UNIVERSITA DEGLI STUDI DELL'INSUBRIA

Ph.D. School:

Biological and Medical Sciences

Ph.D. Course:
Analysis, Protection and Management of Biodiversity
XXIV cycle

Coordinator: Prof. Marco Saroglia

SILKWORM LARVAL MIDGUT:
A STRIKING EXAMPLE OF TISSUE REMODELING

Supervisors:
Prof. Roberto Valvassori
Prof. Gianluca Tettamanti
Candidate:

Dr Eleonora Franzetti

ACADEMIC YEAR 2010-2011



INDEX

Abstract

Introduction

Goal of the research
Materials and Methods
Results

Discussion

References

Figures

page 1

page 4

page 17
page 18
page 27
page 34
page 41

page 53



ABSTRACT

Bombyx mori is a pivotal model organism among Lepidoptera, a group of insects that
is important for both commercial and agronomic purposes. The study of midgut
development during larval period and metamorphosis is helpful to obtain a
background useful for many applications concerning these contexts.

In these insects, metamorphosis involves a series of highly ordered mechanisms and
passes through a well-defined sequence of events to eliminate tissues and organs
that are functional only in larval stages (Meléndez and Neufeld, 2008). In
Lepidoptera, midgut tissue undergoes extensive remodelling (Vilaplana et al., 2007)
during the development and these modifications lead to cell death of the larval
epithelium and to its replacement with a new pupal epithelium, which becomes the
adult midgut epithelium. For this reason midgut remodelling has been chosen as
preferential model to study cell death mechanisms and regeneration processes, and
their regulation. In particular, although features of apoptosis and autophagy have
been reported in the larval organs of Lepidoptera during metamorphosis, solid
experimental evidence for autophagy is still lacking. Moreover, the role of the two cell
death processes and the nature of their relationship are still cryptic.

In order to analyze the remodelling processes in B. mori midgut tissues during larval-
adult transformation, we performed a morpho-functional analysis at different
developmental stages. In addition, we accomplished a cellular, biochemical and
molecular analysis of the degeneration process that occurs in the larval midgut, with
the aim to analyze autophagy and apoptosis in cells that dye under physiological
conditions.

We found that stem cells proliferate actively since the wandering stage, leading to the
formation of a new pupal midgut which is progressively remodelled until adult
ecdysis. Larval midgut cells undergo progressive degradation, forming a compact
mass called yellow body, that progressively degenerates inside the lumen of the new
pupal midgut and finally disappears.

Through histochemical analysis we showed marked changes in metabolic activity in

both larval and pupal epithelium at different stages of the midgut renewal process.



We demonstrated that larval midgut degradation is a gradual process due to the
concerted action of autophagic and apoptotic mechanisms, which occur at different
times and have different functions. In particular, autophagy is activated from the
wandering stage and reaches a high level of activity during the spinning and prepupal
stages. Our data showed also that the process of autophagy can recycle molecules
from the degenerating cells and supply nutrients to the animal during the non-feeding
period. Apoptosis intervenes later. In fact, although genes encoding caspases are
transcribed at the end of the larval period, the activity of these proteases is not
appreciable until the second day of spinning and apoptotic features are observable
from prepupal phase. The abundance of apoptotic features during the pupal phase,
when the majority of the cells die, indicates that apoptosis is actually responsible for

cell death and for the disappearance of larval midgut cells.



INTRODUCTION

Lepidoptera are holometabolous insects with life cycle consisting of four stages: egg,

larva or caterpillar, pupa or chrysalis and imago or adult.
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Fig. 1. Bombyx mori life cycle.

The larvae spend much of their time feeding and grow very quickly going through a
series of phases (i.e. instars). The fully matured larva spins a cocoon in which it is
encapsulated, forming the pupa or chrysalis. Once emerged, the adults are mainly
occupied in mating. The egg laying takes place near or on the preferred plant, thus
ensuring food supply for the new generation of larvae.

Lepidoptera play an important role in the natural ecosystems for their efficient
foraging strategies as phytophagous on live plant matter and for their role in the
pollination activity. Several species are of economic interest both for their silk product
and for their role as pest insects. In this context many lepidopteran larvae are
considered as pest insects due to the massive damages caused to cultivated crops

and vegetation. Thus a lot of researches are focused on methods for pest insects



control (Chapman, 1998; Levy et al., 2004) using integrated strategies of
management (Zanuncio et al., 1994).

To improve the understanding of the morpho-physiological mechanisms involved in
the development and growth of the pest species, cellular and molecular analyses are
required. In fact an increase in the effectiveness of the techniques used in the control
of the dangerous species could reduce, or even avoid, the massive use of chemical
insecticides, thus preventing the development of resistant strains and minimizing the
environmental impact related to the generalized toxic effects to both invertebrates
and vertebrates (Zanuncio et al., 1994, 1996, 1996-1997).

On the other hand it is attractive for many applications, the chance to acquire a
greater knowledge about insects of considerable agronomic interest such as those
species reared for commercial purposes, as the silkworm Bombyx mori. This animal is
an important source of livelihood for subsistence farmers engaged in silk production
in many countries and thus resulting in a consequent benefit to the textile industry
(Wang et al., 2005). Hence the increase of information about the fine morphological
events and molecular regulation of the developmental processes during
metamorphosis could facilitate studies on several economic and therapeutic
applications.

Silk is a mechanical robust bio-material with environmental stability, bio-compatibility
and bio-degradability, which also offers a wide range of practical properties for bio-
medical applications (Reddy and Prasad, 2011) and silk produced by B. mori provides
an important set of options for bio-materials because of its good thermal and
mechanical properties. For innovative and advanced functional biological applications,
the modern applied research offers the possibility of utilizing transgenic silkworms as
a valuable tool for the production of nutritional, cosmetic, pharmaceutical, bio-medical
and bio-engineering products.

B. mori is also considered a pivotal model to organize biological knowledge for other
lepidopterans (Wang et al., 2005) because of the indisputable advantages due to a
large number of information gathered on its developmental biology, physiology and
endocrinology, for the availability of numerous genetic and molecular biology tools
and for a completely sequenced genome. In particular, techniques for efficient gene

transfer (stable germline transformation through transposon-based vectors or



transient expression of genes by using virus vectors) or gene silencing (RNAi) have

been developed for this species in the last ten years (Malagoli et al., 2010).

Alimentary canal of Lepidoptera: structure, physiology and development
Lepidoptera have life and feeding styles different from dipteran, hymenopteran and
coleopteran insects (Tanaka et al., 2008); moreover their alimentary canal may be
different from species to species or even during life stages of the same animal (Hakim
et al., 2010).

In these insects, alimentary canal is
composed of three regions: the foregut,
the midgut, and the hindgut (Uwo et al.,
2002). The foregut and the hindgut are

short portions. The first is considered a

vestigial apparatus (Crowson, 1981), and

NN N\ 7/ leads straight into the midgut (Dow,

Fig. 2. Digestive tract of lepidopteran larvae ~ 1986), while the hindgut is subdivided in
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a posterior part (rectum), where the undigested materials passes out through the
anus (Dow, 1986).

In the larvae the midgut represents the middle region of the digestive tract and
occupies most of the body cavity. It is a complex structure that carries out digestive
and absorptive functions (Dow, 1986). It is lined by several layers of a delaminated
peritrophic membrane, which has a fundamental role of protection because it is
positioned between the gut lumen and the epithelial layer; it works by preserving the
epithelium from mechanical damage and bacterial infection, as a barrier against
toxins and harmful insecticides (Terra, 2001), as well as plays a selective role in the
passage of nutrients (Tettamanti et al., 2011).

This organ consists of a highly folded monolayered epithelium, which is supported by
a basement membrane, striated muscles, and tracheoles.

There are three morphologically distinct regions in the lepidopteran midgut, with

functional specializations for water movement or nutrient absorption (Dow, 1986):



ultrastructural and enzyme evidence suggests that the anterior-middle midgut is
specialized for absorption of nutrients and displays the presence of digestive
enzymes, while the posterior midgut is involved in retention of water (Santos et al.,
1984).

Midgut epithelium is composed by four cell types,

morphologically and functionally distinct. The prevalent cell
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between columnar and goblet cells there are small stem cells organized in clusters
resting at the base of the mature cells. They are able to differentiate into columnar
and goblet cells (Baldwin et al., 1996; Hakim et al., 2010). Few and scattered
endocrine cells have been indentified in the epithelium (Endo and Nishiitsutsuji-Uwo,
1981), localized in the basal region. These cells secrete a wide variety of hormones
which play a role in differentiation of stem cells and in the control of digestive enzyme
secretion (Wigglesworth, 1972).

Stem cells not only take part to the growth of the midgut epithelium during larval-
larval moults, but they also set in motion to repair this tissue following damage; in
addition, at pupal stage stem cells play a key role in the generation of the midgut of
the adult, that in these holometabolous insects is characterized by different food
habits (Tettamanti et al., 2007a; Hakim et al., 2010).

In those species where feeding habits change dramatically from larva to adult, it is
extremely important that, during insect metamorphosis, midgut tissue undergoes

extensive remodelling (Vilaplana et al., 2007).

Midgut remodelling in insects consists of two
main events: proliferation and differentiation of
stem cells to form pupal/adult midgut
epithelium and cell death of larval midgut
epithelium (Parthasarathy and Palli, 2007Db).

In fact, during metamorphosis, the growth of
the pupal midgut epithelium  occurs

concomitantly with the discharge of the larval

epithelium, that forms a compact mass called

ellow body (Wigglesworth, 1972), into the gut
Fig. 5. The midgut epithelium during y y (Wigg ) d

different stages of the life cycle of a lumen where it undergoes a progressive
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cell; S, stem cell; YB, yellow body. (Hakim  demise (Tettamanti et al., 2007a).

et al., 2010).

Factors and hormones that regulate midgut remodelling

In insects, moults and metamorphosis are regulated by hormones (Judy and Gilbert,
1970; Waku and Sumimoto, 1971; Humbert, 1979; Baldwin and Hakim, 1991; Jiang



et al., 1997; Uwo et al., 2002; Martins et al., 2006). These play an important role in
development, reproduction, metabolism, and homeostasis.

In  holometabulous insects the replacement of midgut during larval-adult
transformation is a hormone dependent tissue remodelling event (Nishiura and
Smouse, 2000; Lee et al., 2002; Cakouros et al., 2004; Daish et al., 2004; Wu et al.,
2006) and is regulated by the changes in the titer of steroid hormone, 20-
hydrossxyecdysone (20E) and related molecules. A pulse of 20E at the end of the last
larval stage triggers the onset of prepupal development. A second pulse of 20E
initiates pupation (Riddiford, 1993). The juvenile hormone (JH) is released steadily
over time and ensures the growth of the larva, while preventing metamorphosis
(Riddiford et al., 1990). When JH levels drop, the major event occurring during
midgut remodeling is the activation of gene expression by 20E (Wu et al., 2006). 20E
activates the genes that regulate metamorphosis in a hierarchical way, thus leading to
the final transformation from pupa to adult. Thus there is a finely tuned balance of
20E and JH (Hakim et al., 2010).

20E and JH act mainly on proliferation and differentiation of lepidopteran stem cells
(Sadrud-Din et al., 1994, 1996; Lee and Baehrecke, 2001; Lee et al., 2002; Wu et al.,
2006; Parthasarathy and Palli, 2007a, b; Hakim et al., 2010), and 20E can even
induce apoptosis (Terashima et al., 2000; Fahrbach et al., 2005).

Several factors contribute to the regulation of stem cell proliferation and
differentiation. In larvae of Drosophila melanogaster it has been clearly demonstrated
that epidermal growth factor receptor (EGFR) stimulates adult midgut stem cells to
proliferate (Jiang and Edgar, 2009). In the early larval instars, the surrounding midgut
visceral muscles produce the protein Vein, a weak EGFR ligand, which stimulates a
low level of adult midgut precursor cell proliferation via a paracrine pathway.
Subsequently, two other ligands are synthesized by stem cells themselves; these
provide autocrine signals that augment the paracrine signal. The combination of
signals leads to a higher level of proliferation in the late period.

At least together with 20E, independent mitogens control the growth in the midgut
(Hakim et al., 2010). In Lepidoptera midgut cells, a-arylphorin and bombyxin function
as mytogens and stimulate proliferation and differentiation. Analysis in vitro suggests

that midgut differentiation factors (MDF1 and MDF2), purified from a conditioned



medium in which larval midgut cells have been cultured, are present in enterocytes
exhibiting a local control over proliferation and/or differentiation during larval molting.
This local control mechanism may also function during midgut repair, after injury
(Spies and Spence, 1985).

Several studies support the issue that also nutrition controls stem cells function. In
starved Periplaneta americana, stem cell proliferation decreases along with the size of
the midgut. After refeeding, the proliferation rate rebounds (Park and Takeda, 2008).
In fact, massive gut remodelling mainly occurs in response to the need of nutrients
during the pupal period and for the renewal of an organ that will have to fulfil adult

alimentary requirements (Wigglesworth, 1972; Dow, 1986).

Cell death

Development and tissue homeostasis is a delicate balance between cell proliferation
and cell death (Cooper et al., 2009; Ulukaya et al., 2011) and different modalities of
cell death play a critical role generally in body remodelling during the development
and metamorphosis of holometabolous insects to eliminate tissues and organs that
are functional only in embryonic and larval stages (Meléndez and Neufeld, 2008).

Cell death represents a highly heterogeneous process that can follow the activation of
distinct (although sometimes partially overlapping) biochemical cascades and it
appears with different morphological features. In fact the Nomenclature Committee
on Cell Death has recently furnished detailed recommendations and descriptions
about several mechanisms that induce cell death in eukaryotes (Kroemer et al., 2009;
Galluzzi et al., 2012) and three major subtypes based on morphological criteria have
been classified (Malagoli et al., 2010): apoptosis, autophagic cell death, necrosis.
Mixed cell death morphotypes characterized by traits of these three mechanisms have
also been reported (Galluzzi et al., 2009).

In multicellular organisms, the timely execution of cell death is critical for numerous
physiological processes including embryogenesis, post-embryonic development and
adult tissue homeostasis (Galluzzi et al., 2009).

Apoptosis and autophagy are the two most prominent morphological forms of cell
death that occur during animal development processes (Schweichel and Merker,
1973; Clarke, 1990). Studies on Heliothis virescens (Tettamanti et al., 2007b) and
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Spodoptera frugiperda (Vilaplana et al., 2007) larvae, demonstrated that the
destruction of the larval midgut epithelium is accomplished by the combined action of
apoptosis (Parthasarathy and Palli, 2007a, b), and autophagy events, which are
detected within the degenerating yellow body (Kémlives et al., 1985; Jiang et al.,
1997; Lee and Baehrecke, 2001; Lee et al., 2002; Uwo et al., 2002; Wu et al., 2006;
Parthasarathy and Palli, 2007b). The occurrence of the self-digestion process is
supported by the presence of the typical morphological characters, by the detection
of a striking increase of lysosomal enzymes (Tettamanti et al., 2007b), and by the
formation of autophagic vacuoles that are used for cytoplasmic destruction (Sumithra
et al., 2010). The involvement of autophagy in the removal of midgut in Lepidoptera
has been assessed recently, although its role is quite troublesome (Tettamanti et al.,
2007a).

Apoptosis

Apoptosis is known to be the classical mechanism of cell death (Cotter et al., 1990).
In the literature, the term “apoptosis” has been first used by Kerr et al. (1972) and
was defined to describe a specific morphological aspect of cell death (Kroemer et al.,
2009).

Apoptosis is accompanied by reduction of cellular volume (pyknosis), chromatin
condensation, nuclear fragmentation (karyorrhexis), little or no ultrastructural
modifications of cytoplasmic organelles, and plasma membrane blebbing (but
maintenance of its integrity until the final stages of the process) (Kroemer et al.,
2009). The deceased cell is packaged into apoptotic bodies, that are removed by
phagocytic cells (Edinger and Thompson, 2004).

The role of apoptosis is significant in many physiological processes, such as in normal
cell turnover, in cytotoxic functions of the immune system (Ulukaya et al., 2011), and
in developmental biology, for instance in the embryonic development of tissues and
organs and the formation of limbs (Clarke, 1990), in the development of the nervous
system (Batistaou and Greene, 1993; Johnson and Deckwerth, 1993), and in
hormone-dependent tissue remodeling (Strange et al., 1992).

During animal growth, excess of cells are generated during the development of a

number of organ systems, and the control of cell numbers during development is
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critical for the size of tissues and organs. The deletion of cells no longer needed by
apoptosis is a common feature of development in animals and may be necessary for
its proper progression. For example, apoptosis is a critical aspect of the development
of the vertebrate nervous system and much more the removal of the larval salivary
gland during Drosophila melanogaster metamorphosis is probably the best-
understood example of this type of cell death (Conradt, 2009).

Apoptosis is finely controlled at the molecular level. It is characterized by the
activation of caspases, although a caspase-indipendent of apoptosis pathway also
exists, and involves apoptosis-inducing factors (AIFs), which are released from the
mithocondria into the cytosol and traslocated to the nucleus (Ulukaya et al., 2011).
Caspases activate each other, resulting in a cascade of proteolytic reactions. Some
caspases are known as initiator caspases (caspase 2, 8, 9 and 10), whereas the
others are effector caspases (caspase 3, 6 and 7). Initiator caspases transmit the
death signal generated by the apoptotic stimulus to effector caspases, which act to
cleave the target proteins and thus produce the morphological features of apoptosis
(Ulukaya et al., 2011).

The type of caspase expressed by a given tissue may vary and cells may require
activation of various caspases in the different steps of differentiation (Ulukaya et al.,
2011). Nevertheless, caspase-3 is the universal caspase that functions almost in all
tissues.

Various caspase inhibitors are known. These inhibitors are the members of a large
family of inhibitor of apoptosis proteins (1APs), which inhibit caspases selectively and
halt the apoptotic process (Ulukaya et al., 2011), thus taking the role of key
regulators of cell death (Vilaplana et al., 2007). A combination of 1APs and caspases
affects the balance of apoptotic processes.

Caspases have been identified in many different organisms ranging from mammals
(11 caspases in human and 10 in mice), to nematodes (3 caspases) (Lamkanfi et al.,
2002); therefore it is not surprising that these proteins have been found in all
metazoans, including insects (Cooper et al., 2009).

The conservation of structural and biochemical properties of caspases found in
metazoans underlines the importance of these enzymes in the cell death process
(Cooper et al., 2009).
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Since the role of human caspases is complex, crucial insights can be gained from the
study of similar molecules in other models, including insects, where apoptosis occur

under both physiological and pathological conditions.

Autophagy

Autophagy is a ubiquitous catabolic process that involves the bulk degradation of
cytoplasmic components through a lysosomal pathway (Meléndez and Neufeld, 2008).
The term autophagy usually refers to macroautophagy, although three types of
autophagy are known, that are macroautophagy, microautophagy and chaperone-
mediated autophagy (Tettamanti et al., 2011).

This process is characterized by the engulfement of part of the cytoplasm inside a
membrane, called phogophore or isolation membrane, that progressively expands and
finally closes forming a double membrane structure, called autophagosome
(Tettamanti et al., 2011). Autophagosomes are delimited by a double membrane and
contain degenerating cytoplasmic organelles or cytosol (Kroemer et al., 2009). Once
the autophagosome membrane fuses with lysosomes generates autolysosomes, in
which both autophagosome inner membrane and its luminal content are degraded by
acidic lysosomal hydrolases (Kroemer et al., 2009), and the resulting macromolecules
are recycled back into the cytosol (Mizushima et al., 2008) for macromolecular
synthesis and/or ATP generation (Chang and Neufeld, 2010). This catabolic process
marks the completion of the autophagic pathway.

Although autophagy, as a cellular self-eating process, can potentially degrade
cytoplasmic proteins and any organelles, selective organelle degradation has been
described in yeast and other cell models. Pexophagy (Manjithaya et al., 2010),
mitophagy (Narendra et al., 2008), nucleophagy (Park et al., 2009) and reticulophagy
(Bernales et al., 2007) are responsible for specific dismantling of peroxisomes,
mithocondria, nucleus and endoplasmic reticulum, respectively.

All the steps required for the formation of the autophagosomes up to the final
degradation and re-export of material to the cytoplasm, are regulated by a controlled
mechanism involving a series of Atg proteins coded by autophagy-related genes
(ATG).
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The molecular cascade that regulates autophagy can be dramatically up-regulated by
a number of stimuli. Since autophagy is inhibited under nutrient-rich conditions, the
best characterized of these stimuli is nutrient starvation, which induces autophagy in
part through the inactivation of the protein kinase target of rapamycin (Tor)
(Meléndez and Neufeld, 2008). All the conjugation systems that act to create the
functional complexes to achieve all the several steps in which the autophagic process
can be divided, have an essential role in autophagy and they are widely conserved in
eukaryotes: they are involved in signaling and induction, autophagosome nucleation,
membrane expansion vesicle completion, autophagosome targeting, docking and
fusion with the lysosome, and, finally, degradation of the cargo within the newly
formed autolysosomes (Meléndez and Neufeld, 2008).

Genomic analysis in various model organisms revealed genes involved in the inductive
step of the autophagic pathway or in autophagosome formation, thus suggesting a
strong conservation of these conjugation systems (Malagoli et al., 2010).

In B. mori genome there are homologs of most of the ATG genes originally identified
in yeast and subsequently in higher eukaryotes (Zhang et al., 2009). Along with 11
ATG genes, two paralogous Target of rapamycin (TOR) genes have been identified:
BmTOR1 and BmTOR2 (Zhou et al., 2010), and most of these genes are involved in
the two ubiquitin-like conjugation systems, Atg8-PE and Atgl2-Atg5-Atgl6. The
expression of the genes for the ubiquitin-like conjugation systems (including BmAtg3,
BmAtg4, BmAtg8 and BmAtgl2), and for the formation of autophagosomes (including
BmAtgl, BmAtg6 and BmAtg18) were detected in the silk gland of Bombyx mori.
However, autophagy is a physiological process that plays a homeostatic role and can
be rapidly up-regulated when the organism is undergoing architectural remodelling, in
which case it allows an adequate turnover of the cell components in most tissues
(Lockshin and Zakeri, 2004; Tettamanti et al., 2011). The occurence of extensive
autophagy is usually explained by the need to destroy entire tissues during
development (Yin and Thummel, 2005). Thus autophagy is usually associated with
developmental, differentiation and tissue remodelling processes, such as in insect
metamorphosis (Tettamanti et al., 2011).

Autophagy seems also to have a key role in cell death processes (autophagic cell
death) (Jiang et al., 1997; Lee and Baehrecke, 2001; Lee et al., 2002; Kroemer and
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Levine, 2008; Eisenberg-Lerner et al., 2009). However this issue is still under debate
(Kroemer and Levine, 2008) and the reappraisal of some experimental models
suitable for studying autophagy (Klionsky, 2007), such as Lepidoptera, could give

useful insights about this issue.

Cross-talk between apoptosis and autophagy

Apoptosis and autophagy are not mutually exclusive pathways. These two processes,
which appear to share certain common regulatory pathways, may interact in a variety
of ways, depending upon the cellular environment and the treatments performed
(Sadasivan et al., 2006).

This overlap between apoptotic and autophagic cell death programs and the evidence
that some morphological, biochemical and molecular features are not exclusive to
either autophagy or apoptosis (Berry and Baehrecke, 2007; Nezis et al., 2010) have
led to a search for possible mediators common to these two processes. The
involvement of active caspases is also under investigation, since it does not seem to
be a feature exclusively linked to apoptosis (Tettamanti et al., 2011). Moreover, some
authors reported the intervention in self-digesting processes of other factors, such as
IAP, whose expression modifies during midgut remodelling in Lepidoptera
(Parthasarathy and Palli, 2007b; Vilaplana et al., 2007) and during the development
in Drosophila (Hou et al., 2008). The data could provide a mechanistic link between
autophagy and apoptosis to achieve cell ceath (Nezis et al., 2010).

Among the autophagic genes, ATG5 has been suggested to be a molecular link
between autophagy and apoptosis in mammals, since it plays a role in
autophagosome formation, and is also involved in a pro-apoptotic signalling pathway
through cytochrome c release and caspase activation (Yousefi et al., 2006).
Eisenberg-Lerner et al. (2009) analyzed the synergy between autophagy and
apoptosis and observed that the co-occurrence of autophagy and apoptosis within the
same tissue represents a cooperation to lead to cell death. In this way autophagy
could work as a back-up system to ensure cell death if the apoptotic process failed,
but it could also establish a partnership with apoptosis to maximize the death
process. Alternatively, autophagy and apoptosis would act as a pro-survival

mechanism that helps cells to maintain homeostasis until a point of no return, after
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which apoptosis is activated and cell dies. A third possibility is that autophagy may
enable apoptosis by participating in the regulation of some molecular mechanisms of
the apoptotic machinery. Although all three of the hypotheses can be envisaged for
Lepidoptera, the current lack of sufficient information about the molecular
mechanisms underpinning the interconnection between apoptosis and autophagy, and
the complexity of the phenotypic features evidenced in the dying tissues in the larvae,

do not yet allow us to disentangle this problem (Tettamanti et al., 2011).
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Fig. 6. Cross-talk between apoptosis and autophagy
(Eisenberg-Lerner et al., 2009).
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GOAL OF THE RESEARCH

Lepidoptera midgut is an ideal in vivo model system for studying cell death. In fact,

during metamorphosis, the larval midgut epithelium degenerates and the cells die.

The cell death pathways in this organ still need to be elucidated.

This study focuses on the remodelling processes in midgut tissues during larval-adult

transformation in the silkworm, Bombyx mori, to obtain:

o a morpho-functional characterization of the midgut at different developmental
stages during the midgut renewal process;

. a detailed analysis of the cell death mechanisms that lead to the
disappearance of the larval midgut epithelium during the degeneration
process. This analysis is achieved through multiple assays, as recommended

by the most recent guidelines.
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MATERIALS AND METHODS

Experimental animals

B. mori (four-way polyhybrid strain (126x57)(70x90)) larvae were provided by CRA-

APl (Padova, Italy). The larvae were fed with artificial diet (Cappellozza et al., 2005)

and reared at 25 * 0.5°C under a 12L:12D photoperiod and 70% relative humidity.

After animals had ecdysed to the last larval stage (fifth instar), they were staged and

synchronized according to Kiguchi and Agui (Kiguchi and Agui, 1981). Developmental

stages used in this study are defined and described in Table 1.

Table 1. Definition and description of developmental stages of the silkworm,

Bombyx mori, used in this study

Stage Definition Midgut description
L5D1-L5D5  Fifth larval instar day 1 - day 5 e 1arval midgut epithelium —is - well-
organized
W (S) Wandering stage / early The larval midgut epithelium is well-
spinning organized. Stem cells start to proliferate
- The larval midgut epithelium starts to
Sb1 Spinning stage day 1 degenerate. Proliferation of stem cells
The larval midgut epithelium detaches from
SD2 Spinning stage day 2 the pupal epithelium. Active formation of
the new pupal epithelium
The larval midgut epithelium is shed into
the lumen (yellow body). The new pupal
PP Prepupal stage epithelium  continues to grow and
differentiate
Yellow body is actively digested. The new
PD1-PD7 Pupal stage day 1 - day 7

pupal epithelium differentiates into the
adult midgut

Light microscopy (LM) and transmission electron microscopy (TEM)

Animals were quickly anestethized with CO, before dissection. They were cut dorsally,

the midgut was immediately isolated and fixed in 4% glutaraldehyde (in 0.1 M Na-
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cacodylate buffer, pH 7.2) overnight at 4°C. Specimens were then postfixed in 1%
osmium tetroxide for 1 h, dehydrated in an ethanol series, and embedded in an
Epon/Araldite 812 mixture. Semithin sections were stained with crystal violet and
basic fuchsin and observed by using an Olympus BH2 microscope (Olympus, Tokyo,
Japan). Images were acquired with a DS-5M-L1 digital camera system (Nikon, Tokyo,
Japan). Thin sections were stained using uranyl acetate and lead citrate and observed
by using a Jeol JEM-1010 electron microscope (Jeol, Tokyo, Japan) and images were
acquired with an Olympus Morada digital camera.

To give a strong contrast to autophagosome membranes at TEM, after fixation in 4%
glutaraldehyde, midguts were postfixed for 30 min in a solution of 2% osmium
tetroxide in 0.1 M imidazole buffer at room temperature (Yla-Anttila et al., 2009),
dehydrated in an ethanol series and embedded in Epon resin. Thin sections were

observed by using a Jeol JEM-1010 electron microscope.

Scanning Electron Microscopy (SEM)

Midgut sections about 1-2 mm thick or yellow body cells extracted from pupal
midguts at different developmental stages were fixed with 1% glutaraldehyde in 0.1
M Na-cacodylate buffer (pH 7.2) at room temperature (for 15 min yellow body cells
and for 1 h midgut sections) and then three times washed in 0.1 M cacodylate buffer
(pH 7.2). They were postfixed in a solution of 1% osmium tetroxide and 1,25%
potassium ferrocyanide for 1 h 30 min at room temperature. Yellow body samples
were embedded in polyfreeze cryostat embedding medium (Polyscience Europe,
Eppelheim, Germany), stored at -20°C and immediately ready to be cut; the specimen
was cut into sections about 8-10 pm thick that were collected on polylysinated slides.
Cryosections and midgut sections were washed in phosphate buffered saline (PBS)
(pH 7.2) and postfixed in the same solution of 1% osmium tetroxide and 1,25%
potassium ferrocyanide for 30 min. Both samples were washed in phosphate buffered
saline (PBS) (pH 7.2) and then immersed in 0.1% osmium tetroxide in PBS for 48 h
(osmic maceration to remove cytosol, thus improving the visualization of cytoplasmic
ultrastructure). Slices were dehydrated in an increasing series of ethanol, subjected to

critical point drying with CO,. Dried slices were mounted on stubs, gold coated with a

19



Sputter K250 coater, and then observed with a SEM-FEG XL-30 microscope (Philips,
Eindhoven, The Netherlands).

Preparation of samples for immunohistochemistry and enzymatic
histochemistry

For paraffin embedding the midgut was excised from the animal and fixed in 4%
paraphormaldehyde in 0.1 M phosphate-buffered saline (PBS, pH 7.2) for 3 h at room
temperature. Specimens were dehydrated in an ethanol series and embedded in
paraffin. Sections (8-10 um thick) were cut with a Jung Multicut 2045 microtome
(Leica)) and used for immunostainings. Reference sections were stained with Mayer’s
hematoxylin (2% aqueous solution) and eosin (1% aqueous solution).

In order to prepare cryosections, midgut samples were immediately isolated after
dissection, embedded in polyfreeze cryostat embedding medium (Polyscience Europe,
Eppelheim, Germany), and stored in liquid nitrogen until use. Cryosections (8 pum
thick) were obtained on a Leica CM 1850, and slides were immediately used or stored
at -20°C. Reference sections were stained with a solution of DAPI (Sigma, Italia)
diluted 1:5000 in phosphate buffered saline 1M (PBS) (pH 7.2) to evidence nuclei.

Histochemistry

Periodic acid-Schiff

Paraffin sections were deparaffinised by treatment with Bioclear, rehydrated in an
ethanol series, and then processed for Periodic acid-Schiff (PAS) staining (Bio-Optica
Histopathological kit, Bio-Optica) according to manufacturer’s instructions to evidence
the presence of glycogen (Pearse, 1960).

NADH-diaphorase

To localize NADH-diaphorase (EC 1.9.3.1) activity associated to mitochondria in
midgut tissues (Pearse, 1960), cryosections were rehydrated and then processed with
the Histopatological kit (Bio-Optica, Milano, Italy) according to the manufacturer's
instructions.

Acid phosphatase

To localize acid phosphatase (EC 3.1.3.2) activity, cryosections were rinsed with PBS

for 5 min and subsequently incubated in a 0.1N sodium acetate-acetic acid buffer pH
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5.0-5.2 (25 °C), containing 0.01% naphthol phosphate AS-BI (Sigma-Aldrich, St.
Louis, USA), 2% N’-N’-dimethylformamide, 0.06% fast red violet LB (Sigma-Aldrich)
and 0.5mM MnCl,. Incubations were performed for 90 min at 37°C. For ultrastructural
localization of acid phosphatase, midguts were fixed in Karnovsky’s fixative for 2 h at
4°C. After a rinse in 40 mM Tris/maleate buffer pH 5.2, samples were incubated in
the same buffer containing 8 mM sodium B-glycerophosphate and 2.4 mM lead nitrate
for up to 2 h at 37°C. The tissue was post-fixed with 1% osmium tetroxide for 1 h
and processed for Epon embedding as described in the “Light microscopy and

transmission electron microscopy”.

Analysis of membrane integrity in yellow body cells

Yellow body cells were extracted from pupal midguts and washed by centrifugation in
a sterile Saline Solution for Lepidoptera (SSL) (210 mM Sucrose, 45 mM KCI, 10 mM
Tris-HCI, pH 7.0). They were mounted on concavity slides (Carolina Biological Supply,
Burlington, USA) to avoid damage during processing and incubated in 100 ul SSL
containing 10 uM Ho033258 and 10 puM propidium iodide (PI) for 10 min at room
temperature (Tettamanti and Malagoli, 2008). Coverslips were mounted with Citifluor
(Citifluor, London, UK) and samples were immediately observed using the following
Ex/Em wavelengths: 343/483 nm (Ho33258) and 536/617 nm (P1). Since Pl is unable
to cross intact membranes, only cells that showed double labeling were characterized

by plasma membrane damage (Dartsch et al., 2002).

Expression of BmAtg8 protein and antibody preparation

PET-28b-BMATG8 expression vector, provided by Professor Congzhao Zhou
(University of Science and Technology of China) (Hu et al., 2010), was used to
transform E. coli Rosetta cells. The expressed recombinant protein (approximate
molecular weight 14 kDa, (Hu et al., 2010)) was purified using Ni-NTA columns (GE
Co., Uppsala, Sweden) and the purity of the protein was checked by 15% SDS-PAGE.
The His-tag purified protein was further purified using a Sephadex G-10 column
(Pharmacia, Piscataway, USA) and checked using 15% Tricine-SDS-PAGE.

The purified protein was used to immunize New Zealand white rabbits (Sambrook et

al., 1989). Three injections were made in the abdomen of the rabbits with 1.2, 0.6
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and 0.3 mg protein, respectively. Afterwards, the antiserum was collected and
affinity-purified and the antibody titer was measured using the ELISA method
(GenScript Co. Ltd, Nanjing, China).

Immunohistochemistry

Phospho-Histone H3 (H3P) antibody

After deparafinization the sections were treated with 3% H,0, to inhibit endogenous
peroxidases. Sections were incubated for 30 min with a solution of 2% BSA, 0.1%
Tween 20 in PBS and then for two hours at room temperature with an anti-H3P
antibody (Catalog no. 06-570) (Upstate, Newyork, USA), at a diluition of 1:100.
Incubation with an appropriate HRP-conjugated secondary antibody (diluted 1:100)
was performed for 1 h at room temperature. A DAB substrate was used to detect the
HRP-conjugated secondary antibody. Antibodies were omitted in control samples.
BmAtg8

Paraffin sections were dewaxed using xylene and rehydrated in an ethanol series.
Anti-BmAtg8 antibody (1 pg/ul) was labeled with fluorescein isothiocyanate (FITC) at
1:5 dilution according to the method of Cardoso et al. (2008). Sections were
incubated with BmAtg8-FITC conjugated antibody (diluted 1:100 in 1% BSA) for 1 h
at 37 °C. Sections were examined under a Laser Scanning Confocal Microscope (LSM
510 META DUO Scan, Carl Zeiss Co., Germany). Reference sections were stained with
hematoxylin and eosin under a light microscope.

Cleaved caspase-3

After deparaffinization the sections were subjected to an antigen unmasking
procedure by heating in 10 mM sodium citrate buffer (pH 6.0) for 5 min and then
allowing them to cool. They were then treated with 3% H,0, for 10 min to inhibit
endogenous peroxidases. Sections were incubated for 30 min with a solution of 2%
BSA, 0.1% Tween 20 in PBS and then overnight at 4°C with an anti-cleaved caspase-
3 antibody (catalog no. 9661) (Cell Signaling Technology, Beverly, USA), at a dilution
of 1:100. Incubation with an appropriate HRP-conjugated secondary antibody (diluted
1:50) was performed for 1 h. A DAB substrate was used to detect the HRP-

conjugated secondary antibody. Antibodies were omitted in control samples.
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Western blot analysis

BmAtg8

Total proteins were extracted from larval and pupal midguts using a protein
extraction solution (Beyotime Co., Shanghai, China). SDS-PAGE was conducted,
loading 10 pg protein per lane. After electrophoresis, proteins were transferred to
polyvinylidene fluoride (PVDF) membranes (Beyotime). The membranes were
saturated with 5% milk and then were blotted with anti-BmAtg8 antibody at a dilution
of 1:800 overnight at 4 °C. After three washings, the membranes were blotted with a
horseradish peroxidase (HRP)-labeled sheep anti-rabbit 1gG (Beyotime) at a dilution
of 1:1000. The reactivity of the antibody on the membranes was revealed by using a
SuperEnhanced Chemiluminescence Detection Kit (Applygen Technologies Inc.,
Beijing, China).

Cleaved caspase-3

Total proteins were extracted as follows. Midguts were homogenized in a glass-Teflon
Potter homogenizer in 1 ml/0.1 g tissue of a buffer solution (100 mM mannitol, 10
mM HEPES-Tris at pH 7.2, 1x protease inhibitor cocktail, Sigma-Aldrich).
Homogenates were clarified by centrifugation (15000xg for 15 min at 4°C). Proteins
were denatured by boiling the samples in 2x gel loading buffer. SDS-PAGE was
performed on AnykD Mini-PROTEAN TGX Gels (BioRad, Hercules, USA) by loading 45
Mg protein per lane. After electrophoresis, the proteins were transferred to
nitrocellulose membranes (Thermo Fisher Scientific, Rockford, USA). Membranes were
saturated with a solution of 3% milk in TBS and 0.1% Tween 20 in TBS overnight at
4°C and subsequently incubated with an anti-rabbit cleaved caspase-3 polyclonal
antibody (catalog no. 9661) (Cell Signaling Technology) at a dilution of 1:500 for 2 h
at room temperature. Antigens were revealed with an appropriate HRP-conjugated
secondary antibody (diluted 1:5000, Jackson Immuno Research Laboratory, West
Grove, USA). Immunoreactivity was detected with SuperSignal West Femto Substrate
(Thermo Fisher Scientific). Since the use of “housekeeping proteins” as internal
standards may be unsuitable due to variations in protein concentration of control
proteins among samples, the influence of physiological and pathological factors on
their expression, defects in blot transfer and protein underestimation (Ferguson et al.,
2005; Romero-Calvo et al., 2010; Welinder and Ekblad, 2011), we adopted a
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Coomassie staining procedure (Welinder and Ekblad, 2011) to assess equal gel

loading and blotting efficiency.

Acid phosphatase activity assay

Midguts were dissected on ice and, after a rinse in SSL, were stored in liquid nitrogen
until use. After being thawed, midguts were homogenized (nine strokes at 2000 rpm
in a glass-Teflon Potter homogenizer) in 1 ml/0.1 g tissue of the following
homogenization buffer: 100 mM mannitol, 10 mM HEPES-Tris at pH 7.2. A protease
inhibitor cocktail (Sigma-Aldrich) was added during the homogenization procedure.
The protein concentration in the homogenates was determined according to Bradford
assay (Bradford, 1976), with BSA as a standard. The enzyme activity in the
homogenates was assayed with 4-nitrophenyl phosphate as a substrate at a fixed
incubation time of 30 min, according to the method reported by Moss (1983). The
reaction was performed at 25°C and stopped by adding 4 ml of 0.1 M sodium
hydroxide. Colour development was determined at 405 nm using an Ultrospec 3000
spectrophotometer (Amersham Pharmacia Biotech, Milano, Italy). Each value was the
result of at least six experiments performed on midgut samples from three series of

animals.

Evaluation of ATP content

Homogenates from midguts were prepared as described in the “Acid phosphatase
activity assay” section. Homogenates were clarified by centrifugation (15000xg for 15
min at 4°C). Protein concentration was determined by using a BCA Protein Assay Kit
(Thermo Fisher Scientific), taking BSA as a standard, and adjusted to 1 mg/ml with
homogenization buffer. ATP levels were quantified by using the ATP Bioluminescence
Assay Kit (Roche, Mannheim, Germany), following the manufacturer’s instructions.
Briefly, 25 pg cytosolic protein and an equal volume of reagents were added to a
white-walled, 96-well plate and the light signal was immediately read with a Tecan
microplate reader Infinite F200 (Tecan Group, Méannedorf, Switzerland). Each
experiment was performed at least in triplicate on midgut samples from three series

of animals.
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Measurement of caspase activity

Homogenates from midguts were prepared as described in the “Acid phosphatase
activity assay” section. Homogenates were clarified by centrifugation (15000xg for 15
min at 4°C) and protein concentration was adjusted to 1 mg/ml with homogenization
buffer before storage at -80°C. Caspase activity was determined (at least in triplicates
on midgut samples from three series of animals) by using a Caspase-Glo 3/7 kit
(Promega, Madison, USA) as follows: 10 ug cytosolic protein and an equal volume of
reagents were added to a white-walled, 96-well plate and incubated at room
temperature for 1 h. The luminescence of each sample was measured in a Tecan

microplate reader Infinite F200.

TUNEL assay

Paraffin sections of midgut samples were prepared as described above for caspase-3
immunohistochemistry. DNA fragmentation in apoptotic cells was identified by using
the DeadEnd Colorimetric TUNEL System (Promega). Briefly, paraffin sections were
deparaffinized, rehydrated through graded ethanol washes, and rinsed with PBS.
Proteinase K (20 pug/ml) digestion was applied as a pre-treatment for 20 min at room
temperature. Incubation with the rTdT reaction mix was performed for 1 h at 37°C, in
accordance with the instructions provided by the manufacturer. The reaction was
terminated by immersing the slides in 2x standard sodium citrate (15 min). A pre-
treatment with 3% H,0, (5 min) preceded the incubation with a streptavidin-HRP
solution (diluted 1:500 in PBS, 30 min). A DAB solution was used for signal
development. Sections were counterstained with hematoxylin and eosin. Negative
controls were performed by replacing rTdT enzyme with water in the rTdT reaction

mix.

Quantitative real-time PCR (QRT-PCR)

RNA was isolated using Trizol Reagent (Invitrogen Co., Carlsbad, USA) according to
the manufacturer’s instructions and emplyed to synthesize the first chain of cDNA by
the cDNA Synthesis Kit (TOYOBO Co., Osaka, Japan). Primers for quantitative real-
time PCR (gRT-PCR) were designed according to the sequences of the target genes

(Table 2). In detail, we evaluated the expression of autophagy-related genes BmATG5
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(GenBank accession number NM_001142487), BmATG6 (NM_001142490) and
BmATG8 (NM_001046779) (Zhang et al.,, 2009; Mizushima et al., 2010), and
apoptosis-related genes BmICE-2 (DQ360829), BmCaspase-4 (HQ456874) and BmIAP
(NM_001043559) (zhang et al., 2010; Courtiade et al., 2011). BmActinA3 gene
(NM_001126254) was used as a control (Zhang et al., 2009; Li et al., 2010). gRT-PCR
was performed according to SYBR-GREENL1 fluorescent relative quantitative approach
(Livak and Schmittgen, 2001), using ABI7300 fluorescence quantitative PCR system
(Applied Biosystems, Carlsbad, USA). Three independent duplicates were conducted
for each of the data sets. Relative gene expression (2°4*®) was calculated according
to the equation of 2", where ACT equals the difference between the CT values of

the target genes and BmActinA3 gene according to the manufacturer’s instructions.

Table 2. Primer sequences used for the amplification of apoptosis- and autophagy-

related genes

Gene Forward primer sequence Reverse primer sequence
BmATG5 CCAAACAAAGATGTAGTAGAAGCA GTCTGTTGATAGCCCAAAACTG
BmATG6 AACTGTATTGCTCCTCTCTTCG GCGACCATTGCCGCATCG
BmATGS8 AGAAGAACATTCATTTGAGAAGAGA AATCAGACGGAACTAAATACTTC
BmICE-2 GGCGATAGCGGCGAAGTA ATGCGTTGGAAGGCGTAA
BmCaspase-4 CTGTTGAAAGCGTGTTTG AATTCGTATGTCGTAGCG
BmIAP GGTGAAAGGACGTGACTACAT CGCTCCTCGGAATAACATA
BmActinA3 CGGGAAATCGTTCGTGA ACGAGGGTTGGAAGAGGG
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RESULTS

Morphological changes of the alimentary canal and midgut degeneration
during larval-pupal metamorphosis

During the fifth larval instar (Figs. 1A, B), the alimentary canal of larvae was a long
and thin tube. The midgut had a turgid aspect, attributable to the presence of food in
the lumen, and represented the main part of the digestive system; it was also
covered by ramified tracheae. However, at wandering stage (Figs. 1C, D), cessation
of feeding occurred: this event was followed by a purge of the alimentary canal.
Midgut changed from light brown to colorless and progressively decreased in
diameter. During the terminal part of the spinning phase (Figs. 1E, F), the gut
became progressively shorter and thinner, with folds on the outer surface of the
midgut region (Fig. 1F), and acquired a dark red colour due to the formation of the
yellow body in the lumen. At pupal stage (Figs. 1G-J), the midgut dramatically
changed its form; the midgut was characterized by a thin wall and by a strongly
stained inner content composed by the yellow body in degeneration. After adult
eclosion (Figs. 1K, L), a conical and dark-colored midgut was visible.

Light microscopy observations revealed that the midgut tissue both degenerated and
regenerated during metamorphosis. At the fifth larval instar the midgut epithelium
was formed by columnar and goblet cells (Fig. 2A). Columnar cells were numerous
and characterized by a thick brush border toward the lumen, whereas goblet cells
showed a basal nucleus and a goblet-shaped cavity, lined by tightly arranged
microvilli (Fig. 2B). Nuclei of larval epithelial cells showed uncondensed chromatin
(Fig. 2C). The cytoplasm of columnar cells was characterized by the presence of
abundant rough endoplasmic reticulum and mitochondria (Fig. 2D). Along the whole
epithelial surface high exocytotic activity was visible (Fig. 2E, F). Sparse stem cells
were visible in the basal region of the epithelium, which is encircled by a thin extra-
epithelial layer, composed of muscles fibers and tracheae (Fig. 2A).

At wandering stage, stem cell proliferation initiated (Fig. 2G), as demonstrated by
positivity for H3P (Fig. 2H) visible in the basal region of the midgut epithelium.

The proliferation and differentiation of stem cells led to the formation of a continuous

cell layer (the future pupal epithelium) that began to push the larval midgut
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epithelium toward the lumen (Figs. 3A-C). A concurrent degeneration of larval midgut
could be observed since the spinning stage. At this stage the larval midgut epithelium
detached from the new pupal epithelium (Fig. 3C): columnar and goblet cells lost
their morphology, although their brush border remained intact (Fig. 3D).

Stem cells undergoing differentiation were characterized by a large inner
compartment covered by short cytoplasmic projections (Figs. 3D, E); these
projections became shorter and thinner (Fig. 3F) during differentiation process.

At prepupal phase (Fig. 4A) a new cell layer formed by stem cells was observable.
The new epithelium was remodelled during larval-adult transformation leading to the
formation of a well organized pupal epithelium (Fig. 4B), where microvilli completely
covered the whole apical surface (Fig. 4C) and the integrity was ensured by a
junctional system (Fig. 4D).

The cytoplasm of the new epithelial cells contained a great amount of fat droplets
surrounded by glycogen granules (Figs. 4E, F), as well as round vesicles of various
sizes (Fig. 4G), which were exocytosed throughout the pupal period (Figs. 4C, H).
Their cytoplasm contained also spherites (Figs. 4H, J), that are structures involved in
the degeneration of Ca?" ions (Waku and Sumimoto, 1971). There was no evidence of
the large inner compartment seen during the spinning phase (Fig. 3D).

At late stage of degeneration, the larval epithelium gave rise to a compact mass of
cells in the lumen, called yellow body, that was progressively digested (Figs. 4A, B).
These cells modified their shape (Fig. 5A): columnar and goblet cells progressively
shrank and underwent ruptures (Fig. 5B), and their organization completely changed,
although at early stages of tissue degeneration contacts among cells were still
observable (Fig. 5C). Nuclei of these cells showed condensed chromatin (Figs. 5D, E).
Pupal midgut was remodelled until the end of pupal phase to form the midgut
epithelium typical of the adult (Figs. 6A-C). This epithelium was thin and exhibited a
well-organized brush border, with microvilli more seldom and flattened than in the
larval and pupal one (Fig. 6B), and it was characterized by abundant endoplasmic
reticulum and mitochondria (Fig. 6B). The presence of few, small isolated cells in the
basal region of the epithelium was observed (Figs. 6C, D), while the apical portion of
adult epithelium cells contained many granules and vesicles that were exocytosed in

the midgut lumen (Figs. 6E, F).
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These observations indicated that the growth of a new pupal epithelium was
concomitant with the degeneration of the old larval midgut, that started prior to
pupation, became most active in early pupae and lasted up to adult eclosion (Table
1).

Histochemical characterization of larval and pupal midgut

PAS (glycogen detection). During fifth instar, glycogen granules were present in the
cytoplasm of larval cells (Figs. 7A, B), whereas after the formation of the new pupal
midgut positivity was mainly localized in the new epithelial layer (Figs. 7C-F).
Glycogen content progressively decreased in larval midgut cells and no reactivity was

detectable inside the yellow body (Figs. 7E, G).

NADH-TR reactivity (marker for mithocondrial activity). During larval period, staining
was detectable in the whole epithelium (Figs. 8A, B). A progressive reduction of
metabolic activity was evident in degenerating columnar and goblet cells that were
disgregating until their complete demise within the yellow body (Figs. 8C-H). Since
the first day of spinning high mitochondrial activity was visible in the whole pupal
midgut epithelium (Figs. 8C-E). When the new pupal epithelium was well-developed,
NADH staining was resumed in the basal and apical regions of the cells (Figs. 8F, H).

The reactivity was maintained in the adult midgut (Figs. 8l, J).

Morphological features of autophagy

To determine whether autophagy is involved in the degeneration of B. mori larval
midgut, we examined morphological features attributable to this mechanism. Starting
from spinning stage, autophagic compartments were clearly observed in the larval
midgut cells and they were highly represented until early pupation (Figs. 9A-E). The
presence of a double-limiting membrane was the hallmark of autophagosomes (Figs.
9A, C). Autolysosomes, surrounded by lysosomes (Figs. 9B, D), contained digested
cellular material and organelles at different stages of degeneration (Fig. 9B). In
addition, myelin-like figures, which represent the result of autophagic degradation of
membranous cellular components (Martinet and De Meyer, 2008), were visible in

larval midgut cells (Fig. 9E).
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mMRNA expression of autophagy-related genes

Molecular markers that are associated with autophagy were evaluated to assess the
onset of the autophagic pathway in midgut during metamorphosis. To this aim three
autophagy-related genes, BmATG5, BmATG6 and BmATGS, were examined. These
genes encode proteins that are involved in early stages of autophagosome
biogenesis, i.e autophagosome nucleation and expansion; therefore they are good
markers of the activation of the autophagic program. gRT-PCR analysis indicated that
these genes were expressed at various degrees in the midgut during larval-pupal
transformation (Figs. 10A-C). In detail, high levels of expression of all these genes
were detected at the wandering stage, before morphological features of autophagy
appeared (Fig. 9). During the spinning period and in pupae, the expression levels of
these genes decreased to a more or less constant level. It is worthy to note that the

expression of BmATG5 showed a second peak during the prepupal stage (Fig. 10A).

Expression and localization of the autophagy-related protein BmAtg8

To confirm gene expression results, we analyzed the expression and processing of
Atg8 protein, a factor involved in the expansion of the isolation membrane that leads
to autophagosome formation (Mizushima et al., 2010). To this end, we performed
western blot analysis with anti-BmAtg8 antibody on protein extracts from midguts of
larvae at wandering, spinning and prepupal stages, and of pupae at 24 h (PD1) and
48 h (PD2) post pupation (Fig. 11A). A 14 kDa band corresponding to BmAtg8
protein, and a band related to phosphatidylethanolamine-conjugated form of BmAtg8
protein (BmAtg8-PE), a marker associated with completed autophagosomes (Klionsky
et al., 2008), were detected at wandering stage. Their expression was maintained up
to early pupal stage (Fig. 11A).

Timing and localization of BmAtg8 protein in midgut tissues were assessed by
immunohistochemical analysis using FITC-labeled anti-BmAtg8 antibody on midgut
samples from animals at different stage of development (Figs. 11B-J). During
wandering stage (Figs. 11B, E, H), BmAtg8 protein was localized in larval midgut cells
undergoing degeneration. Positivity for BmAtg8 antibody was also found in spinning

(Figs. 11C, F, 1) and pupal samples (Figs. 11D, G, J). In these animals, the
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fluorescent signal was always restricted to the cells of the yellowbody, while it was

absent in the new pupal mifgut epithelium (Figs. 11F, G, 1, J).

Analysis of acid phosphatase

Formation of autolysosomes requires the recruitment of lysosomes and their fusion to
autophagosomes. For this reason we evaluated lysosomal activity during larval midgut
degeneration by monitoring acid phosphatase. A specific spectrophotometric assay
was used to accurately quantify the activity of this enzyme in midgut cells during the
period of larval-pupal transformation. The enzymatic activity increased considerably
during the spinning period, reaching a peak during spinning (SD2), when high
autophagic activity could be detected; after enzymatic activity decreased, moderate
activity was resumed in pupal midguts (Fig. 12A). By histochemical staining we were
able to evaluate the distribution of acid phosphatase activity in midgut tissues. During
the fifth larval instar, only little activity was present in the apical region of midgut
cells (Fig. 12B). The intensity of the signal increased during spinning stage (Fig. 12C).
Afterwards, acid phosphatase activity was also found in pupal samples (Fig. 12D).
The enzyme activity was always restricted to the cells of the larval midgut epithelium
during degeneration, whereas it was absent in the new pupal midgut epithelium (Figs.
12C, D). Ultrastructural analysis confirmed this staining pattern and demonstrated
that acid phosphatase activity was localized in numerous cytoplasm dots in
degenerating cells (Figs. 12E, F). These corpuscles apparently corresponded to
autolysosomes, as indicated by compartments in which acid phosphatase staining and

degenerated cellular structures coexisted (Figs. 12F, G).

Morphological features of apoptosis

In eukaryotes, apoptosis is characterized by specific features, such as nuclear
chromatin condensation and DNA fragmentation (Kerr et al., 1972). Both features
were found in larval midgut from early pupae. Evidence of nuclear pyknosis (Figs.
13A, B), as well as nuclear fragmentation (Figs. 13C, D), was observable in these
cells. Following condensation, chromatin acquired a very compact aspect (Fig. 13B)
that greatly differed from the physiological chromatin distribution observed in nuclei

of midgut cells of larvae at feeding stage (Fig. 13E).
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Expression of apoptosis-related genes

The expression of two caspase genes, BmICE2 and BmCaspase-4, and that of BmIAP,
an inhibitor factor that contributes to keeping caspases in insects, was analyzed by
gRT-PCR to determine the timing of apoptosis-related genes expression in the midgut
during metamorphosis. The results indicated that BmICE-2 and BmCaspase-4 were
highly expressed at the end of the fifth larval instar. After that peak, their expression
decreased and, during pupal stage, levels of expression were low for both genes
(Figs. 14A, B). BmIAP was highly expressed during the last day of the fifth larval
instar and wandering stage, while its expression decreased at spinning stage (Fig.
14C).

Analysis of activated caspases

To assess the occurrence of activated caspases during the remodeling of larval
midgut epithelium, immunostaining experiments were performed (Figs. 15A-H) by
using an antibody able to detect cleaved caspase-3 which has been previously used in
Drosophila melanogaster (Griswold et al., 2008), B. mori (Goncu and Parlak, 2011)
and other Lepidoptera (Parthasarathy and Palli, 2007b; Tettamanti et al., 2007a;
Vilaplana et al., 2007). While no positivity was found in the midgut epithelium during
the fifth larval instar (Figs. 15A, B), the antibody recognized several midgut cells of
spinning larvae (Figs. 15C, D) and pupae (Figs. 15E, F). The immunopositivity was
visible only in larval midgut cells, while no signal could be detected in the new pupal
epithelium (Fig. 15F). Immunoblot analysis carried out on midgut samples from
animals at different stage of development validated the previous assay and
demonstrated that the antibody reacted specifically with B. mori activated caspase-3
(Fig. 151). A strong 15 kDa band was visible at spinning phase (SD2) and, after
decreasing in prepupal midguts, high levels of the protein were detected from the
first day of pupation (Fig. 151). Measuring of the activity of effector caspases by using
a specific DEVD substrate confirmed the immunoblot results. In fact, the activity
peaked at late spinning stage (SD2) and, after a fall, it progressively rose again from
PD1 onwards (Fig. 15J).
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Analysis of DNA fragmentation

TUNEL assay was performed to evaluate the specific localization of nuclei undergoing
DNA fragmentation in midgut tissues (Figs. 16A-H). During the fifth instar no nuclei in
the midgut cells were stained (Figs. 16A, B), while positivity was assessed in some
cells of the larval midgut starting from the spinning phase (Figs. 16C, D). The number
of positive cells increased massively within the yellow body of day 2 pupae (Figs. 16E,

F). Positivity was never detected in the newly formed pupal epithelium (Figs. 16C, E).

Evaluation of membrane integrity

The Ho033258-PI fluorescent staining, performed on yellow body cells undergoing
degeneration, showed that the plasma membrane of some, but not all, cells within
the yellow body was permeable to both Ho33258 and PI (Figs. 17A, B); in contrast,
cells with a normal nucleus, and thus still viable, were not stained by Pl (Figs. 17A,
B). The membrane damage in some cells of the yellow body was confirmed by TEM

observations (Fig. 17C).

Evaluation of protein concentration and mitochondrial activity

Generally, when cells are deprived of nutrients, they set autophagy to break down
part of their content, generating molecules and energy to survive. To investigate
whether autophagy has a pro-survival role in midgut during metamorphosis, we
analyzed three parameters that are related to the metabolic activity of the cell, i.e.
protein content, mitochondrial activity and ATP production, in midgut samples from
late fifth larval instar up to early pupae. In fact, autophagy peaked in this window,
while apoptosis was still beginning (Figs. 9-16).

Initiation of wandering resulted in a reduction of protein concentration in midgut cells,
which continued during the whole spinning period. The amount of proteins started to
raise at prepupal phase (Fig. 18A). Measurement of ATP revealed a 30-fold increase,
compared to wandering stage, in ATP levels in larval midguts since SD1, which
continued to grow heavily until prepupal phase (Fig. 18B). A strong staining for
NADH-TR in the midgut epithelium demonstrated the occurrence of high
mitochondrial activity in these cells at the beginning of spinning phase (SD1) (Figs.

8C-E), when the massive increase of ATP levels was detected (Fig. 18B).
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DISCUSSION

Replacement of silkworm midgut during fifth larval instar

Histolysis of larval organs is one of the key events that occurs in holometabolous
insects: this entails the growth and differentiation of adult structures together with
the destruction of old cells (Baehrecke, 1996). The organs affected by tissue
rearrangement include salivary glands, fat body, motoneurons, and the alimentary
canal (for a review, see Yin and Thummel, 2005). In particular, massive gut
remodelling occurs in response to the need for the provision of nutrients during the
pupal period and for the renewal of an organ that has to fulfill adult alimentary
requirements (Wigglesworth, 1972; Dow, 1986).

The present work shows that the midgut is completely replaced in Bombyx mori
larvae during fifth larval instar, forming a new functional midgut that is maintained
during the pupal period and is remodelled to form the gut in the adult.

The replacement of silkkworm midgut is carried out through a series of events that
leads to the disappearance of the old epithelium and the formation of a new
epithelium.

At the beginning of the fifth larval instar, when the larva feeds and rapidly grows, the
midgut is a functional organ characterized by metabolically active columnar cells,
which are full of mitochondria, show a positivity for NADH-TR, and are characterized
by a well-developed brush border. Gaoblet cells, important for the ionic regulation of
the gut (Wieczorek et al., 2000), have a normal shape with well-organized microvilli.
The presence of fat droplets and glycogen content in the cytoplasm of these cells is
related to their high metabolic activity. This accumulation of glycogen and lipids and
mitochondrial activity progressively disappear in yellow body cells since the spinning
stage, consistent with the degeneration of these cells and the occurrence of cell death
processes.

The abundant presence of autophagic vacuoles in the yellow body, as well as the
decreasing content of glycogen and lipids in yellow body cells at pupal stage suggest
a mobilization of nutrients from these larval cells. This evidence is consistent with the
features observed in the newly formed midgut tissue. In fact, the pupal epithelium

accumulates glycogen and lipid droplets, displays metabolic activity, is characterized
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by an apical brush border and shows intense exocytosis activity. All these
characteristics indicate that the new midgut epithelium is functional and performs
digestive processes, at least during the early period of adulthood, and that molecules
derived from the degenerating larval epithelium could work as food substrates
(Tettamanti et al., 2007a).

The accumulation of considerable amounts of glycogen and lipids within midgut cells
has been previously reported (de Eguileor et al., 2001; Uwo et al., 2002), but the role
of storage molecules in B. mori pupal midgut cells is not yet clear. Indeed, they might
represent an additional energy source during pupal-adult development after
degeneration of the fat body (Larsen, 1976; lwanaga et al., 2000).

Although differentiation of stem cells into diverse adult cell types has been described
in several holometabolous insects such as Heliothis virescens (Tettamanti et al.,
2007a), Manduca sexta (Hakim et al., 2010) and Drosophila melanogaster (Micchelli
and Perrimon, 2006; Ohlstein and Spradling, 2006), here we show that, at the larval-
pupal transition, these cells differentiate into a unique cell type similar to columnar
cells. The lack of differentiation of stem cells into goblet cells during this last molt, as
happens in vivo during the larval-larval molts (Baldwin and Hakim, 1991) and in vitro
in stem cell cultures (Sadrud-Din et al., 1996), is in agreement with an adaptation of
the new midgut physiological properties to the nutritional requirements of the moth,
which feed on nectar (Dow, 1986; Baldwin et al., 1996), or which does not feed as it
occurs in B. mori adult.

The involvement of stem cells in replacing the larval midgut has been described in
insect larvae of various orders in which this process shows variations in relation to
timing, the number of cells involved, and their differentiation fate (Baldwin and
Hakim, 1991; Jiang et al., 1997; Martins et al., 2006). In particular, the sequence of
events described here about the complete replacement of larval midgut before
pupation is similar to that reported for Galleria mellonella (Uwo et al., 2002) and H.
virescens (Tettamanti et al., 2007a).

It is noteworthy that stem cell proliferation and differentiation act more quickly than
in H. virescens. On the other hand, histological and molecular data about the

occurrence of degeneration in the yellow body cells demonstrate that the degradation
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of the larval midgut is a gradual process and this takes place more slowly than what
happens in H. virescens.

Of note, in accordance with descriptions for M. sexta (Russel and Dunn, 1991;
Baldwin et al., 1996), B. mori (Waku and Sumimoto, 1971), and H. virescens
(Tettamanti et al., 2007a), in silkworm stem cells undergoing differentiation are
characterized by the presence of a large amount of vesicles that contain electron-
dense material which is secreted into the lumen. As suggested by Waku and
Sumimoto (1971) these vacuoles may contain lysozyme.

Although in the midgut of adult butterflies and moths stem cells have not been
described yet, the presence of small isolated cell nests that we observed in the basal
region of the epithelium need to be carefully investigated, to ascertain the true nature

of these cells.

Midgut remodelling and cell death processes

Previous work has described the occurrence of apoptosis in larval organs of
Lepidoptera during metamorphosis (Dai and Gilbert, 1997; Uwo et al., 2002; Mpakou
et al., 2006; Parthasarathy and Palli, 2007b; Tettamanti et al., 2007a; Vilaplana et al.,
2007; Sumithra et al., 2010), while robust biochemical and molecular evidence for the
involvement of autophagy is still lacking (see Malagoli et al., 2010 for review). In
addition, the role of autophagy, as well as its relationships with apoptosis, are
troublesome and still under debate (Malagoli et al., 2010; Tettamanti et al., 2011).
Indeed there is much confusion regarding acceptable methods for monitoring
autophagy in higher eukaryotes (Klionsky et al., 2008) and cell death mechanisms
taking place in organs and tissues of Lepidoptera appear to have somehow peculiar
features.

With the aim to overcome this fragmentation of knowledge, we performed a detailed
morphological, cellular, biochemical and molecular analysis of the remodeling process
that occurs in the larval midgut of B. mori during metamorphosis.

Our study demonstrates the occurrence of both apoptotic and autophagic events in

the desappearance of the larval midgut epithelium, as discussed below.
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Involvement of autophagy in B. mori midgut remodeling

Several lines of evidence from the present study clearly demonstrate that autophagy
occurs in the midgut of B. mori and is actively involved in the remodeling of this
organ during larval-pupal transformation: i) presence of morphological autophagic
features in larval midgut cells; ii) expression of autophagy-related genes in larval
midgut cells; iii) localization of BmAtg8 in larval midgut cells, as well as its processing
to BmAtg8-PE, a key protein marker that is reliably associated with completed
autophagosomes (Klionsky et al., 2008): only a few descriptions of Atg8 processing
through western blot analysis in invertebrates have been published, especially among
insects (Buzgariu et al., 2008; Shelly et al., 2009; Barth et al., 2011; Chiarelli et al.,
2011), and to our knowledge this is the first report of such an effective Atg8 antibody
developed for Lepidoptera; iv) increased activity and expression of acid phosphatase,
a lysosomal marker that is used to follow autophagy (Klionsky et al., 2008), in
cytoplasmic granules and putative autolysosomes that are present in degenerating
midgut cells.

Denton et al. (2009) demonstrated that autophagy, and not apoptosis, is essential for
midgut cell death in Drosophila during metamorphosis. They found that combined
mutants of the main initiator and effector caspases could not suppress midgut cell
death, and inhibition of the caspase Decay, which is responsible for most of the
caspase activity in dying midguts, has no effect on midgut removal. By contrast,
midgut degradation is severely delayed in ATG1, ATG2 and ATG18 mutants (Denton
et al., 2009, 2010). Although our data show that the autophagic process contributes
to midgut demise in silkworm, the lack of a functional analysis for BmATG genes
prevents us from assessing whether autophagy is essential for midgut cell death as in
Drosophila. Nevertheless, we have provided evidence about its role in this remodeling

process as discusses below.

Apoptosis and cell death

In addition to autophagy, we showed that also apoptosis occurs in silkworm midgut,
in accordance with some previous studies (Parthasarathy and Palli, 2007b; Tettamanti
et al., 2007a; Vilaplana et al., 2007). A peak in caspase transcription at the end of the

fifth larval instar, and a decrease in BmIAP expression at early spinning, marks the
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onset of the apoptotic signaling pathway. Transcription of caspase genes is followed
by an increase in effector caspase activity in the larval epithelium from spinning
stage. This delay could be due to the action of inhibitor of apoptosis protein (BmIAP),
whose gene is highly expressed until wandering stage, which may inhibit the
activation of caspases and therefore the apoptotic pathway until that time. Activation
of the apoptotic pathway is consistent with the timing of the appearance of clear
apoptotic features such as nuclear condensation and DNA fragmentation in the larval
midgut cells (Dupere-Minier et al., 2004).

The larval midgut disappears gradually since death does not occur simultaneously in
all cells. In fact, the loss of plasma membrane integrity occurs only in groups of
yellow body cells at late stage of degeneration and not in the whole yellow body, as
demonstrated by Pl incorporation. This event is considered a point-of—no-return and
is used as an indisputable marker of unavoidable cell death (Kroemer et al., 2009).
The abundance of apoptotic features within these cells indicates that apoptosis is
actually responsible for cell death during late pupal phase. In accordance with our
hypothesis it must be underlined that apoptosis is usually involved in the removal of
small groups of cells, while autophagic cell death leads to the simultaneous
disappearance of large populations of cells (Thummel, 2001) as seen in our model, in

which the whole larval midgut epithelium is removed.

Timing of appearance of autophagy and apoptosis

Although some studies have shown the concomitant presence of autophagic and
apoptotic features in midgut of lepidopteran larvae (Tettamanti et al., 2007b;
Vilaplana et al., 2007), no one has yet clearly demonstrated whether autophagy and
apoptosis occur simultaneously or one takes place prior to the other. In silkworm
midgut, autophagy occurs from wandering/spinning phase, as demonstrated by
several specific markers. On the other hand, for apoptosis, a peak in caspase gene
expression at the end of the fifth larval instar is followed by activation of effector
caspases from spinning phase. Once caspases are activated, apoptosis is set in
motion and features typical of this process can be found from prepupal/early pupal
stage onward. These data demonstrate that autophagy is initiated earlier than

apoptosis and apoptotic features appear after autophagic ones (Fig. 19). It seems
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plausible that this pattern is linked to the ecdysone titer in the hemolymph
(Rybczynski, 2005), with an autophagic burst at wandering/early spinning, followed
by the onset of apoptosis at beginning of pupation, that drives cell demise.

Recently, interactions between autophagy and apoptosis pathways were reported
(Eisenberg-Lerner et al., 2009) and some molecular mediators that regulate this
cross-talk were described (Yue et al., 2003; Codogno and Meijer, 2006; Scott et al.,
2007; Eisenberg-Lerner et al., 2009). In particular, Atg5 has been found to play
important roles in the connection between the autophagic and the apoptotic pathway
(Codogno and Meijer, 2006; Yousefi et al., 2006).

Future studies should be undertaken to resolve the role of BmATG5, whose mRNA
has been shown to have a second peak of expression when apoptosis starts, which
would give insight into a possible cross-regulation between autophagy and apoptosis

in B. mori midgut cells.

Role of autophagy in silkworm midgut remodeling

In insects, autophagy fulfills multiple functions in relation to nutrient availability. In
Drosophila, normal levels of autophagy play an important role in the homeostasis of
certain terminally differentiated cells and stress survival (Juhasz et al., 2007; Neufeld
and Baehrecke, 2008). Scott et al. (2004) demonstrated that starvation induces an
autophagic response in Drosophila fat body, a nutrient storage and mobilization organ
analogous to the vertebrate liver.

In this study we found that autophagy starts in precise coincidence with the onset of
the non-feeding (wandering) period and mainly occurs during the early phase of the
midgut remodeling process. Given that no water and food are taken by the animal
after wandering stage, self-digestion of larval midgut cells and recycling of the
breakdown products resulting from the autophagic process may provide a
fundamental way to obtain materials and energy for regeneration and construction of
pupal and adult structures. This hypothesis is supported by three pieces of evidence:
i) we observed autophagic features in the degenerating yellow body, a mass of cells
that does not disappear suddenly but is progressively degraded along the pupal
phase. Consistently, the delayed and asynchronous death of yellow body cells that we

have shown fits with a gradual supply of nutrients from the larval to the pupal
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epithelium; ii) previous work demonstrated the presence of membrane transporters
and hydrolytic enzymes in the newly formed pupal midgut of Heliothis virescens: the
morpho-functional features of this epithelium are consistent with a recycling action of
nutrients derived from the degradation of larval epithelium (Tettamanti et al., 2007b);
iii) significant variations in protein concentration and ATP production take place in the
time frame of the maximum occurrence of autophagy. Thus, the sudden decrease in
protein content at wandering phase and the subsequent, massive increase in the
amount of ATP suggest that autophagy determines the degradation of long-lived
proteins in larval midgut to provide amino acids for ATP production by central carbon
metabolism (Rabinowitz and White, 2010). These data are in agreement with a
previous report showing that amino acid metabolism directly related to the
tricarboxylic acid cycle is the primary source of energy in B. mori midgut (Parenti et
al., 1985). Thus, these data indicate that, starting from wandering-spinning stage,
autophagy intervenes to recycle nutrient materials derived from epithelial cells of the
degenerating larval midgut to cope with lack of food during pupal phase.

In conclusion, our provide for the first time direct cellular, molecular and biochemical
evidence of the involvement of autophagy in the midgut remodeling process during
larval-adult transformation. Autophagy and apoptosis actively intervene in the
degeneration process of the larval midgut epithelium and the two pathways might
interact or cooperate to accomplish the irreversible process of the demise of this
larval tissue. Most evidence indicates that in vertebrates autophagy mainly promotes
cell survival, although it can play a role in the early phase of cell death (Jellinger and
Stadelmann, 2001; Guillon-Munos et al., 2006; Eisenberg-Lerner et al., 2009; Shen
and Codogno, 2011). Our data show that in silkworm midgut, autophagy has a pro-
survival role to gain energy from larval cells that are no longer useful to the animal.
The next challenge will be to assess whether autophagy also functions as a cell death
mechanism in the midgut epithelium, thus demonstrating to be true autophagic cell
death (Denton et al., 2009; Shen and Codogno, 2011).
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Fig. 1 Morphological and structural changes of the alimentary
canal of B. mori during metamorphosis

The aspect of silkworm larval midgut deeply changes during larval-adult
transformation. A-D During fifth larval instar (A, B) and at wandering
stage (C, D), the gut is a long and thin tube. E, F Starting from spinning
stage, the alimentary canal is modified and the midgut region (arrow)
becomes shorter and with folds on the outer surface. G-J These
modifications are more dramatic during pupal stage. K, L In the adult the
midgut is a small conical structure. s: rectal sac. Bars: B, D, F,H, J 0,5
cm; L 250 nm.
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Fig. 2 Structure of larval epithelium and stem cell activation

A, B During fifth larval instar B. mori midgut consists of a monolayered
epithelium in which columnar (c) and goblet (g) cells are readily
identifiable. Columnar cells show a thick luminal brush border (b),
whereas goblet cells are characterized by a goblet cavity (arrows)
covered by closely arranged microvilli (mv). Sparse stem cells
(arrowheads) are scarcely represented and localized in the basal region
of the midgut epithelium. The midgut monolayer is surrounded by a thin
layer of muscle fibers and tracheae (m). C, D SEM analysis evidences
that nuclei of larval epithelial cells show uncondensed chromatin (n, C).
Mitochondria (arrows) and rough endoplasmic reticulum (arrowheads)
are detectable in the cytoplasm (D). E, F Some areas are characterized
by apical blebs, cell swelling, and ruptures on the luminal side of the
midgut. G, H Immunohistochemical analysis performed with anti-
Phospho-Histone H3 antibody demonstrates that active proliferation of
stem cells (arrowheads) initiates at wandering stage. | lumen, e larval
midgut epithelium. Bars: A, G 25 um; B, E 10 um; C, F 2 um; D 500
nm; H 100 pm.






Fig. 3 Spinning phase and stem cell differentiation

A-D Stem cells proliferate and differentiate forming a continuous layer
on the basal side of the midgut, thus pushing the old epithelium (yb)
toward the lumen; the midgut wall undergoes a gradual thickening. A, B
At SD1 phase larval midgut epithelium cells (e) are characterized by
initial degeneration but still keeps in close contact with the new cell layer
(bracket). C, D At SD2 phase the old epithelium (yb) detaches from the
new pupal epithelium, and still exhibits microvilli (mv). A, D, E, F Stem
cells show a cytoplasmic compartment (c) lined by short projections
(arrows) which become shorter and thinner at SD2 phase (arrowheads).
[: lumen. Bars: A 25 um; B, D, F 10 um; C 100 pm; E 5 pm.






Fig. 4 Formation of prepupal midgut and organization of pupal
midgut

A A new compact layer formed by stem cells, the prepupal midgut, is
visible (bracket). B-D The new epithelium is remodelled during larval-
adult transformation leading to the formation of a well-organized pupal
midgut (bracket), which shows a brush border (b) and a junctional
system (white arrowheads). Yellow body (yb) is visible inside the lumen.
C-J Within these cells there are round cytoplasmic structures of various
size (white arrows) containing lipid droplets (f) surrounded by glycogen
granules (g), several vesicles, a great amount of mithocondria (black
arrowheads), and concentrically laminated spherites (black arrows). C,
H Throughout the cell layer vesicles of various size are visible among
microvilli during exocytosis (white arrows). | lumen. Bars:A 25 um; B
100 um; C,G 10 um; D1 pm; E, H, I, J 2 um; F 5 pm.
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Fig. 5 Degeneration of larval midgut epithelium

A Yellow body (yb) is recognizable inside the lumen of the new pupal
midgut as a compact mass of cells which progressively degrades until
desappearance. B, C At early stages of degeneration contacts among
epithelial cells are still maintained (white arrowheads), but progressively
their organization change: old columnar and goblet cells shrink and
undergo ruptures (arrows). D, E TEM and SEM images demonstrate the
presence of condensed chromatin in nuclei within yellow body cells
(black arrowheads). | lumen. Bars: A, B 10 ym; C, D 5 um; E 2 pm.






Fig. 6 Organization of adult midgut

A, B The midgut epithelium of the adult is narrow and characterized by a
brush border composed of rare and flattened microvilli (mv). Abundant
endoplasmic reticulum (white arrowheads) and mitochondria (white
arrows) are present. C, D Small isolated cells are localized in the basal
region of the epithelium (black arrowheads). E, F A continuous
exocytosis of several vesicles is visible. Boxed areas in (C) and (E) are
shown at higher magnification in (D) and (F), respectively. | lumen. Bars:
A 50 pm; B, F 2 um; C 20 pm; D, E 10 pm.






Fig. 7 Histochemical characterization of larval and prepupal
midguts: PAS (glycogen detection)

PAS reaction reveals that, although glycogen granules (arrows) are
visible within larval midgut epithelium (A, B), at advanced stages of
development (C-G) only the cells of the pupal epithelium (brackets) are
positive to the staining and no reactivity is detectable in the yellow body
(yb). I lumen, e larval midgut epithelium. Bars: A, E 100 um; B, C, D, F,
G 10 pm.






Fig. 8 Histochemical characterization of larval and prepupal
midguts: NADH-TR (marker for mithocondrial activity)

A, B Staining for NADH-TR is strong in larval midgut epithelium (arrows).
C-H After the generation of the new pupal midgut (bracket) a
progressive reduction of metabolic activity is evident in larval midgut
cells until their complete degeneration within the yellow body (yb). C-J
At spinning stage (C-E) high mitochondrial activity is visible in the new
midgut epithelium and the positivity to the reaction continue to be
detectable in the cells of the pupal and adult midgut epithelium (F-J,
bracket). | lumen, e larval midgut epithelium. Bars: A, C, F, 1 100 um; B,
D, E, G, H, J 10 um.






Fig. 9 Morphological study of the autophagic process

TEM analysis of representative autophagic features that can be
observed in larval midgut cells from spinning stage to pupal phase. A, C
Autophagosomes (a) are characterized by a double-limiting membrane
(arrowheads). B, D Autolysosomes (a) contain degraded organelles and
are surrounded by lysosomes (arrows). E Myelin-like structures
(arrowheads) that contain whorls of membranes can also be observed in
these cells. Boxed area in (A) and (B) are shown at higher magnification
in (C) and (D), respectively. Bars: A, D 500 nm; B, E 2 um ; C 200 nm.






Fig. 10 gRT-PCR analysis of autophagy-related genes

High levels of expression for BmATG5 (A), BmATG6 (B) and BmATGS
(C) can be detected at wandering stage. While BmATG6 and BmATGS8
expression is subjected to a decrease, a second peak of BmATG5
MRNA can be observed at prepupal stage. Data are represented as
Mean + SE.
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Fig. 11 Expression and localization of BmAtg8 protein

A Western blot analysis of BmAtg8. BmAtg8 antibody recognizes two
bands (14 and 12 kDa) from wandering stage onwards. B-J
Immunolocalization of BmAtg8. The positivity for BmAtg8 is localized in
the larval midgut during wandering stage (B, E, H). At spinning (C,F,l)
and pupal stage (D, G, J), the signal becomes restricted to the
yellowbody. Autophagic compartments are visible as fluorescent dots
(H-J). B-D Reference sections stained with hematoxylin and eosin. H-J
are details at higher magnification of E-G, respectively. Bracket
indicates the pupal midgut epithelium. | lumen, yb yellow body. Bars: B-
G 100 pm; H-J 30 pm.
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Fig. 12 Analysis of acid phosphatase activity

A The enzymatic assay shows an increase of acid phosphatase activity
during the spinning period and a subsequent decrease at prepupal
stage. In midgut of pupae the activity is not subjected to high variability.
Data are represented as Mean = SE (n=6) B-D The histochemical
staining demonstrates that enzyme activity (red color) is localized only
in the larval midgut epithelium (e). Accordingly, from spinning phase
onward a strong signal is visible only in yellow body cells (yb). Bracket
indicates the pupal midgut epithelium. E-G TEM analysis evidences acid
phosphatase activity (black reaction product) within cytoplasmic dots
(arrows) in larval midgut cells. A copresence of acid phosphatase
staining and degenerated cell structures can be assessed in some of
these corpuscles (arrowheads). Bars: B-D 100 ym; E 2 pm; F 500 nm;
G 200 nm.
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Fig. 13 Morphological study of the apoptotic process

Morphological analysis of apoptotic features that can be observed in
larval midgut cells from prepupal stage to pupal phase. A DAPI staining;
B, C, E, TEM micrographs; D hematoxylin and eosin staining. Nuclear
piknosis (arrowhead, A, B), as well as nuclear fragmentation (arrows, C,
D), are visible in larval midgut cells undergoing degeneration. These
apoptotic nuclei are very different from nuclei (n) present in midgut cell
of fifth instar larvae (A, D, E). Bars: A-D 10 ym; B 5 um; C 1 pum; E 2 pm.






Fig. 14 gRT-PCR analysis of apoptosis-related genes

High levels of expression for BmICE-2 (A) and BmCaspase-4 (B) are
observed during the last day of fifth larval instar (L5D5), followed by a
rapid decrease. The expression of the apoptotic inhibitor BmIAP (C)
remains at high levels until wandering stage. Data are represented as
Mean + SE.
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Fig. 15 Analysis of caspase activity

A-H Immunolocalization of activated caspase-3. At larval stage the
antibody does not reveal any positivity for caspase-3 (A, B), while a
signal (arrowheads) is visible in cells of the larval midgut epithelium (e)
at spinning stage (C, D). At pupal stage, a strong positivity (arrowheads)
is found only in cells of the yellow body (E, F). No staining can be
observed in negative controls (G, H). B, D, F, H are details at higher
magnification of (A, C, E, G), respectively. Bracket indicates the pupal
midgut epithelium. | lumen, yb yellow body. | Western blot analysis of
caspase-3. The antibody specific for cleaved caspase-3 recognizes a 15
kDa band, whose intensity is very high at SD2. Positivity for this
antibody is also visible in pupal samples. J The enzymatic assay shows
a massive increase of active effector caspases at SD2. The activity
remains high also at pupal stage. Data are represented as Mean + SE
(n=9). Bars: A, C, E, G 200 um; B, D, F, H 50 pm.
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Fig. 16 Analysis of DNA fragmentation

A-H TUNEL assay. No signal is visible in the midgut epithelium during
the fifth larval instar (A, B), while a large number of nuclei (arrowheads)
are stained during spinning (C, D) and pupal (E, F) stage. No staining
can be observed in TUNEL-negative controls (G, H). B, D, F, H are
details at higher magnification of (A, C, E, G), respectively. Bracket
indicates the pupal midgut epithelium. e larval epithelium, | lumen, yb
yellow body. Bars: A, C, E, G 50 um; B, D, F, H 20 um
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Fig. 17 Evaluation of membrane integrity

A-B The treatment of yellow body cells derived from pupal midguts with
Ho033258 and PI shows that only some cells are characterized by double
staining (arrow), a proven indication of membrane damage. Some other
cells are characterized only by Ho33258 staining (arrowhead). C TEM
analysis confirms that the membrane of degenerating cells is
fragmented (arrowheads). Arrow indicates plasma membrane. Bars: A,
B 10 um; C 2 pm.
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Fig. 18 Metabolic characterization of midgut epithelium

A Protein content of midgut cells is subjected to a strong decrease
starting at wandering stage, when the larva stops feeding. This
diminished level of proteins is maintained throughout the whole spinning
phase. Data are represented as Mean + SE (n=9). B ATP amount is
subjected to a 30-fold increase at SD1 phase, that continues until
prepupal phase. Data are represented as Mean = SE (n=9).
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Fig. 19 Summary scheme of the most representative cellular,
biochemical, and molecular events that occur in silkworm midgut
during the period L5D5-PD7

Processes related to autophagy are represented by blue bars (top),
while those referring to apoptosis are represented by red bars (bottom).
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