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Supplementary methods
20-hydroxyecdysone (20E) geneset

To identify the 20E hormone-related genes in silkworm wing discs (WDs), we conducted
a comprehensive review ofrelevant literature available on the Web of Science!">. Based on
their functions and roles within signaling pathways, these genes were classified into several
categories: 20E Receptor, 20E Signaling Cascade Proteins, Signal Cascade-Related Enzymes,
Immune-Related Factors, Functional Proteins, Protein Receptors, Transcription Factors (TFs),
and Cuticular Proteins. A detailed list of these genes is provided in Table S4. This
classification offers a systematic framework for understanding the roles of these genes in WD

development and their involvement in the 20E signaling network.

Drosophila melanogaster WD single-cell RNA sequencing (scRNA-seq) data analysis
Sequencing data and aligned matrixes were downloaded from the GEO database
(accession code GSE155543). The standard analysis pipeline was the same as that used in the
article methods?*. Clusters were split into AMP and epithelial cells. Finally, we obtained
12,872 cells and 6,552 homologous features with the silkworm. Correlations were calculated

using Spearman’s method.
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Supplemental Figures

a — [ T ——
—— b P6{ HIEE—
—

w2 t (VT [ ——

b e timepoint o — timepoint

e —— EE o a2

2L5D7 — — ELSDS B e —— ELSDs
5 &L5Da & & [5D4
TN B305 2lspe| I & 505
£ —_— BL506 = ey B L506
SLSD5, — T — E\L/\ﬂ:ﬂ LSDS| e —— g{ﬁfﬂ
— W2 a0 B2

L5D4 Epe L5D4 Ere

b3y (T F— o b ———

b2y 1T —— Lol T—F——

Loy — T Loy — T

2000nGene 4000 6000 1ODOOHUMI 20000
d Cuticle celltype composition € —
Wing morphogenesis cell 1 ©

0.754 Epithelial 11 @

Epithelial 2 g Fraction of cells

0.501 celitype Epithelial 3 = in group (%)

2 0.254 : Cuticle 1 5
2 === Cuticle 1 Cutide 29 © X ? ? Q
§ =m= Cuticle 2 Cuticle 3 10 30 50 70
e . Immune .
8 Cuticle 3 Matrix cell Mean expression
Metabolic process { o In group
Axon development 4 -

0.004 v - Ciliated cell 4 = | -1 0 1
R R N
R §

- D d D uE-

Q Wing morphogenesis cell Enrichment GO

post-embryonic appen'e morphogenesis
apP'age morphogenesis
@ neuroblast development
@ neuroblast differentiation
@ stem cell development
@ imaginal disc pattern formation
@ regulation of imaginal disc-derived wing size
@ regulation of cellular amine metabolic process

® imaginal disc-derived wing margin morphogenesis

tube morphogenesis .

0.01

A
8 8

0.2

GeneRatio

Metabolic process Enrichment GO

multi-multicellular organism process .
response to lipopolysaccharide .
chitin-based cuticle development ()
response to molecule of bacterial origin .
@ regulation of dopamine metabolic process
@ serotonin metabolic process

@ response to corticosterone

2 regulation of locomotion involved
in locomotory behavior

@ locomotion involved in locomotory behavior

@ regulation of catecholamine metabolic process

0.14 0.16 018

GeneRatio

0.10 0.12

Count

e 1.00
@® 125
@ 150
@175
@ 20

p.adjust

02763627

Immune Enrichment GO

hemopoiesis @
hematopoietic or lymphoid organ development .
immune system development .
leukocyte differentiation @
@ neurotransmitter metabolic process|
alpha-amifip acid catabolic process
cellular@nino acid catabolic process
@ glycine metabolic process

@ a@rtery morphogenesis

@ serine family amino acid metabolic process

0.050 0.075 0.125 0.150

GeneRatio

0.100

Axon development Enrichment GO

axon developm ent.
chemotaxis @
axon guidance @
neuron projection guidance .
cell recognition@
negative regulation of n.ous system development

cell-cell
adhesion

esion via plasma-membrane
olecules

@ neuron recognition

negative re&lim of neuron differentiation

homophilic cell adhesion via plasma
membrane adhesion molecules

0.10 015

020 0.25

GeneRatio

Cuticle 11

Cuticle2q1 © ©

Cuticle 2 U0

percentage

o
"

Count

p.adjust
0.04
0.03
0.02
0.01

c @ @
oo
10 30 50

in group

-1 0

Btl q
CPH28 1
CPG9 A
CPG3

serpin-5 4
serpin-10

EP celltype composition

o
w
'

celltype

o
N
5

>

0.04

©

én_

Matrix cell Enrichment GO

L5D14
L5D2
L5D34
L5D44
L5D5
L5D6
L5D7
WD14

regulated exocytosis ()
urogenital system development .
regulation of cellular
response to growth factor
stimulus
renal system development .
@ lung development
@:spiratory tube development
ex@@cellular matrix organization
[ ] hemocyte differentiation

@ motor neuron axon guidance

® basement membrane organization

015
GeneRatio

0.09 0.12

Ciliated cell Enrichment GO

cilium assembly .
cilium organization .

plasma membrane bounded cell .
projection assembly

cell projection assembly @)
microtubule-based mavement.
mlcniubule—l'ed transport
o transport along microtubule

PY cytoskeleton—-dependent
intracellular transport

ing complex

@ intraciliary transport

0.14 0.16 0.18 0.20

GeneRatio

Fraction of cells
in group (%)

'
70

Mean expression

[

1

=== Epithelial 1
Epithelial 2
Epithelial 3

0.18

Count
o7
@8
®°
.10
[ R

p.adjust

0.0015
0.0010
0.0005

Supplementary Fig. 1. Foundational scRNA-seq transcriptomics data of Bombyx mori

WD development.

a. Distribution of the number of detected genes per cell (nGenes) across different

developmental time points.



45
46
47
48
49
50
51
52
53
54
55

b. Distribution of the number of unique molecular identifiers (nUMIs) across developmental
stages.

c. Dot plot showing the enrichment of marker genes specific to Cuticle cell subtypes.

d. Temporal changes in the proportions of Cuticle cell subtypes (Cuticle 1, Cuticle 2, Cuticle
3) across all stages.

e. Dot plot showing the enrichment of marker genes specific to Epithelial cell subtypes.

f. Temporal changes in the proportions of Epithelial cell subtypes (Epithelial 1, 2, 3) during
development.

g. Gene Ontology (GO) enrichment analysis of six cell types (Wing morphogenesis cell,

Immune, Apoptosis, Metabolic, Axon development, and Ciliated cell).
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Supplementary Fig. 2. Spatiotemporal transcriptomic data supporting cell type
identification and localization.

a. Spatiotemporal omics-annotated cell type deconvolution marker gene heatmap.

b. Spatial distribution of annotated cell types in wing discs at three developmental time points

(L5D2, L5D3, and W2) based on spatiotemporal transcriptomic data. Regions with relatively

intact wing disc morphology are boxed and displayed in the main figure panels.
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Supplementary Fig. 3. Histological architecture and spatial localization of cell types

within the wing disc.

a. Schematic diagram illustrating the anatomical structure of the wing disc and its horizontal
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cross-section.

b. Hematoxylin and eosin (HE) staining of horizontal sections of the wing disc at increasing
tissue depths (100, 200, and 300 um). Major structures including the larval cuticle, epidermis,
wing sac, wing cavity, hemopoietic organ, and fat body are annotated.

c. Schematic diagram of the wing disc with a longitudinal (vertical) sectioning orientation..

d. HE staining of longitudinal sections at different depths (200, 400, and 600 pm),
highlighting key internal structures.

e. Histological sections of wing discs at three developmental stages (L5D2, L5D3, and W2)
with corresponding spatial transcriptomics data showing in situ distribution of annotated cell
types. Two biological replicates are shown per stage. Cell types include Wing morphogenesis,
Cuticle, Epithelial, Immune, Apoptosis, Axon development, Metabolic process, and Ciliated

cells.
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Supplementary Fig. 4. Expression patterns of known developmental regulators across
cell types, time points, and spatial transcriptomic slices.

a. Dot plot showing the expression of previously reported developmental genes across all
annotated cell types in the wing disc.

b. Expression dynamics of the same gene set across 10 developmental time points, from
L5D1 to P6.
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90  Supplementary Fig. 5. Distribution and dynamics of cell types across developmental
91  stages.
92  a. Quantitative changes in cell numbers across different developmental stages (L5D1-P6).
93  b. Proportion and absolute cell counts of different cell types identified across the 10
94  developmental time points.
95  c¢. Total number and temporal distribution of annotated cell types, represented as proportions
96  of total dissociated cells at each developmental stage.
97  d. UMAP visualization of cell clusters from L5D1 to W2 and P6 stages, with distinct cell
98  types labeled.
99  e. Spatial transcriptomic maps showing the localization of major cell types in wing discs at
100  L5D3 and W2. Each color represents a different annotated cell type.
101
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103 Supplementary Fig. 6. TOME-tradj analysis reveals developmental trajectories of
104  individual cell types during wing disc maturation.

105 a. Epithelial 1 primarily undergoes differentiation and development centered on epithelial
106 cells.
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107  b. Epithelial 2 ceases differentiation after a certain period.

108 c¢. Cuticle 1 develops based on the original cell type.

109  d. Cuticle 2 develops based on the original cell type.

110 e. Immune cells develop based on the original cell type, with their numbers gradually
111 decreasing throughout the developmental process.

112 f. Matrix cells develop based on the original cell type.

113 g. The differentiation trajectory of wing morphogenesis (Wm) cells progresses toward other
114  differentiation types.

115
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Supplementary Fig. 7. Enrichment clustering and differentiation trajectories of
Wm cells in spatiotemporal transcriptomic sections.

a. The differentiation trajectory of Wm cells in different development stages.

b. Wm cells differentiate into Cuticle and Epithelial types.

¢. KEGG pathway enrichment analysis revealed the functional enrichment of different

clusters of Wm cells during differentiation.
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a. The expression patterns of Hippo pathway genes in cell fate (43 and Lix1).

b. Heatmap of regulon specificity scores (RSS) of transcription factors (TFs) in Wm

cells, which displays the transcription activity of various TFs in different stages of the

wing disc cells.

c—g. GO enrichment analyses of the top five TFs (DI, sqz, Pur-alpha, Blimp-1, and

Rfx) identified in Wm cells.
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Supplementary Fig. 9. Quantitative analysis of Rfx-associated downstream gene
expression.

a—i. qRT-PCR analysis of nine genes—bsh, dpy, futsch, pnr, Octbeta3R, Gyc32E, wun,
spdo, and KCNQ—after Rfx knockdown. Data represented by the mean + SD were
analyzed for intergroup comparison using unpaired z-tests, with significance at *, p <

0.05, **, p <0.01, ns = not significant.
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Supplementary Fig. 10. Effect of SfRfx gene knockdown on wing development in
the fall armyworm Spodoptera frugiperda.

a. qPCR analysis of gene changes after SfRfx gene interference, Data represented by
the mean + SD, were analyzed for intergroup comparison using unpaired #-tests, with
significance at **, p <0.01.

b. Morphological changes in wing discs of fall armyworm after SfRfx gene
knockdown, showing developmental fissures and defects. Bright-field imaging
revealed the overall tissue architecture. Phalloidin staining labeled actin filaments to
visualize cytoskeletal organization. DAPI staining marked nuclear DNA for cellular
localization. Merged images integrated Phalloidin and DAPI signals to delineate

spatial relationships between cytoskeletal elements and nuclei.
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Supplementary Fig. 11. Expression patterns of 20E-related genes in different cell
types.

a. Differential expression heatmap of 20E-related genes among three major cell types:
epithelial cells, wing morphogenesis cells, and cuticle cells.

b. Spatial visualization of 20E-related gene module scores in Wm cells at three
developmental stages (L5D2, L5D3, and W2).

c. Spatial module scores of 20E-related genes in cuticle cells across the same

developmental stages.
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Supplementary Fig. 12. Single-nucleus RNA sequencing (snRNA-seq) analysis of

20E treated wing disc.

a. UMAP plots showing the distribution of different cell types at various time points

(0 min—6 h).

b. Temporal changes in the proportions of different cell types.

c. The proportion of time point-specific upregulated genes in different cell types.
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communication during 20E-induced wing disc development.

a. The relative information flow and information flow of multiple signal pathway
networks at different time points (10 min—6 h) as well as at 0 min for the samples are
presented. Relative information flow (left) and absolute information flow (right).

b. Temporal dynamics of key signaling pathway activity after 20E treatment.
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Supplementary Fig. 14. Distinct gene modules before and after 30 min of 20E
treatment reveal functional bifurcation.

a. Distribution of KME values for all differentially expressed genes (DEGs) in
Modules 1(M1) and 2 (M2).

b. GO Biological Process (BP) enrichment analysis for DEGs in module M1.

c¢. GO BP enrichment analysis for DEGs in module M2.
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Supplementary Fig. 15. GO enrichment analysis of 20E-responsive Tfs in wing

disc.

a—f: GO enrichment analysis of six highly expressed TFs after 20E treatment,
including Hr38 (LOC693064), Nubbin (LOC101744796), Six2 (LOCI101735990),
CREB (LOC692871), FoxN3 (LOC101739133), and GATA-A (LOC10174013).
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Supplementary Fig. 16. Differentiation trajectory of 20E-treated wing

morphogenesis cells.

a. Pseudotime trajectory analysis of Wm cells after 20E treatment.

b. Distribution of three major cell types—Wm cell, Epithelial 1, and Cuticle 1—along
pseudotime.

c. Heatmap of the expression dynamics of key regulatory genes involved in Wm
transdifferentiation during natural development (L5D1-P6). Their expression was

tracked in the 20E-treated group (0—6 h).
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Supplementary Fig. 17. Comparative analysis of DEGs and intersecting genes
between scRNA-seq and snRNA-seq datasets.

a. The Venn diagram illustrating the distribution of DEGs in scRNA-seq and
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snRNA-seq. Specifically, 167 genes (11%) were exclusively expressed in snRNA-seq,
1024 genes (70%) were exclusively expressed in scRNA-seq, and 273 genes (19%)
were expressed in both.

b. Heatmap of the expression profiles of the 273 intersecting DEGs across

developmental stages (L5D1-P6) and 20E treatment timepoints (0—6 h).
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a. Three Y-axes of the correlation between 20E concentration (purple), transverse axis
length (red), and longitudinal axis length (blue) of wing disc from L5D1 to W2.

b. During the L5D1 and L5D2 stages of wing primordium development, the wing
primordium exhibited a small and smooth morphology.

c. From L5D3 to L5D6 stages of wing primordium development, the wing
primordium initiated growth and morphogenesis.

d. At the L5D7 stage of wing primordium development, wing vein structures became
distinctly visible, accompanied by the disappearance of sectioned wing bud
architecture.

e. During the W1 and W2 stages of wing primordium development, the wing

primordium acquired an incipient wing-shaped morphology.
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Supplementary Fig. 19. Stage-specific transcriptional programs in wing disc

development.

a. UMAP plots showing the dynamic changes in cell types across the five stages.

b. Gene sets enriched in the five developmental stages of the wing discs reflect

different key regulatory genes in each stage.

¢. Heatmap of DEGs clustered by stage-specific expression patterns.

d-h. Summary of KEGG pathway and GO enrichment analysis results for the five

different stages. Each stage (Stage 1 to 5) displays significantly enriched biological

processes and signaling pathways.
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Supplementary Fig. 20. Dynamic cell-cell signaling interactions across five
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developmental stages of the wing disc.

a—e. Chord diagrams of the intercellular communication networks mediated by key
signaling pathways at five developmental stages (Stage 1 to5). Each panel (a—e)
corresponds to one developmental stage and includes multiple chord plots
representing different pathways. The outer ring is color-coded by cell type, while the
inner arcs represent the major interacting cell types. Curved bands connecting the arcs

visualize the direction and strength of inferred signaling interactions between cell

types.
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Supplementary Fig. 21. Cross-species comparison of wing disc cell types in

Cell types
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Bombyx mori, Drosophila melanogaster, and Bicyclus anynana.

a. Cell types identified in D melanogaster wing disc development, including Amps,

Epithelial cells, Tracheal cells, and Hemocytes.

b. Cell types identified in B anynana wing disc development.

¢. Heatmap showing the correlation of cell types between B mori and D melanogaster.
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