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AWDR47 homolog facilitates ciliogenesis by modulating
intraflagellar transport
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ABSTRACT
Cilia are conserved organelles found in many cell types in
eukaryotes, and their dysfunction causes defects in environmental
sensing and signaling transduction; such defects are termed
ciliopathies. Distinct cilia have cell-specific morphologies and exert
distinct functions. However, the underlying mechanisms of cell-
specific ciliogenesis and regulation are unclear. Here, we identified a
WD40-repeat (WDR) protein, NMTN-1 (the homolog of mammalian
WDR47), and show that it is specifically required for ciliogenesis of
AWB chemosensory neurons in C. elegans. NMTN-1 is expressed in
the AWB chemosensory neuron pair, and is enriched at the basal
body (BB) of the AWB cilia. Knockout of nmtn-1 causes abnormal
AWB neuron cilia morphology, structural integrity, and induces
aberrant AWB-mediated aversive behaviors. We further
demonstrate that nmtn-1 deletion affects movement of intraflagellar
transport (IFT) particles and their cargo delivery in AWB neurons. Our
results indicate that NMTN-1 is essential for AWB neuron ciliary
morphology and function, which reveal a novel mechanism for cell-
specific ciliogenesis. Given that WDR47/NMTN-1 is conserved in
mammals, our findings may help understanding of the process of cell-
specific ciliogenesis and provide insights for treating ciliopathies.

KEY WORDS: Cilia, Chemosensory neuron, WD40-repeat protein,
Intraflagellar transport

INTRODUCTION
Cilia are microtubule-based sensory organelles that are found
throughout most eukaryotes (Pedersen et al., 2012). They play
essential roles in diverse physiological and developmental
processes, including transduction of environmental signals,
establishing cell polarity, modulation of cellular motility and
regulating fluid flow (Berbari et al., 2009; Bloodgood, 2010;
Dasgupta and Amack, 2016; Goetz and Anderson, 2010; Pan et al.,
2005; Ringers et al., 2020). Dysfunction of cilia underlies a wide
range of human syndromes – termed ciliopathies – that feature
diverse phenotypes, including brain malformation, infertility, renal
cyst formation, retinal degeneration and anosmia (loss of smell)

(Brown and Witman, 2014; Jenkins et al., 2009; Reiter and Leroux,
2017; Sharma et al., 2008; Uytingco et al., 2019a).

Cilia comprise three major compartments – the basal body (BB)
with fibrous apparatuses transition fibers and basal feet, the
transition zone (TZ), and the microtubule-based ciliary scaffold
known as an ‘axoneme’ (Kobayashi and Dynlacht, 2011; Reiter
et al., 2012; Wei et al., 2015). Cilia are nucleated by the BB (derived
from the mother centriole) and eventually protrude from the cell
surface (Ishikawa and Marshall, 2011). Subsequently, the TZ is
templated to gate ciliary protein trafficking (Williams et al., 2011).
Known ciliary cargoes include cilia structural components,
G-protein-coupled receptors, ion channels and other signaling
molecules (Inglis et al., 2007; Lechtreck, 2015; Nachury, 2018).
Those cargoes are transported bi-directionally along the axoneme
via a process called intraflagellar transport (IFT) (Hao and Scholey,
2009). IFT components are recruited to elongate the ciliary
axoneme. The IFT machinery consists of kinesin-2 and IFT
dynein motors, together with the IFT-A and the IFT-B cargo
adaptor complexes, which mediate the bidirectional movement of
IFT cargoes along the axoneme (Hao and Scholey, 2009; Jordan and
Pigino, 2021). The anterograde IFT motors of the kinesin-2 family
transports IFT particles from the cilia base to the cilia tip for
incorporation into ciliary structures, whereas the retrograde IFT
motors of dynein recycle kinesin-2 and IFT particles back to the
cilia base (Hao and Scholey, 2009; Prevo et al., 2017). In addition,
the Bardet–Biedl syndrome (BBS) proteins are required to stabilize
the association of IFT motors and IFT particles (Ou et al., 2005;
Uytingco et al., 2019b). This bidirectional cargo transport is
essential for ciliogenesis (Ishikawa and Marshall, 2011). It has been
reported that impairment of IFT leads to defects in cilia structure and
function across different species. In C. elegans, mutations in IFT
particle genes and motor genes have been shown to alter the cilia
morphology of chemosensory neurons (Mukhopadhyay et al.,
2007). Inactivation of the IFT component IFT88 results in shortened
cilia in a mouse model of polycystic kidney disease (Shao et al.,
2020). In addition, loss of BBS proteins leads to disorganization of
the dendritic microtubule network of olfactory cilia and causes
anosmia in mice (Kulaga et al., 2004).

Although the basic assembly mechanisms and structures of cilia
are highly conserved, it is clear that these structures exhibit distinct
lengths and morphologies depending on the identity and condition
of the cells they are generated within; it is also clear that specialized
cilia exert unique functional roles (Silverman and Leroux, 2009).
For example, the multiciliated protist model Tetrahymena carries
two types of cilia (oral and locomotory), which exhibit asymmetries
in the anterior-posterior and left-right axes (Soares et al., 2019).
These two types of cilia have different mechanisms to control cilia
oscillation and to sense viscosity (Jung et al., 2014). In mammals,
cilia of mammalian olfactory sensory neurons are known to have
different lengths in distinct regions of the olfactory epithelium
(Challis et al., 2015); olfactory sensory neurons situated in the
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anterior areas have longer cilia and are more sensitive to odorants
than those in the posterior regions (Challis et al., 2015). These
findings make it clear that cilia identity (including morphology and
function) is under strict control. However, mechanisms through
which the unique genesis, structural maintenance and/or function of
such cell-specific cilia remain elusive.
C. elegans has been repeatedly used as a model system to explore

mechanisms regulating cell-specific cilia morphology and function
(Bae and Barr, 2011; Inglis et al., 2007; Ou et al., 2007). C. elegans
has exactly 60 ciliated cells, with variable morphology and function
(Bargmann, 2006). Among the ciliated neurons, AWA, AWB, AWC,
ASH and ADL neurons belong to chemosensory neurons, enabling
worms to detect a wide variety of volatile (olfactory) and water-
soluble (gustatory) cues associated with food and danger (Bargmann,
2006; Emily et al., 1997; Hart and Chao, 2010; Li and Liberles, 2015;
Qian et al., 2021; Yoshida et al., 2012). Regarding morphology,
AWA, AWB, and AWC neurons have ‘wing’ cilia with distinct wing-
like morphologies, whereas the ASH and ADL neurons have
‘channel’ cilia with rod-like shapes (Inglis et al., 2007). For odorant
recognition, the AWA and AWC neuron pairs detect volatile
attractants (Cornelia et al., 1993; Sengupta, 2007), whereas ASH,
ADL and AWB neurons respond to volatile repellants (Chao et al.,
2004; Sengupta, 2007). Thus, the cilia of particular chemosensory
neurons of C. elegans represent an excellent model system to explore
the cell-specific regulation of cilia morphology and function.
The WD40-repeat (WDR) protein family is a large group of

proteins containing the WDR motifs comprised of ∼40 amino acids
terminating in tryptophan (W) and aspartic acid (D) (Kim and Kim,
2020). At least 17 different WDR proteins are associated with
ciliopathies and the majority of them have been identified as IFT
components. One of the WDR proteins, WDR47 has been
implicated in regulating formation of the central pair microtubules
and ciliary beat in the motile cilia (Liu et al., 2021). However, its
function in the primary cilia, such as the chemosensory neurons
remains unknow. Given that WDR47 is highly conserved with
NMTN-1 as the homolog in C. elegans, we set out to investigate
whether NMTN-1 regulates the function of specific chemosensory
neurons in C. elegans.
Here, we discovered that NMTN-1 is required for AWB-mediated

avoidance behaviors. After showing that NMTN-1 is expressed in
the AWB neuron pair and is enriched at the BB of AWB cilia, we
demonstrate that knockout of nmtn-1 affects the cilia length and
morphology of the AWB neurons as well as AWB-mediated
chemosensation. To explain these mutant phenotypes, our data
support that NMTN-1 helps to maintain appropriate IFT motor
movement and proper IFT cargo delivery. In all, our results indicate
that NMTN-1 participates in the ciliogenesis via IFT particle
movement in a cell-specific manner. Given that WDR47/NMTN-1
is conserved in mammals, the mechanism we identified here may
help us to better understand the process of cell-specific ciliogenesis
and molecular mechanism for cilia identity.

RESULTS
NMTN-1 is expressed in the AWB chemosensory neuron pair
To examine the expression pattern of NMTN-1 in C. elegans, we
generated transgenic animals expressing GFP under the nmtn-1
promoter. We detected the strong GFP signals in both the ciliated
amphid and phasmid neurons (Fig. 1A; Table 1). Next, we focused
on the amphid chemosensory neurons and asked whether NMTN-1
is expressed in specific chemosensory neurons. There are five pairs
of chemosensory neurons (olfactory) that detect volatile odors (Hart
and Chao, 2010). AWA and AWC neurons respond to volatile

attractants (Cornelia et al., 1993; Sengupta, 2007), whereas ASH,
ADL and AWB neurons respond to volatile repellants (Chao et al.,
2004; Sengupta, 2007). We labeled the individual chemosensory
neuron pairs by expressing mCherry under neuron-type specific
promoters (odr-10 promoter for AWA, str-1 promoter for AWB, str-
2 promoter for AWC, and srb-6 promoter for ASH and ADL). We
found strong GFP signals in the AWB neurons but not AWAor ASH
and ADL neurons, and found a dim GFP signal in the AWC neurons
(Fig. 1B,C). These data show that NMTN-1 is expressed in the
AWB chemosensory neuron pair known to function in
chemosensation and aversion behaviors (Emily et al., 1997).

NMTN-1 is enriched at the BB of cilia
To study the subcellular localization of NMTN-1 in AWB neurons,
we constructed a mNeonGreen-NMTN-1 (mNG::NMTN-1) fusion
protein with expression under the control of the nmtn-1 promoter
(Pnmtn-1). The mNeonGreen signals were observed at the cilia and
cell body of AWB neurons. Furthermore, although NMTN-1 was
found throughout the cilia, it was more enriched at the base of the
cilia (Fig. 1D,F–G). This localization pattern was observed in all of
the analyzed animals. Interestingly, mNG::NMTN-1 appears to
show a punctate pattern in the dendrites with unknown vesicular
identity (Fig. 1D). We also constructed a C-terminal-tagged
NMTN-1-mNeonGreen (NMTN-1::mNG) fusion protein (same
promoter), and found a similar localization pattern to that for the
N-terminal-tagged mNG::NMTN-1 (Fig. 1E). We also investigated
the expression pattern of NMTN-1 at different developmental stages
using the Pnmtn-1::mNG::NMTN-1 fusion protein, and found that
NMTN-1 was expressed in the cilia of the AWB neurons from egg to
adult (day 4) (Fig. S1A,B).

There are two substructures at the base of cilia known to affect
ciliogenesis and control ciliary protein composition – the BB and the
TZ (Fig. 1H) (Reiter et al., 2012). Cilia are nucleated by the BB, and
beyond the BB lies the TZ, which acts as a ‘gate’ to regulate the IFT-
dependent trafficking of ciliary proteins to and from cilia (Ishikawa
andMarshall, 2011). To detect whether NMTN-1 is expressed in the
BB and/or TZ, we labeled these substructures with mCherry-tagged
MKS-5 and DYF-19 (Nechipurenko et al., 2016; Wei et al., 2013).
NMTN-1 was colocalized with DYF-19 but not MKS-5 (Fig. 1F–I),
suggesting that NMTN-1 is localized at the BB of the cilia of AWB
neurons. The localization of NMTN-1 in the BB implies that
NMTN-1 might regulate the BB structure. To test this possibility, we
examined the distribution of mCherry-tagged DYF-19 proteins in
nmtn-1 mutants. No abnormal localization of DYF-19 proteins was
observed in nmtn-1 mutants, indicating that loss of NMTN-1 might
not affect the localization of ciliary base proteins (Fig. S1C).

nmtn-1 mutation causes morphology defects of AWB cilia
Given that the BB is known to function as a nucleation site for cilia
biogenesis (Marshall, 2008), wewondered whether NMTN-1 might
participate in the morphology of the AWB wing cilia. We classified
the AWB cilia phenotypes into three categories using a previously
reported method of quantifying AWB cilia morphologies (Olivier-
Mason et al., 2013). Briefly, category 1 cilia have characteristic
Y-shaped morphology with two primary branches and no fans.
Category 2 cilia have enlarged fans along the primary branches.
Category 3 cilia have more than one secondary branch emanating
from the primary branch (Fig. 2A). We quantified the percentage of
cilia in each of three categories in wild-type (WT) and nmtn-1
mutants, and found that the percentage of category 1 cilia was
significantly increased in nmtn-1 mutants, whereas the percentage
of category 2 cilia was significantly decreased in these animals
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Fig. 1. See next page for legend.
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(Fig. 2B). We also measured the length of the AWB cilia –the
typical AWB cilia contain two primary branches with unequal
lengths, and we found that the lengths of both long and short
branches in nmtn-1 mutants were significantly shorter than in WT
(Fig. 2C). These results collectively support that NMTN-1 regulates
the cilia morphology of the AWB neurons.
As we observed above that there was a dim NMTN-1 signal in

AWC neurons (Fig. 1B), we therefore examined AWC cilia
morphology in nmtn-1 mutants. An abnormal morphology with a
discrete fan-shape cilia structure was occasionally observed in
nmtn-1 mutants (16% in nmtn-1 mutants versus 0% in WT; Fig.
S2A,B). However, there were no significant differences in the AWC
cilia area between nmtn-1 mutants and WT animals (Fig. S2C). We
also investigated whether NMTN-1 is required to maintain cilia
morphology in other cell types using OSM-6::GFP fusion proteins
to label cilia in all amphid ciliated sensory neurons. We found no
significant changes in overall cilia length in nmtn-1mutants in cells
other than the AWB neurons (Fig. S2D,E).

nmtn-1 mutation causes structural integrity defects of AWB
cilia
We also performed a Dil dye-filling experiment –which is routinely
used to validate the structural integrity of cilia (Tong and Burglin,
2010) – to assess the specific impacts of NMTN-1 in maintaining
the AWB cilia structural integrity. After 30 min of Dil exposure, we
analyzed the fluorescence intensity of Dil in the cell body. The dye
signal in the AWB neurons of nmtn-1 mutants was significantly
dimmer than in the WT (Fig. 2D,E), suggesting apparent structural
integrity defects in the mutant AWB cilia. In contrast, no Dil
absorption defects were observed in other neurons (Fig. 2F).
Furthermore, the Dil dye absorption defects in the AWB neurons of
nmtn-1 mutants were restored upon the specific expression of
NMTN-1 in the AWB neurons driven by the str-1 promoter
(Fig. 2D,E). These data suggest that NMTN-1 functions to maintain
the structural integrity of the AWB neuron cilia.

NMTN-1 is required for AWB-mediated aversion behaviors
The abnormal cilia morphology we detected in the AWB neurons of
nmtn-1 mutants prompted us to test whether NMTN-1 is required

for the AWB-mediated chemosensation behaviors. The AWB
neurons are known to mediate aversion behaviors in response to
odorants such as 2-nonanone, and these responses require intact and
functional cilia (Emily et al., 1997; Hart and Chao, 2010). We
conducted a classic chemotaxis assay to examine aversion behavior
to 2-nonanone (Fig. 3A). Briefly, 9 cm plates containing regular
nematode growth medium (NGM) were spotted with control
(ethanol) or 2-nonanone on opposite sides, and the paralysis
agent sodium azide was added immediately before the addition of
worms in the center of the plates (Fig. 3A). In line with the previous
report (Cornelia et al., 1993), we observed that WT animals were
repelled by 2-nonanone and thus had a negative chemotaxis index
value. The chemotaxis index value was significantly increased in
the nmtn-1 mutants (Fig. 3B). Furthermore, restoring NMTN-1
expression either in the NMTN-1-expressing neurons (under the
nmtn-1 promoter) or in the AWB neurons (under the AWB-specific
str-1 promoter) rescued the chemotaxis defects (Fig. 3B). We also
observed an impaired aversion response to octanol in the nmtn-1
mutants; octanol is known to act on a group of neurons including
AWB (Fig. 3C) (Chao et al., 2004). Restoring NMTN-1 expression

Fig. 1. NMTN-1 is expressed in the AWB chemosensory neuron pair
and enriched in the BB region. (A) NMTN-1 is expressed in the amphids
and phasmids of C. elegans. The left and right images are enlarged views of
the phasmids and amphids, respectively. (B) Representative images of
Pnmtn-1::GFP signals in five pairs of olfactory neurons. The AWA, AWB and
AWC neurons are marked by Podr-10::mCherry, Pstr-1::mCherry, and Pstr-
2::mCherry. The ASH and ADL neurons are marked by Psrb-6::mCherry.
(C) Quantification colocalization of Pnmtn-1::GFP signals in five pairs of
olfactory neurons. (D) Representative images showing Pnmtn-1::mNG::
NMTN-1 signals. The AWB neurons were visualized via expression of Pstr-
1::mCherry. White arrowhead, blue arrowhead, and white arrow indicate
cilia, the cilia base and dendrites, respectively. (E) Representative images
showing Pnmtn-1::NMTN-1::mNG signals. The AWB neurons were marked
by expression of Pstr-1::mCherry. White arrowhead, blue arrowhead, and
white arrow indicate cilia, cilia base, and dendrites, respectively. (F)
Colocalization of Pstr-1::mNG::NMTN-1 and the BB (Pstr-1::DYF-19::
mCherry) marker. (G) Colocalization of Pstr-1::mNG::NMTN-1 and the TZ
(Pstr-1::MKS-5::mCherry) marker. (H) Cartoon illustration of expression
pattern of Pstr-1::mNG::NMTN-1 in the transition zone (TZ) and basal body
(BB) of the AWB cilia. MKS-5 and DYF-19 are markers for the TZ and the
BB, respectively. (I) Quantification of the fluorescence intensities of Pstr-1::
mNG::NMTN-1 in BB and other parts of the cilia. Each cilium analyzed is
represented by a dot. Data are presented as mean±s.e.m. n=24.
****P<0.0001 (unpaired two-tailed Student’s t-test). Images shown in A,B,D–
G are representative of at least 10 repeats.

Table 1. Summary of the neurons that express NMTN-1

Cell type Localization Expression
TPM in scRNA-seq
(Taylor et al., 2021)

1 PVT Tail Yes 433.525
2 PDE Body Yes 195.906
3 LUA Tail Yes 178.6
4 DVB Tail Yes 134.824
5 PQR Tail Yes 128.286
6 OLL Head Yes 125.345
7 SAB Head Yes 97.664
8 ALN Tail Yes 92.792
9 HSN Body Yes 88.634
10 AWB Head Yes 85.874
11 PDB Tail Yes 62.057
12 ALM Body Yes 55.923
13 AVK Head Yes 47.163
14 AFD Head Yes 39.668
15 SAA Head uncertain 315.199
16 OLQ Head uncertain 170.023
17 AVL Head uncertain 153.126
18 URY Head uncertain 129.345
19 RMH Head uncertain 128.242
20 DB01 Body uncertain 123.899
21 VA Body uncertain 121.969
22 AUA Head uncertain 108.363
23 DB Body uncertain 105.334
24 VD_DD Body uncertain 105.185
25 VB Body uncertain 101.113
26 AVJ Head uncertain 96.854
27 AVG Head uncertain 94.878
28 AQR Head uncertain 93.88
29 M2 Head uncertain 92.326
30 ASER Head uncertain 83.318
31 RMG Head uncertain 81.731
32 ASK Head uncertain 80.329
33 AVA Head uncertain 79.898
34 VB02 Body uncertain 79.759
35 DA Body uncertain 78.043
36 AVF Head uncertain 74.801
37 AVB Head uncertain 67.841
38 VB01 Body uncertain 66.206
39 ASG Head uncertain 65.33
40 RMD_DV Head uncertain 61.769

The data for the transcripts per kilobase million (TPM) of nmtn-1 in scRNA-seq
is from Taylor et al., 2021.
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Fig. 2. See next page for legend.
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in the NMTN-1-expressing neurons (under the nmtn-1 promoter)
rescued the chemotaxis defects (Fig. 3C). No effects were observed
when we investigated the attraction behaviors to different dilutions
of diacetyl, which is mediated by the AWA neuron (Fig. 3D)
(Cornelia et al., 1993). We did observe an impaired AWC-mediated
attraction response to isopentyl alcohol in nmtn-1 mutants (Fig. 3E)
(Cornelia et al., 1993), which might be due to the lower level of
NMTN-1 in the AWC neurons (Fig. 1B). Collectively, our data
support the notion that NMTN-1 functions in the AWB neurons to
participate in the chemosensation behavior.

The overall ultrastructure of AWB cilia is not severely
affected by nmtn-1 mutation
To explore the mechanisms underlying the impact of NMTN-1 on
ciliogenesis, we probed the ultrastructure of amphid cilia using
scanning electron microscopy (SEM) (Serwas and Dammermann,
2015). Unlike the axonemes of channel cilia, the microtubules in the
AWB cilia lack an obvious organization (Doroquez et al., 2014). We
did not detect any microtubules in the distal segments of the AWB
cilia, yet we did note the presence of singlet microtubules in the
proximal segments. However, no obvious abnormalities of the
axoneme structure were observed in nmtn-1 mutants (Fig. S3A). In
addition, the number of microtubules in the channel cilia and the
AWB cilia did not differ significantly between WT and nmtn-1
mutants (Fig. S3B,C). There was also no significant change in the
number of open B tubule breaks identified in previous reports (Fig.
S3D) (Jauregui et al., 2008; O’Hagan et al., 2011). Together, those
results suggest no significant disruption of the overall ultrastructure
of AWB cilia after deletion of nmtn-1. However, we could not
completely rule out the possibility that NMTN-1 regulates some
aspects of the cilia structure, such as the 3D organization of
microtubules as previously reported (Ma et al., 2019; Schouteden
et al., 2015; Silva et al., 2017).

nmtn-1 mutation perturbs the velocity distributions of IFT
components
Ciliogenesis and cilia structure require the IFT-mediated
bidirectional transport of particles along the microtubules (Hao
and Scholey, 2009), so we examined whether deletion of nmtn-1
influences IFT particle movement. In C. elegans, two members of
the kinesin-2 family, heterotrimeric kinesin-II (including KAP-1
protein) and homodimeric OSM-3 cooperate to form two sequential

anterograde IFT pathways that build distinct parts of cilia (Scholey,
2008). IFT particles involve two subcomplexes – IFT-A and IFT-B.
In C. elegans, IFT-A associates with kinesin-II to form the IFT-A
subcomplex, and IFT-B associates with OSM-3 to form the IFT-B
subcomplex. In addition, the two subcomplexes are coupled by BBS
proteins to move together during anterograde transport. In BBSome
mutants, IFT-A–kinesin-II and IFT-B–OSM-3 sub-complexes are
dissociated and move separately (Hao and Scholey, 2009; Liang
et al., 2014; Prevo et al., 2017). To specifically examine IFT
movement in the AWB neurons (Brust-Mascher et al., 2013), we
expressed an mNG reporter fusion variant of the KAP-1 and OSM-3
motor proteins, and the IFT-B complex subunit OSM-6 in the AWB
neuron pair (under the AWB-specific str-1 promoter) (Fig. S4A). In
the AWB cilia of WT animals, the velocity of OSM-3 (0.87 μm/s)
was a bit faster than that of KAP-1 and OSM-6 (0.64 μm/s and
0.63 μm/s) in the middle segments (Fig. 4A, Table 2). This is
possibly because some OSM-3 motors move alone in the middle
segments, which is consistent with previous reports (Mukhopadhyay
et al., 2007). Interestingly, the velocity of OSM-3 (0.94 μm/s) was
increased in the AWB cilia middle segments of nmtn-1 mutants,
whereas the velocity of OSM-6 (0.53 μm/s) was decreased in nmtn-1
mutants (Fig. 4A, Table 2). We did not observe changes in the
velocity of KAP-1. We hypothesized that some kinesin-II–OSM-3–
OSM-6 complexes were dissociated in nmtn-1 mutants. As a result,
more separate OSM-3 would be released to cause increased average
velocity of OSM-3. By contrast, OSM-6 could be retained with
kinesin-II to cause decreased average velocity of OSM-6 (Fig. 4C).
To further test this hypothesis, we generated three double mutant
animals and performed time-lapse imaging experiments on OSM-6
movement (Fig. 4B). In kap-1;nmtn-1 double mutants, the velocity
of OSM-6 was increased to 1.09 μm/s, which is similar to the
velocity of OSM-3 alone. In osm-3;nmtn-1 double mutants, OSM-6
moved at 0.55 μm/s, which is similar to the velocity of kinesin-II
alone. In bbs-8;nmtn-1 double mutants, kinesin-II and OSM-3 were
dissociated as previously reported. In this case, OSM-6 is transported
by kinesin-II and OSM-3 separately, which is consistent with a mean
movement speed of 0.70 μm/s (Ou et al., 2005). Those data indicate
that loss of nmtn-1 perturbs the velocity distributions of IFT
components. As controls, we did not detect significant changes in
IFT velocities in the ASH or ADL cilia (under the srb-6 promotor)
(Table 2), further suggesting that NMTN-1 is important for proper
IFT movement in the AWB cilia.

To examine whether NMTN-1 is an IFT component or otherwise
physically associates with the IFT machinery, we analyzed the
mobility of NMTN-1 by making kymographs; neither anterograde
nor retrograde movement was observed in the cilia or dendrites
(Fig. S4B,C), indicating that the observed regulatory impacts of
NMTN-1 knockout on IFT movement might result from indirect
interactions with IFT machinery.

nmtn-1 mutation might alter IFT cargo localization
Given that NMTN-1 is required for IFT particle movement, we next
examined whether IFT cargo transport requires NMTN-1. As an IFT
cargo, TAX-4 is a cyclic nucleotide-gated channel protein localized
on the cilia membrane that participates in the olfactory signaling
pathway (Bargmann, 2006; Coburn and Bargmann, 1996). We
studied the subciliary localization of TAX-4 in the nmtn-1 mutants.
We expressed a TAX-4::sfGFP fusion protein in the AWB neurons
(under the str-1 promoter) and found that TAX-4 was localized in
the cilia in all of the WT animals. In contrast, TAX-4 was
mislocalized to the base of cilia in 20–30% of nmtn-1 mutants
(Fig. S5A–C). We also found that TAX-4 was mislocalized to the

Fig. 2. nmtn-1 mutants exhibit defects in the AWB cilia morphology.
(A) Representative images of the AWB cilia in three categories according to
cilia morphology in WT and nmtn-1 mutants. Cilia were visualized using the
Pstr-1::GFP marker, and were classified into the three categories according
to the cilia morphology. (B) Percentage of the AWB cilia in three categories
in WT and nmtn-1 mutants (n values are given on the graph). (C)
Quantification of the cilia length of the AWB neurons in WT and nmtn-1
mutants. Each cilium analyzed is represented by a dot. n=82 for WT and
n=95 for nmtn-1 mutants. Data are presented as mean±s.e.m. (D–F) The
nmtn-1 mutants exhibited cell-specific defects in uptake of the lipophilic dye
Dil. Representative images of DiI uptake in amphid sensory neurons in WT
and nmtn-1 mutants are displayed. The dotted lines represent AWB neurons
(D). The dye-filling defect in AWB neurons of nmtn-1 animals was rescued
by expression of Pstr-1::mNG::NMTN-1 (E). In contrast, the dye uptake in
other neurons (random dye-filled non-AWB neurons) was normal in nmtn-1
mutants (F). Each neuron analyzed is represented by a dot. n=115 for WT,
n=104 for nmtn-1 mutants, and n=36 for AWB rescue in E. n=76 for WT,
n=70 for nmtn-1 mutants, and n=36 for AWB rescue in F. Data are presented
as mean±s.e.m., *P<0.05; ***P<0.001; ****P<0.0001; n.s. not significant
[Chi-squared test (B); unparied two-tailed Student’s t-test (C,E,F)].
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TZ region above the BB ( SFig. S5B–D). These results suggest that
nmtn-1mutation might alter IFT cargo localization, and support the
conclusion that NMTN-1 is required for the IFT particle movement
and cargo transportation in order to support ciliogenesis and the
ciliary structure in the AWB neurons.

DISCUSSION
In this study, we revealed how NMTN-1, the C. elegans homolog
of WDR47, supports AWB cell-specific ciliogenesis and
chemosensation in C. elegans. We showed that NMTN-1 is
expressed in the AWB chemosensory neurons and is enriched in
the BB of the AWB cilia. NMTN-1 functions in the AWB neurons to
maintain AWB cilia morphology, structural integrity and AWB-
mediated aversion behaviors.We further demonstrated that NMTN-1

ensures proper IFT particle movement and cargo delivery in the
AWB neurons, promoting ciliogenesis.

WDR47 is a microtubule-associated protein and has been shown
to interact with the CAMSAP family proteins for microtubule-
mediated processes (Buijs et al., 2021; Chen et al., 2020; Liu et al.,
2021). In non-centrosomal microtubules, WDR47 protects
CAMSAP2 against katanin-mediated severing and is required for
axonal and dendritic development (Buijs et al., 2021). In
mammalian multicilia, WDR47 co-operates with CAMSAP
family proteins and the microtubule-severing enzyme katanin to
generate ciliary central microtubules (Liu et al., 2021). WDR47 also
functions through CAMSAP3 to control neuronal migration and the
early stages of neuronal polarization, which is important for
neonatal mouse survival (Chen et al., 2020). In addition, WDR47

Fig. 3. nmtn-1 mutants have defects in AWB-mediated aversion behaviors. (A) Schematic illustration of the chemotaxis assays. (B) Quantification of
chemotaxis indexes for AWB-mediated aversion behaviors to 2-nonanone in WT and nmtn-1 mutants. The reduction in behavioral responses to 2-nonanone
in nmtn-1 mutants can be rescued by expression of NMTN-1 under its endogenous promoter or the AWB-specific str-1 promoter. n=79 for WT, n=85 for
nmtn-1 mutants, n=64 for Pstr-1 rescue, and n=23 for Pnmtn-1 rescue. (C) Quantification of chemotaxis indexes for aversion behaviors to octanol mediated
by the AWB, ASH, and ADL neurons in WT and nmtn-1 mutants. The reduction in behavioral responses to octanol in nmtn-1 mutants can be rescued by
expression of NMTN-1 under its endogenous promoter. n=30 for WT, n=44 for nmtn-1 mutants, and n=17 for Pnmtn-1 rescue. (D) Quantification of
chemotaxis indexes for AWA-mediated attraction behaviors to diacetyl at the indicated concentrations in WT and nmtn-1 mutants. n=17 for WT and n=16 for
nmtn-1 mutants in 1:100 dilution. n=15 for WT and n=16 for nmtn-1 mutants in 1:1000 dilution. n =19 for WT and n=19 for nmtn-1 mutants in 1:5000 dilution.
n=17 for WT and n=17 for nmtn-1 mutants in 1:10,000 dilution. (E) Quantification of chemotaxis indexes for AWC-mediated attraction behaviors to isopentyl
alcohol at the indicated concentrations in WT and nmtn-1 mutants. Each dot represents a single population assay calculated as shown. n=18 for WT and
n=18 for nmtn-1 mutants in 1:100 dilution. n=19 for WT and n=21 for nmtn-1 mutants in 1:1000 dilution. n=22 for WT and n=22 for nmtn-1 mutants in 1:5000
dilution. n=16 for WT and n=16 for nmtn-1 mutants in 1:10,000 dilution. Data are presented as mean±s.e.m. *P<0.05; **P<0.01; n.s., not significant (unpaired
two-tailed Student’s t-test).
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has been shown to interact with microtubule-associated protein 8
(Wang et al., 2012) and participates in several microtubule-
mediated processes including neural stem cell proliferation, radial
migration, and growth cone dynamics (Kannan et al., 2017). Thus,
multiple studies have conceptually linked WDR47 with the
regulation of microtubule-associated processes in neuron axons,
dendrites and motile cilia. In the present study, we discovered an
additional role of NMTN-1 in IFT particle movement and cell-
specific ciliogenesis. It is likely that NMTN-1 and particularly the
mammalian homolog WDR47 control IFT particle movement via
regulating ciliary microtubule networks.
Our results illustrate a cell-specific function of NMTN-1 in

ciliogenesis. This cell-specific modulation might have evolved to
accommodate different olfactory receptors, channels and/or IFT
machinery in other chemosensory neurons to support diversified
functions (Mukhopadhyay et al., 2007; Silverman and Leroux, 2009;
Wojtyniak et al., 2013). Note that previous studies have reported that
IFT-A molecules differentially regulate sensory cilia structures. IFT-
121 and IFT-140 are required for all examined cilia in the amphid
and phasmid neurons, whereas IFT-139 is required for ciliogenesis
of AWC neuron-specific cilia (Scheidel and Blacque, 2018). KLP-6,
a conserved member of kinesin-3 family, regulates IFT in the male-
specific cilia (Morsci and Barr, 2011). In addition, a few endocytic
genes regulate ciliary and periciliary membrane compartment
morphology in different cilia types, including the AWB cilia and
three channel cilia (Kaplan et al., 2012). Similar to chemosensory
neurons in C. elegans, mammalian olfactory sensory neurons are
also divided into discrete subpopulations that contain distinct
subfamilies of olfactory receptors in the cilia (Bear et al., 2016). It
will be quite interesting to explore the possibility that WDR47
orthologs might regulate the primary cilia of olfactory sensory
neurons in mammals in a cell-specific manner.
Many WDR proteins, such as CHE-2, IFTA-1, DAF-10, CHE-11

andOSM-1 [homologs of mammalian IFT80,WDR35 (also known as
IFT121), IFT122, IFT140 and IFT172, respectively] are also required
for ciliogenesis in analogy toWDR47/NMTN-1 (Fujiwara et al., 1999;
Qin et al., 2001; Quidwai et al., 2021). They are all mobile and act as
IFT-binding proteins. However, NMTN-1 does not undergo IFT, so
we speculate that NMTN-1 might indirectly regulate IFT machinery.
How does NMTN-1 regulate the IFT velocities? Our observation that
nmtn-1 perturbs the velocity distributions of IFT components has also
been reported in nphp-4 and arl-13 mutants (Cevik et al., 2010;
Jauregui et al., 2008). The velocity of OSM-3 is increased, whereas the

velocity of OSM-6 is decreased in nphp-4 and arl-13mutants. On the
other hand, the velocity of KAP-1 is unchanged and decreased in
nphp-4 and arl-13 mutants, respectively. These studies also showed
that OSM-6 is associated with a kinesin-II other than OSM-3 in the
absence of nphp-4 (Jauregui et al., 2008) and that OSM-3 is uncoupled
from kinesin-II in arl-13mutants (Cevik et al., 2010). In WT animals,
the kinesin-II and OSM-3 units are linked by the BBS proteins, and,
among these, BBS-7 and BBS-8 are required to stabilize kinesin-II and
OSM-3 (Ou et al., 2005; Pan et al., 2006). In addition, a conserved
ciliary protein, DYF-1, is specifically required for OSM-3 to dock onto
and move IFT particles (Ou et al., 2005). We suspect that NMTN-1
might interact with BBS-7, BBS-8 and/or DYF-1 to maintain the
coupling of OSM-3 and kinesin-II, or to regulate the binding of IFT
particles with motor proteins. The overall effects lead to reduction of
cargoes transported to the cilia. This hypothesis is consistent with the
observation that IFT cargo TAX-4 was detained in the base of the
AWB cilia in some nmtn-1 mutants.

MATERIALS AND METHODS
Animals
C. eleganswere maintained under standard conditions at 20°C on nematode
growth medium (NGM; Stiernagle, 2006) plates seeded with Escherichia
coli OP50. All C. elegans strains were derived from the WT Bristol N2
(Caenorhabditis Genetics Center) strain. The nmtn-1 mutant has a 483 bp
deletion in the second exon (chr1: 29916/29917-30399/30400). Transgenic
animals were prepared by microinjection, and integrated transgenes were
isolated following UV irradiation. A complete list of strains is provided in
Table S1.

Plasmids
All expression vectors used are pPD49.26 or pPD95.75 (Dr Andrew Fire’s
laboratory, Stanford, CA, USA). A 3 kb str-2 promoter was amplified from
genomic DNA and cloned for expression in AWC chemosensory neurons. A
3 kb odr-10 promoter was amplified from genomic DNA and cloned for
expression in AWA chemosensory neurons. A 3 kb str-1 promoter was
amplified from genomic DNA and cloned for expression in AWB
chemosensory neurons. A 3 kb srb-6 promoter was amplified from
genomic DNA and cloned for expression in ADF, ADL and ASH
chemosensory neurons. A complete list of primers used for cloning is
provided in Table S1.

Live imaging and analysis
All hermaphrodites imaged were young adult animals. Worms were
anesthetized with 30 µg/µl 2,3-butanedione monoxime (Sigma). The 2%
agarose liquid was dopped onto the microscope slide and kept at 95°C in the

Table 2. Anterograde IFT velocities of middle segments in WT and nmtn-1 mutants

IFT protein Strain Mean velocity (μm/s) n/N t test Bonferroni correction

AWB
Pstr-1::KAP-1::mNG WT 0.640±0.01 81/5
Pstr-1::KAP-1::mNG nmtn-1 0.644±0.01 153/7 n.s. n.s.
Pstr-1::OSM-3::mNG WT 0.865±0.02 104/7
Pstr-1::OSM-3::mNG nmtn-1 0.944±0.01 160/4 *** ***
Pstr-1::OSM-6::mNG WT 0.628±0.02 70/5
Pstr-1::OSM-6::mNG nmtn-1 0.529±0.01 80/7 *** **
Pstr-1::OSM-6::mNG kap-1;nmtn-1 1.091±0.04 83/6 **** ****
Pstr-1::OSM-6::mNG klp-11;nmtn-1 1.006±0.03 70/5 **** ****
Pstr-1::OSM-6::mNG osm-3;nmtn-1 0.551±0.01 72/3 n.s. n.s.
Pstr-1::OSM-6::mNG bbs-8;nmtn-1 0.695±0.01 72/4 **** ***

ASH/ADL
Psrb-6::OSM-6::mNG WT 0.809±0.01 180/8
Psrb-6::OSM-6::mNG nmtn-1 0.834±0.01 175/6 n.s. n.s.

*P<0.05; ***P<0.001; ****P<0.0001; n.s. not significant. t-tests were unpaired and two-tailed. Values given in bold are where statistical analyses were performed
against nmtn-1 mutants rather than WT animals.
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Fig. 4. IFT velocities are altered in nmtn-1 mutants. (A) Histograms and kymographs of KAP-1::mNG, OSM-3::mNG, and OSM-6::mNG anterograde
middle segment velocities in the AWB cilia of WT and nmtn-1 mutants. KAP-1::mNG, OSM-3::mNG and OSM-6::mNG were expressed under the AWB-
specific str-1 promoter. (B) Histograms and kymographs of OSM-6::mNG anterograde middle segment velocities in the AWB cilia of kap-1;nmtn-1 mutants,
osm-3;nmtn-1 mutants and bbs-8;nmtn-1 mutants. In A and B, average velocities are indicated at the top right in each panel as mean±s.e.m. A schematic of
the traces on the kymograph is provided to the right of the main kymograph images. Scale bars: 2 μm (horizontal), 10 s (vertical). (C) Cartoon illustration
showing anterograde IFT in the middle segment of the AWB cilia in WT and mutant animals.
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water bath. Then the second slide was placed over the agarose to create a
smooth and thin layer. After the agarose had solidified, the slides were
slowly separated from each other. Fluorescence images were collected on a
fluorescence microscope with a 100× (NA=1.4) objective on an Olympus
microscope (BX53) and a Nikon spinning disc confocal microscope
(Yokogawa CSU-W1) equipped with a 60× oil objective. The images were
further processed using ImageJ software, and the colocalization was
assessed with the Channel Tool function.

For the time-lapse imaging experiment, young adult animals were
immobilized with 10 mM levamisole in M9 buffer on 5% agarose pads. The
images were taken on a Nikon spinning disc confocal microscope (Yokogawa
CSU-W1)with a 60× oil objective. The exposure time of the time-lapse images
was 300 ms over a 1 min total imaging time. We used ImageJ software to
process images, generate kymographs and quantify IFT velocity. To ensure the
quality of images used for quantification, only movies with worms in stable
focal planes were used to generate kymographs. The anterograde kymographs
were generated with the Reslice function in ImageJ by manually drawing lines
along the AWB cilia. The velocities were calculated using the formula:
velocity=ABS(COT(RADIANS(Angle)))*0.18/0.3 where ‘Angle’ is the angle
of the oblique line in kymographs, 0.18 is the pixel resolution, and 0.3 is
exposure time (300 ms).

Dye-filling assay
Worms were washed with M9 buffer, and then incubated with the
fluorescent lipophilic carbocyanine dye Dil (Molecular Probes) in the
dark for 30 min at room temperature. Dil was prepared as a 1 mg/ml stock
solution in DMSO and diluted at 1:100 in M9 buffer. After incubation with
Dil, worms were washed with M9 buffer again and transferred to seeded
NGM plates for 1 or 2 h to remove autofluorescence from the gut. Worms
were then anesthetized with 10% levamisole, mounted on the 2% agar pads
and imaged using a Nikon spinning disc confocal microscope (Yokogawa
CSU-W1) with a 60× oil objective.

Chemotaxis assay
The plates used for the chemotaxis assay are 9 cm tissue culture dishes
containing 10 ml of 1.6% agar, 5 mM potassium phosphate (pH 6.0), 1 mM
CaCl2 and 1 mM MgSO4. The plates were autoclaved and stocked at 4°C.
On the day of the experiments, the plates were taken out from 4°C to sit at
room temperature until they were dry. The middle of the plates was marked
on the back as the site for the initial location of the animals. In addition, two
marks were labeled∼3 cm away from themiddle of the plate. The twomarks
represent the sites for chemical and ethanol (control).

Synchronized young adult animals were washed three times with 1 ml S
Basal buffer [5.9 g NaCl, 50 ml 1 M potassium phosphate (pH 6.0), 1 ml
cholesterol (5 mg/ml in ethanol) in 1 l ddH2O]. Then the worms were
washed two times with 1 ml water to remove bacteria, and were centrifuged
at 1000 g for 2 mins. The supernatants were removed as much as possible.
5 µl solution containing the worms was pipetted in the center of the plates.
1 µl of 1 M sodium azide was added to freeze animals on the control and
chemical side. Next, 1 µl ethanol was added on the control side, and 1 µl
chemical was added on the chemical side. After 2 h, the number of animals
on both the control and chemical side were counted. Note that worms within
1 cm from the center were excluded. The chemotaxis indexes were
calculated by using this formula: (Number of animals on the chemical
side –Number of animals on control side) / (Number of animals on chemical
side + Number of animals on the control side). The chemicals use are
detailed in Table S1.

Scanning electron microscopy
We used a type A carrier (100 µm+200 µm, Leica, #16770181), dipped it to
the 200 µm surface with 1-hexadecene, and dried it with filter paper. The
young adult hermaphrodites treated with 10 mM levamisole were
transferred to M9 buffer (Stiernagle, 2006) containing 10% bovine serum
albumin in the cavity of the carrier. The flat surface of the type B carrier
(0+300 µm, Leica, #16770182) was placed on top to enclose the worms in
the cavity of the aluminum planchette. The specimen–planchette sandwich
was rapidly frozen using a Leica EM ICE high-pressure freezing system.

Freeze-substitution was performed at low temperature (−90°C) over 3 days
in a solution containing 2% osmium tetroxide and 1% uranyl acetate in
anhydrous acetone using a Leica EM AFS2 freeze-substitution system. The
temperature was progressively increased up to 4°C. Samples were washed
four times with anhydrous acetone (10 min each), and then successively
infiltrated with a mixture of acetone resin of 3:1; 1:1; 1:3, respectively. Then
samples were infiltrated and embedded in resin at room temperature and
polymerized in an oven at 60°C for three days. Resin blocks with specimens
were trimmed so that the block face was perpendicular to the longitudinal
axis of the worm nose for sections, while keeping a small amount of resin
around the specimen. Ultrathin sections (70 nm thickness) were collected
and post-stained with 1% uranyl acetate for 15 min and 0.08 M lead citrate
for another 10 min. Sections were imaged on a GeminiSEM460 scanning
electron microscope (Zeiss).

Quantification and statistical analysis
All plots were generated by GraphPad Prism (version 7.0a). All scatterplots
are shown as mean±s.e.m. We used unpaired two-tailed Student’s t-test and
Bonferroni correction to determine statistical differences except for the Chi-
square test in Fig. 2B.
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