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Significance

 The fall armyworm (FAW) is 
threatening food security 
worldwide. CRISPR/Cas9-based 
genome editing was used to 
identify genes required for larval 
development in FAW. Development 
of Chinmo  mutant (Chinmo﻿-M), 
﻿Kr-h1  mutant (Kr-h1﻿-M), and 
double mutant (Kr-h1/Chinmo﻿-M) 
was arrested during L2 to L3, L5 to 
L6, and L2 to L3 molt, respectively. 
The expression of metamorphosis 
genes (Br-C  and E93 ) increased 
prematurely in L3, L5, and L2 in  
the Chinmo﻿-M, Kr-h1﻿-M, and Kr-h1/
Chinmo﻿-M, respectively.  
Chromatin modification genes  
are differentially regulated in 
﻿Chinmo﻿-M and Kr-h1/Chinmo﻿-M  
but not in Kr-h1﻿-M. Single-cell 
multiome ATAC analysis revealed 
that Chinmo is involved in 
chromatin modifications 
preventing the promoter 
accessibility of metamorphosis 
genes. Chinmo is required for early 
larval development, making it an 
ideal target for pest management.
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Broad complex (Br-C) and eip93F (E93) transcription factors promote insect meta-
morphosis from larva to pupa and from pupa to adult, respectively. Recently, chrono-
logically inappropriate morphogenesis (Chinmo) has been proposed as a larval specifier 
in Drosophila melanogaster. However, whether Chinmo is required for larval mainte-
nance in lepidopteran insects, the underlying mechanisms involved in maintaining 
the larval stage, and its interactions with the JH signaling pathway are not well under-
stood. Here, we used a binary transgenic CRISPR/Cas9 system to knockout Chinmo 
and Kr-h1 (primary response gene in the JH signaling pathway) in the fall armyworm 
(FAW). Kr-h1 knockout induced premature metamorphosis only after L5 (penulti-
mate), whereas Chinmo and Kr-h1 double knockout induced premature metamorphosis 
in L3. Sequencing and differential gene expression (DEG) analysis of RNA isolated 
from mutants and single-cell multiome ATAC analysis of Chinmo, Kr-h1, and Chinmo 
and Kr-h1 double knockout Sf9 cells revealed that Chinmo participates in chromatin 
modifications that prevent the promoter accessibility and expression of metamorphosis 
promoting genes. These results suggest that Chinmo is a larval specifier that plays a 
major role in preventing metamorphosis in early larval stages by controlling chromatin 
accessibility near the promoters of genes such as Br-C and E93 required for pupal and 
adult development.

Chinmo | Krüppel homolog 1 | metamorphosis | chromatin accessibility

 Holometabolous insects undergo metamorphosis to change from morphologically and 
physiologically distinct larvae to pupae and adults. Transitions between these stages are 
tightly regulated by juvenile hormones (JH), which maintain larval status, and ecdyster­
oids, which promote metamorphosis ( 1 ,  2 ). The actions of these hormones in controlling 
developmental transitions include regulating cascades of gene expression and repression 
events ( 3 ). When the JH receptor methoprene-tolerant (Met ) binds to juvenile hormone, 
it forms a complex with other cofactors and functions as a transcription enhancer complex. 
It induces the expression of JH response genes, including the gene encoding the transcrip­
tion factor Krüppel homolog 1 (Kr-h1 ) ( 4 ). JH is present throughout the larval stage to 
maintain the expression of Kr-h1  until the last instar. During the larval stage, Kr-h1 
suppresses the expression of genes encoding the pupal specifier Broad-Complex (Br-C ) 
and the adult specifier eip93F (E93 ) to maintain juvenile status ( 5 ,  6 ). The status quo 
action of JH and Kr-h1 was revealed by experiments in which precocious metamorphosis 
was observed in the larval stage when Met  or Kr-h1  was knocked down ( 7   – 9 ). However, 
this precocious metamorphosis occurred only in later instars but not in younger instars. 
Even in the absence of JH or Met, the larvae or nymphs develop normally until the 2nd 
instar, and precocious metamorphosis occurs only after the 3rd instar of Bombyx mori  ( 10 ) 
and Pyrrhocoris apterus  ( 11 ). This led to the hypothesis that a larva must reach a certain 
instar to gain competence and undergo metamorphosis ( 11 ). JH-mediated regulation of 
metamorphosis occurs only after juveniles have reached competence to undergo meta­
morphosis ( 12 ). These results suggest that JH and Kr-h1 are not the only factors main­
taining larval stages ( 1 ). Therefore, a knowledge gap exists on how juvenile status is 
maintained during early larval development when JH and Kr-h1 are dispensable.

 Recently, Chinmo (chronologically inappropriate morphogenesis) was proposed as the 
larval specifier in Drosophila melanogaster  ( 13 ). Chinmo, a BTB-zinc finger protein that 
functions as a transcription factor, was first identified as a regulator of neuronal temporal 
identity during postembryonic development of the D. melanogaster  brain. Neuroepithelium 
differentiation in late larvae requires transcriptional silencing of Chinmo  by ecdysone ( 14 ). 
In the absence of Chinmo, early-born neurons adopt the fate of late-born neurons ( 15 ). 
Furthermore, the transition in the expression of Chinmo  to Br-C/E93  was essential for 
proper neuronal and glial cell type specification and maturation in D. melanogaster  ( 16 ). 
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This regulatory role of the sequential expression of transcription 
factors was also demonstrated in other tissues, including imaginal 
discs, salivary glands, and the epidermis of D. melanogaster.  
Strikingly, when Chinmo  was knocked down in epidermal cells, 
puparium cuticle tanning occurred with the precocious expression 
of E93  in the first instar larval epidermis. The absence of Chinmo 
allowed the expression of the pupal specifier Br-C  and the adult 
specifier E93  to promote developmental transition ( 13 ). In addi­
tion to its regulatory interaction with other temporal specifiers 
(Br-C  and E93 ), Chinmo is known as an oncogene ( 17 ,  18 ). 
Chinmo regulates growth in larval and imaginal tissues in a 
Br-C-independent and -dependent manner ( 19 ). The function of 
Chinmo as a juvenile specifier also holds true in hemimetabolous 
insects. When Chinmo  was knocked down, Blatella germanica  
nymphs underwent premature adult metamorphosis ( 19 ). Since 
JH plays minimal developmental roles in D. melanogaster  ( 20 ), 
studies in lepidopteran insects where JH plays a critical role in the 
prevention of metamorphosis could provide information on the 
function of Chinmo as a larval specifier and its interaction with 
the JH signaling pathway. In addition, the mechanisms by which 
Chinmo suppresses pupal and adult specifiers (Br-C  and E93 ) and 
regulates gene expression to promote larval growth are still unclear.

 In this study, we used a lepidopteran pest, Spodoptera frugiperda  
(fall armyworm, FAW), to investigate the function of Chinmo 
and its interaction with the JH signaling pathway during devel­
opment. We developed a binary transgenic CRISPR/Cas9 system 
in which efficient knockout of the target gene can be achieved by 
crossing a Cas9-expressing transgenic FAW strain with a 
sgRNA-expressing transgenic FAW strain ( 21 ,  22 ). Using this 
system, we knocked out Chinmo  and Kr-h1  in FAW. Our results 
suggest that Chinmo is required to maintain the larval stage and 
that Kr-h1 functions as a key player to prevent premature meta­
morphosis. Chinmo suppresses the expression of the Br-C  and 
﻿E93  genes, confirming their regulatory interaction. Single-cell 
Multiome ATAC + Gene Expression analysis revealed that 
Chinmo is involved in chromatin modifications to prevent the 
promoter accessibility and expression of genes that promote 
metamorphosis. 

Results and Discussion

Chinmo Suppresses Br-C and E93 Gene Expression in Sf9 Cells. The 
major function of Chinmo is its ability to suppress the expression 
of the pupal specifier Br-C and the adult specifier E93 (13, 19). 
To determine whether these regulatory interactions also occur in 
the FAW, we first used ovarian tissue-derived cell line Sf9. Chinmo 
was knocked out or overexpressed in Sf9 cells to determine changes 
in Br-C and E93 gene expression. The knockout (KO) construct 
was designed to contain the Cas9 open reading frame (ORF) and 
a sgRNA sequence targeting the fourth exon of Chinmo (Fig. 1A). 
The overexpression (OE) construct comprised the Chinmo ORF 
(Fig. 1B). Similar constructs for Kr-h1 were also designed and 
used as a positive control since Kr-h1 is already well characterized 
for its direct suppressive action on the Br-C and E93 genes by 
identifying its binding site in the promoters of these genes (5, 6).  
The piggyBac-based plasmid containing the red fluorescent 
protein marker gene and puromycin antibiotic resistance gene 
was used as a backbone to design KO and OE constructs (Fig. 1B). 
Each plasmid was transfected with a helper plasmid expressing 
transposase that induces the insertion of the sequence present in 
the piggyBac plasmid into the host genome (23). Cell lines with 
stable expression were generated and selected through puromycin 
treatment. The enrichment of transformed cells was verified by the 
presence of red fluorescence protein (RFP) (Fig. 1C). T7E1 enzyme 

assays confirmed successful disruption of Kr-h1 and Chinmo in 
KO cells (SI Appendix, Fig. S1A). RT–qPCR analysis confirmed 
overexpression of Kr-h1 and Chinmo in OE cells (SI Appendix, 
Fig. S1B). Knockout of Chinmo increased Br-C mRNA levels 
by 4.1-fold and E93 mRNA levels by 1.8-fold compared to their 
expression in control cells expressing Cas9 (Fig. 1D). However, 
overexpression of Chinmo did not cause a decrease in Br-C and E93 
mRNA levels, most likely due to relatively high basal expression 
levels of Chinmo in Sf9 cells (SI Appendix, Fig. S1B). As expected, 
the knockout of Kr-h1 increased Br-C mRNA levels by 3.1-fold 
and E93 mRNA levels by 2.8-fold compared to their expression in 
control cells expressing Cas9 (Fig. 1D). Overexpression of Kr-h1 
decreased Br-C mRNA levels to 0.6-fold and E93 mRNA levels to 
0.3-fold compared to their expression in control cells expressing 
Cas9. These data demonstrate that Chinmo directly regulates Br-
C and E93 genes in FAW. We also measured the expression levels 
of Chinmo in Kr-h1 KO/OE cells and Kr-h1 in Chinmo KO/OE 
cells. The results showed that expression levels of Chinmo did not 
change in either Kr-h1 KO and OE cells. In contrast, expression 
levels of Kr-h1 were downregulated (0.5-fold) and upregulated 
(3.4-fold) in Chinmo KO and OE cells, respectively (SI Appendix, 
Fig.  S1C). These data indicate that there might be a crosstalk 
between Chinmo and Kr-h1.

 Kr-h1 directly binds to the promoters of the Br-C  and E93  
genes and suppresses their expression ( 6 ). To determine whether 
Chinmo functions in a similar manner in FAW, changes in the 
activity of Br-C  and E93  gene promoters were measured in 
response to Chinmo  overexpression in Sf9 cells. The Br-C  and E93  
gene promoter regions were cloned into the luciferase construct 
and transfected into Sf9 cells, and their activity was measured 
using the luciferase assay. Sf9 cells transfected with Chinmo  OE 
construct along with Br-C  promoter-Luc construct showed a 
decrease in the luciferase activity to 0.5-fold compared to the 
luciferase activity in control cells transfected with promoter con­
struct alone ( Fig. 1E  ). Similarly, Sf9 cells transfected with the 
﻿Chinmo OE  construct along with the E93 promoter-Luc construct 
showed a decrease in the luciferase activity to 0.3-fold compared 
to the luciferase activity in control cells transfected with the pro­
moter construct alone ( Fig. 1E  ). This is similar to the decrease in 
the luciferase activity detected in Sf9 cells transfected with Kr-h1  
OE construct along with Br-C  promoter-Luc (0.5-fold) or E93  
promoter-Luc (0.3-fold) constructs ( Fig. 1E  ). These results con­
firm that Chinmo indeed suppresses Br-C  and E93  gene expression 
in FAW, and suggest that similar to Kr-h1, Chinmo may directly 
repress the promoter activity of these genes. It should be noted 
that Chinmo  overexpression did not repress the endogenous 
expression of Br-C  and E93  genes ( Fig. 1D  ). The discrepancy 
between the endogenous gene expression experiment ( Fig. 1D  ) 
and the cloned promoter activity experiment ( Fig. 1E  ) might be 
because Chinmo  has relatively high basal expression levels in Sf9 
cells. Only two-fold upregulation of Chinmo  gene was detected 
in Chinmo  OE cells (SI Appendix, Fig. S1B﻿ ), which may have not 
been enough to affect endogenous Br-C  and E93  expression.  

Chinmo Is Required for the Larval Development of FAW. We 
performed in  vivo assays to determine whether Chinmo is 
required to maintain larval stages in FAW. Chinmo and Kr-h1 
mRNA levels were determined in staged FAW. Chinmo mRNA 
levels began to increase at 60 h of embryonic development and 
reached the peak in first instar larvae, and the higher levels were 
maintained until ecdysis to 3rd instar larval stage. The Chinmo 
mRNA levels increased again to moderate levels in the 3rd instar 
larvae, and these levels were maintained in the 4th and 5th instar 
larval stages. The Chinmo mRNA levels decreased to a minimum 
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in L6, and these lower levels were maintained throughout larval 
and pupal stages except for a sharp increase during larval–pupal 
metamorphosis (SI Appendix, Fig. S2). The Kr-h1 mRNA levels 
also showed a similar expression pattern, except for the additional 
peak expression during the adult stage. The expression of Kr-h1 

in the late prepupae has been demonstrated to be essential for 
the formation of the pupa (24). Depletion of this specific Kr-h1 
peak during pupal metamorphosis triggers a direct transformation 
of the larva into adult form, bypassing the pupal stage (25). The 
expression of Chinmo in the early pupae suggests a function for 
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Fig. 1.   Knockout (KO) or overexpression (OE) of Kr-h1 and Chinmo in Sf9 cells affects expression of Br-C and E93. (A) Genomic structures of Kr-h1 and Chinmo and 
sgRNA targeting sites. One sgRNA targeting site located in common Exon II of the α and β isoforms of Kr-h1 and one sgRNA target site in Exon IV of Chinmo were 
chosen according to the GN19NGG rule. The target and PAM sequences are highlighted in green and red, respectively. (B) Schematic representation of the KO 
and OE constructs of Kr-h1 and Chinmo used for establishing stable Sf9 cells. (C) Fluorescence images of stable cells. The transfected Sf9 cells were treated with 
100 ng/μL puromycin until all the living cells exhibited RFP signals. (D) Br-C and E93 expression in stable Sf9 cells. Total RNA was extracted from Cas9 cells and 
from KO and OE cells. RT–qPCR was subsequently performed with four biological replicates to evaluate the relative expression levels of Br-C and E93. Asterisks 
indicate significant differences between treatment (KO or OE cells) and control (Cas9 cells) based on Student’s t test. *P < 0.05. Fold change is indicated on top 
of the bar. (E) Promoter activity assay. The promoter-pG5Luc construct was cotransfected with the Kr-h1 or Chinmo overexpression plasmids into Sf9 cells. The 
cells were harvested two days posttransfection, after which a luciferase activity assay was conducted. All the data are presented as the means ± SDs (n = 5). 
Asterisks indicate significant differences between the treatment (Kr-h1 or Chinmo OE) and control (promoter construct only) groups based on Student’s t test. 
*P < 0.05. Fold change is indicated on top of the bar.
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this transcription factor in adult development. Further studies are 
needed to test this hypothesis. Reverse genetic tools, such as RNAi 
or conditional CRISPR, may be applied to uncover Chinmo’s 
function in adult development in the FAW.

 A binary transgenic CRISPR/Cas9 system was established to 
knockout Chinmo  and Kr-h1  genes in FAW. Using the piggyBac  
transposon system ( 26 ), transgenic FAWs, including the Cas9 line 
and sgRNA lines targeting the Chinmo  and Kr-h1  genes, were gen­
erated (SI Appendix, Fig. S3 A  and B ). By crossing the Cas9 line and 
sgRNA line, efficient target gene knockout can be achieved ( 22 ). 
After crossing, we used fluorescent markers to select progeny that 
expressed both Cas9 (GFP) and the target sgRNA (RFP) 
(SI Appendix, Fig. S3 B  and C and  Table S1 ). The Chinmo  knockout 
mutants (Chinmo﻿-M) developed normally until L2, and most of 
these insects died during L3 molt ( Fig. 2A   and  Table 1 ). Chinmo﻿-M 
L3 larvae were stuck inside the old L2 cuticle ( Fig. 2A   and 
﻿SI Appendix, Fig. S4A﻿ ). A small portion of the Chinmo﻿-M developed 
into L4 ( Table 1 ). All the L4 larvae died during molt and could not 

shed their old cuticle ( Fig. 2A   and  Table 1 ). Even when the old 
cuticle was removed, the insects did not feed and eventually died. 
The D. melanogaster Chinmo  mutant was embryonic lethal. The 
﻿Chinmo  mosaic mutant of D. melanogaster  was able to hatch but 
died later in the L1 stage. Cuticle tanning was observed on the 
epidermis of L1, which is a sign of precocious puparium formation 
( 13 ). These results from D. melanogaster  indicate that Chinmo is 
required for larval development and suppression of pupal metamor­
phosis. From our FAW results, it is difficult to conclude whether 
Chinmo is required for embryogenesis and larval development 
before L2. No obvious precocious metamorphosis phenotype was 
detected in Chinmo﻿-M FAW. Since the Chinmo﻿-M FAW generated 
in our study are mosaic mutants, some cells with functional Chinmo 
may have supported the development of FAW embryo and L1. 
However, since Chinmo﻿-M disrupted larval development in L3, 
Chinmo is likely required for larval development in FAW.         

 The Kr-h1  knockout mutants (Kr-h1﻿-M) developed normally 
until L4 ( Table 1 ). Pupal patches and melanization were observed 

Fig. 2.   Phenotypes of Chinmo-M (C-M), Kr-h1-M (K-M), and Kr-h1/Chinmo-M (KC-M). (A) Representative images of Chinmo-M larvae (vertical Scale bar, 1.5 mm; 
horizontal Scale bar, 0.7 mm). L3 and L4 larvae showing developmental arrest were photographed before and after removing the old cuticles. NC and OC 
represent new cuticle and old cuticle, respectively. (B) Representative images of Kr-h1-M animals (vertical Scale bar, 1.5 mm; horizontal Scale bar, 0.7 mm). Most 
of the Kr-h1-M animals completed larval development until L6. Pupal patches were observed in some new L5. Some L6 larvae with clear pupal patches were stuck 
inside the old L5 cuticle. Pupal patches are marked by rectangles. NC and OC represent new cuticle and old cuticle, respectively. (C) Representative images of 
Kr-h1/Chinmo-M larvae (vertical Scale bar, 1.5 mm; horizontal Scale bar, 0.7 mm). Several L2 larvae exhibited a severe melanization phenotype (black rectangle). 
Most L3 were stuck inside the old cuticles. Pupal patches (black rectangle) were detected after removing the old L2 cuticle. All L4 animals were arrested in the 
old L3 cuticles, and pupal patches were observed under the old L3 cuticles (black rectangle). NC and OC represent new cuticle and old cuticle, respectively. (D) 
SEM analysis of the cuticles from the Cas9 line and mutant line larvae. Cuticles were dissected from L4 of the Cas9 line and three mutant lines, as well as from 
L6 and pupa of the Cas9 line and from L6 of the Kr-h1-M line. Magnified views of the chosen areas are marked by black rectangles. The dotted line represents 
the boundary between the larval cuticle (LC) and pupal cuticle (PC). (Scale bar, 500 μm, Top; 100 μm, Middle; 5 μm, Bottom)
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on the L5 epidermis ( Fig. 2B   and SI Appendix, Fig. S4B﻿ ). Most 
of the larvae died during L6 molt ( Fig. 2B   and  Table 1 ). L6 larvae 
were stuck inside the old cuticle. When the old cuticle was 
removed, pupal patches ( Fig. 2B   and SI Appendix, Fig. S5 ) were 
observed. When those larvae were dissected, pupal fat body and 
midgut were observed, indicating that they were undergoing pre­
cocious metamorphosis (SI Appendix, Fig. S6A﻿ ). Few individuals 
were able to molt successfully and continue to grow during L6 
with both pupal patches and melanization spots in the integument 
( Fig. 2B  ), but they died as deformed prepupae (SI Appendix, 
Fig. S6B﻿ ) or pupae (SI Appendix, Fig. S6C﻿ ). Pupal cuticle patches 
in the larval stage are signs of precocious metamorphosis ( 10 ). JH 
deficiency induces black melanized cuticles in Manduca sexta  ( 27 ). 
Therefore, the melanization phenotype observed in Kr-h1﻿-M indi­
cates that JH signaling has been effectively disrupted. JH disrup­
tion caused by Met  knockout in Aedes aegypti  also causes precocious 
metamorphosis accompanied by a melanized cuticle ( 28 ). 
Therefore, our results are consistent with previous findings that 
disruption of JH signaling induces precocious metamorphosis ( 9 , 
 28 ). Our results are also consistent with the previous observations 
that the metamorphosis suppression function of JH is not required 
during early larval stages. Disruption of JH signaling induces pre­
cocious metamorphosis only in the later larval stages ( 10 ,  11 ).

 The Kr-h1  gene codes for two isoforms (Kr-h1α  and Kr-h1β ). 
We checked whether there was any specificity in the function of 
these isoforms. These two isoforms exhibited similar developmen­
tal expression profiles (SI Appendix, Fig. S7A﻿ ). We designed and 
established a transgenic sgRNA line specific for each isoform 
(Kr-h1α﻿-M and Kr-h1β﻿-M) (SI Appendix, Fig. S7B﻿ ). By crossing 
those sgRNA lines with the Cas9 line, we generated Kr-h1α  
(Kr-h1α﻿-M) and Kr-h1β  (Kr-h1β﻿-M) mutant strains. Surprisingly, 
these mutants developed normally (SI Appendix, Fig. S7 C  and D ). 
This finding suggested that the presence of either of these isoforms 
is sufficient for the normal function of the Kr-h1  gene.

 JH signaling is still intact in Chinmo﻿-M. We hypothesized that 
this intact JH signaling pathway may have suppressed precocious 
metamorphosis phenotype even in the absence of the Chinmo. 
To test this hypothesis, we established a sgRNA line targeting the 
Chinmo and Kr-h1  genes. By crossing this sgRNA line with the 
Cas9 line, we generated Chinmo  and Kr-h1  double knockout 
mutants (Kr-h1/Chinmo﻿-M). Like in Chinmo﻿-M, most 
﻿Kr-h1/Chinmo﻿-M died during the L3 molt ( Fig. 2C   and  Table 1  
and SI Appendix, Fig. S4C﻿ ). Some of the late L2 larvae showed 
melanization of their cuticles ( Fig. 2C  ), and as they developed 
into L3, the melanization became more pronounced ( Fig. 2C   and 
﻿SI Appendix, Fig. S4D﻿ ). The L3 larvae got stuck inside the old 
cuticle, and when the old cuticle was removed, pupal patches 
were detected in the cuticles of the L3 larvae ( Fig. 2C  ). A small 
portion of the Kr-h1/Chinmo﻿-M developed into L4. All the L4 
larvae died during molt and were unable to shed their old cuticle. 
Severe melanization was observed in this stage. When the old 
cuticle was removed, we observed clear pupal patches in the cuti­
cles of L4 larvae ( Fig. 2C  ).

 The phenotypes of Kr-h1/Chinmo﻿-M double mutants are sim­
ilar to the phenotypes observed in the L6 stage of Kr-h1﻿-M, except 
that the same phenotypes could be observed in much earlier stages 
(L3 and L4) in Kr-h1/Chinmo﻿-M double mutant. These findings 
clearly show that Chinmo is an important factor that suppresses 
precocious metamorphosis in the earlier stage of FAW. Chinmo 
is a key player in the maintenance of early larval stages, and the 
absence of JH action can induce precious metamorphosis only in 
the absence of Chinmo during later larval stages. However, the 
fact that this precocious metamorphosis phenotype was observed 
only after L3 in Kr-h1/Chinmo﻿-M double mutants makes it hard 
to conclude on the function of Chinmo in L1 and L2 stage. Both 
﻿Br-C  and E93  were upregulated in Kr-h1/Chinmo﻿-M double 
mutant larvae of L2 but not L1 (SI Appendix, Fig. S13 ). This lack 
of effect during earlier stages may be due to the mosaic nature of 
CRISPR knockouts. It is still possible that unidentified factors, 
in addition to Chinmo, may be involved in antimetamorphic roles 
in L1 FAW. Genomic regions containing sgRNA target sites were 
amplified via PCR. A T7E1 assay with those fragments revealed 
efficient mutations in all the knockout lines generated in our study 
(SI Appendix, Fig. S8 ). These fragments were sequenced to confirm 
the presence of mutations, deletions, and insertions around the 
sgRNA target sites (SI Appendix, Fig. S9 ).

 We used a scanning electron microscope (SEM) to observe the 
structures of the pupal cuticular patches in the mutants. SEM 
images revealed clear differences between larval and pupal cuticles. 
Previous studies in silkworm revealed that larval cuticles have 
bumps on their surface, whereas pupal cuticles have smooth sur­
faces ( 10 ). Using these structures as key characteristics, we con­
firmed the presence of pupal patches in Kr-h1/Chinmo﻿-M L4 and 
﻿Kr-h1﻿-M L6 ( Fig. 2D  ). SEM images also confirmed that the pupal 
patch-like structure observed in Kr-h1/Chinmo﻿-M L3 indeed had 
a smooth pupal cuticle (SI Appendix, Fig. S10 ). Pupal patches with 
possible necrosis were also observed in Kr-h1/Chinmo﻿-M L3 
(SI Appendix, Fig. S11 ). These necrotic-like patches look like bro­
ken/lacerated wounds, which is likely the result of strong melani­
zation phenotype.  

Molecular Mechanisms of Chinmo and Kr-h1 Interaction. To 
identify the molecular mechanisms through which Chinmo 
and Kr-h1 work together to prevent metamorphosis in FAW, 
we compared the expression of genes involved in JH action in 
mutants and wild-type. The expression of the JH esterase (JHE) 
enzyme gene is upregulated in the late last instar larvae; JHE 
metabolizes JH, which promotes metamorphosis (29–31). 
JHE expression increased during the last instar and reached the 
maximum levels during pupation (SI Appendix, Fig. S12A). The 
expression of both Br-C and E93 increased beginning on the 
last day of the final instar larval stage and reached the maximum 
levels during the pupal stage (SI Appendix, Fig. S12 B and C). In 
Chinmo-M, upregulation of JHE, Br-C, and E93 gene expression 
was detected in 12-h-old L3 (Fig. 3). This could be an indication 
of precocious metamorphosis, although an obvious phenotype was 

Table 1.   Phenotypes detected in control (Cas9) and mutant
Genotype N Larval lethality Stuck in old cuticle Pupal patches

L2 L3 L4 L5 L6 L2 L3 L4 L5 L6 L2 L3 L4

 Cas9  60  0  1  0  0  2  0  0  0  0  0  0  0  0

﻿Kr-h1-M  99  0  2  1  12  84  0  0  0  2  19  0  0  0

﻿Chinmo-M  79  0  58  21 ﻿ ﻿  0  55  21 ﻿ ﻿  0  0  0

﻿Kr-h1/Chinmo-M  73  2 *﻿  54  17 ﻿ ﻿  0  54  17 ﻿ ﻿  0  42  17
*Two dead larvae showed strong melanization.
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not observed in Chinmo-M. In Kr-h1/Chinmo-M, upregulation 
of Br-C and E93 gene expression was observed as early as late L2. 
Moreover, the increase in the expression of these genes in 12-h-old 
L3 was greater in the Kr-h1/Chinmo-M double mutant than in 
the Chinmo-M single mutant (Fig. 3 and SI Appendix, Fig. S13). 
JHE, Br-C, and E93 gene expression did not change in Kr-h1-M 
compared to that in the Cas9 control in the early larval stages 
(Fig. 3). These results suggest that in the presence of Chinmo, 
Kr-h1 knockout alone is unable to induce metamorphosis-related 
genes in early larval stages. However, in the absence of Chinmo, 
Kr-h1 knockout can cause upregulation of metamorphosis-
related genes. Prophenoloxidase (PPO) is a key enzyme involved 
in melanization of cuticle and innate immunity (32, 33). There 
was no change in PPO2 gene expression in Chinmo-M or Kr-
h1-M compared to that in the Cas9 control (Fig. 2). However, 
the PPO2 gene was upregulated in Kr-h1/Chinmo-M as early as in 
L2 (SI Appendix, Fig. S13). These results are consistent with the 
phenotype data in which melanization was observed only in Kr-h1/
Chinmo-M. JH acid methyltransferase (JHAMT) is a key enzyme 
that catalyzes one of the last steps of JH biosynthesis (34, 35). The 
JHAMT gene was upregulated in all the mutants of L3 (Fig. 3). 
The expression of JHAMT may have increased to compensate 
for the disruption in JH signaling in these mutants. This result 
is in agreement with previous studies that showed disruption of 
JH signaling results in an increase in JH biosynthesis (36–38). 
An increase in JHAMT expression is higher in Kr-h1/Chinmo-M 
compared to that in Chinmo-M or Kr-h1-M, suggesting that 
compensatory upregulation mechanism in Chinmo-M and Kr-
h1-M are nonredundant. We also found that Chinmo expression 
does not significantly change in Kr-h1-M compared to the Cas9 

control (SI  Appendix, Fig.  S14A). However, the Kr-h1 gene 
expression is higher in Chinmo-M compared to the Cas9 control 
(SI Appendix, Fig. S14B). This provides additional evidence for 
compensatory increases in JH biosynthesis in larvae deficient in 
the larval specifier Chinmo resulting in upregulation of the primary 
JH response gene Kr-h1. It has been reported that once pupally 
committed, the tissue initiates pupal differentiation irrespective 
of the presence of juvenile hormone (39). The phenotypic and 
molecular characteristics of Chinmo-M and Chinmo/Kr-h1-M 
clearly showed that they are attempting to undergo premature 
metamorphosis, and upregulation of Kr-h1 may no longer be able 
to repress this process. In Kr-h1-M, upregulation of Br-C, E93, 
and PPO2 was detected in the older larval stage (L4 late to L5) 
(SI  Appendix, Fig.  S15). These results confirm the phenotypes 
observed in which precocious metamorphosis was observed in 
L5 and L6 in Kr-h1-M. The JHAMT gene was upregulated in 
most of the stages tested in Kr-h1-M (Fig. 3 and SI Appendix, 
Fig. S15), suggesting stage-independent upregulation of JHAMT 
in the absence of Kr-h1.

 To test whether JH or 20-hydroxyecdysone (20E) regulates the 
expression of Chinmo, Sf9 cells were treated with dimethyl sulfoxide 
(DMSO), Methoprene, 20E, and Methoprene plus 20E, respectively. 
The expression levels of Chinmo  were measured in these cells. The 
results showed that Chinmo  expression did not change in Methoprene- 
treated Sf9 cells compared with DMSO-treated Sf9 cells. However, 
20E treatment increased its expression by 1.4-fold. When Sf9 cells 
were treated with both Methoprene and 20E, the expression levels of 
﻿Chinmo  increased by 2.6-fold (SI Appendix, Fig. S16 ). These data 
indicate that two important insect hormones, juvenile hormone, and 
ecdysone, may cooperatively regulate Chinmo  expression.

Fig. 3.   Comparison of the expression of selected genes in the control and mutant strains. The expression levels of Br-C, E93, JHE, JHAMT, and PPO2 genes were 
determined in late L2 (2L), early L3 (3E), and 12-h-old L3 (3-12 h) of Cas9 and three mutant lines. The relative mRNA levels normalized against 28S rRNA are 
shown. RT–qPCR was conducted using 10-fold diluted cDNAs (1.0 μL) as templates. However, JHAMT mRNA was not detectable due to its reduced expression in 
many samples. Double the volume (2.0 μL) of undiluted cDNA was subsequently used to determine the expression levels of JHAMT. The results are presented 
as the means ± SDs (n = 4). Asterisks indicate significant differences between each mutant and the Cas9 line based on Student’s t test. The values on the top of 
the bars represent fold changes. Only the significant changes are shown *P < 0.05.
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 Our RT–qPCR results suggest that Chinmo and JH signaling 
work together to prevent premature expression of metamorphosis- 
promoting genes. To further evaluate the global gene expression 
changes, RNA isolated from Cas9 (control), Chinmo﻿-M, Kr-h1﻿-M, 
and Kr-h1/Chinmo﻿-M 12-h-old L3 was sequenced, and differential 
gene expression (DEG) analysis was conducted. There was consid­
erable overlap of DEGs between the Chinmo﻿-M and 
﻿Kr-h1/Chinmo﻿-M (SI Appendix, Fig. S17 ). The upregulated DEGs 
of both the Chinmo﻿-M and Kr-h1/Chinmo﻿-M were enriched in GO 
terms related to metamorphosis and development (SI Appendix, 
Table S2 ). We also compared the transcriptomic data of 12-h-old 
L3 of Chinmo﻿-M, Kr-h1/Chinmo﻿-M, and wild-type (WT) pupa 
(Accession numbers: SRR1196272, SRR11196271, SRR1196269) 
with 12-h-old L3 Cas9 line (Control). Considerable amount of 
overlap was detected in the DEGs between those groups. Overlap­
ping upregulated DEGs were enriched in GO terms related to 
metamorphosis and development (SI Appendix, Fig. S18 ). These 
data suggest that the genetic program in the mutants resembles the 
pupal genetic program.

 Since both 12-h-old L3 Kr-h1/Chinmo﻿-M and 6-h-old-L6 
﻿Kr-h1﻿-M showed precocious metamorphosis phenotypes, we 
hypothesized that they would share similar gene expression pro­
files. Considerable overlap of DEGs was observed not only 
between 12-h-old L3 Kr-h1/Chinmo﻿-M and 6-h-old L6 Kr-h1﻿-M 
but also between 12-h-old L3 Chinmo﻿-M ( Fig. 4A  ). The expres­
sion of genes coding for the larval cuticle proteins was downreg­
ulated, and the expression of the genes coding for the pupal cuticle 
proteins was upregulated in 12-h-old L3 Kr-h1/Chinmo﻿-M and 
6-h-old L6 Kr-h1﻿-M (Group I in  Fig. 4B   and SI Appendix, 
Table S3 ). Melanization genes (Group II in  Fig. 4B   and 
﻿SI Appendix, Table S3 ) were upregulated in these mutants. The 
expression of genes coding for proteins involved in autophagy and 
apoptosis was upregulated in the mutants. Upregulation of apop­
tosis genes ( 31 ) and autophagy genes ( 32 ) during metamorphosis 
induces programmed cell death in larval tissues. Basic juvenile 
hormone-suppressible protein-coding genes were upregulated in 
the mutants (Group III in  Fig. 4B   and SI Appendix, Table S3 ). 
Juvenile hormone-suppressible protein is a storage protein iden­
tified in hemolymph during metamorphosis ( 40 ,  41 ). The expres­
sion of these genes in Chinmo﻿-M is similar to that in Kr-h1/Chinmo﻿- 
M. However, the degree of upregulation was lower in Chinmo﻿-M 
than in Kr-h1/Chinmo﻿-M for some of the genes studied (group III 
in  Fig. 4B  ). These results are consistent with the RT–qPCR data, 
which showed that Chinmo  knockout alone is sufficient to upreg­
ulate metamorphosis genes. Still, in Chinmo  and Kr-h1  double 
knockout, the degree of upregulation of these genes is higher com­
pared to Chinmo  knockout. This difference may be one of the rea­
sons why we only observed melanization and a pupal cuticle patch 
phenotype in Kr-h1/Chinmo﻿-M larvae but not in Chinmo﻿-M larvae.          

Chinmo May Act as a Chromatin Modifier. Our next question 
was how Chinmo regulates global changes in gene expression. The 
expression of several regulators that promoted closed chromatin 
structure was downregulated when Chinmo was knocked out 
(Fig. 4C and SI Appendix, Table S4). Chromatin assembly factor 
1 facilitates the formation of nucleosomes (42). In D. melanogaster 
germline stem cells, chromatin assembly factor 1 prevents the 
expression of differentiation-associated genes (43). On the other 
hand, some of the regulators that promote open chromatin 
structure were upregulated when Chinmo was knocked out (Fig. 4C 
and SI Appendix, Table S4). The chromatin modification-related 
protein eaf-1 is a component of the NuA4 histone acetyltransferase 
complex, which is involved in the transcriptional activation of target 
genes (44). Indeed, according to the RNAseq data, Chinmo-M had 

more upregulated DEGs than downregulated DEGs (Fig. 4A). 
These results suggest that Chinmo may suppress metamorphosis-
promoting genes by regulating chromatin accessibility. To test this 
hypothesis, we performed multiomics (single-cell multiome ATAC 
+ gene expression) analysis in Sf9 cell line developed from FAW 
ovary. Chinmo, Kr-h1, and both Chinmo and Kr-h1 were knocked 
out in these cells (Chinmo-KO, Kr-h1-KO, and Kr-h1/Chinmo-
KO) (Fig. 1). The knockout cells were used in single cell multiome 
analysis. In each treatment, the cells were clustered based on the 
expression of the Cas9 gene (SI Appendix, Fig. S19). Cells that 
did not express Cas9 were removed, and the cells expressing Cas9 
were selected for further analysis. This approach ensured that only 
knockout cells were included in the analysis. We first estimated 
nucleosome signals. TSS (transcription start site) enrichment was 
calculated using selected TSS positions (SI Appendix, Fig. S20). 
Peaks were called and annotated for the chosen TSS positions. 
Global differential accessibility analysis revealed that there were 
more reads mapped to peaks in the Chinmo-KO and Kr-h1/
Chinmo-KO cells (SI Appendix, Fig. S21), suggesting that Chinmo 
promotes closed chromatin configuration. We next examined 
the chromatin accessibility of specific genes. More reads were 
mapped to the peaks identified in the promoter regions of the 
Br-C and E93 genes in the Chinmo-KO cells than in the Kr-h1-
KO cells (Fig. 5 A and B), indicating that Chinmo suppresses the 
chromatin accessibility of the promoters of Br-C and E93 genes. 
We conducted a comprehensive motif analysis of the promoter 
regions to gain insight into potential regulatory elements. This 
analysis revealed significant motif occurrences in these regions 
(SI Appendix, Fig. S22). We also found several genes that were 
upregulated in the absence of Chinmo in both larvae and Sf9 
cells. Among these genes, more reads were mapped to peaks 
identified in the promoter region in the Chinmo-KO and Kr-
h1/Chinmo-KO cells than in the Kr-h1-KO cells (SI Appendix, 
Table S5). Taken together, our multiomics analysis suggests that 
Chinmo participates in the regulation of chromatin remodeling 
of metamorphosis-promoting genes, such as Br-C and E93.

 The phenotype and gene expression data obtained in our studies 
suggest that Chinmo is a major player in maintaining the larval 
stage and preventing metamorphosis. The presence of Chinmo 
during early larval stages was sufficient to prevent precocious met­
amorphosis even when the JH signaling pathway was disrupted 
(Kr-h1﻿-M). Knockout of a key gene involved in JH signaling 
induced precocious metamorphosis only after Chinmo  gene 
expression decreased in late L5 (Fig. S2 ). The Chinmo  knockout 
was sufficient to induce the expression of metamorphosis genes 
but not for inducing metamorphosis phenotypes. Chinmo  and 
﻿Kr-h1  double knockout induced expression of metamorphosis 
genes and severe precocious metamorphosis phenotypes. These 
results suggest that Chinmo is the major player in maintaining 
the early larval stages. In later larval stages, when Chinmo  gene 
expression decreases, JH signaling becomes the major player that 
prevents metamorphosis. JH analog treatment in lepidopteran 
insects prevents metamorphosis and induces extra larval molt ( 45 , 
 46 ). However, the interaction between Chinmo and JH signaling 
may be more complex than previously thought. A recent study in 
﻿Tribolium castaneum  showed that JH maintains Chinmo  expression 
( 47 ). The developmental expression of Chinmo  is similar but not 
identical to that of Kr-h1  in FAW (SI Appendix, Fig. S2 ). These 
results suggest that in FAW Chinmo  gene expression may be under 
the control of JH and other unknown factors. We also observed 
compensatory upregulation of the JH biosynthesis enzyme 
﻿JHAMT  in the absence of both Chinmo and Kr-h1 ( Fig. 3  and 
﻿SI Appendix, Fig. S13 ), suggesting a close interaction between 
Chinmo and JH signaling.
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﻿Chinmo  knockout is lethal in L3 ( Fig. 2A   and  Table 1 ), sug­
gesting that Chinmo is required for larval development. Chinmo 
is a pro-oncogene ( 17 ) and is required for regenerative activity in 
the imaginal discs of D. melanogaster.  Once the critical weight is 
reached, ecdysone signaling silences Chinmo  and activates Br-C  
to switch wing epithelial progenitors from a default self-renewing 
state to a differentiation state ( 18 ). These reports suggest that larval 
growth may depend on the proliferative function of Chinmo. In 
﻿D. melanogaster , depletion of both Br-C and Chinmo rescued the 
abnormalities caused by depletion of Chinmo in the wing discs 
but not in the salivary glands ( 19 ). This suggests that the inhibition 
of larval tissue growth in Chinmo-depleted larvae is not caused 
by the ectopic upregulation of differentiation-promoting genes 
such as Br-C  but rather by the depletion of Chinmo itself. Our 
results are consistent with these previous observations, suggesting 
the requirement of Chinmo for larval tissue growth. The down­
regulated DEGs in the Chinmo  knockout larvae were enriched for 
ribosome function and translation (SI Appendix, Table S2 ), further 

supporting the function of Chinmo in cell proliferation. Some 
Chinmo knockout L3 could molt to L4, however, they stopped 
feeding and died ( Table 1 ), indicating that Chinmo also functions 
in physiological processes other than cell proliferation.

 We investigated the mechanism through which Chinmo regu­
lates target gene expression using Sf9 cells. We first showed that 
Chinmo suppresses the activity of the Br-C  and E93  promoters, 
which were cloned and inserted into reporter constructs ( Fig. 1 ), 
suggesting that Chinmo may directly suppress these genes. 
Multiomics analysis showed that Chinmo regulates chromatin 
accessibility of metamorphosis genes such as Br-C  and E93  
( Fig. 5 ). Chinmo may affect the chromatin status near the pro­
moters of metamorphosis-promoting genes such as Br-C  and E93 , 
making them inaccessible to transcription factors, the transcrip­
tional machinery, and other DNA-binding proteins, resulting in 
a reduction in their expression. Kr-h1 directly suppresses the 
activity of the Br-C  and E93  promoters ( 6 ,  48 ). This is known as 
a major mechanism in which JH signaling prevents premature 

Fig. 4.   Comparison of gene expression in mutants by RNAseq and RT–qPCR. (A) Venn diagram of common upregulated (Left) and downregulated (Right) genes 
in the Chinmo-M 12-h-old L3 (L3 12 h), Kr-h1/Chinmo-M 12-h-old L3 (L3 12 h), and Kr-h1-M 6-h-old L6 (L5 6 h) lines compared with the control Cas9 line in the 
respective stages. The numbers in the overlapping regions indicate DEGs common to mutants. (B) RT–qPCR validation of the expression of selected genes from 
common DEGs. Heatmap of RNAseq TPM values and RT–qPCR quantification in 12-h-old L3 Cas9 and mutant lines (Left) and L5 6 h Cas9 and mutant larvae (Right). 
A description of the selected genes is available in SI Appendix, Table S3. (C) Differences in the expression of chromatin remodeling genes selected from among the 
DEGs of 12-h-old L3 Cas9 and mutant lines (Left) and L5 6 h Cas9 and mutant larvae (Right). A description of the selected genes is available in SI Appendix, Table S4.
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metamorphosis. However, this regulatory mechanism may not be 
required in the early larval stages when the Chinmo  expression 
levels are high, when the Br-C  and E93  promoters are inaccessible. 
In the late larval stages, when the Chinmo  levels are low, JH sig­
naling and direct suppression by Kr-h1 may be required to prevent 
metamorphosis. The pupal specifier Br-C and the adult specifier 
E93 are also known to exert their effects by altering the chromatin 
landscape near promoters of genes known to be involved in met­
amorphosis ( 49 ). E93 specifies temporal identity by directly reg­
ulating the accessibility of temporal-specific transcriptional 
enhancers ( 50 ,  51 ). Further studies on how Chinmo regulates 
chromatin accessibility will provide insights into the intricate reg­
ulatory mechanisms governing gene expression and chromosomal 
accessibility during insect development and metamorphosis.   

Materials and Methods

Insects and Cell Lines. The FAW strain was purchased from Benzon Research, 
Inc. (Pennsylvania), and was raised in our laboratory for more than four years. 
The larvae were fed an artificial diet purchased from Southland Products, Inc. 
(Arkansas), and the adults were fed a 10% sucrose solution. The larvae and adults 
were reared at 27 ± 1 °C, 50 ± 10% humidity, 23 ± 1 °C, and 70 ± 10% humidity, 
respectively. Sf9 cells were cultured in Sf-900 II medium (Thermo Fisher) and 
maintained at 27 °C.

Plasmids. The plasmids used for establishing stable Sf9 cell lines were 
constructed based on pBac: hr5ie1-EGFP-SV40: ie1-Cas9-SV40 (gifted from 
Dr. Anjiang Tan and Dr. Yongping Huang, Shanghai Institute of Plant Physiology 
and Ecology, China). The luciferase ORF in the pag1-pG5luc vector (52) was 
replaced with a PuroRFP cassette (synthesized by Integrated DNA Technologies) 
to produce the pag1-PuroRFP construct. The pag1-PuroRFP-SV40 cassette was 
subsequently amplified from this vector to replace the hr5ie1-EGFP-SV40 cas-
sette in the pBac: hr5ie1-EGFP-SV40: ie1-Cas9-SV40 plasmid, which yielded 
the pBac: pag1-PuroRFP-SV40: ie1-Cas9-SV40 (PuroRFP/Cas9) construct. The 
U6-sgRNA cassette was generated as described previously (26) and inserted 
into the PuroRFP/Cas9 construct to produce the knockout plasmid pBac: pag1-
PuroRFP-SV40: ie1-Cas9-SV40: U6-sgRNA. To create the overexpression plas-
mids, the ORF of Chinmo and the common coding sequence of two Kr-h1 isoforms 
were amplified and subsequently used to replace the Cas9 ORF in the pBac: 
pag1-PuroRFP-SV40: ie1-Cas9-SV40 construct. The ORF of hyperactive piggyBac 
transposase replaced the luciferase ORF in the pag1-pG5luc vector to produce a 
helper plasmid facilitating transgenesis in Sf9 cells. A transgenic Cas9 line with 
GFP expression was recently established in our laboratory (22). To produce trans-
genic sgRNA lines with RFP expression, the ORF of tdTomato was amplified from 
the ptdTomato Vector (TaKaRa). EGFP in the pBac: hr5ie1-EGFP-SV40 plasmid (21) 
was replaced with tdTomato to produce the pBac: hr5ie1-tdTomato-SV40 plas-
mid. The U6-sgRNA cassettes were amplified using PCR as described previously 

(26) and subsequently inserted into the pBac: hr5ie1-tdTomato-SV40 plasmid to 
generate the pBac: hr5ie1-tdTomato-SV40: U6-sgRNA plasmid. The fragment was 
inserted into the plasmid by homologous recombination using Gibson Assembly 
Master Mix (NEB). All plasmid DNAs were purified using the plasmid midi kit 
(Qiagen) and stored at −20 °C. The primers used to make the constructs are 
listed in SI Appendix, Table S6.

RNA Isolation, cDNA Synthesis, and RT–qPCR. Wild-type FAW at different 
developmental stages was collected for gene expression analysis. Knockout FAW 
lines and Cas9 lines at chosen developmental stages were collected to evaluate 
changes in gene expression. All the samples were kept at −80 °C until use. Total 
RNA was extracted from FAW and Sf9 cells with TRI reagent (Molecular Research 
Center, Inc.) and converted to cDNA using Moloney murine leukemia virus (M-
MLV) reverse transcriptase (Invitrogen). RT–qPCR was carried out in a 10-μL total 
reaction mixture containing 5 μL of 2× SYBR mix (Bio-Rad), 0.4 μL of each primer, 
1.0 μL of 10-fold diluted cDNA, and 3.4 μL of double-distilled water. The reaction 
conditions were as follows: 95 °C for 2 min; 40 cycles of 95 °C for 10 seconds 
and 60 °C for 1 min. The 28S rRNA and GADPH genes were used as reference 
genes. Three biological replicates were used for each sample for analyzing the 
developmental gene expression profile, and the procedure was repeated twice. 
Four biological replicates were used for each sample for gene expression change 
analysis between mutants. Primer3 (https://primer3.ut.ee/) was used to design 
the RT–qPCR primers shown in SI Appendix, Table S6.

Cell Transfection and Establishment of Stable Sf9 Cell Lines. Sf9 cells were 
seeded in 6-well culture plates at a density of 5 × 106 cells per well. The knockout 
and overexpression plasmids (1.0 μg) and the helper plasmid (0.5 μg) were 
mixed with 1.5 μL of TransIT-PRO Transfection Reagent (Mirus Bio) and added to 
each well. Two days posttransfection, the medium was replaced with 2 ml of fresh 
medium containing 100 ng/μl puromycin (InvivoGen). The puromycin-resistant 
cells were selected by four rounds of exposure to fresh medium containing 
100 ng/μL puromycin every three days. The stable cell lines were maintained in 
medium supplemented with 20 ng/μL puromycin. The candidate Br-C and E93 
promoters were amplified, cloned, and inserted into pG5Luc to drive luciferase 
expression for promoter activity assays. Sf9 cells were seeded in a 96-well plate 
at a density of 2 × 105 cells per well. Then, 0.1 μL of TransIT-PRO Transfection 
Reagent, 100 ng of the promoter-pG5Luc construct and the Kr-h1 or Chinmo 
overexpression plasmid were added to each well. The cells were harvested at 
two days post transfection. A luciferase activity assay was conducted as described 
previously (53) to determine the activity of the Br-C and E93 promoters.

Development of Transgenic FAW Lines and Target Gene Knockout Lines. 
Germline transformation of FAW was carried out as described previously (21). The 
fresh embryos (less than 4 h after oviposition) were injected with a mixture of hyper-
active transposase mRNA (400 ng/μL) and each piggyBac construct (300 ng/μL). 
The hatched larvae (G0) were reared under normal conditions. The neonates (G1) 
from crossing G0 female adults with male adults were screened under a stereomi-
croscope with the fluorescence adapters SFA-RB and SFA-GR (NIGHTSEA) to select 
transgenic Cas9 animals with GFP signals and transgenic sgRNA animals with RFP 

Fig. 5.   Multiome analysis of Chinmo-KO, and Kr-h1-KO Sf9 cells showed differences in the accessibility of Br-C (A) and E93 (B) promoters. Piles of reads are 
mapped to the promoter region of the Br-C and E93 genes. The Y-axis represents the normalized signal, while the X-axis represents the chromosomal positions. 
The graphs on the right show the gene expression levels.

http://www.pnas.org/lookup/doi/10.1073/pnas.2411286121#supplementary-materials
https://primer3.ut.ee/
http://www.pnas.org/lookup/doi/10.1073/pnas.2411286121#supplementary-materials
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signals, respectively. The positive G1 adults were then crossed with wild-type adults, 
and the progeny were screened to identify positive G2 animals. To generate target 
gene knockout animals, G2 Cas9-expressing adults were crossed with G2 sgRNA-
expressing adults to produce G3 neonates, and larvae expressing both GFP and 
RFP signals were used for further analysis. The Cas9 line and sgRNA lines were 
maintained as heterozygous or homozygous. The transgenic animals were crossed 
with wild-type animals once every five generations to avoid reduced fecundity.

Phenotyping and Genotyping. The phenotypes of the mutants were observed 
under a stereomicroscope (Nikon SMZ745T), and electron microscopy was con-
ducted as previously described (28). For genotype analysis, the fragments flank-
ing the sgRNA target sites were amplified using the genomic DNA of the mutant 
animals as templates. Then, the purified PCR products were subjected to T7E1 as 
described previously in the field (27) or cloned and inserted into the pMD19-T 
vector (TaKaRa) and sequenced at Functional Biosciences (Madison, WI).

RNA Sequencing. Total RNA from 12-h-old L3 Cas9, Kr-h1-M, Chinmo-M, and Kr-
h1/Chinmo-M FAW and from 6-h-old L5 Cas9 and Kr-h1-M FAW were isolated and 
sequenced (RNAseq) at Beijing Genomics Institute (Beijing, China). The libraries were 
prepared and sequenced using the BGISEQ-500 NGS platform. Sequenced raw reads 
were analyzed on a CLC Genomic Workbench (version 9.5.9; Qiagen Bioinformatics, 
Valencia, CA) employing standard preoptimized settings and parameters as described 
previously (54). After adaptor removal, the raw reads were mapped to the FAW genome 
(ZJU_Sfru_1.1 from NCBI). The TPM (transcripts per million) was calculated to deter-
mine the expression of genes. DEG analysis was performed with a cutoff value of FDR 
< 0.05 to identify genes that are differentially expressed in the mutants. The TPM value 
for the gene of interest was visualized by generating a heatmap using Morpheus 
(https://software.broadinstitute.org/morpheus/). Gene ontology (GO) analysis was 
performed in ShinyGO 0.77 (http://bioinformatics.sdstate.edu/go/). FAW genes were 
blast searched in D. melanogaster database and D. melanogaster orthologs were used 
as input for the GO enrichment analysis. All raw reads from the RNAseq analysis were 
deposited in the NCBI Sequence Read Archive (SRA) under the Bioproject Accession 
number, PRJNA1168504 (55).

Single-Nucleus Isolation. Treated Sf9 cells were collected by centrifugation for 
5 min (at 500 RCF at 4 °C), washed twice with suspension solution (0.05% BSA 
in 1X PBS), and filtered using a 40 μm cell strainer. The cell concentration was 
determined using a hemocytometer. Nuclei were isolated following the manu-
facturer’s instructions (10X Genomics, protocol CGOOO338). Before using them 
for library construction, isolated nuclei were washed with wash buffer and nuclei 
buffer, and their integrity was checked under a microscope.

Sequencing and Genome Alignment. Sequencing was performed at the 
University of Kentucky Core Facility, where cDNA libraries were prepared at the 
imaging center using Chromium Single-cell Multiome ATAC + Gene Expression 
Reagent Kits and sequenced on Illumina NovaSeq instruments. Demultiplexing, 
genome alignment, and feature-barcode matrix generation were performed 
using the 10X Genomics Cell Ranger-arc software pipeline (56). All raw reads 
from the multiomics analysis were deposited in the NCBI Sequence Read Archive 
(SRA) under the Bioproject Accession number, PRJNA1168511(57).

Single-Cell Data Analysis. The single-cell multiomics data were analyzed using 
the open-source Seurat and Signac packages implemented in the R comput-
ing environment (58). Comprehensive in-house multiomics analysis pipeline 
using the Seurat package and related tools were used. The pipeline includes 
data acquisition, preprocessing, package loading, RNA count extraction, essen-
tial annotation incorporation from the GTF (General Transfer Format) file, quality 
control, nucleosome signal extraction, curation of high-quality cells, extraction 
of transcription start site (TSS) positions, TSS enrichment score computation, peak 
calling using MACS2 (59), quantification of counts within each peak, annotation 
of peaks with their nearest genes, and extraction of gene-related information. 
A custom GTF file containing reference markers was created by manually add-
ing the gene information of Cas9 (LOCCas9), puromycin (LOCpuro), and red 
fluorescent protein (LOCRED) expression sequences using guided instructions 
from the 10X Genomics Cell Ranger-arc in both the genome fasta and the GTF 
files. Normalization and dimensional reduction techniques such as TF–IDF (Term 
Frequency–Inverse Document Frequency), SVD (Singular value decomposition), 
and UMAP (uniform manifold approximation and projection) were applied to 
reduce noise and emphasize meaningful features for exploratory data analysis. 
Clustering results were visualized, and coverage plots for promoter regions 
of genes of interest (LOC118273024; Chinmo), (LOC118269059; Br-C), and 
(LOC118270242; E93) were generated to represent the distribution of sequenc-
ing reads across genomic regions, providing insights into gene accessibility and 
expression patterns.

Motif Analysis using the MEME Suite. To harness motif information, we lev-
eraged computational databases containing motif sequences. We utilized the 
comprehensive JASPAR database (60), which encompasses motifs from multi-
ple species and is easily accessible through application programming interfaces 
(APIs) or Bioconductor packages (61, 62). In our analysis, we employed the 
Multiple EM for Motif Elicitation (MEME) suite, which includes the Tomtom 
tool for searching for individual motifs (63). With these tools, the position and 
frequency of motifs within each identified peak region were determined. This 
motif analysis is a crucial step in deciphering potential regulatory elements and 
understanding the intricate mechanisms governing chromosomal accessibility 
under our experimental conditions.

Data, Materials, and Software Availability. RNA seq data have been deposited 
in NCBI (PRJNA1168504 and PRJNA1168511 released after publication) (55, 57).
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