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Dynamic rearrangements of epithelial cells play central roles in shaping
tissues and organs during development. There are also scenarios, however,
in which epithelial cell movements synergize with the secretion of extra-
cellular matrix to build rigid, acellular structures that persist long after the
cells are gone. The formation of the Drosophilamicropyle provides an elegant
example of this epithelial craftsmanship. The micropyle is a cone-shaped
projection of the eggshell through which the sperm will enter to fertilize
the oocyte. Though simple on the surface, both the inner structure and con-
struction of the micropyle are remarkably complex. In this review, I first
provide an overview of egg development, focusing on the key events
required to understand micropyle formation. I then describe the structure
of the micropyle, the cellular contributions to its morphogenesis and some
interesting open questions about this process. There is a brief discussion of
micropyle formation in other insects and fish to highlight the potential
for comparative studies. Finally, I discuss how new studies of micropyle
formation could reveal general mechanisms that epithelia use to build
complex extracellular structures.

This article is part of a discussion meeting issue ‘Contemporary
morphogenesis’.
1. Introduction
Dynamic rearrangements of epithelial cells play central roles in shaping tissues
and organs during development. There are also scenarios, however, in which
epithelial cell movements synergize with the secretion of extracellular matrix
(ECM) to build rigid, acellular structures that persist long after the cells are
gone. Although less studied, this type of morphogenesis is all around us—
from the mantle epithelium that sculpts the spiral shell of a mollusc, to the
highly structured epithelial pockets that create the unique shapes of each one
of our teeth [1,2]. In these examples, the epithelial cells are both the supplier
of the extracellular material and the artisans that mould it into a functional form,
but how the cells integrate their secretory and morphogenetic programmes to
build elaborate extracellular structures is poorly understood.

In this review, I describe an underappreciated yet elegant example of this epi-
thelial craftsmanship—the formation of the micropyle in the eggshell of
Drosophila melanogaster (hereafter Drosophila). The micropyle is a cone-shaped
projection through which the sperm will enter to fertilize the oocyte. Though
simple on the surface, both the inner structure and construction of the micropyle
are remarkably complex, requiring input from at least four cell types. Most of
what we know about micropyle formation comes from studies performed in
the 1980s and 1990s that revealed the main roles each cell type plays in shaping
the cone and the ultrastructure of the ECM they secrete. However, we still know
very little about the cellular dynamics and molecular mechanisms that give rise
to this structure. Modern genetic tools and fluorescent reporters now provide the
means to probe these aspects of micropyle morphogenesis. It is with the hope of
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Figure 1. Structure of the Drosophila eggshell. In all images, anterior is to the left. (a) Illustration highlighting the layers and specialized regions of the eggshell.
Illustration is adapted from reference [3]. (b) Light micrograph of the eggshell, dorsal view. The red arrow points to the micropyle. (c) Scanning electron micrograph
of an anterior region of the eggshell, dorsal view. The red arrow points to the micropyle. Image is reprinted from reference [4] with permission from Journal of Cell Science.
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inspiring new studies of micropyle formation that I am
reviewing the older literature on this topic.

Below, I first provide an overview of egg development
(oogenesis) in Drosophila, with a focus on the key events
required to understand micropyle formation. I then describe
the structure of thematuremicropyle, the cellular contributions
to its morphogenesis, and some interesting open questions
about this process. This is followed by a brief discussion of
micropyle formation in other insects and fish to highlight the
potential for comparative studies. The piece concludes with
some thoughts on why this is the right time to revisit the
study of micropyle formation with modern genetic tools.
2. Structure and formation of the Drosophila egg
TheDrosophila egg is a marvel of biological design that consists
of an oocyte surrounded by an elaborate eggshell [3–5]. In this
section, I first describe the structure of the main body of the
eggshell, as well as the structure and function of four special-
ized eggshell regions. I then cover the key aspects of egg
development that are required to understand the discussion
of micropyle formation that occurs in the next section.

Because the embryo develops outside the mother, the
eggshell must be strong enough to protect the embryo from
physical assaults, yet flexible enough to permit fertilization,
gas exchange and larval escape. The main body of the eggshell
is a highly structured ECM with two main layers—an internal
vitelline membrane layer and an external chorion layer
(figure 1) [3–5]. The chorion can be further divided into a
wax layer, inner chorion layer, endochorion and exochorion.
There are also four specialized regions of the eggshell that
each serves a specific function (figure 1). At the posterior
pole, the flattened rosette-like structure of the aeropyle
mediates gas exchange between the embryo and the envi-
ronment [4]. At the anterior pole, two prominent extensions
of the chorion called dorsal appendages also mediate gas
exchange, particularly when the embryo is submerged in
liquid [6,7]. Below the dorsal appendages, a flattened region
known as the operculum forms a trap door through which
the larva will exit when embryonic development is complete
[4]. The operculum is surrounded by a thick ridge called
the collar, and the micropyle sits in a ventral region of the
operculum just above the collar.

Although the oocyte is the only cell left when oogenesis is
complete, it develops within an ovarian follicle (egg chamber)
of approximately 850 cells [8,9]. Egg chamber formation begins
with the division of a germline stemcell to produce a cystoblast.
The cystoblast then undergoes four rounds of division with
incomplete cytokinesis, such that the 16 daughter germ cells
remain connected to one another through large cytoplasmic
bridges called ring canals. One of these cells becomes the
oocyte and the others become nurse cells, which provide nutri-
ents, organelles, and other maternal gene products to the
oocyte. The germ cells are encapsulated by a somatic
epithelium called the follicle cells, with the oocyte localized
at the posterior. Together, the germ cell cyst and its somatic cov-
ering form an egg chamber, which progresses through
14 developmental stages on its way to becoming an egg.

The eggshell is built during stages 10–14 by the follicle
cells. To accomplish this feat, the follicle cells must first differ-
entiate into multiple cell types that can each execute distinct
morphogenetic and secretory programmes (figure 2). The
first cell type to develop is the polar cells; there are exactly
two of these cells at the anterior of the egg chamber and two
at the posterior. The polar cells then induce the formation of
the border, stretch and centripetal cells by secreting ligands
for the Jak-Stat pathway, Unpaired (Upd) and Unpaired 3
(Upd3), in a concentration gradient from this point source
[10–12]. These three cell types are initially specified at both
egg chamber poles; however, a second signal from the
oocyte overrides the posterior Upd/Upd3 signal to produce
a fifth cell type called the posterior terminal cells. The follicle
cells near the egg chamber’s centre that do not receive these
signals are called main body cells.

Following their differentiation, the follicle cells undergo a
series of cell shape changes and migrations to encapsulate the
oocyte [8,9] (figure 2). Early in oogenesis, most of the follicle
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Figure 2. Illustrations of select stages of egg chamber development. In all images, anterior is to the left. (a) Signals from the polar cells induce the nearby follicle
cells (FCs) to adopt a variety of cell fates. (b) A second signal from the oocyte creates a new cell fate at the egg chamber’s posterior. (a,b) Both signalling events
occur before stage 6. (c) A combination of oocyte growth and epithelial cell shape changes/migrations that occur during stage 9 brings the bulk of the follicle cells
into contact with the oocyte. (d ) Migration of the centripetal cells between the oocyte and nurse cells late in stage 10 allows them to meet up with the border and
polar cells to form a continuous epithelium around the oocyte’s anterior. Illustrations are adapted from references [9,10].
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cells contact the nurse cells. This relationship shifts, starting at
stage 8, when the oocyte begins to grow by importing the yolk
proteins and lipids that will nourish the embryo. At stage 9,
the stretch cells flatten to cover the nurse cells, while the remain-
ing follicle cells become columnar cells over the oocyte. The one
exception is the six to eight border cells, which delaminate from
the epitheliumandmigrate through thenurse cells to the oocyte,
carrying the anterior polar cells with them on their journey [13].
Late in stage 10, the centripetal cells, which now form the
anterior border of the columnar cells, dive between the oocyte
and nurse cells to begin covering the oocyte’s anterior. The
growth of the oocyte is largely complete at stage 11, when the
nurse cells rapidly transfer their cytoplasm into the oocyte
through the ring canals by a process called nurse cell dumping.
The centripetal cells then complete their migration, joining with
the border and polar cells to form a continuous epithelium
around the anterior of the oocyte.

The construction of the eggshell around the oocyte requires
precisely controlled waves of protein secretion and additional
follicle cell rearrangements. The main body of the eggshell is
built by the columnar follicle cells, which synthesize and
secrete the proteins for each eggshell layer over time, deposit-
ing the vitelline membrane first and the exochorion last
(figure 1) [3,11]. The specialized regions of the eggshell are
constructed in a similar way by distinct follicle cell populations
that execute cell-specific secretory programmes. For example,
the aeropyle is built by a subset of the posterior terminal cells
and the operculum is built by a subset of the centripetal cells
[3–5]. The dorsal appendages represent another remarkable
case of epithelial construction. Here, two new populations of
follicle cells, roof and floor cells, emerge from a dorso-anterior
region of the main body cells during stage 10, and then
rearrange to form two blind tubes, into which chorionic pro-
teins are secreted [6,7]. The micropyle forms in a similar way
to the dorsal appendages, but it requires the contributions of
four cell types instead of two: the anterior polar cells, border
cells, proximally located centripetal cells and the oocyte
[14–17]. Below, I first describe the structure of the mature
micropyle, and then discuss how these four cell types work
in concert to build it.
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Figure 3. Micropyle morphogenesis and structure. In all images, anterior is to the top. (a–c) Illustrations of micropyle formation adapted from references [16,17]. (a) At stage
11/12, the centripetal and border cells are secreting the spongy and lamellar vitelline membrane, respectively, and the polar cells have extended stout protrusions. (b) At stage
13, the centripetal cells have deformed the oocyte and are beginning to secrete the chorion layers. (c) At stage 14, micropyle morphogenesis is complete, and the polar cell
protrusions twist around one another inside the channel. (d,e) Transmission electron micrographs of a thin section taken through the lamellar vitelline membrane within the
mature micropyle of an unfertilized egg. (d ) The maze-like organization of the lamellae and the ‘pocket’ (asterisk) made by the tips of the polar cell protrusions are both
visible. (e) Blowup of the boxed region in (d ). Arrows point to individual lamellae. Images are reproduced from reference [17], © Canadian Science Publishing or its licensors.
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3. Structure of the mature Drosophila micropyle
At the end of oogenesis, the micropyle sits in a dorso-anterior
region of the eggshell, adjacent to the oocyte nucleus—a position
that allows for rapid congression of the maternal and paternal
chromosomes at fertilization [18]. The external portion of the
cone is 20 µm long and 10 µm wide at its base. The oocyte pro-
trudes into the base of the cone, forming a nipple-like
projection that is 12 µm long and 6 µm wide. More distally, the
cone has a hollow channel that is 0.8 µm in diameter, just wide
enough to permit the entry of a single sperm [17]. Like the
main body of the eggshell, the extracellular portion of the cone
composed of twomain layers—vitellinemembrane and chorion,
with the chorion having four sublayers. However, the structure
and organization of each of layer are distinct from those seen in
the main body [16,17]. These differences are most apparent
in the vitelline membrane. Near the tip of the oocyte projection,
the vitelline membrane has an intricate, maze-like, lamellar
structure (figure 3), whereas the lateral sides of the projection
are covered by vitelline membrane with a spongy appearance
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Figure 4. Modern views of micropyle formation. In all images, anterior is to the left. (a–d ) Upd-Gal4 expresses UAS-mCD8-GFP in the polar cells, revealing the
morphology of their protrusions. Scale bar, 10 µm. (a,b) Stage 11. (b) Yellow arrowheads point to two of the four ring canals that connect the nurse cells to
the oocyte. (c,d ) Stage 13. (c) Yellow arrowhead points to the filopodium at the end of one polar cell protrusion. (d ) Intense F-actin staining at the apical surfaces
of the border and centripetal cells reveals the shape of the chorionic cone that is formed around the polar cell protrusions.
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[14,16,17]. Figure 3c shows the structure of the mature
micropyle right before the cells that build it are sloughed away
at the end of oogenesis.

Fertilization and egg activation both induce changes in
the initial structure of the micropyle. Upon fertilization,
the ooplasmic projection is withdrawn from the micropylar
cone, leaving the nipple-like protrusion of the vitelline mem-
brane behind [17]. Egg activation occurs independently of
fertilization in Drosophila and is instead induced by mechan-
ical pressure on the egg from the female reproductive tract
[19]. When the egg is activated, both the lamellar and the
spongy regions of the vitelline membrane condense [17],
causing them to become indistinguishable from the vitelline
membrane associated with the main body of the eggshell.
4. Cellular contributions to micropyle
morphogenesis

Micropyle formation begins when the border cells complete
their migration and come to lie against a dorso-anterior
region of the oocyte. They then secrete the lamellar portion
of the vitelline membrane during stages 10 and 11 [14,16,17]
(figure 3). There has been some speculation that the oocyte
may also contribute protein to this ornately structured ECM,
but this assertion remains to be verified [14]. By contrast, the
border cells play only a minor role in building the chorion.
When the border cells are prevented from reaching the
oocyte, the chorionic portion of the micropyle forms relatively
normally; however, closer inspection reveals two defects [20].
First, the tip of the cone lacks its characteristic rectangular
morphology, suggesting that the border cells shape the chorion
at the tip. Second, the channel for sperm entry is missing. From
this observation and others, it was long thought that the border
cells make the channel. Later work revealed, however, that it is
the non-migratory polar cells at the centre of the border cell
cluster that play this critical role inmicropyle formation [21,22].

The polar cells make the channel by extending long, cyto-
plasmic protrusions around which the lamellar vitelline
membrane and chorionic cone are secreted [14–17] (figures 3
and 4). Upon reaching the oocyte, each of the two polar cells
forms a stout protrusion; these protrusions are tightly apposed,
and their ends contact the oocyte. As the vitelline membrane is
deposited by the border cells, the entire cluster (including the
polar cells) is pushed away from the oocyte and the stout pro-
trusions become embedded within the vitelline deposits to
form a ‘pocket’ that will become the blind end of the sperm-
entry channel. Simultaneously, a thin filopodium emerges
from each stout protrusion that seems to maintain continuous
contact between the polar cells and the oocyte through the vitel-
line deposits [16] (figure 4). During stages 13 and 14, the
centripetal cells build the chorionic cone (discussed below).
Throughout this process, the tips of the protrusions remain
embedded in the vitelline pocket. By contrast, the polar cell
bodies move away from the oocyte, as they sit at the tip of the
chorionic cone throughout its construction. This causes the
initially stout protrusions to lengthen dramatically between
these two anchor points. By the end of stage 14, the polar cell
protrusions are 14 µm long [16], filled with parallel arrays of
microtubules [14,15,17], andwind around one another in a heli-
cal manner [16]. When the construction of the chorionic cone is
complete, the protrusions are withdrawn, leaving an open
channel in their wake. Continued secretion of Upd/Upd3
may be required for the polar cells to extend the channel-
forming protrusions, as some eggs from upd3 mutant females
lack the micropylar channel even though border cell migration
occurs normally [11].

The centripetal cellsmake the largest contribution tomicro-
pyle morphogenesis [14,16,17] (figure 3). Following nurse cell
dumping, the centripetal cells have linked up with the border
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and polar cells to form a continuous epithelium around
the oocyte’s anterior. The most proximal centripetal cells then
undergo further rearrangement to sculpt the micropylar
cone. First, they deform the oocyte to produce the nipple-like
projection and secrete the spongy vitelline membrane around
it [16,17]. Together, the oocyte projection and polar cell protru-
sions occupy the innermost regions of the growing cone, as
shown in figure 3. The centripetal cells then construct the
chorionic portion of the cone, starting from its base. When
micropyle formation is complete, 36 centripetal cells surround
the cone in four distinct rings [17]. The cell movements that
produce these rings have not yet been defined, but we do
have some information about the molecular control of this
morphogenesis. Disrupting JunN-terminal kinase (Jnk) signal-
ling in the centripetal cells causes a dramatic shortening of
the micropyle without perturbing the earlier movement
of the centripetal cells between the oocyte and nurse cells
[23]. The TGF-beta homologue Decapentaplegic (Dpp) has
also been implicated in micropyle formation, where it appears
to function independently of Jnk [24].
75:20190561
5. Open questions about micropyle formation
in Drosophila

The early studies of micropyle formation described above
revealed its intricate final structure, some remarkable cell
biology that goes into its construction, and hints about the
molecular control of this process. Below, I highlight some
particularly interesting questions that remain about how the
micropyle forms that could provide the basis for future
studies of this process.

The lamellar vitelline membrane is an ECM of exceptional
beauty (figure 3).How does the maze-like pattern of lamellae form?
Zarani & Margaritis likened this structure to the cholesteric
liquid crystals formed by some proteins and nucleic acids in
vitro [17]. In this model, the vitelline membrane proteins
secreted by the border cells would have distinct biochemical
properties from those in the main body of the eggshell that
allow them to self-assemble into lamellae in the extracellular
space. Theses authors also noted, however, that the spacing
of the lamellae is wider than what is typically seen for choles-
teric liquid crystals, calling this model into question. Another
possibility is that the lamellae are templated by the border
cells during the secretion process. Some mucosal epithelia
extended actin-based protrusions called microridges from
their apical surfaces that organize into similar maze-like pat-
terns [25–27]. If the border cells have microridges during
micropyle formation, the maze-like pattern in the vitelline
membrane could reflect the imprints of their apical surfaces
on this ECM. Ultrastructural studies have revealed microvilli
on the border cells during vitelline membrane secretion [14];
in thin sections, microridges would resemble microvilli. The
function of the lamellar vitelline membrane is almost as mys-
terious as its formation. Since the sperm must penetrate this
ECM to reach the oocyte, it is likely that the lamellae facilitate
this process. However, testing this idea will require knowledge
of how the lamellae form so that their structure can be altered
in a predictable way.

There are several interesting questions relating to the chan-
nel-forming protrusions of the polar cells (figures 3 and 4).
First, how do these protrusions come to wind around one another
at the end of micropyle formation? The twisting could arise if
the tips of the protrusions are held fast within the vitelline
membrane pocket and the entire assemblage of polar, border
and centripetal cells rotates as the chorionic cone is built. Alter-
natively, the cell bodies might remain fixed as the protrusions
autonomously wind around each other as they extend. Live
imaging of micropyle formation should distinguish between
these possibilities. Second,what is the function of the fine filopodia
at the protrusion tips? Since the filopodia seem to maintain con-
stant contact between the polar cells and the oocyte, they may
be cytonemes or tunnelling nanotubes that mediate signalling
between these cells [28]. If so, what is the nature of these signals and
how do they control micropyle morphogenesis? Given that the
molecular underpinnings of filopodia formation are relatively
well understood, it may be possible to eliminate the filopodia
without disrupting their host protrusions as an initial approach
to probing their function.

Finally, the dynamic movements of the centripetal cells that
deform the oocyte and shape the chorionic cone are also of great
interest (figure 3).Howdo these cells go from forming a relatively flat
sheet over the oocyte’s anterior to being organized into four, distinct
rings around the micropylar cone? This transformation is likely
to occur through a circular convergent extension-type mechan-
ism like those used to elongate epithelial tubes. Once again,
live imaging will be the key to mapping these cell rearrange-
ments. An equally interesting question is whether continued
secretion of Upd ligands by the polar cells is required for this
morphogenesis to occur. Precedent for this idea comes from
the Drosophila hindgut, where a point source of Upd directs
the cellular movements that lengthen the tube [29]. Finally,
there appear to be two distinct cell fates within the population
of centripetal cells that build the micropyle, as Dpp is only
expressed in two of the four rings of cells surrounding the
completed micropylar cone [24]. Future work may reveal that
Dpp-positive cells make different contributions to micropyle
formation compared with Dpp-negative cells, indicating that
the cellular contributions to micropyle formation are even
more complex than originally thought.
6. Micropyle formation in other insects and fish
Insect eggs come in a variety of shapes and sizes [30–32],
and their micropyles are similarly diverse. Moreover, fish
eggs have micropyles that form through a mechanism that is
remarkably like that of insects. In this section, I highlight the
diversity found in insect micropyles and the recent interest in
studyingmicropyle formation in fish, with an eye toward iden-
tifying both diverse and conserved strategies that secretory
epithelia employ to build extracellular assemblies.

Among insect eggs, the number, location and shape of
the micropyles can vary dramatically from what is seen in
Drosophila. For example, the ant lion Euroleon nostras has iden-
tical micropyles at both the anterior and posterior poles of the
egg [33], whereas the grasshopper Eyprepocnemis plorans has 40
micropyles concentrated solely at the posterior pole [34]. The
number of micropyles can also vary among individuals
within a species [35,36]. Moreover, a single chorionic projection
can have multiple sperm-entry channels, and sperm-entry
channels can form in the absence of an obvious chorionic pro-
jection [33,36–38]. In the handful of species where the
development of the micropyle has been studied, the sperm-
entry channels are typically made by follicle cell protrusions,
similar to the situation in Drosophila [33,36,38–43]. However,
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the identity of the channel-forming cells can differ, as polar and
border cells are only found in brachyceran flies [44,45]. The
almond wasp Eurytoma amygdali builds its micropylar channel
in a manner that does not depend on follicle cell protrusions
[46]. In these micropyles, the chorionic projection is a stunning
130 µm long (compared with 20 µm in Drosophila), which may
necessitate the different mode of channel formation. Thus,
insect micropyles offer a rich system for comparative studies
that could reveal newways that secretory epithelia build extra-
cellular structures. For a more complete description of
micropyle diversity among insects, please see the book Biology
of insect eggs by H. E. Hinton [32].

The micropyles of fish eggs represent a remarkable case
of convergent evolution with insects. Fish embryos develop
within a chorionic envelope, and this chorion is secreted by fol-
licular epithelial cells that surround the developing oocyte.
One or more micropylar channels are formed in the chorion
by individual follicle cells that extend a microtubule-filled pro-
trusion aroundwhich the chorionic proteins are secreted. In the
medakaOryzias latipes, this protrusion even has a twistedmor-
phology like the channel-forming protrusions in Drosophila
[47]. Three papers recently reported that specification of the
micropyle-forming cell in zebrafish requires the Hippo path-
way effector Taz [48–50]. Given that Taz is a transcription
factor, RNA sequencing on Taz mutant cells could reveal the
molecular logic for micropyle formation and the extent to
which this programme is shared with insects.
7. Conclusion and perspective
The egg chamber is a powerful system for the study of epi-
thelial dynamics, and yet the formation of the micropyle
has received surprisingly little attention. The classic studies
of this process performed in the 1980s and 1990s identified
the three epithelial cell types that build the micropylar cone
and offered clues about their morphogenetic and secretory
functions. With modern genetic tools, however, we can now
probe the cellular dynamics of micropyle formation with a
higher degree of sophistication. The wealth of new fluor-
escent cytoskeletal and plasma membrane markers will
facilitate live imaging of the winding of the polar cell protru-
sions and the cell movements that generate the four rings of
centripetal cells around the cone. Moreover, there are Gal4
drivers that can now be used to selectively alter gene
expression in each cell type, and thereby decipher the mol-
ecular control of these movements. An example of this is
shown in figure 4, where Upd-Gal4 is used to express UAS-
mCD8-GFP exclusively in the polar cells to highlight the mor-
phology of their protrusions. Finally, fluorescent tags on
eggshell proteins will reveal how the cells’ secretory pro-
gramme is integrated with the morphogenetic programme
to build the extracellular portions of the cone [51]. With
these approaches, modern studies of micropyle formation
are likely to identify general strategies that epithelial cells
use to build functional extracellular structures in a variety
of contexts.
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