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ABSTRACT During cell division, a bipolar array of microtubules forms the spindle through which the forces required for chromosome
segregation are transmitted. Interestingly, the spindle as a whole is stable enough to support these forces even though it is composed
of dynamic microtubules, which are constantly undergoing periods of growth and shrinkage. Indeed, the regulation of microtubule
dynamics is essential to the integrity and function of the spindle. We show here that a member of an important class of microtubule-
depolymerizing kinesins, KLP10A, is required for the proper organization of the acentrosomal meiotic spindle in Drosophila mela-
nogaster oocytes. In the absence of KLP10A, microtubule length is not controlled, resulting in extraordinarily long and disorganized
spindles. In addition, the interactions between chromosomes and spindle microtubules are disturbed and can result in the loss of
contact. These results indicate that the regulation of microtubule dynamics through KLP10A plays a critical role in restricting the length
and maintaining bipolarity of the acentrosomal meiotic spindle and in promoting the contacts that the chromosomes make with
microtubules required for meiosis I segregation.

ACCURATE chromosome segregation during cell division
is achieved through the interaction of chromosomes

with a bipolar array of microtubules that constitutes the
spindle. The spindle is a stable structure that regulates and
directs chromosome movements, yet is composed of micro-
tubules that are constantly going through phases of tubulin
addition and removal from their ends, a behavior referred to as
dynamic instability (Mitchison and Kirschner 1984). The reg-
ulation of microtubule dynamics, therefore, is crucial to the
formation and function of the spindle. Changes in the dynamic
behavior of spindle microtubules can result in chromosome
instability (Bakhoum and Compton 2011).

It might be expected that the dynamic behavior of micro-
tubules would have to be modified depending on the structure
of the spindle. While most studies of spindle dynamics are
carried out in mitotic cells, which contain microtubule-
organizing centers known as centrosomes, during oogenesis

in many species such as humans and Drosophila, the meiotic
spindle assembles in the absence of centrosomes (Szollosi
et al. 1972; Theurkauf and Hawley 1992; Albertson and
Thomson 1993). During acentrosomal meiosis, microtubules
accumulate around the chromosomes and extend outward to
form two spindle poles, in contrast to the centrosomal spindle
assembly typical of mitotic cell divisions in which microtu-
bules emanating from centrosomes grow inward to make con-
tact with the chromosomes. This suggests that there is an
inherent difference in the organization and regulation of
microtubules between acentrosomal and centrosomal spindles.

In addition, the meiotic divisions during oogenesis are an
extreme case of asymmetric cell division, resulting in the
formation of a large oocyte and much smaller polar bodies.
To achieve this, the spindle is positioned asymmetrically
within the oocyte, and the length of the meiotic spindle is
constrained to a fraction of the size of the entire cell. Increase
in spindle size results in the formation of a larger-than-normal
first polar body during mouse oogenesis (Dumont et al. 2007),
suggesting that control of spindle length is crucial to the in-
tegrity of this asymmetric cell division. In mitotic cells, spindle
length typically correlates with cell size and is dependent on
several mechanisms, including the regulation of microtubule
dynamics and the centrosomes (reviewed in Goshima and
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Scholey 2010). Whether regulating microtubule dynamics
contributes to spindle length in oocytes is not known, but
one might predict it would have increased importance due
to the absence of centrosomes.

An important class of proteins involved in the regulation
of microtubule dynamics is the kinesin-13 family of micro-
tubule-depolymerizing enzymes. Members of the kinesin-13
family play many roles during mitotic cell division, impacting
spindle bipolarity and length, the correction of chromosome–
spindle attachment errors, and chromosome movement during
congression and segregation (reviewed in Moores and Milligan
2006). The Drosophila melanogaster genome encodes three
kinesin-13 homologs: KLP10A, KLP59C, and KLP59D. All three
Drosophila kinesin-13’s promote microtubule dynamics during
mitosis, albeit in different capacities (Rogers et al. 2004; Rath
et al. 2009), but only loss of KLP10A results in lengthening of
the mitotic spindle (Rogers et al. 2004; Goshima et al. 2007).
Mammalian genomes also encode three kinesin-13 family
members that function in distinct ways; however, the three
Drosophila kinesin-13’s are more closely related to each
other than to the mammalian kinesin-13’s (Manning et al.
2007). This suggests that, while the function of kinesin-13’s
may be conserved (Bakhoum and Compton 2011), the assign-
ment of a function to a specific kinesin-13 cannot be based
on sequence comparison alone, but rather requires a functional
analysis of individual kinesin-13 family members within
a species.

Kinesin-13’s have been studied extensively in mitosis and
in vitro, but much less is known about their function during
acentrosomal meiotic cell division. MCAK, a vertebrate kinesin-
13 homolog, has been shown to promote chromosome
alignment and silencing of the spindle assembly checkpoint
during mouse oogenesis, but no effect on spindle organiza-
tion was observed (Illingworth et al. 2010; Vogt et al. 2010).
Expression of an N-terminal fragment of KLP10A during
Drosophila oogenesis, on the other hand, results in the short-
ening of meiotic spindles (Zou et al. 2008). Although inter-
pretation of this result is complicated because the nature of
the defect caused by the fragment on native KLP10A func-
tion is not clear, it does implicate KLP10A in the control of
meiotic spindle length.

To investigate the regulation of microtubule dynamics
and spindle length during acentrosomal meiosis, we gener-
ated a deletion allele of Klp10A. In oocytes lacking KLP10A,
we find that microtubules are dramatically longer, suggest-
ing that KLP10A functions to depolymerize or destabilize
microtubules during acentrosomal meiotic cell division and
to regulate the length of the meiotic spindle. In addition,
we find that loss of KLP10A has a profound impact on acen-
trosomal meiotic spindle organization, including a loss of con-
tact between the chromosomes and microtubules. Consistent
with this, we find that homologous chromosomes do not prop-
erly orient for segregation on the spindle in the absence of
KLP10A. These results show that KLP10A, and microtubule
depolymerization by inference, is crucial to the organization
and function of the acentrosomal meiotic spindle.

Materials and Methods

Klp10A transgene construction

Full-length coding sequence of Klp10Awas amplified by PCR
from the LD29208 cDNA obtained from the Drosophila
Genomics Resource Center (DGRC). The amplified sequence
was subcloned into pENTR4 (Gateway System, Invitrogen)
via restriction sites added to the 59 ends of the PCR primers.
An expression vector encoding full-length KLP10A fused to
an N-terminal 3· HA tag under control of the UASp pro-
moter was created by a Clonase LR reaction with the pPHW
vector (DGRC). Transgene lines were established through
germline transformation performed by Model Systems
Genomics (Duke University, Durham, NC).

Cytology, immunofluorescence, and microscopy

For Klp10A germline mutant analysis, late-stage oocytes
were prepared using formaldehyde/cacodylate fixation
(McKim et al. 2009). Briefly, 100–300 mated females were
fattened on yeast for 3–5 days then pulsed in a blender to
disrupt abdomens. Late-stage oocytes were separated from
bulk fly tissues and then fixed in an 8% formaldehyde/100
mM cacodylate solution. Chorion and vitelline membranes
were removed by rolling between the frosted part of a glass
slide and a coverslip. For standard immunofluorescence,
rolled oocytes were extracted in PBS/1% Triton X-100 for
1.5–2 hr and blocked in PBS/0.1% Tween 20/0.5% BSA
for 1 hr, and then antibodies were added. For FISH, rolled
oocytes were stepped into 20, 40, and 50% formamide
solutions, followed by 1–5 hr in 50% formamide at 37�.
FISH probes were added and then oocytes were incubated
at 91� for 3 min, followed by overnight at 37�. Oocytes
were stepped out of formamide solution, blocked for 4 hr
in 10% normal goat serum, and then antibodies were added.

With our standard fixation technique described above,
we saw only weak localization to the poles of the meiotic
spindle with a KLP10A transgene (Supporting Information,
Figure S1), while we did not observe any localization with
the anti-KLP10A antibody (data not shown). Therefore, an
alternative fixation technique was used, which better pre-
served the KLP10A signal. Late-stage oocytes were prepared
using a technique similar to our standard protocol described
above, but with the substitution of formaldehyde/heptane
fixation (Zou et al. 2008). KLP10A localization was also
observed using a methanol-based fixation, although preser-
vation of the spindle was poor (Figure S1).

Syncytial division stage embryos were prepared by dechor-
ionating 1.5- to 2-hr-old embryos with 50% bleach for 90 sec
followed by vitelline membrane removal and fixation by
agitation in 50% heptane:50% methanol. Embryos were
rehydrated into PBS followed by immunostaining using the
same procedure as described above for “rolled” oocytes.

Primary antibodies used for immunofluorescence were
mouse anti–a-tubulin conjugated to FITC (1:50 dilution,
clone DM1A, Sigma), rat anti-HA High Affinity (1:25, clone
3F10, Roche), and rabbit anti-KLP10A (1:10,000, 656)

432 S. J. Radford, A. M. Harrison, and K. S. McKim

http://flybase.org/reports/FBgn0030268.html
http://flybase.org/reports/FBgn0030268.html
http://flybase.org/reports/FBgn0030268.html
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.112.143503/-/DC1/genetics.112.143503-2.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.112.143503/-/DC1/genetics.112.143503-1.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.112.143503/-/DC1/genetics.112.143503-1.pdf


(Rogers et al. 2004). Secondary antibodies used were goat
antirat (1:100) and goat antirabbit (1:250) conjugated to
Cy3 (Jackson Immunoresearch) and goat antirabbit conju-
gated to Alexa 488 (1:200, Molecular Probes). DNA was
labeled with Hoechst 33342 (1:1000, Invitrogen) or TO-
PRO-3 (1:1000, Invitrogen). FISH probes used were to the
AACAC satellite (2nd chromosome) and dodeca satellite
(3rd chromosome). Oligonucleotides were synthesized with
either Cy3 (2nd) or Cy5 (3rd) conjugated to the 59 end (In-
tegrated DNA Technologies) and used at 100 ng per hybrid-
ization. Images were collected on a Leica TCS SP2 or SP5
confocal microscope with a ·63, N.A. 1.3 or 1.4 lens, respec-
tively. Images are shown as maximum projections of complete
image stacks with the exception of Figure 1A. The oocyte
cortex displays a strong signal with the KLP10A antibody
(data not shown); therefore, the sections closest to the cortex
were not included in the maximum projection to allow visu-
alization of KLP10A localization to the meiotic spindle.

Spindle lengths were measured by loading the Leica
image stacks into Volocity image analysis software (Perkin
Elmer, Waltham, MA). Microtubule endpoints were identified
in three dimensions and the distance between them was
determined.

P-element excision

To create deletions of Klp10A coding sequence, we generated
excisions of the P{EPgy2}EY09320 transposable element

(Bloomington Stock Center), which is 1114 bp upstream
of the start of Klp10A coding sequence. Because Klp10A is
on the X chromosome, and we expected that deletions of
Klp10A were likely to be homo- and hemizygous lethal,
excisions were selected in heterozygous females. Excisions
were screened for deletion of Klp10A coding sequence by
PCR. DNA for PCR was prepared from adult flies for viable
excisions as described (Gloor et al. 1993). Embryos homo-
zygous for lethal excision chromosomes were selected over
a GFP-tagged X chromosome balancer (Casso et al. 2000) and
DNA for PCR was prepared by the same method as adult flies.

Western blotting

Protein samples were prepared by collecting stage 14
oocytes by the same method used for immunostaining, but
instead of fixation, oocytes were weighed and SDS gel loading
buffer was added to obtain a final concentration of 1 mg
oocytes/8 ml total volume. The mixture was boiled for 5 min
and 4 ml was loaded per lane on a SDS–PAGE gel. Primary
antibodies used were rabbit anti-KLP10A (1:10,000,000) and
rabbit anti–a-tubulin (1:5000, ab15246, Abcam). Secondary
antibody used was goat rabbit anti-HRP (1:5000, Jackson
Immunoresearch), detected using ECL Plus (Amersham).

Drosophila stocks and genetics

Flies were reared on standard media at 25�. Genetic loci not
described in the text are described on FlyBase (FlyBase.org,

Figure 1 KLP10A localization in the female meiotic and embryonic mitotic spindles. Spindles from late-stage oocytes fixed with formaldehyde/heptane
(A and B) and syncytial-stage embryos fixed in methanol (C and D) were examined for the localization of endogenous KLP10A (A and C) and HA-tagged
KLP10A (B and D). The HA-tagged KLP10A (B and D) was expressed in a wild-type background. (A) In oocytes, endogenous KLP10A localized
throughout the meiotic spindle. (B) HA-tagged KLP10A localized throughout the meiotic spindle, but was heavily concentrated at spindle poles. In
addition, the “curly pole” phenotype caused by expression of the transgene is observable (see Figure S1). (C and D) In embryos, KLP10A primarily
concentrates toward the spindle poles. Microtubules were not imaged in C. In all images, DNA is shown in blue and microtubules are shown in green.
KLP10A is in red in merged images (A–D) and in white in single channel images (A9–D9). Bars, 5 mm.
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Tweedie et al. 2009). To test whether the inviability of
Klp10A24 mutants was due to the loss of KLP10A, we crossed
y w Klp10A24/Bwinscy females heterozygous for a 2nd or 3rd
chromosome insertion of the transgene encoding HA-tagged
KLP10A to y w/y+Y; tubP-GAL4/TM3, Sb males. Progeny
were scored for the presence of the Klp10A mutation (B+)
and presence of the tubP-GAL4 driver (Sb+). Female B+

progeny are heterozygous for Klp10A24 and display no in-
viability relative to female B progeny (data not shown).
Male B+ progeny are hemizygous for Klp10A24 and are in-
viable unless the tubP-GAL4 driver is present (data not
shown). Although the Klp10A transgene carries a w+ marker,
this could not be reliably scored in the presence of the w+

carried by tubP-GAL4. Because half of all male progeny receive
the Klp10A transgene, percentage of viability was calculated
as twice the number of B+ Sb+ males divided by B Sb+ males.

Klp10A germline mutants

The Klp10A24 allele was crossed onto a chromosome bearing
an FLP recombination target (FRT) sequence inserted at
14A-B near the centromere of the X chromosome (FRT101,
Bloomington Stock Center). Females with this recombinant
chromosome (or a wild-type FRT chromosome for controls)
were crossed in vials to males with a matching FRT chromo-
some carrying the dominant female sterile mutation ovoD1 and
a heat-shock–inducible FLP recombinase. After 3–4 days, the
parents were transferred to new vials and progeny were heat
shocked in a 37� water bath for 1 hr. Females carrying both
FRT chromosomes and the FLPase were selected among
the progeny for examination as germline clones.

For RNAi depletion of KLP10A in the female germline, we
obtained a fly stock from the Transgenic RNAi Project (TRiP,
Harvard Medical School, Boston, MA) in which a Klp10A
RNAi short hairpin (HMS00920) is under the control of
the GAL4/UAS expression system. For RNAi depletion of
Subito, we obtained short hairpin GL00583 from the TRiP
project. The RNAi short hairpins were expressed in the
germline using either the nanos-GAL4:VP16 or mata4-GAL-
VP16 drivers (Rorth 1998; Sugimura and Lilly 2006).

Results

KLP10A localizes throughout the acentrosomal meiotic
spindle at metaphase I

To gain insight into the function of Drosophila kinesin-13’s
during meiosis, we analyzed the spindle localization of
KLP10A. In Drosophila females, meiosis arrests at metaphase
I late in oogenesis and does not resume until just prior to
egg laying (King 1970). The localization of KLP10A on mei-
osis I spindles from late-stage Drosophila oocytes was ana-
lyzed using an anti-KLP10A antibody (Rogers et al. 2004)
and by expression of HA-tagged KLP10A. To drive expres-
sion of HA-tagged KLP10A, a transgene was made under the
control of the GAL4/UASP system (Brand and Perrimon
1993), and we used the nanos-GAL4:VP16 driver, which
expresses throughout oogenesis (Rorth 1998).

Both endogenous KLP10A and HA-tagged KLP10A local-
ized throughout the meiotic spindle at metaphase I (Figure
1, A and B), while HA-tagged KLP10A also concentrated
toward the spindle poles, consistent with previous work in
Drosophila oocytes (Zou et al. 2008). It is important to note
that this localization pattern is dependent on the tissue fix-
ation method (see Materials and Methods and Figure S1 for
details). It might be expected that Klp10A transgene expres-
sion in a wild-type background would result in increased
depolymerase activity and shorter spindles. This was not
observed. Instead, we observed spindles with normal length
but an abnormal “curly pole” phenotype (Figure 1B, Figure
S1). A similar phenotype was observed by Zou et al. (2008)
using a different Klp10A transgene. These authors con-
cluded that KLP10A localizes to a discrete structure, the
“spindle pole body” (Zou et al. 2008). Because we do not
observe endogenous KLP10A in this localization pattern, we
instead conclude that overexpression of KLP10A results in
aberrant pole morphology and the accumulation of KLP10A.
While we do not understand why overexpression of KLP10A
causes abnormal spindle poles, these results suggest that
minimum spindle length is regulated by additional factors.

In mitotic metaphase of the syncytial divisions of Dro-
sophila embryogenesis, both endogenous KLP10A and HA-
tagged KLP10A were more concentrated toward the spindle
poles than in the oocytes (Figure 1, C and D), although we
did not observe aberrant pole morphology. Because the lo-
calization of KLP10A differs between meiosis and mitosis,
this suggests that the function of KLP10A during meiotic
and mitotic cell division may not be identical. Alternatively,
the different localization patterns may reflect the difference
in spindle organization between acentrosomal meiotic and
centrosomal mitotic spindles. In both the oocytes and embryos,
however, we found no evidence for centromere localization of
KLP10A, such as enrichment in foci on the chromosomes as
observed in Drosophila S2 cells (Rogers et al. 2004).

Klp10A is an essential gene

There have been no previous studies of the Drosophila kinesin-
13’s using loss-of-function mutations. We excised a P trans-
posable element (EY09320) that is inserted 1114 bp upstream
of the start of Klp10A coding sequence and screened by
PCR for flanking deletions (Figure 2A). Several deletions
were obtained, including one that we designated Klp10A24

in which 2742 bp of genomic sequence are deleted. By
Western blot, we did not observe any full-length Klp10A
protein expression in ovaries from the Klp10A24 germline
mutants described below (Figure 2B). Because the KLP10A
antibody was generated against the N terminus of the pro-
tein (Rogers et al. 2004), the coding sequence of which is
deleted in the Klp10A24 mutant, we cannot be certain
that a shortened form of KLP10A is not expressed in this
mutant. This allele removes part of the kinesin motor
domain coding sequence, however, making it likely that
any shortened KLP10A that might be expressed would be
nonfunctional.
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Klp10A24 hemizygous mutants are inviable (Table 1),
arresting development prior to the third larval instar stage
(data not shown). This phenotype is consistent with the
proposed function of KLP10A in mitotic cell division (Rogers
et al. 2004). To test whether the lethal phenotype of the
Klp10A24 mutation is due to loss of KLP10A, we expressed
HA-tagged KLP10A using the ubiquitously expressed tubP-
GAL4 driver (Lee and Luo 1999) in males hemizygous for
Klp10A24 (Table 1). In the absence of transgene expression,
either due to no transgene (Table 1) or no driver (data not
shown), Klp10A24 males were inviable. In the presence of
transgene expression, the inviability was rescued (Table 1).
We tested several different lines in which the transgene is
inserted at different locations in the genome and saw a high
level of rescue in all lines (from 68 to 112%). This indicates
that the inviability of Klp10A24 mutants is caused by the de-
letion of the Klp10A gene.

Early embryogenesis is disrupted in embryos
from Klp10A germline mutants

Because Klp10A24 mutants are inviable, to study the role of
KLP10A in meiosis and early embryogenesis, we employed
two methods: (1) generating homozygous mutant germline
cells through induced mitotic recombination in a heterozygous
animal (germline clones) (Chou and Perrimon 1992) and (2)

RNAi-mediated depletion in the germline (see Materials and
Methods for details, Ni et al. 2011). We observed identical
phenotypes using either method, consistent with both
Klp10A24 and RNAi drastically reducing KLP10A protein
levels in oocytes (Figure 2B). Therefore, we have combined
the results and will refer to these experiments collectively as
Klp10A germline mutants. In Klp10A germline mutants,
oogenesis is completed and eggs are successfully laid;
however, the embryos fail to hatch into larvae. To determine
when the block in Klp10A germline mutant development
occurs, we examined embryos cytologically.

In wild-type embryos, the male and female pronuclei fuse
and immediately begin synchronized syncytial nuclear
divisions (see Figure 1, C and D, for example). In contrast,
no structures identifiable as pronuclear fusion or the syn-
cytial divisions were observed in embryos from Klp10A
germline mutant females (Figure 3). These mutant embryos
exhibited severe disorganization of both the DNA and micro-
tubules, suggesting that the maternal contribution of KLP10A
is essential for the earliest steps in embryogenesis. Mutants in
two other Drosophila kinesin genes, subito and Klp3A, produce
embryos that fail to develop because of pronuclear fusion
failure (Williams et al. 1997; Giunta et al. 2002). Failure
of pronuclear fusion typically results in a block to initiating
the syncytial divisions of the early embryo (Figure 3). Klp10A
germline mutant embryos have additional problems. The
mutant embryos exhibit dispersed chromosomes and large
microtubule arrays, suggesting that loss of Klp10A affects
more than just pronuclear fusion. This is, however, remi-
niscent of the microtubule arrays observed after MCAK knock-
down in Xenopus egg extracts (Walczak et al. 1996), suggesting
that the microtubule-depolymerizing function of these two
kinesin-13 homologs is similarly required during mitotic
cell division.

Klp10A germline mutants have disorganized meiotic
metaphase I spindles

The failure to begin embryonic divisions in Klp10A germline
mutants is consistent with a requirement for KLP10A during
mitotic cell division, but does not address whether there is
a defect in meiosis. To investigate this, we examined the
cytology of late-stage oocytes from Klp10A germline mutants.

Figure 2 Generation and characterization of Klp10A germline mutants.
(A) Klp10A coding sequence is shown with boxes representing exons. The
UTRs are not shown. The hatched box indicates the region encoding the
portion of KLP10A used to raise the anti-KLP10A antibody (Rogers et al.
2004). The black box indicates the region encoding the motor domain of
KLP10A. The P-element (EY09320) used to generate deletions of Klp10A
coding sequence is depicted by a black triangle. The sequence deleted by
the Klp10A24 allele is shown below with brackets surrounding the de-
leted region. (B) Western blot showing KLP10A expression in late-stage
oocytes. Endogenous expression of full-length KLP10A is eliminated in
Klp10A24 germline clones (lane 2) and severely knocked down in Klp10A
RNAi (lane 3) compared to wild type (lane 1). HA-tagged KLP10A is
expressed at levels comparable to endogenous KLP10A (lane 4). Tubulin
serves as a loading control in all lanes.

Table 1 Rescue of Klp10A24 inviability by Klp10A transgene
expression with tubP-GAL4 driver

Klp10A transgene % viability (n)

None 0 (1088)
A 100 (1192)
B 92 (499)
C 88 (960)
D 68 (423)
E 112 (1168)
F 111 (676)
H 92 (1050)

y w Klp10A24/Bwinscy females heterozygous for a transgene encoding HA-tagged
KLP10A were crossed to y w/y+Y; tubP-GAL4/TM3, Sb males. Percentage of viability
was calculated as 2(B+ Sb+ males)/ B Sb+ males.
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In wild-type, late-stage oocytes are characterized by a bipolar
spindle around a condensed mass of chromosomes, termed
a karyosome (Figure 4A). In Klp10A germline mutants, we
observed two dramatic phenotypes. First, spindle microtubule
bundles were much longer than in wild type (Figure 4, B–F).
We could not determine an average spindle length in Klp10A
germline mutants because the microtubule bundles around
the karyosome were extremely disorganized, making it impos-
sible to choose which microtubule ends to measure from for
an accurate spindle length. Instead, we measured the length
of microtubule bundles, typically from the karyosome to the
end of the bundle, in several representative Klp10A germline
mutants, and these bundles ranged in length from 12.0 to
60.0 mm (Figure S2). In comparison, the average wild-type
half-spindle was 6.7 mm (SD 6 4.0 mm; n = 45, longest
16.6 mm). Second, while wild-type ooplasm contains short
microtubule fibers surrounding the meiotic spindle (Figure
4A), in Klp10A germline mutants, these ooplasmic micro-
tubules were more numerous and longer than in wild type,
and arranged in a “starburst” pattern (Figure 4G). The
spindle microtubules appear to interact with or originate
from these starburst structures (Figure 4E). These results

show that KLP10A is required to maintain length control
over both spindle and ooplasmic microtubules in oocytes,
which is consistent with its proposed function as a micro-
tubule-depolymerizing kinesin.

The organization of the spindle is also dramatically
affected in Klp10A germline mutants. Spindle disorganiza-
tion ranged from slight (bipolar with some fraying or bend-
ing, Figure 4B) to extreme (long microtubule bundles with
no apparent poles, Figure 4, E and F). In addition, wild-type
oocytes normally accumulate microtubules between the two
half spindles in the region surrounding the DNA, a region
termed the central spindle. This region is often lacking in
Klp10A germline mutants even in a bipolar spindle, resulting
in two disconnected half spindles (Figure 4C) and multipo-
lar spindles (Figure 4D). In wild type, the central spindle
accumulates several proteins, including Incenp (Jang et al.
2005). In Klp10A germline mutants, Incenp was not detected
on some spindles, correlating with the presence and absence
of the central spindle (data not shown). Furthermore, fre-
quently the karyosome and spindle were not in proper contact
in Klp10A germline mutants (Figure 4, E and F). These results
show that KLP10A is essential for the integrity of the mei-
otic metaphase I spindle, affecting microtubule length and
organization, and the interaction of the spindle with the
chromosomes.

Klp10A germline mutants misorient homologous
chromosomes during meiosis

In Klp10A germline mutants there is an apparent lack of
proper contact between the chromosomes and microtubules
(Figure 4, E and F), although the integrity of the karyosome
is maintained (Figure 4, B–F). Because accurate homolog
segregation requires the interaction of chromosomes with
spindle microtubules, we investigated the orientation of
homologous chromosomes using fluorescent in situ hybrid-
ization (FISH) of probes to centromeric heterochromatin.
Prior to nuclear envelope breakdown and meiotic spindle
assembly in wild-type Drosophila females, centromeres are
homologously paired (Dernburg et al. 1996), which we also
observe in Klp10A germline mutants (Figure 5B). Concomi-
tant with assembly of a bipolar spindle in wild type, the
homologous centromeres separate toward opposite spindle
poles (Figure 5A). This is referred to as biorientation and
indicates the homologous pairs of chromosomes are poised
to segregate correctly at anaphase I.

In most Klp10A germline mutants, it is difficult to apply
conventional definitions of homolog biorientation because
the spindles are severely disorganized (Figure 5, D–F).
Nonetheless, two observations suggest that Klp10A mutant
oocytes have defects in the connections between the chro-
mosomes and the microtubules. First, the position of ho-
mologous centromeres relative to each other is disturbed.
In wild type, centromeres point in two directions, one member
of each pair pointing in each direction (Figure 5A). In Klp10A
germline mutants, however, centromeres do not always point
in two directions, but rather appear to be positioned randomly

Figure 3 Microtubule and DNA disorganization in Klp10A germline
mutant embryos. Embryos produced by Klp10A germline mutants show
severely disorganized DNA and microtubule structures. Chromosomes
are dispersed throughout the cytoplasm, and microtubules form large
asters surrounding the dispersed chromosomes. See Figure 1 for wild-
type embryo spindles. Also shown are two examples of embryos lacking
Subito (by RNAi, see Materials and Methods). About half of the em-
bryos show only the female polar body (arrow) and the male pronucleus
(inset). Drosophila female meiosis does not segregate chromosomes
into a separate polar body. In the other half of the embryos, there
are nuclei attempting to divide, which may have originated from the
haploid male genome. DNA is in blue and microtubules are in green.
Bars, 10 mm.
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within the karyosome (Figure 5, E and F). Second, whether
centromeres appeared “bioriented” or not, the relationship
to microtubules is disturbed. In wild type, centromeres are
positioned at the edge of the karyosome, close to the mi-
crotubule bundles that make up a spindle pole. In Klp10A
germline mutants, centromeres are not always positioned
in close proximity to the end of microtubule bundles (Fig-
ure 5, D and E). In addition, both centromeres of a homol-
ogous pair can be positioned close to the same microtubule
bundle, appearing mono-oriented (Figure 5, D and F).

This discordance between centromere orientation and
spindle organization may reflect the unstable nature of the
meiotic spindle in Klp10A germline mutants. Whereas wild-
type spindles maintain their length and bipolarity, the mu-
tant spindle length and organization may be unstable (see
Discussion). The microtubule–chromosome connections may
be ephemeral in the absence of KLP10A. The presence of well-
separated centromeres or pairs of centromeres at the edge of
the karyosome suggests that the microtubule–chromosome
connections are made and the centromeres move. In fact, in
the rare bipolar spindles in Klp10A germline mutants, biorien-
tation of homologous centromeres appears normal (Figure
5C). The observation of centromeres that are not associated
with microtubules in Klp10A germline mutants suggests these
connections are easily broken. These results demonstrate that
functional connections between centromeres and spindle
poles are lacking in the absence of KLP10A.

Discussion

During cell division, a stable bipolar spindle is crucial for the
accurate distribution of genetic material to daughter cells. How
the stability of this structure is achieved when the spindle is
composed of dynamically unstable microtubules is an impor-
tant question. We have shown here that KLP10A, a member of
the kinesin-13 family of microtubule-depolymerizing proteins,
is essential to the organization of the acentrosomal meiotic
spindle in Drosophila oocytes.

An interesting feature of acentrosomal meiosis is that
microtubule ends appear to be distributed throughout the
spindle (Burbank et al. 2006; Liang et al. 2009). This has
implications for the regulation of microtubule dynamics by
kinesin-13 family members, which have been shown in vitro to
act at the ends of microtubules to induce depolymerization
(Desai et al. 1999). We observed that KLP10A localizes
throughout the meiotic spindle at metaphase I. This distri-
bution may reflect the binding of KLP10A along the entire
length of microtubules. Kinesin-13’s are known to bind
along the length of microtubules in vitro, diffusing to the
ends before becoming active (Helenius et al. 2006). This
seems unlikely, however, given the propensity for kinesin-
13’s in general, and KLP10A specifically, to localize to the
regions of the mitotic spindle with the highest concentra-
tions of microtubule ends—spindle poles and kinetochores
(Rogers et al. 2004).

Figure 4 Spindle disorganization in late-stage oocytes from Klp10A germline mutants. (A) In wild type, a bipolar spindle surrounds the karyosome.
Short microtubule fragments are present throughout the ooplasm. (B–G) In oocytes from Klp10A germline mutants, spindles are disorganized.
Microtubule fragments in the ooplasm are much longer than wild type and are often arranged in a starburst pattern. (B) Bipolar spindle that is long
and frayed. (C) Bipolar spindle in which the two half spindles are not connected by a central spindle. (D) Multipolar spindle. (E and F) Extremely long,
disorganized spindles in which the contact between the karyosome and microtubules appears to be lacking. In addition, the spindle in E appears to
connect to one of the starburst structures in the ooplasm. (G) Long microtubule fragments in starburst patterns are present throughout the ooplasm of
the entire oocyte, not just near the karyosome (arrow). DNA is in blue and microtubules are in green. Bars, 10 mm.
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Instead, we suggest that KLP10A localizes to microtubule
ends that are present throughout the spindle, which implies
that microtubule depolymerization occurring throughout
the meiotic spindle may be a normal part of spindle assembly
and stability. Indeed, Domnitz et al. (2012) have shown that
MCAK activity at the tips of nonkinetochore microtubules reg-
ulates mitotic spindle length. Alternatively, KLP10A may be
present at ends throughout the spindle, but maintained in
an inactive state in most locations. If the microtubule end to
which KLP10A is bound is near a spindle location where de-
polymerization is needed, such as near the chromosomes or
poles, then KLP10A may become active. There is a large body
of evidence that the activity and localization of kinesin-13’s are
regulated during mitotic cell division by phosphorylation and
protein interactions (reviewed in Ems-McClung and Walczak
2010), but whether these mechanisms are active during
meiotic cell division remains to be examined.

Surprisingly, we found no evidence for enrichment of
KLP10A at centromeres as observed in S2 cells (Rogers
et al. 2004). This is in contrast to the conclusions by Zou
et al. (2008), although it should be noted that the inter-
pretation of centromere localization in this previous study
was not confirmed with a centromere marker. Indeed, the
overall pattern of KLP10A localization in the two studies is

similar. Our finding that its localization in embryos is enriched
toward the poles is consistent with the conclusion that
KLP10A is required for poleward flux, which depends on
microtubule depolymerization at the poles (Rogers et al.
2004). Thus, while we cannot rule out that KLP10A localizes
to the centromeres during female meiosis, there is no con-
clusive evidence for it.

Our results show that loss of KLP10A dramatically im-
pacts spindle organization. The spindles assembled in the
absence of KLP10A present widely varying organizational
arrangements, which may result from an imbalance in the
dynamic nature of microtubules during spindle assembly and
maintenance. In wild-type Drosophila oocytes, a bipolar spin-
dle assembles, and its organization and length is stably main-
tained in metaphase I for extended periods of time (Gilliland
et al. 2007; Colombie et al. 2008). In contrast, in mutants that
affect spindle organization, the spindle can dramatically
change shape over the course of live imaging (Matthies et al.
1996; Colombie et al. 2008). We propose that the deregulation
of microtubule dynamics in Klp10A germline mutants results in
the formation of unstable meiotic spindles because of the loss
of the ability to shorten microtubules. This implies that the
regulation of microtubule dynamics by KLP10A is required to
maintain a stable bipolar spindle in Drosophila oocytes.

Figure 5 Biorientation of homologous chromosomes is defective in Klp10A germline mutants. (A) In wild type, both the 2nd (red) and 3rd (white)
chromosome centromeric FISH probes show biorientation toward opposite spindle poles. All 17 centromere pairs scored were separated (two FISH
signals) and oriented correctly. (B) Klp10A germline mutant oocyte prior to or during nuclear envelope breakdown. Homologous centromeres are paired.
(C) Klp10A germline mutant oocyte with a long and disorganized spindle, which is nonetheless bipolar and has properly oriented centromeres. (D)
Klp10A germline mutant oocyte with a disorganized spindle, loosely “bioriented” chromosomes, but “mono-oriented” 3rd chromosomes. (E and F)
Klp10A germline mutant oocytes with disorganized spindles and randomly oriented centromeres. Centromeres in E are not associated with microtubule
bundles. DNA is in blue and tubulin is in green. Insets show only the FISH signals. Bars, 10 mm.
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The central spindle comprises a band of antiparallel
microtubules that extends across the chromosomes to connect
the two half spindles. While many spindles from Klp10A germ-
line mutants are severely disorganized, even in some cases of
only mild spindle disorganization, the central spindle is
missing. This suggests that the integrity of the central spindle
depends on the regulation of microtubule dynamics. Several
proteins including the chromosomal passenger complex (CPC)
and Subito localize to the central spindle and are required for
meiotic spindle assembly (Radford et al. 2012) and bipolarity
(Jang et al. 2005), respectively. Thus, the central spindle is
important for organizing the meiotic spindle, and the instabil-
ity of this structure in the absence of KLP10A may contribute
to the spindle organization defects. Loss of the central spindle
cannot explain all of the spindle defects, however, because the
central spindle is absent in subito mutants, but this results
primarily in monopolar and tripolar spindles with no effect
on spindle length (Jang et al. 2005).

Interestingly, the spindle defects we observed in Klp10A
germline mutants differ from previous kinesin-13 loss-of-
function studies. Knockdown of kinesin-13 homologs in human
cells, Xenopus laevis egg extracts, and Drosophila S2 cells
primarily results in monopolar spindles, chromosome congres-
sion and segregation defects, and long astral microtubules
(Walczak et al. 1996; Ganem and Compton 2004; Rogers
et al. 2004; Ganem et al. 2005; Manning et al. 2007; Ohi
et al. 2007; Rath et al. 2009). RNAi knockdown of KLP10A
in Drosophila S2 cells does result in an increase in spindle
length (Goshima et al. 2007); however, the magnitude of
the effect is modest in comparison to the effect on microtubule
length that we observed in Klp10A germline mutants. One
obvious explanation for the different effects is the different
organization of the centrosomal mitotic and acentrosomal
meiotic spindles. The need for KLP10A to maintain spindle
length in mitotic spindles may be tempered by the pres-
ence of centrosomes and astral microtubules, whereas in
acentrosomal spindles, the determination of spindle length
is dominated by a balance between microtubule depoly-
merization by KLP10A and spindle elongation by a mecha-
nism that is not yet known. At this point, however, it is
possible that there are other differences between the mi-
totic and oocyte spindles that make acentrosomal spindle
length hypersensitive to loss of KLP10A. Whether KLP10A
plays an additional role in spindle organization or whether
the spindle disorganization in Klp10A germline mutants
results from overgrowth of microtubules also remains to
be determined.

The loss of KLP10A also impacts the interaction of the
spindle with the chromosomes. KLP10A could be required
to regulate interactions between microtubules and chromo-
somes because kinesin-13’s have been shown to play an im-
portant role in correcting improper kinetochore–microtubule
attachments in mitosis (Kline-Smith et al. 2004). In Drosophila
female meiosis, however, KLP10A appears to have the oppo-
site effect, promoting or maintaining contact between chro-
mosomes and spindle poles, suggesting that the mechanism by

which KLP10A regulates chromosome–microtubule attach-
ments differs in mitotic vs. acentrosomal meiotic spindles.
Interestingly, Domnitz et al. (2012) argue that MCAK depo-
lymerizing activity at the tips of microtubules actually pro-
motes robust kinetochore attachments. It is also possible,
however, that this function could be indirect, through the
maintenance of microtubule length and spindle organization.
Importantly, however, these results demonstrate that the
microtubule-depolymerizing kinesin KLP10A is essential for
the establishment of an acentrosomal meiotic spindle with
the capacity to properly segregate homologous chromosomes.
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Figure	
  S1	
  	
  	
  Klp10A	
  localization	
  under	
  different	
  fixation	
  conditions.	
  Spindles	
  from	
  late-­‐stage	
  oocytes	
  were	
  examined	
  for	
  the	
  
localization	
  of	
  endogenous	
  KLP10A	
  (A)	
  and	
  HA-­‐tagged	
  KLP10A	
  (B,	
  C,	
  D).	
  	
  The	
  HA-­‐tagged	
  KLP10A	
  (B,	
  C,	
  D)	
  was	
  expressed	
  in	
  a	
  
wild-­‐type	
  background.	
  	
  (A)	
  In	
  oocytes	
  fixed	
  with	
  formaldehyde/heptane,	
  microtubules	
  were	
  well	
  preserved	
  and	
  endogenous	
  
KLP10A	
  localized	
  throughout	
  the	
  meiotic	
  spindle.	
  (B)	
  A	
  similar	
  result	
  was	
  observed	
  in	
  oocytes	
  expressing	
  HA-­‐tagged	
  KLP10A	
  
fixed	
  with	
  methanol.	
  	
  (C,	
  D)	
  	
  In	
  oocytes	
  fixed	
  with	
  formaldehyde/cacodylate	
  solution,	
  KLP10A	
  is	
  much	
  more	
  difficult	
  to	
  detect,	
  
but	
  the	
  microtubules	
  are	
  better	
  preserved	
  and	
  the	
  “curly	
  pole”	
  phenotype	
  is	
  observable.	
  	
  The	
  “curly	
  pole”	
  phenotype	
  was	
  not	
  
observed	
  using	
  a	
  methanol	
  fixation	
  because	
  the	
  spindle	
  microtubules	
  are	
  preserved	
  poorly.	
  	
  In	
  all	
  images,	
  DNA	
  is	
  shown	
  in	
  blue	
  
and	
  microtubules	
  are	
  shown	
  in	
  green.	
  	
  KLP10A	
  is	
  in	
  red	
  in	
  merged	
  images	
  and	
  in	
  white	
  in	
  single	
  channel	
  images.	
  	
  Scale	
  bars	
  are	
  
5	
  μm.	
  	
  Methanol	
  fixation	
  was	
  performed	
  essentially	
  as	
  described	
  (TAVOSANIS	
  et	
  al.	
  1997).	
  	
  Briefly,	
  20	
  to	
  30	
  females	
  were	
  fattened	
  
on	
  yeast	
  for	
  three	
  to	
  five	
  days.	
  	
  Oocytes	
  were	
  dissected	
  directly	
  into	
  methanol,	
  then	
  the	
  chorion	
  and	
  vitelline	
  membranes	
  were	
  
removed	
  by	
  repeated	
  pulses	
  of	
  low-­‐strength	
  sonication.	
  	
  Oocytes	
  were	
  transferred	
  to	
  fresh	
  methanol	
  for	
  two	
  hours,	
  followed	
  
by	
  stepwise	
  rehydration	
  into	
  PBS.	
  	
  Oocytes	
  were	
  then	
  immunostained	
  as	
  described	
  (MCKIM	
  et	
  al.	
  2009).	
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Figure	
  S2	
  	
  	
  Spindle	
  length	
  measurement	
  in	
  Klp10A	
  germline	
  mutants.	
  Figure	
  4	
  is	
  reproduced	
  here	
  with	
  arrowheads	
  indicating	
  
the	
  microtubule	
  bundles	
  for	
  which	
  spindle	
  length	
  was	
  measured	
  in	
  each	
  panel.	
  	
  Spindle	
  lengths	
  between	
  the	
  arrow	
  heads	
  are	
  
5.8	
  μm	
  (A),	
  12.0	
  μm	
  (B),	
  15.8	
  μm	
  (C),	
  15.2	
  μm	
  (D),	
  24.0	
  μm	
  (E),	
  and	
  60.0	
  μm	
  (F).	
  	
  DNA	
  is	
  in	
  blue	
  and	
  microtubules	
  are	
  in	
  green.	
  	
  
Scale	
  bars	
  are	
  10	
  μm.	
  
	
  

	
  

	
  

	
  


