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Abstract
All living cells must regulate their size and shape. Studies of single cell systems have identified key
signaling pathways and molecular actors that orchestrate these complex processes. Yet progress in our
understanding of growth regulation in multicellular systems has lagged. This work establishes the
Drosophila melanogaster egg chamber as a simple, yet powerful model system for mechanistic studies of
collective growth phenomena in a multicellular context. We found that throughout oogenesis, both tissues
comprising the Drosophila egg chamber grow dramatically, through cell division and without, and do so
nonuniformly. In the germline cluster, 16 cells diverge in size in a predictable manner due to asymmetric
transport through arrested cleavage furrows known as ring canals. In the overlying somatic epithelium, it is
clone sizes that diverge. In this tissue, cell of a lineage also remain connected through ring canals that
facilitate diffusion, and clones grow through propagation of local mitotic waves. Both tissues grow jointly
and exhibit collective growth phenomena at the tissue-level, yet both can be visualized and studied
mechanistically, with single cell resolution. We also report on findings that are tangentially related to growth
regulation, but arose naturally from studying ovarian development in Drosophila. We have found that the
three-dimensional arrangement of the 16 cells in the germline cluster within its epithelial enclosure is highly
diverse, and that entropic constraints favor particular configurations. Furthermore, our studies of oocyte
selection reveal that the early localization and autoregulatory activity of a particular oocyte fate determinant
are critical for cell fate specification and maintenance. In all projects, we combined experiments, microscopy
and image processing, and theory to address basic biological questions in a highly tractable experimental
system. Our work adds to the expanding repertoire of known mechanisms and model systems in the realm
of growth regulation, and brings the field a step closer to a more quantitative and predictive understanding
of these processes in a uniquely suited multicellular experimental system.
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Chapter 1
Growth and Patterning in Multicellular Systems

1.1 Prologue
“‘The first thing I've got to do,’ said Alice to herself, as she wandered about in the wood, ‘is to grow to my
right size again…’” – Lewis Carroll, Alice's Adventures in Wonderland [1].

Not just Alice, but all of us – from hamster to hippo - have got to grow to our right size. Although it
seems intuitive – first you are born, then you grow - size control is one of science’s enduring mysteries.
How do organisms coordinate their growth and that of their substructures during development and in
adulthood? A lack of sustained interest is not to blame: today, countless researchers across the globe tackle
size control at all levels of regulation in a multitude of model systems, to answer some version of a problem
identified by the likes of Galileo, D’Arcy Thompson, Julian Huxley and T.H. Morgan [2,3,4]. Growth
describes the accumulation of mass. However, this phenomenon is often linked to cell division, cell fate
specification, morphogenesis, apoptosis, and aging, that must all occur at the right place and time [5].
Growth also takes place at all levels of organization, and control mechanisms must traverse these vast
scales to ensure outcomes that are of the correct size and proportions [6,7]. Plenty of researchers, but
plenty more questions. Growth is a notion we appear to grasp in general, but not in particular.
My interest in size control began with a paper on organelle size regulation and inheritance in
budding yeast. The work described a relatively simple system in which the yeast cell grows, its organelle
grows along with, and as a bud buds off, it inherits some of its mother’s organelles. Yet questions abounded:
How does organelle size vary with cell size in the mother and in the bud? How does the cell know how big
it is? Does a cell even need to be able to measure its size to remain at the right size? What are the sensing
mechanisms? What are the molecular players? How is information relayed to the cell cycle machinery?
In another time and place, I would have happily pursued any of these questions. But yeast was not
my thing, and the Shvartsman lab is a fly lab - and with good reason: fruit flies aren’t exactly “little people
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with wings”, but they come close1. Suffice to say that with almost all their genes isolated and broadly
characterized, they are the best understood complex multicellular animal. Fruit flies have also featured in
the New York Times more often than most of us [8,9,10]. Most of my work focused on Drosophila ovaries
– a system that is structurally beautiful and functionally remarkable. Here I could ask questions about growth
regulation at the tissue level while keeping an eye on single cells: a perfect middle.
What I loved most about the yeast paper was the reconstruction of the entire mitochondrial network:
starting from that image, I could imagine their paper in my mind’s eye as I read along. I wanted to produce
similarly engaging and visual work. What makes science fun is being able to imagine all the ways something
works and looks, and to illustrate all these possibilities to others. This however isn’t always straightforward,
especially when three-dimensional structures are involved. Nonetheless, some of the most inspiring visuals
I have found were outside my field, or outside of science all together. My recreation of Picasso’s Bulls to
illustrate cell organization in the egg chamber stemmed entirely from such exposure [11]. In the Danckwerts
Memorial Lecture on science and the creative process (2000), M. Ottino referred to Jacob Bronowski – a
mathematician, poet, author, historian of science and inventor - who describes the artist as one who “takes
two facts or experiences which are separate; he finds in them a likeness which had not been seen before,
and he creates a unity by showing the likeness” (Bronowski, 1958) [12,13]. Of the scientist, Bronowski says
the same.

1

For a compendium on why that is the case see Stephanie Elizabeth Mohr’s First in Fly (2018).
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1.2 Introduction

Multicellular organisms are complex: they do what single cells do, and then some. Not only do their
cells increase or shrink in size, divide and migrate collectively, but they also rearrange and form complex
three-dimensional shapes. Some die in the process. Genes do a lot of the heavy lifting, but how a generic
code drives the transformation of cells into mature organs and organisms with specialized sizes, shapes,
and functions is far from clear [14]. There are hundreds if not thousands of papers on each of these
phenomena, a few thousands more on how to balance and regulate these events at the cellular and
organismal level, so that tissues, organs and organisms achieve the wild type sizes and proportions. And
then there’s mechanics. The complexity is overwhelming, and the fact that we have a few systems in which
to dissect size control mechanisms in any meaningful way is not a given. Indeed, despite the variety of
multicellular systems and experimental organisms that have been established for studies of size control,
the models in which we perhaps understand the interplay of these phenomena best, mechanisticallyspeaking, are insects [15]. That being said, most pathways and mechanisms discussed hereafter are highly
conserved among the diverse vertebrates and invertebrates.
In what follows, I will summarize how we think about growth problems in our simplest and best
understood multicellular systems. I will discuss specific examples of systems spanning several levels of
organization, in which the following questions have been answered most clearly, perhaps most insightfully:
what determines the final size of a structure or an organism? how are growth and patterning coordinated
to generate structures of the correct size, shape and proportions? What mechanisms underlie the
differential growth of connected parts, and what are the emergent patterns? Some themes will feature more
prominently than others and are particularly relevant for subsequent chapters. These include the interplay
between intrinsic and extrinsic factors in size control, and the role of mechanical forces in driving or inhibiting
cell growth. The examples that follow, however, in no way encapsulate the repertoire of mechanisms and
factors employed by the various structures and organisms for size regulation, such as extracellular
matrices, nutrition, and hormones [16]. Even natural selection plays a role.
Wolpert writes: “If the good fairy godmother of science allowed one to ask just one question to
which she would give the correct answer, what would one ask? There are limitations – one cannot ask a
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very general question, such as: how does the brain work? It has to be more specific, and should be
answerable in no more than 30 words.” [17]. I will not restrict myself to 30 words, but I will refrain from
asking: how does growth control work?

1.3 Examples and Mechanisms

a. What determines the final size of a multicellular structure?

Early experiments of mice organ transplants offered seemingly conflicting results. Size control of
the spleen for example appeared to be regulated extrinsically: when multiple fragments of a spleen were
grafted into different locations in the host animal, the spleens grew until their combined mass was equivalent
to that of a single spleen [18, 19]. Growth of the thymus on the other hand appeared to be controlled
intrinsically: thymus transplants from young mice into older mice grew to a final size that was largely
determined by the donor’s genotype, and would grow to that size even in the presence of multiple other
transplants [20]. In other systems it appeared that extrinsic and intrinsic factors both mattered: in
transplantation experiments of salamander buds, it appeared that the grafted cells grew to a size that was
determined both autonomously and non-autonomously. I.S. Hariharan (2015) points out that “ninety years
after those experiments were done, we still have little understanding of their underlying mechanisms.”[21]
In 1915, T.H Morgan reported an odd looking fly. This oddity was a gynandromorphy - a form of sexual
mosaicism caused by an error in chromosomal segregation during embryonic development, and a mitotic
loss of an X chromosome. The result is a fly with a mixture of cells of male or female genetic identity. Half
of Morgan’s fly appeared female (gyne in Greek), with female attributes such as larger wings; the other half
was male (andro) with male attributes such as smaller wings [22]. This size discrepancy between the two
halves suggested that wing size was not under whole body control. Instead, the wing size appears to be
intrinsically regulated - largely independently of the rest of the body. Thymus-like. In contrast to mice,
however, fruit flies are cheap, exceedingly accessible – both optically and genetically. Not surprisingly, their
wing disc has arguably become one of the best understood multicellular systems in terms of size control.
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The Drosophila wing disc
Most structures in the adult fruit fly develop from precursors or primordia in the larva called imaginal
discs [23]. The larval wing disc starts off with ~30 precursor cells that undergo 9-11 division cycles within 4
days to reach ~50,000 cells. The subsequent pupal phase is witness to significant morphogenetic behaviors
that generate the adult wing, however, growth during the larval stage largely determines its final size.
Several studies have shown a definite requirement for Decapentaplegic (Dpp) - a (BMP2/4)-like ligand of
the transforming growth factor-β signaling pathway – for wing disc growth. Dpp is a morphogen and plays
a role in both patterning and growth regulation [24]. In the early developing wing primordium, Dpp is
expressed in a narrow row of cells that are adjacent to the anterior-posterior (A-P) boundary, and forms a
lateral long range gradient that extends in both directions (Figure 1.1A) [25, 26]. When overexpressed,
either within the A-P strip or ectopically), Dpp causes overgrowth of the wing; when depleted, the result is
smaller wings [27, 28, 29]. How Dpp works however remained unclear. How does a gradient lead to uniform
growth rates throughout the disc? More importantly, how is it that the wing disc eventually stops growing
despite the continued presence of Dpp - and Wingless (Wg) along the D-V axis?
Almost two decades later, the first question is still being answered [30]. I will delve into it briefly
because it cannot be divorced from the second. Several models have been put forth to explain why cell
proliferation rates do not vary as a function of distance from the morphogen source. One model posits that
an initial Dpp gradient causes cells along the A-P axis to acquire different sensitivities to Dpp: in order to
divide, cells closer to the source will thereafter require higher Dpp levels than those further away. Another
model postulates that some minimal level of Dpp is required, beyond which proliferation ensues regardless
of differences in Dpp levels throughout the disc [31]. A third, commonly referred to as the gradient model,
depends on the steepness of the gradient: the model posits that cells compare their levels of Dpp to those
of their neighbors, and divide if the differences are beyond some threshold. The matter is far from settled.
More importantly, how is the final size of the wing disc determined? A thus far unrefuted model
posits a role for mechanical forces in ensuring both uniform growth and growth termination – even in the
continued presence of morphogen gradients [32, 33, 34]. Its essence is the following: cell division is initially
induced at the center where Dpp levels are highest, but not in the periphery of the disc where they are too
low. This initial non-uniformity in morphogen distribution generates mechanical stresses: proliferation of the
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central region leads to tangential stretching of the peripheral regions of the disc, which above a certain
threshold, triggers cell division [35,36]. Meanwhile, the center, with its higher Dpp levels and proliferation
rates, becomes compressed: this decreases its growth rate and, in turn, that of the peripheral cells (Figure
1.1B). This ‘toggling’ ensures uniform growth throughout the disc. Eventually, the peripheral region
becomes large enough to exert sufficiently inhibitory compressive forces on the center. Growth in the
center, and in turn in the periphery, is terminated, and growth in the disc comes to a halt2.

Figure 1.1. Morphogens and mechanics in wing disc size control. A. Dpp is produced and secreted from a
narrow strip of cells at the center of the wing disc. It diffuses and forms a morphogen gradient that extends
in both directions along the A-P axis, with levels highest at the center, lowest at the periphery. A
perpendicular gradient of Wg forms in the D-V axis. B. Schematic summary of the model: growth in the
center in response to growth factors causes peripheral regions to stretch, which respond by proliferating.
This however does not relieve tensions entirely, thus causing the center to be compressed and eventually
inhibiting growth. Adapted from [37]. C. Schematic of the core Hippo pathway. Jub localizes to adherens
junctions in a tension- dependent manner, and recruits Wts, which negatively regulates the transcriptional
co-activator Yki by promoting its cytoplasmic localization (adapted from [38]).

2

This model makes several assumptions: that the gradient reflects Dpp activity and scales with changes in the size of
the disc, that cell division ceases when morphogen levels or stretch forces fall below some threshold, and that another
morphogen exists at the dorsal-ventral boundary with levels that are also highest at the center, i.e. Wg in this case.
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This model suggests that uniform growth rates and their termination are achieved through a
carefully orchestrated interplay of high proliferation rates and inhibitory compressive forces in the center,
and low proliferation rates and growth promoting stretch forces in the periphery. This model was tested
computationally, with success, but does it bear any resemblance to the biology of the system? The pattern
of Dpp is well-established, but is the center of the disc more compressed than its periphery? Do mechanical
forces affect growth rates throughout the disc? If so, what are the molecular players?

The model in action
Identifying components of growth regulatory pathways that respond to forces has been challenging.
However, a relatively recent study of growth regulation in the wing disc proposed a molecular mechanism
that, through Hippo signaling, links mechanical forces in the cells’ cytoskeleton to growth of the organ [39].
The Hippo pathway is a critical and conserved regulator of cell growth, division and death. In fact, defects
in several component of the Hippo pathway and overactivation of its downstream targets have been
implicated in cervical, ovarian, prostate, renal and blood cell cancers [40, 41]. In Drosophila, the core
pathway consists of a protein kinase, Warts (Wts), which regulates a transcriptional growth coactivator,
Yorkie (Yki) (Figure 1.1C). Wts activity is in turn negatively regulated by Ajuba (Jub) in a tension-dependent
manner, where it localizes to cell junctions and associates with a-catenin – a linker between said junctions
and the actin cytoskeleton. By linking tension-dependent cytoskeletal deformations and the core Hippo
pathway, Jub can transduce mechanical forces into growth promoting transcriptional activity. Furthermore,
through laser ablation experiments and cell shape analysis, the authors confirmed that the periphery of the
disc was indeed under higher tension than its relatively compressed center [42, 43, 44]. The model for the
interplay of mechanics and morphogens in wing disc size control still holds.
I handpicked this example to illustrate a particular point. Consequently, I relegated some details to
the backseat. For instance, the wing disc is not a simple flat epithelial monolayer. Instead, towards the last
larval stage, it develops into a geometrically complex structure that is stereotypically buckled – possibly due
to differential growth between the disc proper and the peripodial epithelium [45]. Furthermore, the disc’s
growth is subject to various influences and is regulated by multiple conserved pathways that we know of
(e.g. JAK/STAT pathway [46], Hippo pathway [47], RTK/Ras Pathway [48], Insulin/PI3K pathway [49]).
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These largely fulfill non-overlapping functions, yet how they are differentially activated under the various
physiological conditions is not entirely clear.
Ultimately, growth of a multicellular structure occurs at the level of single cells. The challenge is to
be able to link growth control at these two scales, and this requires having an eye on both the single cell
and the tissue. Such systems are not common. A beautiful example of this however, is the developing
kidney tubule and the mechanisms at play that determine its final size: in animals with diploid cells, the
circumference of the tubule comprises 5 or 6 columnar epithelial cells. In order to maintain the same tubule
diameter in animals with higher ploidies (e.g. pentaploid) and relatively larger cells, only two such larger
cells are required, and these two cells are flattened and curved so as to maintain the proper tubule shape.
This suggests that, at least in this system, the sizes of individual cells, their numbers and shapes are
regulated in accordance with tissue architecture – a system-level property [50].

b. How are growth and patterning coordinated?

Size control is complicated; pattern formation just as complicated. A researcher would do well to pick
a system in which these two phenomena are decoupled - at least temporarily. Yet in most living systems,
growth is rarely divorced from patterning: the wing disc example above is one such instance [51]. We are
another. None of us are expanded homunculi – a miniature version of ourselves that was thought to be
delivered in the heads of sperm by preformationists [52]. We are also not purely dilated versions of the
fertilized egg. Instead, having started as a shapeless mass of cells, most of us grow in size and in
sophistication. How are growth and patterning coordinated?

Tissue patterning and whole-body development
Consider this: flies exhibit a diverse range of overall body sizes that are affected by genetics (e.g.
Drosophila deficient in the ribosomal S6 kinase gene exhibit a severely reduced body size due to
proliferation at smaller cell sizes and at slower rates [53]), sex (males are generally smaller than females),
and the environment (flies raised at high temperature or low altitudes tend to be smaller; those raised at
low temperatures and high altitudes tend to be larger). Despite the diverse range of overall sizes however,
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these flies all have limbs, appendages and organs that are present in the correct proportions relative to the
rest of the body. This seems intuitive, but what makes it so? How is the development of tissues coordinated
with development of the whole body?
A relatively recent study focused on how the progression of growth and patterning of tissues is robustly
integrated across the whole body to ensure that the final result is a well-proportioned adult [54]. A tall order.
However, by examining the developing Drosophila wing, the authors hypothesized there were two possible
mechanisms at play. The first: the rates of tissue patterning and whole body development are matched so
that they progress in synchrony (Figure 1.2A). The second: tissue patterning and whole body development
are matched only at key developmental events, i.e. checkpoints, in the organism’s life; mismatches in the
interim do occur but are inconsequential (Figure 1.2B). Their study shows greater evidence for the latter.
To mature, fruit flies undergo three larval moults followed by pupariation. The larval period is
characterized by dramatic growth, whereas the pupal phase is that of metamorphosis. These transitions
between these phases therefore constitute two potential developmental milestones in the animal’s life. The
timing and progression of both phases are subject to pulses of ecdysone, a steroid hormone [55]. Ecdysone
is critical for patterning: towards the last larval stage (3rd instar), ecdysone drives expression of three
patterning genes - cut, senseless and wingless; at pupariation, ecdysone regulates expression of senseless
to drive sensory organ differentiation in the wing. To determine how growth and patterning are coordinated,
the authors first created a standardized timeline of the disc’s developmental progression in wild type larvae
by describing changes in the expression pattern of critical patterning genes, such as their appearance,
disappearance, and expression field.
The authors then modulated the rate of whole body development through environmental (e.g.
temperature) and physiological (e.g. insulin signaling) perturbations, and registered deviations in the
progression of patterning in the disc. Across the various perturbations, the authors found that despite
significant variability in gene expression in the periods between the two milestones, expression patterns of
key patterning genes nonetheless aligned at the last larval stage (3rd instar) and at pupariation with little
variation. Alignment at key developmental checkpoints, they suggest, is one form of regulation by which
organisms can ensure robustness in development in the face of perturbations.
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Figure 1.2. Coordinating tissue patterning and whole-body development. A. Rates of tissue patterning and
whole body development are matched throughout development. B. Rates of tissue patterning and whole
body development are matched only at key developmental events. Adapted from [56].

Of note is one of the many studies on wing disc patterning and growth, in which the spread of Wingless
along the D-V axis in developing larvae was restricted through membrane-tethering. Interestingly, such
larvae delayed their entry into pupariation but otherwise developed and grew normally. This, they suggest,
is another example of how delays in patterning of specific tissues can delay whole-body development [57].

Patterning across sizes
More generally yet, one can ask how the same structures are patterned in animals of vastly different
sizes? Consider the development of the cerebral neocortex in mice and in humans. Best studied in mice, it
has been shown that an FGF8 diffusion gradient forms along the A-P axis of the primordium and imparts
the cells with positional identity. FGF8’s function in this capacity is not too different from that of Dpp’s in the
wing disc. We now know that this mechanism operates similarly in neocortex of humans – a structure that
is ~1,000-fold greater in surface area. But how is it that the neocortex of mice and humans can be patterned
by the same mechanism that can operate in a small range of scales – one that is defined by diffusion? The
solution is to pattern before growth. At ~0.5 mm in length, the sizes of the neocortical primordia of mice and
humans are comparable and are well within the diffusion range of FGF8 [58]. By patterning the primordium
at the appropriate developmental stage, the same mechanism can be employed across organisms of vastly
different sizes. Patrick O’Farrell goes a step further and speculates that this is perhaps why embryos of
very different species are unusually similar-looking following gastrulation. Namely, they all depend on the
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same developmental patterning mechanisms and these mechanisms are size-dependent, i.e. they only
work in a range of scales, hence the seeming conservation of a universal embryonic size [59, p. 5-7].

Dysregulation of growth and patterning
Growth regulation is one of those things that is largely unnoticeable unless it goes awry. The most
commonly cited example of size control malfunction is cancer. However, for breadth and width, I’ll cite a
more obscure, yet glaring, example of the inseparability of growth and patterning.
Proteus syndrome was first described in 1979. It is a rare condition (< 1/106), in which size control
of a few parts of the body runs amok: it is characterized by the severe disproportionate and continuous
overgrowth of tissues in a mosaic and asymmetric manner, and can affect the skin, blood vessels, and
bones in the skull, spine and limbs [60]. As such, Proteus syndrome patients exhibit a diverse array of
phenotypes and complications that include enlarged internal organs, tumors (malignant and benign),
skeletal deformations, pulmonary and vascular disease (Figure 1.3A). The condition was aptly named after
a prophetic old man in Greek mythology, Proteus, who could escape his captors by continuously changing
shape [61]. Currently, the treatment for this condition includes a menagerie of surgeries, physical therapy
and orthopedic interventions.

Figure 1.3. Tissue overgrowth in Proteus syndrome patients. A. Digital overgrowth in a child with the
condition. Adapted from [62]. B. Joseph Merrick (D.O.B. 1862) began to develop symptoms at the age of
5. He was exhibited as the “Elephant Man” at a human oddities show. He was eventually cared for at the
London Hospital, a stay made possible through financial donations, where he died at the age of 27 from a
broken vertebra. Adapted from [63].
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We now know that Proteus syndrome is the result of a de novo mutation in the oncogene AKT1,
which occurs post fertilization in the embryo. It is thought to be dominant lethal, with survival occurring only
through somatic mosaicism. This largely explains the great variability in phenotypes and their severity.
AKT1 is a kinase and a critical regulator of insulin signaling, cell division, differentiation and apoptosis. In
patients with Proteus syndrome, AKT1 phosphorylation is up-regulated and its constitutive activity is thought
to drive overproliferation in the affected tissues [64]. Naturally, AKT1 is a critical target of anticancer drugs
aimed at inhibiting cancer cell proliferation [65].
I first heard about this condition on NPR in a segment that featured Dylan Rosnick, a boy with an
enlarged hand that was also patterned incorrectly. A disability in the conventional sense, but a boon in
another: the young boy played baseball and because of the structure of his hand and fingers, could spin
his pitches and throw unusually remarkable curveballs [66]. Interestingly, Joseph Merrick, the subject of the
1980 movie “The Elephant Man” is now believed to not have suffered from neurofibromatosis as originally
depicted, but from Proteus syndrome (Figure 1.3B) [67].

c. Differential growth: what is the pattern? what is the mechanism?

Perhaps the most commonly cited examples of connected parts that grow at different rates are
deer elk antlers and fiddler crab claws [68]. An example that is closer to home however is our postnatal
development: born with a relatively large head and small limbs, we develop into adults with a proportionally
smaller head and larger arms and legs. How such spatiotemporal size patterns arise in growing organisms
have intrigued researchers since Julian Huxley and D’Arcy Thompson’s times. For Thompson, relative
growth seemed inevitable - growth being a phenomenon so complex that uniformity would be an “unlikely
and an unusual circumstance”, and wrote that during growth, “rates vary, proportions change, and the whole
configuration alters accordingly.” [69] Despite efforts at quantitation, these studies remained largely
descriptive and have only recently garnered the attentions of engineers, mathematicians and physicists.
More importantly, the mechanisms underlying these emergent growth patterns were largely unknown. The
advent of model systems and experimental tools and techniques helped change that. What follows are two
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examples – of particular relevance to Chapter 2 - in which the mechanism driving differential growth of
connected parts is well understood.

Intrinsic differences
Drosophila have two types of flight appendages: a single pair of wings, and second pair of
appendages called halteres that are used for balance and steering. These structures have classically been
used as examples of serially homologous structures that of vastly different sizes [70]. Both structures start
off as larval imaginal discs of a few tens of cells, however, the wings in the adult fly grow to five times the
size of the halteres. Studies have shown that this five-fold discrepancy in size is largely attributable to
intrinsic differences in gene expression in the two structures: cells in the larval discs that give rise to the
halteres express the Hox gene ultrabithorax (ubx), whereas those that give rise to the wings do not (Figure
1.4A) [71]. Ubx halts growth of the halteres by upregulating expression of the main Dpp receptor thickvein
(tkv) closer to the source of Dpp, thus restricting its diffusion. Tkv expression in the wing on the other hand
is highest in the most lateral regions where Dpp levels are lowest. Ubx’s role as a critical determinant of
wing size was best demonstrated through experiments that first ectopically expressed ubx in the discs of
the wings; the resulting fly had two pairs of halteres. In a reciprocal experiment, ubx was knocked down in
the discs of the halteres; the result was the four-winged Ed B. Lewis bithorax fly (Figure 1.4B,C).

Figure 1.4. Intrinsic differences. A. Schematic of imaginal discs in the larva that give rise to wings and
halteres (red). At ~10,000 cells, the halteres are ~5x smaller than the wings due to ubx expression in all the
cells of their imaginal discs. B. Ectopic expression of ubx in the wing imaginal discs results in a fly with two
pairs of wings. C. Absence of ubx expression in the haltere imaginal discs results in a four-winged fly.
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Competition for limiting resources
Intrinsic differences in gene expression are one mechanism by which size differences emerge;
competition for a limiting resource is another. This concept, while intuitive, has been challenging to test
experimentally – the reason being that most species feed while they grow. The ideal system in which to
test how competition for and allocation of resources controls the relative growth of connected structures is
one in which growth occurs post feeding.
Enter P. coenia. Butterflies have two pairs of wings: fore- and hindwings. At ~20% of the adult’s dry
weight, these structures demand a significant investment of resources. Like Drosophila wings and halteres,
these structures also grow from imaginal discs in the caterpillar, and they do so post feeding. Their growth
therefore occurs in a closed system in which limiting resources are shared between the growing structures.
The fact that tradeoffs in resource allocation controlled the relative growth of these structures was best
exemplified through experiments that surgically removed the discs that give rise to the hind wings: in such
butterflies, the authors noted a compensatory increase in the size of the forewings that scaled with the
number of hindwing discs removed (Figure 1.5) [72]. These results point to a limiting factor that was
presently more available to the spared wings. Notably, the authors remained “deliberately vague as to the
nature of the limiting component”. Interestingly, similar results were obtained in beetles whose horn and
eye sizes are inversely related: male beetles whose horns were diminished through hormonal treatment
experienced a compensatory increase in eye size (females’ eyes were unaffected by the same treatment).

Figure 1.5. Competition for resources. A. A schematic showing the imaginal discs in the caterpillars of P.
coenia that give rise to the fore-and hindwings in the adult butterfly. B. Surgical removal of the hindwing
larval imaginal discs results in a compensatory increase in the size of the forewings.
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What follows
The central theme of this thesis is characterizing collective growth phenomena and their underlying
mechanisms in a relatively simple system - the Drosophila egg chamber. Cell growth can occur with or
without cell division, and our system exhibits both forms in two separate tissues that grow jointly. The goal
is to add to the previous examples, to expand our repertoire of known mechanisms, and to establish
Drosophila oogenesis as a quantitative model for answering questions of the same spirit.
The subject of Chapter 2 is the Drosophila female germline cluster, a small multicellular structure
with a fixed number of cells that are stereotypically connected and can exchange materials through
stabilized cytoplasmic bridges known as ring canals. The cluster grows by several orders of magnitude, but
does so non-uniformly. What is the nature of this cell size heterogeneity? What mechanism drives
differential growth in this small multicellular system?
The subject of Chapter 3 is the epithelium that encases the germline cluster of Chapter 2. Here
too we observe divergent growth, not in cell, but in clone sizes. The epithelium born small and disorganized,
but grows in cell number and uniformity. In a manner similar to the divisions that give rise to the germline
cluster, cell divisions within the epithelium occur with incomplete cytokinesis: here too cells remain
connected through ring canals. As the epithelium grows, disproportionally large syncytia, i.e. clones,
emerge. What explains the divergent growth of these genetically identical clones?
Chapter 4 is of a miscellaneous nature. The three questions it poses arose naturally from studying
oogenesis however, they are only tangentially related to growth phenomena in the egg chamber. First: the
germline cluster of Chapter 2 comprises 15 nurse cells and a single oocyte, but how is cell fate assigned in
the dividing cluster? Second: cells within the cluster are stereotypically connected to each other through
ring canals, but how stereotypic is their three-dimensional organization within the epithelial enclosure?
Third: throughout oogenesis, the epithelium grows through mitosis and endoreplication to maintain intact
envelopment of the expanding germline: do mechanostransduction pathways play a role in stretchmediated growth regulation of this tissue?
To the extent possible, I will return to themes invoked in Chapter 1 and will conclude with some
final remarks.
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Chapter 2

Differential Growth and Allometry in a Small Cell Network

Theoretical studies suggest that many of the emergent properties that are typically associated with
multicellular systems also arise in small networks [73, 74]. Despite this, the number of naturally occurring
and well-characterized systems that can be used to explore collective cell dynamics is limited. As a case in
point, consider the two examples of differential growth reviewed above: the Drosophila wings and halteres
and the butterfly fore- and hindwings. In both instances, the systems are relatively well-characterized and
are considerably less complex than deer antlers and crab claws, and certainly less complex than whole
organisms. However, both contain tens of thousands of cells and the experimental observations are largely
macroscopic and lack single cell resolution. Furthermore, these structures comprise but a fraction of the
entire organism, with all other structures largely unaccounted for. Are there even simpler systems? Yes.
A simple and tractable system to study the collective cell dynamics of emergent structures is the
Drosophila ovary. In this chapter we focus on emergent patterns of growth in the Drosophila female
germline cluster, a stereotypically-wired network of 16 cells that grows by several orders of magnitude with
unequal distribution of volume among its constituents. Using a combination of experiments and theory, we
quantify the pattern of multicellular growth with single-cell resolution, and propose a biophysical model to
explain the emergent nonuniformity in cell sizes. Our mathematical model captures our experimental
observations in wild-type germline clusters and correctly predicts the nature of collective growth in mutants.
Lastly, the model reveals and mechanistically justifies the allometric growth of cells within the network - a
feature commonly associated with differential growth on much larger scales [75].
The work described in this chapter was in collaboration with Paul Villoutreix, a previous postdoctoral researcher in our lab, and Alexander M. Berezhkovskii from the Mathematical and Statistical
Computing Laboratory at NIH. Our findings are reported in [76] – wherefrom the figures were taken and
adapted.
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2.1 The System

The mature Drosophila egg arises from a small multicellular structure called the egg chamber, a
model system for investigating basic principles of epithelial morphogenesis [77], germline-soma interactions
[78], maintenance of stem cell niches [79], collective cell migration [80], and cell cycle regulation [81]. The
relative simplicity of its structure, small number of cell types and cell numbers, as well as its optical
accessibility render the egg chamber indispensable to fundamental biological studies. Not to mention its
sheer numbers. In the company of males, a female fruit fly uses ~50% of its body weight to transform yeast
into ~50-150 eggs a day, over a lifetime of ~60 days. A. C. Spradling calculates that humans would have
to give birth to a full-term baby every three hours to achieve the same rate by weight [82]. Imagine that.
The egg chamber is first assembled in the germarium, a structure that houses the stem cell
population that gives rise to the germline and the follicle epithelium. Germline stem cells divide
asymmetrically and produce a cystoblast – a differentiated germ stem cell that undergoes four synchronous
divisions to gives rise to a 16-cell cluster. These divisions are incomplete and the resulting cluster is
stereotypically connected through arrested cleavage furrows. These are commonly referred to as ring
canals – a term coined by Robert C. King (Figure 2.1B) [83]. One cell differentiates into a posterior oocyte;
the other 15 into anterior nurse cells. The follicular epithelium derives from asymmetric divisions of a pair
of somatic stem cells and envelops the germline cluster entirely. Together, the spherical germline cluster
and overlying epithelium form the egg chamber, which now exits the germarium and joins the ovariole – an
assembly line of egg chambers arrayed from youngest to oldest that reveals the entire progression from a
cystoblast to a mature oocyte (Figure 2.1A) [84,85].
Over the course of the next ~3 days, the germline cluster grows by ~4 orders of magnitude through
uptake of nutrients, and synthesis and exchange of RNAs and proteins. One of the most salient features of
egg chamber growth is the non-uniform size distribution of the 16 germline cells: the final size and shape
of the egg chamber are unobtainable by simple dilation of the younger structure (Figure 2.1A). Previous
studies noted that the nurse cells closest to the oocyte appear larger and proposed that the number of ring
canal connections, as well as contact with the follicular epithelium, may affect cell size [86,87]. However,
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such observations remained qualitative in nature, and largely unexplained [88,89]. Here we revisit this
phenomenon and ask: what is the pattern? what is the mechanism?

Figure 2.1. The Drosophila egg chamber. A. Volume renderings of two ovarioles with egg chambers
arranged chronologically from youngest (left) to oldest (right). Membranes (gray) and nuclei (red) are
fluorescently labeled. Each egg chamber is a cluster of 16 germline cells that are connected as shown in
(B) and is encapsulated by an epithelium (A, anterior; P, posterior). Scale bar = 10 µm. B. Schematic
representation of the four rounds of synchronous divisions that give rise to the 16-cell egg chamber.
Cytokinesis is incomplete, and cells (nodes) remain connected by ring canals (edges). One cell with four
ring canals becomes the oocyte (gray); the other 15 become nurse cells (red).

2.2 A Pattern of Cell Sizes

Using a combination of 3D image reconstructions, we quantified the germline cluster’s growth
pattern in egg chambers with single-cell resolution from all stages of oogenesis prior to nurse cell dumping.
The stereotypic structure of the tree allowed us to identify each cell uniquely (Figure 2.2A,B). Using 3D
confocal images of egg chambers with fluorescently labeled nuclei, cell membranes, and ring canals, we
first generated membrane-based surface reconstructions of the germline clusters (Figure 2.2C). These
reconstructions revealed that nurse cells are organized into layers dictated by the number of ring canals
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separating any given nurse cell from the oocyte: arranged from posterior to anterior of the oocyte, the
numbers of nurse cells that the layers contain are 4, 6, 4, and 1.

Figure 2.2. A pattern of cell arrangement and cell size. A. A volume-rendered egg chamber showing its 3D
structure, with fluorescently labeled nuclear envelopes (gray) and ring canals (red). B. The ring canal tree,
with nodes (cells) colored based on the number of edges (ring canals) from the oocyte (cell 1, gray). C.
Color-coded membrane-based reconstruction of a young egg chamber showing front and back views. Also
shown is the layered spatial organization of nurse cells separated from the oocyte by one (blue), two (red),
three (green), and four ring canals (yellow), away from the oocyte. D. A plot of each nurse cell’s average
nuclear volume rank (1 = largest) as a function of distance from the oocyte (n = 41). Nurse cells exhibit
differential growth, and four groups of nurse cell sizes emerge that correlate with their layered spatial
organization. Error bars indicate SE. Scale bars = 10 µm. Adapted from [76].

Our measurements showed that nuclear size scales linearly with cell size across several orders of
magnitude. We therefore used nuclear volume, a more easily measurable parameter, as a proxy for cell
volume in the nurse cells. For each egg chamber, we obtained a vector of 15 nuclear volumes for each of
the nurse cells, labeled 2-16. To normalize for variations in growth across different egg chambers, we
ranked each nurse cell within each egg chamber by its nuclear volume. This gave us a vector of 15 rank
entries, labeled 1-15, with 1 being largest and 15 smallest. We then calculated the average rank of each
nurse cell across all egg chambers, and found that (1) cells closer to the oocyte on the lineage tree rank
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more highly and (2) four groups of cell sizes emerge that correlate with their layered spatial organization
relative to the oocyte. Namely, when ranked by size, cells 2, 3, 5, and 9 are, on average, largest (Figure
2.2D). These are followed by cells 4, 6, 7, 10, 11, and 13; then by cells 8, 12, 14, and 15; and, finally, by
cell 16. Importantly, prior to the epithelial encapsulation of the germline cluster, the nuclear volumes of all
cells within the cluster are indistinguishable from each other. Thus, starting from uniform initial conditions,
groups of different cell sizes emerge only during growth of the enveloped 16-cell cluster.
Contrary to previous studies [90,91], our results show that the cells’ number of ring canals does not
explain the observed pattern of collective growth in the egg chamber. For example, although cells 9 and 16
have one ring canal each, cell 9 is among the four largest cells, and cell 16 is the smallest. The number of
ring canals also fails to explain intra-group size variations, as we did not find a specific distribution of nuclear
sizes within each group of cells. For example, cell 9 with its single ring canal is, on average, not the largest
cell in the group of four cells closest to the oocyte, and cell 2, with its four ring canals, is not the smallest.
Our results therefore show that (1) there is a clear pattern to nurse cell sizes in growing egg
chambers; (2) this pattern correlates with distance from the oocyte and consequently, cells grow in groups;
and (3) once established, the pattern persists throughout egg chamber development.

2.3 A Mathematical Model

What is the origin of this pattern? As a first step in answering this question, we developed a coarsegrained model whose variables correspond to cell volumes (Figure 2.3A). Each of the volumes increases
according to Monod-like kinetics: proportional to the product of the current cell volume and a monotonically
increasing function of the intracellular concentration of some limiting component (Figure 2.3B):
𝑑𝑉!
= 𝑉! 𝑓(𝑐! )
𝑑𝑡

(1)

We postulate that this component is exchanged among cells comprising the cluster and that this
exchange is polarized, such that the probability of being transported through a ring canal connecting any
two cells is higher in the direction of the more posterior cell. This picture is consistent with results from
particle-tracking studies in growing egg chambers. Specifically, particles in the nurse cells’ cytoplasm move
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randomly over small distances before they get to the ring canals. Once at a ring canal, a particle can travel
to an adjacent cell in two ways: either through directed transport or by diffusion. Directed transport is only
possible in the posterior direction and is mediated by microtubules that connect nurse cells to nurse cells
and nurse cells to the oocyte [92,93,94]. Diffusion on the other hand is bi-directional, as demonstrated by
photobleaching experiments, in which fluorescence recovery of an anterior nurse cell is accompanied by
loss of fluorescence intensity in the posterior oocyte [95].

Figure 2.3. A biophysical model. A. Schematic representation of the ring canal tree, highlighting the anterior
nurse cells’ spatial organization relative to the posterior oocyte. Each cell (1-16), and each layer (𝒋 =
𝟎, … , 𝟒), is labeled. B. The specific growth rate, 𝒇(𝒄) as a function of concentration, 𝒄, showing both the
linear, 𝒇(𝒄) ≈ 𝝁𝒄, and saturated regimes. Adapted from [76].

We assume that there is a separation of time scales between both processes: growth and transport.
Namely, concentrations within the cell cluster equilibrate rapidly and can therefore be considered at steady
state on the much longer timescale of growth of the cluster. This is based on the estimate of the time it
takes a particle with diffusivity 𝐷 to reach a circular window of radius 𝑎 on the wall of a “cell” with volume 𝑉.
This time is given by 𝜏 = 𝑉/4𝐷𝑎 [96]. Using the following lower- and upper-bound estimates for 𝑉 ≈ 5 −
50𝜇𝑚" , 𝑎 ≈ 0.5 − 10 𝜇𝑚, 𝐷 ≈ 10𝜇𝑚# /𝑠, we get 𝜏 ≈ 1 − 10 minutes. Germline cell growth, however, occurs
over ~ 3 days. We found that this model explains both the observed pattern of differential growth and the
emergence of groups.
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Differential growth
We start with a two-cell cluster with a single ring canal (Figure 2.4A). Fast equilibration of the
concentrations in the two cells implies that the fluxes between the two cells are balanced:
(2)

𝐽#→% ≈ 𝐽%→#

The flux is given by a rate constant multiplied by the intracellular concentration of the limiting factor
𝒄𝒊 . The rate constant is a product of the rate constant that describes particle entry into the ring canal and
the probability, 𝜶, that the particle is transported through a ring canal, either by directional or non-directional
transport. In the simplest case, the rate constant for diffusive approach to a ring canal is given by 𝑘 = 4𝐷𝑎.
Then, the fluxes take the following form: 𝐽#→% = 𝑘𝛼#→% 𝑐# , and 𝐽%→# = 𝑘𝛼%→# 𝑐% .
Balancing the fluxes, we find that the concentrations of the limiting component in the anterior and
posterior cells are related to each other by:
𝑐# = 𝜈 𝑐%

(3)

where 𝜈 = 𝛼%→# /𝛼#→%, is a parameter that quantifies the asymmetry of transport through the ring canal.
When transport is polarized in the posterior direction, 𝜈 < 1, and since 𝑓(𝑐) is monotonically increasing,
𝑓(𝑐# ) < 𝑓(𝑐% ). The volume of the first cell, 𝑉% (𝑡) then grows faster than that of the second, 𝑉# (𝑡). Starting
with cells of equal size then, a two-cell model naturally exhibits differential growth at all times (Figure 2.4A):
𝑑 log(𝑉# )
𝑑 log(𝑉% )
<
⟹
𝑑𝑡
𝑑𝑡

𝑉# (𝑡) < 𝑉% (𝑡)

(4)

where 𝑑 𝑙𝑜𝑔(𝑉)/𝑑𝑡 = (1/𝑉) 𝑑𝑉/𝑑𝑡. Thus, differential growth emerges already in a two-cell cluster.

The emergence of groups
To understand the emergence of growth in groups, it is sufficient to consider a 4-cell cluster with 3
layers, arranged in increasing distance from the founder cell, labeled cell 1 (Figure 2.4B). Again, the fast
intercellular equilibration results in that forward and reverse fluxes through each of the ring canals balance:
𝐽%→# = 𝐽#→%

,

𝐽%→" = 𝐽"→% ,

𝐽#→' = 𝐽'→#

(5)

This leads to the following hierarchy for the intracellular concentrations: 𝑐# = 𝑐" = 𝜈𝑐% and 𝑐' =
𝜈𝑐# = 𝜈 # 𝑐% . Equation (3) can thus be generalized to 𝑐(𝑗 + 1) = 𝜈𝑐(𝑗) and for each cell in layer 𝑗, the
concentration of the limiting factor can be expressed as a function of the concentration in cell 1:
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𝑐(𝑗) = 𝜈 ( 𝑐%

𝑗 = 0, 1, 2

(6)

When transport is polarized towards the founder cell (𝜈 < 1), we get 𝑐' < 𝑐" = 𝑐# < 𝑐%. Following
the same steps leading to equation (4), we find that, starting with cells of equal sizes, a four-cell cluster
exhibits differential growth, and three groups of cell sizes emerge from uniform initial conditions:
𝑉' (𝑡) < 𝑉" (𝑡) = 𝑉# (𝑡) < 𝑉% (𝑡)

(7)

Similarly, for a 16-cell cluster, five groups of cell sizes emerge: 𝑉%* < 𝑉+,%#,%',%- < 𝑉',*,.,%/,%%,%" <
𝑉#,",-,0 < 𝑉% . Thus, our model qualitatively explains both differential growth and the emergence of groups.

Figure 2.4. Differential growth and emergence of groups. A. Schematic representation of a 2-cell cluster
whose cells are connected by a ring canal. Each cell 𝒊 of volume 𝑽𝒊 grows according to the growth law
shown. Diffusing particles of concentration 𝒄𝒊 in the cells’ cytoplasm that arrive at the ring canal have a
higher probability of being transported from an anterior (A) cell to the more posterior (P) cell than in the
opposite direction. The result is that two cells, initially of uniform size, will grow at unequal rates, with 𝑉% >
𝑉# . B. Schematic representation of a 4-cell cluster. Polarized transport in the posterior direction in the 4-cell
cluster model leads both to differential growth (𝑉% > 𝑉# = 𝑉" > 𝑉' ), and to the emergence of 3 groups of
cell sizes that correlate with the spatial arrangement of the layers relative to cell 1. Adapted from [76].
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Allometric Scaling in Collective Cell Growth
Differential growth in these clusters appears because a difference in the cellular concentrations of
the limiting factor, 𝒄, implies a difference in 𝒇(𝒄), resulting in a difference in the cells’ specific growth rates.
Several of the commonly used growth laws are linear at low concentrations and saturate as the
concentrations increase. It is unlikely that the system is in the saturated regime, as that would preclude
differential growth. Therefore, we consider what happens in the linear regime. Using our result from
equation (6) and re-writing equation (1) for each cell in layer 𝑗, we get:
𝑑𝑙𝑜𝑔𝑉(𝑗)
= 𝜇𝑐(𝑗) = 𝜇 𝜈 ( 𝑐%
𝑑𝑡

(8)

Taking the ratio of this expression for any two cells in the adjacent layers 𝑗 and 𝑗 + 1, we arrive at:
𝑑𝑙𝑜𝑔𝑉(𝑗 + 1)
=𝜈
𝑑𝑙𝑜𝑔𝑉(𝑗)

(9)

Integrating and using the fact that all cells start from the same initial condition 𝑉(𝑗, 𝑡 = 0) = 𝑉/ , we get:
1

𝑉(𝑗 + 1)
𝑉(𝑗)
=X
Y
𝑉/
𝑉/

(10)

This result predicts a specific quantitative pattern for a qualitative observation, namely that the
pattern of decreasing cell sizes with distance from the oocyte at any moment in time can be quantified with
an allometric-type relationship. The critical parameter here is 𝜈, which links a process occurring at the
molecular scale, transport of an intracellular limiting component, to an observable phenotype, cell size.
To estimate 𝝂, we take the natural logarithm of both sides of equation (10) to get log 𝑉(𝑗 + 1) =
𝜈 log 𝑉(𝑗) + log [𝑉/%21 \, where the value of 𝜈 is then given by the slope of the line that best fits through pairs
of nuclear volumes of nurse cells from consecutive layers 𝑗 and 𝑗 + 1; each egg chamber has 52 such pairs.
We obtain 𝜈 = 0.86 ± 0.01 and 𝑉/ = 161 ± 2.01 𝜇𝑚". For this value of 𝜈, which is less than one, transport is
polarized, and a growing egg chamber will have four groups of nurse cells that exhibit a posterior-to-anterior
gradient of decreasing cell sizes, which is consistent with what we observe experimentally (Figure 2.5).
Thus, in addition to obtaining a prediction that quantitatively relates volumes of cells from different layers,
we also extract the parameter characterizing the extent of polarized transport within the cluster, thus linking
a process occurring at the subcellular level to an emergent pattern of collective cell growth.
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Figure 2.5. Allometric scaling in collective cell growth. A plot of log 𝑉(𝑗 + 1) versus log 𝑉(𝑗), where 𝑗 = 1, … ,5.
The extracted value of 𝜈 < 1 is consistent with biased transport towards the posterior oocyte (n=41). The
insets show representative color-coded membrane-based reconstruction of a young, roughly spherical egg
chamber (bottom left), an egg chamber beginning to elongate (middle), and an older ellipsoidal egg
chamber (top right). Scale bars = 10 µm. Adapted from [76].

2.4 Discussion

This work establishes the developing Drosophila germline as a model of differential in small cell
clusters, in a highly reproducible setting where all cells are uniquely identifiable. We uncovered an emergent
pattern of cell sizes and presented a plausible model that captures the most salient features of egg chamber
growth, and correctly predicts several features of collective growth associated with multicellular systems in
wild type and mutant egg chambers. However, our model is clearly ‘‘a simplification and an idealization,
and consequently a falsification’’ ([97], p. 37). Future studies can capitalize on the model’s simplicity to
include additional features, such as the non-uniform distribution of ring canal sizes, and the effects of
hormonal regulation and soma-germline interactions [98,99,100]. It is also critical to identify the limiting
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growth factor(s) in our model. We expect these factors, be they nutrients or organelles, e.g. ribosomes, to
be sensitive to microtubule transport, as genetic and pharmacological perturbations of the microtubule
network disrupt the normal pattern of cell sizes [101,102].
Our model of a small cell cluster displays common features of collective growth on organismal
scale: parts diverge in size as the whole system grows, and sizes of the constitutive parts relate
allometrically. While such complex spatiotemporal patterns during organismal growth have been
documented since Thompson’s and Huxley’s studies, the underlying mechanisms have remained largely
unclear [103,104]. Studies in model organisms have suggested two possible classes of mechanisms for
differential growth. The first class relies on intrinsic differences between growing parts, such as differential
expression of selector genes (e.g. Drosophila wing and halteres) [105]. The second class relies on
interactions between growing parts, such as their competition for resources (butterfly fore-and hind wings)
[106]. While our model for the emergence of a non-uniform distribution of cell sizes in the egg chamber
cannot rule out the first class of mechanisms of differential growth, it most closely aligns with the second,
presumably resulting from competition between the growing parts for resources and their non-uniform
allocation and transport.

Future work
This project focuses on only one feature of collective cell dynamics: changes in cell sizes. The
same experimental system however provides a natural setting for exploring other emergent properties
associated with multicellular networks with a constant cell number and topology. For example, existing
models of endoreplication in single cells can be combined with our model of intercellular transport to better
understand the spatial regulation of the endocycles in the nurse cells. The endocycle plays a key role in
mediating the fast growth and high biosynthetic capacity of the nurse cells, which undergo 8-10 endocycles
over the course of oogenesis. Previous studies have shown that nurse cells within an egg chamber are not
equally polyploid, and that there is a posterior-to-anterior gradient of decreasing endoreplication cycles.
Current work in our lab seeks to determine the molecular mechanisms that give rise to a divergence in
ploidy, and therefore a divergence in cell volume. Cyclin E and the CDK inhibitor, Dacapo, are two mutually
antagonistic cell cycle regulators that are responsible for endocycle progression in the nurse cells [107].
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Preliminary work by Caroline Doherty and Manisha Kapasiawala (graduate and undergraduate students in
our lab, respectively) has shown that Dacapo nuclear localization is synchronized within and is
asynchronous across cells equidistant from the oocyte on the lineage tree. In conjunction with data on DNA
content, this observation suggests that cells within each groups are coupled in their expression of Dacapo,
and that these layers may function as coupled, asynchronous limit-cycle oscillators.
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Chapter 3

A Simple Model of Clonal Dominance

The germline cluster of Chapter 2 does not grow in isolation. Instead, it is enveloped by a epithelium
that grows in parallel to maintain intact envelopment of an expanding germline - initially through several
rounds of mitotic divisions, followed by three rounds of endoreplication. Interestingly, in a manner similar to
that of the germline cluster, mitosis within the epithelium also occurs with incomplete cytokinesis: cells of a
lineage, i.e. a clone, remain connected through arrested cleavage furrows, i.e. ring canals, thereby forming
interconnected cell clusters, or syncytia (Figure 3.1A, B). The surface of the egg chamber is therefore tiled
by interlocking syncytia that resemble pieces of a jigsaw puzzle. In contrast to the germline, in which
transport through ring canals is largely directional due to polarized microtubules, transport through the
somatic ring canals is driven by diffusion. What are the growth dynamics of these clones? What are their
differential contributions to the emergent pattern of collective epithelial growth?
We addressed these questions using a combination of live and fixed tissue imaging, and some
theory. Our approach was inspired by past studies in which clone size distributions were used to infer
division dynamics across cell populations. Interest in clone size distributions can be traced back to Luria
and Delbrück, whose studies of mutant cells in growing bacterial colonies showed that mutations arise
randomly rather than adaptively [108]. More recently, fluorescent-based lineage tracing techniques were
used to study the role of stem cells in tissue maintenance in mouse tails by tracking the fate of progenitor
cells in vivo for ~ 1 year. In this example, clone size distributions were used to show that a single type of
progenitor cell was sufficient to maintain the epidermis, thereby proposing a new model for tissue
homeostasis [109]. Distributions of clone sizes are therefore informative, both as qualitative descriptors and
indicators of the potential underlying mechanisms. Despite this, the number of experimental models
amenable for reconstructing complete lineage trees and their growth dynamics is limited [110].
Once again, Drosophila oogenesis proves to be a uniquely tractable system for tracing the
collective growth dynamics of entire tissues with single cell resolution. We analyzed the entire epithelial

28

tissue egg chambers across a ~20-fold increase in epithelial cell number, and found that as the epithelium
grows, the clones do so non-uniformly. Indeed, large clones emerge that cover up to ~60% of the total
epithelial surface, thus displaying clonal dominance - a commonly observed yet poorly understood
phenomenon during organogenesis [111, 112]. We hypothesize that the divergence of clone sizes is
explained by cell communication that allows for the propagation a mitotic wave within the clusters, and
through positive feedback that compounds differences in the sizes of clones. This work is in collaboration
with Jan Rozman, a graduate student, Sayantan Dutta and Matej Krajnc - a graduate student and
postdoctoral researcher, respectively, in our lab, and Prof. Kosmrlj, from MAE at Princeton.
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1.1

Epithelial Growth Dynamics

Forming the nascent epithelium
The egg chamber epithelium forms through asymmetric divisions of two somatic stem cells in the
germarium - a structure that houses the germline and stem cell niche (Figure 3.1A). All cells within the
epithelium are descendants of these two somatic stem cells [113]. The differentiated daughters must
undergo several divisions to generate an epithelium that encapsulates the germline cluster entirely [114].
These divisions occur with incomplete cytokinesis, such that daughter cells remain connected through
stabilized cytokinetic furrows called ring canals throughout most of egg chamber development (Figure 3.1A,
B) [115]. We visualized the ring canals using ubi>Pavarotti-mCherry (gift from Dr. Emmanuel Derivery
[116]): Pavarotti (Pav) is a kinesin-like protein and is a component of the stalled cleavage furrows [117].

Figure 3.1. Constructing the epithelium. A. Schematic of the germarium, where asymmetric divisions of the
somatic stem cells and subsequent divisions of their differentiated daughter cells generate an epithelium
that encapsulates the germline cluster entirely. The divisions occur with incomplete cytokinesis and cells
remain connected through ring canals (red) – see B. C. Volume rendered image of an ovariole, spanning
~50 hours of development. Membranes (green) and ring canals (red) are labeled. Scale bar = 10 µm.

Analysis of clone sizes
We used 3D microscopy and image processing to identify each cell, ring canal and clone in egg
chambers with labeled ring canals and membranes. Briefly, we acquired three-dimensional images of egg
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chambers spanning ~50 hours of development, during which the epithelium grows through mitosis.
Because cells that belong to a given lineage are connected through stable ring canals that persist through
most of egg chamber development, our clones are naturally labeled. For each egg chambers then, we used
Bitplane’s Imaris to identify individual cells and to trace their entire lineage, i.e. the clone (Figure 3.2). Clone
size is the number of interconnected cells in a cluster. Cells unconnected to any other cell are referred to
as singles. For our data, we analyzed the entire epithelium in an egg chamber. Our analysis of clone size
distributions spanned the entirety of the mitotic period, starting with epithelia as small as ~40 cells in the
youngest egg chambers, and ending with epithelia as large as ~1,000 cells in the oldest. The growth
trajectory of clones was reconstructed from snapshots of fixed samples, as ex vivo culturing of egg
chambers is limited to ~8 hours. The cessation of mitosis and transition to endoreplication is evident through
expression of Phospho-histone-3 (PH3) and Hindsight (Hnd), respectively [118].

Figure 3.2. The epithelium is tiled by ‘naturally labeled’ clones. A. A single confocal slice of two egg
chambers - one younger (top, ~400 cells total), one older (bottom, ~800 cells) - with labeled ring canals
(red) and membranes (blue). Two clones are shown, comprising 10 (top) and 7 (bottom) interconnected
cells. B. A select collection of segmented clones, each a different color, showing the intercellular
connections (red edges) for the two examples in A. For our data, we analyzed the entire epithelium. C. A
collection of clones tiling the surface of a stage 3 egg chamber. The tree structures of each clone is shown
on its respective side. Scale bar in A, B = 10 µm; in C = 5µm.
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Emergence of dominant clones
The point at which the germline cluster is fully enveloped by epithelial cells, i.e. ‘stage 1’ is our initial
condition. We found that the epithelium of stage 1 egg chambers comprises ~12 clones, each of which
contains ~2-3 cells, and ~11 single cells, for a total of ~43 cells (n=11) (Figure 3.3A, B).

Figure 3.3. The starting distribution of clone sizes. A. The distribution of clone sizes in stage 1 egg chambers
(n=11). B. The average composition of a stage 1 egg chamber, showing multicellular clones and singles.

Over the next ~50 hours, the epithelium increases in cell number by ~20-fold prior to its transition
to endoreplication cell cycles. The distribution of clones reflects differences in the cells’ relative rates of
division. Cells in the egg chamber epithelium are genetically identical, and experience similar mechanical
forces due to growth of the underlying germline. If all cells contributed equally to the growing epithelium,
namely, they all underwent a similar number of divisions with incomplete cytokinesis and uniform cell cycle
lengths, the epithelium would be tiled by equally-sized clones. In such a scenario, starting with the initial
constitution in Figure 3.3B, an epithelium of ~800 cells would be tiled by ~12 clones that are each ~48 cells
large, and ~12 clones of ~16 cells each. This is in stark contrast to what we observe.
Instead, our preliminary results suggest that as the epithelium grows, the clones do so nonuniformly. Indeed, disproportionately large clones emerge that cover up to ~60% of the epithelial surface,
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and when accounting for the largest two clones, the surface coverage increases to ~80%. (Figure 3.4).
Interestingly, we observe singles that are unconnected to any other cell even in the largest egg chambers.
These are either the result of mitosis that occurs with complete cytokinesis or the original singles observed
in the youngest egg chambers. These results suggest that some cells undergo numerous divisions, while
others necessarily divide rarely, if at all.

Figure 3.4. Emergence of dominant clones. Distribution of the fraction of the largest (left) and the largest
two clones (right) in the youngest (Stage 1) and in older egg chambers (Stage 2-6). Clone sizes diverge
and disproportionally large clones emerge, covering ~60% of the surface.

To better describe the evolution of the distribution of clone sizes, we resorted to a metric commonly
used in economics to describe income distributions: the Gini Coefficient (Equation 1) [119]. The Gini
coefficient is a sum of the unique pairwise differences in income (in this case, in surface coverage as
estimated by the number of cells in each clone) given by 𝑥! , that is normalized by the population number
𝑁 (in this case, the number of clones and singles) [120]. As such, it is a measure of distribution (in)equality,
with 𝐺 = 0 and 𝐺 = 1 indicating perfect equality and inequality, respectively (Figure 3.5A).
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For each egg chamber, we calculated a Gini coefficient, and found that it increases over with the
number of cells in the epithelium, i.e. over time (Figure 3.5B). This is intuitive: in the youngest egg chambers
with 𝐺~0.2, the epithelium comprises several clones with sizes that are tightly clustered around ~2-3 cells
per clone. As the egg chamber grows, the clone sizes diverge and disproportionately large clones emerge,
leading to Gini coefficient of ~0.8. While the theoretical maximum of the Gini coefficient is 𝐺 = 1, the
theoretical maximum in the egg chamber epithelium approaches, but is smaller than 1.

Figure 3.5. Describing the inequality of clone sizes. A. Pie-charts showing the different values the Gini
coefficient (𝐺) can take on between, and including, 0 and 1. B. The Gini coefficient for each egg chamber
as a function of total cell number. Stating at 𝐺~0.2 in the smallest egg chambers, the Gini coefficient
increases to 𝐺~0.8 in the oldest egg chambers with one or two massive clones covering the surface of the
epithelium (see insets: two large clones in blue and red, one large clone shown in green).
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1.2

A Model for Divergent Growth

What explains the divergence in size of otherwise identical cell clones? One means by which size
differences can arise is stochasticity. In such a model, clones grow through addition of single cells to
probabilistically chosen clones at each time step (Figure 3.6A). This null hypothesis does not allow for any
cell communication and treats divisions as entirely cell autonomous events. Stochasticity and positive
feedback for example explains the emergence of dominant cell clones during the development of the quail
enteric nervous system, while others remain small [121]. We found that stochasticity alone is insufficient to
explain the magnitude and evolution of inequality in clone sizes in the Drosophila egg chamber epithelium
(Figure 3.6B). Starting with initial conditions (50 cells distributed among 25 clones), we evolved the clone
sizes by randomly picking a cell at each step, and adding an additional cell to the clone from which the cell
was chosen. These steps were repeated until the total number of cells reached a value that resembles the
total number of epithelial cells in egg chambers at various stages of development (i.e. 100, 200, …, 1,000).
The initial conditions used were either uniform, in which case each clone started with two cells, or random,
in which case 50 cells were randomly distributed among the 25 clones. In neither case did the average Gini
coefficient calculated over 10,000 runs approach what we observe experimentally.
The alternate null hypothesis is that cells within the clone are completely synchronized, such that
when one cell divides, the entire clone doubles in size. Not only do we know that this is not true in the egg
chamber from both live and fixed images, but we also found that this overestimates the divergence in clone
sizes and does not explain our data.
Our experimental data suggest that our system lies in between these two extremes: cell divisions
are neither entirely autonomous nor are divisions within clones entirely synchronous. We therefore
hypothesize that the emergence of disproportionately large clones can be explained through cell
communication and positive feedback in the growing cell clusters. In such a model, a cell that is chosen at
random to divide, can prompt some of its nearest sister cells within the clone to divide as well, through
diffusion of mitotic factors through the ring canals. Larger clones have a higher probability of having one of
their cells selected for division than smaller ones. In this manner, differences in the sizes of clones are
compounded through the subsequent divisions, thereby leading to the observed divergence in clone sizes
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and the emergence of dominant clusters. This model was inspired by forest fire models that capture the
dynamics of rapid spreading and propagation of large fires [122]. In such systems, also known as excitable
active media, individual components that otherwise exhibit a stable resting state can transition into an active
state following a perturbation that is sufficiently large. Once excited, the activity can propagate from one
individual component to another in the form of an excitation wave due to spatial coupling of said
components. Once the active state decays, the individual components enter a refractory period, at the end
of which the components are once again excitable. In our system, the components are cells, the excitation
wave is a mitotic wave, and the coupling arises due to intercellular connections through ring canals.

Figure 3.6. Models of divergent growth. A. Trajectories of clone sizes obtained from a model starting with
uniform initial conditions in which 5 clones grow stochastically. In this particular realization, one clone (blue)
grows much larger than all others; the clone in green does not grow at all. B. Starting with uniform (UIC) or
random initial conditions (RIC) as explained in the main text, we obtain the Gini coefficient, averaged over
10,000 runs, for simulations terminating at 100, 200, 400, 800 and 1,000 total cells. In green and orange
are the results from simulations in which divisions are treated as entirely cell-autonomous events, with each
time step adding one cell to the chosen clone. In red are results from simulations in which cells within a
clone exhibit complete synchrony, such that when a cell is chosen to divide, the entire clone doubles.
Experimental data is in gray.
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The main aspect of this model, i.e. cell coupling through communication, is supported by
experimental observations. The nonautonomy and bidirectional transport of cytoplasmic contents and
proteins across the ring canals has been shown through experiments with a photoactivatable variant of
GFP (PAGFP) [123]. Note that transport across somatic ring canals is not polarized, in contrast to that
across germline ring canals. Furthermore, our analysis of fixed and live samples reveals mitotic coordination
in small domains, akin to those observed in early embryos. Phospho-histone H3 (PH3) is an immune marker
specific for cells undergoing mitosis, and is often found expressed in pairs or triplets of cells undergoing
mitosis simultaneously in the egg chamber epithelium. The active doubly phosphorylated form of the
extracellular signal-regulated protein kinase (dpERK) has been shown to play a role in mitosis as it localizes
to the kinetiochores by early prophase [124]. It too localizes to cells undergoing mitosis in groups. CycB is
similarly expressed in domains of several cells within the proliferating epithelium (Figure 3.7A, B) [125].

Figure 3.7. Coordination is driven by local mitotic waves. A. An ovariole stained with doubly-phosphorylated
ERK (dpERK, red) showing a syncytium of 5 cells, and a pair of cells, undergoing mitosis simultaneously.
A single cell undergoing mitosis is also shown in the inset. B. Egg chambers stained with CycB (red),
showing domains of coordinated expression. Scale bar = 10 µm.
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To get a better picture of the growth dynamics of clones, we took live movies of proliferating egg
chambers doubly labeled for the proliferating cell nuclear antigen (PCNA) and Pavarotti (PCNA::GFP and
Pav-mCherry). Just as in fixed samples, live samples also show local mitotic coordination, with cells
connected through ring canals undergoing mitosis simultaneously or minutes apart (Figure 3.8A). Our
analysis of the extent of cell cycle coordination has been restricted to mitosis (M). However, PCNA can
distinguish all phases of the cell cycle based on its abundance and localization [126]. It is therefore possible
to track the extent of intra-clone coordination across all cell cycle phases.

Figure 3.8. Dynamics of proliferating clones A. Snapshots of a time course of egg chambers doubly labeled
with ubi>Pavarotti-mCherry and PCNA::GFP showing two cells (yellow and orange arrows) connected by
ring canals undergoing mitosis in succession. The dimming of PCNA is indicative of mitosis (M). Time is in
minutes. B. A schematic showing the locations of divisions within an interconnected cluster of cells as
obtained from a movie of live egg chambers: in yellow are cells that divided within the captured time window;
gray are newly added cells; green are cells that did not divide within that time frame. C. A time course
showing the total number of cells that were added to three egg chambers within a ~10 hour movie. Divisions
occur in bursts that are followed by refractory or quiescent periods.

Interestingly, even as mitotic waves propagate within a clone, not all cells undergo mitosis (Figure
3.8B). Such cells are presumed to have divided shortly prior to wave propagation and are thus refractory.
This is difficult to check directly as it is challenging to culture egg chambers for more than ~10 hours, which
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is comparable to cell cycle length. More importantly, we observe that cells are added to the egg chamber
epithelium in bursts that are followed by quiescent or refractory periods (Figure 3.8C). We hypothesize that
such bursts reflect the propagation of mitotic waves within clones, but this remains to be tested through
stocks that have membranes, ring canals and nuclei labeled (currently in the making by Robert A. Marmion,
a postdoc in our lab).

1.3

Discussion

This work establishes the Drosophila follicle epithelium as a uniquely tractable model for
investigating the dynamics and mechanisms underlying clonal dominance, a commonly observed yet poorly
understood phenomenon in tissue and organ growth. We propose that when clonal dominance is
unexplained through stochasticity, cell communication is the culprit. In our system, cell communication is
mediated through ring canals that are large enough to allow for the exchange of mitotic factors. In other
systems, such communication may be mediated by other means, such as diffusible factors. An interesting
form of communication is observed during the development of zebrafish hearts: cell membranes transiently
fuse prior to cell division [127]. Interestingly, Edu incorporation studies have shown the pool of cells that
undergo transient membrane fusions to be highly proliferative compared to those that do not.
Previous studies of epithelial growth in developing egg chambers provided estimates of clone sizes,
however, the reported results were based on a partial analysis of selective clones in post mitotic egg
chambers. The results were also conflicting. A study on the role of ring canals in equilibrating protein
concentrations within epithelial syncytia reported an average clone size of ~8 cells with an observed range
of 1-38 cells in stage 10 egg chambers (i.e. post-mitotic stage) [128]. Another reported an average of ~5
cell per clone with a range of 2-8 cells from measurements spanning several mitotic and post-mitotic egg
chambers. Both studies determined clone size either via fluorescence recovery after bleaching experiments
(FRAP) or by monitoring the spread of photoactivatable GFP (PAGFP) or lucifer yellow through the ring
canals [129, 130]. A third study determined clone sizes by activating a reporter gene in the founder cell and
counting the labeled progeny observed on the upper and lower surfaces of the flattened sample at some
later time point. This study reported an average of 142 cells per clone in stage 10 egg chambers.
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Our work improves on these measurements in two main aspects. First, to extract clone size
distributions, we analyzed the entire epithelium of each egg chamber, thereby accounting for each cell and
ring canal. This ensures equal representation of all clone sizes and allows us to extract entire cell lineage
trees. Second, in contrast to previous studies, we restricted our analysis to egg chambers with mitotic
epithelia (1-6); for technical reasons, previous studies analyzed post-mitotic egg chambers (stage 10), a
point at which the epithelium transitions to endoreplication and is tiled by larger cells and nuclei.
Furthermore, in these studies, the analysis of clones was restricted to those visible on the surface.
Our data also conflicts with previous studies that reported an average cell cycle length of ~10 hours.
Such estimates were obtained from measuring the sizes of clones in fixed stage 10 egg chambers at regular
intervals after heat shock inducible FLP recombinase to produce an active reporter gene fusion [131].
Clones were identified by immunostaining of the reporter gene and counting the labeled cells observed on
the upper and lower surfaces of the flattened sample. The doubling time for the follicle cells was calculated
at 9.6 hours from a slope of log(clone size) versus ‘time after heat shock’. The emergence of dominant
clones that coexist with significantly smaller ones however necessitates that cell cycle lengths be highly
variable across the tissue, as clonal dominance is only possible if a select group of cells undergoes
numerous division cycles while others do not.

Generalizing the ring canals
Ring canals are found in both tissues comprising the Drosophila egg chamber. In the germline
cluster, they are well characterized, both structurally and functionally. In the soma: much less so. Somatic
ring canals are however not an idiosyncrasy of the egg chamber epithelium: they are also found in in the
Drosophila wing and leg imaginal discs. Somatic ring canals have also been found in the follicle epithelia
of honey bee and mosquito ovaries, and between blastomeres of the squid and octopus blastoderm [132,
133, 134]. In zebrafish embryos, intercellular bridges connect a significant fraction of epiblast cells and have
been shown to mediate the active transport of proteins between distant cells [135]. Conversely, in
Drosophila egg chambers, somatic ring canals are thought to allow proteins to equilibrate across connected
cells through diffusion []. The need for this mode of intercellular communication is however unclear [136].
For instance, the ring canals do not serve to synchronize mitosis within any given syncytium, nor do cells
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within a given syncytium undergo a similar number of divisions. It has therefore been suggested that ring
canals may synchronize other processes within the epithelium, such as the mitosis-to-endoreplication
transition (Figure 4.5D), or the transition to vitelline membrane synthesis towards the end of oogenesis.
One of our more intriguing hypothesis suggests a role for ring canals in homogenizing the
epithelium. The epithelium of a stage 1 egg chamber is highly disorganized in that it exhibits large variations
in cell size; the sizes of epithelial cells in the later-stage egg chambers are, in contrast, much more narrowly
distributed (data not shown). Reducing cell size variations is critical for forming an epithelium that can serve
as a homogenous template for patterning and subsequent morphological transformations: in Drosophila,
this epithelium gives rise to two three-dimensional eggshell appendages [137]. The cellular mechanisms
that increase size homogeneity are subject of increasingly active research, and several models have been
put forth for how dividing cells achieve and maintain cell size homeostasis [138, 139, 140]. We suspect that
communication through ring canals is another means for efficiently reducing cell size variations a
proliferating tissue by coordinating progression through the cell cycle. A hypothesis yet to be tested.
Lastly, we have so far treated the ring canals as static structures, however, it is likely that they are
dynamically regulated at various stages of the cell cycle to permit or to inhibit transport of cytoplasmic
components. For example, studies multicellular fungi have shown that their intercellular bridges (septal
pores) are closed during mitosis but remain open during interphase. This dynamic regulation of the opening
and closing of these pores by the NIMA kinase is thought to be essential for balancing rapid colony growth
with the need to maintain mitotic autonomy [141, 142]. More importantly, the plugging of these septal pores
is critical for preventing cytoplasmic bleeding in cases of injury or cell-wall damage. Whether somatic ring
canals in the Drosophila epithelium are regulated as such is unknown.
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Chapter 4
Miscellaneous and Current Work

Drosophila oogenesis is rich and complex. While the focus of my work is collective growth dynamics
of germline and the soma in the Drosophila ovary, tangentially-related problems are difficult to ignore. For
instance, Chapter 2 covers differential growth in the germline, in which cell size differences emerge, with
the oocyte always growing largest. The oocyte is selected in the germarium, and is a critical first step in
establishing the major body axes of the animal. However, when and how symmetry is broken in the dividing
germline cluster remains unclear. Two theories have dominated, but ongoing work with Jamie Barr, a
graduate student in the Schedl Lab here at Princeton, suggests a third possibility.
Once formed, the 16-cell germline cluster is encapsulated by a growing sheet of epithelial cells.
The interconnected germline cells form a highly stereotypic cell lineage tree, but are they organized within
this 3D enclosure in a stereotypic manner as well? Once we realized that multiple packing configurations
were possible, the question evolved to whether all configurations were equally likely. While this question
seem specific, tree packing problems are pervasive, and play a fundamental role at the onset of oogenesis
in a variety of multicellular organisms. Here we show that entropic constraints can favor particular cellpacking configurations that can deviate from the soap bubble paradigm used to describe the organization
of simple cell aggregates and disjointed objects. This work was done in collaboration with Paul Villoutreix,
a postdoctoral researcher in our lab, Norbert Stoop, a postdoctoral researcher in Dunkel lab at MIT, and
Jorn Dunkel himself. The results are reported in [143] – wherefrom the figures were obtained and adapted.
Once packed and boxed, the egg chamber grows by ~4 orders of magnitude: the germline expands
in volume while the epithelium undergoes several rounds of mitosis and endoreplication. How is growth of
the germline cluster and the soma jointly coordinated? What role, if any, does a recently identified
mechanotransduction signaling pathway play in regulating stretch-dependent growth in this multi-tissue
environment? What follows is a brief outline of what we have found, and plans for future work.
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4.1 Breaking Symmetry in a Small Cell Network

Oocyte selection
Egg chamber production and assembly takes place in the germarium - a structure that houses the
germline and somatic stem cells that give rise to the germline and the epithelium, respectively (Figure 4.1A).
The germline cluster develops from a founder cystoblast that undergoes four stereotypic and synchronized
divisions, to yield a 16-cell cyst that is stereotypically interconnected in region 2a (Figure 4.1C). In the
interim, one of the two cells with four ring canals is selected to be the future oocyte, and amidst epithelial
envelopment in region 2b, is localized to the most posterior end of the nascent egg chamber [144, 145]. As
the oocyte enters meiosis, the other 15 cells become endocycling nurse cells. Oocyte selection is a critical
first step for specifying the anterior-posterior (AP) and dorsal-ventral (DV) axes of the future embryo, yet
cell fate assignment is not entirely understood. How and when is symmetry broken in the nascent cluster?
Two hypotheses for oocyte selection have largely dominated, and they differ by both timing and mechanism.
The first states that symmetry is broken in the first division through asymmetric inheritance of a
large cytoplasmic and vesicular organelle called the fusome [146]. The fusome arises from the spectrosome
in the germline stem cell, and is composed of cytoskeletal membranous components such as the adducinlike Hu-li tai shao (hts), the kinase Par-1, and a- and b-spectrin [147, 148, 149, 150, 151]. The fusome
connects to one spindle pole in the cystoblast, and with each successive division, the fusome grows into a
structure that permeates the entire cluster through its ring canals (Figure 4.1A, B). The fusome was first
described in 1886, and is thought to facilitate intra-cyst communication and differentiation: its absence leads
to asynchronously dividing cells, an abnormal number of divisions, and failure to specify an oocyte [152,
153]. In this model, asymmetry in fusome inheritance as early as the 2-cell stage sets up a bias in the
distribution of oocyte determinants, and lays the foundation the assembly of a polarized microtubule
network [154,155]. This bias, established early on, and compounded with each division, initiates a feedback
loop that causes further accumulation of such determinants in that particular cell [156].
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Figure 4.1. Oocyte selection in the germarium. A. Schematic of a germarium where egg chambers are
formed. Asymmetric divisions of the germline stem cells gives rise to a cystoblast, which undergoes four
synchronous and incomplete divisions to yield a 16-cell germline cluster in region 2a. The fusome (green)
is a branched organelle that permeates the entire cluster through the ring canals (red). The pro-oocytes
and presumptive oocyte (orange) are shown in an 8-cell and 16-cell cluster, respectively. The somatic stem
cells (gray) give rise to the epithelium that encapsulates the 16-cell clusters in region 2b (gray shading).
During this process, the oocyte is localized the egg chamber’s posterior pole (right). A fully encapsulated
spheroidal stage 1 egg chamber exits the germarium to join the ovariole. B. Reconstructed fusomes in 2cell, 4-cell, 8-cell and 16-cell germline clusters in region 2a, based on 3D confocal images of gemaria with
labeled ring canals (Pav-mCherry, red) and a-spectrin (green). The asymmetry in fusome inheritance that
is clear in 2-cell clusters (arrow) is much less obvious in the larger clusters. The fusome degenerates at the
onset of oocyte posterior localization in region 2b. Scale bar = 5 µm. C. A schematic of a 16-cell germline
cluster as a network. One of the two-cells (orange) with four ring canals (edges) becomes the oocyte.
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The second model theorizes that an oocyte is only selected once the four divisions have ceased,
i.e. at the 16-cell stage in region 2a of the germarium (Figure 4.1C) [157]. At this point, all cells within the
cyst enter meiosis I, however, only the two cells with four ring canals form a synaptonemal complex [158].
In this model, oocyte selection is random and is based on competition between the two cells with four ring
canals: one cell becomes the oocyte and completes meiosis, while the other loses its synaptonemal
complex and joins the other 14 cells as an endocycling nurse cell. In both models, microtubules play a
critical role in oocyte differentiation and in maintaining cytoplasmic asymmetry, as they are required to
transport mRNAs that are synthesized in the nurse cells to the oocyte [159]. In both models however, the
oocyte determining factor(s) is unknown.
Oocyte selection involves a multitude of players. The accumulation of proteins such as the oo 18
RNA binding protein (Orb), Bicaudal-D (BicD) and Egalitarian (Egl) in one cell at the 16-cell stage are
among the earliest signs of oocyte selection [160]. This enrichment requires the assembly of microtubules,
which extend from the posterior oocyte and permeate the 16-cell cluster through the ring canals, thereby
allowing further accumulation of oocyte specific transcripts, such as oskar (osk) mRNA [161, 162]. The
microtubule network also interacts with the fusome, which organizes it into a polarized array with minus
ends enriched in the oocyte. The Spectraplakin homolog Short Stop (shot) mediates this association, as
well as the localization of the centrosomes to the presumptive oocyte [163]. Mutants in orb, egl, BicD and
shot, cause defects in microtubule network assembly and subsequent enrichment of their respective
proteins, resulting in egg chambers with 16-nurse cells. This is also observed in egg chambers treated with
microtubule network depolymerizers [164]. In contrast, the localization of the centrioles to the future oocyte
is independent of the organization of the microtubule cytoskeleton and occurs successfully BicD and egl
mutants [165]. Oocyte selection is evidently complex: it relies on multiple positive feedback mechanisms
with possibly several partially redundant factors.
Our current work focuses on the role that Orb plays in oocyte selection and maintenance. Unlike
egl and BicD, whose proteins nteract with the microtubule motor dynein for mRNA transport, orb encodes
a cytoplasmic polyadenylation element binding (CPEB) protein that modulates the translational activity and
localization of maternal RNAs [166]. Orb mRNA and protein are critical for proper egg chamber
development, and exhibit specific localization patterns throughout oogenesis. However, here we are
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interested in orb’s role in oocyte selection and maintenance, and will therefore restrict our analysis to its
expression and localization in the germarium. Our preliminary findings show that orb mRNA is enriched in
a single cell at an earlier time point than is reported. We show that orb mRNA associates with the fusome,
and that its 3’UTR is required for a timely enrichment of microtubule minus ends and other markers of
oocyte identity to a single cell. Significantly, our data suggest an alternative mechanism for oocyte selection.

Orb mRNA and protein localization
In Drosophila, orb mRNA encodes two isoforms of the cytoplasmic polyadenylation element RNAbinding (CPEB) protein [167]. In females, it is expressed in the germline, where it functions throughout
oogenesis. In the germarium, orb is required for formation of the 16-cell cluster and for oocyte
differentiation. In contrast to BicD/egl and shot nulls, orb null alleles arrest oogenesis prior to the formation
of the 16-cell cluster, and neither oocytes nor nurse cells are specified [168]. Our analysis of orb nulls also
reveals downregulation of E-cadherin expression in the germline (Figure 4.2E). This is consistent with
previous reports of floating ring canals that are otherwise embedded in the membrane and stabilized by Ecadherin [169]. Later in oogenesis, orb is required for establishing polarity axes in the egg and in the embryo
[170]. In weaker alleles, egg chambers emerge with A-P (e.g. oocyte is not localized to the posterior of the
stage 1 egg chamber, or oskar mRNA is not localized to the posterior at stage 9) and D-V defects (e.g.
fusion of the dorsal appendages). Both mutants however fail to localize other mRNAs, such as osk, nanos
(nos) and gurken (grk), that otherwise accumulate in the oocyte. This is consistent with orb’s role in
maintaining oocyte identity and oocyte polarity during oogenesis [171].
Orb protein is one of the earliest proteins that is localized to the oocyte in the germarium, and it
preferentially accumulates in the presumptive oocyte as soon as the 16-cell cluster is formed in region 2a
(Figure 4.2A). orb mRNA accumulation also preferentially accumulates in one cell by the 16-cell stage in
region 2a (Figure 4.2B) [172]. Our analysis of the progression of orb mRNA localization reveals that in not
only mirrors that of the protein, but also precedes it. We observe mRNA enrichment in the two pro-oocytes
as early as the 8-cell cluster (Figure 4.2C), with preferential accumulation in a single cell in 17% of such
clusters. To our knowledge, this is the earliest visible molecular marker of oocyte identity. orb mRNA also
shows strong association with the fusome as early as the 8-cell stage (Figure 4.2C).
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Figure 4.2. Orb protein and mRNA localization. A. 3D confocal image showing Orb protein (magenta)
enrichment in a single cell at the 16-cell stage in region 2a (arrowhead) and maintenance in subsequent
stages (e.g. region 2b, arrow). B. orb mRNA (red) is observed as early as the 8-cell stage in the pro-oocytes
(arrowhead) and is enriched in a single cell in subsequent stages (arrow). C. orb mRNA (red) colocalizes
with the fusome (green) in an 8-cell (arrowhead) and 16-cell cluster (arrow). D. In orb nulls, oogenesis
arrests prior to or during the formation of a 16-cell cluster, however, highly branched fusomes (green) form
(arrow). E. E-cadherin (green) expression is downregulated in orb null germline clusters (arrow); ring canals
(red, arrowhead) are dislodged from the membrane. Scale bar in A, B, D, E = 10 µm, in C = 5 µm.

A key role for orb’s 3’UTR
The targeting of mRNAs to their respective subcellular sites requires localization elements that are
often found in their 3’ untranslated region (3’UTR) [173]. orb’s 3’UTR is not only required, but is sufficient
for proper localization of the orb mRNA to the oocyte, for its association with the fusome, and for targeting
other mRNAs to the presumptive oocyte. Transgenes expressing mRNAs containing the orb 3’UTR linked
to a heterologous protein coding sequence such as LacZ exhibit a similar localization pattern and
association with the fusome to wild type (Figure 4.3A, A’) [174]. Females homozygous for the orb 3’UTR
deletion form 16-cell clusters that exit the germarium and develop until mid-oogenesis (i.e. prior to
vitellogenesis), however, orb is not enriched in a single cell, and osk mRNAs is subsequently found in
multiple cells in later stage egg chambers (Figure 4.3B). This is consistent with orb’s role in oocyte selection
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and maintenance, which is required for the transport or other oocyte-specific mRNAs during oogenesis
[175]. A partial fragment of the orb 3’UTR (orb-XN 3’UTR) can partially rescue orb enrichment: orb is
localized to a single cell by stage 2, i.e. ~10 hours after the egg chamber has exited the germarium, however
there is a delay in oocyte determination. Since orb is known to autoregulate its own expression through
target sequences in its 3’UTR [176], the delay in oocyte specification is potentially due to delayed
accumulation of sufficient Orb protein levels in the presumptive oocyte. This suggests that a threshold of
Orb protein is required for oocyte specification and maintenance.

Figure 4.3. A key role for orb’s 3’UTR. A. Germaria from a transgene expressing mRNAs containing the
orb 3’UTR linked to a LacZ coding sequence (white) exhibit a similar orb mRNA (red) localization pattere
and association with the fusome (green in A’) to wild type (see Figure 4.2B). A’ shows the boxed region in
A. B. An ovariole from females homozygous for the orb 3’UTR deletion. These form 16-cell clusters that
exit the germarium and develop until mid-oogenesis, however, orb mRNA (red) is not enriched in a single
cell, instead it is diffuse throughout the germline cluster. Similarly, osk mRNA (white) is found dispersed in
multiple cells in developing egg chambers (arrows). C. A partial fragment of the orb 3’UTR (orb-XN 3’UTR)
can partially rescue Orb (green) enrichment (arrowhead), however, there is a delay in oocyte determination
as Orb is not enriched by region 2a (arrow). Scale bar = 5 µm
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Interestingly, we found that orb’s 3’UTR plays a role in the association of other oocyte determinants
with the fusome. Our results show that osk mRNA does not colocalize with the fusome in either the orb
3’UTR deletion or the orb-XN 3’UTR backgrounds, as it does in wild type (Figure 4.4A’, A’’). orb’s 3’UTR is
also required for a timely enrichment of microtubule minus ends in the presumptive oocyte (Figure 4.4 B’,
B’’). Orb protein enrichment to a single cell in region 2a has been shown to precede the localization of
microtubule minus ends in the pro-oocytes and then in the oocyte [177]. Here we show that the enrichment
of orb mRNA to a single cell not only precedes, but is also required for proper polarization of the microtubule
network. Both aspects, namely, microtubule and mRNA localization to single cell, are critical for cell cycle
regulation and cell fate specification: in both mutant backgrounds, the synaptonemal complex which is
otherwise restricted to a single cell is instead found in groups of 4 or 5 cells.

Figure 4.4. orb’s 3’UTR is required for osk and microtubule enrichment A. osk mRNA (magenta) associated
with the fusome (green) in germline cysts in region 2a of wild type egg chambers (arrow). osk mRNA does
not associate with the fusome in either the orb 3’UTR deletion or the orb-XN 3’UTR backgrounds
(arrowheads, A’ and A’’). B. Microtubule minus ends are enriched in the presumptive oocyte by region 2a
(arrow) and are maintained in subsequent stages (arrowhead). The synaptonemal complex (purple) is also
restricted to the two pro-oocytes in by region 2b (arrowhad) in wild type egg chambers. No such enrichment
of microtubules is seen in either the orb 3’UTR deletion or the orb-XN 3’UTR backgrounds (arrowheads, B’
and B’’). Here, the synaptonemal complex is found in groups of 4 or 5 cells. Scale bar = 10 µm.
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Discussion and future work
So far we have shown that the timely localization of orb mRNA to a single cell in developing
germline clusters is critical for oocyte specification and maintenance. orb mRNA enrichment in a single cell
occurs at an earlier point in time than previously reported, and is a necessary first step for localizing oocytespecific mRNAs to the fusome and then to the presumptive oocyte. The polarized organization of the
microtubule network is also dependent on orb mRNA enrichment to a single cell. All these steps are
mediated through orb’s 3’UTR.
Our preliminary results suggest that both models for oocyte selection and maintenance are amiss
in some respect. The fusome is necessary for oocyte selection and maintenance, however, is evidently not
sufficient [178, 179]. For instance, among all fusome components we examined, a-spectrin exhibits the
greatest asymmetry at the 2-cell stage. However, this asymmetry is not maintained in the successive
divisions, and is certainly not compounded. Asymmetric fusomes at the 2-cell stage are also seen in egl
and BicD mutants, yet these fail to specify an oocyte, and instead, form egg chambers with 16 nurse cells.
Furthermore, in orb-XN 3’UTR mutants, the enrichment of orb mRNA and protein to a single cell is delayed,
orb mRNA and protein, as well as other markers of oocyte identity such as osk fail to colocalize with the
fusome in region 2a, and the oocyte is not specified until the egg chamber has left the germarium at ~stage
3. That is ~40 hours after the fusome has disintegrated. On the other hand, we observe orb mRNA
enrichment in a single cell as early as the 8-cell stage, which is inconsistent with the model in which oocyte
selection occurs by competition at the 16-cell stage between the two pro-oocytes.
Instead, we are proposing a third model: an initial asymmetry is set up at the 2-cell stage due to
asymmetric inheritance of the fusome. Cytoplasmic components, such as orb mRNA associate with the
fusome, and since Orb protein autoregulates its own production and recruitment through sequences in its
3’UTR, the initial asymmetry in association with the fusome is compounded through Orb’s autocatalytic
activity. This asymmetry is only visible at the 8-cell stage because orb mRNA levels must build up to
measurable levels. The enrichment of orb mRNA and protein is subsequently required for setting up a
polarized microtubule network and for localizing other oocyte determinants – which in turn allow further
recruitment of orb mRNA and protein to the presumptive oocyte. This positive feedback loop ensures
meiosis is eventually restricted to a single cell, which is evident through the progressive restriction of the
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synaptonemal complex to two, and then to a single cell. Such a model explains all of our experimental
observations in both wild type and mutant backgrounds, and accounts for fusome asymmetry, Orb’s
autoregulatory activity, the spatiotemporal pattern of Orb mRNA and protein localization and the enrichment
of microtubule dependent and independent factors to a single cell.
We next plan to determine how the progression and localization dynamics of Orb depend on other
oocyte determinants, such as BicD/egl, and fusome components, such as hts. We are also looking at the
transcription of orb to see when and whether it is differentially activated in the dividing cyst prior to the 8cell cyst, which is when we first observe preferential enrichment of orb mRNA in the pro-oocytes. These
experiments are currently underway.
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4.2 Packing Cell Lineage Trees
Once oocyte and nurse cell fates have been assigned, the germline cluster is enveloped by a layer
of somatic epithelial cells and ejected from the germarium. Given the highly stereotypic network-like
arrangement of the germline cells, we wondered whether, once packed, their three-dimensional
arrangement was similarly stereotypic.
Packing problems are pervasive, and old [180]. From DNA folding in the nucleus and cell assembly
during embryogenesis to masonry and stacking of oranges at the grocer’s, the spatial packings of building
blocks is essential to determining the structure and function of biological and physical matter [181, 182,
183]. The packing of dense spheres was tackled as early as the 17th century by Kepler, whose conjecture
inspired a rich body of experimental and theoretical work on the physical and mathematical principles
underlying optimal embeddings of disjoined objects [184, 185, 186]. Much less is however known about the
packings of topologically linked structures in confined spaces, which are encountered in chromosome
condensation, protein folding and synthetic multicellular self-assembly [187, 188, 189]. Furthermore, the
role that topological and geometric constraints play in the positioning of cells during the initial stages of
development is not well understood [190, 191]. For example, cytoplasmic bridges between germline cells,
such as ring canals in Drosophila, have been confirmed in germline tissues of various mammals, insects
and amphibians. Similar topological linkages play an important role in the colony formation of
choanoflagellates, the closest living relatives of animals [192, 193]. While the structure and function of
cytoplasmic bridges have long been studied in the context of intercellular transport, their role in cell
positioning, and tissue organization and dynamics has yet to be explored [194, 195].
Here we used a combination of 3D imaging, computational image analysis, and mathematical
modelling, to investigate a previously unexplored class of geometrically frustrated tree packing problems
(TPPs) in Drosophila egg chambers. Briefly, our imaging data reveal non-uniformly distributed tree
packings, in agreement with predictions from energy-based computations. In considering spherically
confined tree packing problems on convex polyhedral, we show that this departure from uniformity is
entropic and can be viewed as a first topological symmetry-breaking transition in animal development.
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Packing in the Drosophila germline
In Drosophila, germline clusters form through incomplete divisions of a founder cell, which leaves
the sister cells connected through cytoplasmic bridges called ring canals. These form a hierarchical and
highly stereotypic cell lineage tree (CLT) that encodes the history of cell divisions. The CLT is then
encapsulated into approximately spherical clusters by an epithelium that provides a convex hull, giving rise
to a geometrically constrained TPP (Figure 4.5a) [196]. A closely related packing problem is encountered
in embryos of colonial Volvox algae [197], which are among the simplest multicellular organisms. In Volvox,
the spatial embedding of the cytoplasmic bridge network along the surface of a fluid-filled vesicle
determines the position of the phialopore, an opening at the anterior pole that defines the initiation point for
the embryos’ inversion [198]. Tree embeddings can therefore provide mechanism for a robust physical
symmetry breaking.

Figure 4.5. Cell arrangements in Drosophila egg chambers. a. Volume rendering of a 3D confocal image of
two egg chambers, each comprising a germline cluster of 16 cells that is enveloped by an epithelium.
Incomplete cytokinesis leaves sibling cells connected by ring canals (red) resulting in a hierarchical CLT.
Scale bar = 20 µm. b, c. Schematic of a planar CLT graph embedding (b) obtained by unfolding the 3D
CLT. d. Example of an annotated membrane-based 3D cell volume reconstruction for an egg chamber,
showing front and back views e. CLT reconstructed from (d) with red edges indicating intercellular ring
canals and gray edges additional contact adjacencies. Adapted from [143].
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Using 3D confocal images with fluorescently labeled nuclei, membranes and ring canals, we
identified the individual cells and ring canals in n = 121 egg chambers (Figure 4.5d). The cells and ring
canals define the nodes and edges of the CLT, respectively. The nodes of the lineage trees can be
unambiguously labeled by a cell’s position in the division history, with the oocyte labeled 𝑣 = 1, and the
nurse cells 𝑣 = 2,3, . . . ,16 (Figure 4.5b, c).
We next addressed how the lineage tree is spatially embedded in 3D. Although nurse cells
separated from the oocyte by the same number of ring canals typically reside within the same layer,
regardless of generation, a cell’s relative position within the layer is variable (Figure 4.5c, d). By considering
the 2D planar unfolding of the 3D cell-tree packing, we could distinguish and uniquely label the various tree
states by their leaf sequences. For example, starting with 𝑣 = 16 and proceeding counter-clockwise, the
sequence 𝑒 = [16,14,9,13,15,11,10,12] uniquely identifies the embedding in Figure 4.5e. Generally, for an
unfolded CLT with 𝜈 = 1, … , 𝑉 vertices of degree 𝑑@ , basic combinatorial considerations show that there
exist 𝑃 = ∏A@:%(𝑑@ − 1)! planar embeddings up to 2D rotational symmetry.

Packing Statistics
Our experimental observations suggested that certain tree configurations appeared more
frequently than others (Figure 4.6a). To test the likelihood of observing our experimentally measured
statistics under a uniform null-hypothesis, we numerically computed 100,000 realizations of 121 samples
from a uniform distribution over the 72 distinct tree states. For each instance, we recorded the number of
configurations observed more than 𝑓𝑐 = 4 times, and the largest highest count (with the frequency cut-off
𝑓𝑐 chosen to be more than twice the expected frequency 𝑓 ̄ = 121/72 under a uniform distribution. The
resulting histograms for these two large-deviations statistics indicate that the experimentally observed data
is highly atypical under the uniformity hypothesis (red bars in Figure 4.6b,c).
We also estimated the cell-cell adjacency probabilities from the 121 rounded clusters. Adjacent
cells can be connected by ring canals or not (red and gray edges in Figure 4.2e, respectively). The
adjacency probabilities extracted from the data quantitatively confirm the highly conserved layered structure
of the 3D embeddings and also reveal cell permutations within a layer across different spatial embedddings
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(Figure 4.6d). These adjacency probabilities and the underlying contact graph topologies provide
benchmarks for testing our theoretical models.

Figure 4.6. Statistics of CLT packings. a. Experimentally measured frequency histogram over the 72
topologically different tree configurations. b, c. Large-deviations statistics support the non-uniformity
hypothesis. Simulated histograms (gray; sample size 105) showing the expected probability of observing >
4 counts (b) and a given spread of counts (c) when n = 121 samples are drawn from a uniform distribution
over P’= 72 distinct tree states. Red bars indicate the expected probabilities for observing the experimental
outcome in (a). d. Experimentally measured adjacency probability distribution, with rows and columns
ordered according to a cell’s CLT distance from the oocyte. Adapted from [143].

An energy-based model
To rationalize the experimental observations and provide a mathematical framework for convex
TPPs, we introduced an energy-based model that generalizes the classic Thomson problem of arranging
particles with electrostatic Coulomb repulsion on a sphere [199]. The model represents the cell 𝑣 as a soft
sphere of radius 𝑟@ at position 𝑥@ , and the epithelium as a spherical container of radius R. Ring canals ⟨𝑣, 𝑤⟩
connecting cells 𝑣 and 𝑤 are modeled as harmonic springs of strength 𝑘B . Similarly, adhesion to the
epithelium and steric repulsion between adjacent spheres without ring canal connections are described by
quadratic potentials, yielding the energy
𝐸=

}~
𝑘m
𝑘w
𝑘{
n
[|𝑥q − 𝑥r | − (𝑟q + 𝑟r )]t +
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2
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q•}

(1)

The 𝑘C and 𝑘D terms represents steric repulsion between unconnected adjacent spheres with |𝑥@ −
𝑥E | < 𝑟@ +𝑟E and epithelial adhesion, respectively. To identify tree embeddings and their statistics, we
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minimized Equation (1) numerically, employing an annealed Metropolis-Hastings Monte-Carlo algorithm
with 3D random initial conditions [200,201]. Our simulations always converged to one of the two
polyhedrons T0 and T1 with probability p0= 0.86 and p1= 0.14, in good agreement with the theoretical
predictions based on the automorphisms of the two polyhedrons (Figure 4.7a). Coincidentally, the treestate histogram obtained from the MC simulations agrees well with the exact histogram obtained by
determining all 62,256 and 94,344 CLT embeddings on T0 and T1, respectively. These results suggests
that certain CLT embeddings are favored, and that topological and symmetry-based entropic constraints
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Figure 4.7. Energy-based models confirm non-uniform CLT distributions. a. The two lowest-energy
solutions of the quadratic Thomson problem for equally sized spheres. Numerically obtained tree-state
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average over all CLT embeddings on T0 and T1(green). b. A typical realization of the simulated CLT
packings with sphere volumes matched to the experimental average values for the corresponding cells,
showing a layered cell arrangements consistent with experiments (Figure 4.5d). Adapted from [143].

3

We also considered tree embeddings on convex polyhedrons that generalize Platonic and Archimedean solids [33].
We showed that certain tree configurations can be mapped onto a particular Johnson solid J90 in more ways than
others. Thermodynamically this means that highly degenerate macrostates 𝑒€ can be realized by a larger number of
microstates and hence have higher entropy.
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The Thomson graphs T0 and T1 do not have the correct degree distribution to reproduce the
experimentally measured adjacency probabilities and, in particular, the highly conserved layered structure
observed in the egg chambers. This discrepancy is resolved by adapting the sphere radii 𝑟@ in equation (1)
to match the experimentally measured average volumes of the corresponding cells in each layer. These
results corroborate that energy models of this type define a useful theoretical framework for studying
biologically relevant TPPs under convexity constraints. Similarly to the case of equal radii, the tree-state
distribution remains non-uniform (Figure 4.7b); this non-uniformity however now arises due to a combination
of entropic and energetic effects.

Discussion
Although our investigation focused on the Drosophila germline and on 16-vertex models as relevant
to the experiments, tree packing problems play a fundamental role at the onset of oogenesis in a variety of
multicellular organisms, and the underlying ideas generalize to arbitrary vertex numbers. We suspect that
topologically supported relative cell localization may be important for reproducible oogenesis and
morphogenesis since the relative positioning of oocyte is one of the early steps of axes formation, and
throughout oogenesis, oocytes receive essential biochemical signals from adjacent nurse cells. Our results
show that topological links arising from incomplete cytokinesis can affect cell ordering and rearrangement
processes in a manner that can deviate strongly from the models used to describe patterns of organization
of simple cell aggregates and disjointed objects [202, 203]. This suggests that topological constraints
constitute a biophysical mechanism for controlling cell positioning during early oogenesis and
embryogenesis, with potentially critical implications for tissue scale organization and dynamics.
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4.3 Coordinated Growth of Germline and Soma
The Drosophila egg chamber is an excellent example of how growth of two tissue types is
coordinated in a developmental context. As previously mentioned, the germline cluster does not grow in
isolation. Instead, it is enveloped by an epithelium that grows through several rounds of mitotic divisions,
followed by several rounds of endoreplication. Egg chambers of wild type flies rarely exhibit envelopment
defects: germline clusters are enveloped by neither too few or too many epithelial cells. This suggests that
growth of the germline and the overlying epithelium are tightly regulated. A study over a decade old showed
that apical myosin activity is critical for maintaining epithelial shape and stiffness that is required to
withstand the stretching forces originating from the expanding germline [204]. However, the authors note
that how epithelial proliferation and germline growth are coupled is unclear. Namely, what is the mechanism
that couples stretching forces at the epithelium’s apical surface to its cells’ cell cycle apparatus?
Our main hypothesis was that joint growth of these two tissues is controlled through a candidate
regulator of mechanotransduction: the Piezo pathway. Briefly, recent work has implicated calcium signaling
in the regulation of epithelial cell densities in vitro, through activation of a mechanosensitive ion channel,
Piezo1. When tissues are stretched, Piezo1 triggers an influx of Ca2+ ions, leading to the calciumdependent activation of the Extracellular Signal Regulate Kinase (ERK) pathway, which in turn stimulates
a Cyclin B-dependent progression from G2 to mitosis [205] (Figure 4.8A). Whether this mechanism, which
maintains epithelial homeostasis, also regulates epithelial expansion during development is unknown.
The Piezo family of transmembrane proteins are evolutionarily conserved and exist in a single form
in D. melanogaster [206, 207]. As a first step towards testing its potential role in oogenesis, we stained egg
chambers with antibodies that recognize the dually phosphorylated ERK (dpERK), and found that dpERK
was present in all cells undergoing mitosis (Figure 4.8B). We next probed the expression pattern of Piezo
in developing egg chambers through Gal4-driven expression of a UAS-GFP line. The localization pattern
of Piezo was strikingly distinct at the various stages of epithelial development (Figure 4.8C). During the
mitotic stages (1 through 6), Piezo localized to the membranes and was largely absent from the cytoplasm.
In endoreplicating epithelia, the localization pattern is reversed, with Piezo largely localized to the cytoplasm
and seemingly at much higher levels. The spatiotemporal pattern of Piezo expression was encouraging for
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two main reasons: first, the localization pattern during the mitotic stages is in agreement with observations
from in vitro studies of proliferating epithelia, where Piezo is largely observed at the plasma membrane.
Second, the transition from mitosis to endoreplication in the egg chamber epithelium is driven by Notch
signaling (Figure 4.8D) [208]. A recent study by the Perrimon lab had confirmed that Piezo inhibits Notch
signaling by elevating cytosolic calcium levels [209]. Therefore, it appeared possible that when Piezo is
localized to the membrane, calcium influx into the cytosol inhibits endoreplication. Conversely, sequestering
Piezo in cytoplasmic aggregates lowers calcium influx, and endoreplication is triggered.

Figure 4.8. Dynamics of Piezo expression in Drosophila egg chambers. A. Schematic of the Piezodependent cell cycle control pathway that rapid cell divisions through ERK activation (adapted from [210]).
B. dpERK activation and localization with compacted chromatin in cells undergoing mitosis (red). Insets
show two such individual cells. C. Piezo (green) localizes to the membranes in mitotic epithelia (PH3 in red
marks mitotic cells), but accumulates in cytoplasmic aggregates in endoreplicating epithelia. D. Expression
pattern of hindsight (hnd, pink), a downstream target of Notch signaling, visible only in endoreplication
epithelia. Scale bar = 10 µm.
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It was a surprise when the Piezo null (PiezoKO) flies exhibited no defects at all throughout the
mitotic stages – not in apparent cell number or cell shape4 [211]. Furthermore, the transition to
endoreplication occurred in a timely manner. Three possibilities can account for why PiezoKO egg
chambers appear wild type during the mitotic stages. First, epithelia in in vitro experiments are subject to
sudden and rapid uniaxial stretching, whereas growth during the mitotic stages occurs relatively slowly (a
~50 fold increase in volume over ~40 hours): perhaps growth in this context is not stretch-driven. Second,
redundancy: it is possible that the Piezo pathway is not the sole regulator of stretch-dependent epithelial
proliferation in this context. Other candidate regulators include the Hippo signaling pathway, which has
been implicated in driving stretch-dependent expansion of developing epithelial through Yorkie, the
Drosophila homolog of Yap, and a transcriptional co-activator of several cell cycle genes (see Chapter 1)
[212, 213]. Third, Piezo itself does not play a role in mitosis in the egg chamber epithelium.
The epithelium of the endoreplicating stages and of the mature oocyte however was on occasion
severely compromised. The defects range from precociously stretched epithelia in mitotic stages (i.e. prior
to the transition to endoreplication, posterior migration and the formation of stretch cells), decentered nuclei,
multinucleated cells, and seemingly ruptured cell membranes (Figure 4.9) .

Figure 4.9. Epithelial defects in PiezoKO egg chambers. A. Stretched epithelial cells (arrow) in place of
cuboidal ones B. Ruptured membranes C. Multinucleated (arrow) and misplaced (‘de-centered’) nuclei
(arrowhead). Scale bar = 10 µm.

4

Some nuclei in mitotic epithelia appeared significantly larger (~2-3x) than wild type. I initially thought that
endoreplication may be triggered precociously due to possible lower cytoplasmic calcium levels in PiezoKO. This
however does not seem to be the case, as Notch target genes and markers for endoreplication (e.g. hindsight, hnd)
were observed at the correct stages (i.e. ~ stage 6).
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It is likely that Piezo does play a role in the mechanical regulation of cell cycle, but not in the manner
I initially expected. Namely, not during mitosis, but during endoreplication and in subsequent stages in
which the epithelium is partitioned into posterior columnar and epithelial stretch cells. As a first step towards
testing this, I plan to measure the degree of polyploidy in endoreplicating follicle cells in this mutant
background and whether it differs from wild type: reduced endocycling could reduce cell size and may
explain the phenotypes seen in Figure 4.9. Other mechanotransduction pathways have already been
reported to play a role in mechanical regulation of the cell cycle in endoreplicating and in stretched follicle
cells. For instance, recent work presented at the 2018 Annual Drosophila Research Conference (not yet
published) shows that mechanical stretching accelerates endocycles in the anterior stretched follicle cells
through activation of insulin/IGF-like signaling (IIS) pathway [214]. A genetic screen identified the transient
receptor potential (TRP) channel as the mechanotransducer, which activates the IIS pathway through
calcium incorporation. The Piezo pathway may therefore play a parallel role in mechanical regulation of the
cell cycle in post-mitotic egg chamber epithelia.
Lastly, growth coordination of the germline and the soma is unlikely to be one-directional. Growth
of the germline is most certainly regulated in turn by the epithelium that can impose mechanical restrictions
on the germline’s expansion. This was most evident in experiments in which an AMP-activated protein
kinase was shown to be required cell autonomously for slowing down epithelial cell proliferation when flies
were reared on poor diets [215]. In AMPKa mutant mosaic ovarioles, germline clusters that were enveloped
by AMPKa mutant follicle cells outgrew the wild-type egg chambers that were further down the ovariole,
i.e. older. AMPK therefore regulates epithelial growth, which in turn, regulates germline cluster growth.
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Concluding Remarks

The studies of ovarian development in the fruit fly were pioneered by Robert C. King. His work
touched upon almost all aspects of oogenesis: he established the fourteen stages of egg chamber
development, he remarked on the hierarchy of germline cell sizes, he hypothesized on what factors affect
cell size, and coined the term ‘ring canals’. He even created Polyform reconstructions of the threedimensional structure of the egg chamber and the germarium from electron microscope images. King
dissected this system, literally and figuratively, and laid bare most of what there is to find out.
Almost 60 years later, we are still working at the problems he formulated – but with improved
microscopy and image processing techniques, and with a quantitative outlook. Our work tested some of
King’s preliminary observations in a rigorous manner: for the first time, we provided quantitative evidence
of germline cell size divergence and a testable hypothesis of the underlying mechanism. King’s polyform
models inspired the many digital reconstructions we created to study the diversity of germline cell packings.
We can now reconstruct the three-dimensional shape of the fusome and visualize how oocyte-determining
factors associate with this structure at the resolution of single molecules to determine the robustness of the
oocyte-selection process. Our goal is to make the studies of Drosophila oogenesis quantitative. With
experimental quantitation and mathematical modeling, these studies become predictive. And with predictive
power comes a deeper mechanistic understanding. My advisor once said – and I paraphrase – that you do
not really understand something until you can write an equation for it. I was skeptical at first. The Aristotelian
institutino held that one could unravel the laws of our universe through thought, and that it was not
necessary to directly observe or measure [216]. Then came Galileo with his measurements; Newton with
his laws. To the extent that I was an Aristotelian, I am reformed.
What we have found is that throughout oogenesis, both tissues comprising the Drosophila egg
chamber grow non-uniformly. In the germline, cells diverge in size due to asymmetric transport through ring
canals. In the overlying soma, it is clones that diverge in size due to initial differences in cell number that
are then compounded by diffusion - once again, through ring canals. Both tissues exhibit differential growth
at the tissue-level, yet both can be visualized and studied quantitatively and mechanistically, with single cell
resolution. And this thesis barely scratches the surface of what there is yet to find out in this system. For
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instance, how is the germline initially encapsulated by the epithelium? This process is tightly regulated, as
wild type egg chambers almost never exhibit encapsulation defects, yet the mechanical and chemical cues
that regulate the spatiotemporal association of both tissues is unclear. Germline encapsulation could for
instance be studied as a model for organ generation. Although organoids are increasingly being employed
for that purpose, this process is notoriously difficult to control. Egg chamber formation on the other hand, is
remarkably efficient, and occurs in the most genetically accessible model organism in the fundamental
studies of development.

Divergent growth in the egg chamber. A. In the germline. B. In the soma.
Lastly, studies of size regulation are complex, yet they are critical, applicable, and for that reason,
they have endured. The Hippo pathway for instance, was first discovered in Drosophila, and has since
shown to be a critical and conserved regulator of cell growth, division and death. Similarly, our
understanding of the mechanical control of tissue growth has allowed us to make use of strain-driven
growth for generating new skin, and for repairing defects in reconstructive surgery [217]. A recent review
on size control reports that “our current understanding of the mechanisms that regulate organ or organism
size is rudimentary, at best” [218]. It needn’t remain so. Progress in our mechanistic understanding of
growth dynamics however requires establishing model systems that are tractable, where most if not all
parts can be accounted for, and that can be worked through to the end. This work is a step in that direction.
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Appendix A
Materials and Methods

A.1. Fly stocks

Throughout, we used Oregon R as our wild-type stock, and to obtain a better signal of the membranes in
germarial egg chambers, we used GFP-Resille flies. Two egalitarian alleles (eglwu50 and eglRC12, kindly
provided by Trudi Schupbach from Princeton University) were crossed to generate transheterozygotes referred to as egl throughout Chapter 2. The lines used in Chapter 4, section 1 are the following: the orb null
allele (orb343), the orb 3’UTR deletion, the orb 3’UTR-XN and 3’UTR-LacZ (HD19). These were all
generated in the Paul Schedl lab at Princeton University and referenced in the text accordingly.

A.2. Immunofluorescence and Antibodies

All fly stocks were maintained by standard methods at room temperature, and were grown on a standard
cornmeal, molasses, and yeast media. Ovaries from adult flies are fixed in 4% (wt/vol) paraformaldehyde
at room temperature for 20 minutes, and treated with PBSt (1x PBS+ 1%BSA+ 0.01%Tween) for an hour
before staining with primary antibodies: Sheep anti-GFP (1:1000, obtained from E. Wieschaus Lab,
Princeton University), mouse anti-Hts (1:500, Developmental Studies Hybridoma Bank (DSHB)), rabbit antiPTyr (1:500, Santa Cruz Biotechnology), and mouse anti-NPC (1:500, Abcam). We then use the following
secondary antibodies: Alexa-Fluor goat anti-rabbit 546nm, goat anti-sheep 488nm, and goat anti-mouse
647nm, diluted 1:300. We also use Phalloidin–Alexa-647 (Life Technology) diluted 1:1000, and DAPI
(1:500). Samples are mounted in 50% Aqua-Poly/Mount (Polyscience).
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A.3. Microscopy and Image Analysis

Imaging was performed on a Nikon A1 scanning confocal microscope, using either a 60x or 40x/1.3 NA
Plan-Apo oil objective. Z stacks (500 1000 nm steps) were acquired in using the 405nm diode laser, 561nm
diode-pumped-solid-state (DPSS) laser, a 638nm diode laser, as well as a 488nm Argon-gas laser line.

Cell annotation and surface reconstructions
Images were viewed and processed in Bitplane’s Imaris using built-in modules. To label the germline cells
from 1-16, z stacks of germline cysts with fluorescently-labeled membranes, ring canals and nuclear
envelopes were rendered and then viewed one optical slice at a time. The oocyte and 15 nurse cells of
germline cysts with labelled membranes and ring canals are identified and annotated based on the cell-cell
connections according to the ring canal tree. Bitplane’s Imaris enables viewing of individual optical slices,
and the annotation of objects as they appear on each slice. The stereotypic nature of the ring canal tree,
the distinct morphology and location of the oocyte, and the ability to view and annotate each slice
individually, removes any ambiguity associated with identifying the cells correctly. In rounded egg
chambers, the oocyte is easily recognizable as the most posterior cell and is neighbored only by cells to
which it is connected through ring canals. Surface reconstructions of nuclei and cells of labeled egg
chambers were generated using Imaris’ Contour Surface tool.

Extracting adjacency matrices
For stage 1 and older egg chambers in the vitellarium, we use 3D images of germline cysts with annotated
cells, and then rely on membrane stains (Resille-GFP and/or Phalloidin) to identify adjacent cells, in addition
to those connected through ring canals. Bitplane’s Imaris enables the viewing of individual optical slices in
the z-direction as well as in the x-y and x-z planes.

Extracting the tree state
Flat monolayered germline cysts in the germarium: Because of the flat (2D) structure of the cyst, the tree
state can be read off a planar visualization of the annotated cells, starting with the cell connected to cell 2,

65

moving counterclockwise. Spherical egg chambers: Using the extracted adjacency graph structure, we
deduce the arrangement of the cells within each group of nurse cells that have edge-distance one, two, and
three from the oocyte. Cells 2, 3, 5, and 9 have one edge- distance from the oocyte. Discounting trivial
mirror and rotational symmetries, there are 3 possible arrangements, {(3,5,9),(3,9,5),(5,3,9)}. These are
inferred by noting which cells are adjacent to cell 2 (Fig. S3b). Similarly, we next consider cells 4,6, and 10
which are 2 edges away from the oocyte. To infer which of the 6 different configurations {(4, 6, 10), (4, 10,
6), (6, 4, 10), (6, 10, 4), (10, 4, 6), (10, 6, 4)} is realized, we proceed as follows: We first determine which
of cells 4, 6, or 10 is adjacent to the other two, making it the central cell. We then consider contacts between
the two non-central cells and any of cells 3, 5, 9 and their descendants 7, 11, and 13. neighboring branch
candidates (cells 9, 5, 2 and descendants 4, 6, 10, and 13). Finally, to determine the ordering of cells 8 and
12, we consider their adjacencies to cell 6, 10, and 14 together with the previously obtained ordering of 4,
6, and 10. The tree state is then found by reading off the sequence of terminal nodes, starting with cell 16
and moving counterclockwise.

A.4. Mathematical Modeling

The simulations of Section 4.2 were carried out using the standard Metropolis-Hastings algorithm. For more
details on graph tree extraction, determination of adjacency matrices, identification of unique adjacency
graphs, construction of tree embeddings, extraction of sub-isomophism histograms and determination of
the non-uniformity of the tree state histograms, a complete supplement is available online with [219].

The mathematical model of Chapter 2 that explains differential growth and the emergence of the
observed pattern of cell sizes in the growing 16-cell is described briefly below:

Each cell is labeled by its number i in the cluster,
number

j

i = 1,2,...,16 ,

and each cell layer is labeled by its

that characterizes the "distance" (the number of connecting ring canals) from a cells belonging

to this layer to cell 1 (oocyte),

j = 0,1,..., 4 . Contacts occur only among cells of neighboring layers. We
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model growth, or increase in the cell volume V , according to Monod kinetics, assuming that the volume
growth rate is proportional to the product of the current cell volume and a monotonically increasing function
of the intracellular concentration of some limiting component. The dynamics of the cell i volume is then
governed by the following equation:

dVi (t )
= Vi (t ) f ( ci (t ) )
dt
where

(A.1)

f (ci ) is a monotonically increasing function of ci , the concentration of the limiting nutrient in cell

i . In the linear regime considered in the present paper, f (ci ) = µci , and Eq. (A.1) reduces to

dVi (t )
= µci (t )Vi (t )
dt
Since nutrient equilibration among the cells is a fast process, all
see, the proportionality factor depends on which layer
concentration in cell i belonging to layer

j

(A.2)

ci (t ) are proportional to c1 (t ) . As we will

the cell i belongs to. Thus, the nutrient

j , denoted by ci( j ) (t ) , can be written as
ci( j ) (t ) = g j (n )c1 (t )

where the proportionality factor

g j (n )

is a function of the parameter

(A.3)

n

formally defined below, which

characterizes the asymmetry of transport through the ring canal,

g j (n ) = n j .
Denoting the volume of cell i belonging to layer

j

by

Vi ( j ) ( t )

(A.4)
and using Eqs. (A.3) and (A.4), Eq. (A.2)

can be written as

dVi ( j ) (t )
= µn j c1 (t )Vi ( j ) (t ) ,
dt

(A.5)

Derivation of Eqs. (A.3) and (A.4)
The flux

J i®i¢ from cell i to cell i¢ through the ring canal connecting these cells is given by J i®i¢ = kai®i¢ci

, where

k is the rate constant describing the particle entrance into the canal, and ai®i¢ is the translocation
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probability, i.e., the probability that a particle entering the canal from cell i passes through and escapes
into cell

i¢ . The transport asymmetry parameter, n , is the ratio of the translocation probabilities:

n = ai¢®i ai®i¢ . Here, we treat all ring canals as identical, and we have
n=

a1®2 a1®3 a1®5 a1®9 a 2®4 a 2®6 a 2®10 a3®7 a3®11
=
=
=
=
=
=
=
=
a 2®1 a 3®1 a5®1 a 9®1 a 4®2 a 6®2 a10®2 a 7®3 a11®3
a
a
a
a
a
a
a
= 4®8 = 4®12 = 5®13 = 6®14 = 7®13 = 5®15 = 8®16
a8®4 a12®4 a13®5 a14®6 a13®5 a15®7 a16®8

(A.6)

Flux compensation for the ring canals connecting cell 1 with cells 2, 3, 5, and 9 leads to

c2 =

a1®2
a
a
a
c1 = n c1 , c3 = 1®3 c1 = n c1 , c5 = 1®5 c1 = n c1 , c9 = 1®9 c1 = n c1
a 2®1
a3®1
a5®1
a9®1

(A.7)

Similarly, flux compensation for the ring canals connecting the cells of the first and second layers leads to

a 2® 4
a
a
c2 = n 2c1 , c6 = 2®6 c2 = n 2c1 , c10 = 2®10 c2 = n 2c1 ,
a 4® 2
a 6® 2
a10®2
.
a 3®7
a 3®11
a5®13
2
2
2
c7 =
c = n c1 , c11 =
c = n c1 , c13 =
c = n c1
a 7® 3 3
a11®3 3
a13®5 5

c4 =

(A.8)

Next, compensation of fluxes through the ring canals connecting the cells of the second and third layers
leads to

c8 =

a 4®8
a
a
a
c4 = n 3c1 , c12 = 4®12 c4 = n 3c1 , c14 = 6®14 c6 = n 3c1 , c15 = 7®15 c7 = n 3c1 .
a8®4
a12®4
a14®6
a15®7

(A.9)

Finally, the flux compensation for the ring canal connecting cells 16 and 8 leads to

c16 =

a8®16
c8 = n 4c1 .
a16®8

(A.10)

Balancing Fluxes
We start our discussion of flux balance by noting that the time dependence of the number of particles in
cell i , denoted by

N i (t ) , is determined by the rate equation
é
ù
dN i (t )
æ
ö
= k ê åai¢®i ci¢ (t ) - ç åai®i¢ ÷ ci (t ) ú
dt
è i¢
ø
ë i¢
û

(A.11)

68

where the summation over
equilibrium,

i¢ implies the summation over all cells connected with cell i by ring canals. At

dNi (t ) dt = 0 for all i , and Eq. (A.11) reduces to

åa
i¢

æ
ö
c (t ) = ç åai®i¢ ÷ ci (t )
è i¢
ø

(A.12)

i ¢®i i ¢

First, we write this equation for cells 9 - 16, each of which is connected with only one cell,

a9®1c9 = a1®9c1 , a10®2c10 = a2®10c2 , a11®3c11 = a3®11c3 , a12®4c12 = a4®12c4 ,
.
a13®5c13 = a5®13c5 , a14®6c14 = a6®14c6 , a15®7c15 = a7®15c7 , a16®8c16 = a8®16c8

(A.13)

k , we recover flux compensation for the ring

Multiplying both sides of these equations by the rate constant
canals connecting cells 9 - 16 with cells 1 - 8, respectively.

Next, we write Eq. (A.12) for cells 5 - 8, each of which is connected with two cells. Taking into account Eq.
(A.13), we obtain:

a5®1c5 = a1®5c1 , a6®2c6 = a2®6c2 , a7®3c7 = a3®7c3 , a8®4c8 = a4®8c4
After multiplication of both sides of these equations by

(A.14)

k , we recover compensation of fluxes through the

ring canals connecting cells 5 - 8 with cells 1 - 4, respectively.

Finally, we write Eq. (A.12) for cell 2 containing 4 ring canals and cells 3 and 4 containing 3 ring canals,
respectively. Taking into account Eqs. (A.13) and (A.14), we arrive at

a2®1c2 = a1®2c1 , a3®1c3 = a1®3c1 , a4®2c4 = a2®4c2
Multiplying both sides of these equations by the rate constant

(A.15)

k , we recover flux balance for the ring canals

connecting cell 2 with cells 1 and 4, and cell 3 with cell 1.

Solution of Eq. (A.5)
We obtain the time dependence of the volume of cell i separated from cell 1 by
Eq. (A.5) with the initial condition

j

ring canals by integrating

Vi ( j ) (0) = V0 . The result is
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t
Vi ( j ) (t ) = V0 exp é µn j ò c1 (t ¢)dt ¢ù = V ( j, t )
0
ëê
ûú

(A.16)

where we took advantage of the fact that the volumes of all cells belonging to the same layer are equal and
denoted this volume for the cells belonging to layer
cell volume

j

by

V (t , j ) . The natural logarithm of the ratio of the

V (t , j ) to its initial value, V0 , is

ln

t
V (t , j )
= µn j ò c1 (t ¢)dt ¢
0
V0

(A.17)

We use this to establish the relation between volumes of the cells belonging to different layers,

ln

V (t , j )
V (t , j )
V (t ,1)
= n ln
= n j ln
V0
V0
V0

(A.18)

Alternatively, this relation can be written as
n

nj

V (t , j ) éV (t , j - 1) ù éV (t ,1) ù
=ê
ú =ê V ú .
V0
ë V0
û ë 0 û

(A.19)

This is a generalization of Eq. (10) from the main text to the case of the 16 cell cluster.
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Appendix B
Publications

*Imran Alsous, J., *Villoutreix, P., *Stoop, N., Shvartsman, S.Y., and Dunkel, J.(2018).Entropic effects in
cell lineage tree packings. Nature Physics. doi.org/10.1038/s41567-018-0202-0

Imran Alsous, J., Villoutreix, P., Berezhkovskii, A.M., and Shvartsman, S.Y. (2017). Collective growth in a
small cell network. Current Biology. doi: dx.doi.org/10.1016/j.cub.2017.07.038

*Arora, N., *Imran Alsous, J., *Guggenheim, J.W. et al. (2017).A process engineering approach to increase
organoid yield. Development. doi: 10.1242/dev.142919.

Bakhmutsky, K., Imran Alsous, J. and Gorte, R.J. (2012). A thermodynamic investigation of the redox
properties of VPO catalysts. Catalysis Letters. 142: 578-581.

*Equal contribution
.
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Appendix C
Talks and Conference Presentations

§

EMBO Cell Size Conference (2016, Joachimstahl - Germany):
Imran Alsous, J., Villoutreix, P., Berezhkovskii, A.M., and Shvartsman, S.Y.
“Collective Growth in a Simple Multicellular Structure”.

§

VIZBI Conference (2016, Heidelberg – Germany):
Imran Alsous, J., Villoutreix, P. and Shvartsman, S.Y.
st

1 Place BioArt Award for the image “Picasso’s Bulls & Drosophila’s Eggs” on the abstraction of
three-dimensional cell packing.

§

st

Princeton Research Day (2016, Princeton University): 1 Prize for 90-second Pitch on Drosophila
Oogenesis.

§

Developmental Colloquium (2017, Princeton University):
Imran Alsous, J., Villoutreix, P., Berezhkovskii, A.M., and Shvartsman, S.Y.
“Collective Growth in a Simple Cell Network”.

§

Annual Drosophila Research Conference (2018, Philadelphia):
Imran Alsous, J., Villoutreix, P., Berezhkovskii, A.M., and Shvartsman, S.Y.
“Tissue Organization in a Small Multicellular Structure”

§

Allen Discovery Center summer seminar (2018, Tufts):
Imran Alsous, J., Villoutreix, P., Berezhkovskii, A.M., and Shvartsman, S.Y.
“Collective Growth Dynamics in the Drosophila Ovary”
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Appendix D
Rights and Permissions
Article: Co llective Growth in a Small Cell Network
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Article: Entropic Effects in Cell Lineag e Tree Packings
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