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ABSTRACT

The centrosome is a major microtubule-organizing center in animal cells. The position
of the centrosome inside the cell is important for the cell’s functions. Multiple
centrosomes sharing a common cytoplasm are observed to position themselves by
taking a certain distance among them. As a mechanism of this spacing between the
centrosomes, a sliding of anti-parallel microtubules between the centrosomes using
kinesin motor proteins has been known. The existence of an additional, kinesin-
independent mechanism for the centrosome spacing has been suspected but
uncharacterized. The characterization of the spacing mechanism between the
centrosomes has been difficult because the cell nucleus and chromosomes are often
located between the centrosomes and they hinder the investigation of the direct
interaction between the centrosomes.

In this study, I addressed the mechanisms underlying the spacing activity
between the centrosomes using the Caenorhabditis elegans embryo. Previous studies
suggested that kinesins required for the known spacing mechanism in other species are
not required for the spacing in the C. elegans embryo. To characterize the spacing
mechanism in the C. elegans embryo, I developed a method to remove the
chromosomes from the embryo to focus on the interaction between the centrosomes by
excluding the effect from the cell nucleus and chromosomes. In the enucleated embryos,
the space between the sister centrosomes increased after the centrosome duplication.
The observation demonstrated that the enucleated C. elegans embryo is a good model to

address the mechanisms underlying the spacing activity.



To investigate the mechanism of the spacing activity between the centrosomes,
I searched for the genes required for the spacing activity in the enucleated C. elegans
embryos. The cortical pulling force is a force generated by force generators at the cell
cortex. I first knocked down gpr-1/2 genes, which are essential for generating the
cortical pulling force. The knockdown impaired the spacing, but not completely. The
result suggested that the cortical pulling force contributes to the spacing, but is not the
sole driving force. Next, I knocked down dhc-1 gene, which encodes the catalytic
subunit of dynein motor protein. Without dynein, the centrosome spacing was almost
completely impaired. In addition to the cortical pulling force, dynein generates
“cytoplasmic pulling force”, which means the force to pull the microtubule and the
centrosomes at the cytoplasmic locations such as intracellular organelles. Therefore, I
inhibited both pulling forces simultaneously. Simultaneous inhibition impaired spacing
of centrosomes as severe as dhc-1 (RNA1). In conclusion, the cortical and cytoplasmic
pulling forces provide major driving force for the spacing activity between the
centrosomes, independent of the nucleus and chromosomes.

Next, I investigated the physical mechanism for the spacing between the
centrosomes. As a mechanism to enable a pair of the centrosomes moving to different
directions, I proposed the “pulling force competition model”. In this model, the multiple
centrosomes compete for each of the force generators located in the cell cortex or
cytoplasm, and the nearer centrosome has the greater chance to be pulled by the force
generator. A numerical simulation reproduced the centrosome spacing in enucleated
embryos. Importantly, the model reproduced the separation of the centrosome along the

surface of the nucleus as well as the centration of the centrosome and associated nucleus



in the 1-cell stage C. elegans embryos. These results collectively support the pulling
force competition accounts for the centrosome spacing.

In addition to the mechanism of the centrosome spacing, I found an interesting
behavior of the centrosomes in the enucleated C. elegans embryo when dynein is
knocked down. My observations detected massive movement of the centrosomes, not
for a while after the centrosome duplication but later at the cell cycle. I knocked down a
non-muscle myosin gene (nmy-2), which is required for cytoplasmic flow, together with
dhc-1, the movement of the centrosomes was almost completely blocked. The result
indicated that cytoplasmic flow can move the centrosomes even when the dynein
function is impaired.

Finally, I also found an unexpected dynamic of the centrosomes in enucleated,
dynein knocked down embryos. After the centrosomes are dispersed in the cytoplasm
with the cytoplasmic flow, they assemble to come close to each other. The mechanisms
underlying the novel assembly behavior are totally mysterious, and will be an
interesting topic for future research.

In summary, I found a novel type of the spacing activity of the centrosome that
depends on dynein. I propose the pulling force competition model for the spacing
between centrosomes. In addition, I found a floating movement of the centrosome
driven by the cytoplasmic flow. Finally, I found a mysterious assembly movement of
the centrosome. My study characterized novel positioning behaviors and mechanisms of
the centrosomes inside the cell in C. elegans, which should be applicable to other

organisms.



INTRODUCTION

The centrosome is an organelle in animal cells, and serves as a major microtubule
organizing center (MTOC) (Wu and Akhmanove, 2017). MTOC is an intracellular
structure from which the microtubules that consist of a- and B-tubulin proteins elongate
(Chaaban et al., 2018). The centrosomes play important roles in cells, such as
intracellular transport and cell division (O’Connell, 1999; Meraldi, 2015). For example,
Golgi apparatus, yolk granules and lysosomes are transported by motor proteins moving
along the microtubules toward the centrosome (Rois and Bornens, 2003; Kimura and
Kimura, 2011). Importantly, the number of the centrosomes is strictly regulated inside
the cell (Tsou and Stearns, 2006). The centrosome duplicates once per cell cycle, and as
a result, there are one or two centrosomes in a typical cell.

Because the centrosome plays a central role in defining the spatial organization
of the cell, the positions of the centrosomes in the cell are important for cellular
functions (Tang and Marshall, 2012; Elric and Etienne-Manneville, 2014). In the
interphase, the centrosome tends to be located at the cell center (Fig. 1A (iii)). Because
the centrosome is associated with the nucleus, this positioning is important to position
the nucleus at the cell center, and to position the mitotic spindle at the cell center for
symmetric cell division (Silkworth et al., 2011). In the mitotic phase, the two
centrosomes become the poles of the mitotic spindle (Fig. 1A (v) and (ix)). The
elongation of the spindle is driven by the movement of the two centrosomes to the
opposite direction, which contributes to the segregation of chromosomes during mitosis.
In addition, the position of the centrosomes defines the angle and the position of the

mitotic spindle, which in turn defines the cell division plane (Fig. 1A (vi)). The



direction of cell division is important for proper arrangements of cells during
development (Tang and Marshall, 2012). This is because proper cellular arrangements
are necessary for adjacent cells to communicate with each other during animal
development. For an asymmetric cell division (Fig. 1A (vi), an off-centered positioning
of the spindle often plays a critical role (Grill et al., 2001). Thus, the proper positioning
of the centrosome is important for cell division and development.

The position of the centrosomes is controlled by forces generated by
microtubules and motor proteins associated with the microtubules. Using the
microtubule and motor proteins, the centrosome interacts with various structures, such
as the cell cortex, cytoplasmic vesicles, the nucleus, the chromosomes, as well as other
centrosomes. When a microtubule elongating from the centrosome encounters a cell
cortex, the microtubule pushes the cortex and the cortex pushes back the microtubule to
move the centrosome away from the cortex (“pushing force”) (Fig. 1B (1)) (Dogterom
and Yurke, 1997). Minus-end directed motor proteins that pull the microtubule often
localize to the cell cortex to pull the centrosomes toward the cortex ("cortical pulling
force”) (Fig. 1B (ii)) (Grill and Hyman, 2005). Minus-end directed motor located at
cytoplasmic vesicles pulls the centrosomes throughout the cytoplasm to position the
centrosome at the cell center (“cytoplasmic pulling force”) (Fig. 1B (iii) (Kimura and
Kimura, 2011). Minus-end directed motor also localizes on the nuclear surface, and the
centrosome slides along the nuclear surface (Fig. 1B (iv)) (Gonczy et al., 1999; Malone
et al., 2003). In the mitotic spindle, each of the sister chromosomes associates one of the
two centrosomes (spindle poles), and the cohesion of the chromosomes tethers the two
centrosomes (Mogilner et al., 2006) (Fig. 1B (v)). In addition to these intracellular

structures, centrosomes interact with each other to position themselves (Fig. 1C).



The two centrosomes sharing a common cytoplasm repulse each other. Such
repulsive movement is observed after the centrosome duplication (Fig. 1A (i) to (ii),
(vii) to (viii), (x) to (xi)). The resultant two centrosomes depart from each other along
the surface of the nucleus, which is known as the process of centrosome separation. An
intensively studied example of the repulsion/spacing activity between the centrosomes
is the formation and elongation of the mitotic spindle (Brust-Mascher et al., 2004). A
plus-end-directed motor protein, kinesin-5, binds to anti-parallel microtubules
elongating from each of the two centrosomes (Fig. 1C (i)). When kinesin-5 motors
move toward the elongating tips (plus ends) of the anti-parallel microtubules, the
movement slides the microtubules apart and increases the space between the two
centrosomes (Tao et al., 2006; Cheerambathur et al., 2008; Reinemann et al., 2017).
This spacing mechanism in mitotic spindle involving anti-parallel microtubule and
kinesin motors likely function in the spacing between the centrosomes also in
interphase, in addition to mitotic spindles (Baker et al., 1993). When more than a pair of
the centrosome share a common cytoplasm, which may be induced artificially or occurs
naturally in syncytium, the multiple centrosomes that do not contain the chromosomes
in between also show a spacing (Fig. 1C (i1)). In a classic experiment demonstrating the
formation of a cell division furrow between non-sister pairs of centrosomes (i.e., the
“Rappaport furrow”), these pairs were observed taking space from each other (Fig. 1C
(ii1)) (Oegema and Mitchison, 1997). In Drosophila syncytium cells, the nuclei and
spindles position themselves with a certain spacing, suggesting a repulsive interaction
between the centrosomes (Kanesaki et al., 2011; Telley et al., 2012; de-Carvalho et al.,
2022). While the molecular mechanism of the spacing has not been studied for the

Rappaport furrow case, recent studies support the sliding of plus-end-directed motors



between anti-parallel microtubules as the underlying mechanism for the repulsive
interaction for non-sister pairs of the centrosomes. In Drosophila syncytium, a
homotetrameric bipolar kinesin-5 (Klp61F), a homodimeric microtubule bundling
protein PRC1 (Fascetto/Foe), and kinesin-4 (KIp3A) were demonstrated to be localized
on anti-parallel microtubules where between the centrosomes and slide anti-parallel
microtubules required for the spacing (Deshpande et al., 2021). PRC1 (Prc1E) and
kinesin-4 (Kif4A) were also shown to separate the centrosomes in Xenopus egg extract
(Nguyen et al., 2014, 2017). A anti-parallel sliding mechanism by kinesin-5 was
assumed to function also for the centrosome separation process along the nuclear
surface, without solid experimental evidence (Tanenbaum and Medema, 2010).
However, for the centrosome separation process, minus-end directed motor (dynein),
but not the plus-end directed motor (kinesin-5), provides a major driving force. The
mechanism to repulse the two centrosomes using the minus-end directed motor
remained elusive (Tanenbaum and Medema, 2010). In summary, the past knowledge on
the spacing activity between the centrosomes focused on plus-end directed motor
sliding along anti-parallel microtubules, and other mechanisms for the spacing between
the centrosomes were not known.

In this study, I aimed to reveal a novel mechanism for the spacing between the
centrosomes. From the following observations in the past, I expected that the
mechanism with anti-parallel microtubules pushed apart by kinesin-5 is not the sole
mechanism for the spacing. The Caenorhabditis elegans embryo is a well-studied
model system for centrosome biology and positioning. Interestingly, unlike humans,
Xenopus, or Drosophila, the C. elegans orthologs of the proteins involved in the sliding

of anti-parallel microtubules [BMK-1 (kinesin-5 ortholog), SPD-1 (PRC1 ortholog),
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and KLP-19 (kinesin-4)], are not required for the elongation of the mitotic spindle in the
embryo (Powers et al., 2004; Saunders et al., 2007; Lee et al., 2015). Therefore, some
other spacing mechanisms should be present in the C. elegans embryo because the
formation and elongation of the mitotic spindle take place, as well as the centrosome
separation along the nuclear surface. This suggests that an uncharacterized mechanism
exists for the spacing between the two centrosomes in C. elegans embryos. The
investigation of the uncharacterized mechanism in the C. elegans embryo should have
impact not only for C. elegans biology but also for other species because kinesin
independent spacing is suggested in other species (Deneke et al., 2019, Donoughe et al.,
2022).

It is challenging to characterize the centrosome spacing activity, which is
independent of the nucleus and spindle, in the C. elegans embryo. The centrosomes in
the wild-type C. elegans embryo are consistently associated with the nucleus or spindle,
and the embryonic cells do not form syncytia (Fig. 1A). Inactivation of the zyg-12 gene
offers some information on the centrosome spacing, independent of the nucleus, as this
gene encodes a KASH domain protein essential for the association between the
centrosome and the nucleus (Malone et al., 2003). The centrosomes move
independently of the nucleus in zyg-/2-impaired cells until the centrosomes are
incorporated into the mitotic spindle during the mitotic phase. Upon inactivation of zyg-
12, the two centrosomes in the 1-cell stage embryo separate, indicating that the spacing
activity independent of the nucleus exists in the embryo. Separation is impaired by
knocking down genes involved in the cortical pulling force, suggesting that this force
affects the spacing (De Simone et al., 2016). However, it is unclear why the two

centrosomes move in different directions instead of being pulled toward the same
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cortical region (Fig. 1D). Cortical flow has been proposed to contribute to this process
(De Simone et al., 2016). In the model, cortical dynein that pulls one of the centrosomes
moves to a direction by cortical flow, and dynein pulling the other centrosomes moves
to the opposite direction. In this mode, however, the mechanism that ensures the two
centrosomes always move in the opposite directions is not clear. In addition, the cortical
flow does not take place in later cell-stages, and thus this mechanism, if any, cannot be
a general mechanism for the centrosome spacing. Furthermore, zyg-12 affects the
interaction between the nucleus and the centrosome, but not the spindle formation.
Therefore, a spacing mechanism independent of the spindle cannot be addressed in zyg-
12-impaired cells.

To characterize the spacing activity between the two centrosomes that is
independent of the nucleus and spindle, I decided to utilize an experimental setup to
remove the chromosomes from the C. elegans embryo (“enucleated embryo’) which
had been developed in my laboratory (Kimura A et al., unpublished). I expected that,
using the enucleated embryo, I can reveal the positioning mechanism of the
centrosomes independent of the nucleus and spindle. To create the enucleated embryo,
the paternal chromosomes and the maternal chromosomes were removed using an emb-
27 mutant sperm (Sadler and Shakes, 2000) and by knockdown of the klp-18 gene
(Segbert et al., 2003), respectively. emb-27 encodes a subunit of the anaphase-
promoting complex, and its mutant causes chromosome segregation defects that
produce enucleated sperm (Sadler and Shakes, 2000; Kondo and Kimura, 2019), while
klp-18 is a member of the kinesin family required for oocyte meiosis. The klp-18
knockdown oocyte occasionally extrudes all chromosomes into the polar body and

produces embryos without maternal chromosomes. By fertilizing these enucleated
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sperm and oocytes, enucleated embryos are expected to be produced. In this study, I
established a protocol to produce enucleated embryo in a reproducible manner, and
characterized the spacing activity between the two centrosomes independent of the

nucleus and spindle.
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Figure 1: Drawing of the position of the centrosome and the working forces
(A) Schematic drawing of the centrosome positioning in the early embryo of C. elegans.
The green circles indicate centrosomes, the red circles indicate nuclei, the gray ovals

indicate chromosomes, and the blue ovals indicate cell membranes (in this figure). The
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black ovals indicate eggshells. The 1st centrosome duplication takes place after
fertilization (i). The centrosomes separate (ii), and move toward the cell center (iii).
Meanwhile, the centrosome axis rotates to align along the long axis of the cell (iv). After
nuclear envelope breakdown, the mitotic spindle is formed (v). The mitotic spindle of the
1-cell stage C. elegans embryo relocates to an off-center position (vi), which will induce
an asymmetric cell division (vii). A similar dynamic positioning takes place at later cell
cycles (vii ~ ix). The positions of the centrosomes define the cell division axes (x), which
is important for subsequent cell arrangement (xi). (B) The forces that act to move the
centrosomes. (i) The force pushing the centrosome by the extending microtubules. (ii)
The force that pulls the centrosome from the cell cortex. (iii) The force of microtubules
pulling intracellular organelles to move the centrosome. (iv) The centrosome sliding
along the nucleus surface by the minus-end-directed motor. (v) The cohesion of the
chromosomes tethers the two centrosomes. The magenta lines indicate microtubules, the
orange indicates dynein, the magenta hexagon indicates cortical pulling force anchoring
complex, and the gray circle indicates cytoplasmic organelle. The arrows indicate the
direction in which the centrosome moves. See text for details of each force. (C) Example
of the centrosome spacing. (i) The centrosomes spacing by spindle formation. (ii) The
centrosome spacing in syncytium (e.g. flies). (iii) The centrosome spacing in a cell by
artificial manipulation. The orange indicates kinesin-5. The arrows indicate the direction
of movement of the centrosome, and the double arrows indicate the centrosome spacing.
(D) When two centrosomes are located at nearby locations (e.g. just after duplication),
the centrosomes should receive similar forces and move to similar directions unless there
is any influence from the other centrosomes. This is unlikely the case in real cells, as we

observe the spacings between the centrosomes as in (C). The red and black circles indicate
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duplicated centrosomes, the black and grey lines indicate radially extending microtubules,
the small red and black arrows indicate force by the cortical pulling force, and the large

arrows indicate the direction in which the centrosome moves.

16



RESULTS

Establishment of enucleated C. elegans embryos by genetic manipulation

In this study, I used C. elegans strains in which the centrosomes (y-tubulin),
chromosomes (H2B), and cell membranes (PH) were visualized using GFP (Fig. 2,
Table. 1). In control 1-cell-stage embryos, sperm- and oocyte-derived pronuclei
appeared after fertilization (Fig. 2A). In the wild type, two centrosomes exist in one
cell. Two centrosomes associated with the sperm pronucleus moved toward the center
of the cell and met the oocyte pronucleus before the first cytokinesis (Fig. 2A,
Supplemental Movie S1, Schematic drawing in Fig. 1A).

emb-27 (g48ts) mutant males produced enucleated sperm (Sadler and Shakes,
2000). emb-27 mutants affect the number of centrosomes supplied by sperm (Kondo
and Kimura, 2019). As a result, the presence of 1-4 centrosomes is observed in the 1-
cell stage emb-27 mutant and in the enucleated embryo. When the males were mated
with the control hermaphrodite, the sperm pronucleus was absent, while the three
centrosomes migrated toward the cell center to meet with the oocyte pronucleus (Fig.
2B, Supplemental Movie S2).

kip-18 (RNA1) hermaphrodites failed to undergo oocyte meiosis, and all
maternal chromosomes were occasionally extruded to the polar bodies (Segbert et al.,
2003). The oocyte pronucleus was not detected in these embryos during pronuclear
migration (Fig. 2C, Supplemental Movie S3).

I designed an experiment to obtain embryos without chromosomes by
mating emb-27 (g48ts) males with klp-18 (RNAi) hermaphrodites. In the beginning, the

efficiency of obtaining enucleated embryos was low. After trials and errors, I found the
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following tips to be important to improve the efficiency. Firstly, to improve the
efficiency of the mating, I now mix ~25 hermaphrodites and ~125 males in a culture
plate. At the beginning, I was mixing 12 hermaphrodites and 24 males to find most
hermaphrodites unfertilized. By mixing 12 hermaphrodites and 60 males, the ratio of
obtaining mated hermaphrodites increased to 50%. The current condition further
increased the ratio to 90%. I found further increase of the number of worms cultured in
a plate resulted in decreased efficiency of obtaining suitable hermaphrodites for the
experiment because when more than 200 worms are prepared in plates, many worms dig
into the agar, making it difficult to find worms that can be used for the experiment.
From the same reason, I found it important to use plates that were not cracked or dry.
Secondly, to improve the efficiency of obtaining oocyte whose maternal chromosomes
were completely released to the polar bodies, I searched for a suitable incubation time
after the injection of klp-18 dsRNA for the RNAi experiment. The maternal
chromosomes were removed completely in 9% (2 embryos from 23 dissected worms)
when the time after klp-/8 dsRNA injection was less than 31 hours. The success ratio
increased to 50% (6 embryos from 12 dissected worms) when the time after injection
was 31 hours or more. Based on this result, I moved on to evaluate the efficiency to
obtain enucleated embryos by mating klp-18 hermaphrodites and emb-27 males. When
the incubation time after the klp-18 dsSRNA injection was between 25 and 30 hours,
44% of the embryos (4 embryos from 9 dissected worms) were enucleated. This ratio
increased to 83% (5 embryos from 6 dissected worms) when the incubation time was 30
hours or more. The results showed that a high percentage of enucleated embryos could
be obtained by adjusting the time from kip-18 dsRNA injection. After these

improvements, I was able to obtain enucleated embryos with high efficiency (Fig. 2D,
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Supplemental Movie S4). I did not detect sperm or oocyte pronuclei or any
chromosomes inside the embryonic cells at a subsequent stage.

In the enucleated embryo, the centrosomes moved dynamically, which is the
main topic of this study that will be analyzed ensuing. This means that the centrosomes
can move without the nucleus or chromosomes. Interestingly, the centrosomes
duplicated for multiple rounds that appear to correspond to cell cycle. The exact number
in the later stage of the enucleated embryo was difficult to determine from the current
imaging setup, as the centrosomes became smaller in subsequent cycles. Cytokinesis
was impaired, at least in the first several cycles, possibly because of the loss of
chromosomes (Bringmann and Hyman, 2005). The invagination of the cell membrane,
which was visualized by the GFP::PH probe, became evident in later cycles, but it was
difficult to determine whether the cytoplasm was completely separated. Most
importantly for this study, the positions of these centrosomes did not overlap but were
spread throughout the cell (Fig. 2D), suggesting the existence of a spacing activity.
Therefore, the enucleated C. elegans embryo is suitable for characterizing the spacing
activity of centrosomes independent of the nucleus and spindle. In summary, at least for
several cycles of centrosome duplication, cytokinesis was impaired, and sister and non-
sister centrosomes shared a common cytoplasm and moved dynamically in the

enucleated embryos.
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Figure 2: Establishment of enucleated C. elegans embryos by genetic manipulation
(A) A time lapse imaging series of an embryo of the control strain (CALO181) grown at
16 °C, with imaging at 18-22 °C. The reproducibility of the observation was confirmed.
(n=5). The red circles indicate centrosomes, the yellow arrowheads indicate pronucleus
or nucleus, the yellow oval circles indicate polar body, and the yellow square indicates
cell membrane. z-maximum projections. (B) An embryo of the hermaphrodite of the
CALO181 strain mated with males of the CALOOS1 strain. Both strains were grown at
25 °C, with imaging at 18-22 °C. (n=5). The red circles indicate centrosomes, the yellow
arrowheads indicate pronucleus or nucleus, the yellow oval circle indicates polar body,
and the yellow square indicates cell membrane. z-maximum projections. (C) An embryo
of the hermaphrodite of CALO181 with klp-18 (RNAi) grown at 25 °C after injection,
with imaging at 18-22 °C. (n=5). The red circles indicate centrosomes, the yellow

arrowheads indicate pronucleus or nucleus, the yellow oval circle indicates polar body,
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and the yellow square indicates cell membrane. z-maximum projections. (D) An embryo
of the hermaphrodite of CALO181 with klp-18 (RNA1) was mated with males of the
CALOO0S51 strain. Both strains were grown at 25 °C, with imaging at 18-22 °C. (n=7). The
red circles indicate centrosomes, the yellow circle indicates polar body. z-maximum

projections. Scale bar, 10 um.
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A repulsive spacing between sister and non-sister centrosomes was observed in the

enucleated embryo

To characterize the force acting between centrosomes, I quantified the change in
distance between centrosomes over time. In this study, I focused on a time window
corresponding to the 2-cell stage in control embryos with nuclei (Fig. 3). In the
enucleated embryo, the cytokinesis fails so the cytoplasm is not divided into two in the
“2-cell stage”. The four (or more, depending on the number of centrosomes in 1-cell
cycle, as explained in the previous section) centrosomes of two sister and non-sister
pairs co-exist in the common cytoplasm in this stage. I focused on this stage because it
is the earliest stage where I can track the potential interaction between non-sister pairs
of the centrosomes. I set the time zero of the time window when I first detected two
discrete centrosomes (y-tubulin) spots for a sister pair of interest after the 2nd
centrosome duplication (Fig. 3A). The time window ended when two spots could not be
detected or when two spots were again detected in the following round of centrosome
duplication.

I compared the distance between sister pairs of the centrosomes in enucleated
embryos, as well as those in controls (i.e., embryos with the nuclei) and zyg-/2 (RNA1)
embryos (Fig. 3C). At early timepoints in the time window, in control embryos, sister
centrosomes slid along the nuclear surface to position themselves at opposite poles of
the nucleus (Supplemental Movie S5) (Gonczy et al., 1999). In the enucleated embryo,
the sister centrosomes separated at a similar speed to the control embryos, showing that
the spacing independent on nucleus (Fig. 3C, Supplemental Movie S7). This result is
consistent with previous observations of zyg-/2 (RNAi), in which centrosomes were not

associated with nuclei (Malone et al., 2003). At later timepoints, for enucleated

22



embryos, unlike the control embryo, the separation of the sister centrosomes did not
pause at the distance of the nuclear diameter but continued to increase. This behavior
can be explained by the loss of association with the nucleus, similar to that observed
with zyg-12 (RNAI1) embryos (Supplemental Movie S6). At more later timepoints,

in zyg-12 (RNAIi) embryos, the separation of the centrosomes slowed as the
centrosomes formed the mitotic spindle, until the centrosomes separated again in
anaphase (Fig. 3C). The centrosomes in the enucleated embryo moved in a common
cytoplasm, whereas those of the control or zyg-12 (RNAi) embryos moved in one of the
two divided cytoplasms; thus, a direct, quantitative comparison of the centrosome
distance between nucleated and enucleated embryos after the cytokinesis is difficult. In
summary, centrosomes had the intrinsic ability to separate from their sister centrosomes,
independent of the sliding activity along with the nucleus in enucleated embryos. In
control embryos, the nucleus tethered sister centrosomes did not separate further until
the nuclear envelope breakdown.

An advantage of enucleated embryos is that I can characterize the interaction
between non-sister centrosomes that share a common cytoplasm. The distance between
the non-sister centrosomes were overall longer than that of sister centrosomes (Fig. 3D).
This is reasonable because the initial distance between the non-sister pairs is far longer
than that between the sister pairs. The distance between the non-sister centrosomes at
time O corresponds to the maximum sister centrosome distance in 1 cell cycle before.
Interestingly, the distance between the non-sister centrosomes at time 0 tended to be
constant depending on the intracellular position of the centrosome. Importantly, even
though all centrosomes dynamically move within the embryo, the distances between the

non-sisters did not become shorter than the minimal distance between the sister pairs at
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each time point (Fig. 3D, 3E). The results indicated that the spacing activity existed not
only between sister pairs but also between and non-sister pairs of the centrosomes.
Therefore, repulsive spacing activity is intrinsic to the centrosome, possibly because of

the interaction between microtubule asters.
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Figure 3: Characterization of centrosome dynamics during the second cell cycle

(A) The definition of time zero in this study. Representative time series images (upper)
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and the enlarged images of the yellow box (lower) of an embryo from the enucleated
CALO181 strain. The timepoint when I detected two discrete spots in the cloud of the y-
tubulin signal was defined as time zero. The yellow arrowheads indicate two discrete
spots of centrosomes. Upper panels are z-maximum projections. Scale bars, 10 um for
upper panels and 2 um for lower panels. (B) A time lapse imaging series of an embryo of
the control strain (CALO181), a DE90O strain with zyg-12 (RNAi) embryo, and an
enucleated embryo in the second cell cycle are shown. The yellow arrowheads indicate a
pair of sister centrosomes, and the asterisks indicate the other centrosomes in the images.
z-maximum projections. Scale bar, 10 um. (C) The quantification of the distance between
sister centrosomes. The mean and S.D. (standard deviation) are shown with the circle and
the error bar, respectively. Black, control embryos (eight sister pairs from five embryos).
Red, enucleated embryos (ten sister pairs from five embryos). Blue, zyg-12 (RNAIi)
embryos (seven sister pairs from five embryos). (D) Distance between the sister- and non-
sister-pairs of centrosomes in the enucleated embryo. The distances between the non-
sister pairs are calculated for all possible pairs of the non-sisters. Individual samples are
shown with thin lines. The mean and S.D. (standard deviation) are shown with the circle
and the error bar, respectively. Black, the distance between sister centrosomes. Red, the
distance between non-sister centrosomes. (E) The transition of the distance between non-
sister centrosomes. Distance between the non-sister-pairs of centrosomes is subtracted by
the minimum sister centrosomes distance at each time point in the enucleated embryo.

Individual samples are shown with red lines.
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Dynein-dependent pulling forces were responsible for the major spacing activity

To obtain insight into the mechanism of the spacing between centrosomes, I searched
for genes involved in this activity in the enucleated embryo. Cortical pulling forces,
which are the forces pulling the microtubule from force generators located in the cell
cortex, have been shown to contribute to centrosome separation
in Drosophila (Cytrynbaum, 2003). In C. elegans, knocking down genes required to
generate cortical pulling force (e.g., gpr-1/2 (RNA1)) impaired the spacing in zyg-
12 knockdown embryos (De Simone et al., 2016). I knocked down gpr-1/2 in an
enucleated embryo to inhibit cortical pulling force, which shortened the distance
between the centrosomes (Fig. 4, Supplemental Movie S8). I found significant
differences between the enucleated embryos and enucleated embryos with gpr-1/2
(RNAI) in the values of the distance between the sister centrosomes at the 10-minute
timing when the distance between centrosomes in enucleated embryos reaches near
saturation (p<0.01 by Mann-Whitney U test. Mean values for enucleated embryo and
enucleated embryo with gpr-1/2 (RNAi) are 15.8 £2.5 um and 6.9 + 3.2 um (mean +
SD), n=10 and 13, respectively). The results indicated that the cortical pulling force
mediates the spacing activity. Meanwhile, the centrosomes were separated to some
extent in the enucleated gpr-1/2 (RNAi) embryos. This result was consistent with the
incomplete separation of the zyg-12; gpr-1/2 (RNA1) embryos (De Simone et al., 2016).
While I could not exclude the possibility that the cortical pulling force was not impaired
completely with gpr-1/2 (RNA1), I expected that different factors were involved in the
centrosome spacing activity.

When I knocked down dhc-1 in the enucleated embryo, the spacing was almost

completely blocked for approximately 20 min, which corresponded to the duration of

27



the cell cycle in the control embryo (Fig. 4, Supplemental Movie S9). dhc-1 encodes the
heavy chain subunit of cytoplasmic dynein and is responsible for all the microtubule
pulling forces in C. elegans embryos reported to date (Gonczy et al., 1999; Torisawa
and Kimura, 2020). I found significant differences between the enucleated embryos
with gpr-1/2 (RNAI) and enucleated embryos with dhc-1 (RNAI) in the values of the
distance between the sister centrosomes at the 10-minute timing (p<0.01 By the Mann-
Whitney U test. Mean values for enucleated embryo with gpr-1/2 (RNA1) and
enucleated embryo with dhc-1 (RNA1) are 6.9 + 3.2 um and 3.1 £ 0.4 pum, n=13 and 12,
respectively). Here, I focused on the complete block of the spacing for the first ~20 min,
while the spacing after 20 min was analyzed and discussed later in this manuscript.
Dynein inhibition impairs the major spacing activity, which occurs within 20 min,
almost completely. Therefore, this result suggested that factors other than the cortical
pulling force, but depend on dynein, contributed to the spacing.

The cytoplasmic pulling force depends on dhc-1 but not on gpr-1/2 and drives
centration of the centrosomes and pronuclei, which has been reported in the C.
elegans embryo (Kimura and Onami, 2005, 2007). I expected that the cytoplasmic
pulling force contributed to the spacing. To validate this hypothesis, I knocked down
the dyrb-1 and gpr-1/2 genes in the enucleated embryo. dyrb-1 encodes a roadblock
subunit of the dynein complex, which is not essential for the motor activity of dynein
but is required for organelle transport and centration of the centrosome; therefore, this
subunit is necessary for the cytoplasmic pulling force (Kimura and Kimura, 2011).
In dyrb-1; gpr-1/2 (RNA1) enucleated embryos, in which the cytoplasmic- and cortical-
pulling forces are impaired, but the motor activity of the dynein is intact, the

centrosome spacing is essentially blocked, as I observed in the dhc-1 (RNAIi) enucleated
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embryo (Fig. 4, Supplemental Movie S11). I found significant differences between the
experiment between the enucleated embryos with gpr-1/2 (RNA1i) and enucleated
embryos with gpr-1/2; dyrb-1 (RNAI) in the values of the distance between the sister
centrosomes at the 10-minute timing (p<0.01 By the Mann-Whitney U test. Mean
values for enucleated embryo with gpr-1/2 (RNA1) and enucleated embryo with gpr-1/2
+ dyrb-1 (RNAI) are 6.9 +3.2 pm and 3.9 1.1 pum, n=13 and 12, respectively). From
these results, I propose that cortical and cytoplasmic pulling forces are sufficient to
provide the spacing between the centrosomes that occurred in the initial ~20 min in

the C. elegans embryo.
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Figure 4: The centrosome spacing activity depends on cortical- and cytoplasmic-
pulling forces

(A) Time lapse imaging series of an embryo of an enucleated embryo, and gpr-1/2 (RNA1),
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dhc-1 (RNAI), dyrb-1 (RNAI), and dyrb-1;gpr-1/2 (RNAI) enucleated embryos. The left
drawing shows each experimental condition. The green circles indicate centrosomes, the
blue lines indicate microtubules, the orange indicates dynein, the magenta hexagon
indicates a cortical pulling force anchoring complex, the gray circles indicate intracellular
organelles. The magenta arrows indicate force by the cortical pulling forces, and the gray
arrows indicate force by the cytoplasmic pulling forces, respectively. The yellow
arrowheads indicate a pair of sister centrosomes. z-maximum projections. The time zero
is when two discrete centrosomes (y-tubulin) spots were detected for a sister pair of
interest after the 2nd centrosome duplication (Described in Fig. 3A). Scale bar, 10 pm.
(B) An example of the trajectory of sister centrosomes. The color cylinders show the
trajectories for the time that could be tracked for each sample. Snapshots from directly
above (left) and from the posterior side of the embryo (right) of a 3D image of the same
sample as in (A). The color cylinders indicate the trajectories of the two sister
centrosomes. The color bar indicates the progress of time as it shifts from purple to red.
Scale bar 5 ym. (C) The quantification of the distance between sister centrosomes. The
mean and S.D. (standard deviation) are shown with the circle and the error bar,
respectively. Black, enucleated embryos (ten sister pairs from five embryos). Red, gpr-
1/2 (RNAI1) enucleated embryos (thirteen sister pairs from five embryos). Blue, dhc-1
(RNAI) enucleated embryos (twelve sister pairs from five embryos). Yellow, dyrb-1
(RNAI) enucleated embryos (eleven sister pairs from five embryos). Green, dyrb-1,;gpr-

1/2 (RNAI) enucleated embryos (twelve sister pairs from five embryos).
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Pulling force competition model as a mechanism for the repulsive spacing between

centrosomes in the C. elegans embryo

In humans, Drosophila and Xenopus, other than C. elegans, plus-end-directed motors
are involved in the centrosome spacing for the mitotic spindle (see Introduction) and are
considered to be involved in chromosome-independent spacing by acting on anti-
parallel microtubules elongating from the two centrosomes (Deshpande et al., 2021). In
contrast, in this study, I found that the minus-end-directed motor, dynein, provided the
necessary force for normal separation in the C. elegans embryo. Therefore, I aimed to
determine how pulling forces mediate repulsive interactions between centrosomes.
Cortical pulling forces can mediate centrosome separation (Cytrynbaum et al.,
2003); however, a logical explanation for this is not evident. For example, to separate a
pair of centrosomes from the left and right, the left centrosome should have a stronger
pull from the left side than from the right and vice versa. How can centrosomes
distinguish between the sides to be pulled? A numerical model has been reported to
solve this problem (De Simone et al., 2016), in which the authors coupled the cortical
pulling force with a cortex flow. In the C. elegans 1-cell stage embryo, where the
sperm-derived centrosomes separated near the cortex after fertilization, the direction of
cytoplasmic flow near the cortex correlated with the direction of movement of each
centrosome. Once the centrosomes were on flows directed toward opposite sides, they
could be separated (De Simone et al., 2016). While the correlation between the direction
of the centrosome movements and the flows has been demonstrated, it is not clear why
the centrosomes consistently moved to the opposite side, whereas the flow directions
fluctuated. Moreover, the centrosomes were not near the cortex before separation in the

later stages, including during the second cell cycle investigated here, and the cortex
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flows were specific to the 1-cell stage. Thus, the mechanism to separate the two
centrosomes with a pulling force in the non-1-cell stage is undetermined.

Here, I proposed a “pulling force competition model” to explain the
centrosome spacing using pulling forces (Fig. SA). The assumption of the model is that
a force generator (in both the cytoplasm and cortex) associates more frequently with a
microtubule from a closer centrosome as opposed to that from a distant centrosome. It
appears that when the two centrosomes compete for a force generator, the closer one is
chosen. This assumption is reasonable because the microtubules grow and shrink
dynamically (i.e., dynamic instability), and the probability of reaching a force generator
decreases with distance. Intuitively, this model should explain the centrosome spacing,
but although the model is simple and reasonable, to the best of our knowledge, the
feasibility of the model has not been tested numerically.

I constructed a numerical model that based on the competition model and
examined whether this model could reproduce the spacing (Fig. 5B, 5C). Two critical
assumptions were made. First, longer microtubules are less frequent than shorter ones.
In the model, the probability of a microtubule being longer than the length (/) was
modeled as P(/) = 1 — l/L,, were L, is the maximum length of the microtubule (see
Materials and Methods). Second, a force generator pulls only one microtubule at a time.
In 3-dimensional space, force generators in the cytoplasm or the thin layer of the cortex
were uniformly distributed, similar to the previous simulation (Kondo and Kimura,
2019). The force generators at the cortex only attach to the tips of the microtubules.
Cytoplasmic force generators can attach to both the microtubule tip and the shaft. In this
model cell, the centrosomes were positioned indiscriminately as an initial condition and

ran the simulation by iterating the processes of growing the microtubule, summing up

33



the pulling forces, and moving the centrosomes. By using the parameter values from the
previous model (Kondo and Kimura, 2019) and by manually adjusting them to align the
results with those of the enucleated embryo, the spacing could be reproduced (Fig. 5D).
By reducing the pulling force from the cortex, and/or from the cytoplasm, the
simulation reproduced tendency observed in the experimental for gpr-1/2, dhc-1, dyrb-
I and gpr-1/2;dyrb-1 (RNA1) (Fig. 5D). The numerical simulation results supported the
feasibility of the pulling force competition model. Under the condition in which the
cortical pulling force is inhibited, the distance between the centrosomes (orange line)
decreases at around 17 minutes in the simulation, unlike the experimental results
(orange line) at 17 minutes (Fig. 4C), but this may be due to the presence of a flow-
dependent mechanism discussed later (Fig. 4C, 5D). The difference between the
simulated and experimental results for the condition where the cytoplasmic pulling
force is inhibited (yellow line) may be due to the difference in the starting point of the
duplicated centrosomes. In the simulation, after the duplication, the centrosomes are
distant from the cortex. Therefore, the distance between centrosomes is gradually
increased until around the 13 minutes, and as the centrosome is approaching to the
cortex, the spacing is accelerated by the cortical pulling force. Inhibition of cytoplasmic
pulling force prevents centrosomes centration (Kimura and Kimura, 2011). The
experimental results show that the duplicated centrosome is located near the cell cortex.
Therefore, even short microtubules can reach the cortex quickly, resulting in rapid
spacing by the cortical pulling force.

In addition, the pulling force competition model also reproduced the separation
and centration of the centrosomes (Albertson, 1984; Gonczy et al., 1999) associated

with the sperm-derived pronucleus of the 1-cell stage embryo (Fig. SE). For the
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simulation with the nucleus, the two centrosomes were connected with an elastic bar
with the length of the nuclear diameter (8 um), by which the centrosomes attract each
other when the distance between them exceeds the diameter. This result supports the
feasibility of the model for cells with nuclei.

In summary, the centrosome spacing is generated by both cortical and
cytoplasmic pulling forces in the experiments using enucleated C. elegans embryos.
Furthermore, I proposed a pulling forces competition model for the centrosome spacing
using these pulling forces. And this model can be explained by a numerical model. The
pulling forces competition model can explain how duplicated centrosomes always move

in opposite directions in cells with the nucleus.
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Figure 5: Pulling force competition model

(A) Schematic drawing of the model. Each centrosome (orange circle with two cylinders)
are pulled by force generators (yellow circles) at the cell cortex and the cytoplasm. The
two key assumptions of this model are: [a] the probability a force generator can pull the
centrosome via microtubule depends on the distance to the centrosome. The centrosome
located far is unlikely pulled by the force generator, and [b] when a force generator is

near enough from multiple centrosomes, it interacts with only one of them. (B) Schematic
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drawing of the simulation setup. The ellipsoids represent the cell (the outer layer: the
cortex, the inner mass: the cytoplasm). Red circles are the centrosomes. Black crosses on
the lattice is the force generators evenly distributed. The force generators at the cortex, or
the cytoplasm, pulls the centrosomes depending on the distance between the force
generator and each centrosome (orange or blue arrows, respectively). (C) Trajectories of
the centrosomes in a representative enucleated embryo (lower) and the simulation with
the same initial positions of the four centrosomes (upper). The initial positions of the
centrosomes are shown with red circles. The trajectories of the same color indicate the
same initial positions. (D) Simulated distance between the sister centrosomes in the
simulation in C (black line), and in simulations with reduced cortical pulling forces (red
line), with reduced (5%) cytoplasmic pulling forces (yellow line), and with a condition
where the both pulling forces are reduced (green line). (E) Simulation for the separation
and migration of the centrosomes in the pronuclear migration stage in the wild-type
(intact nucleus). The trajectories of the two centrosomes are shown in red and purple lines.
The initial positions of the two centrosomes are set near the posterior end of the embryo,
and the initial spacing between the centrosomes is 2 um. The intact nucleus was simulated
by restricting the distance between the two centrosomes not exceeding the nuclear

diameter (8 pum).

37



Flow-dependent movements of the centrosomes in the C. elegans embryo

In this study so far, I have investigated the mechanism of the spacing between the two
centrosomes that occur soon after (<10min) the two spots of the centrosomes were
detected. I found that the major spacing which is produced by pulling force competition
model occurs in this period is impaired almost completely by dhc-1 (RNA1). During the
course of this analyses, I unexpectedly found a large movement of the centrosomes ~20
min after detecting two centrosomes in the dhc-1 (RNA1) enucleated embryos (See the
colors cylinder shows green to red in Fig. 4B, 4C, Supplemental Movie S9). In the dhc-
1 (RNAI1) embryos with nuclei, the centrosomes did not separate during the interphase
in the 1-cell stage, and a small spindle-like structure was formed near the cortex,
indicating that dynein was responsible for all centrosome movements until the spindle
formation stage in normal embryos (Fig. 6A). Although not previously described to my
knowledge, I noticed that the centrosomes moved over a large distance in

nucleated dhc-1 (RNAi) embryos, indicating that a large centrosome movement was not
specific to the dhc-1 (RNA1) enucleated embryos (Supplemental Movie S9,
Supplemental Movie S12).

A large movement occurs near the time of cytokinesis (in control embryos);
therefore, I speculated the involvement of actomyosin, which drives constriction of the
contractile ring and accompanying cortical flow toward the equatorial plane. Although
cytokinesis does not occur in the enucleated embryo, the cortical flow may move the
centrosomes. I could not obtain an enucleated embryo upon knockdown of nmy-2
encoding non-muscle myosin II that is required for cytoplasmic flow (Munro et al.,
2004), possibly because NMY-2 is required for polar body extrusion (Dorn et al., 2010)

and lowered the efficiency of oocyte enucleation. Therefore, I knocked down nmy-
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2 simultaneously with dhc-1 with RNAI in nucleated embryos. I observed impairment
of a large movement of the centrosomes, indicating that this movement is driven by
cytoplasmic flow (Fig. 6A, B, Supplemental Movie S13). Differences in distance
between centrosomes at 5 minutes after NEBD were tested by the Mann-Whitney U test
between dhc-1 and dhc-1;nmy-2 experiments (p<0.01. Mean values for dhc-1 (RNAI1)
and dhc-1; nmy-2 (RNAIi) are 149 £2.0 um and 3.9 + 0.9 pum, n=6 and 5, respectively).

In summary, the cytoplasmic flow drives a large movement of centrosomes in
late mitosis that occurs when dynein is inhibited. This flow-dependent movement is

considered to be a movement that supports in the centrosome positioning.
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Figure 6: The flow-dependent movement of the centrosomes

(A) Time-lapse imaging series of a dhc-1 (RNAi) embryo, and a dhc-1;nmy-2 (RNAI)

embryo of the DE9O strain. The yellow arrowheads indicate a pair of sister centrosomes.

z-maximum projections. Scale bar, 10 um. (B) The quantification of the distance between

sister centrosomes. The mean and S.D. (standard deviation) are shown by the circle and
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the error bar, respectively. Black, dhc-1 (RNA1) embryos (5 sister pairs from 5 embryos).

Red, dhc-1;nmy-2 (RNAi) embryos (5 sister pairs from 5 embryo).
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Two-dimensional self-organized geometry of the centrosomes in dhc-1 (RNAi)

enucleated embryos

In the course of this study, I further found a novel behavior of the centrosomes. In
enucleated dhc-1 (RNAi) embryo, I found that the centrosomes are arranged in a
geometrically regular configuration (Fig. 7B). After 6 centrosomes moved dynamically
in the dhc-1 (RNAI) enucleated embryo and dispersed at the end of 2nd cell cycle, 12
centrosomes were assembled in locations near the poles of the embryo at the 3rd cell
cycle (Fig. 7A, Supplemental Movie S14). As described in the previous section, flow-
dependent movement causes the centrosomes to disperse in the embryo. The time when
the centrosomes are farthest apart is 26 min, and the dispersed centrosomes move
toward the posterior side from 26 min to 41 min (Fig. 7A). Subsequently, centrosomes
are attracted and came closer to each other between 46-56 min (Fig. 7A). Finally, flow-
dependent centrosome dispersion was observed around 61 min. (Fig. 7A). These
movements repeatedly occurred in each cell cycle for 5/5 embryos. This

attractive movement in the dhc-/ (RNA1i) enucleated embryos cannot be currently
explained, suggesting a novel mechanism for centrosome movement. In the future, an
investigation of the underlying mechanisms would be required to elucidate this
movement. In addition, after the centrosomes came close to each other, they did not
merge but the centrosomes aligned to a plane with a geometrical regular arrangement
(Fig. 7B). Such geometrically regular and planar centrosome configurations of the
multiple centrosomes were observed for 2/5 embryos, while in the other 3/5 embryos,
the centrosomes started to disperse before they come close enough to judge whether the

arrangements were geometrically regular or not. The possible underlying mechanism for
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the regular arrangement is completely unknown, which should be investigated in the

future.
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Figure 7: The regular and planar arrangement of the centrosomes in dhc-1 (RNAi)
enucleated embryos

(A) Time-lapse imaging series of a dhc-1 (RNAIi) enucleated embryo after the 2nd cell
cycle. (n=5). The yellow arrowheads indicate centrosomes. The time zero is when two
discrete centrosomes (‘y-tubulin) spots were detected for a sister pair of interest after the
2nd centrosome duplication (Described in Fig. 3A). z-maximum projections. Scale bar,
10 wm. (B) The regular arrangement of the centrosomes. (n=2). (Left) A snapshot of a
dhc-1 (RNAIi) enucleated embryo visualized with the Imaris software. (Right) An
enlarged image of the centrosomes arranged regularly on a plane. Left panel is z-

maximum projection. Scale bars, 10 um for left panel and 2 um for right panel.
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DISCUSSION

Enucleated C. elegans embryos

Chromosomes are essential for cell function because they carry genetic information and
constitute a core component of intracellular organelles. Before nuclear envelope
breakdown (NEBD), the chromosome forms the cell nucleus, while subsequent to
NEBD, it creates the mitotic spindle. The removal of chromosomes from cell has
allowed for important modeling for cell biology studies (Goldman and Pollack, 1974).
In addition to mechanical removal of the nucleus, such as by centrifugation or
microneedles, genetic manipulation can be used to impair the effect of the nuclei.

The gnu mutant of Drosophila revealed a semi-enucleated system

for Drosophila embryos in which the nucleus does not divide but forms one giant
nucleus while the centrosomes continually duplicate and separate (Freeman et al.,
1986), so that the separation of the centrosomes is almost entirely independent of the
existence of the nuclei (de-Carvalho et al., 2022). In this study, a genetic method to
obtain enucleated C. elegans embryos was established for the first time by combining
previously established methods to remove chromosomes from sperm (Sadler and
Shakes, 2000) and oocytes (Segbert et al., 2003). Unlike the Drosophila gnu mutant
(Freeman et al., 1986), this method completely removes chromosomes from the embryo.
I expect the established method to be used in various studies, not limited to centrosome
research, because C. elegans embryos are widely used model. The current experimental
procedure involves multiple steps and is thus laborious. Using the latest methods to
inactivate gene function, such as the AID system (Kanemaki et al., 2003; Negishi et al.,

2021), I expect that enucleated C. elegans embryos can be made more efficiently with
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fewer experimental steps. This allows us to perform tests on enucleated embryos and

various RNA1 experiments.

Chromosome-independent and dynein-dependent spacing between the centrosomes

Using the enucleated C. elegans embryo, I demonstrated that the spacing activity
independent of the chromosomes exists in the C. elegans embryo both before and after
NEBD, and between the sister- and non-sister-centrosomes. The chromosome-
independent spacing between sister centrosomes before NEBD was previously observed
using the zyg-72 mutant, in which the association between the nucleus and the
centrosomes was impaired (Malone et al., 2003; De Simone et al., 2016). In contrast, as
the mitotic spindle forms and most of the cells divide in zyg-/2 mutants, the
chromosome-independent interaction after NEBD and that for non-sister centrosomes
could not be previously addressed. In addition, the nuclei often remain in the cytoplasm
between the centrosomes during interphase, which act as obstacles for microtubule
growth in these regions. The enucleated embryo is thus a good model system for
studying the interaction between centrosomes, independent of the chromosomes
(nucleus and mitotic spindle).

I demonstrated that the spacing between the sister and non-sister centrosomes
until just before cytokinesis completely impaired the knockdown of dynein (dhc-1).
This result indicated that direct pushing between the centrosomes, as revealed
in Drosophila and Xenopus (Telley et al., 2012; Nguyen et al., 2014, 2017), did not
occur in the C. elegans embryo. My observation in C. elegans is consistent with the
previous researches that the centrosomes rarely moved in dhc-1 (RNAi1) embryo

(Gonczy et al., 1999), and the molecules involved in pushing did not impair the
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elongation of the mitotic spindle in the C. elegans embryo (Powers et al., 2004;
Saunders et al., 2007; Lee et al., 2015). Nevertheless, my study using enucleated
embryos demonstrated the direct requirement of dynein (dhc-1) for the spacing. When
chromosomes were present, the defect of the centrosome movement in dhc-1 (RNA1)
condition could be explained by a strong attraction between the centrosomes and the

chromosomes.

Pulling force competition model

The major involvement of dynein indicated that the centrosome spacing in C. elegans is
driven by a pulling force outside of the centrosome pairs but not by a pushing force
inside the pairs. This is in contrast to the mechanism of centrosome separation in flies
and frogs, where push on the microtubules by kinesin (Telley et al., 2012; Nguyen et al.,
2014, 2017). The separation of centrosomes by outward pulling forces is common for
centrosome separation before NEBD (Gonczy et al., 1999; Cytrynbaum et al., 2003; De
Simone et al., 2016) or spindle elongation (anaphase B) (Grill et al., 2001). However, it
has not been determined why the two centrosomes, located adjacent to each other, are
pulled in opposite directions. In the case of the mitotic spindle, the spindle itself has
bipolarity, and this difference is established upon spindle formation. In other cases, the
cell nucleus may amplify the asymmetry by positioning between the centrosomes and
hindering the growth of microtubules toward the nucleus (Cytrynbaum et al., 2003;
Donoughe et al., 2022). Cortical flow has also been proposed to separate centrosomes
(De Simone et al., 2016), but the mechanism to precisely ensure centrosome movement

toward the opposite direction has not been clarified.
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Here, I propose a simple and reasonable model for centrosome separation using
pulling forces without geometric constraints provided by the nucleus or spindle, the
pulling force competition model. In this model, I assume that force generators that pull
the centrosome via microtubules are evenly distributed throughout the cell cortex and/or
cytoplasm. The key assumption is that a force generator has a greater chance of pulling
a microtubule connected to the nearer centrosome than the distant centrosome. This is a
reasonable assumption, as longer microtubules are rarer than shorter ones as the
dynamic microtubules stop growing stochastically (Mitchison and Kirschner, 1984). As
a result, the distribution of the microtubule length followed a decay for longer
microtubules (Howard, 2001; Kimura et al., 2017). I showed that the pulling force
competition model corroborated the spacing dynamics of centrosome pairs in the
control and gene knockdown enucleated embryos. Moreover, the model explained the
separation and centering of the normal embryo with the nucleus when the centrosomes
were tethered on the nuclear surface. Therefore, the pulling force competition model is
promising for the centrosome spacing in C. elegans embryos and should also be
applicable to other cell types and species.

A similar pulling force based mechanism was proposed for the spacing of
nuclei in the syncytium embryo of the cricket Gryllus bimaculatus (Donoughe et al.,
2022), despite the observation of a pushing-based mechanism for similar nuclear
spacing in Drosophila syncytium embryos (Deshpande et al., 2021). The proposed
pulling-based mechanism found in the cricket supports the generality of the mechanism
proposed in this study for C. elegans embryos. However, further studies are needed to
clarify the pulling-based mechanism for the cricket. The involvement of dynein or other

pulling force generators has not been demonstrated in this system. The current argument
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against the pushing-based mechanism in the cricket is that a numerical simulation
(Dutta et al., 2019) does not correspond to some aspects of nuclear migration in the
cricket (Donoughe et al., 2022). It is possible that kinesin-5, PRC1, or kinesin-4 may be
required for spacing in the cricket. The pulling-based model proposed for the cricket
(Donoughe et al., 2022) is similar to that used in this study. Unlike our model, which is
independent of the nucleus, the cricket model assumed occlusion of the microtubule
“cloud” by the nucleus as the primary driving force. In Drosophila, the spacing of the
centrosomes in the syncytium is independent of the nucleus (de-Carvalho et al., 2022),
and this may also be the case for the cricket. In this scenario, our pulling force
competition model, which does not require nuclei for the spacing, would be more
suitable, even for the cricket. Finally, in contrast to the cricket model, in which an
occlusion between the microtubule “clouds” was assumed without mechanistic bases,
our pulling force competition model assumes competition based on the reasonable
length distribution of the microtubule (i.e., longer microtubules are rare). In this regard,
I believe that the pulling force competition model is a more widely applicable model
with a more reasonable mechanistic basis.

The pulling force competition is a reasonable model for initial separation of the
centrosomes when the microtubule asters are in the initial phase of growing. The key
assumption of the model was that longer microtubules are rare. Qualitatively, this
condition should be fulfilled consistently. Quantitatively, in contrast, the difference in
the frequency of a long and short microtubule is expected to decrease when the
microtubule asters grow. For the centrosomes to achieve the robust spacing after the

growth of the microtubule asters, it may require other mechanisms. Numerical modeling
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of the spacing should be a powerful tool for investigating a robust mechanism in the

future.

Myosin-dependent centrosome movement

I observed large movement of the centrosomes during the cytokinesis period in normal
(nucleated) embryos when knockdown dynein (dhc-1). This was unexpected because
previous studies described that the centrosomes do not move upon knockdown of
dynein (dhc-1) in the C. elegans embryo (GOnczy et al., 1999). To my knowledge, the
later stages of embryogenesis have not been included in previous studies, and there are
many interesting phenotypes in dhc-1 knockdown embryos. I observed dynamic
centrosome movement upon the dhc-1 (RNAI) in the nucleated embryo.

A large movement of the centrosomes in the dhc-1 (RNA1) embryo coincided
with the timing of cytokinesis; therefore, I expected the involvement of cytoplasmic
flow coupled with the cytokinesis (White and Borisy, 1983; Khaliullin et al., 2018)
because a large centrosome movement was impaired when the non-muscle myosin nmy-
2 was knocked down. I confirmed that cytoplasmic flow occurred in dhc-1 (RNAi). The
involvement of cytoplasmic streaming in centrosome movement in C. elegans embryos
was proposed in a previous study, in which the centrosomes moved along the cortex
in zyg-12 (RNAIi) embryos in a nmy-2-dependent manner immediately after fertilization
(De Simone et al., 2016). This movement of the centrosome immediately after
fertilization may not be necessarily caused by cytoplasmic streaming, because nmy-2
(RNA1) impairs cortical pulling forces (Redemann et al., 2010). Therefore, the
centrosome movement behavior in zyg-12; nmy-2 (RNAi) (De Simone et al., 2016) can

be explained by defects in the cortical pulling force. In support of this idea, centrosomes
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in dhc-1 (RNA1) embryos moved little after fertilization, although cytoplasmic flow was

observed.

Geometric-organization of the centrosome position in dhc-1 (RNAi) enucleated

embryos

Surprisingly, I found that centrosomes attract each other in the dhc-1 (RNAIi) enucleated
embryos. Furthermore, when centrosomes are gathered, they adopt a geometrically
regular arrangement inside the cell that to my knowledge, is previously undocumented.
The mechanism underlying this structure is also unclear, as is the method by which
centrosomes attract each other over such a long-range without dynein, and assemble at
the pole of the embryo as opposed to the center. It is also undetermined how the
centrosomes adopt a regular arrangement instead of simply aggregating and why they
are aligned on a plane rather than in a 3D structure. Therefore, to address these
questions, it is required to clarify whether centrosomes are gathered passively or
actively by further experiments. Furthermore, detailed characterization of the structure
using a finer resolution, such as that of EM imaging, is also required to clarify these
issues. In addition, a modeling approach that narrows down the possible forces acting

between centrosomes would be helpful. This is a subject for future research.
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CONCLUSION

We propose a simple and reasonable pulling force competition model for the
centrosome spacing independent of the nucleus or spindle in C. elegans embryos. The
mechanism is expected to function in other cell types and organisms in combination
with repulsive pushing between centrosomes using anti-parallel microtubules. The
spacing of centrosomes by the competition model may play a part in the rapid
placement of centrosomes during the developmental process. This could be applicable
to species with asters formed only by short microtubules. The model was proposed
based on experiments using enucleated C. elegans embryos. The C. elegans embryo is a
powerful model for cell and developmental biology, and the experimental setup must be

sufficiently powerful to address other biological questions.
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MATERIALS AND METHODS

Worm strains and RNAi

The C. elegans strains used in this study are listed in Table 1. The DE9O strain (tbg-
1::GFP ; GFP::histone H2B ; GFP::PH) was used to obtain embryos with nuclei (zyg-
12, dhc-1 and dhc- 1;nmy-2 RNAIi experiments). The strains were maintained under
standard conditions (Brenner, 1974). Knockdown of zyg-12, klp-18, gpr-1/2, dhc-

1, dyrb-1, and nmy-2 genes was performed using the injection RNAi method as
previously described (Kimura and Kimura, 2011). For the double or triple RNAi
experiments, the RNA was mixed 1:1 or 1:1:1 and injected into the worm. The
concentrations of dsSRNA for klp-18 was 18 or 21ug/ul, gpr-1/2 was 15 or 19ug/ul, for
dhc-1 was 19pug/pl, and for dyrb-1 was 13pg/ul. To efficiently obtain the kip-18
phenotype (enucleated embryos), observation was started <24h after injection.
Observations were also conducted <26h after double knockdown and <30h after the
triple knockdown. The worms were incubated at 25 °C for <16h before observation

(zyg-12, dhc-1 and dhc-1;nmy-2 RNAIi experiments).

Production of enucleated embryos

Enucleated embryos were produced using the following procedure. First, on Day 1, a
preculture was started to obtain two young adult worms of the CALO181 and CALO0051
strains the following day. On Day 2, 15 CALO051 and 10 CALO181 young adults were
separately moved onto new 6 cm (diameter) NGM plates with E. coli, and the plates
were cultured at 16 °C, an unrestrictive temperature. 24h later, on Day 3, the worms

were removed from the plate, and only the embryos that had been laid in the last 24 h
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remained on the plate. Cultures were maintained at 16 °C. On Day 4, 24h after the
procedures on Day 3, the plates were transferred from 16 °C to 25 °C, which is the
restrictive temperature. On Day 5, 24h after the procedures on Day 4,25 CAL0O181
young adults were selected (hermaphrodites with a black intestine and vulva) and
injected with klp-18 dsRNA. After the injection, culturing on the NGM plate continued,
with five times the number of CALOO51 males added. A 3.5 cm NGM plate was used
for mating. Scratched or dried plates were avoided to prevent the worms from digging
inside. Finally, on Day 6, 24h or more after the injection, the worms were dissected, and

the embryo was observed under a fluorescence microscope.

Microscopic observation

The localization of fluorescent proteins was observed using a two-photon excitation
spinning-disk confocal microscope (CSU-MP; Yokogawa Electric, Tokyo, Japan)
(Otomo et al., 2015; Kamada et al., 2022) equipped with an ALCOR920-2 (Spark
Lasers, Martillac, France) and an EM-CCD camera (iXon; Andor, Belfast, UK)
mounted on an IX71 microscope (Olympus, Tokyo, Japan) and controlled using NIS-
elements software (Nikon, Tokyo, Japan). The details of the system and examination of
phototoxicity will be published elsewhere (in preparation). The dissected worm
embryos were attached to polylysine-coated cover glass and mounted on a microscope.
Using a 40x objective lens with 2x intermediate magnification, 61 or 71 images were
taken at 0.5 um intervals on the z-axis. Time-lapse images were collected at 1 min
intervals for 1, 2 h or during the 2-cell stage. In dhc-1 (RNAIi) and dhc-1;nmy-2 (RNA1)
experiment, 41 images were taken at 0.5 um intervals on the z-axis. Time-lapse images

were collected at 10 second intervals during 1-cell stage. Under these microscope
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conditions, C. elegans embryos were confirmed to hatch. The captured images were

analyzed using ImagelJ or Imaris software.

Analysis of centrosome distance

The distance between the centrosomes was analyzed using Imaris 3D analysis software.
The signals of the centrosomes were tracked manually using the spot tracking mode.
The centroid coordinates of the signal of the centrosomes were calculated by the
software. From the calculated coordinates, the distance between the centrosome was
calculated using the Pythagorean theorem. For WT, zyg-12 (RNA1), and enucleated
embryos, the centrosomes (Fig. 3A), which split in two at the 2nd cell cycle, were
tracked until the signal could be traced or until the next replication took place. For dhc-
1 (RNAI1) and dhc-1;nmy-2 (RNAIi) experiments, centrosome signals during the 1-cell

stage were tracked until they could be traced.

Statistical analysis

The distances between the centrosomes were statistically compared by the Mann-
Whitney U test. The Mann-Whitney U test was performed on the two experimental

groups of interest. The calculation was performed using Microsoft Excel software.

Numerical simulation of the pulling force competition model

The settings of the previous simulation (Kondo and Kimura, 2019) were modified to
model the embryo as a 3D ellipsoid with a long axis of 45.4 um and two short axes of
28.2 um based on the size of the actual embryo. As in the previous simulation, “force

generation points” were distributed throughout the cytoplasm and the cortex (2 um thick
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layer) at the vertices of a simple cubic lattice with 1-pum intervals. When a force
generation point was associated with a microtubule elongating from a centrosome, the
point pulled the centrosome with a defined force (Table 2). The probability of the point
associated with the microtubule was defined by the elapsed time (¢ [s]) and the distance
between the point and centrosome (/ [um]) as P(/,f) = 1 — 120x//t. (P(l,f) =0

when /> #/120 [um]). Whether the force generator pulls the centrosome for that step
(6s) is determined by generating a random number between 0 and 1 and comparing the
number with the probability. If a force generator can associate with multiple
centrosomes (for example, namely #1 and #2 with the probability of P, and P.,
respectively), first the probability of pulling either centrosome was calculated as 1-(1-
P)x(1-P,), and comparing it with another random number. Next, the centrosome was
determined: it pulls centrosome #1 with the probability of P./(P+P.) and #2 with that
of P./(P+P.,). This step is described as follows; a force generator is are more likely to
interact and pull the nearer centrosome. A force generator can interact/pull only one
centrosome at a time. Therefore, the centrosomes will compete for the force generator.
The probability of a force generator to associate with the centrosome, and that of a
centrosome win over another centrosome for the force generator, depends on the
distance between the force generator and each of the centrosomes. This step represents
the competition. After the forces acting on each centrosome were summed, the velocity
of the movement was calculated as & = F /k g, where F , kg,and U are the force
vector, drag coefficient, and velocity vector, respectively. The positions of the
centrosomes at the next step were then calculated as 77,5, = 77 + ¥ X At, where 7, and

Tryar are the position vectors of the centrosomes at time ¢ and #+At, respectively, and
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At is the time interval. This calculation was repeated for the defined steps starting from
the initial positions of the centrosomes.

For the case where the centrosomes were tethered to the surface of the nucleus,
we added an additional process after each step to apply an elastic force, F{ =
—k,(r{ —7,) if R > |r; — 73| to maintain the distance between the centrosomes at R
or shorter. Here, 7 and 7, are the position vectors of the centrosome that the force
applied and that of the other centrosome, respectively. k. is the elastic constant and R is
the diameter of the nucleus (8 um).

The simulation was coded using MATLAB, and the codes are available upon

request.
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TABLES

Table 1: Strains used in this study

Strain Genotype/ Description Cultivation
temperature
CALO181 fem-1 (hcl7ts) IV (Temperature sensitive). 16°C
ruls32[pie-1p::GFP::H2B + unc-119(+)]111.
ddls6 [tbg-1::GFP + unc-119(+)]V.
itls38 [pie-1p::GFP::PH + unc-119(+)].
CALO0051 emb-27 (g48ts) Il (Temperature sensitive). 16°C
him-5 (e1490) V.
DE90 unc-119 (ed3 or e2498) 16 or 22°C

oxIs318 [spe-11p::mCherry::histone + unc-119(+)] 1.
ruls32 [pie-1p::GFP::histone H2B + unc-119(+)] 111.
ddls6 [tbg-1::GFP + unc-119(+)]V.

dnlsl7 |pie-1p::GFP:: PH + unc-119(+)].
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Table 2: Parameters for the simulations

Item

Values

References

The number of simulation steps

Time per step (s)

Long axis of the embryo (um)
Short axes of the embryo (um)
Initial coordinates of the four centrosomes

(relative to the center of the embryo) (um)

Interval of the lattice to position the force

generators (um)

(Effective) thickness of the cortex (um)

Pulling force by a cytoplasmic force generator

(pN)

Pulling force by an anterior cortex force generator

(pN)

Pulling force by a posterior cortex force generator

(pN)

Drag coefficient of the centrosome (pN s/pum)
The diameter of the nucleus (um)

The stiffness of the connection between the

centrosome when the nucleus is present (pN/um)

200
6

454

284
(15.7,-0.7,1.8)
(16.0,-1.8,0.0)
(-6.6,-2.7,-13)
(-6.8,-18,1.3)

10

20

0.005

0.1

0.15

200

200

Experimental value
Experimental value

Experimental values

ey

ey

adjusted

ey

ey

(2)

Experimental values

adjusted

References are [1] (Kondo and Kimura, 2019), [2] (Kimura and Onami, 2010)
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Supplemental Movies

Supplemental Movie S1: Centrosome movement and cell division in control C.
elegans embryos. Time-lapse movie corresponding to Fig. 2A.

A time-lapse movie of C. elegans embryos expressing GFP::H2B, tbg-1::GFP,
GFP::PH. In first 5 frame, the yellow arrows indicate centrosomes, yellow arrowheads
indicate pronucleus and yellow circle indicates polar body. 2h imaging movies are
shown in S1, S2, S3, S4 (z-maximum projections). The time indicates in minutes. The

time O is when imaging started. Time interval is every 1min. Scale bar, 10 pm.

Supplemental Movie S2: Centrosome movement and cell division in emb-27 (g48ts)

mutant C. elegans embryos. Time-lapse movie corresponding to Fig. 2B.

Supplemental Movie S3: Centrosome movement and cell division in klp-18 (RNAi)

C. elegans embryos. Time-lapse movie corresponding to Fig. 2C.

Supplemental Movie S4: Centrosome movement and cell division in emb-27 (g48ts)
mutant and klp-18 (RNAi) C. elegans embryos (enucleated embryos). Time-lapse

movie corresponding to Fig. 2D.

Supplemental Movie S5: Centrosome movement in control C. elegans embryos
during 2-cell stage. Time-lapse movie corresponding to Fig. 3B (control).
A time-lapse movie of C. elegans embryos expressing GFP::H2B, tbg-1::GFP,

GFP::PH. In first 5 frame, the yellow arrows indicate representative sister centrosomes.
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2-cell stage imaging movies are shown in S5, S6, S7 (z-maximum projections). The
time indicates in minutes. The time O is when representative sister centrosomes were

detected. Time interval is every Imin. Scale bar, 10 pm.

Supplemental Movie S6: Centrosome movement in zyg-12 (RNAi) C. elegans
embryos during 2-cell stage. Time-lapse movie corresponding to Fig. 3B (zyg-12

(RNAI)).

Supplemental Movie S7: Centrosome movement in enucleated C. elegans embryos
during 2-cell stage. Time-lapse movie corresponding to Fig. 3B and Fig. 4A

(enucleated embryo).

Supplemental Movie S8: Centrosome movement in gpr-1/2 (RNAI) in enucleated C.
elegans embryos during 2-cell stage. Time-lapse movie corresponding to Fig. 4A
(gpr-1/2 (RNAI) enucleated embryo).

A time-lapse movie of C. elegans embryos expressing GFP::H2B, tbg-1::GFP,
GFP::PH. In first 5 frame, the yellow arrows indicate representative sister centrosomes.
2-cell stage imaging movies are shown in S8, S9, S10, S11 (z-maximum projections).
The time indicates in minutes. The time O is when representative sister centrosomes

were detected. Time interval is every 1min. Scale bar, 10 pm.

Supplemental Movie S9: Centrosome movement in dhc-1 (RNAi) in enucleated C.

elegans embryos during 2-cell stage. Time-lapse movie corresponding to Fig. 4A

(dhc-1 (RNAi) enucleated embryo).
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Supplemental Movie S10: Centrosome movement in dyrb-1 (RNAI) in enucleated
C. elegans embryos during 2-cell stage. Time-lapse movie corresponding to Fig. 4A

(dyrb-1 (RNAi) enucleated embryo).

Supplemental Movie S11: Centrosome movement in gpr-1/2;dyrb-1 (RNAi) in
enucleated C. elegans embryos during 2-cell stage. Time-lapse movie

corresponding to Fig. 4A (dyrb-1;gpr-1/2 (RNAi) enucleated embryo).

Supplemental Movie S12: Centrosome movement in dhc-1 (RNAi) C. elegans
embryos during 1-cell stage. Time-lapse movie corresponding to Fig. 6A (dhc-1
(RNAi) embryo).

A time-lapse movie of C. elegans embryos expressing GFP::H2B, tbg-1::GFP,
GFP::PH. In first 10 frame, the yellow arrows indicate representative sister
centrosomes. 1-cell stage imaging movies are shown in S12, S13 (z-maximum
projections). The time O is when imaging started. Time interval is every 10sec. Scale

bar, 10 um.

Supplemental Movie S13: Centrosome movement in dhc-1;nmy-2 (RNAi) C.

elegans embryos during 1-cell stage. Time-lapse movie corresponding to Fig. 6A

(nmy-2;dhc-1 (RNAi) embryo).

Supplemental Movie S14: Centrosome movement in dhc-1 (RNAI) in enucleated C.

elegans embryos. Time-lapse movie corresponding to Fig. 7A (dhc-1 (RNAI)
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enucleated embryo).

A time-lapse movie of C. elegans embryos expressing GFP::H2B, tbg-1::GFP,
GFP::PH. In first 5 frame, the yellow arrows indicate centrosomes. 2h imaging movie is
shown (z-maximum projections). The time O is when representative sister centrosomes

were detected (See Fig. 4A). Time interval is every 1 min. Scale bar, 10 um.
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