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Abstract: During their evolution, organisms have developed various mechanisms to adapt to changing nutritional conditions 
such as mobilization of storage molecules and activation of autophagy. In this study, the mechanism of adaptive responses in 
the midgut of the silkworm Bombyx mori L., 1758 (Lepidoptera: Bombycidae) larvae, which were starved for different days, was 
investigated. The study was carried out at the Insect Physiology Research Laboratory and Silkworm Culture Laboratory at Ege 
University between 2018 and 2020. For this purpose, the histological structure of the midgut was examined using 
hematoxylin&eosin staining and its protein, sugar, glycogen, and lipid contents were determined. As autophagy markers, 
lysosomal enzyme activities were measured and expressions of autophagy-related genes (mTOR, ATG8, and ATG12) were 
analyzed by qRT-PCR. The results showed that, depending on the time of onset of starvation stress, autophagy plays no role as 
an adaptive response under starvation conditions or occurs at a much more moderate level than autophagy which happens as 
part of cell death during larval-pupal metamorphosis. 

Keywords: Lepidoptera, digestive canal, programmed cell death, ATG genes. 

İpek Böceği Bombyx mori’ nin Orta Bağırsağında Açlık Stresinin Etkilerinin Araştırılması 

Öz: Organizmalar, evrimleri sırasında değişen beslenme koşullarına uyum sağlamak için depo moleküllerinin mobilizasyonu 
ve otofajinin aktivasyonu gibi çeşitli mekanizmalar geliştirmiştir. Bu çalışmada, farklı günlerde aç bırakılan ipekböceği Bombyx 
mori L., 1758 (Lepidoptera: Bombycidae) larvalarının orta bağırsağındaki adaptif tepkilerin mekanizması araştırılmıştır. Çalışma 
2018-2020 yılları arasında Ege Üniversitesi böcek fizyolojisi araştırma laboratuvarı ve ipekböceği kültür laboratuvarında 
yapılmıştır. Bu amaçla hematoksilen&eozin boyama ile orta bağırsağın histolojik yapısı incelenmiş ve protein, şeker, glikojen ve 
lipid içerikleri belirlenmiştir. Otofaji belirteçleri olarak lizozomal enzim aktiviteleri ölçülmüş ve otofaji ile ilgili genlerin (mTOR, 
ATG8 ve ATG12) ifadeleri qRT-PCR ile analiz edilmiştir. Sonuçlar, açlık stresinin başlama zamanına bağlı olarak, otofajinin, 
açlık koşulları altında adaptif bir yanıt olarak hiçbir rolü olmadığını veya larva-pupa metamorfozu sırasında hücre ölümünün 
bir parçası olarak meydana gelen otofajiden çok daha ılımlı bir seviyede meydana geldiğini göstermiştir. 

Anahtar kelimeler: Pul kanatlılar, sindirim kanalı, programlı hücre ölümü, ATG genleri. 

1. Introduction 

Living beings had to adapt to the constantly changing 
conditions of obtaining food during their evolution. The 
reduction in nutrients induces cellular responses to 
maintain cellular energy levels so that the organism 
survives in starvation conditions. In the case of limited 
nutrient availability, mobilization of storage molecules 
and autophagy can ensure cell survival by mediating 
cellular ATP production, protein synthesis, and the 
acquisition of metabolic substrates to sustain the 
synthesis of fatty acids (Lum et al., 2005). 

Autophagy is an evolutionarily well-conserved 
cellular process, from yeast to mammals, that is effective 
in maintaining cellular homeostasis by recycling 
intracellular molecules, especially in the absence of 
nutrients. Recent studies have revealed that, in addition 
to its role in cellular metabolism, autophagy is closely 
connected with cell differentiation, aging, cell death, 
neurodegenerative diseases, and the functions of the 
immune system (Xie & Klionsky, 2007). Three basic forms 
of autophagy, macroautophagy (MA), microautophagy 
(MI), and chaperone-mediated autophagy (CMA) have 
been identified in mammals (Klionsky & Codogno, 2013; 
Li et al., 2012; Kaushik & Cuervo, 2012). Macroautophagy 
is the most common autophagy type among these, 

hereafter referred to as autophagy in our study. 
Autophagy-related genes (ATG) were first identified in 
the yeast Saccharomyces cerevisiae Meyen ex EC Hansen, 
1883 (Saccharomycetales: Saccharomycetaceae) (Xie & 
Klionsky, 2007) and orthologs of these genes are found in 
other eukaryotes (Romanelli et al., 2014). TOR (target of 
rapamycin), an important regulator of autophagy, is a 
serine/threonine-protein kinase that belongs to the 
phosphatidylinositol kinase-associated kinase (PIKK) 
family (Jung et al., 2010) and controls growth, survival, 
metabolism, development, and protein synthesis 
(Hietakangas & Cohen, 2009; Wang & Proud, 2009; Zhou 
et al., 2010). When nutrients are abundant in the cell, TOR 
is activated and inhibits the initiation of autophagy by 
phosphorylating the autophagy related-gene, Atg13. 
Under the starvation condition, TOR activity is reduced 
and dephosphorylation of Atg13 stimulates vesicle 
nucleation (Kamada et al., 2000; Chan & Tooze, 2009; 
Romanelli, 2014). Afterward, autophagosomes are 
formed with the activation of two ubiquitin-like 
conjugation systems. The first of these conjugation 
systems consists of Atg12, Atg5, and Atg16 proteins and 
provides elongation of the vesicle. The second contains 
Atg8 (LC3 in mammals) that binds to 
phosphatidylethanolamine (PE) to develop an autophagic 
isolation membrane. In the final step, the 
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autophagosomes fuse with the lysosome and their 
contents are digested by lysosomal enzymes such as acid 
phosphatase, acid ribonuclease, and cathepsins. (Xie & 
Klionsky, 2007). 

In addition to being a cellular survival mechanism, 
autophagy plays a role in autophagy-mediated cell death 
or type II PCD when it occurs excessively in the cell. It 
has recently been proven that autophagic cell death is an 
important mechanism in the elimination of large cell 
populations in insects during metamorphosis and the 
anomalies that occur in this process have serious effects 
on insect development and survival (Tettamanti et al., 
2007a). The substances obtained from the structures that 
are degenerated in this process contribute to the 
necessary energy and acquisition of cellular building 
blocks during the survival and formation of new tissue in 
insects that do not feed in the pupal and adult life stages 
(Rabinowitz & White, 2010). 

The silkworm digestive system is a canal composed 
of epithelial cells and according to its embryonic origin 
and physiological functions, it is composed of 3 parts 
foregut, midgut, and hindgut (Klowden, 2007). The 
functions of the larval midgut are digestion and 
absorption of nutrients but it undergoes significant 
changes in the metamorphosis process because of the 
changing the food habit (Goncu et al., 2016). All of these 
remodeling events of the midgut are under the control of 
the insect steroid hormone, 20-hydroxyecdysone (20E). 
Two events take place in the remodeling process of the 
midgut during metamorphosis in Lepidoptera. The first 
is the degeneration of the larval midgut epithelium by 
PCD and the second is the proliferation and 
differentiation of stem cells to form the pupa-adult 
midgut epithelium (Franzetti et al., 2015). Programmed 
cell death (PCD) of the larval midgut begins in response 
to an increase in 20E and, in addition to apoptosis, studies 
have proven that programmed autophagy plays an 
important role in these developmental processes. 

Previous studies have shown the presence of 
autophagic structures, increased expression levels of 
autophagy-related genes, and increased lysosomal acid 
phosphatase enzyme levels in Bombyx mori L., 1758 
(Lepidoptera: Bombycidae) larval midgut cells during 
larval-pupal metamorphosis. The aim of this study was to 
investigate the adaptive cellular responses of the midgut 
under starvation conditions that begin at different 
developmental times in the final larval stage, the 
similarities and/or differences between starvation-
induced autophagy, and programmed autophagy that 
occur during metamorphosis in the larval midgut. 

2. Material and Methods 

2.1. Silkworm rearing and feeding protocol 

Silkworm B. mori larvae were reared by feeding on fresh 
mulberry leaves at 25±1 °C, 70-85% relative humidity, 
12L:12D photoperiod. For starvation experiments, larvae 
were starved from day 0 (Group 1) and day 4 (Group 2) 
of the 5th larval stage. The control group was grown 
under normal feeding conditions and the midguts of all 
groups were dissected every 24 hours. 

2.2. Histological and histochemical analysis 

The dissected midgut samples morphologies were 
evaluated by staining with Hematoxyline&Eosine. 
Glycogen granules were detected with Alcian blue (PAS). 
Photographs of the specimens were taken under a Zeis 
Axioscope microscope. 

2.3. Preparation of samples for lipid, glycogen, and 
sugar analyses 

Midgut tissues were homogenized according to the Van 
Handel method and separated into phases for glycogen, 
sugar, and lipid. Glucose was used as a standard for 
glycogen and sugar determination and corn oil was used 
as a standard for lipid. Samples and standards were read 
in a spectrophotometer at 625 nm (adapted from Van 
Handel, 1985a; Van Handel, 1985b; Van Handel & Day, 
1988; Kaufmann & Brown, 2008; Kaufmann & Brown, 
2014). 

2.4. Total protein concentration 

Total protein concentrations in the samples were 
determined by the Bradford (1976) method. Bovine serum 
albumin (BSA) was used as a protein standard. Samples 
and standards were read at 595 nm by using Agilent Cary 
60 UV-vis spectrophotometer.  

2.5. Acid phosphatase assay 

The activity of the acid phosphatase enzyme in tissues 
was detected according to Bergmeyer's (1974) method. p-
nitrophenyl phosphate (Sigma-Aldrich, St. Louis, MO) 
was used as a substrate. The amount of p-nitrophenol, 
which is the final product of the reaction, was measured 
at 405 nm spectrophotometrically. 

2.6. RNA isolation, cDNA synthesis, and quantitative 
real-time reverse transcriptase-polymerase chain 
reaction 

The midgut samples were homogenized in Tripure 
Isolation Reagent (Roche) and RNA isolation was done 
according to the manufacturer’s instructions. The 
concentration of total RNA and purity were determined 
with NanoDrop™ 2000/2000c Spectrophotometer 
(Thermo Fischer) and then evaluated using gel 
electrophoresis. cDNA synthesis by reverse transcription 
was performed using 5 µl of RNA and the Evoscript 
Universal cDNA Master Kit (Roche) according to the 
manufacturer’s instructions.  

Transcript levels of BmATG8, BmATG12, and 
BmTOR1 were analyzed in a LightCycler 480II real-time 
PCR cycler (Roche) using a LightCycler® 480 Probes 
Master (Roche) according to the manufacturer’s 
instructions. The RP49 gene was used as the 
housekeeping gene. The primers and probes design was 
made using the Clustal W align program and Oligo7 
software. The specificity of the obtained primers and 
probes was checked with the blast program. Primer and 
probe sequences are given in Table 1. qRT-PCR master 
mix was prepared using 2 µl cDNA, 0,5 µl forward 
Primer (20mM), 0,5 µl reverse Primer (20mM), 2,7 µl 
H2O, 0,2 µl Tprobe (20mM) and 5 µl enzyme. PCR 
conditions were applied as10 minutes for denaturation at 
95°C, followed by 45 cycles of the amplification at 95°C 
for 10 seconds, 60°C for 30 seconds and 72°C for 1 second. 

2.7. Statistical analysis 
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The difference between groups was determined using the 
PASW Statistics 18 program. Since the sample size was 
less  
 

than 50, the Shapiro-Wilk normality test was performed. 
The Independent T-test was applied for the normal 

distributed variable and the Mann-Whitney U test was 
used for the non-normally distribution variable. When 
p≤0.05 in both test results, the difference between the 
groups was found to be significant and indicated with a 
star in the columns. 

Table 1. Forward and reverse primers use in qRT‐PCR 

Gene Forward and reverse primer Accession no Taqman probe no 

BmATG8 
CAGTTGGCCAGTTCTACTTCTT 
TGCAGATGTGGGTGGAATG 

NM_001046779 Fam- AAACGTATTCACCTGCGGCCTGAA-BBQ 

BmATG12 
ATGAGACGCAGAGCCAATC 
ATTCCCTGTCGCTTTCAGTAG 

NM_001142491 Fam- AGTGGCTGGAATGGAAGCATTGAGA -BBQ 

BmTor1 
TGGTGGACACGACTCCAAG 
CATGACTAGACTCCGCACCTG 

NM_001184844.1 Fam-CCTCGACCAGTCTCTGCCCGC-BBQ 

RP49 
GCGGTTCAAGGGTCAATACT 
GTGAACTAGGACCTTACGGAATC 

AB048205.1 Fam- CGGTTCCAACAAGAAGACCCGTCA-BBQ 

 

3. Results 

Gut contents were determined until day 7 of the 5th 
larval stage in the larvae of the control group subjected to 
normal feeding (Fig. 1). Group 1 larvae, starved from the 
onset of the fifth larval stage, survived for 7 days. The 
fluid accumulation in the alimentary canal was detected 
in this group (Fig. 1). In the control group, gut purge 
occurred on day 8 and larval-pupal ecdysis happened on 
day 11 of the 5th larval stage. Group 2 larvae were 
starved from day 4 of the 5th instar after a small ecdysone 
release. Gut purge and spinning activity occurred one 
day before the control group; however, there was no 
larval-pupal ecdysis (Fig. 2). The total body weight of the 
starved larvae decreased significantly compared to the 
control group (Fig. 3). 

 

Figure 1. Morphological structure of Control and Group 1 larvae 
during dissection (FG: Foregut, MG: Midgut, HG: Hindgut, Sg: 
Silk gland, Fb: Fatbody). 

3.1. Histological findings 

3.1.1. Hematoxylin & eosin results 

In the control group, the single-layered larval epithelium 
surrounding the lumen, the secretory vesicles, and the brush 
border membrane were observed until day 7 of the 5th 
instar. 

The midgut histology of the group 1 larvae was 
similar to the control group until day 7 of the 5th larval 
stage and no degenerative changes due to starvation were 
detected. However, on the last day of this group, before 
the insects died, villi structures were destroyed, the 
morphology of the cells became irregular, and the brush 
border membrane was lost. In addition, numerous 
vesicles on the apical surface of the epithelium were also 
determined on this day (Fig. 4). 

The larval midgut of group 2 appeared as healthy as 
in the control until day 10 of the 5th instar. In the control 
group, the degenerated larval epithelium was separated 
from the basal lamina and stem cells located in the basal 
region of the epithelium enlarged and proliferated on day 
10. In group 2, degenerated larval epithelium was still 
attached to the proliferating stem cell layer at this time. 
The formation of pupal midgut epithelium from 
differentiated stem cells was detected during the early 
pupal development of the control group. Although larva-
pupa ecdysis did not occur, similar developmental events 
of the pupal midgut were observed in group 2 larvae (Fig. 
5).  

3.1.2. Alcian blue-periodic acid-schiff (pas) results 

While glycogen granules were observed in the midguts of 
the control group from the early days of the 5th larval 
stage, glycogen granules were not observed in the group 
1 larvae (Fig. 6). Similarly, larval midgut cells of group 2 
lacked glycogen granules but staining in the newly 
formed pupal epithelium indicated the presence of 
glycogen in these cells. However, the staining intensity 
was much weaker compared to the control (Fig. 7).  

3.2. Glycogen, sugar, lipid, and protein levels 

Glycogen levels in midguts from group 1 were 
significantly lower on days 2 and 3 of the 5th larval stage 
than in the control group. Midgut glycogen levels 
detected in group 2 were significantly lower than in the 
control group throughout the experiment, except on day 
1 of starvation (Fig. 8a). 
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Figure 2. Morphological structure of Control and Group 2 larvae during dissection - developmental days in brackets are shown for 
group 2 (FG: Foregut, MG: Midgut, HG: Hindgut, Sg: Silk gland, Fb: Fatbody). 

 

 

Figure 3. Total body weights of Control, Group 1, and Group 2 larvae - developmental days in brackets are shown for group 2. The bars 
represent the mean ± standard deviation. Significant changes (p≤ 0.05) between * control and group 1; ** control and group 2; *** control 
and all treatment groups. 
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Figure 4. Histological structure of Control and Group 1 larvae with stained H&E (L: Lumen, Le: Larval epithelium, mt: muscle tissue, ct: 
connective tissue, black arrow mark: secretion vesicles, black triangle: brush border structure). 

 

Figure 5. Histological structure of Control and Group 2 larvae with stained H&E (L:Lumen, Le: Larval epithelium, mt: muscle tissue, ct: 
connective tissue, Pe: Pupal epithelium, yb: yellow body, black arrow mark: secretion vesicles, black triangle: brush border structure, 
yellow star: stem cells). 

The sugar levels in the midguts obtained from 
group 1 were found to be significantly lower than the 
control group throughout the experiment. In group 2, 
sugar levels are low on days 6 and 8 of the last larval 
stage and the last two days of the experiment. On days 9 
and 11 of the 5th larval stage, the sugar levels detected 
were significantly higher than in the control group (Fig. 
8b). 

Lipid levels in the midguts obtained from group 1 
did not differ from the control group until day 4 of the 5th 
larval stage. However, the lipid levels determined from 
day 5 were found to be significantly lower than the 
control group. The lipid levels in the midgut obtained 
from group 2 were found to be lower than the control 
group on day 6 of the 5th larval stage and the last 2 days of 
the experiment (Fig. 8c).  

The total protein concentration of midguts obtained 
from the group 1 was found to be significantly higher 
than the control group larvae on the 2nd day of 

starvation. However, especially after day 4 of the 5th 
larval stage, protein levels remained at lower levels 
compared to the control group. Total protein amounts in 
the midguts from group 2 decreased in the first two days 
of the starvation period. Following this, the increasing 
total protein amount showed a graph that fluctuated until 
the end of the experiment (Fig. 8d). 

3.3. Acid phosphatase assay findings 

Acid phosphatase is a lysosomal enzyme and its activity 
has been determined to increase in autophagy-mediated 
cell death (Selek et al., 2016). In the midguts obtained 
from group 1, there was a significant increase in the acid 
phosphatase enzyme on days 3 and 5 compared to the 
control group. It was determined that acid phosphatase 
activity in the midguts obtained from group 2 was higher 
on days 6 and 10 of the 5th larval stage compared to the 
control group. However, the acid phosphatase levels 
determined during the prepupal period of the control 
group were significantly higher than the starved group 2 
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larvae (Fig. 9). 
 

 

Figure 6. Histological structure of Control and Group 1 larvae with stained Alcian blue-PAS (L:Lumen, Le: Larval epithelium, black 
arrow mark: glycogen granules). 
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Figure 7. Histological structure of Control and Group 2 larvae with stained Alcian blue-PAS - developmental days in brackets are 
shown for group 2 (L:Lumen, Le: Larval epithelium, black arrow mark: glycogen granules). 

 

Figure 8. a) Glycogen, b) sugar, c) lipid, d) protein levels of Control, Group 1 and Group 2 larvae - developmental days in brackets are 
shown for group 2. The bars represent the mean ± standart deviation. Significant changes (p≤ 0.05) between * control and group 1; ** 
control and group 2; *** control and all treatment groups. 

 

Figure 9. Specific acid phosphatase enzyme activities of Control, Group 1, and Group 2 larvae - developmental days in brackets are 
shown for group 2. The bars represent the mean ± standard deviation. Significant changes (p≤ 0.05) between * control and group 1; ** 
control and group 2; *** control and all treatment groups. 

 

3.4. Expressions levels of BmTor1, ATG12, and ATG8 

BmTor 1 expression in the midguts of the control group 
was determined to be at low levels until day 7 of the 5th 
larval stage and then peaked rapidly on this day. BmTor1 

mRNA levels detected from the midguts of group 1 
larvae were found to be significantly higher than the 
control group on days 1, 4, 5, and 6 of the 5th instar. The 
transcript levels determined on the other experimental 
days were lower than those in the control group. 
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Moderate BmTor 1 mRNA levels in the midguts of the 
control group were maintained until 12th hour pupation. 
In the midguts obtained from group 2, BmTor 1 transcript 
levels were higher than those in control group, except on 
day 8 of the 5th instar (Fig. 10a). 

The ATG12 expression levels in the midguts of 
group 1 were significantly lower than the control group 
throughout the experiment. ATG12 mRNA levels 
determined in midguts from group 2 were significantly 
higher than those in determined in the control group at 

days 5, 9, and 10 of the 5th larval stage (Fig. 10b). 

The ATG8 mRNA levels in the midguts of the 
control group showed a gradual increase until day 7 of 
the 5th larval stage. On the other hand, a similar increase 
did not occur in the midguts obtained from group 1 and 
remained at lower levels than the control group 
throughout the experiment. In the midguts obtained from 
group 2, ATG8 mRNA levels were higher than the control 
group on days 5, 6, and 10 and remained at low levels on 
the other days of the experiment (Fig. 10c) 

 

Figure 10. a) BmTor1 b) ATG12 c) ATG8 mRNA expression levels of Control, Group 1 and Group 2 larvae - developmental days in 
brackets are shown for group 2. The bars represent the mean ± standart deviation. Significant changes (p≤ 0.05) between * control and 
group 1; ** control and group 2; *** control and all treatment groups. 

4. Discussion 

Under starvation conditions, the cell tries to adapt to this 
stress condition by reducing its needs, mobilizing energy-
rich storage molecules, and activating the autophagy 
pathway. Autophagy, as a cellular response to starvation, 
has been studied in detail in many different species 
including yeast, nematodes, flies, and mice. Loss of 
autophagy resulted in death in yeast, developmental 
defects in Caenorhabditis elegans Maupas, 1900 
(Rhabditida: Rhabditidae), hypersensitivity to starvation 
in Drosophila melonagaster Meigen, 1830 (Diptera: 
Drosophilidae), and postnatal death in mice (Tsukada & 
Ohsumi 1993; Melendez et al., 2003; Kuma et al., 2004; 
Scott et al. 2004). In addition, important functions of 
autophagy have been demonstrated in insects during the 
metamorphosis process in which the organism is 
remodeled but there is no nutrient entry into the body 
(Malagoli et al., 2010; Romanelli et al., 2014). 
Lepidopteran insects, including the silkworm Bombyx 
mori, are widely used as model organisms in studies on 
the function of autophagy in insect metamorphosis. 
However, it is unclear whether autophagy plays a role in 

the midgut of B. mori under starvation conditions. 
Furthermore, no information is available on the 
similarities or differences between autophagy in the 
remodeling process in the midgut of B. mori and 
autophagy in the starvation state. 

If cells cannot adapt to starvation stress, this can 
lead to apoptosis or necrosis (Caro-Maldonado & Muñoz-
Pinedo, 2011). There have been several previous reports 
showing that starvation causes cell death in various insect 
cells. Wu et al. (2011) reported that B. mori ovarian cells 
die in a non-apoptotic way when starvation lasts longer 
than 48 hours. When Spodoptera litura Fabricius, 1775 
(Lepidoptera: Noctuidae) ovarian cells were exposed to 
amino acid starvation, an increase in autophagic cell 
death activity was observed and it was determined that 
the cells died by apoptosis after 48 hours of starvation 
(Wu et al., 2011). Park et al. (2009) showed that starvation 
triggers apoptosis in midgut tissue in their study on 
Periplaneta americana L., 1758 (Blattodea: Blattidae). In 
contrast to these studies, starvation did not cause cell 
death in larval midgut cells until the last day of the 
experiment. The preservation of the normal histological 
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structure of the midguts obtained from starved insects 
showed that starvation did not cause any abnormal or 
degenerative changes until the death of the insect. 
However, the significant reduction in the fat body, which 
is the main storage organ of insects, and the consequent 
decrease in body weight of starved insects suggested that 
death was related to the depletion of energy reserves. 

In a study (Xie et al., 2016) in the Bombyx mori cell 
line, apoptosis was shown to occur following autophagy 
after 20E treatment and starvation. In the same study, it 
was reported that, the rate of cells undergoing both 
autophagy and apoptosis decreased after 20E and 
starvation experiments as a result of decreasing the 
expression of Atg5 and Atg6 by RNAi. Our results show 
that autophagy does not occur in the midgut in vivo after 
starvation. 

Lysosomes play a central role in cellular catabolic 
processes by being at the junction between endocytic and 
autophagic pathways. The lysosomal acid phosphatase 
enzyme hydrolyzes organic phosphates at acidic pH and 
an increase in acid phosphatase activity has been used as 
an indicator of autophagy in different studies (Goncu & 
Parlak, 2008; Klionsky et al., 2016). Relatively high acid 
phosphatase activity in the midguts during the mid-
starvation period of group 1 indicated rising lysosomal 
activity in this group. However, the low expression levels 
of autophagy-related genes, ATG8 and ATG12, in the 
midguts obtained from group 1 suggested that starvation 
did not cause an increase in autophagy in this group. On 
the first day of the experiment, the increase in the 
expression of TOR kinase, the main regulator of 
autophagy, in the midguts obtained from group 1 was the 
first response to starvation. Zhou et al. (2010) also 
reported that starvation induces TOR expression 
especially in the brain and fat body of B. mori. However, 
this increase in TOR expression in group 1 was not 
associated with autophagy. If autophagy is not 
stimulated in the midgut when the starvation condition is 
established from the beginning of the 5th larval stage, 
how was the viability and normal morphological 
structure of the cell preserved until day 7 of 5th instar?  

Endosomal microautophagy (eMI) has been recently 
described in mammals as a process by which endosomes 
engulf cytosolic material through the formation of 
multivesicular bodies (MVBs) that is subsequently 
degraded in late endosomes or upon their fusion with 
lysosomes. Mukherjee et al. (2016) reported a starvation-
inducible catabolic process resembling endosomal 
microautophagy in the Drosophila fat body. Significantly, 
eMI in the Drosophila fat body is a transient physiological 
mechanism that occurs after more than 12 hours of 
starvation. It has also been noted that it is genetically 
different from macroautophagy as it is independent of 
Atg5, Atg7, and Atg12. Although there was no increase in 
the expression of the ATG genes studied, the increased 
lysosomal activity suggested that endosomal 
microautophagy may have occurred during the 
prolonged starvation period as demonstrated in the 
Drosophila fat body and this may be one of the answers to 
the question above. 

Mobilization of energy substrates is another 
response that occurs during starvation. The decrease in 
sugar levels together with the amount of midgut 

glycogen in starved larvae, determined by Alcian blue-
PAS staining and spectrophotometric analysis of 
glycogen, showed that the first response to starvation was 
the mobilization of glycogen to be used as an energy 
source. In a study (Franzetti et al., 2016) conducted in the 
midgut of B. mori, it was also reported that autophagy 
was not activated during the starvation process during 
larval-larval molt instead, intracellular energy sources 
such as glycogen and lipid were used. It was also shown 
that even in this process, the midgut is metabolically 
active and the brush border structure is not affected by 
this starvation process. The decrease in TOR expression 
in group 1 over the next two days of onset the starvation 
may be the result of intracellular glycogen breakdown 
and/or uptake of trehalose from hemolymph as an 
energy substrate. This can temporarily eliminate the 
starvation stress that the cell was exposed to. The 
recurrent increase in TOR expression during the later 
days of starvation was an indicator that the cells were 
again under starvation stress. The decrease in the lipid 
and protein levels occurring these days also supported 
this finding. Lipids are another energy-rich storage 
molecule. In a study (Arrese & Soulages, 2010) conducted 
in Manduca sexta L., 1763 (Lepidoptera: Sphingidae), it 
was reported that starvation doubled the hemolymph 
lipid concentration but the presence of high trehalose 
levels in the hemolymph inhibited lipid mobilization. 
This result supports that lipid mobilization occurs after 
the decrease in hemolymph trehalose levels. The decrease 
in the glycogen levels in the early stages of starvation and 
lipid levels in the late stages of starvation in group 1 
larvae in our study indicates that a similar regulation 
mechanism also exists in the midgut. In addition to 
carbohydrates and lipids, proteins can be catabolized 
during starvation. Our results showed that starvation 
stimulated protein degradation in the midgut of B. mori. 
The reduction in protein amounts in the midgut of group 
1 larvae during the last days of starvation indicated that 
the final response to prolonged starvation stress was 
increased protein degradation. Because proteins are also 
structural organic molecules, their use as energy 
substrates in vertebrates occurs in the late stages of 
starvation. The decrease in the amount of protein in the 
midguts of group 1 larvae in the pre-mortem period 
indicated an increase in the protein breakdown and thus 
a depletion of energy reserves. 

As a result of the proteomic analysis performed in B. 
mori midgut, it was reported that a 10kDa small heat 
shock protein (sHSP) and a diapause hormone precursor 
were produced under starvation stress. Studies have 
found that sHSPs have a protective role in cells and their 
expression is particularly prominent where cells are 
exposed to harmful conditions such as hyperthermia 
(hence the name heat shock), hypoxia, and starvation. 
They are also known to be involved in protein repair and 
maintaining cell survival by keeping proteins from fatally 
aggregating in stressed cells (Soti et al., 2003). Although 
sHSPs can bind a wide variety of cellular proteins in 
prokaryotes, it is determined that they preferentially 
protect certain classes of functional proteins such as 
translational proteins and metabolic enzymes (Fu, 2014). 
A similar function may apply in eukaryotes. In a study 
performed in the heart, it was reported that sHSP 
stimulates glucose uptake and glycolysis by cells and 
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regulates fatty acid metabolism (Sun et al., 2021). Thus, 
sHSP produced under starvation conditions in the 
midgut of B. mori may play a role in metabolic enzymes 
and may contribute to the obtaining of the energy 
required for life from carbohydrates, lipids, and proteins 
and thus to the inhibition of autophagy. In addition to 
sHSP, the production of the diapause hormone precursor 
after starvation suggests that the larva delayed its 
development in order to survive. 

The main inducer of autophagy is starvation stress 
but autophagy also plays a special role in the 
degeneration of larval-specific tissues and organs of 
Holometabolous insects during metamorphosis 
(Tettamanti & Casartelli, 2019). During the larval-pupal 
metamorphosis in B. mori, larval-specific tissues such as 
the prothoracic gland, fat body, silk glands, 
intersegmental muscles, and larval midgut are 
degenerated by programmed cell death including 
autophagy (Kakei et al., 2005). Since insects don’t feed 
during pupal and adult stages, substances obtained from 
degenerated tissues provide necessary energy and basic 
building blocks during the formation of a new tissue 
(Rabinowitz & White, 2010). For this reason, autophagy, 
which plays a role in the degeneration of larval organs, 
plays a very important role in gaining the necessary 
energy and molecules for the later life periods of the 
insect where there is no food intake. 

With further studies, it was shown that autophagy 
in the midgut of B. mori is activated at the onset of 
metamorphosis (Goncu et al., 2017). In D. melanogaster, it 
was shown that autophagy rather than apoptosis is 
required for cell death in the midgut during 
metamorphosis (Franzetti et al., 2012). It was been 
reported that autophagy begins immediately after 
termination of feeding and gradually increases until the 
larval epithelium is digested (Tettamanti et al., 2007b). 

In group 2, increased ATG gene expression and 
higher acid phosphatase activity in the first days of 
starvation compared to the control group indicated that 
autophagy was stimulated at the onset of starvation. 
Histological analyses of the midguts of this group of 
insects revealed that remodeling processes in the midgut 
occurred despite starvation. According to the previous 
studies in B. mori, autophagy plays a very important role 
in the remodeling process of the midgut resulting in 
increased autophagic structures in cells, high expression 
levels of autophagy-related genes, and increased 
lysosomal acid phosphatase enzyme levels during 
prepupal development (Franzetti et al., 2012; Romanelli et 
al., 2016; Goncu et al., 2016). Although remodeling 
occurred in the midgut of group 2 insects during 
development, the absence of an increase in the expression 
of ATG genes and acid phosphatase activity as in the 
control group indicated that starvation stress reduced 
autophagy during the remodeling of the midgut. 
Romanelli et al. (2016) reported that autophagy in the 
midgut of B. mori is stimulated by 20E during 
metamorphosis. Although the prothoracic gland gains its 
secretory activity in the first days of the 5th larval stage, 
the development of the gland takes place in the later days 
of the 5th larval stage (Keshan et al., 2015), and the 
hemolymph ecdysone levels begin to increase gradually 
until pupal ecdysis (Sakurai et al., 1998; Mizoguchi et al., 

2002). However, inhibition of gland growth due to 
starvation in group 2 may have reduced the amount of 
20E produced. Since the expression of autophagy genes is 
induced by 20E in larval-pupal metamorphosis (Tian et 
al., 2013), low expression levels of ATG genes may be 
associated with insufficient ecdysone production. Despite 
cocoon spinning, the absence of larval-pupal ecdysis 
supports this possibility. In addition, high TOR1 
expression in this group throughout the experiment was 
also an indicaticator of continued starvation stress. 

TOR expression was reported to increase not only 
during starvation but also during metamorphosis (Zhou 
et al. 2010); therefore, the large increase in gene 
expression in the control group on day 7 may be 
associated with the onset of the prepupal period. The 
increase in glycogen content in the midgut of the control 
group in the early pupal stage and its localization in the 
newly formed pupal midgut epithelium suggested that it 
was a result of the digestion of the degenerated larval 
midgut due to apoptosis and autophagy by the pupal 
midgut epithelium in this period. According to a 
previous study in B. mori, glycogen granules were found 
in the cytoplasm of larval midgut cells during the 5th 
larval stage, while after pupal midgut formation, the 
positivity was mainly localized in the new epithelial layer 
(Franzetti et al., 2015). Extremely low glycogen levels in 
pupal midgut epithelial cells of group 2 were related to 
depleted resources during the larval period due to 
starvation and this may result in insufficient energy 
molecules to be supplied to the newly formed pupal 
midgut cells from the degenerated larval midgut. 
Although a reduction in lipid levels occurred in group 2 
larvae before larval epithelial degeneration as a response 
to starvation, determination of similar lipid levels to the 
control group during larval-pupal metamorphosis 
indicated inhibition of lipid mobilization in the midgut. It 
was determined that the triacylglycerol levels in the 
adipose tissue decrease due to ecdysone during each molt 
and the hemolymph diacylglycerol levels increase to be 
used by the tissues during the metamorphosis process 
where there is no nutrient entry into the body (Liu et al. 
2009). The reason why lipid levels did not decrease in the 
midgut during metamorphosis in group 2 larvae might 
be due to the uptake of lipids by midgut cells released 
into the hemolymph due to increased ecdysone levels in 
this process. The decrease in protein levels determined at 
the beginning of starvation in group 2 larvae occurred 
because of protein degradation due to autophagy or 
physiological changes that occur with the onset of 
metamorphosis. Energy consumption increases during 
larval-pupae metamorphosis; thus, energy stores during 
larval feeding must support pupal development and 
meet the reproductive and survival needs of adults. In 
holometabolous insects, energy expenditure at 
metamorphosis forms a U-shaped curve and energy 
expenditure is high in the early stages of metamorphosis 
(Nestel et al., 2003). Protein degradation in the early 
stages of starvation in group 2 larvae occurred in order to 
obtain amino acids to be used in the synthesis of new 
proteins for larval-pupa metamorphosis and/or to meet 
the increased energy requirements under starvation 
conditions. 

In conclusion, autophagy either plays no role or 
occurs at a moderate level during starvation depending 
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on the time of the onset of starvation. While starvation 
from the onset of the fifth larval stage causes gradual 
mobilization of energy storage molecules rather than 
stimulating macroautophagy, increased lysosomal 
activity may be associated with the newly described 
endosomal microautophagy. Future work will focus on 
detailed analyzes of this case. Autophagy, which takes 
place in the midgut during larval-pupal metamorphosis, 
occurs intensely as a part of programmed cell death given 
the expression levels of genes and lysosomal activity 
involved in this process. From day 4 of the 5th larval 
stage, starvation caused an increase in autophagy as the 
first response while it caused a decrease in the intensity 
of the autophagy process that occurs during 
metamorphosis. Considering the absence of larval-pupa 
ecdysis in this group, it can be thought that decreased 
autophagy may be due to insufficient ecdysone 
production during the metamorphosis.  
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