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Silkworms have long been bred with human history to produce silk. It has been with humans 
for longer than other industrial insects, and the silkworm variety has been continuously 
improved. Silkworms have been developed into the optimal form for producing high quality 
silk and pupae. Recently, the production of transgenic silkworms has further expanded the 
possibility of industrial value of silkworms. Kynurenine 3-monooxygenase (KMO), which is a 
flavin enzyme, is known for its involvement in ommochrome pigment synthesis. In the field of 
mammals, including humans, previous studies have revealed the function and role of KMO, 
which is an important enzyme for various immune responses and cell protection. However, 
in the case of insects, the function of KMO has only been studied to be involved in the 
formation of pigment, and accordingly, KMO is used exclusively on screening for generation 
of transgenic insects as a marker. In this study, using KMO-edited silkworms, it was intended 
to discover the novel functions and roles of KMO in silkworms by identifying changes in 
the expression of various genes associated with stress and growth. The changes were 
observed in expressions of genes regulating on stresses to survive and those on ecdysteroid 
hormone between wild-type (WT) silkworms and kmo mutant silkworms. The loss of KMO, in 
particular, decreased the expression of the shadow (sad) gene, one of the Halloween genes 
in the synthesis of ecdysteroid. In conclusion, these results suggest that silkworm KMO is 
responsible for potential functions regarding stress response and ecdysteroid synthesis.
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Introduction

In recent years there has been a growing interest in ways to 
industrially use insects as a future food resource (Kim et al., 
2019). Continuous research is being conducted on securing 
insect resources and developing breeding technologies through 

efforts to utilize various insects economically and industrially. 
Insect research is expanding to the exploration of functional 
materials and development of future foods using new industrial 
insects such as fruit flies, silkworms and mosquitoes, as well as 
industrially utilized beetles and crickets (Melgar-Lalanne et al., 
2019).
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expression, regarding how mutation in KMO gene affect the 
growth and stress in silkworms. To this end, using kmo mutant 
silkworms edited by CRISPR/Cas system in previous paper 
(Hong et al., 2020), the expression of genes related to silkworm 
growth involved in lifespan and stress, was measured by 
quantitative real time-PCR (qRT-PCR) to identify new functions 
of silkworm KMO gene. Thus, the increasing value of silkworm 
KMO genes and the possibility of industrial utilization were 
discussed by supplying these gene expressions.

Materials and methods

Silkworm strains
Silkworm Bombyx mori was used for all experiments, and 

silkworm breeding was carried out in accordance with the 
breeding standards of the Rural Development Administration 
(Park et al., 2019). At temperatures of 25

o
C and 70-90% 

humidity, fresh mulberry leaves were fed to silkworms in 16L8D 
conditions. The silkworm for RNA extraction was rapidly frozen 
with liquid nitrogen and stored at -80

o
C until the experiment.

The kmo mutant silkworm used in this study was produced 
previously (Hong et al., 2020). The KMO gene of B. mori was 
edited by the CRISPR/Cas system, and the complex of KMO 
gRNA and Cas9 proteins was injected into B. mori egg to 
produce KMO-edited silkworms. The mutant G3 homozygous 
generation was selected and used in this study.

Total RNA extraction and cDNA synthesis
To identify changes in the gene expression of silkworms, 

the total RNA was extracted from wild-type and mutant 5th 
4-day silkworms using the Easy-spin Total RNA Extraction 
Kit (iNtRON, South Korea). The extracted total RNA 500 ng 
was used to synthesize cDNA with RNA to cDNA EcoDrytm 
Premix (Clontech, USA). The cDNA was used in the qRT-PCR 
experiments for gene expression analysis.

Analysis of gene expression
Gene expression analysis (Park et al., 2018), the primers 

were produced to amplify the exon site of each gene (Table 1). 
Using the primers and the PowerSYBR Green PCR Master 
Mix (Applied Biosystems, USA), the exon of each gene was 
analyzed via qTOWER3 (Analytik Jena, Germany), and 
the expression of the RP49 gene in B. mori was used as an 
endogenous control.

Among the many insects used in industry, humans have 
developed a variety of silkworms by improving their biological 
characteristics, reproductive capacity, and viability, thus 
extensively studying their morphological, physical and genetic 
properties (Kang et al., 2007; Kumari et al., 2011). In the past, 
silkworm breeding and research have been conducted to improve 
silk production through traditional methods, but the demand for 
natural silk has decreased due to the development of synthetic 
fibers. As a result, the research is actively focused on increase the 
value of silkworms. Researchers have recently conducted studies 
to selectively produce special proteins of high industrial value, 
such as viral antibodies or hormones, using transgenic silkworms 
(Okano et al., 2000; Ueda et al., 1993).

Kynurenine 3-monooxygenase (KMO, EC 1.14.13.9) is a NADP-
dependent flavin enzyme that catalyzes oxidation from 
kynurenine to 3-hydroxykyneurenine. This enzyme is involved 
in tryptophan pathway for ommochrome pigment synthesis and 
is mainly located in the outer membrane of mitochondria (Ogawa 
and Hasegawa, 1975; Stratakis, 1981). Recently, this gene has 
been found to play a significant role in cell protection against 
the overproduction of oxygen or nitrogen that occurs during 
inflammatory reactions (Chiarugi et al., 2001), and enzyme 
activity has been highly detected in the liver and kidneys of 
mammals (Erickson et al., 1992). In Diptera, KMO was found 
to be present in the eyes of the malpighian tubes and pupa stages 
(Gillo, 1983; Tearle, 1991). In Lepidoptera, KMO activity was 
confirmed high in the larvae's malpighian tubes and the ovaries 
of the pupa (Kikkawa, 1953; Ogawa and Hasegawa, 1975).

A fruit fly mutant, called cinnabar, features bright red eyes 
(Sullivan et al., 1973; Tearle, 1991). Comparison of genetic 
structures between wild fruit flies and mutants revealed that kmo 
gene regions were modified by deletion or insertion in mutant 
fruit flies, resulting in bright red eye morphology (Warren et al., 
1996). Interestingly, the same kind of white-eyed mutation was 
found in mosquitoes, and by introducing the kmo gene of fruit 
flies to mosquito mutants, the eye color of the mutant mosquitoes 
was restored to that of wild mosquitoes (Cornel et al., 1997). 
Experiments confirming the function of these fruit fly kmo genes 
suggested that the KMO gene can be used as a genetic marker 
for easy screening of transgenic insects (Coates et al., 1998; 
Jasinskiene et al., 1998). To date, however, nothing has been 
more clear about the role and function of KMO gene in insects 
than in mammals.

Therefore, this study was focused on the changes in gene 
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or chemical damages (Lambeth, 2004; Underhill and Ozinsky, 
2002). Low concentrations of ROS play important signals for 
controlling multiple processes, but high concentrations of ROS 
cause oxidative damages to cells (Chainy et al., 2016; Woo et 
al., 2009), complexly destroying cell structures including lipids, 
proteins and nucleic acids (Malhotra and Kaufman, 2007). 
Therefore, ROS must be finely regulated in organisms, and 
there are many responses and defense mechanisms. Superoxide 
dismutases (SODs), well known as the most important 
antioxidant enzymes of living organisms, transform free radicals 
from metabolic processes to oxygen and hydrogen peroxide 
to eliminate or weaken oxidative stress (Wang et al., 2010). 

Statistical analysis
All experimental results are represented by Mean value ± 

Standard deviation (SD), and a Oneway Analysis of Variation 
(ANOVA) using IBM SPSS Statistics 23 (IBM, USA) is 
performed, and the significance of each mean value is tested by 
Duncan's multiple (P<0.05).

Results and discussion

Gene expression related to oxidative stress
The production of reactive oxygen species (ROS) is caused by 

many factors, including pathogenic organisms, diseases, physical 

Table 1. List of primers for qRT-PCR

Primer name
Primer sequence (5′ to 3′)

Direction: forward Direction: reverse

RP49 TCAATCGGATCGCTATGACA ATGACGGGTCTTCTTGTTGG

SOD1 ATCATGGTGGTCCCAGTTCTG CAGAGTCTTCAATTGCCTCAATGT

SOD2 TCAATGGTGGTGGTCACATCA AGGCTTGCCACCATTTGG

SOD3 GCGGCGGTTGTGTATCG GGATGACCGTGGTCCTTATGTT

SOD4 ACGTGTAGCTTGCGGAGTCA AACGATGTCACGGCTGAATTC

SOD5 TCCTCGCGACCAGATTCG TTCCTCCGCCTTGATGTTG

SOD6 CCCAGCGCTCCCCATT TGTCGGAAGCACCAAGTTGA

HSP70 GAAGGCACTCAAGGATGCTAAAC TCAATACCGAGGGACAGAGGAG

HSP90 TCCCAGTTCATTGGCTACCC TTGACTGCAAGATGGTCCTCC 

hsp19.9 GAAGGCAAACACGAGGAGAA CTGGGTGCGATTACAGACAAC

PI3K CTAGAAGCTGCGGAGTGGTA ACGGAAGCCATATCGACCTT

AKT TCATGAACCACCCCTTCTTC GCGAGGCTGTTCTCATTCTC

AMPK GCACCCCTGTCAAACGAGC CGTTCGCCCGACAAAGACT

FoxO GCACAGGACAACAGGCTCACAC GCTTGGCGTCGGGATTGA

nvd CCTACCCCAATGGGTGGTTC AATTCTGACCCAGGGCATCG

spo CCGGAATAACTCTCTGGCCC GATTCTGGCGTAGGAGTCGG

phm AGATTTTTGGCTCAGGATGG TCTGCTGTCGGTATTTTTGATG

dib CGATACAACAGCCTACACGA GCAGCCATCTACCTATTCCA

sad TATGGACGGAGAGGATTGGT GTATTCTGGCGTGGGCTTT

shd ATATCTTCCGGAGCGATGGA CGTCGAACTCCACTCTCCAT

E75A ATGTCTCCGGATAGTAGCTACGGGC TATGCAATTCAGGTTCACGT

E75B ATGGTGCGAACCATGTCGTGTG GCGGTCACAGCTACATTTAGTA

PTTH GCTATTCCGGATCCACCTTGC TCGAGAGACTCCTGCGATTTAG
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Heat Shock Protein (HSP) gene expression
HSPs are a group of proteins between 19 and 110 kDa expressed 

by various stresses. They act as major transcription factors for 
multiple mechanisms needed to response and defense against 
heat stress, low temperature, oxygen deficiency, heavy metal 
contamination, UV irradiation, and other various stresses. 
Recently, interests in the role of HSPs have been increasing with 
respect to the adaptation of living organisms to high temperature 
(Shilova et al., 2006). In particular, HSP70, HSP90, and hsp19.9 
were found to be the main factors of various mechanisms. 
Recently, hsp19.9 was discovered to play a critical role in the 
infection response system by Bombyx mori nucleopolyhedrovirus 

In this experiment, the expressions of SOD1, SOD2, SOD3, 
SOD4, SOD5, and SOD6 of silkworms were investigated in 
kmo mutant silkworms by qRT-PCR (Fig. 1). The expressions 
of SOD1, SOD2, SOD3, and SOD4 did not differ significantly 
in WT and kmo mutant silkworms. However, changes in 
expression level were observed in SOD5 and SOD6. The 
expression of SOD5 in kmo mutant decreased, but the expression 
of SOD6 in kmo mutant increased compared with that in WT. 
These results suggest that the absence of KMO proteins led to 
ommochrome pigment depletion, or less synthesis, and the lack 
of ommochrome pigment consequently affected the control in 
oxidative stress caused by ROS.

Fig. 1. Relative expression level of SOD genes in WT silkworms and kmo mutants. The relative expression of SOD1, SOD2, SOD3, SOD4, 
SOD5 and SOD6 were determined by qRT-PCR. The kmo mutant exhibited change of SOD5 and SOD6 gene expression compared with WT. 
The error bars show the standard error (SE) of three replicates. The asterisks represent significant differences with respect to WT silkworm 
(P<0.05). RP49 was used as an endogenous control.

Fig. 2. Relative expression level of heat shock protein (HSP) genes in WT silkworms and kmo mutants. The relative expression of HSP70, 
HSP90 and hsp19.9 were determined by qRT-PCR. The hsp19.9 expression level decreased drastically in kmo mutant. The error bars show 
the standard error (SE) of three replicates. The asterisks represent significant differences with respect to WT silkworm (P<0.05). RP49 was 
used as an endogenous control.
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reduction in expression of hsp19.9.

Gene expression of silkworm longevity
Generally, the longer silkworm lives, the bigger cocoons and 

pupae are formed (Zhang et al., 2020). Since large cocoons and 
pupae have industrial value, many researchers carry out research 
for variety to slow down the metamorphosis of silkworm larvae 
and prolong their larval life. There are various silkworm genes 
that delay the metamorphosis of silkworm larvae and affect 
their lifespan. In particular, PI3K-AKT signaling pathway 
and AMP-activated protein kinase (AMPK)-FoxO signaling 
pathway are the main pathways for regulating silkworm lifespan 
and metamorphosis. The kmo mutant silkworm did not show 
difference in the expression of PI3K or AKT. However, the 
AMPK and FoxO gene expression showed a significant increase 
in the kmo mutation (Fig. 3). Signals from AMPK-FoxO pathway 
induce a variety of metabolism and response mechanisms, such 
as cell cycles, apoptosis, oxidative stress reactions and DNA 
damage repair. Thus, these results suggest that the synthesis of 
KMO protein or ommochrome in silkworms plays a role through 
the AMPK-FoxO pathway in cell protection and cell cycle 
progression.

Ecdysteroid hormone-related gene expression
Ecdysteroid is a common hormone widely found in insects, 

crustaceans, fungi, and plants. Since ecdysteroid in insects is 

(BmNPV). The expression of HSP70, HSP90, and hsp19.9 
were determined to identifying the role of KMO in heat stress. 
The expressions of HSP70 and HSP90 in WT and kmo mutant 
silkworms did not differ much. However, the expression of 
hsp19.9 decreased significantly in the kmo mutant silkworm 
(Fig. 2). Thus, the mutation of KMO is expected to affect 
defense against high temperatures and BmNPV in relation to the 

Fig. 3. Relative expression level of genes associated with longevity 
in WT silkworms and kmo mutants. The relative expression of 
PI3K, AKT, AMPK and FoxO were determined by qRT-PCR. 
The AMPK-FoxO pathway showed change of expression level 
in kmo mutant, but not PI3K-AKT pathway. The error bars show 
the standard error (SE) of three replicates. The asterisks represent 
significant differences with respect to WT silkworm (P<0.05). RP49 
was used as an endogenous control.

Fig. 4. Relative expression level of Halloween genes associated with ecdysteroid biosynthesis in WT silkworms and kmo mutants. The 
relative expression of nvd, spo, phm, dib, sad and shd were determined by qRT-PCR. The depletion of KMO altered Halloween genes 
expressions. Especially, the expression level of sad gene highly decreased in kmo mutant compared with WT. The error bars show the 
standard error (SE) of three replicates. The asterisks represent significant differences with respect to WT silkworm (P<0.05). RP49 was used 
as an endogenous control.
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caused by KMO mutation were identified. The expressions of 
genes related to oxidative stress, high temperature, and genes that 
control the lifespan and metamorphosis were compared between 
wild-type and kmo mutant silkworms. Among these genes, 
the expression of sad gene, which plays an important role 
in the synthesis of ecdysteroid, decreased dramatically in 
the kmo mutant silkworms. Therefore, future research will 
be focused on finding out the reasons for the change of 
the sad gene expression in the kmo mutant silkworms. In 
conclusion, this study suggests a novel value of the KMO 
gene in silkworms not only as a screening marker, but also 
as a function on stress and ecdysteroid synthesis. 
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