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Significance

 Insect eyes have adapted to a 
vast range of environments  
and natural histories, yet the 
compound eye remains 
fundamentally similar. We 
explore the genetic and 
developmental basis of this 
dichotomy. We identify a set of 
transcription factors that are 
expressed in homologous 
photoreceptor types across a 
wide range of species and find 
that distant groups use the  
same signaling pathways for 
photoreceptor recruitment. We 
find that flies are unique in using 
Sevenless signaling to recruit 
only the R7 photoreceptor. We 
identify three categories of 
modifications that adapt insect 
eyes to meet specific functional 
requirements. Deep conservation 
of patterning will simplify the 
search for the genetic basis of 
adaptation by making differences 
stand out.
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DEVELOPMENTAL BIOLOGY

Deep conservation complemented by novelty and innovation 
in the insect eye ground plan
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A spectacular diversity of forms and features allow species to thrive in different envi-
ronments, yet some structures remain relatively unchanged. Insect compound eyes are 
easily recognizable despite dramatic differences in visual abilities across species. It is 
unknown whether distant insect species use similar or different mechanisms to pattern 
their eyes or what types of genetic changes produce diversity of form and function. We 
find that flies, mosquitos, butterflies, moths, beetles, wasps, honeybees, and crickets 
use homologous developmental programs to pattern their retinas. Transcription factor 
expression can be used to establish homology of different photoreceptor (PR) types 
across the insects: Prospero (Pros) for R7, Spalt (Sal) for R7+R8, and Defective proven-
triculus (Dve) for R1- 6. Using gene knockout (CRISPR/Cas9) in houseflies, butterflies, 
and crickets and gene knockdown (RNAi) in beetles, we found that like Drosophila, 
EGFR and Sevenless (Sev) signaling pathways are required to recruit motion and color 
vision PRs, though Drosophila have a decreased reliance on Sev signaling relative to 
other insects. Despite morphological and physiological variation across species, retina 
development passes through a highly conserved phylotypic stage when the unit eyes 
(ommatidia) are first patterned. This patterning process likely represents an “insect eye 
ground plan” that is established by an ancient developmental program. We identify 
three types of developmental patterning modifications (ground plan modification, 
nonstochastic patterns, and specialized regions) that allow for the diversification of 
insect eyes. We suggest that developmental divergence after the ground plan is estab-
lished is responsible for the exceptional diversity observed across insect visual systems.

evolution | development | visual system | photoreceptor | cell fate

 The process of evolution has given rise to an astonishing array of animal forms, enabling 
species to adapt to diverse environments. While some structures and traits evolve rapidly 
across species, others remain relatively unchanged over long periods of evolutionary history. 
One such structure that has deeply conserved external morphology is the compound eye 
of insects and crustaceans. Compound eyes are composed of numerous individual repeating 
unit eyes (ommatidia), each with its own lens and photoreceptors (PRs). The precise 
morphology of this structure can vary widely across species, with differences in the number, 
size, and arrangement of ommatidia helping them to meet the functional requirements 
of complex behaviors such as foraging, navigation, detecting predators, and recognizing 
mates. These behaviors themselves are influenced by the natural history and ecology of 
each species. Despite this diversity, the underlying structure is still highly recognizable as 
a compound eye, begging the question of what genes are conserved in compound eye 
patterning and development, and which have been modified to generate diversity of form 
and function.

 Retina development and PR recruitment has been heavily studied in Drosophila mela-
nogaster  [reviewed in ( 1 ,  2 )]. Patterning and cell fate specification occur in the eye/antennal 
imaginal disc during the third larval instar. Eye patterning can be divided into three stages: 
specification of eye vs. noneye, initiation and progression of the morphogenetic furrow, 
and specification of cell types including the PRs, cone cells, pigment cells, and bristle cells. 
Genes that control initial eye specification such as eyeless  (human PAX6) and orthodenticle  
(human OTX) have been found to be deeply conserved and establish the region that gives 
rise to the future retina ( 3     – 6 ). Next, the Hedgehog and Decapentaplegic signaling path-
ways coordinate progression of the “morphogenetic furrow” ( 7   – 9 ), a physical indentation 
which advances across the eye from posterior to anterior ( 1 ,  10 ). Morphogenetic furrow 
progression leaves behind evenly spaced clusters of cells called R8 equivalence groups that 
each refine into a single R8 PR using lateral inhibition ( 1 ,  11 ). R8 then uses the EGFR 
signaling and Spitz ligand to recruit PRs R2/5, which together again use EGFR/Spitz to 
recruit R3/4, then R1/6 ( 12   – 14 ). Finally, a combination of three signaling pathways is 
used to recruit the single R7 PR of each cluster: EGFR receives the ligand Spitz from 
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R2/5, Notch receives the ligand Delta from R1/6, and the receptor 
tyrosine kinase (RTK) Sevenless receives the ligand Boss from R8 
( 15 ,  16 ). Together, each cluster of eight PRs subsequently recruit 
cone, pigment, and bristle cells and develop into an individual 
ommatidium. The uniform spacing of initial R8 specification leads 
to an evenly spaced crystalline array of ommatidia that make up 
the adult compound eye.

 This dynamic recruitment process establishes PR identity and 
type, which is maintained by the expression of different transcrip-
tion factors (TFs). PRs R7 and R8 are referred to as the “inner” 
PRs because of the central position of their light-gathering rhab-
doms and they are primarily responsible for color vision ( 17   – 19 ). 
R1-6 “outer” PRs express broad-spectrum Rhodopsin 1 (Rh1) 
and are responsible for motion vision. Prospero (Pros) is a marker 
of R7 PR fate and is critical for R7 specification ( 20 ). In Drosophila , 
Spalt (Sal) is transiently expressed in R3/4 before turning on in 
R7 and R8, where expression is maintained through pupal and 
adult stages ( 21 ,  22 ), where it is required for expression of 
color-sensitive Rh3, Rh4, Rh5, and Rh6 in inner PRs ( 21 ). 
Defective proventriculus (Dve) is expressed at high levels in R1-6 
where it represses color-sensitive Rh3/5/6 and promotes expression 
of Rh1 ( 23 ). After this initial patterning, a stochastic patterning 
process establishes two ommatidial subtypes via the decision to 
express (or not express) a single TF Spineless (Ss) ( 24 ). Dve is 
expressed downstream of Ss at low levels in the Ss-ON subset of 
R7s that will later express Rh4, making Dve not exclusive as an 
outer PR marker ( 2 ,  25 ). This Dve expression in R7 occurs at low 
levels, as opposed to high Dve in outer PRs.

 Outside Drosophila , studies that examined the morphology of 
developing and adult insect retinas have suggested that similar 
mechanisms might pattern the retinas of a wide range of species 
( 26     – 29 ). The morphology of early-stage retina patterning has been 
characterized in only a few well-established systems, including 
 Tribolium  (red flour beetles) ( 30 ,  31 ), Ephestia  (flour moths) ( 32 ), 
 Gryllus  (crickets) ( 33 ), and Schistocerca  (grasshoppers) ( 34 ). Each 
of these species exhibits a superficially similar retina patterning 
process, with the regular structure of the compound eye appearing 
from posterior to anterior and through sequential addition of 
differentiated cells into each developing ommatidium, similar to 
what has been observed in Drosophila . Adult retina morphology 
has been characterized in many additional groups, but assessing 
PR homology across species based on PR position and axonal 
projection pattern via electron microscopy (EM) can be painstak-
ing and impractical to replicate in every species, and this approach 
has not always produced a reliable assessment of homology ( 35 , 
 56 ). Recently, new tools have made it possible to begin to char-
acterize gene expression and gene function even in nonmodel 
species such as beetles, butterflies, and bees ( 36 ,  37 ). For example, 
the TF Glass has been found to be essential for PR differentiation 
and this role is conserved between Drosophila  and Tribolium  ( 38 , 
 39 ). Nonetheless, whether the same genes and signaling pathways 
are used in PR recruitment across the insects remains largely 
unexplored.

 Here, we first set out to test whether TFs that are known to be 
required for the specification of different PR types in Drosophila  are 
expressed in similar patterns across diverse insect species. Next, we 
examined conservation of the role of Sevenless/Boss (RTK) and 
EGFR/Spitz signaling using CRISPR/Cas9 or RNAi in multiple 
insect species. Our comparative analysis of TFs and signaling path-
ways revealed a high degree of similarity in the developmental pat-
terning of compound eyes even among distantly related insect 
species, suggesting that a common ground plan is used in insect eye 
development. Finally, we identify three categories of modifications 
to eye patterning across groups: 1) Ground plan modification: In 

rare cases, the ground plan itself can be modified, as in the addition 
of a second R7 PR in the Lepidoptera, thought to have allowed for 
expanded color vision; 2) The evolution of nonstochastic patterns: 
Rh expression patterns can be reorganized into nonstochastic pat-
terns. This has happened in groups such as Dolichopodid flies, 
mosquitos, and crickets; 3) The evolution of specialized regions. 
This includes dorsal polarized light detectors and specialized regions 
of the eye used in target detection, which are often sex-specific. We 
discuss examples of visual system modifications that fit into these 
categories and provide data for each. 

Results

A Core Set of TFs Pattern the PRs of Diverse Insect Species. We 
used cross- reactive antibodies to the TFs Sal, Pros, and Dve to 
examine their expression in a diverse set of species across the insects 
(Figs. 1 and 2). In Drosophila, this combination of TFs labels the 
inner PRs R7 and R8 (marked by Sal), R7 (Pros+Sal), and R8 
(Sal alone) (Fig. 1, Bottom). Due to differences in when the eye 
is patterned in each group, we first identified stages where we 
could observe PR recruitment and where ommatidia are readily 
comparable using these markers.

 Similar to Drosophila , ommatidia in the yellow fever mosquito 
 Aedes aegypti  (Diptera), the red flour beetle Tribolium castaneum  
(Coleoptera), and the house cricket A. domesticus  (Orthoptera) 
contain eight PRs, with two PRs marked by Sal and a single 
Sal-positive PR also marked by Pros ( Fig. 1 ). The six Sal-negative 
PRs are marked by Dve expression in Drosophila , house flies 
 Musca domestica  (Diptera), house crickets (A . domesticus ) ( Fig. 2 ), 
and mosquitos Aedes  and Anopheles  ( 23 ) suggesting they each 
have six outer PRs. This assessment matches the identity of these 
cells as previously assigned by their relative positions in adult 
retinas. In cricket, PRs previously shown to have short visual fiber 
axonal projections express Dve, while long visual fiber PRs are 
in positions that we find to express Sal ( 40 ). We conclude that 
molecular markers support this assessment of homology, based 
previously on PR position and axonal projection pattern, with 
eight PRs total, six outer PRs, and two inner PRs per ommatid-
ium even in a distantly related outgroup species, the cricket   
A. domesticus .

 In contrast, ommatidia in the honeybee Apis mellifera  (Hymenoptera),  
the parasitoid wasp Nasonia vitripennis  (Hymenoptera), and the but-
terfly Vanessa cardui  (Lepidoptera) have nine PRs and two are 
Pros-positive ( Fig. 1 ). We showed previously that butterflies have two 
R7-type PRs ( 36 ). In the two hymenopteran species examined, marker 
TF expression suggests that the additional PR is also an R7-type PR. 
This was first proposed for Apis  based on morphology ( 29 ), and molec-
ular markers now support this hypothesis ( Fig. 1 ). Interestingly, in the 
moth Manduca sexta  (Lepidoptera), we observed that ommatidia in 
the dorsal region are fly-like and have eight PRs with one R7, while 
ommatidia in the ventral region are butterfly-like and have nine PRs 
with two R7s. A previous study of morphology noticed this difference 
in PR number in M. sexta  but did not speculate as to which PR types 
were present in dorsal vs ventral regions ( 41 ). Molecular markers indi-
cate that this difference in PR number is due to a differing number 
of R7s.

 Overall, PR number and arrangement during early develop-
mental stages is strikingly conserved across the species examined. 
We show that these markers allow for assessment of PR number 
and homology even in species where a detailed evaluation of ultra-
structure and PR connectivity has not been performed, such as in 
 Nasonia  wasps and Acheta  crickets. Together, these results demon-
strate that molecular marker expression can be used to establish 
homology of PR types and that patterning is deeply conserved.  
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TF Expression can be Used to Examine the Order of PR 
Recruitment in Diverse Species. We next asked whether PRs are 
recruited in a similar order during development. Fig. 3A shows 

this order of PR recruitment in Drosophila and summarizes 
the signaling pathways involved during each step (16, 42). We 
used immunohistochemistry to examine PR specification over 
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Fig. 1.   The TFs Spalt and Prospero are expressed in a subset of PRs in developing retinas of species across the insects and can be used to assign PR homology. 
Phylogenetic relationships between insect groups [as in (49)] are shown on the Left. In immunohistochemical stains of developing retinas, Spalt (cyan) labels R7 
and R8 PRs while Prospero (red) labels R7 PRs. DAPI (gray) labels all nuclei. White circles outline a single representative ommatidium in each species. Schematics of 
single ommatidia are shown on the Right. Acheta domesticus retinas were examined at embryonic stages, A. mellifera, N. vitripennis, T. castaneum, V. cardui, M. sexta, 
A.aegyptic, and D. melanogaster tissues were collected during the pupal stage. T. longicaudatus represents an outgroup to the insects and in a previous study using 
EM was shown to have eight PRs. Insect schematics created with BioRender.com. Images of T. longicaudatus used with permission from (26). (Scale bars, 10 µm.)
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time in the cricket A. domesticus, the honeybee A. mellifera, the 
butterfly V. cardui, and the fruit fly D. melanogaster. Images in 
(Fig. 3 B and C) show the outlines of newly formed ommatidia 
during the process of PR specification. PR recruitment occurs 
sequentially over time, with Sal or Pros turning on shortly 
after specification of R8 or R7 fate. A view of this process 
across the anterior/posterior is shown for the butterfly V. 
cardui in (Fig.  3B). In (Fig.  3C), we show comparable time 
points for each species. This process is similar even between 
distantly related Drosophila fruit flies and Acheta crickets. The 
last PR recruited in each species expresses both Sal and Pros, 
identifying it as an R7 PR (Fig. 3). The selected Hymenoptera 
and Lepidoptera species sequentially recruit two R7 cells, with 
one recruited earlier than the other. It has been hypothesized 
that this additional R7 is recruited in the position of the 
“mystery cell” of Drosophila, between R3 and R4 (36), which 
is consistent with the order of recruitment, position, and the 
relative timing of appearance that we observed in both butterfly 
and honeybee. Together, these results suggest that the order of 
recruitment and relative positions of where different PR types 
are recruited is highly conserved.

Sev Is Broadly Used for the Recruitment of R7 as Well as Four 
Outer PRs. We next asked whether the same signaling pathways 
used in Drosophila are used in PR recruitment in other species 
for recruitment of R8, R1- 6, and for one or two R7s. Drosophila 
RTK “Sevenless” mutants lack R7 PRs and this mutation was used 
in genetic screens to identify important components of the RTK 
signaling pathway (44, 45). We examined conservation of Sev 
signaling in R7 PR recruitment in Musca houseflies and Vanessa 
butterflies using CRISPR/Cas9 gene knock out. As in Drosophila, 
loss of sev in Musca resulted in the loss of R7 PRs, while other PRs 
were unaffected (Fig. 4 A–E and SI Appendix, Fig. S1 A–C). In 
contrast, when we disrupted sev in Vanessa butterflies, we found 
that the absence of R7 PRs was accompanied by the loss of four 
outer PRs as well as the loss of a variable number of cone cells 
(Fig. 4 F–J and SI Appendix, Fig. S1F). Examples of characteristic 
ommatidia that have just two Dve- positive outer PRs remaining is 
shown in SI Appendix, Fig. S1E (yellow circles). Other remaining 
nuclei in ommatidia in these regions are Dve- negative and are 
likely pigment or bristle cell nuclei. Because R2/5 are recruited first 
and required for the recruitment of R3/4 and R1/6, the remaining 
two Dve- positive PRs are likely R2/5. By examining the edges 
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of sev knockout clones, we observed examples of ommatidia 
where only the R7 was missing (SI Appendix, Fig. S1 D and E), 
supporting the idea that Sev is used directly for R7 recruitment, 
as well as in the recruitment of R3/4/1/6. In these experiments, 
unlike in Drosophila where loss of Sev has no known phenotype 
other than R7 loss (44), CRISPR disruption of Sev in Vanessa 
was highly lethal with only a small number of “mosaic mutant 
escapers” reaching pupal stages, suggesting that Sev also plays a 
more significant role in other tissues at earlier developmental stages 
in butterflies.

 The loss of outer PRs upon Sev KO in butterflies (in addition 
to R7 loss) suggests that butterflies either 1) have an increased 
reliance on Sev signaling during PR recruitment compared to 
other insects ( Fig. 4K  , “Scenario 1”), or 2) that flies have a reduced 
role for Sev in PR recruitment compared to the ancestral role, 
using it only for R7 specification ( Fig. 4K  , “Scenario 2”). To dis-
tinguish between these hypotheses, we examined Sev function in 
an outgroup, Tribolium  red flour beetles (Coleoptera). We used 
RNAi knockdown and found that loss of Sev results in the loss of 
R7 and four outer PRs, leaving only the central Sal-positive R8 
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is indicated by a white dashed line. A dashed white circle highlights an example ommatidium in a WT region, while a solid white circle highlights an example 
ommatidium in a sev KO region. WT, wild type; KO, knockout. (Scale bars, 10 µm.) (E) Schematic shows the loss of R7 in M. domestica. (F–J) In V. cardui butterflies, 
CRISPR- induced mosaic knockout of sev results in loss of two R7s and four outer PRs per ommatidium. In WT pupal retina regions, two R7s per ommatidium 
express Pros (red), and loss of Pros signal in regions disrupted by sev KO indicates loss of both R7s [compare WT to KO regions in (F)]. Similarly, Pros + Sal 
coexpressing R7 cells are lost but not Sal- only expressing cells (R8s) [compare WT to KO regions in (G–I)]. Unexpectedly, additional outer PR nuclei are missing 
in sev KO regions, based on the number of nuclei remaining and that only two of these are Dve positive (SI Appendix, Fig. S1). The boundary between WT and sev 
KO regions is indicated by a white dashed line. Dashed circles show examples of ommatidia in WT region, and solid circles highlight examples of ommatidia in 
sev KO region, where Sal- positive R8 remains, and only two neighboring PR nuclei (yellow dashed circles) remain. All nuclei in (I) are labeled with DAPI (gray). WT, 
wild type; KO, knockout. (Scale bars, 10 µm.) (J) Schematic shows the loss of R7s and outer PRs R1/6, R3/4 in V. cardui. (K) Two scenarios for how the role of Sev 
might have evolved. In Scenario 1, Sev gained expanded function in recruitment of four outer PRs in the butterfly lineage, while in Scenario 2, Diptera evolved 
a decreased reliance on Sev signaling and no longer require Sev for outer PR recruitment. (L–O) RNAi knockdown of Sev in T. castaneum results in loss of R7 
and four outer PRs. (L and M) Adult eyes (arrows) in wild- type (L) vs. Sev knockdown (M) are severely reduced in size. (Scale bars, 160 µm.) (N and O) Comparing 
WT (N) to Sev knockdown pupal retinas (O) shows that Pros- positive R7 (red) is lost, Sal- positive/Pros- negative R8 remains, and only two neighboring PR nuclei 
remain. Based on order of recruitment and that R2/5 are required for recruitment of the next four outer PRs, the remaining two are most likely R2/5. (Scale 
bars, 10 µm.) (P) Schematic shows the loss of R7 and outer PR R1/6, R3/4 in T. castaneum. This result supports Scenario 2 and suggests that the ancestral insect 
used Sev signaling in the recruitment of R3/4/1/6 as well as R7.

http://www.pnas.org/lookup/doi/10.1073/pnas.2416562122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2416562122#supplementary-materials
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PR and two flanking outer PRs (compare  Fig. 4 N  and O  ) and 
severely disrupted eye morphology ( Fig. 4 L  and M  ). The loss of 
four outer PRs as well as the R7 PR in each ommatidium matches 
the phenotype observed in butterfly Sev CRISPR mutants, sup-
porting Scenario 2 and indicating that Drosophila  have an evolu-
tionarily reduced role for Sev signaling in PR recruitment.  

The Use of EGFR/Spitz in PR Recruitment Is Highly Conserved. 
We next investigated the role of the EGFR/Spitz signaling in PR 
specification in the butterfly V. cardui and the cricket A. domesticus. 
In Drosophila, the EGF receptor is used together with the ligand 
Spitz in the sequential rounds of PR recruitment shown in Fig. 3A 
(green arrows). It is required for recruitment of all six outer PRs R1- 
6 as well as R7 (46–48). The EGF receptor plays other roles such 
as the establishment of R8 spacing using other EGF ligands such 
as Keren (48), but loss of Spitz does not disrupt initial ommatidial 
spacing or specification of R8 PRs. Loss of Spitz severely disrupts 
patterning shortly after R8s are specified in a regular grid, and this is 
soon followed by widespread cell death in those regions (46).

 In Vanessa  butterflies, CRISPR disruption of Spitz caused sig-
nificant early lethality, but we were able to obtain mosaic mutant 
escapers that exhibit disrupted patterning in portions of the retina 
( Fig. 5 A–D  ). In making mosaic somatic mutant animals it is not 
uncommon to produce a mixture of null and hypomorphic clones 
where the protein is partially functional. We observed regions with 
ommatidia that contained variable numbers of PRs ( Fig. 5 A–D  ) 
including ommatidia with one or both R7s missing, ommatidia 
where the R7 appears to be transformed into an outer PR, and 
examples where some outer PRs are missing ( Fig. 5 D ’I –IV  ). While 
hypomorphic clones can produce variable phenotypes, the loss of 
both outer PRs and R7s, as well as the conversion of R7 to outer 
fate, suggests that Spitz is required for the specification of both 
R7 and outer PRs.        

 In Drosophila  Spitz loss-of-function experiments, regions of 
cells containing a null mutation allow only R8 PRs to be specified 
( 46 ). In Acheta  crickets, KO of spi  resulted in severely disrupted 
retina patterning, and we observed evenly spaced Sal-positive 
nuclei with no neighboring Pros or Dve-positive nuclei, suggesting 
that only R8 PRs are specified ( Fig. 5 E –H  ), similar to the out-
come in Drosophila . We conclude that EGFR/Spitz signaling plays 
a highly conserved role in PR recruitment in distantly related 
insect species.  

Modifications Used in the Diversification of Insect Eyes. We 
present evidence that insect eyes are patterned using deeply 
conserved patterning genes and signaling pathways and have 
highly similar underlying structure (Figs. 1–5). Yet insects live in 
a vast array of environments and have varied visual requirements. 
What types of changes to developmental patterning help adapt 
insects to diverse environments and natural histories? We provide 
examples of three main categories of patterning changes that 
modify insect eyes for specific function (overview in Fig. 6A).
Type 1 evolution of changes to the ground plan. Examples of 
developing retinas shown in Fig.  1 and extensive literature on 
insect eye morphology indicate deep conservation of an eight- PR 
arrangement across the insects [reviewed in (56)], with two main 
exceptions. Examples in both the Lepidoptera and Hymenoptera 
have ommatidia that contain nine PRs instead of eight (Figs. 1, 
2, and 6B). Outgroups to both orders, such as the Orthoptera 
(crickets and grasshoppers), have eight PRs per ommatidium. 
Whether ommatidia with two R7s evolved once and were lost 
multiple times or evolved twice, once in each group, is an open 
question (Fig. 6B). The loss hypothesis would require it to have 
been lost in groups that diverged between the Hymenoptera and 
Lepidoptera (such as in the beetles, Coleoptera) and again in the 
lineage leading to the Diptera. Alternately, it could have been 
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Fig. 5.   EGFR/Spitz plays a conserved role in PR recruitment. (A–D) CRISPR mosaic knockouts of spitz result in the loss of R7 and outer PRs in pupal retinas of V. 
cardui. Dashed circles show example ommatidia in WT region; compare to solid circles in spitz KO regions. The boundary between WT and disrupted sev KO regions 
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regions, we observed a range of phenotypes, suggesting that a mix of null and hypomorphic mutations are present. In Drosophila, null mutant regions rapidly 
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staining (green), is disrupted. We conclude that Spitz is necessary for proper PR recruitment.
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gained once in the lineage leading to the Hymenoptera and again 
in the Lepidoptera.

   For the loss hypothesis, modern molecular phylogenies (e.g., 
ref.  49 ) suggest that several orders of insects arose between the 
Hymenoptera and the Lepidoptera, which would have required 
the loss of two R7s in at least the Coleoptera, Megaloptera, and 
Neuroptera. Morphological data show that species in these orders 
have eight PRs ( 31 ,  32 ,  57 ). In  Fig. 1  we show evidence that 

indicates that one of these groups, Tribolium  beetles, has a single 
Pros-positive R7. In this scenario, an additional loss would have 
occurred in the lineage leading to the Diptera, suggesting it would 
have required at least four independent losses in total.

   Alternately, it is possible that the gain of a second R7 PR per 
ommatidium occurred independently in the two groups. A previ-
ous review using data on adult PR morphology concluded that the 
ancestral state was most likely ommatidia with eight PRs, and that 
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Fig. 6.   Three types of modifications to the insect 
eye ground plan. (A) Retina schematics summarize 
differences in patterning and three categories 
of modifications that are used to modify insect 
visual function. (B) Modification of the insect eye 
ground plan itself: Lepidoptera and Hymenoptera 
have ommatidia that contain two R7 PRs. A 
phylogeny of insect groups is shown on the left, 
with relationships taken from (49). Gray circles 
indicate evaluation via morphology in previous 
studies, while purple circles and squares indicate 
that additional data are presented in this study. 
On the right, antibody stains in the hawkmoth M. 
sexta show fly- like ommatidia in the dorsal region 
(eight PRs, one R7) and butterfly- like ommatidia 
in the ventral region (nine PRs, two R7s). Dve 
expression (magenta) in Pros- positive (green) 
R7s can be used as a marker of ommatidial 
subtype and stochastic patterning, and shows 
that the additional R7 is correlated with the 
production of three stochastically distributed 
ommatidial types in the ventral retina. (Scale 
bars, 10 µm.) (C) In a second type of modification, 
some groups have lost stochastic patterning. S. 
gregaria grasshoppers were previously shown 
to have stochastically patterned retinas (34), 
while G. bimaculatus crickets were found to have 
regionalized patterns (50). We examined Rh 
expression as a marker of ommatidial type in an 
additional cricket species A. domesticus and find 
that it has regionalized, nonstochastic expression 
similar to Gryllus, with the blue- sensitive Rh 
localized to the ventral retina (as well as the 
dorsal rim area). (Scale bar, 100 µm.) In a similar 
but likely independent example of the evolution 
of nonstochastic patterns, Aedes and Anopheles 
mosquitos were found to have regionalized Rh 
expression (51). We examined Rh expression in 
C. quinquefasciatus mosquitos and find a similar 
nonstochastic pattern, with a narrow ventral 
stripe of blue- sensitive Rh expression (as well 
as in a large dorsal rim area), suggesting that 
stochastic patterning was lost early in mosquito 
evolution. (Scale bar, 50 µm.) (D) A third type of 
modification interrupts stochastic patterns, such 
as the male- specific “Love Spot” region in Musca 
house flies and other Dipterans. We show male- 
specific expression of Rh1 in dorsal R7 PRs in the 
hover fly Sphaerophoria sp., suggesting that they 
have similarly modified R7 PRs to the previously 
characterized feature in Musca. (Scale bar, 20 
µm). Data sources in (A): Mecoptera from (53), 
Hemiptera from (54), Odonata from (55).
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the Hymenoptera and Lepidoptera independently evolved addi-
tional PRs ( 56 ). Our survey of molecular marker expression sup-
ports this view. To test this hypothesis further, we examined M. 
sexta  hawkmoths, which had previously been shown to have eight 
PR in the dorsal retina and nine PR in the ventral retina ( 41 ). In 
antibody stains, dorsal Manduca  retinas are fly-like with six 
Dve-positive outer PRs and a single Pros-positive R7 ( Fig. 6 B   
 Right , Top ). Ventral Manduca  retinas are butterfly-like and contain 
nine PRs, with six Dve-positive outer PRs and two Pros-positive 
R7 PRs ( Fig. 6 B   Right , Bottom ). The presence of both fly-like and 
butterfly-like ommatidial types in the retinas of a single moth spe-
cies provides additional evidence that this trait may have evolved 
within the Lepidoptera. Together with phylogenetic placement, 
and because two gains is more parsimonious than four or more 
losses, we conclude that ommatidia containing two R7s most likely 
evolved independently in the Hymenoptera and Lepidoptera.

   The evolution of a second R7 PR per ommatidium produced 
more complex retinal mosaics and allowed for expanded color 
vision in butterflies ( 36 ). In Drosophila , a stochastic choice of 
whether to express the TF Ss is made in individual R7s and controls 
the decision of what Rh to express ( 24 ), as well as a coordinated 
R8 PR Rh choice via activin signaling ( 58 ). This Ss-ON/Ss-OFF 
decision is cell intrinsic and controls the ratio of ommatidial types 
produced ( 59 ). In butterflies, the presence of a second R7 allows 
for Ss-ON/ON, ON/OFF, and OFF/OFF combinations in the 
two R7 cells, providing additional information that is required for 
the production of three stochastically distributed ommatidial types 
[SI Appendix, Fig. S3 ; ( 36 )]. Over evolutionary time, new Rhs have 
come to be expressed in different combinations of PRs that rely on 
this additional identity, such as a red-sensitive Rh that provides the 
ability to see red colors in swallowtail butterflies (Papilionidae) in 
one of the three ommatidial types that result from having two R7s 
( 36 ,  60 ). We tested whether Manduca  use similar genes as butter-
flies to make additional stochastic choices in the portion of their 
retinas that have two R7 PRs. Using Dve expression in the 
Pros-positive R7s as a readout of Ss-ON/Ss-OFF status ( 36 ), we 
observed patterns that match previously published Rh expression 
data ( Fig. 6 B   Right ). Together, these data suggest that the dorsal 
 Manduca  retina has two stochastically distributed ommatidial types 
while the ventral retina has three.  
Type 2 evolution of nonstochastic patterning. After the initial ground 
plan is established, the retina receives additional patterning. In 
Drosophila, the stochastic ON/OFF decision to express Ss controls 
ommatidial subtype and which Rhs are expressed, and therefore 
which wavelengths are detected. This secondary patterning system 
using Ss might be expressed in different patterns in the retinas of 
some species. For example, while Rh or patterning gene expression 
has not yet been characterized in the Dolichopodidae (the long- legged 
flies), corneal lens color and underlying morphology has become 
nonstochastic in some species (schematic in Fig. 6A) (61, 62). In a 
different spatial arrangement, Aedes and Anopheles mosquitos have 
lost stochastic patterning and instead produce a regionalized ventral 
stripe of Rh expression (schematic in Fig. 6A) (51). Similarly, while 
Schistocerca gregaria grasshopper patterning is stochastic (63), Rh 
patterning in G. bimaculatus crickets has been shown to be mosquito- 
like and regionalized (50). That specific groups have become 
regionalized hints at potential function, and it has been suggested 
that some species might use the ventral region as a ventral polarized 
light detector (35). To further examine the origins of regionalized 
patterning in crickets and mosquitos, we examined Rh expression 
in additional species.

   We used HCR in situ hybridization to visualize expression of 
UV and blue-sensitive Rhs in the retinas of house crickets   
A. domestica  and in mosquitos Culex quinquefasciatus . While the 

main region of the eye expresses UV-sensitive Rh in R7 PRs, we 
observed a regionalized patch of blue-sensitive Rh expression in 
ventral A. domestica  retinas, similar to the pattern previously 
observed for G. bimaculatus  ( Fig. 6C  ). Though Gryllus  and Acheta  
are closely related, this result shows that regionalized patterns are 
found across multiple genera and are not restricted to Gryllus . 
Further work will be needed to determine where regionalized pat-
terns originated within the Orthoptera. In mosquitos, Ae. aegypti  
produces a narrow ventral stripe of blue-sensitive Rh expression 
while An. gambiae  have a similar but broader ventral region ( 51 ). 
To improve phylogenetic coverage within the Culicinae, we exam-
ined a third laboratory species, C. quinquefasciatus,  and find that 
they have a similar ventral region of blue-sensitive Rh expression 
in R7 PRs ( Fig. 6C  ). The finding that all three species have region-
alized patterns suggests that the origin of regionalized retinas 
occurred early, before the diversification of mosquitos. The evo-
lution of nonstochastic patterns is one way in which insect retinas 
have been modified for specialized function.  
Type 3 evolution of specialized regions. We classify another type 
of retina modification as “specialized regions”, which we define as 
modified subregions of the retina that interrupt normal stochastic 
patterning. One example is the “dorsal rim area” (DRA), a region at 
the top of the retina used to detect the direction of polarization of 
skylight and used for navigation (Fig. 6A, dark purple). This region 
varies in shape and position in different species (35). In another 
example, a number of species in families across the Diptera have 
a male- specific region of the eye. This region interrupts normal 
stochastic patterning in males and is thought to provide increased 
sensitivity for target detection and tracking, and to aid in aerial 
pursuit of females that leads to mating [reviewed in (52)]. It has 
been colloquially called the Love Spot (64).

   Similar male-specific regions are found in Lycaena  copper but-
terflies ( 65 ), Apis  honeybees ( 66 ), and in “turbinate” mayflies ( 67 ). 
Another interesting example of a sex-specific target detector, but 
this time in females, is found in the “big-headed flies”, in the 
Pipunculidae. Females in the genus Chalarus  have enlarged Love 
Spot-like ommatidia in the frontal eye, likely used in the detection 
of moving oviposition sites: hopping tree- and leaf-hopper nymphs 
on the underside of leaves ( 68 ,  69 ). While external morphology of 
such features has been examined in many species, the most detailed 
work has been performed using house flies M. domestica , where 
electrophysiology, ultrastructure, and axonal connectivity have 
been closely examined ( 52 ,  64 ). Previous results from electrophys-
iological recordings suggest that they use broad spectrum-sensitive 
Rh1 in their outer PRs for motion vision (like Drosophila ) and also 
in Love Spot R7 PRs. Rh expression has not been examined in 
other fly species with similar features. We used immunohistochem-
istry to examine Rh1 expression in a phylogenetically distant spe-
cies of Syrphidae hover fly, Sphaerophoria sp ., where we collected 
a mating male/female pair. While in the female retina Rh1 expres-
sion was limited to outer PRs, in males, we observed Rh1 expres-
sion in a subset of R7 PRs in the dorso-frontal region of the eye 
( Fig. 6D  ), providing an example of a specialized region with fea-
tures similar to those characterized in Musca .    

Discussion

 In this work, we selected a set of TFs and signaling pathways that 
are known to be important for PR recruitment in Drosophila  and 
evaluated their role across the insects. We found that the TFs Pros, 
Sal, and Dve serve as reliable molecular markers and can be used 
to establish PR homology, and that their expression can be used 
to examine the order of PR recruitment. We establish that two of 
the same signaling pathways are used in similar ways to recruit 

http://www.pnas.org/lookup/doi/10.1073/pnas.2416562122#supplementary-materials
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PRs across insect groups, but with a shift in reliance from Sevenless 
(RTK) to EGFR/Spitz for the recruitment of four outer PRs in 
the Diptera. There is no apparent functional consequence of this 
difference, suggesting that this may be an example of developmen-
tal system drift ( 70 ) and that it may be a relatively neutral change. 
We suggest that together, these combined patterning mechanisms 
represent an ancestral insect eye ground plan that is deeply con-
served. Despite this striking conservation of initial patterning, 
insects have found ways to diversify their eyes. We suggest that 
much of the observed diversity could result from modifications 
to developmental processes that occur after establishment of the 
ground plan itself.

 Changes in TF expression could be responsible for eye pattern-
ing diversity. Modifications that repattern the eye could occur 
either through changes in how regulators and TFs known from 
 Drosophila  are expressed, or they could involve entirely different 
patterning factors. For example, in the evolution of nonstochastic 
patterning, the stochastic regulator Ss could be redeployed and 
expressed in new patterns. Perhaps mosquitos express Ss in deter-
ministic ventral patterns. Unfortunately, neither butterfly nor 
 Drosophila  Ss antibodies cross-react across species and so this is 
left to be determined. It is also possible that the evolution of novel 
patterns occurred via expression of novel regulators, and this will 
be interesting to investigate further.

 The ground plan is likely to include other deeply conserved 
factors. We discussed three steps in insect retina patterning. The 
first step, specification of eye vs. noneye, has been previously 
shown to be deeply conserved ( 3 ,  71 ), and we focus here on the 
third step of PR specification. It would also be interesting to exam-
ine the second step and determine whether earlier morphogenetic 
furrow signals are conserved across groups, such as the use of 
Decapentaplegic and Hedgehog signaling, as well as to compare 
expression and function of the genes that initiate furrow progres-
sion such as Eya. These could be additional components of the 
ground plan.

 We showed examples where the ground plan itself has been 
modified in butterflies and honeybees by generating two R7s. It 
is interesting that this expansion in the number of ommatidial 
types and in the possible number of color receptor combinations 
occurred in groups where many species rely on colorful food 
sources and interact with colorful conspecifics – groups that con-
tain the butterflies and the bees. In the future, it will be interesting 
to evaluate the genetic basis of how butterflies produce ommatidia 
that recruit two R7s.

 The insect eye ground plan appears to be ancient and may extend 
beyond the insects. While crustacean PR number can vary, species 
in several groups have been shown to have eight, including mantis 
shrimp (Stomatopoda) and tadpole shrimp (Branchiopoda) ( 26 , 
 72 ). Perhaps the most suggestive finding is that these eight PRs are 
recruited sequentially, in a similar pattern to the insects, in Triops  
( 26 ), suggesting that this process may be very highly conserved 
and perhaps common to the Pancrustacea. It would be interesting 
to examine whether crustacean groups use the same TFs and sig-
naling pathways and to determine where the ground plan arose.

 While there is a rich historical literature on insect eye morphol-
ogy and physiology that has identified many interesting features 
and various organizations of insect visual systems, a wealth of 
biodiversity remains yet to be characterized. New tools combined 

with the ever-improving availability of genome and transcriptome 
sequences provide an opportunity to explore the genetic basis of 
visual system adaptation.  

Materials and Methods

Animal Husbandry. The painted lady butterfly Vanessa cardui, the moth Manduca 
sexta, and the red flour beetle Tribolium castaneum were obtained from Carolina 
Biological Supply Company, California, USA. The fruit fly Drosophila melanogaster, 
the housefly Musca domestica, the honeybee Apis mellifera, and the mosquito 
Aedes aegypti and C. quinquefasciatus originated from laboratory stocks main-
tained at University of California San Diego. The house cricket Acheta domesticus 
were purchased from a local pet store in San Diego, California. The Sphaerophoria 
spp. hoverflies were captured as a male/female pair near Washington Square 
Park in New York, NY.

Localization of Protein (Immunohistochemistry) and mRNA (HCR In Situ 
Hybridization). The details of immunohistochemistry for embryonic, larval, 
pupal, adult retina were described in (36). Primary antibodies (36) were used 
with the following concentrations: rabbit anti- Sal (1:400), guinea pig anti- Dve 
(1:400), and rat anti- PxPros (1:100). AlexaFluor secondary antibodies were used 
as follows: donkey anti- rabbit- 488 (1:250), donkey anti- guinea pig- 555 (1:250), 
donkey anti- rat- 647 (1:250), phalloidin (actin) (1: 250). In situ HCR 3.0 was per-
formed as detailed in (73). Sequences used in the design of HCR probes are listed 
in SI Appendix, Table S1. HCR hybridization probes were designed as described 
in (74). Images of immunohistochemical stains and HCR in situ hybridizations 
were acquired using a Leica Sp8 confocal microscope.

Functional Analysis of sev and spi. We conducted CRISPR/Cas9 experiments 
to knock out sev in the butterfly V. cardui and the housefly M. domestica. We 
also knocked out spi in the cricket A. domesticus and the butterfly V. cardui. The 
details of butterfly embryo injection were described in (36), and are summarized 
here briefly: Butterfly eggs were collected from 1 h to 7 h after egg laying and 
injected with mixed of sgRNAs and Cas9 using borosilicate glass needles. One to 
two sgRNA were coinjected with yellow sgRNA for targeting yellow color mutation. 
The final concentration of sgRNA/Cas9 was 250 ng/uL. After injection, the eggs 
were placed in petri dishes with dampened cotton to maintain humidity. After 
hatching, larvae were individually transferred to artificial diet in small 37 mL 
cups until pupation. The cricket eggs were collected from 6 h to 17 h after egg 
laying. The final concentration of sgRNA/Cas9 was 125~250 ng/uL. Housefly eggs 
were collected 30 min after egg laying, dechorionated with 25% bleach, and 
injected within 30 min with a mixture of concentration of sgRNA/Cas9 1,000 ng/
µL. Synthetic sgRNAs were obtained from Synthego and specific target sequences 
can be found in SI Appendix, Table S2.

The expression of sev in the beetle T. castaneum was knocked down by using 
RNA interference (RNAi). DsRNA was injected into the abdomen of pupae with 
the concentration of 500 ng/uL. To synthesize dsRNA, target sites were chosen 
on exon 3, exon 7, and exon 8: Each target was amplified by PCR with primers 
containing the T7 promoter sequence as a 5’ overhang. The PCR product was 
purified using Zymo DNA clean and concentrator- 5 kit and used as template for 
in vitro transcription using Invitrogen Megascript T7 transcription kit. DsRNA were 
purified using Zymo RNA clean and concentrator- 100 kit, ethanol purified, and 
resuspended in water at a concentration of 150 ng/µL. DsRNA injection followed 
the standard protocol detailed in (75).

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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