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Cilia and flagella play multiple essential roles in animal development and cell physiology. Defective cilium assembly or
motility represents the etiological basis for a growing number of human diseases. Therefore, how cilia and flagella
assemble and the processes that drive motility are essential for understanding these diseases. Here we show that
Drosophila Bld10, the ortholog of Chlamydomonas reinhardtii Bld10p and human Cep135, is a ubiquitous centriolar
protein that also localizes to the spermatid basal body. Mutants that lack Bld10 assemble centrioles and form functional
centrosomes, but centrioles and spermatid basal bodies are short in length. bld10 mutant flies are viable but male sterile,
producing immotile sperm whose axonemes are deficient in the central pair of microtubules. These results show that
Drosophila Bld10 is required for centriole and axoneme assembly to confer cilium motility.

INTRODUCTION

Centrioles lie at the core of centrosomes. They consist of a
ninefold symmetrical array of nine triplet microtubules ar-
ranged in a cylinder. In most differentiated cell types, cent-
rioles transform into basal bodies, membrane-embedded
centrioles that template cilium and flagellum axoneme assem-
bly. The requirement of cilia and flagella for many develop-
mental and physiological processes, together with the growing
list of human diseases that result from defects in basal bodies
and cilia (Badano et al., 2006; Bisgrove and Yost, 2006; Betten-
court-Dias and Glover, 2007; Fliegauf et al., 2007; Marshall,
2008), drives the need to understand the basic processes in-
volved in centriole, basal body, cilium assembly, and motility.

In Drosophila several approaches have identified evolu-
tionarily conserved centriole proteins required for centriole
biogenesis including Sak, Sas4, Sas6, Ana1, Ana2, and Aster-
less (Bettencourt-Dias et al., 2005; Basto et al., 2006; Goshima
et al., 2007; Rodrigues-Martins et al., 2007; Blachon et al.,
2008). In flies, mutations in these genes abolish centrosome and
cilium/flagellum assembly (except mutations in ana1 and ana2,
which have not been described yet). Additional centriole/
basal body proteins including Spd-2, Drosophila pericen-
trin-like protein (D-PLP)/CP309, and uncoordinated (UNC)
function in pericentriolar material (PCM) recruitment to cen-
trosomes and/or the assembly of cilia and flagella (Baker et al.,
2004; Kawaguchi and Zheng, 2004; Martinez-Campos et al.,

2004; Dix and Raff, 2007; Giansanti et al., 2008). Identification of
the complete set of centriole components is necessary to define
their individual and cooperative roles in the assembly and
function of centrioles and cilia.

In Chlamydomonas reinhardtii, mutations in the bld10 gene
result in complete loss of flagella, giving the cells a “bald”
appearance, due to a failure to assemble centrioles (Matsuura et
al., 2004; Hiraki et al., 2007). Bld10p functions in the formation
of the cartwheel, a ninefold symmetrical scaffold structure es-
sential for an early step of centriole/basal body assembly
(Hiraki et al., 2007). From RNA interference (RNAi) studies in
cell culture, the human ortholog of Bld10p, Cep135, was found
to be required for PCM integrity (Ohta et al., 2002; Uetake et al.,
2004), for cohesion of centrosomes through recruitment of the
centriolar C-NAP1 protein (Kim et al., 2008), and for assembly
of excess procentrioles in Plk4-overexpressing cells (Kleylein-
Sohn et al., 2007). With these fundamental roles for Bld10
orthologs in centriole biogenesis in Chlamydomonas and in
mammalian cell culture, we sought to investigate the function
of Bld10 in an animal model.

In Drosophila, the ortholog of Chlamydomonas Bld10p and
human Cep135 is encoded by the uncharacterized CG17081
gene, which we hereafter refer to as bld10. Here we show
that Bld10 is a ubiquitous centriolar protein that also local-
izes to spermatid basal bodies. We have characterized two
loss-of-function bld10 mutants and show that centrioles and
basal bodies are shorter compared with the wild-type, sug-
gesting a defect in the assembly of these organelles. bld10
mutant flies are viable but male sterile, producing immotile
sperm whose axonemes are deficient in the central pair of
microtubules. Therefore, Bld10 functions in centriole and
sperm basal body assembly, being essential for axoneme
central pair assembly and flagellum motility.

MATERIALS AND METHODS

Fly Strains and Genetics
The PBac(PB)c04199 (bld10c04199) and PBac(WH)f01951 (bld10f01951) stocks
were obtained from the Exelixis Drosophila Stock Collection at Harvard
Medical School, and the Df(3L)Brd15, Mi(ET1)MB04996 (bld10MB04996), and

This article was published online ahead of print in MBC in Press
(http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E08–11–1115)
on March 25, 2009.

Address correspondence to: Timothy L. Megraw (timothy.megraw@
utsouthwestern.edu).

Abbreviations used: Asl, Asterless; Cnn, centrosomin; DSpd-2, Dro-
sophila spindle defective 2; D-PLP, Drosophila pericentrin-like pro-
tein; GFP, green fluorescent protein; PACT, pericentrin-AKAP450
centrosomal targeting; PCM, pericentriolar material; Plk-4, Polo-like
kinase 4; UNC, uncoordinated; WT, wild type; YFP, yellow fluores-
cent protein.

© 2009 by The American Society for Cell Biology 2605



P(EPgy2)EY05589 (bld10EY05589) stocks from the Bloomington Drosophila Stock
Center. Piggybac transposon mobilization and reversion of bld10c04199 was
accomplished with Piggybac Transposase [CyO, P(Tub-PBac™)2, from Bloom-
ington] and selection for loss of the w� marker on the transposon. The lethal
mutation on the original bld10c04199 chromosome was removed by meiotic
recombination with a wild-type third chromosome followed by selection for
the w�-marked bld10c04199 allele. A “clean” stock was obtained that was
homozygous viable but male sterile.

Plasmids and Rescue
To construct the pUASp-bld10-GFP plasmid, full-length bld10-coding se-
quence was amplified by PCR from the LD35990 clone (Berkeley Drosophila
Genome Project), cloned into pENTR/D-TOPO (Invitrogen, Carlsbad, CA),
and then recombined into pPWG (Terence Murphy, The Drosophila Gateway
Vector Collection, Carnegie Institution of Washington, Baltimore, MD). The
plasmid was injected into w1118 embryos by BestGene. Rescue of bld10 mu-
tants was performed by driving Bld10-GFP in testes with nos-GAL4VP16.

Production of Antibodies and Western Blotting
Two DNA sequences encoding amino acids 1-255 and 1247-1059 of Bld10
were cloned into the pET100/DTOPO vector (Invitrogen) for expression of
6XHis-tagged Bld10 protein fragments in Escherichia coli BL21(DE3)pLysE.
The two 6XHis-tagged proteins were then purified by Ni2�-Immobilized
Metal Affinity Chromatography and used to immunize rabbits (Cocalico
Biologicals, Reamstown, PA). The rabbit sera were affinity-purified against
the 6XHis-tagged proteins coupled to Affigel-10 (Bio-Rad, Hercules, CA). For
Western blotting, affinity-purified rabbit anti-Bld10 (UT530) was diluted
1:10,000 and mouse anti-�-tubulin DM1A (Sigma, St. Louis, MO) was used at
1:15,000.

Immunostaining
For immunostaining, brains from third instar larvae were dissected, fixed,
and stained according to Bonaccorsi et al. (2000), embryos according to Me-
graw et al. (1999), testes according to Li et al. (1998), and Kc cells according to
Kao and Megraw (2004). Slides were incubated overnight at 4°C with the
following primary antibodies diluted in PBS: mouse anti-�-tubulin clone
GTU88 (Sigma; 1:1000), mouse anti-�-tubulin antibody (clone DM1A, Sigma,
1:1000), rabbit affinity-purified anti-Bld10 UT530 or UT530 antibodies (1:1000),
anti-Cnn (1:1000), rabbit anti-SPD-2 (1:1000; Giansanti et al., 2008); mouse
anti-green fluorescent protein (GFP; Invitrogen, Carlsbad, CA, 1:250). Second-
ary antibody conjugates to Alexa 488 or 546 (Invitrogen) were used at 1:400
dilution. DNA was stained with DRAQ5 (Axxora, San Diego, CA) at 1:400
dilution. Images were captured on a Leica TCS SP2 confocal microscope
(Deerfield, IL) using a 63�/NA1.4 oil immersion objective. Time-lapse live
imaging of Drosophila embryos was performed at room temp (23–24°C), and
frames were captured every 10 s. Movies were compressed using ImageJ
software (NIH; http://rsb.info.nih.gov/ij/) at 15 frames per second.

Electron Microscopy
Testes were dissected in PBS, fixed in 2.5% glutaraldehyde for 1 h, and
postfixed with 1% osmium tetroxide. Tissues were then incubated in 1%
aqueous uranyl acetate, dehydrated in a graded ethanol series, and embedded
in Embed-812 (Electron Microscopy Sciences, Fort Washington, PA; 14120).
For immunogold labeling, testes were fixed in 4% paraformaldehyde for 1 h,
dehydrated in a graded ethanol series, and embedded in Full LR White resin
(Electron Microscopy Sciences; 14381). Affinity-purified Bld10 antibody
UT530 was applied at a 1:50 dilution for 3 h, and goat anti-rabbit/12-nm gold
(Jackson ImmunoResearch Laboratories, West Grove, PA) secondary anti-
body was applied at a 1:40 dilution for 90 min. Grids were poststained with
2.5% glutaraldehyde followed by an incubation in 2% aqueous uranyl acetate.

Statistical Methods
Statistical analysis was done with Prism4 software (GraphPad, San Diego,
CA). Because the data met the assumptions of the t tests, we used unpaired
Student’s t tests (two-tailed, with samples that do not have equal variances)
to assess differences between the lengths of centrioles and basal bodies in the
wild-type and bld10 mutant groups.

RESULTS

Drosophila Bld10 Is the Ortholog of Chlamydomonas
Bld10p and Human Cep135
BLAST queries of the Drosophila genome with Chlamydomo-
nas Bld10p and human Cep135 sequences revealed only one
ortholog gene in Drosophila, the uncharacterized CG17081
gene. CG17081 encodes a protein of 1059 amino acids (Figure
1, A and B) with significant similarity to Chlamydomonas
Bld10p and to human Cep135 (Table 1 and Supplemental

Figure S1). We refer to CG17081 hereafter as bld10. Like its
orthologs, Bld10 is predicted to contain many coiled-coils
(Figure 1B) and contains a highly conserved domain that in
Chlamydomonas was shown to be required for Bld10p func-
tion in vivo (Hiraki et al., 2007; Supplemental Figure S1).

To investigate the function of Bld10 in Drosophila, we
examined four uncharacterized transposon insertion muta-
tions that mapped to the bld10 locus: bld10c04199, bld10f01951,
bld10MB04996, and bld10EY05589 (Figure 1A). The bld10c04199

allele contains a PiggyBac element inserted within the fifth
exon of bld10, predicted to produce a truncation product of
369 amino acids. The PiggyBac insertion associated with
bld10f01951 lies within the seventh intron of bld10 and at the
3� end of the enclaved CG16959 gene. The bld10MB04996 and
bld10EY05589 alleles are Minos and P element insertions
within the seventh and twelve introns of bld10, respectively.
Only the bld10c04199 and bld10f01951 alleles presented an ob-
vious phenotype (see below).

To examine the expression of Bld10, we raised antibodies
against the N- and C-terminal regions of the protein. On
Western blots, the antibody against the C-terminal region
recognized a band of the predicted molecular weight, 123
kDa, from wild-type embryos, larval brains, Kc cells, and
adult testis extracts (Figure 1C).

Bld10 Is a Centriolar and Sperm Basal Body Protein
Affinity-purified antibodies directed against either the C- or
N-terminal regions of Bld10 immunostained the centro-
somes of all tissues examined. In addition, we constructed
transgenic flies that express a Bld10-GFP fusion protein,
which also localized to centrosomes. Bld10 colocalized with
the centriole marker Spd-2 in interphase neuroblasts (Figure
2A) and to small dots at the center of the PCM in mitotic
neuroblasts, embryos, and Kc cells (Figure 2A; Supplemen-
tal Figure S2 and Movie S1). No significant increase of Bld10
signal was observed at the onset of mitosis, indicating that
Bld10 is primarily associated with centrioles rather than
with the PCM. Moreover, Bld10 remained localized after
depolymerization of the microtubules with colcemid in Kc
cells, showing that Bld10 is a core component of the cen-
trosomes (Supplemental Figure S2B). These data indicate
that Bld10 is likely a ubiquitous component of centrioles
throughout development. Two recent reports corrobo-
rated the centriole localization of Bld10 (Blachon et al.,
2008; Dobbelaere et al., 2008).

In Drosophila spermatocytes, where the centrioles are �10-
fold longer than in somatic cells (Gonzalez et al., 1998), the
centriole-specific marker YFP-Asl (Varmark et al., 2007) co-
localized with Bld10 at centrioles throughout spermatocyte
development. In mature spermatocytes and throughout the
two meiotic divisions, Bld10 was concentrated at the proxi-
mal end of the centrioles, a subregion of the centriole where
YFP-Asl and Bld10 localization overlapped (Figure 2B).

In spermatid stages, the centriole transforms into a basal
body and templates assembly of the microtubule-based fla-
gellum axoneme. We counterstained spermatids with GFP-
pericentrin-AKAP450 centrosomal targeting (PACT; a cent-
riole-targeting domain found in D-PLP; Gillingham and
Munro, 2000; Martinez-Campos et al., 2004) to label basal
bodies and found that Bld10 localized to the rod-shaped
basal body, which is surrounded by the centriolar adjunct
(Tates, 1971), a collar-like PCM structure that contains �-tu-
bulin (Figure 2, C and D; Sunkel et al., 1995; Wilson et al.,
1997). Bld10 was concentrated at the proximal and distal
ends of the basal body, with lower expression at the region
encircled by the centriolar adjunct (Figure 2, C and D). In
addition, Bld10 consistently localized to a small discrete dot
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within the centriolar adjunct of elongating spermatids (Fig-
ure 2D). This singular signal was observed with both anti-
Bld10 antibodies and the Bld10-GFP fusion protein (not
shown). We examined the colocalization of Bld10 with other
centriolar proteins at early spermatids including GFP-PACT,
D-PLP, YFP-Asl, Sas6-GFP, UNC-GFP, and Ana1-GFP. Ex-
pression of GFP-PACT, D-PLP, and Sas6-GFP were re-
stricted to the basal body (Sas6-GFP was concentrated at the
distal tip), whereas YFP-Asl and UNC-GFP localized
throughout the centriolar adjunct at this stage. Only Ana1-
GFP replicated the localization pattern of Bld10 to the basal
body and to the dot within the centriolar adjunct, where

Ana1-GFP and Bld10 were colocalized (Figure 2D). Bld10
persists at the basal body late into spermiogenesis, but is no
longer detected after the onset of individualization (Supple-
mental Figure S3).

To localize Bld10 to the basal body at the ultrastructural
level, we used immunoelectron microscopy using anti-Bld10
antibodies. High-resolution imaging showed that Bld10 lo-
calized within the lumen of the basal body and was enriched
at its distal and proximal ends and also to a region within
the centriolar adjunct (Figure 2E), a pattern consistent with
immunofluorescence staining (Figure 2D).

Bld10 Is Not Required for Centriole/Centrosome Assembly
or for Mechanosensory Neuron Function
Mutations in genes encoding centriolar and basal body pro-
teins often lead to defects in the biogenesis of centrioles and
in the assembly of functional centrosomes at mitosis, loss of
locomotion due to impaired basal bodies of ciliated neurons,
and immotile sperm due to axoneme dysfunction (Baker et
al., 2004; Martinez-Campos et al., 2004; Bettencourt-Dias et
al., 2005; Basto et al., 2006; Rodrigues-Martins et al., 2007;
Varmark et al., 2007; Blachon et al., 2008; Giansanti et al.,
2008).

To determine whether bld10 mutations affect centrosome
duplication, we examined adult testes from homozygous
bld10c04199 males that were derived from a cross with ho-
mozygous bld10c04199 females and therefore lack any mater-
nal or zygotic Bld10 and that express GFP-PACT as a cent-

Figure 1. Drosophila bld10 encodes a coiled-
coil protein with homology to Chlamydomonas
Bld10p and human Cep135. (A) A schematic
representation of the bld10 locus showing the
sites of four transposon insertions and the two
enclaved genes, CG16959 and CG32847. The
start and stop codons are indicated by green
and red lines, respectively. (B) Schematic dia-
gram of Drosophila Bld10, C. reinhardtii Bld10p,
and human Cep135. Regions predicted to have
a high percentage (�50%) of forming coiled-
coils are shown in black (nCOILS program,
window 21, matrix MTIDK; Lupas et al., 1991).
A conserved domain among these three pro-
teins is underlined in gray. Polypeptide regions
used to raise polyclonal antibodies against
Bld10 are indicated with a blue line. (C) West-
ern blots of extracts from wild-type embryos,
third instar larval brains, Kc cells, and adult
testes and from bld10 mutant testes and brains.
The anti-Bld10 antibody (C-terminus) recog-
nized a specific 123-kDa protein, corresponding
to the expected molecular weight of Bld10. This
band was absent in extracts of hemizygous
bld10c04199 and homozygous bld10f01951 adults
testes. In adult testis extracts, the antibody also
recognized apparent nonspecific (NS) bands
around 150 kDa and, in embryos, third instar
larval brains and Kc cells a band around 80
kDa. �-Tubulin was probed as a loading control.
All samples were prepared from specimens ac-
quired from a cross between heterozygous males
and females (heterozygous maternal contribution
was intact).

Table 1. Sequence similarities among Bld10 orthologs

Chlamydomonas
Bld10p Human Cep135

Full-length Drosophila Bld10 15% identical 22% identical
28% similar 43% similar

Bld10 conserved domain 19% identical 24% identical
41% similar 48% similar

Protein sequences were aligned using the ClustalW program in
MacVector 8.0 using the default parameters. The conserved do-
main corresponds to the regions boxed in green in Supplemen-
tary Figure S1.
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riolar marker. Because the bld10c04199 allele can conceptually
produce a small product, which our N-terminal antibody
should detect, we examined procentriole assembly in
bld10c04199 testes to test the possibility that a mutant product
may participate in early stages of procentriole biogenesis
and be detected by immunofluorescent imaging. Wild-type
spermatocytes in G1 phase display one centrosome that

contains two centrioles, each marked by GFP-PACT and
Bld10 (Figure 3A, top panels). Bld10 was present on nascent
procentrioles at an early stage of centriole duplication before
the incorporation of GFP-PACT (Figure 3A, middle panels).
At a later stage of centrosome duplication, GFP-PACT was
recruited to daughter centrioles where Bld10 persists (Figure
3A, bottom panels). Bld10 was not detected at bld10c04199

Figure 2. Bld10 is a centriolar and sperm basal body
protein. (A) Bld10-GFP colocalized with DSpd-2 in in-
terphase larval neuroblasts (top panels) and localized to
small dots in the middle of the PCM, labeled with Cnn
staining, in early embryos (bottom panels). (B) Bld10 is
a centriolar protein in spermatocytes. Top panels, wild-
type primary spermatocyte expressing YFP-Asl immu-
nostained for Bld10. Bottom panels, wild-type primary
spermatocyte in meiosis II immunostained for �-tubulin
(green) and Bld10 (red). Note that Bld10 is enriched at
one end of the centrioles during meiotic division. (C)
Bld10 localized to sperm basal bodies. Cysts of wild-
type elongating spermatids stained for Bld10 and �-tu-
bulin (left panel), for Bld10 and GFP in GFP-PACT
spermatids (middle panel), and for Bld10 and �-tubulin
(right panel). These three panels represent a chronolog-
ical series from early to late spermatid development
from left to right. (D) Localization of Bld10 and Ana1 to
the basal body and to a dot (yellow arrow) within the
centriolar adjunct. Centrioles from early elongating
spermatids stained for Bld10 and �-tubulin (top panels)
and for Bld10 and GFP in Ana1-GFP expressing flies
(bottom panels). (E) Basal body localization of Bld10 by
immunoelectron microscopy. Bld10 localized within the
lumen of the basal body and was concentrated at the
distal end near the site of central pair assembly and to
the proximal end at the junction between the basal body
and nuclear envelope (NE). Bld10 is also localized to the
centriolar adjunct (CA, yellow arrow).
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centrioles or basal bodies yet, despite the lack of Bld10
protein, centriole duplication appeared to proceed normally
in bld10c04199 mutant spermatocytes (Figure 3B). Moreover,
no signal for Bld10 could be detected at bld10c04199 nascent
centrioles (Figure 3B, middle panels).

We then examined third instar bld10c04199 mutant neuro-
blasts at mitosis to determine whether bld10 mutations affect
mitotic centrosome function. In bld10c04199 brains, lacking
zygotic or zygotic plus maternal bld10, Bld10 expression was
undetectable (Figure 1C), yet bld10c04199 centrosomes re-
cruited PCM components such as �-tubulin and Cnn (Me-
graw et al., 1999), produced robust microtubule asters, and
assembled apparently normal mitotic spindles (Supplemen-
tal Figure S4, A and B). Therefore, mitotic centrosomes ap-
peared normal in the absence of detectable Bld10. Moreover,
the distribution of �-tubulin at interphase centrioles was
indistinguishable between wild-type and bld10c04199 brains
(Supplemental Figure S4C). Taken together, these data indi-
cate that centriole biogenesis and assembly of mitotic cen-
trosomes were not dependent on Bld10. Furthermore, bld10
mutant adults displayed no obvious uncoordinated move-
ment, indicating that bld10 is not essential for the function of
mechanosensory neurons.

bld10 Mutant Males Are Infertile and Produce Immotile
Sperm
The original chromosome harboring bld10c04199 was reces-
sive lethal, however, when heterozygous with Df(3L)Brd15, a
deficiency that deletes the entire bld10 gene, the resulting
bld10c04199 hemizygous mutant flies were viable. Thus, there
is at least one lethal mutation on the bld10c04199 chromosome

that is not associated with the PiggyBac[c04199] insertion at
bld10. This lethal mutation was removed by recombination,
and the “cleaned up” chromosome containing bld10c04199

was homozygous viable and male sterile. Hemizygous
bld10c04199, homozygous bld10c04199, and homozygous
bld10f01951 and bld10c04199/bld10f01951 females were fertile, but
males of these genotypes were completely infertile. Males
from all four of these bld10 genotypes developed mature
spermatozoa, yet sperm showed no motile flagella. To elim-
inate the possibility of a persistent maternal contribution of
Bld10 to viability or adult motor activity, we crossed ho-
mozygous bld10c04199 females to bld10c04199/TM6B males
and found that the resulting homozygous bld10c04199 prog-
eny were viable and had normal locomotion, yet males were
sterile.

To determine whether the PiggyBac insertion associated
with bld10c04199 was responsible for the infertility pheno-
type, we mobilized the transposon with transposase, achiev-
ing precise excision of PBac(PB)[c04199]. This reverted chro-
mosome was fertile when heterozygous with Df(3L)Brd15 or
bld10f01951. These results show that the male infertility is
associated with the transposon insertion in bld10c04199. In
addition, expression of the bld10-GFP transgene in testes
rescued bld10c04199 and bld10f01951 male sterility. Thus,
bld10c04199 and bld10f01951 are two mutations in bld10, result-
ing in sterile males with immotile sperm.

To examine Bld10 expression from bld10 mutant alleles,
we performed Western blot analysis on testes and brains
and found that Bld10 was undetectable from bld10c04199 and
bld10f01951 samples (Figure 1C). In addition, no signal was
detected at bld10c04199 or bld10f01951 centrioles or basal bodies

Figure 3. Bld10 is not required for centrosome duplication. Wild-type (A) and bld10 mutant (B) early spermatocytes expressing GFP-PACT
were counterstained for with antibodies raised against the N-terminal region of Bld10. For this experiment, homozygous bld10c04199 females
were crossed to bld10c04199/TM6B males carrying the GFP-PACT transgene. The resulting homozygous bld10c04199 males lack maternal and
zygotic Bld10 and express GFP-PACT. Testes were stained with anti-GFP and anti-Bld10 antibodies and spermatocytes in early and later
stages of centriole duplication, judged by the recruitment of GFP-PACT to the daughter centrioles, were imaged. Arrows in the middle row
indicate the recruitment of Bld10 to early procentrioles in A and the lack of this signal in B.
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with the antibody directed against the C-terminus (see Fig-
ure 4C). Because bld10f01951 and bld10c04199 are both pre-
dicted to produce C-terminal truncations, we also examined
whether the antibody directed against the N-terminus of
Bld10 (see Figure 1B) could detect a mutant protein localized
at the basal bodies. No signal at centrioles or basal bodies
was observed in bld10c04199 mutant testes (Figures 3 and 4).
However, a weak Bld10 signal was detected at bld10f01951

mutant centrioles and basal bodies (data not shown). There-
fore, a low level of Bld10 is expressed from bld10f01951 and is
likely a truncated protein that retains centriolar localization,
but is not functional to confer motile sperm. On the other
hand, bld10c04199 appears to be a strong loss of function
allele, with no protein detected by Western blotting or by
immunofluorescence staining using antibodies directed
against either the N- or C-terminus. For all subsequent anal-
yses we focused on hemizygous bld10c04199 mutant males
derived from a cross between Df(3L)Brd15/TM6B females
and bld10c04199/TM6B males.

bld10 Mutants Have Short Centrioles and Basal Bodies
To discern the cause of male sterility in bld10 mutants, we
turned our attention to characterization of meiosis and
sperm development in mutant testes. We examined the lo-
calization of three centriole markers to bld10c04199 centrioles:

GFP-PACT, YFP-Asl, and UNC-GFP and found that all three
were recruited. However, these markers revealed that
bld10c04199 centrioles have a significantly shorter length (Fig-
ure 4, A and B). Because centrioles increase in length during
the prolonged G2 phase of spermatocyte development, we
measured centriole lengths exclusively in dividing sper-
matocytes (Figure 4A). bld10c04199 centrioles were 18, 28, and
14% shorter than wild-type centrioles with respect to GFP-
PACT, YFP-Asl, and UNC-GFP markers (Figure 4B). Despite
their altered assembly, centrioles in bld10c04199 spermato-
cytes recruited the centriolar and PCM proteins Asl, Spd-2,
Cnn, �-tubulin, and D-PLP and appeared to assemble astral
microtubules normally (Figure 4A). Moreover, spermatids at
the “onion stage,” at the end of the two meiotic divisions,
displayed a single round nucleus associated with a neben-
kern (mitochondrial derivative) of similar shape and size as
in the wild type, indicative of normal completion of meiosis
by bld10c04199 spermatocytes (data not shown).

Basal body length was also dependent on bld10 function.
We found that bld10c04199 basal bodies were 44% shorter
than wild-type basal bodies using GFP-PACT localization
and 14% shorter by measuring Cnn localization (Figure 4, C
and D). Although the localization of each centriole and basal
body marker used in these analyses was impacted to differ-

Figure 4. bld10 mutant centrioles and basal bodies are short. Wild-type and hemizygous bld10c04199 spermatocytes (A) and elongating
spermatids (C) expressing GFP-PACT were counterstained for Bld10. Note the bld10c04199 basal bodies are shorter than wild type. The
GFP-PACT signal appeared slightly wider on bld10c04199 basal bodies than that of wild type, but we did not observed this with YFP-Asl or
UNC-GFP. Bld10 was not detected at bld10c04199 centrioles or basal bodies. (B) Measure of centriole lengths using GFP-PACT, YFP-Asl, and
UNC-GFP staining in wild-type and bld10c04199 meiosis I spermatocytes. Approximately 20 centrioles were counted with each marker in two
independent experiments. (D) Measure of basal body lengths using GFP-PACT and Cnn signals in wild-type and bld10c04199 spermatids.
Approximately 50 basal bodies were counted in at least three independent cysts. Errors bars, SEM. The lengths of centrioles and basal bodies
are indicated in the bars in �m. The shorter length of centrioles and basal bodies was highly significant in the bld10 mutant compared with
wild type with each of the markers used (unpaired Student’s t tests, two-tailed, p � 0.0001).
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ent degrees, together these results indicate that Bld10 is
required for the elongation of centrioles and basal bodies or
the maintenance of their length.

The requirement for Bld10 in basal body assembly
might account for the lack of motility found in mutant
sperm. However, sperm tails assembled in the mutant,
indicating that the axoneme-templating function of the
basal body persists in bld10 mutant testes. This prompted
us to examine the structure of the axoneme in bld10c04199

spermatids in order to discern a cause for the lack of
flagellum motility.

Bld10 Is Required for the Assembly of the Axoneme
Central Pair of Microtubules
The structural components of the axoneme are highly con-
served and include nine outer doublet microtubules with
attached dynein arms, nine outer accessory tubules, and two
central singlet microtubules (Figure 5A). Electron micros-

Figure 5. Axoneme defects in bld10c04199 mutant sper-
matids. (A–C) Transverse sections through the tails of
wild-type (A) and mutant (B and C) elongating sperma-
tids. Wild-type axonemes (A) consist of nine microtu-
bule doublets plus two central tubules (9 � 2). Approx-
imately 48% of bld10c04199 axonemes lack the two central
tubules. (B) High magnification of one bld10c04199 axon-
eme in C, showing the loss of the central pair. (D and E)
At a later stage of spermatid development, the axoneme
assembles nine supplementary accessory tubules (AT)
and nine spokes with secondary fibrils (SF). Like the
wild-type (D), bld10c04199 axonemes (E) form these struc-
tures, but some axonemes exhibit no central tubules
(white arrow), some only one central tubule (black ar-
rowhead), and some exhibit a central electron-dense
material (white arrowhead). In contrast to mature wild-
type spermatozoa (F), bld10c04199 axonemes (G) have one
(black arrowhead) or no central tubules (white arrow).
Scale bars, (A and B) 250 nm; (C–G) 500 nm.
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copy of testes revealed that bld10c04199 flagellar axonemes
appeared normal in their ultrastructure in all respects except
for the formation of the central pair of microtubules (Figure
5). Transverse sections through the tails of elongating sper-
matids showed that 48% (n � 143) of bld10c04199 mutant
axonemes lack the two central tubules (Figure 5, B and C).

At later stages of spermatid elongation the ultrastructure
of the axoneme approaches that of mature spermatozoa,
with the development of nine supplementary accessory tu-
bules and nine radial spokes with secondary fibrils (Figure 5,
D and F). Like the wild type, bld10c04199 axonemes devel-
oped these structures, but 56% of axonemes assembled no
central tubules, 27% formed only one central tubule, 15%
had a central amorphous electron-dense mass, and only 2%
had the normal complement of two central tubules (n � 84;
Figure 5, E and G). Note that the association of the axoneme
with the nebenkern is maintained in the mutant, but the
orientations of spermatid tails within the cyst were irregular
(cf. Figure 5, F and G). This is consistent with another
observation that nuclei were moderately dispersed along the
spermatid bundles in the bld10c04199 mutant instead of being
packed at one end of the bundle as in the wild type (Figure
6). The dispersion of nuclei in bld10c04199 cysts was not due to
their loss of attachment to the axoneme, as the nuclei were still
connected to the axoneme by the basal bodies (Figure 4C).

DISCUSSION

Here we show that Bld10, the Drosophila ortholog of Chlamy-
domonas Bld10p and human Cep135, is a centriolar protein.
Strong loss-of-function mutations in bld10 disrupt centriole
and basal body assembly, producing short centrioles and
basal bodies. In addition, Bld10 regulates the assembly of the
axoneme central pair of microtubules, a requirement that is
the likely cause of sperm immotility and infertility among
bld10 mutant males.

Bld10 Is a Conserved Centriolar Protein
We found that Bld10, like its orthologs, is associated with the
centrioles in all tissues examined and throughout Drosophila
development. In addition, we found that Bld10 is accumu-
lated at the proximal ends of the centrioles and resides
within the lumen of spermatid basal bodies, being enriched
at its distal and proximal ends. The localization of Bld10 to
the lumen of the basal body is consistent with the localiza-
tion of Bld10p in Chlamydomonas and of Cep135 in human
cells (Ohta et al., 2002; Matsuura et al., 2004; Kleylein-Sohn et
al., 2007), except that Bld10p was reported only at the prox-
imal aspect of the lumen in Chlamydomonas (Matsuura et al.,
2004), whereas Cep135 resided at both ends of the centriole
(Kleylein-Sohn et al., 2007).

In addition to its localization to the sperm basal body,
Bld10 resides at a distinct spot within the centriolar adjunct

in elongating spermatids. The function of the centriolar ad-
junct is unknown, but appears to be a specialized PCM
structure based on the localization of several centrosome
proteins including �-tubulin, Asl, and UNC. However, what
is the significance of Bld10 accumulation at a precise single
dot within the centriolar adjunct? According to Anderson
(1967), the early spermatid contains only one centriole, and
the formation of a second centriole occurs in late spermatids
within the centriolar adjunct. However, the evidence for two
versus one basal body in the mature Drosophila sperm is
lacking so far (Tates, 1971). The recruitment of Bld10 orthologs
at an early stage of centriole assembly led us to speculate that
the Bld10 focus within the centriolar adjunct could correspond
to a nascent procentriole. Indeed, the colocalization of Ana1,
which is also required for centriole biogenesis (Goshima et al.,
2007), within this Bld10 spot lends support for this hypothesis.
Therefore, another function of the centriolar adjunct could be to
promote the formation of a second centriole in the vicinity of
the centriole/basal body. In support of this idea, recent studies
have shown that PCM promotes new centriole assembly, per-
haps by concentrating �-tubulin (Dammermann et al., 2008;
Loncarek et al., 2008).

Proper Assembly of Centrioles and Basal Bodies Require
Bld10, But Not at an Early Step
The earliest centriole precursor with ninefold symmetry is
the cartwheel, an intermediate in centriole biogenesis iso-
lated in Chlamydomonas and found to require Bld10p for its
assembly (Hiraki et al., 2007). Consistent with an early role
for Bld10p in centriole assembly, the human homolog,
Cep135, was shown to be required for ectopic procentriole
assembly in Plk4-overexpressing cells (Kleylein-Sohn et al.,
2007). In Drosophila and mammals, an equivalent to the
cartwheel intermediate has not been identified, yet the cart-
wheel structure is found in the centrioles of Drosophila,
mammals, and many other organisms (Gonzalez et al., 1998;
Preble et al., 2000). In Tetrahymena basal bodies, Sas6a was
identified as a component of the cartwheel (Kilburn et al.,
2007) and in Chlamydomonas, Sas-6 is a cartwheel component
required to establish ninefold symmetry (Nakazawa et al.,
2007). In Caenorhabditis elegans there appears to be no bld10
ortholog (Dutcher, 2007), and centriole biogenesis involves as-
sembly of a precursor tube-like structure that requires sas-6
(Pelletier et al., 2006). Examination of centrioles from Drosophila
sas-6 mutants has led to a model whereby centriole assembly
involves incorporation of “enatosomes,” modules that
comprise one-ninth of the centriole’s rotational architec-
ture (Rodrigues-Martins et al., 2007). These findings have led
to the hypothesis that the precursor tube that Sas-6 regulates
provides ninefold assembly instruction similar to the cart-
wheel in Chlamydomonas (Pelletier et al., 2006; Rodrigues-
Martins et al., 2008). These models are not exclusive and a
unified model for the establishment of the elegant ninefold

Figure 6. Nuclei are detached from bld10c04199

sperm bundles. Wild-type and hemizygous
bld10c04199 elongating spermatids were stained
with �-tubulin (green) and DAPI (red) for
DNA.
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rotational architecture of the centriole may eventually be
reconciled. In contrast to Sas-6, which appears to have a
conserved function in establishing ninefold symmetry and
early steps of centriole biogenesis, our results indicate that
Bld10 is not necessary for early steps of centriole assembly in
Drosophila.

We show that bld10c04199 mutant flies have no severe defects
in centrosome duplication. In Drosophila S2R� cells, RNAi
knockdown of Bld10 gave an intermediate centriole replication
phenotype (Dobbelaere et al., 2008). This contrast with our in
vivo results, likely reflects a peculiarity of S2R� cells or pos-
sible off-target effects of RNAi. The bld10c04199 allele appears to
be a strong, and perhaps null, mutation in bld10 because no
protein is detected by Western blotting or by immunostaining
at procentrioles or mature centrioles. Bld10 is required for
centriole elongation and/or the maintenance of proper centri-
ole length. Despite their shorter length, bld10c04199 centrioles
recruit centrosomal proteins and support MTOC activity.
However, despite no strict Bld10 requirement for gross centri-
ole biogenesis in flies, its localization to nascent centrioles
implicates a conserved role for Bld10 in early centriole assem-
bly between Drosophila and its orthologs in Chlamydomonas and
human.

The Role of Bld10 in the Assembly of the Central
Apparatus of the Axoneme
We found that bld10c04199 spermatids are defective in the
assembly of the central pair microtubules without other
discernable axoneme defects. The central pair is required for
the motility of 9 � 2 cilia and flagella and is proposed to
transmit chemical and/or mechanical signals to the radial
spokes in order to regulate flagellar waveform movement
(Smith and Yang, 2004; Wirschell et al., 2007). Nonmotile
cilia generally lack the central pair (9 � 0 cilia). Therefore,
the requirement for Bld10 in central pair formation provides
a mechanistic explanation for the impaired motility and lack
of fertility in bld10 mutants.

Interestingly, the central pair is lost gradually during pro-
gression of spermatogenesis in bld10c04199 mutant. In early
stages the central microtubule pair was missing in 48% of
spermatids, rising to 71% in later stage spermatids that
display no central pair or a central amorphous electron-
dense material. An additional 27% have only one central
pair in these later stages. A specific disruption of the central
pair microtubules which becomes progressively more pro-
nounced as spermatid differentiation proceeds was also re-
ported in a mutant of the Drosophila fragile X mental retar-
dation gene (fxr, also called fmr1; Zhang et al., 2004). fxr
encodes an RNA-binding translational regulator that was
proposed to regulate microtubule stability in the testes by
controlling the translation of specific proteins. This suggests
that in many cases the central pair is initially formed in fxr
and bld10 mutants, but then is lost due to a lack of stability.
Alternatively, it is possible that the prevalence of the central
pair in bld10c04199 spermatids depends on its proximity to
the basal body.

Unlike the nine doublet microtubules of the axoneme,
whose assembly and ninefold rotational symmetry is tem-
plated by the corresponding triplet microtubules on the
basal body, the central pair is not initiated by a correspond-
ing structure at the basal body, which does not contain
central microtubules (Smith and Lefebvre, 1997). Thus, the
genesis of the axoneme central pair occurs by unknown
mechanisms. However, bld10 joins a few other genes, in
addition to fxr mentioned above, that promote assembly of
the axoneme central pair of microtubules. In Drosophila, the
�2-tubulin isoform is responsible for central pair assembly,

requiring the carboxyl terminal polyglycylation domain of
�2-tubulin (Nielsen et al., 2001; Hoyle et al., 2008). Mutations
in cnn also disrupt assembly of the central pair and, like
Bld10, Cnn is a highly coiled-coil protein that localizes to the
centrioles in spermatocytes and to the basal body in Dro-
sophila spermatids (Li et al., 1998). It is conceivable that these
coiled-coil proteins form a scaffold, providing attachment
sites for molecules required for the nucleation and/or sta-
bility of central tubules. The localization of Bld10 within the
basal body lumen at the distal tip (Figure 2E) positions it to
function near the site of nucleation of the central pair at the
basal body/axoneme transition zone.

In summary, we show that Drosophila Bld10 is required for
proper assembly of centrioles and basal bodies to achieve
their normal length. Moreover, Bld10 impacts the centriole-
to-basal body transformation in spermatids, being essential
for the axoneme central pair assembly and therefore for
flagellum motility. With its specialized role in the assembly
of the central pair to confer cilium motility, it will be inter-
esting to determine whether Bld10 is regulated to discrimi-
nate the assembly of motile 9 � 2 versus nonmotile 9 � 0
cilia to specialize these different cilium types in different
tissues.
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