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A B S T R A C T   

The insect compound eye is the most abundant eye architecture on earth. It comes in a wide variety of shapes and sizes, which are exquisitely adapted to specific 
ecosystems. Here, we explore the organisational principles and pathways, from molecular to tissular, that underpin the building of this organ and highlight why it is 
an excellent model system to investigate the relationship between genes and tissue form. The compound eye offers wide fields of view, high sensitivity in motion 
detection and infinite depth of field. It is made of an array of visual units called ommatidia, which are precisely tiled in 3D to shape the retinal tissue as a dome-like 
structure. The eye starts off as a 2D epithelium, and it acquires its 3D organisation as ommatidia get into shape. Each ommatidium is made of a complement of retinal 
cells, including light-detecting photoreceptors and lens-secreting cells. The lens cells generate the typical hexagonal facet lens that lies atop the photoreceptors so that 
the eye surface consists of a quasi-crystalline array of these hexagonal facet-lenses. This array is curved to various degree, depending on the size and shape of the eye, 
and on the region of the retina. This curvature sets the resolution and visual field of the eye and is determined by i) the number and size of the facet lens – large 
ommatidial lenses can be used to generate flat, higher resolution areas, while smaller facets allow for stronger curvature of the eye, and ii) precise control of the inter 
facet-lens angle, which determines the optical axis of the each ommatidium. In this review we discuss how combinatorial variation in eye primordium shape, 
ommatidial number, facet lens size and inter facet-lens angle underpins the wide variety of insect eye shapes, and we explore what is known about the mechanisms 
that might control these parameters.   

1. Introduction 

Evolving sensory systems capable of detecting and interpreting 
odours, sounds and light is arguably one of the most important steps in 
animal evolution. The olfactory, auditory, and visual systems have all 
evolved specific morphological features and 3D tissue organisation, 
which are suited for their function. For the eye, and across species, there 
is a set of common key constraints that need to be met to generate a 
functional eye. The resolution of an eye ultimately depends on how 
finely “pixelated” the image it generates is [1]. Two major eye types 
exist: the camera-like eye, where a surface slit or a lens focuses light onto 
the photoreceptor in the neural retina, and the compound eye, which is 
made of adjacent unit eyes, called ommatidia, each coming with its own 
dioptric apparatus and core set of photoreceptor cells (Fig. 1A) [2]. 
While in camera type eyes each photoreceptor (R) cell represents a pixel, 
in most compound eyes each pixel is contributed by one ommatidium. 
Compound eyes are typical of Crustacea and Hexapoda (including in-
sects) but are also present in other arthropods, such in Myriapoda or the 
chelicerate Limulus [3,4], and therefore represent the most abundant eye 
type in nature. In these eyes, each ommatidium is formed by three types 
of cellular elements arranged in a slender cylinder: the R cells, at the 
centre; the screening pigment cells around the R cells; and the cells 

secreting the dioptric apparatus, formed by two elements: the cuticular 
lens and the pseudocone, which are deposited on top of the R cells [5,6]. 
The dioptric apparatus focuses light onto the core R cells in each 
ommatidium. In most arthropods, R cells juxtapose their heavily folded 
apical membranes (called “rhabdomeres”) to form a common central 
light gathering structure called rhabdom, which bear the photopig-
ments, called Rhodopsin. In this case, all R cells in one ommatidium 
work as a single light detecting unit. The situation is more complex in 
Diptera (i.e. flies). Here, the rhabdomeres of each R cell is detached from 
its neighbours, and individual rhabdomeres are arranged around a 
central luminal space – the inter-rhabdomeric space [5]. This type of 
open rhabdom arrangement, allows for each R cell within an omma-
tidium to see a different part of the visual space (Fig. 1A). Thanks to the 
wiring of the R axons as they reach the optic lobe, where visual infor-
mation is processed, R cells from adjacent ommatidia that focus on the 
same point in space project their axons to the same optical synaptic 
column [7]. This neural architecture allows for sharp vision and 
increased sensitivity. Critically, it relies on the perfect arrangement of 
ommatidia and ommatidial cells: the compound eye of flies is a precision 
optical device, in which the lenses form an hexagonal lattice, which 
maximises occupancy (although there are lenses of different shapes, 
such as squares) on a dome-shaped convex surface (Fig. 1A-C). 
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Therefore, animals equipped with compound eyes see a pixelated world, 
and the geometry or “shape” of this convex eye is critical for function. 
The optical performance of the compound eye depends, by and large, on 
the density of ommatidia (higher density increases resolution), facet size 
(larger facets allow higher sensitivity) and curvature (with higher cur-
vature permitting a broader field of view). These parameters not only 
vary from species to species, but also within a single eye, sometimes with 
areas of higher and lower resolution/sensitivity (for further discussion 
of compound eye optics, see [1,4]). The type of Rhodopsin expressed in 
R cells determines the wavelength sensitivity of each ommatidium to 
detect light’s colour and vector of polarisation [8,9]. 

Most of what we have learned of how the compound eye develops its 
curved, convex shape comes from studies in the fruit fly Drosophila 
melanogaster. Drosophila is a holometabolous insect, living through a 
larva and an adult form, which are connected through metamorphosis. 
Although some other groups of insect have a life cycle in which larval 
and adult stages are more similar to one another (hemimetabolous in-
sects), the general mode of eye development seems to be largely 
conserved across insects [3] and, therefore, we expect that the general 
principles underlying the development and shaping of the compound 
eye can be derived from Drosophila studies. 

The eye of Drosophila melanogaster has been a particularly useful 
model to study how cells work together to assemble a multicellular unit, 
the ommatidium, during tissue patterning. However, understanding 
how the eye is built has often been reduced to understanding cell 
specification and movement in the 2D plane of the tissue. This approach 
has revealed that ommatidia can differ in photoreceptor content, 
depending on the type of Rhodopsin they express [9,10]. It has also 
revealed how retinal cells work together to assemble the ommatidium 
and determine its size and shape [11,12]. The ommatidium is a modular 
unit, and is well suited for studying how different cell types work 
together to generate a functional organ at different scales: cells, tissue 
units and whole tissue. For instance, in flies and other insects the 
dorsal-most rows of ommatidia are specifically adapted for detecting 
polarised light, which is used for navigation [13]. In many fly species, 
the eyes of males are enlarged dorsally at the expense of head cuticle. 
This expansion is thought to enable higher spatial resolution in this part 
of the eye, which is used to locate sexual partners for in-flight mating - 
the so-called “love-spot” [14]. For example, in some hoverfly species, 
this male-specific dorsal extension is made by addition of more omma-
tidia. In some tabanids, though, the love spot is generated by enlarging 
the facet size of the dorsal ommatidia (Fig. 1D). 

Fig. 1. Building a compound eye. (A) Schematic representation of different types of eyes, camera-like, apposition and superposition (Dipteran) eyes. (B) A cry-
osection through the eye of Drosophila showing the retina, which includes R8 cells expressing the UV-sensitive rhodopsin 5 (blue). (C) On-face view of the surface lens 
of the pupal eye of Drosophila, at a stage where patterning of the lens is complete. Ecadherin (red) and F-actin (green). (D) Developmental time-line of eye 
development in Drosophila, showing key stages relevant for 3D pattering of the eye. From left to right, confocal image of an eye (CE) antenna (a) disc at the L1-L2 
stage. In L3, the eye tissue is patterned as the Morphogenetic Furrow (MF) sweeps across the disc from the posterior to the anterior pole. As the animal enters 
pupation, the 2D retina undergoes remodelling so that the cone cells (blue) move on top of the photoreceptors. This correlates with a 90º rotation of the photo-
receptors (purple) apical-basal polarity axis. Lens formation also involves the primary pigment cells (red) translocating to the tissue surface and eventually detaching 
from the basement membrane. Stills of a time lapse movie of lens patterning shows how cells interact to pattern the ommatidium as a supracellular hexagonal 
structure. (E-H) Pictures of fly eyes that differ in their shape, size area and that show regionalisation in their facet lens size- (E) the eye of a Tabanid male fly shows a 
dorsal anterior region of low curvature with large facets (“love spot”, light brown) and a lateral-posterior region of higher curvature with smaller facets (dark brown 
region). Image courtesy of Stephen A. Marshall. (F) Baeopterus robustus male (Natural History Museum (NHM) London specimen code: 010401386); (G) Drosophila 
melanogaster male (H); Hermetia illucens female (Natural History Museum (NHM) London specimen code: 013435435). 

F. Pichaud and F. Casares                                                                                                                                                                                                                    



Seminars in Cell and Developmental Biology xxx (xxxx) xxx

3

Eye development in Drosophila proceeds in two phases, one in 2D and 
another in 3D (Fig. 1E). During the 2D phase, which takes place during 
the last larval stage and the early pupa, the development of the eye 
unfolds in a flat monolayered epithelium. During the 2D phase the eye 
primordium grows in size, thanks to the proliferation of its progenitor 
cells. Simultaneously, cell differentiation takes place by progressive and 
patterned recruitment of progenitor into the different cell types that 
compose the ommatidia. The balance between growth and differentia-
tion, together with the geometry of the epithelium will determine to a 
great extent the size and shape of the final eye. Then, the 2D epithelium 
is remodelled into a 3D organ during later pupal stages. 

Understanding how the ommatidium is assembled clearly helps un-
derstanding how the eye is built. However, it falls short of explaining 
how the eye is shaped in 3D. For this, we need to consider tissue level 
regulations and ask, what mechanisms control the size and shape of the 
retinal primordium? What pathways set the number of ommatidial cells? 
And, what induces bending of the retina to generate its dome-like shape? 
Addressing these questions is broadly relevant for our understanding of 
the pathways that shape all organs. In what follows we will describe 
what is known (and what is still not known) about the processes we have 
just highlighted, basing our discussion on what is known in Drosophila. 

2. Shaping the compound eye, one ommatidium at a time 

Drosophila melanogaster is one of the most popular invertebrate 
model systems: its genetics allows for manipulating cells in space and 
time, while it is possible to image them as they work together to generate 
tissues. Using this animal system has allowed to establish the pathways 
that i) specify the eye primordium, ii) control the growth of the pri-
mordium, and iii) induce ommatidia development. Together, these three 
aspects of early eye development set the stage for determining the size 
and shape of the eye. 

2.1. The 2D phase: size and shape blueprints 

The eye develops from a flat epithelial sac (Fig. 1E) that gives rise to 
most structures of the fly head: the so-called eye-antennal imaginal disc. 
The eye-antennal imaginal disc invaginates during late embryogenesis 
to lay adjacent to the neuroblasts that will develop to form the optic 
lobes [15,16]. During the early stages of development, in the larva, the 
eye-antennal imaginal disc will grow, and two major regions will be 
specified within it: the anterior antennal domain and the posterior eye 
domain [17,18](Fig. 1D). Within the disc, each of the two layers com-
prises cells of distinct cellular morphotype: One layer is a pseudos-
tratified columnar epithelium, and is known as “main epithelium” as it 
gives rise to the adult head structures, including the eye. The other layer, 
called peripodial epithelium, is composed by squamous cells and serves 
an ancillary role, providing signals to the main epithelium during 
development [19,20]. The peripodial epithelium participates in the 
“eversion” of the disc during pupation, a phenomenon by which the 
apical side of the epithelium, which faces the sac’s lumen during larval 
development, turns “inside-out” to end up facing “outside” after 
metamorphosis. 

2.2. Eye primordium specification, growth and differentiation 

Eye differentiation starts at the beginning of the third and last larval 
stage. Up to this point, the eye progenitor cells have been increasing the 
size of the primordium through cell proliferation. Differentiation is 
triggered at the posterior margin of the eye primordium. Once initiated, 
differentiation proceeds as a wave that sweeps across the primordium 
from posterior to anterior. As cells differentiate behind the wavefront 
(which is visible morphologically as an epithelial furrow, called 
“morphogenetic furrow” – Fig. 1E), they exit the cell cycle. Therefore, 
growth terminates when all progenitor cells have been recruited by the 
wavefront [21]. In this context, recent work, using modelling and 

quantification of developing eyes, has revealed that the final 
morphology of the eye depends on the precise interplay of a number of 
variables: the size and shape of the primordium at the time of differ-
entiation start (beginning of L3), the rate at which progenitor cells 
proliferate, and the speed at which the morphogenetic furrow moves 
[22–24]. 

Before the onset of differentiation, during the L1 and L2 larval stages, 
three important processes take place. Firstly, the eye primordium is 
defined in the posterior region of the disc by the coexpression of tran-
scription factors, including the Pax6 genes eyeless (ey) and twin of eyeless 
(toy) and the Six2 gene sine oculis (so) which jointly define the “eye” 
identity of the eye progenitor cells. Secondly, the eye primordium region 
is shaped as an approximately elliptical domain, at least in Drosophila. 
Third, the size of the eye primordium increases through the proliferation 
of the eye progenitor cells (reviewed in [15,16,25]). 

Differentiation of the retinal cells, which is preceded by a halt in the 
cell cycle, is triggered by the Hedgehog (Hh) signalling molecule that is 
produced by cells adjacent to the eye primordium, which diffuses 
anteriorly into the eye primordium region of the disc. Hh signalling also 
induces the apical constriction in the morphogenetic furrow, which 
marks the onset of retinal cell differentiation [26,27]. R cell differenti-
ation starts with the expression of the bHLH proneural transcription 
factor atonal (ato) [28] and ommatidia formation is initiated with the 
singling out of regularly spaced ato+ R8 cells. Each R8 cell will act as 
“ommatidial founder” cell by signalling to its neighbours to initiate 
recruitment of the remaining ommatidial cells, starting with the other 
seven R cells [29]. R cells express Hh themselves, which leads to the 
induction of more R cells [30]. In this manner, a feed-forward loop is 
established, which induces movement of the morphogenetic furrow. As 
cells exit the cell cycle behind the furrow to initiate their differentiation, 
growth of the eye primordium continues as long as there are prolifera-
tive progenitors ahead of it, and ends when the differentiation wave 
reaches the anterior pole exhausting the progenitor cell pool, at which 
point the eye has accrued all its ommatidia within an epithelial domain 
of a defined shape. Since ommatidia do not exchange neighbours, this 
developmental stage directly determines the final shape of the eye when 
the epithelium morphs into a 3D dome. 

The relevant size, that of the primordium at the onset of differenti-
ation, can vary depending upon the size of the primordium when it is set 
aside within the eye-antenna imaginal disc and on the progenitor cell 
proliferation rate. As mentioned above, one of the genes responsible for 
defining the eye primordium within the disc is ey. Work by Ramaekers 
et al. [31] showed how temporal differences as to when ey transcription 
is restricted to the prospective eye domain explains the eye size differ-
ences (i.e. differences in number of ommatidia) between D. melanogaster 
and the related species D. pseudobscura, and even between strains of 
D. melanogaster showing size differences. An earlier determination of the 
eye primordium results in a longer proliferation time for progenitor cells 
such that, at the onset of differentiation, the eye progenitor field is larger 
[31]. However, the shape of this primordium may play a role as well 
[32]. For example, for primordia of equal cell number, the differentia-
tion wave will have to travel a shorter distance in narrower primordia to 
reach its anterior pole, in principle leading to a differently sized and 
shaped eye. However, to our knowledge, no study has investigated how 
the shape of the primordium is set or whether there is any further spe-
cific control of tissue shape during its ensuing development in L3. 

More is known on the mechanisms regulating the proliferation rate 
of the retinal progenitors, and the differentiation velocity. Progenitors 
are maintained in a proliferative state by the combined action of several 
transcription factors: the Meis-family transcription factor homothorax 
(hth) and the zinc-finger paralogues teashirt (tsh) and tiptop (tio) 
[33–35]. These transcription factors seem to act as partners of the Hippo 
pathway nuclear transducer, yorkie (Yki), which is involved in cell 
proliferation and survival control [36]. In addition, progenitor prolif-
eration is stimulated by the activity of the Notch signalling pathway 
both directly and indirectly through the Notch-induced activation of the 
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cytokine Unpaired (Upd/os) [37–44]. 
Part of the regulatory functions exerted by the differentiation wave is 

the production of signals that repress the progenitor-specific transcrip-
tion factors, such that their repression is concomitant with the activation 
of ato [33,45,46]. The other important variable is differentiation speed: 
that is, the velocity at which the differentiation wave sweeps across the 
epithelium. This speed ultimately depends on how fast the Hh-receiving 
progenitor cells differentiate into R cells and become Hh-producing 
themselves. The Hh signalling exerts several functions during eye dif-
ferentiation. In addition to inducing a proneural fate in eye progenitors, 
Hh is required for the stalling of the cell cycle through the transcrip-
tional activation of dacapo/p21, a cyclin inhibitor [47]. Also, Hh pro-
duced by the R cells induces expression of Bone Morphogenetic Protein 2 
(Dpp in flies), and both signalling pathways contribute in inducing the 
apical constriction, apicobasal contraction and basal nuclear migration 
of receiving cells [26,27] which result in the characteristic furrowing of 
the wavefront [48]. However, Hh signalling is transient. It peaks at the 
morphogenetic furrow but behind it, signalling declines. This decline 
allows cells to exit their “furrow” state and start differentiating. Mech-
anistically, this is mediated by delayed negative feedback: high Hh 
signalling results in the transcriptional activation of the SPOP homo-
logue Roadkill (Rdx). Rdx drives a Cullin-3-mediated degradation of the 
nuclear transducer of the Hh signalling pathway, the Gli transcription 
factor Cubitus interruptus (Ci) [49,50], reduces the activity of the 
pathway. In addition, the speed at which Hh signalling peaks and then 
declines is itself regulated by a Hh-target gene, dachshund (dac) [51]. 
dac encodes for a nuclear factor that favours the accumulation of the 
activator form of Ci, CiA. By doing so, Dac accelerates Hh signalling, 
inducing a shaper activation-deactivation signalling dynamics. This fact 
explains that in dac-mutant cells, eye differentiation still occurs, but a 
slower pace [52]. Therefore, the speed at which the differentiation wave 
moves might be subject to regulated variation, depending on the species 
and even sex in a species. Variations in the speed of furrow propagation 
are expected to have an impact on the final size and shape of the eye 
primordium at the end of L3. This is because it determines the number of 
ommatidia that can be generated while also setting the time that is 
available for the eye primordium to continue growing – as Hh signalling 
is responsible for inducing the cell cycle exit and differentiation of 
progenitor cells. 

2.3. Recruiting retinal cells to assemble the ommatidium 

During pupation, further critical changes in ommatidial organisation 
take place. But before getting to this stage, it is important to briefly 
review two additional processes occurring during L3. Ommatidial cell 
differentiation and assembly, and control of ommatidial cell size. 

Immediately behind the morphogenetic furrow, the expression of 
ato, which was uniform anterior to it, becomes restricted to regularly- 
spaced cells, a restriction that is mediated by Notch signalling. Each of 
these ato-expressing cells will become R8 photoreceptors which act as 
founder cells of each ommatidium, initiating the recruitment, by short- 
range intercellular signalling through the EGF receptor and Notch 
pathways, of the remaining cell complement that will form the omma-
tidium [11]. These include the other 7 R cells (R1–7), four cone cells and 
two primary pigment cells. Secondary and tertiary pigment cells are 
shared among adjacent ommatidia to form the hexagonal lattice of the 
eye. In addition, mechanosensory bristle complex cells are specified that 
are also shared among ommatidia. 

R8 first recruits R2 and 5, and next R3 and 4 among surrounding 
cells. At this point, a wave of mitoses is induced that provides for extra 
cells to assemble the ommatidia [53]. The specification of all R cells then 
occurs during L3 while that of the remaining cell types extends into the 
early pupal life of the animal. The mechanisms of spacing and specifi-
cation of R8 cells progresses, as the differentiation wave moves forward, 
through a templating mechanism, in which the position of the R8 singled 
out in a cell row mark the position of the next R8 that will be recruited 

[54]. Therefore, there are as many ommatidia as R8 cells are specified. 
Since R8 cells are directly recruited among progenitors, the size of an 
eye (measured as the number of ommatidia it comprises) reflect the 
amount of growth attained by its progenitors. 

We mentioned earlier that one important optical property of the 
ommatidium is its light sensitivity, something that depends on the 
diameter of its lenses (cornea plus pseudocone). It is not clear whether 
larger lenses are the result of the cells secreting more lens material or the 
result of ommatidial cells being larger. In some eyes with extreme dif-
ferences in facet-lens area (such as some robber flies, [55]), larger lenses 
cover wider and taller ommatidia, and vice versa, suggesting a propor-
tional increase in size of all component cells. Although the eyes of robber 
flies and of some male tabanids (See Fig. 2) are examples of large dif-
ferences in facet-lens area and thickness, many species show a hetero-
geneous distribution of facet-lens sizes across the eye even if not so 
striking. This is even the case in Drosophila melanogaster and related 
species [56,57]. How these patterns of facet-lens size are regulated is 
currently unknown, although recent work indicates that temporal dif-
ferences in the time of the transcription factor otd expression in 
ommatidial cells might contribute to these differences [58]. Usually, 
large facet-lenses are displayed on less curved regions of the eye’s dome. 
This makes for regions of both high sensitivity (i.e. high quantum catch) 
and resolution. It is possible that large facets-lenses result in less curved 
surfaces if the interommatidial angle is constant regardless of the 
ommatidial size, but this has not been studied systematically. 

3. A fluid to solid jamming transition marks the onset of 3D 
tissue morphogenesis? 

Building the ommatidium requires i) cells to remodel their size, 
shape and polarity to generate the distal (lens) – proximal (brain) axis of 
the retina, ii) the culling of cells to refine the interommatidial lattice 
while, iii) the remaining cells to move in the plane of the lens to acquire 
their niche. 

This transition from a disordered to an ordered epithelium prefigures 
the onset of retinal tissue curvature, and we would argue here promotes 
this curvature. As the animal enters pupation, the core clusters of R cells 
are formed, and they are surrounded by an excess of interommatidial 
cells which undergo neighbour exchange [59,60]. At this stage the tissue 
appears fluid-like in that, cells move relative to each other. However, 
once all retinal cells have acquired their position in the tissue at around 
45 h after puparium formation, these supracellular units pack tightly as 
a hexagonal array. Life imaging of pupal discs show the “fluid-like” 
movements of the epithelia surrounding the eye epithelium, while this 
latter is dragged along as what seems to be a stiffer epithelium 
(MovieS1). Therefore, the transition from a disordered epithelium to a 
supracellularly ordered one could result in a tissue “jamming” with a 
concomitant transition from a fluid to a flexible solid state [61,62]. This 
hypothetical state transition deserves experimental testing. But this 
seems like a necessary change in the physical properties of the eye. After 
this stage, the retina curves as a dome and it is likely this morphing is 
dependent on specific mechanical properties of the tissue. 

3.1. Giving the eye a third dimension – evolving the lens-to-brain-axis of 
the eye 

The mature retina is a partially stratified tissue where the bulk of the 
soma of the corneal lens lie above the photoreceptors to collect light and 
focus it onto the rhabdomeres of the R cells (Figs. 1B, 1E). In this 3D 
tissue organisation, the 1º pigment cells have detached from the base-
ment membrane to relocate their whole volume in the surface lens. The 
cone and 2º/3º pigment cells, which are also part of the lens each extend 
towards the floor of the retina to remain attached to the basement 
membrane. The R cells are located at the core of the ommatidium [5,63]. 
This complex 3D tissue reorganisation is induced as the cone cells move 
outside the 2D plane of the retinal tissue to close on top of the R cells. 

F. Pichaud and F. Casares                                                                                                                                                                                                                    



Seminars in Cell and Developmental Biology xxx (xxxx) xxx

5

What triggers and directs this movement is not known. However, it 
correlates with polarity remodelling of the R cells. This polarity 
remodelling step is such that the apical (top) – basal (bottom) axis of the 
R cells rotates by 90º, as the apical membrane of these cells, involute 
within the plane of the epithelium, towards the centre of the omma-
tidium [5,64,65] (Fig. 1E). This way, the apical membranes of the R cells 
become aligned with the optical axis of the incident light. The R cells are 
mechanically coupled to the cone cells as they share adherens junctions 
with them [66]. Therefore, it is possible that their polarity remodelling 
of the R cells promotes lens formation by pulling onto the cone cells to 
bringing them closer. Alternatively, the cone cells could move above the 
photoreceptors through a process of cell-on-cell migration. Concomitant 
with this process, a mechanism must then exist that promotes cone-cone 
interaction, so these cells close on top of the photoreceptors by estab-
lishing new intercellular junctions (Fig. 1E). What pathway(s) promote 
formation of these junctions to seal the lens is not known. How different 
cell types interact to induce a 3D tissue organisation, like that of the 
retina, is a fascinating problem in biology, and the 
cone-cell/photoreceptor interaction in lens formation is a great example 
of cell interaction in 3D tissue morphogenesis. 

R cell polarity remodelling also generates a new axis in the eye: the 
proximal (brain) – distal (lens) axis of the retina. In Drosophila, omma-
tidial cells elongate approximately 4-fold along this axis, to reach 
100 µm in length, giving the retina its thickness. What controls the 
length of the retinal cells and therefore the thickness of the retina is not 
known. Interestingly, ommatidial length can vary across the eye. In 
addition, ommatidia at the centre of the eye are longer than those 
located at its margin, indicating that a gradient of ommatidial length is 
set during development [5]. 

3.2. Establishing a highly ordered tissue organisation 

As the ommatidial cells work together to pattern the lens, a pro-
gramme of cell death is initiated that eliminates surplus cells that have 
failed to be incorporated in any ommatidium. This generates the typical 
hexagonal array that forms as the interommatidial secondary (2º) and 
tertiary (3º) pigment cells get into shape and position within the 
ommatidium (Fig. 1E). This step of programmed cell death has been 
characterised in detail in Drosophila. It is a highly regulated process, and 
it ensures that ommatidia are optically insulated from each other [67, 
68]. 

In the newly formed lens, there can be up to 12–14 interommatidial 
cells that surround an ommatidium. The final hexagonal lattice consists 

of 9 cells, and therefore 3–4 of them are eliminated to set the hexagonal 
cell lattice [63]. Genetic experiments have revealed that this pro-
grammed cell death step depends on the balance between the 
survival-promoting EGFr–Ras signalling pathway and death inducing 
Wingless and Notch pathways [69–71]. During this step, the cone cells 
are thought to secrete the EGFr-ligand that activates this pathway in 
flanking interommatidial cells, thus preventing their death. Those 
interommatidial cells that are not in contact with the 1º pigment cells do 
not activate EGFr and are eliminated. This way, the number of inter-
ommatidial cells scales with the size of the 1º pigment cells. 

Concomitantly with this cell death programme, specification of the 
2º/3º pigment cells includes movement of these cells in the plane of the 
lens as well as changes in their shape [60]. At this stage the tissue ap-
pears fluid (MovieS1). Once it is complete, the position of the 2º/3º 
pigment cells within the ommatidium is stereotypical and these cells 
acquire their position around the 1º pigment cells by maximising their 
adhesion with them. This preferential adhesion between the 2º/3º and 1º 
pigment cells is mediated by the Nephrin-like adhesion receptors 
Roughest and Hibris [72]. In this system, Roughest in the inter-
ommatidial cells binds to Hibris in trans, expressed in the 1º pigment 
cells to maximise adhesion among them. Roughest-Roughest adhesion is 
not favoured, and this limits the length of the junction between the 2º 
and 3º cells, which also contributes to shaping the apical perimeter of 
these cells (Fig. 1C and time lapse in Fig. 1D). This preferential adhesion 
system is also used to precisely position the central cone cells within the 
ommatidium and is therefore a key pathway of ommatidium patterning 
[73]. In addition, the contractile actomyosin cytoskeleton is also 
essential for ommatidial cell morphogenesis. Pulsatile actomyosin 
meshworks are present at the apical pole of all lens cells, which are 
connected to the cell perimeter. These power cell deformation, and thus 
drive the cell shape changes that underpin morphogenesis of the lens 
cells [73,74]. Together, preferential adhesion between ommatidial cells 
and the cell-intrinsic contractile meshworks enable the cell-type specific 
positioning and morphogenesis programmes of ommatidial cells. Once 
cells are into place and have acquired their shape, the apical surface of 
the ommatidium is shaped as a supracellular hexagon. Cells are no 
longer moving and, as we mentioned above, the tissue as appears to be in 
jammed state – the organisation of the lens is set. 

4. Generating a dome-like shaped retina 

As the hexagonal lattice of the lens is formed and photoreceptors 
begin to elongate, the retina also starts to become curved. Very little is 

Fig. 2. Possible mechanism if retinal tissue bending. Depiction of how a 2D monolayered epithelium might transform into a dome-shape tissue. In this example, 
translocation of cells volume towards the surface lens leads to an expansion of this surface. As cells undergo lengthening – same rate of lengthening across the tissue – 
this surface expansion would be predicted to induce bending the cells can lead to convex bending of the tissue. In this example, basal contraction reinforces this 
bending by amplifying lens surface expansion. 
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known of the principles and pathways that control curvature of the 
compound eye. However, many tissues are bent, or present folds and 
much progress has been made in our understanding of the pathways that 
promote these tissue deformations [75–77]. From these studies we can 
envisage a number of mechanisms capable of inducing retinal tissue 
curvature, including i) differential tissue surface expansion or contrac-
tion), ii) external forces, such as forces exerted by the tissue surrounding 
the eye (i.e. head capsule), or iii) a combination of these processes. 

Whether fluid-like to jammed/solid state transition of the retinal 
tissue directly influences curvature is not clear. However, as the lens is 
secreted, at around mid-pupal development [63,78], the external cur-
vature of the eye is set. Therefore, the mechanisms acting on the retina 
to induce its curvature must operate before a solid lens is generated. 

4.1. Inducing tissue curvature through scaling a tissue surface 

One possible mechanism to induce tissue curvature is differential 
changes in areas, such that one of the surfaces of the tissue expands 
while the other surface does not, or follows the opposite trend and 
contract. For example, cell apical constriction drives fold formation and, 
in some cases, cell ingression in multiple tissues, as seen during lens 
placode pit formation during vertebrate eye development. Similarly, 
basal cell contraction has been involved in shaping tissue in flies [79], 
and also bending of the optic cup in vertebrates [80,81]. While basal 
contraction has been much less studied than apical constriction, it is 
thought to be powered by a contractile actomyosin cytoskeleton that 
largely remains to be characterised in detail. However, this basal 
contraction machineries largely remains to be studied in detail in 
epithelial cells. Conversely, cell area relaxation and expansion can also 
induce tissue curvature, as for example reported during fold formation 
in the Drosophila wing primordium (i.e. wing disc) [82]. 

In Drosophila, retinal tissue bending occurs relatively early on during 
eye development, in the wake of lens patterning, before any substantial 
proximal-distal cell elongation has taken place [83]. Lens patterning 
also involves a significant expansion of the apical area of all lens cells 
[74], as the cone and primary pigment cells translocate their volume 
toward the lens. In theory, this apical surface expansion could contribute 
to inducing retinal tissue bending. However, this idea has not been 
tested yet, by for example preventing apical translocation of retinal cells 
as the lens develops (Fig. 2). In addition, the basal tissue surface con-
tracts, but this contraction begins after patterning of the lens and 
secretion of the cornea [5], arguing it might not be the main driver of 
tissue curvature. However, this largely remains to be investigated in 
sufficient detail. Theoretically, varying the degree of apical surface 
expansion and basal contraction could act as a relatively simple mech-
anisms to determine eye shapes by setting the radius of curvature of the 
eye, which in turn sets the interommatidial angles to define the optical 
axis of each ommatidium. Since eye curvature is often non-uniform (that 
is, there are regions which are more curved than others), these tissue 
changes should be ultimately linked to the system of genetic coordinates 
that set the dorsal-ventral and anterior-posterior axes. These axes are set 
during larval development while the eye primordium is still a mono-
layer. Which genetic determinants are establishing the “curvature map” 
and how these are linked to the actual morphogenetic machinery are 
important questions to be pursued. As we discussed earlier, when 
considering eye curvature, one needs to consider variation in facet-lens 
area. At fixed interommatidial angle across the eye, regions of large 
facet-lens area will be flatter, generating high resolution regions in the 
eye. A fixed interommatidial angle across the eye is however not 
obligatory and therefore, combination of local variation in inter-
ommatidial angles and facet-lens area is often at play. 

4.2. Alternative mechanisms of tissue curvature 

In addition to cell intrinsic mechanisms driving tissue surface 
expansion or contraction, external mechanical regulation might also 

promote retinal tissue bending. Enormous hydrostatic pressure is pre-
sent in the pupae where the eye develops, and this inside-out pressure 
applied on the retina might also contribute to inducing tissue curvature 
through mechanical regulation. It is also interesting to note that the 
optic lobe, which lies adjacent to the retina is shaped as a sphere 
(Fig. 1B). As the brain and optic lobe grow it is also possible that it 
applies pressure onto the retinal tissue, or serves as a “cast”, and con-
tributes to inducing curvature. While these ideas remain to be tested, it 
is also important to note that ectopic eyes that can be induced on the 
antenna or legs tend to be curved, where there is no optic lobes under-
neath, suggesting most of the retinal curvature programme is intrinsic to 
the retinal tissue. 

Boundary regulation, coming from the tissue that surrounds the 
retina (the head capsule), might also play a role in retinal tissue cur-
vature. In vertebrates, the cells flanking the optic cup undergo lateral 
contraction and this applies mechanical tension onto the cup that has 
been shown to amplify curvature on the cup [84]. In the Drosophila eye, 
lateral constriction might explain why ommatidia at the periphery of the 
retina end up shorter than at the centre of the tissue. Establishing exactly 
when and how this length gradient is established would help clarifying 
its possible role in enhancing retinal tissue curvature. 

5. Conclusion 

The making of a compound eye starts with setting the size and 2D 
shape of the eye primordium. Patterning follows with the number of 
ommatidia being directly linked to the number of progenitor cells, and 
thus the size of the eye primordium. As we’ve discussed here, the pace of 
the differentiation wave will also influence the shaping of the retina, as a 
slow pace will allow for more proliferation of the retinal progenitor 
cells. 

A key phase in shaping the eye in 3D unfolds during the pupal life of 
the animal. This follows a step of tissue jamming, which prevents any 
further movement of cells in the plane of the lens. Whether and how 
exactly this might contribute to inducing 3D organisation of the eye is 
not known and will be interesting to test in the eye. Jamming of 
epithelial tissue has been recognised in a number of circumstances, in 
health and disease, but its influence in inducing 3D tissue organisation, 
including curvature has not been explored. 

Finally, while we begin to know how the size to the early eye pri-
mordium is set, we know very little of the mechanisms and pathways 
that shape it. The 2D eye primordium serves as a template to the 3D 
mature eye, and it will be important to figure out which pathways, be it 
biochemical or mechanical set its shape. All these are important ques-
tions of biology, with ramification running well beyond the relatively 
simple compound eye of insects. Identifying the pathways that shape the 
eye will continue to a have broad repercussion for our understanding of 
tissue morphogenesis and organogenesis at large. 
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