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Abstract
During female meiosis, meiotic spindles are positioned at the oocyte cortex to allow expulsion of
chromosomes into polar bodies. In C. elegans, kinesin-dependent translocation of the entire spindle
to the cortex precedes dynein-dependent rotation of one spindle pole toward the cortex. To elucidate
the role of kinesin-1 in spindle translocation, we examined the localization of kinesin subunits in
meiotic embryos. Surprisingly, kinesin-1 was not associated with the spindle and instead was
restricted to the cytoplasm in the middle of the embryo. Yolk granules moved on linear tracks, in a
kinesin-dependent manner, away from the cortex, resulting in their concentration in the middle of
the embryo where the kinesin was concentrated. These results suggest that cytoplasmic microtubules
might be arranged with plus ends extending inward, away from the cortex. This microtubule
arrangement would not be consistent with direct transport of the meiotic spindle toward the cortex
by kinesin-1. In maturing oocytes, the nucleus underwent kinesin-dependent migration to the future
site of spindle attachment at the anterior cortex. Thus the spindle translocation defect observed in
kinesin-1 mutants may be a result of failed nuclear migration, which places the spindle too far from
the cortex for the spindle translocation mechanism to function.

INTRODUCTION
Female meiosis in all animals is mediated by meiotic spindles that are attached to the egg cortex
by one pole during anaphase. In many species, this cortical spindle attachment allows expulsion
of half the homologous chromosomes into a tiny, non-developing cell called a polar body
during anaphase I and disposal of half the remaining sister chromatids into a second polar body
at anaphase II. This process is essential for generating a diploid zygote after fertilization in
most animals. In C. elegans, spindle positioning occurs in three sequential steps. First, the
nucleus of a maturing oocyte migrates toward the cortex at the junction with the younger oocyte
(McCarter et al., 1999). Following nuclear envelope breakdown (NEBD) and the start of
ovulation, the spindle translocates the remaining distance to the cortex (Yang et al., 2003).
Spindle translocation is kinesin-1 dependent and APC (anaphase promoting complex)-
independent (Yang et al., 2005). The metaphase spindle remains at the cortex in a parallel
orientation, with each spindle pole equidistant from the cortex, until the initiation of APC-
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dependent and dynein-dependent spindle rotation (Ellefson and McNally, 2009; van der Voet
et al., 2009). During rotation, one spindle pole moves on a linear track toward the cortex, such
that half of the chromosomes can be deposited in a polar body at anaphase.

The requirement for kinesin-1, a plus-end directed microtubule motor protein, and cytoplasmic
dynein, a minus-end directed microtubule motor protein, is not due to interdependence of
kinesin-1 and cytoplasmic dynein like that observed for peroxisome movements in
Drosophila S2 cells (Kural et al., 2005). Kinesin-1 drives early spindle translocation in the
absence of cytoplasmic dynein and cytoplasmic dynein drives late spindle translocation in the
absence of kinesin-1. In addition, the localization of dynein on the spindle is unaffected by
kinesin-1 inhibition (Yang et al., 2005; Ellefson and McNally, 2009). Thus the requirement
for motors with opposite polarity to move the spindle in the same direction toward the cortex
would be a paradox if both motors were directly bound to the spindle and moving on
cytoplasmic microtubules. Cytoplasmic dynein accumulates on meiotic spindle poles at the
same time as initiation of dynein-dependent movement of one spindle pole toward the cortex.
In addition, dynein accumulation at spindle poles and dynein-dependent spindle movements
both require the anaphase promoting complex (Ellefson and McNally, 2009). These results
strongly indicate that cytoplasmic dynein plays a direct role in moving one spindle pole toward
the cortex and leave unanswered the question of how a motor with opposite polarity can move
the spindle in the same direction during early translocation.

To elucidate the mechanism of early spindle translocation, we first examined the localization
of the kinesin-1 heavy chain, UNC-116, the kinesin-1 light chain, KLC-1, and KCA-1, in C.
elegans meiotic embryos. KCA-1 is a Caenorhabditis-specific protein that binds to kinesin-1
and has an overlapping mutant phenotype with kinesin-1, indicating that it is required for
kinesin-1’s in vivo activity (Yang et al., 2005). Our results suggest that kinesin-1 directly
transports yolk granules on cytoplasmic microtubules oriented toward the embryo interior and
that the failure of spindle translocation in kinesin mutants is caused by a previously
unrecognized failure in nuclear migration in maturing oocytes.

MATERIALS AND METHODS
C. elegans strains

In this study, wild type indicates either N2 or one of several integrated transgenic strains. The
integrated GFP:YP170 (vitellogenin) strain DH1033 (sqt-1(sc103) II; bIs1[vit-2::GFP + rol-6
(su1006)] X) (Grant and Hirsh, 1999) was used for studies shown in Figures 3, 4, 5, 8 and 10.
The integrated GFP::tubulin strain AZ244 (unc-119(ed3) III; ruIs57[unc-119(+)
pie-1::GFP::tubulin] )(Praitis et al., 2001) was used for the studies shown in Figure 7. Strain
FM78 was used as a negative control for anti-UNC-116 immunofluorescence. FM78 is unc-116
(f122) dpy-17(e164) III; duIs1[unc-116:GFP + rol-6(su1006)]. The f122 allele of unc-116 is
a deletion that removes the coding sequences for the C-terminal 275 aa of UNC-116. In FM78,
the lethal f122 allele is complemented by an X-ray integrated multicopy array of
unc-116::GFP, rol-6. No GFP fluorescence is discernable in the gonad or 1-celled embryos of
FM78, most likely due to germline silencing of the multicopy insertion. In addition, the anti-
UNC-116 antibody (Yang et al., 2005) recognizes only the C-terminal domain of UNC-116
and therefore should not recognize a truncated f122 protein (Fig. S1). The unc-116 mutant used
for studies of cytoplasmic microtubule organization was HR399 unc-36(e251) unc-116(f130)
III. The f130 allele of unc-116 is temperature-sensitive maternal effect lethal. Both f122 and
f130 were isolated by Danielle Thierry-Mieg. FM10 was used in nuclear migration
experiments. FM10 is mei-1(ct46ct101) unc-13(e1091) daf-8(e1393)/hT2[bli-4(e937) let
(h661) I; hT2/+ III; ruIs57 [unc-119(+) pie-1::GFP:tubulin].
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Immunofluorescence
Embryos were freeze-cracked and fixed with methanol/acetone as described (Miller and
Shakes, 1995) except for embryos stained with anti-KLC-1 antibody which were fixed with
methanol/formaldehyde as described (Basham and Rose, 2001). Antibodies specific for
UNC-116 and KLC-2 were described previously (Yang et al., 2005). Rabbits were immunized
with E. coli-expressed 6his-KLC-1 or MBP-KCA-1 and antibodies were blot affinity purified
using the respective fusion proteins. Westerns with these antibodies are shown in Fig. S1.
Imaging for most of Figures 1, 2 and 3 was carried out with an Olympus FV1000 confocal
microscope with a PLAPON 60X 1.42 objective. Images in Fig. 2H and Fig. 6 were collected
on an Applied Precision DeltaVision deconvolution microscope with an Olympus 60X 1.4
objective and a CoolSnapHQ CCD (Photometrics/Roper) with no binning. Images in Fig. 8
were obtained with an Olympus DSU spinning disk confocal using a 60X Plan Apo 1.42
objective and a Hamamatsu Orca R2 CCD.

In utero filming of meiotic embryos
Adult hermaphrodites were anesthetized with Tricaine/tetramisole as described (McCarter et
al., 1999; Kirby et al., 1990) and gently mounted between a coverslip and a thin agarose pad
on a slide. Mineral oil or petroleum jelly was used to reduce evaporation at the edge of the
coverslip. Images for Figures 4, 5, 7 and 10 were acquired with a Perkin-Elmer UltraView
spinning disk confocal microscope equipped with an Olympus 100X Plan Apo 1.35 objective,
Hamamatsu Orca ER CCD and Slidebook acquisition software. 2×2 binning was used for all
live imaging. All quantitative analysis was carried out with Ivision software (Biovision) or
Image J.

Single particle tracking
The Manual Tracking plugin for Image J was used for single particle tracking. Maximum
intensity projections were used to display particle tracks occurring at different times in a single
image (Fig. 5). The beginning of a “paused state” was defined as an instantaneous velocity of
0 in 3 consecutive frames. The end of a paused state was defined as a positive instantaneous
velocity value for 2 consecutive frames.

RNA interference
All RNA interference was by feeding (Timmons et al., 2001). KCA-1 was depleted with clone
I-2I09, RAB-7 with clone II-8G13 and FZY-1 with clone II-4O16 (MRC Gene Services,
Kamath et al., 2003). UNC-116 was depleted with pFM1040 consisting of a 1.5 kb BamHI-
SalI fragment of an UNC-116 cDNA inserted into L4440 (Timmons et al., 2001). Profilin was
depleted with pFM748 consisting of a full-length PFN-1 cDNA inserted as a BamHI-NotI
fragment into L4440. CLS-2 was depleted with clone pFM529 (Yang et al., 2003). Feeding
was carried out for 24–36 hrs at 25°C.

Imaging of GFP:KCA-1, mCherry:KCA-1 and mCherry:KLC-1
The kca-1 gene was PCR amplified from genomic DNA introducing a 5′ NheI site and a 3′
SpeI site. This product was cloned into the SpeI site of the pie-1/GFP vector pIC26 (Cheeseman
and Desai, 2005) to produce pFM1092 and the pie-1/mCherry vector pAA64 to produce
pFM1093. The same strategy was used to clone the klc-1 gene into pAA64 producing
pFM1128. Transgenic worm lines were generated by micro-particle bombardment of
unc-119 mutant worms (Praitis et al., 2001). Transgenic lines were imaged immediately after
they were isolated and carefully compared with N2 to control for autofluorescence, which was
particularly noticeable in GFP wavelengths in the distal gonad. Expression of the transgenes
was completely silenced within 2 weeks. mut-16(RNAi), which has been reported to de-silence
germline transgenes (Kim et al., 2005) and co-suppressed transgenes (Robert et al., 2005), was
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then used to de-silence transgene expression. Data shown includes images captured before
transgene silencing and after de-silencing. Localization patterns were identical before silencing
and after de-silencing.

Filming of nuclear migration
Diakinesis oocytes are extremely prone to arrest when worms are anesthetized and mounted
for time-lapse imaging. Therefore, only time-lapse sequences in which germinal vesicle
breakdown and ovulation occurred were used for the analysis shown in Fig. 9 and shuttered
brightfield imaging with minimal illumination intensity was used. The velocity of wild-type
nuclear migration was determined from 7 time-lapse sequences of N2 worms and 6 from FM10
worms. No difference in migration velocity was observed between these strains but the FM10
worms ovulated under our imaging conditions with much higher frequency than N2.

RESULTS
Kinesin-1 heavy chain, KLC-1 and KCA-1 are concentrated in the middle of meiotic embryos
and reduced in concentration at the cortex and meiotic spindle

To test whether the kinesin-1 heavy chain, UNC-116, co-localizes with meiotic spindles,
meiotic embryos were fixed and stained with a previously described anti-UNC-116 antibody
(Yang et al., 2005 and Fig. S1). In 23/23 meiotic embryos, anti-UNC-116 staining was diffuse,
suggesting cytoplasmic localization, but the UNC-116 was concentrated in the middle of the
embryo and reduced in concentration in a region close to the cortex (Fig. 1A, B). In 17/17
meiotic embryos that were double labeled with anti-UNC-116 antibody and anti-α tubulin
antibody, anti-UNC-116 staining was reduced or absent from the meiotic spindle (Fig. 1B).
Several lines of evidence indicate that this is the true localization of kinesin-1 in living meiotic
embryos. First, anti-UNC-116 staining of meiotic embryos from an unc-116 mutant with
reduced levels of UNC-116 protein (FM78, see Materials and Methods and Fig. S1) was 3.5
fold dimmer than staining of wild-type meiotic embryos and was uniform across the embryo
(n=4 mutant, 10 wt, Fig. 1C). Second, anti-UNC-116 staining was inverted, with brighter
staining at the cortex, or uniform throughout the cytoplasm in 15/15 meiotic embryos that were
depleted of the kinesin-1 regulator, KCA-1 (Fig. 1D). Third, the concentration of UNC-116 in
the middle of the embryo was specific for meiotic embryos; UNC-116 staining extended
uniformly to the cortex in mitotic embryos (Fig. 1E). Fourth, the specific concentration in the
middle of meiotic embryos was also observed with antibody staining and fluorescent protein
fusions to KLC-1 and KCA-1, proteins that form a complex with UNC-116 in vitro and which
have overlapping mutant phenotypes with UNC-116 (Yang et al., 2005).

To determine the subcellular localization of the kinesin-1 light chain, KLC-1, we constructed
a transgenic worm strain that expresses mCherry:KLC-1 from the pie-1 promoter by micro-
particle bombardment (Praitis et al., 2001). Living meiotic embryos were identified in utero
in anesthetized worms by brightfield microscopy, then imaged by spinning disk confocal
microscopy. In 12/12 meiotic embryos, mCherry:KLC-1 was diffuse but 2.0 +/− 0.3 fold more
concentrated in the middle of the embryo than near the cortex (Fig. 2A). mCherry:KLC-1 was
uniformly distributed in 12/12 mitotic embryos (1.1 +/− 0.1 fold brighter in the middle relative
to the cortex; Fig. 2A). The cytoplasmic fraction of an mCherry:histone H2B fusion protein
was uniformly distributed in 12/12 meiotic embryos (1.0 +/− .05 brighter in the middle relative
to the cortex; Fig. 2B), indicating that the apparent concentration in the central cytoplasm is
not an optical artifact nor is it a property of mCherry itself. To confirm that endogenous KLC-1
was localized the same as the mCherry:KLC-1 fusion protein, fixed embryos were labeled with
a KLC-1-specific antibody (Fig. S1). 5/9 wild-type meiotic embryos exhibited brighter staining
in the middle of the embryo (Fig. 2C, avg. 1.4 fold brighter in the middle than the cortex) while
the remaining embryos exhibited uniform cytoplasmic staining. 4/5 unc-116 mutant (FM78)
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meiotic embryos exhibited uniform or inverted KLC-1 staining (Fig. 2D, 1.3 fold brighter at
the cortex than in the middle of the embryo).

To determine the subcellular localization of the kinesin-1 regulator, KCA-1, we constructed a
transgenic worm strain that expresses GFP:KCA-1 from the pie-1 promoter by micro-particle
bombardment (Praitis et al., 2001). In 13/13 living meiotic embryos, GFP:KCA-1, like
mCherry:KLC-1 and UNC-116, was diffuse but concentrated in the middle of the embryo and
reduced in concentration in a region near the cortex (1.6 +/− .2 fold brighter in the middle of
the embryo relative to the cortex; Fig. 2E). GFP:KCA-1 was uniformly distributed in 12/12
mitotic embryos (1.0 +/− .07 fold brighter in the middle of the embryo relative to the cortex;
Fig. 2F) and the cytoplasmic pool of a GFP:histone H2B fusion protein was uniformly
distributed in 12/12 meiotic embryos (1.05 +/− .05 fold brighter in the middle of the embryo
relative to the cortex, Fig. 2G), indicating that the apparent concentration in the central
cytoplasm is not an optical artifact nor is it a property of GFP itself. To further test whether
endogenous KCA-1 localizes in the middle of the embryo, meiotic embryos were fixed and
stained with an anti-KCA-1 antibody (Fig. S1). Anti-KCA-1 immunofluorescence showed
bright cytoplasmic staining in the middle of 27/29 meiotic embryos (Fig. 2H). Anti-KCA-1
staining was 2 fold dimmer and uniform in 7/7 kca-1(RNAi) embryos (Fig. S2). Taken together,
these results indicate that UNC-116, KLC-1 and KCA-1 are all concentrated in the cytoplasm
in the middle of meiotic embryos and reduced or absent from the cytoplasm near the cortex
and the meiotic spindle. Quantitatively, the relative enrichment in the middle of meiotic
embryos varied from extreme cases (4.8 fold enrichment of UNC-116 in Fig. 1A, 3.5 fold
enrichment of KLC-1 and KCA-1 in Fig. 2I and 2J) to much shallower gradients (1.35 fold
enrichment of KLC-1 in Fig. 2C). However, this concentration of kinesin-1 subunits in the
middle of meiotic embryos was always dependent on UNC-116 and KCA-1 and was never
observed in mitotic embryos.

Yolk granules are packed into the middle of meiotic embryos where UNC-116 is concentrated
The concentration of kinesin-1 subunits in a diffuse central mass within meiotic embryos was
unexpected and suggested that kinesin-1 might transport cargoes other than the spindle. We
previously found that membranous organelles within meiotic embryos move in a circular
pattern in a microtubule-dependent manner (Yang et al., 2003). To test whether kinesin’s
concentration in the center of meiotic embryos might be related to movements of membranous
organelles, we first analyzed the position of yolk granules labeled with GFP:vitellogenin, a
protein that is endocytosed by maturing oocytes (Grant and Hirsh, 1999). C. elegans yolk
granules can be described as modified lysosomes because they depend on the same sorting
machinery as lysosomes in other species (Grant and Hirsh, 1999; Poteryaev et al., 2007) and
because they contain the acid protease cathepsin L (Britton and Murray, 2004), but like yolk
granules in other species, they do not proteolyze vitellogenin until later in development
(Fagotto et al., 1995). Like UNC-116, yolk granules were concentrated in the middle of meiotic
embryos and excluded from a region near the cortex including the spindle (Fig. 3A and B). In
10/10 wild-type meiotic embryos, yolk granules were concentrated in the same region of the
embryo as UNC-116 (Fig. 3A). Like UNC-116, yolk granules were excluded from the spindle
in 24/24 wild-type meiotic embryos (Fig. 3B). In 26/26 kca-1(RNAi) meiotic embryos, yolk
granules were no longer packed toward the center and in most cases exhibited an inverse pattern
of yolk granules concentrated at the periphery of the embryo (Fig. 3C). KCA-1-dependent and
UNC-116-dependent central concentration of yolk granules was also observed in living meiotic
embryos (Figure S3), therefore this pattern is not an artifact caused by contraction and swelling
during methanol fixation and rehydration. Like kinesin-1, yolk granules were evenly
distributed in wild-type mitotic embryos (Fig. 3D). Thus kinesin-1 and yolk granules are both
concentrated in the middle of meiotic embryos in a kinesin-1 and KCA-1-dependent manner,
but the kinesin-1 heavy chain, UNC-116, is not restricted to the surface of the yolk granules
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(Fig. 3A). To eliminate the possibility that surface concentration was not observed because the
yolk granules are small relative to the thickness of a confocal optical section, we used rab-7
(RNAi) to trap vitellogenin-containing vesicles as endosomal intermediates (Poteryaev et al.,
2007), which are much larger than mature yolk granules. The surface of these large vesicles,
which are also concentrated in the middle of meiotic embryos (Fig. S4), could be resolved
clearly. UNC-116 still did not appear concentrated on these membrane surfaces (Fig. 3E).
Failure of endogenous kinesin-1 to appear concentrated on the surface of cargo is extremely
common. For example, endogenous kinesin-1 does not appear to concentrate on the surface of
mitochondria in the majority of mammalian cultured cells (Glater et al., 2006) but endogenous
kinesin-1 is efficiently recruited to mitochondria when its cargo adaptors miro and Milton are
over-expressed (Glater et al., 2006; Wang and Schwarz, 2009), even though an endogenous
kinesin-1, miro, Milton complex is present in these cells (Wang and Schwarz, 2009).
Mitochondrial movements, however, are completely dependent on kinesin-1, miro and Milton
(Glater et al., 2006). A common explanation for this is that a small number of kinesin-1
molecules transiently associate with microtubules and cargo while the majority of kinesin-1
molecules are in a cytoplasmic, auto-inhibited state (Hackney and Stock, 2000).

Yolk granules move in a kinesin and KCA-1 dependent manner
To test whether yolk granule movements are dependent on kinesin-1 and KCA-1, time-lapse
spinning disk confocal microscopy was conducted on meiotic embryos containing
GFP:vitellogenin-labeled yolk granules. Embryos were filmed for an average of 14 min
beginning immediately after spermatheca exit. In 7/7 wild-type embryos, yolk granules moved
in an apparently circular pattern around the embryo (Video 1 and 2). Maximum intensity
projections of time-lapse images collected at 4 sec intervals over 67 sec revealed long arcs
suggesting circular movement (Fig. 4A). Projections from mitotic embryos, diakinesis oocytes,
unc-116 (RNAi) or kca-1(RNAi) meiotic embryos (Fig. 4B, C, D, E) revealed no arcs,
suggesting a lack of long range movement. Instead, yolk granules had an increased apparent
diameter in a time series projection relative to a single time point. To help interpret these
projections, we followed 25 randomly chosen yolk granules and found that in wild-type meiotic
embryos, 52% of yolk granules were present in only a single frame, indicating that they
remained in the same focal plane for less than the 4 sec interval between images. The remaining
48% of yolk granules remained in focus for an average of 15 sec. In contrast, all of the yolk
granules in an adjacent mitotic embryo or in a kca-1(RNAi) meiotic embryo remained in focus
for multiple frames (avg 46 sec and 32 sec respectively). These results suggest that the majority
of yolk granules in mitotic embryos or kca-1(RNAi) meiotic embryos are undergoing Brownian
motion in a limited volume that is described by the increased diameter in a projection of a time
series (Fig. 4). In contrast, the majority of yolk granules in a wild-type meiotic embryo are
undergoing rapid movements that remove them from the focal plane so that they are represented
by a small spot in a projection of a time series. The arcs generated in a time series projection
of a wild-type meiotic embryo thus indicate rapid movements of a subset of yolk granules in
a circular pattern. This movement occurs in meiotic but not mitotic embryos, is dependent on
UNC-116 and KCA-1, but does not require a profilin-dependent actin cytoskeleton (Fig. 4F).
Consistent with the idea that this movement is generated by kinesin-mediated transport on
microtubules, this movement was blocked by tubulin (RNAi) (Yang et al., 2003).

To measure the velocity of the subset of yolk granules that remained in focus for multiple
frames in wild-type meiotic embryos, we first used kymograph analysis along a manually
selected line in the direction of apparent movement (Fig. S5). In the example shown, multiple
diagonal lines indicate multiple different yolk granules moving along the same line at different
times, each at a velocity of 0.26 +/− .04 μm/sec (n=6 embryos, 8 kymographs). Kymographs
of 6/6 kca-1(RNAi) or 6/6 unc-116(RNAi) meiotic embryos revealed oscillating vertical lines,
consistent with Brownian motion within a limited volume (Fig. S5). Because these movements
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were observed in meiotic embryos but not in mitotic embryos and because these movements
depended on KCA-1 and UNC-116, just like the central cytoplasmic concentration of UNC-116
and yolk granules, we suggest that the observed movements of yolk granules may cause the
concentration of kinesin-1 and yolk granules in the middle of meiotic embryos. This implies
that net, plus-end directed microtubule-based transport is directed away from the cortex.

To directly test for kinesin-dependent transport of yolk granules away from the cortex, we
analyzed a time series of GFP:vitellogenin images of a meiotic embryo collected at 300 ms
intervals. A total of 41 yolk granules were tracked moving with an average instantaneous
velocity of 0.54 μm/sec (range 0.21–0.98 μm/sec). 18 yolk granules were tracked moving on
inward trajectories from near the cortex (Fig. 5B). Most of these tracks followed arcs parallel
to the cortex (Fig. 5B and C). Very few tracks were oriented directly toward the cortex (white
and pink tracks at top of Fig. 5C). If particle tracks correspond to direct transport of yolk
granules on microtubules, then these tracks demonstrate the existence of microtubules near the
cortex extending diagonally inward. Several observations support the hypothesis that these
movements represent direct transport of yolk granules on microtubules rather than passive
movements with flowing cytoplasm.

Yolk granule movements are consistent with direct transport on microtubules and not with
passive flow

If the long curved arcs in time-series projections were caused by passive movement with
cytoplasmic flow, then the velocity of particles in the middle of the embryo would be slower
than the velocity of particles on the longer arcs at the edge of the embryo. To test this, we
tracked 4 adjacent yolk granules in the middle of the embryo and 5 adjacent particles on the
edge of the same embryo. Each group of yolk granules appeared to be moving along the
projection arcs. If velocity was measured as the net displacement in a straight line over the
time interval that the yolk granule remained in focus, the yolk granules in the middle of the
embryo moved at a velocity of 0.08 +/− .02 μm/sec while the yolk granules at the edge of the
embryo moved at a velocity of 0.3 +/− .1 μm/sec. However, monitoring instantaneous velocities
at 300 ms time resolution revealed that the “slow” yolk granules in the middle of the embryo
alternated between a paused state and a moving state. Instantaneous velocity in the moving
state was 0.4 +/− .07 μm/sec (n= 4 yolk granules, 14 moving episodes). Instantaneous velocity
of yolk granules at the edge of the embryo was 0.5 +/− .08 μm/sec (n = 5 yolk granules). Thus
yolk granules in the middle and at the edge of the embryo move with the same instantaneous
velocity, consistent with direct transport on microtubules and inconsistent with cytoplasmic
flow. The saltatory, starting and stopping, behavior of yolk granules in the middle of the embryo
is also consistent with direct transport by kinesin and inconsistent with cytoplasmic flow.

Several other features consistent with direct transport on microtubules were revealed during
single particle tracking at 300 ms time resolution. Some yolk granules moved on trajectories
nearly perpendicular to the projection arcs (Fig. 5D). Figs. 5E–G show a yolk granule (shown
in pink) undergoing Brownian motion while two adjacent yolk granules move on linear tracks.
It would be impossible for two yolk granules to move with cytoplasmic flow while an adjacent
yolk granule is exhibiting Brownian motion without net displacement. Fig. 5H shows a yolk
granule making a 90° turn, an event consistent with a yolk granule switching from one
microtubule to an intersecting microtubule, but not consistent with cytoplasmic flow. 5/19 yolk
granules tracked through a high frame rate time-lapse sequence of a second wild-type embryo
changed direction while adjacent yolk granules continued moving in their original direction.
If yolk granules were moving passively with cytoplasmic flow, they should undergo Brownian
motion as they flow. Instead, single particle tracks (Fig. 5) are narrow enough to be explained
by lateral pivoting of a yolk granule as it moves along a microtubule. Brownian motion would
result in wider lateral movements as in Fig. 5F. The individual behaviors of yolk granules are
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thus consistent with kinesin-driven transport on microtubules rather than with kinesin-
dependent cytoplasmic flow.

Parallel microtubules extend inward from the cortex
Direct transport of yolk granules on microtubules by kinesin-1 would require the presence of
parallel microtubules extending diagonally inward from the cortex. Analysis of wild-type
meiotic embryos by fixed anti-tubulin immunofluorescence and 3D deconvolution microscopy
indeed revealed the presence of parallel cytoplasmic microtubules extending diagonally inward
from the cortex (Fig. 6A and B) or parallel microtubules at the surface of the cortex (Fig. 6C)
in 29/36 wild-type embryos. Analysis of the density of microtubules throughout the embryo
revealed a higher density near the cortex and a lower density in the middle of the embryo in
25/34 wild-type meiotic embryos (Fig. 6E and G). Microtubules in 12/14 kca-1(RNAi) meiotic
embryos appeared more randomly oriented (Fig. 6D and F) with no enrichment of microtubules
at the cortex (Fig. 6H). Similar results were obtained in unc-116(f130) mutant embryos (not
shown).

The arrangement of microtubules shown in Fig. 6 and the movement of yolk granules shown
in Figure 4 and Video 1 and 2 are consistent with the model shown in Fig. 7A. Inward transport
of yolk granules by kinesin-1 would concentrate yolk granules in the middle of the embryo.
As the embryo becomes packed with yolk granules that increase in number due to endocytosis
of vitellogenin, the microtubules with minus ends anchored at the cortex would be forced to
pivot outward, causing the start of circular streaming and the concentration of microtubules at
the cortex. When microtubule plus ends pivot along the long axis of the oval embryo (Fig. 7A
upper right; Fig. 6A and B), circular streaming of yolk granules would occur in the long axis
of the embryo (Video 1). When microtubules pivot along the short axis of the embryo (Fig.
7A lower right; Fig. 6C), circular streaming occurs in the short axis of the embryo (Video 2).

To further test this model, we conducted time-lapse imaging of GFP:tubulin-labeled
cytoplasmic microtubules in living meiotic embryos. Parallel microtubules extending
diagonally inward were visible in most time-lapse sequences (Fig. 7B) and appeared to be
oriented in the direction of streaming. Accurate tracking of the movements of individual
cytoplasmic microtubules was not possible but their movement can be documented indirectly.
1.5 second exposures were required to image these microtubules and very few microtubules
were observed in living meiotic embryos compared with adjacent oocytes (Fig. 7C) or fixed
meiotic embryos (Fig. 6). When 34 individual microtubules in a meiotic embryo were tracked,
74% could only be identified in a single frame. The remaining 26% could be tracked for an
average of 5 +/− 2 sec. In striking contrast, 100% of the microtubules in an adjacent diakinesis
oocyte could be tracked through multiple frames (avg. 9 +/− 5 sec, n= 28). These observations
indicate that the majority of cytoplasmic microtubules in meiotic embryos are moving
significant distances during the 1.5 sec exposures required to observe them. These observations
are consistent with microtubules that constantly pivot in 3 dimensions about their minus end
anchorage point at the cortex.

Central packing of yolk granules is uncoupled from spindle translocation by cls-2(RNAi)
Cytoplasmic microtubules with minus ends anchored at the cortex (Fig. 7A) could explain the
concentration of yolk granules and kinesin-1 subunits in the central cytoplasm but do not
explain why outward translocation of the meiotic spindle to the cortex is dependent on kinesin-1
(Yang et al., 2005). One possibility is that tight packing of yolk granules in the middle of the
embryo passively forces the meiotic spindle outward. If this model were correct, early
translocation of the spindle to the cortex should only be observed in embryos with centrally
packed yolk granules. In an earlier study (Yang et al., 2003), we reported that spindle
translocation was normal but circular streaming of membranes (observed by DIC microscopy)
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was defective in fzy-1(RNAi) and in cls-2(RNAi) embryos. To specifically assay for central
packing of yolk granules, the APC subunit, FZY-1, and the microtubule-binding protein,
CLS-2, were depleted from worms expressing GFP:vitellogenin. In 12/14 fzy-1(RNAi)
metaphase I meiotic embryos, spindles were at the cortex and yolk granules were packed in
the middle of the embryo as in wild type (Fig. 8A). In contrast, 22/24 cls-2(RNAi) metaphase
I meiotic embryos had yolk granules that were dispersed to the cortex and the spindles were
at the cortex (Fig. 8B). The cls-2(RNAi) embryos demonstrate that spindle translocation cannot
be caused by the central packing of yolk granules.

Kinesin-1 is required for nuclear migration in maturing oocytes
The nucleus of a maturing oocyte migrates toward the cortex at the junction with the younger
oocyte (the future anterior pole of the embryo) before nuclear envelope breakdown, spindle
assembly and ovulation (McCarter et al., 1999). If unc-116(RNAi) oocytes were defective in
this process, then spindles might assemble further from the cortex than in wild type and the
observed spindle translocation effects might be caused by this increased distance from the
cortex. By time-lapse, bright-field imaging of anesthetized worms (see Materials and
Methods), we found that in 13/13 wild-type worms, the nucleus of the -1 oocyte migrated to
the junction with the -2 oocyte at a velocity of .006 +/− .001 μm/sec (Fig. 9A). In worms
depleted of kinesin-1 subunits, the nucleus of the -1 oocyte did not move toward the membrane
junction with -2 oocyte (Figure 9B and C). The failure in nuclear migration observed by time-
lapse imaging was confirmed by measurements of the distance of the nucleus from the cortex
at the time of nuclear envelope breakdown (Table 1). The nucleus still became asymmetrically
positioned within the -1 oocyte without any nuclear migration, apparently due to asymmetric
growth of the oocyte (Fig. 9B and C). The idea that failed nuclear migration might lead to
spindle assembly further from the cortex is supported by our previous measurements of the
distance between the spindle and cortex at the time that the zygote exits the spermatheca into
the uterus (Yang et al., 2005). In those measurements, spindles were twice as far from the
cortex in unc-116(RNAi), klc-1; klc-2(double RNAi) or kca-1(RNAi) worms than in wild-type
worms.

Kinesin-1 localization and yolk granule movements change dramatically during ovulation
Inward movement of yolk granules and outward movement of the spindle by the same
microtubule motor would only be a paradox if these movements occurred simultaneously.
Because kinesin-1 appears to move the nucleus toward one cortex in diakinesis oocytes, we
analyzed time-lapse images of yolk granules captured at 300 ms time intervals in diakinesis
oocytes of wild-type worms to see how their movements differed from meiotic embryos. 98%
of yolk granules could be tracked through multiple frames and 83% (n=40) were stationary
over a 15 sec time interval (Fig. 10A and B) in contrast to the rapidly moving yolk granules in
meiotic embryos (Figs 4 and 5). Only 17% of yolk granules exhibited intermittent, fast linear
movements (Fig. 10C) and the movements occurred in multiple directions. To address why
kinesin-dependent transport of yolk granules is suppressed in diakinesis oocytes, we examined
the localization of kinesin-1 subunits in the most mature diakinesis oocyte. In living worms,
mCherry:KCA-1, GFP:KCA-1 and mCherry:KLC-1 were concentrated in discrete but
unidentified structures (Fig. 10D). These structures were not concentrated in the middle of the
oocyte nor excluded from the cytoplasm near the cortex as was the diffuse, cytoplasmic pool
of these proteins in meiotic embryos. The punctate localization of kinesin subunits in the -1
oocyte thus corresponds with inactive yolk granule transport and active nuclear migration while
the cytoplasmic localization in meiotic embryos corresponds to active yolk granule transport.
These observations indicate a major change in kinesin’s activity during maturation and
ovulation. These observations also suggest a solution to the apparent microtubule polarity
paradox. If the organization of cytoplasmic microtubules changes between a diakinesis oocyte
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and a meiotic embryo, then kinesin-1 could directly drive nuclear migration to the anterior
cortex in oocytes and inward movement of yolk granules in meiotic embryos.

DISCUSSION
Our results indicate that kinesin-dependent inward transport of yolk granules increases at
ovulation, possibly due to activation of kinesin-1. Because yolk granules move away from the
cortex on linear tracks, without Brownian motion, at velocities similar to those of kinesin-
driven vesicle movements in neurons (Vale et al., 1995; Pilling et al., 2006), and because
kinesin subunits concentrate in the middle of the embryo with the yolk granules, we propose
that yolk granules are direct cargos of kinesin-1. Kinesin-1 subunits did not appear concentrated
at the surface of the yolk granules, just as they did not appear concentrated at the surface of
mitochondria that they clearly transport (Glater et al., 2006). The longest inward movements
of yolk granules that we observed in our high-speed imaging (Fig. 5) lasted approximately 15
sec. If each kinesin-1 molecule dissociated from the yolk granule as it ran off the end of a
cytoplasmic microtubule, it would be expected to return to a cytoplasmic, auto-inhibited state
(Hackney and Stock, 2000) and diffuse freely before engaging a new yolk granule and a new
microtubule for another 15 sec run. If each kinesin-1 molecule spends more time in the
cytoplasmic state than in the transport state, but the net transport rate exceeds the backward
diffusion rate, this would explain the observed concentration of kinesin-1 subunits in the
cytoplasm in the middle of the embryo. If inward movement of yolk granules is indeed due to
direct kinesin-driven transport on cytoplasmic microtubules, this implies that C. elegans
meiotic embryos have microtubules with minus ends anchored at the cortex and plus ends
oriented toward the interior. This microtubule arrangement has been directly demonstrated by
hook decoration in Xenopus oocytes (Pfeiffer and Gard, 1999) and has been proposed in
Drosophila oocytes (Cha et al., 2002).

We speculate that inward transport collapses into apparent circular streaming when membrane
vesicles become so packed in the middle of the embryo that they force outward pivoting of
cytoplasmic microtubules that have minus ends anchored at the cortex. Outward pivoting of
cortical microtubules would explain the kinesin-dependent concentration of cytoplasmic
microtubules at the cortex and the conversion of inward movement to circular movement.

The action of kinesin-1 also results in the movement of the meiotic spindle (Yang et al.,
2005) in the opposite direction, outward toward the cortex. Because the spindle moves in the
opposite direction, at a velocity 100X slower than purified kinesin-1, and because kinesin-1
subunits are present at reduced concentrations near the meiotic spindle and cortex, we suggest
that the outward movement of the spindle may be indirectly caused by kinesin-1. One possible
indirect mechanism is that kinesin-1 never exerts force on the spindle, but instead moves the
nucleus to the cortex before spindle assembly. Our data indicate that in the absence of kinesin-1,
the nucleus indeed does not migrate to the cortex and as a result, the spindle assembles at a
greater distance from the cortex. This increased distance might be too far for a kinesin-
independent spindle translocation mechanism to function. A second function of kinesin-1 is
suggested by the observation that, in kinesin-depleted embryos, the metaphase II spindle
sometimes drifts several microns from the cortex after dynein-mediated late translocation of
the anaphase I spindle to the cortex (Yang et al., 2005). This result suggests that kinesin-1 is
anchoring the meiosis II spindle at the cortex long after nuclear envelope breakdown. We
propose that after kinesin-1 drives nuclear migration in the most mature diakinesis oocyte, it
continues to anchor the nucleus and later the spindle to the cortex throughout meiosis I and II.
Anchoring, but not migration, of the nucleus to the oocyte cortex by kinesin-1 occurs in
Drosophila oocytes (Januschke et al., 2002) and cortical anchoring of the spindle by kinesin-1
in C. elegans is not inconsistent with simultaneous inward transport of yolk granules by
kinesin-1.
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Centripetal packing of yolk granules has been observed in the eggs of many phyla and may be
important for clearing a region below the cortex to allow important subcortical events like
cortical granule exocytosis. In zebrafish zygotes, yolk granules that were initially spherical and
evenly distributed throughout the unfertilized oocyte become packed so tightly together that
they have flattened interfaces (Beams et al., 1985; Fernandez et al., 2006). During this packing,
a yolk-free layer forms just below the cortex, all around the zygote (Roosen-Runge, 1938;
Leung et al., 2000) and cortical granules concentrate in this zone (Mei et al., 2009). In annelid
eggs, yolk granules are transported away from the cortex as mitochondria (Fernandez at al.,
1998) and mRNAs (Jeffery and Wilson, 1983) are concentrated in the resulting yolk-free
cytoplasm under the cortex. In C. elegans meiotic embryos, cortical granules that contain
caveolin-1 (CAV-1) and chondroitin proteoglycans (Sato et al., 2008) are translocated to the
subcortical, yolk-free zone during ovulation (Sato et al., 2006). These vesicles fuse with the
plasma membrane at the metaphase I-anaphase I transition (Sato et al., 2008), releasing the
proteoglycans into the eggshell. CAV-1 is then re-internalized by endocytosis and the resulting
endosomes remain in the cortical yolk-free zone during meiosis II (Sato et al., 2006). A different
class of endosomes containing MBK-2, EGG-3 and chitin synthase (Maruyama et al., 2007)
are formed 4 min after initiation of anaphase I chromosome segregation (McNally and
McNally, 2005) and these vesicles are also concentrated in the yolk-free cortical zone during
meiosis. We speculate that clearing yolk granules from the egg cortex may be important for
allowing regulated waves of secretion and endocytosis in many species.

Results in Drosophila oocytes indicate that fast circular streaming of yolk granules requires
fast kinesin-dependent transport but that fast circular streaming is not an essential process. Just
as in C. elegans meiotic embryos, fast circular streaming in stage 10 Drosophila oocytes is
kinesin-1-dependent and actin-independent. A kinesin-1 point mutation that results in slow
motility in vitro and blocks fast circular streaming in vivo, however, allows normal localization
of oskar RNA and embryonic viability (Serbus et al., 2005). We propose that fast circular
streaming is an indirect consequence of fast, unidirectional, inward transport of organelles by
kinesin-1. Mutations that slow the motor’s velocity allow transport of essential cargo but not
the phenomenon of circular streaming. This might explain why fzy-1(RNAi) causes partial
inhibition of fast circular streaming (Yang et al., 2003) but does not prevent inward packing
(Fig. 8). In this model, we would expect yolk granules to be packed into the middle of stage
10 Drosophila oocytes and expect to see a discrete subcortical layer free of yolk granules. A
discrete subcortical layer of stationary cytoplasm has in fact been reported in stage 10
Drosophila oocytes (Gutzeit and Koppa, 1982) and this layer may be analogous to the
subcortical region of a C. elegans meiotic embryo where stationary cortical granules and
stationary, CAV-1-labeled endosomes are concentrated (Sato et al., 2006). An unidentified
class of membrane vesicles is packed into the middle of the Drosophila oocyte. The central
packing of these vesicles was proposed to be due to centripetal microtubule-dependent
transport because direct contact between these vesicles and microtubules was observed in
electron micrographs (Theurkauf et al., 1992). It is possible that a yolk-free subcortical zone
has not been reported in stage 10 Drosophila oocytes because of the methods used to image
yolk granules. For example, endocytosis of Trypan blue (Serbus et al., 2005) may label multiple
classes of endosomes, including both stationary subcortical endosomes and inwardly
transported yolk granules.

If the cytoplasmic microtubules in C. elegans meiotic embryos indeed have minus ends
anchored at the cortex like those demonstrated in Xenopus oocytes (Pfeiffer and Gard, 1999),
this organization would provide tracks for dynein-mediated rotation of anastral meiotic
spindles (Ellefson and McNally, 2009). This might be essential for meiotic spindles that do
not have the centrosome-based astral microtubule arrays thought to drive dynein-dependent
cortical pulling in other cell types (Sheeman et al., 2003).
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A role for kinesin-1 in nuclear migration is not unexpected since it is required for nuclear
migration in C. elegans hyp7 cells where it binds directly to the outer nuclear envelope KASH
protein UNC-83 (Meyerzon et al., 2009). UNC-83 is not expressed in the germline where the
KASH proteins ZYG-12 (Malone et al., 2003) or KDP-1 (McGee et al., 2009) might mediate
kinesin-1 interaction with the nuclear envelope. ZYG-12 targets cytoplasmic dynein to the
nuclear envelope in oocytes and dynein/ZYG-12 is required for the organization of membranes
and gross nuclear positioning in oocytes (Zhou et al., 2009). In contrast, kinesin-1/KCA-1 is
not required for oocyte membrane organization or centering diakinesis nuclei (Fig. 9 and Yang
et al., 2005) but is specifically required for migration of the nucleus to the anterior cortex of
the most mature oocyte. Even in the complete absence of nuclear migration toward the cortex,
nuclei become asymmetrically positioned in the -1 oocyte, possibly because the -1 oocyte
grows asymmetrically toward the spermatheca (Fig. 9B and C). To determine the molecular
mechanism of kinesin-dependent nuclear migration in the oocyte, it will be important to
determine the polarity of microtubules during migration. The arrangement and dynamics of
oocyte microtubules has been shown to change during maturation in response to MSP signaling
from sperm in the spermatheca (Harris et al., 2006). The microtubule minus end marker, ϒ-
tubulin, is found at the cortex and nuclear envelope of diakinesis oocytes (Zhu et al., 2009)
and the amount of ϒ-tubulin on the nuclear envelope increases dramatically just before nuclear
envelope breakdown (McNally et al., 2006). Establishing when these changes occur relative
to nuclear migration may illuminate kinesin-1’s role in migration.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Antibody labeling of fixed embryos reveals that the kinesin-1 heavy chain, UNC-116, is
concentrated in the cytoplasm in the middle of meiotic embryos
A and B. Wild-type meiotic embryos, C. meiotic embryo of unc-116 mutant with reduced levels
of UNC-116 protein (see Methods and Fig. S1), D. meiotic embryo from kca-1(RNAi) worm,
and E. wild-type mitotic embryo. MT indicates microtubules labeled with an anti-α tubulin
antibody. DNA indicates staining with DAPI. The images in the right column are merged
images. All images were acquired with a laser scanning confocal microscope. Bars = 10 μm.
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Figure 2. KLC-1 and KCA-1 are concentrated in the middle of meiotic embryos
A. Spinning disk confocal image of mCherry:KLC-1 fluorescence in living embryos in
utero. A meiotic embryo is on the left and a one-celled mitotic embryo is on the right. In the
right panel, the outlines of the embryos have been highlighted for clarity. B. Spinning disk
confocal image of mCherry:histone H2b cytoplasmic fluorescence in a living meiotic embryo
in utero. C and D. Laser scanning confocal images of anti-KLC-1 antibody staining in fixed
meiotic embryos, C is wild type, D is an unc-116 mutant (FM78). E. Spinning disk confocal
image of GFP:KCA-1 fluorescence in a living meiotic embryo in utero. F. Spinning disk
confocal image of GFP:KCA-1 fluorescence in a living mitotic embryo in utero. G. Spinning
disk confocal image of GFP:histone H2b cytoplasmic fluorescence in a living meiotic embryo
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in utero. The chromosomes are not in this focal plane. H. Deconvolved widefield image of
anti-KCA-1 staining of a fixed meiotic embryo. MT indicates microtubules labeled with an
anti-α tubulin antibody. DNA indicates staining with DAPI. The color images are merged
images. Size bars = 10 μm. I and J. Fluorescence intensity line scans across the long axis of a
meiotic embryo and a mitotic embryo expressing mCherry-KLC-1 (I) or GFP:KCA-1 (J).
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Figure 3. Yolk granules are concentrated in the middle of meiotic embryos in a KCA-1-dependent
manner
Laser scanning confocal images of GFP:vitellogenin fluorescence in fixed embryos. A.
UNC-116 is concentrated in the same region of a wild-type meiotic embryo as the yolk
granules. The cortex is highlighted for clarity on the right. B. The spindle is in a yolk granule-
free area near the cortex in a wild-type meiotic embryo. C. In a kca-1(RNAi) meiotic embryo,
the relative positions of the spindle and yolk granules are inverted. D. Yolk granules extend
all the way to the cortex in a wild-type mitotic embryo. MT indicates microtubules labeled
with an anti-α tubulin antibody. The color images are merged images in which blue indicates
chromosomes stained with DAPI. Bar in A–D = 10 μm. E. In a rab-7(RNAi) meiotic embryo,
vitellogenin is trapped in endosomal intermediates that are much larger than wild-type yolk
granules (Poteryaev et al., 2007). UNC-116 is not discernibly concentrated on the surface of
these vesicles. Bar in E = 3 μm.
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Figure 4. Projections of time-lapse images of GFP:vitellogenin-containing yolk granules reveal
kinesin-dependent circular movement in meiotic embryos
Single 300 ms exposures are shown on the left. Images on the right are maximum intensity
projections of 16 frames captured at 4 sec intervals. A. In a wild-type meiotic embryo, a circular
pattern is generated in the time series projection. B. a wild-type mitotic embryo, C. a wild-type
diakinesis oocyte, D. an unc-116(RNAi) meiotic embryo, E. or a kca-1(RNAi) meiotic embryo,
no circular movements are seen. Instead, yolk granules appear larger in the time series
projection due to Brownian motion. F. In profilin-depleted meiotic embryos, long curved arcs
appeared in projections due to circular movements of yolk granules. Profilin is required for
assembly of all actin structures in the one-celled embryo (Severson et al., 2002) and the uterus
of this worm contained only one-celled, multi-nucleate embryos, indicating that the RNAi was
penetrant. Bar = 5 μm.
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Figure 5. Single particle tracking reveals inward movement of yolk granules from the cortex
Images of GFP:vitellogenin fluorescence in a wild-type meiotic embryo were captured at 300
ms intervals using a spinning disk confocal microscope. A. Maximum intensity projection of
a time-series reveals arcs indicative of net circular movement. B. Single particle tracks moving
diagonally inward. The circles indicate the end of each track. A maximum intensity projection
is shown so that movements occurring at different times during a 60 sec period can be shown
in a single image. C. Examples of single particle tracks that parallel the projection arcs shown
in A and follow paths parallel to the cortex. Note that single particle tracks are shorter and
straighter than the projection arcs. The square in the middle of the embryo is an overlay of a
projection of a smaller time series because the particle tracks within this square were completely
obscured in the full time-series projection. D. Examples of single particle tracks that are
perpendicular to the projection arcs. E. Magnified region showing the pink track of a yolk
granule moving on a linear track for 10.5 sec. F. From 10.5–19.2 sec, the yolk granule with
the pink track underwent Brownian motion with no net displacement while 2 other yolk
granules (green and yellow tracks) moved on parallel linear tracks. G. After the yolk granules
with green and yellow tracks exited the focal plane, the pink-track yolk granule resumed linear
motion. H. Example of a single particle track showing a yolk granule making a 90° turn. Bars
= 5 μm. Bar in A is for A, B, C and D. Bar in E is for E, F, G and H.
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Figure 6. Parallel cytoplasmic microtubules extend diagonally inward from the cortex of meiotic
embryos
Meiotic embryos were fixed and stained with anti-α tubulin antibody. Images were captured
every 200 nm in the z axis and deconvolved. A is a projection of 22 images (4.4 μm thick), B–
F are projections of 10 images (2 μm thick). A and B. Examples of wild-type meiotic embryos
with insets showing higher magnification of parallel microtubules extending diagonally inward
from the cortex. C and D show surface views of cortical microtubules showing parallel
microtubules in the wild-type embryo in C and randomly oriented microtubules in the kca-1
(RNAi) embryo in D. E and F show a focal plane in the middle of the embryo showing a higher
density of microtubules at the cortex in the wild-type embryo (E) and a more even distribution
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of microtubules in the kca-1(RNAi) embryo (F). G and H show fluorescence intensity plots
across the width of the embryos (indicated by the red boxes) in E and F. Bar = 5 μm.
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Figure 7. Cytoplasmic microtubules in living wild-type meiotic meiotic embryos
A. Model in which yolk granules (blue circles) are initially transported by kinesin-1 inward on
microtubules with minus ends anchored in the cortex. Thin arrows represent cytoplasmic
microtubules (arrowhead = plus end). Curved, thick arrows represent the direction of
streaming. As yolk granules increase in number due to endocytosis of vitellogenin, the middle
of the embryo becomes completely packed with yolk granules and the plus ends of cortically
anchored microtubules are forced to pivot outward. This outward pivoting increases the density
of microtubules at the cortex and initiates circular cytoplasmic streaming. When microtubules
pivot down the long axis of the embryo (upper right), streaming occurs down the long axis of
the embryo (Video 1). When microtubules pivot in the short axis of the embryo, lower right,
streaming initiates down the short axis of the embryo (Video 2). B and C. Spinning disk
confocal images of GFP:tubulin fluorescence in living wild-type meiotic embryos. B. Parallel
microtubules extend diagonally inward from the cortex in the apparent direction of streaming.
A magnified view of the area within the white rectangle is shown on the right. C. Microtubules
are barely discernible in the meiotic embryo (upper left) but are clearly discernible in the
diakinesis oocyte (lower right) most likely because most of the microtubules in meiotic
embryos move during the 1.5 sec exposure required to capture these images whereas
microtubules in diakinesis oocytes are mostly stationary. Bar = 5μm.
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Figure 8. Yolk granules are dispersed but spindle translocation is normal in cls-2(RNAi) meiotic
embryos
Metaphase I meiotic embryos expressing GFP:vitellogenin (green) were fixed and stained with
anti-tubulin antibody (red) and DAPI (blue). A. fzy-1 (RNAi) embryo. B. cls-2(RNAi) embryo.
Bar = 5 μm.
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Figure 9. Kinesin-1 is required for migration of the diakinesis nucleus toward the oocyte cortex
A. Brightfield images from a time-lapse series of the -1 oocyte in a wild-type worm showing
migration of the nucleus toward the junction between the -1 and -2 oocyte. The nucleus is
centered within the -2 oocyte. Two discrete processes result in the asymmetric position of the
nucleus in the -1 oocyte at nuclear envelope breakdown. The distance between the nucleus and
the junction with the -2 oocyte decreases, indicating nuclear migration, and the oocyte changes
shape such that it extends asymmetrically toward the spermatheca, which is to the right in these
images. Nuclear migration occurred in 17/18 wild-type worms in which germinal vesicle
breakdown and ovulation occurred. In 6/6 unc-116(RNAi) worms (B) and 5/5 kca-1(RNAi)
worms (C) in which germinal vesicle breakdown occurred, no nuclear migration took place
but the oocyte still extended asymmetrically toward the spermatheca. Bar = 7 μm.

McNally et al. Page 25

Dev Biol. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 10. Yolk granule transport is suppressed in diakinesis oocytes relative to meiotic embryos
A and B. Comparison of a single time point image of GFP:vitellogenin-labeled yolk granules
in a diakinesis oocyte (A) with a maximum intensity projection of a 10 sec time series (B)
reveals that most yolk granules are stationary. C. Tracks show the infrequent, short, linear
movements of a small fraction of the yolk granules in a diakinesis oocyte. D. Confocal image
of mCherry:KCA-1 fluorescence in a diakinesis oocyte. Fluorescence is concentrated in
discrete foci that are not observed in meiotic embryos. Bar = 7 μm.
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Table 1
Depletion of kinesin-1 subunits results in diakinesis nuclei that are further from the cortex
at nuclear envelope breakdown

Measurements were taken from time-lapse sequences of GFP:tubulin fluorescence or GFP:histone fluorescence

genotype Distance from cortex (μm) Standard Deviation (μm) n

Wild type 1.32 .47 17

unc-116(RNAi) 8.43 1.67 14

klc-1(RNAi) 5.50 2.11 9

kca-1(RNAi) 6.56 2.18 25
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