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SUMMARY
Butterflywings display a diversity of cell types, including large polyploid scale cells, yet themolecular basis of
such diversity is poorly understood. To explore scale cell diversity at a transcriptomic level, we employ sin-
gle-cell RNA sequencing of�5,200 large cells (>6 mm) from 22.5- to 25-hmale pupal forewings of the butterfly
Bicyclus anynana. Using unsupervised clustering, followed by in situ hybridization, immunofluorescence, and
CRISPR-Cas9 editing of candidate genes, we annotate various cell types on the wing. We identify genes
marking non-innervated scale cells, pheromone-producing glandular cells, and innervated sensory cell
types. We show that senseless, a zinc-finger transcription factor, and HR38, a hormone receptor, determine
the identity, size, and color of different scale cell types and are important regulators of scale cell differenti-
ation. This dataset and the identification of various wing cell-type markers provide a foundation to compare
and explore scale cell-type diversification across arthropod species.
INTRODUCTION

Butterfly wings contain exquisite natural mosaics of individual

scale cells that exhibit incredible variation in size, shape,

morphology, color, and function. Wing scales are homologous

to sensory bristles found in other arthropods1,2 but, in butterflies,

these bristles differentiate into paddle-shaped, non-innervated

projections, organized in neat rows of alternating larger cover

scales overlapping smaller ground scales. Most scales that

cover the wing membrane die upon adult emergence leaving

behind their colored chitinous skeletons to serve a visual-signal

function.3–5 While scale cell color diversity is the most prominent

feature of butterfly wings, wings also display a variety of other

cell types. Wing epidermal cells (�3–4 mm in diameter) form

most of the wing cells. Larger cells include the scale, muscle,

glandular, and innervated sensory cells. Innervated sensory

cells, often placed on top of veins,6–8 are involved in mechano-

sensory or chemosensory functions9–11 and glandular secretory

cells are responsible for producing and secreting sex phero-

mones, mostly in males.12 How such wing cell-type diversity is

genetically and developmentally regulated remains largely

unknown.

Bristle developmental progression has beenwell studied in the

fruit fly, Drosophila melanogaster13–18 (Figure 1A). In flies, each

sensory bristle consists of four different cell types—the external

socket and bristle cells and the internal sheath and neuron

cells—that arise from a single sensory organ precursor (SOP)

cell.14 The SOP is selected from a proneural cluster of cells by
Cell Reports 43, 114147,
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the action of various proneural genes of the achaete-scute com-

plex (AS-C) and it promotes an epidermal cell fate in neighboring

cells by repressing AS-C genes through a Notch-mediated

lateral inhibition process.14–16,19 The SOP then undergoes two

rounds of asymmetric cell divisions to produce four daughter

cells (Figure 1A).17 The first division leads to two daughter

cells, pIIa and pIIb, where pIIa divides to form the future socket

and bristle cells, and pIIb divides into the neuron and sheath

cells. At each cell division, binary cell fate choices are

regulated through Notch signaling, initiated by the asymmetric

distribution of cell fate determinants such as numb and neural-

ized (neur).20–22 In the first division, numb and neur are asymmet-

rically segregated to the pIIb cell, which acts as the signal

sending cell, activating Notch in the pIIa cell. In the second set

of divisions, the socket and sheath cells exhibit active Notch

signaling (higher levels of Notch and its downstream targets),

initiated by the bristle and neuron cell, respectively (Figure 1A).

The primary stages of lepidopteran scale development parallel

the sensory bristle program, with certain modifications. Scales

derive from a single SOP cell that is specified around 7%of pupal

development (PD) (12–15 h after pupation).1,23 As in flies, SOP

cell spacing and organization is determined by a Notch-medi-

ated lateral inhibition mechanism.24 Unlike sensory bristle devel-

opment, however, after the first cell division, one of the daughter

cells (pIIb) dies (at �17 h after pupation), eliminating the neuron

and sheath progeny cells.1 By �14% PD (�24 h after pupation),

neat rows of scale cell precursors (pIIa cells) are seen. In Junonia

coenia butterflies, these pIIa cells express a butterfly homolog of
May 28, 2024 ª 2024 The Authors. Published by Elsevier Inc. 1
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Figure 1. Scale cell diversity and a single-cell atlas of 24-h male pupal forewings of B. anynana

(A) A schematic of the sensory bristle cell lineage of Drosophila melanogaster. Genes expressed at different stages along the cell lineage are indicated in pa-

rentheses.D.melanogaster Pax2/shaven is expressed in the SOP, pIIa, and pIIb cells (filled circles) but, in the following cell divisions, its expression is restricted to

the scale and sheath cells only (open circles). N, Notch receptor and increased Notch signaling.

(B) Diversity in scale color, morphology, and size seen on the forewings of male B. anynana butterflies.

(C) Male dorsal (top) and ventral (bottom) forewings of B. anynana and isolated single cells from a 24-h pupal forewing stained with DAPI and CellMask Plasma

Membrane stain.

(legend continued on next page)
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the AS-C genes, ASH1 (achaete-scute homolog 1),1 which is

essential for scale development.2 Division of the pIIa cell gives

rise to a scale and socket cell (Figure S1A).23 Alternating cover

and ground scales can be distinguished based on size by

�21% PD.23

Given the established homology of sensory bristles and but-

terfly scales, and an understanding of the initial stages of scale

development, we sought to explore how scales varying in

morphology, color, and size (Figure 1B) vary in their differentia-

tion program. In addition, we aimed to identify and characterize

other large wing cell types beyond scale cells. We employed sin-

gle-cell transcriptomics to collect gene expression information

from individual large cells of developing pupal forewings of Bicy-

clus anynana butterflies. We obtained 14 biologically meaningful

cell populations using unsupervised clustering of �5,200 large

cells and annotated the scale cell clusters using known marker

genes from the extensive Drosophila sensory bristle literature.

We further annotated epidermal and sensory cell types on the

wings, like the marginal mechanosensory bristles and the glan-

dular cells that produce male sex pheromones. We also uncov-

ered important roles for the genes senseless (sens) and hormone

receptor 38 (HR38) in regulating characteristics and identities of

scale cell types.With this dataset and functional characterization

of marker genes, we provide a foundational wing cell atlas and

candidate genes that can be used to further explore the molec-

ular mechanisms of scale cell-type diversification in detail.

RESULTS

A single-cell atlas of 24-h male pupal forewings of
B. anynana and the identification of scale cell clusters
We applied single-cell transcriptomics to 22.5- to 25-h male pu-

pal forewings ofB. anynana, which corresponds roughly to 14%–

16% of PD (Figure 1C). We dissociated pupal wing tissues to

obtain single cells and sorted these cells based on size and

viability (Figure 1C). We collected cells larger than �6 mm in

diameter to enrich for cell types we were most interested in.25

At �24 h, cells of this size or larger correspond to the pIIa

cells, their progeny,1 and other large cells on the wing, based

on confocal images of wings from that time point stained with

DAPI and CellMask Plasma Membrane stain (Figures 1C and

S1B). Cells were processed via the 10X Genomics microfluidics

system (10X Genomics Single Cell 30 mRNAseq v.3) to generate

the single-cell libraries. After quality control, 5,268 high-quality

single-cell transcriptomes were processed downstream (see

STAR Methods) to obtain a single-cell atlas consisting of 14

cell clusters that we deemed to provide a biologically meaningful

resolution of the large wing cell types (Figure 1D; Table 1).

Within the wing cell atlas, we could first distinguish between

dorsal and ventral cells based on the expression of the dorsal

marker gene apterous A (apA) (Figures 1E and 1F).26 Around

42% of the cells analyzed, i.e., 2,213 cells belonging to clusters
(D) A Uniform Manifold Approximation and Projection (UMAP) plot of 5,268 large

each cluster is shown in brackets.

(E) Dotplot of different marker gene expressions within each cluster. Putative high

green boxes highlight the putative scale precursor cells and the dividing/divided

(F–M) Expression of various genes used to annotate dorsal vs. ventral cells and
0, 1, 7, 9, and 12 had high levels of expression of apA (Figures 1E

and 1F).

We next investigated the molecular identity of the scale cells

and their diversity, and characterized the other cell types on

the wing, including glandular and innervated cells. We deduced

that cells in clusters 1 and 3–11 are future scale cells at different

time points in their differentiation from a SOP (pIIa) to a differen-

tiated scale and socket cell (Figures 1A, 1D, and 1E). These clus-

ters expressed a neural cell-type marker, couch potato (cpo)27

(Figure 1J), and bric a brac 1 (bab1) (Figure S2), a gene known

to mark both cover and ground scales in butterflies.28 Clusters

4 and 5 are likely pIIa cells at earlier time points along the scale

cell lineage, while cells in clusters 1, 3, and 6–11 are dividing/

divided scale cells. The early pIIa cells expressed neural markers

and high levels of extramacrochaetae (emc) and enhancer of

split mbeta (E(spl)mbeta) which are downstream targets of

Notch signaling (Figures 1E, horizontal blue box, 1L, and

1M).15 In contrast, cell clusters 1, 3, and 6–11 showed reduced

levels of Notch signaling alongside expression of some neural

markers, suggesting that they are pIIa cells at later stages of

the scale cell lineage or the progeny of the pIIa cell (Figure 1E,

horizontal green box). This is supported by the higher levels of

neur expression in cells of clusters 1, 6, 7, 10, and 11 (Figure 1E).

neur increases over time in the pIIa cell and is asymmetrically

distributed into a single progeny, the scale cell, in the following

cell division. None of the cell types expressed pIIb markers

elav and prospero, corresponding with the death of pIIb cells

during lepidopteran scale cell development (Figure 1E).29,30

Cells in clusters 1 and 3–11 also expressed genes such as cut,

scabrous (sca), tramtrack (ttk), and sanpodo (spdo) (Figures 1E,

1H, 1I, and S2), which play important roles in Drosophila sensory

organ development.31–35 spdo had a broad expression across

clusters 1 and 3–11, similar to cpo and bab1 (Figure S2), while

a large number of cells, predominantly in clusters 4 and 5, ex-

pressed high levels of cut, sca, ttk, and a zinc finger transcription

factor basonuclin 2, related to Drosophila disco36 (Figures 1E,

1H, 1I, and S2). cut, sca, and ttk expression overlapped exten-

sively with a putatively annotated Ba-Pax5 gene, which is a ho-

molog of Drosophila Pax2/shaven (Figure 1K), a gene essential

for bristle development in Drosophila.37 Cells in a subset of the

above clusters (1, 3, 6, 7, 8, and 11) also expressedBaASH2 (Fig-

ure 1G), whose homolog has a functional role in scale develop-

ment of Bombyx mori (Figure S3).2

Cells in different clusters exhibit differences in cellular
identity and activities
We next sought to identify groups of significantly co-expressed

genes (gene expression programs or GEPs), akin to different

‘‘cellular processes,’’ and infer their relative contributions to

each of the previously identified cell clusters.38 A GEP exclu-

sively used in one cell type would indicate an identity GEP, while

GEPs expressed in multiple cell types would be indicative of
pupal forewing cells separated into 14 distinct clusters. The number of cells in

er-order cell classes are indicated by the schematics. The horizontal blue and

scale cells, respectively.

identify scale and scale cell precursors. See also Figures S1–S3.
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Table 1. Cell clusters from the B. anynana 24-h pupal wing single-cell atlas annotated based on expression of various marker genes

and functional validation using in situ hybridization, immunofluorescence, and CRISPR-Cas9 gene editing

Cluster number Cluster annotation Dorsal/ventral Key marker genes

0 pheromone-producing glandular cell dorsal (apterous A+) JHBP,Obp-56a, circadian clock-controlled,

cuticle protein 16.5-like, grainyhead

1 dorsal scale cells dorsal (apterous A+) neuralized, sanpodo, couch potato, bric a

brac 1, ASH2, spire, HR38, senseless

2 trachea, muscle, or other epidermal cells ventral (apterous A–) grainyhead, ADAMTS7

3 ventral scale precursor pIIa cells—growing/

dividing

ventral (apterous A–) couch potato, bric a brac 1, shaven, ASH2,

sanpodo, HR38, senseless

4 ventral scale precursor pIIa cells—early ventral (apterous A–) extramacrochaetae, enhancer of split

mbeta, cut, scabrous, couch potato,

shaven, tramtrack, bric a brac 1, basonuclin

2, sanpodo

5 ventral scale precursor pIIa cells—early ventral (apterous A–) extramacrochaetae, enhancer of split

mbeta, cut, scabrous, couch potato,

shaven, tramtrack, bric a brac 1, basonuclin

2, sanpodo

6 ventral scale precursor pIIa cells—growing/

dividing

ventral (apterous A–) neuralized, couch potato, bric a brac 1,

shaven, ASH2, sanpodo, HR38, senseless

7 dorsal scale cells dorsal (apterous A+) neuralized, sanpodo, couch potato, bric a

brac 1, ASH2, spire, HR38, senseless

8 ventral scale precursor pIIa cells—growing/

dividing

ventral (apterous A–) couch potato, bric a brac 1, shaven, ASH2,

sanpodo, HR38, senseless

9 dorsal scale cells—pheromone gland

related

dorsal (apterous A+) couch potato, HR38, senseless, JHBP,

Obp-56a, circadian clock-controlled,

extramacrochaetae, enhancer of split

mbeta

10 ventral scale precursor pIIa cells—growing/

dividing

ventral (apterous A–) neuralized, couch potato, bric a brac 1,

shaven, sanpodo, HR38, senseless

11 ventral scale cells ventral (apterous A–) neuralized, sanpodo, couch potato, bric a

brac 1, ASH2, spire, HR38, senseless

12 innervated sensory organs—dorsal

campaniform sensilla

dorsal (apterous A+) narrow, homothorax, tiptop, ZFHX4, draper

13 innervated sensory organs—ventral

marginal mechanosensory bristles

ventral (apterous A–) narrow, Wnt-6, cut
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common cellular programs like the cell cycle shared across

the cell types.38 We employed consensus non-negative matrix

factorization and identified 13 GEPs that were informative for

our analysis, along with their relative contributions to each cell

cluster (Figures 2A and S4A–S4E).39

Different cell clusters exhibited varying combinations and

levels of usage of GEPs that reflected their different states and

activities, i.e., their identity or stage of cell-cycle progression.

For example, clusters 4 and 5 uniquely expressed GEP 6

(Figures 2A and 2B), a module enriched in genes involved in

regulation of transcription, DNA binding, imaginal disc-derived

wing margin morphogenesis, and negative regulation of the

Notch signaling pathway. GEP 6 consisted of many of the cell

fate specification markers discussed above such as cut, ttk,

and shaven along with E(spl), emc and basonuclin 2 (Table S1).

The exclusive use of GEP 6 in only cells of clusters 4 and 5 sug-

gests that this is an identity GEP, reflecting the early nature of

these cells along the scale cell lineage. Clusters 4 and 5 also ex-

pressed GEPs 1 and 3, respectively (Figure 2A, blue dotted box),

along with GEP 6. GEP 1 (and GEP 4), widely expressed across
4 Cell Reports 43, 114147, May 28, 2024
scale cell clusters (Figure 2A, white dotted boxes), consisted of

numerous ribosomal proteins and ATP synthase subunits, sug-

gesting that cells expressing this program were actively growing

in either the G1 or G2 phase of the cell cycle (Figure S4F, G).

GEP 3, which was also expressed in many cell clusters, was en-

riched in genes contributing to myosin binding (Figure S4H) as

well as cell division (protein MIS12 homolog, protein Spindly)

(Table S1), potentially correlating with the mitotic M phase of

the cell cycle. Thus, the combinatorial expression of GEPs 6, 1,

and 3 between clusters 4 and 5 illustrate their common identity

but differing cellular activity profiles.

Another identity GEP, GEP 5, was uniquely and highly ex-

pressed in clusters 1, 7, and 11 (Figure 2A, green dotted box).

GEP 5 comprised many cuticle proteins, neur, a cytoskeleton

binding protein, Klarsicht, and a gene related to Drosophila

insensible that is involved in negatively regulating Notch

signaling (Table S1). This GEP also comprised two proteins,

Zasp-like and spire, which can bind actin and nucleate new

actin filaments, respectively.40,41 This suggested that cells in

clusters 1, 7, and 11 are the progeny of pIIa cells, potentially



(legend on next page)
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undifferentiated scale cells, rather than socket cells, based on

the size criterion used for initial cell sorting.

We further verified cells of the scale cell lineage (clusters 1 and

3–11) by examining the expression of three of the identified

marker genes, cpo, shaven, and Cut, in 22- to 28-h developing

pupal wings of B. anynana. Chromogenic in situ hybridization

of cpo mRNA showed restricted expression in the cells of

the scale cell lineage (Figures 2H and S5A), and not in the sur-

rounding epidermal cells. Like cpo, we observed cut and shaven

mRNA expression in scale building cells. Levels of shaven

expression were low across the wing, while cut mRNA occurred

in many small dots, some of which were tightly clustered. Using

an antibody against Cut, we saw diffused Cut protein expression

in the cytoplasm of pIIa cells (Figure 2D, red arrows). However,

Cut was only expressed in some, but not all, pIIa cells (Figure 2D,

red stars). As the pIIa cells divided into scale and socket cells,

Cut protein expression changed from cytoplasmic to nuclear

(Figure 2E). Cut cytoplasmic expression, clearly anti-localized

with nuclear DAPI (Figures 2E and 2F, white arrows, and S6A),

changed to strong nuclear localization in the scale and socket

nuclei (Figures 2E and 2F, red arrows). Dramatic differences in

Cut expression patterns correlated with cell-cycle progression,

which was non-uniform across the wing. Different phases of

the cell cycle were demonstrated by the shape of the nucleus

(circular [red arrow] vs. disc shaped [white arrow] vs. separating

disc shaped [dashed circle]) (Figures 2E and 2F). In regions of the

wing where most of the pIIa cells had divided, Cut expression

was still non-uniform, being strongly expressed in some scale

and socket pairs (Figure 2G, red arrowheads), expressed at

lower levels in a few pairs (Figure 2G, white arrow) and not ex-

pressed at all in others (Figure 2G, red stars).

HR38 and senseless are expressed in the scale cells
We next identified other highly expressed genes in the scale cell

clusters, which comprised proteins Zasp, Spire, Paramyosin,

and many non-coding RNAs (Figure S7). We attempted to visu-

alize the expression patterns and/or functionally test over 25

candidates with varying levels of success (Table S5) and only

present the following results that helped us successfully validate

our cluster annotations. Irregular chiasmC-roughest (rst) was ex-

pressed in the scale cells (Figure S8). In addition, a HR38 (Fig-

ure 3A) and a zinc-finger transcription factor, zn271, orthologous
Figure 2. Gene expression programs in cell clusters and expression o

(A) Gene expression program (GEP) usage map indicating the contributions of 13 G

GEPs 1, 4, and 5 across different cell clusters. Blue dashed box indicates the usa

plot of the B. anynana single-cell atlas with the corresponding cluster numbers m

(B) Gene enrichment plot of the top 60 genes within GEP 6.

(C) cut and shavenmRNA are seen in the scale building cells on 22-h pupal wings

with DAPI and anti-Cut antibody. n = 6 wings.

(D) Cut protein is seen in the cytoplasm of some pIIa cells (red arrows). Not all p

(E and F) Cut protein moves from the cytoplasm in pIIa cells to the nucleus in the d

arrows indicate Cut protein expression anti-colocalized with nuclear DAPI express

protein expression in the progeny of the pIIa cell, i.e., the scale and socket cells. T

wing. The white dashed circle in (E), expanded in the inset, highlights a dividing

(G) A wing region showing divided scale and socket cell pairs expressing Cut (red

stars). White arrow indicates a scale and socket pair expressing lower amounts

(H) cpo mRNA expression in �25- to 28-h pupal wings of B. anynana. Expressio

progeny. n = 6 wings. See also Figures S4–S6 and Table S1.
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to Drosophila senseless (sens) (Figure 3C) were expressed in

neat rows across the pupal wings corresponding to either the

scale or scale precursor cells (Figures 3, S5B, and S5C). HR38

and sens have known functions in cuticle formation and sensory

organ development in Drosophila.42,43 sens mRNA expression

was uniform across the wing but lower in the eyespot centers

(Figure 3), while HR38 expression varied between cells, and

levels were reduced in the eyespot center and rings (Figure 3).

HR38 and senseless regulate scale identity, spacing,
color, and size
We then used CRISPR-Cas9 to functionally verify the role of

shaven and identify the functions of the highly expressed para-

myosin, HR38, and sens genes in scale development. Knockout

of shaven in B. anynana led to large patches of the wings and

body devoid of scales and sockets (Figures 4A, 4B, and S9),

as also observed in Drosophila bristle development.37 Similarly,

knockout of paramyosin led to loss of scales across the wing

(Figure S10).

Knockout of sens produced crispants that exhibited changes

in scale identity and loss of regular spacing (Figures 4A and

4C). Within the targeted patches, scales no longer appeared

in neat, overlapping rows and were instead non-overlapping,

less dense, and randomly arranged (Figure 4C, SEM). Brown,

black, beige, or orange ventral cover scales were transformed

into large, yellow scales with highly serrated distal edges

(Figures 4C, 4E, ventral, and S11) or, in some patches, into

rounded silver scales (Figure S11, Ind 1, red box). Ground scales

increased in size (Figure 4E, ventral). On the dorsal surface, there

was a similar lower density of scale cells with cover and ground

scales increasing in size and becoming yellower (Figure 4E, dor-

sal), while some became tiny and silver (Figure S11, Ind 1, and 9).

The tiny scales were disproportionately present on the dorsal

wing surfaces compared with the ventral surface. No transfor-

mations of the white eyespot center scales were visible even

when surrounding areas were targeted by the knockout (Fig-

ure S11, Ind 3, 8, and 9), confirming the low levels of sens

mRNA expression in these scales (Figure 3).

Unlike sens crispants, knockout of HR38 led to the loss of all

hair-like scales (Figure 4D), indicating that this gene is required

to promote hair-like scale identities. Eyespot fields, where

HR38 mRNA expression levels were lower (Figure 3), usually
f cpo, shaven, and Cut

EPs to each cell cluster. White and green dashed boxes highlight the usage of

ge of multiple GEPs within cell clusters 4 and 5. Inset shows a cropped UMAP

arked.

. n = 3–8 wings. (D–G) Co-immunostaining of �24-h pupal wings of B. anynana

IIa cells express Cut (red stars).

ivided scale and socket cells. Yellow boxed regions are magnified in (F). White

ion in the pIIa scale precursor cell. Red arrows show nuclear localization of Cut

here is spatial heterogeneity in the scale precursor pIIa cell division across the

cell.

arrowheads). Cut protein is, however, not seen in all scale and socket cells (red

of Cut protein. MHW, male hindwing.

n is seen in cells arranged in neat rows corresponding to the pIIa cells or their



Figure 3. HR38 and senseless are expressed in the scale cells

(A–D) UMAP expression plots of (A) HR38 and (C) senseless. HR38 (B) and senseless (D) mRNA are expressed in neat rows across 22-h pupal wings in the scale

building cells.

(E and F) Enlargedmerged images from regions (i) within and (ii) outside the eyespot, showing variations in levels ofHR38mRNA between the two regions and also

between different scale cells. n = 3–8 wings. See also Figures S5, S7 and S8.
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have very low densities of hair-like scales (Figure S12). In addi-

tion, all cover and ground scales on both the dorsal and ventral

surfaces decreased in size compared with wild-type scales (Fig-

ure 4E). Cover scales became similar in size to ground scales.

Color was also affected, especially in the beige and brown areas

of the ventral forewing, which became lighter (Figures 4D and

S12). In one crispant, scales were transformed into iridescent sil-

ver scales, mostly restricted to the proximal and posterior re-

gions of the wing (Figure S12 – Ind 3). Genotyping results for

shaven, senseless, and HR38 crispants are shown in Figure S13.

As a result of detailed comparisons of wild-type and crispant

wings, we identified an intermediate scale cell type in wild-type

wings among the alternating cover and ground scales (Fig-

ure S14). This scale cell type was most frequently seen on the

ventral surfaces and was additionally found in other species

we investigated, such as Junonia orithya, Junonia almanac,

and Catopsilia pomona (Figure S14). This suggests that scale

rows contain an extra cell type beyond ground and cover scales.

Identification of pheromone-producing glandular cells
and innervated sensory cell types
Progressing beyond the scale cell clusters, we annotated cells in

cluster 0 as the pheromone-producing glandular cells of B. any-

nana forewings. These are epidermal cell types based on the

high level of Notch signaling in these clusters (Figures 1E, 1L,
and 1M) and the lack of neural markers. GEP 8 was highly ex-

pressed in cluster 0 with some expression in clusters 9, 12,

and 13 and consisted of genes involved in metabolic processes,

positive regulation of Toll signaling, and structural constituent of

cuticle (Figures 5A, dotted white box, and 5B; Table S1). Some of

the highly expressed genes in cluster 0 (and 9, but not 2) also

consisted of an odorant binding protein Obp-56a, various juve-

nile hormone binding proteins, cuticle proteins, and a trehalose

transporter Tret-1 (Figure 5D; Table S1). Furthermore, a fatty

acyl-CoA reductase (FAR), an important enzyme in the sex pher-

omone biosynthesis pathway,44 was expressed at low levels in a

few cells of cluster 0 (Figure S15A). Thus, cells in cluster 0 were

active cuticle synthesizing, metabolic cells, which were dorsally

located based on apA expression.

To verify the dorsal location of the glandular, pheromone-

producing cells, we performed paraffin cross-sections of the

wild-type gland in males. We indeed found large cells restricted

to the dorsal side of the gland, overlaid by cuticle, indicating

that cluster 0 comprised androconia-related, cuticle-synthesiz-

ing glandular cells (Figure 5C). To verify this, we knocked out

three genes, grainyhead, circadian clock-controlled gene,

and FAR, all three of which were expressed in cluster 0 (Fig-

ure S15A). Although the crispants showed mutations in the

targeted genomic regions (Figure S15B), the frequency of in-

dels was low and analysis of pheromone composition from
Cell Reports 43, 114147, May 28, 2024 7



Figure 4. shaven, senseless, and HR38 are important regulators of scale development

(A–D) (A) Wild-type (WT) ventral forewing of B. anynana at different magnifications. Homologous regions of the wing in (B) shaven, (C) senseless, and (D)

HR38 crispants. Scale bars, 2 mm. Black boxes in row 1 are magnified in row 2. Scale bars, 1 mm. Images in row 3 are SEM images. Scale bars,

100 mm.

(E) Arrangements of scales along a row in the WT wing compared with scale arrangements in a senseless and HR38 crispant on both the dorsal and ventral

surfaces. Lack of a neat, horizontal order in the senseless crispants indicates the loss of row arrangement and the disordered nature of the scales. Scale bars,

150 mm. See also Figures S9–S14 and Table S5.
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Figure 5. Epidermal and innervated sensory cells on B. anynana forewings

(A) GEP usagemap highlighting the usage of two different GEPs, 8 and 9, across different clusters. Inset shows a croppedUMAP plot of theB. anynana single-cell

atlas with the corresponding cluster numbers marked.

(B) Gene enrichment plot of the top 60 genes within GEP 8.

(C) Paraffin-embedded cross-sections of theWT forewing androconial gland stained with H&E showing large glandular cells restricted to the dorsal surface of the

wing, overlaid by cuticle. Pillars of cuticle (red arrows in inset) appear to occur between the two surfaces of the gland that potentially make a reservoir for the

pheromones. n = 3 individuals. Scale bars, 10 mm.

(D) Dotplot of different marker genes highly expressed in clusters 0, 2, 9, 12, and 13. The horizontal green boxes highlight the putative epidermal and innervated

sensory structures on the wing.

(E) Gene enrichment plot of the top 60 genes within GEP 9.

(F) UMAP expression plot of an uncharacterized gene in B. anynana that is homologous to Drosophila narrow.

(G–I) narrow crispants display affected innervated sensory structure development in B. anynana (red arrows). Blue arrows mark WT-like marginal mechano-

sensory bristle in a narrow crispant as well as WT campaniform sensilla. To note, scales were manually brushed off the wings to be able to image the innervated

sensory structures, which are often hidden by the scales. See also Figures S15 and S16.
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these individuals did not show dramatic variations from

the wild-type, potentially because of the low CRISPR efficiency

or mistargeting of cells in the small androconial patches

(Figure S15C).

We annotated cluster 2 as containing tracheal cells or muscle

cells. Cells in this cluster strongly expressed GEP 2, which was

enriched in genes involved in cell surface, heterophilic cell-cell

adhesion, adherans junctions, and larval visceral muscle devel-

opment (Figure S4I). The transcription factor grainyhead was

also expressed at high levels in clusters 0 and 2 (Figures 5D

and S15A). grainyhead is known to be important for cuticle for-

mation and epidermal cell development in both vertebrates

and invertebrates and in regulating apical cell membrane growth

during tracheogenesis.45–49
Clusters 12 and 13 were annotated as different types of

innervated sensory cells on the wing. These were the smallest

clusters, with cluster 12 being apA-positive dorsal cells in

contrast to the apA-negative ventral cluster 13 (Figure 1D).

Both clusters shared the unique expression of GEP 9 (Figure 5A,

dotted blue box), which was enriched for genes involved in Wnt

signaling and dorsal-ventral wing patterning, suggesting that

cells in clusters 12 and 13 lie close to the wing margin since

the wing margin and the dorsal-ventral boundary coincide in

butterflies (Figure 5E). An uncharacterized gene with a C-type

lectin domain, homologous to Drosophila narrow, was strongly

expressed in these two clusters (Figures 5D and 5F). In addi-

tion, cluster 13 expressed cut and wnt-6 at high levels (Fig-

ure 5D). Supporting our annotation, strong cut expression
Cell Reports 43, 114147, May 28, 2024 9
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was seen in regularly spaced cells along the wing margin cor-

responding to the mechanosensory bristles (Figures S6C and

S6D). High cut expression was also seen in the peripheral tis-

sue cells close to the wing margin (Figure S6B), which may

have also been captured in cluster 13. Cluster 12 differed

from cluster 13 by the expression of a different group of genes

such as homothorax and tiptop. homothorax is expressed

along the margin and proximal wing and hinge regions in

Drosophila and Heliconius butterflies (Figure 5D).50–52 Thus,

cells in cluster 12 are probably different sensory cell types

close to the dorsal wing hinge.

To functionally validate cells in cluster 12 and 13, we first

localized the sensory bristles on B. anynana pupal wings, us-

ing immunostainings with an anti-synapsin antibody, which

stains neural synapses, and then knocked out a differentially

expressed gene in these clusters. Various kinds of sensory

cells were present across the wing disc (Figures S16A–

S16D). Stout mechanosensory bristles occurred on the ventral

side of the wing margin (Figures S16A and S16B, green arrow,

and S16E), while dorsally, thin, hair-like bristles were present

(Figures S16A and S16B, blue arrow). These thin sensory bris-

tles were also present along the veins and near the base of the

wings (Figure S16C, blue arrows) and were different from hair-

like, non-innervated scales by their bases, which formed a

rotatable structure within the socket (Figure S16D, blue ar-

row). Campaniform sensilla were also distributed across the

wing, along the trachea (Figures S16C and S16D, red arrows).

They occurred in groups at the base of the dorsal wing

surface (Figures S16C and S16G) and in a characteristic

pair, one below the other, on the ventral veins near the margin

(Figures 5H and S16A, red arrows, and S16F). To verify if clus-

ters 12 and 13 indeed correlated with the sensory cell types,

we knocked out narrow using CRISPR-Cas9 (Figures S16I

and S16L). Like Drosophila RNAi mutants, B. anynana narrow

crispants had distorted wing shapes (Figure S16I).53 In addi-

tion, they exhibited shorter ventral marginal mechanosensory

bristles (Figures 5G, S16J, and S16K). In one individual, posi-

tioning of the marginal campaniform sensilla was also

affected, with the pair now present side by side (Figures 5H

and 5I). These data support clusters 12 and 13 mapping to

various sensory cell types on the different surfaces of

the wing.

DISCUSSION

Scale cell differentiation is temporally and spatially
heterogeneous across the wing
In this scRNA-seq analysis of large cells (>6 mm) in �24-h

B. anynana pupal forewings, we annotated putative scale cell

clusters and identified scale cells at different stages of their dif-

ferentiation based on various marker genes. At this stage, Cut

protein was not expressed in all pIIa cells and in all scale and

socket cell pairs. Varying levels of Cut expression were seen in

some precursor and divided scales, while others did not express

Cut at all. It is possible that Cut could be marking a particular

scale cell type. This hypothesis and the dynamics of Cut expres-

sion during butterfly scale development should be tested in

future.
10 Cell Reports 43, 114147, May 28, 2024
HR38 and senseless are important regulators of scale
cell determination and differentiation
We found that sens is necessary for both the specification of

scale cell precursors and also to specify size, color, and

morphology of different scale cell types. Loss of sens caused a

loss of row-like scale organization, lower scale density, larger

scales, the appearance of smaller and scattered silver scales

(dorsally) and to most scales becoming yellower. How sens de-

termines surface-specific, and scale-type-specific variations

(cover vs. ground, different colors and morphologies) remains

unknown. Most likely, it acts in a combinatorial fashion with

other transcription factors to determine cell-type specificity. In

the Drosophila peripheral nervous system, sens acts as a

binary switch during SOP selection, acting downstream of the

proneural genes,42,54 and later regulating terminal differentiation

of the sensory cells.55 Loss of sens also causes loss of SPOs

via apoptosis,42 potentially explaining the lower scale density

phenotype observed in B. anynana.

The white eyespot center scales were, however, never

affected in sens crispants. A possible hypothesis to explain

this is the spatial repression of sens in the eyespot centers

post-transcriptionally via the expression of an eyespot center-

specific microRNA.56 A microRNA, miRNA-9a, modulates levels

of sens expression in a dynamic and complex manner in neural

precursor cells during Drosophila sensory organ development

leading to correct SOP specification.57,58 Various such non-cod-

ing RNAs were expressed in different cell clusters in our dataset

(Figure S7) and future work should investigate their function.

We identified functions for HR38 in scale development. This

hormone receptor was necessary for the development of hair-

like scales, for the elongation of paddle-like scales, and for

regulating their color. Drosophila HR38 (DHR38) protein, can

form a heterodimeric complex with transactivated Ultraspiracles

(USP) protein to mediate an atypical ecdysteroid signaling

pathway, independent of that transduced by the ecdysone re-

ceptor/USP heterodimer.59 Mutations in DHR38 lead to flies

with abnormal cuticle formation60 and reduced levels of expres-

sion of various cuticle genes.43HR38 has also been implicated in

regulating the expression of genes in the melanin pathway.61,62

Together, these results suggest that ecdysteroid hormonal regu-

lation via HR38 plays a role in lepidopteran scale cell-type

development.

Pheromone-producing glandular cells are modified
dorsal epithelial cells
Weannotated dorsal-specific cells in our dataset with highmeta-

bolism as pheromone-producing glandular cells. These cells ex-

pressed high levels of cuticle producing genes as well as an

odorant binding protein, Obp-56a. Odorant binding proteins

are highly expressed in pheromone glands,63 and Obp-56a

binds to fatty acids such as palmitic acid and has been proposed

as a solubilizer of fatty acids during digestion in blowflies.64 Pal-

mitic acid is a precursor of B. anynana sex pheromones,44 and

thus Obp-56a may be involved in solubilization and transport

of sex pheromones in the gland cells.

Furthermore, although our analysis of pheromone composi-

tion in grainyhead, circadian clock-controlled, and FAR crispants

did not identify any changes in levels of both MSPs 1 and 3, the
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mosaic nature of CRISPR experiments might have failed to

target the small number of glandular cells. Alternatively, genes

such as grainyhead and circadian clock-controlled (which has

a juvenile hormone binding protein domain) may function in

cuticle production or transport and temporal determination of

pheromone production, which was not captured in our analysis.

In future, creating mutant lines would be a more precise way of

investigating the roles of these genes in gland and pheromone

development.

Scale cell types and a model for scale type
differentiation
Butterfly wings are covered by a diverse array of scale cells that

have largely been classified into a two-layer system consisting of

large cover scales overlying smaller ground scales. In our study,

we came across an intermediate scale cell type, distinct from the

cover and ground scales. Although mentions of such intermedi-

ate scale types have been made in previous literature from

moths,65 its occurrence in butterflies had not been noted before.

The presence of this intermediate scale type, which varies

across and within wing surfaces, hints at the yet uncharacterized

complexity of scale cell types on butterfly wings, and their devel-

opmental programs. Therefore, the first major challenge to be

able to understand the evolution and development of scale cell

diversity in the future, would be to systematically classify

different scale types. Borrowing from concepts in neuronal

cell-type classification and taxonomic principles, this would

entail using multiple criteria (e.g., morphology, color, and molec-

ular basis in the case of scales), adopting a hierarchical classifi-

cation system to account for relationships between the different

types and initially classifying types within specific wing regions

such as dorsal vs. ventral.66

The generation of diverse scale cell types on butterfly wings

will likely involve processes known to generate other diverse

cell types such as neurons or sensory organs.67,68 In most cases

a core differentiation program, consisting of actin elongation and

chitin synthesis, is modified by spatial or temporal control of reg-

ulatory factors, outside the core, that specify different scale cell

fates. Genes such as shaven (and perhaps also ASH2) might

represent top-level regulators of the core scale cell program.

Once specified, genes such as sens and HR38 appear to direct

cell-type-specific differentiation. For example, low levels of

HR38might be required to differentiate hair-like scales, whereas

sens might be more highly expressed in cover scales, to make

these larger than ground scales. These hypotheses require

future testing.

Our analysis, done on large cells on the wings at �24 h after

pupation, identified many clusters of dorsal and ventral scale

cells. However, although we annotated these clusters broadly

as scale cells and functionally verified this annotation with a

few highly expressed marker genes, we were unable to further

annotate individual clusters, with markers for scale color, for

instance. We were also unable to find genes or clusters that

clearly differentiated cover and ground scales, such as the

gene defective proventriculus (dve) that marks ground scales in

Colias butterflies.28 At this early pupal stage, scale cells diverged

more strongly in their transcriptomic signals for genes involved in

developmental progression coupled with broad morphological
and functional diversity of scales, rather than genes involved in

color production or cell-type identity per se. Furthermore, previ-

ously investigated transcription factors that are already marking

the different colored scales at early stages of development (e.g.,

spalt,Distal-less, engrailed, optix, doublesex, etc.),69–71 were not

readily picked up by the single-cell sequencing, perhaps due to

low levels of expression. To further annotate and distinguish

various scale cell types, later stages of development could be

sampled alongside increased depth of sequencing. Overall,

our results provide a foundational atlas for future explorations

of the genetic, molecular, evolutionary, and developmental basis

of the various cell types in butterfly wings.

Limitations of the study
This study aimed to understand scale cell differentiation in but-

terfly wings by using single-cell transcriptomics of large cells at

a single time point. However, scale cell determination and differ-

entiation are temporal processes that occur over many days of

PD, so we were unable to capture this dynamic process. In addi-

tion, our study investigated the population of cells >6 mm in diam-

eter in �24-h pupal wings. This was a limitation toward studying

cells of a particular cell type and, while we captured scale cells

and other large cells, we provide no information on the small

epidermal cells that constitutemost of the wing. In future, enrich-

ment of scale cell populations can be done using antibodies

against genes identified in this work, which will help capture spe-

cific cells of interest.
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Deposited data

Raw scRNA-seq reads and processed

matrix files

This paper GEO: GSE241536

HCR, insitu hybridization, IHC and crispant

images

This paper Mendeley Data:

https://doi.org/10.17632/rhvrsdzc66.2

Experimental models: Organisms/strains

Bicyclus anynana wild-type butterflies Antonia Monteiro lab N/A

Oligonucleotides

Primers to amplify mRNA sequences for in

situ hybridization probes

This paper Table S3

Primers for Hybridization Chain Reaction This paper Table S4

Guide RNA sequences to generate the

different Bicyclus anynana crispants

This paper Table S6

Genotyping primers for crispants This paper Table S7

Recombinant DNA

PGEM-T plasmids with partial mRNA

sequences for couch potato, HR38,

senseless and rst-scales

This paper N/A

Software and algorithms

scPipe R package Tian et al.72 https://bioconductor.org/packages/

release/bioc/html/scPipe.html

RStudio 2023.06.0 + 421 with R 4.3.1 R core team73 https://www.rstudio.com/; https://www.r-

project.org/

Seurat v3.1 Satija lab;

Stuart et al.74
https://satijalab.org/seurat/

Scran Lun et al.75 https://bioconductor.org/packages/

release/bioc/html/scran.html

cNMF code Br€uckner et al.39 https://doi.org/10.1016/j.cell.2021.11.014;

CaltechData https://doi.org/10.22002/D1.

1918

MEGA X Kumar et al.76 https://www.megasoftware.net/

CRISPR-RGEN Tools Park et al.77 http://www.rgenome.net/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Antonia

Mónteiro (antonia.monteiro@nus.edu.sg).

Materials availability
All resources and reagents generated in this study are listed in this paper or are available upon request to the lead contact.

Data and code availability
d Single-cell RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. HCR, insitu

hybridization, IHC and crispant images have been deposited in Mendeley Data. Accession numbers are listed in the key re-

sources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Butterfly husbandry
Bicyclus anynana butterflies were reared in a temperature-controlled room at 27�C, 65% humidity and a 12:12 h light:dark cycle. Cat-

erpillars were fed on corn plants and adults were fed on mashed bananas. For this experiment, male pupal forewings of B. anynana

butterflies at 22.5–25 h after pupation were used.

METHOD DETAILS

Preparation of a single cell suspension, library preparation and sequencing
The preparation of a single-cell suspension from 22.5–25-h male pupal forewings of B. anynana butterflies has been documented in-

depth in a protocol paper along with the FACS results.25 Briefly, 14 male pupal forewings were dissected into multiple tubes with

sterile PBS, washed, then dissociated in warm 5X TrypLE with continuous trituration for a total of 15–20 min. The dissociated cell

mixture was filtered with a 41 mm filter and collected by centrifuging at 300 g, 4�C for 5 min. Samples were pooled and gently resus-

pended into 1mL of cold 1X PBS +0.01% BSA. Cells were counted in a Countess Automated cell counter by mixing 5 mL of sample

with 5 mL of 0.4% trypan blue and loading it into a Countess cell counting chamber. Before going for fluorescence-activated cell sort-

ing (FACS), 5 mL of a 300 mM intermediate concentration of DAPI (Invitrogen by Thermo Fisher Scientific, Cat. no.: D1306) was added

per mL of sample. Cells larger than 6 mm in diameter were sorted using FACS and collected in a 1.5 mL LoBind Eppendorf tube pre-

filled with 50 mL of cold 1X PBS+0.01%BSA.We excluded the largemajority of�3 mmwing epithelial cells using this strategy. Around

104,000 large cells were collected and precipitated by centrifuging at 900g, 4�C for 3min. Cells were resuspended in 30 mL of cold 1X

PBS +0.01% BSA, with a final cell count of 1650 cells/mL and 88% viability.

Cells were processed via the 10X Genomics microfluidics system at the Genome Institute of Singapore. Single-cell libraries were

generated using the Chromium Single cell 30 Library Kit V3 with a targeted cell recovery of 7000 cells. The quality of the generated

cDNA library was quantified using an Agilent Bioanlyzer and sequenced on one lane of HiSeq4K 2x151bp (multiplex) at the Genome

Institute of Singapore.

Data pre-processing and quality control
Barcode and UMI trimming, demultiplexing, and quality assessment of the reads was performed using the scPipe R package.72 The

workflow was as follows: The FASTQ files containing the reads were first reformatted to trim the barcodes and UMI sequences and

move it to the header. Readswere then aligned to theBicyclus anynana genome (v1.2) andmapped to exons using an annotation file -

Bicyclus_anynana_v1.2.gff3 downloaded from Lepbase.78 Demultiplexing was done based on barcodes. Of the 346,685,500 initial

reads, 72.36% had a barcode match. The generated gene count matrix consisted of 13631 genes and 9986 cells, with a mean count

per cell of �10700 reads and mean number of genes per cell of �1400.

We next discarded low-quality cells, empty droplets with no cells, and potential doublets from the gene count matrix. Cells

with counts per cell>100000 were removed and genes with less than 10 counts summed across all cells were discarded. The

DropletUtils R package79,80 was used to filter our empty droplets using an FDR %0.001. The detect_outlier function in scPipe

was then used to detect outliers (both low quality cells and potential doublets) using a Gaussian mixture model. Additionally, we

removed 18 histone and 53 ribosomal protein genes because an initial analysis of the data indicated unsupervised clustering

based on these genes, masking underlying patterns (Table S2). This led to a gene count matrix of 5268 cells and 10743 genes

used in the initial exploratory analysis detailed below. A Seurat object74 was created using the count matrix with min.cells = 5

i.e., keeping features that were present in at least 5 cells. The count matrix for the Seurat analysis comprised 5268 cells and

10696 genes.
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Analysis of scRNAseq data, unsupervised clustering and annotation of clusters
Downstream analysis was carried out in two ways in R v4.3.173: using Seurat v3.174 (https://satijalab.org/seurat/articles/pbmc3k_

tutorial.html) or scran75 (https://bioconductor.org/packages/devel/bioc/vignettes/scran/inst/doc/scran.html). Initial data exploration

was carried out using scran. First, scaling normalization was performed using a deconvolution strategy with the quickCluster, com-

puteSumFactors and logNormCounts functions. Highly variable genes were identified by variancemodeling using themodelGenVar-

ByPoisson function and getTopHVGs function was used to select the top 50% (prop = 0.5; var.field = ‘‘bio’’) of genes. The reduced

data matrix with the highly variable genes was used as an input for a Principal Component Analysis (PCA). The number of principal

components to retain in the analysis was computed using getClusteredPCs function. A shared nearest neighbor graph was con-

structed using buildSNNGraph function, following which, clusters were identified using the igraph package. Varying values of k

changed cluster resolution with smaller k values giving finer clusters. Different k values were used for the initial exploration of the

data. runUMAP and plotUMAP functions helped visualize the clusters.

In the Seurat analysis, transcript counts for each cell were log normalized using the NormalizeData function. The top 1000 highly

variable transcripts across all cells were selected using the FindVariableFeatures function and ‘vst’ as the selection method. Tran-

script expressions across cells were then centered and scaled using the ScaleData function. Dimensionality reduction was done us-

ing PCA on the scaled data matrix with the previously determined variable features. Thereafter, FindNeighbors function was used to

construct a shared nearest neighbor graph using the first 25 principal components and prune.SNN = 1/15. Clustering was performed

using the FindClusters function and a resolution of 0.8. The wing cell type atlas was generated using the RunUMAP function on the

first 50 principal components and plotted using DimPlot.

Clusters were annotated using a combination of different methods. Initially, expression of knownmarker genes from theDrosophia

melanogaster bristle development literature was visualized using the FeaturePlot function. In parallel, genes highly and differentially

expressed between various clusters were identified from both the Seurat and scran analyses using FindAllMarkers (Seurat),

FindMarkers (Seurat) or findMarkers (scran) functions.

Consensus non-negative matrix Factoriztion (cNMF)
cNMFwas run on the cells-by-transcripts count matrix (5268 cells by 10743 transcripts) to identify gene expression programs.38 The

steps followed were based on the code provided in.39 We used the 2000 most over-dispersed transcripts for the factorizations and

ran 200 replicates of NMFs for each value of K ranging from 5 to 20. Replicates for each Kwere then combined to obtain a consensus,

and this was used to estimate the stability and error for each K. The stability-error plot as a function of K was used to select the best

choice of K for our analysis. Though K = 10 had the maximum stability solution, we found that this K value provided poorer resolution

of our clusters in the downstream analysis. We chose to go for K = 13 which had the second highest stability vs. error. We re-ran the

consensus with K = 13 and a density threshold of 0.18, to obtain the consensus GEP usage scores for each cell. The normalized GEP

usage scores were combined with the cluster annotations for each cell obtained from Seurat to calculate the proportional GEP usage

in each cluster, visualized as a heatmap.

Gene scores were extracted from the generated gene_spectra_score text file and the top 60 enriched genes in each GEP were

obtained. Gene enrichment analysis was carried out using the enricher function (pvalueCutoff and qvalueCutoff = 0.05, pAdjustMe-

thod = ‘‘BH’’) from the clusterProfiler package.81

Immunostainings
We used the 2B10 mouse anti-Cut primary antibody raised against a Drosophila Cut antigen. 2B10 was deposited to the DSHB by

Rubin, G.M. (DSHB Hybridoma Product 2B10). This primary antibody has been previously used to target Cut protein expression in

many Lepidopteran species.82 The mouse 3C11 (anti-SYNORF1) was used to target synapsin. 3C11 (anti SYNORF1) was deposited

to the DSHB by Buchner, E. (DSHBHybridoma Product 3C11 (anti SYNORF1)). An Alexa Fluor 488-conjugated goat anti-mouse anti-

body (Jackson ImmunoResearch Laboratories, Inc.) was used as a secondary antibody.

Pupal wing tissues at various time points were dissected and fixed in fix buffer (0.1M PIPES pH 6.9, 1mM EGTA pH 6.9, 1% Triton

X-100, 2mMMgSO4) at room temperature. Fixation was done for 30min following the addition of formaldehyde (final concentration of

4%directly to the wells). The wingswere thenmoved onto ice, washed five timeswith PBS and transferred to block buffer (50mM626

Tris pH 6.8, 150mM NaCl, 0.5% IGEPAL, 1 mg/ml BSA) at 4�C overnight. Incubation with primary antibody at a concentration of 2–

2.5 mg/mL in wash buffer (50mM Tris pH 6.8, 150mMNaCl, 0.5% IGEPAL, 1 mg/ml BSA) was carried out at room temperature for 1 h,

followed by four washes with wash buffer. Wings were then incubated with secondary antibody (1:500) for 30 min at room temper-

ature followed by 5–10 washes to remove the secondary antibody. Wing tissues were counterstained with DAPI (1:100) for 5–10 min,

followed by further washing. Control stains used only secondary antibodies. Mounted wingswere imaged on anOlympus FLUOVIEW

FV3000 confocal microscope.

For staining wings with CellMask Orange Plasma membrane stain (Invitrogen, Cat no. C10045) and DAPI, wings were dissected

and immediately placed in PBS with the CellMask Orange stain (1:300) for 10 min at room temperature. This was because the

CellMask Plasmamembrane stain does not survive permeabilization. The stain was then removed, and wings were fixed in 4% form-

aldehyde in PBS at room temperature for 20min, followed by 5washes with cold PBS. Tissues were counterstained with DAPI (1:100)

for 5–10 min, then washed with PBS 3–5 times. Mounted wings were imaged on an Olympus FLUOVIEW FV3000 confocal

microscope.
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Optical imaging and scanning electron microscopy
Optical images of single scales and wildtype or crispant wings were captured using a Leica DMS 1000 microscope.

For scanning electron microscopy, desired regions of the wildtype or crispant adult wings were cut using scissors and mounted

onto carbon tape. For imaging different sensory cell types, the scales were carefully and gently brushed off the wings using a paint-

brush. Wing pieces were sputter coated with gold using a JFC-1100 Fine Coat Ion Sputter (JEOL Ltd. Japan) and imaged on a JEOL

JSM-6510LV scanning electron microscope (JEOL Ltd. Japan) located at the Center for Bioimaging Sciences (CBIS, NUS).

Phylogenetic analysis
To identify the evolutionary relatedness of the Bicyclus anynana AS-C homolog, identified in the scRNA-seq analysis, to other Lepi-

dopteran, Dipteran and Coleopteran AS-C genes, we compiled a list of protein sequences of AS-C homologs fromNCBI, based on.83

The final dataset consisted of 12 amino acid sequences with a total of 503 positions. Evolutionary analyses were conducted inMEGA

X.76 The evolutionary history was inferred by using the Maximum Likelihood method and JTT matrix-based model.84 Initial tree(s) for

the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances

estimated using a JTT model, and then selecting the topology with superior log likelihood value. The tree with the highest log likeli-

hood (�7192.28) was selected.

Probe synthesis and in situ hybridization (digoxigenin based)
mRNA sequences were amplified from cDNA using the primers specified in Table S3 and cloned into a PGEM-T Easy vector (Prom-

ega). Colonies containing plasmids with inserts of the right size were selected using blue-white screening. Purified plasmids were

used to prepare digoxigenin-labelled sense and anti-sense riboprobes using T7 and SP6 RNA polymerases (Roche). Probes were

purified using ethanol precipitation and resuspended in 1:1 volume of DEPC-treated water:formamide.

Pupal wings at various time points were dissected and placed in glass well plates containing PBST (PBS+0.1% Tween 20). Tissues

were fixed at room temperature for 30 min in 4% formaldehyde in PBST followed by 3 washes in cold PBST. The wings were then

incubated in 25 mg/mL proteinase K in cold PBST for 5 min, washed twice with 2 mg/mL glycine in cold PBST, then 5 times with cold

PBST before being gradually transferred to a prehybridization buffer (5X saline sodium citrate (pH 4.5), 50% formamide, 0.1% Tween

20 and 100 mg/mL denatured salmon sperm DNA). Tissues in prehybridization buffer were incubated at 60�C for 1 h then transferred

to a hybridization buffer (prehybridization buffer with 1 mg/mL glycine and 180 ng/mL DIG labeled riboprobe) overnight. This was

followed by 5–6 rounds of washes with prehybridization buffer at 60�C, a gradual transfer back to PBST at room temperature, 3

washes in PBST and blocking overnight at 4�C (PBST +1% BSA). Probe detection was by tissue incubation in 1:3000 anti-DIG alka-

line phosphatase (Roche) in block buffer for 1 h, 2 washes in alkaline phosphatase buffer (100 mM Tris (pH 9.5), 100 mM NaCl, 5 mM

MgCl2, 0.1% Tween) and a final incubation at room temperature in NBT/BCIP solution (Promega) till color developed. The reaction

was stopped by washing in PBST. Wings were mounted on slides and imaged on a Leica DMS 1000microscope. High magnification

images were captured using a 100X lens of a uSight-2000-Ni microspectrophotometer (Technospex Pte. Ltd., Singapore) and a

Touptek U3CMOS-05 camera.

Hybridization chain reaction (HCR3.0 – Fluorescent based in situ hybridization)
Fluorescent in situ hybridization of the mRNA species was carried out either using an inbuilt fluidics robot or manually based on the

protocol described in Choi et al., 201885 with a fewmodifications in buffers and incubation conditions. Timed pupal wings were fixed

at room temperature in glass spot plates in 4% formaldehyde for 30 min. Wings were thereafter washed twice using 1x PBST and

treated with a detergent solution. Afterward, the wings were washed twice using 1x PBST and twice using 5x SSCT. Wings were

then either transferred to a 3D printed incubation chamber where the hybridization reaction was carried out at 42�C, automatically

using the fluidics robot, or performed manually. For both the manual and the automatic rounds, the hybridization involved incubation

in a solution containing 20 mL (100 mM) of probe set against each gene (IDT) in 1000 mL of 30% probe hybridization buffer followed by

rigorous washing with 30%probe wash buffer. Afterward, wings were washed with 5X SSCT and incubated in an Amplification buffer

for 30 min. For the chain reaction, a solution with HCR hairpins (Molecular instruments) in the amplification buffer was added to the

tissues followed by washes in 5x SSCT. Wings were stained with DAPI and mounted in an in-house mounting media. Imaging was

carried out manually under an Olympus FV3000 confocal microscope. Images were post-processed using the Levels function in

Adobe Photoshop to improve contrast. The primers for HCR are specified in Table S4.

CRISPR-Cas9 gene editing
Expression and/or functional validation for 25 candidate genes listed in Table S5 were carried out to help in the annotation of

various clusters. Briefly, the CRISPR-Cas9 gene editing workflow involved the following steps.86 Guide DNA templates targeting

genes of interest, preferably protein domains, were manually designed by searching for GGN18NGG sequences and used to design

forward primers 50-GAAATTAATACGACTCACTATAGG-xxxxxxxxxxxxxxxxxxxxx-GTTTTAGAGCTAGAAATAGC-3’ (Table S6). Double

strandedDNA templates were generated by aQ5High-Fidelity DNA polymerase PCR (Cat. No.M0491S, NEB) using a common reverse

primer 50-AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTG CTATTTCTAGCTCTAAAAC-3’.

Guide RNAs were prepared from purified DNA templates using in vitro transcription reactions with a T7 RNA polymerase

(Cat. No. M0251S, NEB) and purified using ethanol precipitation. Injection mixtures containing 500 ng/mL of Cas 9 protein
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(NEB; Cat. no.: M0641) and 300 ng/mL of guide RNA were prepared and injected into eggs within 4 h of egg laying. Caterpillars were

reared on corn plants and adults were scored for their phenotypes.

Genotyping crispants
Genomic DNA from thoracic tissue and legs of potential crispant individuals was isolated using the Kaneka Easy DNA Extraction

Kit 2 (Cat. No. KN-T110005, Kaneka, Japan). Next generation sequencing was used to verify the CRISPR edits. Indexed libraries

were prepared in a two-step PCR process. First, targeted regions were amplified using gene specific primers appended to reading

primers: Forward: 50ACACTCTTTCCCTACACGACGCTCTTCCGATCT3’; Reverse: 50GTGACTGGAGTTCAGACGTGTGCTCTTC

CGATCT3’ (Table S7). Gene of interest amplicon size was kept to <300 bp. In the second PCR step, indices and Illumina adapter

sequences were appended. The Illumina adapters D501-D508 and D701-D712 were used to multiplex samples of different genes

and different individuals together. PCR products were then purified using ethanol purification, pooled together and sequenced on

an iSeq 100 (2 x 150 bp) at the Chae lab, National University of Singapore. Demultiplexed FASTQ files were visualized online using

the web-tool ‘‘CRISPR-RGEN Tools’’ (http://www.rgenome.net/).77

Histology
Androconial glands from the forewings of adult male butterflies were cut from the wings using a dissection scissors and descaled

using a brush. Tissue pieces were fixed in 4% formaldehyde in PBS overnight. Samples were then passed to the AdvancedMolecular

Pathology Laboratory (AMPL) at the A*STAR Institute of Molecular and Cell Biology, Biopolis, Singapore for downstream processing.

Tissues were embedded in paraffin blocks, sectioned and stained with H&E. Sections were imaged using the imaging system on a

uSight-2000-Ni microspectrophotometer (Technospex Pte. Ltd., Singapore) and a Touptek U3CMOS-05 camera.

Sex pheromone composition and quantification
The composition of the sex pheromone blend and the amount of the two components (called MSP1 and MSP3 for Male Sex Pher-

omone) were compared between wildtype and crispant individuals using gas chromatography – mass spectrometry. Three days-old

crispant butterflies were anesthetized at�80�C for 5min. The forewing was cut at the base of the thorax with fine scissors and placed

for 15min in a glass vial containing 500uL of hexane. 400uL of the solution containing the dissolved sex pheromones was extracted to

a new vial, to which 10 mg/mL of methyl stearate (Merck, Singapore) was added as an internal standard. All tools and vials were pre-

rinsed with hexane, and all extractions were done at 2 p.m. to prevent the effects of daily fluctuations in pheromone titers.

The extracts were analyzedwith a ShimadzuGas-Chromatography-QQQMass Spectrometer equippedwith a DB-5 column, using

the following set up: electron ionization (EI) was done at 70 eV, 1 mL of each extract was injected splitless, with the injector temper-

ature set up at 250�C. Helium was used as carrier gas, with the flow set at 1.9 mL/min. The column temperature gradient began at

50�C, increased to 210�C at a rate of 35�C/min, then increased to 280�C at a rate of 3�C/min. The detector was set to unit mass res-

olution and 3 scans/sec, from m/z 37 to 500. Chromatograms and mass spectra were analyzed using the Shimadzu GCMSsolution

software v. 4.11. The components and precursors are well documented and were identified based on their known mass spectrum

and retention time.12,44,87 The amount of sex pheromone components was calculated by normalizing the area of the component

peak to the peak of the internal standard.
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