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ABSTRACT
Meiosis produces haploid gametes by accurately reducing chromosome ploidy through one round of DNA
replication and two subsequent rounds of chromosome segregation and cell division. The cell divisions of
female meiosis are highly asymmetric and give rise to a large egg and two very small polar bodies that do
not contribute to development. These asymmetric divisions are driven by meiotic spindles that are small
relative to the size of the egg and have one pole juxtaposed against the cell cortex to promote polar body
extrusion. An additional unique feature of female meiosis is that fertilization occurs before extrusion of the
second polar body in nearly all animal species. Thus sperm-derived chromosomes are present in the egg
during female meiosis. Here, we explore the idea that the asymmetry of female meiosis spatially separates
the sperm from the meiotic spindle to prevent detrimental interactions between the spindle and the
paternal chromosomes.
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Introduction

In most animals, fertilization occurs during female meiosis and
before extrusion of the second polar body. In many cases, fertil-
ization itself functions to reactivate an arrested oocyte to
resume cell-cycle progression through female meiosis [1]. In
other cases, an event that occurs at the same time as fertiliza-
tion initiates oocyte reactivation [2,3]. The exact point during
female meiosis when fertilization occurs varies between species.
Fertilization occurs during metaphase II in vertebrates [4], dur-
ing metaphase I in ascidians [5], Drosophila [3], starfish [2],
some molluscs [6] and the annelid Chaetopterus [7], during
prometaphase I in C. elegans [8,9] and during late prophase in
Urechis [10] and other molluscs [11]. Thus the egg must toler-
ate the presence of sperm-derived chromosomes while actively
trying to reduce its ploidy for time periods ranging from
35 minutes in C. elegans [9] to 2 hours in mouse [12]. Direct
interaction between the sperm contents and the meiotic spindle
could cause a variety of scenarios leading to aneuploid or poly-
ploid embryos. In this review, we discuss the necessity for
maintaining a safe distance between sperm contents and the
oocyte meiotic spindle as well as the mechanisms that ensure
this safe distance.

Sperm poses three threats to female meiosis

The concept that the sperm is invasive and may be harmful to
the egg has been proposed before in the context of RNAs con-
tributed by the sperm [13]. Here, we discuss the threat of the
sperm interfering with accurate chromosome segregation dur-
ing female meiosis.

Ectopic spindle formation

Sperm chromosomes consist of single chromatids that are des-
tined to be replicated into sister chromatid pairs before proper
segregation during the first mitosis. Thus incorporation of
sperm chromatids into either an ectopic spindle or the female
meiotic spindle could lead to segregation of some paternal
chromosomes into a polar body. This would lead to embryos
with a single copy of some chromosomes, a condition called
monosomy, which is typically lethal. After normal fertilization,
sperm chromatin induces formation of an abortive polar body
called a fertilization cone in mouse zygotes [14]. These abortive
polar bodies regress before expelling paternal chromosomes
because the sperm chromatin does not assemble a bipolar spin-
dle, which is required to activate abscission of the polar body
[15]. During normal mouse fertilization, sperm chromatin is
introduced to the M-phase oocyte cytoplasm at the same time
that Ca2+ signaling activates the eggs to progress through ana-
phase and complete extrusion of the second polar body 1–
2 hours later [12]. However, if the time that the sperm chroma-
tin incubates in M phase oocyte cytoplasm is extended by
injecting sperm chromatin into metaphase-arrested oocytes
and waiting 2–3 hours before chemically activating cell-cycle
progression, an ectopic bipolar spindle forms. These ectopic
bipolar spindles frequently expel all of the paternal chromatin
into a polar body [15]. Injection of sperm chromatin from
immature sperm with less compact chromatin resulted in
much faster bipolar spindle assembly (20–30 minutes) [15].
Thus sperm chromatin must be modified during late stages of
spermatogenesis in a manner that inhibits ectopic spindle
assembly and thus prevents expulsion of paternal chromo-
somes into a polar body. Because chromatin-induced spindle
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assembly is driven by a RanGTP gradient [16,17] established by
the chromatin-associated Ran-GEF, RCC1 [18-20], removal of
RCC1 from chromatin during sperm maturation and inhibition
of RCC1 recruitment from the egg cytoplasm might be suffi-
cient for preventing abscission of an ectopic polar body. How-
ever, mouse sperm chromatin normally induces fertilization
cone assembly, which is RanGTP dependent [21] suggesting
that there must be a different inhibition mechanism at work in
mice.

Incorporation of sperm chromatin into the oocyte
meiotic spindle

If the sperm chromatin came into close proximity with the
oocyte meiotic spindle, single sperm-derived chromatids could
theoretically be incorporated into the meiotic spindle. As with
an ectopic spindle, this could lead to expulsion of some paternal
chromatids into a polar body, which would lead to lethal
monosomy or haploidy. Most of the published data supporting
this possibility comes from experiments incubating demembra-
nated Xenopus sperm in Xenopus meiotic egg extracts [22], an
in vitro scenario that mimics fertilization. In these assays,
sperm chromatids can assemble kinetochores [23,24] which
might be captured by meiotic spindle microtubules even if
ectopic spindle assembly was suppressed. When sperm chro-
matin induces ectopic spindle assembly in Xenopus egg
extracts, these spindles can fuse together if they become close
enough [25]. These in vitro observations suggest that sperm
chromatin has the potential for incorporating into the oocyte
meiotic spindle if it is close enough.

Premature sperm aster formation and capture

A third potential threat from the sperm is generated by paternal
centrioles. In most animals other than rodents, the sperm con-
tributes two centrioles that will recruit egg proteins to form
centrosomes [26]. These centrosomes nucleate microtubule
asters (sperm asters) to eventually capture the female pronu-
cleus after extrusion of the second polar body and completion
of female meiosis (Figure 1(A–D)). Many animals prevent
potentially detrimental interactions between the sperm asters
and the meiotic spindle by either suppressing sperm aster for-
mation, by maintaining a sufficient distance between the sperm
aster and the meiotic spindle, or both. In starfish, the sperm
asters are limited in size until late meiosis [27-28], whereas C.
elegans, Urechis and oyster completely suppress aster formation
[27,29,30]. Inhibition of MAPK activation in starfish, oyster
and Urechis all result in premature sperm aster formation
[27,29]. In some cases, the sperm aster connected to the meiotic
spindle [27] but the overall consequences have not been evalu-
ated because MAPK is required for multiple aspects of meiosis.
The sperm-derived centrioles in C. elegans do not recruit egg
proteins to form a centrosome and do not form a sperm aster
until after extrusion of the second polar body (Figure 1(C)).
This suppression of the centrioles requires kinesin-1 and its
binding partner, KCA-1, both of which localize to a shell that
surrounds the sperm DNA and centrioles during meiosis [30].
Loss of kinesin-1 or KCA-1 results in premature centrosome
maturation and sperm aster formation early in meiosis [30]

(Figure 1(E–H)). In the majority of kinesin-1/KCA-1-depleted
zygotes, the sperm aster did not interact with the meiotic spin-
dle because of the large distance between them. However, in a
subset of zygotes, the premature sperm aster came within a
17 mm threshold distance of the meiotic spindle. In these cases,
the spindle moved rapidly toward the sperm aster (Figure 1
(G)). These spindle-capture events prevented extrusion of the
second polar body thus generating triploid embryos [30]
(Figure 1(H)). These observations demonstrate the importance
of maintaining a safe distance between the sperm aster and the
meiotic spindle.

The regulation of sperm entry site

In fish and insects, the egg forms a narrow canal or micropyle
through a thick envelope surrounding the egg to facilitate
sperm entry at that precise location [31,32]. Whereas the
micropyle is often precisely positioned, detailed studies of
the positioning of the oocyte meiotic spindle relative to the
micropyle have not been reported for most species. Studies of
C. elegans and mouse, however, have revealed elegant but dis-
tinct mechanisms for ensuring a minimum initial distance
between the sperm contents and the meiotic spindle.

C. elegans

In C. elegans, sperm are stored in a structure called the sperma-
theca, which physically separates the oocytes and the uterus
(Figure 2(A)). The oldest unfertilized diakinesis-stage oocyte
(-1 position) is adjacent to the spermatheca and matures in
response to a secreted signal from the sperm [33]. The germinal
vesicle in the -1 oocyte first migrates away from the sperma-
theca in a kinesin-1 dependent manner [34,35] to assume a cor-
tical position far from the spermatheca (Figure 2(A)). The
spermathecal valve proximal to the oocyte then dilates to allow
egg entry into the spermatheca and fertilization occurs at the
point on the oocyte surface that first enters the spermathecal
valve [8]. The site of fertilization is thus on the opposite side of
the zygote from the germinal vesicle. Nuclear envelope break-
down occurs before and during ovulation and the meiotic spin-
dle assembles within the volume of the germinal vesicle and
translocates to the closest point on the cortex [9]. By the time
the zygote passes the second spermathecal valve, the meiotic
spindle is cortically positioned at the opposite end of the zygote
from the sperm entry site (Figure 2(A)). Thus nuclear migra-
tion away from the spermatheca, and site of future sperm
fusion, sets the initial distance between the sperm contents and
the meiotic spindle.

Mouse

Mouse oocytes initially have a centrally positioned germinal
vesicle within an oocyte that is uniformly covered in microvilli.
At germinal vesicle breakdown, the meiotic spindle assembles
and migrates towards the cortex. This migration relies on
dynamic cytoplasmic actin filaments [36-38], where slow initial
transport relies on nucleation by Formin-2 [39-43] and Spire-
1/Spire-2 [44]. The spindle then migrates in a fast and directed
manner that depends on cytoplasmic streaming induced by
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Arp2/3 actin filament nucleation [45,46] (Figure 2(B–C)). The
cortical proximity of the chromosomes induces local reorgani-
zation of F-actin, which includes local disassembly of microvilli
overlying the meiotic spindle. The spindle thus causes the cor-
tex to polarize into two functional domains: the microvillar-

rich zone and the microvillar-free zone over the spindle [47,48]
(Figure 2(B)). Early studies identified the site of sperm-egg
fusion within the microvillar-rich region of the egg surface
[38], and a later study showed by scanning EM that sperm only
bind the microvillar region [49]. Oocytes with altered or no

Figure 1. Sperm centriole and aster suppression, maturation and capture. (A-D) Sperm centrosome maturation in a wildtype C. elegans embryo. (A) Metaphase I meiotic
embryo with silenced sperm centrioles. (B) Anaphase II meiotic embryo with silenced sperm centrioles. (C) Pronuclear stage embryo with mature sperm centrosomes and
microtubule asters capturing the female pronucleus. (D) Pronuclear meeting with one pronucleus from each parent. (E-H) Premature centrosome maturation in a kca-1
(RNAi) treated embryo. (E) Metaphase I meiotic embryo with sperm centrosomes starting to mature. (F) Anaphase II meiotic embryo with mature sperm centrosomes and
microtubule asters forming. (G) Anaphase II meiotic embryo with mature sperm centrosomes and microtubule asters capturing the meiotic spindle and preventing polar
body formation. (H) Pronuclear stage embryo with one male pronucleus and two female pronuclei from failed polar body formation.

Figure 2. Mechanisms governing sperm entry site. (A) Schematic of a C. elegans germline depicting the spatial separation of oocytes from sperm. Oocytes mature and
increase in volume as they become closer to the spermatheca. Once an oocyte becomes the -1 oocyte, the germinal vesicle migrates to the cortex away from the sperma-
theca. The sperm will fertilize at the cortex closest to the spermathecal valve as it dilates. The sperm is on the opposite side of the meiotic spindle. Despite the cytoplasmic
flows around the embryo, the sperm stays at that position. (B) Schematic of a metaphase II mouse oocyte. The meiotic spindle is positioned at the cortex by cytoplasmic
flows. The cortical localization of the meiotic spindle prevents microvilli formation and sperm entry. (B) Schematic of a fertilized metaphase II mouse embryo depicting
the sperm underlying the microvilli during cytoplasmic streaming.
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microvilli exhibit impaired gamete fusion [49], and oocytes that
lack a microvillar-free zone, due to inhibition of FYN kinase,
fuse with sperm proximal to the meiotic spindle [50]. Thus, in
mouse, migration of the meiotic spindle to the cortex generates
a “do not fertilize here” zone and subsequently a distance from
the sperm contents immediately after gamete fusion (Figure 2
(B–C)).

Sperm positioning following fertilization

Despite initial positioning of the sperm contents far from the
meiotic spindle, this positioning must be maintained in a man-
ner that resists cytoplasmic streaming, a phenomenon that
has been reported in oocytes of several species [35,46]. In
C. elegans, microtubule-dependent cytoplasmic flows move the
endoplasmic reticulum and yolk granules around the zygote in
a circular pattern [35,51], whereas mouse oocytes utilize the
actin cytoskeleton to drive cytoplasmic flows [45,46]. Cyto-
plasmic streaming in C. elegans stochastically changes direction
with streaming occurring faster at the cortex [51,52]. In con-
trast, mouse cytoplasmic streaming is characterized by fountain
flows, where cytoplasm pushes through the middle of the
oocyte directly at the cortical meiotic spindle and then flows
along the perimeter [46]. The direction, velocity and duration
of cytoplasmic streaming in both species would be sufficient to
drive the sperm contents into the meiotic spindle in the absence
of a mechanism to restrain movement of the sperm contents.

A recent study demonstrated that the sperm contents are
tethered to the cortex to prevent transport with cytoplasmic
flows in C. elegans [52]. This cortical tether is comprised of
actin filaments, which require some members of the formin
family, but not non-muscle myosin. In control zygotes, the
sperm DNA moved within a restricted volume near the site of
fertilization as yolk granules streamed by. When actin was
depolymerized, the sperm DNA moved long distances with the
yolk granules. In the most severe cases of actin filament deple-
tion, the sperm DNA could be found a few microns from the
meiotic spindle, rather than the normal distance of 70% egg
length away from the meiotic spindle. Under conditions that
prevent streaming, the sperm stayed at the site of fertilization.
The consequences of close sperm could not be properly
assessed, since polar body formation does not occur in the
absence of actin filaments. This study also revealed that the
sperm DNA, centrioles and membranous organelles stay
together as a unit during transport by cytoplasmic streaming
when actin is depolymerized. This surprising result raises a
number of questions. How are the sperm contents held together
despite not being membrane bound? How do the sperm con-
tents interact with maternal F-actin to become tethered? Is
there a biological purpose for maintaining the sperm DNA,
centrioles and its membranous organelles as a discrete “cell
within a cell” during female meiosis? The cohesion of the sperm
contents could function as a gelatinous barrier to prevent incor-
poration of sperm DNA into the meiotic spindle or to prevent
expulsion of sperm chromatids into a polar body. The 5 mm
average diameter of the cloud of sperm-derived organelles is
similar the closest distance observed between untethered sperm
DNA and the meiotic spindle. In these embryos, the cloud of
sperm contents was likely in direct contact with the meiotic

spindle but sperm chromatids were still not incorporated into
the spindle.

While this C. elegans study is the first to describe a mecha-
nism maintaining sperm position after fertilization but before
polar body extrusion, there are hints in the literature that dif-
ferent mechanisms exist in other organisms. A study in ascidian
eggs revealed that sperm entry occurs at the animal pole, which
is also the location of the meiotic spindle [53]. However, five
minutes after fertilization the sperm DNA is found in the vege-
tal hemisphere and away from the meiotic spindle. This sug-
gests that the sperm DNA is actively transported away from the
meiotic spindle in ascidians. Another study in starfish zygotes
found that the distance between the sperm contents and the
meiotic spindle remained constant even when the zygote was
flattened by compression. This result suggested that starfish
zygotes have a mechanism for maintaining a fixed distance
between the meiotic spindle and sperm contents [28]. Lastly,
the actin-based fertilization cone [14] in mouse may be a
structure functioning similarly to the cortical actin tether in
C. elegans [52].

Conclusions and perspectives

While other mechanisms maintaining a minimum distance
between the sperm contents and the meiotic spindle have yet to
be investigated in other species, we anticipate that the general
phenomenon of maintaining this distance will be conserved
among animals. Eggs that are fertilized while they have a cen-
trally positioned germinal vesicle, like Spisula solidissima [54],
might move the meiotic spindle away from the sperm contents.
Alternatively, animals with large eggs might utilize the sperm
asters to position the sperm contents in the center of the zygote,
by mechanisms known to self center sperm asters after meiosis
[55]. This would ensure that the sperm contents are always half
the egg diameter away from the cortical meiotic spindle. It will
be interesting to see other mechanisms of sperm positioning
during female meiosis emerge in the field.
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