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Caenorhabditis elegans oocyte meiotic spindle
pole assembly requires microtubule severing and
the calponin homology domain protein ASPM-1
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ABSTRACT In many animals, including vertebrates, oocyte meiotic spindles are bipolar but
assemble in the absence of centrosomes. Although meiotic spindle positioning in oocytes has
been investigated extensively, much less is known about their assembly. In Caenorhabditis
elegans, three genes previously shown to contribute to oocyte meiotic spindle assembly are
the calponin homology domain protein encoded by aspm-1, the katanin family member
mei-1, and the kinesin-12 family member klp-18. We isolated temperature-sensitive alleles of
all three and investigated their requirements using live-cell imaging to reveal previously un-
documented requirements for aspm-1 and mei-1. Our results indicate that bipolar but abnor-
mal oocyte meiotic spindles assemble in aspm-1(-) embryos, whereas klp-18(-) and mei-1(-)
mutants assemble monopolar and apolar spindles, respectively. Furthermore, two MEI-1
functions—ASPM-1 recruitment to the spindle and microtubule severing—both contribute to
monopolar spindle assembly in klp-18(-) mutants. We conclude that microtubule severing and
ASPM-1 both promote meiotic spindle pole assembly in C. elegans oocytes, whereas the
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kinesin 12 family member KLP-18 promotes spindle bipolarity.

INTRODUCTION

Oocyte meiosis includes two rounds of cell division—meiosis | and
ll—which produce a haploid oocyte pronucleus. In many animal spe-
cies, including vertebrates and nematodes, these two meiotic cell
divisions require bipolar spindles that, in contrast to mitotic spindles,
assemble in the absence of centrosomes. These spindles are small
and closely associated with the cell cortex, and they ultimately ex-
trude two sets of chromosomes into polar bodies during highly asym-
metric cell divisions (Fabritius et al., 2011). Although oocyte meiotic
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spindle assembly has been investigated in both vertebrate and inver-
tebrate model systems, the genetic requirements for this process are
poorly understood compared with mitotic spindle assembly.

Mitotic spindle assembly occurs through two parallel pathways:
chromosome search and capture by growing microtubules initiated
at the two centrosomes that dominate bipolar mitotic spindle struc-
ture, and chromosome-initiated microtubule assembly and the sub-
sequent bipolar organization of antiparallel microtubules (Heald
et al., 1997, Khodjakov et al., 2000; Meunier and Vernos, 2012).
Oocyte meiotic spindles in many animals use only one of these
pathways, relying entirely on acentrosomal assembly (Yamamoto
et al., 2006; Muller-Reichert et al., 2010; Fabritius et al., 2011). Thus
oocyte meiotic spindle assembly provides a simplified system for
studying the shared pathway of acentrosomal spindle assembly.

With its powerful genetics and transparent anatomy, Caenorhab-
ditis elegans provides an appealing model system for the investiga-
tion of acentrosomal oocyte meiotic spindle assembly dynamics
(Yamamoto et al., 2006; Muller-Reichert et al., 2010; Fabritius et al.,
2011). The oocyte meiosis | spindle begins to assemble late in co-
cyte maturation, when the nuclear envelope breaks down. Subse-
quently, by prometaphase and after fertilization, microtubule polym-
erization and organization results in the formation of a compact but
bipolar spindle oriented roughly parallel to the oocyte cell cortex.
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By metaphase, the spindle shortens to form a tight barrel shape.
The spindle then rotates such that its bipolar axis becomes orthogo-
nal to the overlying plasma membrane. Subsequently, the paired
homologous chromosomes separate and move toward each pole
during anaphase, with one haploid set of paired sister chromatids
extruded into a small polar body. In meiosis II, a small bipolar spin-
dle again assembles, the two sister chromatids for each remaining
homologue separate and move to opposite poles, and again one
set is extruded into a second polar body, with the other set consti-
tuting the haploid oocyte contribution to the zygote genome
(Albertson and Thomson, 1993; McNally et al., 2006).

Although positioning of the C. elegans oocyte meiotic spindle
has been investigated extensively (Yang et al., 2003, 2005; Ellefson
and McNally, 2009, 2011; van der Voet et al., 2009), less is known
about its assembly. Three C. elegans genes known to contribute to
oocyte meiotic spindle assembly are aspm-1, which encodes a pro-
tein with a single calponin homology domain and two |IQ repeats (van
der Voet et al., 2009); mei-1, which encodes the catalytic subunit of
the microtubule-severing complex katanin (Clark-Maguire and Mains,
1994); and klp-18, which encodes a kinesin 12 (Segbert et al., 2003).

Both C. elegans aspm-1 and the Drosophila orthologue, Asp, are
essential and required for proper execution of oocyte meiotic cell
divisions (Riparbelli et al., 2002; van der Voet et al., 2009). In
C. elegans oocytes, ASPM-1 is required for the meiotic spindles to
align orthogonally and be in close proximity to the overlying plasma
membrane (van der Voet et al., 2009; Ellefson and McNally, 2011).
In mouse, ASPM-1 is expressed specifically in the primary sites of
prenatal cortical neurogenesis and is localized to mitotic spindle
poles (Bond et al., 2002; Fish et al., 2006). RNA interference (RNAI)
knockdown of mouse ASPM-1 results in abnormal orientation of
neural stem cell divisions and associated loss of cortical neurons
(Fish et al., 2006). Moreover, mutations in ASPM-1 are the most
common cause of microcephaly in humans (Bond et al., 2002).
However, the molecular mechanisms underlying these ASPM-1 re-
quirements are largely unknown.

RNAi knockdown of C. elegans klp-18/kinesin 12 results in
chromosome misalignment and segregation defects during oocyte
meiotic cell division (Segbert et al., 2003) and in assembly of a
monopolar meiotic spindle (Wignall and Villeneuve, 2009). In verte-
brates, the kinesin 12 family members hKlp2 and Kif15 are partially
redundant with kinesin 5 for bipolar mitotic spindle assembly
(Tanenbaum et al., 2009; Vanneste et al., 2009), although C. elegans
klp-18 does not appear to be required for mitotic spindle assembly
(Segbert et al., 2003). Vertebrate kinesin 12 family members form
homodimers and may promote mitotic spindle bipolarity by cross-
linking antiparallel microtubules through an interaction with the mi-
crotubule-binding protein TPX-2 (Tanenbaum et al., 2009; Vanneste
et al., 2009; Sturgill and Ohi, 2013).

The C. elegans gene mei-1 encodes the pé0 catalytic subunit of
the widely conserved microtubule-severing complex called katanin
(McNally and Vale, 1993; Hartman et al., 1998), previously shown in
C. elegans to be required for proper assembly and orientation of
oocyte meiotic spindles (Mains et al., 1990; Clandinin and Mains,
1993; Clark-Maguire and Mains, 1994; Srayko et al., 2000, 2006;
Yang et al., 2003; McNally et al., 2006; McNally and McNally, 2011).
The C-terminal region of MEI-1 contains the AAA ATPase microtu-
bule-severing activity, whereas the N-terminal region binds to the
p80 subunit MEI-2 (Mains et al., 1990; Clandinin and Mains, 1993;
Clark-Maguire and Mains, 1994; Srayko et al., 2000, 2006; Yang
et al., 2003; McNally et al., 2006; McNally and McNally, 2011). A
partial reduction of mei-2 and hence microtubule severing was
shown to prevent the reduction in oocyte meiotic spindle length
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that normally occurs during wild-type development (McNally et al.,
20006). In addition, MEI-1 is required for recruitment of ASPM-1 to
meiotic spindle poles, and a homozygous viable mei-1 allele with
compromised microtubule-severing activity—ct103—can still re-
cruit ASPM-1 to meiotic spindle poles (McNally and McNally, 2011;
Gomes et al, 2013). This microtubule-severing-defective ct103
allele mediates the assembly of bipolar spindles that, although
longer than normal, can still shorten but are often mispositioned.
Another microtubule-severing-defective mutant with a similar phe-
notype was initially described as an allele of mei-1 but was later
reported in a correction to be an allele of mei-2 (McNally and
McNally, 2011; Gomes et al., 2013). Other alleles that more com-
pletely reduce mei-1 function have more severe spindle defects
(Mains et al., 1990; Clandinin and Mains, 1993; Clark-Maguire and
Mains, 1994; Srayko et al., 2000, 2006; Yang et al., 2003; McNally
et al., 2006; McNally and McNally, 2011). Finally, the N-terminus of
MEI-1 also can bind microtubules, and this may contribute to polar
organization (McNally and McNally, 2011). In sum, these results led
to the conclusion that MEI-1 has two distinct functions—microtu-
bule severing and spindle pole organization (McNally and McNally,
2011)—although the role of microtubule severing is unclear.

After isolating conditional (heat-sensitive) alleles of C. elegans
aspm-1, mei-1, and klp-18, we used live-cell imaging with transgenic
fluorescent protein fusions to investigate the requirements for these
loci in oocyte meiotic spindle assembly. Our results indicate that
KLP-18 promotes spindle bipolarity, whereas both the MEI-1-
dependent recruitment of ASPM-1 to the spindle and the microtu-
bule-severing activity of MEI-1 contribute to spindle pole assembly.

RESULTS

Temperature-sensitive mutations with abnormal numbers

of oocyte pronuclei map to the conserved genes bmk-1,
aspm-1, klp-18, and mei-1

After completion of oocyte meiosis | and Il in wild-type C. elegans
zygotes, two spherical and haploid pronuclei appear, one from the
egg and one from the sperm (Figure 1A; Albertson, 1984; Albertson
and Thomson, 1993). To identify essential genes that mediate mei-
otic spindle assembly, we used Nomarski optics to examine live one-
cell-stage embryos made by a collection of temperature-sensitive
(ts) embryonic-lethal mutants at the restrictive temperature (Materials
and Methods). We looked for mutants with either no or more than
one oocyte pronucleus as indicator of defects in chromosome seg-
regation during meiosis | or Il and hence possibly defects in oocyte
meiotic spindle assembly. Here we report our isolation of four such
recessive ts mutants: or447ts, or627ts, or645ts, and or1178ts (Figure
1, Supplemental Figure S1, and 4).

After mapping the mutations and performing complementation
tests, we sequenced amplified genomic DNA fragments from candi-
date genes for each mutation to identify the causal mutations (Figure
1B and Supplemental Figure S1A; Materials and Methods). First, we
found that or627ts is an allele of bmk-1, the C. elegans orthologue
of kinesin 5/Eg5 (Supplemental Figure S1A; Materials and Methods).
In vertebrates, this kinesin is required for bipolar mitotic spindle as-
sembly, but C. elegans bmk-1/kinesin 5 is not essential, is not re-
quired for meiotic spindle assembly, and has only a minor role in
mitotic spindle assembly dynamics (Bishop et al., 2005; Saunders
et al., 2007). Consistent with these previous studies, we found that
oré27ts is a recessive gain-of-function bmk-1 mutation (Materials
and Methods). Although this mutation results in fully penetrant mei-
otic spindle defects (Table 1 and Supplemental Figure S1, B and C),
we chose to focus further analysis on the three recessive, loss-of-
function mutations we isolated in aspm-1, mei-1, and klp-18.
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FIGURE 1: The ts mutant alleles of aspm-1, klp-18, and mei-1 have abnormal numbers of maternal pronuclei and
encode missense mutations. (A) Nomarski images of one-cell-stage wild-type and mutant embryos. Embryos are
positioned with the anterior (maternal) and posterior (paternal) pronuclei to the left and right, respectively; genotypes
are indicated. Note the presence of extra maternal pronuclei in aspm-1(or645ts) mutant embryos (arrowheads) and the
absence of maternal pronuclei in klp-18(or447ts) and mei-1(or1178ts) mutants. (B) Partial sequence alignments of
orthologues from C. elegans, Homo sapiens (Hs), Xenopus laevis (Xl), Drosophila melanogaster (Dm), and
Saccharomyces cerevisiae (Sc) with the wild-type and mutant C. elegans (Ce) proteins. Arrowheads indicate altered
residues, with wild-type amino acids in black and mutant amino acids in red. Note the two mutations in klp-18. The
alignment was performed using Boxshade. If the residue is identical to the column consensus, there is a black
background; if the residue is similar to the column consensus, there is a gray background.

In genomic DNA from oré45ts mutants, which failed to comple-
ment the deletion allele aspm-1(ok1208) for maternal-effect embry-
onic lethality, we found a single leucine-to-histidine change at codon
306 in the aspm-1 open reading frame, 5" of sequences that encode
the conserved calponin homology domain (Figure 1B). Similarly,
or447ts failed to complement the deletion allele klp-18(0k2519) and
contained two missense mutations that both affect the C-terminal
coiled-coiled region of KLP-18: a valine-to-methionine change at
codon 854, and a glycine to serine change at codon 876 (Figure 1B).
Finally, or1178ts failed to complement the conditional allele mei-
1(or646ts) and resulted in an aspartate-to-alanine change at codon
166 that affects sequences N-terminal to the conserved AAA
ATPase domain (Figure 1B). The nonconditional deletion alleles
aspm-1(ok1208) and klp-18(ck2519) both result in adult sterility, and
studies of these gene requirements during early embryogenesis in
C. elegans thus far have used RNAI to reduce gene function. To our
knowledge, aspm-1(or645ts) and klp-18(or447ts) are the first condi-
tional alleles identified for these loci, and mei-1(or1178ts) is the
strongest ts allele isolated for this locus (O'Rourke et al., 2011); thus
all three should prove useful for further studies of their requirements
throughout development (Table 2).

To compare oocyte meiotic spindle assembly in live wild-type
and mutant embryos, we used spinning-disk confocal microscopy
and transgenic strains expressing translational fusions of GFP to
B-tubulin and mCherry to Histone2B to mark microtubules and chro-
mosomes during meiosis | spindle assembly (Materials and Methodss).
We used both our ts mutant alleles and RNAi knockdown,
which result in similar phenotypes, to reduce gene functions (Figures
2 and 3A). Because the klp-18 gene is tightly linked to the
mCherry:Histone2B transgene integration site (unpublished data),
we used RNAI to reduce klp-18 function in most experiments.
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aspm-1(or645ts) meiotic spindles are bipolar but assemble
abnormally and are misoriented

Of the three mutants we isolated, we saw the least severe spindle
defects in aspm-1(oré645ts) mutants (Figures 2A). In previous
studies that used RNAI to reduce its function, aspm-1 was shown
to act with dynein to rotate the meiosis | spindle such that it ori-
ents orthogonally to the plane of the plasma membrane (Ellefson
and McNally, 2009; van der Voet et al., 2009; Wignall and
Villeneuve, 2009). We similarly found that bipolar meiosis | spin-
dles assembled in aspm-1(or645ts) mutant zygotes and failed to
rotate to an orthogonal orientation or to stay in close proximity
to the plasma membrane (Figure 2A), followed in 4 of 15 cases
by failed attempts to extrude chromosomes into a polar body
(Figure 2B).

In addition to the previously reported meiotic spindle-position-
ing defects, we also observed earlier defects in spindle morphology
in aspm-1(oré45ts) mutants. After oocyte pronuclear envelope
breakdown, ovulation, and fertilization, aspm-1(or645ts) mutants as-
sembled meiosis | spindles that were large compared with wild type
(Figure 2B). Before metaphase, the mutant spindles also appeared
to have unfocused poles, often with more than a single focus of
microtubule ends visible at one or both poles (Figure 2A and Sup-
plemental Figure S2A), similar to a previous observation for a single
fixed embryo (Wignall and Villeneuve, 2009). To further examine the
integrity of the oocyte meiotic spindle poles, we reduced aspm-1
function in a transgenic strain that expresses a GFP fusion to MEI-1,
which, as shown previously, localizes to the two poles in wild-type
spindles (McNally et al., 2006). We again observed unfocused but
bipolar spindles early in meiosis I, with more than a single focus of
GFP:MEI-1 detected at one or both poles in most mutant embryos
(Figure 2C).
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Homozygote embryonic Heterozygote
viability (%) at embryonic
viability (%) at
Allele 15°C 26°C 26°C
Wild type 99 (n=358) 97 (n=197) -
aspm-1(oré45) 99 (n=216) 38 (n=271) 99 (n = 555)
klp-18(ord47) 91 (n=308) 4 (n =504) 99 (n = 260)
mei-1(or1178) 98 (n=127) 0(n=262) 99 (n=256)
bmk-1(or627) 79 (n=175) 1.4 (n=>561) 99 (n=403)
mei-1(ct46ct103) 65 (n=194)
bmk-1 deletion alleles
bmk-1(0k391) 99 (n=176)
bmk-1(tm969) 99 (n=154)
bmk-1 complementation test
bmk-1(or627)/ 40 (n = 341)
bmk-1(0k391)
bmk-1(or627)/ 27 (n=617)

bmk-1(tm969)
bmk-1 recessive gain-of-function test

bmk-1(or627) + 77 (n=731)
bmk-1(RNA)

Embryonic viability (percentage hatching) was scored for wild type and each

ts mutant at permissive (15°C) and restrictive temperature (26°C) tempera-
tures and for bmk-1 deletion alleles and mei-1(ct46ct103) mutants at 26°C
(Materials and Methods). Embryonic viability at the restrictive temperature from
heterozygous ts mutants was examined to determine whether the mutations are
recessive or dominant.

TABLE 1: Embryonic viability of oocyte meiotic spindle-defective
mutants.

Finally, the meiotic chromosomes in aspm-1(oré45ts) mutants
appeared disorganized. During prometaphase of meiosis |, chromo-
somes in some cases appeared more dispersed within the spindle
relative to wild type (Figure 2A). Nevertheless, as the meiotic cell
cycle progressed, the mutant spindles shortened and maintained
bipolarity, and chromosomes congressed to a metaphase plate,
more nearly resembling wild-type spindle morphology. However,
we then observed lagging chromosomes during anaphase and telo-
phase (Figure 2A). Defects in chromosome segregation and failed
polar body extrusion presumably account for the penetrant pheno-
type of multiple maternal pronuclei observed using differential in-
terference contrast microscopy, with nuclear membranes assem-
bling around multiple chromosome masses present in oocytes upon
the completion of meiosis | and Il (Figure 1 and Table 1). We con-
clude that ASPM-1 has important roles in meiotic spindle assembly,
positioning, and function but is not required for spindle bipolarity.

Bipolar oocyte meiotic spindles fail to assemble in both
mei-1(-) and klp-18(-) mutants
In contrast to aspm-1(-) mutants, klp-18(-) and mei-1(-) mutants as-
sembled oocyte meiotic spindles that appear to lack bipolarity (Figure
3A). Indeed, both klp-18(-) and mei-1(-) mutants frequently extruded
all oocyte chromosomes into the first polar body, leaving zygotes with
no maternal genome contribution (Table 1 and Figures 1A and 3A).
Although both mutants lacked bipolarity, the meiotic spindle as-
sembly defects we observed in mei-1(-) and klp-18(-) mutants were
distinct. In mei-1(-) mutants, the oocyte meiosis | spindle was highly
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Fertile  Larval

adults®  lethal Male Sterile
Allele (%) (%) (%) (%) n
aspm-1(oré45) 56 44 118
klp-18(or447) 67 4 29 117
mei-1(oré642) 98 2 120
mei-1(or646) 94 3 3 167
mei-1(or1178) 66 33 129
mei-2(sb39) 85 15 107

Larval lethality, sterility, and gender were scored after L1 larvae were matured to
adulthood at restrictive temperature (26°C).
2All adults laid dead embryos.

TABLE 2: Postembryonic phenotypes of oocyte meiotic spindle—
defective mutants.

disorganized: the chromosomes were variably dispersed without
ever congressing to a metaphase plate, and microtubules appeared
loosely organized. Ultimately, an interspersed assembly of microtu-
bules and chromosomes was often extruded into a single, abnor-
mally large polar body (Figure 3A). By contrast, during oocyte mei-
otic spindle assembly in klp-18(-) mutants, chromosomes also were
initially scattered among loosely organized microtubules, but chro-
mosomes and microtubules progressively congressed into a smaller
area, with chromosomes at the periphery of a single bright focus of
microtubule density (Figure 3A).

klp-18(-) mutant oocyte meiotic spindles are monopolar,
whereas mei-1(-) mutant spindles are apolar

On the basis of their distinct morphologies, we hypothesized that
mei-1(-) meiotic spindles are apolar and that klp-18(-) mutants
assemble monopolar spindles. To further investigate whether
klp-18(-) and mei-1(-) spindles are monopolar or apolar, we used
ASPM-1 as a spindle pole marker. From previous studies of fixed
embryos, ASPM-1 is known to localize to oocyte meiotic spindle
poles (Wignall and Villeneuve, 2009; McNally and McNally, 2011;
Gomes et al., 2013). To examine ASPM-1 localization dynamics in
live oocytes, we used recombineering to construct a functional
N-terminal translational fusion of GFP to ASPM-1 driven by the
endogenous promoter (Materials and Methods). In wild-type trans-
genic oocytes, GFP:ASPM-1 marked both spindle poles before
metaphase and persisted through anaphase (Figure 3B).

We next used transgenic strains expressing the GFP:ASPM-1
fusion to further compare mei-1(-) and klp-18(-) mutant oocytes
(Figure 3B). Consistent with previous studies using fixed embryos
(McNally and McNally, 2011; Gomes et al., 2013), GFP:ASPM-1
was nearly absent from the disorganized meiotic spindles observed
in mei-1(-) mutant oocytes. By contrast, ASPM-1 brightly marked a
single focus in klp-18(-) mutant spindles, consistent with a previous
analysis of fixed specimens (Wignall and Villeneuve, 2009). These
results provide the first analysis of C. elegans ASPM-1 localization
in live embryos and support the conclusions that mei-1(-) oocytes
lack meiotic spindle polarity and klp-18(-) mutants assemble mo-
nopolar spindles (Discussion).

mei-1 is required for monopolar spindle assembly

in klp-18(-) mutants

We next wanted to identify genetic requirements for oocyte meiotic
spindle pole assembly, using the monopolar spindles in klp-18(-)
mutants as a simplified model for wild-type spindle pole assembly.
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A GFP:B-tubulin mCherry:H2B histone B

Spindle Length  P-Value
at Ovulation
(um)
Wild Type 7.48 +/- 0.78
aspm-1(or645) 14.4 +/- 1.441.3E-7
aspm-1(or645,
aspm-1(RNAI) 10.0 +/- 2.340.01
aspm-1(or645 Anaphase Bridges
aspm-1(or645) 5/7
aspm-1(RNAI) 5/8
aspm-1(RNAi
Failed Polar
Body Extrusion
aspm-1(ANAI aspm-1(or645) 3/7
aspm-1(RNAI) 1/8
mm 5pum
c GFP:MEI-1 mCherry:H2B histone
Unfocused
. Spindle Poles
wild type (2 poles/ spindle)
aspm-1  8/14
(RNAI)

aspm-1
(RNAI)

mm 5pum

aspm-1(-) mutants assemble long, bipolar oocyte meiotic spindles with unfocused pole ends and aberrantly
organized chromosomes. (A) Spinning-disk confocal images were recorded over time during meiosis | in live wild-type
(Supplemental Movie S1) and aspm-1(-) mutant (Supplemental Movies S2 and S3) embryos expressing
mCherry:Histone2B and GFP:B-tubulin translational fusions to mark chromosomes and microtubules, respectively.
Indicated time points begin at ovulation. A white dashed line marks the edge of the plasma membrane. In the first
column, white arrowheads mark unfocused pole ends, and in the third column, arrowheads mark the lagging
chromosomes during anaphase, as quantified in B. The asterisk indicates an embryo in which polar body extrusion failed.
Bottom rows, examples of mutant embryos with more-focused poles. (B) Quantification of spindle defects in aspm-1(-)
mutants. Meiotic spindles were measured directly after ovulation from one end of the pole to the other using spinning-
disk confocal images. (C) MEI-1 marks unfocused pole ends in aspm-1(RNAi). Spinning-disk confocal images taken over
time during meiosis | in live wild-type (Supplemental Movie S4) and aspm-1(-) mutant (Supplemental Movie S5) embryos
expressing GFP:MEI-1 and mCherry:Histone2B translational fusions to mark spindle poles and chromosomes,
respectively. Times indicated begin at ovulation. Scale bar as shown. Arrowheads indicate mutant spindle poles that
initially appear fragmented but later coalesce into more-focused poles resembling those observed in wild-type embryos.

Wild-type and mutant embryos with bipolar oocyte meiotic spindles
capture and segregate chromosomes into a single metaphase plate
that then transitions during anaphase into two nearly identical
masses, sometimes connected by anaphase bridges in mutants.
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These dynamics made it difficult to directly and quantitatively com-
pare bipolar spindle dynamics to the apolar and monopolar mei-1(-)
and klp-18(-) spindles. We therefore limited our quantitative compari-
sons to mutants with apolar or monopolar oocyte meiotic spindles.

Molecular Biology of the Cell



Ovulation

Prometaphase Metaphase

Anaphase Telophase

= 5pm GFP:ASPM-1 mCherry:H2B histone
FIGURE 3: Monopolar and apolar oocyte meiotic spindles assemble in klp-18(-) and mei-1(-)
mutants, respectively. (A) Time-lapse spinning-disk confocal images from immobilized worms
were recorded during meiosis | in wild-type (Supplemental Movie S1) and mutant zygotes
(Supplemental Movies S6-59) expressing mCherry:Histone2B and GFP:B-tubulin to mark
chromosomes and microtubules, respectively, from ovulation to polar body extrusion, but only
GFP:Histone2B marks the chromosomes in klp-18(or447) oocytes. Anterior is to the left, times
indicated are relative to ovulation, and a white dashed line marks the edge of the zygote plasma
membrane. In this and subsequent figures, each image shown is a projection of six consecutive
frames taken at 1.5-pm intervals in a Z-stack for each time point. (B) ASPM-1 marks a single pole
in klp-18(-) mutants and no pole in mei-1(-) mutants. Spinning-disk confocal images taken over
time during meiosis | in live wild-type (Supplemental Movie S10) and mutant embryos
(Supplemental Movies S11 and $12) expressing GFP:ASPM-1 and mCherry:Histone2B
translational fusions to mark spindle poles and chromosomes, respectively. Times indicated
begin at ovulation. Scale bar as shown.

To use klp-18(-) mutants as a model for analyzing pole assembly,
we first developed a simple quantitative measurement to compare
differences in spindle size and organization. The measurement
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entails tracking the two-dimensional area
occupied by oocyte chromosomes over
time in projected Z-stacks. We then com-
pared the area at ovulation, immediately
after the egg has been fully engulfed by the
spermathecae, with the smallest area occu-
pied by the chromosomes during meiosis |
(Figure 4; Materials and Methods).

We found that klp-18(-) oocyte chromo-
somes were distributed over a relatively
large area at ovulation but then congressed
into a much smaller area (Figure 4). By con-
trast, chromosomes in mei-1(-) oocytes oc-
cupied a smaller area initially but generally
failed to congress (Figure 4). We then calcu-
lated the ratio of the area occupied by oo-
cyte chromosomes at ovulation over the
smallest area occupied during meiosis |
(Figure 4). In klp-18(-) mutants, this “area oc-
cupied by chromosomes” (AOC) ratio was
on average 3.6, whereas in mei-1(-) mutants
the AOC ratio was on average 1.2. As an
independent measure of spindle pole as-
sembly, we also compared the smallest ar-
eas occupied by chromosomes in mei-1(-)
and klp-18(-) mutants and found that chro-
mosomes came to occupy a smaller area in
klp-18(-) than in mei-1(-) mutants (Figure 5).
We conclude that oocytes fail both to as-
semble spindle poles and to organize chro-
mosomes in mei-1(-) mutants, whereas klp-
18(-) mutants assemble organized and
monopolar oocyte meiotic spindles that ap-
pear to capture and bring chromosomes
toward the monopole.

We next asked whether the reduction in
meiotic spindle size that occurs over time in
klp-18(-) mutants requires mei-1 function. We
reasoned that a loss of any obvious spindle
pole assembly might prevent the assembly
of a monopolar spindle in klp-18(-) mutants.
To this end, we examined oocyte meiotic
spindle assembly dynamics in mutants lack-
ing both mei-1 and klp-18 function (Figure 5
and Supplemental Figure S2). As expected,
spindle assembly dynamics in double mu-
tants resembled those observed in mei-1(-)
single mutants: the initially dispersed oocyte
chromosomes failed to congress and thus
did not occupy a smaller area later in meiosis
I. We conclude that mei-T is required for as-
sembly of monopolar meiotic spindles in
klp-18(-) mutants, consistent with previous
observations (McNally and McNally, 2011).

The microtubule-severing activity of
MEI-1 is required for monopolar
oocyte meiotic spindle assembly in
klp-18(-) mutants

The MEI-1 protein could promote oocyte

meiotic spindle assembly through two distinct functions: the micro-
tubule severing mediated by its C-terminal AAA ATPase domain,
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FIGURE 4: Measuring the area occupied by chromosomes over time quantitatively distinguishes
oocyte meiotic spindle-defective mutant phenotypes. (A) Spinning-disk confocal images were
recorded over time during meiosis | in live wild-type and mutant embryos expressing
mCherry:Histone2B and GFP:B-tubulin translational fusions to mark chromosomes and
microtubules, respectively. (B) Left, the ImageJ polygon tool was used to measure the area
occupied by chromosomes at each time point for the embryos shown in A. Examples of how the
area was traced are shown in each image (A). Right, measurements beginning at ovulation and
taken every 30 s, ending when chromosomes were extruded into a polar body. If chromosomes
did not extrude into a polar body, the movie was ended after a failed attempt to extrude
chromosomes. Averages for the indicated number of embryos are shown. Right, compaction
ratios of the areas occupied at ovulation (orange lines) divided by the smallest area occupied
during meiosis | (blue lines).

and recruitment of ASPM-1 to the meiotic spindle (McNally and
McNally, 2011). Although the partially microtubule severing defec-
tive mei-1(ct4é6ct103) allele is homozygous viable (Table 1) and as-
sembles abnormally long but bipolar meiosis | spindles (McNally
and McNally, 2011), we found that the spindle poles initially
appeared loosely organized compared with wild type (Figures 6
and 7), although the microtubule signal was reduced in these mu-
tants and we have not quantified this defect. The loosely organized
poles could result from a role for microtubule severing in pole as-
sembly or be an indirect consequence of the initially larger size of
the mutant spindles relative to wild type. To distinguish between
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these possibilities, we asked whether the
microtubule-severing activity of mei-1 is re-
quired for monopolar spindle assembly in
klp-18(-) mutants. Intriguingly, the spindle
dynamics in mei-1(ct46ct103); klp-18(-) dou-
ble mutants was intermediate compared
with that in mei-1(or1178ts) and klp-18(-)
single mutants: the double mutant AOC ra-
tio of 2.7 was lower than the 3.6 ratio ob-
served in klp-18(-) mutants but greater than
the 1.4 ratio observed after reducing all mei-
1 function in klp-18(-) mutants (Figure 5).
Similarly the smallest area occupied by chro-
mosomes in the double mutant was less
than that observed in mei-1(-) but greater
than that observed in klp-18(-) single mu-
tants (Figure 5). We conclude that the micro-
tubule-severing activity of mei-1 plays a role
in the assembly of monopolar cocyte mei-
otic spindles in klp-18(-) mutants.

Although the mei-1(ct46ct103) allele has
been shown to have substantially reduced
microtubule-severing activity (McNally and
McNally, 2011), the mutation also could
have other effects on MEI-1 function that are
responsible for the loss of spindle pole fo-
cusing observed in klp-18(-) mutants. To test
independently whether microtubule sever-
ing plays a role in oocyte meiotic spindle
pole focusing, we used mutations in the a-
and B-tubulin genes tba-2 and tbb-2 (tba-
2(sb27) and tbb-2(sb26)) that were isolated
as suppressors of a dominant mei-1 allele
with constitutive microtubule-severing activ-
ity; these tubulin mutants apparently are re-
sistant to microtubule severing (Lu et al.,
2004; Lu and Mains, 2005). We found that
the AOC ratio and the smallest area occu-
pied by chromosomes in tba-2(sb27); tbb-
2(sb26); klp-18(-) triple mutants also were
intermediate between the values observed
for klp-18(-) single mutants and klp-18(-) mu-
tants lacking all mei-1 function (Figure 5),
further supporting a role for microtubule
severing in oocyte meiotic spindle pole
assembly.

aspm-1 is required for monopolar
oocyte meiotic spindle assembly in
klp-18(-) mutants that lack mei-1
microtubule-severing activity

We next asked whether aspm-1 is required for the compact mo-
nopolar appearance of the meiotic spindle in klp-18(-) oocytes as
they approach completion of meiosis I. Two observations led us to
suspect a role for aspm-1. First, as in mei-1(ct46ct103) mutants, the
meiotic spindle poles in aspm-1(-) oocytes initially appeared loosely
organized (Figures 2 and 6), consistent with a transient role in focus-
ing spindle poles during prometaphase. Second, the ASPM-1 pro-
tein localized to a single monopolar focus in klp-18(RNAI) oocytes
but was largely absent from apolar mei-1(-) spindles (Figure 3B). We
therefore examined spindle assembly in live mutant oocytes lack-
ing both aspm-1 and klp-18 function. We found that spindle
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FIGURE 5: Assembly of monopolar oocyte meiotic spindles in klp-18 mutant requires both the katanin activity of MEI-1
and ASPM-1. (A) Representative spinning-disk confocal images were recorded over time during meiosis | in live mutant
embryos (Supplemental Movies S6-S9 and S13-518) expressing mCherry:Histone2B and GFP:B-tubulin translational
fusions to mark chromosomes and microtubules, respectively, with the exception of kip-18(or447ts) oocytes, which
expressed GFP:Histone2B only. The images shown are from ovulation and from the time during meiosis | at which the
chromosomes occupied the smallest area. (B) Scatter plot showing the ratios of the areas occupied by chromosomes at
ovulation over the smallest areas occupied during meiosis |. For mei-1(-) and klp-18(-), measurements were taken using
RNAI (black dots) and ts mutations (red dots) to reduce gene function. Average areas for combined genotypes at
ovulation (O), average smallest areas (S), average ratios (O/S), and number of embryos analyzed for each genotype (N)
are shown below the graph. (C) Bar graph showing the average ratio of the areas occupied at ovulation over the
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for observations made in the mei-1(ct46ct103) background, in red for tba-2(sb27);tbb-2(sb26) background, and in blue
when comparing these two when klp-18 is knocked down. p < 0.05 indicates a statistically significant difference.

dynamics in the double mutant were nearly identical to those in
klp-18(-) single mutants, with AOC ratios of ~3.4 and ~3.6, respec-
tively (Figure 5 and Supplemental Figure S2). However, we then
considered the possibility that whereas a role for aspm-1 might not
be apparent in the aspm-1(-); klp-18(-) double mutant, a contribu-
tion by aspm-1 might be detected in the already compromised
context of the mei-1(ct46ct103); klp-18(-) double mutant. We there-
fore used RNAI to knock down both klp-18 and aspm-1 in mei-
1(ct46ct103) mutants. We found that reducing both aspm-1 and
microtubule-severing activity in a klp-18(-) mutant background did

Volume 25  April 15, 2014

result in a more severe loss of spindle pole focusing compared with
mei-1(ct46ct103); klp-18(RNAI) double mutant, with AOC ratios of
1.6 and 2.8, respectively (Figure 5). Similarly, reducing aspm-1 func-
tion in the tba-2(sb27); tbb-2(sb26); klp-18(-) mutant further re-
duced the AOC ratio compared with tba-2(sb27); tbb-2(sb26);
klp-18(-), although in this case the reduction was not statistically
significant, due in part to the more severe loss of compaction
observed in the tubulin mutant background relative to the
microtubule-severing mutant background (Figure 5). We conclude
that mei-1 contributes to oocyte meiotic spindle pole focusing
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FIGURE 6: Microtubule-severing-defective mei-1(ct46ct103) and
tba-2(sb27);tbb-2(sb26) mutant oocytes assemble bipolar oocyte
meiotic spindles. Spinning-disk confocal images were recorded over
time during meiosis | in live wild-type (Supplemental Movie S1) and
mutant embryos (Supplemental Movies S19 and S20) expressing
mCherry:Histone2B and GFP:B-tubulin translational fusions to mark
chromosomes and microtubules, respectively. Indicated time points
begin at ovulation. A white dashed line marks the edge of the plasma
membrane. Scale bar as shown.

through both its microtubule severing activity and its recruitment of
ASPM-1 to the spindle.

We relied on AOC ratios to quantitatively compare different mu-
tant phenotypes with respect to monopolar spindle assembly, as we
believe this measurement best represents the movement of chro-
mosomes into a smaller volume over time. However, this measure-
ment includes the initial area occupied by chromosomes, and one
significant difference between mei-1(-) and klp-18(-) single mutants
is that chromosomes initially occupy a significantly larger area in
klp-18(-) mutants (Figures 4 and 5B). We suspect that this difference
may be due to the reduced number of microtubules present in
mei-1(-) mutants relative to wild-type zygotes (Srayko et al., 2006),
although we have not quantified this phenotype in our analysis. Be-
cause this difference between mei-1(-) and klp-18(-) mutants may
confound our reliance on AOC ratios, we also compared the small-
est volume occupied by chromosomes during meiosis | in different
mutant backgrounds (Figure 5B). When using this measurement,
we also observed a significant difference between mei-1(-) and
klp-18(-) single mutants (p = 2.9 x 10~%) and between klp-18(-) and
mei-1(-); klp-18(-) double mutants (p = 0.003). Although we did not
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observe a significant difference when comparing this value between
klp-18(-) mutants and double and triple mutants specifically lacking
microtubule-severing activity, we did observe a significant differ-
ence when comparing klp-18(-) and klp-18(-); tba-2(sb27); tbb-
2(sb26); aspm-1(RNAI) mutants (p = 0.02); this quadruple mutant
exhibited the most-reduced AOC ratio of all mutants specifically
lacking microtubule-severing but not all mei-1 function (Figure 5).

As a final test of whether both aspm-1 and microtubule severing
contribute to spindle pole focusing, we used RNAi to reduce aspm-1
function in mei-1(ct46ct103) and tba-2(sb27); tbb-2(sb26) mutants.
Whereas aspm-1(-) and mei-1(ct46ct103) single mutants and the
tba-2(sb27); tbb-2(sb26) double mutant all assembled abnormal but
bipolar oocyte meiosis | spindles, we found that the mei-1(ct46ct103);
aspm-1(RNAI) double mutant and the tba-2(sb27); tbb-2(sb26); aspm-
1(RNAI) triple mutant both were unable to assemble a bipolar spindle
and instead assembled disorganized and apparently apolar spindles
that resembled those observed in mutants lacking all mei-1 function
(Figure 7), although the AOC ratios were more variable (Figures 5 and
7). These results support our conclusion that both aspm-1 and micro-
tubule-severing activity contribute to meiotic spindle pole assembly.
Finally, the AOC ratio in klp-18(-) mutants that lacked both microtu-
bule severing and ASPM-1 was not as low as the AOC ratio in klp-18(-
); mei-1(or1178ts) double mutants with a more complete loss of mei-1
function. Although this difference was not statistically significant, we
cannot rule out the possibility that mei-1 acts through additional fac-
tors to promote bipolar oocyte meiotic spindle assembly.

DISCUSSION

By using live-cell imaging to quantify microtubule and chromosome
dynamics during C. elegans oocyte meiotic spindle assembly, we
confirmed previously identified requirements for aspm-1, mei-1,
and klp-18, three essential genes known to be required for cocyte
meiotic spindle positioning or assembly. Our results further indicate
that the calponin homology domain protein ASPM-1, in addition to
its previously documented role in spindle positioning, also contrib-
utes to assembly of the acentrosomal oocyte meiotic spindle poles
and is required for chromosome segregation during anaphase. Fur-
thermore, our results provide the first evidence that microtubule
severing by MEI-1 also contributes to spindle pole focusing. Finally,
our results confirm in live embryos the previous conclusion that klp-
18/kinesin 12 is not required for spindle pole assembly but instead
promotes oocyte meiotic spindle bipolarity.

klp-18 promotes oocyte meiotic spindle bipolarity

The conclusion that klp-18(-) mutants assemble monopolar oocyte
meiotic spindles is based on three observations. First, during meio-
sis | in klp-18(-) mutants, the chromosomes are initially dispersed,
but over time the chromosomes move toward each other to ulti-
mately occupy a small volume. The chromosomes surrounded a
central core of microtubule density as they congressed, consistent
with the capture and movement of chromosomes by microtubules
emanating from a monopole. Second, the oocyte meiotic spindle
pole marker ASPM-1, found at both poles in wild type, localizes to a
single focus in klp-18(-) mutants, and the dispersed chromosomes
moved toward this ASPM-1 focus. Third, consistent with our live-cell
analysis, immunofluorescence images of fixed embryos were consis-
tent with monopolar oocyte meiotic spindles assembling in klp-18(-)
mutants (Wignall and Villeneuve, 2009).

The human and mouse kinesin 12 family members hKlp2 and
Kif15 are partially redundant with the kinesin 5 family member Eg5
in promoting mitotic spindle bipolarity (Tanenbaum et al., 2009;
Vanneste et al., 2009). Chemical inhibition of Eg5 early in mitosis
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p < 0.05 indicates a statistically significant difference.

results in a loss of bipolarity, but chemical inhibition beginning at
metaphase has no effect (Kapoor et al., 2000). Although RNAI
knockdown of either hKlp2 or Kif15 alone does not affect bipolarity,
knocking them down after chemical inhibition of Eg5 beginning
at metaphase does lead to loss of mitotic spindle bipolarity
(Tanenbaum et al., 2009; Vanneste et al., 2009). In C. elegans, nei-
ther klp-18/inesin 12 nor bmk-1/inesin 5 is required for mitotic
spindle bipolarity (Tanenbaum et al., 2009; Vanneste et al., 2009).
Although it is possible that they are more fully redundant during
mitosis than the vertebrate orthologues, we did not detect any loss
of mitotic spindle bipolarity in early embryos lacking both kip-18
and bmk-1 function (unpublished data).

Both kinesin 5 and 12 family members are believed to mediate
bipolar spindle assembly by cross-linking and pushing in opposite
directions antiparallel microtubules to promote separation of the
two spindle poles (Tanenbaum et al., 2009; Vanneste et al., 2009;
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Sturgill and Ohi, 2013). For Eg5 the cross-linking results from the
formation of homotetramers of the kinesin heavy chain, with the
oppositely projecting motor domain dimers binding antiparallel
microtubules (Weinger et al., 2011). In contrast, kinesin 12 family
members form homodimers that can bind one microtubule, with
cross-linking possibly achieved by binding Tpx2, which also binds
microtubules. In C. elegans, RNAi knockdown of Tpx2 compromises
mitotic spindle assembly, but no requirement for oocyte meiotic
spindle assembly was reported (Ozlu et al., 2005). Thus it remains
unclear whether and how klp-18 cross-links microtubules to pro-
mote meiotic spindle bipolarity in oocytes.

The temporal pattern of chromosome distribution in klp-18(-)
mutants is distinct from that observed in C. elegans mutants with
monopolar mitotic spindles in early embryonic cells (Kitagawa et al.,
2009; Song et al, 2011). In these mutants, chromosomes are
captured by astral microtubules emanating from a single centrosome
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by severing microtubules, whereas ASPM-1 cross-links parallel
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assembly by severing chromatin-nucleated microtubules. (B) KLP-18
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poles by cross-linking the minus ends of parallel microtubules
through a dynein-dependent mechanism; consistent with this
model, GFP:DHC-1 is nearly absent from meiotic spindles in
mei-1(-) oocyte meiotic spindles (Supplemental Figure S3). The
recruitment of ASPM-1 to oocyte meiotic spindle poles requires
MEI-1; however, it is not known whether this recruitment involves
a direct or indirect interaction, and hence this relationship is not

depicted.

« ‘@ DHC-1
c

) ASPM-1

and over time congress to form an arc peripheral to the monopole.
We conclude that the acentrosomal meiotic spindle monopole in
klp-18(-) mutants is more compact than with a centrosomal mitotic
monopole, accounting for the movement of oocyte meiotic chro-
mosomes into a much smaller volume.
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mei-1 and aspm-1 promote oocyte meiotic spindle

pole assembly

The microtubule-severing complex katanin comprises two sub-
units, p60 and p80, encoded in C. elegans by the genes mei-T and
mei-2 (Clark-Maguire and Mains, 1994; Hartman et al., 1998;
Srayko et al., 2000). Inactivation of either gene results in similar
meiotic spindle defects and embryonic lethality. Partial loss-of-
function mutations have been used to identify requirements for
mei-1 and mei-2 in oocyte meiotic spindle positioning (Yang et al.,
2003; McNally et al., 2006) and for the decrease in spindle length
that occurs around metaphase (McNally et al., 2006). More re-
cently, an analysis of a mei-1 allele, ct103, isolated as an intragenic
suppressor of a gain-of-function mei-1 allele, ct46 (Mains et al.,
1990; Clandinin and Mains, 1993), showed that this homozygous
viable katanin-defective mei-1 allele can recruit ASPM-1 to bipolar
meiotic spindles and mediate a partial decrease in spindle length
(McNally and McNally, 2011; Gomes et al, 2013). The
mei-1(ct46ct103) allele was shown to have a substantial reduction
in microtubule-severing activity compared with wild-type mei-1
when expressed in tissue culture cells and assayed by quantifying
the immunofluorescence signal from microtubules (McNally and
McNally, 2011; Gomes et al., 2013). These results suggest that the
microtubule-severing activity of mei-1 is not required for oocyte
meiotic spindle pole assembly. However, by quantifying spindle
morphology dynamics over time in klp-18(-) mutants, which
assemble monopolar spindles, we found that the microtubule-
severing activity of katanin does contribute to meiotic spindle pole
assembly. This conclusion is based on several observations. First,
the partially katanin-defective allele mei-1(ct46ct103) assembles
bipolar oocyte meiotic spindles, but the poles appear only loosely
focused early in meiosis |. Second, decreasing microtubule-sever-
ing activity with mei-1(ct46ct103) or increasing resistance to micro-
tubule severing with tba-2(sb27); tbb-2(sb26) leads to partial loss
of monopolar spindle assembly in klp-18(-) mutants, as judged by
the failure of oocyte chromosomes to move into as small a volume
as they do in mutants lacking only klp-18 function. Third, whereas
reducing aspm-1 function in klp-18(-) mutants does not significantly
affect the movement of chromosomes into a smaller volume, re-
ducing aspm-1 function in mutants that lack both klp-18 function
and have reduced microtubule-severing activity further limited the
ability of chromosomes to move into a smaller volume. This again
supports a role for microtubule severing in pole assembly. Finally,
double mutants that lack both aspm-1 function and microtubule
severing fail to assemble bipolar spindles, even though the single
mutants assemble bipolar, if initially loosely organized, spindles.
These latter two observations support our conclusion that ASPM-1
recruitment by MEI-1 and MEI-1 microtubule-severing activity play
independent roles in oocyte meiotic spindle pole assembly. How-
ever, microtubule severing appears to play a more significant role
in pole assembly than does ASPM-1, as reducing ASPM-1 function
alone in a klp-18(-) background did not significantly alter the move-
ment of chromosomes into a more compact volume. Finally,
whereas mei-1 is an essential gene, we do not know whether
microtubule severing and pole assembly are each individually
required for viability.

Our analysis does not provide mechanistic insight into how
ASPM-1 and microtubule severing each promote pole assembly.
Nevertheless, as illustrated in Figure 8, we speculate that severing
of microtubules nucleated by chromatin during acentrosomal spin-
dle assembly (Heald et al., 1996; Khodjakov et al., 2000) could liber-
ate microtubules that contribute to spindle assembly (Burbank et al.,
2006). Alternatively, it is possible that the mei-1(ct46ct103) and
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tba-2(sb27); tbb-2(sb26) mutants influence pole assembly not
through microtubule severing itself, but perhaps through related in-
teractions with microtubules that do not necessarily lead to sever-
ing. ASPM-1, whose polar recruitment depends on MEI-1 (McNally
and McNally, 2011), in turn might bring minus ends into close prox-
imity at spindle poles through its interactions with the NuMA-related
protein LIN-5 and cytoplasmic dynein (van der Voet et al., 2009;
Ellefson and McNally, 2011). Consistent with such a model, a GFP
fusion to the C. elegans dynein heavy chain (GFP:DHC-1) was largely
absent from mei-1(-) mutant spindles (Supplemental Figure S3).

In sum, our analysis identifies possible roles for two mei-1 func-
tions—ASPM-1 recruitment and microtubule severing—in the as-
sembly of oocyte meiotic spindle poles. However, we cannot rule
out other roles for mei-1 in oocyte meiotic spindle assembly, involv-
ing, for example, the ability of the MEI-1 N-terminus to bind micro-
tubules (McNally and McNally, 2011).

Quantitative analysis of oocyte meiotic spindle
morphology-defective mutants can define spindle

assembly pathways

Our understanding of oocyte meiotic spindle assembly has been
limited in part by difficulties in observing oocyte meiotic cell divi-
sions using live-cell imaging methods and by the very small size of
the meiotic spindle. Our use of live imaging of oocyte meiotic spin-
dle assembly in multiple mutant backgrounds, our quantification of
spindle morphology dynamics, and our use of the spindle pole
marker GFP:ASPM-1 together enabled us to identify previously un-
appreciated roles for genes known to be required for oocyte meiotic
spindle assembly.

Our analysis of oocyte meiotic spindle assembly in addition ben-
efited from the identification of conditional mutations in essential,
maternally expressed genes. Many essential genes that are required
for early embryogenesis also have earlier requirements during either
gonadogenesis or germline development, with null alleles and RNA
often resulting in sterility and thus precluding or complicating the
analysis of requirements during meiosis | and Il. Conditional alleles
also facilitate the construction and analysis of mutants lacking the
function of multiple genes without having to rely entirely on the less
efficient and less reproducible approach of using RNAi, especially
when reducing multiple gene functions. Moreover, conditional mu-
tations can be used to sensitize genetic backgrounds for modifier
screens designed to identify additional factors (Dorfman et al., 2009;
O'Rourke et al., 2011).

Further investigation of the molecular genetic pathways that
control oocyte meiotic spindle assembly will benefit from continued
efforts to identify conditional alleles of essential genes required for
this process, the further application of live-cell imaging using fluo-
rescent protein fusions to spindle-associated proteins, and the con-
tinued application of quantitative approaches to the analysis of
spindle morphology and dynamics.

MATERIALS AND METHODS

C. elegans strains

N2 Bristol was used as the wild-type strain, with standard nematode
protocols used as described (Brenner, 1974). The ts alleles were
isolated in a screen for ts-embryonic lethal mutant using methods
previously described (Kemphues et al., 1988; O'Connell et al., 1998;
Encalada et al.,, 2000). The ts mutations were isolated from a
lin-2(e1309) background and outcrossed at least three times with
the N2 strain as described (Encalada et al., 2000). The ts strains were
maintained at the permissive temperature of 15°C, and L4s were
shifted to the restrictive temperature, 26°C, for 2-5 h before young
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adult worms were cut open to isolate mutant embryos for pheno-
typic analysis, bypassing larval lethality and sterility phenotypes that
result from earlier upshifts (Table 2). The ts mutations and deletion
alleles are listed by chromosomes: mei-1(oré64é6ts) |; mei-1(or1178ts)
I; mei-1(ct46ct103) |; aspm-1(or645ts) |; aspm-1(ok1208) I; mei-
2(sb3%s) I; klp-18(ord47ts) IV; klp-18(0k2519) IV; bmk-1(or627ts) IV,
bmk-1(tmé96) V, bmk-1(0k391) V. Transgenic GFP:B-tubulin and
mCherry:Histone2B strains were derived from AZ244 (GFP:B-tubulin)
and OD56 (mCherry:Histone2B), respectively. A GFP:ASPM-1 con-
struct was made by recombineering using the fosmid WRM0624aG02
as previously described (O'Rourke et al., 2007). Transgenic strains
were generated by microparticle bombardment as previously de-
scribed (Praitis et al., 2001). The GFP:ASPM-1 fusion was functional,
in that it rescued embryonic lethality when crossed into the aspm-
1(or645ts) mutant background (unpublished data). Transgenic strains
were crossed into a him-5(e1490) background, and males from the
him-5 strains were used to introduce the transgenes into ts mutant
strains.

Genetic analysis

Viability counts of embryos (percentage hatching) were determined
by singling at least seven L4s onto individual plates, growing them
at the permissive or restrictive temperature until eggs were laid, and
then removing the mother and counting the eggs. We allowed the
embryos to develop for 18-24 h and then counted the unhatched
embryos. With all four alleles, we found that mutant/+ worms pro-
duced roughly one-fourth homozygous self-progeny (unpublished
data), indicating that each recessive mutant phenotype is caused by
mutation(s) at single or tightly linked loci. Complementation tests
were performed by first generating him-8 or him-5 strains that were
homozygous for a ts mutant allele; males from these strains were
then crossed into heterozygous strains carrying the deletion alleles.
Embryonic viability in the broods of F1s was scored at the restrictive
temperature as described. Recessive gain-of-function test of bmk-
1(or6271s) allele (using RNAI to knock down the mutant gene prod-
uct) was performed after using hypochlorite to isolate embryos from
homozygous mutant worms and leaving them in M9 overnight at
15°C. The synchronized hatched and starved homozygous mutant
L1s were then put onto agar plates seeded with Escherichia coli
expressing double-stranded bmk-1 RNA (Fraser et al., 2000; see
later description) and matured to adulthood at 26°C. Young adults
were then removed, and the eggs laid were scored for percentage
hatching as described.

Positional cloning of TS mutant loci

Using visible markers, we found that oré45ts resides within a 1.4-cM
interval between unc-29 and lin-11 on linkage group 1 (unpublished
data). Data from genome-wide RNAi knockdown screens (www
.wormbase.org) indicate that aspm-1 is the only gene in this region
that results in the production of one-cell zygotes with multiple ma-
ternal pronuclei, as observed in oré45ts mutants. Furthermore,
or645ts failed to complement the aspm-1 deletion allele 0k1208
(unpublished data). Homozygous oré45ts genomic DNA was puri-
fied using a DNeasy Blood and Tissue kit (Qiagen, Valencia, CA).
We amplified overlapping DNA fragments that span the aspm-1
locus by PCR and purified the product using QlAquick PCR Purifica-
tion kit (Qiagen). Overlapping DNA fragments were sequenced by
Sequetech (Mountain View, CA).

To identify the causal mutation in or447ts mutants, we again
used visible markers and mapped the mutation to a 0.11-cM interval
between dpy-20 and bli-6 on linkage group 4. The only C. elegans
gene within this interval that, when reduced in function using RNA,
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results in oocyte meiotic cell division defects is the kinesin 12 family
member klp-18. Moreover, in genetic crosses, or447ts failed to com-
plement a nonconditional and likely null klp-18 deletion allele,
0k2519 (unpublished data), consistent with or447ts being a klp-18
allele. From or447ts genomic DNA, we PCR amplified and se-
quenced overlapping DNA fragments that span the klp-18 locus.

Using a genome-wide single nucleotide polymorphism (SNP)
mapping and whole-genome sequencing approach (Doitsidou
et al., 2010), we mapped or1178ts to an ~9-Mb region on Linkage
group 1. The mei-1 gene was the most promising candidate in this
region, based on both phenotypic similarity to or1178ts as reported
in earlier studies of mei-1 mutants (Srayko et al., 2000) and the re-
sults from multiple genome-wide RNAI screens (www.wormbase
.org). The allele or1178ts failed to complement the previously identi-
fied mei-1(oré4éts) allele while complementing both aspm-1(or645ts)
and mei-2(sb3%ts) mutants, consistent with or1178ts being a mei-1
allele. From or1178ts genomic DNA, we PCR amplified and se-
quenced overlapping fragments spanning the mei-1 locus.

We used PCR-targeted SNP mapping to place oré627ts within
a small interval from 6.24 to 6.54 Mb on LG V (unpublished data).
There were no annotated genes in this region that when knocked
down by RNAi resulted in an or627ts-like mutant phenotype. We
therefore used a genome interval pull-down method, followed by
lllumina-based DNA sequencing, to identify any mutations within
this interval that might be responsible for the embryonic lethality
(O'Rourke et al., 2011). The DNA sequence data revealed a sin-
gle missense mutation in one annotated gene within this interval
(O'Rourke et al., 2011; Supplemental Figure S1B). In vertebrates,
this kinesin is required for bipolar mitotic spindle assembly, but,
surprisingly, analysis of RNAi knockdown defects and results from
analysis of two bmk-1-deletion alleles indicate that C. elegans
bmk-1/kinesin 5 is not essential, is not required for meiotic
spindle assembly, and has only a minor role in mitotic spindle as-
sembly dynamics (Bishop et al., 2005; Saunders et al., 2007). We
therefore asked whether or627ts might be a recessive gain-of-
function mutation. Consistent with this possibility, or627ts par-
tially failed to complement the bmk-1 deletions alleles tm969
and ok391 (Table 1). More conclusively, when we used RNAI to
knock down mutant bmk-1 function in homozygous oré27ts
worms, embryonic viability at the restrictive temperature was
strongly rescued (Table 1).

RNA interference

RNAI to reduce the function of mei-1, klp-18 or aspm-1 was per-
formed by three methods: feeding, injection, and soaking (Fire et al.,
1998). RNAI by feeding was performed by placing L1 larvae synchro-
nized by hypochlorite as described previously (Kamath et al., 20017).
For codepletions, we used the same process, but we seeded plates
with an equal mixture of the double-strand (ds) RNA-expre