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The assembly and maintenance of cilia require intraflagellar transport (IFT), a microtubule-dependent bidirectional motility of
multisubunit protein complexes along ciliary axonemes. Defects in IFT and the functions of motile or sensory cilia are
associated with numerous human ailments, including polycystic kidney disease and Bardet–Biedl syndrome. Here, we identify
a novel Caenorhabditis elegans IFT gene, IFT-associated gene 1 (ifta-1), which encodes a WD repeat-containing protein with
strong homology to a mammalian protein of unknown function. Both the C. elegans and human IFTA-1 proteins localize to the
base of cilia, and in C. elegans, IFTA-1 can be observed to undergo IFT. IFTA-1 is required for the function and assembly of
cilia, because a C. elegans ifta-1 mutant displays chemosensory abnormalities and shortened cilia with prominent ciliary
accumulations of core IFT machinery components that are indicative of retrograde transport defects. Analyses of C. elegans
IFTA-1 localization/motility along bbs mutant cilia, where anterograde IFT assemblies are destabilized, and in a che-11 IFT gene
mutant, demonstrate that IFTA-1 is closely associated with the IFT particle A subcomplex, which is implicated in retrograde
IFT. Together, our data indicate that IFTA-1 is a novel IFT protein that is required for retrograde transport along ciliary
axonemes.

INTRODUCTION

Cilia and flagella are highly conserved cellular appendages
found on many, if not most, mammalian cell types as well as on
cells of countless multi- and unicellular lower eukaryotes, in-
cluding Caenorhabditis elegans and Chlamydomonas reinhardtii.
Cilia are grossly characterized as motile (e.g., Chlamydomonas
flagella) or nonmotile (e.g., primary cilia of mammals and C.
elegans). Motile cilia enable fluid/cell movement, whereas non-
motile cilia are implicated in sensory processes such as olfac-
tion, chemosensation, mechanosensation, and photoreception
(Davenport and Yoder, 2005). The physiological importance of
cilia function is highlighted by the existence of numerous hu-
man ciliopathies, including polycystic kidney disease,
nephronophthisis, retinal dystrophy, organ laterality defects,
and phenotypically complex disorders such as Bardet–Biedl
syndrome (BBS), Alström syndrome, and Meckel syndrome
(Ansley et al., 2003; Otto et al., 2003; Afzelius, 2004; Pazour,
2004; Hearn et al., 2005; Kyttala et al., 2006; Smith et al., 2006).

The assembly and maintenance of the microtubule-depen-
dent cilia and flagella structures depends on intraflagellar
transport (IFT). Initially described in Chlamydomonas flagella,
IFT is a bidirectional motility of multisubunit protein com-
plexes, which deliver various cargo proteins that serve to
build and maintain the structure and function of cilia and
flagella (Kozminski et al., 1993; Rosenbaum and Witman,
2002; Scholey 2003). Anterograde IFT from the basal body, at
the base of cilia, to the distal ciliary tip is driven by micro-
tubule plus-ended kinesin-2 motors (Cole et al., 1993; Signor
et al., 1999a; Snow et al., 2004), and an IFT-dynein motor
directs retrograde IFT back to the basal body (Pazour et al.,
1999; Porter et al., 1999; Signor et al., 1999b; Wicks et al.,
2000). Whereas anterograde IFT serves as a means to deliver
proteins within cilia, retrograde IFT is used to recycle the
IFT machinery (and presumably turnover products) back to
the ciliary base (Rosenbaum and Witman, 2002; Scholey,
2003). IFT motor complexes are associated with the IFT
particle, which consists of at least 17 proteins that can be
biochemically separated into two distinct subcomplexes, A
and B, of at least six and 11 different proteins, respectively
(Piperno and Mead, 1997; Cole et al., 1998; Piperno et al., 1998).

The multisubunit assembly of motor complexes and IFT
particles constitute the core IFT machinery, and functional
loss of individual components leads to abrogation of IFT and
consequently, defects in cilia structure and function. Find-
ings in C. elegans and Chlamydomonas demonstrate that IFT
particle B (IFT-B) subcomplex proteins play important roles
in anterograde transport, because their loss results in ciliary
structures that are severely truncated (C. elegans) or absent
altogether (Chlamydomonas), with the core IFT machinery
largely excluded from the stumpy ciliary axonemes of the
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nematode (Perkins et al., 1986; Collet et al., 1998; Fujiwara et
al., 1999; Pazour et al., 2000; Brazelton et al., 2001; Haycraft et
al., 2001, 2003). In contrast, IFT particle A (IFT-A) subcom-
plex proteins seem to function within the retrograde arm of
the IFT pathway, because loss-of-function IFT-A subcom-
plex mutants possess only partially truncated cilia and fla-
gella, which contain large accumulations of IFT particles that
are brought in by anterograde transport but are unable to be
recycled back via retrograde transport (Perkins et al., 1986;
Piperno et al., 1998; Schafer et al., 2003).

Recent studies in C. elegans have uncovered a number of
novel IFT proteins, including DYF-1, DYF-3, and DYF-13,
which because of their roles in the assembly of sensory cilia
in nematodes and the fact that strong homologues exist in
other organisms, are likely components of the core IFT ma-
chinery (Murayama et al., 2005; Blacque et al., 2005; Ou et al.,
2005a; Ou et al., 2005b). The observation that DYF-1 and
DYF-13 are specifically required for assembling ciliary distal
segments (Blacque et al., 2005; Ou et al., 2005a) is of signifi-
cant interest, because many cilia, including those present on
vertebrate renal cells and olfactory neurons, those of C.
elegans amphid channel neurons as well as those of Chlamy-
domonas engaged in mating, possess bipartite structures
(Reese, 1965; Mesland et al., 1980; Perkins et al., 1986). In the
nematode, the bipartite structure of certain sensory cilia
consists of a “middle” segment, which forms the proximal
section and is built of doublet microtubules, and a “distal”
segment, which forms the distal end of the ciliary axoneme
and is comprised of singlet microtubules (Perkins et al.,
1986). Two kinesin-2 motors (heterotrimeric kinesin-II and
homodimeric OSM-3-kinesin) cooperatively drive the as-
sembly of C. elegans middle segments, whereas OSM-3-kine-
sin alone is involved in the biogenesis of distal segments
(Snow et al., 2004; Ou et al., 2005a). Two C. elegans Bardet–
Biedl syndrome proteins, BBS-7 and BBS-8, which also un-
dergo IFT, have been shown to stabilize interactions be-
tween the two kinesin-2 motors as well as the association of
the IFT-A and IFT-B subcomplexes (Blacque et al., 2004; Ou
et al., 2005a).

Although significant strides have been made in dissecting
the mechanisms of IFT, it remains a poorly understood
process. For example, the full complement of its components
is not yet known and the organization, regulation, and spe-
cific functions of the IFT machinery are incompletely under-
stood. To identify novel ciliary genes, including new IFT
components, numerous genomics- and proteomics-based
approaches have been conducted with a view to identifying
evolutionarily conserved ciliary transcriptomes and pro-
teomes (Ostrowski et al., 2002; Avidor-Reiss et al., 2004; Li et
al., 2004; Blacque et al., 2005; Efimenko et al., 2005; Pazour et
al., 2005; Smith et al., 2005; Stolc et al., 2005). In addition,
bioinformatic screening for C. elegans X-boxes, which are
promoter elements that bind the ciliogenic RFX transcription
factor DAF-19, have drawn up large data sets of candidate
ciliogenic genes (Swoboda et al., 2000; Blacque et al., 2005;
Efimenko et al., 2005). Together with time-lapse fluorescence
microscopy assays in C. elegans, which track the motility of
fluorescently tagged IFT components in live animals
(Orozco et al., 1999; Signor et al., 1999a; Snow et al., 2004), the
above-mentioned approaches have been successful in iden-
tifying a number of novel IFT proteins, including the afore-
mentioned BBS, DYF-1, DYF-3, and DYF-13 proteins
(Blacque et al., 2005; Efimenko et al., 2005; Murayama et al.,
2005; Ou et al., 2005a).

In this present study, we sought to further our under-
standing of the IFT process by identifying and functionally
characterizing a novel C. elegans IFT protein, IFT-associated

protein 1 (IFTA-1). We find that IFTA-1 is an evolutionarily
conserved protein that localizes to ciliary structures, under-
goes IFT, and is required for building structurally intact and
functional cilia. We also demonstrate that loss of IFTA-1
function abrogates IFT and causes the ciliary accumulation
of core IFT machinery components. Together, our data indi-
cate that IFTA-1 is a component of the core IFT machinery
and suggest that this protein plays important roles in retro-
grade IFT, likely via a close association with the IFT-A
subcomplex.

MATERIALS AND METHODS

Strains and Genetic Crosses
All strains were maintained and cultured at 20°C. Standard mating proce-
dures were used to cross fluorescence-tagged reporter constructs from wild-
type worms to various mutant backgrounds, with single-worm polymerase chain
reaction (PCR) used to follow the mutations in most cases. Deletions [ifta-1(nx61),
bbs-8(nx77), and klp-11(tm324)] were detected using a single PCR reaction, where
primers flanking the deletion distinguish wild-type and mutant copies of the
gene. Two PCR reactions detected point mutations [osm-12(n1606), osm-3(p802)],
where one reaction preferentially amplifies the wild-type gene and a second
reaction preferentially amplifies the mutated gene. Primer sets used to detect
mutations were as follows: ifta-1(nx61): AATATGGCTTCCACGCAAAC and
ACAGGCGGAAGTAATGCAAC and CGCAATTTACGTGTCTATTTG; bbs-
8(nx77): TTGAGCTGCCATGCAGCACAGCC and GAGCAGCACATCTG-
CAAGAAAC; klp-11(tm324): GTAAGTTCAGTGATATCTCA and AGTTGC-
CACAGCTTGTATA; osm-12(n1606): CCGACGTTGTATCAATTTCC and
ATTGGGCAGTCATTAGATGG (wild-type primers) and CCGACGTTGTAT-
CAATTTCT and ATTGGGCAGTCATTAGATGG (mutant primers); and osm-
3(p802): GGATGCTCTTCTTCGAGAGTACC and CGAGACGATCCAGTTC-
GAATTC (wild-type primers) and GGATGCTCTTCTTCGAGAGTACT and
CGAGACGATCCAGTTCGAATTC (mutant primers). che-11(e1810) mutations
were followed using a dye-fill assay (see below), where heterozygous animals
(che-11/�) are wild-type for dye-fill, and homozygous animals (che-11/che-11)
animals possess a Dyf phenotype.

Construction of a Translational IFTA-1::GFP Reporter
A translational ifta-1::gfp fusion construct was constructed via fusion PCR
as described previously (Blacque et al., 2004). Briefly, the entire exonic and

Figure 1. ifta-1 (C54G7.4) is an X-box–containing gene that is
conserved in ciliated organisms. (A) RFX transcription factor-bind-
ing X-boxes are found upstream of ifta-1 in C. elegans, C. briggsae,
and H. sapiens. (B) Schematic of the IFTA-1 protein, which consists
of 1199 amino acids (in C. elegans) and is predicted to possess three
WD protein motifs. (C) Cross-species comparison of the percentage
of amino acid identity between IFTA-1 homologues in C. elegans, H.
sapiens, Mus musculus, pufferfish, Drosophila melanogaster, C. rein-
hardtii, Trypanosoma brucei, and Paramecium. Note that IFTA-1 ho-
mologues are not present in nonciliated organisms such as A. thali-
ana and S. cerevisiae.
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intronic sequence of ifta-1, along with 511 base pairs of the upstream
promoter sequence immediately 5� to the start codon, was fused upstream
of, and in frame with, the coding sequence for gfp. Transgenic animals
expressing ifta-1::gfp as an extrachromosomal array in dpy-5(e907);Ex[dpy-
5(�)] animals were generated as described previously (Ansley et al., 2003).

Localization of Homo sapiens IFTA-1 in Ciliated IMCD-3
Cells
The human orthologue of C. elegans IFTA-1, henceforth referred to as HsIFTA1,
was PCR amplified from IMAGE clone 5266940 (ENSG00000118965) by using the
aagcttgccaccatgttcttctacctg/gcggccgctcccactggactatggc primer pair. The resulting
full-length fragment was cloned into HindIII and NotI sites of pCMV-H-myc after
engineering a HindIII site into the pCMV-Myc vector (Clontech, Mountain View,

CA) upstream of myc by using the gtaccaagcttgccaccatggcatcaatgcag/gtggcaagct-
tggtacaattccgcagcttttag primer pair. GFP was PCR amplified from the pEGFP-C2
vector (Clontech) with the cagcggccgccatggtgagcaag/cggccgtcacttgtacagctcgtc
primer pair and inserted into the NotI site of pCMV-HsIFTA1 to generate
pCMV-HsIFTA1::GFP. The HsIFTA1::GFP construct was transfected into IMCD-3
cells and grown on glass coverslips by using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions. Twenty-four hours
posttransfection, cells were fixed with 100% ice-cold methanol for 10 min at
�20°C, rehydrated with Tris-buffered saline/Tween 20 (50 mM Tris base, pH 7.5,
150 mM NaCl, and 0.05% Tween 20), and immunostained for 1 h at room
temperature with two primary antibodies, mouse anti-�-tubulin (Sigma clone
GTU-88) at 1:1000 dilution and mouse anti-acetylated-tubulin (Sigma clone
6-11B-1) at 1:10,000. A secondary antibody, goat-anti-mouse Alexa Fluor 488

Figure 2. IFTA-1 localizes to ciliary structures in C.
elegans and to the basal body/centrosomal region of
mammalian kidney cells. (A and B) GFP-tagged IFTA-1
localizes specifically at the base of cilia (transition zones
or basal bodies) and along the ciliary axonemes of C.
elegans ciliated neurons. Shown are fluorescence images
of one set of phasmid neurons in the nematode tail (A),
and one set of amphid cilia in nematode head (B), with
the cell bodies (cb), dendrites (den), transition zones
(tz), and ciliary axonemes (cil) indicated. (C) GFP-
tagged H. sapiens IFTA-1 localizes at the basal bodies
and centrosomes of mammalian kidney cells. Shown
are coimmunofluorescence images of ICMD3 cells ex-
pressing an H. sapiens ifta1::gfp transgene. Top, antibod-
ies to endogenous �-tubulin and acetylated �-tubulin
detect centrosomes/basal bodies (red, bracket) and cil-
iary axonemes (red, arrowhead), respectively. Middle,
GFP-tagged IFTA1 displays punctate fluorescence
(brackets), consistent with its localization at basal bod-
ies and centrosomes. Bottom, merged red and green
fluorescence images demonstrate colocalization of basal
bodies/centrosomes and GFP-tagged IFTA1 (yellow,
bracket).

Figure 3. C. elegans IFTA-1 undergoes biphasic IFT.
(A) GFP-tagged IFTA-1 undergoes IFT. Shown is a
kymograph (3 consecutive 0.5-s time points) depicting
the anterograde motility (away from the transition
zone, tz) of a GFP-tagged IFTA-1–associated particle
(arrowhead) along the ciliary axoneme of one phasmid
neuron. Scale bar is shown at the bottom of the kymo-
graph. (B and C) The anterograde IFT motility of
IFTA-1 is biphasic. Shown in B are representative “still”
fluorescence images and corresponding kymographs
(M and D) and kymograph schematics (M� and D�),
obtained from the analysis of IFTA-1::GFP transport
(using IFT motility assays) along amphid sensory cilia.
Note that the individual diagonal lines of the kymo-
graphs correspond to motility rates for individual flu-
orescent particles. Images (B) and table (C) show that in
wild-type cilia, GFP-tagged IFTA-1 displays biphasic
IFT, with intermediate velocities along middle seg-
ments (M and M�) and fast velocities along distal seg-
ments (D and D�). Also shown is the monophasic IFT behavior of IFTA-1::GFP along the ciliary axonemes of animals with loss-of-function
mutations in a heterotrimeric kinesin-II subunit gene, klp-11, and a homodimeric OSM-3-kinesin subunit gene, osm-3.
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(Invitrogen), was subsequently added at 1:2000 dilution and incubated for 1 h at
room temperature. Imaging was performed with a Zeiss Axioskop2� mot fluo-
rescence microscope (Carl Zeiss, Thornwood, NY) mounted with a monochro-
matic charge-coupled device camera and Northern Eclipse software (Empix
Imaging, Mississauga, Ontario, Canada).

Generation of ifta-1 Mutant Alleles
A PCR screening strategy was used to screen mut-7(cxP5003::Tc1) worms, which
contain a Tc1 insertion in ifta-1 (C54G7.4), for imprecise Tc1 excision events.
Single mut-7(cxP5003::Tc1) animals (P0) were placed on 100 plates and allowed to
lay 20–40 eggs (F1) at 23°C. After the removal of P0 animals, plates were placed
at 15°C, and worms were grown to the F2 generation. Next, �50% of F2 worms
from each plate were recovered, and crude DNA lysates (100 �l) were prepared
as described at www.protocol-online.org. To identify lysates harboring C54G7.4
deletions (caused by imprecise Tc1 excision), we performed PCR by using a
primer set that flanks the cxP5003::Tc1 insertion site—AAGTGTCGGACGCT-
GAGAAG and ACAGGCGGAAGTAATGCAAC—and looked for rare small
amplicons. Using this scheme, we isolated two ifta-1 alleles, nx34 and nx61,
possessing 600- and 2009-base pair deletions in ifta-1, respectively. Both alleles
were outcrossed five times to N2 worms.

Analysis of Cilia Structure and Function

Chemotaxis Assay. Well-fed adult worms were washed four times with M9
solution and once with water. Approximately 50 worms were pipetted onto

the center of a standard 9-cm Petri plate containing a standard assay surface
(1.6% agar, 0.005 M K2PO4, 0.001 M CaCl2, and 0.001 M MgSO4); 1.5 cm from
the center of the plate there are two circular zones, both of 1-cm radius. One
zone contained the attractant (1�l of 1:100 isoamyl alcohol/ethanol solution),
whereas the other zone contained the negative control (1 �l of ethanol). Both
zones also contained 1 �l of 1 M sodium azide to anesthetize worms. After 1 h,
worms were counted, and the chemotaxis index was calculated as follows:
(no. worms in attractant zone � no. of worms in control zone)/(total worms
counted).

Dye Uptake. Fluorescent carbocyanine dye (DiI) uptake assays were per-
formed as described previously (Blacque et al., 2004).

Visualization of Ciliary Structures and Cilia Length Measurements. PHA/B
and ASER ciliary structures were visualized using cell-specific transcriptional
srb-6p::gfp, and gcy-5p::gfp reporters, respectively. GFP expressed from these
reporters diffuses throughout the cell, illuminating the cell body, axon, den-
drite, and cilium structures. Cilium length was measured as the distance from
the distal end of the transition zone (denoted as a bulge of fluorescence at the
base of ciliary axonemes) to the tip of the ciliary axoneme.

IFT Motility Assay
Worms expressing fluorescent IFT proteins were mounted on agarose pads and
immobilized with 15 mM levamisole. Amphid cilia were examined on an Olym-

Figure 4. ifta-1 is a ciliogenic gene required for
the normal structure and function of sensory
cilia. (A) Generation of two mutant alleles of
ifta-1 by transposon excision. Shown is the
genomic position of cxP5003::Tc1 within ifta-1,
and the resultant 600- and 2009-base pair dele-
tions obtained after excision. (B) ifta-1(nx61) mu-
tants are defective in chemotaxis toward iso-
amyl alcohol compared with wild-type (N2)
animals. Rescue of the chemotaxis defect was
observed in ifta-1(nx61) worms expressing a
wild-type ifta-1::gfp transgene. (C) ifta-1(nx34)
and ifta-1(nx61) animals are defective in their
ability to uptake the fluorescent dye DiI. Shown
are DIC-fluorescence merged images of the head
region of wild-type and ifta-1 mutant worms
after a dye-fill assay. Note that the dye-fill de-
fective phenotype (Dyf) of ifta-1 mutants is fully
rescued in ifta-1 mutants expressing a wild-type
ifta-1::gfp transgene. (D) The Dyf phenotype of
ifta-1(nx61) mutants is fully penetrant at all lar-
val and adult stages, whereas ifta-1(nx34) ani-
mals have a stage-specific Dyf phenotype. Note
that each data point represents the analysis of 50
worms. (E and F) The cilia length of ifta-1(nx61)
mutants is shorter than wild-type worms but
longer than osm-3(p802) mutants. Presented are
fluorescence images (E) and a graph (F) showing
the cilia lengths obtained for PHA/B phasmid
and ASER amphid neurons, by using srb-6p::gfp
and gcy-5p::gfp reporters, respectively. For E:
Bar, 2 �m; star, transition zone; bracket, cilia.
The n values for F are presented in brackets.
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pus microscope (Olympus America, Melville, NY) equipped with a 100�, 1.35
numerical aperture objective and an UltraVIEW spinning-disk confocal head at
0.3 s/frame for 2–3 min. Kymographs and movies were created from the result-
ing stacked tiff images by using MetaMorph software (Molecular Devices, Sunny-
vale, CA), and the rates of fluorescent IFT particle motility along the middle and
distal segments of the eight amphid channel neuron cilia (10 cilia in total) were
measured as described previously (Snow et al., 2004).

RESULTS

Identification of ifta-1 as a Strong Candidate for a Core
IFT Machinery Gene
An excellent candidate IFT machinery component to arise
from previous studies is the protein product of the C. elegans
gene, C54G7.4, which we term IFTA-1. Findings in both C.
elegans and Drosophila have shown that ifta-1 is an X-box–
containing gene that is expressed specifically in ciliated cells
(Avidor-Reiss et al., 2004; Blacque et al., 2005; Efimenko et al.,
2005). The ifta-1 gene X-box is nearly canonical in sequence
and position (near �100 base pairs from the start codon) in

C. elegans and the related nematode Caenorhabditis briggsae,
and it is notably also present within the promoter region of
the human ifta-1 gene orthologue, ENSG00000118965/
WDR35 (Figure 1A). In addition, the inclusion of ifta-1 in
numerous data sets enriched for ciliary genes (Avidor-Reiss
et al., 2004; Li et al., 2004; Pazour et al., 2005), and the finding
that the Drosophila IFTA-1 protein (termed OSEG4) localizes
at ciliary structures (Avidor-Reiss et al., 2004) further suggest
that IFTA-1 may be an integral part of the core IFT machin-
ery. The C. elegans ifta-1 gene encodes a protein of 1199
amino acids (�140 kDa) that possesses several N-terminal
WD repeats (Figure 1B). It is found in ciliated unicellular
and multicellular organisms, including mammals, puffer-
fish, and Drosophila, but it is absent from nonciliated organ-
isms such as S. cerevisiae and Arabidopsis thaliana (Figure 1C).
Supplemental Figure 1 shows an amino acid alignment be-
tween C. elegans and H. sapiens IFTA-1, which displays
�29% sequence identity throughout the entire protein.

Figure 5. ifta-1 mutants phenocopy the retrograde
IFT defects of che-11 mutants. (A and B) The antero-
grade IFT machinery, namely, the kinesin-2 motors (A)
and IFT-B subcomplex proteins (B), accumulates along
ifta-1 and che-11 mutant cilia. Shown are representative
fluorescence images of one set of amphid cilia from
wild-type (N2), ifta-1(nx61), and che-11(e1810) animals,
expressing the indicated GFP-tagged protein. Images
demonstrate that in contrast to wild-type worms,
the anterograde IFT motor subunits (KAP-1::GFP
and OSM-3::GFP) and IFT-B subcomplex proteins
(OSM-1::GFP, OSM-6::GFP, and CHE-2::GFP) accumu-
late (see arrowheads) within the ciliary axonemes of
ifta-1 and che-11 mutants, indicating a retrograde IFT
defect. Note that in wild-type panels, the ciliary axon-
emes (ax), transition zones (tz), and dendrites (d) are
denoted. Note also that all images are similarly sized and
orientated, with the transition zone region denoted in all
panels by a bracket. (C) Anterograde IFT motility veloc-
ities of fluorescent IFT-proteins along the amphid cilia of
WT, ifta-1(nx61) and che-11(e1810) mutants. The asterisk
denotes that compared with wild-type cilia, the num-
ber of detectable anterograde transport events along
ifta-1(nx61), and che-11(e1810) mutant cilia was low;
hence, only a small n value could be obtained. Refer-
ences (Ref.) refer to Snow et al. (2004) for OSM-6::GFP,
Ou et al. (2005a) for KAP-1::GFP, OSM-3::GFP,
CHE-2::GFP, and CHE-11::GFP, and Ou and Scholey,
unpublished data, for OSM-1::GFP.
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IFTA-1 Localizes to Basal Bodies and Undergoes IFT in
C. elegans
To assess the cellular localization of IFTA-1, transgenic
worms harboring an ifta-1::gfp transgene were constructed.
Similar to C. elegans IFT and BBS proteins, we found that
GFP-tagged IFTA-1 localizes strongly at the base of cilia (i.e.,
transition zones, which are akin to basal bodies) and along
ciliary axonemes, as shown here for the phasmid (Figure 2A)
and amphid (Figure 2B) sensory cilia. The ciliary localization
of IFTA-1::GFP is highly specific, because GFP signals in the
cell bodies, axons, and dendrites were found to be weak or
absent. Consistent with this localization pattern, and similar
to Drosophila OSEG4, a GFP-tagged version of the human
IFTA-1 homologue (ENSP00000314444) localizes at the cen-
trosomal/basal body region of a mouse IMCD3 ciliated cell
line (Figure 2C). The localization of human IFTA-1 is essen-
tially the same as many other known basal body/ciliary
proteins, including BBS proteins (Ansley et al., 2003; Li et al.,
2004).

Using time-lapse microscopy, we observed that GFP-
tagged IFTA-1 undergoes bidirectional movement along C.
elegans sensory cilia (Figure 3A and Supplemental Video 1).
In wild-type animals, IFTA-1::GFP moves along the ciliary
middle segments at �0.7 �m/s and accelerates to �1.3
�m/s along distal segments (Figure 3, B and C). To more
closely examine IFTA-1 motility, we analyzed the rate of
IFTA-1 transport in two kinesin-2 mutants, klp-11 (subunit of
heterotrimeric kinesin-II) and osm-3 (homodimeric OSM-3-
kinesin), both of which drive anterograde IFT in the nema-
tode. Using this scheme, we found that GFP-tagged IFTA-1
moves at a unitary fast speed (�1.3 �m/s) along both the
middle and distal segments of klp-11(tm324) mutants,
whereas in osm-3 mutants it moves more slowly (�0.5
�m/s) along the remaining middle segments (Figure 3, B
and C). Our transport data for IFTA-1 are essentially iden-
tical to those previously found for known BBS/IFT-particle
components, namely, that they are transported antero-
gradely in a biphasic manner in wild-type animals and in a
monophasic manner in kinesin-II (klp-11) or OSM-3-kinesin
(osm-3) single mutants (Snow et al., 2004; Ou et al., 2005a).

Together, the above-mentioned data indicate that IFTA-1 is
a novel, bona fide IFT-associated protein.

IFTA-1 Is Required for the Proper Functioning and
Assembly of Cilia
To further investigate the cilia-related function of IFTA-1, we
generated mutant alleles of C. elegans ifta-1 by taking advantage
of a previously isolated mutator strain, mut-7(cxP5003::Tc1),
which contains a Tc1 transposable element within the 24th
intron of ifta-1 (Figure 4A; Korswagen et al., 1996). Using a
PCR-based strategy, mut-7(cxP5003::Tc1) animals were scree-
ned for imprecise Tc1 excision events, and two deletion alleles
of ifta-1 were isolated (Figure 4A). The ifta-1(nx34) allele is
defined by a 600-base pair deletion spanning introns 22–25,
and the ifta-1(nx61) allele possesses a 2009-base pair deletion
that extends from exon 18 onward.

Both ifta-1 mutant strains are homozygous viable and
display no obvious morphological, locomotory, or behav-
ioral phenotypes; however, the animals possess various cil-
iary abnormalities. First, ifta-1 mutants display cilia-related
chemosensory (Che) defects, as evidenced by a significantly
reduced ability to chemotax toward iso-amyl alcohol (Figure
4B), a behavior that is mediated by AWA and AWC neuro-
nal sensory cilia (Bargmann et al., 1993).

Second, similar to known IFT machinery mutants in C.
elegans, ifta-1 mutant cilia have lost the ability to take up the
fluorescent dye DiI (Figure 4, C and D). This dye-fill defec-
tive (Dyf) phenotype indicates that ifta-1 mutant cilia may be
structurally defective, because in wild-type worms, dye fill-
ing of six amphid and both phasmid sensory neurons nor-
mally occurs via environmentally exposed and fully intact
ciliary endings. Interestingly, although the Dyf phenotype of
ifta-1(nx61) mutants (with the larger deletion) is almost fully
penetrant at all larval stages and at adulthood, ifta-1(nx34)
mutants (with a smaller deletion) display only a partial Dyf
phenotype. ifta-1(nx34) animals are fully Dyf at the L1 and
L2 stages, partially Dyf at the L3 stage, and almost wild-type
for dye-fill at the L4 and adult stages (Figure 4, C and D).
Based on the Dyf phenotype data, the nx61 deletion is likely
a severe loss-of-function allele, which may be a null,
whereas the nx34 allele seems to retain some functionality.

Figure 6. IFTA-1 is an IFT particle subcomplex A-type
protein. (A and B) Unlike wild-type (N2) cilia, in bbs
mutant cilia, IFTA-1::GFP moves only along the middle
segments (M and M�) at slow rates characteristic of un-
coupled kinesin-II/IFT-A subcomplex assemblies and
does not enter the distal segments. Shown in A are repre-
sentative still fluorescence images and corresponding ky-
mographs (M) and kymograph schematics (M�), obtained
from the analysis of IFTA-1 transport (by using IFT mo-
tility assays) along wild-type (N2), bbs-8(nx77), and osm-
12(n1606) mutant cilia. All images are similarly sized and
orientated, with the transition zones and ciliary axonemes
denoted in all panels. (C) CHE-11 protein function is re-
quired for the ciliary localization of IFTA-1 but not vice
versa. Shown are representative still fluorescence images
and corresponding kymographs (M) and kymograph
schematics (M�), obtained from the analysis of IFT (by
using IFT motility assays) of CHE-11::GFP in ifta-1(nx61)
mutants, and IFTA-1::GFP in che-11(e1810) mutants. Note
that CHE-11::GFP accumulates (see arrowheads) within
the ciliary axonemes of ifta-1 mutants. In contrast,
IFTA-1::GFP does not enter the ciliary axonemes of che-11
mutant cilia. Both images are similarly sized and orien-
tated, with the transition zones and ciliary axonemes de-
noted in both images.
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It is important to note that the Che and Dyf phenotypes of
ifta-1 mutants are directly attributable to loss of ifta-1 gene
function, because expression of a wild-type ifta-1::gfp trans-
gene in the ifta-1 mutant backgrounds fully rescues these
defects (Figure 4, B–D). In addition, these rescue experi-
ments verify the functionality of the ifta-1::gfp transgene,
thereby validating the ciliary localization and IFT motility
for GFP-tagged IFTA-1, described above (Figures 2, A and B,
and 3, A–C).

Finally, using cell-specific transcriptional GFP reporters to
directly visualize the ASER (gcy-5p::gfp) and PHA/B
(srb-6p::gfp) neuronal cilia, ifta-1(nx61) mutant animals were
observed to possess abnormal ciliary structures, a finding
that is consistent with the Dyf phenotype discussed above.
Specifically, we determined that the ciliary axonemes of
ifta-1(nx61) mutants are shorter (PHA/B, 4.4 � 0.9 �m and
ASER, 4.2 � 0.8 �m) than those of N2 control animals
(PHA/B, 5.8 � 0.8 �m and ASER, 5.9 � 0.6 �m), but they are
longer than those of osm-3(p802) mutants (PHA/B, 3.1 � 0.4
�m and ASER, 3.5 � 0.3 �m), which are composed only of
middle segments (Figure 4, E and F). These observations
indicate that ifta-1(nx61) mutant sensory cilia consist of an
intact middle segment and part of the distal segment, similar
to that observed in mutant animals defective for IFT sub-
complex A components (Perkins et al., 1986).

Together, the above-mentioned data show that loss of
ifta-1 gene function leads to the disruption of sensory cilia
structure and function. Considering our observation that the
IFTA-1 protein undergoes IFT, our findings strongly suggest
that IFTA-1 is a component of the core IFT machinery that is
required to build and maintain ciliary structures.

IFTA-1 Functions Similarly to IFT Particle Subcomplex A
Proteins
To decipher the role of IFTA-1 in the IFT process, IFT mo-
tility assays were used to determine transport profiles for
IFTA-1 in various IFT mutant backgrounds as well as for
other IFT proteins in the ifta-1 mutant background. First, the
ciliary localization and IFT motility of GFP-tagged IFT com-
ponents were assessed in ifta-1(nx61) mutants. Using this
scheme, we found that anterograde IFT motor subunits
KAP-1 (a component of heterotrimeric kinesin-II) and
OSM-3 (homodimeric OSM-3-kinesin) as well as IFT-B sub-
complex proteins (CHE-2, OSM-1, and OSM-6), all accumu-
late within the ciliary axonemes of ifta-1(nx61) mutants (Fig-
ure 5, A and B, and Supplemental Figure 2). In addition, IFT
motility (as judged from the kymographs and visual inspec-
tion of the time-lapse recordings) of all examined GFP-
tagged IFT proteins along ifta-1 mutant cilia was severely
abrogated, with only infrequent anterograde transport
events being detected in the middle segments and no trans-
port events observed in the truncated distal segments (Fig-
ure 5C). Few or no retrograde transport events were detect-
able in our IFT assays. The ability of IFT proteins to enter
ifta-1 mutant cilia, presumably via anterograde IFT and to
subsequently form large ciliary accumulations or deposits
that are essentially immotile, is strikingly similar to that
observed for the IFT-A subcomplex gene mutant che-
11(e1810) (Figure 5, A–C). In Chlamydomonas and C. elegans
IFT-A subcomplex mutants, retrograde IFT motility is pro-
posed to be defective, resulting in the ciliary axonemal ac-
cumulation of the IFT machinery and a disruption of the

Figure 7. Model of IFTA-1 function as a com-
ponent of retrograde IFT. Presented is an exten-
sion of previous models by Snow et al. (2004)
and Ou et al. (2005a), where two kinesin-2 mo-
tors were shown to drive anterograde IFT (het-
erotrimeric kinesin-II, drawn in brown; and ho-
modimeric OSM-3-kinesin, drawn in blue), and
BBS-7 and BBS-8 proteins were found to stabi-
lize the association of IFT-A and IFT-B subcom-
plexes. (A) Loss of IFTA-1 function causes a
ciliary accumulation of IFT machinery compo-
nents, including IFT-B subcomplexes and the
IFT-A subcomplex protein (CHE-11), indicating
that IFTA-1 function is not required for entry of
IFT machinery assemblies into cilia via antero-
grade IFT but that it is required for recycling of
the IFT machinery back to the base of cilia via
retrograde IFT. Defective retrograde IFT results
in a partial loss of the singlet-microtubule-de-
rived distal segment. (B) The IFT-A subcomplex
gene mutant che-11 closely phenocopies the ret-
rograde IFT defects of ifta-1 mutants. In addi-
tion, CHE-11 function is required for the ciliary
localization of IFTA-1 protein. (C) Together, the
data presented in A and B indicate that in wild-
type C. elegans sensory cilia, IFTA-1 is closely
associated with IFT-A subcomplexes and func-
tions within the retrograde arm of the IFT pro-
cess.

IFTA-1 Is an Integral Intraflagellar Transport Protein

Vol. 17, December 2006 5059



cycling IFT process (Perkins et al., 1986; Piperno et al., 1998;
Schafer et al., 2003).

Next, we examined IFTA-1 anterograde motility along the
ciliary axonemes of bbs mutants. Loss of C. elegans BBS
protein function destabilizes anterograde motor–IFT particle
assemblies within the middle segments, resulting in kine-
sin-II and OSM-3-kinesin motors that are uncoupled and
separately transporting IFT-A and IFT-B subcomplex pro-
teins, respectively (Ou et al., 2005a). In bbs-7 [osm-12(n1606)]
and bbs-8(nx77) mutant cilia, we found that IFTA-1 has the
same transport properties as kinesin-II motors and the IFT-A
subcomplex component, CHE-11 (Figure 6, A and B; Ou et
al., 2005a). Specifically, it was determined that GFP-tagged
IFTA-1 particles are moved along bbs mutant middle seg-
ments at �0.5 �m/s, a rate characteristic of uncoupled ki-
nesin-II/IFT-A assemblies, and it was not observed to enter
the distal segments (Figure 6B). These data suggest that in
the destabilized IFT assembly background of bbs mutants,
IFTA-1 is closely associated with heterotrimeric kinesin-II
and the IFT-A subcomplex protein CHE-11.

Finally, to further examine the potential association of
IFTA-1 with the IFT-A subcomplex, we analyzed CHE-11::
GFP in ifta-1 mutants and in the reciprocal experiment,
IFTA-1::GFP in che-11 mutants. In ifta-1(nx61) animals, GFP-
tagged CHE-11 accumulates within the ciliary axonemes,
and few transport events are detectable, similar to that de-
scribed above for kinesin-II and IFT-B subcomplex compo-
nents (Figure 6C). By contrast, in che-11(e1810) mutants, the
transition zone (basal body) and ciliary axonemal signals for
IFTA-1::GFP are barely detectable or absent (Figure 6C). This
latter finding provides further support for the notion that
IFTA-1 is associated with the IFT-A subcomplex, which
includes CHE-11.

The data presented above demonstrate that the functions
of IFTA-1 and CHE-11 are very closely linked. ifta-1 mutants
phenocopy che-11 mutants, with each possessing moderately
truncated ciliary axonemes, a severely disrupted IFT pro-
cess, and ciliary axoneme accumulations of IFT machinery.
In addition, IFTA-1 and CHE-11 proteins are both trans-
ported in an identical manner along bbs mutant cilia, and
CHE-11 is required for the proper incorporation of IFTA-1
into an IFT machinery assembly. Overall, our findings lead
us to conclude that IFTA-1 is a bona fide IFT protein that is
required for retrograde IFT, likely in close physical associa-
tion with the IFT-A subcomplex (Figure 7).

DISCUSSION

Understanding the molecular basis of IFT is an important
goal in our drive to elucidate how cilia and flagella are built,
maintained, and function. Furthermore, the ever-increasing
number of cilia-related diseases (Badano et al., 2006), most of
which are directly linked to defects in IFT, highlights the
medical importance of such research. To investigate the
poorly understood ciliogenic mechanism of IFT, we are us-
ing C. elegans to identify and functionally characterize novel
components of the core IFT machinery. Previous research by
us and others using the nematode model has lead directly to
the discovery of a number of novel IFT machinery compo-
nents, including several BBS proteins, DYF-1, DYF-3, and
DYF-13, and also has provided significant insight into how
the bipartite structure of nematode sensory cilia is assembled
(Snow et al., 2004; Blacque et al., 2005; Ou et al., 2005a, b).

In this study, we identified the protein product of C.
elegans C54G7.4 as a strong candidate IFT machinery com-
ponent, based on previous reports that this gene/protein is

found in numerous data sets enriched for ciliary genes and
proteins (Avidor-Reiss et al., 2004; Li et al., 2004; Blacque et
al., 2005; Efimenko et al., 2005; Pazour et al., 2005) and that a
Drosophila homologue (OSEG4) localizes to ciliary structures
(Avidor-Reiss et al., 2004). We present an in-depth analysis
of C54G7.4 function and find that the encoded protein
(IFTA-1) localizes to ciliary structures and undergoes IFT.
Furthermore, we demonstrate that loss of IFTA-1 function
disrupts sensory cilia structure and function, including a
severe abrogation of the IFT motility process. Based on
phenotypic overlap between ifta-1 mutants and the IFT-A
subcomplex mutant che-11 and the fact that IFTA-1 and
CHE-11 proteins display identical transport profiles in the
destabilized IFT background of bbs mutants, we conclude
that IFTA-1 plays important roles in retrograde IFT.

Retrograde IFT is proposed to be driven by a minus-end–
directed multisubunit motor, IFT-Dynein, which to date has
been shown to comprise a cytoplasmic dynein heavy chain
(DHC1b) (Pazour et al., 1999; Porter et al., 1999; Signor et al.,
1999b; Wicks et al., 2000), a dynein light chain (LC8) (Pazour
et al., 1998), and a dynein light intermediate chain (D2LIC)
(Perrone et al., 1999; Hou et al., 2002; Schafer et al., 2003). In
the above-mentioned studies, a role for IFT-dynein in retro-
grade IFT was established from the observations that
Chlamydomonas and C. elegans IFT-dynein subunit mutants
assemble swollen truncated cilia and flagella, which contain
large accumulations of IFT particle subunits that cannot be
recycled to the base of the cilium. IFT-A subcomplex pro-
teins are proposed to play roles in retrograde IFT based on
a number of observations. First, loss of Chlamydomonas IFT-A
subcomplex protein function causes a specific reduction of
retrograde IFT motility, with anterograde IFT motility rela-
tively unchanged (Piperno et al., 1998). Second, similar to
that observed in Chlamydomonas IFT-dynein subunit mu-
tants, the sensory cilia of C. elegans IFT-A mutants are mod-
erately truncated and swollen, containing accumulations of
electron dense material, including IFT particle subunits (Per-
kins et al., 1986; Schafer et al., 2003).

Our conclusion that IFTA-1 plays important roles in ret-
rograde transport, likely via a close association with the
IFT-A subcomplex, is based on three key findings. First,
ifta-1 and the IFT-A subcomplex mutant che-11 possess sim-
ilarly truncated ciliary structures, which are close to wild-
type length, lacking only a small portion of the distal seg-
ment. Our structural analysis of ifta-1 mutant cilia by using
transcriptional GFP markers did not detect any bulges along
the ciliary axoneme, a defect that was previously observed
in electron micrographs of IFT-A subcomplex mutants (Per-
kins et al., 1986). It is possible that GFP does not adequately
illuminate ciliary axonemal bulges; it would therefore be
interesting in the future to examine the ultrastructure of
ifta-1 mutant cilia by using electron microscopy. Second,
core IFT machinery components (kinesin-2 motors and
IFT-A and IFT-B subcomplex proteins) were found to accu-
mulate within ifta-1 mutant cilia, indicating that IFT assem-
blies are able to move into ifta-1 cilia, via anterograde IFT,
but they are not able to recycle back to the ciliary base via
retrograde IFT. Indeed, our analysis of anterograde IFT mo-
tility along che-11 and ifta-1 mutant cilia detected infrequent
transport events (Figure 5), indicating that anterograde IFT
can still operate in the absence of IFT-A subcomplex protein
function. However, unlike the situation in wild-type ani-
mals, retrograde transport events in ifta-1 mutants could not
be observed using our IFT assays. Third, using IFT motility
assays, we found that IFTA-1 and CHE-11 are moved in an
identical manner along bbs mutant cilia. In bbs mutants, the
IFT particle subcomplexes and the kinesin-2 motors are un-
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coupled, resulting in two separately moving assemblies of
kinesin-II/IFT-A subcomplex and OSM-3-kinesin/IFT-B
subcomplex (Ou et al., 2005). Our data demonstrate that in
the destabilized IFT assembly background of bbs mutants,
IFTA-1 associates with kinesin-II/IFT-A, suggesting that
IFTA-1 is closely linked to the IFT-A subcomplex.

In Chlamydomonas, biochemical techniques determined
that the IFT-A subcomplex consists of at least six proteins:
IFT144, IFT140, IFT139, IFT122A, IFT122B, and IFT43 (Cole
et al., 1998). With the exception of IFT140 (CHE-11) and
IFT122A (DAF-10), the protein sequences of the remaining
IFT-A subcomplex proteins are unknown. Interestingly, the
Chlamydomonas homologue of IFTA-1, the flagellar protein
FAP118 (Pazour et al., 2005), displays striking similarities to
the protein model presented previously for IFT122B in that
both possess N-terminal WD repeat domains (Cole, 2003). In
addition, the predicted molecular mass and theoretical iso-
electric point (pI) of FAP118 is 136 kDa and 6.04, respec-
tively (using www.expasy.org/tools/protparam). These
values are remarkably close to the molecular mass (122 kDa)
and pI (5.8–6.0) measurements that were determined bio-
chemically for IFT122B (Cole et al., 1998). It is conceivable,
therefore, that IFTA-1 may be the C. elegans homologue of
IFT122B.

Further evidence that IFTA-1 is either closely associated
with, or is a core component of, IFT-A subcomplexes comes
from our observation that in a che-11 mutant, IFTA-1 fails to
localize to ciliary structures (including the transition zones/
basal bodies) (Figure 6C). Our findings indicate that CHE-11
function is required for the assembly of IFTA-1 into the
IFT-A subcomplex, or an IFT-A-associated subcomplex, but
not vice versa. Also arising from these data is the possible
interpretation that IFT-A subcomplexes may be assembled
in an ordered manner, similar to that previously shown for
IFT-B subcomplexes (Haycraft et al., 2003; Lucker et al.,
2005). In this scaffold model of protein–protein interactions,
CHE-11 would occupy a more “central” or “core” position
within the IFT-A subcomplex relative to IFTA-1, which
could be positioned more “peripherally.” Accordingly, in
the absence of CHE-11, the scaffolding requirement for
IFTA-1 is lost, and IFTA-1 fails to be tethered to the IFT
assembly.

Understanding the molecular mechanisms underlying IFT
motility is of great interest, because IFT defects are now
known to underlie numerous human ciliopathies such as
polycystic kidney disease and Bardet–Biedl syndrome. Fu-
ture research on identifying the full repertoire of IFT ma-
chinery components as well as uncovering how they are
grouped and regulated in the context of moving multisub-
unit assemblies will be required to improve our understand-
ing of how cilia are assembled and maintained. In addition,
such work will help to elucidate emerging functions of cilia
and IFT, which include exciting new roles in developmental
signaling cascades (Davenport and Yoder, 2005).
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