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Introduction

The remarkable transformation that occurs during development 
as a single cell is transformed into a mature organism not only 
requires the generation of a large number of differentiated cells, 
but also the organization of these cells into tissues and organs. 
To do this, cells must undergo orchestrated cell shape changes, 
cell migrations and cell rearrangements, which not only allow the 
tissues and organs to be formed, but also allow them to acquire 
the appropriate shape. These cell behaviors are dependent upon 
coordinated reorganization of the actin cytoskeleton, actomyosin 
contraction and both cell-cell and cell-substrate adhesion. While 
we have obtained a basic understanding of how each of these con-
tributes to cell behavior, how they work together to influence tis-
sue and organ shape remains poorly understood. The process by 
which a Drosophila egg acquires its elongated shape provides an 
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As tissues and organs are formed, they acquire a specific shape 
that plays an integral role in their ability to function properly. 
A relatively simple system that has been used to examine 
how tissues and organs are shaped is the formation of an 
elongated Drosophila egg. While it has been known for some 
time that Drosophila egg elongation requires interactions 
between a polarized intracellular basal actin network and a 
polarized extracellular network of basal lamina proteins, how 
these interactions contribute to egg elongation remained 
unclear. Recent studies using live imaging have revealed two 
novel processes, global tissue rotation and oscillating basal 
actomyosin contractions, which have provided significant 
insight into how the two polarized protein networks cooperate 
to produce an elongated egg. This review summarizes the 
proteins involved in Drosophila egg elongation and how this 
recent work has contributed to our current understanding of 
how egg elongation is achieved.
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excellent model for studying how an organ is shaped. Drosophila 
egg chamber elongation employs many of the basic cell behav-
iors seen in other systems as well as novel processes uncovered 
by recent studies using live imaging techniques,1,2 which provide 
significant insight into how dynamic interactions between a con-
tractile actomyosin network and the extracellular matrix (ECM) 
components of a basal lamina cooperate to produce an elongated 
egg.

Overview of Drosophila oogenesis. The production of an 
elongated Drosophila egg takes place in the ovary of the adult 
female. Each ovary consists of ~16 ovarioles, which are long 
chains of six to seven progressively older egg chambers (or fol-
licles) separated by a small number of somatic stalk cells (Fig. 1).3  
At the anterior tip of each ovariole is a structure called the germar-
ium that contains both germline and somatic stem cells, and is 
the site of egg chamber assembly. Each egg chamber is composed 
of a cyst or group of 16 interconnected germline cells, one oocyte 
and 15 nurse cells, all surrounded by a single layer of somatic 
follicle cells (Fig. 1). Each germline cyst is derived from a single 
cell, the cystoblast that undergoes four rounds of cell division 
with incomplete cytokinesis to give rise to the 16 interconnected 
germline cells. One of these cells will become the oocyte and ini-
tiate meiosis, while the remaining 15 cells will become nurse cells 
and undergo several rounds of endoreplication. Once the cyst is 
formed, it becomes encased by a layer of somatic follicle cells and 
moves out of the germarium as a fully assembled egg chamber. 
As the egg chamber matures over the next 2.5–3 d, it proceeds 
through a series of 14 stages, which can be distinguished by a 
variety of morphological criteria including shape and size of the 
oocyte, nurse cells and entire egg chamber as well as the move-
ments of specific subsets of follicle cells described below.3

Throughout oogenesis, the volume of the oocyte increases by 
approximately four orders of magnitude.4 This increase in oocyte 
volume is due in large part to the action of the nurse cells. As 
their name implies, the nurse cells produce many of the macro-
molecules and organelles that the oocyte needs to initiate devel-
opment after fertilization. These include maternal mRNAs and 
proteins, as well as ribosomes and mitochondria,3,5 all of which 
are transported from the nurse cells into the oocyte through the 
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cuboidal to columnar (Fig. 1). This change in cell shape, along 
with the increase in the size of the germline cells, are thought to 
drive the posterior migration of the follicle cells.12,13 At the same 
time, a small group of 6–10 follicle cells at the anterior tip of 
the egg chamber, called border cells, break away from the follicle 
cell layer and migrate in between the nurse cells to the anterior 
boundary of the oocyte.14-16 Their arrival at the oocyte boundary 
marks the beginning of stage 10 and coincides with the comple-
tion of the posterior migration of the columnar follicle cells. The 
border cell cluster will then spread out and ultimately contribute 
to the formation of the micropyle, the structure through which 
the sperm gain access to the egg. The beginning of stage 10 also 
marks the initiation of the movement of the anterior-most colum-
nar cells, the centripetal cells, up and over the anterior end of 
the oocyte.12,17 The centripetal cells eventually make contact with 
and form connections to the border cells resulting in the forma-
tion of a continuous layer of follicle cells around the oocyte. The 
centripetal cells will ultimately form the operculum, the region 
of the eggshell through which the larva will emerge, as well as 
contribute to the formation of the micropyle. Finally, two groups 
of follicle cells that cover the dorsal anterior region of the oocyte 
will undergo a series of well-characterized cell shape changes 
and cell migrations to form the dorsal appendages,18 the eggshell 
structures that allow the exchange of gases between the develop-
ing embryo and its environment.

In addition to the changes in size and shape seen in the germ-
line and follicle cells, the egg chamber as a whole also undergoes 
a dramatic change in shape as it is transformed from a sphere into 
an ellipsoid. This process, referred to as egg chamber elongation, 
results in an egg chamber that is 2.5 times longer than it is wide.1 
The mature egg then maintains this ellipsoid shape, which likely 
facilitates its movement through the oviduct to be fertilized and 
eventually laid. Egg chamber elongation starts around stage 5 and 
continues throughout oogenesis with the most dramatic changes 
in egg chamber shape occurring between stages 5 and 11 (Fig. 1). 

cytoplasmic bridges (or ring canals), which are formed as a result 
of the incomplete cytokinesis that creates the germline cyst.6 This 
transport consists of two phases, slow and fast. Slow transport 
occurs throughout the early stages of oogenesis (stages 1–10) 
and, combined with the uptake of yolk proteins from the follicle 
cells and hemolymph (stages 8–10), is responsible for the increase 
in the size of the oocyte so that it occupies roughly half of the egg 
chamber by the beginning of stage 10. Fast transport occurs near 
the end of oogenesis (stage 11) when all of the nurse cells simul-
taneously dump the contents of their cytoplasm into the oocyte, 
allowing the oocyte to achieve its final volume.5,7 After nurse cell 
dumping is complete, the nurse cells are no longer needed and 
undergo programmed cell death.8,9

The follicle cells also play important roles in the formation of 
a mature egg. Interactions between the posterior follicle cells and 
the oocyte help establish the anterior/posterior (A/P) axis within 
the follicle cell layer, the oocyte and eventually the embryo.10,11 
Near the end of oogenesis, the follicle cells are responsible for 
producing the vitelline envelope and eggshell that protect the 
embryo as it develops, allow the embryo to obtain oxygen and 
facilitate fertilization and the hatching of the mature first instar 
larvae at the end of embryogenesis. When the egg chamber is 
first formed, the follicle cells are organized in a simple epithelial 
monolayer of cuboidal cells that completely surround the germ-
line cells (Fig. 1). By the end of stage 6, the follicle cells have 
completed four to five rounds of cell division resulting in ~1,000 
follicle cells that then undergo several rounds of endoreplication 
and growth.3 Between stages 9 and 11, the follicle cells undergo a 
series of morphological changes and cell migrations, which result 
in the oocyte becoming completely surrounded by follicle cells. 
At the beginning of stage 9, most of the follicle cells initiate a 
posterior migration to become concentrated around the oocyte, 
while a few follicle cells (~50) flatten and stretch out over the 
nurse cells. During this migration, the follicle cells that will ulti-
mately be in direct contact with the oocyte change shape from 

Figure 1. Drosophila oogenesis. Egg chambers from a subset of the stages of oogenesis, stained with phalloidin to visualize F-actin (red) and DAPI 
to visualize DNA (blue), reveal the major changes in the size and shape of the egg chamber and its component cells over time. A single focal plane 
through the center of each chamber is shown. Dotted lines separate egg chambers that were obtained from distinct ovarioles. A higher magnification 
image of the stage 7 egg chamber is included to show how the cuboidal follicle cell layer completely surrounds the germline cells at this stage. A simi-
lar organization of the egg chamber is seen from stages 1–8. The anterior/posterior (A/P) and dorsal/ventral (D/V) axes are indicated. Ger, germarium; 
St, stage.
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early egg chambers, making the bundled follicle cell basal actin 
filaments appear as if they are continuous across cell boundaries. 
By stage 4, follicle cell cortical actin is evident, providing a clear 
outline of each cell. While the basal actin filaments within each 
follicle cell at this stage appear to be organized into roughly par-
allel arrays, the polarity of the filaments is not coordinated across 
the basal surface of the follicle cell layer.25 The global polarization 
of the basal actin filaments once again becomes apparent dur-
ing stages 5 and 6 when the basal filaments in follicle cells near 
the anterior and posterior poles become oriented perpendicular 
to the A/P axis.25 The basal actin filaments in the more central 
follicle cells gradually take on a similar orientation so that by 
stage 7 the basal filaments within all follicle cells are uniformly 
oriented (Fig. 2A). Around this time the follicle cells also extend 
actin-based protrusions from one of their basal cell edges paral-
lel to the A/P axis of the egg chamber that reach out over the 
basal surface of the adjacent follicle cell21 (Fig. 2B, arrows). This 
resembles the formation of actin-based protrusions from the lead-
ing edge of a migrating cell26 and suggests that a distinct “lead-
ing” and “trailing” edge of each follicle cell has been established. 
Furthermore, since all of the follicle cells in a given egg chamber 
produce protrusions along the same basal cell edge, this distinc-
tion must somehow be coordinated throughout the cell layer. 
The next major change in the follicle cell basal actin occurs dur-
ing stage 9 in the subset of follicle cells that become stretched out 
over the nurse cells. As these cells lengthen and narrow their basal 
actin filaments lose the parallel bundled organization and take 
on a broad, mesh-like distribution.20 The remaining majority of 
follicle cells retain the parallel organization of their basal actin 
filaments until stages 10B and 11 when these filaments undergo a 
transient change in orientation.20,27,28 During stage 10B, the basal 
actin filaments become thicker and begin to shift their orienta-
tion. During stage 11, this shift continues so that the filaments 
within each follicle cell become organized into a fan-shaped array 
that is oriented along the long axis of the chamber with the base 
of the fan positioned at the posterior edge of the cell.27 By stage 
12, the fan-shaped orientation has returned back to the paral-
lel circumferential arrays seen in earlier stages, which are main-
tained for the remainder of oogenesis (Fig. 2C).

Changes in the Organization of ECM Components  
of the Follicle Cell Basal Lamina During Oogenesis

The second major component of the molecular corset is repre-
sented by the polarized organization of several ECM components 
of the follicle cell basal lamina, including collagen IV, laminin 
and perlecan. Laminin A is present along the outer basal surface 
of the follicle cells starting at stage 2 (Fig. 3A).25 During stages 
6–9, laminin A is organized into a regular pattern of long parallel 
strands that encircle the egg chamber perpendicular to its A/P 
axis (Fig. 3B).22,29 Collagen IV is also present along the outer 
basal surface of the follicle cells from the time an egg chamber 
first emerges from the germarium.1 In early chambers, collagen 
IV is present as puncta or short fibers with no clear polarization. 
Starting around stage 5, the collagen IV fibers grow in length, 
increase in density and become oriented perpendicular to the 

During this time, the egg chamber is also undergoing a signifi-
cant amount of growth, increasing its volume by as much as 100-
fold.19 In order for the egg chamber to elongate, this increase in 
volume must be channeled along the long, or A/P axis, of the egg 
chamber. This has been proposed to be accomplished through 
the formation of a “molecular corset” that constrains the cen-
tral portions of the egg chamber, forcing any increase in volume 
to preferentially expand the ends of the chamber.20,21 The com-
ponents of the proposed molecular corset include two polarized 
protein networks; one that consists of bundles of parallel actin 
filaments on the basal side of each follicle cell that are uniformly 
oriented throughout the cell layer (Fig. 2) and one that consists 
of a parallel array of ECM proteins within the basal lamina that 
completely surrounds the basal surface of the follicle cell layer of 
each egg chamber (Fig. 3). Both protein networks are oriented 
so that their parallel arrays are perpendicular to the long, or A/P 
axis, of the egg chamber, as would be expected for the proposed 
molecular corset (Figs. 2 and 3). While the presence of these 
two polarized protein networks has been known for years,20-23 the 
relationship between them and how they facilitate egg chamber 
elongation was unclear. Recent use of live imaging techniques 
to visualize elongating egg chambers has provided significant 
insight into this relationship, revealing two novel processes that 
create or use these networks to mediate egg chamber elongation; 
global rotation of the egg chamber within the surrounding basal 
lamina1 and oscillating basal actomyosin contractions in a subset 
of follicle cells.2 This review will summarize how the elucidation 
of these novel processes has impacted our current understand-
ing of egg chamber elongation, including how the follicle cell 
basal actin filaments and ECM components of the basal lamina 
become polarized as well as how these two polarized arrays inter-
act and how they contribute to the elongation of the egg chamber.

Changes in the Organization  
of Follicle Cell Basal Actin During Oogenesis

One of the central components of the proposed molecular corset 
involved in egg chamber elongation is the polarized network of 
actin filaments present along the basal surface of the follicle cells. 
The follicle cell layer is arranged around the germline cells so that 
the apical surfaces of the follicle cells face the germline cells while 
their basal surfaces face the exterior of the egg chamber (Fig. 1). 
Before the follicle cell basal actin filaments can be assembled, 
distinct apical and basal domains of these cells must be estab-
lished. This occurs in a stepwise manner within the germarium 
before an egg chamber is assembled.24 Large bundles of actin fila-
ments are first visible along the basal surface of the follicle cells 
in the posterior half of the germarium.25 These actin filaments 
are arranged in a parallel array that wraps around the germarium 
perpendicular to its long axis, foreshadowing their arrangement 
in later staged egg chambers. However, this global parallel orga-
nization is lost as the egg chambers exit the germarium, with 
follicle cells in early staged egg chambers displaying basal actin 
filament bundles that appear to “swirl” around the chamber.25 
It is interesting to note that the cortical actin that underlies the 
plasma membrane of each follicle cell is not yet evident in these 
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organization of the basal actin filaments, (3) required to establish 
and/or maintain the coordinated orientation of follicle cell basal 
actin filaments throughout the follicle cell layer and (4) are not 
required for the formation, organization or orientation of the fol-
licle cell basal actin filaments (Fig. 5).

Class 1 round egg genes: required for the formation and/or 
maintenance of the follicle cell basal actin filaments. Mutation 
of the round egg genes that fall into the first class, results in a 
loss or severe reduction of follicle cell basal actin filaments, sug-
gesting that they are required for the formation and/or mainte-
nance of these filaments (Fig. 5). Class 1 round egg genes include 
the small GTPases Rac1, Rac2 and Rho1, the Rac GEF (guanine 
nucleotide exchange factor) trio, the Rac effector Pak, the Rho1 
effector rok and the cell-ECM adhesion component talin. Rho 
and Rac, along with Cdc42, are members of the Rho family 
of small GTPases. Like most small GTPases, the Rho family 
GTPases cycle between an active GTP-bound state and inactive 
GDP-bound state. This cycle is regulated by three classes of pro-
teins GEFs, GAPs (GTPase-activating proteins) and GDIs (gua-
nine nucleotide dissociation inhibitors).33 In their active state, the 
Rho family GTPases are capable of interacting with and regulat-
ing the activity of a wide variety of target or effector proteins 
that mediate the cellular functions influenced by these regulatory 
proteins. The Rho family GTPases have been shown to regulate 
multiple cellular processes including cell adhesion, cell migra-
tion, cell polarity, endocytosis, vesicle trafficking, cell prolifera-
tion, oncogenesis and gene transcription.34 However, the most 
relevant function of Rho family GTPases to egg chamber elon-
gation is their well-established regulation of the actin cytoskel-
eton.35,36 In migrating cells, Rac regulates actin polymerization 
along the leading edge and promotes the formation of nascent 
cell-ECM adhesions in this region, while Rho regulates actomyo-
sin contraction farther back from the leading edge and promotes 
the formation of more mature cell-ECM adhesions, stress fibers 
and retraction of the trailing edge of the cell.35,37

Expression of a dominant negative version of Rho1 in a sub-
set of follicle cells, results in a severe reduction of basal actin 
filaments with some cells appearing to completely lack basal 

A/P axis of the egg chamber.1 The collagen IV fibers increase in 
length and density until they reach a maximum at stage 8, after 
which their density decreases while their length remains roughly 
the same through stage 12.1 Perlecan can be found in the basal 
lamina surrounding the basal surface of the follicle cells starting 
at stage 3.30 Similar to laminin and collagen IV, perlecan fibers 
are arranged into parallel arrays that are oriented perpendicular 
to the A/P axis of the egg chamber by stage 7.30 However, detailed 
studies of when this organization of the perlecan fibers arises have 
not yet been performed.

The Follicle Cell Basal Actin Network  
and its Interaction with the ECM Influences Egg 

Chamber Elongation

The observation that the follicle cell basal actin network and 
the ECM components of the follicle cell basal lamina come into 
alignment with each other over roughly the same time frame 
during oogenesis (stages 5–7) suggests that they may be either 
coordinately regulated or somehow influence each other as the 
egg chamber elongates. Support for this first came from the iden-
tification and analysis of genes that when mutated, result in the 
production of eggs that are both shorter and broader than wild-
type, a.k.a. round eggs (Fig. 4). These so-called round egg genes 
encode ECM components of the follicle cell basal lamina, pro-
teins that regulate actin dynamics and/or actomyosin contractil-
ity and proteins that mediate cell-cell or cell-ECM interactions. 
Most of the round egg genes are required during developmental 
stages prior to adulthood. Therefore, analysis of their role dur-
ing egg chamber elongation has relied on either the expression of 
gene-specific RNAi (RNA interference) constructs31 within folli-
cle cells or the generation of clones of homozygous mutant follicle 
cells within an initially heterozygous population.32 The round egg 
genes can be placed into four broad classes based on when during 
the construction of the polarized follicle cell basal actin filament 
network they appear to be required, including those that are (1) 
required for the formation and/or maintenance of the basal actin 
filaments, (2) required to establish and/or maintain the parallel 

Figure 2. Follicle cell basal actin filaments in wild-type egg chambers. The basal follicle cell surface of either an entire stage 7 egg chamber (A) or 
high magnification views of a subset of follicle cells from a stage 7 (B) or stage 12 (C) egg chamber that have been stained with phalloidin to visualize 
F-actin. All panels are oriented so that anterior is to the left. (B) High magnification view of the dotted box in (A) shows that the follicle cells in a stage 
7 egg chamber produce actin-based protrusions (arrows) oriented in the same direction from a single-cell edge. These protrusions appear to reach 
out over the basal surface of the adjacent follicle cell. (C) High magnification view of the basal surface of a stage 12 egg chamber reveals basal actin 
filaments that are thicker and more pronounced than stage 7, with striations that resemble those seen in stress fibers in cultured cells.
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basal surface of the cell.40 This suggests that Pak may be a key 
Rac effector that mediates the formation and/or maintenance 
of the follicle cell basal actin network and may also be required 
for the organization of the bundled actin filaments into par-
allel arrays. Furthermore, Pak’s regulation of basal actin does 
not appear to be cell autonomous as wild-type cells bordering 
the clone occasionally display reduced or disorganized bundles, 
while mutant cells along the border of the clone occasionally 
retain at least a few parallel actin bundles.40 Pak mutant egg 
chambers often also display regions where the follicle cells are 
arranged into multiple layers rather than the normal single layer, 
consistent with an additional role for Pak in establishing and/
or maintaining apical/basal follicle cell polarity.40 Interestingly, 
the Pak round egg mutant phenotype has recently been shown 
to be suppressed by the introduction of a single mutant copy of 
any one of several different members of the Rho1/Rok pathway 
suggesting that Pak may function in opposition to Rho1 during 
egg chamber elongation.44

filaments altogether.2 This suggests that Rho1 is required for 
the formation and/or maintenance of the basal actin filaments. 
Consistent with this, follicle cell clones that carry a loss of func-
tion mutation in Rho1 cause a failure of egg chamber elonga-
tion.29 Rok (Rho kinase) is a serine/threonine kinase that is 
activated by Rho1 and has been shown to function downstream 
of Rho1 during stress fiber formation and actomyosin contraction 
in a variety of cell types.38 Expression of Rok-RNAi in follicle cell 
clones results in a reduction in the levels of basal actin, although 
not to the same degree as seen when dominant negative Rho1 is 
expressed.2 Furthermore, the actin filaments that remain appear 
to retain their parallel organization within each cell as well as 
their orientation relative to the basal filaments in surrounding 
wild-type cells.2 Together, these results suggest that actomyosin 
contraction, mediated by the Rho1/Rok pathway, may play a role 
in the formation and/or maintenance of follicle cell basal actin 
filaments, although additional effectors downstream of Rho1 
may also be required.

In Drosophila, there are three Rac-like genes, Rac1, Rac2 
and Mtl.39 Clones of follicle cells that are mutant for both Rac1 
and Rac2 display a complete loss of basal actin filaments.40 This 
is consistent with the role of Rac in regulating actin polym-
erization in migrating cells and suggests that Rac1 and Rac2 
are also required for the formation and/or maintenance of the 
basal actin network in follicle cells. Furthermore, the effect of 
Rac1 and Rac2 on follicle cell basal actin appears to be non-
autonomous as some of the wild-type cells bordering a Rac1/
Rac2 mutant clone display either a loss of basal actin or mild 
disruptions in the organization and orientation of the fila-
ments.40 Interestingly, egg chambers that carry large Rac1/Rac2 
mutant clones do not appear significantly rounded.40 Although 
this effect has not been quantified, it may suggest that an egg 
chamber can elongate even when some of the follicle cells lack 
basal actin filaments. The Rac GEF Trio promotes the exchange 
of GDP for GTP for all three Drosophila Rac-like proteins, 
thereby activating them.41 Although human Trio is also capable 
of interacting with and activating Rho, evidence of this inter-
action has not yet been demonstrated in Drosophila.42 While 
follicle cell clones that are mutant for trio have a significant 
reduction in the number of basal actin filaments, the small 
number of filaments that are still visible remain organized into 
parallel arrays that are oriented in the same manner as the sur-
rounding wild-type cells.40 This suggests that while Trio is 
required for the formation and/or maintenance of the basal 
actin filaments, it does not function as the sole GEF for Rac1 
and Rac2 in follicle cells. It should be noted that the ultimate 
effect that loss of Trio has on egg chamber elongation has not 
yet been examined. Pak (p21-activated kinase) is a serine/threo-
nine kinase that is activated by Rac and Cdc42.43 Clones of Pak 
mutant follicle cells display a severe reduction of basal actin fila-
ments with most cells completely lacking filaments, especially 
when the clone contains a large number of cells.40 In those Pak 
mutant follicle cells that retain some basal actin, the filaments 
still appear as thick bundles, but these are often no longer orga-
nized into parallel arrays and instead appear to clump together 
and cross over each other forming a dense meshwork over the 

Figure 3. Laminin is found along the outer basal surface of follicle cells 
and becomes oriented into strands that are perpendicular to the A/P 
axis of the egg chamber. (A) A stage 6 and stage 8 egg chamber that 
have been stained with phalloidin to visualize F-actin (red) and an anti-
body against the laminin α chain (green). (B) High magnification view of 
a stage 8 egg chamber that has been stained with an antibody against 
the laminin α chain. Orientation of the A/P axis of the egg chamber is 
indicated. St., Stage. (A and B) reprinted from reference 29 with permis-
sion from Elsevier.

Figure 4. Round eggs are shorter and broader than wild-type. Dorsal 
view of eggs from wild-type (A) or dys mutant (dysE17/Df(3R)6184) (B) 
females. dys is a member of the class 3 round egg genes. Similar round 
eggs are produced when other round egg genes are mutated, irrespec-
tive of which class they belong to. Eggs are oriented with anterior at the 
top of the image. (A and B) reprinted from reference 60 with permission 
from Elsevier.
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required for the formation and/or maintenance of the follicle cell 
basal actin network as well as to establish and/or maintain their 
parallel orientation. It is interesting to note that Talin has also 
been shown to inhibit transcription of the shotgun gene in follicle 
cells in an integrin-independent manner.46 shotgun encodes the 
cell-cell adhesion protein DE-cadherin (Drosophila E-cadherin), 
suggesting that the effect of loss of Talin in follicle cells could 
result from an overexpression of DE-cadherin in these cells. 
However, overexpression of DE-cadherin specifically in follicle 
cells has no effect on the relative abundance, organization or ori-
entation of the basal actin filaments,2 suggesting that Talin must 
influence the basal actin filaments through another mechanism.

The round egg genes in this first class appear to be required 
for the formation and/or maintenance of the follicle cell basal 
actin filaments. However, in order to distinguish between these 
two possibilities, it will be necessary to examine basal actin in 
null-mutant follicle cells prior to egg chamber formation when 
basal actin first appears, which has not yet been done for any of 
the genes in this class.

Class 2 round egg genes: required to establish and/or main-
tain the parallel organization of the follicle cell basal actin fila-
ments. Mutations in round egg genes that fall into class 2 result 
in follicle cell basal actin filaments that are present but no longer 
organized into parallel bundles, suggesting that these genes are 
required to establish and/or maintain the parallel organization 
of the basal actin filaments (Fig. 5). Interestingly, all of the class 
2 round egg genes also display loss-of-function phenotypes that 
place them into either class 1 or class 3. This suggests that the 
formation and/or maintenance of the basal actin filaments, their 
organization into parallel bundles and their orientation perpen-
dicular to the A/P axis of the egg chamber, are linked. Although 
all class 2 genes could be placed into another class, the definition 
of a separate class is warranted as not all class 1 and class 3 genes 
can be placed into class 2 (Fig. 5).

The second class of round egg genes contains four genes; two 
that are also considered members of class 1, Pak and talin, and 
two that are also considered members of class 3, Lar (Leukocyte-
antigen-related-like) and the integrin subunit βPS. As mentioned 
above, loss of Pak or talin not only results in a loss or severe reduc-
tion of follicle cell basal actin filaments, but the filaments that 
remain are not organized into parallel bundles within each cell. 
This suggests that Pak and Talin are required for both the forma-
tion and/or maintenance of the follicle cell basal actin filaments 
as well as to establish and/or maintain their parallel organization 
within each cell.

Lar encodes a transmembrane receptor tyrosine phosphatase 
that was initially identified as being required for axon guid-
ance in the Drosophila nervous system.47 In vitro binding and 
cell culture assays using the human Lar protein indicate that its 
extracellular domain binds laminin,48 suggesting that Drosophila 
Lar may also interact with this ECM protein. Furthermore, the 
intracellular domain of Drosophila Lar has been shown to bind 
to and dephosphorylate the actin-binding protein Ena (Enabled) 
in vitro.49 Since the binding of mammalian Ena/VASP proteins 
to actin has been shown to promote its continued polymeriza-
tion,50 Lar may provide a link between the actin cytoskeleton and 

Talin, encoded by the rhea gene, is a large cytoplasmic pro-
tein that links the intracellular domain of integrins to the actin 
cytoskeleton and plays an essential role in integrin-mediated 
cell-ECM adhesion.45 Clones of follicle cells mutant for rhea or 
expressing Talin-RNAi display a reduction in follicle cell basal 
actin filaments, with the remaining filaments no longer being 
organized into parallel arrays.2,46 This suggests that Talin is 

Figure 5. Overview of how egg chamber elongation is achieved. Before 
egg chamber elongation can begin, a uniformly polarized network 
of follicle cell basal actin filaments must be established. This requires 
that the follicle cell basal domain be specified so that the basal actin 
filaments can be formed, then organized into parallel bundles within 
each follicle cell that then become oriented perpendicular to the A/P 
axis of the egg chamber. This uniformly polarized follicle cell basal actin 
network is then used to provide the force necessary to drive the active 
migration of the follicle cells over the stationary basal lamina during 
egg chamber rotation from stage 5–8. As the follicle cells migrate, they 
organize the ECM components of the basal lamina into parallel arrays 
that reinforce the orientation of the polarized basal actin filaments and 
form the molecular corset that contributes to egg chamber elonga-
tion. Then during stages 9 and 10, the polarized follicle cell basal actin 
filaments, together with non-muscle Myosin II, mediate the periodic 
basal contractions that may maintain the basal actin filaments and 
contribute to egg chamber elongation by augmenting the molecular 
corset around the center of the egg chamber. Genes that may function 
at each step of egg chamber elongation based on their loss-of-function 
phenotype are indicated in italics.
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actin filaments within each follicle cell as well as coordinate their 
orientation throughout the follicle cell layer. In addition to the 
effects on the organization and orientation of the basal actin fila-
ments, Delon and Brown27 also found that mys (βPS integrin) 
mutant follicle cells had ~33% more basal actin than adjacent 
wild-type cells, suggesting that integrins are also required to limit 
the amount of follicle cell basal actin.

Class 3 round egg genes: required to establish and/or main-
tain the coordinated orientation of follicle cell basal actin fila-
ments throughout the follicle cell layer. Mutation of the round 
egg genes that fall into class 3 result in basal actin filaments that 
are organized into parallel bundles, but are not oriented perpen-
dicular to the A/P axis of the egg chamber, suggesting that they 
are required to establish and/or maintain the coordinated orien-
tation of these filaments throughout the follicle cell layer (Fig. 
5). In addition to Lar and βPS integrin, the third class of round 
egg genes include the ECM receptor Dystroglycan (Dg) and its 
intracellular binding partner Dystrophin (Dys), the ECM com-
ponent collagen IV α2, the Cadherin superfamily member kugelei 
(a.k.a. fat2) and the cytoplasmic signaling proteins tricornered 
(trc), furry (fry) and misshapen (msn). Loss of Lar or βPS integ-
rin in follicle cells results in basal actin filaments that are either 
no longer organized into parallel arrays or are present in parallel 
bundles that are not properly oriented perpendicular to the A/P 
axis of the egg chamber in both mutant and adjacent wild-type 
cells. This suggests that Lar and integrins are required to initi-
ate and/or maintain the parallel organization of follicle cell basal 
actin filaments within each follicle cell as well as establish and/or 
maintain the coordinated orientation of these filaments through-
out the follicle cell layer.

Dg and Dys are central components of the dystrophin-glyco-
protein complex (a.k.a. dystrophin-associated protein complex).58 
The dystrophin-glycoprotein complex was initially identified as 
being required in muscle cells to allow the plasma membrane 

the ECM while also contributing to 
actin dynamics at these sites. Although 
clones of Lar mutant follicle cells retain 
roughly equivalent levels of basal actin 
filaments compared with wild-type 
cells,25 the organization or orienta-
tion of these filaments is disrupted. In 
some Lar mutant cells, the basal actin 
filaments are disorganized, forming 
centrally located aggregates or accumu-
lating around the periphery of the cell.29 
In other Lar mutant cells, the basal 
actin filaments remain organized in 
parallel bundles within each cell, how-
ever their orientation perpendicular to 
the A/P axis of the egg chamber is lost 
(Fig. 6).25,29 No matter which actin phe-
notype is seen in the Lar mutant cells, 
some of the surrounding wild-type cells 
display parallel basal actin filaments 
that are not uniformly oriented perpen-
dicular to the A/P axis of the egg cham-
ber (Fig. 6).25,29 Taken together, these results suggest that Lar is 
required to initiate and/or maintain the parallel organization of 
follicle cell basal actin filaments within each follicle cell as well 
as coordinate their orientation throughout the follicle cell layer.

Integrins are transmembrane proteins that mediate adhesion 
between a cell and the ECM. The extracellular domain of inte-
grins binds to ECM proteins, while their intracellular domain 
binds to a multiprotein complex that links them to the actin 
cytoskelton.51 Integrins are also capable of mediating intracellu-
lar signaling following ECM binding that can influence a vari-
ety of cellular processes.52 Each functional integrin protein is a 
heterodimer that consists of one α and one β subunit,53 and the 
Drosophila genome contains five α and two β subunits.54 The βv 
subunit is only expressed in the midgut,55 making βPS, encoded 
by the myospheroid (mys) gene, the primary β subunit used in 
Drosophila. βPS, along with all five of the α subunits, appear to 
affect egg chamber elongation, although not to the same degree. 
Egg chambers with large clones of βPS (mys), αPS1 (encoded by 
multiple edematous wings, mew) or αPS2 (encoded by inflated, if ) 
mutant follicle cells all produce significantly rounded eggs, while 
egg chambers with large clones of αP3 (encoded by scab, scb) and 
egg chambers expressing αPS4-RNAi or αPS5-RNAi produce 
eggs that are 5–10% shorter in length.1,29,56,57 To determine the 
effect of removing all integrin dimers on basal actin, clones of mys 
(βPS integrin) mutant follicle cells were generated.1,27,29 mys (βPS 
integrin) mutant follicle cells display basal actin filaments that 
are either concentrated at the periphery of the cell,1,27 or maintain 
their normal parallel organization within each cell but are no lon-
ger oriented perpendicular to the A/P axis of the egg chamber.29 
In both cases, some of the wild-type cells surrounding the clone 
display parallel basal actin filaments that also lose their uniform 
orientation perpendicular to the A/P axis of the egg chamber.1,29 
This suggests that, like Lar, βPS integrin is required to initiate 
and/or maintain the parallel organization of follicle cell basal 

Figure 6. Loss of the round egg gene Lar results in follicle cell basal actin filaments that remain paral-
lel within each cell but are no longer uniformly oriented across the follicle cell layer. High magnifica-
tion views of a subset of follicle cells from a stage 12 wild-type egg chamber (A) or a stage 12 egg 
chamber that contains a clone of Lar mutant follicle cells (B). Both egg chambers have been stained 
with phalloidin to visualize F-actin (red) and an antibody against βPS integrin (green). Inset in (B) 
shows GFP marking wild-type cells at one-third scale. The mean orientation of actin filaments within 
wild-type cells in (B) is indicated with arrows. While some wild-type cells retain the proper orienta-
tion (far left cells), those closest to the mutant clone display defects in filament orientation, which 
resemble those in the Lar mutant cells (far right, without arrows). Orientation of the A/P axis of the 
egg chamber is indicated. (A and B) reprinted from reference 29 with permission from Elsevier.
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of the follicle cell basal actin filaments across the follicle cell layer. 
Interestingly, the Fat2 protein has a restricted localization along 
the basal surface of follicle cells such that it is only found along 
one of the two cell edges where the basal actin filaments termi-
nate.66 Therefore, Fat2 may influence basal actin filament ori-
entation by specifying differences between the basal follicle cell 
edges that are parallel to the A/P axis of the egg chamber.

Trc is a NDR (nuclear DBF2-related) kinase family member 
that has been shown to function with the large HEAT/Armadillo 
repeat-containing protein Fry during the morphogenesis of epi-
dermal hairs and bristles67-71 as well as the tiling and branching of 
sensory neuron dendrites in Drosophila.72 Trc and Fry not only 
physically interact,69,71 but this interaction has a positive effect 
on the kinase activity of Trc,72 which is essential for its in vivo 
functions.71,72 Egg chambers that are comprised predominantly of 
trc or fry mutant follicle cells display similar phenotypes, where 
the basal actin filaments are still organized into parallel arrays 
within each follicle cell, but most of these arrays are no longer 
oriented perpendicular to the A/P axis of the egg chamber.73 This 
suggests that Trc and Fry are required for the initiation and/or 
maintenance of basal actin filament orientation, although addi-
tional experiments will need to be performed to address whether 
they function in an autonomous or non-autonomous manner. 
Consistent with this proposed role, the Trc protein shows a polar-
ized distribution along the basal follicle cell surface with punctae 
that are concentrated along the cell edges where the basal actin 
filaments terminate.73 In addition to the essential interaction 
with HEAT/Armadillo repeat-containing proteins, NDR kinases 
must also be phosphorylated by a Ste20-like protein kinase in 
order to be fully activated.74 A Drosophila Ste20-like protein 
kinase, Msn, has also been shown to be required for egg chamber 
elongation raising the possibility that it may regulate Trc activ-
ity in follicle cells.73 Egg chambers that are comprised predomi-
nantly of msn mutant follicle cells display basal actin filaments 
that are organized into parallel arrays within each cell, but are not 
properly oriented perpendicular to the A/P axis of the egg cham-
ber.73 This resembles the phenotype seen in trc and fry mutant 
follicle cells, although Horne-Badovinac et al.73 note that the msn 
mutant phenotype is more severe, but do not examine this differ-
ence in detail. Taken together, these results suggest that Msn is 
also required for the initiation and/or maintenance of basal actin 
filament orientation, although additional experiments will need 
to be performed to further examine its potential roles indepen-
dent of the NDR kinase pathway as well as to address whether it 
functions in an autonomous or nonautonomous manner.

Class 4 round egg genes: not required for the formation, 
organization or orientation of the follicle cell basal actin fila-
ments. The fourth class of round egg genes contains a single 
gene, tensin.27,75 Tensin is an adaptor protein that links integrins 
to the actin cytoskeleton. In follicle cells, Tensin has been shown 
to localize to the ends of the polarized basal actin filaments along 
with integrins.27 However, Tensin does not become strongly 
concentrated at these sites until stage 12,27 well after the basal 
actin filaments have achieved their polarized organization, which 
may explain why loss of Tensin has no apparent effect on the 
abundance, organization or orientation of these filaments. This 

to withstand mechanical stress generated by contraction. As a 
result, loss of many of the components of this complex has been 
linked to muscular dystrophy.58 Dg is a transmembrane protein 
that binds to ECM components including laminin and perlecan 
through its extracellular domain. Although in follicle cells Dg 
may primarily interact with perlecan as the localization of Dg to 
the follicle cell basal membrane is dependent on perlecan but not 
laminin.30 The intracellular domain of Dg binds Dys, which in 
turn binds actin, effectively linking the ECM and the actin cyto-
skeleton. Clones of follicle cells that lack either Dg or Dys display 
basal actin filaments that are organized into parallel arrays within 
each cell, but are not properly oriented perpendicular to the A/P 
axis of the egg chamber.59,60 Interestingly, the defect in basal actin 
orientation is restricted to the Dg or Dys mutant cells as nearby 
wild-type cells display normal basal actin filament orientation.60 
This suggests that Dg and Dys are required to initiate and/or 
maintain the proper orientation of the follicle cell basal actin fila-
ments, but only within a given cell and not throughout the cell 
layer as is the case for the other round egg ECM-interacting pro-
teins Lar and integrins.

Collagen IV is an ECM protein component of the follicle cell 
basal lamina. Each collagen IV molecule is comprised of three 
α-chains organized into a triple helix that undergoes further 
assembly to form the collagen matrix.61 There are two type IV 
collagen genes in Drosophila, α1(IV) encoded by the Cg25C 
gene62,63 and α2(IV) encoded by the viking gene,64 both of which 
are thought to contribute to basal lamina throughout the ani-
mal.65 Visualization of collagen IV using a viking-GFP (green 
fluorescent protein) reporter reveals the presence of collagen IV 
fibers starting around stage 1, which become oriented perpen-
dicular to the A/P axis of the egg chamber starting around stage 
5, mirroring the orientation of the follicle cell basal actin fila-
ments.1 Egg chambers with follicle cell layers that consist entirely 
of viking mutant cells display basal actin filaments that are ini-
tially organized into parallel arrays oriented perpendicular to the 
A/P axis of the egg chamber. However, around stage 7, this uni-
form orientation of the basal actin filaments across the cell layer 
is lost resulting in basal filaments whose orientation often varies 
from cell to cell.1 This suggests that while collagen IV is required 
to maintain the proper orientation of the basal actin filaments, 
it is not required for the initial establishment of this orientation.

Fat2, encoded by the kugelei (a.k.a. kugel) gene, is a mem-
ber of the cadherin superfamily of calcium-dependent trans-
membrane proteins that mediate adhesion between adjacent 
cells. kugelei ( fat2) mutant adult females are viable but produce 
round eggs.22,66 When egg chambers from kugelei ( fat2) mutant 
females are examined, the follicle cell basal actin filaments are 
still arranged in parallel bundles within each cell, however, the 
bundles are no longer oriented perpendicular to the A/P axis of 
the egg chamber.22,66 A similar disruption of basal actin filament 
orientation is seen when clones of kugelei ( fat2) mutant follicle 
cells are generated and this disruption extends to wild-type cells 
that lie outside the clone. However, in order to see this pheno-
type, at least 60% of the follicle cells in a given egg chamber must 
be mutant.66 Taken together, these results suggest that Fat2 is 
required to initiate and/or maintain the coordinated orientation 
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IV array is required for both egg chamber elongation and rota-
tion as most egg chambers with follicle cell layers entirely mutant 
for viking (collagen IV α2) are not only significantly rounder 
than wild-type starting at stage 8, but also either fail to rotate 
or display abnormal, off-axis rotation around this stage.1 Similar 
failures to elongate and rotate starting slightly earlier, around 
stage 5, are also seen in the majority of egg chambers that carry 
clones of mys (βPS integrin) mutant follicle cells,1 suggesting that 
interactions between the follicle cells and ECM components are 
also required to facilitate egg chamber rotation and elongation. 
Importantly, these follicle cell-ECM interactions appear to influ-
ence the organization of the collagen IV array during rotation, 
as egg chambers in which rotation is blocked due to the presence 
of mys (βPS integrin) mutant follicle cells display collagen IV α2 
fibers which are shorter and wider than wild-type and are no lon-
ger uniformly oriented perpendicular to the A/P axis.1

However, the role of the polarized follicle cell basal actin 
network in egg chamber rotation cannot be overlooked as this 
network is also disrupted in egg chambers carrying either mys 
(βPS integrin) or viking (collagen IV α2) mutant follicle cells.1,27,29 
Furthermore, there is a correlation between the onset of the 
rotation defect and when disruptions of the basal actin fila-
ment network become apparent. This is most clearly seen in egg 

suggests that Tensin and integrin-based adhesion may contribute 
to egg chamber elongation after the follicle cell basal actin fila-
ments have been formed and properly oriented.

Insights Into the Mechanism  
of Egg Chamber Elongation

The basal actin phenotypes associated with loss of the round 
egg genes described above clearly demonstrate that egg cham-
ber elongation requires a properly constructed array of parallel 
basal actin filaments that are uniformly oriented across the fol-
licle cell layer. Furthermore, the proteins encoded by these round 
egg genes indicate the importance of not only regulating actin 
dynamics and actomyosin contractility, but also cell-cell and cell-
ECM interactions in the formation and/or maintenance of the 
polarized basal actin network. However, until recently, it was not 
clear how actomyosin contractility, cell-cell and cell-ECM inter-
actions worked together to influence the basal actin network and 
achieve egg chamber elongation. Significant insight into these 
relationships came with the recent identification of two processes 
that contribute to egg chamber elongation; global egg chamber 
rotation1 and oscillating contractions of a follicle cell basal acto-
myosin network.2

Egg chamber rotation contributes to egg chamber elon-
gation by mediating the formation of the molecular corset. 
Haigo and Bilder1 recently used live-cell imaging to uncover a 
novel morphogenetic movement that appears to drive the ear-
liest stages of egg chamber elongation. From the beginning of 
stage 5 through the beginning of stage 9, the entire egg chamber, 
both germline and follicle cells, rotates around its A/P axis while 
the surrounding basal lamina remains stationary. This rotation 
can be either clockwise or counterclockwise around the A/P axis, 
and although each egg chamber will only rotate in a single direc-
tion, multiple egg chambers within a given ovariole or chain of 
egg chambers can rotate simultaneously in different directions 
(Fig. 7). Over the approximately 20 h that egg chamber rota-
tion occurs, each chamber completes roughly three revolutions 
with an average velocity of ~0.5 μm/min. One way to visualize 
egg chamber rotation is to think of the layer of connected fol-
licle cells actively migrating in a single, unified direction over 
the stationary basal lamina with the attached germline cells com-
ing along for the ride. In this model, the active migration of the 
follicle cells over the basal lamina generate the force necessary 
to power rotation, while ECM-interacting transmembrane pro-
teins on the follicle cell basal surface simultaneously direct the 
organization of basal lamina ECM components into the parallel 
arrays of the molecular corset (Fig. 7). The reader is encouraged 
to view an amazing movie of egg chamber rotation that is avail-
able as part of the supporting online material for the Haigo and 
Bilder1 paper (www.sciencemag.org/content/suppl/2011/01/03/
science.1199424.DC1/1199424S2.mov).

As the egg chamber rotates, the follicle cells secrete collagen 
IV α2 fibers, which subsequently increase in length and density 
and become organized into parallel arrays that are oriented per-
pendicular to the A/P axis of the egg chamber, mirroring the 
orientation of the follicle cell basal actin filaments.1 This collagen 

Figure 7. Model of egg chamber elongation. During oogenesis, egg 
chambers undergo a dramatic change in shape from a sphere (St. 4) to 
an ellipse (St. 10A). This is achieved through global rotation of the egg 
chamber within a static basal lamina (St. 5–8) and periodic contractions 
of a polarized basal actomyosin network (St. 9–10). Diagram depicts a 
cross section of egg chambers along with a high magnification view 
of the follicle cell basal surface for a subset of stages. Prior to the onset 
of egg chamber rotation, the follicle cell basal actin filaments (red) 
are parallel within each cell but are not uniformly oriented across the 
follicle cell layer and the ECM protein components of the follicle cell 
basal lamina (yellow) are unorganized. As the egg chamber rotates 
(green arrows indicate direction of rotation), the follicle cell basal actin 
filaments and the ECM fibers become aligned perpendicular to the A/P 
axis of the egg chamber forming the molecular corset. After the egg 
chamber stops rotating, a subset of follicle cells, concentrated around 
the widest point of the egg chamber, undergo periodic contractions of 
the polarized basal actin filaments, which are mediated by non-muscle 
Myosin II. These contractions result in a temporary change in the follicle 
cell basal surface and the generation of an inward force that reinforces 
the broader molecular corset. St., stage. Adapted from reference 88, 
and reprinted with permission from Elsevier.
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involving the movement of the entire egg chamber and occurring 
around its longitudinal axis.1,76 While Went and colleagues were 
unable to discern the basal lamina in cultured gall midge egg 
chambers, the failure of rotating egg chambers to move when 
placed on a coverslip suggests that the basal lamina remains sta-
tionary while the gall midge egg chamber rotates within it.77 The 
follicle cell layer also appears to play a central role in gall midge 
egg chamber rotation, as cultured gall midge egg chambers that 
lack a follicle cell layer do not rotate.76 A connection between 
egg chamber rotation and elongation is also shared between 
these insects as gall midge egg chambers that display off-axis 
rotation stop rotating prematurely and result in the production 
of spherical eggs.76 While Went and colleagues were unable to 
examine the follicle cell basal actin network, they did find actin-
containing microvilli along the basal surface of the follicle cells 
using electron microscopy, which they proposed might interact 
with the basal lamina during rotation.77 These microvilli may 
be analogous to the actin-based protrusions produced along the 
basal surface of the follicle cells in Drosophila egg chambers.21 
Together, these similarities suggest that rotation may facilitate 
egg chamber elongation in multiple insects and supports a role 
for global tissue rotation as a more general mechanism for influ-
encing tissue shape during development.

Rotating follicle cells share characteristics with migrating 
cells. During egg chamber rotation, the migrating follicle cells 
display many of the features of migrating cells in other systems 
including the production of actin-based protrusions from a sin-
gle cell edge, the presence of an oriented contractile actomyo-
sin network and the ability to influence and be influenced by 
the ECM over which they are migrating. Before a cell can start 
migrating, it needs to define the leading edge that will produce 
actin-based protrusions in the direction of migration. In follicle 
cells, this is likely achieved at least in part by Fat2. The Fat2 
protein localizes to one of the basal cell edges parallel to the A/P 
axis of the egg chamber just prior to the appearance of actin-
based protrusions.66 Interestingly, some kugelei ( fat2) mutant 
follicle cells appear to produce protrusions from multiple cell 
edges,66 which further supports a role for Fat2 in specifying the 
leading edge of these cells. A notable difference between follicle 
cells and most other migrating cells is that none of the follicle 
cells have a truly free leading edge, which is a cell edge within 
the plane of migration that is not connected to another follicle 
cell. Even those cells in other systems that migrate as an inter-
connected group or sheet typically have a subset of cells with a 
free leading edge that is not attached to another migrating cell. 
However, in these cases, the purpose of migration is to move 
cells toward a final destination, while the follicle cells have no 
true final destination, but are moving along as if on a tread-
mill with the purpose of organizing the ECM to generate the 
molecular corset. Thus far, imaging of the actin-based protru-
sions produced by follicle cells during egg chamber rotation has 
been limited to fixed samples. In order to determine whether 
the follicle cell protrusions are analogous to those produced by 
other migrating cells, it will be necessary to use live imaging to 
examine their behavior during egg chamber rotation as well as 
whether this behavior is influenced by the same proteins that 

chambers with follicle cell layers entirely mutant for viking (col-
lagen IV α2).1 At stage 7, when most of the egg chambers con-
taining viking (collagen IV α2) mutant follicle cells have a shape 
indistinguishable from wild-type and are rotating normally, the 
follicle cell basal actin filaments are uniformly oriented across 
the follicle cell layer. However, at stage 8, when most of the egg 
chambers containing viking (collagen IV α2) mutant follicle cells 
first appear rounder than wild-type and fail to rotate, the follicle 
cell basal actin filaments no longer display a uniform orientation 
across the follicle cell layer, although the filaments within each 
cell are still organized into parallel arrays. This suggests that a 
uniformly polarized follicle cell basal actin network may contrib-
ute to egg chamber elongation by facilitating normal egg cham-
ber rotation. Furthermore, the polarized network of collagen IV 
fibers is not required for the initiation of egg chamber rotation, 
but is required for rotation to continue, potentially by helping to 
maintain the uniform orientation of the follicle cell basal actin 
filaments throughout the follicle cell layer. After the initiation 
of rotation, the follicle cells will migrate over collagen IV fibers 
whose orientation has already been at least somewhat influenced 
by other follicle cells. The interaction of these oriented collagen 
IV fibers with ECM-interacting proteins that also interact with 
the basal actin filaments could then reinforce the orientation of 
these filaments.

So, both of the polarized protein networks that have been pro-
posed to comprise the molecular corset, the follicle cell basal actin 
and the ECM collagen IV fibers, are required for egg chamber 
rotation and ultimately egg chamber elongation. However, their 
relative contributions to the function of the molecular corset do 
not appear to be equivalent. Treatment of fully elongated stage 12 
egg chambers with collagenase, which disrupts the collagen IV 
and follicle cell basal actin networks, causes the chambers to lose 
their ellipsoid shape and become rounded. In contrast, treatment 
of stage 12 egg chambers with latrunculin A, which only disrupts 
the follicle cell basal actin network, has essentially no effect on 
the shape of the chambers.1 This has led to a model in which 
the polarized basal actin network is responsible for initiating 
and maintaining the active migration of the follicle cells over the 
basal lamina that drives egg chamber rotation. As they migrate, 
the follicle cells then organize the collagen IV fibers into a paral-
lel array through ECM-interacting proteins, like integrins. The 
parallel collagen IV fiber network then, in turn, reinforces the 
polarized orientation of the basal actin network and ultimately 
provides lasting structural support, which limits the expansion 
of the egg chamber along its short or dorsal/ventral axis forcing 
any increase in volume to result in an expansion along the A/P 
axis (Fig. 5).1

While the description of egg chamber rotation in Drosophila 
was made only recently,1 rotation of insect egg chambers (fol-
licles) was first observed by D.F. Went in 1977 in cultured egg 
chambers from the gall midge, Heteropeza pygmaea.76 The overall 
organization of an individual gall midge egg chamber is similar 
to that of Drosophila. The gall midge egg chamber consists of an 
oocyte connected to a syncytial nurse chamber, which are both 
surrounded by a layer of follicle cells.76 Interestingly, egg chamber 
rotation in these two insects is remarkably similar with rotation 
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with follicle cell layers that consist entirely of viking (collagen IV 
α2) mutant cells display a properly oriented perlecan network 
until these chambers stop rotating at stage 8.1 Although the con-
tribution of perlecan to the molecular corset has not been directly 
examined, egg chambers with follicle cells that lack Dg, which 
binds perlecan, produce round eggs.59,60 While a transmembrane 
protein that binds to collagen IV during egg chamber rotation 
has not yet been identified, it is possible that the orientation of 
the collagen IV network is not achieved through a direct connec-
tion with the migrating follicle cells, but rather through interac-
tions with either laminin A or perlecan, which could indirectly 
link collagen IV to the migrating follicle cells. Additional experi-
ments will need to be performed to provide further insight into 
how these ECM components interact with each other and with 
the follicle cells in the assembly of the molecular corset, as well as 
to clarify their respective contributions to its function.

Oscillating basal actomyosin contractions contribute to egg 
chamber elongation by reinforcing the molecular corset. While 
egg chamber rotation mediates the early stages of egg chamber 
elongation, it stops prior to the point at which the egg cham-
ber reaches its final elongated shape.1 Furthermore, egg cham-
bers carrying either mys (βPS integrin) or viking (collagen IV α2) 
mutant follicle cells that fail to rotate, still undergo some elonga-
tion.1 Therefore, there must be other mechanisms that mediate 
this later phase of elongation. Using live-cell imaging, He et al.2 
recently identified one such mechanism in the form of oscillating 
contractions of the polarized follicle cell basal actin network that 
are facilitated by association with the motor protein non-muscle 
Myosin II. These oscillating basal contractions follow egg cham-
ber rotation, occurring during stages 9 and 10, making them an 
excellent candidate to mediate the later phase of egg chamber 
elongation.

During stages 9 and 10, non-muscle Myosin II accumulates 
at the basal surface of a subset of follicle cells, mediates contrac-
tion and then disappears, reappearing a short time later to initiate 
another cycle.2 While this cycle is seen in multiple follicle cells at 
any given time point, it does not appear to be coordinated across 
the cell layer, with each follicle cell acting essentially autono-
mously with regard to when the cycle is initiated. The follicle 
cells do, however, appear to share a common cycle length and 
period following initiation.2 Since non-muscle Myosin II is medi-
ating contraction of actin filaments that are organized in parallel 
arrays, this contraction has a polarized effect on the basal surface 
area of the follicle cells. The follicle cells shorten along the D/V 
axis, parallel to the basal actin filaments, but display only a mini-
mal change in length along the A/P axis (Fig. 7).2 In contrast to 
other periodic actomyosin contractions that mediate apical cell 
shape changes during Drosophila gastrulation and dorsal clo-
sure,84 this change in basal surface area is transient with the fol-
licle cells returning to their original shape between contractions.2

Interestingly, not all follicle cells within the layer participate in 
this contraction cycle. Recall that during stage 9, the majority of 
follicle cells are changing shape from cuboidal to columnar and 
migrating toward the posterior end of the egg chamber, while a 
small number of follicle cells become stretched out over the nurse 
cells. During stage 9 and the first half of stage 10, contraction 

influence the behavior of protrusions in other cell types and the 
consequences of their loss.

Another common feature of many migrating cells is the pres-
ence of stress fibers. While there are three major types of stress 
fibers in cultured cells,78 ventral stress fibers are most similar to 
follicle cell basal actin filaments. Ventral stress fibers are bundled 
actin filaments present along the side of the cell that contacts 
the surface over which it migrates. They are oriented parallel to 
the direction of migration with integrin-containing focal adhe-
sions present at both ends that connect these fibers to the ECM.78 
Similarly, starting around stages 5 and 6, the existing follicle cell 
basal actin filaments become oriented parallel to the direction 
they will migrate during egg chamber rotation, and βPS integ-
rin, along with several other known components of focal adhe-
sions, become localized to the ends of these filaments.27 For most 
cultured migrating cells, the force required to produce forward 
movement is generated, at least in part, by contraction of the 
ventral stress fibers mediated by an association with non-mus-
cle Myosin II motor proteins. Since these fibers are anchored at 
either end by focal adhesions that connect them to the ECM, 
their contraction results in the generation of traction forces which 
help pull the cell forward.79 In follicle cells, the activated form of 
non-muscle Myosin II is present at the basal surface starting at 
stage 7.44,80 This suggests that contraction of the basal actin fila-
ments may be involved in generating the force necessary to medi-
ate follicle cell migration during egg chamber rotation. Although 
rotation begins roughly 8 h earlier, around stage 5,1 which raises 
the possibility that the initiation of follicle cell migration does 
not involve non-muscle Myosin II based contraction. However, 
the observation that the follicle cell basal actin filaments initially 
become oriented at the anterior and posterior-most ends of the 
egg chamber during stages 5 and 6,25 suggests that these cells may 
be the first to initiate migration. If this is true, then the localiza-
tion of active non-muscle Myosin II would be largely restricted 
to small subsets of cells at either end of the egg chamber, which 
could be difficult to see when examining fixed-egg chambers.

While the ECM was once thought to merely provide a roadway 
over which a cell migrates, recent work has revealed an increasing 
number of interactions between a cell and the ECM that influ-
ence both cell behavior and the organization of the ECM.81,82 
During egg chamber rotation, reciprocal interactions between 
the ECM components of the basal lamina and the follicle cell 
basal actin filaments are mediated by several transmembrane pro-
teins including integrins, Lar and Dg. αPS1βPS is the only inte-
grin heterodimer expressed during egg chamber rotation, with 
the other integrin heterodimers being expressed only after stage 
10.27,56 αPS1βPS integrin has been shown to bind laminin A,83 
suggesting that it may facilitate the organization of this ECM 
component of the follicle cell basal lamina into parallel arrays 
during egg chamber rotation (Fig. 3). However, Lar most likely 
also binds to laminin A48 and may therefore also contribute to 
the polarization of the laminin A network during rotation. Like 
laminin A, perlecan and collagen IV are also present in the fol-
licle cell basal lamina and become organized into parallel arrays 
during egg chamber rotation. The organization of the perlecan 
network does not appear to rely on collagen IV, as egg chambers 
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as is the case for ventral stress fibers in other cell types,86 it could 
also indicate a role for Rho1 and Rok in the formation of these fil-
aments. In addition to its ability to regulate actomyosin contrac-
tion, the Rho1/Rok pathway is also capable of regulating actin 
polymerization by activating the formin Diaphanous as well as 
stabilizing existing actin filaments by inactivating the filament-
severing protein Cofilin,36 both of which could mediate the for-
mation of the follicle cell basal actin filaments (Fig. 5).

Together, these results have led to a model where the peri-
odic basal contractions mediate egg chamber elongation, not by 
inducing a permanent change in follicle cell shape, but rather by 
providing an inward propagating force that can counteract the 
outward force produced by the increase in volume of the germline 
cells. Given that the majority of cells undergoing periodic basal 
contraction are centrally positioned around the egg chamber, the 
inward force generated by the periodic basal contractions could 
contribute to the molecular corset2 by reinforcing the previously 
established polarized ECM array around the widest portion of the 
egg chamber and assist in directing increases in volume toward 
the anterior and posterior ends of the egg chamber. In this way, 
the periodic basal contractions could be thought of as contribut-
ing to a “molecular belt” that augments the broader molecular 
corset of the oriented ECM proteins along the region where the 
greatest force would be needed to be generated in order for the 
egg chamber to elongate (Fig. 5).

Actomyosin contraction contributes to shape changes in 
multiple Drosophila tissues. Periodic actomyosin contraction 
is used during a variety of developmental processes to mediate 
changes in tissue shape through changes in cell shape and cell 
rearrangements. In Drosophila, these include the invagination of 
the mesoderm and lengthening of the germband during gastrula-
tion as well as the convergence of two edges of an epithelial sheet 
during dorsal closure.84,87 While periodic actomyosin contraction 
is required for all of these processes, the periodic contractions 
of the follicle cell molecular belt differ from those that medi-
ate the other processes in two critical ways. First, the periodic 
contractions during egg chamber elongation occur at the basal 
rather than the apical surface. The organization of the actomyo-
sin network differs significantly between these two surfaces, with 
the apical actomyosin network consisting of a seemingly unor-
ganized meshwork of actin filaments and associated non-muscle 
Myosin II that crisscross the apical cell surface and are often 
anchored at the cell-cell adherens junctions. Contraction of this 
apical actomyosin meshwork can either be uniform, resulting 
in apical constriction as is seen during mesoderm invagination 
and dorsal closure, or polarized toward an interface with a single 
neighboring cell as is seen during germband extension. On the 
other hand, the follicle cell basal actomyosin network consists of 
a highly organized array of parallel actin filaments and associated 
non-muscle Myosin II that are anchored at cell-ECM focal adhe-
sions. Contraction of this basal actomyosin network results in a 
polarized change in cell shape so that only the basal cell edges 
that run parallel to the basal actin filaments decrease in length. 
This not only influences cell shape in an alternate way, but may 
also result in the production of force in directions that differ from 
those produced by contraction of the apical actomyosin network. 

is predominantly seen in the columnar follicle cells adjacent to 
those that are being stretched over the nurse cells.2 While this 
group of contracting follicle cells starts out in the anterior region 
of the egg chamber, it shifts relatively quickly to the center of the 
egg chamber where, due to volume changes in the germline cells, 
they remain through the end of stage 10. Finally, by late stage 10, 
nearly all follicle cells that overlie the oocyte show periodic accu-
mulations of non-muscle Myosin II and periodic contractions.2 
While this may suggest a role for periodic basal contraction in 
mediating the posterior migration of the columnar follicle cells, 
this has not yet been examined. However, there is experimental 
evidence to support a role for these contractions in egg cham-
ber elongation.2 Treatment of late stage 9 or early stage 10 egg 
chambers with cytochalasin D, which disrupts actin filaments 
and inhibits actin polymerization, not only blocks the periodic 
contractions, but also results in an increase in the width (i.e., 
along the D/V axis) of the egg chamber. On the other hand, 
treatment with the calcium ionophore ionomycin, which pro-
motes the contraction of actomyosin networks in smooth muscle 
cells, increases the amount of basal non-muscle Myosin II pres-
ent and results in a simultaneous decrease in width and increase 
in length of the egg chamber. Therefore, too much or too little 
follicle cell basal contraction can influence egg chamber shape. 
In contrast, contraction of the apical actomyosin network and 
the resulting apical surface constriction is required during earlier 
stages of oogenesis (~prior to stage 7) to maintain follicle cell 
height and the integrity of the follicle cell layer presumably by 
counteracting the outward force of the growing germline cells.80 
Although during stages 9 and 10, when periodic basal contrac-
tions are occurring, the apical follicle cell surface shows only 
small, random fluctuations in cell shape with minimal changes 
in non-muscle Myosin II concentration, suggesting that apical 
actomyosin contraction does not contribute significantly to egg 
chamber shape during later stages of oogenesis.2

The periodic basal accumulation of non-muscle Myosin II 
and subsequent contractions appear to be regulated by the Rho1/
Rok pathway. Recall that Rho regulates stress fiber formation 
and actomyosin contraction, often by activating its downstream 
effector Rok. Expression of either a dominant negative form of 
Rho1 or Rok-RNAi in clones of follicle cells results in a failure to 
accumulate non-muscle Myosin II at the basal surface, whereas 
expression of a constitutively active form of Rho1 results in a 
constant high level of basal non-muscle Myosin II.2 Cell-ECM 
interactions also appear to influence basal non-muscle Myosin II 
accumulation. Expression of Talin-RNAi in clones of follicle cells 
results in a 50% reduction in basal non-muscle Myosin II levels 
relative to adjacent wild-type cells, while overexpression of the 
focal adhesion adaptor protein Paxillin85 results in a 60% increase 
in basal non-muscle Myosin II levels and egg chambers that are 
longer and narrower than wild-type.2 However, caution must be 
used in interpreting the decreases in basal non-muscle Myosin II 
accumulation seen in follicle cells expressing a dominant negative 
version of Rho1, Talin-RNAi or Rok-RNAi, as these cells also 
display a decrease in basal actin levels.2 While this reduction in 
basal actin filaments could be due to a requirement for actomyo-
sin contraction in the maintenance of the basal actin filaments, 
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thorough analysis of the effects that loss of each of these pro-
teins has on the organization of the basal actin filaments and the 
ECM protein arrays. Ideally, this will not only involve analysis 
of fixed images from multiple developmental time points, but 
also the extension of the live-imaging techniques used by the 
Bilder and Montell labs to directly visualize both networks dur-
ing the duration of egg chamber elongation in these mutants and 
thereby determine how egg chamber elongation is compromised 
in each. Researchers will also need to identify additional pro-
teins that contribute to egg chamber elongation using either a 
candidate gene approach or genetic screens. The candidate gene 
approach could be used to examine the role of proteins involved 
in actin polymerization, actin bundling, actomyosin contraction 
or cell migration in other systems during egg chamber elonga-
tion. Genetic screens, on the other hand, could be used to either 
identify genes, which when mutated in follicle cells, lead to 
round eggs, or genes, which when mutated in combination with 
a previously identified round egg gene, lead to the suppression or 
enhancement of the round egg mutant phenotype. Both of these 
genetic screen approaches have been recently used to identify 
additional proteins that contribute to egg chamber elongation, 
although detailed characterization of the roles of most of these 
genes has not yet been performed.44,73 Even with the comple-
tion of these recent screens, it is unlikely that all of the genes 
that contribute to egg chamber elongation have been identified. 
Therefore, it will be important to continue to develop novel 
screening methods to reveal additional genes required for this 
process. Continued work toward uncovering the mechanisms by 
which egg chambers elongate will not only allow us to gain a 
more complete understanding of this process, but will also pro-
vide insight into the variety of mechanisms that are used to shape 
organs and tissues during development.
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The second way the periodic follicle cell basal contractions dif-
fer from the other actomyosin contractions is that the change in 
the basal cell surface is temporary, with the cell returning to its 
pre-contraction dimensions shortly after each contraction. While 
the apical actomyosin contractions seen during mesoderm invag-
ination, germband extension and dorsal closure are also peri-
odic, they result in a lasting change in cell shape so that the cell 
experiences intermittent changes in shape that are maintained 
between contractions. This has been proposed to result from a 
ratchet mechanism that may be mediated by the cell-cell adher-
ens junctions associated with these apical actomyosin networks. 
The periodic basal contractions therefore represent a novel way 
that periodic actomyosin contraction can be used to influence 
tissue shape. Future work to further examine how the periodic 
basal contractions are regulated as well as how the force generated 
contributes to egg chamber elongation will provide additional 
insight into the variety of ways that actomyosin contraction con-
tributes to changes in tissue shape during development.

Conclusions and Future Directions

The recent work of Haigo and Bilder1 and He et al.2 has pro-
vided novel insights into the process of egg chamber elongation. 
Prior to this work, it was not clear how the polarized networks 
of actin and ECM proteins along the basal surface of the follicle 
cells mediated egg chamber elongation. Through the use of live-
imaging techniques, their work revealed two unexpected behav-
iors that contribute to egg chamber elongation; global rotation 
of the egg chamber and periodic basal actomyosin contractions. 
These behaviors utilize the polarized follicle cell basal actin fila-
ments to either generate the polarized ECM protein network via 
global egg chamber rotation, or provide inward force around the 
center of the egg chamber via periodic basal actomyosin con-
tractions. While this work has advanced our understanding of 
how an egg chamber elongates, significant gaps still remain. The 
next challenges for researchers in this field include clarifying the 
role of each of the round egg genes and how they interact dur-
ing egg chamber elongation. In general, this will require a more 
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