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In most cilia, the axoneme can be subdivided into three segments: proximal (the transition zone), middle
(with outer doublet microtubules), and distal (with singlet extensions of outer doublet microtubules). How the
functionally distinct segments of the axoneme are assembled and maintained is not well understood. DYF-1 is
a highly conserved ciliary protein containing tetratricopeptide repeats. In Caenorhabditis elegans, DYF-1 is
specifically needed for assembly of the distal segment (G. Ou, O. E. Blacque, J. J. Snow, M. R. Leroux, and J. M.
Scholey. Nature. 436:583-587, 2005). We show that Tetrahymena cells lacking an ortholog of DYF-1, Dyflp, can
assemble only extremely short axoneme remnants that have structural defects of diverse natures, including the
absence of central pair and outer doublet microtubules and incomplete or absent B tubules on the outer
microtubules. Thus, in Tetrahymena, DYF-1 is needed for either assembly or stability of the entire axoneme.
Our observations support the conserved function for DYF-1 in axoneme assembly or stability but also show
that the consequences of loss of DYF-1 for axoneme segments are organism specific.

Cilia are microtubule-rich cellular extensions that arise from
basal bodies near the surfaces of most eukaryotic cell types.
Defective cilia cause a wide variety of diseases, including poly-
cystic kidney disease, primary ciliary dyskinesia, and retinal
degeneration (3). A typical motile cilium has a microtubule-
based framework, the axoneme, which contains nine outer
(mostly doublet) microtubules and two central (singlet) micro-
tubules. In most cilia, the axoneme can be subdivided into
three segments: proximal (transition zone), middle (containing
outer doublet microtubules), and distal (containing singlet ex-
tensions of peripheral microtubules). The outer doublet mi-
crotubules of the middle segment have a complete tubule A
made of 13 protofilaments and an incomplete tubule B made
of 11 protofilaments that is fused to the wall of the A tubule
(36, 57). The outer microtubules in the distal segment lack the
B tubule (32, 49). The distal segment also lacks dynein arms
and radial spokes, and its microtubules are terminated by caps
that are associated with the plasma membranes at the tips of
cilia (11, 50). The distal segments are characterized by a high
level of microtubule turnover, which could play a role in the
regulation of the length of cilia (31).

The mechanisms that establish the segmental subdivision of
the axoneme are not well understood. Studies of Caenorhab-
ditis elegans indicate that the distal segment is assembled using
a mechanism that differs from the one utilized in the middle
and proximal segments (54). In most cell types, ciliogenesis is
dependent on the intraflagellar transport (IFT) pathway, a
bidirectional motility of protein aggregates, known as IFT par-
ticles, that occurs along outer microtubules (10, 28, 29, 42).
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IFT particles are believed to provide platforms for transport of
axonemal precursors (23, 44). The anterograde component of
IFT that delivers cargo from the cell body to the tips of cilia is
carried out by kinesin-2 motors (28, 63), whereas the cytoplas-
mic dynein DHCI1D is responsible for the retrograde IFT (41,
43, 53). Importantly, in the well-studied amphid cilia of C.
elegans, two distinct kinesin-2 complexes are involved in the
anterograde IFT and differ in movement velocity: the “slow”
heterotrimeric kinesin-II and the “fast” homodimeric OSM-3
kinesin (54). While kinesin-II and OSM-3 work redundantly to
assemble the middle segment, OSM-3 alone functions in the
assembly of the distal segment (39, 56).

In C. elegans, DYF-1 is specifically required for assembly of
the distal segment (39). In the DYF-1 mutant, the rate of IFT
in the remaining middle segment is reduced to the level of the
slow kinesin-II, suggesting that the Osm3 complex is nonfunc-
tional and that kinesin-II functions alone in the middle seg-
ment. Thus, DYF-1 could either activate OSM-3 kinesin or
dock OSM-3 to IFT particles (14, 39).

However, a recent study of zebrafish has led to a different
model for DYF-1 function. Zebrafish embryos that are ho-
mozygous for a loss of function of fleer, an ortholog of DYF-1,
have shortened olfactory and pronephric cilia and ultrastruc-
tural defects in the axonemes. In the middle segment, the fleer
axonemes have B tubules that are disconnected from the A
tubule, indicating that DYF-1 functions in the middle segment
and could play a role in the stability of doublet microtubules
(40). Earlier, a similar mutant phenotype was reported in 7ez-
rahymena for a mutation in the C-terminal tail domain of
B-tubulin, at the glutamic acid residues that are used by post-
translational polymodifications (glycylation and glutamylation)
(47). Glycylation (46) and glutamylation (12) are conserved
polymeric posttranslational modifications that affect tubulin
and are highly enriched on microtubules of axonemes and
centrioles (reviewed in reference 20). Other studies have indi-
cated that tubulin glutamylation contributes to the assembly
and stability of axonemes and centrioles (4, 8). The fleer mu-
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FIG. 1. Tetrahymena has a DYF-1 ortholog. (A) A schematic representation of DYF-1 protein sequences with TPR domains marked by gray
boxes. aa, amino acids. (B) An unrooted phylogenetic tree of DYF-1 proteins. The tree was calculated by a neighbor-joining method. The nodes
at branches indicate bootstrap values of >50%. Tt, T. thermophila (TTHERM_00313720); Pt, P. tetraurelia (XP_001424610.1); Cr, C. reinhardtii
(XP_001692406.1); Li, Leishmania infantum (XP_001466521.1); Tb, Trypanosoma brucei (XP_844139.1); Tc, Trypanosoma cruzi (XP_818837.1);
Gl, Giardia lamblia (XP_001706451.1); Dm, Drosophila melanogaster (CG5142-PB); Ag, Anopheles gambiae (XP_312036.2); Ce, C. elegans
(F54C1.5a); Am, Apis mellifera (XP_397369.2); Sp, Strongylocentrotus purpuratus (XP_794254.2); Dr, Danio rerio (NP_001098119.2); Xl, Xenopus
laevis; Hs, Homo sapiens (NP_689730.2); Gg, Gallus gallus (XP_426574.2). (C) Growth curves for DYFIA and IFT52A strains grown at 30°C in

MEPP medium.

tant zebrafish cilia have reduced levels of glutamylated tubulin
(40). Pathak and colleagues proposed that the primary role of
DYF-1/fleer is to serve as an IFT cargo adapter for a tubulin
glutamic acid ligase (25) and that the effects of lack of function
of DYF-1/fleer could be caused by deficiency in tubulin glu-
tamylation in the axoneme (40). As an alternative hypothesis,
the same authors proposed that DYF-1 is a structural compo-
nent that stabilizes the doublet microtubules in the axoneme
(40).

Here, we evaluate the significance of a DYF-1 ortholog,
Dyflp, in Tetrahymena thermophila. Unexpectedly, we found
that Tetrahymena cells lacking Dyf1p either fail to assemble an
axoneme or can assemble an axoneme remnant. While our
observations revealed major differences in the significance of
DYF-1 for segmental differentiation in diverse models, it is
clear that DYF-1 is a conserved and critical component that is
required for assembly of the axoneme.

MATERIALS AND METHODS

Strains and cultures. 7. thermophila strains were grown at 30°C with shaking
in either SPP (22) or MEPP (38) medium with an antibiotic-antimycotic mixture
(Invitrogen, Carlsbad, CA). Strains CU428 and CUS522 were obtained from the
Tetrahymena Stock Center (Cornell University, Ithaca, NY).

Phylogenetic analysis. The sequences of DYF-1 homologs were obtained from
the NCBI databases. Gene accession numbers are listed in the legend to Fig. 1.
The sequences were aligned with ClustalX 1.82 (26) and corrected manually in
SEAVIEW (21). A neighbor-joining tree was calculated using the Phylip package
(SEQBOOT, PROTDIST, NEIGHBOR, CONSENSE, and DRAWGRAM)
(15).

Disruption of DYF1. The coding region of DYF! (TTHERM_00313720) was
identified in the Tetrahymena Genome Database by BLAST searches using the C.
elegans DYF-1 sequence. Using Tetrahymena genomic DNA as a template, two
nonoverlapping fragments of DYFI were amplified using the following primer pairs:
5'-ATAGGGCCCGTTTAGAGATACCAGAATTT-3' plus 5-TTTCCCGGGCT
TGATTGGCTTCATTTTTT-3"and 5'-CCCACTAGTGCGTTTTGATTCTTT
TTTG G-3' plus 5'-TTTGCGGCCGCGGTATCAGTGTTAATCTTTT-3".

Using restriction site sequences that were incorporated near the 5’ ends of the
above-mentioned primers, the two fragments were subcloned into pTvec-Neo3
(51) so that the neo3 gene was positioned in an opposite transcriptional orien-
tation. The targeting fragments were designed to flank the first four exons (~1.6
kb) of DYF1. The targeting fragment was separated from the rest of the plasmid
using Apal and Notl. CU428 Tetrahymena cells were grown to 2 X 10° cells/ml
and were starved at 30°C for 20 h in 10 mM Tris-HCI buffer, pH 7.5, and
subjected to macronuclear biolistic transformation (9). The bombarded cells
were incubated at 30°C for 2 h in SPP medium with 2 pwg/ml CdCl,, followed by
selection in SPP medium with 100 pg/ml paromomycin and 2 pg/ml CdCl, at
30°C for 3 days. Several transformant clones were phenotypically sorted for a
complete elimination of wild-type copies of DYFI by growing them under in-
creasing selective pressure from paromomycin (up to 500 wg/ml) and 1 pg/ml
CdCl, for 14 days. Single-cell isolations were made in drops of drug-free MEPP
medium. Immotile cells appeared in 31% of the drops (n = 96). The immotile
cells were reisolated twice. Upon prolonged growth (20 generations) in a drug-
free medium, no reversion to a motile phenotype was observed, indicating that all
native copies of DYFI were lost due to phenotypic assortment.

The Tetrahymena gene (TTHERM_00134890) encoding a protein orthologous to
PF20 of Chlamydomonas reinhardtii (55) was eliminated from the macronucleus
using a similar strategy. The following primers were used to amplify targeting frag-
ments for PF20 that were subcloned on the sides of the neo2 cassette: 5'-TTATA
GAGCTCGCAACGGGTTACAAGACT-3', 5'-ATATTGGATCCTGGCTTTTT
ATCTTCCTTAG-3', 5'-TAATTGGATCCCGAAGATAAAGTAGAAGACG-3',
and 5'-AATTACTCGAGATATCATTTATCCTTGCTTCTA-3'".

Phenotypic studies. To measure the rate of phagocytosis, cells were fed with
0.2% India ink in SPP for 15 min at 30°C and fixed with 2% paraformaldehyde.
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To measure the rate of cell locomotion, paths of moving cells were recorded
using a Nikon TMS microscope and measured using NIH Image 1.62. To deter-
mine the growth rate, cells (at the initial concentration of 10* cells/ml) were
grown in 25 ml of MEPP at 30°C and counted every 3 h.

GFP tagging of Dyflp. The predicted coding sequence of DYFI was amplified
using primers 5'-AAAACGCGTCATGAAGCCAATCAAGTAGATT-3" and
5"-TTTGGATCCTAATTTTATCAATTTCTTAACTTG-3'. The resulting frag-
ment was digested using Mlul and BamHI and ligated into pMTT1-GFP for
N-terminal tagging with green fluorescent protein (GFP). The DYFI knockout
cells were starved overnight in 10 mM Tris-HCI, pH 7.5, at room temperature
and biolistically transformed as described above, suspended in MEPP medium
with 1.5 pg/ml CdCl,, and incubated at 30°C for 3 days. Transformant clones
were identified based on the recovery of cell motility. As a negative control, a
mock biolistic transformation was performed without plasmid DNA.

Microscopy. For immunofluorescence with 12G10 anti-a-tubulin monoclonal
antibody (1:50 dilution) and SG polyclonal anti-tubulin antibodies (1:100), ~100
Tetrahymena cells were simultaneously fixed and permeabilized with 2% para-
formaldehyde and 0.5% Triton X-100 in PHEM buffer (60 mM PIPES, 25 mM
HEPES, 10 mM EGTA, 2 mM MgCl,). For staining with ID5 monoclonal
antibody (48), which in Tetrahymena is specific for polyglutamylated tubulin (66)
(1:40 dilution), ~100 Tetrahymena cells were isolated on coverslips, permeabil-
ized with 0.5% Triton X-100 in PHEM buffer for 45 s, and fixed with 2%
paraformaldehyde in the same buffer. Cells fixed with either method were air
dried at 30°C and processed for immunofluorescence labeling as described pre-
viously (18). The secondary antibody used was either goat anti-mouse- or goat
anti-rabbit—fluorescein isothiocyanate conjugate (1:200; Zymed). For direct de-
tection of GFP and testing the solubility of GFP fusion proteins, cells expressing
either GFP-Dyf1p or IFT52p-GFP, or GFP alone, were prepared for microscopic
observations using the following three methods (all fixations/permeabilizations
were solutions based on the PHEM buffer): cells (~1 X 10°) were washed with
10 mM Tris, pH 7.5, and the pellet (i) was combined with 300 .l of 0.5% Triton
X-100 and, after 3 min, washed with PHEM buffer (1 ml) and fixed with 2%
paraformaldehyde (300 pl) for 30 min; (i) was combined with 300 pl of 2%
paraformaldehyde for 30 min; or (iii) was combined with 300 pl of 0.25% Triton
X-100 and 1% paraformaldehyde for 30 min. All samples were washed with
phosphate-buffered saline and observed as explained above. For transmission
electron microscopy (TEM), cells were processed as described previously (27).

RESULTS

Loss of Dyflp results in extreme truncation of cilia and
severe axonemal defects. Using the C. elegans protein sequence
of DYF-1 (F54Cl1.5a), we searched gene predictions derived
from the Tetrahymena macronuclear genome (13) available at
the Tetrahymena Gene Database using pBLAST, and we iden-
tified a single gene, named DYFI, encoding a closely related
protein (TTHERM_00313720). The predicted Dyflp amino
acid sequence is 43% identical to that of DYF-1 of C. elegans.
Dyflp is predicted to have three tetratricopeptide (TPR) do-
mains that are located at positions similar to those in other
DYF-1 proteins (Fig. 1A). Phylogenetic analyses showed that
Dyflp is most closely related to homologs of other protists,
Paramecium tetraurelia (GSPATT00028247001) and C. rein-
hardtii (FAP259) (Fig. 1B).

Next, we eliminated all expressed copies of DYFI by DNA
homologous recombination. Ciliates have two functionally dis-
tinct nuclei, the micronucleus and the macronucleus. Only the
macronuclear genes contribute to the phenotype in vegeta-
tively growing cells. There are about 45 copies of each protein-
coding gene in the G, macronucleus (reviewed in reference
61). We constructed Tetrahymena strains with a macronuclear
knockout of DYFI via DNA homologous recombination, using
a fragment of DYF1 interrupted by neo3 (51) (see Fig. S1 in the
supplemental material) and eliminated all macronuclear cop-
ies of DYFI by phenotypic assortment under drug selection
that favored retention of the neo3-disrupted alleles (see Ma-
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terials and Methods). After 2 weeks of selective growth, single
cells were isolated in drug-free medium. Among the isolates,
we detected clones in which all or nearly all cells were para-
lyzed. Recloning of the motility-deficient cells established phe-
notypically stable populations of paralyzed cells that also
displayed frequent arrests in cytokinesis and become multinu-
cleated (data not shown). The cytokinesis failure was consis-
tent with loss of ciliary motility (6, 7, 59, 64). These observa-
tions indicated that phenotypic assortment under drug
selection had produced cells lacking macronuclear copies of
DYF. Importantly, we rescued the motility of paralyzed
DYFIA cells by biolistic bombardment with a transgene en-
coding GFP-Dyflp inserted into another nonessential locus
(see below). Thus, we conclude that Dyflp is required for cell
motility.

A DYF1A population grew with a generation time that was
twice as long as that of the wild type (Fig. 1C) at a rate similar
to the rate displayed by a strain lacking Ift52p, an IFT complex
B protein, in which cilia fail to assemble (6). Video recordings
of live cells showed that DYFI1A cells were completely para-
lyzed (Fig. 2A to C). In addition to locomotory functions,
Tetrahymena cells use oral cilia for phagocytosis (38). Wild-
type cells fed with India ink had an average of ~6.8 ink-filled
food vacuoles per cell after 15 min of incubation in medium
with ink (n = 39). Ink-filled vacuoles were not observed in
DYFIA cells, even after 30 min (n = 40) (data not shown).
Thus, Dyflp is needed for the functions of both locomotory
and oral cilia.

Immunofluorescence of DYF1A cells with anti-tubulin anti-
bodies showed that extremely short axonemes were present
(Fig. 2D and E), which resembled those observed in IFT52A
cells, which are deficient in anterograde IFT (Fig. 2F) (6) or
kinesin-2 (7), except that many axoneme stubs appeared
slightly longer in DYF1A cells (Fig. 2E and F).

TEM showed that basal bodies in DYF1A cells had a wild-
type appearance (Fig. 3; results not shown for cross sections).
In the longitudinal sections, most basal bodies (82%) had at
least a partially assembled axoneme (Fig. 3B to D and Table
1). Among the basal bodies lacking an axoneme, most had the
central granule (the structure from which the central microtu-
bules originate), but the corresponding portions of outer dou-
blet microtubules were often either partly or completely miss-
ing (Fig. 3E and F). Thus, the lack of Dyflp affects the
organization of microtubules within the transition zone. Many
basal bodies lacking an axoneme were associated with an ap-
parent ciliary membrane outgrowth (Fig. 3E and F and 41 and
J and Table 1). In contrast, in IFT52A cells, ~80% of basal
bodies entirely lacked an axoneme and the naked basal bodies
lacked membrane outgrowths (Table 1) (6). In the DYFIA
cells, the axoneme, if present, could assemble to various ex-
tents (Fig. 3B to D). Moreover, nearly all axoneme remnants of
DYFIA cells had an abnormal organization (Table 2). Fre-
quently, DYFIA axoneme cross sections lacked central pair
microtubules (Fig. 4C to H) or one or more outer microtubules
(Fig. 4E). Many DYF1A axoneme cross sections contained a
mixture of outer doublets and singlets, indicating instability or
failure to assemble the B tubule (Fig. 4B, D, and F), or had
partially truncated or opened B tubules (Fig. 4G and H). Thus,
DYFIA cells can assemble only extremely short and highly
disorganized axonemes.
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FIG. 2. Dyflp is required for axoneme assembly. (A to C) Video images of live wild-type (WT) cells recorded for 5 s (A) and DYF1A recorded
for 5 s (B) and 15 s (C). The paths of motile wild-type cells are marked with arrows. Note that DYF1A cells do not show motility even over 15 s.
(D to F) Wild-type (D), DYF1A (E), and IFT52A (F) cells stained with anti-tubulin antibodies. Bars, 10 pm.

Dyflp localizes to the basal bodies and cilia. To test whether
the ciliary defects observed in DYF1A cells are caused by the
loss of Dyflp, we attempted to rescue the DYFIA cells with a
transgene encoding GFP-Dyf1p that was targeted to a nones-
sential BTUI locus (19). Among the DYFI1A cells bombarded
with a GFP-DYF1 transgene, motile cells appeared at a fre-
quency of 0.007%, while no motile cells were seen among the
mock-transformed cells (n = 107). Rescued GFP-Dyflp cells
were motile and had a wild-type morphology (Fig. 5A to A”).
GFP-Dyflp localized to basal bodies and along axonemes,
which resembled the localization of GFP-Ift52p (6). GFP alone
that was expressed in the same locus and under the same
promoter did not localize to cilia or basal bodies (Fig. 5B to
B”). The GFP-Dyflp signal was lost almost completely when
cells were extracted with a detergent prior to fixation (Fig. 6 to
A"). A similar observation was made for cells expressing GFP-
IFT52p (Fig. 6B to B”). These observations indicate that Dyflp
is not stably associated with the axoneme and most likely is a
component of the ciliary matrix. Strong overproduction of
GFP-Dyf1p had no obvious effect on the length of cilia or cell
motility (results not shown).

Residual axonemes in the DYFI knockout cells have hyper-
glutamylated microtubules. A study of zebrafish showed that

DYF-1/fleer mutants have short cilia that have reduced levels
of tubulin glutamylation (40). We evaluated DYF1A cells by
immunofluorescence with ID5, a monoclonal antibody (48)
that in Tetrahymena is specific for polyglutamylated tubulin
(66). Unexpectedly, the levels of tubulin polyglutamylation
were increased in the axoneme remnants of DYFIA cells im-
aged side by side with wild-type axonemes (Fig. 5C). In wild-
type cells, IDS5 strongly labeled basal bodies and weakly labeled
axonemes (Fig. 5C). However, in the DYF1A mutants, the
signals of ID5 are equally strong in the basal body and in the
axoneme remnant (Fig. 5C). In wild-type cells, short cilia that
are in the course of assembly have increased levels of tubulin
glutamylation compared to full-length mature cilia (52). We
compared wild-type cells undergoing cilial regeneration (after
deciliation) with DYF1A cells side by side (Fig. SD). It appears
that the levels of tubulin polyglutamylation in axoneme stubs in
DYF1A cells are higher even than in assembling wild-type
axonemes. Thus, the DYF1A axoneme remnants have hyper-
glutamylated microtubules.

Interestingly, the axoneme stubs in IFT52A cells also have
elevated levels of tubulin glutamylation (Fig. SE). Thus, tubu-
lin hyperglutamylation could be generally associated with
failed axoneme assembly. However, it is known that some
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FIG. 3. Loss of function of DYF1I results in shortened, disorganized, or missing axonemes. Shown are longitudinal TEM sections of wild-type

cilia (A) and DYF1A cilia (B to F). Bars, 0.2 pm.

posttranslational modifications of tubulin accumulate on long-
lived microtubules (reviewed in reference 62). Thus, an alter-
native explanation is that the longer cell cycle in cells lacking
functional cilia (Fig. 1C) is associated with accumulation of
posttranslationally modified microtubules. However, antibod-
ies specific for monoglycylation (TAP952) and polyglycylation
(AX049) (5) showed no obvious differences in the levels of
glycylated tubulin isoforms between wild-type and DYFIA or
IFT52A axonemes and basal bodies (data not shown). To ex-
plore further whether a longer cell cycle is associated with
increased tubulin glutamylation in axonemes, we created a
knockout strain lacking a Tetrahymena ortholog of PF20
(TTHERM_00134890), a protein required for stability of the
central pair in C. reinhardtii (55). PF20A cells were paralyzed
and grew slowly, with a generation time similar to those of
DYFIA and IFT52A cells (see Fig. S2B in the supplemental
material). PF20A cells assembled normal-length axonemes.
TEM showed a mixture of nine plus two and nine plus zero
axoneme cross sections, indicating a partial defect in the for-
mation or stability of central microtubules (our unpublished
data). A side-by-side labeling of PF20A and wild-type cells
showed only a slight increase in the levels of tubulin glutamy-

TABLE 1. Quantification of TEM images of longitudinal sections
through basal bodies

% of TEM images

Strain With an With a membrane Naked basal
axoneme bubble body
DYFI1A (n = 28) 82.1 10.7 8.7
IFT52A (n = 84) 21.4 0 78.6
Wild type (n = 23) 86.95 0 13.05¢

“ Some basal bodies remain unciliated for most of the cell cycle in the wild
type.

lation in the basal bodies and axonemes of PF20A cells (see
Fig. S2A to A3 in the supplemental material). However, unlike
in DYF1A and IFT52A cells, the axoneme in PF20A cells
maintained a lower level of glutamylation than the adjacent
basal body (see Fig. S2A to A3 in the supplemental material).
We conclude that hyperglutamylation of residual axonemes in
IFT52A and DYFI1A cells cannot be explained solely by an
increased time of exposure to tubulin-modifying enzymes and
that in Tetrahymena, tubulin hyperglutamylation could be as-
sociated with a severe failure of axonemal assembly.

DISCUSSION

Studies of C. elegans showed that the assembly of the distal
segments of axonemes that contain only A tubules of outer
microtubules requires the homodimeric OSM-3 kinesin motor
and DYF-1. It has been proposed that DYF-1 activates OSM-3
or links IFT particles to OSM-3 (14, 39, 56). Tetrahymena has
the distal portions of cilia with prominent singlet extensions
(49, 58). Moreover, the genome of Tetrahymena encodes or-
thologs of motor subunits of OSM-3 kinesin-2, including
Kin5p, a motor that localizes to cilia (2), and as we show here,
Tetrahymena has a DYFI ortholog, Dyflp. To our surprise,
knocking out DYFI in Tetrahymena resulted in a complete or
nearly complete loss of the axoneme, indicating that in Tetra-
hymena, DYF-1 is required for either the assembly or stability
of all axoneme segments. Studies of zebrafish and Trypano-
soma support our observations, indicating a broader role for
DYF-1 in axoneme assembly or stability. Cilia in the zebrafish
DYF-1/fleer mutant embryos, in addition to reduced length,
showed defects in the structure of the outer doublets in the
middle segment (40). Consistently, in Tetrahymena cells lack-
ing DYF-1, the B tubule is often either completely absent or
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FIG. 4. Loss of function of DYF]I severely disorganizes the axoneme. Shown are TEM cross sections of wild-type (A), DYF1A locomotory (B
to I), and DYF1A oral (J) cilia. DYF1A locomotory cilia have a wide range of defects: missing central pair microtubules (C to J), incomplete B
tubules (G and H), outer singlet microtubules (B, D, and F), and displaced outer doublet microtubules (D and E). (I and J) Portions of the DYF1A
somatic cortex (I) and oral region (J). The arrowheads mark membrane outgrowths. Bars, 0.2 pm.

detached from the A tubule. Moreover, in cilia of Tetrahymena
and in zebrafish deficient in DYF-1, central microtubules fail
to assemble (see Fig. 7B in reference 40). Recently, RNA
interference-based depletion of a DYF-1-related protein of

TABLE 2. Frequencies of various structural defects on cross
sections of non-oral DYF1A axonemes

Axonemal organization % in DYF1A % in wild type

(n = 121) (n = 167)
9 + 2 (normal) 6.6 97
9+0 19 0
Missing outer doublets, central pair 20.6 0
present
Outer singlets, central pair present 11.6 3¢
Outer doublets and singlets without a 22.3 0
central pair
Outer doublets and singlets with a 1.7 0
central pair
Membrane bubbles lacking an axoneme 18.2 0

“ This corresponds to the distal segments that have singlet outer tubules.

Trypanosoma has led to loss of flagella, consistent with a role of
DYF-1 for the entire axoneme (1).

At first, the zebrafish data (40) and the Trypanosoma data
(1) appear to contradict the C. elegans studies (14, 39) showing
a specific requirement for DYF-1 for distal-segment assembly.
However, it is possible that the different outcomes of DYF1
deficiencies in diverse models reflect structural and functional
differences between the cilia in these models. In particular,
cilia in C. elegans are unique due to their lack of motility,
absence of central microtubules, and unusual arrangement of
outer microtubules (24). However, it is possible that in Tetra-
hymena, zebrafish, and Trypanosoma, DYF-1 is also specifically
involved in the assembly of the distal segment but that failure
to develop the distal segment leads to a catastrophic lack of
stability of the entire axoneme. For example, failure to assem-
ble the distal segment could prevent the assembly of caps,
structures that connect the ends of outer and central pair
microtubules to the ciliary membrane (11). This hypothesis
could be tested in the future, if a temperature-sensitive muta-
tion in Dyflp can be identified to destabilize the activity of



VoL. 8, 2009

GFP-Dyf1-rescue

a-tubulin

GFP

Polyglutamylated tubulin

DYF-1 IS REQUIRED FOR THE AXONEME IN TETRAHYMENA 1403

FIG. 5. GFP-DYFlp localizes to axonemes, and basal bodies and axoneme remnants in DYF1A cells are hyperglutamylated. (A to B") GFP
distribution in cells expressing GFP-Dyf1p (A to A”) and GFP alone (B to B"). The GFP-DYF1 (A to A”) or GFP (B to B") transgenes are inserted
into the BTUI locus, and both operate under the M7T71 promoter. The GFP-DYF1 transgene was introduced by rescue of DYF1A knockout
strains, while the GFP transgene was introduced as described previously (65). Cells were induced to express the transgenes by incubation with 2.5
pg/ml CdCl, for 3 h. On the right are higher magnifications of the boxed areas in panels A” and B". (C to E) Growing (C) and cilium-regenerating
(30 min) wild-type cells were mixed with either DYF1A cells (C and D) or IFT52A cells (E) and labeled side by side with the anti-polyglutamylated-tubulin
ID5 antibodies. The arrows mark wild-type cells, and the insets show higher magnifications of the boxed areas in panels C to E. Bars, 10 pm.

Dyflp in an already assembled cilium. The availability of
DYF-1 knockout Tetrahymena cells will allow systematic mu-
tagenesis of Dyflp based on functional rescue.

Pathak and colleagues observed a decrease in the levels of
tubulin glutamylation in the dyf-1/fleer mutant axonemes (40).
According to one of their models, DYF-1/fleer acts as a cargo
adaptor that links IFT particles to enzymes required for glu-
tamylation of tubulin (40). However, we showed that the re-

sidual axonemes in DYF1A Tetrahymena cells have elevated
levels of tubulin polyglutamylation. We also showed that in
Tetrahymena, an extreme truncation of the axoneme is gener-
ally associated with tubulin hyperglutamylation. It is possible
that in Tetrahymena, in the absence of Dyflp, tubulin glutamic
acid ligase enzymes accumulate in the axoneme remnant. An
alternative explanation of the zebrafish DYF-1 knockdown effect
on tubulin polyglutamylation can also be considered (40). In the
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FIG. 6. Dyflp, like IFT52p, is a component of the detergent-soluble ciliary matrix. Cells expressing GFP-Dyflp (A, A’, and A”), IFT52p-GFP
(B, B’, and B"), and GFP (C, C’, and C") were fixed using three different methods. The cells shown in panels A to C were permeabilized with Triton
X-100 (3 min) and postfixed with paraformaldehyde (PFA). The cells shown in panels A’ to C" were fixed with PFA and permeabilized with Triton
X-100. The cells shown in panels A” to C" were simultaneously fixed and permeabilized in a mixture of PFA and Triton X-100. Bar, 10 pm.

axonemes of several organisms, tubulin glutamylation is concen-
trated on the B tubule of outer doublets (17, 30, 34). If in ze-
brafish loss of DYF-1 primarily destabilizes the B tubules and the
corresponding A tubules remain stable, this in itself could lead to
a selective loss of glutamylated tubulin from the axoneme.

In Tetrahymena, the consequences of loss of Dyflp resemble
the phenotype of loss of function of anterograde IFT, including
deficiencies in the complex B proteins IFT52 (6) and IFT172 (59)
and a deficiency in kinesin-2 (7). In contrast, deficiencies in the
retrograde IFT do not lead to a loss of the axonemes in Tetrahy-
mena (45, 60). These data taken together suggest that Dyflp is
associated with the anterograde IFT. This suggestion is supported
by our observations that Dyflp is present primarily in the deter-
gent-soluble fraction of cilia (Fig. 6). However, in contrast to the
anterograde IFT Tetrahymena mutants, in DYF1A cells the ax-
onemes assemble to some extent. Moreover, some axoneme stubs
in DYF1A cells have a central pair, while central microtubules fail
to assemble in anterograde IFT-deficient cells (6, 7, 33). In fact,
the common feature of DYF-1 deficiencies in C. elegans, Tetra-
hymena, and zebrafish is that axonemal microtubules in all these
models assemble to some extent. Thus, DYF-1 is probably not
required for transport of axonemal precursor tubulin. Instead,
DYF-1 could serve as an anterograde IFT adapter for cargo that
is needed to stabilize the assembling axoneme.

Interestingly, 20% of the basal bodies in Tetrahymena DYF1A
cells lacked an axoneme but had a “bubble” of an apparent ciliary

plasma membrane. It is possible that under Dyflp deficiency the
axoneme can initially assemble but breaks down with a delayed
resorption of the corresponding ciliary membrane. Alternatively,
the ciliary membrane can expand without a corresponding assem-
bly of the axoneme. A similar phenotype was observed for several
IFT complex B deficiencies in Trypanosoma (1). There is growing
evidence that the delivery of precursor membranes destined for
cilia is coupled to IFT. For example, multiple proteins that are
either components of IFT particles or interact with IFT bind to
ciliary membranes or membrane-associated proteins, including
Rab8, a small G protein that interacts with the BBSome complex
(35), and Elipsa, which interacts directly with IFT20 and indirectly
with Rab8 (37). Moreover, IFT20 (an IFT complex B protein)
localizes to the Golgi network and is required for targeting poly-
cystin-2 channels to the ciliary membranes (16). Thus, we con-
firmed earlier observations (1) that during IFT, axoneme assem-
bly and ciliary membrane expansion can be uncoupled under
certain conditions.
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