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ABSTRACT

Primary cilia have essential roles in transducing signals in eukaryotes. At their core is the ciliary
axoneme, a microtubule-based structure that defines cilium morphology and provides a substrate for
intraflagellar transport. However, the extent to which axonemal microtubules are specialized for sensory
cilium function is unknown. In the nematode Caenorhabditis elegans, primary cilia are present at the
dendritic ends of most sensory neurons, where they provide a specialized environment for the
transduction of particular stimuli. Here, we find that three tubulin isotypes—the a-tubulins TBA-6 and
TBA-9 and the B-tubulin TBB-4—are specifically expressed in overlapping sets of C. elegans sensory
neurons and localize to the sensory cilia of these cells. Although cilia still form in mutants lacking tba-6,
tha-9, and tbb-4, ciliary function is often compromised: these mutants exhibit a variety of sensory deficits as
well as the mislocalization of signaling components. In at least one case, that of the CEM cephalic sensory
neurons, cilium architecture is disrupted in mutants lacking specific ciliary tubulins. While there is likely
to be some functional redundancy among C. elegans tubulin genes, our results indicate that specific

tubulins optimize the functional properties of C. elegans sensory cilia.

HE fitness of all organisms depends on an ability to
appropriately sense and respond to the environ-
ment. At the cellular level, many specific architectures
have evolved to optimize these sensory functions. Prom-
inent among these is the sensory cilium, a tubulin-based
cytoplasmic extension thatinterrogates the extracellular
environment in many biological contexts (DAVENPORT
and YODER 2005; BERBARI et al. 2009) . Cilia are important
for the transduction of a broad range of visual, auditory,
mechanical, thermal, and chemical stimuli. They also
function during development to receive a variety of
signals, both chemical and mechanical, that regulate
proliferation and differentiation (GOETZ and ANDERSON
2010). Indeed, the disruption of cilium assembly and
function can give rise to a spectrum of human diseases
collectively known as ciliopathies (BERBARI et al. 2009;
LANcAsTER and GLEESON 2009). These disorders, which
include autosomal dominant polycystic kidney disease
(ADPKD) and autosomal recessive polycystic kidney
disease (ARPKD), Bardet-Biedl syndrome, Meckel-
Gruber syndrome, and Joubert syndrome, are associated
with a variety of pathogenic conditions including poly-
cystic kidneys and neurological impairments.
At the core of all cilia and flagella is the microtubule
axoneme. This characteristic structural element com-
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prises nine doublet outer microtubules that may sur-
round a central pair, the presence of which often
indicates a motile cilium/flagellum. Like all microtu-
bule-based structures, ciliary axonemes are built of het-
erodimers of a- and B-tubulins, highly conserved small
GTP-binding proteins. The recruitment of other cilium
components, including signal transduction machinery,
requires a conserved assembly and maintenance process
called intraflagellar transport (IFT) (BLACQUE et al. 2008;
PeDERSEN and Rosensaum 2008). IFT employs two
major complexes that transport ciliary cargo bidirection-
ally by traveling along the axonemal microtubules. Loss
of individual IFT components can cause a broad spec-
trum of defects in the assembly, maintenance, and
function of cilia.

Important insights into cilium structure and function
have come from studies of genetically tractable organ-
isms, particularly the green alga Chlamydomonas and
the nematode Caenorhabditis elegans (BAE and BARR
2008; PEDERSEN and RoseNBauM 2008). In C. elegans,
sensory cilia are found exclusively at the dendritic ends
of sensory neurons. These cilia constitute a highly
specialized sensory environment characterized by local-
ized sensory receptors and specific signaling compo-
nents. Cilium morphology is quite distinctive in many of
these cells and likely contributes to their functional
specialization (WARD et al. 1975). Recent progress has
shed light on the mechanisms that confer this special-
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ization onto more general pan-ciliary pathways (EvaNs
et al. 2006; MUKHOPADHYAY et al. 2007; JAUREGUI et al.
2008; MUKHOPADHYAY et al. 2008; SILVERMAN and
Leroux 2009).

The genomes of many eukaryotes harbor multiple
a- and B-tubulin genes. Two hypotheses, which are not
mutually exclusive, have been proposed to account for
these paralogs (CLEVELAND 1987; WADE 2007). At one
extreme, different tubulin isotypes might be functionally
redundant, such that their minor coding differences are
largely irrelevant. According to this model, multiple
genes allow the maintenance of a stable pool of available
monomers and dimers. The small amount of sequence
variation within the a- and B-tubulin families supports
this idea, as do studies of functionally redundant mitotic
tubulins in C. elegans (ELLIS et al. 2004; Lu et al. 2004;
PuILLIPS ef al. 2004; Lu and MaINs 2005). The alternative
hypothesis proposes that specific structures, e.g., ciliary
axonemes or axonal microtubules, rely on tubulins
optimized for specific roles. Support for this idea has
come from studies of cultured mammalian neurons
(JosH1 and CLEVELAND 1989), Drosophila (HUTCHENS
et al. 1997; RA¥F et al. 1997), and human tubulins (VENT
et al. 2005; JAGLIN et al. 2009). In Drosophila, studies of
motile sperm flagella have revealed that the sperm-
specific 32 tubulin isoform builds not only the special-
ized motile axoneme but also all other tubulin-based
structures (KEMPHUES et al. 1982). However, sequences
both within and outside the axoneme motif in the C-
terminal tail of this tubulin isoform are required for the
flagellar axoneme, and other closely related B-tubulins
cannot support this role (FULLER et al. 1987; RA¥F et al.
1997, Porobprt et al. 2008). Genetic interactions have
provided evidence that 32 tubulin heterodimerizes with
the a-tubulin 84B (Hays et al. 1989), which also possesses
specific functional properties not provided by structur-
ally similar a-tubulins (HUTCHENS et al. 1997). In C.
elegans, a specific role for tubulin isoforms has been
described in the six touch receptor neurons. These
nonciliated cells harbor unusual 15-filament micro-
tubules composed of dimers of the a-tubulin MEC-12
and the B-tubulin MEC-7. The loss of mec-7 or mec-12, the
expression of which is largely restricted to these cells,
results in the conversion of 15-filament microtubules to
the standard 11-microfilament variety and a commen-
surate loss of light-touch response (SAVAGE et al. 1989;
FUKRUSHIGE et al. 1999; BounouTas et al. 2009). Thus
experimental support exists for both of these opposing
views, and it seems likely that the role of specific tubulin
isoforms in regulating microtubule structure and func-
tion differs according to cell and organelle type.

The C. elegans genome encodes nine o- and six
B-tubulin genes (GOGONEA et al. 1999). Some of these
genes, particularly tha-1, tba-2, tbb-1, and (bb-2, are
expressed broadly during embryogenesis and function
redundantly in spindle assembly and positioning (ELLIS
et al. 2004; Lu et al. 2004; PHILLIPS ¢f al. 2004; LU and

Mains 2005). tba-1 and tbb-2 have also been recently
shown to be important for axon outgrowth and synapto-
genesis (BARAN et al. 2010). Several others, including
mec-7, mec-12, and the B-tubulin ben-I, have been
identified through genetic screens for particular phe-
notypes, such as touch insensitivity or benzimidazole
resistance (DRIscoOLL et al. 1989; SAVAGE et al. 1989;
FUKUSHIGE et al. 1999). However, the extent to which
specific tubulin isoforms are required for structural and
functional diversity in the C. elegans nervous system re-
mains unknown. Here, taking advantage of several ex-
isting genome-wide data sets, we identify the a-tubulins
TBA-6 and TBA-9 and the (-tubulin TBB-4 as strong
candidates for tubulins that have roles in sensory cilia.
We find that each of these genes are expressed in
characteristic, partially overlapping, sets of sensory
neurons, where their products localize to ciliary axo-
nemes. While the loss of any one (or all three) of these
genes does not abolish ciliogenesis, tubulin mutants
exhibit significant defects in the localization of cilium
proteins and in some cilium-dependent behavioral
responses. Together, our results indicate that specific
a- and B-tubulin isoforms are important, although not
essential, for the efficient assembly and function of
specific classes of C. elegans sensory cilia. Sensory cilia
throughout the animal kingdom may therefore employ
specific tubulin isoforms to optimize their function.

MATERIALS AND METHODS

Nematode culture: C. elegans strains were cultured using
standard techniques (BRENNER 1974). To increase the fre-
quency of males in self-progeny broods, him-5(e1490) was
present in the background of all strains used in this study
except those with mnlsl7. tha-6(cxP4018), a Tc3 transposon
insertion allele, which was generously provided by Laurent
Segalat (CNRS-CGMC, Université de Lyon). tbb-4(ok1461)and
tha-9(ok1858) are deletion alleles generated by the C. elegans
Gene Knockout Consortium (Oklahoma Medical Research
Foundation). Other mutants used here were provided by the
Caenorhabditis Genetics Center (University of Minnesota).
myls4[PKD-2::GFP] and myEx648[KLP-6:: GFP] were gener-
ously provided by Maureen Barr (Rutgers University), and
bxIs14[Ppkd-2:: GIP] was provided by Scott Emmons (Albert
Einstein College of Medicine). Strains harboring OSM-3:: GI'P
(MUKHOPADHYAY et al. 2007) and KAP-1:: GFP (OROZCO et al.
1999) extrachromosomal arrays were kindly provided by Saikat
Mukhodpadhyay and Piali Sengupta (Brandeis University).
TRP-4::GIP was a generous gift of Wei Li and Shawn Xu
(University of Michigan).

Tubulin reporter transgenes: Transcriptional and trans-
lational fluorescent protein fusions were created through PCR
sequence overlap extension (BouLIN et al. 2006). For tba-6,
1226 bases upstream of the start codon was amplified from
genomic DNA and fused to the coding region for yellow
fluorescent protein (YFP) and the unc-54 3" UTR, which was
amplified from pPD136.64 (Fire Lab Vector Kit) to generate a
transcriptional fusion. The same upstream promoter region
and the entire genomic coding region excluding the stop
codon were fused in-frame to YFP:: unc-54 3" UTR to generate
a translational fusion. For tba-9, 2033 bases upstream of the
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start codon was used for both constructs. (hb-4 constructs have
been previously described (PorTMAN and EmmoNs 2004). To
make mCherry transgenes, mCherry and the unc-54 3" UTR were
amplified from pCH1 (K. Nehrke, University of Rochester).
Extrachromosomal array transgenes were generated by standard
methods to yield fsEx165[Ptha-6::mCh + Ptba-9::YFP + Psulp-
3::GFP], fsEEx260[Ptba-6::mCherry], fsEx261[TBA-9::YFP +
pBX1], fEx262[TBA-6::YFP + Punc-122::GFP + pBX1],
J5Ex263[TBB4::YFP  +  pBX1], fskx287[Ptba-9::mCherry],
J5sEx288[Pthb-4::mCherry], fsEx289[Pthb-4::YFP + pBX1], and
fsEx290[Ptha-9::YFP + pBX1]. The chromosomal integrant
fsIs14 was produced by UV irradiation of a strain carrying the
extrachromosomal array fskx165.

Dye filling: Young adults were exposed to 50 um DiD (1,1'-
dioctadecyl-3,3,3",3'-tetramethylindodicarbocyanine) in M9
salts for 1 hr to stain amphid neurons (STARICH ef al. 1995)
or 100 um DiO (3,3'-dioctadecyloxacarbocyanine) in 50 mm
calcium acetate for 2 hr to stain amphid and inner labial
neurons (BURKET et al. 2006).

Microscopy: Images were collected with an Apotome-
equipped Zeiss Axioplan 2 or a Leica SP1 confocal micro-
scope. Brightness and vy adjustments were carried outin Adobe
Photoshop (Adobe).

Behavioral assays: For response assays, male worms were
isolated daily at the fourth larval stage and transferred to fresh
agar plates seeded with Escherichia coli OP50. Mating assays
were performed the following day. Males were placed on a
l-cm lawn of OP50 dotted with eight paralyzed wunc-31
hermaphrodites and observed for a 10-min period. Response
consisted of cessation of forward swimming, placement of the
ventral side of the tail against the hermaphrodite body, and
beginning to swim backward. Response efficiency was calcu-
lated as the percentage of males that responded to contact
with a hermaphrodite in the allowed time (HART 2005). To test
for differences between groups, we used Fisher’s exact test,
with a Pvalue threshold for significance of 0.05. Since re-
sponse is a binary choice, data are reported without any
associated error. Olfaction assays were carried out essentially as
previously described (HART 2005). For locomotion assays,
animals were isolated to sex-segregated plates at the mid-L4
stage and assayed 20 hr later using an automated worm-
tracking system (CRONIN et al. 2005). Briefly, individual
animals were placed on a lightly seeded agar plate, allowed
to habituate for 5 min, and recorded for 2 min. Multiple
parameters of locomotion were measured, including wave-
length, frequency, flex, and velocity. For each sex and each
genotype, 10 worms were assayed. Statistical comparisons were
made between mutants and wild type (Zim-5 controls of the
same sex) using a Student’s ttest with a cutoff of P < 0.05. For
nose-touch assays, hermaphrodites were isolated at the mid-L.4
stage and assayed 20-24 hr later. To prepare the plates, 100 pl
of an overnight OP50 bacterial culture was added to an agar
plate and allowed to dry in a thin layer. Ten to 15 worms were
picked to the assay plate and allowed to habituate for ~15 min.
The positive response to nose touch was scored if the animal
reversed upon contacting a human arm hair with the nose at a
perpendicular angle (Harr 2005). For each animal, 10
consecutive trials were carried out and the percentage of
successful trials (reversals) was averaged among animals of the
same genotype for statistical comparisons using an ANOVA
with Bonferroni post-hoc tests. As a negative control, gir-I
mutants were assayed in parallel. All assays were scored with
the observer blinded to the genotype of the animals.

RESULTS

Identifying candidate ciliary tubulins: To identify
candidate ciliary tubulins in C. elegans, we intersected

TABLE 1

Genomic identification of candidate ciliary tubulins

Percentile rank

Gene Study A® Study B’ Study C* Study D¢
tha-6 61.0 1.1 28.0 1.0
tha-8 1.7 14.2 5.8 45.4
tha-9 0.1 ND 7.8 6.0
tbb-4 ND ND ND 4.0
ben-1 24.0 41.9 42.6 74.6

n 4,685 8,349 12,500 9,495

Genes were percentiled according to their rank in each
data set. ND indicates that a gene was not present in the data
set for a particular experiment. 7, total number of genes in
the percentile rankings.

“Ciliated neuron genes by serial analysis of gene expression
(SAGE) (BLACQUE et al. 2008).

’Ciliated neuron genes by mRNA tagging and microarray
(KuntTOoMO et al. 2005).

“Genes downregulated in daf-19 mutants by microarray
(CHEN et al. 2006).

“Ray-enriched genes (lin-22 vs. lin-32; hih-2) by microarray
(PorTMAN and EMMoONS 2004).

data from four recent genomic analyses. Three of these
were designed to identify genes expressed in all ciliated
neurons (BLACQUE et al. 2005; KuNtTtomoO et al. 2005;
CHEN et al. 2006), while the fourth analysis (PORTMAN
and EmMoNs 2004) sought genes expressed in the male
tail sensory rays, which bear two classes of ciliated
sensory neurons. Of the nine C. elegans a-tubulin genes,
tha-6 appeared in the top 10th percentile in two of these
four studies, while tha-9 ranked in the top 10th in three
of the four studies (Table 1). Of the six C. elegans
B-tubulin genes, only tbb-4 showed consistent enrich-
ment, falling in the top first percentile in two of the four
studies. Most other a- and B-tubulin genes, including
the neuronally expressed tubulins mec-7, mec-12, and
ben-1 (D. D. HUrD, unpublished data), did not show
consistent enrichment in these studies. The only other
good candidate, tba-8, appeared in the top 10th percen-
tile in one of four studies. Reporters for this gene
showed no detectable neural expression, instead being
specifically expressed in the hypodermal seam cells that
run laterally along the body of the animal (PORTMAN
and EMMonNs 2004). We therefore focused our efforts on
tha-6, tha-9, and tbb-4 (Figure 1).

tbb4, tba-6, and tba-9 are combinatorially expressed
in a variety of ciliated sensory neurons: Using fluores-
cent transcriptional reporter genes, we examined the
cellular expression pattern of each of these three genes.
A preliminary expression pattern for bb-4 has been
previously reported (PORTMAN and EmMmons 2004),
indicating expression in ciliated neurons. We found
that tba-6 and tba-9 are also expressed in a variety of
ciliated sensory neurons.

Of these three genes, tbb-4was expressed most broadly
(Figure 2, A-C). In the head of both males and her-


http://www.wormbase.org/db/get?name=tbb-4;class=Gene
http://www.wormbase.org/db/get?name=unc-54;class=Gene
http://www.wormbase.org/db/get?name=fsIs14;class=Transgene
http://www.wormbase.org/db/get?name=amphid neuron;class=Anatomy_name
http://www.wormbase.org/db/get?name=amphid;class=Anatomy_name
http://www.wormbase.org/db/get?name=inner labial neuron;class=Anatomy_name
http://www.wormbase.org/db/get?name=inner labial neuron;class=Anatomy_name
http://www.wormbase.org/db/get?name=OP50;class=Strain
http://www.wormbase.org/db/get?name=OP50;class=Strain
http://www.wormbase.org/db/get?name=unc-31;class=Gene
http://www.wormbase.org/db/get?name=him-5;class=Gene
http://www.wormbase.org/db/get?name=OP50;class=Strain
http://www.wormbase.org/db/get?name=glr-1;class=Gene
http://www.wormbase.org/db/get?name=ciliated neuron;class=Anatomy_name
http://www.wormbase.org/db/get?name=ciliated neuron;class=Anatomy_name
http://www.wormbase.org/db/get?name=ray;class=Anatomy_name
http://www.wormbase.org/db/get?name=tba-6;class=Gene
http://www.wormbase.org/db/get?name=tba-9;class=Gene
http://www.wormbase.org/db/get?name=tbb-4;class=Gene
http://www.wormbase.org/db/get?name=mec-7;class=Gene
http://www.wormbase.org/db/get?name=mec-12;class=Gene
http://www.wormbase.org/db/get?name=ben-1;class=Gene
http://www.wormbase.org/db/get?name=tba-8;class=Gene
http://www.wormbase.org/db/get?name=seam cell;class=Anatomy_name
http://www.wormbase.org/db/get?name=tba-6;class=Gene
http://www.wormbase.org/db/get?name=tba-9;class=Gene
http://www.wormbase.org/db/get?name=tbb-4;class=Gene
http://www.wormbase.org/db/get?name=tbb-4;class=Gene
http://www.wormbase.org/db/get?name=ciliated neuron;class=Anatomy_name
http://www.wormbase.org/db/get?name=tba-6;class=Gene
http://www.wormbase.org/db/get?name=tba-9;class=Gene
http://www.wormbase.org/db/get?name=tbb-4;class=Gene

886 Tubulin Isotypes Optimize Sensory Cilia

tha-6 [I,+3.36]

O anD-

ﬁ cxP4018

tha-9 [X,-10.65]

B e— S —

ok1858

tbb-4 [ X, +1.23]

ok1461

maphrodites, we observed expression of a Ptbb-4::YFP
transcriptional reporter in many amphid neurons, likely
ADL, AFD, ASE, ASG, ASH, ASJ, ASK, ASI, AWA, AWB,
and AWC as judged by co-labeling with lipophilic dyes
and/or cellular morphology (Figure 1). Other head
neurons expressing Ptbb-4::YFP include the cephalic
CEP neurons, the outer labial quadrant OLQ neurons,
and the mechanosensory FLP neurons. In the midbody
and tail, Ptbb-4::YFP expression was found in the PDE
postdeirid neurons, PQR (a sensory neuron whose
cilium is exposed to the pseudocoelomic fluid), and
the phasmid neurons PHA and PHB. Ptbb-4::YFP was
also expressed in all 18 ray neurons in the male,
consistent with a previous report (PORTMAN and
EmMmoONs 2004). Because of abundant ray neuron
expression, Ptbb-4::YFP expression in male phasmid
and hook neurons could not be reliably confirmed,
although expression in these cells is not unlikely. We
also observed Ptbb-4::YFP expression in the hermaph-
rodite HSN motor neurons, the vulval muscles, and
several unidentified nonsensory neurons. Expression
was also occasionally apparent in the amphid sheath
(AMsh) and socket (AMso) glial cells (data not shown).

Of the two a-tubulin genes that we examined,
expression of (ba-9 was more extensive (Figure 2,
D-F). In the head, a Ptba-9::YFP transcriptional re-
porter showed expression in amphid neurons, likely to
be ADF, AFD, ASE, ASI, AWA, and AWC, in addition to
the OLQ and CEP neurons, the anterior and posterior
deirid neurons ADE and PDE, the RIG interneuron,
and several additional unidentified nonsensory neu-
rons. In the posterior of both sexes, this reporter was
expressed in two tail interneurons, likely DVA, DVB,
and/or DVC, as well as the sensory neuron PQR. In the
male tail, Ptha-9::mCherry was expressed in the hook
HOA and the ray RnA neurons as judged by morphol-
ogy, position, and lack of overlap with the RnB marker
Ppkd-2:: GFP (data not shown).

The expression of tba-6 was much more circumscribed
(Figure 2, G-I). In hermaphrodites, we observed expres-
sion of Ptba-6::mCherry only in the IL2 inner labial

FIGURE 1.—Deletion alleles of tubulin genes.
For each gene, black boxes indicate coding
exons. The red lines depict the insertion of the
Tc3 transposon (cxP4018) or the extent of the
genomic deletion (0kI858 and ok1461). Scale
bar in each panel, 100 bp.

sensory neurons and the HSN motor neurons. In males,
this reporter was expressed in the IL2s, the cephalic
companion CEM sensory neurons, the HOB hook
neuron, and all ray RnB neurons, usually excluding
those of ray 6. Interestingly, with the exception of the
HSN neurons, this expression pattern is identical to that
of the kinesin motor KLLP-6 (PEDEN and BArr 2005).
Moreover, all tha-6-positive male-specific sensory neurons
also express the polycystin/ TRPP-class proteins LOV-1
and PKD-2 (BARR and STERNBERG 1999; BARR et al
2001) as well as the five previously described cwp genes
(PorTMAN and Emmons 2004; MiLLER and PORTMAN
2010), suggesting that tha-6 could be involved in building
structures important for polycystin signaling.

Together, these results indicate that most ciliated
neurons express 0b-4, often along with either tba-6 or
tha-9. We found no co-expression of tha-6 and (ba-9in the
same cell type, raising the possibility that TBB-4 is the
B-tubulin partner for specific a-tubulins in certain cell
types. Additionally, some ciliated sensory neurons ex-
pressed neither o-tubulin reporter, indicating either
that other a-tubulin paralogs are expressed in these
neurons or that our reporters do not fully recapitulate
the expression patterns of tba-6 and tha-9.

Because many cilium genes in C. elegans are controlled
by the RFX transcription factor DAF-19 (SwoBopa et al.
2000), we looked for matches to the DAF-19-binding
site, the X-box, in the promoters of ciliary tubulins. Of
these three genes, only tb0-4 harbors a strong candidate
X-box (data not shown). However, this motif was not
required for expression of a transcriptional Ptbb-4:: YFP
reporter construct, nor was expression of the Ptbb-
4::YFP altered in daf-19 mutants (D. D. HUurDp, W.-S.
PARk and D. S. PORTMAN, unpublished data). This is
consistent with previous observations that some cilium-
specific genes are not directly regulated by DAF-19 (Yu
et al. 2003; MUKHOPADHYAY ¢t al. 2007). One possibility
is that daf-19 activates a more general cilium program,
while genes that endow cilia with their functional
specializations are under cell type-specific transcrip-
tional control.
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FIGURE 2.—1bb-4, (ba-9,
and thba-6 are expressed in
partially overlapping sets
of ciliated C. elegans sensory

r Ptba-6::mCh
male head hermaphrodite midbody

T Ptba-9::YFP

1 neurons. A-I show the ex-
pression of a transcrip-
tional YFP reporter gene
in the indicated body re-
gion. Selected cell assign-
ments are shown, using
pink for hermaphrodite-
specific neurons, blue for
male-specific neurons, and
white for non-sex-specific
neurons. See the text and

male tail

male head

TBB-4, TBA-6, and TBA-9 are enriched in ciliary
axonemes: To examine the subcellular localization of
TBA-6, TBA-9, and TBB-4, we studied animals harboring
Tubulin::YFP fusion proteins. Each of these proteins
accumulated in the ciliated ends and distal dendrites of
the sensory neurons in which they were expressed
(Figure 2). This was particularly apparentin the amphid,
CEM, IL2, and male tail ray neurons. The localization of
these fusion proteins was not restricted to cilia, being
frequently present in cell bodies, along the length of
dendrites, and in transition zones. However, fluores-
cence was typically the most intense at the ciliated tips of
these cells, suggesting that TBB-4, TBA-6, and TBA-9
could be important for the development, function, and
diversity of primary cilia in C. elegans sensory neurons.
We also observed the expression of both TBB-4::YFP
and TBA-9::YFP in vulval muscles (data not shown).

None of these translational reporter transgenes res-
cued the mating behavior defects seen in tha-6, tba-9, or
tbb-4 mutant males (see Ray neuron function is compromised
n thb-4, tha-6, and tba-9 mutants). Indeed, these trans-
genes dominantly disrupted male contact-response
behavior from 89% in wild-type (him-5) males to 61%,
3.1%, and 52% in males carrying TBA-6::YFP, TBA-
9::YFF, and TBB-4::YFP, respectively (n = 21-36 ani-
mals/genotype). These results suggest that the C-terminal
fusion of YFP to ciliary tubulins can impede microtubule
formation, dynamics, and/or function.

hermaphrodite posterior midbody

Table 4 for a more thor-
ough description of bb-4,
tha-9, and tba-6 expression.

hermaphrodite tail

DVA, DVC(?)

Ciliary tubulins are required for each other’s
efficient ciliary localization: To explore the potential
roles of tbb-4, tha-6, and tha-9 in C. elegans cilia, we used
existing mutant alleles disrupting each of these three
genes (Figure 1). All three of these alleles, tbb-4(ok1461),
tha-6(cxP4018), and tba-9(ok1858), are likely to be strong
loss-of-function or null alleles. Animals homozygous for
each of these mutations, as well as triple mutants lacking
all three tubulin isotypes, were viable and superficially
wild type.

Because tubulins undergo obligate heterodimeriza-
tion prior to assembly into microtubules, we asked
whether the localization of TBA-6, TBA-9, and TBB-4
to the distal ends of sensory dendrites depended on each
other’s function. We focused on the ray neurons because
the anatomy of the male tail allows relatively unob-
structed visualization of ray sensory endings. Each of the
18 rays is innervated by one RnA and one RnB neuron.
These two neuron types, whose dendritic processes run
adjacent to each other in each ray, differ in ultrastruc-
ture (SULSTON et al. 1980; CHOw et al. 1995), gene
expression (BARR and STERNBERG 1999; LINTS el al.
2004), and function (P. Koo and R. LINTS, personal
communication). As described above, the RnA neurons
express tha-9 and tbb-4, while the RnB neurons express
tha-6 and (bb-4. In the RnB neurons, we found that
efficient distal accumulation of both TBA-6::YFP and
TBB-4::YFP required each other’s activity (Figure 3, C
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f TBA-6::YFP
Wild type Wwild type

' FIGURE 3.—TBA-6, TBA-9, and TBB-4
fusion proteins localize to sensory cilia.
A-I show the localization of the indi-
cated tubulin::YFP fusion protein ex-
pressed under the control of its own
promoter. Genotypes, either wild-type
or tubulin mutant, are shown above
each image. Dotted lines indicate the
outline of the body and the fan, the

tbb-4

f TBA-9::YFP
Wild type

Wild type

f TBB-4::YFP

1 cuticular layer in which the rays are em-
bedded. Thin dotted lines in C, F, and 1
indicate regions in which the fan is
folded over onto itself. A, C, and E show
nose cilia, while other panels show ven-
tral or dorsal views of the male tail. All
images are flattened stacks derived
from multiple confocal sections span-
ning planes containing nose or ray cilia.
Solid arrowheads indicate examples of

Wild type

Wild type

and I). While distal TBA-6::YFP localization was apparent
in 81% (n = 69) of rays in wild-type animals, this
frequency was reduced to 60% (n= 87) in tbb-4 mutants.
Conversely, ciliary enrichment of TBB-4::YFP was ob-
served in 67% (n= 108) of rays in wild-type males but in
only 36% (n=69) of tha-6 mutant male rays. This defectin
TBB-4::YFP localization is likely occurring specifically in
the RnB neurons, although the close proximity of RnA
and RnB dendrites makes this difficult to assess directly.

The relationship between TBA-9 and TBB-4 in the
RnA neurons was somewhat different. Again, TBA-
9::YFP was clearly present at the distal ends of most
RnA neurons (67%, n = 105) in wild-type animals. In
thb-4 mutants, the frequency of TBA-9::YFP distal
localization was reduced (41%, n = 46) and accumula-
tion in large “beads-on-a-string”-like dendritic varicosi-
ties was observed (Figure 3F). We detected no apparent
mislocalization of TBB-4::YFP in tba-9mutants (data not
shown); however, any decrease in TBB-4 localization to
the RnA cilium might have been obscured by the
presence of this protein in RnB. Together, these results
support the possibility that the formation of TBA-9:TBB-
4 and TBA-6:TBB-4 heterodimers are importantfor their
incorporation into the RnA and RnB cilia, respectively.
However, since a significant number of ray neurons do
appropriately localize ciliary tubulins in tba-6 and tbb-4
mutants, it is likely that there exists some functional
redundancy among tubulins, such that specific isotypes
are not absolutely required for building ciliary axo-
nemes in the ray neurons.

Grossly normal cilia can form in the absence of tba-6,
tba-9, and tbb-4: Dye filling, the ability of some of some

the localization of tubulin fusion pro-
teins to cilia. Open arrowheads high-
light examples of dendritic endings
that do not show significant tubulin lo-
calization. The dashed arrowhead in F
indicates the beads-on-a-string appear-
ance of TBA-9::YFP accumulation in a
tbb-4 mutant.

C. elegans sensory neurons to take up lipophilic dyes
from the environment, is commonly used to assess the
integrity of sensory cilia and their exposure to the
environment (PERKINS et al. 1986). We found that
uptake of the dye DiD by amphid and phasmid neurons
was not grossly compromised in tbb-4, tha-9, or tba-9 tbb-4
mutants. (We did not carefully examine dye filling in
tba-6 mutants because we found no evidence for
expression of this gene in dye-filling neurons.) How-
ever, we did find that the soma of amphid neurons
sometimes stained more weakly in (b4 (data not
shown) and tba-9 tbb-4 (Figure 4A) animals than in
controls. In these neurons, dendrites often exhibited
large varicosities, and foci of dye accumulation were
seen in cell bodies. Interestingly, these defects are
reminiscent of those seen in mutants that perturb IFT
but retain cilia (WiLLiaMS et al. 2008). We also found
that the ASI amphid neuron sometimes failed to fill
with dye in tbb-4 and tba-9 mutants, although this defect
was variable (data not shown). We obtained similar
results when the IL2 neurons were labeled with DiO in
the presence of calcium acetate (BURKET et al. 2006).
Under conditions in which ~50% of the six IL2
neurons dye-filled in wild-type animals (3.2 DiO-posi-
tive IL2s per individual; n» = 27), only 1.8 IL2s per
animal dye-filled in tba-6; tha-9 tbb-4 triple mutants (n =
27). Moreover, the intensity of DiO fluorescence in
these mutant IL2s was often markedly reduced (Figure
4B). Together, these results indicate that amphid,
phasmid, and IL2 cilia can form in the absence of tba-6,
tha-9, and/or thb-4, but their structure or function may
be compromised.
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FiGure 4.—Grossly nor-
mal cilia can form in the
absence of tha-6, tha-9, and
b-4. (A) Dye filling with
DiD in the noses of wild-
type and tba-9 thb-4 mutant
hermaphrodites. Note that
the image for the mutant is
typical only of the relatively
small number of animals in
which clear defects were
observed. Solid and open
arrowheads point to the
cell bodies of three amphid
neurons. Asterisks indicate
puncta of dye accumula-
tion. (Right) Higher-mag-
nification views of amphid
soma. (B) Dye filling with
DiO under conditions in
which IL2 neurons label
(calcium  acetate treat-
ment). Top and bottom
panels show a representa-
tive individual. Solid arrow-
heads indicate strongly
staining IL2 neurons; the
open arrowhead indicates
a neuron with low dye up-
take. (C) OSM-6::GFP lo-
calization in the noses

E - osm-3:GFP

wild type

tba-6; tba-9 tbb-4

(left) and male tails (right) of wild-type and triple-tubulin mutants. The white bracket indicates the location of the amphid cilia
bundle, which is slightly disorganized in the tba-6; tha-9 tbb-4 mutant. Arrowheads indicate the cilium of a CEP neuron. (D)
KAP-1::GFP in wild-type and triple-tubulin hermaphrodite noses. The position of the amphid cilia bundles are denoted with
a white bracket. Note the slight disorganization and presence of varicosities in the triple mutant. (E) OSM-3::GFP in the male

tail ray neurons of wild-type and triple-tubulin mutant males.

As another means to assess the integrity of cilia, we
examined the localization of several well-characterized
ciliary markers in tba-6; tba-9 thb-4 triple mutants. We
found that the localization of the IFT component
OSM-6, visualized with an OSM-6:: GFP fusion protein,
was grossly normal in head and ray sensory neurons,
although cilia often appeared disorganized, especiallyin
the amphid (Figure 4C). In these animals, we also
consistently observed defects in the CEP neurons, whose
swollen cilia exhibited significant increases of the
amount of OSM-6::GFP fluorescence (arrowheads in
Figure 4C). We also examined the localization of KAP-
1::GFP and OSM-3::GFP, components of the kinesin
motors that build cilia. Again, these showed only subtle
defects in amphid and ray neuron dendrites and cilia
(Figure 4, Dand E, and datanotshown). Taken together,
these data indicate that sensory cilia can be built and
maintained in the absence of TBA-6, TBA-9, and TBB-4.

TBA-6 and TBB-4 are necessary for the specialized
morphology of the CEM cilia: The male RnB, HOB,
and CEM neurons, as well as the non-sex-specific I1L2
sensory neurons, all of which express tba-6, also express
the kinesin-like gene klp-6, indicating that these neu-
rons may utilize a specific mechanism to build and/or
maintain functional cilia (PEDEN and BARR 2005). We

found that the morphology of the CEM cilia, which are
normally straight or bent slightly outward (JAUREGUI
et al. 2008), requires both tbb-4 and tbb-6 (Figure 5). In
thb-4 mutants, 28% (n = 36) of CEM cilia, visualized with
KLP-6::GFP, appeared abnormal, often with a distorted
base. Moreover, 78% (n = 36) of tba-6 mutant cilia were
defective, exhibiting a gross mislocalization of KLP-6::
GFP and an inward-bending, hook-like appearance. In
tha-6; tha-9 thb-4 triple mutants (n = 44), 100% of CEM
cilia exhibited a defective club-like shape, with prom-
inent varicosities of KLP-6:: GFP in the distal dendrite
(data not shown). Thus the specific architecture of the
CEM cilia, but not their presence, is strongly dependent
on TBA-6 and TBB-4.

Ray neuron function is compromised in tbb-4, tba-6,
and tba-9 mutants: Because ciliary axonemes are gener-
ally present in tubulin mutants, we asked whether these
mutant cilia were able to support functional sensory
transduction. We focused first on male mating behavior
because tbb-4, tba-6, and tha-9 are all expressed in the
male tail sensory rays. In the first step of the male-mating
program, males respond to contact with a hermaphro-
dite by ceasing forward movement, placing the ventral
side of the tail against the hermaphrodite body, and
maintaining this contact while moving backward until


http://www.wormbase.org/db/get?name=tba-6;class=Gene
http://www.wormbase.org/db/get?name=tba-9;class=Gene
http://www.wormbase.org/db/get?name=tbb-4;class=Gene
http://www.wormbase.org/db/get?name=OSM-6;class=Gene
http://www.wormbase.org/db/get?name=amphid;class=Anatomy_name
http://www.wormbase.org/db/get?name=CEP;class=Anatomy_name
http://www.wormbase.org/db/get?name=amphid;class=Anatomy_name
http://www.wormbase.org/db/get?name=ray neuron;class=Anatomy_name
http://www.wormbase.org/db/get?name=TBA-6;class=Gene
http://www.wormbase.org/db/get?name=TBA-9;class=Gene
http://www.wormbase.org/db/get?name=TBB-4;class=Gene
http://www.wormbase.org/db/ontology/anatomy?name=WBbt:0006973
http://www.wormbase.org/db/get?name=HOB;class=Anatomy_name
http://www.wormbase.org/db/get?name=CEM;class=Anatomy_name
http://www.wormbase.org/db/get?name=IL2 neuron;class=Anatomy_name
http://www.wormbase.org/db/get?name=tba-6;class=Gene
http://www.wormbase.org/db/get?name=klp-6;class=Gene
http://www.wormbase.org/db/get?name=CEM;class=Anatomy_name
http://www.wormbase.org/db/get?name=tbb-4;class=Gene
http://www.wormbase.org/db/get?name=tbb-6;class=Gene
http://www.wormbase.org/db/get?name=tbb-4;class=Gene
http://www.wormbase.org/db/get?name=CEM;class=Anatomy_name
http://www.wormbase.org/db/get?name=tba-6;class=Gene
http://www.wormbase.org/db/get?name=tba-6;class=Gene
http://www.wormbase.org/db/get?name=tba-9;class=Gene
http://www.wormbase.org/db/get?name=tbb-4;class=Gene
http://www.wormbase.org/db/get?name=CEM;class=Anatomy_name
http://www.wormbase.org/db/get?name=CEM;class=Anatomy_name
http://www.wormbase.org/db/get?name=TBA-6;class=Gene
http://www.wormbase.org/db/get?name=TBB-4;class=Gene
http://www.wormbase.org/db/get?name=tbb-4;class=Gene
http://www.wormbase.org/db/get?name=tba-6;class=Gene
http://www.wormbase.org/db/get?name=tba-9;class=Gene
http://www.wormbase.org/db/get?name=ray;class=Anatomy_name

890 Tubulin Isotypes Optimize Sensory Cilia

the vulva is located (Liu and STERNBERG 1995). Contact
response is thought to be mediated largely by the ray
neurons, with a minor contribution from the hook HOB
neuron (Liu and STERNBERG 1995). In particular,
TRPP/polycystin-mediated sensory signaling in the
RnB neurons is critical for efficient response behavior
(BARR and STERNBERG 1999; BARR et al. 2001; MILLER
and PorTMAN 2010).

We found that the function of all three ray-expressed
ciliary tubulins was necessary for optimal mating behav-
ior. In contactresponse assays, wild-type him-5 males
responded to hermaphrodite contact with a frequency
of 83% (n = 80). In contrast, single tbb-4, tba-6, or tha-9
mutant males exhibited significant, although relatively
modest, defects in response behavior (Table 2). Both
b4 and tha-9 single mutant males responded with a
frequency of 60% (n = 86 and 85, respectively). In tha-6
mutant males, response frequency was 73% (n = 96).
Double and triple tubulin mutants had similar or more
severe defects, although the further increases in severity
did not reach statistical significance (Table 2). Because
contact-response behavior was clearly not eliminated in
tubulin mutants, our data again indicate that functional
cilia can form in the absence of these genes. However,
they also indicate that both RnA and RnB neurons likely
require specific tubulins for optimal sensory function.
These data, along with the ability of the TBA-9::YFP
translational reporter to dominantly disrupt contact
response (see above), also suggest that the RnA neurons
have an uncharacterized but important function in
response behavior. Unexpectedly, in all of these mu-
tants, males that responded to contact were able to
locate the hermaphrodite vulva with wild-type efficiency
and mate successfully (data not shown). Since vulva-
location behavior is mediated predominantly by the
HOB neuron (Liu and STERNBERG 1995), our data
indicate either that HOB cilium function is robust to the
loss of these tubulins or that the HOB cilium is not
essential for its sensory function.

The RnB neurons contribute to response behavior
through a pathway involving a TRPP /polycystin channel
composed of LOV-1 and PKD-2, the C. elegans orthologs
of the mammalian polycystins PC-1 and PC-2 (BArr and
STERNBERG 1999; BARR ef al. 2001). As some response
behavior is still observed in lov-1, pkd-2, and lov-1; pkd-2
null mutants, a secondary signaling pathway is also likely
to exist (BARR and STERNBERG 1999; BARR et al. 2001;
PEDEN and BARR 2005). To ask whether these pathways
require ciliary tubulin function, we examined genetic
interactions between polycystin and tubulin mutants
(Table 2). We found that the loss of either of the two
RnB-expressed tubulins, tba-6 and tbb-4, had no further
effect on the response defects of pkd-2 null mutants.
However, pkd-2; tba-9 double mutant males exhibited a
response efficiency significantly lower than each single
mutant. This again suggests that the RnA neurons are
important for efficient response behavior and that a
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F1GUre 5.—The morphology of the CEM neurons is defec-
tive in tubulin mutants. CEM cilia, as well as those of the IL2
neurons, are marked with KLP-6:: GFP. In wild-type animals,
the CEM cilia exhibit brighter fluorescence and extend
straight toward the nose or bend slightly outward (open ar-
rowheads). In some tbb-4 and most tha-6 mutants, CEM cilium
morphology is clearly abnormal, bending inwards and pos-
sessing fluorescent varicosities (outlined arrowheads).

tha-9-dependent ciliary function of the RnA neuron is
important for the secondary pathway. However, the loss
of ciliary tubulins does not abolish the secondary
pathway because tba-6; pkd-2; tha-9 tbb-4 quadruple
mutant males still retain some ability to respond to
contact with hermaphrodites. Again, this supports the
idea that the loss of ciliary tubulins compromises, but
does not eliminate, sensory neuron function.

Other sensory behaviors are also disrupted in
tubulin mutants: Sensory cilia are also important for
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TABLE 2

tbb-4, tha-6, and tba-9 are required for optimal
response behavior

Genotype Response (%) n'
Wild type’ 82.5 80
phd-2 54.2% 96
tha-6 72.9% 96
tha-9 60.0%* 85
thb-4 59.3%* 86
tha-6; tbh-4 50.0%* 42
tha-6; tha-9 54.8%* 42
tha-9 thb-4 35.0* 40
tha-6; pkd-2 65.4%* 107
pkd-2; tha-9 26.4# %% 91
pkd-2; tbb-4 57.7* 97
tha-6; tha-9 tho-4 44.7* 76
tha-6; pkd-2; tha-9 tbb-4 32.6%* 46

*P < 0.01 vs. him-5 (Fisher’s exact test); **P < 0.0001 vs.
tha-9 or pkd-2 (Fisher’s exact test).

“n is the number of observations (see MATERIALS AND
METHODS).

" him-5(e1490) is in the background of all strains and is used
as the wild-type control.

“The pkd-2 null allele sy606 was used for these experiments.

the nose-touch response, an aversive withdrawal reflex
mediated in parallel by three neuron types, ASH, FLP,
and OLQ (KapraN and Horvritz 1993). Each of these
three neuron types expresses TBA-9 and/or TBB-4. We
found a significant reduction in the response of tba-9,
thb-4, and tba-9 tbb-4 mutants to nose touch when
compared to wild-type controls (Table 3). Thus the
optimal function of these head mechanosensory cells
depends on specific tubulins, possibly reflecting a need
for specific cilium morphology and/or the localization
of signaling components in these cells.

Another well-known role of sensory function in C.
elegans is in modulating locomotion via proprioceptive
feedback and in response to mechanical and chemical
food-derived cues. Loss of proprioceptive function in
the neuron DVA changes the waveform of animals
during sinusoidal locomotion (LI et al. 2006b). Addi-
tionally, the disruption of ciliary function in multiple
head sensory neurons leads to a “dwelling” phenotype,
in which mutants fail to explore a food source to the
extent exhibited by wild-type animals (FUJTWARA et al.
2002). Using an automated locomotion-tracking system
(CRONIN et al. 2005), we examined locomotion in
tubulin mutants. We found no consistent abnormalities
in wavelength, amplitude, frequency, or bend angle
(flex) in tba-6 or tbb-4 mutants. However, tba-9hermaph-
rodites and males displayed increases in body bend
frequency and flex, a measurement of bending angle
(data not shown). These properties of tha-9 mutants are
readily observable on a standard plate as a “loopy-Unc”
phenotype. These animals also exhibited a hyper-
exploratory phenotype: in exploratory behavior assays,

these animals consistently moved through more areas of
the plate than wild-type controls (data not shown).
Together, these results indicate that tba-9has a structural
role in the transduction of sensory stimuli that regulates
C. elegans motor behavior. Although it is beyond the
scope of the current work, identifying the cellular focus
of tha-9 in modulating locomotion may provide signif-
icant insight into the neural control of behavior in
C. elegans.

In contrast, we found that several other sensory
functions were not detectably affected by the loss of
ciliary tubulins. AWA, an amphid neuron pair that
senses multiple attractive odorants (BARGMANN et al.
1993), co-expresses tha-9 and tbb-4. However, we found
that tha-9, tbb-4, and i(ba-9 tbb-4 double mutants all
responded robustly to the AWA-sensed odorant diacetyl
(data not shown). We also examined the function of
ASE, a bilaterally asymmetric amphid neuron pair that
mediates salt chemosensation (BARGMANN and
Horvrtz 1991; THIELE et al. 2009). Like AWA, ASE also
expresses both tha-9 and tbb-4. Again, we observed no
differences in the response of thb-4, tha-9, or tba-9 thb-4
double mutants using a four-quadrant salt chemotaxis
assay (HART 2005) compared to wild-type controls (data
not shown). Thus at least some AWA and ASE functions
are not critically dependent on the expression of
specific tubulin isotypes.

Ciliary tubulins regulate the trafficking of signaling
molecules to cilia: The sensory defects in tba-6, tha-9,
and tbb-4 mutants indicate that these genes could play a
role in generating and maintaining functional sensory
cilia. To investigate this possibility, we asked whether
ciliary tubulins are important for the localization of
signaling molecules to cilia. As discussed above, locali-
zation of the TRPP channel PKD-2 to the distal tips of
RnB neuron sensory cilia is necessary for efficient re-
sponse behavior (BARR et al. 2001). We found that both
TBA-6 and TBB-4, the two ciliary tubulins expressed in
these cells, were important for this localization (Figure
6, A and B). In wild-type controls, 56% of rays (n = 88)
had detectable PKD-2:: GFP in the RnB cilium tips. This
frequently was significantly reduced in tubulin mutants

TABLE 3

tba-9 and tbb-4 are required for optimal nose-touch behavior

Genotype Nose-touch response (%)
Wild type“ 64.4

glr-1’ 18.8%

tha-9 43.3*

thh-4 44 4%

tha-9 thb-4 35.6%

*P < 0.01 vs. him-5.

“ him-5(e1490) is in the background of all strains except glr-1
and is used as the wild-type control.

* glr-1 mutants were assayed in parallel as a negative control.
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t0 9.6% in thb-4rays (n=52) and 7.3% in tha-6 rays (n=
55). Interestingly, enrichment to the distal region of the
dendrite (likely corresponding to the transition zone, or
TZ) was still present in most tha-6 mutant rays (82%).
However, (hb-4 mutants had a more severe phenotype:
only 37% exhibited TZ enrichment, while 54% showed
PKD-2::GFP localization throughout the dendrite with-
out specific TZ enrichment. Thus there seems to be a
specific requirement for TBA-6 in trafficking PKD-2 to
its presumptive site of action at the distal tip of the
cilium, while TBB-4 likely has additional roles in tra-
fficking PKD-2 along the dendrite. These results dem-
onstrate that TBA-6 and TBB-4 are necessary to generate
a functionally competent RnB cilium by enabling the
appropriate localization of PKD-2.

We also found that the amount of the TRP channel
TRP-4 in the sensory endings of the RnA neurons
depended on the RnA-expressed tubulin TBA-9. In
wild-type males, TRP-4::GFP accumulated in cilia; in
mutants, ciliary localization was still present but TRP-4
existed in notably larger punctae (Figure 6C). Although
arole for TRP-4 in RnA function has not been described,
these data indicate that TBA-9 is also required for the
generation of a sensory cilium that can support the
appropriate localization and/or function of signaling
components.

DISCUSSION

Sensory cilia possess remarkable structural and
functional diversity, presumably enabling specialized
responses to characteristic sensory stimuli. Although
cilia play central roles in normal cellular function and in
a variety of human diseases, the relationship between
cytoskeletal architecture and cilium structure and func-
tion is not well understood. Here, we have identified
three tubulin isoforms, TBA-6, TBA-9, and TBB-4, that
localize to particular subsets of primary cilia in sensory
neurons of the nematode C. elegans (Table 4). At the
structural level, we have found that the loss of these
tubulins, either alone or in combination, does not result
in severe impairments in the formation or maintenance
of cilia. However, both the localization of sensory com-
ponents to cilia and their optimal function often require
cilium-specific tubulins (Table 4). Taken together, our
results indicate significant functional redundancy be-
tween tubulin paralogs in C. elegans. However, they also
show that TBA-6, TBA-9, and TBB-4 possess some degree
of functional specialization, optimizing processes im-
portant for the efficient transduction of environmental
stimuli by sensory cilia. Given the conservation of cilio-
genesis mechanisms from algae to mammals, these
functions may be a general property of tubulin isoforms
among a wide variety of species.

Our studies do not allow us to determine whether
TBA-6, TBA-9, and TBB-4 are the exclusive components

of ciliary microtubules in wild-type animals. It is possible
that TBA-6:TBB-4 or TBA-9:TBB-4 dimers contribute only
to certain domains of the cilium, with the rest of the
axoneme composed of more general “housekeeping”
tubulins such as TBA-1/2 and TBB-1/2. Itis also possible
that the entire axoneme is built from a complex mixture
of tubulin dimers using both cilium-specific and more
general subunits. Either of these possibilities is consistent
with our observations that the efficient localization of
ciliary tubulins to sensory endings, particularly in the ray
neurons, usually depends on the co-expressed ciliary
tubulin partner. However, the fact that cilia can be builtin
the absence of these partners indicates that there are not
absolute isoform requirements either for heterodimeri-
zation or for incorporation into a growing microtubule.

At the functional level, however, our studies clearly
indicate that the sensory cilia generated in tba-6, tba-9,
and tbb-4 mutants are abnormal. Several behaviors
dependent on sensory input—male mating, nose touch,
and basal locomotion—were compromised in tubulin
mutants. We also found defects at the molecular level;
the localization of the TRP channels TRP-4 and PKD-2
in the cilia of the RnA and RnB neurons, respectively,
were disrupted in tba-6, tha-9, and tbb-4 mutants. In-
terestingly, these experiments revealed that the con-
sequences of losing an a-tubulin (either tha-6 or tba-9)
were often different from those of losing the 3-tubulin
thb-4, indicating some cell-type specificity in the func-
tions of ciliary microtubules. Together, these data show
that the functional redundancy exhibited by tubulin
isoforms in building the basic components of cilia does
not extend to their more subtle functional properties
and that a- and B-tubulins may play distinct roles in
optimizing cilium specialization.

Cilia use kinesin- and dynein-based motors to move
cargo to and from the distal end of the ciliary axoneme.
Basal components of this intraflagellar transport pro-
cess, including the kinesin OSM-3 (SNow et al. 2004), the
kinesin accessory protein KAP-1 (SIGNOR el al. 1999),
and the IFT component OSM-6 (CoLLET el al. 1998),
operate in all C. elegans sensory cilia. We found that the
localization of these proteins was essentially undisturbed
in ciliary tubulin mutants, consistent with the idea that
TBA-6, TBA-9, and TBB-4 are more important for spe-
cialized cilium functions than for general aspects of
ciliogenesis. In contrast, previous work in C. elegans has
shown that cell type-specific factors, including the kinesin-
like protein KLLP-6, are important for the proper trans-
port of signaling molecules in particular types of ciliated
neurons (PEDEN and BARR 2005; BAE et al. 2006; JAUREGUI
et al. 2008; BAE et al. 2009). Here, we find that some
specialized cilia, especially those of the CEM neurons,
are particularly dependent on tba-6 and tbb-4 function.
Interestingly, klp-6 and tha-6 share an identical expres-
sion pattern thatincludes the IL2, CEM, HOB, and RnB
neurons. Moreover, klp-6 is necessary for efficient male
mating behavior and acts in both polycystin-dependent
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F1Gure 6.—Ciliary tubulins are required
for normal localization of signaling com-
ponents in cilia. (A) PKD-2::GFP localiza-
tion in the RnB neuron dendrites and cilia.
(Left) For each genotype, the the entire
set of rays is shown. (Right) GFP and
DIC images of ray 4. The dashed circle in-
dicates the location of the cilium tip (CT),
while the bracket shows the location of the
presumptive transition zone (TZ). In wild-
type males, PKD-2::GFP is enriched at the
dendritic ends of the rays and exhibits
prominent localization to the very tip of
the ray neuron cilium. In tubulin mutants,
PKD-2::GFP localization to the CT is often
absent, and PKD-2::GFP often accumu-
lates in the dendrite proximally to the
TZ. (B) PKD-2::GFP localization in indi-
vidual rays was binned into three catego-
ries: “TZ + CT” (transition zone plus
cilium tip), in which GFP was observed
in a reasonably compact TZ region as well
as a single discrete punctum at the end of
the cilium; “TZ, no CT,” in which TZ local-
ization was intact but CT localization was
absent; and “no TZ enrichment,” in which
the CT was generally absent and accumula-
tion of PKD-2:: GFP was observed through-
out the ray neuron dendrite rather than
being specifically localized to the TZ re-
gion. The number of rays scored for each
genotype is indicated above each bar. (C)
TRP-4::GFP localization in the RnA neu-
ron cilia. In wild-type males, TRP-4:: GFP

‘)
|

wild type

and -independent pathways (PEDEN and BARr 2005).
One possibility is that KLP-6 is specialized to transport
cargoes important for the function of these neurons,
including the polycystin PKD-2. Indeed, in kip-6, tha-6,
and tbb-4 mutants, PKD-2:: GFP fails to accumulate at the
distal puncta of RnB cilia, with a resulting loss of sensory
function (PEDEN and BArRr 2005 and this study). In-
terestingly, we find that PKD-2:: GFP localization defects
are more severe in (bb-4 mutants than in (ba-6 mutants,
consistent with previous work demonstrating that kine-
sins interact predominantly with B-tubulins (MARX ef al.
2006). Together, these data support a model in which

localizes to the cilia of the RnA neurons
(dashed oval). tha-9 mutants often exhibit
an excess accumulation of TRP-4::GFP in
ray sensory endings.

ciliary axonemes containing TBA-6 and TBB-4 provide
an ideal substrate along which KLP-6 and other special-
ized motors transport cargoes necessary for unique cell
functions.

Specialized ciliary microtubules could also play a
more direct role in modulating sensory function.
In particular, tubulins can play an important role in
linking channel proteins with the cytoskeleton (L1 et al.
2006a; BounouTas et al. 2009). Many of the neurons in
which we observed sensory defects are thought to sense
mechanosensory stimuli, including the nose-touch neu-
rons OLQ, ASH, and FLP (KapLAN and HorvITZ 1993)
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TABLE 4

Characteristics of C. elegans ciliary tubulin mutants

Cilium Signaling
Tubulin Cilium component protein
localization morphology localization localization Behavioral
Tubulin Anatomic defects in defects in defects in defects in defects
gene expression mutant mutant mutant mutant in mutant
tbb-4 ADL, AFD, ASE, ASG, Reduced CEM cilia Subtle defects PKD-2 Reduced male
ASH, ASJ, ASK, ASI, accumulation disrupted, CEP in OSM-6, mislocalized contact response,
AWA, AWB, AWC, of TBA-6 and cilia possibly KAP-1, and reduced nose-
CEP, OLQ, FLP, PDE, TBA-9 in ray abnormal OSM-3 touch response
POR, PHA, PHB, HSN, neuron cilia localization
CEM, RnA, RnB,
HOA(?), HOB(?),
amphid glia, vulval
muscle cells
tha-6 1L2, CEM, HSN, RnB, Reduced CEM cilia Subtle defects PKD-2 Reduced male
HOB accumulation disrupted in OSM-6, mislocalized  contact response
of TBB-4 in KAP-1, and
RnB cilia OSM-3
localization
tha-9 ADF, AFD, ASE, ASI, No detectable CEP cilia Subtle defects TRP-4 Reduced male
AWA, AWC, CEP, OLQ, mislocalization possibly in OSM-6, mislocalized contact response,
ADE, PDE, RIG, PQR, of TBB-4 in abnormal KAP-1, and reduced nose-
RnA, amphid glia, RnA cilia OSM-3 touch response,
HOA(?), DVA/B/C(?), (possibly localization increased
ventral cord motor obscured by exploratory
neurons, vulval RnB cilia) behavior, and

muscle cells

locomotion defects

and the RnB neurons (BARR and STERNBERG 1999).
One idea is that deformation of the cell (or ciliary)
membrane might activate a stretch-sensitive ion chan-
nel. Specific ciliary tubulins could functionally or
physically tether such ion channels to the axoneme,
providing rigidity to the channel conformation and
allowing for rapid and accurate responses to stimuli.
Arelated possibility is that specific types of microtubules
provide structural integrity to the cilium, rather than
directly linking the cytoskeleton to membrane-embed-
ded channels. Unfortunately, exploring these ideas
more directly in C. elegans is limited by the small size
of its neurons and the difficulty of mechanically
stimulating and recording from these cells. Behavioral
defects in tubulin mutants have also been reported in
Drosophila, where a divergent 3-tubulin is required for
larval proprioception and photoreception (DETTMAN
et al. 2001). However, the defects in this case arise not
from abnormal sensory cilia but rather from defective
development of non-neuronal support cells.

How might different tubulin isoforms confer differ-
entstructural and functional properties on the cytoskel-
eton? One significantregion of nonconservation among
tubulin paralogues is the carboxyl-terminal tail. The C
terminus is generally found either lying across or ema-
nating from the surface of the tubulin heterodimer
(NoOGALES et al. 1999; GarrTiG and Wroca 2008).
Further, C-terminal tails have been shown to be a site
for post-translational modifications that regulate assem-

bly of axonemes and/or have interactions with various
microtubule-associated proteins, including motor pro-
teins (HAMMOND et al. 2008; Burinsk1 2009). Interest-
ingly, C. elegans TBB-4 has a recognizable acidic axonemal
motifatits carboxyl terminus (RA¥F et al. 1997), while the
other five B-tubulins do not. This motif may help explain
why TBB-4 is the only B-tubulin significantly enriched
in cilia. Of the C. elegans a-tubulins, TBA-6 has the
longest carboxyl terminus. While itis not homologous to
an identified a-tubulin axonemal motif (DuaN and
Gorovsky 2002), TBA-6 possesses a long tail that con-
tains several positively charged residues, a feature unique
among tubulins (BALEANU-GOGONEA and SIDDIQUI
2000). TBA-9 also has an extended C-terminal tail lacking
arecognizable a-tubulin axoneme motif and instead has
a serine and a histidine in positions that are acidic res-
idues in other a-tubulins. Thus the requirements for
TBA-6, TBA-9, and TBB4 in optimizing the function of
specific sensory neurons may stem from specific post-
translational modifications and/or protein—protein in-
teractions directed by unique sequence motifs at their C
termini.

Together, our studies indicate that specific tubulin
isotypes are important for optimizing the sensory
functions of many primary cilia in C. elegans rather than
for generating their basic architecture. Understanding
how specialized microtubules facilitate and perhaps
even direct the functional specialization of ciliary sub-
types is a promising area for future investigation. Given
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the importance of primary cilia in the development and
physiology of a wide variety of organisms, it seems likely
that the use of specific tubulin isotypes to optimize
cilium function may be a common biological principle.
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