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Abstract

A complex network of transcription factor interactions propagates across the larval eye disc 

to establish columns of evenly-spaced R8 precursor cells, the founding cells of Drosophila 
ommatidia. After the recruitment of additional photoreceptors to each ommatidium, the 

surrounding cells are organized into their stereotypical pattern during pupal development. These 

support cells – comprised of pigment and cone cells – generate the hexagonal honeycomb lattice 

on top of which lenses are secreted. Since the proteins and processes essential for correct eye 

patterning are conserved, elucidating how these function and change during Drosophila eye 

patterning can substantially advance our understanding of transcription factor and signaling 

networks, cytoskeletal structures, adhesion complexes, and the biophysical properties of complex 

tissues during their morphogenesis. Our understanding of many of these aspects of Drosophila eye 

patterning is largely descriptive. Many important questions, especially relating to the regulation 

and integration of cellular events, remain.
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Introduction

The Drosophila pupal eye is a beautiful and engaging model for exploring processes that 

drive tissue patterning. The eye is composed of about 800 ommatidia (unit eyes) arranged 

in staggered columns and each ommatidium contains a cluster of eight photoreceptors 

surrounded by defined accessory cells. These adopt distinctive shapes and organize into a 

simple repeating pattern that gives the pupal eye its ordered honeycomb-lattice appearance 

(Figure 1A) (Cagan and Ready, 1989a; Ready et al., 1976; Wolff and Ready, 1993). Each 

ommatidium provides a template over which the lenses are generated and in the adult eye 

these have the appearance of abutting bubbles (Figure 1B). Organization of the lenses is 

dependent on correct patterning of the underlying eye neuroepithelium. This patterning 

occurs several days before generation of the lenses even begins, and requires a) the precise 

staggered placement of R8 photoreceptor precursors and, consequently, photoreceptor 

clusters across the eye field and subsequently b) correct organization of accessory cells. 

This review discusses these two intricate aspects of Drosophila eye development.

Selecting R8 photoreceptor precursors

Ommatidial development begins with the selection of the R8 photoreceptor precursors, 

which are required for subsequent recruitment of seven more photoreceptor precursors per 

ommatidium (Frankfort et al., 2001; Jarman et al., 1994; Ready et al., 1976; Tomlinson 

and Ready, 1987). Hence, arrangement of ommatidia in staggered rows across the eye field 

relies on the orderly selection of correctly-spaced R8 precursors. This occurs during the final 

day of Drosophila larval development, after the eye primordium (the eye imaginal disc) has 

already been specified as such by a network of retinal determination genes, grown to reach 

its appropriate size, and patterned with respect to its dorsal-ventral and anterior-posterior 

axes (Kumar, 2012; Treisman, 2013).

The R8s are established as the morphogenetic furrow (MF) travels as a wave across the eye 

disc, beginning at the posterior (Figure 2A and B) (Kumar, 2020). The MF is a moving 

indentation in the tissue, generated by synchronized constriction of the apical domains and 

apical-basal axis of eye disc cells, driven by coordinated actin-myosin and microtubule 

activities in response to a moving front of abutting Hedgehog (Hh) and Decapentaplegic 

(Dpp) signaling activities (Benlali et al., 2000; Corrigall et al., 2007; Escudero et al., 2007; 

Fernandes et al., 2014; Heberlein et al., 1993). As the MF flows across the eye disc, 

successive rows of R8 precursors (and consequently ommatidia) are born at a rate of ~70–

120 mins per row (Basler and Hafen, 1989; Campos-Ortega and Hofbauer, 1977; Ready 

et al., 1976; Wolff and Ready, 1993). Setting up the correct spacing of these ommatidia 

depends on regulation of the proneural basic type II helix-loop-helix (bHLH) transcription 

factor Atonal (Ato) which specifies the R8 precursor fate (Dokucu et al., 1996; Jarman et al., 

1994; Jarman et al., 1995).

Ato is at first expressed in a dorso-ventral band of cells straddling the anterior bank of the 

MF (Figure 2B and C). As the MF passes, ato expression is reduced to evenly-spaced groups 

of 10–15 cells termed intermediate groups (IGs) and eventually to just one cell per IG that 

becomes the R8 precursor (Baker et al., 1996; Dokucu et al., 1996; Jarman et al., 1994; 
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Jarman et al., 1995). Ato functions as a homodimer or, more commonly, in complex with the 

type I bHLH protein Daughterless (Da) (Jarman et al., 1993) and activity of this heterodimer 

is augmented by interaction of an additional proneural transcription regulator, Senseless 

(Sens) (Acar et al., 2006; Powell et al., 2008). Restriction of ato-expression requires multiple 

layers of positive and negative regulation and is the focus of the discussion below. Most 

of these regulatory interactions are illustrated in Figure 2D. However, discussion of R8 

selection must include brief consideration of Sens, which is required for R8 differentiation. 

Expression of sens is promoted by Ato within a subset of IG cells before Sens is restricted, 

like Ato, to single R8s (Frankfort et al., 2001; Pepple et al., 2008). However, once individual 

R8 precursors are selected, ato expression rapidly fades from these cells and any remaining 

Ato is phosphorylated to repress its function (Quan et al., 2016). In contrast, expression of 

sens persists.

Broad ato expression

Initial ato expression in a continuous strip of cells is promoted by the RDGs Eyeless (Ey), 

Sine Oculis (So) and Dacshund (Dac) that regulate a 3’ cis-regulatory ato enhancer (Sun et 

al., 1998; Tanaka-Matakatsu and Du, 2008; Zhang et al., 2006). Expression of these RDGs is 

promoted by Dpp activity in the MF which in turn is regulated by Hh, although Hh signaling 

also stimulates ato independently of Dpp (Borod and Heberlein, 1998; Dominguez, 1999; 

Firth and Baker, 2009; Heberlein et al., 1995). Expression of ato rapidly increases in groups 

of cells that emerge as IGs, in part due to autoregulation mediated by a 5’ ato enhancer 

recognized by Ato/Da heterodimers whose function is enhanced by Sens (Acar et al., 2006; 

Brown et al., 1996; Melicharek et al., 2008; Powell et al., 2008; Sun et al., 1998). At the 

same time, Da/Da homodimers are proposed to dampen ato expression at the 3’ ato enhancer 

(Lim et al., 2008; Melicharek et al., 2008). Several chromatin remodeling factors have also 

been found necessary for correct utilization of the 3’ and 5’ ato enhancers (Melicharek et al., 

2008).

Notch (N) signaling also contributes to robust ato expression in IGs. The N-responsive 

transcription factor Suppressor-of-Hairless (Su(H)) represses ato when N is inactive, 

a block that is lifted by N activity within the ato stripe (Li and Baker, 2001). In 

addition, transcription of extramacrochaete (emc) is inhibited by Notch activity within the 

morphogenetic furrow (Baonza and Freeman, 2001). Dpp and Hh activity also repress emc 
expression (Li and Baker, 2019). Emc is an HLH protein that lacks a DNA-binding domain 

and, if not reduced, would bind Ato or Da in the Atonal-strip and IGs to generate non­

functional dimers, disrupting Ato and Da autoregulation and compromising expression of 

other targets (Baker and Yu, 1997; Bhattacharya and Baker, 2011; Brown et al., 1995; Li and 

Baker, 2001). The relationships between Ato and Da, and Emc are complex. Da promotes 

emc transcription and stabilizes Emc proteins when complexed with them, whilst Ato 

somehow renders Emc unstable, possibly via disrupting Emc/Da complexes (Bhattacharya 

and Baker, 2011; Li and Baker, 2018, 2019). Such disruption would potentiate Ato and Da 

function. A second HLH protein, Hairy, was originally also implicated in repressing ato and 

da expression but this was not supported by subsequent investigations. (Bhattacharya and 

Baker, 2012).
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N-mediated lateral inhibition of ato

Whilst N signaling promotes ato, this relationship rapidly changes as N mediates lateral 

inhibition that restricts ato expression to IGs and then R8 precursors. Proneural transcription 

factors including Ato elevate expression Dl, thus stimulating N activity in adjacent cells and 

consequently expression of N/Su(H) targets including Enhancer of Split Complex (E(spl)-C) 

genes (Bailey and Posakony, 1995; Heitzler et al., 1996; Hinz et al., 1994; Jennings et al., 

1994; Kunisch et al., 1994; Ligoxygakis et al., 1998; Powell et al., 2001). In addition, Ato 

drives expression of Scabrous (Sca) which is secreted, interacts with N, and enhances N 

activity in nearby cells (Baker et al., 1990; Baker and Zitron, 1995; Lee et al., 1996; Lee et 

al., 2000; Mlodzik et al., 1990). The E(spl)-C proteins are bHLH transcriptional repressors 

that dimerize with Groucho (Gro) or Da (which is also upregulated by N activity) to repress 

ato expression in IG cells (Chanut et al., 2000; Delidakis and Artavanis-Tsakonas, 1992; 

Knust et al., 1992; Lim et al., 2008; Zhang and Du, 2015). Hence Ato, and subsequently 

also Dl and sca, is dampened in cells where E(spl)-C proteins are active. To prevent this 

happening too soon – that is, to permit the initial neurogenic role of N – it seems that 

activity of E(spl)-C proteins requires their phosphorylation and this is momentarily delayed 

(Bandyopadhyay et al., 2016; Bose et al., 2014; Trott et al., 2001). Ultimately, Ato and 

N activities rapidly become complementary via this system of lateral inhibition which 

transforms the ato band into a row of well-spaced R8 precursors (Baker et al., 1996; Baker 

and Zitron, 1995).

The role of EGFR signaling

Like N signaling, Epidermal Growth Factor Receptor (EGFR) signaling is utilized 

at multiple points in early eye development so that it has been tricky to clearly 

delineate roles in ommatidial spacing from, for example, EGFR’s requirement for 

photoreceptor recruitment, cell survival, and cell proliferation. Multiple studies have 

described manipulations to EGFR signaling that disrupt ommatidial spacing (eg.(Baonza 

et al., 2001; Brown et al., 2006; Brown et al., 2007; Chen and Chien, 1999; Dominguez 

et al., 1998; Spencer et al., 1998; Yang and Baker, 2001) whilst, conversely, activating a 

temperature-sensitive EGFR allele in eye development was reported to cause no defects 

in ommatidial spacing (Kumar et al., 1998; Rodrigues et al., 2005). However, that EGFR 

signaling contributes to limiting the R8 precursor fate to just one cell per ommatidium is 

clear. Ato/Da complexes drive expression of rhomboid (rho) (Baonza et al., 2001; Chen and 

Chien, 1999) which processes the EGFR ligand Spitz (Spi) so that it is secreted from Ato+ 

cells (Lee et al., 2001; Urban et al., 2001). Subsequently EGFR is activated in surrounding 

cells, which is essential for recruitment of a further seven photoreceptor precursors per 

cluster (Freeman, 1996, 1997). In addition, EGFR activity drives expression of rough (ro) 

in a subset of photoreceptor precursors as they are recruited to each cluster (Dokucu et al., 

1996; Kimmel et al., 1990). Rough is a homeodomain transcription factor that represses 

sens, and therefore ato, hence restricting the R8 fate to just one cell per IG and within 

each of these R8 precursors Sens, in turn, represses ro to maintain the R8 fate (Frankfort 

et al., 2001; Pepple et al., 2008). To limit the potency of this Rho-EGFR-Ro network in 

restricting the R8 fate, rho is subject to additional layers of regulation. For example, as N 

becomes activated in IG cells, E(spl)-C proteins team up with Groucho (Gro) to repress rho 
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expression, restricting Rho to the R8 precursor (the R2/R5 precursors later express rho, once 

recruited to the cluster) (Zhang and Du, 2015).

Computer simulations of R8 specification

Of course, the MF is a moving wave of morphogenesis and the momentary engagement 

of signaling and transcriptional interactions is coordinated with its movement. That R8 

precursors are evenly spaced in staggered columns suggests mechanisms ensure this 

particular and robust R8 placement. Several computational models have been developed 

to account for dynamic propagation of R8 columns when paired with computational 

simulations (Courcoubetis et al., 2019; Gavish and Barkai, 2016; Gavish et al., 2016; 

Lubensky et al., 2011; Pennington and Lubensky, 2010; Zhu et al., 2016). For these models, 

velocity of MF propagation, and hence initiation of the band of ato expression, is taken 

to be constant. With the exception of the model generated by Zhu et al. (2016), the 

network of transcription and signaling interactions associated with activation, inhibition and 

autoregulation of Ato is generally simplified in order to minimize the number of parameters 

and equations integrated into each simulation. Together the, the parameters used mainly 

capture rates of signal production, diffusion, and range of signaling (local, short-distance or 

cell autonomous), rates of signal decay, threshold levels required for activating or inhibiting 

responses, and the propagating response of Ato. Models also rely on the correct patterning 

of an initial column of R8s and hence do not model R8 patterning at the very posterior part 

of the eye disc. Together these simulations emphasize the importance of Scabrous as a key 

short-range diffusing signal that is key in ato repression (Courcoubetis et al., 2019; Gavish 

et al., 2016; Lubensky et al., 2011). Only cells just outside of Sca’s range can generate Ato 

at levels sufficient for those same cells to then generate and secrete Sca, so that patterning is 

propagated (Figure 2E). Simulations also suggest that Sca is generated and secreted rapidly 

and can diffuse ahead of the MF. Hence the band of ato-expressing cells that is observed in 

eye discs at the anterior front of the MF overlays a pre-pattern of Sca that is observed only 

later as IGs. Modelling also emphasized that R8 patterning can withstand some fluctuation 

in the rate of MF progression and Ato production: introducing a small amount of noise 

into their modeling parameters (more or less akin to fluctuations in signaling and gene 

expression expected in the eye) generated minor variations in the number and distribution of 

Ato-positive cells that could subsequently be cleaned up by Dl-N signaling (Courcoubetis et 

al., 2019; Gavish et al., 2016)). Importantly, introducing noise in the absence of Sca severely 

disrupted R8 patterning in simulations, suggesting that Sca enables robust R8 spacing in the 

eye despite stochastic gene expression and signaling activities (Courcoubetis et al., 2019).

Models also highlight aspects of R8 patterning that are not well understood or challenge 

common assumptions. For example, in the computer simulations of Courcoubetis et al. 

(2019), R8 spacing was accurate for the first few columns but began to deteriorate further 

away from the first R8 column. Accordingly, Courcoubetis et al (2019) comment that larger 

Drosophila eyes might be more susceptible to errors in R8 placement. The implication here 

is that to maintain accurate R8 spacing, the size of the eye field must be limited, implying 

that growth and patterning mechanisms may be integrated. This suggestion remains to be 

tested and may be at odds with observations of Drosophila strains and other Diptera species 

that have large eyes containing large numbers of ommatidial columns that appear to be 
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correctly patterned (see Casares and McGregor, 2021) for a discussion on fly eye size). 

Alternate suggestions are that the breakdown in R8 patterning observed in simulations 

reflects a minor deficit in modeling parameters or that additional factors operate toward the 

anterior of the eye field to maintain continued uniform R8 placement.

Pupal eye patterning

After R8 specification, seven additional photoreceptor precursors are recruited to form each 

photoreceptor cluster and each ommatidium becomes encapsulated by four cone cells and 

two primary (1°) pigment cells (Kumar, 2012; Treisman, 2013). Many undifferentiated 

interommatidial cells (ICs) remain between each ommatidium and from ~17 hours-after­

puparium-formation (h APF) these rearrange into two rows and then intercalate to bring 

them into single file (Figure 3A) (Hellerman et al., 2015; Johnson et al., 2011; Larson et al., 

2008). Mechanosensory bristles emerge, their position broadly determined by selection of 

bristle cell precursors during larval development (Meserve and Duronio, 2017). The bristles 

become positioned to occupy three of six vertices of the hexagon that is gradually shaped 

about each ommatidium. Apoptosis eliminates superfluous ICs and all remaining cells adopt 

distinctive geometries to give rise to the highly ordered array of secondary (2°) and tertiary 

(3°) pigment cells observed by ~40 h APF (for development at 25°C, Figure 1A). Because 

of the beautiful cell shapes and near-perfect patterning of the pupal eye, it is an excellent 

model for studies of morphogenesis and the principles that regulate pupal eye patterning 

are emerging. Biophysical, adhesion and cytoskeletal properties of the fully-patterned 40 h 

APF pupal eye have mainly been considered, whilst the patterning events of ~10–22 h earlier 

have received less attention.

IC intercalation

ICs positioned along the horizontal sides of ommatidia intercalate to bring them into single 

file, with cells adherent to ventral ommatidia projecting dorsally, and vice versa (Figure 3A, 

B)(Hellerman et al., 2015). Similar cell movements establish the 3° cell position, which is 

fought over by two or three cells: each is bound to two ommatidia and pushes toward a third 

to secure the 3° position (Figure 3A)(Hellerman et al., 2015).

To intercalate, ICs extend large projections that protrude between IC neighbors. Regulation 

of adhesion is important during this process and analyses of core AJ components (eg. 

E-Cadherin) indicated that more AJ complexes accumulate at IC-1° boundaries than at IC-IC 

boundaries, suggesting differences in the stability of these AJs (DeAngelis et al., 2020). 

These differences are amplified by polarized distribution of members of the immunoglobulin 

cell adhesion molecule (IgCAM) family including Roughest (Rst) and Hibris (Hbs). These 

generate heterodimeric adhesion complexes, essential for correct pupal eye morphogenesis, 

(Araujo et al., 2003; Bao and Cagan, 2005; Bao et al., 2010; Grzeschik and Knust, 2005; 

Reiter et al., 1996; Wolff and Ready, 1991). Rst and Hbs have complementary expression 

patterns: rst becomes restricted to ICs whilst hbs expression is driven by N activity in 

neighboring 1°s and the extracellular domains of these IgCAMs interact, driving isolation 

of Rst/Hbs complexes to AJs between ICs and 1° cells (Bao et al., 2010). Reducing 

the function of Rst or Hbs disrupts IC intercalation, and live-imaging of rst mutant eyes 
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suggests this is because ICs do not remain stably adherent to adjacent 1°s whilst stretching 

toward target 1°s of opposite ommatidia (Larson et al., 2008). A second pair of IgCAMs, 

Sticks-and-stones (Sns) and Kin of Irre-C (Kirre), are similarly expressed in complementary 

patterns in the eye but their contribution to patterning and IC intercalation seems less 

important (Bao, 2014).

With IC-1° adhesion secured, the ICs are able to extend projections to intercalate. These 

projections rely on the GTPase Arf6 which has been shown to promote Rac1 and 

Arp2/3 activity to stimulate F-actin remodeling in vitro, and is required for successful IC 

intercalation (Hu et al., 2009; Humphreys et al., 2013; Johnson et al., 2011; Koo et al., 

2007). One model proposes that Arf6 activity is restricted to where the projections will form 

in ICs because the negative Arf6 regulators - ArfGAPs including ArfGAP3 and ASAP - 

are localized elsewhere (Figure 3B) (Johnson et al., 2011). Specifically, the prediction is 

that since the ArfGAPs interact with the adaptor protein Cindr, they are recruited to IC-1° 

cell boundaries because Cindr in turn binds the Rst/Hbs complexes localized to these AJs 

(Bao and Cagan, 2005; Johnson et al., 2012; Johnson et al., 2011). This model requires 

testing. For example, it’s not been clearly shown that the ArfGAPs and Cindr accumulate 

at higher levels at IC-1° cell boundaries in comparison to AJs between neighboring ICs, 

although disrupting their activities does modify intercalation (Johnson et al., 2011; Johnson 

et al., 2008). In addition, direct spatial analyses of Arf6 and Rac activation to confirm their 

activity within IC projections have not been done. Finally, Cindr and its vertebrate orthologs 

contribute to cytoskeletal stability because they have intrinsic F-actin capping function and 

can recruit other actin capping proteins and actin regulators (eg. Cortactin) (Bruck et al., 

2006; Edwards et al., 2014; Johnson et al., 2008; Tang and Brieher, 2012; Zhao et al., 

2013). Hence, the prediction is that in ICs Cindr and other actin-stabilizing proteins are 

sequestered to IC-1° AJs, so that cytoskeleton remodeling is permitted elsewhere to promote 

intercalation.

The very tip of an intercalating IC’s protrusion is marked by a tricellular AJ (tAJ), 

characterized by localization of another IgCAM protein Sidekick (Sdk) (Letizia et al., 

2019). The tension at tAJs is expected to be high, and Sdk responds to and regulates 

this tension via recruitment of Polychaetoid (Pyd, Drosophila ZO-1) and Canoe (Cno, 

Drosophila Afadin), which are proposed to tether Sdk to the actin cytoskeleton (Letizia et 

al., 2019). Live-imaging of sdk mutants or retinas expressing pydRNAi revealed that both 

proteins are required for the formation of IC protrusions and IC movement (Letizia et al., 

2019; Seppa et al., 2008), but how these tAJ proteins contribute to extension of an IC 

protrusion has not been resolved. It should be noted though that in response to pydRNAi 

expression, increased density of AJ components has been observed across the entire pupal 

eye, and this too would restrict IC movement during intercalation (Seppa et al., 2008).

Finally, data presented by Letizia et al. (2019) provide clues of a mechanism that 

remodels the AJs between two ICs being separated by a third protruding IC. Specifically, 

live-imaging of actin and myosin at this IC interface revealed that Myosin-II (MyoII) 

accumulates at this shrinking IC-IC junction (Letizia et al., 2019). This suggests that 

myosin-induced contraction promotes AJ destruction to permit intercalation (Figure 3B). 

A similar requirement for MyoII activity in junction remodeling has been described in 
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other tissues during cell rearrangements (Harris, 2018; Heer and Martin, 2017; Pinheiro 

and Bellaiche, 2018). The pupal eye provides the opportunity to now explore mechanisms 

that coordinate myosin activity and junction separation with the protrusive activities of 

neighboring ICs.

Refining the IC lattice

Once ICs are organized into single file around ommatidia, two important events sculpt the 

lattice into its final pattern. First, apoptosis removes numerous excess ICs to leave just 

nine about an ommatidium (six 2°s and three 3°s, Figure 1A). Apoptosis is promoted by 

N, Wingless (Wg) and Jun N-terminal kinase (JNK) signaling activities and opposed by 

EGFR and Yorkie (Yrk) (Bushnell et al., 2018; Cagan and Ready, 1989b; Cordero et al., 

2004; DeAngelis et al., 2020; Freeman, 1996; Miller and Cagan, 1998; Querenet et al., 

2015; Sawamoto et al., 1994; Sawamoto et al., 1998; Wolff and Ready, 1991; Yu et al., 

2002). Except for Wg, these signals are similarly associated with cell death or survival in 

other tissues. Precisely how these signals are spatially integrated in the retina to balance 

activation of the apoptotic pathway with cell survival remains an open question. However, 

that apoptosis is positionally regulated is clear: ICs closer to bristles are more vulnerable 

to apoptosis (Monserrate and Brachmann, 2007). In addition, expression of the chromatin­

remodeling protein Trithorax-like (Trl) in cone cells is crucial for the removal of excess 

ICs positioned on the oblique sides of the IC hexagon but is less important for pruning ICs 

located along horizontal sides of ommatidia (Dos-Santos et al., 2008). This suggests that Trl 

regulates gene expression in cone cells to promote an apoptosis-inducing signal or inhibit 

a cell-survival signal that emanates from the cone cells and orients toward ICs positioned 

obliquely.

Elimination of the appropriate number of excess ICs ensures the remaining cells can 

adopt simple 2° and 3° shapes. Dramatic increases in IC number, observed for example 

when Hippo activity is altered to enhance proliferation in the larval eye disc, causes 

ommatidia to be surrounded by numerous rows of small ICs. However, when activity of 

the core apoptotic machinery is impaired, as long as the number of grouped ICs at an 

intercalating cluster is below ~8 (rather than the usual ~5), these can still intercalate and 

pack to generate a hexagonal lattice (RIJ, unpublished)(DeAngelis et al., 2020; Larson et al., 

2010)). Conversely, when intercalation fails, elimination of at least some misplaced ICs can 

generate a simpler lattice (RIJ, unpublished)(Letizia et al., 2019). Hence apoptosis provides 

robustness for lattice patterning.

Second, biophysical factors mould the 2° and 3° cells but they travel a bumpy road before 

adopting their final shapes. Initially ICs transition through a ~10–12 h period of being more 

rounded and live-imaging revealed that their apical areas fluctuate periodically during this 

stage (Blackie et al., 2020). These fluctuations are associated with pulsing MyoII activity, 

discussed below. The 2°s will eventually elongate to become rectangular, whilst the 3°s 

become hexagonal, with reduced apical areas (Figure 3C). These changes correlate with 

growth of the ommatidium, observed as a ~30% increase in the apical area of the 1° and 

cone cell cores (Larson et al., 2010). Ommatidial growth probably promotes narrowing of 
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the ICs and facilitates 2° cell anisotropy, but cytoskeletal and adhesion dynamics are likely 

more dominant factors in this regard.

Rounding of ICs is coupled with scalloping of the 1° cells and ‘pinching’ of IC­

IC boundaries (Figure 3C). This transitional phenotype correlates with preferential 

accumulation of the IgCAM complexes Rst/Hbs and Kirre/Sns (discussed above) at 1°-IC 

junctions, driving expansion of this cell interface to promote scalloping (Bao and Cagan, 

2005; Bao et al., 2010). Accordingly, when IgCAMs fail to accumulate at 1°-IC boundaries 

and instead distribute evenly about IC junctions, ICs fail to round (scalloping fails) and 

IC-IC boundaries in addition remain extended (Johnson et al., 2012). This IgCAM-centric 

view of rounding/scalloping is not at odds with a second perspective in which contraction of 

IC-IC boundaries tugs on 1°s via tAJs to induce scalloping.

Indeed, live-imaging of IC-IC boundaries revealed their repeated contraction and expansion 

until ICs acquire their final shapes (Del Signore et al., 2018). As in other tissues, contraction 

correlated with periodic accumulation of MyoII and the myosin-activators Rho1 and Rok 

at junctions, whilst expansion correlated with actin polymerization associated with Arp2/3 

(Figure 3C). Live-imaging and clonal analyses revealed that within 3° cells, repeated MyoII 

contraction is essential to appropriately reduce the length of 1°−3° cell boundaries over 

time but MyoII contributes less to narrowing the 2°−3° junction length. Instead, repeated 

MyoII contraction within 2° cells constricts the 2°−3° interface to narrow 2°s into slim 

rectangles. At the same time, 2°s are elongated because they are ‘pulled’ by contraction by 

neighboring 3°s (mediated by MyoII activity along the 1°−3° cell boundary) and because 

Arp2/3-mediated actin polymerization along 1°−2° cell contacts supports expansion of this 

cell interface (Figure 3C) (Del Signore et al., 2018). In a separate study, cyclical assembly 

of an apical-medial meshwork of MyoII was observed in retinal cells that correlated with 

pulsed constriction of the apical cell area and was suggested to also enable ICs to achieve 

their correct shapes and sizes (Blackie et al., 2020). Data presented from this work also 

hints that contraction of apical-medial MyoII in 1°s amplifies their scalloping (Blackie et al., 

2020).

The analyses of Del Signore and colleagues beautifully demonstrate that cytoskeletal 

dynamics in emerging 2° and 3° cells differ. This is the first molecular difference between 

2° and 3° cells to be described. In addition, they demonstrate that there are different 

requirements for actin and MyoII activities at different IC junctions. How the Rho GTPases 

or other signals that regulate actin and myosin are organized to implement polarized 

cytoskeletal activities in ICs is not known. Also unclear is how the cyclical activity of 

actin and myosin eventually ceases at IC junctions so that they can be stabilized.

A gradual increase in the density of AJ complexes is observed as eye-patterning proceeds, 

suggesting that cells become locked in place once achieving their appropriate shapes 

(DeAngelis et al., 2020). Several proteins and pathways have been identified for their role 

in promoting stable AJs in ICs (and in 1° cells) and impairing their function or expression 

leads to punctate distribution or decreased density of AJs and lattice mis-patterning. These 

regulators include the GTPase Rho1 that represses endocytosis of E-Cadherin (Warner 

and Longmore, 2009; Yashiro et al., 2014); the kinase Csk (and it’s regulators ASPP and 
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RASSF8 that are recruited to AJs by MAGI) which targets Src to impede AJ turnover 

(Langton et al., 2009; Vidal et al., 2006; Zaessinger et al., 2015); the guanine exchange 

factor Vav that is activated by the EGFR (Martin-Bermudo, 2015); Decapentaplegic (Dpp, 

a Drosophila TGF-β) signaling (Cordero et al., 2007); and the adaptor protein Cindr 

(discussed above, (Johnson et al., 2008). AJs are also compromised when the function of 

Yorkie (Yki) or its cofactor Mask is impaired and expression of a large variety of adhesion 

and cytoskeleton-related genes is regulated downstream of their activities, indicating a broad 

requirement for appropriate Hippo activity to achieve correct adhesion during Drosophila 
eye morphogenesis (DeAngelis et al., 2020).

Patterning the core: 1° and cone cells

Patterning of the cone and 1° cells occurs alongside that of the IC lattice. Their beautiful 

stereotypical geometries acquired by ~40 h APF (Figure 1A) have attracted considerable 

analyses as examples of cell configurations that conform to biophysical properties (Gemp et 

al., 2011; Hilgenfeldt et al., 2008; Kafer et al., 2007). But how do these cells come to be 

arranged in this way?

The four cone cells (CCs) are recruited to each ommatidium during larval development after 

ommatidia have acquired their full set of photoreceptor precursors (Wolff and Ready, 1993). 

A variety of signals originating from photoreceptors, including EGFR, N, JNK and Wg 

activities, and transcription factors including Prospero (Pros), Pax2 (also known as Shaven 

and Sparkling) and Cut (Ct) contribute to recruitment and development of the cone cells 

(Charlton-Perkins et al., 2011a). These are recruited in pairs, beginning with the anterior and 

posterior CCs that by ~17 h APF are easily observed in their position above photoreceptor 

clusters and in direct contact with each other, whilst the dorsal and ventral cone cell pair 

are apically excluded (Figures 3A and 4A). Unlike other epithelial cells of the pupal eye, 

the cone cells express N-Cadherin (N-Cad), possibly in response to Pax2 which in mammals 

regulates expression of N-Cad (Christophorou et al., 2010; Hayashi and Carthew, 2004). 

The anterior/posterior CCs initially have higher levels of Pax2 than dorsal/ventral CCs 

(Charlton-Perkins et al., 2011b), which, together with their earlier selection, may drive the 

anterior/posterior CCs to express N-Cad first or at higher levels, to mediate their initial 

attachment. However, this configuration rapidly changes and the CC group undergoes a 

classic T1-T2-T3 junction exchange to bring the dorval/ventral cones into contact (Figure 

4A and B).

Analyses of T1-T2 junction exchanges in other tissues have revealed a requirement for 

MyoII to shorten the junction analogous to the anterior/posterior CC interface, and a 

requirement for apical-medial MyoII in these same cells to simultaneously ‘pull’ on the 

junction to enhance its instability (Figure 4B)(Blankenship et al., 2006; Kasza et al., 2014; 

Levayer and Lecuit, 2013; Rauzi et al., 2010; Simoes Sde et al., 2014; Tamada et al., 

2012; Warrington et al., 2013). Transition from the T2-T3 conformation is then promoted 

by continued apical-medial MyoII contraction in anterior/posterior cells to prize these apart 

whilst AJs are assembled between dorsal and ventral cells (Bardet et al., 2013; Collinet et 

al., 2015; Simoes Sde et al., 2010; Yu and Fernandez-Gonzalez, 2016). However, detailed 

analyses of MyoII in the pupal eye showed little accumulation at CC-CC boundaries and 
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little apical-medial activity (Blackie et al., 2021). Further, genetic perturbation of MyoII 

did not disrupt CC junction exchange (Blackie et al., 2021). Instead, it was endocytosis of 

membrane from the anterior/posterior CC interface that was found to reduce this junction 

and it’s plausible that transition to the T2 stage is mediated by recycling of these vesicles to 

adjacent CC membranes to promote their extension (Figure 4B) (Blackie et al., 2021). Then, 

subsequent elongation of the dorsal/ventral CC boundary may be promoted by mechanical 

coupling of the anterior and posterior CCs to the 1°s which, unlike CCs, do have an 

active apical-medial myosin meshwork (discussed below): in data presented by Blackie et 

al. (2020), the apical-medial myosin network in 1° cells was ablated and in the images 

they present of these experiments, the dorsal/ventral CC junction appears shorter. Finally, 

two systems have been implicated in stabilizing the T3 conformation of CCs: N signaling 

activity in the dorsal and ventral CCs, and the Ig-CAMs Rst (also required in the dorsal/

ventral pair) and Hbs (required in all cone cells) (Blackie et al., 2021; Grillo-Hill and Wolff, 

2009). Precisely how these systems maintain the dorsal/ventral CC junction is unclear.

The four cone cells eventually acquire spectacular energetically-favorable shapes, governed 

by differences in adhesion at different AJs and polarized cytoskeletal activity (Figure 4A and 

B). Expression of N-Cad only in CCs ensures that adhesion between them is stronger than 

between CCs and 1°s, segregating these cell types (Hayashi and Carthew, 2004). N-Cad AJs 

accumulate between CCs to straighten and elongate this interface whilst limiting expansion 

of the remaining CC membranes which are shaped to minimize their surface areas (Hayashi 

and Carthew, 2004; Hilgenfeldt et al., 2008; Kafer et al., 2007). Curiously, accumulation of 

MyoII is inhibited downstream of N-Cad, excluding it from CC-CC boundaries, presumably 

to prevent contraction of these AJs (Chan et al., 2017). Surface/cortical tension is also lower 

between CCs than at the rounded CC-1° membrane, as predicted by the differential adhesion 

hypothesis and mathematical models, and these differences in tension also contribute to CC 

shape (Foty and Steinberg, 2005; Kafer et al., 2007; Kong et al., 2019; Steinberg, 1963). 

Finally, MyoII accumulates in cone cells along the CC-1° boundaries, adding another factor 

that shapes this border (Aigouy and Le Bivic, 2016; Chan et al., 2017).

The 1° cell fate is established in the pupa from ~14 h APF by activity of the transcription 

factor Lozenge (Lz) and N, which responds to increased Dl in neighboring CCs (Cagan and 

Ready, 1989b; Nagaraj and Banerjee, 2007). Each 1° pair grows rapidly to surround the CCs 

and photoreceptors of an ommatidium, and they form secure AJs where they meet (Figure 

3A, 4A). As discussed earlier, 1°s transition through a period of scalloping. During this time 

their apical areas pulse, driven by a network of apical-medial myosin but, unlike in other cell 

types where pulsing correlates with gradual shrinking of cell area, the 1° cells grow (Blackie 

et al., 2020). In fact, apical-medial myosin is crucial in limiting the final 1° size (disruption 

of this network results in enlarged 1°s), implying that mechanisms oppose apical-medial 

MyoII contractility (Blackie et al., 2020; Deng et al., 2020). We speculate that it is the actin 

cytoskeleton that opposes MyoII. Careful preservation of the cytoskeleton reveals apical 

F-actin strands oriented perpendicularly to the 1°-IC boundary and traversing the width of 

1°s (DeAngelis et al., 2020; Johnson et al., 2008). We predict that these function like apical 

stress fibers to oppose contractile forces and maintain 1° cell shape (RIJ, unpublished). 

In addition, Spectrin was recently shown to link the cortical cytoskeleton to the apical 

plasma membrane in 1°s (Deng et al., 2020). This linkage is crucial to restrict the size of 
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1°s, oppose contractile tension, and transmit cytoskeletal tension to the cortical membrane. 

Interestingly, Deng and colleagues found that Spectrin interacted with Arp2/3-generated 

actin (Deng et al., 2020), which may lie above the apical stress fibers that we observe.

Once they acquire their final smooth shape, accumulated MyoII is observed in 1°s along 

the concave surface of 1°-IC boundaries suggesting that MyoII-is crucial for generating or 

maintaining the rounded shape of this surface (Figure 4B) (Aigouy and Le Bivic, 2016; 

DeAngelis et al., 2020). Some experimental data support this idea: in published images 

of single 1° cells with higher MyoII activity, one can observe that the 1°-IC boundaries 

are more concave than those of their wild type neighbors (Blackie et al., 2020; Deng et 

al., 2020). Conversely, single 1°s with reduced myosin activity have less concave 1°-IC 

boundaries (Warner and Longmore, 2009). Additionally, if MyoII is severely reduced in 

adjoining IC and 1°s (Warner and Longmore, 2009), or across the eye as it is when the Yki 

cofactor Mask is impaired, the 1°-IC border is straighter, emphasizing different requirements 

for myosin across this cell interface (DeAngelis et al., 2020). Accumulation of MyoII at 

1°-IC boundaries is reminiscent of MyoII at the CC-1° interface. Indeed, higher mechanical 

tension at these cell interfaces is reflected in accumulation of tension-sensing proteins 

including those that go on to modify Hippo signaling (Deng et al., 2020). In fact, it turns out 

that Yki, and Mask, are required for multiple aspects of pupal eye patterning (DeAngelis et 

al., 2020). Hence, whilst for many years the Drosophila eye has been the tissue of choice for 

screens to identify components of the Hippo pathway, the pupal eye – which is post-mitotic 

– now provides a model to study Hippo’s contribution to tissue morphogenesis.

Closing notes

Those wanting to work with the larval or pupal eye as a model for tissue patterning are in 

luck: there are numerous open questions, several of which have been raised in this review. 

In addition, helpful guides on how to work with these tissues are available (Baker et al., 

2014; DeAngelis and Johnson, 2019; Hsiao et al., 2012; Tea et al., 2014; Wolff, 2007). It’s 

worth mentioning here that it is helpful to align pupal eye images with respect to the tissue’s 

dorsal-ventral axes so that the 1° pairs are oriented as presented in the figures of this review, 

as is conventional (although anterior-posterior orientation differs amongst research groups).
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Highlights

• The Drosophila eye is a highly-organized neuroepithelium.

• A transcription factor network establishes columns of evenly-spaced R8 

precursors.

• Computational models describe propagation of R8 placement across the eye.

• Accessory cells adopt stereotypical positions and shapes essential for correct 

eye patterning.

• Morphogenesis of accessory cells requires conserved processes.
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Figure 1: The Drosophila compound eye is highly ordered.
(A) Small region of the pupal eye at 40 h APF. AJs have been detected with antibodies 

to E-Cadherin. The epithelial support cells are color-coded, as indicated. (B) Small region 

of a scanning electron micrograph of the adult eye. A single ommatidium is illustrated to 

emphasize the cells that lie below the rounded lenses, although in the adult eye the IC lattice 

is more compressed than illustrated. (Images: RIJ)
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Figure 2: Patterning begins in the larval eye with selection of the R8-precursors.
(A) A third instar larval eye disc, with photoreceptors detected with anti-Elav (red) and 

dividing cells detected with anti-phospho-histone 3B. The MF is indicated with a bracket 

as it proceeds from posterior (right) to anterior (left). (Image: RIJ) (B) Small region of the 

eye disc, at higher magnification than the image in A., with Ato detection (Image: Susan 

Spencer) (C) Cartoon of ato expression. Cell outlines do not accurately reflect the shapes 

of cells in the larval disc. (D) The network of major signals and interactions that regulate 

ato expression. Light green indicates interactions that regulate the ato band; medium and 

dark green represents Ato in the IGs and R8 precursors. (E) Graphical summary of R8 

selection as the MF moves from posterior, as per models/computer simulations. (Drawings: 

RIJ, inspired by (Courcoubetis et al., 2019; Lubensky et al., 2011)).
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Figure 3: Local cell movements, growth and shape changes characterize the early pupal eye.
(A) Central region of the pupal eye at 22 h APF, which is marked by a gradient of 

development evident for another ~8 h. Examples of intercalating ICs are marked in green, 

cone cells in orange and encircling 1° cells in yellow. Three ICs that will compete for 

a single 3° niche are in blue. Posterior is to the right. (Image adapted from (Hellerman 

et al., 2015). (B) Model of the molecular regulation of intercalation. See text for details 

and note that model requires experimental confirmation. (C) At right, Rst (red) and E-cad 

(green) in ommatidia and, in panels below, at higher magnification in ICs. Rst becomes 

excluded from IC-IC boundaries and concentrated at 1°-IC where it complexes with Hbs 

(not shown) (Image adapted from (Johnson et al., 2012). At left, live-imaging of MyoII (red) 

and actin (green) in ICs. Bracket indicates contraction and expansion of the 2°−3° junction; 

arrowheads reflect associated MyoII and F-actin accumulation. (Image adapted from (Del 
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Signore et al., 2018). Below, model of dynamic cytoskeletal and junction events that drive 

reshaping of the ICs. See text for details.
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Figure 4: Junction and cytoskeletal factors drive shaping of cone and 1° cells.
(A) Single ommatidia, with cone cells in orange and the outlines of 1° cells in yellow. 

Images are presented to scale. (Adapted from (Johnson, 2020)). (B) Illustration of the 

T1-T2-T3 transition of cone cells with factors that drive intercalation and the acquisition of 

the final CC shapes and (C) illustration of the factors that influence the final 1° shapes. See 

text for details. Note experimental confirmation of the models presented is incomplete.
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