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1. General Introduction 
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1.1. Type of metamorphosis in insects 

Insects are pancrustacean hexapod invertebrates of the class Insecta, 

derived from crustaceans about 450 million years ago. They form the largest 

group within the arthropod phylum, which has evolved extensively and 

adapted to every habitat on Earth. A key feature of the unprecedented 

prosperity of insects was metamorphosis (Belles, 2020). Metamorphosis, 

together with drastic physiological and morphological changes such as the 

acquisition of wings, must have contributed to the remarkable diversity of 

insects by enabling them to exploit different habitats and resources (Nicholson 

et al., 2014; Rainford et al., 2014; Truman and Riddiford, 1999). 

Insects are divided into three major evolutionary lineages, 

characterised by the degree of morphological change that accompanies their 

metamorphic molt (Fig. 1.1). The Ametabola is the most basal group of insects 

without significant metamorphosis, in which the body form of nymphs and 

adults is largely identical except for the development of external genitalia and 

internal reproductive organs. The innovation of wings enabled insects to fly 

and led to further modifications of post-embryonic development. The 

hemimetabola is an incomplete metamorphosis in which adults differ from 

nymphs in having functional wings, in addition to the previous features. Wings 

and other adult appendages gradually appear as the nymphs grow. The 

holometabola is a complete metamorphosis. The development of adult 

segmental appendages, wings and eyes is suppressed during the larval stage. 

During metamorphosis, these adult structures undergo rapid growth and 

differentiation and are externalised to form the adult appendages. 
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Metamorphosis in the Holometabola requires two molting cycles, the first to 

externalise the undifferentiated adult structures and the second to allow 

differentiation of the adult morphology. 

 

 

Fig. 1.1. Types of postembryonic development in insects. White 
arrows indicate imaginal molt. The black thick arrow indicates 
metamorphic (pupal) molt.  
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1.2. Endocrine control of molting and metamorphosis 

The invertebrate endocrine system is cell-cell communication 

involving a complex network of hormone signalling that affects target cells. 

These endocrine processes use a variety of hormones to regulate growth, 

development, metabolism, morphogenesis and other physiological parameters 

(Hartenstein, 2006). The insect endocrine system is an important link between 

the environment and various physiological and developmental events and is 

the best known and most studied hormone system due to the economic and 

ecological importance of these invertebrates (deFur, 2004). Development and 

metamorphosis from embryo to adult in holometabolous insects are events 

regulated mainly by two types of hormones: ecdysteroids and juvenile 

hormones (JHs) (Riddiford, 1993). 

Ecdysteroid and JH signaling pathways with their respective hormones 

are the most well-studied routes in insects. In general, for all the insects 

studied to date, it has been reported that these two signaling pathways work 

synergically to regulate development and metamorphosis (Noriega, 2014; 

Riddiford, 2012). Holometabolous insects undergo multiple rounds of larval-

larval molts before reaching the pupal stage, where drastic changes in 

physiology and morphology occur, leading to the sexual maturation of the 

individual and the emergence of the active adult stage. Molts and 

metamorphosis are induced by peaks in ecdysteroids release. Additionally, the 

timing of ecdysteroids pulses, as well as the presence or absence of JHs, will 

condition molting or metamorphosis, due to the anti-metamorphic action of 

JHs (Berger et al., 1992; Riddiford, 1978; Talbot et al., 1993). 
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A vast variety of changes in gene expression are involved in the control 

of insect developmental transitions. These changes are under the control of 

several key hormones and neuropeptides, upon the regulation of steroid 

hormone, ecdysone (Yamanaka et al., 2013). All these processes (Fig. 1.2.) are 

initiated in response to external stimuli through the secretion of 

prothoracicotropic hormone (PTTH), which is produced by two pairs of lateral 

neurosecretory brain cells. PTTH secretion stimulates the prothoracic gland 

(PG) in the hemolymph, where ecdysone is primarily synthesized from 

cholesterols. This hormone is initially inactive and is converted into its active 

form 20-hydroxyecdysone (20E) in the peripheral tissues and fat body by a 

pool of ecdysteroidogenic genes (Miyakawa et al., 2018; Riddiford, 2012; 

Rewitz et al., 2006). The classical knowledge around the control of ecdysone 

pointed out that PTTH-producing neurons integrate and evaluate 

environmental and developmental stimulations to determine when the 

progress to the next developmental stage should take place. Subsequent study 

revealed that basal levels of ecdysteroids can negatively alter systemic growth 

prior to maturation (Colombani et al., 2005; Delanoue et al., 2010; Boulan et 

al., 2013, 2015) and the Corazonin-PTTH neuronal axis is the coordinator of 

ecdysone biosynthesis (Imura et al., 2020). Together, new evidence has shown 

that, in addition to PTTH, act on the PG to control ecdysteroidogenesis, 

suggesting that PG is the “decision making center” of developmental 

transitions (Yamanaka et al., 2013). Along with ecdysone, JH has primary 

roles in regulation of development and reproductive maturation. 

JH is a hormone which is unique to insects, synthesized in the corpora 

allata (CA) in the brain, dispersed into hemolymph and acts at peripheral 
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tissues. It is converted into active form by a series of enzymes (Goodman and 

Cusson, 2012; Miyakawa et al., 2018; Riddiford, 2012; Shinoda and Itoyama, 

2003). JH biosynthesis is regulated by a wide variety of factors, including 20E 

and JH itself (Goodman and Cusson, 2012). Moreover, the JH epoxide 

hydrolase (JHEH) is involved in JH catabolism by reducing JH titers in critical 

developmental periods (Goodman and Cusson, 2012; Seino et al., 2010).  

 

Fig. 1.2. Key organs and hormones in the control of insect 
development. A schematic illustration of the location of endocrine 
organs in a larva of Bombyx mori (left). Organs are indicated in red. 
Neurosecretory cells that secrete PTTH have cell bodies in the brain 
and axon terminals in the corpora allata. Nonneural endocrine cells in 
the prothoracic glands secrete ecdysone. The corpora allata also 
contain nonneural endocrine cells that secrete juvenile hormone. 
Hormones are in bold face. 

1.3. Receptors and transcription factors 
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In peripheral target cells, ecdysone and JH bind to specific receptors. 

20E binds to a nuclear receptor superfamily member, ecdysone receptor (EcR). 

This receptor forms a heterodimer with the ultraspiracle (USP) protein, an 

orphan nuclear receptor for which no endogenous ligand has been 

unambiguously stabilized (Goodman and Cusson, 2012). The hormone-

activated EcR/USP complex acts as a transcription factor by binding to 

hormone response elements of downstream genes, thus triggering a cascade 

of changes in the expression of numerous downstream genes responsible for 

the major insect developmental transitions (Yao et al., 1992, 1993). Although 

USP does not contribute to the intrinsic function of EcR, it is an obligatory 

heterodimeric partner of the receptor required for both high-affinity ligand and 

DNA binding, as it acts as an allosteric effector (Browning et al., 2007). 

Moreover, USP has been described as the JH receptor, as well as the 

methoprene-tolerant (Met)receptor (Riddiford, 2012). The nuclear receptor 

USP, an orthologue of the vertebrate retinoid X receptor (RXR), binds JHs and 

it has been suggested that this interaction may be necessary for the 

dimerization of EcR/USP (Iwema et al., 2009). 

The JH-receptor complex induces the expression of the Krüppel-

homolog 1 (Kr-h1), a C2H2 type zinc finger transcription factor. During larval 

stages, Kr-h1 transduces the anti-metamorphic action of JH in holometabolous 

and hemimetabolous species (Kayukawa et al., 2014; Konopova et al., 2011; 

Lozano and Belles, 2011; Minakuchi et al., 2008a, 2008b). Kr-h1 prevents 

larvae from undergoing precocious larval-pupal transition by suppressing the 

pupal specifier gene Broad-Complex (Br–C), a Broad-Tramtrack-Bric-a-brac 

(BTB) domain-C2H2-zinc finger transcription factor (Jindra et al., 2013; 
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Kayukawa et al., 2014). Further, Kr-h1 inhibits the precocious adult transition 

by repressing the transcription of the metamorphic gene Ecdysteroid induced 

protein 93F (E93), which encodes a Pipsqueak-family transcription factor 

(Belles and Santos, 2014; Kayukawa et al., 2017). The JH, Met, Kr-h1 and 

E93 pathway (the MEKRE93 pathway: Belles and Santos, 2014, Fig. 1.3.) is 

found as a principal route of insect metamorphosis. However, several 

questions are left to be addressed to fully understand the insect life cycle.  

 

 

Fig. 1.3. A model JH pathway representing regulation of 
metamorphosis. Grey lines represent the induction of genes by 
hormones. Black lines represent interactions in a given pathway. Brown 
and green lines represent induction of pupal and adult metamorphosis, 
respectively.  
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1.4. MicroRNAs and insect metamorphosis 

Cells contain a variety of non-coding RNAs (ncRNAs), including 

components of the gene expression machinery such as tRNAs, rRNAs and 

regulatory RNAs, which influence the expression of other genes. However, it 

has long been thought that almost all genes encode proteins, so ncRNA genes 

were effectively invisible.. 

 Recently, it has become clear that ncRNAs are diverse and that a 

significant proportion of genes in all organisms do not encode proteins. The 

miRNAs are a class of small ncRNAs that have been recognised to be 

numerous and phylogenetically extensive (Lau et al., 2001; Lee and Ambros, 

2001). miRNA genes produce short transcripts of about 21 nucleotides that 

function as antisense regulators of other RNAs. miRNAs were first described 

in 1993 by Lee (Lee et al., 1993) and later named miRNAs by Ruvkun (2001). 

To date, thousands of miRNAs have been identified in various organisms by 

random cloning and sequencing or in silico prediction. 

 Numerous studies have demonstrated the relationship between 

miRNAs and the metamorphosis process in insects. Some of them suggested 

that miRNA expression is induced or reduced by insect hormones (Chawla 

and Sokol, 2012; Sempere et al., 2002; Sempere et al., 2003), others suggested 

that miRNA targets genes involved in insect development (Biryukova et al., 

2009; Caygill and Johnston, 2008; Ronshaugen et al., 2005; Sokol et al., 2008). 

Sokol et al. (2008) showed that the D. melanogaster let-7-complex locus (let-

7-C; which includes let-7, miR-100 and miR-125) is expressed mainly in the 

pupal and adult neuromusculature. Let-7-C knockout flies appeared 
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morphologically normal but displayed defects in several adult behaviours (i.e. 

flight, motility and fertility). 

 In insects, it is also known that the expression of some miRNAs are 

influenced by metamorphic hormones, and vice versa. Among holometabolan 

species, a study using the ecdysteroid deficient D. melanogaster mutants 

revealed that let-7-C levels were significantly reduced when ecdysteroid 

synthesis was impaired (Sempre et al., 2003). The role of Br-C was also 

studied using npr (a Br-C complementary group) mutant files that lack Br-C. 

The work showed let-7-C had much lower levels in homozygous npr mutant 

flies, suggesting that ecdysteroid induces let-7-C expression via Br-C (Sempre 

et al., 2003). Similar relationships between let-7-C, ecdysteroid and Br-C was 

tested in the cockroach, Blattella germanica. In D. melanogaster, ecdysteroid 

signaling through EcR involves a positive feedback loop that increases EcR 

levels (Karim and Thumel, 1992). miR-14 modulates this loop by limiting the 

expression of EcR (Varghese and Cohen, 2007). In B. germanica, dicer-1 

depletion resulted in an increase of Kr-h1 level. Further work concluded that 

miR-2 scavenges Kr-h1 transcripts when the transition from nymph to adult 

stage should proceed (Lozano et al., 2015).  

 Multiple miRNAs have been reported in regulation of ecdysone 

biosynthesis in Chilo supperessalis (He et al., 2017). In D. melanogaster, 

studies showed that bantam and miR-8 are involved in metamorphosis by 

controlling ecdysone biosynthesis (Moeller et al., 2017; Lim et al., 2020). 

miR-14 is involved in the shutdown of ecdysteroid biosynthesis after ecdysis 

in B. mori (He et al., 2019). Meanwhile, there are only few data available on 
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the possible action of miRNAs on JH synthesis or reception. Recently, miR-8 

has been identified as a positive endogenous regulator of JH biosynthesis, and 

bantam miRNA inhibits JHMAT transcription (Zhang et al., 2021). 

Computational analysis predicted the involvement of some miRNAs, such as 

let-7, miR-14 and miR-278, in regulation of JH biosynthesis (Qu et al., 2017). 

However, functions of these miRNA have not been tested in vivo. 
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1.5. Aim of the thesis 

In this study, I addressed the molecular mechanisms underlying the 

pupal metamorphosis in holometabolous insects. The identity of a larva is 

determined by the action of Kr-h1 and loss of Kr-h1 results in precocious 

metamorphosis so does the removal of JH (Jindra et al., 2015; Konopova et 

al, 2011; Truman and Riddiford, 2019). However, at least two exceptions to 

this rule are rising. 

First, in a higher Dipteran, Drosophila melanogaster, the removal of 

Kr-h1 does not induce precocious metamorphosis or affect the numbers of 

larval-larval molt (Pecasse et al., 2000). Truman and Riddiford (2022) 

demonstrated that chronologically inappropriate morphogenesis (chinmo) 

mediates maintenance of the larval state through chromatin modification as 

well as by repression of both Br-C and E93 in D. melanogaster. However, the 

function of chinmo or the mechanisms underlying the induction of it have not 

been tested. 

Second, knockout study of JH biosynthetic genes or receptor gene in 

the silkworm, Bombyx mori, resulted in production of normal hatchilings and 

these larvae can progress through the next two larval instars in the absence of 

JH and Kr-h1 (Daimon et al., 2015). Similar results were reported in a 

hemimetabolous Pyrrhocoris bug upon RNAi depletion of the JH receptor Met 

or its target Kr-h1 (Smykal et al., 2014). Therefore, the absence of JHs or JH 

signaling alone is not sufficient to induce precocious metamorphosis in very 

young larvae (Daimon et al., 2015, Smykal et al., 2014).  
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If not JH and Kr-h1, then what is the determinant that specifies the 

larval status in very young phase? Here I set out to test two of my hypotheses, 

1) Unidentified factor(s) which enables larvae to express Br-C present in late 

larval stages. 2) Heterochronic microRNA is involved in the control of larval 

to pupal transition.
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2. Implantation assays using the integument 
of early stage Bombyx larvae 

Abstract 

It is widely accepted that the anti-metamorphic action of insect 
juvenile hormones (JHs) is required to inhibit larval-pupal metamorphosis. 
However, recent studies using RNAi or knockout techniques reveal that 
larval status may be maintained independently of JHs during the early larval 
stages. To investigate why larvae of very early instars do not have 
competence to metamorphose and how they acquire this competence through 
larval development, I revisited the classic experiments of Piepho (ca. 1930s) 
and performed implantation assays using the integument of very young 
larvae of the silkworm, Bombyx mori.  

Here, I demonstrate that when the integuments of neonate larvae or 
newly molted second instar larvae are implanted into last instar host larvae, 
they are able to directly produce pupal cuticle at the time of pupal 
metamorphosis of the host. To investigate whether the pupal commitment of 
implants from the neonate first instar larvae is repressed by JHs, the 
integuments of Met1 knockout larvae lacking a functional JH receptor were 
implanted into penultimate instar larvae. I found that the implants of Met1 
knockout neonate larvae produced patched pupal cuticles after the host larval 
molt, whereas those of the wild-type strain produced only larval cuticle 
without any trace of pupal cuticle.  

Taken together, results suggest that the epidermis of very early instar 
larvae can be pupally committed when provided with unidentified blood-
borne factor(s) present in final-instar larvae, and that JHs can block the 
action of that factor(s) to prolong the feeding period until larvae attain a size 
appropriate for metamorphosis. 
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2.1. Introduction  

Insect juvenile hormones (JHs) prevent precocious metamorphosis 

until larvae attain an appropriate size for metamorphosis (Jindra et al., 2015, 

Jindra et al., 2013, Nijhout, 1998, Riddiford, 2012). Although it is widely 

accepted that this “status quo” action of JHs is required to maintain the larval 

status throughout the larval stage, several attempts to deplete JHs using 

classic and modern techniques have failed to induce precocious 

metamorphosis in very early larval instars (Abdou et al., 2011, Aboulafia-

Baginsky et al., 1984, Bounhiol, 1938, Daimon et al., 2012, Daimon et al., 

2015, Feyereisen and Jindra, 2012, Fukuda, 1944, Furuta et al., 2007, 

Riddiford et al., 2010, Smykal et al., 2014, Tan et al., 2005). For example, 

in the silkworm Bombyx mori, a classic model in insect physiology, the 

depletion of JH by neck ligation or allatectomy (surgical removal of the JH-

producing endocrine glands, the corpora allata) failed to induce precocious 

metamorphosis in first (L1) or second (L2) instar larvae (Bounhiol, 1938, 

Fukuda, 1944). Similarly, recent genetic studies have shown that L1 or L2 

larvae cannot undergo pupal metamorphosis even though they carry null 

mutations in CYP15C1 and JHAMT genes that encode JH biosynthetic 

enzymes (Daimon et al., 2012, Daimon et al., 2015). In addition, null 

mutants of the JH receptors, Met1 and Met2, do not exhibit any pupal 

characteristics during the L1 and L2 larval stages (Daimon et al., 2015). 

Knockout larvae of Met1 can reach L3 with the overall appearance of larvae, 

but have small patches of pupal cuticles in specific regions in the thoracic 
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and abdominal segments, and eventually die without eating. Furthermore, 

many of the Met1 mosaic L3 larvae can reach L4 and become larval–pupal 

mosaics. In severe cases, approximately a half of the bodies of the mosaic 

L4 larvae was covered with pupal cuticle, yielding a half-larval, half-pupal 

mosaic (Daimon et al., 2015). Dramatic metamorphosis is first observed at 

larval molt from L3 to L4, but never in larvae molting from L2 to L3. 

Therefore, it appears that a metamorphic molt cannot be induced until 

molting from L3 to L4, except in very limited regions of the epidermis. 

Similar results were reported in a hemimetabolous Pyrrhocoris bug upon 

RNAi depletion of the JH receptor Met or its target Kr-h1 (Smykal et al., 

2014) that represses metamorphosis in response to JH (Kayukawa et al., 

2012, Kayukawa et al., 2014, Konopova et al., 2011, Minakuchi et al., 2009, 

Smykal et al., 2014). Taken together, the results of both classic and modern 

experiments consistently suggest that larval status is maintained 

independently of JH signaling during very early nymphal/larval stages, in 

both hemimetabolous and holometabolous insects alike. Therefore, the long-

held paradigm that JHs prevent premature metamorphosis throughout the 

larval stages should be modified, as the absence of JHs or JH signaling alone 

is not sufficient to induce precocious metamorphosis in very young larvae 

(Daimon et al., 2015, Smykal et al., 2014). 

 In contrast to these observations, classic experiments by Piepho, 

(Piepho,1938a; Piepho, 1938b) showed that the epidermis of L1 larvae of the 

greater wax moth, Galleria mellonella, could produce pupal cuticles. When 

implanted into the body cavity of last instar larvae, the epidermis of the L1 
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larvae produced pupal cuticles at the time of pupal metamorphosis in the 

hosts (Piepho, 1938a, Piepho, 1938b). These experiments suggest the 

possibility that L1 tissues are able to be pupally committed (determination 

to show pupal characteristics at the following molt) and directly 

metamorphose to pupal tissues when placed in the physiological milieu of 

the last instar larvae, albeit that as a whole organism, L1 larvae seem to be 

incompetent to metamorphose (Daimon et al., 2015, Smykal et al., 2014). 

Considering the stark differences between the results of experiments at the 

tissue and organismal levels, Daimon et al. (2015) postulated a humoral 

factor that confers competence for metamorphosis in larval tissues. 

 To my knowledge, implantation experiments using the epidermis of 

very young larvae have not been reported since the original reports by Piepho 

(Piepho,1938a; Piepho, 1938b)  in any insects including the tobacco 

hornworm Manduca sexta or Bombyx mori. This is likely because the roles 

of JHs in early larvae have not received much attention and that it is 

technically difficult to handle the very small tissues of young larvae. 

Therefore, it remains unclear if the results of Piepho(Piepho,1938a; Piepho, 

1938b) are specific to Galleria or if they can be extended to other insects. 

 In order to understand why very early instar larvae are incompetent 

to metamorphose, and how they acquire the competence necessary for 

metamorphosis through larval growth and development, I first performed 

implantation experiments using the integument of very young larvae of 

Bombyx. I demonstrated that the epidermis of L1 and L2 larvae was able to 
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produce pupal cuticle when implanted into last instar larvae (L5), as shown 

in Galleria by Piepho (Piepho,1938a; Piepho, 1938b). Surprisingly, even the 

epidermis of neonate L1 larvae successively produced pupal and adult 

cuticles at the time of pupal and adult metamorphosis in the host, respectively, 

when implanted into the last instar Bombyx larvae. In addition, to observe 

the effects of JHs on the process of pupal commitment, I used Met1 knockout 

larvae (Met1−/−) as a donor of the epidermis to determine the role of JHs in 

this process. Our results suggest that L1 or L2 epidermis can be pupally 

committed when provided with some blood-borne factor(s) present in late 

larval stages, whereas JHs can block the action of that factor(s) to prolong 

the larval feeding period until larvae attain a size appropriate for 

metamorphosis.  
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2.2. Materials and methods 

2.2.1. Insects 

Silkworms were reared on an artificial diet at 24–27 °C under 

standard conditions as described previously (Daimon et al., 2003). The F1 

hybrid strain Kinshu × Showa (K × S; control strain) was purchased from 

Ueda Sanshu Ltd. (Ueda, Japan). A knockout silkworm strain with a null 

mutation in the JH receptor gene Met1 (Met1Δ67/+; w-1/w-1) (Daimon et al., 

2015) was obtained from the National Agriculture and Food Research 

Organization, Japan. To obtain Met1−/− animals for implantation experiments, 

sibling crosses of Met1+/− adults were performed in each generation as 

previously described (Daimon et al., 2015). 

 

2.2.2. Implantation of larval integument 

To determine whether precocious metamorphosis could be induced 

in the tissues of very early (L1 and L2) larvae, I performed implantation 

assays of the integument according to previously published methods with 

some modifications (Fukamoto et al., 2006, Muramatsu et al., 2008, 

Riddiford, 1976, Riddiford, 1978). When L3–L5 larvae were used as donors, 

pieces of the dorsal abdominal integuments (∼3 mm × 3 mm) from the second 

abdominal segment were dissected from newly molted donor larvae. When 

L1 and L2 larvae were used as donors, dorsal thoracic and abdominal 
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integuments above the spiracles were dissected. Muscle and fat body tissues 

were carefully removed from the dissected integuments prior to implantation. 

Integuments were rinsed once with PBS (137 mM NaCl, 2.68 mM KCl, 8.10 

mM Na2HPO4, 1.47 mM KH2PO4, pH 7.4) prior to implantation. Each of the 

pieces was implanted into day 0 5th (last) or 4th (penultimate) instar larvae 

at the intersegmental membrane between the 3rd and 4th abdominal 

segments of the control strain K × S. The recipient larvae (i.e., hosts) were 

anesthetized by chilling on ice prior to implantation. To facilitate the 

formation of the cyst, the pieces of the integument were folded in half so that 

the epidermal cell layer was on the outside. 

 

2.2.3. Genotyping 

As Met1 homozygous knockouts are larval lethal and the mutant 

allele is maintained as a heterozygous stock (Daimon et al., 2015), the three 

segregating genotypes (i.e., Met1+/+, Met1+/−, and Met1−/−) were determined 

using PCR on the genomic DNA template. Each individual larva from the 

Met1 line was genotyped when used as a donor of integument for the 

implantation assay. To achieve this, I individually collected the carcasses of 

each larva after dissection of the integument, and subjected them to 

extraction of genomic DNA and subsequent PCR genotyping as described 

previously (Daimon et al., 2015). 
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2.2.4. Observation of recovered integuments 

The implanted host larvae were reared in a group (when the donor 

was the control strain) or individually (when the donor was the Met1 strain) 

until they became L5 larvae or metamorphosed into pupae or adults. The 

recovered cysts were fixed in 70% (v/v) ethanol, and investigated for the 

formation of larval, pupal, or adult cuticles using a stereomicroscope (Leica, 

EZ4W, Wetzlar, Germany) and a scanning electron microscope (SEM; VE-

8800, Keyence, Japan).  
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2.3. Results 

2.3.1. Capacity of early-instar epidermis to produce pupal cuticle 

I first addressed the question of whether the epidermis of very young 

Bombyx larvae are capable of being pupally committed when implanted into 

a last instar host, as demonstrated by Piepho (Piepho,1938a; Piepho, 1938b)  

for the wax moth, Galleria. To accomplish this, I used the standard silkworm 

strain (K × S), dissected small pieces of the integument from the larvae (K × 

S) at selected developmental stages (neonate L1 or newly molted L2–L5 

larvae), and implanted them into newly molted last instar (L5) larvae (Fig. 

2.1 and Table 2.1). Both donors and hosts were denied access to food during 

the molting period, and newly molted individuals were collected and 

subjected to implantation. 

I implanted the integument of donors (L1–L5) into L5 hosts and 

recovered the implants 3–5 days after pupation. As I experienced difficulty 

in recovering the implants from pupae, the overall recovery rate of the 

implants from host pupae was relatively low (34%, 79/232) (Table 2.1). 

However, the overall successful rate of cyst formation by the implanted 

integument was high enough (87%, 66/79) (Table 2.1) to carry out the 

implantation assays. After recovery, the formed cysts were opened and the 

structure of the newly produced cuticle was examined under a 

stereomicroscope and SEM (Fig. 2.1). In Bombyx, the same epidermal cells 

sequentially produce larval, pupal, and adult cuticles, which are easily 
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distinguished based on color and surface structures. As shown in Fig. 2.1, I 

found that the cysts produced pupal cuticles at the time of pupal 

metamorphosis of the hosts. As shown in Galleria (Piepho, 1938a, Piepho, 

1938b), the production of a pupal cuticle was induced irrespective of the 

developmental stage of the donor animals (Table 2.1). Notably, even in the 

case of neonate L1 larvae, the cysts produced pupal cuticle when hosts 

metamorphosed to pupae (Fig. 2.1A and A′). I did not find any trace of new 

larval cuticle (e.g., patches of larval cuticle) in the pupal cuticle newly 

produced by the cysts. 

Next, I examined whether implants from L1 and L2 donors could 

produce pupal and subsequently adult cuticles (Fig. 2.2 and Table 2.2). To 

this end, I implanted the epidermises of L1 or L2 larvae into L5 larvae, and 

dissected the implants after eclosion of the adult hosts. The recovery of 

implants from adults was much easier in comparison to recovering implants 

from pupae, and I was able to recover the implants from all host animals 

(100%, 40/40) (Table 2.2). Most of the recovered cysts (82%, 31/38) formed 

two layers of cuticles (Fig. 2.2A). SEM analyses showed that the outermost 

cuticle of the cysts possessed characteristics of adult cuticle, such as smooth 

surface structure and differentiated scale and socket cells (Fig. 2.2D), 

whereas the inner cuticle had a pupal character (Fig. 2.2C). This suggests 

that the cysts produced a new cuticle twice (i.e., first pupal cuticles and then 

adult cuticles) during the pupal and adult phases of metamorphosis of the 

host, respectively. Seven of 38 cysts (18%) did not produce the adult cuticle 

(Table 2.2), likely because these cysts died or failed to develop during the 
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pupal period. 

Taken together, these results clearly demonstrate that the epidermis 

of very young Bombyx larvae can directly commit to the metamorphic 

program when exposed to the physiological milieu of last instar larvae and 

pupae. This contrasts with the observations that, as a whole organism, L1 or 

L2 larvae are incompetent to metamorphose (Daimon et al., 2012, Daimon 

et al., 2015, Fukuda, 1944, Furuta et al., 2007, Tan et al., 2005). 

  



25 
 

Fig. 2.1. Implantation assays of the integument of the control 
strain. Pieces of integument from neonate L1 larvae (A, A′, and A″) 
or newly molted L2 larvae (B, B′, and B″) (strain K × S) were 
implanted into last instar (L5) larvae. Implants were dissected out 3–
5 days after pupation of the host. Frozen sections of the cysts were 
prepared (A and B) or opened (A′ and B′) to observe the newly formed 
cuticles. The cysts produced new, brown pupal cuticle at the time of 
pupal metamorphosis of the host. The SEM analysis showed that the 
newly produced cuticle possessed the pupal characteristic structures 
(A″ and B″). Arrows indicate the newly produced pupal cuticle that 
enclosed the old L1 (A and A′) or L2 (B and B′) cuticles. Scale bars: 
0.5 mm in A, A′, B, and B′; 20 µm in A″ and B″.  
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Table 2.1. Pupal metamorphosis of the epidermis implanted into last instar 
host larvae.a 

Stage(strain) 
Total 

operation 

Recovered 

implants 

Newly formed cuticles 

during pupal metamorphosis b 
Cyst 

formation 

failed 
Donor 

(K × S) 

Host 

(K × S) 
Larval Pupal Adult 

L1 day 0 L5 day 0 78 24 0 19 0 5 

L2 day 0 L5 day 0 36 16 0 14 0 2 

L3 day 0 L5 day 0 24 5 0 4 0 1 

L4 day 0 L5 day 0 47 19 0 18 0 1 

L5 day0 L5 day 0 47 15 0 11 0 4 
a Pooled results from three independent experiments are shown. 

b Cysts were recovered from host pupae 3–5 days after pupation.  
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Fig. 2.2. Pupal and adult metamorphosis of L1 implants. (A and 
B) Pieces of integument from neonate L1 larvae (strain K × S) were 
implanted into last instar larvae. Cysts were recovered after adult 
emergence. Frozen sections of the cysts were prepared (A) or 
opened (B) to observe newly formed cuticles. Cysts sequentially 
produced pupal (arrows) and adult (arrowheads) cuticles during the 
pupal and adult metamorphosis of the hosts. Scale bar: 0.5 mm. (C 
and D) SEM micrographs of pupal (C) and adult (D) cuticles produced 
by the cysts. Arrows indicate socket cells and arrowheads indicate 
scales, which are specific to the adult cuticle. Scale bar: 20 µm.  
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2.3.2. Roles of JHs in the pupal commitment of epidermal implants 

As described above, the epidermis of L1 or L2 larvae can be pupally 

committed when implanted into last instar host larvae. Thus, the next aim 

was to determine whether the pupal commitment of the implants from L1 

larvae is repressed by JHs. As moderately high concentrations of JHs are 

present in the hemolymph of penultimate instar larvae (L4) (Furuta et al., 

2013, Sakurai and Niimi, 1997), I implanted the integuments of neonate 

larvae into L4 larvae and recovered them from L5 larvae. As shown in Fig. 

2.3 and Table 2.3, the implanted L1 epidermis of the control strain produced 

only larval cuticle without any trace of pupal cuticle. This suggests that the 

implanted L1 epidermis was sensitive to JHs and thus pupal commitment 

was inhibited by JHs. 

To further investigate the roles of JHs, I performed similar 

experiments using the integument of Met1 knockout larvae, which carry a 

null mutation in the JH receptor Met1 (Daimon et al., 2015). If JHs prevent 

pupal commitment of the implanted epidermis, then the epidermis from 

Met1−/− larvae should be pupally committed even when implanted into L4 

hosts. To test this prediction, I implanted the epidermis from individually 

genotyped Met1+/+, Met1+/−, and Met1−/− neonate larvae into L4 hosts, and 

recovered the implants from L5 larvae. As shown in Fig. 2.4 and Table 2.3, 

cysts of the Met1+/+ and Met1+/− genotypes produced larval cuticles after the 

hosts molted to L5. In contrast, I found small patches of pupal cuticle in the 

larval cuticles produced by Met1−/− cysts (Fig. 2.4C). I did not observe any 
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pupal patches in the case of Met1+/+ or Met+/− cysts (Fig. 2.4A and B). This 

suggests that the pupal commitment of L1 epidermis is prevented by JHs, 

and that pupal commitment can occur, albeit partially, even in the presence 

of JHs if the L1 epidermis is deprived of the JH receptor. 

 

Table 2.2. Adult metamorphosis of the epidermis implanted into last instar 

host larvae.a 

Stage(strain) 
Total 

operation 

Recovered 

implants 

Newly formed cuticles 

during pupal metamorphosis b 
Cyst 

formation 

failed 
Donor 

(K × S) 

Host 

(K × S) 
Larval Pupal Adult 

L1 day 0 L5 day 0 19 19 0 3c 16d 0 

L2 day 0 L5 day 0 21 21 0 4c 15d 2 

 

a Pooled results from two independent experiments are shown. 

b Cysts were recovered from host adults. 

c Cysts appeared to fail to produce adult cuticles during adult metamorphosis. 
Instead, they produced new, second pupal cuticles. 

d Pupal cuticles were formed inside the newly formed adult cuticles.  
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Fig. 2.3. Implantation assay of L1 integument into penultimate 
instar larvae. (A) Pieces of integument from neonate L1 larvae (strain 
K × S) were implanted into penultimate instar (L4) larvae, and 
recovered after the molt to L5. Arrows indicate newly formed larval 
cuticle. Scale bar: 0.5 mm. (B) SEM micrographs of newly formed 
larval cuticles. Scale bar: 20 µm.  
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Table 2.3. Molting and metamorphosis of the epidermis implanted into 
penultimate instar host larvae. 

Stage 

(strain or genotype) Total 

operation 

Recovered 

implants 

Newly formed cuticles 

during the molt from L4 to L5 b 
Cyst 

formation 

failed Donor a 
Host 

(K × S) 
Larval Pupal Adult 

L1 day 0 

(K × S) 
L5 day 0 15 15 11 0 0 4 

L1 day 0 

(Met1 +/+) 
L5 day 0 22 22 11 0 0 11 

L1 day 0 

(Met1 +/-) 
L5 day 0 23 23 18 0 0 5 

L1 day 0 

(Met1 -/-) 
L5 day 0 11 11 3 4c 0 4 

 

a Genetypes of donor larvae from the Met1 knockout line were individually 
detemined by PCR. 

b Cysts were recovered from last instar larvae. 

c Patched pupal cuticles were formed. 
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Fig. 2.4. Implantation assay using Met1 knockout larvae. Pieces 
of integument from neonate L1 larvae of the Met1 knockout line were 
implanted into L4 larvae, and implants were dissected out 3–5 days 
after the molts to L5. Experiments were performed individually to 
determine the Met1 genotypes of donor insects (see Materials and 
Methods). The epidermis of Met1+/+ (A, A′) or Met1+/− (B, B′) produced 
larval cuticle, whereas that of Met1−/− (C) produced patches of pupal 
cuticle (indicated by arrows). SEM micrographs (A′–C′) showed that 
Met1−/− cysts produced mosaics of larval and pupal (indicated by 
brown dotted line) cuticles. Scale bars: 0.5 mm in A–C, 20 µm in A′ 
and C′, 40 µm in B′.  
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When integuments from L1 larvae of the Met1 line were implanted 

into L5 hosts, pupal cuticle formed in nearly the entire implant regardless of 

whether the genotype was Met1+/+, Met1+/−, or Met1−/− (Fig. 2.5 and Table 

2.4). This suggests a physiological difference between the internal 

environments of L4 and L5 larvae, where L5 hemolymph would have a 

higher activity in inducing pupal commitment of the implanted epidermis.  

Taken together, I have demonstrated that the epidermis of L1 and L2 

larvae can be pupally committed in the endocrine milieu of last instar larvae, 

although L1 or L2 Bombyx larvae are incompetent to metamorphose as a 

whole organism (Daimon et al., 2012, Daimon et al., 2015, Fukuda, 1944, 

Furuta et al., 2007, Tan et al., 2005). 

 

 

Fig. 2.5. Pupal metamorphosis of Met1 knockout implants in L5 
hosts. Pieces of integument from neonate L1 larvae of the Met1 
knockout line were implanted into L5 larvae, and implants were 
recovered 3–5 days after pupal metamorphosis of the hosts. The 
three genotypes (A, Met1+/+; B, Met1+/−; C, Met1−/−) all produced pupal 
cuticles that covered the nearly entire region of the implant. Scale 
bars: 0.5 mm.  
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Table 2.4. Pupal metamorphosis of the Met1 knockout epidermis implanted 
into last instar host larvae. 

Stage 

(strain or genotype) Total 

operation 

Recovered 

implants 

Newly formed cuticles 

during the molt from L4 to 

L5 b 

Cyst 

formation 

failed 
Donor a 

Host 

(K × S) 
Larval Pupal Adult 

L1 day 0 

(Met1 +/+) 
L5 day 0 22 13 0 7 0 6 

L1 day 0 

(Met1 +/-) 
L5 day 0 24 13 0 4 0 9 

L1 day 0 

(Met1 -/-) 
L5 day 0 10 4 0 3c 0 1 

 

a Genetypes of donor larvae from the Met1 knockout line were individually 
detemined by PCR. 

b Cysts were recovered from host pupae 3–5 days after pupation. 
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2.4. Discussion 

 A growing body of evidence has shown that the absence of JHs or JH 

signaling alone is insufficient for larvae to undergo pupal metamorphosis, as 

RNAi or knockout of JH biosynthetic or JH receptor genes, and 

overexpressing a JH-degrading enzyme, as well as the surgical removal of 

the corpora allata, have failed in inducing precocious metamorphosis in very 

young larvae (Daimon et al., 2012, Daimon et al., 2015, Fukuda, 1944, 

Furuta et al., 2007, Tan et al., 2005). Conversely, the classic experiments of 

Piepho, 1938a, Piepho, 1938b have demonstrated that the epidermis of 

neonate (L1) Galleria larvae could directly produce pupal cuticle when 

implanted into last instar larvae. However, to our knowledge, there has been 

no further research based on implantation experiments using the epidermis 

of very young larvae since Piepho (1938a, b). 

 In this study, I revisited Piepho’s experiments using Bombyx. I have 

demonstrated that the epidermis of very early instar Bombyx larvae (L1 and 

L2) are able to directly commit to the pupal program when implanted into 

last instar larvae (Fig. 2.1 and Table 2.1). As pupal cuticle was not formed 

upon implantation into penultimate (L4) instar larvae (Fig. 2.3 and Table 2.3), 

it is likely that the L1 epidermis is sensitive to JHs which prevent its pupal 

commitment. However, the epidermis of L1 larvae lacking the JH receptor 

(Met1−/−) formed patched pupal cuticle after the L4 to L5 molt of the host 

(Fig. 2.4C), indicating that pupal commitment of the implanted epidermis is 

indeed prevented by JHs present in the host. 
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 Recent studies have demonstrated that pupal and adult development 

of holometabolous insects are controlled by broad and E93, respectively, and 

stage-specific interactions among broad, E93, and Kr-h1 are critical for pupal 

and adult metamorphosis (Belles and Santos, 2014, Urena et al., 2016, Urena 

et al., 2014). In a previous study, Daimon et al. (2015) proposed that the 

inability of very young larvae to undergo pupal metamorphosis could be 

attributed to the absence of an unidentified humoral factor that is required 

for the metamorphic induction of broad, a pupal specifier gene (Jindra et al., 

2015, Jindra et al., 2013, Konopova and Jindra, 2008, Muramatsu et al., 2008, 

Reza et al., 2004, Riddiford, 2012, Suzuki et al., 2008, Uhlirova et al., 2003, 

Zhou et al., 1998, Zhou and Riddiford, 2002). The results presented here are 

in line with this hypothesis, as they suggest that this humoral factor circulates 

in the hemolymph of L5 hosts and confers the competence for 

metamorphosis to the implanted L1 epidermis. The action of this humoral 

“competence factor” would be blocked by JHs as shown in our implantation 

assays. If this hypothesis is true, several issues need to be addressed, such as 

when and where this factor is produced, how it confers competence for 

metamorphosis or promotes pupal commitment, and whether a similar 

system is conserved in other insects. I do not know the answers to these 

questions at this point, and further study is required to provide more clues to 

better understand the hormonal control of insect metamorphosis. Notably, in 

Manduca, it was proposed that a blood-borne factor overrides the 

suppression of imaginal disc formation by JHs (Allee et al., 2006, 

MacWhinnie et al., 2005, Truman et al., 2006). This factor, termed 
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metamorphosis-initiating factor (MIF), was presumed to be released in 

response to nutritional cues. A subsequent study demonstrated that the MIF 

corresponds to insulin-like peptides (Koyama et al., 2008). It is thus of 

interest to investigate whether insulin-like peptides are involved in the 

process of pupal commitment in the epidermis. 

 It is also not clear at this point why pupal commitment occurred 

partially in the epidermis of Met1−/− L1 larvae when implanted into L4 hosts 

(Fig. 2.4C), whereas almost all the cells appeared to be pupally committed 

when implanted into L5 (Fig. 2.5C). One possible reason is that the time 

required for the completion of pupal commitment in the epidermis is 

unusually long in Bombyx (∼3 days) (Muramatsu et al., 2008) in comparison 

to Manduca (∼24 h) (Riddiford, 1978). During the L5 stage of the control 

strain used in this study, pupal commitment of the epidermis gradually occurs 

between days 3 and 6 (Muramatsu et al., 2008), which is followed by a large 

peak of ecdysone on day 8 (Sakurai et al., 1998). In contrast, the ecdysone 

titer begins to increase from day 2 and peaks on day 3 during L4 (Koyama 

et al., 2004). Therefore, the relatively short time period between implantation 

(on day 0) and the commencement of the rise of ecdysone (from day 2) in 

the L4 hosts may have caused a “partial” commitment of the implants. It is 

therefore of interest to perform similar experiments in other lepidopteran 

insects such as Manduca, in which the time required for the completion of 

pupal commitment of the epidermis is much shorter than in Bombyx. 

Alternatively, abundance of the “competence factor” may gradually increase 
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throughout larval development, where the quantity of the factor during the 

L4 larval instar may not be sufficient to induce pupal commitment in all the 

cells of the implanted Met1−/− L1 epidermis. 

 It is known that the minimum number of larval instars in 

holometabolous insects is generally three and rarely two (Esperk et al., 2007), 

but there are few exceptions. An example of this extremely rare phenomenon 

are some cave beetles, known to pupate after only a single larval instar 

(Cieslak et al., 2014a, Cieslak et al., 2014b). Together with these 

observations, the results of our implantation assays may suggest that the 

occurrence of at least one larval-larval molt is not a prerequisite for 

epidermal cells to become competent to metamorphose.  

One novel aspect of our present study is the use of genome-edited 

animals in the context of transplantation experiments. Implantation assays of 

the integument are one of the classic techniques in insect physiology and 

have been extensively used to investigate the hormonal control of molting 

and metamorphosis (Riddiford, 1978). As demonstrated here, I am now in 

the position to perform classic experiments using genome-edited insects. 

Recent rapid advances in genome-editing tools have enabled the 

sophisticated modification of genes in a wide variety of insects and 

arthropods (Daimon et al., 2014, Hwang et al., 2013, Joung and Sander, 

2013). Therefore, I am hopeful that the present study will encourage the 

coupling of the classic experimental biology with genome-editing 

technologies to overturn or confirm fundamental ideas, as well as develop 
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new paradigms in insect physiology.  
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3. Roles of MicroRNA let-7 in metamorphic 
transition 

Abstract 

The heterochronic microRNA let-7, which was first identified in 
Caenorhabditis elegans, controls the timing of developmental programs, and 
let-7 triggers the onset of the juvenile-adult transition in bilaterians. The 
expression of let-7 is strongly induced during the last larval stage of C. 
elegans and is highly expressed in the late last instar larvae/nymphs of the 
fly Drosophila melanogaster and the cockroach Blattella germanica. In the 
silkworm, Bombyx mori, the expression of let-7 remarkably increases in the 
corpus cardiacum-corpus allatum complex (CC-CA) at the beginning of the 
last larval instar and is maintained at high levels during this instar.  

To determine the biological function of let-7 in B. mori, I generated 
a let-7 knockout line and a transgenic UAS-let-7 line. The let-7 knockout 
larvae were developmentally arrested in the prepupal stage and became 
pupal-adult intermediates after apolysis. When let-7 was ubiquitously 
overexpressed under the transcriptional control of an Actin3-GAL4 driver, 
developmental timing and growth of larvae were severely impaired in the 
penultimate (L4) instar, and these larvae underwent precocious 
metamorphosis from L4.  

Furthermore, results showed that reception and signaling of 
ecdysteroids and juvenile hormones (JHs) normally occurred in the absence 
of let-7, whereas the biosynthesis of ecdysone and JHs were affected by 
disruption and overexpression of let-7. Together, the present study 
demonstrates that let-7 is required for the coordination of the biosynthesis of 
ecdysone and JH to ensure the developmental transition during the 
metamorphosis of B. mori. 
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3.1. Introduction 

MicroRNAs (miRNAs) comprise a large family of short noncoding 

RNAs that regulate transcript abundance through binding to target mRNAs 

and facilitate degradation of mRNAs via the RNA-induced silencing 

complex (Carthew and Sontheimer, 2009; Djuranovic et al., 2011, 2012). 

Hundreds of distinct eukaryotic miRNA genes are involved in development, 

growth, differentiation, and metabolism (Ambros, 2004; Bartel and Chen, 

2004; Kidner and Martienssen, 2004; Lim et al., 2003; Plasterk, 2006). 

The heterochronic miRNA let-7, which was first identified in the 

nematode Caenorhabditis elegans, controls the timing of developmental 

programs. For example, loss-of-function mutations in let-7 cause repetition 

of larval cell fates during adult stages. Conversely, overexpression of let-7 

causes larval cell fates to be retarded and are replaced by precocious adult 

fate during the larval stage (Reinhart et al., 2000; Hutvágner et al., 2001; 

Ketting et al., 2001). Remarkably, let-7, which is not restricted to C. elegans, 

is evolutionarily highly conserved among diverse animals, including 

annelids, mollusks, vertebrates, and the fly D. melanogaster (Pasquinelli et 

al., 2000). Moreover, let-7 expression correlates with the onset of adult 

differentiation in all bilaterians tested, suggesting that role of let-7 as a key 

determinator of adult differentiation, indicating that its function has been 

conserved throughout evolution (Pasquinelli et al., 2000). 

The stage specificity of the ecdysozoan clade, which includes 
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nematodes and insects, is defined by the numbers and types of molts. For 

example, in insects, developmental transitions in the life cycle such as 

molting and metamorphosis are primally regulated by the actions of 

ecdysteroids and juvenile hormones (JHs). Pulses of 20-hydroxyecdysone 

(20E) induce the larval-larval molt in the presence of JHs. When the JHs titer 

declines to a trace level in the final instar, larval-pupal and pupal-adult 

metamorphoses are induced by 20E (Belles, 2020; Nijhout, 1994). Topical 

application of JHs or JH analogs during larval development of numerous 

insects inhibits normal metamorphosis, leading to supernumerary larval 

molts or prepupal arrest (Kadono-okuda et al., 1986; Kamimura and Kiuchi, 

2002). Conversely, the deprivation of JH by the surgical removal of the 

corpora allata (CA) from the penultimate larvae induces precocious 

metamorphosis (Dominick and Truman, 1985). Thus, the major function of 

JH is to prevent larvae from precociously turning into the next stage. The 

molecular mechanisms of JH-mediated repression of insect metamorphosis 

are characterized by the events as follows (Jindra et al., 2013): The JH-

receptor complex induces the expression of the Krüppel-homolog 1 (Kr-h1) 

transcription factor. During larval stages, Kr-h1 transduces the anti-

metamorphic action of JH in holometabolous and hemimetabolous species 

(Kayukawa et al., 2014; Konopova et al., 2011; Lozano and Belles, 2011; 

Minakuchi et al., 2008a, 2008b). Kr-h1 prevents larvae from undergoing 

precocious larval-pupal transition by suppressing the pupal specifier gene 

Broad-Complex (Br–C) (Jindra et al., 2013; Kayukawa et al., 2014). Further, 

Kr-h1 inhibits the precocious adult transition by repressing the transcription 
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of the metamorphic gene Ecdysteroid induced protein 93F (E93) (Belles and 

Santos, 2014; Kayukawa et al., 2017). 

Numerous studies show that let-7 interacts with the components of 

the 20E pathway. For example, in D. melanogaster, expression of the let-7 

cluster (let-7, miR-100 and miR-125) is indirectly induced by 20E during the 

prepupal stage (Bashirullah et al., 2003; Chawla and Sokol, 2012; Garbuzov 

and Tatar, 2010), and the 20E-inducible transcription factor Br–C mediates 

the 20E response (Sempere et al., 2002). Moreover, let-7 contributes to 

developmental timing (Pasquinelli et al., 2000; Sempere et al., 2002) and 

regulates diverse processes during pupal-adult metamorphosis, such as wing 

development, neurogenesis, innate immunity, and circadian rhythm (Caygill 

and Johnston, 2008; Garbuzov and Tatar, 2010; Wu et al., 2012; Chen et al., 

2014; Chawla et al., 2016). Similarly, in the cockroach Blattella germanica, 

expression of the let-7 cluster significantly correlates with a 20E surge during 

nymphal-adult metamorphosis. Further, the functions of let-7 clusters are 

associated with wing development during metamorphosis (Rubio and Belles, 

2013). In the oriental fruit fly Bactrocera dorsalis, let-7 is co-expressed with 

the ecdysteroid-inducible gene E75 during the prepupal stage to regulate 

molting and metamorphosis by targeting E75 (Peng et al., 2019). 

Although let-7 regulates 20E-induced insect metamorphosis, 

insufficient data are available to indicate how let-7 interacts with JHs or the 

components of the JHs signaling pathway to regulate developmental 

transitions in insects. In vitro, the JH analog methoprene reduces the 
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stimulatory effect of 20E on the let-7 cluster in Drosophila S2 cells (Sempere 

et al., 2003). A similar inhibitory effect of a JH analog occurs in B. 

germanica (Rubio et al., 2012). The opposing effects of JH and 20E support 

the conclusion that Br–C mediates the regulation of the let-7 cluster. To our 

knowledge, the study of Song et al. (2018) provides the only evidence that 

let-7 interacts with JH signaling pathway. In the migratory locust Locusta 

migratoria, let-7 and miR-278 bind to the Kr-h1 coding sequence and 

downregulate its expression. Application of let-7 and miR-278-mimics 

reduces the level of Kr-h1 transcripts, leading to the precocious appearance 

of adult-specific patterns in the nymphal pronotum. Further, these molecules 

markedly decrease the accumulation of yolk protein precursors, arrest 

ovarian development, and block oocyte maturation in adults. However, 

further studies have apparently not been conducted to identify the 

mechanisms through which let-7 contributes to JH-dependent developmental 

transitions in insects. 

Here I asked whether let-7 and insect hormones, ecdysteroid and JH, 

coordinately regulate the juvenile-adult transition in the silkworm Bombyx 

mori. Liu et al. (2007) reported that the expression of let-7 significantly 

increases during the early larval instar (L2), which occurs much earlier than 

pupal metamorphosis (after L5), during which it is expressed at its maximal 

levels in the prepupal and pupal stages. Our present detailed spatial and 

temporal analyses of let-7 showed that expression of let-7 is largely restricted 

to the corpus cardiacum-corpus allatum complex (CC-CA), which produces 

JH, and is constitutively maintained throughout the last larval instar 
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independently of 20E in the hemolymph. I next analyzed the functions of let-

7 during the larval-pupal transition using let-7 knockout silkworms as well 

as transgenic silkworms overexpressing let-7. Our phenotypic analyses of 

these lines demonstrate the roles of let-7 during larval-pupal metamorphosis. 
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3.2. Materials and Methods 

3.2.1. Experimental animals and dissection 

Silkworms were reared on an artificial diet (Kuwanohana) at 24 °C–

27 °C under previously described standard conditions (Daimon et al., 2003). 

For the implantation assays, the F1 hybrid strain Kinshu × Showa (K × S; 

control strain) was purchased from Ueda Sanshu Ltd. (Ueda, Japan). Tissues 

were dissected at various developmental stages in phosphate-buffered saline 

(PBS, 137 mM NaCl, 2.68 mM KCl, 8.10 mM Na2HPO4, 1.47 mM KH2PO4, 

pH 7.4). 

 

3.2.2. TALEN-mediated knockout silkworm 

Knockout silkworms were generated using TALENs as previously 

described (Daimon et al., 2015; Takasu et al., 2013). Briefly, 400 ng of 

TALEN mRNAs (200 ng per pair) were coinjected into preblastoderm 

embryos of a pnd (pigmented and nondiapausing egg) w-1 (white egg 1) 

strain, which is a standard strain for performing transgenesis (Tamura et al., 

2000). An established let-7 knockout line was not outcrossed to other 

standard strains to enable comparisons of phenotypes and gene expression 

levels in the same genetic background. The parental pnd w-1 strain was used 

as a control for the let-7 knockout strain. 
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3.2.3. piggyBac vectors and transgenic silkworms 

I anchored a sequence of the let-7 stem-loop (Fig. 2A), miRBase 

accession number MI0004968), with BlnI sites at the termini and used it to 

amplify the cognate sequence from genomic DNA of the last instar of the 

standard p50 strain using the primers Bmlet7_BlnI_F1 and Bmlet7_BlnI_R1 

(Table S1). The let-7 amplicon was digested with BlnI and inserted into the 

BlnI site of the plasmid pBacMCS[UAS-3 × P3-EGFP] (Sakudoh et al., 

2007), which encodes the eye-specific 3 × P3-EGFP marker, to generate the 

piggyBac vector pBac[UAS-let-7; 3 × P3-EGFP]. Transformants were 

isolated using a standard protocol (Tamura et al., 2000), and G1 embryos 

were screened using a fluorescence stereomicroscope equipped with an 

EGFP filter (Leica) to obtain the UAS-let-7 line. The ubiquitous GAL4 

expressing strain BmActin3-GAL4 (strain name: 193-2) (Uchino et al., 

2006) was crossed with the established UAS-let-7 strain to produce 

silkworms expressing the gene of interest. 

 

3.2.4. Phenotypic analysis 

Approximately 25%–50% of the eggs from 4 batches produced by 

the let-7 knockout line were used to determine hatchability and day of 

hatching. Hatched larvae were collected each day in individual 96-well 

plates, and unhatched eggs were collected on day 20 after oviposition (AO). 

I analyzed unhatched embryos only at stage 25 (pigmentation of trachea) 
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according to Daimon et al. (2015). In the present study, unhatched embryo 

(stages 1–24) comprised <10% of the eggs. To investigate the development 

of let-7 knockout and let-7 overexpressing larvae, larvae were individually 

reared in a Petri dish (90 mm diameter, 20-mm deep). Their development 

was recorded daily until they reached pupal metamorphosis or died. The 

body weights of larvae were measured after every molt and pupation. To 

examine the detailed morphological phenotypes, arrested animals and wild-

type animals (larvae, pupae, or adults) were fixed in 70% (v/v) ethanol and 

observed using a stereomicroscope (Leica) and a scanning electron 

microscope (SEM; VE-8800, Keyence). 

 

3.2.5. Implantation assay 

To test whether pupal metamorphosis was induced in the tissues of 

the let-7 mutant final instar larvae, I performed implantation assays of the 

integument according to a published method (Inui and Daimon, 2017). 

Briefly, integuments (approximately 9 mm2) from the second abdominal 

segment were dissected from newly molted donor larvae. Muscles and fat 

tissues dissected from the integuments were carefully removed. Integuments 

were rinsed once with PBS before implantation. Each integument was 

implanted into the body cavity of L5 day 0 instar larvae of K × S. The 

implanted host larvae were individually reared until metamorphosis to pupae. 

To determine the presence of pupal cuticles, the recovered cysts were fixed 

in 70% (v/v) ethanol and observed using a stereomicroscope (Leica) and a 
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scanning electron microscope (SEM; VE-8800, Keyence). 

3.2.6. Quantitative reverse-transcription PCR (qRT-PCR) analysis 

Total RNA extracted using TRIzol reagent (Invitrogen) or the 

RNeasy Plus mini kit (Qiagen) was used to synthesize the cDNA or the first-

strand cDNA using ReverTra Ace qPCR RT Master Mix with a gDNA 

Remover kit (Qiagen). rp49 served as the internal reference. qRT-PCR was 

performed in a 10-μl reaction volume containing 1 μl of template cDNA 

(equivalent to 0.5 ng of total RNA), THUNDERBIRD SYBR qPCR Mix 

(TaKaRa), and 10 pM each primer. PCR conditions were as follows: 95 °C 

for 30 s, 1 cycle; followed by 40 cycles at 95 °C for 5 s and 60 °C for 30 s. 

Reactions were performed using a Thermal Cycler Dice Real Time System 

Single (TaKaRa). The absence of byproducts was confirmed using melting 

curve analysis (95 °C for 15 s, 60 °C for 30 s, 95 °C for 15 s; 1- cycle each) 

in the same instrument. 

To determine the expression patterns of let-7, I used the Mir-X 

miRNA First-Strand Synthesis Kit (Clontech) to convert miRNAs into 

cDNAs. To quantify the miRNAs, I performed qRT-PCR using the same 

conditions described above. U6 served as internal reference. The qPCR 

primers are listed in Table 3.1. 

 

3.2.7. Genotyping 
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The let-7 homozygous knockouts are larval-lethal, and the mutant 

allele must therefore be maintained as a heterozygous stock. The three 

segregating genotypes let-7+/+, let-7+/− and let-7 −/− were determined using 

PCR analysis of the genomic DNA template. I genotyped the larvae from the 

let-7 line used for qRT-PCR and as donors of integument for the implantation 

assay. For this purpose, I collected the carcass of each larva after dissection 

of tissues and extracted genomic DNA for subsequent PCR genotyping as 

previously described (Daimon et al., 2015). 
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3.3. Results 

3.3.1. Spatial and temporal expression of let-7 during larval 

development 

I first examined the spatial expression pattern of the mature let-7 

sequence (let-7-5p) using 13 tissues representing four developmental stages 

(L4 day 3, L4 HCS, L5 day 3 and L5 Spinning). I found that let-7 was highly 

expressed in the CC-CA on day3 L5 (Fig. 3.1A) when the corpora allata (CA) 

ceases the production of JH (Fig. 3.1B) (Kinjoh et al., 2007). I detected 

relatively small amounts of let-7 in tissues such as the silk gland, fat body, 

muscle, testicle, and ovary (Fig. 3.1A). Notably, the expression of let-7 was 

mainly limited to L5. 

I next analyzed the temporal expression pattern of let-7 in the CC-

CA, I detected drastic changes during larval development as follows: The 

expression of let-7 significantly correlated with the molting peak of 

ecdysteroid during the L4 stage. In contrast, let-7 was constitutively 

expressed throughout the L5 stage, although I detected a slight decrease in 

the timing of gut purge (Fig. 3.1B). The expression of let-7 was undetectable 

on pupal day 0. These results show that the expression pattern of let-7 

significantly changed, particularly after the final larval-larval (L4/L5) molt. 

I therefore hypothesized that let-7 was temporally involved in the 

metamorphic processes of the CC-CA, such as the temporal suspension of 

the biosynthesis of JHs.  
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Fig. 3.1. Spatial and temporal expression of let-7. (A) qRT-PCR 
analysis of the spatial expression of let-7 in the silkworm strain pnd 
w-1. The level of let-7 was determined by qRT-PCR and was 
normalized to that of the internal U6 control. RNA samples were 
collected from larvae on day 3 of the 4th instar (L4 day 3), 4th instar 
larvae showing head capsule slippage (L4 HCS), larvae on day 3 of 
the 5th instar (L5 day 3), and larvae immediately after exhibiting 
spinning behavior (Spin). CC-CA, corpus cardiacum-corpus allatum 
complex; Br, brain; PG, prothoracic gland; FB, fat body; MG, midgut; 
Ep, epidermis; Ms, muscle; Mp, Malpighian tubule; SiG, silk gland; 
SaG, salivary gland; Ts, testis; Ov, ovary; and WD, wing disc. Tissues 
were collected from three individuals, and pooled samples were 
analyzed. (B) Temporal expression pattens of let-7 (black line with 
closed circle). The levels of genes normalized to that of internal U6 
control. The expression levels of genes were determined using qPCR. 
Developmental stages are defined as h/days subsequent to 
developmental events such as molting, head capsule slippage, and 
spinning. The JH titer is from Niimi and Sakurai (1997). 
Developmental changes in the rate of JH biosynthesis by B. mori CA 
in vitro was based on Kinjoh et al. (2007). The ecdysteroid titer is from 
Koyama et al. (2004; 4th instar), Sakurai et al. (1998; 5th instar) and 
Kaneko et al. (2006; 5th instar). Tissues were collected from three 
individuals, and pooled samples were analyzed. 
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Fig. 3.2. let-7 knockout alleles. (A) The stem-loop structure of B. 
mori let-7. (B) Schematic representations of mutant alleles used in 
this study (left). A 102-bp deletion was identified in let-7, and this 
deletion caused a null mutation in let-7 mature sequences (let-7-5p 
and let-7-3p). genomic PCR showing the presence of the 102-bp 
deletion (right). Genotyping primers (Table S1) that flank the deletion 
are indicated by arrows. (C) TALEN binding sites are indicated by gray 
boxes. TALEN mRNAs were injected into early embryos, and the two 
mutant alleles with 101- and 102-bp deletions that induce large null 
mutation were recovered. 
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3.3.2. Establishment of a let-7 knockout strain using TALENs 

To determine the biological function of let-7 in vivo, I generated a 

let-7 knockout line. For this purpose, I employed a TALENs-mediated gene 

targeting approach, because TALENs enable efficient targeted gene 

disruption in B. mori (Daimon et al., 2015; Takasu et al., 2013). To induce 

large gene disruptions, I designed two target sites at the junctions of the let-

7 sequence (Fig.3. 2A and B). TALEN mRNA was injected into early-stage 

embryos of the pnd w-1 strain, a standard strain for transgenesis (Tamura et 

al., 2000). The hatched larvae (G0) were crossed to the parental strain (pnd 

w-1) to obtain the G1 generation. 

I employed PCR using the let-7_F2 and let-7_R1 primers to identify 

the induced mutations in G1 adults (Table 3.1). I was able to identify two 

adults harboring mutant let-7 alleles. These adults were crossed to the 

parental strain, and mutant alleles were genetically fixed in the next 

generation (G2). Nucleotide sequence analysis revealed that deletions of 

101-bp and 102-bp deletion in each allele, both of which introduced a 

mutation that resulted in a null phenotype (Fig. 3.2C). I further confirmed 

that these two knockout lines exhibited the same developmental phenotype 

(data not shown). I analyzed the line with the 102-bp deletion allele in the 

experiments described below. 
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3.3.3. Disruption of let-7 causes defects in metamorphosis 

To investigate the development of the B. mori let-7 knockout, I used 

the G4 embryos and larvae generated from the heterozygous G3 sibling cross 

(let-7+/− × let-7+/−). When I first examined the effects of the let-7 knockout 

on embryonic development, I found that the hatchability of embryos was 

unaffected by the absence of let-7 (Fig. 3.3A). Further, the day of hatching 

was not affected compared with that of the control strain (Fig. 3.3B). These 

results provide compelling evidence that let-7 is not involved in 

developmental processes during embryogenesis, consistent with the absence 

of detectable let-7 expression throughout embryonic stages (Liu et al., 2007). 
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Fig. 3.3. Effects of let-7 knockout on embryogenesis. (A) 
Hatchability and (B) day of hatching of mutant strains and the control 
strain (pnd w-1). Hatched larvae or unhatched embryos were counted, 
and their genotypes were individually determined using PCR. 
Genotypes of let-7 knockout line (+/+, +/- and -/-) are shown below 
the bars. Bars indicate the mean± SD for (A) hatchability or (B) the 
hatching day after oviposition (days AO) of each genotype. The 
numbers above the bars indicate the number of hatched/total, and the 
number of batches used for this experiment are indicated inside the 
bars. n.s. indicates no significant differences compared with the 
control strain (P ≥ 0.05, ANOVA). 

 

I next analyzed the effects of the null let-7 mutation on 

postembryonic development. The let-7+/− and let-7−/− larvae suffered 

relatively high rates of lethality during larval development compared with 

the control let-7+/+ strain (Fig. 3.4D). In let-7−/− larvae, the phenotypes 

segregated after L5. The majority of let-7−/− larvae (25/35; 74%) were 

arrested in the prepupal stage, and 6% of let-7−/− larvae (2/35) 

metamorphosed to pupae subsequent to L5. Further, the growth of the let-

7−/− larvae was significantly affected, particularly after the molt to L5 (Fig. 

3.4A). The let-7−/− larvae exhibited a prolonged feeding period during L5 and 

became giant L5 larvae when feeding ceased (Fig. 3.4B and C). These let-

7−/− larvae subsequently exhibited wandering behavior and formed cocoons. 

Approximately 5 days after wandering, they eventually died in their cocoons 

after apolysis (Fig. 3.4C’).  

When I used forceps to remove the L5 cuticles of the let-7−/− 
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prepupae, I found that the metamorphic growth of imaginal discs and 

primordia (i.e., wing discs, antennae, and eyes), as well as the degeneration 

of larval abdominal legs, was induced after apolysis (Fig. 3.4C’’). Our 

observation revealed that let-7−/− larvae produced pupal cuticles at the time 

of apolysis (Fig. 3.5A). The compound eyes developed rows of ommatidia, 

although they were not fully shaped as in normal adults (Fig. 3.5B). Other 

structures, such as antennae and legs, appeared to be less affected by the loss 

of let-7, and continued pupal program in arrested animals (Fig. 3.5C and D). 

Although the antennae had overall pupal appearance, they developed 

rudimentary adult sensillae, showing the partial formation of adult structures 

(Fig. 3.5C). Finally, the legs did not seem to have any trace of structures 

typical for adults (Fig. 3.5D). Taken together, these morphological 

phenotypes indicate that let-7 is required for proper differentiation of pupal 

characters by suppressing precocious adult development during pupal 

metamorphosis. 
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Fig. 3.4. Phenotypes of let-7 knockout B. mori. (A) Duration of 
larval periods. Larvae were individually reared until pupation. Each 
bar indicates a period (mean ± SD) of each developmental stage, i.e. 
larval (L2–5) and prepupal (PP). let-7−/− larvae (G4) were generated 
from heterozygous G3 sibling crosses (let-7+/− × let-7+/−). Genotypes 
of larvae and the numbers of individuals are indicated on the left. 
Numbers along the horizontal axis indicate days after the L1/L2 larval 
molt. (B) Analysis of body weight during development of let-7−/− larvae. 
L2–5, body weight of newly molted larvae; L5 Max, maximal larval 
body weight of 5th instar larvae, and pupa, pupal body weight. Each 
point indicates the mean ± SD. (C, C′ and C″) The pupal-adult 
intermediate phenotype of L5 let-7−/− larvae. Giant let-7−/− larvae found 
in G4 (C, right). (C′) let-7−/− larvae that eventually died after apolysis. 
(C″) Metamorphic growth of imaginal discs in L5 let-7−/− larvae. The 
old L5 cuticles of the arrested let-7−/− prepupae were removed using 
forceps. Evagination of wing discs and antennae (middle left, 
indicated by arrows) was observed. In addition, the degeneration of 
larval abdominal legs was observed (middle right, indicated by 
arrows). Scale bars = 1 cm in C and C” (dorsal and abdominal) and 5 
mm in C'and C” (head and lateral), respectively. (D) Development of 
let-7 knockouts. 
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Fig. 3.5. let-7 is required for proper differentiation of pupal 
characters. (A) Cuticle surface on the dorsolateral region of A1 
segment is shown. Arrowheads indicate socket cells and arrows 
indicate scales (c). (B) Larval stemmata (a) differentiate into pupal 
compound eyes (b, b’) during pupal metamorphosis. Rows of 
ommatidia appear in let-7 knockout animals (d’, arrowheads), 
although they were not fully shaped as in normal adults (c’). (C) Larval 
antennae (a) are replaced by pupal antennae (b) during pupal 
metamorphosis. In let-7 knockout animals, antennae lose larval 
characters but, unlike those of pupae, they rudimentary develop 
sensillae (d, arrowheads). (D) Separations of leg segments seen in 
adult legs (c) were not observed in legs of let-7 knockout animals (d). 
Scale bars = 20 μm (Aa–d), 100 μm (Bd’), 250 μm (Bb’, Bc), 500 μm 
(Ba, Bc, Bd, Ca, Db, Dd), 1 mm (Bb, Cb, Cc, Cd, Da, Dc). 
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3.3.4. Effects of let-7 disruption on the hormonal regulation of 

pupal metamorphosis 

To investigate the effect of let-7 knockout on hormonal regulation of 

pupal metamorphosis, I determined expression profiles of the JH-inducible 

genes and ecdysteroid-inducible genes in the epidermis during L5. I selected 

Kr-h1 isoforms α and β, which are classified as JH-early inducible genes 

responsible for the repression of metamorphosis (Kayukawa et al., 2014; 

Konopova et al., 2011; Lozano and Belles, 2011; Minakuchi et al., 2008a, 

2008b). I observed decreased levels of Kr-h1α/β transcripts in the let-7+/+ 

larvae during the L5 feeding period as well as a transient peak of expression 

during the prepupal stage (Fig. 3.6A). These gene expression profiles were 

consistent with those previously reported (Kayukawa et al., 2014). In 

contrast, prepupal peaks of Kr-h1α/β were delayed and reached higher levels 

in let-7−/− larvae compared with those of the control strain.  

I next determined the levels of expression of ecdysteroid-inducible 

genes in tissues that included the transcription factors Br–C, E75A, E75B, 

βFtz-F1, E93A, and E93B), which are involved in the ecdysteroid signaling 

pathway (Hiruma and Riddiford, 2010). In the epidermis of let7+/+ larvae, 

these genes were highly expressed before the onset of pupation (Fig. 3.6B), 

corresponding to the elevation of ecdysteroid levels in hemolymph. In the 

tissues of let-7−/− larvae, the pattern of expression of these six genes were 

similar to those of the let-7+/+ larvae. However, the peak levels of these 

transcripts were delayed, reflecting the extended feeding period (Fig. 3.6B).  
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Importantly, expression of the pupal specifier gene Br–C, which is 

upregulated at the late stage of last instar in holometabolan insects, including 

B. mori (Konopova and Jindra, 2008; Belles and Santos, 2014; Ureña et al., 

2014, 2016; Daimon et al., 2015), was detected in the absence of let-7 

expression. 

 

 
Fig. 3.6. mRNA levels of genes involved in ecdysteroid or JH 
signaling pathways in let-7 knockouts. qRT-PCR analysis of genes 
involved in JH (A) and ecdysteroid (B) signaling pathways in the 
epidermis of the control (let-7+/+ larvae, indicated by black lines and 
black squares) and let-7−/− larvae (indicated by red lines and red 
circles). mRNA levels were normalized to those of rp49. Numbers 
below indicate developmental stages, which are defined as hours 
after L4/L5 ecdysis. W, wandering (filled arrowhead); SP, spinning 
(blank arrowhead); P, pupation (black arrow); and AP, apolysis (red 
arrow). Vertical dotted lines indicate the timing of metamorphic events. 
The results represent mean ± SD (N = 3 biological replicates). 
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To determine whether the delay in expression of ecdysteroid-

inducible genes in let-7−/− larvae was caused by the delay of 

ecdysteroidogenic activity in the PG, I analyzed the Halloween genes nvd, 

nm-g, spo, phm, dib, and sad (Fig. 3.7). In control PGs, expression levels of 

these genes peaked before pupal metamorphosis (Fig. 3.7). In the PG of let-

7−/− larvae, expression of these genes peaked before apolysis, although the 

timing was delayed (Fig. 3.7). Thus, these results indicate that delayed 

ecdysteroidogenic gene expression in the PG delayed expression of the 

ecdysteroid-inducible genes in let-7−/− larvae. Moreover, expression levels of 

phm and sad were significantly affected in let-7 knockouts, suggesting that 

let-7 regulates the expression of phm and sad. 
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Fig. 3.7. Expression of Halloween genes in the prothoracic gland 
(PG) of let-7 knockouts. qRT-PCR analysis of the expression of 
ecdysteroid biosynthetic genes in the PG of the control (let-7+/+ larvae, 
black lines and black squares) and let-7−/− larvae (red lines and red 
circle). mRNA levels were normalized to those of rp49. Numbers 
below indicate developmental stages defined as hours after 5th instar 
ecdysis. W, wandering (filled arrowhead); SP, spinning (blank 
arrowhead); P, pupation (black arrow); and AP, apolysis (red arrow). 
Vertical dotted lines indicate the timing of metamorphic events. The 
results represent the mean ± SD (N = 3 biological replicates). 

 

 I next conducted implantation assays using let-7−/− integuments to 

determine whether the epidermis was committed to pupal metamorphosis in 

the absence of let-7. For this purpose, I dissected small pieces of the 

integument from last instar (L5) let-7−/− larvae and implanted them into 

larvae of the last instar standard strain (K × S) (Fig. 3.8D). I implanted the 

integument of donors into L5 hosts and recovered the implants 3 days after 

pupation. I examined the microscopic structure of the newly produced cuticle. 

I found that the implants produced pupal cuticles at the time of pupal 

metamorphosis regardless of genotype (let-7 +/+, let-7 +/− or let-7−/−) (Fig. 

3.8). Thus, the epidermis can be pupally committed in the absence of let-7 

when exposed to the hormonal milieu of wild-type larva. Together, these 

results suggest that let-7 is not required for reception and signaling of JH and 

ecdysteroids and further suggest that let-7 is not involved in metamorphic 

processes in the epidermis. 
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Fig. 3.8. Implantation assay using let-7 knockout larvae. (A–C) 
Pieces of the integument of just molted L5 larvae of the let-7 knockout 
line were implanted into L5 K × S larvae, and the implants were 
dissected 3–5 days after pupation of the hosts. Experiments were 
individually performed to determine the let-7 genotypes of donor 
insects. Stereomicroscopic observations (A–C) and SEM analysis 
(A′–C′) showing the donor epidermis-produced pupal cuticle 
independent of genotype. Scale bars = 0.5 mm and 20 μm in A–C and 
A′–C′, respectively. (D) Pupal metamorphosis of the epidermis 
implanted into last instar host larva. Pooled results from three 
independent experiments are shown. Genotypes of donor larvae from 
the let-7 knockout line were individually determined by PCR. 
Integuments were recovered from 3 to 5 days after pupation. 
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3.3.5. Overexpression of let-7 causes precocious pupal 

metamorphosis from the penultimate larval instar 

To further investigate the biological functions of let-7, I generated 

transgenic silkworms overexpressing let-7 (Actin3-GAL4>UAS-let-7; 

abbreviated let-7O/E). The development and survival of let-7O/E larvae 

were recorded at the beginning of each larval instar and when they 

metamorphosed into pupae. Most let-7O/E larvae reached L4, although the 

developmental timing and growth was severely impaired during L4 (Fig. 

3.9A). Interestingly, 35/50 (70%) were developmentally arrested during this 

instar, whereas 6/50 (12%) let-7O/E larvae underwent precocious 

metamorphosis from the penultimate (L4) instar to form small pupae (Fig. 

3.9C and D). However, there was no significant difference between the 

growth trajectories of the two groups of let-7O/E larvae during L4 (Fig. 

3.9B). 
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Fig. 3.9. Phenotypes of transgenic B. mori overexpressing let-7. 
(A) Duration of larval periods. Larvae were individually reared until 
pupation. Each bar indicates the period (mean ± SD) of each 
developmental stage, i.e. larval (L1–5) and prepupal (PP). + > UAS-
let-7 larvae served as controls. The numbers of individuals are 
indicated on the left and the days after hatching are on the horizontal 
axis. (B) Analysis of body weight during the larval development of B. 
mori overexpressing let-7. L1, body weight on day 1 L1; L2–5, body 
weight of newly molted larvae; L5 Max, maximum larval body weight 
of 5th instar larvae, L4 Max, maximum larval body weight of 4th instar 
larvae; and PUPA, pupal body weight. Each point indicates the mean 
± SD. (C) Images of pupae of GAL4/UAS transgenic lines. Larvae 
overexpressing let-7 underwent precocious pupal metamorphosis 
from L4 (right). Control B. mori with the UAS-let-7 construct 
underwent pupal metamorphosis from L5 (left). Scale bar = 1 cm. (D) 
Development of B. mori larvae after overexpressing let-7. 

 

  



72 
 

3.3.6. Effects of let-7 overexpression on the hormonal regulation 

of pupal metamorphosis 

In B. mori, depletion of JH induces precocious pupal metamorphosis 

(Daimon et al., 2012, 2015; Feyereisen and Jindra, 2012; Furuta et al., 2007; 

Tan et al., 2005). Therefore, I investigated expression of Kr-h1α. I found that 

the expression levels of Kr-h1α during the L4 stage of let-7O/E larvae 

remained low compared to the control +>UAS-let-7 strain, although a 

transient expression peak was observed before pupation (Fig. 3.10). The 

overall low expression of Kr-h1 in let-7O/E larvae may account for their 

precocious pupal metamorphosis. I further found that the expression of Br–

C precociously arose during the L4 stage in let-7O/E larvae (Fig. 3.10). 
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Fig. 3.10. mRNA levels of genes involved in ecdysteroid or JH 
signaling pathways in B. mori overexpressing let-7. qRT-PCR 
analysis of genes involved in JH signaling pathways (Kr-h1α, upper) 
and ecdysteroid signaling pathways (Br–C, lower) in the epidermis of 
the control (+>UAS-let-7, indicated by black lines and black circles) 
and 193-2>UAS-let-7 larvae (indicated by blue lines and blue 
squares). mRNA levels were normalized to those of rp49. Numbers 
below indicate developmental stages, which are defined as hours 
after 4th instar ecdysis. Marks on the graph and colored lines below 
the horizontal axis indicate larval duration and timing of metamorphic 
events. L4/L5 molt, larval molt of control strain; W, wandering; SP, 
spinning; and P, pupation. Vertical dotted lines indicate the timing of 
metamorphic events. The results represent mean ± SD (N = 3 
biological replicates). 
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3.4. Discussion 

The timing of let-7 induction, which plays a central role in the 

heterochronic pathway of C. elegans, controls the switch from larval to adult 

cell fates (Reinhart et al., 2000). The gene encoding let-7 is widely conserved 

among bilaterians (Pasquinelli et al., 2000) and is expressed in an adult-

specific manner in all bilaterians tested, suggesting that it may play a 

conserved role in controlling late temporal transformation across animal 

phylogeny. In D. melanogaster and B. germanica, the expression of let-7 is 

induced in late last instar larvae/nymphs (Bashirullah et al., 2003; Sempere 

et al., 2002; Rubio and Belles, 2013). Here I show that the expression of let-

7 is most restricted to the last larval instar (L5) of B. mori. I detected high 

levels of let-7 in the CC-CA and much lower levels in the fat body, muscles, 

and silk gland of L5 day 3 larvae (Fig. 3.1A). Liu et al. (2007) previously 

reported that let-7 is abundantly expressed in the head of L5, day 3 B. mori 

larva, suggesting that the expression of let-7 in the head may reflect that in 

the CC-CA. Interestingly, the timing of let-7 induction in the CC-CA 

coincided with the decline of the JH synthetic activity in the organ. Therefore, 

I investigated in detail the expression pattern of let-7 in the CC-CA. After 

the last larval-larval ecdysis, JH synthesis gradually declines and ceases 3 

days after ecdysis (Kinjoh et al., 2007). Overall, JH biosynthetic activity is 

modulated by the expression of JH biosynthetic enzymes in the CA, 

primarily JHAMT (Shinoda and Itoyama, 2003). Here I found that let-7 was 

constitutively expressed during the declining phase of expression of JHAMT 
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mRNA (L5 D0–D4) (Daimon et al., 2012; Shinoda and Itoyama, 2003) and 

was expressed at its highest level on L5 D2 (Fig. 3.1B). 

Here, the levels of let-7 decreased upon the onset of the gut purge, 

increased again 24 h after the onset of spinning, remained high during 

spinning, and became undetectable at the time of pupation, when titers of 

hemolymph JH and ecdysteroid rise again (Fig. 3.1B). These results suggest 

that the signal of 20E alone is insufficient to induce let-7 during the last instar 

stage of B. mori. Several studies show that the expression of let-7 is enhanced 

by 20E (Chawla and Sokol, 2012; Garbuzov and Tatar, 2010; Rubio et al., 

2012) and that the 20E response is mediated by Br–C transcription factors 

(Sempere et al., 2002) in D. melanogaster. Moreover, let-7 is induced by the 

molting peak of 20E in the wing buds of B. germanica (Rubio and Belles, 

2013). Here I detected the peak of let-7 expression around the molting peak 

of 20E during the penultimate (L4) stage, suggesting that let-7 expression is 

temporally regulated by 20E during this stage. However, let-7 was induced 

in the absence of 20E during early L5. I further found that the expression 

levels of Br–C during this period were very low (Fig. 3.11).  

The biological functions of let-7 have been studied in insects 

(reviewed in Belles, 2017). For example, numerous studies in D. 

melanogaster show that let-7 and miR-125 (an ortholog of C. elegans lin-4) 

mediate diverse morphogenetic processes during pupal to adult 

metamorphosis (Caygill and Johnston, 2008; Sokol et al., 2008; Wu et al., 

2012). Further, let-7 is associated with innate immunity (Garbuzov and Tatar, 
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2010). In B. germanica, the functions of let-7 cluster are associated with 

wing development during nymphal to adult metamorphosis (Rubio and 

Belles, 2013). In contrast, our present study of B. mori reveals that the most 

severe phenotype of let-7 knockouts was developmental arrest during the 

prepupal stage. Further, the effects of let-7 disruption were limited to the last 

larval instar. In contrast to our observation, Ling et al. (2014) found that the 

majority of B. mori larvae died during L3 without apparent signs of 

precocious metamorphosis when let-7 was depleted by a microRNA sponge. 

The reason for the distinct phenotypes between our study and that of Ling et 

al. (2014) remains to be elucidated, but one explanation would be the 

technical difference between the two studies (i.e., knockout vs. microRNA 

sponge). 

Recent genetic studies reveal that Br–C and E93 regulate pupal and 

adult metamorphosis, respectively, of holometabolous insects and that stage-

specific interactions among Br–C, E93, and Kr-h1 are critical for pupal and 

adult metamorphosis (Belles and Santos, 2014; Ureña et al., 2014, 2016). 

Moreover, depletion of Br–C leads to incomplete pupation (Konopova and 

Jindra, 2008; Uhlirova et al., 2003). However, particularly in B. mori, 

somatic mosaic analysis of Br–C shows that epidermal cells carrying 

homozygous mutations in Br–C are unable to produce pupal cuticle at pupal 

metamorphosis (Daimon et al., 2015). Our present gene expression analysis 

demonstrates that the induction of ecdysone-inducible genes, including Br–

C, normally occurred at the time of apolysis (Fig. 3.6B), suggesting that the 

phenotype of let-7−/− larvae was independent of Br–C action. Further, our 
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implantation assays using let-7−/− integuments consistently demonstrated 

that let-7 was not required for reception and signaling of JH and ecdysteroids. 

 

 

Fig. 3.11. Temporal expression pattens of Broad-Complex in B. 
mori CC-CA. mRNA levels were determined using qRT-PCR. The 
levels of gene expression normalized to that of the internal rp49 
control. Developmental stages are defined as h/days after molting, 
head capsule slippage, and spinning. Vertical dotted lines indicate the 
timing of molts. The JH titer is from Niimi and Sakurai (1997). The 
ecdysteroid titer is from Koyama et al. (2004; 4th instar), Sakurai et 
al. (1998; 5th instar) and Kaneko et al. (2006; 5th instar). Tissues were 
collected from 3 individuals, and pooled samples were analyzed. 
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Homozygous mutants of genes encoding key JH biosynthetic 

enzymes, JHAMT and CYP15C1, and a JH receptor designated Met1, 

undergo precocious pupal metamorphosis or exhibit signs of precocious 

metamorphosis subsequent to the L3 stage (Daimon et al., 2012, 2015). 

Further, low mRNA levels of Kr-h1α/β are maintained in these mutants 

(Daimon et al., 2015; Smykal et al., 2014). Similarly, ubiquitous 

overexpression of let-7 in B. mori larvae was associated with low levels of 

Kr-h1 mRNA during the L4 stage and precocious pupal metamorphosis 

during this stage (Fig. 3.9, Fig. 3.10). The let-7O/E larvae exhibited these 

JH-deficient characteristics. However, the anti-metamorphic actions of JH 

alone cannot account for the phenotype of the homozygous let-7 mutant, 

because Kr-h1 mRNA levels in the let-7 knockouts remained low before the 

onset of spinning (Fig. 3.6A). 

A possible explanation of the phenotype of the let-7 knockouts is that 

let-7 targets transcripts of some key enzyme(s) of JH biosynthesis, such as 

JHAMT, leading to a reduction of JH biosynthetic activity in the CC-CA of 

last instar larvae, and consequently leads to a reduction of Kr-h1 expression. 

Our expression analysis of Kr-h1 transcripts in the epidermis of let-7 

overexpressing larvae supports this model (Fig. 3.10). However, our 

expression analysis showed that Kr-h1 mRNA levels in the epidermis of let-

7 knockouts were low during the feeding period (0–96 h in Fig. 3.6A). 

Moreover, I showed that in the let-7 homozygous mutants, expression of the 

ecdysteroid-inducible genes was delayed (Fig. 3.6B). The delay was shown 

to be due to a late expression of the ecdysteroid biosynthetic enzymes in the 
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PG (Fig. 3.7). In the PG of let-7 knockouts, I observed a delay in the 

expression of most of the Halloween genes (i.e., nvd, nm-g, spo, and dib). 

Expression levels of phm and sad were significantly affected by the absence 

of let-7; while the expression of phm highly increased relative to the normal 

level after spinning, sad mRNA remained nearly undetectable throughout the 

last instar (Fig. 3.6). Although I do not know the mechanisms by which let-

7 regulates phm and sad, let-7 may directly or indirectly regulate the 

Halloween genes in the PG. Further studies are necessary to understand the 

roles and significance of let-7 (and other miRNAs) in the regulation of PG 

activity. 

Given that let-7 regulates JH biosynthetic activity by targeting some 

of the enzymes critical for JH biosynthesis, it can be assumed that let-7 

coordinates the role of JH in the timing of the release of the 

prothoracicotropic hormone (PTTH). In B. mori, the effect of JH clearly 

depends on its concentration and the timing of its administration. When a 

low dose (0.01 μg) of methoprene, a JH analog, is administered before the 

release of PTTH on day 4 of the last instar, the feeding period is extended, 

whereas there is no detectable effect when injected after the release of PTTH 

(Sakurai, 1984). According to the observations of Sakurai (1984), I speculate 

that loss of let-7 causes JH to be produced at higher concentrations at the 

beginning of last instar stage, and the JH concentration, in turn, extends the 

feeding period and delays the expression of Halloween genes in the PG. 

In the present study, two important findings on the role of let-7 in B. 
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mori were made: First, the expression of let-7 was found to be localized to 

the CC-CA and upregulated during the early last instar stage but not by 20E 

signaling. Second, let-7 regulated pupal metamorphosis via controlling the 

biosynthesis of ecdysteroid and JH. Identification of the pathway through 

which let-7 controls hormone synthetic activity will contribute to a better 

understanding of the molecular mechanism underlying the control of 

metamorphosis in insects. 
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Table 3.1. List of primers used in this study. 

Gene Primer name Nucleotide sequence (5' to 3') purpose 

Pre-let-7 

  

Pre-let-

7_BlnⅠ_F1 

gatcctaggCGCCTAAAGAAGTTACAGC

TTA 

Vector construction 

Pre-let-

7_BlnⅠ_R1 

gcacctaggGTGGTCTTGTGAGGAATGT

TTC 

let-7 

  

let-7-F1 GTGGTCTTGTGAGGAATGTTTC Genotyping 

let-7-R1 GTACGTACCCTCAAATCGGTAAT 

let-7 let-7-5p_qPCR-

F1 

TGAGGTAGTAGGTTGTATAGT qRT-PCR 

Kr-h1α 

  

BmKrh1α_qRT-

PCR_FW 

CACAACCTACGCCAACATTAGAAAC

G 

qRT-PCR (isoform-

specific) 

BmKrh1α_qRT-

PCR_RV 

ACTGATGAACTCGCTCCTCGTCAC 

Kr-h1β 

  

BmKrh1β_qRT-

PCR_FW 

GAAACAATTTCGTTCTTCAGGTGAC

G 

qRT-PCR (isoform-

specific) 

BmKrh1β_qRT-

PCR_RV 

TCGTGCGTGTGCTGTAAGCG 

Broad-C 

  

BmBRC_qPCR_

FW 

CGCAACACTTCTGTCTCCGATGG qRT-PCR (common 

region) 

BmBRC_qPCR_

RV 

TTGAGGCTTTTCCCGTCGCA 

E75A BmE75A_qPCR AGAAGCCCTTGCAGCCCTCG qRT-PCR (isoform-
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  _FW specific) 

BmE75A_qPCR

_RV 

CGCTACGATGTGCCTACGTCCG 

E75B 

  

BmE75B_qPCR

_FW 

GGTGCGAACCATGTCGTGTGG qRT-PCR (isoform-

specific) 

BmE75B_qPCR

_RV 

TCGAGCAGCCCGAGTCACTG 

βFTZ-F1 

  

BmFTZ-

F1_qPCR-F1 

TCTCAAGTGGATTGGGCAAG qRT-PCR 

BmFTZ-

F1_qPCR-R1 

ATCCAAAACCAGCATAACAGACC 

E93A 

  

BmE93A_qPCR

_FW 

GCCCGTACAAAAAAAAGAACTCGA

AG 

qRT-PCR (isoform-

specific) 

BmE93A_qPCR

_RV 

TCACGACGTGCTCCATTCCG 

E93B 

  

BmE93B_qPCR

_FW 

TGCACAATCGGCAGAGAGTCG qRT-PCR (isoform-

specific) 

BmE93B_qPCR

_RV 

GCAAAAGAGATGTTTGTAGCGGTTT

G 

nvd 

  

Bmnvd-qPCR-F1 TCCCGTACTGCACGAAATCA qRT-PCR 

Bmnvd-qPCR-

R1 

CGTGATGTGCATTAGCGATG 

nm-g Bmnmg-qPCR- TGTGATAGTGGACTCGGTGGG qRT-PCR 
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  F1 

Bmnmg-qPCR-

R1 

GGCTTTCGCTGCTTCGGTTTC 

spo 

  

Bmspo-qPCR-F1 CCATCTTGGAATGTCTGCGG qRT-PCR 

Bmspo-qPCR-R1 GGAGTTGCGTCTCGTCCTGA 

phm 

  

Bmphm-qPCR-

F1 

GACCCAACGGCACTGTATATGAGAG qRT-PCR 

Bmphm-qPCR-

R1 

GCCCACTGCAATGGGATCAC 

dib 

  

Bmdib-qPCR-F1 CGATACAACAGCCTACACGACAAGC

TTCG 

qRT-PCR 

Bmdib-qPCR-R1 CCTTCTGCAGCCATCTACCTATTCCA

ATCG 

sad 

  

Bmsad-qPCR-F1 TAGAGCTCAAAGTGG qRT-PCR 

Bmsad-qPCR-R1 TGTCGTATCTCCAGCGGCG 

rp49 

  

BmRp49_qPCR_

FW 

CAGGCGGTTCAAGGGTCAATAC qRT-PCR 

BmRp49_qPCR_

RV 

TGCTGGGCTCTTTCCACGA 
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4. General Discussion 
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4.1 What is the “Competence factor”? 

4.1.1. Competence factor as a “positive factor” 

The results of implantation study (Chapter 2) presented the 

hypothesis, as they suggest that this humoral factor circulates int the 

hemolymph of L4 and L5 hosts and confers the competence for 

metamorphosis to the implanted L1 epidermis. The action of this humoral 

“competence factor” would be blocked by JHs as shown in the implantation 

assays. If this hypothesis is true, several issues need to be addressed, such as 

when and where this factor is produced, how it confers competence for 

metamorphosis or promotes pupal commitment, and whether a similar 

system is conserved in other insects. I do not know the answers to these 

questions at this point, and further study is required to provide more clues to 

better understand the hormonal control of insect metamorphosis. 

 Notably, in the eye and leg imaginal primordia of last instar larvae of 

M. sexta, JH failed to inhibit disc formations in these primordia when the 

larvae that were feeding. This failure of JH to suppress disc formation in 

feeding last instar larvae cannot be explained by the enhanced clearance of 

the applied hormone, because topical treatment of the leg primordia with JH 

was also ineffective in feeding larvae. Therefore, nutritional cues apparently 

result in the release of a metamorphosis-initiating factor (MIF) that overrides 

the suppression of disc formation by JH (Allee et al.,2006; MacWhinnie et 

al., 2005; Truman et al., 2006). Further, Truman et al. (2006) confirmed 
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suggested that MIF overrides supresseion of Br-C expression by JH, thus 

MIF would be a candidate for “competence factor”. 

 MIF corresponds to insulin-like peptides. In D. melanogaster, two 

out of seven insuline-like peptides are induced nutrition-depended manner 

(Brogiolo et al., 2001; Ikeya et al., 2002). Both loss and gain of function 

analysis of Drosophila insulin /insulin-like growth factor (IGF) have shown 

that its signaling regulates growth, size and longevity at the cellular and 

organismal levels (Saucedo et al., 2003; Mirth and Riddiford, 2007). In 

lepidopteran larvae, an insulin-like peptide, bombyxin, stimulates cell 

proliferation in the wing discs (Nijhout and Grunert, 2002; Nijhout et al., 

2007). Intriguingly, in B. mori, bombyxin is secreted from neurosecretory 

cells of the brain in response to sugar intake at the beginning of the fifth 

instar (Masumura et al., 2000).  

More direct evidence for the correspondence of IGR and MIF was 

obtained by Koyama et al. (2008). Koyama and his colleagues showed that 

insulin can overcome the suppressive effects of JH on the induction of Br-C 

and pupal commitment in the wing discs in starved final instar M. sexta 

larvae, even when exogenous JH is applied topically during the molt to the 

final instar. Moreover, this effect of insulin appears to be directly on the discs 

since their in vitro studies using cultured wing discs showed that insulin 

suppresses the ability of JH to inhibit the increase in Br-C mRNA that 

occurred when early fifth instar discs were incubated in hormone-free 

conditions. Therefore, further studies using IGR signaling mutant silkworms 
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will shed light upon the elucidation of “positive competence factor” (Fig. 

4.1.a). 

 

4.1.2. Competence factor as a “negative factor” 

 Although my implantation assays suggested the existence of humoral 

“competence factor” which induces Br-C expression, existence of unknown 

factor(s) which suppresses metamorphosis in very young instar larvae in B. 

mori cannot be ruled out.  

Recently, Truman and Riddiford (2022) demonstrated that 

chronologically inappropriate morphogenesis (chinmo) mediates 

maintenance of the larval state through chromatin modification as well as by 

repression of both Br-C and E93 in D. melanogaster. In D. melanogaster, the 

timing of chinmo expression first appears late embryonic stage, during 

germband retraction and dorsal closure, continues at high levels until 

“critical weight”, the growth-related checkpoint that allows the preparation 

for pupal metamorphosis. Down-regulation of chinmo after critical weight 

checkpoint is accompanied by the up-regulation of Br-C, which is consistent 

with that expected for a larval control gene. Surprisingly, Truman and 

Riddiford (2022) found that requirement for Chinmo to suppress Br-C 

expression extends back to the L1 stage when the imaginal discs begin their 

proliferation. The function of chinmo in suppressing E93 expression occurs 

earlier in the mid-embryogenesis. I also examined the expression pattern of 
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chinmo in several non-Drosophid holometabolans including B. mori (data 

not shown) and found chinmo expression levels are high in neonate L1, 

gradually decrease through larval development and reach to the ground 

levels at middle of the last instar, when the expression of Br-C rises. The 

expression patterns in holometabolous insects I tested was concordant with 

that of D. melanogaster, leading me to suggest the existence of non-JH 

“negative factor” that induces chinmo (Fig. 4.1.b). Further studies such as 

depletion or over-expression of chinmo is required for the better 

understanding of the mechanisms underlying the maintenance of larval 

feature in the very young instar.  
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Figure 4.1. Summary of the contrast hypothesis of “competence 
factor”. a) competence factor as a positive factor. b) competence 
factor as a negative factor. Each bars in a and b represents putative 
effective period of factors. 
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4.2. Putative target genes of let-7 in regards to control of 

metamorphosis 

In Chapter 3, two important findings on the role of let-7 in B. mori 

were made: First, the expression of let-7 was found to be localized to the CC-

CA and upregulated during the early last instar stage but not by 20E signaling. 

Second, let-7 regulated pupal metamorphosis via controlling the biosynthesis 

of ecdysteroid and JH. However, I have not identified the pathway through 

which let-7 controls hormone synthetic activity. Here I remark let-7’s 

potential target genes involved in the JH biosynthesis. 

JHAMT, which encodes a rate-determining JH biosynthetic enzyme, 

has already been listed as candidates. Qu et al. (2017) determined 

interactions of let-7 and 3’UTR of JHAMT mRNA cloned from several 

arthropods, using Renilla firefly luciferase assays in Drosophila S2 cells. 

Their in vitro assays revealed that let-7 can interact JHAMT in wide variety 

of arthropods for example, in insects; such as Anopheles gambiae, Tribolium 

castaneum and D. melanogaster, and in crustaceans; Daphnia pulex, 

Neocaridina denticulate and Strigamia maritima, in the chelicerate 

Tachypleus tridentatus. All these results suggest that let-7 could directly 

modulate JHAMT expression in arthropods. 

Several exogenous factors such as 20E, biogenic amines (octopamine, 

glutamate, and dopamine), peptides (allatotoropin, allatostatin, ecdysis-

triggering hormone, sex peptide and short neuropeptide F act together in a 
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stage-specific manner to guarantee the precise production of JH in each 

larval stage (Hiruma and Kaneko, 2013; Zhang et al., 2022). In addition, the 

insulin/insulin-like growth factor (IIS)/ target of rapamycin (TOR) signaling 

pathway mediates the transduction of nutritional signals into JH biosynthesis 

by regulating JH biosynthetic enzymes such as 3-hydroxy-3-methylglutaryl-

CoA synthase (HMGS) (Belgacem and Martin, 2007; Koyama et al., 2013; 

Maestro et al., 2009; Zhu et al., 2020). These factors are secreted from 

central nervous system (CNS) and affect JH biosynthesis in the CA. As I 

found that the expression of let-7 is highly localized in the CC-CA, it is 

possible that let-7 is involved in given signaling pathways. 

Recently, the molecular mechanisms underlying the regulation of JH 

biosynthesis in the CA is revealed step by step. TGF-β signaling has been 

reported to regulate JH biosynthesis via the expression of JHAMT in the CA 

of D. melanogaster and Gryllus bimaculatus (Huang et al., 2011; Ishimaru 

et al., 2016). In B. germanica, Seven-up and FTZ-F1 drive the expression of 

HMGS in the CA to control JH production in adulthood (Borras-Castells et 

al., 2017). Ventral veins lacking (Vvl)/Drifter, a POU domain transcription 

factor, regulate JH biosynthesis via upregulating the JHAMT transcript in T. 

castaneum (Cheng et al., 2014).  

Further studies are required to investigate the involvement of let-7 in 

those signaling pathways mentioned above in order to understand the role of 

miRNAs in development of insects. 



92 
 

5. References 
  



93 
 

Abdou, M. A., He, Q., Wen, D., Zyaan, O., Wang, J., Xu, J., Baumann, A. 
A., Joseph, T. G., Wilson, S., Li, S. & Wang, J. (2011). Drosophila 
Met and Gce are partially redundant in transducing juvenile hormone 
action. Insect Biochem. Mol. Biol., 41(12), 938-945. 
https://doi.org/10.1016/j.ibmb.2011.09.003 

Aboulafia-Baginsky, N., Pener, M. P., & Staal, G. B. (1984). Chemical 
allatectomy of late Locusta embryos by a synthetic precocene and its 
effect on hopper morphogenesis. J. Insect Physiol., 30(11), 839-852. 
https://doi.org/10.1016/0022-1910(84)90057-X 

Allee, J. P., Pelletier, C. L., Fergusson, E. K., & Champlin, D. T. (2006). 
Early events in adult eye development of the moth, Manduca sexta. J. 
Insect Physiol., 52(5), 450-460. 
https://doi.org/10.1016/j.jinsphys.2005.12.006 

Ambros V. (2004). The functions of animal 
microRNAs. Nature, 431(7006), 350–355. 
https://doi.org/10.1038/nature02871 

Bartel, D. P., & Chen, C. Z. (2004). Micromanagers of gene expression: the 
potentially widespread influence of metazoan microRNAs. Nat. Rev. 
Genet., 5(5), 396–400. https://doi.org/10.1038/nrg1328 

Bashirullah, A., Pasquinelli, A. E., Kiger, A. A., Perrimon, N., Ruvkun, G., 
& Thummel, C. S. (2003). Coordinate regulation of small temporal 
RNAs at the onset of Drosophila metamorphosis. Dev. Biol., 259(1), 
1–8. https://doi.org/10.1016/s0012-1606(03)00063-0 



94 
 

Belgacem, Y. H., & Martin, J. R. (2007). Hmgcr in the corpus allatum 
controls sexual dimorphism of locomotor activity and body size via 
the insulin pathway in Drosophila. PloS one, 2(1), e187. 
https://doi.org/10.1371/journal.pone.0000187 

Belles X. (2017). MicroRNAs and the Evolution of Insect 
Metamorphosis. Annu. Rev. Entomol., 62, 111–125. 
https://doi.org/10.1146/annurev-ento-031616-034925 

Belles X. (2020). Insect Metamorphosis. From Natural History to 
Regulation of Development and Evolution. Academic Press. 

Belles, X., & Santos, C. G. (2014). The MEKRE93 (Methoprene tolerant-
Krüppel homolog 1-E93) pathway in the regulation of insect 
metamorphosis, and the homology of the pupal stage. Insect Biochem. 
Mol. Biol., 52, 60–68. https://doi.org/10.1016/j.ibmb.2014.06.009 

Berger, E.M., Goudie, K., Klieger, L., Berger, M., DeCato, R., (1992). The 
juvenile hormone analogue, methoprene, inhibits ecdysterone 
induction of small heat shock protein gene expression. Dev. Biol.. 151, 
410–418. https://doi.org/10.1016/0012-1606(92)90181-f 

Biryukova, I., Asmar, J., Abdesselem, H., & Heitzler, P. (2009). Drosophila 
mir-9a regulates wing development via fine-tuning expression of the 
LIM only factor, dLMO. Dev. Biol., 327(2), 487–496. 
https://doi.org/10.1016/j.ydbio.2008.12.036 



95 
 

Borras-Castells, F., Nieva, C., Maestro, J. L., Maestro, O., Belles, X., & 
Martín, D. (2017). Juvenile hormone biosynthesis in adult Blattella 
germanica requires nuclear receptors Seven-up and FTZ-F1. Sci. Rep., 
7, 40234. https://doi.org/10.1038/srep40234 

Boulan, L., Martín, D., & Milán, M. (2013). bantam miRNA promotes 
systemic growth by connecting insulin signaling and ecdysone 
production. Curr. Biol.. CB, 23(6), 473–478. 
https://doi.org/10.1016/j.cub.2013.01.072 

Boulan, L., Milán, M., & Léopold, P. (2015). The Systemic Control of 
Growth. Cold Spring Harbor perspectives in biology, 7(12), a019117. 
https://doi.org/10.1101/cshperspect.a019117 

Bounhiol, J. (1938). Recherches experimentales sur le determinisme de la 
metamorphose chez les Lepidopteres. Bull. Biol. Fr Berg., 1-199. 

Brogiolo, W., Stocker, H., Ikeya, T., Rintelen, F., Fernandez, R., & Hafen, 
E. (2001). An evolutionarily conserved function of the Drosophila 
insulin receptor and insulin-like peptides in growth control. Curr. 
Biol., 11(4), 213–221. https://doi.org/10.1016/s0960-9822(01)00068-9 

Browning, C., Martin, E., Loch, C., Wurtz, J.M., Moras, D., Stote, R.H., 
Dejaegere, A.P., Billas, I.M.L., (2007). Critical role of desolvation in 
the binding of 20- hydroxyecdysone to the ecdysone receptor. J. Biol. 
Chem. 282, 32924–32934. doi:10.1074/jbc.M705559200. 



96 
 

Carthew, R. W., & Sontheimer, E. J. (2009). Origins and Mechanisms of 
miRNAs and siRNAs. Cell, 136(4), 642–655. 
https://doi.org/10.1016/j.cell.2009.01.035 

Caygill, E. E., & Johnston, L. A. (2008). Temporal regulation of 
metamorphic processes in Drosophila by the let-7 and miR-125 
heterochronic microRNAs. Curr. Biol., 18(13), 943–950. 
https://doi.org/10.1016/j.cub.2008.06.020 

Chawla, G., & Sokol, N. S. (2012). Hormonal activation of let-7-C 
microRNAs via EcR is required for adult Drosophila melanogaster 
morphology and function. Development, 139(10), 1788–1797. 
https://doi.org/10.1242/dev.077743 

Chawla, G., Deosthale, P., Childress, S., Wu, Y. C., & Sokol, N. S. (2016). 
A let-7-to-miR-125 MicroRNA Switch Regulates Neuronal Integrity 
and Lifespan in Drosophila. PLoS Genet., 12(8), e1006247. 
https://doi.org/10.1371/journal.pgen.1006247 

Chen, W., Liu, Z., Li, T., Zhang, R., Xue, Y., Zhong, Y., Bai, W., Zhou, D., 
& Zhao, Z. (2014). Regulation of Drosophila circadian rhythms by 
miRNA let-7 is mediated by a regulatory cycle. Nat. Commun., 5, 
5549. https://doi.org/10.1038/ncomms6549 

Cheng, C., Ko, A., Chaieb, L., Koyama, T., Sarwar, P., Mirth, C. K., Smith, 
W. A., & Suzuki, Y. (2014). The POU factor ventral veins 
lacking/Drifter directs the timing of metamorphosis through 
ecdysteroid and juvenile hormone signaling. PLoS Genet., 10(6), 



97 
 

e1004425. https://doi.org/10.1371/journal.pgen.1004425 

Cieslak, A., Fresneda, J., & Ribera, I. (2014a). Developmental constraints 
in cave beetles. Biol. letters, 10(10), 20140712. 
https://doi.org/10.1098/rsbl.2014.0712 

Cieslak, A., Fresneda, J., & Ribera, I. (2014b). Life-history specialization 
was not an evolutionary dead-end in Pyrenean cave beetles. Proc. 
Biol. Sci., 281(1781), 20132978. 
https://doi.org/10.1098/rspb.2013.2978 

Colombani, J., Bianchini, L., Layalle, S., Pondeville, E., Dauphin-
Villemant, C., Antoniewski, C., Carré, C., Noselli, S., & Léopold, P. 
(2005). Antagonistic actions of ecdysone and insulins determine final 
size in Drosophila. Science, 310(5748), 667–670. 
https://doi.org/10.1126/science.1119432 

Daimon, T., Hamada, K., Mita, K., Okano, K., Suzuki, M. G., Kobayashi, 
M., & Shimada, T. (2003). A Bombyx mori gene, BmChi-h, encodes a 
protein homologous to bacterial and baculovirus chitinases. Insect 
Biochem. Mol. Biol., 33(8), 749–759. https://doi.org/10.1016/s0965-
1748(03)00084-5 

Daimon, T., Kiuchi, T., & Takasu, Y. (2014). Recent progress in genome 
engineering techniques in the silkworm, Bombyx mori. Dev. Growth 
Differ., 56(1), 14–25. https://doi.org/10.1111/dgd.12096 



98 
 

Daimon, T., Kozaki, T., Niwa, R., Kobayashi, I., Furuta, K., Namiki, T., 
Uchino, K., Banno, Y., Katsuma, S., Tamura, T., Mita, K., Sezutsu, H., 
Nakayama, M., Itoyama, K., Shimada, T., & Shinoda, T. (2012). 
Precocious metamorphosis in the juvenile hormone-deficient mutant 
of the silkworm, Bombyx mori. PLoS Genet., 8(3), e1002486. 
https://doi.org/10.1371/journal.pgen.1002486 

Daimon, T., Uchibori, M., Nakao, H., Sezutsu, H., & Shinoda, T. (2015). 
Knockout silkworms reveal a dispensable role for juvenile hormones 
in holometabolous life cycle. Proc. Natl. Acad. Sci. USA, 112(31), 
E4226–E4235. https://doi.org/10.1073/pnas.1506645112 

deFur P. L. (2004). Use and role of invertebrate models in endocrine 
disruptor research and testing. ILAR journal, 45(4), 484–493. 
https://doi.org/10.1093/ilar.45.4.484 

Delanoue, R., Slaidina, M., & Léopold, P. (2010). The steroid hormone 
ecdysone controls systemic growth by repressing dMyc function in 
Drosophila fat cells. Dev. Cell, 18(6), 1012–1021. 
https://doi.org/10.1016/j.devcel.2010.05.007 

Djuranovic, S., Nahvi, A., & Green, R. (2011). A parsimonious model for 
gene regulation by miRNAs. Science, 331(6017), 550–553. 
https://doi.org/10.1126/science.1191138 

Djuranovic, S., Nahvi, A., & Green, R. (2012). miRNA-mediated gene 
silencing by translational repression followed by mRNA 
deadenylation and decay. Science, 336(6078), 237–240. 



99 
 

https://doi.org/10.1126/science.1215691 

Dominick, O. S., & Truman, J. W. (1985). The physiology of wandering 
behaviour in Manduca sexta. II. The endocrine control of wandering 
behaviour. J. Exp. Biol., 117, 45–68. 
https://doi.org/10.1242/jeb.117.1.45 

Esperk, T., Tammaru, T., & Nylin, S. (2007). Intraspecific variability in 
number of larval instars in insects. J. Econ. Entomol., 100(3), 627–
645. https://doi.org/10.1603/0022-0493(2007)100[627:ivinol]2.0.co;2 

Feyereisen, R., & Jindra, M. (2012). The silkworm coming of age-
early. PLoS Genet., 8(3), e1002591. 
https://doi.org/10.1371/journal.pgen.1002591 

Fukamoto, K., Shirai, K., Sato, S., Kanekatsu, R., Kiguchi, K., & 
Kobayashi, Y. (2006). Process of in vivo cyst formation from the 
implanted larval integument in the sweet potato hornworm, Agrius 
convolvuli: A simple model for studying wound healing. J. Insect 
Biotechnol. Sericology, 75(3), 99-106. 
https://doi.org/10.11416/jibs.75.99 

Fukuda, S. (1944). The hormonal mechanism of larval molting and 
metamorphosis in the silkworm. J. Fac. Sci. Tokyo Imperial Univ., 6, 
447-532. 

Furuta, K., Ichikawa, A., Murata, M., Kuwano, E., Shinoda, T., & 



100 
 

Shiotsuki, T. (2013). Determination by LC-MS of juvenile hormone 
titers in hemolymph of the silkworm, Bombyx mori. Biosci. 
Biotechnol. Biochem, 77(5), 988–991. 
https://doi.org/10.1271/bbb.120883 

Furuta, K., Shirahashi, H., Yamashita, H., Ashibe, K., & Kuwano, E. 
(2006). Synthesis and anti-juvenile hormone activity of ethyl 4-(2-
aryloxyhexyloxy) benzoates. Bioscience, Biosci. Biotechnol. 
Biochem, 70(3), 746–748. https://doi.org/10.1271/bbb.70.746 

Garbuzov, A., & Tatar, M. (2010). Hormonal regulation of Drosophila 
microRNA let-7 and miR-125 that target innate immunity. Fly, 4(4), 
306–311. https://doi.org/10.4161/fly.4.4.13008 

Goodman, W.G., Cusson, M., (2012). The Juvenile Hormones. In: Gilbert 
L.I., (Ed.) Insect Endocrinology. Academic Press, London. 
doi:10.1016/B978-0-12-384749- 2.10008-1. 

Hartenstein V. (2006). The neuroendocrine system of invertebrates: a 
developmental and evolutionary perspective. J. Endocrinol., 190(3), 
555–570. https://doi.org/10.1677/joe.1.06964 

He, K., Sun, Y., Xiao, H., Ge, C., Li, F., & Han, Z. (2017). Multiple 
miRNAs jointly regulate the biosynthesis of ecdysteroid in the 
holometabolous insects, Chilo suppressalis. RNA, 23(12), 1817–1833. 
https://doi.org/10.1261/rna.061408.117 



101 
 

He, K., Xiao, H., Sun, Y., Situ, G., Xi, Y., & Li, F. (2019). microRNA-14 as 
an efficient suppressor to switch off ecdysone production after ecdysis 
in insects. RNA Biol., 16(9), 1313–1325. 
https://doi.org/10.1080/15476286.2019.1629768 

Hiruma, K., & Riddiford, L. M. (2010). Developmental expression of 
mRNAs for epidermal and fat body proteins and hormonally regulated 
transcription factors in the tobacco hornworm, Manduca sexta. J. 
Insect Physiol., 56(10), 1390–1395. 
https://doi.org/10.1016/j.jinsphys.2010.03.029 

Hiruma, K., & Kaneko, Y. (2013). Hormonal regulation of insect 
metamorphosis with special reference to juvenile hormone 
biosynthesis. Curr. Top. Dev. Biol., 103, 73–100. 
https://doi.org/10.1016/B978-0-12-385979-2.00003-4 

Huang, J., Tian, L., Peng, C., Abdou, M., Wen, D., Wang, Y., Li, S., & 
Wang, J. (2011). DPP-mediated TGFbeta signaling regulates juvenile 
hormone biosynthesis by activating the expression of juvenile 
hormone acid methyltransferase. Development, 138(11), 2283–2291. 
https://doi.org/10.1242/dev.057687 

Hutvágner, G., McLachlan, J., Pasquinelli, A. E., Bálint, E., Tuschl, T., & 
Zamore, P. D. (2001). A cellular function for the RNA-interference 
enzyme Dicer in the maturation of the let-7 small temporal 
RNA. Science, 293(5531), 834–838. 
https://doi.org/10.1126/science.1062961 



102 
 

Hwang, W. Y., Fu, Y., Reyon, D., Maeder, M. L., Tsai, S. Q., Sander, J. D., 
Peterson, R. T., Yeh, J. R., & Joung, J. K. (2013). Efficient genome 
editing in zebrafish using a CRISPR-Cas system. Nat. Biotech., 31(3), 
227–229. https://doi.org/10.1038/nbt.2501 

Ikeya, T., Galic, M., Belawat, P., Nairz, K., & Hafen, E. (2002). Nutrient-
dependent expression of insulin-like peptides from neuroendocrine 
cells in the CNS contributes to growth regulation in Drosophila. Curr. 
Biol., 12(15), 1293–1300. https://doi.org/10.1016/s0960-
9822(02)01043-6 

Imura, E., Shimada-Niwa, Y., Nishimura, T., Hückesfeld, S., Schlegel, P., 
Ohhara, Y., Kondo, S., Tanimoto, H., Cardona, A., Pankratz, M. J., & 
Niwa, R. (2020). The Corazonin-PTTH Neuronal Axis Controls 
Systemic Body Growth by Regulating Basal Ecdysteroid Biosynthesis 
in Drosophila melanogaster. Curr. Biol., 30(11), 2156–2165.e5. 
https://doi.org/10.1016/j.cub.2020.03.050 

Inui, T., & Daimon, T. (2017). Implantation assays using the integument of 
early stage Bombyx larvae: Insights into the mechanisms underlying 
the acquisition of competence for metamorphosis. J. Insect 
Physiol., 100, 35–42. https://doi.org/10.1016/j.jinsphys.2017.05.002 

Ishimaru, Y., Tomonari, S., Matsuoka, Y., Watanabe, T., Miyawaki, K., 
Bando, T., Tomioka, K., Ohuchi, H., Noji, S., & Mito, T. (2016). TGF-
β signaling in insects regulates metamorphosis via juvenile hormone 
biosynthesis. Proc. Natl. Acad. Sci. U.S.A., 113(20), 5634–5639. 
https://doi.org/10.1073/pnas.1600612113 



103 
 

Iwema, T., Chaumot, A., Studer, R.A., Robinson-Rechavi, M., Billas, 
I.M.L., Moras, D., Laudet, V., Bonneton, F., (2009). Structural and 
evolutionary innovation of the heterodimerization interface between 
USP and the ecdysone receptor ECR in insects. Mol. Biol. Evol. 26, 
753–768. doi:10.1093/molbev/msn302. 

Jindra, M., Bellés, X., & Shinoda, T. (2015). Molecular basis of juvenile 
hormone signaling. Curr. Opin. Insect. Sci., 11, 39–46. 
https://doi.org/10.1016/j.cois.2015.08.004 

Jindra, M., Palli, S. R., & Riddiford, L. M. (2013). The juvenile hormone 
signaling pathway in insect development. Annu. Rev. Entomol., 58, 
181–204. https://doi.org/10.1146/annurev-ento-120811-153700 

Joung, J. K., & Sander, J. D. (2013). TALENs: a widely applicable 
technology for targeted genome editing. Nature reviews. Nat. Rev. 
Mol. Cell Biol., 14(1), 49–55. https://doi.org/10.1038/nrm3486 

Kadono-okuda, K., Kajiura, Z., Yamashita, O. (1986). Induction of perfect 
superlarvae by the application of juvenile hormone analogue to 
starved larvae of the silkworm, Bombyx mori. J. Insect Physiol., 32 
(1986), pp. 1065-1073, 10.1016/0022-1910(86)90126-5 

Kamimura, M., & Kiuchi, M. (2002). Applying fenoxycarb at the 
penultimate instar triggers an additional ecdysteroid surge and induces 
perfect extra larval molting in the silkworm. Gen. Comp. 
Endocrinol., 128(3), 231–237. https://doi.org/10.1016/s0016-
6480(02)00507-5 



104 
 

Kaneko, Y., Takaki, K., Iwami, M., & Sakurai, S. (2006). Developmental 
profile of annexin IX and its possible role in programmed cell death of 
the Bombyx mori anterior silk gland. Zool. Sci., 23(6), 533–542. 
https://doi.org/10.2108/zsj.23.533 

Karim, F. D., & Thummel, C. S. (1992). Temporal coordination of 
regulatory gene expression by the steroid hormone ecdysone. EMBO, 
11(11), 4083–4093. https://doi.org/10.1002/j.1460-
2075.1992.tb05501.x 

Karlson P. (1966). Ecdyson, das Häutungshormon der Insekten. Die 
Naturwissenschaften, 53(18), 445–453. 
https://doi.org/10.1007/BF00601742 

Kayukawa, T., Jouraku, A., Ito, Y., & Shinoda, T. (2017). Molecular 
mechanism underlying juvenile hormone-mediated repression of 
precocious larval-adult metamorphosis. Proc. Natl. Acad. Sci. 
U.S.A., 114(5), 1057–1062. https://doi.org/10.1073/pnas.1615423114 

Kayukawa, T., Minakuchi, C., Namiki, T., Togawa, T., Yoshiyama, M., 
Kamimura, M., Mita, K., Imanishi, S., Kiuchi, M., Ishikawa, Y., & 
Shinoda, T. (2012). Transcriptional regulation of juvenile hormone-
mediated induction of Krüppel homolog 1, a repressor of insect 
metamorphosis. Proc. Natl. Acad. Sci. U.S.A., 109(29), 11729–11734. 
https://doi.org/10.1073/pnas.1204951109 

Kayukawa, T., Murata, M., Kobayashi, I., Muramatsu, D., Okada, C., 
Uchino, K., Sezutsu, H., Kiuchi, M., Tamura, T., Hiruma, K., 



105 
 

Ishikawa, Y., & Shinoda, T. (2014). Hormonal regulation and 
developmental role of Krüppel homolog 1, a repressor of 
metamorphosis, in the silkworm Bombyx mori. Dev. Biol., 388(1), 48–
56. https://doi.org/10.1016/j.ydbio.2014.01.022 

Ketting, R. F., Fischer, S. E., Bernstein, E., Sijen, T., Hannon, G. J., & 
Plasterk, R. H. (2001). Dicer functions in RNA interference and in 
synthesis of small RNA involved in developmental timing in C. 
elegans. Genes Dev., 15(20), 2654–2659. 
https://doi.org/10.1101/gad.927801 

Kidner, C. A., & Martienssen, R. A. (2004). Spatially restricted microRNA 
directs leaf polarity through ARGONAUTE1. Nature, 428(6978), 81–
84. https://doi.org/10.1038/nature02366 

Kinjoh, T., Kaneko, Y., Itoyama, K., Mita, K., Hiruma, K., & Shinoda, T. 
(2007). Control of juvenile hormone biosynthesis in Bombyx mori: 
cloning of the enzymes in the mevalonate pathway and assessment of 
their developmental expression in the corpora allata. Insect Biochem. 
Mol. Biol., 37(8), 808–818. 
https://doi.org/10.1016/j.ibmb.2007.03.008 

Konopova, B., & Jindra, M. (2008). Broad-Complex acts downstream of 
Met in juvenile hormone signaling to coordinate primitive 
holometabolan metamorphosis. Development, 135(3), 559–568. 
https://doi.org/10.1242/dev.016097 

Konopova, B., Smykal, V., & Jindra, M. (2011). Common and distinct roles 



106 
 

of juvenile hormone signaling genes in metamorphosis of 
holometabolous and hemimetabolous insects. PloS one, 6(12), e28728. 
https://doi.org/10.1371/journal.pone.0028728 

Koyama, T., Obara, Y., Iwami, M., & Sakurai, S. (2004). Commencement 
of pupal commitment in late penultimate instar and its hormonal 
control in wing imaginal discs of the silkworm, Bombyx mori. J. 
Insect Physiol., 50(2-3), 123–133. 
https://doi.org/10.1016/j.jinsphys.2003.09.009 

Koyama, T., Syropyatova, M. O., & Riddiford, L. M. (2008). Insulin/IGF 
signaling regulates the change in commitment in imaginal discs and 
primordia by overriding the effect of juvenile hormone. Dev. 
Biol., 324(2), 258–265. https://doi.org/10.1016/j.ydbio.2008.09.017 

Koyama, T., Mendes, C. C., & Mirth, C. K. (2013). Mechanisms regulating 
nutrition-dependent developmental plasticity through organ-specific 
effects in insects. Front. Physiol., 4, 263. 
https://doi.org/10.3389/fphys.2013.00263 

Lau, N. C., Lim, L. P., Weinstein, E. G., & Bartel, D. P. (2001). An 
abundant class of tiny RNAs with probable regulatory roles in 
Caenorhabditis elegans. Science, 294(5543), 858–862. 
https://doi.org/10.1126/science.1065062 

Lee, R. C., & Ambros, V. (2001). An extensive class of small RNAs in 
Caenorhabditis elegans. Science, 294(5543), 862–864. 
https://doi.org/10.1126/science.1065329 



107 
 

Lee, R. C., Feinbaum, R. L., & Ambros, V. (1993). The C. elegans 
heterochronic gene lin-4 encodes small RNAs with antisense 
complementarity to lin-14. Cell, 75(5), 843–854. 
https://doi.org/10.1016/0092-8674(93)90529-y 

Lim, L. P., Glasner, M. E., Yekta, S., Burge, C. B., & Bartel, D. P. (2003). 
Vertebrate microRNA genes. Science, 299(5612), 1540. 
https://doi.org/10.1126/science.1080372 

Lim, D. H., Lee, S., Choi, M. S., Han, J. Y., Seong, Y., Na, D., Kwon, Y. S., 
& Lee, Y. S. (2020). The conserved microRNA miR-8-3p coordinates 
the expression of V-ATPase subunits to regulate ecdysone biosynthesis 
for Drosophila metamorphosis. FASEB, 34(5), 6449–6465. 
https://doi.org/10.1096/fj.201901516R 

Ling, L., Ge, X., Li, Z., Zeng, B., Xu, J., Aslam, A. F., Song, Q., Shang, P., 
Huang, Y., & Tan, A. (2014). MicroRNA Let-7 regulates molting and 
metamorphosis in the silkworm, Bombyx mori.  Insect 
Biochem. Mol. Biol., 53, 13–21. 
https://doi.org/10.1016/j.ibmb.2014.06.011 

Liu, S., Xia, Q., Zhao, P., Cheng, T., Hong, K., & Xiang, Z. (2007). 
Characterization and expression patterns of let-7 microRNA in the 
silkworm (Bombyx mori). BMC Dev. Biol., 7, 88. 
https://doi.org/10.1186/1471-213X-7-88 

Lozano, J., & Belles, X. (2011). Conserved repressive function of Krüppel 
homolog 1 on insect metamorphosis in hemimetabolous and 



108 
 

holometabolous species. Sci. Rep., 1, 163. 
https://doi.org/10.1038/srep00163 

Lozano, J., Montañez, R., & Belles, X. (2015). MiR-2 family regulates 
insect metamorphosis by controlling the juvenile hormone signaling 
pathway. Proc. Natl. Acad. Sci. U.S.A., 112(12), 3740–3745. 
https://doi.org/10.1073/pnas.1418522112 

MacWhinnie, S. G., Allee, J. P., Nelson, C. A., Riddiford, L. M., Truman, J. 
W., & Champlin, D. T. (2005). The role of nutrition in creation of the 
eye imaginal disc and initiation of metamorphosis in Manduca 
sexta. Dev. Biol., 285(2), 285–297. 
https://doi.org/10.1016/j.ydbio.2005.06.021 

Maestro, J. L., Cobo, J., & Belles, X. (2009). Target of rapamycin (TOR) 
mediates the transduction of nutritional signals into juvenile hormone 
production. J. Biol. Chem., 284(9), 5506–5513. 
https://doi.org/10.1074/jbc.M807042200 

Masumura, M., Satake, S., Saegusa, H., & Mizoguchi, A. (2000). Glucose 
stimulates the release of bombyxin, an insulin-related peptide of the 
silkworm Bombyx mori. Gen. Comp. Endocrinol., 118(3), 393–399. 
https://doi.org/10.1006/gcen.1999.7438 

Minakuchi, C., Namiki, T., & Shinoda, T. (2009). Krüppel homolog 1, an 
early juvenile hormone-response gene downstream of Methoprene-
tolerant, mediates its anti-metamorphic action in the red flour beetle 
Tribolium castaneum. Dev. Biol., 325(2), 341–350. 



109 
 

https://doi.org/10.1016/j.ydbio.2008.10.016 

Minakuchi, C., Namiki, T., Yoshiyama, M., & Shinoda, T. (2008a). RNAi-
mediated knockdown of juvenile hormone acid O-methyltransferase 
gene causes precocious metamorphosis in the red flour beetle 
Tribolium castaneum. The FEBS journal, 275(11), 2919–2931. 
https://doi.org/10.1111/j.1742-4658.2008.06428.x 

Minakuchi, C., Zhou, X., & Riddiford, L. M. (2008b). Krüppel homolog 1 
(Kr-h1) mediates juvenile hormone action during metamorphosis of 
Drosophila melanogaster. Mech. Dev., 125(1-2), 91–105. 
https://doi.org/10.1016/j.mod.2007.10.002 

Mirth, C. K., & Riddiford, L. M. (2007). Size assessment and growth 
control: how adult size is determined in insects. BioEssays, 29(4), 
344–355. https://doi.org/10.1002/bies.20552 

Miyakawa, H., Sato, T., Song, Y., Tollefsen, K.E., Iguchi, T., (2018). 
Ecdysteroid and juvenile hormone biosynthesis, receptors and their 
signaling in the freshwater microcrustacean Daphnia. J. Steroid 
Biochem. Mol. Biol., 184, 62–68. doi:10.1016/j.jsbmb.2017.12.006. 

Moeller, M. E., Nagy, S., Gerlach, S. U., Soegaard, K. C., Danielsen, E. T., 
Texada, M. J., & Rewitz, K. F. (2017). Warts Signaling Controls 
Organ and Body Growth through Regulation of Ecdysone. Curr. Biol., 
27(11), 1652–1659.e4. https://doi.org/10.1016/j.cub.2017.04.048 



110 
 

Muramatsu, D., Kinjoh, T., Shinoda, T., & Hiruma, K. (2008). The role of 
20-hydroxyecdysone and juvenile hormone in pupal commitment of 
the epidermis of the silkworm, Bombyx mori. Mech. Dev., 125(5-6), 
411–420. https://doi.org/10.1016/j.mod.2008.02.001 

Nicholson, D. B., Ross, A. J., & Mayhew, P. J. (2014). Fossil evidence for 
key innovations in the evolution of insect diversity. Proc. Biol. Sci., 
281(1793), 20141823. https://doi.org/10.1098/rspb.2014.1823 

Nijhout, H. F. (1994). Insect Hormones. Princeton University Press. 

Nijhout, H. F., & Grunert, L. W. (2002). Bombyxin is a growth factor for 
wing imaginal disks in Lepidoptera. Proc. Natl. Acad. Sci. U.S.A., 
99(24), 15446–15450. https://doi.org/10.1073/pnas.242548399 

Nijhout, H. F., Smith, W. A., Schachar, I., Subramanian, S., Tobler, A., & 
Grunert, L. W. (2007). The control of growth and differentiation of the 
wing imaginal disks of Manduca sexta. Dev. Biol., 302(2), 569–576. 
https://doi.org/10.1016/j.ydbio.2006.10.023 

Noriega F. G. (2014). Juvenile Hormone Biosynthesis in Insects: What Is 
New, What Do We Know, and What Questions Remain? Int. Sch. Res. 
Notices, 2014, 967361. https://doi.org/10.1155/2014/967361 

Pasquinelli, A. E., Reinhart, B. J., Slack, F., Martindale, M. Q., Kuroda, M. 
I., Maller, B., Hayward, D. C., Ball, E. E., Degnan, B., Müller, P., 
Spring, J., Srinivasan, A., Fishman, M., Finnerty, J., Corbo, J., Levine, 



111 
 

M., Leahy, P., Davidson, E., & Ruvkun, G. (2000). Conservation of 
the sequence and temporal expression of let-7 heterochronic 
regulatory RNA. Nature, 408(6808), 86–89. 
https://doi.org/10.1038/35040556 

Pecasse, F., Beck, Y., Ruiz, C., & Richards, G. (2000). Krüppel-homolog 1, 
a stage-specific modulator of the prepupal ecdysone response, is 
essential for Drosophila metamorphosis. Dev. Biol., 221(1), 53–67. 
https://doi.org/10.1006/dbio.2000.9687 

Peng, W., Zheng, W. W., Tariq, K., Yu, S. N., & Zhang, H. Y. (2019). 
MicroRNA Let-7 targets the ecdysone signaling pathway E75 gene to 
control larval-pupal development in Bactrocera dorsalis. Insect 
Sci., 26(2), 229–239. https://doi.org/10.1111/1744-7917.12542 

Piepho, H. (1938a). Uber die auslosung der raupenhautung, verpuppung 
und imaginalentwicklung an hautimplantaten von 
schmetterlingen. Biol. Zbl., 58, 481-495. 

Piepho, H. (1938b). Wachstum und totale Metamorpose an 
Hautimplantaten bei der Wachsmotte Galleria mellonella L. Biol. 
Zentralbl., 58, 356-366. 

Plasterk R. H. (2006). Micro RNAs in animal development. Cell, 124(5), 
877–881. https://doi.org/10.1016/j.cell.2006.02.030 

Qu, Z., Bendena, W. G., Nong, W., Siggens, K. W., Noriega, F. G., Kai, Z. 



112 
 

P., Zang, Y. Y., Koon, A. C., Chan, H. Y. E., Chan, T. F., Chu, K. H., 
Lam, H. M., Akam, M., Tobe, S. S., & Lam Hui, J. H. (2017). 
MicroRNAs regulate the sesquiterpenoid hormonal pathway in 
Drosophila and other arthropods. Proc. Royal Soc. B, 284(1869), 
20171827. https://doi.org/10.1098/rspb.2017.1827 

Rainford, J. L., Hofreiter, M., Nicholson, D. B., & Mayhew, P. J. (2014). 
Phylogenetic distribution of extant richness suggests metamorphosis is 
a key innovation driving diversification in insects. PloS one, 9(9), 
e109085. https://doi.org/10.1371/journal.pone.0109085 

Reinhart, B. J., Slack, F. J., Basson, M., Pasquinelli, A. E., Bettinger, J. C., 
Rougvie, A. E., Horvitz, H. R., & Ruvkun, G. (2000). The 21-
nucleotide let-7 RNA regulates developmental timing in 
Caenorhabditis elegans. Nature, 403(6772), 901–906. 
https://doi.org/10.1038/35002607 

Rewitz, K. F., Rybczynski, R., Warren, J. T., & Gilbert, L. I. (2006). 
Developmental expression of Manduca shade, the P450 mediating the 
final step in molting hormone synthesis. Mol. Cell. Endocrinol., 
247(1-2), 166–174. https://doi.org/10.1016/j.mce.2005.12.053 

Reza, A. M., Kanamori, Y., Shinoda, T., Shimura, S., Mita, K., Nakahara, 
Y., Kiuchi, M., & Kamimura, M. (2004). Hormonal control of a 
metamorphosis-specific transcriptional factor Broad-Complex in 
silkworm. Comp. Biochem. Physiol.B, 139(4), 753–761. 
https://doi.org/10.1016/j.cbpc.2004.09.009 



113 
 

Riddiford L. M. (1976). Hormonal control of insect epidermal cell 
commitment in vitro. Nature, 259(5539), 115–117. 
https://doi.org/10.1038/259115a0 

Riddiford L. M. (1978). Ecdysone-induced change in cellular commitment 
of the epidermis of the tobacco hornworm, Manduca sexta, at the 
initiation of metamorphosis.  Gen. Comp. Endocrinol., 34(4), 438–
446. https://doi.org/10.1016/0016-6480(78)90284-8 

Riddiford LM. (1993). Hormone receptors and the regulation of insect 
metamorphosis. Receptor. 1993 Fall;3(3):203-9. 

Riddiford L. M. (2012). How does juvenile hormone control insect 
metamorphosis and reproduction?. Gen. Comp. Endocrinol., 179(3), 
477–484. https://doi.org/10.1016/j.ygcen.2012.06.001 

Riddiford, L. M., Truman, J. W., Mirth, C. K., & Shen, Y. C. (2010). A role 
for juvenile hormone in the prepupal development of Drosophila 
melanogaster. Development, 137(7), 1117–1126. 
https://doi.org/10.1242/dev.037218 

Ronshaugen, M., Biemar, F., Piel, J., Levine, M., & Lai, E. C. (2005). The 
Drosophila microRNA iab-4 causes a dominant homeotic 
transformation of halteres to wings. Genes & development, 19(24), 
2947–2952. https://doi.org/10.1101/gad.1372505 

Rubio, M., & Belles, X. (2013). Subtle roles of microRNAs let-7, miR-100 



114 
 

and miR-125 on wing morphogenesis in hemimetabolan 
metamorphosis.  J. Insect Physiol., 59(11), 1089–1094. 
https://doi.org/10.1016/j.jinsphys.2013.09.003 

Rubio, M., de Horna, A., & Belles, X. (2012). MicroRNAs in metamorphic 
and non-metamorphic transitions in hemimetabolan insect 
metamorphosis. BMC Genom., 13, 386. https://doi.org/10.1186/1471-
2164-13-386 

Ruvkun G. (2001). Molecular biology. Glimpses of a tiny RNA world. 
Science, 294(5543), 797–799. https://doi.org/10.1126/science.1066315 

Sakudoh, T., Sezutsu, H., Nakashima, T., Kobayashi, I., Fujimoto, H., 
Uchino, K., Banno, Y., Iwano, H., Maekawa, H., Tamura, T., Kataoka, 
H., & Tsuchida, K. (2007). Carotenoid silk coloration is controlled by 
a carotenoid-binding protein, a product of the Yellow blood 
gene. Proc. Natl. Acad. Sci. U.S.A., 104(21), 8941–8946. 
https://doi.org/10.1073/pnas.0702860104 

Sakurai, S. (1984). Temporal organization of endocrine events underlying 
larval-pupal metamorphosis in the silkworm, Bombyx mori. J. Insect 
Physiol., 30, pp. 657-664, 10.1016/0022-1910(84)90051-9 

Sakurai, S., & Niimi, S. (1997). Development changes in juvenile hormone 
and juvenile hormone acid titers in the hemolymph and in-vitro 
juvenile hormone synthesis by corpora allata of the silkworm, Bombyx 
mori. J. Insect Physiol., 43(9), 875–884. 
https://doi.org/10.1016/s0022-1910(97)00021-8 



115 
 

Satake, S., Kaya, M., & Sakurai, S. (1998). Hemolymph ecdysteroid titer 
and ecdysteroid-dependent developmental events in the last-larval 
stadium of the silkworm, Bombyx mori: role of low ecdysteroid titer in 
larval-pupal metamorphosis and a reappraisal of the head critical 
period. J. Insect Physiol., 44(10), 867–881. 
https://doi.org/10.1016/s0022-1910(98)00075-4 

Saucedo, L. J., Gao, X., Chiarelli, D. A., Li, L., Pan, D., & Edgar, B. A. 
(2003). Rheb promotes cell growth as a component of the insulin/TOR 
signalling network. Nat. Cell Biol., 5(6), 566–571. 
https://doi.org/10.1038/ncb996 

Seino, A., Ogura, T., Tsubota, T., Shimomura, M., Nakakura, T., Tan, A., 
Mita, K., Shinoda, T., Nakagawa, Y., & Shiotsuki, T. (2010). 
Characterization of juvenile hormone epoxide hydrolase and related 
genes in the larval development of the silkworm Bombyx mori. Biosci. 
Biotechnol. Biochem., 74(7), 1421–1429. 
https://doi.org/10.1271/bbb.100104 

Sempere, L. F., Dubrovsky, E. B., Dubrovskaya, V. A., Berger, E. M., & 
Ambros, V. (2002). The expression of the let-7 small regulatory RNA 
is controlled by ecdysone during metamorphosis in Drosophila 
melanogaster. Dev. Biol., 244(1), 170–179. 
https://doi.org/10.1006/dbio.2002.0594 

Sempere, L. F., Sokol, N. S., Dubrovsky, E. B., Berger, E. M., & Ambros, 
V. (2003). Temporal regulation of microRNA expression in 
Drosophila melanogaster mediated by hormonal signals and broad-



116 
 

Complex gene activity. Dev. Biol., 259(1), 9–18. 
https://doi.org/10.1016/s0012-1606(03)00208-2 

Shinoda, T., & Itoyama, K. (2003). Juvenile hormone acid 
methyltransferase: a key regulatory enzyme for insect metamorphosis. 
Proc. Natl. Acad. Sci. U.S.A., 100(21), 11986–11991. 
https://doi.org/10.1073/pnas.2134232100 

Smykal, V., Daimon, T., Kayukawa, T., Takaki, K., Shinoda, T., & Jindra, 
M. (2014). Importance of juvenile hormone signaling arises with 
competence of insect larvae to metamorphose. Dev. Biol., 390(2), 
221–230. https://doi.org/10.1016/j.ydbio.2014.03.006 

Sokol, N. S., Xu, P., Jan, Y. N., & Ambros, V. (2008). Drosophila let-7 
microRNA is required for remodeling of the neuromusculature during 
metamorphosis. Genes Dev., 22(12), 1591–1596. 
https://doi.org/10.1101/gad.1671708 

Song, J., Li, W., Zhao, H., Gao, L., Fan, Y., & Zhou, S. (2018). The 
microRNAs let-7 and miR-278 regulate insect metamorphosis and 
oogenesis by targeting the juvenile hormone early-response 
gene Krüppel-homolog 1. Development, 145(24), dev170670. 
https://doi.org/10.1242/dev.170670 

Suzuki, Y., Truman, J. W., & Riddiford, L. M. (2008). The role of Broad in 
the development of Tribolium castaneum: implications for the 
evolution of the holometabolous insect pupa. Development, 135(3), 
569–577. https://doi.org/10.1242/dev.015263 



117 
 

Takasu, Y., Sajwan, S., Daimon, T., Osanai-Futahashi, M., Uchino, K., 
Sezutsu, H., Tamura, T., & Zurovec, M. (2013). Efficient TALEN 
construction for Bombyx mori gene targeting. PloS one, 8(9), e73458. 
https://doi.org/10.1371/journal.pone.0073458 

Talbot, W.S., Swyryd, E.A., Hogness, D.S., (1993). Drosophila tissues with 
different metamorphic responses to ecdysone express different 
ecdysone receptor isoforms. Cell 73, 1323–1337. 
https://doi.org/10.1016/0092-8674(93)90359-X 

Tamura, T., Thibert, C., Royer, C., Kanda, T., Abraham, E., Kamba, M., 
Komoto, N., Thomas, J. L., Mauchamp, B., Chavancy, G., Shirk, P., 
Fraser, M., Prudhomme, J. C., & Couble, P. (2000). Germline 
transformation of the silkworm Bombyx mori L. using a piggyBac 
transposon-derived vector. Nat. Biotechnol., 18(1), 81–84. 
https://doi.org/10.1038/71978 

Tan, A., Tanaka, H., Tamura, T., & Shiotsuki, T. (2005). Precocious 
metamorphosis in transgenic silkworms overexpressing juvenile 
hormone esterase. Proc. Natl. Acad. Sci. U.S.A., 102(33), 11751–
11756. https://doi.org/10.1073/pnas.0500954102 

Truman, J. W., & Riddiford, L. M. (1999). The origins of insect 
metamorphosis. Nature, 401(6752), 447–452. 
https://doi.org/10.1038/46737 

Truman, J. W., & Riddiford, L. M. (2019). The evolution of insect 
metamorphosis: a developmental and endocrine view. Philos. Trans. 



118 
 

R. Soc. B, 374(1783), 20190070. 
https://doi.org/10.1098/rstb.2019.0070 

Truman, J. W., & Riddiford, L. M. (2022). Chinmo is the larval member of 
the molecular trinity that directs Drosophila metamorphosis. Proc. 
Natl. Acad. Sci. U.S.A., 119(15), e2201071119. 
https://doi.org/10.1073/pnas.2201071119 

Truman, J. W., Hiruma, K., Allee, J. P., Macwhinnie, S. G., Champlin, D. 
T., & Riddiford, L. M. (2006). Juvenile hormone is required to couple 
imaginal disc formation with nutrition in insects. Science, 312(5778), 
1385–1388. https://doi.org/10.1126/science.1123652 

Uchino, K., Imamura, M., Sezutsu, H., Kobayashi, I., Kojima, K., Kanda, 
T., & Tamura, T. (2006). Evaluating promoter sequences for trapping 
an enhancer activity in the silkworm Bombyx mori. J. Insect 
Biotechnol. Sericology, 75(2), 89-97. 
https://doi.org/10.11416/jibs.75.89 

Uhlirova, M., Foy, B. D., Beaty, B. J., Olson, K. E., Riddiford, L. M., & 
Jindra, M. (2003). Use of Sindbis virus-mediated RNA interference to 
demonstrate a conserved role of Broad-Complex in insect 
metamorphosis. Proc. Natl. Acad. Sci. U.S.A., 100(26), 15607–15612. 
https://doi.org/10.1073/pnas.2136837100 

Ureña, E., Chafino, S., Manjón, C., Franch-Marro, X., & Martín, D. (2016). 
The Occurrence of the Holometabolous Pupal Stage Requires the 
Interaction between E93, Krüppel-Homolog 1 and Broad-



119 
 

Complex. PLoS Genet., 12(5), e1006020. 
https://doi.org/10.1371/journal.pgen.1006020 

Ureña, E., Manjón, C., Franch-Marro, X., & Martín, D. (2014). 
Transcription factor E93 specifies adult metamorphosis in 
hemimetabolous and holometabolous insects. Proc. Natl. Acad. Sci. 
U.S.A., 111(19), 7024–7029. https://doi.org/10.1073/pnas.1401478111 

Varghese, J., & Cohen, S. M. (2007). microRNA miR-14 acts to modulate a 
positive autoregulatory loop controlling steroid hormone signaling in 
Drosophila. Genes Dev., 21(18), 2277–2282. 
https://doi.org/10.1101/gad.439807 

Wu, Y. C., Chen, C. H., Mercer, A., & Sokol, N. S. (2012). Let-7-complex 
microRNAs regulate the temporal identity of Drosophila mushroom 
body neurons via chinmo. Dev. Cell, 23(1), 202-209. 
https://doi.org/10.1016/j.devcel.2012.05.013 

Yamanaka, N., Rewitz, K.F., O’Connor, M.B., (2013). Ecdysone control of 
developmental transitions: lessons from Drosophila research. Annu. 
Rev. Entomol. 58, 497–516. doi:10.1146/annurev-ento-120811-
153608. 

Yao, T.P., Forman, B.M., Jiang, Z., Cherbas, L., Chen, J.-D., McKeown, 
M., Cherbas, P., Evans, R.M., (1993). Functional ecdysone receptor is 
the product of EcR and Ultraspiracle genes. Nature 366, 476–479. 
https://doi.org/10.1038/366476a0. 



120 
 

Yao, T.P., Segraves, W.A., Oro, A.E., McKeown, M., Evans, R.M., (1992). 
Drosophila ultraspiracle modulates ecdysone receptor function via 
heterodimer formation. Cell 71, 63–72. doi:10.1016/0092-
8674(92)90266-F. 

Zhang, J., Wen, D., Li, E. Y., Palli, S. R., Li, S., Wang, J., & Liu, S. (2021). 
MicroRNA miR-8 promotes cell growth of corpus allatum and juvenile 
hormone biosynthesis independent of insulin/IGF signaling in 
Drosophila melanogaster. Insect Biochem. Mol. Biol., 136, 103611. 
https://doi.org/10.1016/j.ibmb.2021.103611 

Zhang, X., Li, S., & Liu, S. (2022). Juvenile Hormone Studies in 
Drosophila melanogaster. Front. Physiol., 12, 785320. 
https://doi.org/10.3389/fphys.2021.78532 

Zhou, B., Hiruma, K., Shinoda, T., & Riddiford, L. M. (1998). Juvenile 
hormone prevents ecdysteroid-induced expression of broad complex 
RNAs in the epidermis of the tobacco hornworm, Manduca 
sexta. Dev. Biol., 203(2), 233–244. 
https://doi.org/10.1006/dbio.1998.9059 

Zhou, X., & Riddiford, L. M. (2002). Broad specifies pupal development 
and mediates the 'status quo' action of juvenile hormone on the pupal-
adult transformation in Drosophila and 
Manduca. Development, 129(9), 2259–2269. 
https://doi.org/10.1242/dev.129.9.2259 

Zhu, S., Liu, F., Zeng, H., Li, N., Ren, C., Su, Y., Zhou, S., Wang, G., Palli, 



121 
 

S. R., Wang, J., Qin, Y., & Li, S. (2020). Insulin/IGF signaling and 
TORC1 promote vitellogenesis via inducing juvenile hormone 
biosynthesis in the American cockroach. Development, 147(20), 
dev188805. https://doi.org/10.1242/dev.188805 


