorganization and Absent Inner Dynein Arms. Hum. Mutat. 34,
462-472 (2013).

Bustamante-Marin, X. M. et al. Mutation of CFAP57, a protein required for the asymmetric
targeting of a subset of inner dynein arms in Chlamydomonas, causes primary ciliary
dyskinesia. PLOS Genet. 16, e1008691 (2020).

Lin, J. et al. FAP57/WDRG65 targets assembly of a subset of inner arm dyneins and connects to
regulatory hubs in cilia. Mol. Biol. Cell 30, 2659-2680 (2019).

Senthilan, P. R. et al. Drosophila auditory organ genes and genetic hearing defects. Cell 150,
1042-1054 (2012).

Augiére, C. et al. salto/CG13164 is required for sperm head morphogenesis in Drosophila.
Mol. Biol. Cell 30, 636—645 (2019).

Jerber, J. et al. The coiled-coil domain containing protein CCDC151 is required for the
function of IFT-dependent motile cilia in animals. Hum. Mol. Genet. 23, 563-577 (2014).
Hjeij, R. et al. CCDC151 mutations cause primary ciliary dyskinesia by disruption of the outer
dynein arm docking complex formation. Am. J. Hum. Genet. 95, 257-274 (2014).

Gui, M. et al. De novo identification of mammalian ciliary motility proteins using cryo-EM. Cell
184, 1-16 (2021).

Onoufriadis, A. et al. Splice-site mutations in the axonemal outer dynein arm docking
complex gene CCDC114 cause primary ciliary dyskinesia. Am. J. Hum. Genet. 92, 88—98
(2013).

Chung, Y. D., Zhu, J., Han, Y. G. & Kernan, M. J. nompA encodes a PNS-specific, ZP domain
protein required to connect mechanosensory dendrites to sensory structures. Neuron (2001).
doi:10.1016/S0896-6273(01)00215-X

Qin, H., Diener, D. R., Geimer, S., Cole, D. G. & Rosenbaum, J. L. Intraflagellar transport (IFT)
cargo. J. Cell Biol. 164, 255—-266 (2004).

Piperno, G., Mead, K. & Henderson, S. Inner dynein arms but not outer dynein arms require

21



44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

the activity of kinesin homologue protein KHP1(FLA10) to reach the distal part of flagella in
Chlamydomonas. J. Cell Biol. 133, 371-379 (1996).

Lechtreck, K. F., Mengoni, I., Okivie, B. & Hilderhoff, K. B. In vivo analyses of radial spoke
transport, assembly, repair and maintenance. Cytoskeleton 75, 352—-362 (2018).

Bower, R. et al. The N-DRC forms a conserved biochemical complex that maintains outer
doublet alignment and limits microtubule sliding in motile axonemes. Mol. Biol. Cell 24,
1134-1152 (2013).

Lechtreck, K.-F., Gould, T. J. & Witman, G. B. Flagellar central pair assembly in
Chlamydomonas reinhardtii. Cilia 2, 15 (2013).

Chien, A. et al. Dynamics of the IFT machinery at the ciliary tip. Elife 6, (2017).

Ahmed, N. T., Gao, C., Lucker, B. F., Cole, D. G. & Mitchell, D. R. ODA16 aids axonemal outer
row dynein assembly through an interaction with the intraflagellar transport machinery. J.
Cell Biol. 183, 313—-322 (2008).

Piperno, G. & Mead, K. Transport of a novel complex in the cytoplasmic matrix of
Chlamydomonas flagella. Proc. Natl. Acad. Sci. 94, 4457-4462 (1997).

Wallmeier, J. et al. TTC25 Deficiency Results in Defects of the Outer Dynein Arm Docking
Machinery and Primary Ciliary Dyskinesia with Left-Right Body Asymmetry Randomization.
Am. J. Hum. Genet. 99, 460-469 (2016).

Xu, Y. et al. Characterization of Tetratricopeptide Repeat-Containing Proteins Critical for Cilia
Formation and Function. PLoS One 10, e0124378 (2015).

Owa, M. et al. Cooperative binding of the outer arm-docking complex underlies the regular
arrangement of outer arm dynein in the axoneme. Proc. Natl. Acad. Sci. 111, 9461-9466
(2014).

Owa, M. et al. Inner lumen proteins stabilize doublet microtubules in cilia and flagella. Nat.
Commun. 10, 1143 (2019).

Hjeij, R. et al. ARMC4 mutations cause primary ciliary dyskinesia with randomization of
left/right body asymmetry. Am. J. Hum. Genet. 93, 357-367 (2013).

Bauerly, E., Yi, K. & Gibson, M. C. Wampa is a dynein subunit required for axonemal assembly
and male fertility in Drosophila. Dev. Biol. 463, 158—168 (2020).

Cheng, W., Ip, Y. T. & Xu, Z. Gudu, an Armadillo repeat-containing protein, is required for
spermatogenesis in Drosophila. Gene 531, 294-300 (2013).

Paff, T. et al. Mutation in the CCDC114 gene causes Primary Ciliary Dyskinesia with normal
fertility in the isolated Volendam population. Tijdschr. Kindergeneeskd. 81, 92—92 (2013).

Thomas, L. et al. TTC12 Loss-of-Function Mutations Cause Primary Ciliary Dyskinesia and

22



59.

60.

61.

62.

Unveil Distinct Dynein Assembly Mechanisms in Motile Cilia Versus Flagella. Am. J. Hum.
Genet. 106, 153—-169 (2020).

Han, Y. G., Kwok, B. H. & Kernan, M. J. Intraflagellar Transport Is Required in Drosophila to
Differentiate Sensory Cilia but Not Sperm. Curr. Biol. 13, 1679-1686 (2003).

Sarpal, R. et al. Drosophila KAP Interacts with the Kinesin Il Motor Subunit KLP64D to

Assemble Chordotonal Sensory Cilia, but Not Sperm Tails. Curr. Biol. 13, 1687-1696 (2003).

Baker, N. E., Yu, S. & Han, D. Evolution of proneural atonal expression during distinct
regulatory phases in the developing Drosophila eye. Curr. Biol. 6, 1290-1302 (1996).
Dietzl, G. et al. A genome-wide transgenic RNAi library for conditional gene inactivation in

Drosophila. Nature 448, 151-156 (2007).

23



ACKNOWLEDGEMENTS

We thank Martyna Panasiuk for her help in the early stages of this project. We thank Bénédicte
Durand and Jordan Raff for reagents. Stocks obtained from the Bloomington Drosophila Stock Center
(NIH P400D018537) were used in this study. This work was supported by a grant from the
Biotechnology and Biosciences Research Council (BBSRC, BB/S000801) to AJ.

AUTHOR CONTRIBUTIONS

WX contributed to the bulk of the experimental design, data collection and analysis, and co-wrote
the manuscript. PzL contributed to experimental design, data collection and analysis, supervision,
and edited the manuscript. FGN generated the TRP channel imaging data. GQ generated ODA-DC
imaging data. APJ contributed to experimental design and data analysis, supervision, gained funding,

and wrote the paper. All authors revised the manuscript.

DATA AVAILABILITY

The datasets generated during and/or analysed during the current study are available from the

corresponding author on reasonable request.

ADDITIONAL INFORMATION

The authors declare no competing interests.

24



FIGURE LEGENDS

Figure 1. Axonemal dyneins and the chordotonal neuron cilium

(A) Schematic of the axonemal protein complexes of motile cilia. The repeating unit of a single
microtubule doublet is represented. Chordotonal cilia have a 9+0 axoneme and so lack the radial
spokes (greyed out). N-DRC: nexin-dynein regulatory complex. Based on *. (B) Schematic outline of
generalised axonemal dynein assembly and the intraflagellar transport (IFT) pathway. (C) The
structure of chordotonal scolopidia of Johnston’s organ (JO) in the Drosophila antenna. JO is housed
in the second antennal segment. Each ‘unit scolopidium’ comprises 2-3 mechanosensory
chordotonal neurons. Each dendrite terminates in single 940 cilium. The cilia are bathed in lymph
within a scolopale structure and are attached at their tips to a cap structure, enabling the
transmission of mechanical force to the cilia. (D) Schematic of the adult chordotonal neuron cilium
(outer dendritic segment). The cilium is divided into a ‘motile’ proximal zone and a ‘sensory’ distal
zone, between which is the ciliary dilation (CD). Axonemal dyneins and TRPV channels (lav/Nan) are
confined to the proximal zone whereas TRPN channels (NompC) are in a region of the distal zone.
Several proteins reside at the ciliary dilation, including the IFT-A protein, RempA. Lengths are

approximate, based on electron micrographs of adult JO cilia.
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Figure 2. TRP channels localise to the cilium at different times

(A,B) The chordotonal cilia in pupal antenna show extension from at least 6 h APF onwards.
Axoneme is marked with CG6652-GFP (green), basal bodies with Sas-4 (blue), F-actin-rich scolopales
with phalloidin (red). (C—E) lav-GFP localisation in early cilia. lav-GFP (green), Sas-4 (blue), phalloidin
(red). (C) At 12 h, lav is not yet clearly within the cilia. (D) At 24 h, lav shows substantial localisation
to the proximal zone (pz). (E) At 30 h, lav localisation appears largely complete. (F,G) lav-GFP

localisation in later cilia. lav-GFP (green), Sas-4 (blue), NompC (red). At 48 h (F) and 72 h (G), lav-GFP
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and NompC are separated in the proximal and distal zones respectively (marked pz and dz). (H)
Graph showing cilium length over time. Estimate based on measuring the distance between the
basal body and distal extent of NompC staining. (I-L) Progression of NompC localisation. NompC
shows localisation to the distal zone at 30 h (I), and this becomes more restricted over time (J-L).
(M) Graph showing the restriction in extent of NompC localisation over time (distance between
proximal and distal staining extents). (N,0) RempA localisation to the ciliary dilation is progressive.
(N) At 24 h, RempA is scattered in the cilium. RempA-YFP (green), Sas-4 (blue), Phalloidin (red). (O)
At 72 h, RempA is confined to the ciliary dilation. RempA-YFP (green), NompC (blue), Phalloidin (red).

(P) Schematic summary of ciliary protein localisation during ciliogenesis. All scale bars are 5 mm.
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Figure 3. ODA and IDA markers localise differently during ciliogenesis.

(A—I) Localisation of IDA-Dnalil-mVenus. Pupal antennae at times indicated, and with proximal zones
(pz) and distal zones (dz) indicated. (A) Adult antenna (mVenus fluorescence). (B,C) IDA-Dnalil
enters the cilium early. IDA-Dnalil (green), Sas-4 (blue), Phalloidin (red). (D—G) IDA-Dnalil
localisation extends beyond the proximal zone into the NompC-containing distal zone. IDA-Dnalil
(magenta), NompC (green). (H) Graph showing length of Dnalil-mVenus staining. For each time
point. (I) Schematic summary of IDA-Dnalil localisation. (J-Q) Localisation of ODA-Dnall-mVenus.
Pupal antennae at times indicated. (J) Adult antenna (mVenus fluorescence). (K-M) Pupal antennae,
ODA-Dnal1 (green), Sas-4 (blue), NompC (red). (K) ODA-Dnall enters the cilium early. (L) At 72 h,
ODA-Dnal1 localisation is confined to the proximal zone and an accumulation at the ciliary dilation
(arrows) (M) At 96 h, ODA-Dnal1 localisation is confined to the proximal zone only (arrow marks the
location of ciliary dilation). (N) 72-h pupal antenna, showing location of ODA-Dnall-mVenus (green)
and IDA-Dnalil-mCherry (magenta). Both are in the proximal zone but only IDA-Dnalil extends into
the distal zone. (O,P) Anti-Dnah5 labelling. (O) At 48 h, Dnah5 is present in the proximal zone. Dnah5
(green), phalloidin (magenta). (P) At 72 h, Dnah5 is in the proximal zone and ciliary dilation (arrow).
Dnah5 (green), NompC (magenta). (Q) Schematic summary of ODA marker localisation. All scale bars

are 5 mm.
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Figure 4. Dynein markers and lav localise to the cilium independently of each other.

Pupal antenna at approximately 72 h with proximal zones (pz) and distal zones (dz) indicated. (A,B)
Knockdown of dTulp does not prevent localisation of IDA-Dnalil. IDA-Dnalil (green), NompC (blue),
phalloidin (red). (A) Control (scaGal4/+). (B) dTulp knockdown (scaGal4/UAS-dTulp-RNAi. (C) dTulp
knockdown (scaGal4/UAS-dTulp-RNAi) does not prevent ODA-Dnall localisation. ODA-Dnall (green),
NompC (blue), phalloidin (red). Note that NompC localisation spreads proximally upon dTulp
knockdown as previously reported %, but still does not overlap with ODA-Dnall, suggesting NompC
remains confined to the distal zone. (D,E) Confirmation that lav does not enter the cilium upon dTulp
knockdown 2. lav (green), Sas-4 (blue), phalloidin (red). lav localises in the control (D) but not in
knockdown antenna (E). (F,G) Loss of dynein complexes from the cilium (Dnaaf3 homozygotes) does
not prevent localisation of lav. lav (green), NompC (blue), phalloidin (red). (F) Dnaaf3 heterozygote
control. (G) Dnaaf3 homozygote. (H) Schematic summary of TRP and dynein marker localisation. All

scale bars are 5 mm.

29



Figure 5. Ccdc39-mVenus localises to the whole cilium in pupal antennae
(A,B) Immunofluorescence for Ccdc39-mVenus (green), Sas-4 (blue), NompC (red), with proximal
zones (pz) and distal zones (dz) indicated. (A) 36-h pupal antenna. (B) 96-h pupal antenna. (C) 72-h

pupal antenna. Colocalisation of Ccdc39-mVenus (green) and IDA-Dnalil-mCherry (magenta). (D)

Localisation of Cfa57-GFP (green) and phalloidin (magenta). (E) Schematic summary of localisation.

All scale bars are 5 mm.
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Figure 6. Loss of stable ODA localisation in ODA-DC mutants

(A—F) Localisation of ODA-Dnall to the proximal zone is abolished in Ccdc114 homozygotes (B,D,F)
compared with heterozygote controls (A,C,E) in pupal antennae of the timepoints indicated (with
proximal zones (pz) and distal zones (dz) indicated). ODA-Dnal1l (green), Sas-4 (blue), NompC (red).
At 36 and 72 h, expression is absent from the proximal zone but remains in the ciliary dilation
(arrow). At 96 h, all expression is absent. (G,H) Localisation of ODA-Dnal1 to the proximal zone is
strongly reduced in knockdown of Ccdc151 (scaGal4, UAS-Ccdc151-RNAi) (G) compared with control
(scaGal4, KK line control) (H). As for Ccdc114, expression remains in the ciliary dilation (arrow). ODA-
Dnall (green), Sas-4 (blue), NompC (red). In contrast, localisation of IDA-Dnalil to cilia is unaffected
in knockdown of Ccdc151. IDA-Dnalil (green), Sas-4 (blue), NompC (red). (K) Schematic summary. All

scale bars are 5 mm.
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Fig. 7. ODA-DC components localise directly to the proximal zone.

(A—C) Pupal antennae at indicated hours, showing localisation of Ccdc114-mVenus to the proximal
zone (pz) (distal zone also indicated, dz). Ccdc114-mVenus (green), Sas-4 (blue), NompC (red, A,B) or
phalloidin (red, C). (D) Colocalisation of Ccdc114-mVenus (green) and ODA-Dnall-mCherry
(magenta) confirms colocalization in the proximal zone but only ODA-Dnall-mCherry localises
beyond (arrow). (E) Ccdc151-GFP (green) localises to cilia at 72 h; phalloidin (red). (F) Schematic
summary of ODA-DC and ODA localisation. (G—K) Pupal antenna showing Ccdc114 (green), Sas-4
(blue), NompC (red). (G,H) Knockdown of Ccdc151 (scaGal4, UAS-Ccdc151-RNAI) results in loss of
Ccdc114 from the cilia (H) compared with control (scaGal4, KK control) (G). (I) Knockdown of
Dhc93AB (scaGal4, UAS-Dhc93AB-RNAI) does not affect Ccdc114 in the cilia. (J,K) Ccdc114 is localised
normally in Dnaaf3 homozygous mutant antennae (K) compared with control (J). All scale bars are 5

mm.
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Figure 8. Models of dynein transport in chordotonal ciliogenesis and of ODA-DC composition.

(A) ODA and ODA-DC are able to access their microtubule binding sites along the length of the
proximal zone (PZ). They are released from IFT trains before they reach the ciliary tip. Consequently,
as the distal zone (DZ) extends, excess complexes are not found far beyond the proximal zone —
transient accumulation occurs at the future ciliary dilation (CD). In contrast, IDA, their docking
proteins, and other components access their microtubule binding sites at the growing tip only, and
are released from IFT trains at the tip. Excess complexes accumulate transiently in the distal zone. In
all cases, we envisage that excess complexes (not stably bound to the PZ) are eventually cleared by
retrograde IFT. (B) Schematic of the proposed composition of Drosophila ODA-DC complexes,
relative to the counterparts in Chlamydomonas flagella and human respiratory cilia. Colour coding

indicates homology. Expression and functional evidence strongly suggest the presence of
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substantially different ODA-DCs in chordotonal cilia compared with sperm flagella. These differences

may be related to differences in mode of ciliogenesis or in differences in ODA subunit composition.
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Supplementary Fig. S1. NompC overexpression does not strongly alter its localisation to the distal
zone

(A,B) 72-h pupal antenna showing NompC (green), Sas-4 (blue), phalloidin (red). (A) Control
(scaGal4/+). (B) NompC overexpression (scaGal4, UAS-NompC), showing longer extent of NompC
labelling. (C) Graph comparing length of NompC labelling. Significance determined by two-tailed
Mann-Whitney U test (****: P<0.0001). All scale bars are 5 um.



Supplementary Fig. S2. Knockdown of Ccdc39 reduces localisation in the cilium IDA-Dnalil but not
ODA-Dnall.

72-h pupal antennae. (A,B) Immunofluoresence for IDA-Dnalil-mVenus (green), phalloidin
(magenta). (A) Control (scaGal4/+). (B) Ccdc39 knockdown (scaGal4, UAS-Ccdc39-RNAI). (C,D)
Immunofluoresence for ODA-Dnall-mVenus (green), phalloidin (magenta). (C) Control (scaGal4/+).
(D) Ccdc39 knockdown (scaGal4, UAS-Ccdc39-RNAI). Below the panels is a schematic summary. All

scale bars are 5 um.



Supplementary Fig. S3. Climbing assays to test proprioceptive behaviour of flies

(A) Ccdc114 homozygote flies perform significantly worse than wild-type flies (OreR) in a climbing
assay (****: P<0.0001). Rescue of homozygotes by one copy of the Ccdc114-mVenus fusion gene
improved their performance significantly compared to homozygotes (**: P=0.0027). Significance was
determined by one-way Anova followed by Dunnett’s test for multiple comparisons. n = 10 batches
of 15 flies (or 18 batches for rescue cross). (B) Knockdown of Ccdc151 and Dhc93AB (scaGal4, UAS-
RNAI) result in impaired performance in climbing assay compared to control (scaGal4, KK control
line). For comparison, knockdown of Dnaaf3 is also included, in which dynein arms are completely
absent from the cilia (zur Lage et al., 2021). Significance was determined by one-way Anova followed
by Dunnett’s test for multiple comparisons: CG14127: p = 0.0246; Dhc93AB: P < 0.0001; Dnaaf3:
P<0.0001. n = 10 batches of 15 flies.



Supplementary Table S1. Oligonucleotides used in this study

Name of oligonucleotide
mVenus constructs
CG6971-L

CG6971-R
CG8800-attB Fw
CG8800-attB Rv
CG17387mVenus left
CG17387mVenus right
CG14905mVenus 5

CG14905mVenus 3

pBID modification
pBID UAS_del

Gibson cloning of pBID-
GmCherry
cassette-fwd

cassette_rev
mCherry_fwd

mCherry_rev

CG14905 CRISPR RNA
guides

RNA guide oligonucleotide

1 sense

RNA guide oligonucleotide

1 antisense

RNA guide oligonucleotide

2 sense

RNA guide oligonucleotide

2 antisense

CG14905 CRISPR
homology arms
Left HA EcoRI 14905

Left HA Notl 14905
right HA Pstl 14905
Right HA Xhol 14905

Sequence

GGGGACAAGTTTGTACAAAAAAGCAGGCTG
AATTGGAAATGTGCAACGA
GGGGACCACTTTGTACAAGAAAGCTGGGTC
CTTCTTGGGTGCGGTTATGC
GGGGACAAGTTTGTACAAAAAAGCAGGCTG
GCAAGCGTGGAAATCGCAAG
GGGGACCACTTTGTACAAGAAAGCTGGGTC
AAGCTGCGGCTCCTCGTTGAGC
GGGGACAAGTTTGTACAAAAAAGCAGGCTT
GACTACCGGCTTTGAGAAAT
GGGGACCACTTTGTACAAGAAAGCTGGGTC
TTTTTTCTTCGGCAAGGGCAACTC
GGGGACAAGTTTGTACAAAAAAGCAGGCTG
TACAAATCGAGCGCTGCGTTGCTC
GGGGACCACTTTGTACAAGAAAGCTGGGTC
GTTTTTAGTTTTCGCCGATTCCCGT

TCGATCCGCTTGCATGCCTGCAGGTATCGAGCGCAGCGGTATAAAAGGGC

CGCAGATCTGCGGCCGCGGCTCGAGGGCCGGATCCGAA
TGCTCACGCATGCGATATCAACCACTTTGTACAAGAAAGC
TTGATATCGCATGCGTGAGCAAGGGCGAG
GGTTCCTTCACAAAGATCCTCTAGACTACTTGTACAGCTCGTCC

CTTCGGTGGCAAGTTGCTTAGTAA
AAACTTACTAAGCAACTTGCCACC
CTTCGTGTTCCCAAATTCAACATA

AAACTATGTTGAATTTGGGAACAC

GCCGAATTCGCAACAACAACCACAACAGC
GATGCGGCCGCGGTTTATCGAAGACTTTTACC
GCCCTGCAGTCGGCGAAAACTAAAAACTA
GATCTCGAGGGCAGAAGGACCCAGTAAGT
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