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Abstract: The zygote is defined as a diploid cell resulting from the fusion of two haploid gametes.
Union of haploid male and female pronuclei in many animals occurs through rearrangements of the
microtubule cytoskeleton into a radial array of microtubules known as the sperm aster. The sperm
aster nucleates from paternally-derived centrioles attached to the male pronucleus after fertilization.
Nematode, echinoderm, and amphibian eggs have proven as invaluable models to investigate the
biophysical principles for how the sperm aster unites male and female pronuclei with precise spatial
and temporal regulation. In this review, we compare these model organisms, discussing the dynamics
of sperm aster formation and the different force generating mechanism for sperm aster and pronuclear
migration. Finally, we provide new mechanistic insights for how sperm aster growth may influence
sperm aster positioning.
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1. Introduction

The mature oocyte is the starting point of what eventually becomes a fully developed organism
composed of multiple organ systems, multicellular tissues, and a multitude of differentiated and
undifferentiated cell types in most animals. The first stage of this transformation begins with one of
the most complex transitions in cellular and developmental biology—remodeling the oocyte into a
totipotent zygote. Even more noteworthy is the fact that the oocyte contains almost everything required,
from mRNA transcripts to molecular signaling proteins and machinery, to guide the oocyte-to-zygote
transition [1].

One exception to this maternally dominated “rule” is the paternal contribution of the centrosome
during fertilization, which enters the egg with the sperm pronucleus in non-parthenogenetic animals [2].
This sperm-derived microtubule organizing center (MTOC) is essential to restore the diploid condition
upon union of the male and female pronuclei, which is the defining feature of the zygote [3].
The transitional period from mature oocyte to zygote is characterized by massive reorganization of
the microtubule (MT) cytoskeleton. These MT reorganizations can be subdivided into two general
categories: cortical and cytoplasmic. Remodeling the cortical cytoskeleton is centrosome independent
and has no known role for union of maternal and paternal pronuclei. Instead, cortical rearrangements
are localized with developmental cues important for development [4]. Conversely, cytoplasmic
reorganization of the MT cytoskeleton is centrosome-dependent and results in formation of the radial
array of MTs, known as the sperm aster. The sperm aster nucleates from the sperm-derived centrosome,
which is attached directly to the male pronucleus. Through a process that is still not fully understood,
the sperm aster in many animals moves the male pronucleus to the center of the newly fertilized egg
where a union of male and female pronuclei occurs prior to mitotic spindle formation. Because the
location of pronuclei establishes where the mitotic spindle forms, precise and accurate positioning
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of the sperm aster and pronuclei within the zygote is critical to determination of the first division
axis [5,6].

Precisely how the MT sperm aster generates and responds to forces to move to the cell center can
be described by three different mechanisms. The first is through a cortical pulling model in which
dynein anchored to the cell cortex attaches to the astral MT plus-ends at the cortex opposite of the
side of sperm entry (or front MTs) and generates centering pulling forces through retrograde motility.
These MTs also capture the female pronucleus by pulling it to the centrosome of the sperm aster, which
results in centration of both male and female pronuclei by the end of sperm aster migration. The second
mechanism is through pulling forces generated by retrograde flow of cytoplasmic cargo-bound dynein
along astral MTs on all sides of the sperm aster. In this model, termed the MT length dependent
cytoplasmic pulling model, a MT length asymmetry within the aster results in more dynein dependent
force generation on longer MTs relative to shorter MTs [7]. Accordingly, if MTs at the front of the
aster are longer than the rear, then greater pulling forces will be generated in the front relative to
the rear and move the sperm aster toward the cell center. The female pronucleus is captured and
transported toward the aster center, presumably in a dynein dependent fashion [8]. In this sense, the
female pronucleus is also considered as dynein-bound cargo, which also contributes to force generation
during centration. The third mechanism is a pushing model in which migration of the sperm aster is
dependent on polymerization of rear MTs against the cell cortex on the side of sperm entry. In contrast
to the pulling mechanisms, the sperm aster expands to the cell center at a rate that is approximately
equal to MT polymerization rates of rear cortical facing MTs and independent of growth rates of front
cytoplasmic facing MTs. While cortical and cytoplasmic pulling models for sperm aster positioning
have been extensively studied, a pushing model has not yet been observed.

In this review, we will evaluate historical and recent studies, with a focus on reorganization of
the MT cytoskeleton into the sperm aster during the oocyte-to-zygote transition, which is pivotal for
centration and union of male and female pronuclei. We will compare the primary model organisms in
which the sperm aster has been studied in detail, including Caenorhabditis elegans (C. elegans), Xenopus
laevis, and echinoderms. In this discussion, we will also include the current state of our knowledge
of the different force generating mechanism for sperm aster and pronuclear migration and describe
how these mechanisms relate to the dynamics of sperm aster formation, including aster geometry, MT
growth rates, and proximity to cellular boundaries across model organisms. Finally, we will include an
assessment of the current gaps in our knowledge of the topic and outline hypotheses for future studies.

2. Sperm Aster Growth and Centration in C. Elegans

Due to its powerful genetic tool kit and optically tractable eggs, C. elegans is one of the most
thoroughly studied models for the assembly and migration of sperm asters. C. elegans eggs represent a
~50 µm oval-shaped cell type, consisting of the future anterior end containing the maternal meiotic
spindle and the future posterior end where fertilization and entry of the male pronucleus occurs
(Figure 1A) [9]. The unfertilized egg is arrested in meiosis I, which resumes upon fertilization
resulting in formation of the female pronucleus upon meiotic completion [10]. During the time
period between fertilization and formation of the female pronucleus, maturation of the paternal
centriole is suppressed and held in place at the posterior cortex by F-actin and kinesin-1 in order
to prevent premature capture of the meiotic spindle by the sperm aster [11,12]. After fertilization
and completion of meiosis II, centrosome maturation occurs due to recruitment of γ-tubulin and
other maternally supplied factors, resulting in dynein-dependent separation of the centrosomes and
sperm aster formation (Figure 1B) [13–16]. The morphology of the sperm aster in this model was first
observed by immunofluorescence revealing two MTOCs attached to the male pronucleus at the future
posterior end of the cell [17]. These centrosomes migrate to opposite sides of the male pronucleus,
orienting their bipolar axis perpendicular to the anterior-posterior axis at the onset of the first mitotic
prophase. This centrosome pair then nucleates MTs which contact the nearby cortex behind the male
pronucleus [17], which was later found to deliver determinants to establish the posterior-anterior
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axis (Figure 1B) [18]. As these aster pairs begin to grow, an early aster asymmetry becomes apparent.
Front MTs oriented toward the anterior side of the egg are longer than rear MTs growing toward the
posterior side, interacting with the cortex [17]. These longer front MTs are responsible for capturing
and transporting the female pronucleus toward the male pronucleus in a dynein-dependent manner
(Figure 1C) [19]. Around this time point, the sperm aster pair, along with the female pronucleus (termed
the pronuclear complex or PNC), migrates toward the cell center. During this phase, known as the
centration phase, the sperm asters orient perpendicular to the anterior-posterior axis, located between
the male and female pronuclei. As the PNC approaches the cell center rotation of the asters occurs,
orienting them parallel with the anterior-posterior axis (Figure 1D). Finally, the PNC is displaced
posteriorly, as the first mitotic spindle begins to form, resulting in the diploid zygote (Figure 1E).
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Figure 1. Fertilization and pronuclear migration in C. elegans. (A) The C. elegans oocyte is arrested
in metaphase of meiosis I just prior to fertilization. The meiotic spindle is located on the future
anterior end of the oocyte, while the sperm/male pronucleus enters on the future posterior end. (B)
Early centration phase. Fertilization prompts the completion of meiosis and formation of the female
pronucleus (red circle). After sperm entry and maturation of the paternally derived centrioles, two
sperm asters form oriented on opposite sides of the male pronucleus (purple circle), perpendicular to
the anterior-posterior axis. These asters help define the posterior half (bright blue plasma membrane).
The asters migrate toward the egg center due to cytoplasmic dynein-dependent pulling forces that scale
with MT length (inset). Force (black arrows) is generated in the opposite direction of movement (orange
arrows). Therefore, more force is generated on the longer front MTs relative to the short rear/cortical
facing MTs. (C) Late centration phase. The aster pairs expand during the centration phase, enlarging
the posterior half relative to the anterior half of the egg (blue and orange membrane, respectively).
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The female pronucleus is captured by long front astral MTs and is transported to the male pronucleus
by dynein. (D) Maintenance phase. The combined male and female pronucleus (pronuclear complex
or PNC) finish migrating to the egg center and rotate. This rotation orients centrosomes parallel to the
anterior-posterior axis. (E) Posteriorization phase. Nuclear envelope breakdown occurs, combining
maternal and paternal chromosomes as the first mitotic apparatus forms in the zygote. The apparatus
is pulled toward the posterior side by more dynein activity at the posterior half relative to the anterior
(inset). MT catastrophe is also considered as a potential mechanism to generate forces (inset).

The force generating mechanisms governing centration and posterior migrations in C. elegans
have been systematically investigated in a series of genetic loss of function studies. First, it was
established that dynein and MTs are required for faithful aster centration in this system [14–16],
which suggests that a pulling mechanism along MTs is the predominant force driver. Which pool
of dynein, cortical, cytoplasmic, or a combination of both, contributes to aster centration has been a
topic of numerous studies within the field. RNAi-mediated inhibition of cortical factors required for
dynein recruitment results in faster migration of sperm asters during centering [17,18], while posterior
displacement after rotation of the PNC is abrogated [17,19–22]. These studies indicate that cytoplasmic
dynein is the primary candidate for generating centering pulling forces on the sperm asters during
centration, which are counteracted by cortical pulling forces (Figure 1B inset). These cortical pulling
forces then take over to displace the forming mitotic spindle during posterior movements (Figure 1E
inset) [23–26]. Furthermore, because total dynein inhibition abrogates aster centration, it’s believed that
MT polymerization against the cortex does not significantly contribute to sperm aster migration [15].
Conversely, a more recent study using magnetic tweezers to pull the aster pair anteriorly or posteriorly
after aster migration is complete implicates spring-like forces which maintain the position of aster
pairs, which is consistent with MT-based pushing mechanisms [27]. Finally, while kinesin-1 is required
to prevent premature centrosome maturation and pronuclear migration [12], it is still unknown if
kinesins-1 and/or other kinesins are essential for pronuclear migration during the centration phase,
which would implicate potential and substantial motor-driven pushing forces.

In a cytoplasmic dynein-dependent pulling model, retrograde movement of dynein/cargo is
expected to generate pulling forces on all sides of the aster [7,28]. How does pulling on all sides of the
sperm aster translate into directionally applied forces and migration rates? The asymmetric geometry of
the sperm aster during the centration phase reveals longer MTs in front of the centrosome pair growing
deep into the cytoplasm compared to the rear MTs limited by the posterior cortex. If cytoplasmic
dynein-dependent force scales with MT length, then we can assume that more force will be generated
along the front astral MTs relative to the rear, driving aster migration in the direction of the longest
MTs [7,25] (Figure 1B inset). This cytoplasmic MT length-dependent pulling hypothesis was first
modeled in silico using C. elegans [29]. Computer simulations predict that in the MT length-dependent
pulling model, migration rates of the sperm aster pair will fit a sigmoidal curve when plotted as
migration distance vs. time. Conversely, a pushing model should display a convex curve in which
rates positively scale with the number of MTs polymerizing against the rear cortex [29]. While tracking
PNC migration during the centration phase, rates match a sigmoidal curve suggesting that the asters
are being pulled by cytoplasmic pulling forces, which positively scale with MT-length. These sigmoidal
migration dynamics were more recently confirmed by an independent study, which also showed
an increase in migration rates upon removal of cortical antagonistic factors, providing compelling
evidence for a MT-length dependent cytoplasmic pulling model during the centration phase in C.
elegans [22]. However, the MT growth rate parameters used to simulate migration curves in a pushing
model assume non-variable MT growth rates [29]. While MT growth rates have not been measured
with precise temporal resolution during the centration phase, average MT growth rates during early
pronuclear migration are highly variable [30]. An alternative, untested hypothesis is that MT growth
rates start off slow as the sperm asters are forming, then increase during the bulk of the migration
phase, and slow down as the sperm aster approaches the egg center, which would also result in a
sigmoidal migration curve for a pushing model. Future work measuring MT growth rates with high
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temporal resolution throughout the aster centration phase in C. elegans will help test this hypothesis.
Finally, what are the exact membrane bound cytoplasmic cargoes that anchor dynein in order to
generate MT-length dependent pulling forces? Evidence for endocytic transport is implicated in
generating cytoplasmic pulling forces [31]. By inhibiting different Rab-coated endocytic transport, it
was shown that the PNC moves at a slower rate during the centration phase. Furthermore, centration
rates of the sperm aster pair are increased when retrograde transport of the largest cargo, the female
pronucleus, is inhibited in a background lacking cortical antagonistic factors [22]. Another cytoplasmic
dynein/cargo interaction that could result in pulling forces on the sperm aster is dynein-mediated
transport of the endoplasmic reticulum (ER). By interacting with the ER through membrane contact sites,
endomembrane compartments, such as lysosomes bound to dynein, may transport the endomembrane
and its associated ER retrograde toward the MTOC [32]. These endomembrane/ER interactions increase
the size and drag of the cytoplasmic anchor for dynein, which in turn should increase the amount of
effective pulling forces each dynein motor may generate on the sperm aster. Indeed, ER has been shown
to undergo massive retrograde migration and accumulation around the centrosomes of the centering
sperm aster [33], making it a strong candidate for generating cytoplasmic pulling forces. Future work
focusing on other cargoes will be required to elucidate the identity of new cytoplasmic cargo and the
specific contributions of different cargoes required for generating cytoplasmic pulling forces.

Generation of pulling forces due to cortical factors during the posterior-directed movements of
the asters after centration are relatively straightforward upon initial observation. That is, cortically
bound dynein can anchor astral MTs and generating pulling forces through retrograde motility
(Figure 1E inset). However, how dynein moves the centered asters specifically toward the posterior
side of the egg is more complex. This problem is solved by an asymmetric distribution of dynein
at the cortex in which dynein is more concentrated along the posterior half than the anterior [34].
Therefore, more dynein-dependent pulling forces are generated on the posterior side of the egg
than the anterior, resulting in a shift of the aster pair posteriorly (Figure 1E). A second potential
mechanism used to generate pulling forces is depolymerization of cortically anchored MT plus-ends
(Figure 1E inset) [26,35]. Experiments using taxol to study the role of MT dynamics in these posterior
movements suggest that regulated MT depolymerization may be responsible for generating the
required pulling forces [26]. Other work shows a strong correlation between MT catastrophe and
aster movement [35]. MT depolymerization-dependent pulling was directly shown more recently
in vitro. Dynein was artificially anchored to a barrier, where it was directly shown to attach and
negatively regulate the lengths of MT lengths [36]. However, a potential role for dynein-dependent
catastrophe-mediated pulling during aster positioning has not yet been directly characterized in vivo
using a developmental model.

3. Sperm Aster Growth and Centration in Echinoderms

In contrast to C elegans, the echinoderm egg is a perfectly spherical, ~80~200 µm diameter,
non-polarized oocyte. Additionally, the oocyte of some echinoderms, such as sea urchins, have already
completed meiosis before fertilization occurs (Figure 2A), which results in stark differences compared
to C. elegans. In the sea urchin, the female pronucleus has already formed in the mature oocyte, and
can be located anywhere in the cytoplasm [37]. Similarly, fertilization occurs at spatially indiscriminate
locations around the oocyte plasma membrane (Figure 2A). Therefore, the male and female pronuclei
are positioned at random locations relative to each other just after fertilization, rather than at opposite
poles as in C. elegans. Because of this initial location, engagement between the male and female
pronucleus also occurs at seemingly random time points after fertilization, sometimes resulting in
fusion of the male and female pronucleus before centration has even been completed. The engagement
between the sperm aster and the female pronucleus and subsequent retrograde transport is presumably
dynein-dependent in echinoderms (Figure 1C,D). However, direct testing of this hypothesis has yet
to be performed. Another difference when compared to C. elegans is that there is no requirement for
sperm aster formation and migration to be delayed while the maternal chromosomes complete meiosis
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in sea urchin eggs. Accordingly, centrosome maturation, sperm aster growth, and migration begin
almost immediately after the male pronucleus enters the egg cytoplasm [38].
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Figure 2. Fertilization and pronuclear migration in the sea urchin (echinoderm). (A) The sea urchin
oocyte has already completed meiosis resulting in formation of the female pronucleus (red circle),
which is located randomly within the oocyte cytoplasm. Fertilization may also occur anywhere around
the oocyte. (B) Almost immediately after fertilization, the paternally-derived centrosome is attached
to the male pronucleus (purple circle) and begins forming the interphase sperm aster near the cortex.
During this early time-point the sperm aster does not begin to migrate until astral MTs reach the
rear cortex. (C and D) As the sperm aster grows, it enters the centration phase where it reaches
a constant maximum speed. This velocity is either set by growth rates of rear cortical facing MTs
pushing against the cortex as in (C), cytoplasmic dynein-dependent pulling forces that scale with MT
lengths as in (D), or a combination of the two. The female pronucleus is captured by astral MTs and is
presumably transported towards the aster center/male pronucleus by dynein. Transport causes the
female pronucleus to form a “tear drop” shape (E) The sperm aster slows down as it approaches the
egg center, prophase centrosomes separation occurs, and pronuclei fuse forming the zygote nucleus
(blue oval).

Initial immunofluorescence observation of the echinoderm sperm aster revealed an interphase
sperm monaster, which appears to expand as it approaches the cell center [39–41]. These early studies
describe three phases of sperm aster migration distinguished by different migration rates, throughout
the centration process. The first phase is just after fertilization (Figure 2B), when the asters can be
described as “small stars” [41] and move at a rate of ~3.5 µm/min [42]. Another independent study
indicates that the aster during this phase has a symmetrical geometry, as it is beginning to grow [38].
The second phase consists of the bulk of aster expansion and the majority of the movement toward
the egg center at rates of ~4.9 µm/min. Bright field microscopy of aster geometry during this phase
describes an asymmetric aster geometry in which rear/cortical MTs grow at a faster rate than front
MTs leading into the cytoplasm, which is consistent with a pushing model (Figure 2C) [38]. A later
independent study using DIC microscopy indicates that the male pronucleus does not begin moving
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until the expansion of rear MTs reaches and grows against the rear cortex, leading to the conclusion that
the aster is pushed to the cell center [43]. During the third phase, the aster slows down to ~2.6 µm/min
as it nears the center, and centrosome separation around the newly formed zygote nucleus results in
two large asters that completely fill the cytoplasm (Figure 2E). These three phases of aster migration
were recently reconfirmed in an independent study using updated methods for tracking sperm aster
migration [44].

One caveat of echinoderms as a model system is they lack genetic tools to study aster formation
and pronuclear migration. However, because they are very malleable, clear, and not yet polarized,
echinoderm eggs represent a powerful live-cell system to study the biophysical principles of how aster
geometry translates to migration rates and directional forces. Previous work describes a prominent
network of astral MTs extending to the cortex, which were originally predicted to push the sperm
aster to the cell center (Figure 2C) [40]. Additionally, MTs do not reach the far opposite cortex
until the third phase of aster migration, when centrosome separation occurs and migration rates
come to a halt (Figure 2E), indicating that cortical pulling mechanisms are not a contributing factor.
However, subsequent work using the MT inhibitor, colcemid, weakened this pushing hypothesis
in sand dollar eggs [7]. In a hallmark study, eggs were treated with colcemid and then fertilized.
Following fertilization, colcemid was deactivated with UV irradiation in a 50–60 µm diameter region of
the egg containing the male pronucleus. When the male pronucleus is at the periphery of the irradiated
region, it migrates toward the geometric center of the region where it comes to a halt. In other words,
male pronuclear migration occurs in the direction of the longest astral MTs until it reaches the center
of the irradiated region, where MT lengths are presumably equal on all sides of the aster (Figure 2D
inset). These experiments provided the first evidence for a MT length-dependent cytoplasmic pulling
mechanism in any model organism [7].

More recently, modern techniques utilizing laser ablation, magnetic tweezers and in silico modeling
have revisited the MT-length dependent pulling model, investigating how such a model accounts for
aster migration direction and speeds in the sea urchin [44–47]. Laser ablation of side portions of the
sperm aster results in drift of the male pronucleus away from the side of ablation in a MT-dependent
manner, indicating that it is being pulled from the opposite side where MTs are theoretically longer [44].
Likewise, by using magnetic tweezers, the aster is pulled perpendicular to the centration path. When
the magnets are released, the aster resumes migration toward the cell center, in the direction of the
theoretically longest MTs [45]. Together, these series of experiments suggest that aster directionality
is maintained by forces on side astral MTs that scale with MT length. Additionally, ablations along
front, cytoplasmic facing MTs results in momentary pauses in aster forward migration [44], suggesting
pulling forces at the front of the aster. Mathematical and computational modeling of the sperm aster
in this same study suggests that aster migration rates are determined by growth rates of the sperm
asters, where speed is equal to the length of front astral MTs minus the length of rear astral MTs
(Figure 2D inset). Together, this body of literature suggests MT-length dependent pulling forces
driven by cytoplasmic dynein are predominant during aster migration and centration in echinoderms.
However, while global inhibition of dynein using Ciliobrevin D halts aster migration in the sea urchin,
inhibition of dynein during laser ablation, magnetic redirection, and colcemid experiments has not
yet been tested [7,44,45]. Therefore, the presumed role of dynein in the observed movements away
from the site of ablation, away from the released magnets, and toward the center of UV irradiated
colcemid regions, respectively, is currently unknown. Moreover, while side and front astral MTs have
been manipulated in these studies, experiments manipulating the MTs growing against the rear cortex
at the site of sperm entry have not been conducted. Such manipulation experiments will more directly
test if MT pushing may drive aster forward migration [3]. Finally, the MT length dependent pulling
model critically depends on a particular aster geometry in which the front/cytoplasmic facing radius
must be longer than the rear/cortical facing radius (Figure 2D) [44]. Earlier characterization of aster
geometry using bright field and DIC microscopy suggests that the rear/cortical radius of the aster
expands faster than the front radius during the migration phase, which is consistent with a pushing
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model and challenges the MT-length dependent pulling model (Figure 2C) [38]. However, modern
approaches to characterize sperm astral MT lengths and dynamics in live cells have not yet been
reported. These measurements will prove particularly important for thoroughly investigating these
conflicting models.

4. Sperm Aster Growth and Centration in Xenopus

Amphibian eggs represent extremely large cells, sometimes reaching diameters of up to 1 mm.
Accordingly, pronuclei must undergo extremely long migration distances compared to C. elegans and
echinoderms. The earliest accurate studies of pronuclear migration dynamics were performed in the
amphibian [48]. Before fertilization, the egg is arrested in metaphase II of meiosis, much like in C.
elegans, and the meiotic spindle is located at the animal pole (Figure 3A). Fertilization occurs randomly
along the animal half of the egg and triggers completion of meiosis, resulting in formation of the
female pronucleus. Meanwhile, paternal centrosomes carried by the sperm nucleate the interphase
sperm aster (Figure 3B). Immunofluorescence microscopy of the sperm aster reveals massive expansion
into the egg cytoplasm within the animal pole, which eventually captures the female pronucleus
(Figure 3C) [49]. The sperm aster then carries the male and female pronuclei toward the center of the
egg, just above the yolk-dense vegetal half. Here, onset of the first mitosis occurs, and fusion of the
maternal and paternal DNA completes, forming the diploid zygote [50].

Due to the opaque properties of the frog egg, modern live-cell investigations of sperm aster
growth and migration dynamics are notably limited. However, experiments combining microinjection
and fixed-cell immunofluorescence microscopy have shed light on how the sperm aster positions
pronuclei at the cell center. As the sperm aster expands, MT lengths are restricted by the cortex
proximal to the site of sperm entry [49]. Conversely in front of the aster, MTs are not near long enough
to contact the opposite cortex ruling out a cortical pulling model. Therefore, much like in C. elegans
and sea urchins, the centration mechanisms are likely due to either pushing from MT polymerization
against the rear membrane or from pulling in the cytoplasm by dynein bound to its cargo. To test for
dynein-dependent pulling, eggs were injected with a dominant negative fragment of the dynactin
complex (p150-CC1) after fertilization and processed for immunofluorescence microcopy at varying
time-points post-fertilization. Injected eggs displayed reduced sperm aster migration dynamics when
compared to controls. Furthermore, aster morphology in injected eggs display centrosomes still near
the cortex, with a longer front aster radius reaching into the cytoplasm, and a shorter rear aster radius
limited by the rear cortex [49]. Together, these experiments provide strong evidence indicating that
dynein in the cytoplasm is required to pull the sperm aster to the egg center (Figure 3C).

While live cell experimentation in amphibian eggs is challenging, the use of Xenopus egg extracts
provides a powerful model for in vitro studies of aster growth dynamics and positioning of male and
female pronuclei [51,52]. The requirement of dynein during female pronuclear translocation along
MTs were first directly tested in Xenopus interphase egg extracts [8]. Magnetic beads were used to
bind DNA and form an artificial nucleus lacking a centrosome. These nuclei move along MTs toward
purified centrosomes ends at rates comparable to those measured during female pronuclear migration
in echinoderms [42], and inhibition of dynein using blocking antibodies or vanadate abrogates these
movements. Importantly, the extracts in which purified nuclei and centrosomes were diluted consists
of the cytoplasm taken directly from interphase eggs, providing strong support that female pronuclear
migration along interphase sperm asters is dynein dependent (Figure 3C). Determining if Xenopus
female pronuclear migration along the sperm aster is dynein dependent in vivo may prove challenging
because dynein also appears to be required for migration of the sperm aster. Additionally, the
mechanisms required for precise control of migration and positioning of large interphase sperm aster
using Xenopus extracts has not yet been tested. By using micro-fabricated chambers matching the sizes
and shapes of eggs from different model organisms, these extracts will provide a rich reconstitution
system for uncovering the exact contribution of differing mechanisms during sperm aster centration.
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individual MTs (numbered 1–3) nucleate from the centrosome and bear a high compression load, 
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Figure 3. Fertilization and pronuclear migration in Xenopus. (A) The frog oocyte is arrested in
metaphase II of meiosis. The meiotic spindle is located at the pole of the animal half of the egg (top
beige hemisphere). The sperm can fertilize the egg along the side of the animal half. The yolky
vegetal half is illustrated as the lower dark yellow hemisphere. (B) Fertilization resumes the cell cycle,
resulting in formation of the female pronucleus (red circle) near the animal pole after meiosis completes.
The paternally derived centrosomes begin forming the interphase sperm aster attached to the male
pronucleus (purple circle). (C) The sperm aster expands and migrates toward the center of the egg, just
above the vegetal half. As the astral MTs contact the female pronucleus it is transported retrograde
along astral MTs in a dynein dependent manner (inset). Furthermore, cytoplasmic dynein/cargo (inset)
likely generates pulling forces through retrograde transport. (D) Simplification of sperm aster growth
according the standard growth model (top) and the collective growth model (bottom). The standard
growth model predicts that asters are formed solely from centrosome-nucleated MTs, while the collective
growth model includes MT-dependent MT nucleation, or MT branching. When considering pushing
forces due to MT polymerization against the cell cortex, long individual MTs (numbered 1–3) nucleate
from the centrosome and bear a high compression load, which can lead to MT buckling and decentering
(see text for details). However, this problem is solved by the collective growth model in which the
compression load is redistributed to a greater number of short MTs (numbered 1–6) polymerizing
against the cortex.

More recently, Xenopus extracts have prompted a reconsideration for how large MT asters grow
in developmental systems. So far we have only considered astral MTs nucleated from the paternally
inherited centrosome, also known as the radial elongation model of aster growth (Figure 3D top) [53].
However, work using both interphase and meiotic Xenopus egg extracts has led to the discovery
that these especially large asters nucleate MTs remote from the centrosome, termed the collective
growth model (Figure 3D bottom) [54,55]. In meiotic egg extracts, these centrosome-independent MT
nucleation events occur through a process of MT-dependent MT nucleation, or MT branching [54].
The first question that the collective model answers is how can an aster radius span the large cytoplasm
of large oocytes after fertilization? In the radial elongation model, this would mean individual
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centrosome-nucleated MTs, whose lengths are bound by dynamic instability at their plus-ends [56],
must grow hundreds of microns in lengths to span the cytoplasm. However, in the collective growth
model, parental MTs nucleated at the centrosome nucleate subsequent daughter MTs along their
sides, and these daughter MTs may then nucleate new MTs in a branched network spanning large
distances (Figure 3D bottom). This branching was also recently predicted to account for the increase
in MT density observed in the Xenopus sperm aster at distances remote from the centrosome in fixed
immunofluorescence images. That is, the number of MTs increases as a function of distance from
the centrosome [55,57]. While elaborate in vitro studies are currently focusing on the mechanisms
and dynamics of MT branching during aster growth [58–62], future work determining if sperm asters
contain branched MTs in vivo will be required.

The collective growth model also has strong implications for the mechanisms required for sperm
aster positioning and pronuclear migration. First, one limitation to the pushing model for aster
positioning in large asters is the extremely high number of MTs that would be required to push a large
sperm aster over large distances through the highly viscous cytoplasm. This number was estimated to
be approximately 12,000 MTs midway through centration in Xenopus sperm asters [3]. Such a high
estimate is partially due to data indicating that as MTs become longer they tend to buckle, resulting
in a loss of centering forces (Figure 3D bottom) [63–66]. Conversely, we expect that the compression
load would be redistributed among many shorter branched MTs growing at the cortex in a collective
growth model, rather among long individual MTs nucleated from the centrosome in a radial elongation
model (Figure 3D). This redistribution of the compression load across a network of branched astral
MTs, should reduce the required number of MT polymerization events at the cell cortex to move large
sperm aster. Additionally, MT branching should result in more MT polymerization events occurring
against the cell cortex when compared to the standard growth model (Figure 3D). Modeling how this
force would be redistributed among a branched network and how many polymerization events would
be required to generate enough pushing will be required to test this hypothesis. A second implication
to consider is retrograde transport of organelles, including the female pronucleus, along a branched
network of MTs. In other words, how can transport of cargo ranging from small vesicles to the large
female pronucleus occur through a dense network of branched astral MTs? One hypothesis is that
dynein and its bound cargo can switch from one MT to another during migration [67]. However,
in such a model, whether or not the female pronucleus can maintain the recorded migration rates
(~0.24 µm/second) is unknown.

5. Conclusions

Union of male and female pronuclei is a defining feature of the oocyte-zygote transition during
very early development in non-parthenogenetic animals. In most animals, massive rearrangements
of the MT cytoskeleton form the sperm aster, which is essential for migration and positioning of
pronuclei during this transition. Decades of research using C. elegans, echinoderm, and Xenopus
eggs suggests a relatively conserved mechanism in which sperm aster positioning is dominated by
dynein dependent pulling forces in the cytoplasm that may scale with MT length. Despite the major
evolutionary differences between the model organisms presented here, all three have adopted a pulling
mechanism, which appears essential for aster and pronuclear positioning. From an evolutionary
perspective, this is likely due to the relatively large size of zygotes requiring long migration distances
for the sperm aster and pronuclei to reach the cell center. These distances present physical constraints
when considering a pushing model (Figure 3D), which may have resulted in convergence of these
organisms on a pulling model.

The potential for collective growth during aster formation may solve the physical constraints on
long range migration of MT structures such as the sperm aster, making the argument for pushing
based-mechanisms far more plausible (Figure 3D). While the idea that dynein function is essential for
pronuclear migration has been well established, whether or not dynein is sufficient is still an important
unanswered question. That is, are there any roles for MT-based and/or motor based pushing models
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during aster migration? If the sperm aster lacks potential pushing factors such as rear/cortical MTs
or kinesin function, can dynein-dependent pulling still move the sperm aster to the cell center with
the pronuclei in tow? If not, pushing mechanisms may be just as important to position pronuclei as
dynein-dependent pulling. Future work focusing on the rear cortically oriented MTs and perturbing
different kinesins will key to determining whether or not pushing forces during aster positioning may
also be essential.
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