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Abstract

Background Transcription factor lark has been demonstrated to play multiple functions in Drosophila, but the func-
tion of this gene in embryonic development remains to be elucidated.

Results In this study, the CRISPR/Cas9 gene-editing method was used to construct a Bmlark mutant strain of Bom-
byx mori to investigate the roles of this gene. The results showed that the homozygous mutant Bmlark™~ was lethal.
The Bmlark™™ embryos showed obvious developmental defects, such as defective sclerotization and melanization

of the exoskeleton. A transcriptomic comparison of Bmlark™~ and wild-type embryos showed that the differen-

tially expressed genes were mainly enriched in the structure and metabolic processes of chitin and cuticles. While

the expression levels of chitin metabolism-related enzyme genes did not significantly change, in the mutant embryos
compared to the wild-type embryos, the expression levels of 63 putative cuticle protein genes showed significant
differences. Among which, 35 genes were downregulated and 28 genes were upregulated. The expression levels

of the transcription factor BnPOUM?2 and eight wing disc cuticle protein genes (WCP) also changed. BmPOUM2, WCP5,
WCP9, WCP10, WCP11 were downregulated and WCPT, WCP2, WCP3, WCP6 were upregulated in Bmlark™~ embryos.
While the expression level of TH in the tyrosine-mediated pigmentation pathway was upregulated in the mutant
embryos, the expression levels of the four key pigment synthesis genes DDC, aaNAT, Laccase?A, and yellow-f2 were
significantly downregulated.

Conclusions The expression levels of 63 putative cuticle protein genes, eight WCP genes, and five pigment synthe-
sis genes significantly changed in Bmlark mutant B. mori compared to those of the wildtype. These results suggest
that Bmlark is essential for normal development of cuticle and tyrosine-mediated melanization in silkworm embryos.
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Background
LARK is a vital transcription factor and plays multiple
biological functions in many species. In Drosophila, the
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gut immunocompetence [11]. In Drosophila, reces-
sive homozygous embryonic lethality was observed in
lark mutants caused by a P-element insertion, but the
specific regulatory mechanism was not reported [1].
The dead embryos showed defects in morphology and
structures that were almost unrecognizable, and the
nervous system was severely disorganized [1].

The homologous gene of Dmlark in mammals is
RBM4 (RNA-binding motif protein 4). By regulating
alternative splicing of target mRNA precursors, RBM4
contributes to diverse biological functions, such as
muscle cell differentiation [12], development of brown
adipocytes [13], neuronal cell differentiation and neu-
rite outgrowth [14], neuronal migration [15], migra-
tion and invasion of human colorectal cancer cells [16],
and cancer suppression [17-19]. Human RBM4 was
also revealed to participate in microRNA-guided gene
regulation [20] and RNA translation [21]. RBM4 partic-
ipated in translation suppression via Argonaute2 dur-
ing muscle cell differentiation [22]. Mouse LARK was
found to affect circadian rhythms, possibly by modulat-
ing the translation of mPERI mRNA [23].

Bmlark in Bombyx mori, an economically impor-
tant silk producing insect, has two splicing isoforms,
Bmlark-PA and Bmlark-PB. Bmlark-PA is the longer
transcript and contains two RNA recognition motif
domains and one retroviral-type zinc finger domain,
while Bmlark-PB lacks all these functional domains
and may perform only basic functions [24]. Bmlark is
consistently expressed across various tissues, includ-
ing head, testis, ovary, and flight muscle, and at dif-
ferent developmental stages, including eggs, larvae,
pupa and adults [24, 25]. Recently, it was reported that
BmLARK is involved in the alternative splicing of the
sex determination gene doublesex [26]. Our labora-
tory found that B. mori LARK is involved in regulating
of the expression of B. mori acyl-CoA binding protein
gene (BmACBP), and therefore lipid metabolism [27].
BmLARK was found to bind to G4 structures in the
promoters of the transcription factor BmPOUM?2 and
many other genes that contain G4 structures in B. mori
and humans to regulate their expression [28].

In this study, a Bmlark knockout strain of silkworm
was generated using the CRISPR/Cas9 gene editing
method. We found that embryos of the homozygous
mutant Bmlark™'~ died during embryogenesis, suggest-
ing that Bmlark is essential for the embryonic develop-
ment in silkworm. The expression levels of BmPOUM?2,
cuticle protein genes (CPs), and pigment synthesis
related genes in the Bmlark™~ mutant were notably
changed, and therefore may be the main factors leading
to the death of the mutant embryos.
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Materials and methods

Insects

Bombyx mori strain P50 used in this study was obtained
from the Sericulture and Agri-Food Research Institute
of Guangdong Academy of Agricultural Sciences, China.
Eggs were incubated at 25 °C -27 °C and 75%-85% rela-
tive humidity, with a photoperiod cycle of 12 h light:12 h
dark. Larvae were reared with fresh mulberry leaves at
25 °C -27 °C and 50%-60% relative humidity, with a pho-
toperiod cycle of 12 h light:12 h dark.

CRISPR/Cas9-mediated gene editing

The CRISPR/Cas9 system was used to knock out the
Bmlark gene (Gene ID: 692732) in silkworm. Oligonu-
cleotide sequences (20 nt) that targeted Bmlark were
designed with the online tool CRISPRdirect (http://
crispr.dbcls.jp/) [29]. The complete single-guide RNA
(sgRNA, 116 nt) containing a T7 promoter, a target site
sequence and a guide RNA sequence (Supplementary
Table S1) was synthesized using a MEGAscript ~ T7 tran-
scription kit (Thermo Scientific, Shanghai, China). All
primers used for the synthesis of the sgRNA are listed
in Supplementary Table S1. The experimental procedure
was performed with reference to the literature [30].

Fertilized silkworm eggs were microinjected within 3 h
after oviposition. The sgRNA and Cas9 protein (PNA Bio,
California, USA) were co-injected at final concentrations
of 600 ng/uL, in a volume of 10 nL per egg. Hatched lar-
vae were recorded as the GO generation. The offspring of
GO mating were recorded as G1, and so forth for subse-
quent generations.

With the intent to not affect survival, larval-pupal molt
residues or partial wings of adult were collected to iso-
late genomic DNA. The target region sequences were
amplified by PCR from the genomic DNA and sequenced
to examine the mutations. The GO heterozygous mutant
moths (Bmlark*’") were back-crossed with the wild-type
moths to produce a G1 generation, and then Bmlark™”
mutants in the G1 generation carrying the same muta-
tion were self-crossed to obtain homozygous mutants
(Bmlark™"). All primers used for synthesizing sgRNAs
and screening mutants are listed in Supplementary
Table S1.

Transmission electron microscope (TEM) examination

Bmlark™~ and wild-type (WT) embryos were collected
from eggs 168 h after oviposition (about the beginning
of head pigmentation) and fixed in 2.5% glutaralde-
hyde at 4°C overnight. Then, the embryos were washed
using 0.1 M phosphate buffer (PB, pH 7.4) three times,
15 min each time. Embryos were fixed with 1% OsO, in
0.1 M PB for 2 h in the dark at room temperature. After
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removing the OsO,, the embryos were washed again in
0.1 M PB three times, 15 min each time. The embryos
were dehydrated at room temperature using an ethanol
gradient of 30%, 50%, 70%, 80%, 95%, 100%, and 100%,
each for 20 min, and finally incubated twice in acetone
for 15 min. Resin penetration and embedding were per-
formed at 37°C using the following reagents for the
specified time periods: acetone:EMBed 812 (1:1) for 4 h;
acetone:EMBed 812 (1:2) overnight; and pure EMBed
812 for 8 h. Then, pure EMBed 812 was poured into
embedding molds and the embryos were immerged into
the pure EMBed 812 at 37°C overnight. The embedding
molds containing the resin and embryos were placed in a
65°C oven to polymerize for 48 h. Then, the resin blocks
were removed from the embedding molds at room tem-
perature and 70 nm thin cross sections of the embryo
samples were cut using an ultramicrotome (EM UC7,
Leica, Germany). The ultrathin sections were placed onto
the 150-mesh cuprum grids with Formvar film (WFHM-
150, Servicebio, China). The samples in the cuprum grids
were immersed in a 2% uranium acetate saturated alcohol
solution for 8 min for staining while avoiding light, and
then rinsed in 70% ethanol three times and in ultrapure
water three times. Then the samples were immersed in
2.6% lead citrate for 8 min while avoiding CO, and rinsed
with ultrapure water three times. After drying with a fil-
ter paper, the cuprum grids were placed onto a grid board
and dried overnight at room temperature. The cuprum
grids were observed and photographed under a transmis-
sion electron microscope (HT7800, HITACHLI, Japan).

Chitin staining

Bmlark™~ and WT embryos were dissected from eggs
168 h and 180 h after oviposition and fixed in 4% para-
formaldehyde for more than 24 h. The fixed samples were
dehydrated with an ethanol gradient of 50%, 70%, 85%,
95%, and 100%, each for 1 h, treated with ethanol:xylene
(1:1) for 30 min, and then treated with xylene twice for
30 min each time. The treated samples were infiltrated
with paraffin and then embedded into paraffin blocks.
Paraffin sections were prepared for subsequent chitin
staining and hematoxylin—eosin (HE) staining. The sec-
tions were placed in xylene twice, each time for 5 min, to
completely remove the paraffin. After being treated with
xylene:ethanol (1:1) for 5 min, the sections were treated
with 100%, 95%, 90%, 80%, 70%, and 50% alcohol, each
for 5 min, to rehydrate. Fluorescent brightener 28 (10 pg/
mL) (Sigma-Aldrich, USA) was used as a chitin stain-
ing dye. Sections were treated with the dye for 10 s, fol-
lowed immediately by washing three times with distilled
water, 1 min each time. Cell nuclei were stained with
propidium iodide (10 pg/mL) (Sigma-Aldrich, USA) for
10 s and washed twice with distilled water, each time for
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1 min. Glycerol and 1 xPBS (pH 7.4) were mixed in equal
volumes as a sealing agent. The sealed sections were
observed under a confocal laser microscope (FV3000,
Olympus, Japan).

HE staining

Paraffin sections of Bmlark”~ and WT embryos pre-
pared as described above were also used for HE staining
analysis. After being deparaffinized and rehydrated as
described above, the sections were treated with a hema-
toxylin staining solution for 5 min, then immediately
washed with running tap water to remove the excess
staining solution. The sections were treated with 1%
hydrochloric acid in 70% alcohol three times, each time
for 10 s, and rinsed with running tap water for 2 min. The
sections were then treated with 1% ammonia to color the
nuclei, washed with double-distilled water for 2 min and
treated sequentially with 70%, 80%, 90%, and 95% alco-
hol, each for 5 min. The sections were stained with 0.5%
eosin in 95% alcohol for 1 min, dehydrated with 95%,
100%, and 100% alcohol, each for 5 min; treated with a
mixture of xylene and alcohol (1:1) for about 5 min; and
finally treated twice with xylene for 5 min each time. The
excess xylene was removed and the samples were sealed
with a neutral resin. The sections were observed under a
microscope (ECLIPSE Ni-U, Nikon, Japan).

Determination of chitin content

An insect chitin ELISA kit (MEIMIAN, China) was used
to determine the chitin content of Bmlark™~ and WT
embryos 168 h and 180 h after oviposition. Three repli-
cates were performed on each sample. Each replicate con-
tained 20-50 individuals. The wells of a microplate were
coated with purified insect chitin antibody to produce
a solid phase of antibody. Bmlark”~ and WT embryos
were dissected and homogenized in 1XPBS (9 mL of
1XxPBS per gram of embryo sample), followed by cen-
trifugation at 3,000 rpm for 20 min. The supernatant
was collected for chitin content analysis. After a five-fold
dilution, 50 pL of diluted samples were added to the wells
of microplate and maintained for 30 min at 37 °C. Then,
the samples were discarded, and each well was washed
five times with a 1 X washing solution, each time for 30 s.
Then, 50 pL of enzyme-labeled reagent was added to each
well (except the blank well) and incubated for 30 min at
37 °C. After incubation, each well was washed five times
with 1Xxwashing solution, each time for 30 s. Then, 50
uL of color developing agent A was added to each well,
followed by 50 pL of color developing agent B. The mix
was gently shaken and incubated in the dark for 10 min at
37 °C. Finally, 50 pL of a termination solution was added
to each well to terminate the reaction. The absorbance
spectrum of the sample in each well was measured at
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450 nm using a multi-mode microplate reader (FlexSta-
tion 3, Molecular Devices, USA) within 15 min after add-
ing termination solution. A standard curve was plotted
using the standard concentrations of chitin and the cor-
responding OD values. The chitin concentration of the
sample was calculated based on the standard curve estab-
lished. The average chitin content per gram of Bmlark™~
and WT embryo samples was calculated and compared.

RNA sequencing (RNA-seq)

Wild-type and Bmlark™~ embryos 174 h post oviposition
were dissected for RNA-seq. Each sample was replicated
three times, and each contained 30 embryos. The isola-
tion of total RNA, library construction, and sequencing
were carried out by Novogene (Beijing, China). Gene
expression levels were represented by fragments per
kilobase of transcript per million fragments mapped
(FPKM). Differentially expressed genes (DEGs) were
identified using DESeq2 software [31] with p-value <0.05
and |log,(FoldChange)|>0.0 as the threshold. The clus-
terProfiler software was used to perform Gene Ontology
(GO) functional enrichment analysis and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathway enrich-
ment analysis of the DEGs.

RNA isolation and quantitative real-time PCR analysis
(RT-qPCR)

Total RNA was extracted from the Bmlark”~ and
WT embryos 168 h after oviposition (head pigmenta-
tion stage) using RNAiso Plus (Trizol) (Takara, Dalian,
China). After precipitation with isopropanol and wash-
ing with 75% ethanol, the dried RNA pellet was dis-
solved in RNase-free water. The quantity and quality of
the obtained RNA samples were analyzed by a Nanodrop
2000 spectrophotometer (Thermo Scientific, USA).
Two micrograms of RNA from each sample was used
for reverse transcription into cDNA using the reverse
transcriptase M-MLV (Takara, Dalian, China). The syn-
thesized cDNA served as a template for RT-qPCR to ana-
lyze mRNA levels of the target genes. All primers used
for RT-qPCR were designed by Primer Premier 5.0 soft-
ware (Premier, Canada) and are listed in Supplementary
Table S1. RT-qPCR was performed on a QuantStudio’ "
6 Flex real-time PCR system (ABI, Life Technologies,
USA) using Eastep® qPCR Master Mix (Promega, Shang-
hai, China), following the manufacturer’s instructions.
The housekeeping gene ribosomal protein 49 (BmRP49)
(Gene ID: 778453) was used as an internal reference to
normalize the data. Relative expression levels of genes
were analyzed using the 2-AAC method [32]. All the
data are presented using the means of three independent
biological replicates.

Page 4 of 14

Western blotting

Proteins from the Bmlark™”~ mutant and wild-type
embryos 168 h after oviposition were extracted using
RIPA lysis buffer (BestBio, Shanghai, China). The con-
centrations of the protein samples were analyzed with
a BCA protein quantification kit (BestBio, Shanghai,
China). A total of 20 pg of protein from each sample was
denatured and then loaded onto a 12% SDS-PAGE gel
for electrophoresis, followed by transferring to 0.45 pum
PVDF membrane (Merck Millipore, Germany). After
blocking with TBST buffer (20 mM Tris—HCl, 150 mM
NaCl, 0.05% Tween-20, pH 8.0) containing 3% (w/v)
bovine serum albumin (BSA) at 37 °C for 2 h, the mem-
brane was incubated overnight at 4 °C with a primary
antibody diluted in TBST containing 1% (w/v) BSA. The
membrane was washed in TBST three times, 10 min each
time and then incubated with HRP-conjugated second
antibody (Dingguo, China) diluted (1:10,000) in TBST
containing 1% (w/v) BSA at 30 °C for 2 h. B-actin (Ding-
guo, China) was used as a reference to normalize protein
loading. After washing several times with TBST followed
by TBS (20 mM Tris—HCI, 150 mM NaCl, pH 8.0), the
membrane was immersed in a mixture of buffer A and B
(1:1) from an Enhanced Chemiluminescence Detection
Kit (Vazyme, Nanjing, China) for 1 min. Then, the mem-
brane was scanned with a ChemiDoc" imaging system
(Bio-Rad, USA).

Statistical analysis

GraphPad Prism version 8.0 software was used for graph-
ing and analyzing the data. The data are presented as
mean + standard error (SE). p<0.05 was considered sta-
tistically significant using Student’s ¢-test.

Results

CRISPR/Cas9-mediated knockout of Bmlark

Two target sites were designed to specifically knock out
Bmlark in B. mori. To ensure complete loss of gene func-
tion, the target sites were located near the ATG start
codon (Fig. 1A). Six mutations (KO1 to KO6) in the
Bmlark knockout (KO) that led to premature termination
of protein translation were detected by mutation screen-
ing (Fig. 1A; Supplementary Table S2 and Figure S1).

Knockout of Bmlark resulted in the death of homozygous
embryos

Bmlark™" heterozygotes of the G1 generation with the
same type of mutation were mated to produce homozy-
gous individuals. However, once two Bmlark*” were
mated, some of the offspring eggs did not hatch. The
embryos in those eggs showed obvious developmental
delays, which occurred as early as at the beginning of the
head pigmentation stage. The eggs displayed abnormal
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Fig. 1 CRISPR/Cas9-mediated Bmlark knockout and the phenotypes of Bmlark knockout mutants. A Schematic diagram of the Bmlark gene, target
sites, and mutation types. UTR: untranslated regions; CDS: coding sequence; red asterisks represent the stop codon; pink boxes represent missing
sequences; sequences in red are the target sites; sequences in cyan are the protospacer adjacent motif (PAM); black arrows indicate the positions

at which Cas9 cleaved the target DNA. WT: wild-type sequence; KO1-KO6: mutant sequences. B Developmental difference of Bmlark knockout eggs
of the G2 generation 144-216 h post oviposition. Red arrows indicate the Bmlark”~ eggs. WT: wild-type; time (h) is after oviposition. C Phenotypes
of the WT and homozygous Bmlark”~ embryos at 174, 188 and 216 h post oviposition. D Detailed differences in the head and epidermis

between WT and Bmlark™”~ embryos 168 and 174 h post oviposition. E Embryo mortality of offspring of different genotype crossings. The bars show
the means (in black) and standard error (in green, blue, or red) of each group. The results are presented as mean + SE of multiple biological replicates
(Supplementary Table S3). The results of the y*-test showed that the observed value was not significantly different from the expected value (p>0.05,
Supplementary Table S3), indicating that the mortality rate was consistent with the assumed probability of 25%. F Western blot analysis of BmLARK
protein in the WT and Bmlark”~ mutant (KO4 and KO5) embryos at 168 h post oviposition

color during subsequent development and finally died
(Fig. 1B and C). These mutant eggs had a lighter color
than the WT eggs and eventually displayed a brown
color instead of the black color of the WT eggs. Com-
pared with the wild-type embryos, the mutant embryos
showed abnormal phenotypes, such as wrinkling, delayed
hardening and darkening of the head and epidermis exo-
skeleton, and particularly of the mouthparts in the head
(Fig. 1C and D). These abnormal embryos accounted for

about 25% of all the offsprings produced by self-cross-
ing Bmlark*”~ (Fig. 1E; Supplementary Table S3), imply-
ing that these abnormal embryos were homozygous
Bmlark™~ mutants. Genomic DNA was extracted from
some of these mutants for PCR and sequencing analy-
sis, and the results confirmed their genotype of homozy-
gous Bmlark™~ mutants (Supplementary Figure S1).
Bmlark™~ mutant and the W'T eggs at the head pigmen-
tation stage were collected for Western blot analysis to
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confirm whether BmLARK protein had been eliminated.
The result indicated that BmLARK protein was absent
in the Bmlark™~ mutants, further indicating that these
abnormal embryos were homozygous Bmlark™~ mutants
(Fig. 1F). These results suggest that deletion of Bmlark
resulted in abnormal development and the death of
embryos, and thus Bmlark is essential for normal embry-
onic development in B. mori.

The cuticle of Bmlark™~ embryos was defective

A TEM examination comparing Bmlark™”~ and WT
embryos at the beginning of the head pigmentation
stage showed that the cuticle of Bmlark~ embryos had
a less distinct lamellar structure (Fig. 2A, lower section).

A

Head Thorax Abdomen
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Twenty positions of the cuticle were randomly selected
and their thickness was measured using a Nano Measurer
1.2 (Fig. 2A, middle section; Supplementary Table S4).
The results revealed that the cuticle of the Bmlark™'~
mutant embryos was significantly thinner than that of
the WT embryos (Fig. 2B). The embryos were stained for
chitin, the main component of cuticle, but no significant
difference in chitin content was observed between the
Bmlark™~ and WT embryos. However, compared to the
WT embryos, the Bmlark™~ embryos had wrinkled and
incompletely hardened cuticle in the head (Fig. 2D). HE
staining also revealed wrinkled cuticle in the Bmlark™~
mutant embryos (Fig. 2E, indicated by arrows). To more
accurately determine the chitin content, a chitin ELISA
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Fig. 2 Structural differences in the cuticle of WT and Bmlark™~ embryos at the head pigmentation stage. A TEM images of the cross sections

of WT and Bmlark™~ embryos at the head pigmentation stage (168 h post oviposition). The upper part of the figure shows the crosscut position

of the embryo, along with a TEM image of the entire associated transverse section (original images are presented in Supplementary Figure S2A).
The cyan plane represents the cut position, which is consistent in both WT and Bmlark”~ embryos, and located roughly in the second segment

of the abdomen. EP: epidermis. MG: midgut. EC: epidermal cell. N: nucleus. The yellow lines, which are perpendicular to the tangent lines

along the cuticle, represent the thickness of the cuticle at 20 randomly selected regions. B Comparison of the thickness of the WT and Bmlark™~
cuticle in the epidermis of the abdomen. The length of yellow lines at 20 different regions per individual in Figure (A) were calculated using

Nano Measurer 1.2 software, and represent the thickness of the cuticles in the epidermis of WT and Bmlark™~ embryos. Student’s t test was used
to evaluate statistical significance. Results are presented as the mean = SE. ***p < 0.001. C Chitin content of WT and Bmlark”~ embryos 168

and 180 h post oviposition. The ordinate represents the mass of chitin per gram of embryonic tissues. Student’s t test was used to evaluate
statistical significance. Results are presented as the mean + SE of three biological replicates. **p <0.01; ns: no significance, p > 0.05. D Chitin staining
of the sagittal sections of the WT and Bmlark™~ mutant embryos at 180 h post oviposition. The white lines divide different parts of the body. Chitin
was stained blue with fluorescent brightener 28. TL: thoracic leg. (E) HE stained images of the sagittal sections of the WT and Bmlark™~ embryos

at 180 h post oviposition. The arrows indicate the head cuticle. The black dotted linesdivided different parts of the body. MG: midgut. EP: epidermis.
TL: thoracic leg. Enlarged original images of the head of WT and Bmlark™~ embryos are presented in Supplementary Figure S2B
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kit was used to determine the chitin content of Bmlark™~
and WT embryos. At the beginning of the head pigmen-
tation stage (168 h after oviposition), the chitin content
of the Bmlark™~ mutant embryos was lower than that
of the WT embryos; however, at the later development
stages (for example, at 180 h after oviposition), the chi-
tin content was similar in the mutant and WT embryos
(Fig. 2C, Supplementary Table S5). These results sug-
gest that deletion of Bmlark did not significantly change
the chitin content of the cuticle, but instead changed the
cuticle architecture in the Bmlark™~ mutant embryos,
leading to embryonic death.

Changes in gene expression in the Bmlark™~ mutant
embryo

RNA-seq was performed with Bmlark™~ and WT eggs at
the head pigmentation stage to examine changes in gene
expression after Bmlark was knocked out. Transcriptomic
analysis identified 876 DEGs, including 407 upregulated
DEGs and 469 downregulated DEGs (Fig. 3A, Supplemen-
tary Table S6). The top 30 GO terms from an enrichment
analysis of these DEGs are shown in Fig. 3B. The DEGs were
significantly enriched in nine functional terms (padj<0.05)
related to the metabolism, structure and components of cuti-
cle, such as chitin metabolic processes, structural constitu-
ents of cuticle and chitin binding (Supplementary Table S7).
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These results suggested that chitin and cuticle proteins were
most significantly impacted by the loss of Bmlark.

Because chitin is one of the most foundational com-
ponents of cuticle, its synthesis and degradation related
enzyme genes were first analyzed. Twelve genes of chi-
tin metabolism (two chitin synthase genes and ten chi-
tinase genes) were examined for their expression in the
transcriptomic data, and no significant difference in the
expression levels of these genes was found between the
WT and Bmlark”~ mutant embryos (Supplementary
Figure S3A). RT-qPCR analysis of two chitin synthase
genes (ChsA and ChsB) and two well-studied chitinase
genes (Cht5 and Cht10) showed similar results (Supple-
mentary Figure S3B), indicating that chitin synthesis and
degradation were not significantly affected by the dele-
tion of Bmlark. This result is consistent with the obser-
vations and measurements of the Bmlark”~ and WT
embryos at the later head pigmentation stage (Fig. 2C),
which showed no difference in the chitin content.

CPs are another important component of cuticle. To
determine whether CPs were impacted by the deleting
Bmlark, the expression of CPs in the mutant and wild type
embryos was determined. A total of 218 genes annotated
as CPs or CP-related were selected from the transcrip-
tomic data (Supplementary Table S8) for further analy-
ses, including all the enriched genes of the three most
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Fig. 3 Analyses of the transcriptome and differentially expressed genes (DEGs) of the Bmlark™~ mutant and WT embryos at the head
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significantly enriched chitin-related GO terms (Fig. 3B,
marked with red stars); the known CP genes of differ-
ent CP families [33, 34], such as R&R consensus bear-
ing CPR, glycine-rich cuticular protein (CPG), Tweedle
protein (CPT), and hypothetical cuticular protein (CPH)
genes, and all the chitin binding-related genes. The genes
underwent differential expression analysis using p<0.05
and |log2(FoldChange)|>0.0 as the threshold, followed
by cluster analysis. The results showed that 63 genes were
differentially expressed between the WT and Bmlark™~
embryos (Fig. 3B), including 47 known CP genes and
16 chitin binding-related CP genes, according to the
genome annotation (Supplementary Table S9). Some of
these genes from different CP families were selected for
further confirmation by analyzing their expression levels
using RT-qPCR (Supplementary Table S10). The expres-
sion levels of these genes showed significant down- or
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upregulated changes in the Bmlark™~ mutant embryos
compared with the WT embryos (Fig. 3D and E), which
was consistent with the transcriptomic data. These results
suggested that the deletion of Bmlark either upregulated
or downregulated the expression pattern of CP genes in
Bmlark™~ mutants, which might be responsible for the
abnormal exoskeleton development in the head and epi-
dermis of the mutant embryos.

Given the importance of the transcription factor
BmPOUM?2 in the expression of cuticle proteins [35,
36], the expression profiles of BmPOUM?2 and wing disc
cuticle protein(WCP) genes (listed in Supplementary
Table S11) were analyzed prior to and at the head pig-
mentation stage (144—180 h after oviposition) (Fig. 4A).
The results showed that in the WT embryos (Fig. 4A), the
expression level of BmPOUM?2 gradually decreased from
the beginning of the head pigmentation stage (168 h after
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oviposition), while WCP1, WCP2, WCP3, WCP4, and
WCP6 were highly expressed before the head pigmenta-
tion stage and then gradually decreased, suggesting that
these genes may play a vital role in the development of
the embryos as they enter the head pigmentation stage,
after which their expression declined. The expression
of WCP5 and WCP9 reached their highest level at the
beginning of the head pigmentation stage, while the
expression of WCPIO and WCPII began to increase
at this stage and remained relatively stable afterwards,
suggesting that these genes may be closely related to
the sclerotization and melanization of the embryonic
cuticle in the pigmentation stage of embryonic develop-
ment. The expression of BmPOUM?2 at the beginning of
the head pigmentation stage was downregulated in the
Bmlark™~ mutant embryos as compared with that in
the WT embryos (Fig. 4B), while WCP1, WCP2, WCP3,
and WCP6 were still at a high level in this stage due to
delayed development (Fig. 4C). However, the expression
levels of WCP5, WCP9, WCP10 and WCP11 were signifi-
cantly lower in the Bmlark”~ mutant embryos than in
the WT embryos (Fig. 4C). Among them, WCP5, WCPI10
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and WCP11 were reported to have high expression lev-
els in the late embryonic development stages of Bombyx
mori [37], which may be important for the sclerotization
and melanization of the embryonic cuticle. These differ-
ences in gene expression explain the observed defects in
the cuticle structure of the Bmlark™~ mutant embryos.

Gene expression was altered in the tyrosine-mediated
cuticle tanning pathway

Melanin is one of the many diverse and critical pigments
for cuticle coloring and hardening in insects [38]. Mela-
nin synthesis begins in epidermal cells and the produced
pigment precursors are transported to the cuticle forma-
tion on the outside surface of the epidermis where they
precipitate. These processes are regulated by a series
of genes, including TH, DDC, ebony, tan, aaNAT, yel-
low, Laccase 2 and black, which covert the products of
tyrosine and uracil metabolism, such as dopa, dopa-
mine, N-B-alanyldopamine (NBAD) and N-acetyldo-
pamine (NADA), into black, brown, yellow or colorless
pigments [39, 40] (Fig. 5A). To examine whether these
genes contributed to the abnormal pigmentation in
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Bmlark™~ mutant embryos, the expression of genes
related to the tyrosine-mediated melanin pathway (listed
in Supplementary Table S12) was determined in the
mutant and WT embryos. At the beginning of the head
pigmentation stage, several key genes for melanin syn-
thesis were differentially expressed between the mutant
and WT embryos: TH was upregulated in the Bmlark™~
mutant embryos (Fig. 5B), and DDC, aaNAT, Laccase2A
and yellow-f2 were downregulated (Fig. 5C). These results
suggest that the synthesis of dopa from tyrosine likely
proceeded normally in the mutant, but the subsequent
processes of pigment production from dopa to melanin
were hindered, and was likely responsible for the abnor-
mal melanization in the Bmlark™'~ mutant.

Discussion

The D. melanogaster lark gene has been reported to play
multiple functions in a variety of developmental pro-
cesses, including the circadian rhythm [4, 5], embryonic
development [1], oogenesis [8, 41], eclosion [3, 9], and
physiology and development of the nervous system [10],
indicating the constitutive importance of this gene. The
mammalian /ark homologous gene RBM4 has also been
revealed to participate in RNA silencing [20], alterna-
tive splicing [42], and translation regulation [22, 23]. Our
previous studies showed that silkworm BmLARK acts
as a G4-binding protein to regulate the transcription of
BmPOUM?2 [28, 43, 44]. This study further demonstrated
the diverse and essential functions of Bmlark in embry-
onic development in silkworm.

In this study, CRISPR/Cas9 gene editing was used
to knock out Bmlark to investigate the effects on silk-
worm development caused by the loss of BmLARK
function. We found that heterozygous Bmlark®” indi-
viduals developed normally into adults without obvious
phenotypic defects, but the homozygous Bmlark™~
mutants were embryonic lethal, indicating that Bmlark
was indispensable in silkworm embryonic develop-
ment. Bmlark™~ eggs could not be visibly distinguished
from wild-type or heterozygous eggs until the head
pigmentation stage (about 168 h after oviposition),
although embryonic development might have already
been delayed before this stage. The Bmlark™~ embryos
were unable to hatch normally and eventually died.
Compared with the WT embryos, the cuticle of the
Bmlark™~ mutant embryos showed obvious defects in
sclerotization and melanization. Although chitin syn-
thesis and its levels did not significantly change, the
architecture of the cuticle in the head and epidermis
changed in the Bmlark”’~ mutant embryos. Normal
development of the cuticle is critical for the develop-
ment of insect embryos to help ensure that the first
instar larvae can survive in the environment outside the
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eggs after hatching. Cuticle sclerotization and melani-
zation of the embryo body wall become visibly observ-
able at the head pigmentation stage of embryonic
development in silkworm (Fig. 1B-D); consistently, the
negative impacts (phenotype) of knocking out Bmlark
did not appear until this stage.

The formation and differentiation of the cuticles usu-
ally begin at late embryogenesis and have different com-
positions and functions depending on developmental
stage and where they form. For example, the body cuticle
of holometamorphic insect larvae is usually soft, while
the head skeleton, which they use to chew food, is usu-
ally hard. Some of developmental events, such as setae
formation, chitinization of the body and pigmentation of
mandible begin prior to the head pigmentation stage in
silkworm embryos, although they are not obvious until
this stage. In the embryos of Bmlark”~ mutants, the
morphological differences in these aspects from the wild
type embryos became obvious at this head pigmentation
stage, including abnormal pigmentation, lighter head and
mandible color (Fig. 1B-D), delayed and less erect setae
formation (Fig. 1C). The delay of these developmental
events in the Bmlark™'~ mutants was the results of defec-
tive sclerotization and melanization of the cuticles, and
it can expected that this kind of soft exoskeleton in the
Bmlark™~ mutant embryos may be fatal to their survival.
Insect cuticle is mainly composed of chitin and structural
CPs [45, 46]. The type and number of CPs contribute to
the physical properties of cuticle [45, 46]. In this study,
the RNA-seq results indicated that there were no signifi-
cant changes in the expression of genes related to chitin
synthesis and degradation, and the chitin content was not
significantly changed in the mutant embryos, suggesting
that the deletion of Bmlark did not affect chitin synthe-
sis or metabolism. However, 63 predicted CPs in differ-
ent CP families, such as CPR (including RR-1 and RR-2),
CPG, CPT, and CPH, showed differences in expression
between the Bmlark~ and W'T embryos. Thus, changes
in the expression of these CPs in the Bmlark™~ mutant
might alter the composition and structure of the cuticle,
resulting in a dysfunctional exoskeleton in the mutant, as
observed in Fig. 1D and Fig. 2.

In our previous studies, we demonstrated that
BmLARK bound to the G4 structure in the promoter
of BmPOUM?2 and regulated its transcription [28, 43,
44]. BmPOUM2 is a transcription factor involved in the
regulation of several WCPs [35, 36]. In this study, the
expression of BmPOUM?2 and several BmWCP genes
were significantly down- or upregulated in the Bmlark™~
mutant embryos, suggesting that these genes are regu-
lated by BmLARK and necessary for the embryonic
development. Moreover, knockout of BmPOUM?2 caused
an embryonic lethal phenotype [47] that was quite
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similar to the phenotype of the Bmlark knockout in this
study. Thus, BmLARK may act as an upstream regulatory
factor of BmPOUM?2 by interacting with its G4 structure
or through other mechanisms [28, 43, 44]. This demon-
strates that both BmLARK and BmPOUM2 are vital for
embryonic development. Because some CP protein genes
are upregulated while others are downregulated when
BmLARK (this study) or BmPOUM?2 [35, 47] are knocked
out, how BmLARK and BmPOUM?2 regulate the expres-
sion of CPs and how these CPs participate the regulation
of embryonic development require further investigation.

The abnormal body color of the Bmlark™~ mutant
attracted our attention to another developmental event,
pigmentation or melanization. In insects, body cuti-
cle melanization is usually achieved through the tyros-
ine-mediated pigment synthesis pathway (Fig. 5A). In
Bmlark™~ mutants, TH was upregulated, but DDC,
aaNAT, Laccase2A, and yellow-f2 were all downregu-
lated. Although the upregulation of TH may accelerate
the conversion of tyrosine to dopa, the conversion of
dopa and dopamine to the final pigment melanin may be
prevented due to the suppression of DDC, aaNAT, Lac-
case2A or yellow-f2 in the absence of Bmlark, thus pro-
ducing abnormal melanization in the mutant. We noticed
that various TH mutants of B. mori showed different
body colors in different experiments. For example, BmTH
RNAI prevented pigmentation and hatching and caused
a sex-linked chocolate phenotype (sch) [48]. When Bm-
iIAANAT was knocked out, BmTH was also downregu-
lated and a darker pattern in the sclerified tissues (head,
thoracic legs, and anal plate) of melanism mutant (min)
was observed [49]. In this study, we found that when
the lark gene was deleted, the expression of TH was
increased, while the expression of DDC, aaNAT, Yellow-
f2 and Laccase 2A was decreased (Fig. 5B and C), which
might lead to the accumulation of dopa and dopamine
and change the proportion of the pigments and cause
Bmlark™~ mutant embryos to become brown, different
from the black color of WT (Fig. 1C). These results indi-
cate that the body color may be affected by different pig-
ment synthesis pathways and pigment proportions. This
needs to be further investigated in future.

In addition, NBAD-quinone and NADA-quinone
generated in the process of melanin synthesis are cross-
linking agents of CPs, and their incorporation into CPs
is required for cuticle sclerotization [50]. The degree
of cross-linking of cuticle components determines the
hardness and function of cuticle [39]. Therefore, the
tyrosine-mediated pigment synthesis pathway affects
not only melanization, but also sclerotization of the
cuticle. In this study, incomplete sclerotization of the
head capsule, especially of the mouthparts, may be
responsible for the failure of Bmlark™~ embryos to
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hatch and their subsequent death. Mouthpart defects
may be one of the causations for hatching failure, as
seen in the Ddc mutant of Vanessa cardui [51].

As described above, the lark gene has been reported
to play multiple functions. In Drosophila, lark has been
found to be involved in circadian rhythms [2, 5-7], neu-
ral development [10], eye development [6], embryonic
development [1], oogenesis [8], neuronal development
and physiology [1, 4, 9, 10], and gut immunocompe-
tence [11]. In humans, the LARK homolog, RBM4 has
been reported to modulate diverse biological functions
by regulating alternative splicing of target mRNA, such
as, in muscle cell differentiation [12], brown adipo-
cytes development [13], neuronal cell differentiation
and neurite outgrowth [14], neuronal migration [15],
human colorectal cancer cells migration and inva-
sion [16], and cancer suppression [17-19]. In B. mori,
Bmlark has been reported to participate in the alterna-
tive splicing of the sex determination gene doublesex
[26]. Our laboratory found that BmLARK is involved in
regulating BmACBP expression, and subsequently lipid
metabolism [27]. Furthermore, we found that BmLARK
binds to G4 structures in the promoters of the tran-
scription factor BmPOUM?2 and many other genes that
contain G4 structures in B. mori and humans, regulat-
ing their expression [28]. Therefore, we believe that as
a transcription factor, LARK may have multiple regula-
tory functions that affect many cellular and physiologi-
cal processes.

We examined Bmlark mRNA levels during embry-
onic development and protein levels in different tissues
of larvae in the wandering stage (Supplementary Fig-
ure S14) and found that Bmlark has a broad expression
profile and is expressed in many types of tissue. These
results imply the functional diversity and importance
of Bmlark in B. mori. In this study, by knocking out
Bmlark, we found that this gene is necessary for embry-
onic development, probably by regulating the expression
of cuticle protein genes and pigment synthesis genes via
BmPOUM?2. This is a novel finding that has not been
reported before. While we cannot exclude other possi-
ble molecular and physiological functions of LARK in B.
mori embryonic development, which need to be inves-
tigated in the future, we can conclude that Bmlark is
essential for embryonic development in B. mori.

Conclusions

In summary, the cuticle exoskeleton of insects has vari-
ous important functions, such as protecting the body
from physical damage and pathogen invasion, preventing
water evaporation, and providing mechanical support for
body movement, eating, and sensing [52, 53]. Therefore,
the cuticle is crucial for insect survival. This study found
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that Bmlark regulates the expression of cuticle protein
genes and pigmentation genes and maintains the normal
structure, sclerotization and melanization of the embry-
onic exoskeleton cuticle (Fig. 6, left). However, deletion
of Bmlark altered the BmPOUM?2-mediated expression
of cuticle proteins and pigmentation genes, and in turn
deleteriously altered the architecture, sclerotization and
melanization of the cuticles in the body and head of the
insect (Fig. 6, right), resulting in embryonic death.
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