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Introduction

Arthropods represent an extremely fascinating group of 
 metazoans including such different animals as insects, ticks, 
spiders and crustaceans. This wide taxon contains organisms 
that are of great interest for comparative biology, parasitology, 
zoology, ecology and agronomy, and therefore it is not surpris-
ing that numerous publications indicate animals from this 
taxon, particularly Drosophila melanogaster, as model organ-
isms.1,2 Arthropod and vertebrate evolutionary history diverged 
more than 500 million years ago,3,4 but the molecular basis of 
several fundamental biological functions were already estab-
lished in their common progenitor and have been conserved. 
As a consequence, much of the information derived from 
arthropod models proved important to gain deeper insights 
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into human biology and pathology.5 Macroautophagy (hence-
forth autophagy), is a process involving intracellular membrane 
structures and  lysosomes that developed in unicellular eukary-
otes most probably to face starvation and for degrading obso-
lete proteins and organelles.6,7 The genetic and molecular bases 
of autophagy have been thoroughly investigated in the recent 
past8 and have been demonstrated to be conserved in metazo-
ans.9 The conservation of basic autophagy mechanisms justifies 
the use of arthropod models (as they are much easier to manip-
ulate than mammals) to obtain information on the role that 
autophagy has acquired in complex multicellular organisms.10 
However, the conservation of the molecular basis of autophagy 
should not lead to an oversimplification or to the underestima-
tion of the anatomical and physiological differences between 
arthropods and mammals. Despite the relevant similarity exist-
ing between autophagy-related genes (ATG), during metazoan 
diversification the autophagic process could have acquired dif-
ferent meaning and relevance in diverse taxa. For instance, the 
contribution of autophagy to programmed cell death (PCD) 
appears to be different in insects and mammals11,12 and also 
between different tissues of the same organism.13

This review will survey recent information on the genetics of 
autophagy in arthropods, then will focus its attention on the role 
of autophagy during insect development. In addition, the role of 
the midgut as a model organ to study autophagy in arthropods 
will be highlighted.

The Genetics of Autophagy in Arthropods

Tick ATG genes and the possible role of autophagy in ticks. 
The ability to survive for prolonged periods without feeding is 
a hallmark of tick biology.14 Moreover, the survival strategy of 
ticks is important for the survival of pathogens they transmit. 
Because of their exceptional longevity, ticks can carry pathogens 
such as protozoa, rickettsiae, spirochaetes and viruses, over pro-
longed periods of time. Accordingly, ticks are not only vectors 

The autophagic process is one of the best examples of a 
conserved mechanism of survival in eukaryotes. At the 
molecular level there are impressive similarities between 
unicellular and multicellular organisms, but there is increasing 
evidence that the same process may be used for different ends, 
i.e., survival or death, at least at the cellular level. Arthropods 
encompass a wide variety of invertebrates such as insects, 
crustaceans and spiders, and thus represent the taxon in which 
most of the investigations on autophagy in nonmammalian 
models are performed. The present review is focused on the 
genetic basis and the physiological meaning of the autophagic 
process in key models of arthropods. The involvement of 
autophagy in programmed cell death, especially during 
oogenesis and development, is also discussed.
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data).16 Factors involved in autophagosome formation, especially 
the ATG8 and ATG12 conjugation systems, are well conserved, 
suggesting a functional role of these conjugation systems in 
ticks.

No ATG homologues were found in tick databases except for 
H. longicornis and I. scapularis. However, conformational or func-
tional homologues may exist in other tick species, even though 
the low degree of identity between amino acid sequences of yeast 
and the tick species did not allow their identification with com-
mon sequence alignment-based algorithms.

At present, the reverse genetic approach of RNA interfer-
ence (RNAi) is the most widely used gene-silencing technique 
in ticks and it represents a valuable tool for studying tick gene 
function, characterizing the tick-pathogen interface, and screen-
ing/characterizing tick protective antigens.26 RNAi experiments 
were mainly performed in vivo on adult ticks. The effect of gene 
silencing on the double strand RNA-injected ticks is compared 
with control ticks during/after blood sucking. Most of the targets 
for RNAi are genes that are upregulated during blood feeding. A 
method for assessing ATG gene-silencing in ticks is controver-
sial because these genes are downregulated during feeding. At 
present, K.F. and colleagues are trying to knock down tick ATG 
genes by RNAi and properly evaluate their function during non-
feeding periods.

The genetic regulation of autophagy in D. melanogaster. In 
a multicellular organism such as D. melanogaster the number of 
gene products and regulatory pathways involved in the function-
ing of the autophagic machinery may reasonably be assumed to 
be higher than in yeast. Drosophila represents one of the best 
genetic model systems, which is particularly attractive for studying 
molecular mechanisms underlying basic cellular processes such as 
autophagy. Its short generation time, the availability of hundreds 
of mutant lines, the relatively simple screening methods, and the 
powerful genetic and molecular techniques make Drosophila an 

but also excellent reservoir hosts for the pathogens they bear.15 
Since autophagy can be induced by starvation, it may be a process 
of remarkable importance to understand tick biology and tick-
pathogen interactions during nonfeeding (fasting) periods. Only 
a few studies have examined ATG genes in ticks. Using EST data-
bases of the hard tick Haemaphysalis longicornis, HlATG12, an 
ATG12 homologue, has been identified and characterized for the 
first time in ticks.16 Subsequently, three other ATG homologues, 
HlATG3, HlATG4 and HlATG8, were isolated in H. longicornis 
(Umemiya-Shirafuji R, et al. unpublished data).

Recently, genomic analyses of hard ticks, Amblyomma ameri-
canum,17 Amblyomma variegatum [A. variegatum gene index 
(AvGI)],18 Ixodes scapularis (I. scapularis Genome Project),19 
Rhipicephalus appendiculatus [R. appendiculatus gene index 
(RaGI)] and Rhipicephalus (Boophilus) microplus [B. microplus 
gene index (BmiGI)]20-22 were completed and the correspond-
ing information is available (http://gsc.jcvi.org/projects/msc/
ixodes_scapularis/). In addition, ESTs from cDNA libraries of 
Amblyomma cajennense,23 Dermacentor variabilis24 and Ixodes 
ricinus25 were reported. Consequently, it has become possible to 
comprehensively search tick homologues of yeast or mammalian 
ATG genes. Tick ATG homologues obtained by screening the 
nucleotide/protein/gene databases publicly available, and the 
H. longicornis EST databases, are summarized in Table 1. Some 
ATG homologues were discovered in only the protozoan (Babesia 
and Theileria) parasitic/rickettsial vector H. longicornis and the 
borrelial vector I. scapularis. At least seven putative ATG genes 
(ATG3, ATG5, ATG6, ATG7, ATG8, ATG13 and ATG16 ) were 
found in I. scapularis and they all are involved in autophago-
some formation (Table 1). Even if the identity between tick and 
yeast ATG genes is limited (for example, HlATG4 shares 25% 
identity with yeast ATG4), amino acid residues that are essen-
tial for the function of yeast Atg proteins are highly conserved 
in HlATG proteins (Umemiya-Shirafuji R, et al. unpublished 

Table 1. List of the principal ATG identified in both mycetes (yeast) and arthropods

Yeast H. longicornis I. scapularis D. melanogaster B. mori

Gene Gene
GenBank 
accession 

no.
Gene

GenBank 
accession no.

Gene
GenBank 
accession 

no.
Gene

GenBank/
SilkWorm 
 databased 

 accession no.

ATG3a HlATG3b AB513349c Autophagy protein, (putative) XM_002402725 - - BmATG3 FJ416327

ATG4a HlATG4b AB513350c - - ATG4 NM_134719 BmATG4 FJ416326

ATG5a - - Autophagy protein, (putative) XM_002414126 ATG5 NM_132162 BmATG5 FJ418152

ATG6a - - Beclin, putative XM_002414804 ATG6 NM_142952 BmATG6 FJ416328

ATG7a - - Autophagy protein, (putative) XM_002406294 ATG7 NM_137506 BmATG7 BGIBMGA001467d

ATG8a HlATG8b AB513351c Gamma-aminobutyric acid receptor-
associated protein (putative)

XM_002408326
ATG8a 
ATG8b

NM_167245 
NM_142392

BmATG8 FJ416330

ATG12a HlATG12 AB292686 - - ATG12 NM_140294 BmATG12 FJ416329

ATG13a - - Hypothetical protein XM_002408205 ATG13 NM_141539 - -

ATG16a - -
WD domain and G-beta repeat 
 containing protein (putative)

XM_002403210 - - BmATG16 BGIBMGA006504d

Genes homologous to yeast ATG that have been retrieved only in ticks or insects have been omitted. aGenes involved in the autophagosome 
 formation. bR.U.-S., et al. unpublished data. cThe accession numbers will appear in the DDBJ/EMBL/GENBANK nucleotide sequence databases in the 
future (R.U.-S., et al. unpublished data). dhttp://silkworm.genomics.org.cn/.



www.landesbioscience.com Autophagy 3

curved membranes, as has been reported for the formation of 
curved membranes of primary endocytic vesicles.31

By screening EP insertion lines, Chen et al.32 identified a line 
mutated for pax. Paxillin belongs to the actin-binding proteins, 
which associate with the cytoplasmic domain of integrins, and 
in this way regulates cell migration, proliferation and survival.33 
In Drosophila pax (Dpax) mutants autophagy is inhibited or 
remains at a very low level, whereas overexpression of pax induces 
autophagy in Drosophila. In parallel with these observations, 
the expression level of ATG1 is strongly decreased in pax loss-of-
function mutants. The results showed a strong genetic interaction 
between ATG1 and Pax. An ATG1-RNAi construct suppresses 
Pax-induced developmental autophagy. Mutations in the ecdy-
sone receptor reduce both Pax and ATG1-mediated autophagy, 
and it is also observed that Pax could be a substrate of ATG1 
kinase.

In terms of forward genetic approaches, a set of up or down-
regulated genes were also identified by a microarray assay in the 
fat body cells of feeding and wandering D. melanogaster larvae. 
Among them, it is worth mentioning an autophagy inhibitor, the 
prolyl isomerase FKBP39, which inhibits the transcription factor 
FOXO, known as an inducer of autophagy.34

Since the discovery of ATG genes in yeast more than a decade 
ago,35,36 very intensive research using the reverse genetic approach 
began in various model organisms. In D. melanogaster, the pres-
ence and the functions of the approximately 20 ATG genes have 
been tested so far in Drosophila using the available powerful 
genetic tools. Data and hypotheses concerning the physiological 
role of the best characterized ATG orthologues of the fruit fly 
(Table 1) are summarized below.

In Drosophila, null mutants for the ATG1 gene die during 
the late pupal period.37 The mutation, generated by a deletion in 
the ATG1 locus, prevents starvation-induced autophagy in lar-
val fat body cells, whereas overexpression of ATG1 generates the 
formation of autophagic structures.38 A self-reinforcing feedback 
loop between TOR (target of rapamycin), a Ser-Thr kinase play-
ing a key role in cell metabolism and growth, and ATG1 was 
reported.39 Remarkably, the level of ATG1 mRNA declines in the 
cells during aging as has been observed also for ATG2, ATG5, 
ATG8a and ATG18.40

The presence of an ATG4 homologue in Drosophila has been 
proven by several genome-wide analyses.41,42 In yeast and mam-
malian cells, the cysteine proteinase ATG4 cuts ATG8, which 
can then interact with phosphatidylethanolamine (PE). The 
ATG8-PE complex can be localized in the phagophore or the 
autophagosome. Later on, as the autophagosomes fuse with lyso-
somes, ATG8 on the surface of the autophagosomes is released 
because of a second cleavae by ATG4.43 To our best knowledge, 
a detailed molecular analysis of Drosophila ATG4 has not been 
performed yet, but the same changes in the localization of ATG8 
have been observed in Drosophila cells during different experi-
ments analyzing autophagosome and autolysosome formation, 
suggesting that ATG4 plays the same role in the fruit fly and in 
mammals. Similarly, in Drosophila the protein ATG5 associates 
with the outer surface of the phagophore during its formation at 
the phagophore assembly site (PAS), and when the membrane of 

incisive tool for analyzing the regulation of autophagic processes 
at molecular and genetic levels. The discovery of new players in 
the regulatory network and molecular machinery of autophagy 
might provide new targets for drug design and might help us in 
fighting human pathologies such as neurodegenerative disorders, 
cell damage that follows cerebrovascular and myocardial strokes, 
viral infections and cancer. Moreover, since some ATG genes have 
a significant influence on longevity, a particularly interesting field 
of research will be the investigation of the relationship between 
autophagy and aging.

In order to identify several yet unknown genes that are 
involved in autophagy, the forward genetic approach can be 
used. The P-element (or EP-element), by causing loss-of-func-
tion mutations, allows the genetic dissection of the develop-
mental autophagy and the observation of the direct effects of 
mutations. Some of the first results achieved by forward genetic 
approaches recently emerged in literature, and here the analysis 
will be focused on Blue cheese (bchs), snf4Aγ, Liquid facets (lqf ), 
Paxillin (pax) and fkbp39 genes.

Blue cheese is localized in the autophagosomes and its sug-
gested function is the elimination of ubiquitinated proteins 
from neurons during aging. Using the candidate gene approach, 
a number of genetic interactions between bchs and known and 
novel ATG genes were identified.27

In M.S.’s laboratory more than 300 late larval-lethal, 
P-element-induced mutant lines were tested. The original screen-
ing was carried out by light and electron microscopy methods 
and led to the identification of 21 potential lines in which the 
formation of autophagosomes and/or autolysosomes could not be 
induced by 20-hydroxyecdysone, by starvation or by oxidative 
stress. In these mutant lines the wild-type phenotype could be 
restored by remobilization of the P-element. One of the positive 
hits in that screening is SNF4Aγ, the Drosophila homologue of 
the AMP-activated Protein Kinase γ subunit. The life span of the 
snf4Aγ mutants is significantly reduced and in hormone-treated 
or starved snf4Aγ mutants, autophagy in the fat body is inhib-
ited. Immunocytochemistry shows that SNF4Aγ translocates 
into the nuclei of fat body cells exactly at the onset of develop-
mental autophagy confirming that SNF4Aγ has an essential role 
in autophagy of D. melanogaster, most probably via the regulation 
of TOR kinase activity.28,29

Another mutant line identified bears the P-element in the lqf 
gene, which encodes for an Epsin homologue of Drosophila. In 
lqf mutants, autophagy is arrested during postembryonic devel-
opment, and is a response to starvation or oxidative stress. As 
observed for snf4Aγ, lqf mutants display a shortened life span.28 
GFP-tagged Lqf protein shows an exclusive colocalization with 
lysosomal markers or GFP-ATG8a-labeled autophagosomes 
and autolysosomes. Inhibition of TOR kinase does not restore 
autophagy and the normal development in lqf mutant larvae, 
suggesting that Lqf acts downstream of TOR, the central kinase 
of the regulatory pathway of autophagy. Finally, it has also been 
observed that Lqf is essential not only for autophagy, but it fully 
inhibits receptor-mediated endocytosis of larval serum proteins 
by larval fat body cells.30 According to the authors’ interpre-
tation, Lqf might have the same function in the formation of 

Davide Malagoli
Inserted Text
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the PtdIns3K class I, and PtdIns3K class III signal transduction 
pathways and in formation of Cvt vesicles and autophagosomes. 
Some of these genes are actively expressed in different tissues dur-
ing metamorphosis. High  levels of expression of BmATG1, 5, 6 
and 8 were detected in peritracheal athrocytes by using real-time 
RT-PCR.52 Expression of the genes for the ubiquitin-like conju-
gation systems (including BmATG3, BmATG4, BmATG8 and 
BmATG12), for autophagosome formation (including BmATG1, 
BmATG6 and BmATG18), and for upstream signal transduction 
of the autophagy pathway (including homologues of p70S6K, 
PKB and Rheb) were detected in the silk gland.51 Full-length 
cDNAs of BmATG3, BmATG4, BmATG5, BmATG6, BmATG8 
and BmATG12 were cloned, and the encoded proteins are homo-
geneous to their orthologues in other eukaryotes. Lack of iden-
tification of ATG10 in silkworm, as previously assessed in flies 
and bees, has been suggested to be due to a possible compensa-
tion of ATG10 function by ATG3.51 Transcripts of the BmATG5, 
BmATG6 and BmATG8 genes and BmATG8 protein have also 
been detected in the remodeling midgut (Shi Yanxia, personal 
communication). The expression patterns and time course of 
these genes in the midgut were similar to those of BmATG8 and 
BmATG12 in the silk gland and they reached high levels at the 5th 
instar wandering stage. The existence of autophagy-specific genes 
in the silkworm genome and their expression in the degenerat-
ing silk gland, midgut and other tissues, as well as the increased 
expression of the lysosomal marker enzyme acidic phosphatase 
in the anterior silk gland during the prepupal stage,53 imply that 
the autophagy pathway takes place during metamorphosis in B. 
mori.

Autophagy and PCD in Arthropod Development

PCD is a genetically regulated and evolutionary conserved pro-
cess occurring mainly during development in organisms, as a way 
of removing unwanted cells.54 PCD has been classified into three 
major subtypes based on morphological criteria. Apoptotic (or 
type 1) cell death is mainly characterized by caspase activation, 
chromatin condensation and DNA fragmentation. In autophagy-
mediated cell death (type 2), the accumulation of autophago-
somes and autolysosomes in the cytoplasm represents the most 
distinct morphological features of this type of cell death, whereas 
during necrotic cell death (type 3) the plasma membrane of 
the cell breaks down, causing inflammation.55,56 The role of 
autophagy in cell death has been controversial.57 Autophagy 
can promote both cell death and cell survival under certain 
circumstances.58,59 Dying cells possess autophagic features, but it 
is not clear whether autophagic activity causes cell death or acts 
in parallel to cell death.57

Autophagy and PCD in molting stages of H. longicornis. 
Studies in H. longicornis reveal that the mRNA expression of 
HlATG3, HlATG4, HlATG8 and HlATG12 showed higher lev-
els during the nonfeeding period (fasting condition) than the 
feeding period (Umemiya-Shirafuji R, et al. unpublished data).16 
Besides the fasting condition, molting stages also appear to be 
associated with the increased expression of HlATG genes, sug-
gesting that some functions of HlATG genes may be associated 

the autophagosome is completed, ATG5 dissociates and is released 
back into the cytoplasm.44 In the cytoplasm, ATG5 is conjugated to 
ATG12 and also binds ATG16.45

Studies on viable ATG7 mutants reveal that autophagy has 
multiple functions in the adult stage. ATG7 mutant animals are 
more sensitive to stress conditions (starvation, CO

2
 stress, hypo-

thermal coma), their life span is shortened, and in their brain 
ubiquitinated proteins are accumulated in the form of occlusion 
bodies. This last observation makes it possible to speculate that in 
the absence of ATG7, the persisting autophagic activity observed 
in mutant cells presumably represents “alternative autophagy” that 
does not depend on the ubiquitin-like machinery. In this respect, 
it has been hypothesized that in neurons of wild-type animals the 
ubiquitinated proteins are degraded through autophagy.46,47 This 
hypotesis is strengthened also by the observations collected on 
another ATG gene, namely ATG8a. In the ATG8a mutant flies, 
the number of protein aggregates rapidly increases, the mutants 
have shorter life spans and increased sensitivity to stress condi-
tions. In contrast, the overexpression of ATG8a extends life span 
by 56% and prevents the accumulation of the protein aggregates 
in the neurons of the CNS. These results indicate that autophagy, 
or at least the activity of ATG genes, is necessary for the survival 
of neurons.40,48

The results originating from forward and reverse genetic 
approach helped researchers recognize and understand the 
functions and role of evolutionarily conserved ATG genes in 
Drosophila. Moreover, these experiments demonstrate that the 
ATG genes, by regulating autophagy, have a deep impact in 
several very important biological functions such as cell growth, 
death and aging.

Insights into the Bombyx mori genome and autophagy. 
Lepidoptera are reliable organisms for studying not only the 
regulation of autophagy in a developmental setting, but also the 
relations between this self-eating process and apotosis: In fact, 
autophagy intervenes massively during the larval-pupal phases 
of butterflies, and previous literature has provided evidence for 
a complex cross-talk between these two cell death mechanisms. 
Bombyx mori is a representative model among Lepidoptera, because 
of indisputable advantages such as a large amount of information 
gathered on its developmental biology, physiology and endocri-
nology, the availability of numerous genetic and molecular biol-
ogy tools, and a completely sequenced genome. In particular, 
techniques for efficient gene transfer (stable germline transforma-
tion 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.49,50 Thus, silkworm 
can be an excellent nondrosophilid model system for tackling a 
broad range of questions concerning autophagy.

Bioinformatics analysis revealed that homologues of most of 
the ATG genes identified in other insect species such as Drosophila 
are present in the B. mori genome,51 and more than 20 ATG genes 
are now identified in the silkworm genome. These include the 
BmATG1, 3, 4, 5, 6, 7, 8, 9, 12, 16 and 18 genes as well as oth-
ers, such as the genes involved in the TOR signal transduction 
pathway.51,52 Among ATG genes, seven are involved in the ubiq-
uitin-like conjugation pathway, whereas 13 genes are involved in 
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based on morphological criteria in Drosophila, including egg 
chamber size, the proportion of the egg chamber occupied by the 
oocyte, the position of the follicle cells and the appearance of the 
eggshell coverings.78-80 Stage 1 represents the 16 cell syncytium 
 immediately after encapsulation by the follicle cells, whereas 
stage 14 refers to the mature egg chamber where the nurse cells 
have degenerated and the eggshell is completed.

PCD during oogenesis in insects occurs in the germarium 
(the anterior tip of each ovariole), and during the middle stages 
of oogenesis (developmental stages 7–9) and the late stages of 
oogenesis (developmental stages 12–14) (reviewed in ref. 81).

In D. melanogaster, cell death in the germarium region exhibits 
features of both apoptosis and autophagy being characterized by 
caspase activation, chromatin condensation, DNA fragmentation 
and the formation of autophagosomes and autolysosomes.82-86 
Cell death in the germarium increases after nutrient deprivation 
and environmental stress,82,87 and therefore is thought to serve as 
a “checkpoint” mechanism to maintain the proper number of fol-
licle cells that are needed to encapsulate the germline cyst during 
the beginning of oogenesis.81,82 Interestingly, genetic inhibition of 
autophagy by removing the function of autophagy genes ATG1 
and ATG7 results in decreased levels of DNA fragmentation in 
region 2 of the germarium compared to wild type.83,86 These 
data suggest that autophagy can act upstream of apoptosis in the 
Drosophila germarium.

The second “checkpoint” is during the middle stages of 
oogenesis, 7, 8 and 9. Egg chambers during stages 7–9 undergo 
cell death and contain degenerated nurse cells, characterized by 
caspase activation, chromatin condensation, DNA fragmenta-
tion, the formation of autophagosomes and autolysosomes and 
engulfment of nurse cell remnants by follicle cells.81 This phe-
notype has been observed in Drosophilidae (D. melanogaster and 
Drosophila virilis),88-90 in the Mediterranean fruit fly Ceratitis 
capitata,91 in the olive fruit fly Dacus oleae92 and in the mosquito 

with metamorphosis (Umemiya-Shirafuji 
R, et al. unpublished data).16 Although two 
caspase-like genes categorized as apoptosis 
initiators have been identified in H. longi-
cornis,60 the relationship between these puta-
tive caspases and the  degradation of tick 
tissues remains uncertain. In ticks, the deg-
radation of the salivary glands is an obliga-
tory event that occurs after engorgement of 
female adult ticks, which is characterized by 
the appearance of autophagic vacuoles in the 
cytoplasm of the salivary gland cells.61 In 
contrast to autophagic PCD in insects,13,62 
however, recent studies propose that in ticks 
the degradation of salivary glands during/
after feeding may occur by apoptosis rather 
than by autophagy.63-68

Autophagy and PCD in regulating 
oogenesis and ovarian tissue physiol-
ogy of D. melanogaster. Studies during 
Drosophila development have demonstrated 
that autophagy plays a role in cell death dur-
ing development.9,13,69,70 Autophagy promotes caspase-dependent 
elimination of an extra-embryonic tissue, known as amnioserosa 
(AS), during the final stages of Drosophila embryogenesis.71 
Downregulation of autophagy results in persistent AS, whereas 
overexpression of ATG1 results in dissociation of AS, and this 
process is completely suppressed by co-expression of the caspase 
inhibitor p35.71 Likewise, ATG1 overexpression in the Drosophila 
larval fat body is capable of inducing autophagy and cell death in 
a caspase-dependent manner.38 Importantly, mutation of ATG7 
results in an inhibition of DNA fragmentation in the midgut.46 
Taken together, these findings suggest that autophagy can pro-
mote cell death during Drosophila development.

A model developmental process for studying the interplay 
between autophagy and cell death is oogenesis. Oogenesis is 
a fundamental physiological process in insects and there are 
intriguing similarities between ovarian cell death in Drosophila 
and vertebrate species including fish, quail and mammals.72-76 
Fertility disorders in humans are associated with excessive ovar-
ian cell death.76 Thus, manipulating autophagy with targeted 
delivery of inhibitors of autophagy could be a way for treating 
reproduction disorders in humans.

The insect ovary consists of two lobes, and each one contains 
linear arrays of developmentally ordered egg chambers, called 
ovarioles. The structural and functional unit of ovaries is the 
egg chamber (Fig. 1). Insect egg chambers consist of the oocyte 
(germline cell) being surrounded by an epithelial layer of somat-
ically-derived follicle cells. In some insects, the oocyte is associ-
ated with nutritive cells called nurse cells (germline cells) (Fig. 
1). Nurse cells provide the developing oocyte with RNA, proteins 
and organelles that are necessary for proper development. The 
follicle cells differentiate into distinct subpopulations, partici-
pate in oocyte polarity formation, and during the late stages of 
oogenesis secrete the complex eggshell that enhances survival of 
the embryo.77 Fourteen stages of oogenesis have been described 

Figure 1. Morphology of an egg chamber in D. melanogaster. Confocal micrograph of a stage-
10 egg chamber after propidium iodide (red) and phalloidin-FITC (green) staining to visual-
ize the nuclei and filamentous actin (middle optical section), respectively. The egg chamber 
consists of the oocyte (OC) and nurse cells (NC) (germline cells), which are surrounded by the 
follicle cells (FC) (somatic cells). The germline cells are interconnected to each other via intercel-
lular bridges called ring canals (RC). Scale bar: 50 µm.
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of egg chambers.83,86,89-91 Although autophagy is suggested to 
promote cell death of individual cells in the egg chambers, the 
resources generated from cell death promote better conditions for 
the physiology of the ovary and the whole fly in general, finally 
resulting in cell survival. A similar example is the autophagic cell 
death of the salivary gland in Drosophila during metamorphosis, 
a life stage in which the fly does not eat and must develop adult 
structures in the absence of external nutrient resources.11,110 These 
findings suggest that in multicellular organisms we should always 
consider the role of autophagy in cell death in the context of the 
physiology of the cell, the tissue and the organism, and attention 
should be paid before making comparison with single-cell organ-
isms or cultured cells.

Autophagy and PCD in the bee ovary. Bees are important in 
agriculture as producers of honey and as facilitators of pollina-
tion. In addition to their economic value, the honeybee is a model 
organism for studying social organization and behavioral traits 
and, for all these reasons, the honey bee Apis mellifera genome was 
sequenced. The A. mellifera genome was the first hymenopteran 
and the fifth insect genome to be sequenced and, although much 
remains to be done, the discovery of miRNAs and cis-regulatory 
elements111 and the availability of RNAi protocols, represent 
encouraging advances towards the elucidation of the molecular 
and genetic bases of many complex traits associated with honey-
bee sociality. Honeybee sociality is related to caste differentiation 
that is in turn connected with bee development, which includes 
selective and age-dependent activation of PCD according to the 
caste to which the insect will belong.

Honeybee ovary development is a good example for explain-
ing the activation of a PCD process where features of autophagy 
and apoptosis are concomitant. The queen honeybee ovary is well 
developed, and this development seems to be independent from 
external stimuli only until sexual maturity, because if the queen 
is not fertilized, the ovary quickly displays signs of PCD and can 
be reabsorbed.112 Honeybee workers usually display poorly devel-
oped ovaries, but in the absence of the suppressive pheromones 
released by the queen, they also may develop functional ovaries 
and produce haploid eggs.113

As reported for Drosophila, PCD has been observed in bee 
ovaries and accessory glands, and the cells may display features of 
apoptosis, necrosis and autophagy (Table 2). During pupal devel-
opment, for example, the lateral oviducts of workers undergo an 
extensive cell death associated with cytoplasm vacuolization and 
dilatation of organelles such as mitochondria and rough endo-
plasmic reticulum.114,115

Both queen and worker ovaries of Africanized A. mellifera 
display time-regulated features of cell death that are, however, 
linked to external stimuli.113 If the virgin queen does not mate 
after 15 days of emergence some features of cell death appear 
in the pre-follicular stage.116 Narcosis with CO

2
 could accel-

erate the general development of the virgin queen ovaries and 
prevented signals of PCD in ovaries, but it could not stop cell 
death if the virgin queen did not mate. Workers narcotized with 
CO

2
 or coming from queenless colonies developed their ova-

ries, but in both the populations, worker ovaries presented signs 
of cell death when bees were 15 days old. Commonly, forager 

Culex pipiens pallens, but mainly in the follicular epithelium.93 
Cell death during mid-oogenesis, known also as follicular atre-
sia, is sporadically observed during normal development, but is 
significantly increased as a response to nutritional deprivation, 
ecdysone  signaling inhibition, treatment with chemotherapeutic 
drugs, frequency of mating, temperature, modern hazards expo-
sure and ectopic death of follicle cells in Drosophila (reviewed in 
refs. 81, 94 and 95). PCD during mid-oogenesis in D. melano-
gaster is not dependent on known and well established Drosophila 
cell death regulators rpr, hid, grim, skl, or on ark, debcl, p53, eiger 
and cyt-c-d.81 This suggests that autophagy can be a key regulator 
of cell death during mid-oogenesis. Accordingly, degenerating 
mid-stage egg chambers in Drosophila and C. capitata are dem-
onstrated to contain autophagosomes and autolysosomes.83,86,89-91 
Furthermore, ATG1 and ATG7 mutants show a decrease in lyso-
somal staining and reduced levels of DNA fragmentation at mid-
oogenesis, even though chromatin condensation in nurse cells 
still occurs normally.83,84,86 These data suggest that autophagy 
can act upstream of DNA fragmentation during PCD in mid-
oogenesis and also indicate that chromatin condensation is reg-
ulated independently from DNA fragmentation, as was shown 
before for late oogenesis.96

PCD of nurse cells and follicle cells is absolutely required for 
the normal maturation of the developing egg chambers during 
the late stages of D. melanogaster, D. virilis, D. oleae, C. capi-
tata and B. mori oogenesis.88,97-105 Similar to mid-oogenesis cell 
death in D. melanogaster, the known cell death effectors and 
regulators rpr, hid, grim, skl, debcl, p53, eiger, and cyt-c-d are not 
required for late oogenesis nurse cell death.81 Drosophila caspases 
Drice, Dcp-1, Dronc and Strica play a minor role in nurse cell 
death during late oogenesis,106,107 suggesting that nonapoptotic 
forms of cell death also function in dying nurse cells during 
late oogenesis. Autophagy participates in this cell death process, 
functioning cooperatively with apoptosis for the most efficacious 
elimination of the degenerated nurse cells in several species.89-

91,105,108 Autophagy is also required for the degeneration of the fol-
licular epithelium in a caspase-independent manner.92,103 A very 
recent report by McCall’s group reports that dying nurse cells 
of Drosophila show hallmarks of necrosis together with a cell-
autonomous requirement of lysosomal DNase II activity.109 These 
findings suggest that all the three forms of PCD participate in cell 
death of nurse cells during late oogenesis. Whether these types of 
cell death are distinct or interconnected, what molecular mecha-
nisms control them, and how they are physiologically regulated 
in vivo are issues that need to be clarified in detail.

In these respects, an important issue is whether autophagy 
promotes the physiological function of the organ while triggering 
death in single cells. Ovaries in insects are extremely sensitive to 
the available nutritional and environmental status. Consequently, 
ovaries can be so small that they are difficult to dissect out, or 
they can occupy more than half of the body weight in females 
that are continuously provided with an excess of food (e.g., wet 
yeast paste).80 This means that the number of egg chambers is 
controlled by the available nutrients. Autophagy regulates cell 
death during the germarium “checkpoint” and mid-oogenesis 
“checkpoint” in higher Dipteran, thus controlling the number 
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very end of the penultimate larval stage for 6–8 hours before the 
last larval-larval molt.133 There is no detectable autophagy at the 
penultimate stage, since the concentration of 20E remains low in 
the hemolymph. However, at this stage it is possible to activate 
autophagy by exogenous 20E.129

The molting hormone is a typical steroid hormone. After 
binding to its cytoplasmic receptor, the hormone-receptor com-
plex is transported into the nucleus where it activates three sets 
of genes (very early, early and late genes). The protein products 
of the late genes are involved in the regulation of the metamor-
photic changes including autophagy. The idea that the hormon-
ally-induced autophagy is regulated by some of the late genes is 
supported by the observations indicating that the inhibition of 
their transcription/translation blocks the formation of autophagic 
structures.134

The results of genetic interaction studies in Drosophila show 
that the endogenous and exogenous molting hormone inhibits 
PtdIns3K activity in the cell membrane of the fat body cells in 
parallel with the stimulation of the developmental autophagy. 
These results link the hormonal induction of autophagy to the 
known regulatory function of the PtdIns3K-AKT/PKB-TSC1/
TSC2-Rheb-TOR signalling pathway.135 20E regulates not only 
the formation of autophagic structures during the metamor-
phosis but also the synthesis and activity of various lysosomal 
enzymes.136-138

Developmental autophagy has multiple functions during the 
metamorphosis of insects. As previously observed for fruitfly and 
bee ovaries, even if autophagy kills some larval cells, it is at the 
same time essential for the survival and for the normal devel-
opment of the whole, metamorphosing insect. The autophagic 
structures begin to form in precise coincidence with the onset 
of the non-feeding (wandering) period of the last larval stage. 
Because there is no water and food uptake during the wander-
ing, prepupal and pupal stages, the self-digestion in the larval cell 
types represents the only source of materials and energy. While 
providing a fundamental way to obtain energy, autophagy plays 
also the part of the remover of obsolete components. It would 
be probably impossible to eliminate all of the larval organs via 
phagocytosis of apoptotic bodies during metamorphosis. The 
number of the professional phagocytes is just not enough to 
take up and to digest the huge amount of polyploid larval cells. 
Therefore, most of the cytoplasm, the macromolecules and cellu-
lar organelles, are decomposed inside the autolysosomes, and the 
extreme autophagic reaction itself leads to the death of the larval 

workers present more developed ovaries than nurse workers and 
it has been observed that the cell death program may revert 
naturally in worker ovaries. Workers fed with food supplements 
presented an abnormal development of their ovaries,  reaching 
prefollicular and follicular stages also in the presence of the 
queen. However, even in this case, when these bees are 15 days 
old, signals of PCD in ovaries are observed suggesting that 
the age of the bee is the prevalent factor for execution of PCD 
(Abdalla FC, unpublished data). According to Colonello and 
Hartfelder,117 mating may represent a physiological stimulus for 
the queen ovaries of the Africanized A. mellifera to continue 
their development. Such stimulus may derive from the protein 
contents of the mucus gland of the males.

Hormonal regulation of autophagy in insect metamorpho-
sis. Detailed light and electron microscopy studies demonstrated 
a long time ago that autophagy is an integral part of the morpho-
genetic changes during the metamorphosis of the larval organs 
of insects. In the larval tissues, i.e., in the fat body,118-120 sali-
vary glands,121 midgut,122 prothoracic gland123 and Malpighian 
tubules124 the onset of the formation of autophagic structures is 
finely time-regulated. The number and size of the autophago-
somes and autolysosomes significantly increase in a very short 
time. Finally, most of the organelles are sequestered by the 
autolysosomes and only a small part of the cytoplasm remains 
in intact form.

Since the whole process of metamorphosis is under the control 
of the endocrine system, it was quite obvious to suppose that the 
autophagy is regulated also by hormonal stimuli. Indeed, hor-
mones or other ligands can trigger a signaling pathway that is 
similar in holometabolous insects and results in the activation of 
autophagic activity (Fig. 2). Exogenous treatments by the molting 
hormone [20-hydroxyecdysone, (20E)] induce autophagic activ-
ity in larval fat body cells both in vivo and in vitro.129-131 Later 
on, the changes of the concentration of the molting hormone 
were determined in the hemolymph.132 The so-called “commit-
ment peak” of 20E appears just at the beginning of the wander-
ing period when the first autophagic structures are formed in the 
fat body cells. The physiological or developmental autophagy in 
the course of the normal postembryonic development is induced 
by this hormonal stimulus. However, the concentration of the 
juvenile hormone (JH) is very low or zero at the beginning of 
the wandering period.133 It has been demonstrated, that the topi-
cal application of exogenous JH inhibits autophagy in fat body 
cells.129 In addition, the concentration of the JH decreases at the 

Table 2. Typologies of cell death observed in reproductive components of worker bees

Cell types Cell death typology Species References

Germinative cells of larval ovariole Apoptotic-like PCD Africanized A. mellifera 112

Somatic cells of larval ovariole Autophagic PCD Africanized A. mellifera 112

Cells of larval ovariole
Overlap of apoptotic, autophagic and necrotic 

features
Frieseomelitta varia 115

Stromatic cell of pupal ovarian Cytoplasmic disintegration similar to necrosis Africanized A. mellifera 112

Capsular cells of pupal ovarian Cytoplasmic disintegration similar to necrosis Africanized A. mellifera 112

Columnar epithelial cells of lateral oviduct of pupa Apoptotic PCD and necrosis F. varia 114

Columnar epithelial cells of lateral oviduct of pupa Apoptotic PCD and necrosis M. quadrifasciata 114
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body of the caterpillar of the gypsy moth Lymantria dispar.148 
This in vitro model is a valuable tool to investigate cell death 
processes, primarily apoptosis139 and, recently, also autophagic 
cell death.149,150 IPLB-LdFB cells react to a treatment with 10 
µM oligomycin A with an intense autophagic process, that ulti-
mately ends with cell death.149,151 Unfortunately, in  oligomycin 
A-treated cells it is impossible to understand if the activated 
autophagy is intended as a repairing process, or if it is finalized 
to cell demise, since oligomycin A directly damages IPLB-LdFB 
mitochondria.139 However, the medium conditioned by oligomy-
cin A-treated cells is able to induce, in the absence of any drug, 
autophagic cell death in IPLB-LdFB cells that possess an intact 
apoptotic machinery and normal cytoplasmic ATP levels.139 This 
suggests that IPLB-LdFB fat body cells are able to synthesize 
mediators acting specifically as pro-death signals that stimulate 
autophagic, or type II, PCD. Proteomics analysis of the medium 
conditioned by oligomycin A-treated cells indicates a dramatic 
reduction in the secretion of an Imaginal Disk Growth Factor 
(IDGF)-like protein.150 IDGF family members are proteins that 
play a fundamental role in promoting the growth and survival 
of Mamestra brassicae fat body cells and hemocytes,152 of larval 
hemocytes of the flesh fly Sarcophaga peregrina,153 and of imaginal 
disk cells in D. melanogaster.154 In the larvae of the silkworm B. 
mori, the synthesis of IDGF is modulated on the basis of food 
availability.155 Even if developmental autophagic cell death has 
been shown to occur in D. melanogaster,11 specific pro-autophagic 
and protein factors have not been identified yet in insects. Several 
experiments performed mainly in Lepidoptera have suggested 
the existence of factors promoting developmental cell death in 
insects.156,157 These factors should be reasonably conserved within 
holometabolous insects and, in accordance with this hypothe-
sis, we have recently observed that the medium conditioned by 
oligomycin A-treated IPLB-LdFB cells can induce a significant 
reduction of the cytoplasm/nucleus ratio followed by cell death 
also in the Drosophila SL-2 hemocyte-derived cell line (Malagoli 
DM, unpublished data). The increasing information on ATG 
in lepidopteran molecular databases51 will conceivably represent 
the fundamental basis for the isolation of signals that promote 
autophagic cell death and whose presence has so far been postu-
lated in insects,150 but not directly demonstrated.

cell types. The remnants of the degrading cells are probably taken 
up by the neighboring cells, i.e., nonprofessional phagocytes. 
From the perspective of specific larval cell types, developmental 
autophagy can therefore be considered as the mechanism leading 
to type II PCD in insects.139 In the salivary gland and protho-
racic gland, prolonged autophagy might be associated with some 
features characterizing the apoptotic process.11,140 In the fat body, 
the fragmentation of the DNA was described in parallel with the 
appearance of autolysosomes.141

Confirming morphological and functional evidence, during B. 
mori morphogenesis, the autophagy-related pathways and expres-
sion of ATG genes appear to be initiated by ecdysone induction.142 
In the midgut, expression of the ecdysone receptor BmEcR and 
the ecdysis-related transcription factors BmβFTZ-F1, BmE74A, 
BmE75B, BmE75C, BmHR39 and BmBR-C begins at the wan-
dering and spinning stages, followed by the expression of ATG 
genes and autophagy at similar or later stages (Cao Y, unpub-
lished data). Expression of BmATG8 and BmATG12 increases 
in the silk gland during the late 5th instar stage,51 probably after 
the expression of the transcription factors BmHR3, BmE74A and 
BmβFTZ-F1. In the anterior silk gland, apoptotic and autophagic 
morphogenesis is accompanied by changes in the EcR-B1 pro-
tein level during the larval to pupal transformation, indicating 
that BmEcR-B1 is important for the initiation of apoptosis and 
autophagy.142

The overlaps and/or interactions between apoptosis- and 
autophagy-related pathways during degeneration of larval tis-
sues of B. mori are not yet clear. In many cases, morphological 
features of apoptosis and autophagy can concomitantly be seen 
in the degenerating tissues, particularly during the late stages of 
the metamorphosis,53,143,144 and interaction between apoptosis 
and autophagy is suggested for the degeneration of the anterior 
silk gland.53 Expression of BmATG5 has two peaks in the remod-
eling midgut (Shi Yanxia et al. personal communication): it is 
likely that the second peak is associated with the PtdIns3K class 
III signal transduction pathway, through which BmATG5 may 
function as a switch between autophagy and apoptosis during the 
prepupal stage, as has been found in other species.145-147

Autophagic cell death in a lepidopteran cell line and poten-
tial mediators. IPLB-LdFB is a cell line derived from the fat 

Figure 2 (See opposite page). The backbone of the regulation of autophagy in insects is the evolutionarily highly conserved insulin receptor-Pt-
dIns3K-Akt/PKB-TSC1/2-Rheb-mTOR complex pathway.37 The activity of this pathway is influenced by 20-hydroxyecdysone (20E) at the level of 
PtdIns3K (most probably via activation of steroid-dependent genes).44 20E induces the expression of transcription factors βFTZ-F1, BR-C, E74A and E93, 
thus activating the autophagic pathway.125 The PIP3 level is regulated by dPTEN. PP2A inhibits the activity of Akt/PKB (Bánréti and Sass unpublished 
results), whereas Akt/PKB and FKBP39 downregulate the transcription factor dFOXO.34 TSC1/2 is regulated by the Ras-Raf-ERK1/2 patway11 and by 
SNF4/AMPK.29 The activity of the mTOR complex depends on the vectorial effect of all of the above-mentioned members of the regulatory network. 
The mTOR complex suppresses autophagy under normal conditions by inhibiting the activity of Atg1 and Atg13.126 At the same time, the mTOR 
complex prevents the recruitment of the Vps34 complex to the phagophore membrane.127 When the concentration of the insulin-like growth factors, 
nutrients, and oxygen declines, the activity of the mTOR complex decreases. Due to the low level of mTOR activity, the Atg1-Atg13 and the Atg6-
Vps34-Ird1 complexes can be formed and the nucleation of the autophagosome membrane begins. The activity of the serine/threonine protein kinase 
Atg1 is regulated by Dpax.32 In the elongation of the phagophore membrane, two ubiquitin-like protein conjugation systems play important roles. 
Due to their functions, the Atg8-PE128 and the Atg12-Atg5 complex44,45 become integral parts of the phagophore membrane in insects, as in other 
organisms. The protein product of the Lqf/Epsin gene might be necessary for the curving of the autophagosome membrane.30 Vps34 plays a 
regulatory role in the fusion of autophagosomes and lysosomes.127 Codes:   activation;   inhibition;   activates autophagy;   inhibits autophagy;   
necessary for the membrane of the autophagosome;   necessary for the elongation of the phagophore;   enzymes of the ubiquitin-like protein 
conjugation systems;   necessary for the curvature of the phagophore;   phosphatidylethanolamine (PE); 3MA, 3-methyladenine.
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of the midgut of fed ticks. In addition, amphisome-like 
structures161,162 are also seen in the midgut cells of unfed 
ticks,160 but their function(s) is still unknown.

In the salivary gland cells of ticks infected with the 
protozoan Theileria parva, the endoplasmic reticulum 
and associated ribosomes are eliminated in autophagic 
vacuoles.163 After two days from infection, the parasite-
infected cells showed dismantling of their protein syn-
thesizing equipment by selective autophagic degradation. 
This suggests that the parasite may stimulate the host cell 
to increase activities of protein synthesis for development. 
However, it remains largely unknown whether parasites 
may or may not induce autophagy in the host cell.

Autophagy and PCD in the midgut of A. mellif-
era and lepidopteran larvae. In insects, the function 
of epithelial cells of the midgut is secretion of digestive 
enzymes and absorption of nutritive components.164 
During metamorphosis, the larval midgut epithelium 
degenerates and a new adult midgut epithelium is built 
during larval differentiation of regenerative cells.165-

168 PCD in honeybee larvae was found during normal 
larval development using scanning electron microscopy169 and 
histochemical and immunohistochemical methods.166 Acid phos-
phatase (AP) activity can be used as a marker of lytic activity in 
the cell. When it is free in the cytoplasm, AP is an indicator of 
cellular autolysis.170 In A. mellifera, cell autolytic activity is his-
tochemically visualized in several regions165 including the basal 
area of the epithelial cells in degenerating midgut.166

Over the past several years apoptosis-171-174 and autophagy-
related51,53,142,144 pathways have been suggested to be involved in 
the degeneration of larval tissues and organs during metamor-
phosis in Lepidoptera. In these insects, as in the largest part 
of holometabolous insects, larvae and adults are characterized 
by diverse food and feeding habits. This implies that during 
metamorphosis the larval midgut is progressively dismissed and 
shed into the gut lumen by the growing pupal epithelium (Fig. 
3A and B).175 Multiple lines of evidence show the occurrence 
of apoptosis during this multistage process that leads to the 
disappearance of the larval midgut,175,176 whereas the involve-
ment of autophagy has been assessed more recently. Besides the 
demonstration of an increase in lysosome number and lyso-
somal enzyme amount in midgut cells during their degenera-
tion,175-177 ultrastructural analyses are also consistent with the 
intervention of an autophagic program. Studies performed on 
the moths Heliothis virescens175 and Alabama argillacea,178 and 
the butterfly Pieris brassicae,179 show autophagic compartments 
at different stages of development in the period preceding the 
pupal phase (Fig. 3C). At the molecular level, the increased 
expression of ATG-related genes has been recently assessed in 
the autophagic process occurring in midgut tissues of B. mori 
(Cao Y, unpublished data). In terms of physiological signifi-
cance, since autophagy is detectable just after the larva ceases 
to feed, it could be a typical starvation-induced event that 
protects the larva while undergoing nutrient deprivation, as 
for other arthropods.16 However, the self-eating mechanism 
is most likely developmentally related since it starts after the 

Arthropod Midgut as a Model to Study the Outcomes 
of Autophagy

A very recent article indicates that during Drosophila metamor-
phosis, caspases are not required and do not intervene in midgut 
histolysis.13 Conversely, autophagy is a key process in  regulating 
cell death in midgut cells, and the silencing of ATG genes such 
as ATG1 and ATG18 results in a significant delay in midgut 
removal.13,158 This fundamental observation will probably prompt 
more studies on the midgut of other arthropods, for which only 
preliminary information is available. The autophagy-based rear-
rangements occurring in the arthropod midgut during develop-
ment may represent a relevant example of a biological process that 
is conserved in molecular terms, but applied to an end completely 
different from the original one. In other words, during midgut 
development, autophagy appears to play a lead role in cell death, 
even though the autophagic process has been well conserved most 
probably as a consequence of its prosurvival role. In this perspec-
tive, arthropod midgut represents a promising model for analyses 
concerning the roles of autophagy in developmental cell death 
and in processes related to nutritional requirements.

Autophagic structures in the midgut of ticks. In ticks, the 
midgut is the largest and the most important organ because, 
unlike insects, it has a number of functions. Together with diges-
tion of blood components and storage of nutrients (lipids and car-
bohydrates), the tick midgut may also act as a nutrient sensor and 
may host metabolic processes.159 Since the midgut is also the first 
organ in which tick-borne pathogens reside and develop, there is 
an obvious interest in understanding if autophagy may influence 
host-pathogen interaction.

Autophagic organelles (phagophore-, autophagosome- and 
autolysosome-like structures) have recently been observed in the 
cytoplasm of the digestive cells during unfeeding period at the 
adult stage (Umemiya-Shirafuji R, et al. unpublished data).160 
These autophagic organelles are not found in the digestive cells 

Figure 3. Autophagy and larval midgut degeneration in H. virescens. Larval 
midgut consists of a highly folded monolayered epithelium formed by columnar, 
goblet and stem cells. Stem cells set in motion the repair of damaged tissue, take 
part in the growth of the midgut epithelium during larval-larval molts and, during 
pupation, play a key role in the generation of the midgut of the adult. (A and B) 
Cross-sections of midgut at mid-late phase of the fifth larval instar. During the pre-
pupal phase, the stem cells (arrows) progressively form the pupal midgut, while 
the old larval midgut epithelium (lm) is sloughed into the lumen (l) and the cells 
die. Boxed area is shown at higher magnification in (B). (C) During degeneration 
of larval midgut cells, autophagic compartments are visible within the cytoplasm 
(arrowheads). The asterisk indicates mitochondria. Scale bars: 100 µm (A); 30 µm 
(B); 1 µm (C).
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arthropods have proved extremely interesting organisms from 
several points of view. For example, due to their particular devel-
opmental pattern that includes metamorphosis and the disposal of 
massive organs, holometabolous insects such as D. melanogaster, 
A. mellifera and B. mori represent privileged models for study-
ing type II PCD and the contribution that autophagy gives to 
cell demise. Intriguingly, it seems progressively evident in insects 
that autophagy, as usually indicated for apoptosis in mammals, 
may act as a pro-death process at the cellular/organ level, but its 
effects at the organismal level can still be considered as funda-
mental for survival.

Acknowledgements

D.M.’s work was supported by a F.A.R. 2009 grant from 
the University of Modena and Reggio Emilia and by the 
“Experimental approaches to the study of evolution” grant 
from the Department of Animal Biology of the University of 
Modena and Reggio Emilia. Y.C. and Q.F. were supported by 
grants from the National Basic Research Program of China 
(No. 2005CB121002) and the National High-Tech R&D 
Program of China (No. 2006AA10A119). K.F.’s work was sup-
ported by the Bio-oriented Technology Research Advancement 
Institution (BRAIN) and a Grant-in-Aid for Scientific Research 
(A) from the Japan Society for the Promotion of Science 
(JSPS), while R.U.-S. was supported by a Research Fellowship 
of the JSPS for Young Scientists. I.P.N.’s work was supported 
by the Research Council of Norway. I.S.P.’s work was partly 
supported by grants from the “Special Account for Research 
Grants of the University of Athens”. M.S.’s work was partly 
supported by a grant from the Hungarian Scientific Research 
Funds (OTKA NK78012). G.T.’s work was supported by the 
Italian Ministry of University and Research (PRIN 2008) and 
by F.A.R. 2007–2009 grants from the University of Insubria. 
F.C.A. and E.C.M.S.Z. wish to thank Dr. Carminda Cruz 
Landim (UNESP University, Campus Rio Claro, Brazil), Dr. 
Zilá Luz Paulino Simões (University of São Paulo, Ribeirão 
Preto, Brazil) and Dr. Klaus Hartmann Hartfelder (University 
of São Paulo, Ribeirão Preto, Brazil) for their essential contri-
butions on bee biology and morphology.

20E commitment peak, and Komuves et al. demonstrate that 
the appearance of autophagic vacuoles in midgut cells can be 
induced by administering 20E to the larvae.122 The presence of 
membrane transporters and hydrolytic enzymes in the newly 
formed pupal midgut epithelium suggests a recycling of the 
molecules broken down and released by the degraded midgut.175 
This prosurvival pathway of autophagy would therefore provide 
metabolic support to the developing organism, which is without 
an external nutrient source for several days during the pupal 
period.180 Among the others, two fundamental, yet unresolved, 
issues need further investigation in Lepidoptera. First, the iden-
tification of autophagy in the midgut of some lepidopteran spe-
cies is missing but this shortage of evidence might be simply 
related to the difficulty of detecting autophagy without appro-
priate methods of analysis.181 Second, the interplay between 
autophagy and apoptosis, as well as the timing and proportion 
of their occurrence in the midgut, are still poorly known and 
they are sometimes contradictory.60 The resolution of the intri-
cate relationships between apoptosis and autophagy would also 
shed light on the real role of the latter and should permit veri-
fication of whether it accompanies or causes cell death. In fact, 
beyond making molecules available to the new pupal epithe-
lium for recycling, it is reasonable to hypothesize that, as seen 
in Drosophila,13 autophagy may act as a key regulator of cell 
death or, alternatively, intervene in cleaning up cells committed 
to die by apoptosis since conventional phagocytes do not have 
ready access to the lumenal environment.

Conclusion

Despite the hundreds of million years of distance that separate 
arthropods from humans, basic mechanisms of fundamental cel-
lular processes have been conserved during their diversification. 
For practical, financial, and ethical reasons arthropods in gen-
eral, and insects in particular, represent models that are attract-
ing increasing attention and resources. Genetic and molecular 
biology techniques led to the isolation of several ATG genes in 
arthropods, creating the basis for a deeper comprehension of 
autophagy realization and regulation. In the study of autophagy, 
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