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Preface

Drosophila is derived from the Greek word drósos, which means dew loving. The fruit fly,
Drosophila melanogaster (Meigen, 1830), belongs to Drosophilidae family and is most frequent‐
ly known as fruit flies. They are destructive agricultural pests. They are capable of colonizing
live fruits that are still in the process of ripening, causing massive agricultural damage. There
are more than 1,500 species, which are diverse in appearance, behaviour and breeding habi‐
tat. However, Drosophila spp. are distributed all over the world and found in every type of
environment. Furthermore, hibernation takes place in many northern species. Human activi‐
ties such as transporting of fruits and other fresh food items are responsible for introducing
many species throughout the world. Most Drosophila spp. are small, about 2–4 mm long, but
some are larger than a house fly. They are typically pale yellow to reddish brown or black
and have transverse black rings across the abdomen with brick red eyes. Many species have
distinct black patterns on the wings with the plumose (feathery) and arista antennae, bris‐
tling on the head and thorax. The characters of wing venations are used to diagnose the fami‐
ly. Chromosomal polymorphism is remarkably abundant in Drosophila, highlighting the
paracentric inversions. Chromosomal inversions suppress meiotic recombination, and thus,
natural selection can act to preserve favourable gene complexes. Analyses of natural and lab‐
oratory populations show that these polymorphisms provide adaptive advantages to their
carriers in relation to diverse factors, such as niche exploration and climatic factors. In Droso‐
phila female, the roles of known cell cycle regulators and specific factors in meiosis focus on
three important meiotic events: nuclear envelope breakdown or maturation, establishment of
the meiosis I spindle and release from metaphase I arrest at ovulation. Many meiotic process‐
es are controlled by the mitotic kinase, Cdk1, with its cyclin partners, cyclins A, B and B3.
Nongenetic transgenerational inheritance in Drosophila highlights transgenerational pro‐
gramming of metabolic status and longevity, one particular histone modification as an evolu‐
tionarily conserved underlying mechanism and important implications of such studies in
understanding health and diseases.

Ecological genetics are conducted both at the level of individuals of the Drosophila and at the
level of strains and natural populations. Cytostatic drugs have been tested for frequencies of
early and late embryonic lethals (EEL and LEL), lethals of larva and pupa, fertility, morpho‐
metric analysis and somatic recombination test. Drosophila imaginal discs are an epithelial
tissue perfectly suited to use them as a playground to define the functional contribution of
genes to epithelial development and organ morphogenesis. Three interconnected aspects re‐
lated to the use of Drosophila imaginal discs as an experimental system to analyse gene func‐
tion are (i) imaginal discs biology, with a focus in the genetic mechanisms involved in
pattern formation, (ii) concepts and available experimental tools for the analyses of gene
function and (iii) uses of Drosophila and the imaginal discs for addressing biomedical prob‐
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lems. Drosophila has considerable biological similarity to mammalian systems. It has been
solidified as a key model organism for elucidating many aspects of human disease. Parkin‐
son’s disease (PD) is a medical condition that has been known since ancient times. It is the
second most common neurodegenerative disorder affecting approximately 1% of the popu‐
lation over age 50. It is characterized by both motor and non-motor symptoms. Drosophila
offers many advantages for studying human neurodegenerative diseases and their underly‐
ing molecular and cellular pathology. Drosophila is a potential model system to understand
the pathology associated with PD. 

Ubiquitin carboxyl-terminal hydrolase L1 (UCH-L1) is a protein, which plays an important
role in ubiquitin-proteasome system. Drosophila model was utilized to examine the role of
UCH-L1. Besides, knock-down dUCH in dopaminergic neurons resulted in some PD-like
phenotypes in fly. Drosophila model contributed a significant of dUCH in tissue develop‐
ment and function. There have been many studies dedicated to NTE/sws. A new allele is
identified in sws using genome screening. Functional studies were carried out for sws in
vivo, using larval neuromuscular junctions (NMJ) of D. melanogaster as a good system of
HSP modelling. The sws was widely expressed in the larval nervous system, especially in
glial cells. Mutations were established in the sws gene and alter NMJ morphology, the distri‐
bution of synaptic markers, microtubule network and synaptic microtubule organization.
Drosophila melanogaster glutathione transferases E6 and E7 (DmGSTE6 and DmGSTE7) were
successfully cloned, purified and biochemically characterized. The recombinant proteins
were readily purified using the combination of both anionic and BSP/GSH-agarose affinity
chromatographies. Thin-layer chromatography analysis showed that both isoforms were not
able to conjugate several tested insecticides. The inhibition kinetics of natural products and
dyes towards GSTs in vitro revealed that phenol red possessed inhibition effects only on
GSTE6, while rose bengal and cardiogreen inhibit significantly on both GSTE6 and GSTE7.
In contrast, methylene blue dye and trans-chalcone have been shown to stimulate GSTE7
activity towards CDNB. Drosophila melanogaster is an extremely useful model to study innate
immunity mechanisms. A fundamental understanding of these mechanisms, as they relate
to various pathogens, has come to light over the past 30 years. The discovery of small-inter‐
fering RNAs (RNAi) provided a mean, by which antiviral immunity was accomplished in
invertebrates. At least three of these pathways (Imd, JAK-Stat and RNAi) show signal inte‐
gration in response to viral infection, demonstrating a coordinated immune response
against viral infection. The viral pathogens that infect invertebrates have developed counter‐
measures to some of these pathways, in particular to RNAi. The evolutionary arms race of
pathogen vs host is ever ongoing.

Dr. Farzana Khan Perveen FLS
Founder Chairperson and Associate Professor

Department of Zoology
Ex-Controller of Examination

Shaheed Benazir Bhutto University (SBBU)
Khyber Pakhtunkhwa, Pakistan
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1. Introduction

Drosophila derived from the Greek word drósos means dew loving. They belong to the Droso–
philidae family; and are most frequently known as fruit flies or often called vinegar, wine 
or pomace flies. Their main distinguishing character is to stay on fruits, which are ripped or 
rotten. There is another related family Tephritidae, their members are also called as true fruit 
flies or fruit flies. Drosophilae are different from them. They feed primarily on unripe or ripe 
fruits. Many species of Drosophila are agricultural pests, especially the Mediterranean fruit 
flies. They oviposit through ovipositor and capable of colonizing in live fruits that are still 
in the process of ripening, causing massive agricultural damage (Table 1; Figure 1a and f) 
[1, 2]. Currently, the genus Drosophila is considered as paraphyletic group. The entire genus, 
however, contains more than 1500 species [3], which are very diverse in their appearance, 
behavior, and breeding habitat [4]. However, many members of the family Drosophilidae are 
categorized into two subgenera, in which around 1100 species belong to Drosophila subgenera, 
moreover, about 330 species belong to Sophophora subgenera including D. (S.) melanogaster. 
Furthermore, another Drosophila species, i.e., Hawaiian spp. have more than 500 species in 
which only 380 species are described. Furthermore, they are occasionally documented as a 
separate subgenus or genus, i.e., Idiomyia grimshawi [5], but this is not widely accepted. About 
250 species are part of the genus Scaptomyza, which arose from the Hawaiian Drosophila and 
later recolonized in continental areas [6]. However, Drosophila spp. are distributed all over 
the earth; moreover, many species are found in the tropical regions. Furthermore, the alpine 
zones, cities, deserts, swamps, and tropical rainforest also confine them. Furthermore, hiber‐
nation takes place in many northern species [7].

Their breeding takes place in numerous types of rotten vegetation and mycological materi‐
als, comprising barks, flowers, fruits, mushrooms, and slime fluxes. However, the maggots 
of D. suzukii act as the pest and feed on fresh fruits. Moreover, some species of Drosophila 
have achieved the status of parasites and predators. Furthermore, several species attract 
to lure of mushrooms and fermented bananas, but others deny attracting to every type of 
bait. Furthermore, females and males are assembled for mating on appropriate propagating 

© 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Kingdom: Animalia

Subkingdom: Invertebrata

Division: Eumetazoa

Subdivision: Ecdysozoa

Superphylum: Tactopoda

Phylum: Arthropoda

Subphylum: Atelocerata

Superclass: Hexapoda

Class: Insecta

Infraclass: Neoptera

Subclass: Pterygota

Superorder: Endopterygota

Order: Diptera

Family: Drosophilidae

Subfamily: Drosophilinae

Tribe: Drosophilini

Genus: Drosophila Fallén, 1823

Type species: Musca funebris Fabricius, 1787

Synonyms: Oinopota Kirby & Spence, 1815

Subgenera:

• Drosophila

• Sophophora

• Chusqueophila

• Dorsilopha

• Dudaica

• Phloridosa

• Psilodorha

• Siphlodora

Table 1. Taxonomic rank of the fruit fly, Drosophila spp. Fallén, 1823.

Drosophila melanogaster - Model for Recent Advances in Genetics and Therapeutics4

materials separate from breeding sites to form leeks. Also, many Drosophila spp., comprising 
D. immigrans, D. melanogaster, and D. simulans, are found neighboring and accompanying 
with humans and are called domestic species. Also, human activities, such as transporting of 
fruits and other fresh food items, are responsible for introducing many species throughout 
the world, including D. immigrans, D. melanogaster, D. simulans, D. subobscura, and Zaprionus 
indianus [8].

a b

c d

e f

Figure 1. Adult of the fruit fly, Drosophila spp. Fallén, 1823 (Diptera: Drosophilidae) (a) [9]; wing morphology: 
ventral view of left wing and landmark positioning; LV: longitudinal vein; HCV: humeral cross‐vein; ACV: anterior 
cross‐vein; PCV: posterior cross‐vein; the proximal, distal, anterior‐posterior, and dorsal‐ventral axes are shown 
(b) [10]; head, frontal view (c); lateral view of head shows characteristic bristles above the eye (d); stero images of 
Drosophila (e); ovipositor of an adult female spotted wing drosophila, Drosophilia suzukii (Matsumura), lateral view 
(f); photographs (c)–(f) by courtesy of Martin Hauser, Department of Food and Agriculture, California, USA; bar on 
photograph: 25 cm.
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Kingdom: Animalia

Subkingdom: Invertebrata

Division: Eumetazoa

Subdivision: Ecdysozoa

Superphylum: Tactopoda

Phylum: Arthropoda

Subphylum: Atelocerata

Superclass: Hexapoda

Class: Insecta

Infraclass: Neoptera

Subclass: Pterygota

Superorder: Endopterygota

Order: Diptera

Family: Drosophilidae

Subfamily: Drosophilinae

Tribe: Drosophilini

Genus: Drosophila Fallén, 1823

Type species: Musca funebris Fabricius, 1787

Synonyms: Oinopota Kirby & Spence, 1815

Subgenera:

• Drosophila

• Sophophora

• Chusqueophila

• Dorsilopha

• Dudaica

• Phloridosa

• Psilodorha

• Siphlodora

Table 1. Taxonomic rank of the fruit fly, Drosophila spp. Fallén, 1823.
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1.1. Morphology

Most Drosophila spp. are small, about 2–4 mm long, but some are larger than a house fly. 
They are typically pale yellow to reddish brown or black and transverse black rings across 
the abdomen with brick red eyes. Many species have distinct black patterns on the wings 
(Figure 1b) with plumose (feathery) and arista antennae, bristling on the head and thorax 
(Figure 1c and d) [11]. The characteristics of wing venations are used to diagnose the family. 
Drosophila flight path of straight sequencing with rapid and jerky turns of the wings with 
intersperse between positions of rest is known as saccades movement. However, when it 
turns in saccades movement, it can be revolved at the angle of 90° in about 50 milliseconds. 
Moreover, Drosophila's wings can beat 220 times per second [12].

Drosophila contains one of the most advanced forms of eye among insects, i.e., compound 
eye. The unit structure of it is ommatidia; however, there are 760 ommatidia per compound 
eye, moreover, a cornea, eight photoreceptor cells (R1–8), many pigment cells, and some 
support cells are also found in each ommatidium. Reddish pigment cells are found in wild‐
type Drosophila, excess blue light is absorbed by them; therefore, ambient light is not made 
the fly blind [13]. As far as photoreceptor cells are concerned, they have two main parts, the 
rhabdomere and the cell body. However, the nucleus is an active part of the cell body, while 
rhabdomere is 100‐μm long and consists of toothbrush‐like masses of membrane, which are 
called microvilli. Moreover, the length and diameter (dm) of each microvillus are around 
1–2 μm and 60 nm, respectively. Further, the rhodopsin is the visual protein; their approxi‐
mately 100 million molecules are wrapped in rhabdomere’s membrane. Accordingly, the 
function of rhodopsin is absorption of light. On the other hand, there are many other visual 
proteins that are also present in rhabdomere, which are tightly bound in the spaces among 
microvilli, hence, there is very little spaces for cytoplasm [14].

In Drosophila, there are many types of proteins that are present in photoreceptor cells, which are 
expressed in rhodopsin isoform, for example, blue light (480 nm) is absorbed by rhodopsin1 
(Rh1), which is present in the R1–R6 photoreceptor cells. Similarly, UV light (345 and 375 nm) 
is absorbed by an expression of a combination of Rh3 or Rh4, which is present in the R7 and 
R8 photoreceptor cells. In the same way, blue (437 nm) and green (508 nm) lights are absorbed 
by Rh5 or Rh6, respectively. More likely, a protein opsin is also present in each photoreceptor 
cells, which is covalently linked to a carotenoid chromophore, i.e., 11‐cis‐3‐hydroxyretinal. 
This protein is found in each rhodopsin molecule (Figure 1c–e) [15].

1.2. Lifecycle

Sexual dimorphism is characteristic of Drosophila spp. Therefore, males can be easily differenti‐
ated from females having differences in size and color. However, the length of female is ca. 2.5 
mm, moreover, male is somewhat smaller than female with dorsal sites of male's body being 
darker due to a distinct black patch at the abdomen. Furthermore, in newly emerged flies and 
sex comb, sexual dimorphism is less noticeable (Figure 2) [16]. They also vary widely in their 
reproductive capacity. Females lay some 400 eggs (embryos), about 5 at a time, into rotting fruits 
or other suitable materials such as decaying mushrooms and sap fluxes. Drosophila melanogaster 
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breeds in bulky and comparatively scarce substrates. About 10–20 eggs are matured at the same 
time; therefore, female lays them together in one place. However, others species those oviposit 
only one egg in a day, breed in additional‐rich but a smaller amount of nourishing resources, 
such as fresh leaves and grasses [17]. Eggs of Drosophila are ca. 0.5 mm in length, silvery, oblong, 
ovoid, and somewhat compressed when view laterally. Internally, an indistinguishable skinny 
vitelline covering warps the egg together with an exterior extracellular covering is called a cho‐
rion. At the front end, two minor respiratory filaments prolong from the dorsal surface close to 
the front termination; however, the tips of these extend above the surface and allow oxygen (O2) 
to reach the embryo. The anterior end can be recognized by the micropyle, a structure on the 
external coating surrounding the egg [18].

In usual environmental conditions, hatching of eggs takes place after 12–15 hours at 25°C (77°F) 
into small, white first instar maggots (larvae). Then food is taken by the resulting maggots and 

Figure 2. Life‐cycle of Drosophila (♂: male; ♀: female)with three larval instar and a pupal stages; bar on photograph: 25 cm [27].
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their growth takes place for nearly 4 days (at 25°C). After that, they molt two times into second and 
third instar maggots during 24 and 48 hours after hatching, respectively. During the period of the 
larval stage, they are actively feed on bacteria, microbes, germs, and detritus, which are present on 
the rotten and decaying breeding resources that decompose the fruits, as well as on the sugar of 
the fruits itself, vegetable matters, and yeasts. The mother puts feces on the egg sacs to establish the 
same microbial composition in the larvae's guts, which works positively for them [19].

In specific conditions, their development time varies widely (between 7 and more than 60 days) 
between species to species and depends on the environmental factors, such as temperature, breed‐
ing substrates, and crowding. Numerous studies have shown that eggs oviposited by Drosophila 
spp. pass through an ecological cycle [20]. Nocturnally, oviposited eggs pass through favorable 
environmental circumstances, thus, such eggs are not vulnerable to withering from parasites [21]. 
Consequently, the maggots hatched from those eggs are healthy and have higher appropriateness 
in contrast to the maggots that are hatched from diurnal oviposited eggs. In eggs of D. melanogas-
ter, a biological clock has been observed and their maggots greatly adapt to their ecological cycles, 
therefore, their survival becomes easy and they gain the highest benefits in their environment [22].

Then, the larvae encapsulate (pupation) in the puparium and undergo a 4‐day long metamor‐
phosis (at 25°C), after which the adults emerge [23]. The developmental period for D. melano-
gaster varies with temperature, as with many ectothermic species. They are Endopterygota, 
also known as Holometabola, is a superorder of insects within the infraclass Neoptera, there‐
fore, they go through distinctive larval, pupal, and adult stages and their wings are developed 
internally. Duration of lifecycle of Drosophila spp. is variable and depends on various factors. 
However, it increases with the increase of temperature due to the stress of heat. Moreover, 
the shortest lifecycle from egg to adult, 7 days, is achieved at 28°C (82°F). Further, the same 
11 days is at 30°C or 86°F. Furthermore, under the best environmental conditions, duration 
of lifecycle is 8.5 days at 25°C (77°F), under moderate conditions, 19 days is at 18°C (64°F), 
under low conditions, it takes over 50 days at 12°C (54°F) [23]. While under crowded condi‐
tion, lifecycle is prolonged with emergence of smaller flies. However, their average life span 
is 35–45 days. (Figure 2; Table 2) [6].

S. no LC in d Temperatures Type of life cycle

°C °F

1. 7 28 82 Shortest life cycle

2. 8.5 25 77 Under ideal 
conditions

3. 11 30 86 –

4. 19 18 64 –

5. 50 12 54 Longest life cycle

6. 35–45 15–35 59–95 Average life cycle

LC, life cycle of Drosophila spp.; d, days; °C, degree celsius; °F, fahrenheit.

Table 2. Duration of life cycle of Drosophila spp. on different temperatures.
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According to the studies of living organisms related to sperm, the longest sperm cells, i.e., 58 
mm (2.3 in) in length, are found in males of Drosophila bifurca compared to any animal that 
exists on this universe [24]. Structurally, sperms consist of a head with nucleus and a long 
tail with tangled coils. Other species of genus Drosophila also form somewhat gigantic sperm 
cells; however, the longest sperms are produced by D. bifurca [19]. The length of the sperm 
cells of D. melanogaster is 1.8 mm, which has an adequate length, while, a human sperm is 
still around 35 times shorter than D. bifurca's sperm. A number of Drosophila spp. are known 
to mate by traumatic insemination [25]. In Drosophila female, sperm are stored in a tubular 
and two mushroom‐shaped receptacle structures, which are called spermathecae. In poly‐
androus female, strong sperm competition takes place for fertilization of eggs. It is observed 
that the sperm precedence of last male mated is utilized for production of descendent. The 
female sires about 80% of her offspring with the sperm inseminated by the previous male to 
mate. Both displacement and incapacitation are responsible for this precedence [26].

2. Drosophila genetics

Drosophila was the first organisms to be studied genetically; perhaps it is the best understood 
animal in genetic systems. It has a small size, short lifecycle, high reproductive rate, easy to 
culture, and easy genetic manipulation. It is one of the most valuable organisms in biology, 
developmental biology, genetics, medicine, human disease, and stem cell research. One spe‐
cies of Drosophila in particular, D. melanogaster, has been comprehensively used in genetics as 
a common model and toolbox organism in modern biology. People have been working on it, 
since ancient time, consequently, very much is already known about it, therefore, it is easy 
to handle and well understood. It is cheap and easy to keep in large numbers. From the past 
century as well as at present, Drosophila has been used for advancement in learning, studies, 
education, and research. Many different aspects of Drosophila have been studied by thousands 
of scientists. Its significance for human health was documented by the award of the Nobel 
Prize in medicine/physiology to Lewis, Volhard and Wieschaus in 1995 [28].

2.1. Sex distinguish

In Drosophila, female's abdomen consists of seven segments with many dark transverse stripes 
and pointed tip. However, male's abdomen consists of five segments with two dark stripes 
and more curved with heavily pigmented tip. Moreover, in a newly immerged adult male, the 
pigmentation is not observed. Further, the gender of Drosophila can be differentiated by the 
structure of the external genitalia and their color. Furthermore, the abdomen is pale and rela‐
tively smooth in mature female, in comparison with dark genitalia that are found in mature 
male. Additionally, a secondary sexual character is also present in the male flies, which is 
called sex comb, a structure that consists of a minor cluster of about 10 black hairs in front 
of the last large segment (third segment counting from the end of the body). The same is 
also present even in immature males. Likewise, another secondary sexual character in male, 
the presence of a cluster of spiky hairs (claspers) surrounding the reproducing parts used to 
attach to the female during mating (Figure 3) [16].
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2.2. Virgin females

All female flies, which are used in genetic experiments for making control crosses, should be 
virgin. As a concern, after 8 hours of emerging from pupal stage, Drosophila females are able to 
mate with males. Likewise, they are capable of mating with many or multiple males; therefore, 
they are called as polyandrous. On the other hand, when they mate, males inseminate millions 
of viable sperms, which are stored in spermathecae of females for several days and this will 
puzzle the outcomes of a following orderly mating. Therefore, to prevent multiple mating, all 
adult Drosophila, specially, females are isolated 7 hours earlier to utilize them for experiment, 
consequently, that all freshly produced Drosophila will remain virgin [29].

2.3. Sex chromosomes

Different organisms have diverse sex determination mechanisms. Mostly, females are defined 
as homogametic (all gametes will carry the X chromosome: XX); however, males are known as 
heterogametic (half the gametes carry the X and half the Y chromosome: XY). The examples of 
the same are species such as humans and Drosophila, etc. The genes carried on the X chromo‐
some and those carried on the Y chromosome, consequently, distinction has made between 
them. Since sex chromosomes as well as autosomes have been correlated the law of segrega‐
tion. The genes on the X chromosome are distributed independently from genes on the Y 
chromosome (Figure 4) [28].

Figure 3. Dorsal view of male (left) and female (right) Drosophila: five segments and rounded abdomen in male and seven 
segments and pointed abdomen in female (a); ventral view of genitalia of male (left) and female (right) (b); left foreleg 
of male with sex comb on tarsus of male fly (left) and female sex comb absent in female fly (c); drawn by W. Hewitt; bar 
on photograph: 25 cm.

a b

Figure 4. Metaphase chromosomes from dividing cells of larval ganglion (brain) of Drosophila melanogaster: chromosomes 
of female (a) consist of three pairs of autosomes and one pair of rod‐shaped X chromosomes; chromosomes of male (b) 
consist of three pairs of autosomes, one X chromosome, and one Y chromosome; bar on photograph: 10 μm [30].
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2.4. Drosophila as model systems

The boundaries of human genetics, however, sort it essential to practice prototypical sys‐
tems to evaluate precious genes and passageways in more detail. During the past 20 years, 
investigation utilizing the genetically acquiescent fruit fly has known D. melanogaster as an 
appreciated model system in the learning of human neurodegeneration. These studies offer 
reliable models for Parkinson's, motor neuron, and Alzheimer's diseases, as well as models for 
trinucleotide repeat expansion diseases, including Huntington's and ataxias disease. As a con‐
sequence of these studies, many signaling pathways comprising target of rapamycin (TOR), 
c‐Jun N‐terminal kinase (JNK), bone morphogenetic protein (BMP) signaling, and phospha‐
tidylinositol 3‐kinase (PI3K)/Akt have been revealed to be decontrolled in models of pro‐
teinopathies suggesting that two or more starting actions may activate disease formation in 
an age‐related manner [31]. Moreover, these studies also determine that Drosophila can be uti‐
lized to monitor chemical compounds for their prospective to inhibit or enhance the disease, 
which in order can openly monitor medical research and the expansion of original therapeutic 
approaches for handling of human neurodegenerative diseases. Human neurodegenerative 
diseases are demoralizing illnesses that principally disturb aging individuals. The bulk of 
the ailments are related with pathogenic oligomers from misfolded proteins, ultimately pro‐
ducing the development of masses and the advanced damage of neurons in the brain and 
central nervous system (CNS). Many of these proteinopathies are sporadic and the source of 
pathogenesis leftovers obscure. Inborn forms are linked with genetic deficiencies, suggesting 
that the affected protein is causally related to diseases formation and/or progression [32, 33].

3. Summary

Drosophila belongs to the family Drosophilidae, whose members are most frequently called 
the fruit flies. Since ancient time, Drosophila is used as a model and toolbox for biology, 
genetics, medicine, human disease, and stem cell research. It was nearly 100 years ago that 
Thomas H. Morgan reported the identification of the white gene in Drosophila melanogas-
ter. Genetic approaches dominated the first 50 years of research in Drosophila (1910–1960), 
concentrating on dissecting the principles of inheritance. In this period, important concepts 
and tools were developed that allowed the study of many other biological processes dur‐
ing 1960–2010. Certainly, investigators realized in the early 1950s that genetic approaches 
could be used to study problems other than heredity. The uninterrupted development of 
research tools during 1960–2010 has driven numerous new discoveries in Drosophila. This is 
an appropriate time to reflect on the past and present contributions of Drosophila research 
in different fields, and therefore, the present book on “Drosophila” aims to publish this. 
Drosophila offers many unique advantages that will ensure that it is a premier research 
organism since ancient time to recent to future and for every field of research. After 100 
years, fruit flies continue to be the choice model system for many neuroscientists. Example 
of recent contribution of research in Drosophila relates to numerous aspects of the physi‐
ological properties of sleep that is shared between Drosophila spp. and humans. Another 
example relates to Parkinson's disease. The work on parkin and PINK1 mutation, D. melano-
gaster has provided evidence that regulating mitochondrial remodeling and dysfunction is a 
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2.2. Virgin females
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Figure 3. Dorsal view of male (left) and female (right) Drosophila: five segments and rounded abdomen in male and seven 
segments and pointed abdomen in female (a); ventral view of genitalia of male (left) and female (right) (b); left foreleg 
of male with sex comb on tarsus of male fly (left) and female sex comb absent in female fly (c); drawn by W. Hewitt; bar 
on photograph: 25 cm.

a b

Figure 4. Metaphase chromosomes from dividing cells of larval ganglion (brain) of Drosophila melanogaster: chromosomes 
of female (a) consist of three pairs of autosomes and one pair of rod‐shaped X chromosomes; chromosomes of male (b) 
consist of three pairs of autosomes, one X chromosome, and one Y chromosome; bar on photograph: 10 μm [30].
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2.4. Drosophila as model systems
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Drosophila belongs to the family Drosophilidae, whose members are most frequently called 
the fruit flies. Since ancient time, Drosophila is used as a model and toolbox for biology, 
genetics, medicine, human disease, and stem cell research. It was nearly 100 years ago that 
Thomas H. Morgan reported the identification of the white gene in Drosophila melanogas-
ter. Genetic approaches dominated the first 50 years of research in Drosophila (1910–1960), 
concentrating on dissecting the principles of inheritance. In this period, important concepts 
and tools were developed that allowed the study of many other biological processes dur‐
ing 1960–2010. Certainly, investigators realized in the early 1950s that genetic approaches 
could be used to study problems other than heredity. The uninterrupted development of 
research tools during 1960–2010 has driven numerous new discoveries in Drosophila. This is 
an appropriate time to reflect on the past and present contributions of Drosophila research 
in different fields, and therefore, the present book on “Drosophila” aims to publish this. 
Drosophila offers many unique advantages that will ensure that it is a premier research 
organism since ancient time to recent to future and for every field of research. After 100 
years, fruit flies continue to be the choice model system for many neuroscientists. Example 
of recent contribution of research in Drosophila relates to numerous aspects of the physi‐
ological properties of sleep that is shared between Drosophila spp. and humans. Another 
example relates to Parkinson's disease. The work on parkin and PINK1 mutation, D. melano-
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cause of Parkinson's disease. Recently, many Drosophila experts have focused their attention 
on dissecting the molecular and cellular basis of the behavior. These include phototaxis, 
chemotaxis, aggression, physical response to mechanical stimuli, escape behavior, and sex. 
These studies will undoubtedly advance our understanding of how the nervous system of 
Drosophila works and provide us with very valuable paradigms to study mammalian brain 
function. This book provides window for Drosophila research as a toolbox for biology and 
medicine and its profile acts in top creatures for science experimentation. Drosophila's con‐
tribution to ageing, basal body, stem cell, nanoparticles, and artificial intelligence research 
is helping us to open new doors of research. A fluorescent tagging approach can be used 
in Drosophila to pest and vector risk assessment. Cloning and characterization in Drosophila 
can be exposed novel entries in the future of Drosophila. This book aims to provide the read‐
ers with a comprehensive overview on the historical, modern, and future prospects on this 
important insect, Drosophila, featuring an easy‐to‐follow, vignette‐based format that will 
be focusing on the most important research‐oriented evidences on various advantageous 
aspects for parasitologists, entomologists, neurologists, evolutionists, researchers, scien‐
tists, students, and others.
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Abstract

High rates of chromosomal rearrangements are remarkably abundant in Drosophila 
Fallén, 1832 (Insecta, Diptera) genus, highlighting the paracentric inversions. Since different 
species of this genus are paradigms for genetics, evolutionary, and population studies, 
polymorphism analyses for chromosomal inversions have provided basic knowledge for 
beautiful biological questions. Chromosomal inversions suppress meiotic recombination 
and thus, natural selection can act to preserve favorable gene complexes. Analyses of 
natural and laboratory populations show that these polymorphisms provide adaptive 
advantages to their carriers in relation to diverse factors, such as niche exploration and 
climatic factors. In addition, due to their monophyletic origin, they also serve as genetic 
markers for the construction of unrooted phylogenies. With the increasing domain of 
molecular techniques and genome sequencing, factors such as the reuse of breakpoints 
by different inversions and the mechanisms that give rise to these polymorphisms have 
been exploited with scientific refinement. These analyses show the presence of regions 
that are hot spots for breakpoints, fitting the fragile breakage chromosomal evolution 
model, as well as the involvement of transposition elements at the origin of chromosomal 
inversions.

Keywords: chromosomal evolution, chromosomal inversion, polytene chromosomes, 
staggered breaks, transposable elements

1. Introduction

Structural chromosome rearrangements originate from chromosomal breaks at different sites, 
followed by reconstitution of these breaks in a distinct combination. They involve large quantities 
of genetic material at the cytological level and can be visualized under light microscopy.
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distribution, and reproduction in any medium, provided the original work is properly cited.
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followed by reconstitution of these breaks in a distinct combination. They involve large quantities 
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The analysis of different rearrangements in the karyotype of the species of this genus was 
favored due to the presence of the polytene chromosomes. These polytene chromosomes are 
formed in interphase nuclei and are the final product of successive replication cycles without 
the consequent separation of the daughter chromatids, resulting in a huge structure that 
presents natural banding, formed by the precise synapses of parallel chromomeres of the 
sisters’ chromatids. It is estimated that the polytene chromosomes founded in the salivary 
glands undergo 210 replication events, generating up to 1024 filaments in each chromosomal 
pair of a diploid cell [1], originating a unique visualization magnitude. Tissues and organs 
containing cells with polytene chromosomes are, in general, involved in intense short time 
secretory functions, in a fast-growing context. Another peculiarity of the interphase polytene 
chromosomes is the non-segregation after replication; the parental chromosomes remain united 
and paired in the same conformation only seen in meiosis I of most other organisms [2].

The physical structure of the polytene chromosomes enables the accurate analysis of the 
different chromosomal rearrangements in Drosophila focusing on inversions—the most frequent 
rearrangement of the genus. This rearrangement consists in the simultaneous break of two sites 
in a chromosome and the reorganization of this area with a 180° inverted order.

Inversions are classified in two types, in diploid organisms: paracentric (do not involve the 
centromere in its formation, occurring in the same chromosome arm) and pericentric (involve 
the centromere and more than one chromosome arm). This rearrangement can be visualized 
as heterozygous during the pairing of the homologous chromosomes in meiosis I when only 
one of the parental chromosomes carries the inversion, forming an inversion loop for the 
correct pairing of the homologous chromosomes; or as homozygous when both parental 
chromosomes carry the inversion. These chromosomal conformations can be visualized on 
the Drosophila interphase polytene chromosomes (Figure 1) [3].

Figure 1. Chromosome inversions in heterozygosis in Drosophila willistoni Sturtevant, 1916 polytene chromosomes. (A) 
IIR-E inversion in the IIR chromosome arm. (B) III-J inversion in the chromosome III. Arrows point to the inversion loops 
formed by the correct pairing of the homologous chromosomes. Both inversions are physically at the distal end of the 
chromosome. Note that the precise synapse of the sister chromatids, according to the degree of compaction along the 
chromosome, forms a pattern of dark and light bands (bands and interbands, respectively). Regarding the chromosome 
polymorphism in D. willistoni, see the review in [56]. Source: Collection of images by Professor Vera L. S. Valente, 
deposited in the Laboratory of Drosophila at the Federal University of Rio Grande do Sul, Brazil.
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Chromosomal inversions, compared to the other structural chromosomal rearrangements, 
use to be better tolerated by the organisms that carry them, since do not imply, theoreti-
cally, an increase or reduction of the genomic material. An inversion that occurs within a 
gene, however, can result in mutation, often lethal to the organism. The changing position 
of the genes, related to each other’s and their controlling sequences, which is called the 
position effect, is another consequence of the inversion, resulting in alterations of gene 
expression and, consequently, alterations at the phenotypic level.

The behavior of a heterozygous inversion and the consequences it may entail differs during 
meiosis and mitosis. In meiosis I, the occurrence of crossing over inside of a paracentric 
inversion loop induces the formation of a dicentric chromosome (with two centromeres) and 
an acentric fragment (without centromere), resulting in gametes with deletions. In contrast, 
the occurrence of a meiotic recombination at the pericentric inversion loop results in the 
normal segregation of the chromosomes during meiosis I, since the centromeres are contained 
in the inversion, but originates gametes with deletion and duplications at meiosis II ending. 
During the mitosis, a heterozygous inversion does not imply major difficulties for the course 
of the cycle, since each chromosome duplicates and the sister chromatids are directed to the 
resulting daughter cells [4]. Illustrations of this are found in several genetics books, usually 
in Structural Chromosomal Alterations chapter.

Species of the Drosophila genus are model organisms for the study of chromosomal inversions, 
given the high resolution of the polytene chromosomes analysis, coupled with the fact that 
more than half of the studied species of Drosophila are naturally polymorphic for inversions [5]. 
However, based on the knowledge of the genomic destabilization and effects on the production of 
gametes that the inversions can originate, the high occurrence of chromosomal polymorphism 
is not expected a priori in the different living beings. The species of the genus Drosophila present 
a high rate of paracentric inversions, without a major deleterious effect on their reproductive 
success duo the presence of defense mechanisms in males and females, preventing the production 
of gametes bearing unbalanced chromosomal rearrangements [6].

There is a mechanism in the meiosis of females of Drosophila melanogaster Meigen, 1830, car-
rying heterozygous inversion that selectively eliminates the recombinant gametes during the 
formation of the polar corpuscles. In this mechanism, the first polar corpuscle to be excluded is 
one of the balanced chromatids (standard order, or inverted order). The second polar corpuscle 
eliminated is the dicentric chromosome. The acentric fragment is not oriented in the meiotic 
spindle and is later degraded. The last polar corpuscle to be eliminated, which will be 
effectively fertilized, also presents the standard order, or inverted order [7].

The mechanism of protection against the production of inviable gametes in males of 
D. melanogaster seems to be the suppression of recombination in spermatogenesis [8]. 
Mutations in genes that affect the segregation of chromosomes that did not undergo mei-
otic exchange in Drosophila females do not have the same effect in males, suggesting that 
the exchange is not necessary for the correct segregation of homologous chromosomes in 
meiosis I in males of this genus [6].

Aside from the inferred suppression of recombination in males, reports of its occurrence at 
the meiotic level are present in the literature, evidencing some peculiarities. Among these, 
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Figure 1. Chromosome inversions in heterozygosis in Drosophila willistoni Sturtevant, 1916 polytene chromosomes. (A) 
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of the genes, related to each other’s and their controlling sequences, which is called the 
position effect, is another consequence of the inversion, resulting in alterations of gene 
expression and, consequently, alterations at the phenotypic level.

The behavior of a heterozygous inversion and the consequences it may entail differs during 
meiosis and mitosis. In meiosis I, the occurrence of crossing over inside of a paracentric 
inversion loop induces the formation of a dicentric chromosome (with two centromeres) and 
an acentric fragment (without centromere), resulting in gametes with deletions. In contrast, 
the occurrence of a meiotic recombination at the pericentric inversion loop results in the 
normal segregation of the chromosomes during meiosis I, since the centromeres are contained 
in the inversion, but originates gametes with deletion and duplications at meiosis II ending. 
During the mitosis, a heterozygous inversion does not imply major difficulties for the course 
of the cycle, since each chromosome duplicates and the sister chromatids are directed to the 
resulting daughter cells [4]. Illustrations of this are found in several genetics books, usually 
in Structural Chromosomal Alterations chapter.

Species of the Drosophila genus are model organisms for the study of chromosomal inversions, 
given the high resolution of the polytene chromosomes analysis, coupled with the fact that 
more than half of the studied species of Drosophila are naturally polymorphic for inversions [5]. 
However, based on the knowledge of the genomic destabilization and effects on the production of 
gametes that the inversions can originate, the high occurrence of chromosomal polymorphism 
is not expected a priori in the different living beings. The species of the genus Drosophila present 
a high rate of paracentric inversions, without a major deleterious effect on their reproductive 
success duo the presence of defense mechanisms in males and females, preventing the production 
of gametes bearing unbalanced chromosomal rearrangements [6].

There is a mechanism in the meiosis of females of Drosophila melanogaster Meigen, 1830, car-
rying heterozygous inversion that selectively eliminates the recombinant gametes during the 
formation of the polar corpuscles. In this mechanism, the first polar corpuscle to be excluded is 
one of the balanced chromatids (standard order, or inverted order). The second polar corpuscle 
eliminated is the dicentric chromosome. The acentric fragment is not oriented in the meiotic 
spindle and is later degraded. The last polar corpuscle to be eliminated, which will be 
effectively fertilized, also presents the standard order, or inverted order [7].

The mechanism of protection against the production of inviable gametes in males of 
D. melanogaster seems to be the suppression of recombination in spermatogenesis [8]. 
Mutations in genes that affect the segregation of chromosomes that did not undergo mei-
otic exchange in Drosophila females do not have the same effect in males, suggesting that 
the exchange is not necessary for the correct segregation of homologous chromosomes in 
meiosis I in males of this genus [6].

Aside from the inferred suppression of recombination in males, reports of its occurrence at 
the meiotic level are present in the literature, evidencing some peculiarities. Among these, 
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the high occurrence in males showing the phenomenon of the hybrid dysgenesis of different 
species stands out. This phenomenon is also characterized by the presence of high frequencies 
of inviable offspring, mutations, structural chromosomal alterations, and distortion of the rate 
of transmission of alleles by one sex [9].

Another peculiarity is the spontaneous occurrence of recombination in males of species 
with a high degree of polymorphism for paracentric inversions, such as D. melanogaster [10], 
Drosophila ananassae Doleschall, 1858 [11], and D. willistoni [12].

Despite the exceptions, the presence of several cases of multiple heterozygosities occurring 
in many species of Drosophila support the great efficiency of these mechanisms and direct us 
to other biological aspects involving these chromosome rearrangements. The purpose of this 
chapter is to provide a basic overview of the knowledge of the evolutionary basis of its wide 
occurrence, and the adaptability conferred by the chromosomal polymorphism to the bearers 
of paracentric inversions found in this genus, converging in the present day in the analyses at 
the genomic level of the mechanisms that originate these inversions.

2. Population studies of chromosomal inversions in the genus 
Drosophila

The high polymorphism of chromosomal inversions has been used as a model for different 
adaptative processes, involved in the maintenance of the genetic variation. The concerns of 
Theodosius Dobzhansky and collaborators, more than 80 years ago, originated the early studies 
encompassing analyses of chromosomal inversions in natural populations of Drosophila persimilis 
Dobzhansky and Epling, 1944 and Drosophila pseudoobscura Frolova, 1929 [13]. Their findings 
were the stimuli for many of the discoveries that constituted the basis of modern evolution-
ary synthesis, which intricately combines Charles Darwin theory of evolution of species with 
Mendelian heritage patterns and population genetics.

The work of Dobzhansky “Genetics and the Origin of Species” [14] was a great incentive to 
the development of experimentation in evolutionary and population genetics.

Several experiments with D. pseudoobscura performed by Dobzhansky and colleagues were 
the basis to the postulation of the co-adaptation model of the genes contained in inversions 
[15]. Dobzhansky established that the reduced recombination in the inversions of this species 
is able to sustain positive combinations of genes in epistasis with other gene arrangement 
prevailing in the population. Therefore, gene complexes linked in an inversion in the different 
chromosome types are inherited as blocks and are rarely corrupted by meiotic recombination. 
Thus, the heterozygosity would be preferable to homozygosity, as predicted by the balancing 
selection [13, 14]. Thenceforth, the analysis and characterization of the chromosomal inversion 
polymorphism in natural populations of other species have become extensively explored. 
Also, indirect evidence of the association of chromosomal inversion with a better adaptation 
of the carrier individuals based on statistics was reported.

Drosophila pseudoobscura presents a broad geographic distribution in North America, being 
founded since west Canada, USA, and part of Central America, with the presence of a  subspecies 
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in Colombia (D. pseudoobscura bogotana), and individuals collected in New Zealand (Oceania) 
[16]. The ST, AR, CH, PP, SC, OL, EP, and TL arrangements founded on the chromosome 3 of this 
species are extensively monitored and traditionally present altitudinal cline on their frequencies. 
Among these, the TL inversion presents a frequency increase on the Pacific coast since the 70 
decade, which seems to be related to environmental changes [17].

Drosophila subobscura Collin, 1936 is a species with high chromosomal inversion polymorphism. 
Their rearrangements have been traditionally associated with adaptation to environmental vari-
ables. This Palearctic species invaded the American continent in the 70/80 decades [18]. Studies 
encompassing the frequency of inversion in European, North-, and South American populations 
show an inversely proportional relation of the increase in the frequency of inversions occurring 
in low latitudes (hot climate areas) and a decrease of frequency of the inversions occurring in 
high latitudes (cold climate areas) [19]. The chromosomal polymorphism in this species has also 
been related to environmental heavy metal contamination [20].

Drosophila buzzatii Patterson and Wheeler, 1942 belongs to the cactophilic species of the 
repleta group. It is originally from Southern Latin America, and its occurrence has been 
reported in the 1970s in the Mediterranean region, the Canary Islands, equatorial Africa and 
Australia, associated with cactus species of the genus Opuntia, which have been disseminated 
by human interference [21]. In this species, latitudinal clines in the frequency of some inver-
sions have been inferred for the populations of the original areas and the colonized areas. 
The polymorphism described for the second chromosome, for example, the 2j arrangement 
has been related to the longer development time, and larvae viability [22].

The Neotropical species Drosophila mediopunctata Dobzhansky and Pavan, 1943, belongs to the 
Drosophila subgenus, tripunctata group (the second largest group of Neotropical species). The 
acrocentric chromosome II of this species is highly polymorphic, with 17 inversions described, 
which are distributed in the distal (inversions DA, DI, DS, DP, DR, DL, and DJ) and proximal 
(inversions C0, PC1, PC2, PC3, PC4, PC5, PB0, PA0, and PA8) regions. Based on the 72 haplo-
types already described for this chromosome it is possible to infer that the inversions at the 
distal and proximal regions practically do not overlap, and there is strong linkage disequilib-
rium between them. Thus, DA inversion is mostly found in association with PA0 inversion. 
In the same way, DI inversion is associated with PB0 inversion, DS with PC0, DP with PC0, 
and DS with PC0. Thus, it is difficult to find one of these distal inversions not associated with 
the corresponding proximal inversions. These five haplotypes are the most frequent (>90%) 
in the natural populations of D. mediopunctata from Southeastern Brazil. Since 1980, the inver-
sions of chromosome II of this species have been analyzed as potential bioindicator of genetic 
responses to environmental changes, under the action of natural selection. Collections con-
ducted from 1986 to 1988 and from 1991 to 2002 in different places of Southeast and Southern 
Brazil showed that DA, DP, and DS inversions present seasonal variation of their frequencies, 
and the inversion DA increased in dry and cold periods, and DP and DS inversions during 
rainy and hot periods. In addition, this panorama is related to altitudinal clines. Later collec-
tions (2007–2010) in one of the sampled sites (Itatiaia National Park, Rio de Janeiro, Brazil) 
allowed the comparison of the mean frequencies of inversions at the distal region, with the 
previous frequencies for this site. It was observed that the mean frequencies of DA and DI 
inversions increased, while DS, DP, and DV (associated with higher temperatures) decreased 
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rainy and hot periods. In addition, this panorama is related to altitudinal clines. Later collec-
tions (2007–2010) in one of the sampled sites (Itatiaia National Park, Rio de Janeiro, Brazil) 
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their frequencies; and the DA inversion no longer has a significant correlation with altitude. 
Considering the climatic changes that occurred during these two decades in the region of  
Itatiaia Park, this suggest that temperature change has little influence on the seasonal changes 
in the frequencies of inversions in this species. Climate changes may have affected other 
genetic or morphological features, which may be more directly related to the inversions in 
chromosome II of D. mediopunctata [23–26].

Although several characteristics are indirectly associated with the inversions, little progress 
has been made in defining the genetic-evolutionary basis of these associations [23]. Direct 
shreds of evidence associating chromosomal inversions and selective pressures have been 
presented with the advancement of molecular techniques and genome sequencing.

Increasing amounts of data tend to confirm the inhibition of the recombination within the 
inversion area and also in adjacent areas, which is fundamental to the maintenance of the 
adaptive role. The patterns of linkage disequilibrium (LD) located within these regions reflect 
the inversion history and the gene flow since its origin [27–31].

An example of this case comes from the study of genetic variation and the unbalance of cosmo-
politan inversion In(3R)P in two D. melanogaster populations from Australia, one from a tropi-
cal region (subdivided between individuals with inversion and individuals with the standard 
arrangement) and another from a temperate region (whose individuals carried only the standard 
arrangement). Since their high frequencies are related to higher temperatures, this inversion is 
known to be associated with climatic adaptations and the success of an evolutionarily recent 
migratory event (100 years) of this species in Australia. The results of this analysis support the 
hypothesis that In(3R)P inversion is associated with capture of locally adapted alleles, which 
interact substantially with loci external to the inversion. However, it was not possible to clarify 
whether these alleles are either in an additive or epistatic mode. Interestingly, high rates of LD in 
the region within the inversion are also found in the corresponding genomic region of the indi-
viduals that carried the standard arrangement in the tropical population, evidencing selection of 
such loci. Another result showed a high differentiation of the genomic region that involves the 
In(3R)P inversion between the tropical and the temperate population [30].

Despite the confirmed association of chromosomal inversions with the maintenance of com-
binations of alleles that lie within this region, gene recombination in the inverted region of 
a chromosome is possible because viable recombinant gametes arise through double meiotic 
recombination within the inverted region and also in consequence of gene conversion [31].

The prediction of recombination rates analysis in chromosomes carrying a heterozygous 
inversion, based on two mathematical models (Poison and Couting), made by Navarro and 
collaborators [32] infer three main points about this: “(i) the lower the inversion, the greater 
the effect on the reduction of the double meiotic recombination rate; (ii) in short inversions 
and in regions around the breakpoint, inversion reduces the rate of recombination but does 
not have the same capacity to prevent gene conversion; (iii) reduction of the recombination 
rate is not uniform throughout the chromosome, generally reducing the gene flow between 
different arrangements to near zero close to the breakpoints, and higher recombination rates 
are found in the central regions of the inversion.” The inversion also influences the events 
of recombination of regions outside their limits. All these findings have implications for the 
analyses that use balancer chromosomes [32–34].
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It should be noted that a fraction of these chromosomal polymorphisms occurring in the different 
species is adaptively neutral, and thus suffer less selective pressure (or none), and its fixation, or 
loss, depends on population size and migration. These inversions can also reach high frequencies 
through other mechanisms, such as the inversion In(1)Be of the X chromosome of D. melanogaster. 
This inversion, considered of recent origin, has its maintenance probably due to the distortion of 
the transmission ratio through males of the species [35].

Despite the high acceptance and diffusion of the co-adaptation model of the genes contained 
in the inversions in Drosophila [15], alternative hypotheses point to different scenarios for the 
propagation and distribution of chromosomal inversions in populations of living beings, as a 
result of the increasing acquisition of knowledge and domain of improved analysis  techniques 
[33, 34, 36].

3. Inversions breakpoints in Drosophila: chromosomal distribution

Parallel to the evolutionary-population studies of chromosomal inversions in Drosophila, the 
concern about the cause and origin of these polymorphisms in populations was already present.

Krimbas and Powel [37] wrote the best definition of the traditional point of view for the genesis 
of inversions: “It is that they are the result of two independent breaks, occurring at the same time, 
followed by the reconnection of the broken parts of the chromosome in an inverted orientation 
with respect to neighboring regions. Thus, the multiple overlapping inversions found in many 
Drosophila species would have occurred sequentially, not due to the simultaneous occurrence 
of multiple breaks. Regarding in tandem inversions (side-by-side inversions), the coincidence of 
breakpoints is attributed to chance, in events that occurred at different times. The hypothesis of 
the unique origin of the inversion is reinforced by the rarity of a chromosomal inversion event. 
It is even rarer that two events originating the same inversion occur spontaneously at the same 
time in the same chromosome site [37, 38].”

The monophyletic origin of the inversions implies that different rearrangements in the same 
chromosome can clarify some aspect of the evolutionary history of the analyzed species 
(or distinct species, when inter-crossings are possible), establishing the inversions as genetic 
markers for the reconstruction of unrooted phylogenies [39, 40].

“The first genetic dataset used for phylogenetic construction were the inversions of the chro-
mosome 3 of D. pseudoobscura [41].” For this, the karyotype of a given populations of this 
species was arbitrarily inferred as the standard arrangement, being named ST. The cross-
ings of males collected in the wild (as well as male offspring of the collected females), with 
females of the ST lineage, showed the differences of the chromosomal arrangements between 
the populations due to the formation of inversion loops in the F1 offspring. This comparative 
methodology of chromosomal inversions allowed relating the different triads of overlapping 
heterozygous inversions found in an unrooted phylogenetic tree. Based on this, a hypotheti-
cal central arrangement in the phylogeny, which has never been found in nature in later 
works, has been inferred. However, the key point for this analysis was that all copies of a 
particular inversion would have a unique origin, the arrangement being seen in the individu-
als of a population as a replica of the single arrangement that arose in the past in a single 
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their frequencies; and the DA inversion no longer has a significant correlation with altitude. 
Considering the climatic changes that occurred during these two decades in the region of  
Itatiaia Park, this suggest that temperature change has little influence on the seasonal changes 
in the frequencies of inversions in this species. Climate changes may have affected other 
genetic or morphological features, which may be more directly related to the inversions in 
chromosome II of D. mediopunctata [23–26].

Although several characteristics are indirectly associated with the inversions, little progress 
has been made in defining the genetic-evolutionary basis of these associations [23]. Direct 
shreds of evidence associating chromosomal inversions and selective pressures have been 
presented with the advancement of molecular techniques and genome sequencing.

Increasing amounts of data tend to confirm the inhibition of the recombination within the 
inversion area and also in adjacent areas, which is fundamental to the maintenance of the 
adaptive role. The patterns of linkage disequilibrium (LD) located within these regions reflect 
the inversion history and the gene flow since its origin [27–31].

An example of this case comes from the study of genetic variation and the unbalance of cosmo-
politan inversion In(3R)P in two D. melanogaster populations from Australia, one from a tropi-
cal region (subdivided between individuals with inversion and individuals with the standard 
arrangement) and another from a temperate region (whose individuals carried only the standard 
arrangement). Since their high frequencies are related to higher temperatures, this inversion is 
known to be associated with climatic adaptations and the success of an evolutionarily recent 
migratory event (100 years) of this species in Australia. The results of this analysis support the 
hypothesis that In(3R)P inversion is associated with capture of locally adapted alleles, which 
interact substantially with loci external to the inversion. However, it was not possible to clarify 
whether these alleles are either in an additive or epistatic mode. Interestingly, high rates of LD in 
the region within the inversion are also found in the corresponding genomic region of the indi-
viduals that carried the standard arrangement in the tropical population, evidencing selection of 
such loci. Another result showed a high differentiation of the genomic region that involves the 
In(3R)P inversion between the tropical and the temperate population [30].

Despite the confirmed association of chromosomal inversions with the maintenance of com-
binations of alleles that lie within this region, gene recombination in the inverted region of 
a chromosome is possible because viable recombinant gametes arise through double meiotic 
recombination within the inverted region and also in consequence of gene conversion [31].

The prediction of recombination rates analysis in chromosomes carrying a heterozygous 
inversion, based on two mathematical models (Poison and Couting), made by Navarro and 
collaborators [32] infer three main points about this: “(i) the lower the inversion, the greater 
the effect on the reduction of the double meiotic recombination rate; (ii) in short inversions 
and in regions around the breakpoint, inversion reduces the rate of recombination but does 
not have the same capacity to prevent gene conversion; (iii) reduction of the recombination 
rate is not uniform throughout the chromosome, generally reducing the gene flow between 
different arrangements to near zero close to the breakpoints, and higher recombination rates 
are found in the central regions of the inversion.” The inversion also influences the events 
of recombination of regions outside their limits. All these findings have implications for the 
analyses that use balancer chromosomes [32–34].
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It should be noted that a fraction of these chromosomal polymorphisms occurring in the different 
species is adaptively neutral, and thus suffer less selective pressure (or none), and its fixation, or 
loss, depends on population size and migration. These inversions can also reach high frequencies 
through other mechanisms, such as the inversion In(1)Be of the X chromosome of D. melanogaster. 
This inversion, considered of recent origin, has its maintenance probably due to the distortion of 
the transmission ratio through males of the species [35].

Despite the high acceptance and diffusion of the co-adaptation model of the genes contained 
in the inversions in Drosophila [15], alternative hypotheses point to different scenarios for the 
propagation and distribution of chromosomal inversions in populations of living beings, as a 
result of the increasing acquisition of knowledge and domain of improved analysis  techniques 
[33, 34, 36].

3. Inversions breakpoints in Drosophila: chromosomal distribution

Parallel to the evolutionary-population studies of chromosomal inversions in Drosophila, the 
concern about the cause and origin of these polymorphisms in populations was already present.

Krimbas and Powel [37] wrote the best definition of the traditional point of view for the genesis 
of inversions: “It is that they are the result of two independent breaks, occurring at the same time, 
followed by the reconnection of the broken parts of the chromosome in an inverted orientation 
with respect to neighboring regions. Thus, the multiple overlapping inversions found in many 
Drosophila species would have occurred sequentially, not due to the simultaneous occurrence 
of multiple breaks. Regarding in tandem inversions (side-by-side inversions), the coincidence of 
breakpoints is attributed to chance, in events that occurred at different times. The hypothesis of 
the unique origin of the inversion is reinforced by the rarity of a chromosomal inversion event. 
It is even rarer that two events originating the same inversion occur spontaneously at the same 
time in the same chromosome site [37, 38].”

The monophyletic origin of the inversions implies that different rearrangements in the same 
chromosome can clarify some aspect of the evolutionary history of the analyzed species 
(or distinct species, when inter-crossings are possible), establishing the inversions as genetic 
markers for the reconstruction of unrooted phylogenies [39, 40].

“The first genetic dataset used for phylogenetic construction were the inversions of the chro-
mosome 3 of D. pseudoobscura [41].” For this, the karyotype of a given populations of this 
species was arbitrarily inferred as the standard arrangement, being named ST. The cross-
ings of males collected in the wild (as well as male offspring of the collected females), with 
females of the ST lineage, showed the differences of the chromosomal arrangements between 
the populations due to the formation of inversion loops in the F1 offspring. This comparative 
methodology of chromosomal inversions allowed relating the different triads of overlapping 
heterozygous inversions found in an unrooted phylogenetic tree. Based on this, a hypotheti-
cal central arrangement in the phylogeny, which has never been found in nature in later 
works, has been inferred. However, the key point for this analysis was that all copies of a 
particular inversion would have a unique origin, the arrangement being seen in the individu-
als of a population as a replica of the single arrangement that arose in the past in a single 
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common ancestor; in other words, its monophyletic origin. Later, molecular phylogenies cor-
roborated the unique origin of the inversions in the chromosome 3 in D. pseudoobscura, and 
the topology of molecular phylogeny is in accordance with the topology obtained from the 
cytogenetic data [41].

The analysis of the phylogenetic relationships of overlapping inversions [39] considers the most 
parsimonious route (those with the small amount of inversion) for the evolutionary inference. 
Phylogenies were constructed for various species groups, such as melanogaster [42], cardini [43], 
Hawaiian Drosophila [44], virilis [45], fasciola subgroup [46], willistoni subgroup [47], among others.

Considering the traditional point of view of an inversion genesis, the distribution of the 
inversions along the chromosomes occurs randomly [37]. Sometimes, this characteristic 
seems to be well suited to the chromosomal distribution of the arrangement of chromosome 
3 of D. pseudoobscura in natural populations [48], sometimes does not seem [39]. The inversion 
breakpoints induced by X-ray in Drosophila (and many other organisms, in general), seem 
to cluster preferentially in regions closer to the centromere [37, 49]. Add to this postulate, 
the evolutionary random breakage model, which gained notoriety with analyses of genomic 
comparisons, mainly between humans and mouse, later extending to other mammals in 
the 1980s. This model, in a simplistic way, assumed that the chromosome rearrangements, 
responsible for the breakdown of the synteny between these organisms, had their breakpoints 
distributed randomly along the chromosomes [50–52].

However, increasingly consistent studies evidencing the occurrence of repeated breaks in 
the same site for different inversions in a considerable amount of species have raised doubts 
regarding the randomness of the breakpoints distribution. These sites were denominated 
“hot spots,” and may involve particular structural instabilities of these regions [37].

The availability of the complete human genome and other mammals showed the effects of the 
limitations of the random breakage model, since it did not consider countless regions of the 
genomes of these organisms, because they were not available. The analysis of 281 syntenic 
blocks up to 1 Mb shared between humans and mouse showed the presence of 190 additional 
blocks with less than 1 Mb in size, which was very difficult to identify by alignment, and were 
totally unknown until then. The comparison of the chromosomal rearrangements occurred 
during the divergence between the two species showed a large number of breakpoints close 
to each other. This characteristic did not fit the random breakage model theory, so the fragile 
breakage model was proposed [53, 54].

This model was based on the inference that breakpoints of chromosome rearrangements occur 
mainly within fragile genome sites (hot spots), in other words, regions prone to breakage. These 
fragile sites may correspond to regions with lots of transposable elements (TEs), to segmental 
duplications, or to a palindromic sequence. “The reuse feature does not imply the use of the 
same genomic position (at the nucleotide level) repeatedly, but rather that, the breakpoint 
presents multiple genomic regions that originate chromosomal rearrangements [53, 54].”

Pioneering results at cytological level, on the reuse of breakpoints by different inversions, 
provided challenging data about the randomness of these breaks in Drosophila. Cáceres et al. 
[55] analyzed 86 paracentric (heterozygous and fixed) inversions described for species of 
the D. buzzatii complex and 18 inversions induced in D. buzzatii by introgression, through 
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crossings with Drosophila koepferae Fontdevila and Wasserman, 1988. The authors found that 
inversions of intermediate size are the most successful for the fixation in this species. They 
also observed that the breakpoints distribution of chromosome 2 inversions of these spe-
cies, taking into account the location of the band involved in the break, is not random. The 
authors founded up to eight breakpoints at the same band in certain chromosomal seg-
ments. Similar results were observed in D. subobscura [56], Hawaiian Drosophila [57], and  
D. willistoni [58].

Although the reuse intra or interspecific of the inversions breakpoints, at cytological level, is 
common and well documented in the Drosophila genus, the characterization at DNA sequence 
level is still limited [59–61]. In silico comparisons of total genomes of different species available 
[62], estimate between 1.5 [63] and 2.27 [64] times the reuse of breakpoints throughout the 
evolutionary history of the species of this genus.

4. Characterization of inversion breakpoints in Drosophila and origin 
mechanisms

Delimitation and characterization of the inversion breakpoints are fundamental to determinate 
the mechanisms that originate them. In Drosophila, two main mechanisms have been high-
lighted in the origin of chromosomal inversions.

The first mechanism is the non-allelic homologous recombination (NAHR, also called ectopic 
recombination) between repetitive sequences, especially, the TEs [65–67]. The molecular 
machinery used by this mechanism is the same as allelic recombination, which has direct 
involvement with the genetic recombination in meiosis I. When ectopic recombination occurs 
between two copies of a repetitive sequence (very similar or identical), which are located 
physically at different chromosomal sites and in opposite orientations, the resulting inverted 
chromosome segment is flanked by two copies of these sequences, which are chimeric due to 
the exchange between them [66, 67]. The minimum identity between two sequences required 
for recombination is called minimal effective processing segment (MEPS). This parameter is 
not yet satisfactorily elucidated, in vitro analyses with prokaryotic organisms and mammalian 
cells infer that efficient MEPS for NAHR is 50 bp and between 270 and 280 bp, respectively 
[68]. However, the genomic approach of NAHR between copies of Ty retrotransposons in 
Saccharomyces cerevisiae Meyen ex E. C. Hansen, 1883 points out that more important than the 
identity between the copies of TEs is the genomic distance between them [69]. Figure 2 
illustrates a schematic for this mechanism. Based on this, it is important to note that when 
NAHR involves transposable elements, target site duplications (TSDs) of these can also be 
changed during recombination, a feature that has been very relevant for the recognition of 
this mechanism (see Section 4.1). For a long time, the TEs were considered junk DNA, and the 
involvement of these in the genesis of inversions of Drosophila genus provides solid knowledge 
to support the participation of these sequences in the molding of the genomes of living beings.

The second mechanism is via the erroneous repair of the free extremities, resulting from the 
chromosomal staggered breaks, by the non-homologous end joining (NHEJ). The physically 
close breaks in the chromosome cause failures in the correct pairing of the nitrogen bases, and 

Drosophila Chromosomal Polymorphism: From Population Aspects to Origin Mechanisms…
http://dx.doi.org/10.5772/intechopen.73246

23Drosophila melanogaster - Model for Recent Advances in Genetics and Therapeutics



common ancestor; in other words, its monophyletic origin. Later, molecular phylogenies cor-
roborated the unique origin of the inversions in the chromosome 3 in D. pseudoobscura, and 
the topology of molecular phylogeny is in accordance with the topology obtained from the 
cytogenetic data [41].

The analysis of the phylogenetic relationships of overlapping inversions [39] considers the most 
parsimonious route (those with the small amount of inversion) for the evolutionary inference. 
Phylogenies were constructed for various species groups, such as melanogaster [42], cardini [43], 
Hawaiian Drosophila [44], virilis [45], fasciola subgroup [46], willistoni subgroup [47], among others.

Considering the traditional point of view of an inversion genesis, the distribution of the 
inversions along the chromosomes occurs randomly [37]. Sometimes, this characteristic 
seems to be well suited to the chromosomal distribution of the arrangement of chromosome 
3 of D. pseudoobscura in natural populations [48], sometimes does not seem [39]. The inversion 
breakpoints induced by X-ray in Drosophila (and many other organisms, in general), seem 
to cluster preferentially in regions closer to the centromere [37, 49]. Add to this postulate, 
the evolutionary random breakage model, which gained notoriety with analyses of genomic 
comparisons, mainly between humans and mouse, later extending to other mammals in 
the 1980s. This model, in a simplistic way, assumed that the chromosome rearrangements, 
responsible for the breakdown of the synteny between these organisms, had their breakpoints 
distributed randomly along the chromosomes [50–52].

However, increasingly consistent studies evidencing the occurrence of repeated breaks in 
the same site for different inversions in a considerable amount of species have raised doubts 
regarding the randomness of the breakpoints distribution. These sites were denominated 
“hot spots,” and may involve particular structural instabilities of these regions [37].

The availability of the complete human genome and other mammals showed the effects of the 
limitations of the random breakage model, since it did not consider countless regions of the 
genomes of these organisms, because they were not available. The analysis of 281 syntenic 
blocks up to 1 Mb shared between humans and mouse showed the presence of 190 additional 
blocks with less than 1 Mb in size, which was very difficult to identify by alignment, and were 
totally unknown until then. The comparison of the chromosomal rearrangements occurred 
during the divergence between the two species showed a large number of breakpoints close 
to each other. This characteristic did not fit the random breakage model theory, so the fragile 
breakage model was proposed [53, 54].

This model was based on the inference that breakpoints of chromosome rearrangements occur 
mainly within fragile genome sites (hot spots), in other words, regions prone to breakage. These 
fragile sites may correspond to regions with lots of transposable elements (TEs), to segmental 
duplications, or to a palindromic sequence. “The reuse feature does not imply the use of the 
same genomic position (at the nucleotide level) repeatedly, but rather that, the breakpoint 
presents multiple genomic regions that originate chromosomal rearrangements [53, 54].”

Pioneering results at cytological level, on the reuse of breakpoints by different inversions, 
provided challenging data about the randomness of these breaks in Drosophila. Cáceres et al. 
[55] analyzed 86 paracentric (heterozygous and fixed) inversions described for species of 
the D. buzzatii complex and 18 inversions induced in D. buzzatii by introgression, through 
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crossings with Drosophila koepferae Fontdevila and Wasserman, 1988. The authors found that 
inversions of intermediate size are the most successful for the fixation in this species. They 
also observed that the breakpoints distribution of chromosome 2 inversions of these spe-
cies, taking into account the location of the band involved in the break, is not random. The 
authors founded up to eight breakpoints at the same band in certain chromosomal seg-
ments. Similar results were observed in D. subobscura [56], Hawaiian Drosophila [57], and  
D. willistoni [58].

Although the reuse intra or interspecific of the inversions breakpoints, at cytological level, is 
common and well documented in the Drosophila genus, the characterization at DNA sequence 
level is still limited [59–61]. In silico comparisons of total genomes of different species available 
[62], estimate between 1.5 [63] and 2.27 [64] times the reuse of breakpoints throughout the 
evolutionary history of the species of this genus.

4. Characterization of inversion breakpoints in Drosophila and origin 
mechanisms

Delimitation and characterization of the inversion breakpoints are fundamental to determinate 
the mechanisms that originate them. In Drosophila, two main mechanisms have been high-
lighted in the origin of chromosomal inversions.

The first mechanism is the non-allelic homologous recombination (NAHR, also called ectopic 
recombination) between repetitive sequences, especially, the TEs [65–67]. The molecular 
machinery used by this mechanism is the same as allelic recombination, which has direct 
involvement with the genetic recombination in meiosis I. When ectopic recombination occurs 
between two copies of a repetitive sequence (very similar or identical), which are located 
physically at different chromosomal sites and in opposite orientations, the resulting inverted 
chromosome segment is flanked by two copies of these sequences, which are chimeric due to 
the exchange between them [66, 67]. The minimum identity between two sequences required 
for recombination is called minimal effective processing segment (MEPS). This parameter is 
not yet satisfactorily elucidated, in vitro analyses with prokaryotic organisms and mammalian 
cells infer that efficient MEPS for NAHR is 50 bp and between 270 and 280 bp, respectively 
[68]. However, the genomic approach of NAHR between copies of Ty retrotransposons in 
Saccharomyces cerevisiae Meyen ex E. C. Hansen, 1883 points out that more important than the 
identity between the copies of TEs is the genomic distance between them [69]. Figure 2 
illustrates a schematic for this mechanism. Based on this, it is important to note that when 
NAHR involves transposable elements, target site duplications (TSDs) of these can also be 
changed during recombination, a feature that has been very relevant for the recognition of 
this mechanism (see Section 4.1). For a long time, the TEs were considered junk DNA, and the 
involvement of these in the genesis of inversions of Drosophila genus provides solid knowledge 
to support the participation of these sequences in the molding of the genomes of living beings.

The second mechanism is via the erroneous repair of the free extremities, resulting from the 
chromosomal staggered breaks, by the non-homologous end joining (NHEJ). The physically 
close breaks in the chromosome cause failures in the correct pairing of the nitrogen bases, and 
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the chromosomal regions separate. The inversion is due to the junction of the 5′ end with the 3′ 
end of the other breakpoint [60, 70]. Duplicated DNA segments and in opposite orientations 
(delimiting the inverted chromosome segment) are the result of the repair and the main 
recognition mark of this mechanism [59]. In Figure 3 it is possible to notice that staggered 
breaks occurred on both sides, duplicating two sequences that were originally single copies. 
However, based on the same figure, it is possible to extrapolate the occurrence of staggered 
breaks in only one side, and a simple break in the other side. The result is the duplication 
of just one originally single copy segment flanking the inversion. These duplicate sequences 
may involve genes. Gene duplication has been implicated as one of the main sources for the 
evolution of the genomes. The duplicate copy often does not undergo selective pressure, thus 
mutating more rapidly than the other essential regions of the genome. This may result in new 
gene functions, which is considered one of the most important results of these duplication 
events [71]. Thus, the repair of the free ends of staggered breaks by NHEJ gives rise to two 
different structural rearrangements: chromosomal inversion and duplication. Although in the 
case in question, duplications have small chromosomal magnitude compared to inversions, 
when they involve genes, they can also provide genomic variability in populations, and act on 
adaptive processes, speciation, and chromosome evolution.

The contribution of these two mechanisms is not completely clarified, and intriguing ques-
tions such as “whether these mechanisms are generalized among species of the genus and 
whether there are functional implications through the chromosomal evolution maintained by 
these inversions, remain open [59]”.

Table 1 presents a compilation of the different studies that characterized the inversion 
breakpoints at the molecular level in different species of the Drosophila genus. As can be 

Figure 2. Standard schematic representation of the origin of chromosomal inversions via the non-allelic homologous 
recombination mechanism between identical or similar repetitive sequences. The arrow in dark gray represents the 
region that undergoes the inversion and its orientation. The repetitive sequences that flank this region in the left and 
right sides are represented with the tips indicating their orientations.
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seen, the origin of different inversions, besides being via NAHR between TEs and other 
repetitive sequences, and staggered breaks followed by NHEJ, is also via simple breaks and 
repair. The breakpoint analysis does not always allow us to infer the probable origin of the 
inversions, a point that may be related to the antiquity of the inversion genesis, implying a 
greater amount of modifications in these regions, and loss of the signals that point to their 
origin mechanisms.

Figure 3. Standard schematic representation of the origin of chromosomal inversions via repair of the staggered breaks 
by non-homologous end joining. The gray arrow represents the region that suffers the inversion and its orientation. 
Adjacent sequences, originally single copies, are represented in the top of the image by vertical bars (left side) and 
horizontal bars (right side).

Species Chromosomal inversion Breakpoints description and mechanism of chromosomal 
inversion genesis

D. melanogaster In(3R)P Analysis by microdissection and sequencing of the 
inversion region in the chromosome. Absence of repetitive 
sequences at the breakpoints [72].

D. melanogaster x

D. subobscura

Fixed inversion in the X 
chromosome of D. subobscura

Sequences of approximately 30–50 bp rich in thymines 
flanking the breakpoints [73].

D. melanogaster In(2L)t Analysis of the proximal breakpoint and presence of a TE – 
LINE [74].

D. buzzatii 2j Presence of homologous copies of a TE denominated Galileo 
at the breakpoints, and origin of the inversion by NAHR 
between inverted copies of this TE [65].

D. buzzatii 2q7 Presence of homologous copies of a TE denominated Galileo 
at the breakpoints, and origin of the inversion by NAHR 
between inverted copies of this TE [66].

D. pseudoobscura Arrowhead Presence of 128 and 315 bp repetitive motifs in opposite 
orientation at the breakpoints of the inversion. Origin of the 
inversion by NAHR between the inverted copies of these 
repetitions [75].

D. melanogaster In(3R)Payne Small duplications in both breakpoints of the inversion [76].
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the chromosomal regions separate. The inversion is due to the junction of the 5′ end with the 3′ 
end of the other breakpoint [60, 70]. Duplicated DNA segments and in opposite orientations 
(delimiting the inverted chromosome segment) are the result of the repair and the main 
recognition mark of this mechanism [59]. In Figure 3 it is possible to notice that staggered 
breaks occurred on both sides, duplicating two sequences that were originally single copies. 
However, based on the same figure, it is possible to extrapolate the occurrence of staggered 
breaks in only one side, and a simple break in the other side. The result is the duplication 
of just one originally single copy segment flanking the inversion. These duplicate sequences 
may involve genes. Gene duplication has been implicated as one of the main sources for the 
evolution of the genomes. The duplicate copy often does not undergo selective pressure, thus 
mutating more rapidly than the other essential regions of the genome. This may result in new 
gene functions, which is considered one of the most important results of these duplication 
events [71]. Thus, the repair of the free ends of staggered breaks by NHEJ gives rise to two 
different structural rearrangements: chromosomal inversion and duplication. Although in the 
case in question, duplications have small chromosomal magnitude compared to inversions, 
when they involve genes, they can also provide genomic variability in populations, and act on 
adaptive processes, speciation, and chromosome evolution.

The contribution of these two mechanisms is not completely clarified, and intriguing ques-
tions such as “whether these mechanisms are generalized among species of the genus and 
whether there are functional implications through the chromosomal evolution maintained by 
these inversions, remain open [59]”.

Table 1 presents a compilation of the different studies that characterized the inversion 
breakpoints at the molecular level in different species of the Drosophila genus. As can be 

Figure 2. Standard schematic representation of the origin of chromosomal inversions via the non-allelic homologous 
recombination mechanism between identical or similar repetitive sequences. The arrow in dark gray represents the 
region that undergoes the inversion and its orientation. The repetitive sequences that flank this region in the left and 
right sides are represented with the tips indicating their orientations.
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seen, the origin of different inversions, besides being via NAHR between TEs and other 
repetitive sequences, and staggered breaks followed by NHEJ, is also via simple breaks and 
repair. The breakpoint analysis does not always allow us to infer the probable origin of the 
inversions, a point that may be related to the antiquity of the inversion genesis, implying a 
greater amount of modifications in these regions, and loss of the signals that point to their 
origin mechanisms.

Figure 3. Standard schematic representation of the origin of chromosomal inversions via repair of the staggered breaks 
by non-homologous end joining. The gray arrow represents the region that suffers the inversion and its orientation. 
Adjacent sequences, originally single copies, are represented in the top of the image by vertical bars (left side) and 
horizontal bars (right side).

Species Chromosomal inversion Breakpoints description and mechanism of chromosomal 
inversion genesis

D. melanogaster In(3R)P Analysis by microdissection and sequencing of the 
inversion region in the chromosome. Absence of repetitive 
sequences at the breakpoints [72].

D. melanogaster x

D. subobscura

Fixed inversion in the X 
chromosome of D. subobscura

Sequences of approximately 30–50 bp rich in thymines 
flanking the breakpoints [73].

D. melanogaster In(2L)t Analysis of the proximal breakpoint and presence of a TE – 
LINE [74].

D. buzzatii 2j Presence of homologous copies of a TE denominated Galileo 
at the breakpoints, and origin of the inversion by NAHR 
between inverted copies of this TE [65].

D. buzzatii 2q7 Presence of homologous copies of a TE denominated Galileo 
at the breakpoints, and origin of the inversion by NAHR 
between inverted copies of this TE [66].

D. pseudoobscura Arrowhead Presence of 128 and 315 bp repetitive motifs in opposite 
orientation at the breakpoints of the inversion. Origin of the 
inversion by NAHR between the inverted copies of these 
repetitions [75].

D. melanogaster In(3R)Payne Small duplications in both breakpoints of the inversion [76].
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Species Chromosomal inversion Breakpoints description and mechanism of chromosomal 
inversion genesis

D. melanogaster x  
D. simulans x

D. yakuba

29 inversions 17 (59%) of the inversions presented inverted duplications 
at the breakpoints, including the In(3R)84F1;93F6–7 
inversion, which traditionally differentiates the karyotype 
of D. melanogaster and D. simulans. Origin of these inverions 
by staggered breaks mechanism [59].

D. americana In(4)a Repetitive sequences in opposite orientation of a MITE 
element in both breakpoints of the inversion [77].

D. mojavensis x

D. arizonae

Inversion in the X 
chromosome

Absence of repetitive sequences at the breakpoints of the 
inversion [78].

D. pseudoobscura x  
D. persimilis

Inversion in the X and II 
chromosomes

In tandem repetitions of a 319 bp motif at the breakpoints of 
the inversion in the XR arm of D. persimilis [79].

D. buzzatii 2z3 Presence of homologous copies of the TE GalileoN at the 
breakpoints and origin of the inversion by NAHR between 
the inverted copies of this TE [67].

D. buzzatii 5 g Absence of significant repetitive sequences at the 
breakpoints [80].

D. mojavensis Xe Absence of significant repetitive sequences at the 
breakpoints. Probable origin by single breaks [70].

D. americana x D. virillis Inversions (In) Xa and (In)5a Presence of copies of the MITE DAIBAM at the breakpoints 
of the inversions in D. americana. Origin of the inversions by 
NAHR between the inverted copies of this TE [81].

D. buzzatii Inversions 2m and 2n 2m inversion with 13 Kbp duplications in both breakpoints; 
origin of the inversion by staggered breaks [60]

D. melanogaster Inversions In(2L)t, In(2R)NS, 
In(3R)K,

In(3R)Mo,

In(3R)P,

In(3L)P,

Presence of inverted duplications at the breakpoints of the 
In(2R)NS, In(3R)K, In(3R)P, In(1)A, In(1)Be inversions [82].

In(1)A,

In(1)Be

D. mojavensis Inversions 2c, 2f, 2g, 2h, 2q 
and 2r

Presence of copies of the TE But-5 in both breakpoints of the 
2s inversion by NAHR between the inverted copies of this 
TE. Presence of inverted duplications at the breakpoints 
of the 2h and 2q inversions; origin of the inversions by 
staggered breaks [83].

D. subobscura O3 300 bp sequence in both breakpoints; origin of the inversion 
by staggered breaks [84].

D. subobscura Inversions E1 and E2 Probable origin of the E1 inversion by staggered breaks and 
duplication of a region with approximately 400 bp, named 
β motif; origin of the E2 inversion by NAHR between α 
motifs (~ 700 bp) [61].
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4.1. Involvement of the transposable elements at the origin of the inversions:  
non-allelic homologous recombination

Transposable elements are interesting and dominant components of the prokaryote and 
eukaryote genomes, meaning that the comprehension of their biology is a fundamental subject 
in genetics. Since their discovered by McClintock [88], much has been learned regarding the 
molecular properties of the TEs and their contribution to genome configuration of living beings.

These elements are classified according to their characteristics and transposition mode. Class 
I elements, also called retrotransposons, replicate through a “copy and paste” method and 
involve the production of an RNAm intermediary, processed by reverse transcription to DNA 
and re-inserted in the genome. The retrotransposons subdivide into elements with Long 
Terminal Repeats (LTRs), for example, copia and Gipsy elements in Drosophila, that are simi-
lar to retroviruses; and the retrotransposons without LTRs, as Long Interspersed Elements 
(LINEs) and Short Interspersed Nuclear Elements (SINEs), which do not encode their reverse 
transcriptase and are also called retroposons [89, 90].

Class II elements, or DNA transposons, replicate, generically by a “cut and paste” mechanism, 
where the elements are physically excised from the genome and inserted into another site. In this 
case, there is an increase in the number of copies during the repairing of the excision sites of the 
DNA transposon by the host during DNA synthesis, or by the insertion of the TE in a genome site 
which has not been replicated [90, 91]. Still, among Class II elements, there is a non-autonomous 
element group denominated MITEs (Miniature Inverted-repeat Transposable Elements). These 
elements are short sequences with several copies in the genome and without coding capacity, as 
suggested by Mar element, which seems to be restricted to the D. willistoni subgroup [92].

The TEs of both classes are also classified in Subclass, Order, Superfamily, Family, and 
Subfamily based on their sharing of certain structures and sequence similarities [91].

The studies associating TEs with chromosomal rearrangements breakpoints in Drosophila 
genus begin mostly with the analysis of lineages presenting hybrid dysgenesis syndrome. 
This syndrome is caused by crossing certain lineages of Drosophila and is characterized by 
high mutation rates in germinative cells, causing a high frequency of inviable offspring, 

Species Chromosomal inversion Breakpoints description and mechanism of chromosomal 
inversion genesis

D. subobscura Inversions E9 and E3 Presence of duplicated region (~8 Kbp) at the breakpoints of 
the E9 inversion and of the duplicated region (~3.5 Kbp) at 
the breakpoints of E3 inversion. Origin of the inversions by 
staggered breaks [85].

D. subobscura E12 Presence of the Ugt58Fa gene in both breakpoints. Origin of 
the inversions by staggered breaks [86].

D. subobscura Inversions O4 and O8 Duplications in both breakpoints of the inversions; origin 
by staggered breaks [87].

Table 1. Molecular characterization studies of the inversion breakpoints in species of the Drosophila genus.
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Species Chromosomal inversion Breakpoints description and mechanism of chromosomal 
inversion genesis

D. melanogaster x  
D. simulans x

D. yakuba

29 inversions 17 (59%) of the inversions presented inverted duplications 
at the breakpoints, including the In(3R)84F1;93F6–7 
inversion, which traditionally differentiates the karyotype 
of D. melanogaster and D. simulans. Origin of these inverions 
by staggered breaks mechanism [59].

D. americana In(4)a Repetitive sequences in opposite orientation of a MITE 
element in both breakpoints of the inversion [77].

D. mojavensis x

D. arizonae

Inversion in the X 
chromosome

Absence of repetitive sequences at the breakpoints of the 
inversion [78].

D. pseudoobscura x  
D. persimilis

Inversion in the X and II 
chromosomes

In tandem repetitions of a 319 bp motif at the breakpoints of 
the inversion in the XR arm of D. persimilis [79].

D. buzzatii 2z3 Presence of homologous copies of the TE GalileoN at the 
breakpoints and origin of the inversion by NAHR between 
the inverted copies of this TE [67].

D. buzzatii 5 g Absence of significant repetitive sequences at the 
breakpoints [80].

D. mojavensis Xe Absence of significant repetitive sequences at the 
breakpoints. Probable origin by single breaks [70].

D. americana x D. virillis Inversions (In) Xa and (In)5a Presence of copies of the MITE DAIBAM at the breakpoints 
of the inversions in D. americana. Origin of the inversions by 
NAHR between the inverted copies of this TE [81].

D. buzzatii Inversions 2m and 2n 2m inversion with 13 Kbp duplications in both breakpoints; 
origin of the inversion by staggered breaks [60]

D. melanogaster Inversions In(2L)t, In(2R)NS, 
In(3R)K,

In(3R)Mo,

In(3R)P,

In(3L)P,

Presence of inverted duplications at the breakpoints of the 
In(2R)NS, In(3R)K, In(3R)P, In(1)A, In(1)Be inversions [82].

In(1)A,

In(1)Be

D. mojavensis Inversions 2c, 2f, 2g, 2h, 2q 
and 2r

Presence of copies of the TE But-5 in both breakpoints of the 
2s inversion by NAHR between the inverted copies of this 
TE. Presence of inverted duplications at the breakpoints 
of the 2h and 2q inversions; origin of the inversions by 
staggered breaks [83].

D. subobscura O3 300 bp sequence in both breakpoints; origin of the inversion 
by staggered breaks [84].

D. subobscura Inversions E1 and E2 Probable origin of the E1 inversion by staggered breaks and 
duplication of a region with approximately 400 bp, named 
β motif; origin of the E2 inversion by NAHR between α 
motifs (~ 700 bp) [61].
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4.1. Involvement of the transposable elements at the origin of the inversions:  
non-allelic homologous recombination

Transposable elements are interesting and dominant components of the prokaryote and 
eukaryote genomes, meaning that the comprehension of their biology is a fundamental subject 
in genetics. Since their discovered by McClintock [88], much has been learned regarding the 
molecular properties of the TEs and their contribution to genome configuration of living beings.

These elements are classified according to their characteristics and transposition mode. Class 
I elements, also called retrotransposons, replicate through a “copy and paste” method and 
involve the production of an RNAm intermediary, processed by reverse transcription to DNA 
and re-inserted in the genome. The retrotransposons subdivide into elements with Long 
Terminal Repeats (LTRs), for example, copia and Gipsy elements in Drosophila, that are simi-
lar to retroviruses; and the retrotransposons without LTRs, as Long Interspersed Elements 
(LINEs) and Short Interspersed Nuclear Elements (SINEs), which do not encode their reverse 
transcriptase and are also called retroposons [89, 90].

Class II elements, or DNA transposons, replicate, generically by a “cut and paste” mechanism, 
where the elements are physically excised from the genome and inserted into another site. In this 
case, there is an increase in the number of copies during the repairing of the excision sites of the 
DNA transposon by the host during DNA synthesis, or by the insertion of the TE in a genome site 
which has not been replicated [90, 91]. Still, among Class II elements, there is a non-autonomous 
element group denominated MITEs (Miniature Inverted-repeat Transposable Elements). These 
elements are short sequences with several copies in the genome and without coding capacity, as 
suggested by Mar element, which seems to be restricted to the D. willistoni subgroup [92].

The TEs of both classes are also classified in Subclass, Order, Superfamily, Family, and 
Subfamily based on their sharing of certain structures and sequence similarities [91].

The studies associating TEs with chromosomal rearrangements breakpoints in Drosophila 
genus begin mostly with the analysis of lineages presenting hybrid dysgenesis syndrome. 
This syndrome is caused by crossing certain lineages of Drosophila and is characterized by 
high mutation rates in germinative cells, causing a high frequency of inviable offspring, 

Species Chromosomal inversion Breakpoints description and mechanism of chromosomal 
inversion genesis

D. subobscura Inversions E9 and E3 Presence of duplicated region (~8 Kbp) at the breakpoints of 
the E9 inversion and of the duplicated region (~3.5 Kbp) at 
the breakpoints of E3 inversion. Origin of the inversions by 
staggered breaks [85].

D. subobscura E12 Presence of the Ugt58Fa gene in both breakpoints. Origin of 
the inversions by staggered breaks [86].

D. subobscura Inversions O4 and O8 Duplications in both breakpoints of the inversions; origin 
by staggered breaks [87].

Table 1. Molecular characterization studies of the inversion breakpoints in species of the Drosophila genus.
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recombination in males, mutation and structural chromosomal abnormalities [9]. The cause 
of hybrid dysgenesis has been reported to the activation of several TEs families, including 
P, I, and hobo elements in D. melanogaster [93] and Penelope, Ulysses, Helena, and Telemac in 
Drosophila virilis Sturtevant, 1916 [94]. Subsequently, studies involving programed crossings 
and also cytogenetic and molecular analyses of the offspring followed the movement of 
the involved TEs and the appearance of chromosomal rearrangements associated with this 
movement [95].

The association of TEs insertions at cytological level with inversions breakpoints in natural 
populations of Drosophila has also been reported. Among them, stands out the analysis of the 
transposon hobo in D. melanogaster [96], the P element in D. willistoni [97], and the retroelements 
Penelope and Ulysses in D. virilis species group [98, 99].

The first analysis that directly evidenced the involvement of a TE at the origin of an inversion in 
a natural Drosophila population was made by Cáceres et al. [65]. This study analyzed the break-
points of the polymorphic inversion 2j (of the second chromosome) of the species D. buzzatii 
(subgenus Drosophila, repleta group), which originated from the 2st (standard) chromosome 
arrangement. For the analysis of the breakpoints of the 2j inversion, these were delimited by 
chromosome walk, cloned, and sequenced in two lineages of D. buzzatti, which presented the 
2st (lineage st-1) and 2j (lineage (j-1) arrangements in homozygosis. For organization pur-
poses, the breakpoints were designated AB and AC (distal breakpoint), CD and BD (proximal 
breakpoint) in the 2st and 2j lines, respectively. Sequencing and alignment of these regions 
in both lineages showed large insertions at the two inversion breakpoints, which were not 
present in the 2st standard arrangement. The insertion between A and C had 392 bp with long 
inverted repeats terminals (ITRs) of 106 bp. The insertion between B and D had 4319 bp, with 
ITRs as those of the 106 and 47 bp AC inserts. The central 180 bp of the AC insert and the BD 
sequence had 95% homology but was in opposite orientations. Sequences of 7 bp separated 
and inverted flanked each insert and resembled TSDs, which are the result of the TE insertion 
event. These characteristics pointed out that inversion 2j was generated by intrachromosomal 
pairing and recombination between the two homologous sequences inserted at distant sites 
and opposite orientations. The original structure of these inserts was homologous at approxi-
mately 274 bp and sustained a NAHR in Drosophila. These same insertions of the inversion 
breakpoints 2j were characterized as copies of a Class II TE, which was named Galileo [65].

Subsequently, the Galileo element was classified as a member of the P Superfamily of Class II 
Transposons [100] and subdivided into three subfamilies: GalileoG (Galileo), GalileoN (Newton), 
and GalileoK (Kepler) [67]. The involvement of this family was also pointed on the origin of 
two more polymorphic inversions of the chromosome 2 of D. buzzatii: 2q7 [66] e 2z3 [67]. These 
analyses showed, through cytological, molecular, and in silico analyses, that the origin of these 
inversions was due to the occurrence of NAHR between two copies of the TE Galileo, present 
at the breakpoints of these inversions.

Still, with respect to inversion 2j of D. buzzatii chromosome 2, its effect on the CG13617 gene 
was analyzed. This gene was chosen because it is very close to the proximal breakpoint of this 
inversion (12 bp), and the embryos of homozygous lineage for the 2j arrangement have the 
expression five times lower compared to the standard lineages, without the presence of the 
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inversion. Based on the characterization of this region in the D. buzzatti genome and analysis 
of the mRNA levels, the authors pointed that the TE denominated Kepler is responsible for 
originating an antisense RNA, which forms a complex with the mRNA of the CG13617 gene, 
performing a post-transcriptional regulation, making it inactive. Kepler TE is inserted adjacent 
to the proximal breakpoint in the lineages that carry the inversion 2j and is not found in this 
same region of the breakpoint in the lineages without the inversion. The results of this study 
show a scenario of the interaction of antisense RNA with the CG13617 gene via position effect. 
“Thus, the silencing of the CG13617 gene is not due to the influence of the inversion 2j itself, 
but rather due to the performance of sequences associated with them [101].”

There are also analyses of fixed inversions 2m and 2n in D. buzzatti, which are distributed 
in tandem and share the central breakpoint at the cytological level [60]. The delimitation and 
molecular characterization of the breakpoints were based on the genomic library of bacterial 
artificial chromosomes (BACs), and physical map of this species [102], and in the genome 
of the related species Drosophila mojavensis Patterson, 1940 [62], which did not exhibit such 
inversions. It was possible to establish which clones contained the regions of the three 
breakpoints in D. buzzatii (breakpoints denominated AC, BE, DF, whose direction from the 
left to the right is from the telomere to the centromere), by means of chromosomal walk by 
in situ hybridization, using BACs as probes. These positive BACs had their terminal portions 
sequenced, and these sequences served as a basis for delimiting the breakpoints (denominated 
AB, CD, EF, although not fully representative of the ancestral karyotype) in the genome 
of D. mojavensis. Subsequently, probes based on this genome were physically mapped on 
the polytene chromosomes of D. buzzatii, thus allowing the gene delimitation of the three 
breakpoints of 2m and 2n inversions. The comparison of these regions at the molecular level 
presented a very complex scenario. Small fragments of the BuT-5 TE were found at both 
breakpoints of the 2n inversion (breakpoints BE and DF), which may indicate their probable 
origin by ectopic recombination between these copies. However, due to the age of inversion, 
this assumption cannot be strongly based since these regions have already undergone many 
modifications and the TSDs have not been found. On the other hand, the 2m inversion 
(AC and BE breakpoints) is flanked by ~13 Kbp duplications, which contain the CG4673 gene. 
Thus, its most probable origin is via staggered breaks followed by NHEJ (See Section 4.2).

There is an extensive analysis of the mechanisms of origin of fixed inversions in Drosophila 
mojavensis, another representative of the repleta group. This species is the only representative 
of the mulleri complex that inhabits the Sonora desert, one of the aridest known environ-
ments, with fauna and flora quite peculiar [83]. The analysis of the chromosome evolution 
of D. mojavensis shows 10 fixed inversions in relation to the primitive arrangement I of the 
repleta group, along the evolution: one on the chromosome X (Xe), seven on chromosome 
2 (2c, 2f, 2g, 2h, 2q, 2r, and 2s) and two on chromosome 3 (3a and 3d) [83, 103]. The molecular 
characterization of the breakpoints of the seven inversions of chromosome 2 of this species 
occurred by means of end sequencing of clones of chromosome 2 of the genomic library of 
BACs of D. buzzatii [102]. Subsequently, these sequences were mapped in the genome of 
D. mojavensis and compared with the genome of D. virilis (external species with the karyo-
type without inversions). The breakpoints of 2c, 2r, and 2s inversions showed copies of 
TEs flanking both sides of the inversion. However, the 2s inversion stood out, due to the 
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recombination in males, mutation and structural chromosomal abnormalities [9]. The cause 
of hybrid dysgenesis has been reported to the activation of several TEs families, including 
P, I, and hobo elements in D. melanogaster [93] and Penelope, Ulysses, Helena, and Telemac in 
Drosophila virilis Sturtevant, 1916 [94]. Subsequently, studies involving programed crossings 
and also cytogenetic and molecular analyses of the offspring followed the movement of 
the involved TEs and the appearance of chromosomal rearrangements associated with this 
movement [95].

The association of TEs insertions at cytological level with inversions breakpoints in natural 
populations of Drosophila has also been reported. Among them, stands out the analysis of the 
transposon hobo in D. melanogaster [96], the P element in D. willistoni [97], and the retroelements 
Penelope and Ulysses in D. virilis species group [98, 99].

The first analysis that directly evidenced the involvement of a TE at the origin of an inversion in 
a natural Drosophila population was made by Cáceres et al. [65]. This study analyzed the break-
points of the polymorphic inversion 2j (of the second chromosome) of the species D. buzzatii 
(subgenus Drosophila, repleta group), which originated from the 2st (standard) chromosome 
arrangement. For the analysis of the breakpoints of the 2j inversion, these were delimited by 
chromosome walk, cloned, and sequenced in two lineages of D. buzzatti, which presented the 
2st (lineage st-1) and 2j (lineage (j-1) arrangements in homozygosis. For organization pur-
poses, the breakpoints were designated AB and AC (distal breakpoint), CD and BD (proximal 
breakpoint) in the 2st and 2j lines, respectively. Sequencing and alignment of these regions 
in both lineages showed large insertions at the two inversion breakpoints, which were not 
present in the 2st standard arrangement. The insertion between A and C had 392 bp with long 
inverted repeats terminals (ITRs) of 106 bp. The insertion between B and D had 4319 bp, with 
ITRs as those of the 106 and 47 bp AC inserts. The central 180 bp of the AC insert and the BD 
sequence had 95% homology but was in opposite orientations. Sequences of 7 bp separated 
and inverted flanked each insert and resembled TSDs, which are the result of the TE insertion 
event. These characteristics pointed out that inversion 2j was generated by intrachromosomal 
pairing and recombination between the two homologous sequences inserted at distant sites 
and opposite orientations. The original structure of these inserts was homologous at approxi-
mately 274 bp and sustained a NAHR in Drosophila. These same insertions of the inversion 
breakpoints 2j were characterized as copies of a Class II TE, which was named Galileo [65].

Subsequently, the Galileo element was classified as a member of the P Superfamily of Class II 
Transposons [100] and subdivided into three subfamilies: GalileoG (Galileo), GalileoN (Newton), 
and GalileoK (Kepler) [67]. The involvement of this family was also pointed on the origin of 
two more polymorphic inversions of the chromosome 2 of D. buzzatii: 2q7 [66] e 2z3 [67]. These 
analyses showed, through cytological, molecular, and in silico analyses, that the origin of these 
inversions was due to the occurrence of NAHR between two copies of the TE Galileo, present 
at the breakpoints of these inversions.

Still, with respect to inversion 2j of D. buzzatii chromosome 2, its effect on the CG13617 gene 
was analyzed. This gene was chosen because it is very close to the proximal breakpoint of this 
inversion (12 bp), and the embryos of homozygous lineage for the 2j arrangement have the 
expression five times lower compared to the standard lineages, without the presence of the 
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inversion. Based on the characterization of this region in the D. buzzatti genome and analysis 
of the mRNA levels, the authors pointed that the TE denominated Kepler is responsible for 
originating an antisense RNA, which forms a complex with the mRNA of the CG13617 gene, 
performing a post-transcriptional regulation, making it inactive. Kepler TE is inserted adjacent 
to the proximal breakpoint in the lineages that carry the inversion 2j and is not found in this 
same region of the breakpoint in the lineages without the inversion. The results of this study 
show a scenario of the interaction of antisense RNA with the CG13617 gene via position effect. 
“Thus, the silencing of the CG13617 gene is not due to the influence of the inversion 2j itself, 
but rather due to the performance of sequences associated with them [101].”

There are also analyses of fixed inversions 2m and 2n in D. buzzatti, which are distributed 
in tandem and share the central breakpoint at the cytological level [60]. The delimitation and 
molecular characterization of the breakpoints were based on the genomic library of bacterial 
artificial chromosomes (BACs), and physical map of this species [102], and in the genome 
of the related species Drosophila mojavensis Patterson, 1940 [62], which did not exhibit such 
inversions. It was possible to establish which clones contained the regions of the three 
breakpoints in D. buzzatii (breakpoints denominated AC, BE, DF, whose direction from the 
left to the right is from the telomere to the centromere), by means of chromosomal walk by 
in situ hybridization, using BACs as probes. These positive BACs had their terminal portions 
sequenced, and these sequences served as a basis for delimiting the breakpoints (denominated 
AB, CD, EF, although not fully representative of the ancestral karyotype) in the genome 
of D. mojavensis. Subsequently, probes based on this genome were physically mapped on 
the polytene chromosomes of D. buzzatii, thus allowing the gene delimitation of the three 
breakpoints of 2m and 2n inversions. The comparison of these regions at the molecular level 
presented a very complex scenario. Small fragments of the BuT-5 TE were found at both 
breakpoints of the 2n inversion (breakpoints BE and DF), which may indicate their probable 
origin by ectopic recombination between these copies. However, due to the age of inversion, 
this assumption cannot be strongly based since these regions have already undergone many 
modifications and the TSDs have not been found. On the other hand, the 2m inversion 
(AC and BE breakpoints) is flanked by ~13 Kbp duplications, which contain the CG4673 gene. 
Thus, its most probable origin is via staggered breaks followed by NHEJ (See Section 4.2).

There is an extensive analysis of the mechanisms of origin of fixed inversions in Drosophila 
mojavensis, another representative of the repleta group. This species is the only representative 
of the mulleri complex that inhabits the Sonora desert, one of the aridest known environ-
ments, with fauna and flora quite peculiar [83]. The analysis of the chromosome evolution 
of D. mojavensis shows 10 fixed inversions in relation to the primitive arrangement I of the 
repleta group, along the evolution: one on the chromosome X (Xe), seven on chromosome 
2 (2c, 2f, 2g, 2h, 2q, 2r, and 2s) and two on chromosome 3 (3a and 3d) [83, 103]. The molecular 
characterization of the breakpoints of the seven inversions of chromosome 2 of this species 
occurred by means of end sequencing of clones of chromosome 2 of the genomic library of 
BACs of D. buzzatii [102]. Subsequently, these sequences were mapped in the genome of 
D. mojavensis and compared with the genome of D. virilis (external species with the karyo-
type without inversions). The breakpoints of 2c, 2r, and 2s inversions showed copies of 
TEs flanking both sides of the inversion. However, the 2s inversion stood out, due to the 
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presence of the BuT-5 transposon at its breakpoints. The distal copy had 981 bp delimited 
by 9 bp AAGGCAAGT and CTGTATAAT sequences. At the proximal breakpoint, the copy 
of BuT-5 TE was a 27 bp fragment, with 12 bp identical to one end and the remaining 15 bp 
were identical to the other end of this TE, delimited by sequences of 9 bp ACTTGCCTT and 
ATTATACAG. The sequences ACTTGCCTT and CTGTATAAT are the inverted complemen-
tary sequences of AAGGCAAGT and ATTATACAG, respectively, and constitute the TSDs 
derived from the insertion of the element. These characteristics indicate that the origin of the 
2s inversion of D. mojavensis is due to ectopic recombination between the two copies of the 
BuT-5 TE. Functional inference of this inversion in the D. mojavensis genome indicates that 
the proximal copy of BuT-5 TE acts on the Dmoj\CG10375 gene promoter (which probably 
relates to the Hsp40 gene family). In silico analyses show that 2s inversion and the proximal 
copy of BuT-5 TE increase the expression of this gene and may have direct implication with 
the thermotolerance regulation in this species [83].

Another species that clearly presents the involvement of TEs in the genesis of their inver-
sions is the Drosophila americana Spencer 1938 (subgenus Drosophila, virilis group). The neo-X 
chromosome of this species is derived from a centromeric fusion segregating between the 
X-chromosome (Muller element A) and chromosome 4 (Muller Element B) in this species. This 
chromosomal fusion is positively correlated with latitude and has a polymorphic In(4)a inver-
sion [77]. In addition, the arrangement of D. americana chromosome 4 is homosequential to 
the arrangement of the same chromosome in D. virilis, a related species that has its genome 
sequenced. Thus, its genome served as the basis for the design of the analysis, associated with 
the construction of a genomic library of BACs of D. americana. The analysis of In(4)a inversion 
of neo-X indicated its probable origin by means of ectopic recombination between two copies of 
a repetitive MITE element, which was widely dispersed in the genome of D. virilis. These same 
sequences were not present in the corresponding region in strains of the species without inver-
sion (analysis made by PCR) and in D. virilis. The characteristics of this repeating sequence that 
support its identity as TE is the presence of 240 bp TIRs flanking an internal region of 869 bp. 
Comparisons of the multiple copies present in the genome of D. virilis with the sequences found 
at breakpoints in D. americana indicate that the copy present at the proximal breakpoint is a 
canonical element, whereas the copy present at the distal breakpoint is a rearranged element. 
From the functional point of view, the proximal breakpoint of this inversion presents allelic 
associations consistent with co-adaptation [77].

Subsequently, sequencing with low genome coverage of two strains of D. americana allowed 
the analysis of the Xa inversion fixed in D. americana and absent in D. virilis and the polymor-
phic 5a inversion in D. americana [81]. The alignment of the breakpoints of both inversions 
between the two species indicated that in the regions where the alignment was corrupted, 
there was always a sequence varying between 500 and 1130 bp, present only in the lineages 
carrying the inversions. These sequences showed by BLASTN high similarity to an incomplete 
MITE sequence, with TIRs of 240 bp. In this study, the authors named it DAIBAM (Drosophila 
americana Inversion Breakpoints Associated MITE). In Xa inversion, it was possible to find 
clear TSDs and defective copies of TE DAIBAM flanking the inversion. In 5a inversion, cop-
ies of the DAIBAM element flanking the inversion had more than 70% nucleotide similarity. 
Considering that TE DAIBAM copies are defective and that the analyzed inversions are old, 
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the authors infer that the data found supported the origin of inversions Xa and 5a by ectopic 
recombination between the DAIBAM elements present at the breakpoints of these inversions. 
It was also found that this element was the same as that present at the breakpoints of inversion 
In(4)a [77]. Thus, the DAIBAM element is involved in the origin of at least 20% of the inver-
sions occurring in the virilis group [77, 81].

4.2. Inversion origin via staggered breaks and repair by non-homologous end joining.

It has now been characterized that the origin of the inversions via staggered breaks followed 
by repair by NHEJ, is prevalent in two chromosomal systems: between the fixed chromosomal 
inversions that differentiate the D. melanogaster karyotype from those of D. simulans Sturtevant, 
1919 and D. yakuba Burla, 1954 [59]; and the chromosomal polymorphism of the E and O 
chromosomes of D. subobuscura [61, 84–87].

Drosophila melanogaster, D. simulans, and D. yakuba are members of the D. melanogaster sub-
group (Sophophora subgenus). The main karyotypic difference between D. melanogaster and 
its cryptic D. simulans is the occurrence of inversion in the right arm of the 3 chromosome, 
denominated In(3R)84F1;93F6-7 [104]. Drosophila yakuba, on the other hand, has at least 28 
paracentric inversions differentiating its chromosomes from those of D. melanogaster.

The study of Ranz et al. [59] analyzed the breakpoints of 29 interspecific inversions in these 
species through experimental and computational methods.

The analysis of the breakpoints of the In(3R)84F1;93F6-7 inversion highlighted that the break-
points were proximally flanked by the CG2708 and CG7918 genes, and distally by CG31176 and 
CG34034 in D. melanogaster. Among these regions, there are occurrences of expressed sequences, 
and three of these sequences (HDC14862, pfd800 e HDC12400) are duplicated and in opposite 
directions, in both breakpoints of the inversion in D. melanogaster, with 95% of identity between 
them. These sequences are single copies in D. simulans and D. yakuba, indicating that these 
duplications are a derived state with respect to the chromosomal arrangement of these species. 
Comparisons of the 3R chromosomal arm of D. melanogaster, D. simulans, and D. yakuba at the 
molecular level, highlighted a fixed inversion in the latter species (In3R(7)), that reuses the break-
points of the CG7918-CG34034 region, also used by the In(3R)84F1;93F6–7 inversion. In both 
breakpoints of the In3R(7) inversion, there were two duplicated sequences (CG34034 e CG31286) 
and in opposite orientation [59].

Due to the presence of inverted duplications associated with the In(3R)84F1;93F6-7 and 
In3R(7) inversion breakpoints, the most parsimonious mechanism involved on its origins is 
through staggered breaks, proposed and schematized for the first time in this analysis. These 
staggered breaks can be isochromatid, occurring during the premeiotic mitosis and involving 
staggered single-strand breaks; or chromatid, occurring during the meiotic prophase involv-
ing staggered double-strand breaks [59].

The same in silico study analyzed the breakpoints of 28 paracentric inversions that differen-
tiate the D. melanogaster chromosomes from those of D. yakuba, as well as a pericentric inver-
sion in the chromosome 2. The genomic and phylogenetic evidences suggest that among 
these 29 inversions, 28 originated in the D. yakuba lineage. The analysis of the inversions 
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presence of the BuT-5 transposon at its breakpoints. The distal copy had 981 bp delimited 
by 9 bp AAGGCAAGT and CTGTATAAT sequences. At the proximal breakpoint, the copy 
of BuT-5 TE was a 27 bp fragment, with 12 bp identical to one end and the remaining 15 bp 
were identical to the other end of this TE, delimited by sequences of 9 bp ACTTGCCTT and 
ATTATACAG. The sequences ACTTGCCTT and CTGTATAAT are the inverted complemen-
tary sequences of AAGGCAAGT and ATTATACAG, respectively, and constitute the TSDs 
derived from the insertion of the element. These characteristics indicate that the origin of the 
2s inversion of D. mojavensis is due to ectopic recombination between the two copies of the 
BuT-5 TE. Functional inference of this inversion in the D. mojavensis genome indicates that 
the proximal copy of BuT-5 TE acts on the Dmoj\CG10375 gene promoter (which probably 
relates to the Hsp40 gene family). In silico analyses show that 2s inversion and the proximal 
copy of BuT-5 TE increase the expression of this gene and may have direct implication with 
the thermotolerance regulation in this species [83].

Another species that clearly presents the involvement of TEs in the genesis of their inver-
sions is the Drosophila americana Spencer 1938 (subgenus Drosophila, virilis group). The neo-X 
chromosome of this species is derived from a centromeric fusion segregating between the 
X-chromosome (Muller element A) and chromosome 4 (Muller Element B) in this species. This 
chromosomal fusion is positively correlated with latitude and has a polymorphic In(4)a inver-
sion [77]. In addition, the arrangement of D. americana chromosome 4 is homosequential to 
the arrangement of the same chromosome in D. virilis, a related species that has its genome 
sequenced. Thus, its genome served as the basis for the design of the analysis, associated with 
the construction of a genomic library of BACs of D. americana. The analysis of In(4)a inversion 
of neo-X indicated its probable origin by means of ectopic recombination between two copies of 
a repetitive MITE element, which was widely dispersed in the genome of D. virilis. These same 
sequences were not present in the corresponding region in strains of the species without inver-
sion (analysis made by PCR) and in D. virilis. The characteristics of this repeating sequence that 
support its identity as TE is the presence of 240 bp TIRs flanking an internal region of 869 bp. 
Comparisons of the multiple copies present in the genome of D. virilis with the sequences found 
at breakpoints in D. americana indicate that the copy present at the proximal breakpoint is a 
canonical element, whereas the copy present at the distal breakpoint is a rearranged element. 
From the functional point of view, the proximal breakpoint of this inversion presents allelic 
associations consistent with co-adaptation [77].

Subsequently, sequencing with low genome coverage of two strains of D. americana allowed 
the analysis of the Xa inversion fixed in D. americana and absent in D. virilis and the polymor-
phic 5a inversion in D. americana [81]. The alignment of the breakpoints of both inversions 
between the two species indicated that in the regions where the alignment was corrupted, 
there was always a sequence varying between 500 and 1130 bp, present only in the lineages 
carrying the inversions. These sequences showed by BLASTN high similarity to an incomplete 
MITE sequence, with TIRs of 240 bp. In this study, the authors named it DAIBAM (Drosophila 
americana Inversion Breakpoints Associated MITE). In Xa inversion, it was possible to find 
clear TSDs and defective copies of TE DAIBAM flanking the inversion. In 5a inversion, cop-
ies of the DAIBAM element flanking the inversion had more than 70% nucleotide similarity. 
Considering that TE DAIBAM copies are defective and that the analyzed inversions are old, 
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the authors infer that the data found supported the origin of inversions Xa and 5a by ectopic 
recombination between the DAIBAM elements present at the breakpoints of these inversions. 
It was also found that this element was the same as that present at the breakpoints of inversion 
In(4)a [77]. Thus, the DAIBAM element is involved in the origin of at least 20% of the inver-
sions occurring in the virilis group [77, 81].

4.2. Inversion origin via staggered breaks and repair by non-homologous end joining.

It has now been characterized that the origin of the inversions via staggered breaks followed 
by repair by NHEJ, is prevalent in two chromosomal systems: between the fixed chromosomal 
inversions that differentiate the D. melanogaster karyotype from those of D. simulans Sturtevant, 
1919 and D. yakuba Burla, 1954 [59]; and the chromosomal polymorphism of the E and O 
chromosomes of D. subobuscura [61, 84–87].

Drosophila melanogaster, D. simulans, and D. yakuba are members of the D. melanogaster sub-
group (Sophophora subgenus). The main karyotypic difference between D. melanogaster and 
its cryptic D. simulans is the occurrence of inversion in the right arm of the 3 chromosome, 
denominated In(3R)84F1;93F6-7 [104]. Drosophila yakuba, on the other hand, has at least 28 
paracentric inversions differentiating its chromosomes from those of D. melanogaster.

The study of Ranz et al. [59] analyzed the breakpoints of 29 interspecific inversions in these 
species through experimental and computational methods.

The analysis of the breakpoints of the In(3R)84F1;93F6-7 inversion highlighted that the break-
points were proximally flanked by the CG2708 and CG7918 genes, and distally by CG31176 and 
CG34034 in D. melanogaster. Among these regions, there are occurrences of expressed sequences, 
and three of these sequences (HDC14862, pfd800 e HDC12400) are duplicated and in opposite 
directions, in both breakpoints of the inversion in D. melanogaster, with 95% of identity between 
them. These sequences are single copies in D. simulans and D. yakuba, indicating that these 
duplications are a derived state with respect to the chromosomal arrangement of these species. 
Comparisons of the 3R chromosomal arm of D. melanogaster, D. simulans, and D. yakuba at the 
molecular level, highlighted a fixed inversion in the latter species (In3R(7)), that reuses the break-
points of the CG7918-CG34034 region, also used by the In(3R)84F1;93F6–7 inversion. In both 
breakpoints of the In3R(7) inversion, there were two duplicated sequences (CG34034 e CG31286) 
and in opposite orientation [59].

Due to the presence of inverted duplications associated with the In(3R)84F1;93F6-7 and 
In3R(7) inversion breakpoints, the most parsimonious mechanism involved on its origins is 
through staggered breaks, proposed and schematized for the first time in this analysis. These 
staggered breaks can be isochromatid, occurring during the premeiotic mitosis and involving 
staggered single-strand breaks; or chromatid, occurring during the meiotic prophase involv-
ing staggered double-strand breaks [59].

The same in silico study analyzed the breakpoints of 28 paracentric inversions that differen-
tiate the D. melanogaster chromosomes from those of D. yakuba, as well as a pericentric inver-
sion in the chromosome 2. The genomic and phylogenetic evidences suggest that among 
these 29 inversions, 28 originated in the D. yakuba lineage. The analysis of the inversions 
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breakpoints showed that in approximately 62% of the cases (18 of 29 inversions), occurred 
the presence of duplicate sequences, which were presents with just a single copy in the D. 
melanogaster genome. Sequences of both breakpoints were inverted and duplicated in six of 
these inversions (as in Figure 3), and the sequence of just one of the breakpoints was dupli-
cated in 12 inversions, which can be explained by several factors, for example, modifica-
tions occurred along the time. Most of these duplications (except three) did not prove to be 
functional. The comparative analysis of these breakpoints among D. yakuba, D. melanogaster, 
and other species, regarding the occurrence of TEs and its involvement in the origin of these 
inversions via NAHR¸ showed little support for this mechanism. It is clear in this analysis 
that most of the inversions that differentiate the D. melanogaster chromosomes from those of 
D. yakuba originated by staggered breaks in the latter species (17 of 29 analyzed inversions) 
and point to a rapid chromosomal evolution in the lineage that leads to D. yakuba [59].

The polymorphism of the Palearctic species D. subobscura (Sophophora subgenus, obscura 
group) has been extensively characterized and monitored for more than seven decades, which 
allows associating its variation with climate changes [18–20, 56]. Its karyotype is composed 
of six pairs of chromosomes, with the highest level of polymorphisms for inversions in all 
of them (except in the dot chromosome). This polymorphism is well characterized for the 
presence of complex chromosomal arrangements, formed by the occurrence of overlapping 
inversions, being the E and O chromosomes the ones with the highest occurrence of these 
arrangements in natural populations.

One of the pioneering  analyzes in this species involved the characterization of the break-
points of the O3 inversion, which can be found in the Ost lineages (corresponding to the current 
standard arrangement of the species). This inversion originated from the extinct ancestral O3 
arrangement, that also gave rise to the O3 + 4 arrangement, which segregates the O4 inversions 
in the different populations. For this analysis, breakpoints of the O3 inversion in the extinct 
arrangement and without the O3 inversion were denominated AB (proximal breakpoint) and 
CD (distal breakpoint). The O3 + 4 chromosome arrangement differs from the O3 arrangement 
due to a small inversion of its distal breakpoint (called DC), presenting the same order of 
the proximal breakpoint (AB). In turn, the Ost chromosomal arrangement differs from O3 by 
inversion O3 (note that the extinct O3 arrangement does not involve the O3 inversion, which 
occurs in the Ost chromosome), involving B and C regions (their breakpoints being then called 
AC and BD). The analysis was a strategy that mixed in situ hybridization and in silico tests, 
together with the knowledge of the location of previously established probes [84].

New probes were established via comparisons with the available genomes of D. melanogaster 
and D. pseudoobscura, which made it possible to delimit the genomic region containing the 
breakpoints of the O3 inversion in the chromosomes of the O3 + 4 arrangement. The posterior 
sequencing of this region in the Ost e O3 + 4 lineages allowed the comparisons between the break-
points of the O3 e O3 + 4 inversions, respectively. As a result, it was found that the breakpoints 
AB and DC in the O3 + 4 inversion comprised two small regions of 309 and 63 bp, respectively. 
The 63 bp sequence was the same 309 bp sequence, which was deleted at the origin of the O3 + 4 
inversion. In turn, the same 309 bp sequence was present at both O3 inversion breakpoints, 
indicating that at the origin of this inversion such region was duplicated, being present in 
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regions B and C of the breakpoints. The AB and DC regions in the lineage that carries the 
O3 + 4 inversion showed no similarity to any known TE. This meticulous analysis, based on 
the absence of TEs and the duplication of the 309 bp fragment, infers that the origin of the 
inversion O3, present in the chromosomal arrangement Ost, was by means of staggered double-
strand breaks [84].

Still, in the O chromosome of D. subobscura, the breakpoints of the O4 and O8 inversions were 
delimited, sequenced and analyzed. Just as the inversion O4 segregates only with the O3 arrange-
ment (giving rise to the complex chromosome arrangement O3 + 4), the inversion O8 segregates only 
with the arrangement O3 + 4 (giving rise to the chromosomal arrangement O3 + 4 + 8). Comparisons 
of the O4 inversion breakpoints with the respective regions in the Ost arrangement (without the 
inversion) pointed the occurrence of Pxd, CG5225, Acf, and Set8 gene fragments at the proximal 
breakpoint, and the CG5225, Pxd, and Acf gene fragments at the distal breakpoint [87].

In the regions corresponding to the breakpoints of the Ost arrangements, fragments of 
the Pxd, CG5225, and CG4009 genes were found at the proximal breakpoint. The distal 
breakpoint of the Ost arrangement encompasses fragments of the Set8 and Acf genes, It is 
evident that at the origin of inversion O4 fragments of the Set8 and Acf genes were dupli-
cated at the proximal breakpoint, and fragments of the CG5225 and Pxd genes were dupli-
cated at the distal breakpoint. This scenario fits the origin of inversion O4 by the staggered 
double-strand break mechanism. The O8 inversion breakpoints in the O3 + 4 arrangement 
(without the inversion) and O3 + 4 + 8 arrangements presented a similar picture to that of the 
O4 inversion. The presence of the Prosβ2R2 gene at both O8 inversion breakpoints shows that 
this was doubled and fits the origin of this inversion O8 by the staggered double-strand 
break mechanism. This analysis also found that genes CG5225 and Prosβ2R2 are involved 
in multiple rearrangements (duplications and transpositions, in addition to inversions) 
occurring along the chromosomal evolution of the species of the genus Drosophila [87].

The D. subobscura species also had the breakpoints of the E1 e E2, E9, E3, and E12 inversions 
of the acrocentric chromosome E delimited, sequenced and analyzed. These inversions give 
rise to the complex arrangements E1 + 2, E1 + 2 + 9, E1 + 2 + 9 + 3, and E1 + 2 + 9 + 12. These chromosome 
constitutions, besides providing a great system for the analysis of the mechanisms of origin 
of inversions, also provide a basis for studying the reuse of the inversion breakpoints at the 
molecular level [61, 85–87].

The E1 and E2 inversions share, cytologically, one of the breakpoints. The comparison of the 
breakpoints of the standard lineage Est (AB, EF, GH breakpoints) with the E1 + 2 lineage (AG, 
FB, EH breakpoints) showed two motifs, denominated α and β, which share the terminal por-
tion named δ, in opposite orientations. The α motif was present at the AB and AG breakpoints 
with the same orientation, but with inverted orientation in the GH breakpoint (two copies with 
inverted orientation in the Est chromosome and a single copy in the E1 + 2 chromosome). The β 
motif was present with the same orientation at the EF and EH breakpoints, and with inverted 
orientation at the FB breakpoint (a single copy in the Est chromosome and two copies in the 
E1 + 2 chromosome). The α motif exhibits small fragments similar to the SGM element, whereas 
the β motif is not similar to any described TE. Based on this scenario, the probable origin of the 
E1 inversion was inferred by staggered breakpoints, that lead to the duplication of the β motif 
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breakpoints showed that in approximately 62% of the cases (18 of 29 inversions), occurred 
the presence of duplicate sequences, which were presents with just a single copy in the D. 
melanogaster genome. Sequences of both breakpoints were inverted and duplicated in six of 
these inversions (as in Figure 3), and the sequence of just one of the breakpoints was dupli-
cated in 12 inversions, which can be explained by several factors, for example, modifica-
tions occurred along the time. Most of these duplications (except three) did not prove to be 
functional. The comparative analysis of these breakpoints among D. yakuba, D. melanogaster, 
and other species, regarding the occurrence of TEs and its involvement in the origin of these 
inversions via NAHR¸ showed little support for this mechanism. It is clear in this analysis 
that most of the inversions that differentiate the D. melanogaster chromosomes from those of 
D. yakuba originated by staggered breaks in the latter species (17 of 29 analyzed inversions) 
and point to a rapid chromosomal evolution in the lineage that leads to D. yakuba [59].

The polymorphism of the Palearctic species D. subobscura (Sophophora subgenus, obscura 
group) has been extensively characterized and monitored for more than seven decades, which 
allows associating its variation with climate changes [18–20, 56]. Its karyotype is composed 
of six pairs of chromosomes, with the highest level of polymorphisms for inversions in all 
of them (except in the dot chromosome). This polymorphism is well characterized for the 
presence of complex chromosomal arrangements, formed by the occurrence of overlapping 
inversions, being the E and O chromosomes the ones with the highest occurrence of these 
arrangements in natural populations.

One of the pioneering  analyzes in this species involved the characterization of the break-
points of the O3 inversion, which can be found in the Ost lineages (corresponding to the current 
standard arrangement of the species). This inversion originated from the extinct ancestral O3 
arrangement, that also gave rise to the O3 + 4 arrangement, which segregates the O4 inversions 
in the different populations. For this analysis, breakpoints of the O3 inversion in the extinct 
arrangement and without the O3 inversion were denominated AB (proximal breakpoint) and 
CD (distal breakpoint). The O3 + 4 chromosome arrangement differs from the O3 arrangement 
due to a small inversion of its distal breakpoint (called DC), presenting the same order of 
the proximal breakpoint (AB). In turn, the Ost chromosomal arrangement differs from O3 by 
inversion O3 (note that the extinct O3 arrangement does not involve the O3 inversion, which 
occurs in the Ost chromosome), involving B and C regions (their breakpoints being then called 
AC and BD). The analysis was a strategy that mixed in situ hybridization and in silico tests, 
together with the knowledge of the location of previously established probes [84].

New probes were established via comparisons with the available genomes of D. melanogaster 
and D. pseudoobscura, which made it possible to delimit the genomic region containing the 
breakpoints of the O3 inversion in the chromosomes of the O3 + 4 arrangement. The posterior 
sequencing of this region in the Ost e O3 + 4 lineages allowed the comparisons between the break-
points of the O3 e O3 + 4 inversions, respectively. As a result, it was found that the breakpoints 
AB and DC in the O3 + 4 inversion comprised two small regions of 309 and 63 bp, respectively. 
The 63 bp sequence was the same 309 bp sequence, which was deleted at the origin of the O3 + 4 
inversion. In turn, the same 309 bp sequence was present at both O3 inversion breakpoints, 
indicating that at the origin of this inversion such region was duplicated, being present in 
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regions B and C of the breakpoints. The AB and DC regions in the lineage that carries the 
O3 + 4 inversion showed no similarity to any known TE. This meticulous analysis, based on 
the absence of TEs and the duplication of the 309 bp fragment, infers that the origin of the 
inversion O3, present in the chromosomal arrangement Ost, was by means of staggered double-
strand breaks [84].

Still, in the O chromosome of D. subobscura, the breakpoints of the O4 and O8 inversions were 
delimited, sequenced and analyzed. Just as the inversion O4 segregates only with the O3 arrange-
ment (giving rise to the complex chromosome arrangement O3 + 4), the inversion O8 segregates only 
with the arrangement O3 + 4 (giving rise to the chromosomal arrangement O3 + 4 + 8). Comparisons 
of the O4 inversion breakpoints with the respective regions in the Ost arrangement (without the 
inversion) pointed the occurrence of Pxd, CG5225, Acf, and Set8 gene fragments at the proximal 
breakpoint, and the CG5225, Pxd, and Acf gene fragments at the distal breakpoint [87].

In the regions corresponding to the breakpoints of the Ost arrangements, fragments of 
the Pxd, CG5225, and CG4009 genes were found at the proximal breakpoint. The distal 
breakpoint of the Ost arrangement encompasses fragments of the Set8 and Acf genes, It is 
evident that at the origin of inversion O4 fragments of the Set8 and Acf genes were dupli-
cated at the proximal breakpoint, and fragments of the CG5225 and Pxd genes were dupli-
cated at the distal breakpoint. This scenario fits the origin of inversion O4 by the staggered 
double-strand break mechanism. The O8 inversion breakpoints in the O3 + 4 arrangement 
(without the inversion) and O3 + 4 + 8 arrangements presented a similar picture to that of the 
O4 inversion. The presence of the Prosβ2R2 gene at both O8 inversion breakpoints shows that 
this was doubled and fits the origin of this inversion O8 by the staggered double-strand 
break mechanism. This analysis also found that genes CG5225 and Prosβ2R2 are involved 
in multiple rearrangements (duplications and transpositions, in addition to inversions) 
occurring along the chromosomal evolution of the species of the genus Drosophila [87].

The D. subobscura species also had the breakpoints of the E1 e E2, E9, E3, and E12 inversions 
of the acrocentric chromosome E delimited, sequenced and analyzed. These inversions give 
rise to the complex arrangements E1 + 2, E1 + 2 + 9, E1 + 2 + 9 + 3, and E1 + 2 + 9 + 12. These chromosome 
constitutions, besides providing a great system for the analysis of the mechanisms of origin 
of inversions, also provide a basis for studying the reuse of the inversion breakpoints at the 
molecular level [61, 85–87].

The E1 and E2 inversions share, cytologically, one of the breakpoints. The comparison of the 
breakpoints of the standard lineage Est (AB, EF, GH breakpoints) with the E1 + 2 lineage (AG, 
FB, EH breakpoints) showed two motifs, denominated α and β, which share the terminal por-
tion named δ, in opposite orientations. The α motif was present at the AB and AG breakpoints 
with the same orientation, but with inverted orientation in the GH breakpoint (two copies with 
inverted orientation in the Est chromosome and a single copy in the E1 + 2 chromosome). The β 
motif was present with the same orientation at the EF and EH breakpoints, and with inverted 
orientation at the FB breakpoint (a single copy in the Est chromosome and two copies in the 
E1 + 2 chromosome). The α motif exhibits small fragments similar to the SGM element, whereas 
the β motif is not similar to any described TE. Based on this scenario, the probable origin of the 
E1 inversion was inferred by staggered breakpoints, that lead to the duplication of the β motif 
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present at the FB and EH breakpoints. The origin of the E2 inversion, on the other hand, was 
inferred due to the ectopic recombination between two α motifs, present in both AB and GH 
breakpoints. The reuse was inferred by the presence of 400–700 bp repetitions at the break-
points; however, it was impossible to elucidate which of the two inversions originated first [61].

The extensive analysis done in the classical rearrangements of the E and O chromosomes, men-
tioned above, showed that, with the exception of the E2 inversion, the other chromosomal arrange-
ments originated via staggered double-strand break mechanism. Thus, D. subobscura resembles 
D. melanogaster, and both emphasize a possible predominance of this mechanism in the origin of 
the inversions of the species belonging to the subgenus Sophophora. In addition, duplicate regions 
in these events range from a few hundred base pairs to about 8 Kbp (see Table 1), encompassing 
whole and partial genes in some of these duplications. However, no dose effect or generation of 
new transcripts was detected in the analyses [61, 84–87].

Still considering staggered break mechanism followed by erroneous repair by NHEJ, the 
molecular characterization of the inversion breakpoints in D. mojavensis indicates that its 
inversions 2h and 2q originated by this route. The 2h inversion would have originated by 
staggered single-break at the distal breakpoint in the parental chromosome, resulting in a 
duplicated region of approximately 7 Kb, encompassing CG1792, Dmoj\GI23402, and pasha 
genes. This event resulted in the origin of the gene Dmoj\GI23123, located at the proximal 
breakpoint of inversion 2h. This gene, by similarity, showed a relationship with the pasha 
gene, and according to the prediction of the modENCODE software, it is also functional. Thus 
the Dmoj\GI23123 gene originated from the duplication of the pasha gene (the extra copy of 
the gene giving rise to a new gene) in the event that resulted in the 2h inversion [83].

Staggered single-break occurred in the two breakpoints of the parental chromosome in the 
2q inversion. This event resulted in a duplication of an approximately 4 Kb region containing 
a partial fragment of the CG1208 gene. The duplication of this gene resulted in the origin of 
a new gene, called Dmoj\GI22075, at the distal breakpoint of the 2q inversion. The new gene 
maintained the MFS domain (Major Facilitator Superfamily) as an important feature of the 
CG1208 gene [83].

The 2h and 2q inversions of D. mojavensis are pioneer examples of the origin of new genes with 
possible new functions, via duplication, based on the origin of an inversion by the staggered 
break mechanism followed by NHEJ [83].

5. Concluding remarks

Inversions are structural chromosomal alterations that, most of the time, neither imply genetic 
unbalance, nor phenotypic modifications in its carriers. However, one of its characteristics 
is to be a source of genetic variability, in which natural selection acts. Thus, the inversions 
participate in the chromosomal evolution of numerous species, including Homo sapiens. The 
basic knowledge about the biological influence of inversions is largely based on the analysis 
of the polytene chromosomes of the Drosophila model organism, which extends to other living 
beings.
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The first works, with descriptive approaches to the frequency of chromosome polymorphism 
in different natural populations, while indirectly pointing out that the inversions provided 
advantages to its users, raised questions that until now guide the analysis on this theme: 
How does natural selection work in inversions? How do inversions offer greater adaptability 
to living beings? What is the role of the inversions in the speciation processes? What are the 
functional consequences of inversions in living beings? Are inversions randomly distributed 
on chromosomes? How do inversions originate?

The Drosophila model organism provides knowledge and answers to these questions nowa-
days, with the availability of complete genomes of different species, improved cytomolecular 
techniques, as well as a solid knowledge about the cytogenetics of polytene chromosomes.

The molecular characterization of the inversion breakpoints tells us about the mechanisms that 
originate these rearrangements, the genomic composition of the region involved in the inver-
sion—which allows to analyze the nucleotide variation and to show which genes are under 
selection—the reuse of certain regions for the breakage of different inversions that occurred at 
different times, the age of the inversion, its monophyletic origin, possible positional effect and 
its influence on the genes that are inside and outside the inversion, among others. Valuable 
understandings emerge, but are still incipient.

These analyses go far from being simplistic, but, with the current resources, we have never 
had so much opportunity to acquire knowledge. Let us live the new time in science, and avail 
the most of the knowledge already established, with the certainty that many other questions 
will arise.

As the eminent geneticist Michael Ashburner of the University of Cambridge, United 
Kingdom, compiles: “What a wonderful time to be a biologist [105].”
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present at the FB and EH breakpoints. The origin of the E2 inversion, on the other hand, was 
inferred due to the ectopic recombination between two α motifs, present in both AB and GH 
breakpoints. The reuse was inferred by the presence of 400–700 bp repetitions at the break-
points; however, it was impossible to elucidate which of the two inversions originated first [61].

The extensive analysis done in the classical rearrangements of the E and O chromosomes, men-
tioned above, showed that, with the exception of the E2 inversion, the other chromosomal arrange-
ments originated via staggered double-strand break mechanism. Thus, D. subobscura resembles 
D. melanogaster, and both emphasize a possible predominance of this mechanism in the origin of 
the inversions of the species belonging to the subgenus Sophophora. In addition, duplicate regions 
in these events range from a few hundred base pairs to about 8 Kbp (see Table 1), encompassing 
whole and partial genes in some of these duplications. However, no dose effect or generation of 
new transcripts was detected in the analyses [61, 84–87].

Still considering staggered break mechanism followed by erroneous repair by NHEJ, the 
molecular characterization of the inversion breakpoints in D. mojavensis indicates that its 
inversions 2h and 2q originated by this route. The 2h inversion would have originated by 
staggered single-break at the distal breakpoint in the parental chromosome, resulting in a 
duplicated region of approximately 7 Kb, encompassing CG1792, Dmoj\GI23402, and pasha 
genes. This event resulted in the origin of the gene Dmoj\GI23123, located at the proximal 
breakpoint of inversion 2h. This gene, by similarity, showed a relationship with the pasha 
gene, and according to the prediction of the modENCODE software, it is also functional. Thus 
the Dmoj\GI23123 gene originated from the duplication of the pasha gene (the extra copy of 
the gene giving rise to a new gene) in the event that resulted in the 2h inversion [83].

Staggered single-break occurred in the two breakpoints of the parental chromosome in the 
2q inversion. This event resulted in a duplication of an approximately 4 Kb region containing 
a partial fragment of the CG1208 gene. The duplication of this gene resulted in the origin of 
a new gene, called Dmoj\GI22075, at the distal breakpoint of the 2q inversion. The new gene 
maintained the MFS domain (Major Facilitator Superfamily) as an important feature of the 
CG1208 gene [83].

The 2h and 2q inversions of D. mojavensis are pioneer examples of the origin of new genes with 
possible new functions, via duplication, based on the origin of an inversion by the staggered 
break mechanism followed by NHEJ [83].

5. Concluding remarks

Inversions are structural chromosomal alterations that, most of the time, neither imply genetic 
unbalance, nor phenotypic modifications in its carriers. However, one of its characteristics 
is to be a source of genetic variability, in which natural selection acts. Thus, the inversions 
participate in the chromosomal evolution of numerous species, including Homo sapiens. The 
basic knowledge about the biological influence of inversions is largely based on the analysis 
of the polytene chromosomes of the Drosophila model organism, which extends to other living 
beings.
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The first works, with descriptive approaches to the frequency of chromosome polymorphism 
in different natural populations, while indirectly pointing out that the inversions provided 
advantages to its users, raised questions that until now guide the analysis on this theme: 
How does natural selection work in inversions? How do inversions offer greater adaptability 
to living beings? What is the role of the inversions in the speciation processes? What are the 
functional consequences of inversions in living beings? Are inversions randomly distributed 
on chromosomes? How do inversions originate?

The Drosophila model organism provides knowledge and answers to these questions nowa-
days, with the availability of complete genomes of different species, improved cytomolecular 
techniques, as well as a solid knowledge about the cytogenetics of polytene chromosomes.

The molecular characterization of the inversion breakpoints tells us about the mechanisms that 
originate these rearrangements, the genomic composition of the region involved in the inver-
sion—which allows to analyze the nucleotide variation and to show which genes are under 
selection—the reuse of certain regions for the breakage of different inversions that occurred at 
different times, the age of the inversion, its monophyletic origin, possible positional effect and 
its influence on the genes that are inside and outside the inversion, among others. Valuable 
understandings emerge, but are still incipient.

These analyses go far from being simplistic, but, with the current resources, we have never 
had so much opportunity to acquire knowledge. Let us live the new time in science, and avail 
the most of the knowledge already established, with the certainty that many other questions 
will arise.

As the eminent geneticist Michael Ashburner of the University of Cambridge, United 
Kingdom, compiles: “What a wonderful time to be a biologist [105].”
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Abstract

Meiosis is a highly regulated and complex variation on the canonical cell cycle. It depends 
on the activity of most of the known mitotic cell cycle regulators, as well as many mei-
osis-specific factors that interact with and modify the activities of this core cell cycle 
machinery. This review will examine the roles of known mitotic cell cycle regulators and 
meiosis-specific factors in Drosophila female meiosis, focusing on three important mei-
otic events: nuclear envelope breakdown or maturation, establishment of the meiosis I 
spindle, and release from metaphase I arrest at ovulation. Many meiotic processes are 
controlled by the mitotic kinase, Cdk1 with its cyclin partners, cyclins A, B, and B3. Other 
major mitotic kinases, including Polo and Aurora B have been found to play multiple 
roles in Drosophila meiosis. The Anaphase Promoting Complex or Cyclosome (APC/C) 
controls many meiotic processes through regulation of Cdk1, the sister chromatid cohe-
sion regulator, Separase and other targets. This review will focus on these and other mei-
otic regulators, emphasizing some of the technical advances that have driven the field 
forward in recent years, and highlighting gaps that need to be filled to achieve a more 
complete picture of how meiosis is regulated in Drosophila.

Keywords: APC/C, Aurora B, Cdk1, cohesin, Cort, cyclin, Drosophila, meiosis, oogenesis, 
Polo, Separase

1. Introduction

The major events of meiosis are conserved throughout eukaryotes, and as with all cell biol-
ogy, knowledge gained in one model system informs our understanding of meiosis in other 
organisms. On the other hand, as researchers gain a better understanding of how meiosis is 
controlled at the molecular level, it becomes clear that there are major differences between 
model systems and even between males and females in the same organism. This review 
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discusses the regulation of meiosis specifically in one model system, females of Drosophila 
melanogaster. Mitosis and meiosis in other model systems will be brought into the discussion, 
both to highlight areas of divergence, and to suggest explanations for events that are not yet 
well understood in this model system.

2. Oogenesis and meiosis in Drosophila females

Female meiosis takes place in the context of oogenesis. Drosophila females have two ovaries, 
each containing approximately 18 ovarioles, chains of progressively developing egg cham-
bers, each consisting of an oocyte and associated support cells. Ovarioles are organized from 
anterior to posterior. The anterior contains the germarium, the location of germline stem cells 
and somatic stem cells that give rise to the egg and the follicle cells respectively. The poste-
rior end contains mature developed eggs. Egg development has been divided into 14 distinct 
stages, based on major morphological events [1, 2].

In the anterior tip of the germarium, germline stem cells divide asymmetrically to give rise to 
a stem cell and a daughter cell. The daughter cell undergoes 4 incomplete divisions to gener-
ate a cyst of 16 cells that remain connected via cytoplasmic bridges called ring canals [1, 2].

From this cyst of 16 cells, one of the two cells with the most cytoplasmic bridges will dif-
ferentiate into the oocyte [1]. Oocyte determination occurs while the oocyte is still within 
the germarium. The oocyte enters meiotic prophase, assembling synaptonemal complexes 
between homologs and undergoing crossing over. Throughout prophase, which lasts until 
stage 13 of oogenesis, the chromatin is compacted within the nucleus in a structure referred to 
as the karyosome. The other 15 germline cells of the cyst enter the endocycle concurrent with 
entry of the oocyte into meiotic prophase. These polyploid cells, called nurse cells, generate 
proteins and mRNAs important for meiosis progression, egg maturation and early embryonic 
development. The nurse cells use the cytoplasmic bridges to transfer their contents into the 
egg, prior to undergoing apoptosis in late oogenesis [1, 2].

As mentioned, the oocyte is arrested in prophase I until stage 13, at which point oocyte matu-
ration occurs, highlighted by nuclear envelope breakdown (NEB). Spindle formation occurs 
in the absence of centrosomes, via microtubule polymerization around the karyosome, and 
a bipolar spindle assembles. Meiosis arrests at stage 14, the final stage of oogenesis, and the 
arrest is maintained until ovulation triggers egg activation, marked by the resumption of 
meiosis [2, 3]. Upon egg activation, the meiosis I spindle rotates and undergoes anaphase 
I. At the completion of the first anaphase, the two meiosis II spindles form around the sepa-
rated homologs. These spindles are arranged perpendicular to the egg length and are held 
together by an aster of microtubules. At the completion of the 2nd meiotic division the 4 mei-
otic products enter a post-meiotic interphase. They then appear to undergo DNA replication 
in synchrony with the male pronucleus that entered the egg during fertilization. One of the 
4 female meiotic products, usually the most interior, migrates towards the male pronucleus, 
apparently along microtubules that radiate out from the male aster. The male and female pro-
nuclei enter the first mitosis together. The remaining female haploid products come together, 
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undergo nuclear envelope breakdown, and arrest in a mitotic-like state with condensed chro-
matin arranged on an aster-like array of microtubules called the polar body [4].

3. Cell cycle regulation and oocyte maturation

Oocyte development in most metazoans has two arrest points, a primary arrest at prophase, 
and a secondary arrest in metaphase. In insects, the secondary arrest is at metaphase I, while 
in many vertebrates it is at metaphase II. The long prophase arrest allows synapsis and cross-
ing over to occur and at the same time, allows for oocyte growth. The secondary arrest facil-
itates the coordination of completion of meiosis with fertilization and the transition from 
oogenesis to embryogenesis [5].

The primary arrest in prophase is broken by nuclear envelope breakdown, a process that in 
most, if not all, eukaryotes is dependent on the mitotic cyclin-dependent kinase (Cdk), Cdk1. 
The Cdks are the core regulators of the cell cycle. They are activated by phosphorylation on 
their T-loop via a Cdk activating kinase or CAK, and by dephosphorylation of a Thr and 
Tyr at 14 and 15, respectively, by the Cdc25 phosphatase. Cdks also require association with 
cyclin partners, which themselves are subject to both transcriptional control and ubiquitin/
mediated destruction.

The importance of Cdk1 in Drosophila female meiosis was first established through analysis of 
Twine, a germline-specific Cdc25 homologue. Twine mutants are viable but females produce 
eggs that do not hatch. In a study focusing on Polo and its regulator Matrimony (Mtrm, dis-
cussed below), it was found that twine mutant oocytes undergo NEB in stage 14 instead of in 
mid-stage 13 [6]. This finding was supported by the finding that a temperature-sensitive allele 
of Cdk1 also produces a delay in NEB [7].

These studies illustrate a major challenge in studying meiosis in a genetic system such as 
Drosophila: classical genetics is limited to the study of genes that are non-essential for viability, 
such as twine; or the study of hypomorphic or conditional mutants as with Cdk1. The devel-
opment of transgenic RNAi for the female germline has allowed researchers in the last few 
years to overcome these limitations and study the meiosis-specific requirements for otherwise 
essential genes. The Transgenic RNAi Project (TRiP) out of Harvard University has generated 
a genome-wide collection of transgenic RNAi lines that are driven by the UAS/Gal4 system [8]. 
While the earlier collections were not effective in the germline, a micro-RNA based collection is 
now available that can be very effective. In most studies of meiosis RNAi is expressed using the 
female germline-specific mat-α-Tubulin Gal4 driver which expresses just after the premeiotic 
divisions in the germarium, thus not affecting mitotic divisions that are necessary for oocyte 
formation [9]. Using transgenic RNAi, it was found that loss of Cdk1 in meiosis leads to a 
complete failure of NEB in most oocytes, indicating that Cdk1 is indeed essential for NEB [10].

Drosophila, like other metazoans has three mitotic cyclins, Cyclin A, B and B3, though unlike 
vertebrates and other animals, Drosophila has only a single representative of each subtype. 
Cyclin A is the only one that is essential for viability. Cyclin B and B3 mutants are viable but 
female sterile, though Cyclin B/B3 double mutants are lethal [11]. The identity of the cyclin 
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egg, prior to undergoing apoptosis in late oogenesis [1, 2].
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ration occurs, highlighted by nuclear envelope breakdown (NEB). Spindle formation occurs 
in the absence of centrosomes, via microtubule polymerization around the karyosome, and 
a bipolar spindle assembles. Meiosis arrests at stage 14, the final stage of oogenesis, and the 
arrest is maintained until ovulation triggers egg activation, marked by the resumption of 
meiosis [2, 3]. Upon egg activation, the meiosis I spindle rotates and undergoes anaphase 
I. At the completion of the first anaphase, the two meiosis II spindles form around the sepa-
rated homologs. These spindles are arranged perpendicular to the egg length and are held 
together by an aster of microtubules. At the completion of the 2nd meiotic division the 4 mei-
otic products enter a post-meiotic interphase. They then appear to undergo DNA replication 
in synchrony with the male pronucleus that entered the egg during fertilization. One of the 
4 female meiotic products, usually the most interior, migrates towards the male pronucleus, 
apparently along microtubules that radiate out from the male aster. The male and female pro-
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undergo nuclear envelope breakdown, and arrest in a mitotic-like state with condensed chro-
matin arranged on an aster-like array of microtubules called the polar body [4].

3. Cell cycle regulation and oocyte maturation

Oocyte development in most metazoans has two arrest points, a primary arrest at prophase, 
and a secondary arrest in metaphase. In insects, the secondary arrest is at metaphase I, while 
in many vertebrates it is at metaphase II. The long prophase arrest allows synapsis and cross-
ing over to occur and at the same time, allows for oocyte growth. The secondary arrest facil-
itates the coordination of completion of meiosis with fertilization and the transition from 
oogenesis to embryogenesis [5].

The primary arrest in prophase is broken by nuclear envelope breakdown, a process that in 
most, if not all, eukaryotes is dependent on the mitotic cyclin-dependent kinase (Cdk), Cdk1. 
The Cdks are the core regulators of the cell cycle. They are activated by phosphorylation on 
their T-loop via a Cdk activating kinase or CAK, and by dephosphorylation of a Thr and 
Tyr at 14 and 15, respectively, by the Cdc25 phosphatase. Cdks also require association with 
cyclin partners, which themselves are subject to both transcriptional control and ubiquitin/
mediated destruction.

The importance of Cdk1 in Drosophila female meiosis was first established through analysis of 
Twine, a germline-specific Cdc25 homologue. Twine mutants are viable but females produce 
eggs that do not hatch. In a study focusing on Polo and its regulator Matrimony (Mtrm, dis-
cussed below), it was found that twine mutant oocytes undergo NEB in stage 14 instead of in 
mid-stage 13 [6]. This finding was supported by the finding that a temperature-sensitive allele 
of Cdk1 also produces a delay in NEB [7].

These studies illustrate a major challenge in studying meiosis in a genetic system such as 
Drosophila: classical genetics is limited to the study of genes that are non-essential for viability, 
such as twine; or the study of hypomorphic or conditional mutants as with Cdk1. The devel-
opment of transgenic RNAi for the female germline has allowed researchers in the last few 
years to overcome these limitations and study the meiosis-specific requirements for otherwise 
essential genes. The Transgenic RNAi Project (TRiP) out of Harvard University has generated 
a genome-wide collection of transgenic RNAi lines that are driven by the UAS/Gal4 system [8]. 
While the earlier collections were not effective in the germline, a micro-RNA based collection is 
now available that can be very effective. In most studies of meiosis RNAi is expressed using the 
female germline-specific mat-α-Tubulin Gal4 driver which expresses just after the premeiotic 
divisions in the germarium, thus not affecting mitotic divisions that are necessary for oocyte 
formation [9]. Using transgenic RNAi, it was found that loss of Cdk1 in meiosis leads to a 
complete failure of NEB in most oocytes, indicating that Cdk1 is indeed essential for NEB [10].

Drosophila, like other metazoans has three mitotic cyclins, Cyclin A, B and B3, though unlike 
vertebrates and other animals, Drosophila has only a single representative of each subtype. 
Cyclin A is the only one that is essential for viability. Cyclin B and B3 mutants are viable but 
female sterile, though Cyclin B/B3 double mutants are lethal [11]. The identity of the cyclin 
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partner for Cdk1 in oocyte maturation was investigated using transgenic RNAi, as well as 
a conditional mutant for Cyclin B and female sterile alleles of Cyclin B3 [10]. While classic 
studies of meiosis in Xenopus and other vertebrate models have revealed Cyclin B to be the 
major Cdk1 partner in meiotic maturation, RNAi knockdown and conditional mutants of 
Cyclin B had no effect on NEB timing in Drosophila female meiosis [10]. Loss of Cyclin B3 
also had no effect on NEB timing, either alone or when combined with Cyclin B knockdown. 
Knockdown of Cyclin A resulted in a slight delay in NEB timing. This delay was not enhanced 
by simultaneous loss of Cyclin B or B3. However, simultaneous knockdown of all three mitotic 
cyclins produced a prolonged delay or complete block in NEB, similar to Cdk1 knockdown. 
Therefore, in Drosophila female meiosis, all three mitotic cyclins function in NEB, with Cyclin 
A apparently playing the most important role [10] (Figure 1).

Figure 1. Model for nuclear envelope breakdown in Drosophila female meiosis. Phosphorylation events that drive nuclear 
envelope breakdown are here depicted as occurring on the nuclear envelope. The nuclear envelope is depicted in the 
lower panel as a dashed line to indicate NEB. See text for details and references.
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The regulation of Cyclin A expression may contribute to the timing of NEB in Drosophila. 
Cyclin A is translationally repressed during meiotic prophase by the mRNA binding pro-
tein Bruno [12]. Bruno levels fall dramatically in stages 12 and 13 of oogenesis by an as yet 
unknown mechanism. This coincides with a dramatic increase in Cyclin A levels, possibly 
driving oocyte maturation [13] (Figure 1). Therefore, the regulation of Cyclin A translation 
appears to be critical for NEB timing in Drosophila. If this is the case, the forced expression of 
Cyclin A prior to stage 12 of oogenesis may be expected to result in premature NEB.

In addition to cyclin binding, Cdk1 activity appears to be regulated in many other ways that 
may contribute to the timing of NEB. The Endos gene was found to be required for proper 
NEB timing [7]. In vertebrates, Endos binds to the B55/Twins subunit of Protein phosphatase 
2A (PP2A) to inhibit PP2A activity [14, 15]. This activity appears to be conserved for Drosophila 
Endos [16]. PP2A has been shown to recognize and dephosphorylate Cdk phosphorylated 
proteins, and as such is a major negative regulator of Cdk-dependent processes.

The ability of Endos to bind and inhibit PP2A appears to in turn be regulated by the phos-
phorylation of Endos by Greatwall kinase (Gwl) [16, 17]. Gwl was initially discovered in 
Drosophila by the dominant Scant allele, and was found to play multiple roles in meiosis 
beyond NEB [18]. Both genetic and biochemical evidence points to a simple linear pathway in 
which Gwl phosphorylation of Endos allows Endos to bind and inhibit PP2A [16, 17, 19, 20]. 
While Gwl has not yet been directly implicated in oocyte maturation, transgenic Endos with a 
S68A mutation, abolishing the Gwl phosphorylation site, is unable to rescue the delayed NEB 
phenotype of a Endos null mutant [17]. Thus Gwl-mediated phosphorylation likely plays a 
role in the Endos-mediated inhibition of PP2A to promote NEB (Figure 1).

The activity of Gwl itself is subject to regulation via phosphorylation via both Cdk1 and Polo 
kinases [21, 22]. Both kinases phosphorylate Gwl in the central region of the protein, dis-
rupting the function of two nuclear localization sequences, thus promoting the cytoplasmic 
accumulation of Gwl. This may allow it to efficiently inhibit PP2A, which is predominantly 
cytoplasmic [21, 22].

In mitotic cells, Polo kinase plays multiple roles throughout the cell cycle, regulating centro-
some dynamics, chromosome cohesion, and events at cytokinesis [23]. Polo promotes Cdk1 
activity through the activation of Cdc25, while also targeting common substrates of Cdk1, 
such as the APC/C component Cdc27. Polo also recognizes many of its substrates depending 
on their prior phosphorylation by Cdk1 [23]. Therefore, the activities of Polo and Cdk1 are 
closely coordinated and often synergistic.

Studies of the Polo-binding protein, Matrimony (Mtrm), suggest a critical role for Polo in the 
timing of NEB in Drosophila female meiosis [6]. Matrimony is a maternally expressed protein 
that acts as a physical inhibitor of Polo. Mtrm mutants, even when heterozygous, display pre-
cocious NEB. This is likely due to precocious activity of Polo, since the simultaneous reduc-
tion of Polo gene dose leads to suppression of this phenotype [6]. Furthermore, a mutation in 
the Polo-interacting domain of Mtm results in a loss-of-function phenotype, suggesting that 
the antagonistic relationship between Polo and Mtm reflects inhibition of Polo by Mtm and 
not the other way around.
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The timing of Mtrm expression is consistent with it having a role in NEB timing. Matrimony 
expression in the oocyte starts to increase in stage 10 and peak levels are reached at stage 
11–12, when it localizes to the nucleus and cytoplasm [6]. Levels of Polo start to rise above 
Matrimony levels in stage 12, possibly allowing Polo to escape inhibition and help to promote 
NEB in stage 13 [6] (Figure 1). Recently, a strong RNAi knockdown allele of Polo has been 
characterized. Surprisingly, NEB still occurs in these oocytes [24], but a possible effect on the 
timing of NEB remains to be determined.

4. Meiosis I spindle assembly and chromosome orientation on the 
spindle

Meiotic spindles in many organisms, including humans, frogs and Drosophila, differ from 
mitotic spindles in that they are acentrosomal. Meiotic spindle microtubules do not originate 
from centrosomes but instead appear to nucleate from the chromosomes, and become tapered 
into bipolar spindles. Another major difference is in the behavior of kinetochores. In meta-
phase of meiosis I, the kinetochores of sister chromatids contact microtubules from the same 
pole, referred to as co-orientation. Homologous chromosomes, on the other hand, contact 
microtubules from opposite poles. This is referred to as biorientation of homologs. Tension 
created by pulling forces of kinetochore microtubules results in a stereotypic arrangement of 
chromosomes in metaphase I in which centromeres for each homolog are oriented on either 
side of the spindle midzone [25]. Assembly of this meiotic spindle and proper orientation of 
chromosomes requires the actions of many cell cycle regulators.

The problem of how to build a spindle without centrosomes appears to be dealt with 
differently in different organisms. In Xenopus egg extracts the small GTPase, Ran accu-
mulates in its active GTP-bound form in the vicinity of chromosomes as a result of its 
chromatin-bound activating GEF, Rcc1. This Ran gradient promotes acentrosomal spindle 
assembly [26]. Rcc1 associates with the karyosome in Drosophila female meiosis, suggest-
ing a similar role in flies [27]. The importance of the Ran gradient was investigated by 
over-expression of a Ran mutant that is unable to exchange GDP for GTP. This dominant 
negative allele produced only mild defects in spindle pole formation [27]. Therefore it 
appears that Ran does not play a central role in spindle assembly in Drosophila female 
meiosis. As discussed below, it appears that Aurora B and the chromosome passenger 
complex takes on this role.

The chromosome passenger complex (CPC), composed of Aurora B kinase, Incenp, Survivin 
and Borealin has multiple functions in mitotic cells [28]. The CPC promotes chromatin con-
densation in prophase. It accumulates at kinetochores in prometaphase, where Aurora B pro-
motes the breakage of kinetochore-microtubule contacts. Importantly, the CPC is sensitive to 
tension. Attachment of spindle microtubules to a kinetochore results in a pulling of that chro-
matid toward the spindle pole. When the kinetochores of a pair of attached sister chromatids 
each make attachments to opposite poles (known as an amphitelic attachment), pulling forces 
from either pole generate tension across the kinetochores. This is sensed by the CPC, lead-
ing to inactivation of Aurora B. As a result, bi-polar attachments are stabilized. Aurora B and 
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other CPC components are also required at kinetochores for activation of the spindle assem-
bly checkpoint (SAC). At anaphase onset the CPC relocates to the spindle midzone where it 
then plays a role in establishing the cleavage furrow [28].

In Drosophila meiosis the CPC has multiple roles, though surprisingly, these are quite different 
than CPC roles in mitosis. CPC proteins appear to associate with the karyosome immediately 
after NEB, coincident with the first detectable microtubules forming around the chromatin. 
CPC localization is independent of microtubules, suggesting that the CPC directly associates 
with chromatin [29]. Hypomorphic mutations in Incenp were found to produce a delay in 
microtubule polymerization around the karyosome following NEB [30]. Subsequent analysis 
of strong RNAi knockdown alleles of Incenp and Aurora B revealed a near complete failure to 
nucleate microtubules around the chromatin [29]. Therefore the CPC localizes to chromatin 
following NEB and is required for the first step in meiotic spindle formation, the recruitment 
of microtubules to the karyosome.

Unlike the situation in mitotic cells, the CPC does not appear to associate with kinetochores 
in Drosophila female meiosis. Nonetheless, core kinetochore proteins fail to assemble in 
strong Aurora B knockdown oocytes, suggesting that the CPC is necessary for kinetochore 
assembly [31]. Instead of accumulating on kinetochores in prometaphase, the CPC accu-
mulates on the interpolar microtubules of the spindle midzone early in prometaphase [32]. 
Partial loss of function mutations in CPC genes permit meiotic spindle formation but these 
spindles often have a poorly formed spindle midzone. Many spindles appear to have more 
than two poles, reflecting the importance of interpolar microtubules in maintaining spindle 
bipolarity. In terms of protein localization and mutant phenotype, CPC hypomorphs resem-
ble Subito mutants. Subito encodes the Drosophila MKLP2 homolog, and is a major organizer 
of the meiotic spindle midzone [32]. The CPC is required for Subito localization to the spin-
dle midzone [29, 32].

Weaker CPC alleles that permit bipolar spindle formation display defects in chromosome ori-
entation on the meiotic spindle. This failure of biorientation is also observed upon knockdown 
of Subito, suggesting that interpolar microtubules are important for chromosome movements 
that establish biorientation. Knockdown of the essential kinetochore component Spc105R also 
results in biorientation defects [31]. Interestingly, Ndc80, a kinetochore component required 
for head-on attachment of spindle microtubules to kinetochores, has only a subtle role in 
biorientation of homologs [31]. Taken together the results support the idea that side-on inter-
actions between kinetochores and interpolar microtubules lead to chromosome movements 
that then lead to establishment of end-on attachments. The CPC appears to be important for 
both the formation of interpolar microtubules and for assembly of the kinetochore [31].

In mitotic cells, the Centralspindlin complex that includes the kinesin-like protein, MKLP1 
(Pavarotti in Drosophila), is a major regulator of cleavage furrow formation at cytokinesis. 
MKLP1 at the central spindle recruits the GEF for RhoA [33]. This leads to the local activation 
of RhoA on overlying cell membrane, leading to actin/myosin recruitment, contractility and 
cleavage furrow formation [33]. Recently it was found that Centralspindlin components, and 
surprisingly, Rho and its GEF, play a role in biorientation of homologs in Drosophila female 
meiosis. This implies a novel role for this cytokinesis pathway in organizing the acentrosomal 
meiotic spindle [24].
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The timing of Mtrm expression is consistent with it having a role in NEB timing. Matrimony 
expression in the oocyte starts to increase in stage 10 and peak levels are reached at stage 
11–12, when it localizes to the nucleus and cytoplasm [6]. Levels of Polo start to rise above 
Matrimony levels in stage 12, possibly allowing Polo to escape inhibition and help to promote 
NEB in stage 13 [6] (Figure 1). Recently, a strong RNAi knockdown allele of Polo has been 
characterized. Surprisingly, NEB still occurs in these oocytes [24], but a possible effect on the 
timing of NEB remains to be determined.

4. Meiosis I spindle assembly and chromosome orientation on the 
spindle

Meiotic spindles in many organisms, including humans, frogs and Drosophila, differ from 
mitotic spindles in that they are acentrosomal. Meiotic spindle microtubules do not originate 
from centrosomes but instead appear to nucleate from the chromosomes, and become tapered 
into bipolar spindles. Another major difference is in the behavior of kinetochores. In meta-
phase of meiosis I, the kinetochores of sister chromatids contact microtubules from the same 
pole, referred to as co-orientation. Homologous chromosomes, on the other hand, contact 
microtubules from opposite poles. This is referred to as biorientation of homologs. Tension 
created by pulling forces of kinetochore microtubules results in a stereotypic arrangement of 
chromosomes in metaphase I in which centromeres for each homolog are oriented on either 
side of the spindle midzone [25]. Assembly of this meiotic spindle and proper orientation of 
chromosomes requires the actions of many cell cycle regulators.

The problem of how to build a spindle without centrosomes appears to be dealt with 
differently in different organisms. In Xenopus egg extracts the small GTPase, Ran accu-
mulates in its active GTP-bound form in the vicinity of chromosomes as a result of its 
chromatin-bound activating GEF, Rcc1. This Ran gradient promotes acentrosomal spindle 
assembly [26]. Rcc1 associates with the karyosome in Drosophila female meiosis, suggest-
ing a similar role in flies [27]. The importance of the Ran gradient was investigated by 
over-expression of a Ran mutant that is unable to exchange GDP for GTP. This dominant 
negative allele produced only mild defects in spindle pole formation [27]. Therefore it 
appears that Ran does not play a central role in spindle assembly in Drosophila female 
meiosis. As discussed below, it appears that Aurora B and the chromosome passenger 
complex takes on this role.

The chromosome passenger complex (CPC), composed of Aurora B kinase, Incenp, Survivin 
and Borealin has multiple functions in mitotic cells [28]. The CPC promotes chromatin con-
densation in prophase. It accumulates at kinetochores in prometaphase, where Aurora B pro-
motes the breakage of kinetochore-microtubule contacts. Importantly, the CPC is sensitive to 
tension. Attachment of spindle microtubules to a kinetochore results in a pulling of that chro-
matid toward the spindle pole. When the kinetochores of a pair of attached sister chromatids 
each make attachments to opposite poles (known as an amphitelic attachment), pulling forces 
from either pole generate tension across the kinetochores. This is sensed by the CPC, lead-
ing to inactivation of Aurora B. As a result, bi-polar attachments are stabilized. Aurora B and 
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other CPC components are also required at kinetochores for activation of the spindle assem-
bly checkpoint (SAC). At anaphase onset the CPC relocates to the spindle midzone where it 
then plays a role in establishing the cleavage furrow [28].

In Drosophila meiosis the CPC has multiple roles, though surprisingly, these are quite different 
than CPC roles in mitosis. CPC proteins appear to associate with the karyosome immediately 
after NEB, coincident with the first detectable microtubules forming around the chromatin. 
CPC localization is independent of microtubules, suggesting that the CPC directly associates 
with chromatin [29]. Hypomorphic mutations in Incenp were found to produce a delay in 
microtubule polymerization around the karyosome following NEB [30]. Subsequent analysis 
of strong RNAi knockdown alleles of Incenp and Aurora B revealed a near complete failure to 
nucleate microtubules around the chromatin [29]. Therefore the CPC localizes to chromatin 
following NEB and is required for the first step in meiotic spindle formation, the recruitment 
of microtubules to the karyosome.

Unlike the situation in mitotic cells, the CPC does not appear to associate with kinetochores 
in Drosophila female meiosis. Nonetheless, core kinetochore proteins fail to assemble in 
strong Aurora B knockdown oocytes, suggesting that the CPC is necessary for kinetochore 
assembly [31]. Instead of accumulating on kinetochores in prometaphase, the CPC accu-
mulates on the interpolar microtubules of the spindle midzone early in prometaphase [32]. 
Partial loss of function mutations in CPC genes permit meiotic spindle formation but these 
spindles often have a poorly formed spindle midzone. Many spindles appear to have more 
than two poles, reflecting the importance of interpolar microtubules in maintaining spindle 
bipolarity. In terms of protein localization and mutant phenotype, CPC hypomorphs resem-
ble Subito mutants. Subito encodes the Drosophila MKLP2 homolog, and is a major organizer 
of the meiotic spindle midzone [32]. The CPC is required for Subito localization to the spin-
dle midzone [29, 32].

Weaker CPC alleles that permit bipolar spindle formation display defects in chromosome ori-
entation on the meiotic spindle. This failure of biorientation is also observed upon knockdown 
of Subito, suggesting that interpolar microtubules are important for chromosome movements 
that establish biorientation. Knockdown of the essential kinetochore component Spc105R also 
results in biorientation defects [31]. Interestingly, Ndc80, a kinetochore component required 
for head-on attachment of spindle microtubules to kinetochores, has only a subtle role in 
biorientation of homologs [31]. Taken together the results support the idea that side-on inter-
actions between kinetochores and interpolar microtubules lead to chromosome movements 
that then lead to establishment of end-on attachments. The CPC appears to be important for 
both the formation of interpolar microtubules and for assembly of the kinetochore [31].

In mitotic cells, the Centralspindlin complex that includes the kinesin-like protein, MKLP1 
(Pavarotti in Drosophila), is a major regulator of cleavage furrow formation at cytokinesis. 
MKLP1 at the central spindle recruits the GEF for RhoA [33]. This leads to the local activation 
of RhoA on overlying cell membrane, leading to actin/myosin recruitment, contractility and 
cleavage furrow formation [33]. Recently it was found that Centralspindlin components, and 
surprisingly, Rho and its GEF, play a role in biorientation of homologs in Drosophila female 
meiosis. This implies a novel role for this cytokinesis pathway in organizing the acentrosomal 
meiotic spindle [24].
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In many cell types, Polo kinase plays an important role at the central spindle. In Drosophila 
male meiosis for example, Polo is required for CPC localization to the central spindle, and 
for localization of Shugoshin to centromeric chromatin where it protects centromeric cohesin 
complexes during the first meiotic division [34–36]. In Drosophila female meiosis, Polo does 
not specifically accumulate on the central spindle. It is not required for central spindle forma-
tion or for the localization of the CPC to the central spindle [24, 32]. Polo knockdown results 
in bi-orientation failure and instead of a compact karyosome in metaphase I, each homolog 
pair is randomly dispersed on the meiosis I spindle, often appearing as discrete chromatin 
masses [24]. Interestingly, a similar phenotype is observed in mutants or RNAi knockdown 
of the major CENP-E homolog in Drosophila (cmet), suggesting a possible function for Polo in 
regulation of this plus-end directed microtubule motor that may function to oppose poleward 
forces during prometaphase [31].

Polo accumulates in a punctate pattern on chromosomes in metaphase I oocytes, likely at 
kinetochores. It may function at kinetochores to stabilize kinetochore microtubules, as loss of 
Polo leads to the apparent hollowing out of the meiotic spindle, possibly due to a reduction in 
the number of kinetochore microtubules [24].

Given the close functional relationship between Polo and Cdk1, it is interesting that biorienta-
tion of homologs in meiosis is also dependent on Cyclin A-Cdk1 [10]. Unlike Polo, Cyclin A 
does not appear to be required for maintaining a compact chromatin mass or for proper spindle 
morphology, though twine mutant oocytes and Cyclin A, Cyclin B3 double knockdown oocytes 
display a scattered chromatin phenotype that may be similar to that seen in Polo [7, 10]. As yet 
it is not known how Cyclin A-Cdk1 promotes biorientation. In other systems Cdk1 can phos-
phorylate Incenp, thereby activating the CPC [37]. Cyclin A-Cdk1 has also been found to pro-
mote proper head-on attachment of kinetochore microtubules in prometaphase of mitosis [38].

5. The APC/C and control of meiotic anaphase

Mature eggs are maintained in a metaphase I arrest that can be stable for long periods of time. 
This arrest is maintained by multiple forces, many of which are focused on the inhibition of 
Anaphase Promoting Complex/Cyclosome (APC/C) activity. The APC/C is a multi-subunit 
E3 ubiquitin ligase that catalyzes the addition of ubiquitin chains to target proteins, marking 
them for degradation by the proteasome. This section will first introduce the APC/C in gen-
eral and in Drosophila oocytes more specifically. This will be followed by a discussion of how 
the APC/C is kept inactive in metaphase I arrested mature oocytes, how it is activated upon 
egg activation, and how its activity leads to the completion of meiosis and other processes that 
occur upon egg activation.

Ubiquitination by the APC/C, as with other E3 Ubiquitin ligases, depends on the activity of E1 
and E2 enzymes. The E1 activates Ubiquitin and transfers it to an E2. In the case of the APC/C, 
the E2 appears to mediate Ubiquitin transfer to the substrate, with the APC/C serving to bring 
E2 and substrate together [39, 40]. The core of the APC/C is composed of APC2, APC11, DOC1 
and an activator, CDC20 or Cdh1. Doc1 and CDC20/Cdh1 facilitate the substrate recognition 
component of the APC/C, whereas APC2 allows for binding of the E2 [39]
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The APC/C activators Cdc20 and Cdh1 (known as Fzy and Fzr respectively in Drosophila) rec-
ognize well-conserved degron motifs on target proteins. Cdc20 can recognize the destruction 
box (D-Box), which has the consensus sequence RXXLXXXXN. Cdh1 recognizes the D-Box, 
the KEN box and a small number of other degron motifs [40].

In vertebrate mitosis, the two APC/C activators function in tandem to control cyclin levels. 
APC/CCdc20 is activated by Cdk1 phosphorylation in mitosis, and drives anaphase by target-
ing mitotic cyclins and Securin for destruction. Destruction of Securin results in activation 
of Separase, a protease that cleaves the klesin subunit of the cohesin complexes, thereby 
releasing sister chromatids. APC/CCdh1 is inhibited by Cdk-mediated phosphorylation 
and is thus activated following cyclin destruction in anaphase. APC/CCdh1 remains active 
through G1 and maintains low Cdk activity. It is then inactivated as Cdk activity rises at 
S-phase, and it remains inactive through G2. Both APC/C activators are important in verte-
brate meiosis. In the mouse APC/CCdh1 is active in G2 and prophase to maintain low cyclin 
levels to prevent precocious NEB [41]. In Xenopus, by contrast, it promotes NEB, targeting 
Protein Phosphatase 6 for destruction, thereby maintaining Cdk1 phosphorylations that 
promote NEB [42]. APC/CFzy is the primary driver of anaphase in vertebrate meiosis, as it 
is in mitosis [40].

In Drosophila, Fzr (Cdh1) is expressed at very low levels in early stage embryos, suggesting 
that it may not be present during late stages of meiosis [43]. As yet, no role has been described 
for Fzr in meiosis. Meanwhile, two APC/C complexes cooperate in meiotic anaphase, APC/
CFzy (Cdc20) and the female germline-specific APC/CCort [40, 44].

6. Inhibition of APC/C during meiosis I arrest

Classic studies in Xenopus oocytes and other vertebrate models identified Cytostatic Factor 
(CSF) as the key to inhibition of APC/C activity in the meiosis II arrest. While the molecular 
identity of CSF remained unknown for many years, it now seems that the APC/CFzy inhibitor, 
Emi2 is responsible for CSF activity. Emi2 functions by competing with APC/CFzy for interac-
tion with the E2, Ube2S [45]. Emi2 is related to another APC/C inhibitor, Emi1, that functions 
in meiotic prophase and in mitotic cells. Drosophila has a single Emi homolog, Rca1. Rca1, like 
Emi1, has a clear mitotic role. Its role, if any, in meiosis has not yet been determined. It does 
not appear capable of interacting with and inhibiting Fzy [46], and no interaction with APC/
CCort has been described.

Emi2 stability and its ability to interact with APC/C depend on phosphorylation by the Rsk kinase, 
acting downstream of a Map kinase pathway that has Mos as the upstream kinase. This phos-
phorylation recruits PP2A which in turn reverses the Cdk1-mediated phosphorylation of Emi2 
that leads to its inactivation and destruction [47]. The role of Mos and Mapk have been investi-
gated in Drosophila and neither appears to be necessary for maintaining the meiosis I arrest [48].

The spindle assembly checkpoint (SAC) plays a key role in assuring faithful chromosome 
segregation in mitosis by inhibiting anaphase initiation until all chromosomes have made 
bipolar attachments to the mitotic spindle. During prometaphase, kinetochores that are not 
yet connected to spindle microtubules act as sites for recruitment of SAC proteins including 
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In many cell types, Polo kinase plays an important role at the central spindle. In Drosophila 
male meiosis for example, Polo is required for CPC localization to the central spindle, and 
for localization of Shugoshin to centromeric chromatin where it protects centromeric cohesin 
complexes during the first meiotic division [34–36]. In Drosophila female meiosis, Polo does 
not specifically accumulate on the central spindle. It is not required for central spindle forma-
tion or for the localization of the CPC to the central spindle [24, 32]. Polo knockdown results 
in bi-orientation failure and instead of a compact karyosome in metaphase I, each homolog 
pair is randomly dispersed on the meiosis I spindle, often appearing as discrete chromatin 
masses [24]. Interestingly, a similar phenotype is observed in mutants or RNAi knockdown 
of the major CENP-E homolog in Drosophila (cmet), suggesting a possible function for Polo in 
regulation of this plus-end directed microtubule motor that may function to oppose poleward 
forces during prometaphase [31].

Polo accumulates in a punctate pattern on chromosomes in metaphase I oocytes, likely at 
kinetochores. It may function at kinetochores to stabilize kinetochore microtubules, as loss of 
Polo leads to the apparent hollowing out of the meiotic spindle, possibly due to a reduction in 
the number of kinetochore microtubules [24].

Given the close functional relationship between Polo and Cdk1, it is interesting that biorienta-
tion of homologs in meiosis is also dependent on Cyclin A-Cdk1 [10]. Unlike Polo, Cyclin A 
does not appear to be required for maintaining a compact chromatin mass or for proper spindle 
morphology, though twine mutant oocytes and Cyclin A, Cyclin B3 double knockdown oocytes 
display a scattered chromatin phenotype that may be similar to that seen in Polo [7, 10]. As yet 
it is not known how Cyclin A-Cdk1 promotes biorientation. In other systems Cdk1 can phos-
phorylate Incenp, thereby activating the CPC [37]. Cyclin A-Cdk1 has also been found to pro-
mote proper head-on attachment of kinetochore microtubules in prometaphase of mitosis [38].

5. The APC/C and control of meiotic anaphase

Mature eggs are maintained in a metaphase I arrest that can be stable for long periods of time. 
This arrest is maintained by multiple forces, many of which are focused on the inhibition of 
Anaphase Promoting Complex/Cyclosome (APC/C) activity. The APC/C is a multi-subunit 
E3 ubiquitin ligase that catalyzes the addition of ubiquitin chains to target proteins, marking 
them for degradation by the proteasome. This section will first introduce the APC/C in gen-
eral and in Drosophila oocytes more specifically. This will be followed by a discussion of how 
the APC/C is kept inactive in metaphase I arrested mature oocytes, how it is activated upon 
egg activation, and how its activity leads to the completion of meiosis and other processes that 
occur upon egg activation.

Ubiquitination by the APC/C, as with other E3 Ubiquitin ligases, depends on the activity of E1 
and E2 enzymes. The E1 activates Ubiquitin and transfers it to an E2. In the case of the APC/C, 
the E2 appears to mediate Ubiquitin transfer to the substrate, with the APC/C serving to bring 
E2 and substrate together [39, 40]. The core of the APC/C is composed of APC2, APC11, DOC1 
and an activator, CDC20 or Cdh1. Doc1 and CDC20/Cdh1 facilitate the substrate recognition 
component of the APC/C, whereas APC2 allows for binding of the E2 [39]
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The APC/C activators Cdc20 and Cdh1 (known as Fzy and Fzr respectively in Drosophila) rec-
ognize well-conserved degron motifs on target proteins. Cdc20 can recognize the destruction 
box (D-Box), which has the consensus sequence RXXLXXXXN. Cdh1 recognizes the D-Box, 
the KEN box and a small number of other degron motifs [40].

In vertebrate mitosis, the two APC/C activators function in tandem to control cyclin levels. 
APC/CCdc20 is activated by Cdk1 phosphorylation in mitosis, and drives anaphase by target-
ing mitotic cyclins and Securin for destruction. Destruction of Securin results in activation 
of Separase, a protease that cleaves the klesin subunit of the cohesin complexes, thereby 
releasing sister chromatids. APC/CCdh1 is inhibited by Cdk-mediated phosphorylation 
and is thus activated following cyclin destruction in anaphase. APC/CCdh1 remains active 
through G1 and maintains low Cdk activity. It is then inactivated as Cdk activity rises at 
S-phase, and it remains inactive through G2. Both APC/C activators are important in verte-
brate meiosis. In the mouse APC/CCdh1 is active in G2 and prophase to maintain low cyclin 
levels to prevent precocious NEB [41]. In Xenopus, by contrast, it promotes NEB, targeting 
Protein Phosphatase 6 for destruction, thereby maintaining Cdk1 phosphorylations that 
promote NEB [42]. APC/CFzy is the primary driver of anaphase in vertebrate meiosis, as it 
is in mitosis [40].

In Drosophila, Fzr (Cdh1) is expressed at very low levels in early stage embryos, suggesting 
that it may not be present during late stages of meiosis [43]. As yet, no role has been described 
for Fzr in meiosis. Meanwhile, two APC/C complexes cooperate in meiotic anaphase, APC/
CFzy (Cdc20) and the female germline-specific APC/CCort [40, 44].

6. Inhibition of APC/C during meiosis I arrest

Classic studies in Xenopus oocytes and other vertebrate models identified Cytostatic Factor 
(CSF) as the key to inhibition of APC/C activity in the meiosis II arrest. While the molecular 
identity of CSF remained unknown for many years, it now seems that the APC/CFzy inhibitor, 
Emi2 is responsible for CSF activity. Emi2 functions by competing with APC/CFzy for interac-
tion with the E2, Ube2S [45]. Emi2 is related to another APC/C inhibitor, Emi1, that functions 
in meiotic prophase and in mitotic cells. Drosophila has a single Emi homolog, Rca1. Rca1, like 
Emi1, has a clear mitotic role. Its role, if any, in meiosis has not yet been determined. It does 
not appear capable of interacting with and inhibiting Fzy [46], and no interaction with APC/
CCort has been described.

Emi2 stability and its ability to interact with APC/C depend on phosphorylation by the Rsk kinase, 
acting downstream of a Map kinase pathway that has Mos as the upstream kinase. This phos-
phorylation recruits PP2A which in turn reverses the Cdk1-mediated phosphorylation of Emi2 
that leads to its inactivation and destruction [47]. The role of Mos and Mapk have been investi-
gated in Drosophila and neither appears to be necessary for maintaining the meiosis I arrest [48].

The spindle assembly checkpoint (SAC) plays a key role in assuring faithful chromosome 
segregation in mitosis by inhibiting anaphase initiation until all chromosomes have made 
bipolar attachments to the mitotic spindle. During prometaphase, kinetochores that are not 
yet connected to spindle microtubules act as sites for recruitment of SAC proteins including 
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the core SAC component, Mad2. Mad2 is converted to an active form that can diffuse away 
to assemble the mitotic checkpoint complex (MCC), which binds and inhibits APC/CCdc20. In 
some organisms such as yeast and Drosophila, the SAC is not essential for normal mitosis, but 
becomes essential under conditions in which mitotic spindle assembly or chromosome attach-
ment to the spindle is disrupted. In vertebrates, the SAC plays an essential role even in the 
absence of spindle disruption [49].

A role for the SAC in meiosis has been most clearly established in the mouse where it is 
important for delaying anaphase I under normal conditions and under conditions in which 
the spindle is disrupted [50]. A role for the SAC in Drosophila is suggested by the protein 
localization and mutant phenotype for the essential SAC component, Mps1 (also known 
as Ald) [51]. Mps1 is a kinase that is recruited to unoccupied kinetochores where it func-
tions to recruit other SAC components. In Drosophila female meiosis, Mps1 accumulates on 
kinetochores starting in prometaphase of meiosis. Mutants display a precocious anaphase 
phenotype, consistent with a SAC function in meiosis I [51]. Another essential SAC compo-
nent, BubR1, also displays a precocious sister chromatid separation and/or missegregation 
phenotype in meiosis that could be attributed to a meiotic SAC role [52]. On the other hand, 
both Mps1 and BubR1 clearly have non-SAC roles in meiosis that could underlie these phe-
notypes [51, 52].

Unlike many SAC proteins, Mad2 appears to have no function outside of the SAC [53] and, 
importantly, null alleles of Mad2, do not result in precocious anaphase in meiosis I [54]. 
Furthermore, loss of Mad2 as well as BubR1, Mps1 and another SAC gene, Zwilch, do not 
result in reduced levels of the APC/CFzy target, Cyclin B, either globally or locally on the 
meiosis I spindle, as would be expected if the APC/C were activated [54]. Genetic evidence 
also argues against a role for the SAC in inhibiting APC/C activity in the 2nd meiotic divi-
sion [54]. This apparent lack of a requirement for the SAC in female meiosis is also seen in 
Xenopus female meiosis [55].

Cyclin B-Cdk1 may play a role in inhibiting APC/C activity in Drosophila female meiosis, 
as Cyclin B knockdown and conditional mutants of Cyclin B result in precocious homo-
log segregation [10]. In Xenopus oocytes, Cyclin B-Cdk1 has been shown to bind to and 
inhibit the activity of Separase [56], and the above phenotype may indicate a similar role 
in Drosophila oocytes. In such a model, Cyclin B loss results in APC/C-independent activa-
tion of Separase. This could be tested genetically, since it predicts that precocious ana-
phase observed in the Cyclin B knockdown would still occur in an APC/C knockdown 
background. While this experiment has not been performed, it was found that precocious 
anaphase in the Cyclin B knockdown oocyte is suppressed by loss of Cyclin B3 [10]. As we 
discuss below, Cyclin B3 appears to activate the APC/C in meiosis. Therefore, the preco-
cious anaphase resulting from Cyclin B loss appears to depend on the APC/C. This would 
better fit with a model in which Cyclin B-Cdk1 inhibits APC/C activity rather than Separase 
activity (Figure 2).

Loss of a single copy of the Mtrm gene results in precocious anaphase [6]. As for its role in NEB, 
Mtrm appears to function in metaphase I primarily as an inhibitor of Polo. Therefore Cyclin 
B-Cdk1 activity and Polo inhibition are both necessary for maintaining a metaphase I arrest.
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7. Egg activation and the resumption of meiosis

In Drosophila, ovulation is the trigger for egg activation, one of the major transition points in 
development. At activation, the egg undergoes multiple changes that set the stage for embry-
onic development. These include the completion of meiosis, global changes in mRNA stabil-
ity, translation, protein phosphorylation, as well as changes in cytoskeletal organization and 
the completion of eggshell formation. All of these changes appear to require the Cort gene 
[40] (Figure 2).

Cort was originally discovered in a screen for maternal effect lethal mutations [57]. Cort 
mutants undergo normal metaphase I arrest at stage 14. Anaphase I is generally normal, 
though some eggs arrest at this point. The vast majority of Cort mutant eggs arrest in meta-
phase II [58, 59]. The cloning of Cort revealed it to encode a member of the Cdc20/Cdh1 family 
of APC/C activators. Cort interacts with the APC/C core and is required for the destruction 
of mitotic cyclins and Securin in the female germline [44, 60]. APC/CCort appears to function 

Figure 2. Model for regulation of and roles of the anaphase-promoting complex in Drosophila female meiosis. See text 
for details and references.
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the core SAC component, Mad2. Mad2 is converted to an active form that can diffuse away 
to assemble the mitotic checkpoint complex (MCC), which binds and inhibits APC/CCdc20. In 
some organisms such as yeast and Drosophila, the SAC is not essential for normal mitosis, but 
becomes essential under conditions in which mitotic spindle assembly or chromosome attach-
ment to the spindle is disrupted. In vertebrates, the SAC plays an essential role even in the 
absence of spindle disruption [49].

A role for the SAC in meiosis has been most clearly established in the mouse where it is 
important for delaying anaphase I under normal conditions and under conditions in which 
the spindle is disrupted [50]. A role for the SAC in Drosophila is suggested by the protein 
localization and mutant phenotype for the essential SAC component, Mps1 (also known 
as Ald) [51]. Mps1 is a kinase that is recruited to unoccupied kinetochores where it func-
tions to recruit other SAC components. In Drosophila female meiosis, Mps1 accumulates on 
kinetochores starting in prometaphase of meiosis. Mutants display a precocious anaphase 
phenotype, consistent with a SAC function in meiosis I [51]. Another essential SAC compo-
nent, BubR1, also displays a precocious sister chromatid separation and/or missegregation 
phenotype in meiosis that could be attributed to a meiotic SAC role [52]. On the other hand, 
both Mps1 and BubR1 clearly have non-SAC roles in meiosis that could underlie these phe-
notypes [51, 52].

Unlike many SAC proteins, Mad2 appears to have no function outside of the SAC [53] and, 
importantly, null alleles of Mad2, do not result in precocious anaphase in meiosis I [54]. 
Furthermore, loss of Mad2 as well as BubR1, Mps1 and another SAC gene, Zwilch, do not 
result in reduced levels of the APC/CFzy target, Cyclin B, either globally or locally on the 
meiosis I spindle, as would be expected if the APC/C were activated [54]. Genetic evidence 
also argues against a role for the SAC in inhibiting APC/C activity in the 2nd meiotic divi-
sion [54]. This apparent lack of a requirement for the SAC in female meiosis is also seen in 
Xenopus female meiosis [55].

Cyclin B-Cdk1 may play a role in inhibiting APC/C activity in Drosophila female meiosis, 
as Cyclin B knockdown and conditional mutants of Cyclin B result in precocious homo-
log segregation [10]. In Xenopus oocytes, Cyclin B-Cdk1 has been shown to bind to and 
inhibit the activity of Separase [56], and the above phenotype may indicate a similar role 
in Drosophila oocytes. In such a model, Cyclin B loss results in APC/C-independent activa-
tion of Separase. This could be tested genetically, since it predicts that precocious ana-
phase observed in the Cyclin B knockdown would still occur in an APC/C knockdown 
background. While this experiment has not been performed, it was found that precocious 
anaphase in the Cyclin B knockdown oocyte is suppressed by loss of Cyclin B3 [10]. As we 
discuss below, Cyclin B3 appears to activate the APC/C in meiosis. Therefore, the preco-
cious anaphase resulting from Cyclin B loss appears to depend on the APC/C. This would 
better fit with a model in which Cyclin B-Cdk1 inhibits APC/C activity rather than Separase 
activity (Figure 2).

Loss of a single copy of the Mtrm gene results in precocious anaphase [6]. As for its role in NEB, 
Mtrm appears to function in metaphase I primarily as an inhibitor of Polo. Therefore Cyclin 
B-Cdk1 activity and Polo inhibition are both necessary for maintaining a metaphase I arrest.
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7. Egg activation and the resumption of meiosis

In Drosophila, ovulation is the trigger for egg activation, one of the major transition points in 
development. At activation, the egg undergoes multiple changes that set the stage for embry-
onic development. These include the completion of meiosis, global changes in mRNA stabil-
ity, translation, protein phosphorylation, as well as changes in cytoskeletal organization and 
the completion of eggshell formation. All of these changes appear to require the Cort gene 
[40] (Figure 2).

Cort was originally discovered in a screen for maternal effect lethal mutations [57]. Cort 
mutants undergo normal metaphase I arrest at stage 14. Anaphase I is generally normal, 
though some eggs arrest at this point. The vast majority of Cort mutant eggs arrest in meta-
phase II [58, 59]. The cloning of Cort revealed it to encode a member of the Cdc20/Cdh1 family 
of APC/C activators. Cort interacts with the APC/C core and is required for the destruction 
of mitotic cyclins and Securin in the female germline [44, 60]. APC/CCort appears to function 
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in a partially redundant manner with the canonical APC/CFzy. Fzy hypomorphs arrest in 
anaphase II, with elevated cyclin levels, while cort, fzy double mutants arrest in meiosis I, 
with further elevated cyclins levels [44]. Though both APC/Cs target Cyclin B for destruc-
tion, they appear to have distinct sites of activity: Cort is responsible for spindle midzone 
degradation of Cyclin B, whereas Fzy is responsible for degradation of Cyclin B all along 
the spindle [44]. In addition to cyclins and Securin, APC/CCort targets Mtrm for destruction, 
thereby promoting Polo activity that appears to be important for proper mitosis in the early 
embryo [61] (Figure 2). Cort recognizes a degron sequence on Mtrm that is related to but 
distinct from the D-box, found on Fzy and Fzr targeted proteins [61]. Given that APC/CCort 
targets the mitotic cyclins for destruction, it is likely that it also recognizes canonical D-box 
and possibly KEN box degrons on these targets, but this has not been directly tested as yet.

As mentioned, Cort functions in multiple processes that depend on egg activation. Wild type 
oocytes contain arrays of microtubules around the cortex of the egg. These are broken down 
into shorter filaments at egg activation. Cort mutants fail to undergo this change in microtu-
bule organization [58, 59]. How Cort affects this change in microtubule behavior is not known.

Cort is also implicated in the translation of specific mRNAs at egg activation. These include 
mRNA for patterning genes Bicoid, and possibly Toll and Torso. Reduced translation of bicoid 
mRNA correlates with reduced polyA tail length, suggesting that Cort promotes translation 
by promoting polyadenylation of specific mRNAs [59].

Cort is required for the destabilization of many mRNAs at the mid-blastula transition in cycle 
14 of embryogenesis. At this transition, many maternal mRNAs are degraded and zygotic 
transcription is upregulated. Egg activation leads to a pathway in which the Pan gu (Png) 
kinase is activated and promotes the translation of the RNA-binding protein Smaug. Smaug 
is responsible for the destabilization of mRNAs at the transition to zygotic development [62]. 
It is currently unknown at what level in this pathway Cort functions.

Egg activation also involves global changes in protein phosphorylation, and Cort is implicated 
in a subset of these [63]. One protein that is dephosphorylated at egg activation dependent on 
Cort is Gnu, a component of the Png complex that is implicated in translational control at egg 
activation [63]. While the significance of this dephosphorylation is not clear, one possibility 
is that APC/CCort activates the Png kinase complex by promoting dephosphorylation of Gnu,  
possibly by targeting for destruction a Gnu kinase. Png then promotes the translation of 
Smaug, leading to transcript destabilization. The identification of specific Cort targets at egg 
activation will be necessary to sort out the relationship amongst these Cort-dependent func-
tions. It will also be important to determine if these functions of Cort depend on its role as an 
APC/C activator or if they represent novel functions of Cort.

8. Activation of the APC/C at ovulation

In many species, fertilization is the signal for egg activation, but in Drosophila, ovulation 
triggers this process (reviewed in [64]). Even though egg activation is not directly coupled 
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to fertilization, the events are linked, as both depend on passage of the egg through the 
oviduct. When the egg enters the uterus it is positioned to allow sperm that is stored by the 
female after mating to enter the egg through an opening at the egg anterior called the micro-
pyle. Meanwhile, ovulation triggers egg activation. The experimental application of physical 
pressure on a mature oocyte can induce egg activation, suggesting that physical pressure 
encountered during passage through the oviduct triggers egg activation [65]. Supporting this 
idea, inhibiter studies implicate mechanosensitive calcium channels, presumably activated 
during squeezing of the egg in the oviduct, in mediating an initial increase in calcium levels 
upon ovulation. This is followed by the IP3-mediated release of intracellular calcium stores 
in the egg. The result is a wave of calcium that passes through the oocyte cytoplasm [66]. The 
increase in calcium appears to then lead to activation of calcium-dependent enzymes such as 
Calcineurin (Figure 2).

The central role of Calcineurin in Drosophila egg activation was first revealed through the 
study of its interacting partner, Sarah [67–69]. Sarah is a positive regulator of Calcineurin in 
Drosophila meiosis, though it is a negative regulator in other contexts. Sarah mutants display 
a metaphase I arrest, and elevated Cyclin B, suggesting lack of APC/C activity. In addition, 
other events of egg activation are impaired, such as the translation of bicoid mRNA, and reor-
ganization of cortical microtubules. Calcineurin (CanB2) mutants were subsequently found 
to have similar defects, indicating that sarah phenotypes are a result of loss of Calcineurin 
activity [67]. Phosphorylation of Sarah by Glycogen synthase kinase-3 (GSK-3/Shaggy) and by 
Polo, are necessary for Calcineurin activity, implicating these kinases as potential upstream 
regulators of Calcineurin, in addition to calcium [70].

In Xenopus, Calcineurin appears to promote anaphase by relieving APC/CFzy of Emi2 inhibi-
tion [71, 72]. As discussed earlier, it is not yet clear if the Drosophila Emi, Rca1, is important for 
meiosis and therefore it is not clear if Calcineurin targets this protein or another to mediate 
APC/C activation (Figure 2).

The similarity between CanB2 and sarah mutants on one hand and cort mutants on the other, 
support the idea that Calcineurin acts in a pathway with APC/CCort (presumably upstream, 
as in Xenopus) to promote egg activation. The main difference between calcineurin and 
cort mutants is the timing of the meiotic arrest: meiosis II for cort mutants and meiosis I for 
Calcineurin mutants. As mentioned cort, fzy double mutants arrest in meiosis I [44], suggest-
ing that Calcineurin is required upstream of both APC/C complexes.

While Cort regulates translation, possibly by affecting polyadenylation, Cort itself is subject to 
this form of regulation. Wispy is a female specific PolyA Polymerase required for translation, 
and transcript destabilization in Drosophila embryos [73, 74]. Wispy mutants arrest in meiosis 
I, at least in part due to failure to translate Cort [74]. A role in Fzy translation has not yet been 
reported (Figure 2).

In mitotic cells, APC/CFzy activity is dependent on phosphorylation by Cdk1. Based on the 
mutant phenotype for Cyclin B3, Cyclin B3-Cdk1 may play this APC/C activating role in meio-
sis. Cyclin B3 mutant females undergo meiotic arrest in metaphase or early anaphase of either 
meiosis I or II [10, 75]. Similarly, Cyclin B3 RNAi injection into early embryos results in an 
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in a partially redundant manner with the canonical APC/CFzy. Fzy hypomorphs arrest in 
anaphase II, with elevated cyclin levels, while cort, fzy double mutants arrest in meiosis I, 
with further elevated cyclins levels [44]. Though both APC/Cs target Cyclin B for destruc-
tion, they appear to have distinct sites of activity: Cort is responsible for spindle midzone 
degradation of Cyclin B, whereas Fzy is responsible for degradation of Cyclin B all along 
the spindle [44]. In addition to cyclins and Securin, APC/CCort targets Mtrm for destruction, 
thereby promoting Polo activity that appears to be important for proper mitosis in the early 
embryo [61] (Figure 2). Cort recognizes a degron sequence on Mtrm that is related to but 
distinct from the D-box, found on Fzy and Fzr targeted proteins [61]. Given that APC/CCort 
targets the mitotic cyclins for destruction, it is likely that it also recognizes canonical D-box 
and possibly KEN box degrons on these targets, but this has not been directly tested as yet.

As mentioned, Cort functions in multiple processes that depend on egg activation. Wild type 
oocytes contain arrays of microtubules around the cortex of the egg. These are broken down 
into shorter filaments at egg activation. Cort mutants fail to undergo this change in microtu-
bule organization [58, 59]. How Cort affects this change in microtubule behavior is not known.

Cort is also implicated in the translation of specific mRNAs at egg activation. These include 
mRNA for patterning genes Bicoid, and possibly Toll and Torso. Reduced translation of bicoid 
mRNA correlates with reduced polyA tail length, suggesting that Cort promotes translation 
by promoting polyadenylation of specific mRNAs [59].

Cort is required for the destabilization of many mRNAs at the mid-blastula transition in cycle 
14 of embryogenesis. At this transition, many maternal mRNAs are degraded and zygotic 
transcription is upregulated. Egg activation leads to a pathway in which the Pan gu (Png) 
kinase is activated and promotes the translation of the RNA-binding protein Smaug. Smaug 
is responsible for the destabilization of mRNAs at the transition to zygotic development [62]. 
It is currently unknown at what level in this pathway Cort functions.

Egg activation also involves global changes in protein phosphorylation, and Cort is implicated 
in a subset of these [63]. One protein that is dephosphorylated at egg activation dependent on 
Cort is Gnu, a component of the Png complex that is implicated in translational control at egg 
activation [63]. While the significance of this dephosphorylation is not clear, one possibility 
is that APC/CCort activates the Png kinase complex by promoting dephosphorylation of Gnu,  
possibly by targeting for destruction a Gnu kinase. Png then promotes the translation of 
Smaug, leading to transcript destabilization. The identification of specific Cort targets at egg 
activation will be necessary to sort out the relationship amongst these Cort-dependent func-
tions. It will also be important to determine if these functions of Cort depend on its role as an 
APC/C activator or if they represent novel functions of Cort.

8. Activation of the APC/C at ovulation

In many species, fertilization is the signal for egg activation, but in Drosophila, ovulation 
triggers this process (reviewed in [64]). Even though egg activation is not directly coupled 
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to fertilization, the events are linked, as both depend on passage of the egg through the 
oviduct. When the egg enters the uterus it is positioned to allow sperm that is stored by the 
female after mating to enter the egg through an opening at the egg anterior called the micro-
pyle. Meanwhile, ovulation triggers egg activation. The experimental application of physical 
pressure on a mature oocyte can induce egg activation, suggesting that physical pressure 
encountered during passage through the oviduct triggers egg activation [65]. Supporting this 
idea, inhibiter studies implicate mechanosensitive calcium channels, presumably activated 
during squeezing of the egg in the oviduct, in mediating an initial increase in calcium levels 
upon ovulation. This is followed by the IP3-mediated release of intracellular calcium stores 
in the egg. The result is a wave of calcium that passes through the oocyte cytoplasm [66]. The 
increase in calcium appears to then lead to activation of calcium-dependent enzymes such as 
Calcineurin (Figure 2).

The central role of Calcineurin in Drosophila egg activation was first revealed through the 
study of its interacting partner, Sarah [67–69]. Sarah is a positive regulator of Calcineurin in 
Drosophila meiosis, though it is a negative regulator in other contexts. Sarah mutants display 
a metaphase I arrest, and elevated Cyclin B, suggesting lack of APC/C activity. In addition, 
other events of egg activation are impaired, such as the translation of bicoid mRNA, and reor-
ganization of cortical microtubules. Calcineurin (CanB2) mutants were subsequently found 
to have similar defects, indicating that sarah phenotypes are a result of loss of Calcineurin 
activity [67]. Phosphorylation of Sarah by Glycogen synthase kinase-3 (GSK-3/Shaggy) and by 
Polo, are necessary for Calcineurin activity, implicating these kinases as potential upstream 
regulators of Calcineurin, in addition to calcium [70].

In Xenopus, Calcineurin appears to promote anaphase by relieving APC/CFzy of Emi2 inhibi-
tion [71, 72]. As discussed earlier, it is not yet clear if the Drosophila Emi, Rca1, is important for 
meiosis and therefore it is not clear if Calcineurin targets this protein or another to mediate 
APC/C activation (Figure 2).

The similarity between CanB2 and sarah mutants on one hand and cort mutants on the other, 
support the idea that Calcineurin acts in a pathway with APC/CCort (presumably upstream, 
as in Xenopus) to promote egg activation. The main difference between calcineurin and 
cort mutants is the timing of the meiotic arrest: meiosis II for cort mutants and meiosis I for 
Calcineurin mutants. As mentioned cort, fzy double mutants arrest in meiosis I [44], suggest-
ing that Calcineurin is required upstream of both APC/C complexes.

While Cort regulates translation, possibly by affecting polyadenylation, Cort itself is subject to 
this form of regulation. Wispy is a female specific PolyA Polymerase required for translation, 
and transcript destabilization in Drosophila embryos [73, 74]. Wispy mutants arrest in meiosis 
I, at least in part due to failure to translate Cort [74]. A role in Fzy translation has not yet been 
reported (Figure 2).

In mitotic cells, APC/CFzy activity is dependent on phosphorylation by Cdk1. Based on the 
mutant phenotype for Cyclin B3, Cyclin B3-Cdk1 may play this APC/C activating role in meio-
sis. Cyclin B3 mutant females undergo meiotic arrest in metaphase or early anaphase of either 
meiosis I or II [10, 75]. Similarly, Cyclin B3 RNAi injection into early embryos results in an 
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anaphase arrest, suggesting a role in APC/C activation in the mitotic divisions of the early 
embryo [75]. If Cyclin B3-Cdk1 activates the APC/C in meiosis, it remains to be determined if 
this involves direct phosphorylation of APC/C subunits, and whether APC/CCort or APC/CFzy 
or both are activated (Figure 2).

9. Chromosome cohesion and its release in meiosis

The key event of meiotic anaphase is the separation of attached homologs in meiosis I, and 
then sister chromatids in meiosis II. In mitotic cells in Drosophila and possibly all eukaryotes, 
sister chromatids are held together by the ring-like cohesin complex. At anaphase, the APC/C 
dependent cleavage the kleisin component of the cohesin complex (called Rad21), leads to 
chromosome segregation. In diverse organisms, from yeast to mammals, the cohesin complex 
is modified for meiosis. Most notably, a meiotic kleisin, Rec8, takes the place of Rad21. APC/
CCdc20 activation at anaphase triggers the degradation of Securin, leading to Separase activa-
tion and consequent Separase-mediated cleavage of Rec8 (reviewed in [76]). Rec8 cleavage 
and cohesin disassembly in meiosis occurs in two steps. Prior to anaphase I, homologs are 
kept together by the combined effect of crossing over between homologs and sister chroma-
tid cohesion distal to crossovers. At anaphase I, cohesion along chromatid arms is released 
to allow homolog segregation. At anaphase II, centromere-proximal cohesion is released to 
allow sister chromatids to separate [77].

As described above, the APC/C activator, Cort is required for anaphase II of female meio-
sis. FISH using an X-chromosome centromere-proximal probe revealed that these meiosis II 
figures each contain a single dot, indicating that centromere cohesion is maintained in cort 
mutants, implying that APC/CCort is necessary for the release of centromere-proximal cohe-
sion in anaphase II [44]. Cort, fzy double mutants as well as Calcineurin mutants produce an 
arrest in meiosis I [44], but it is not known if this arrest occurs prior to the release of arm cohe-
sion. This could be easily tested using arm-specific FISH probes described below.

The roles of Securin and Separase in Drosophila meiosis were investigated, employing cen-
tromere-proximal and arm-specific FISH probes to monitor cohesion release in meiosis I 
and II [78]. The expression of a D-box, KEN-box mutant version of Securin in Drosophila 
oocytes that were depleted of endogenous Securin by RNAi, produced a delay or failure 
of homolog segregation in meiosis I and sister segregation in meiosis II. In the same study 
it was found that RNAi knockdown of the Drosophila Separase gene leads to an identi-
cal phenotype [78] (Figure 2). Interestingly, neither Separase knockdown nor stabilized 
Securin lead to a complete failure of cohesion release in meiosis, though both produced 
a complete and stable failure of cohesion release in the post-meiotic polar body chromo-
somes [78]. While it is possible that incomplete effects are due to a failure to completely 
inactivate Separase in these experiments, it could also be that a 2nd pathway for cohe-
sion release operates in parallel with and partially redundant with the Securin/Separase 
pathway.
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Knockdown of cohesin component SMC3 leads to precocious homolog segregation (though 
not sister segregation) [78], implying a role for the cohesin complex in arm cohesion in 
Drosophila. Complicating this interpretation is the finding that many cohesin components, 
including SMC1 and SMC3 are important for synaptonemal complex (SC) assembly or main-
tenance [79]. The SC brings homologs into register in meiotic prophase and thus it is necessary 
for homolog pairing in meiosis I. Recent evidence has shown that core cohesin components 
are indeed required for cohesion, independent of their roles in SC assembly or maintenance. 
First, it was found that knockdown of either SMC1 or the cohesin loading protein, Eco, leads 
to non-disjunction even in cases where a cross-over occurred [80]. Therefore, the non-dis-
junction is not due to failed synapsis and is presumably due to a failure of cohesion. Direct 
cytological evidence also supports an essential role for the core cohesin complex in meiotic 
cohesion. Using an arm-specific FISH probe, it was found that SMC3 knockdown, but not 
knockdown of Rad21, results in absence of chromosome arm cohesion in meiotic prophase 
[78]. Interestingly, centromere-proximal cohesion appears to persist in these oocytes, either 
because of incomplete loss of cohesin at these sites or perhaps because a 2nd mechanism con-
tributes to centromeric cohesion [78].

While the core components of the cohesin complex are required for meiotic cohesion, the 
identity of the Separase-cleavable component remains unknown. Fruit flies lack an obvi-
ous Rec8 homolog. A distant relative of Rec8, C(2)M, was found to function in the SC, but it 
appears to be released from chromosomes well before anaphase I. Furthermore, a form of C(2)
M lacking putative Separase cleavage sites does not prevent anaphase, suggesting that C(2)
M is not the cleavable kleisin [81]. Meanwhile, several lines of evidence demonstrate that the 
mitotic kleisin, Rad21, is also not the cleavable cohesin complex component in meiosis. First, 
a Separase cleavage site mutation in Rad21 fails to prevent anaphase in meiosis. Second, when 
the Rad21 gene was replaced with a TEV-cleavable Rad21 transgene, TEV cleavage prior to 
anaphase did not result in precocious anaphase [82]. Finally, knockdown of Rad21 in meiosis 
did not lead to precocious release of arm cohesion [78].

While the Separase target in Drosophila meiosis is not known, 3 likely candidates have been 
identified, Ord, Sunn and Solo (Figure 2). All three genes were found to be required for 
proper homolog and sister chromatid disjunction in meiosis, and they each encode novel pro-
teins that have been found to localize to meiotic chromosomes and to core cohesin complexes 
[83–87]. It will be important to assess these proteins for Separase-mediated cleavage, either by 
identifying and mutating putative Separase cleavage sites or by direct identification of cleav-
age products in post-meiotic eggs.

10. Conclusion

The ability to study mutant and knockdown phenotypes in female meiosis in recent years has 
led to a great advancement in our understanding of how cell cycle regulators work together 
to regulate meiosis. One of the big challenges for the future will be in discovering specific 
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anaphase arrest, suggesting a role in APC/C activation in the mitotic divisions of the early 
embryo [75]. If Cyclin B3-Cdk1 activates the APC/C in meiosis, it remains to be determined if 
this involves direct phosphorylation of APC/C subunits, and whether APC/CCort or APC/CFzy 
or both are activated (Figure 2).

9. Chromosome cohesion and its release in meiosis

The key event of meiotic anaphase is the separation of attached homologs in meiosis I, and 
then sister chromatids in meiosis II. In mitotic cells in Drosophila and possibly all eukaryotes, 
sister chromatids are held together by the ring-like cohesin complex. At anaphase, the APC/C 
dependent cleavage the kleisin component of the cohesin complex (called Rad21), leads to 
chromosome segregation. In diverse organisms, from yeast to mammals, the cohesin complex 
is modified for meiosis. Most notably, a meiotic kleisin, Rec8, takes the place of Rad21. APC/
CCdc20 activation at anaphase triggers the degradation of Securin, leading to Separase activa-
tion and consequent Separase-mediated cleavage of Rec8 (reviewed in [76]). Rec8 cleavage 
and cohesin disassembly in meiosis occurs in two steps. Prior to anaphase I, homologs are 
kept together by the combined effect of crossing over between homologs and sister chroma-
tid cohesion distal to crossovers. At anaphase I, cohesion along chromatid arms is released 
to allow homolog segregation. At anaphase II, centromere-proximal cohesion is released to 
allow sister chromatids to separate [77].

As described above, the APC/C activator, Cort is required for anaphase II of female meio-
sis. FISH using an X-chromosome centromere-proximal probe revealed that these meiosis II 
figures each contain a single dot, indicating that centromere cohesion is maintained in cort 
mutants, implying that APC/CCort is necessary for the release of centromere-proximal cohe-
sion in anaphase II [44]. Cort, fzy double mutants as well as Calcineurin mutants produce an 
arrest in meiosis I [44], but it is not known if this arrest occurs prior to the release of arm cohe-
sion. This could be easily tested using arm-specific FISH probes described below.

The roles of Securin and Separase in Drosophila meiosis were investigated, employing cen-
tromere-proximal and arm-specific FISH probes to monitor cohesion release in meiosis I 
and II [78]. The expression of a D-box, KEN-box mutant version of Securin in Drosophila 
oocytes that were depleted of endogenous Securin by RNAi, produced a delay or failure 
of homolog segregation in meiosis I and sister segregation in meiosis II. In the same study 
it was found that RNAi knockdown of the Drosophila Separase gene leads to an identi-
cal phenotype [78] (Figure 2). Interestingly, neither Separase knockdown nor stabilized 
Securin lead to a complete failure of cohesion release in meiosis, though both produced 
a complete and stable failure of cohesion release in the post-meiotic polar body chromo-
somes [78]. While it is possible that incomplete effects are due to a failure to completely 
inactivate Separase in these experiments, it could also be that a 2nd pathway for cohe-
sion release operates in parallel with and partially redundant with the Securin/Separase 
pathway.
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Knockdown of cohesin component SMC3 leads to precocious homolog segregation (though 
not sister segregation) [78], implying a role for the cohesin complex in arm cohesion in 
Drosophila. Complicating this interpretation is the finding that many cohesin components, 
including SMC1 and SMC3 are important for synaptonemal complex (SC) assembly or main-
tenance [79]. The SC brings homologs into register in meiotic prophase and thus it is necessary 
for homolog pairing in meiosis I. Recent evidence has shown that core cohesin components 
are indeed required for cohesion, independent of their roles in SC assembly or maintenance. 
First, it was found that knockdown of either SMC1 or the cohesin loading protein, Eco, leads 
to non-disjunction even in cases where a cross-over occurred [80]. Therefore, the non-dis-
junction is not due to failed synapsis and is presumably due to a failure of cohesion. Direct 
cytological evidence also supports an essential role for the core cohesin complex in meiotic 
cohesion. Using an arm-specific FISH probe, it was found that SMC3 knockdown, but not 
knockdown of Rad21, results in absence of chromosome arm cohesion in meiotic prophase 
[78]. Interestingly, centromere-proximal cohesion appears to persist in these oocytes, either 
because of incomplete loss of cohesin at these sites or perhaps because a 2nd mechanism con-
tributes to centromeric cohesion [78].

While the core components of the cohesin complex are required for meiotic cohesion, the 
identity of the Separase-cleavable component remains unknown. Fruit flies lack an obvi-
ous Rec8 homolog. A distant relative of Rec8, C(2)M, was found to function in the SC, but it 
appears to be released from chromosomes well before anaphase I. Furthermore, a form of C(2)
M lacking putative Separase cleavage sites does not prevent anaphase, suggesting that C(2)
M is not the cleavable kleisin [81]. Meanwhile, several lines of evidence demonstrate that the 
mitotic kleisin, Rad21, is also not the cleavable cohesin complex component in meiosis. First, 
a Separase cleavage site mutation in Rad21 fails to prevent anaphase in meiosis. Second, when 
the Rad21 gene was replaced with a TEV-cleavable Rad21 transgene, TEV cleavage prior to 
anaphase did not result in precocious anaphase [82]. Finally, knockdown of Rad21 in meiosis 
did not lead to precocious release of arm cohesion [78].

While the Separase target in Drosophila meiosis is not known, 3 likely candidates have been 
identified, Ord, Sunn and Solo (Figure 2). All three genes were found to be required for 
proper homolog and sister chromatid disjunction in meiosis, and they each encode novel pro-
teins that have been found to localize to meiotic chromosomes and to core cohesin complexes 
[83–87]. It will be important to assess these proteins for Separase-mediated cleavage, either by 
identifying and mutating putative Separase cleavage sites or by direct identification of cleav-
age products in post-meiotic eggs.

10. Conclusion

The ability to study mutant and knockdown phenotypes in female meiosis in recent years has 
led to a great advancement in our understanding of how cell cycle regulators work together 
to regulate meiosis. One of the big challenges for the future will be in discovering specific 
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substrates for Cdk1 and other kinases, and for the APC/C. There is also a need to better under-
stand how these central meiotic regulators are themselves regulated in meiosis.
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Abstract

It is increasingly recognized that acquired traits may be transgenerationally transmitted 
through non-DNA sequence-based elements, with epigenetics as perhaps the most impor-
tant mechanism. Here we review examples of non-genetic transgenerational inheritance in 
Drosophila, highlighting transgenerational programming of metabolic status and longevity, 
one particular histone modification as an evolutionarily conserved underlying mechanism, 
and important implications of such studies in understanding health and diseases.

Keywords: aging, Drosophila, H3K27me3, metabolic state, PRC2, transgenerational 
epigenetic inheritance

1. Introduction

Epigenetics is the science of non-DNA sequence-based modifications of gene expression and, 
subsequently, phenotypic variability at both the genomic and organismal levels [1]. Studies 
over the past several decades have distinguished DNA methylation, histone modification, 
and non-coding RNA-based processes as the key mechanisms underlying epigenetic regula-
tion. Epigenetic inheritance has been observed across species, including prokaryotes, plants, 
and animals [2–8], with an epigenetic trait defined as “a stably heritable phenotype resulting 
from changes in a chromosome without alterations in the DNA sequence” [9]. Interestingly, 
certain epigenetically-regulated phenotypes can propagate across multiple generations, 
leading to the concept of transgenerational epigenetic inheritance (TEI) [4–8]. This emerg-
ing concept has triggered numerous debates and revived old controversies in the scientific 
community as to whether acquired traits may be transmitted across generations. Nonetheless, 
it has profoundly reshaped our understanding of biology, particularly human diseases, as 
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Year Intervention/treatment (F0 only) Phenotypic/genomic  
response

Generation 
with effect

Authors

2007 Tumor suppressor gene mutation Tumor risk F2 but not  
F3

Xing et al.

2009 Chronic pentylenetetrazole  
treatment of adult males

Transcriptomic profile in 
CNS

F2 Sharma and 
Singh

2010 Old age Memory loss F2 Burns and 
Mery

2012 Low male availability during mating Number of offspring (to 
quantify fitness)

F2 & F3 Brommer et al.

2013 Post-eclosion feeding of virgin 
females with a high-sugar diet

Body composition in larvae F2 Buescher et al.

2015 Gamma radiation in young adult 
males

Longevity & rate of 
development

F2 but not F3 Shameer et al.

2015 Yeast concentration in diets used to 
raise larvae through development

Somatic rDNA instability  
& copy number variation

F2 & up to  
F60

Aldrich and 
Maggert

2016 Post-eclosion feeding of both virgin 
males and females with various diets

Longevity & reproduction F2 & F3 Xia and de 
Belle

2016 Extended olfactory training with 
young adults

Approach bias to the same 
trained odors

F2 Williams

2016 High fat diet to raise larvae through 
development

Pupal body weight F2 Dew-Budd 
et al.

2016 Different food conditions used to 
raise male larvae and adults

Longevity F2 Roussou et al.

2016 Post-eclosion dietary, genetic and 
pharmacological treatments of 
 both virgin males and females

Longevity & H3K27me3 
levels

F2 Xia et al.

2017 Epialleles, as defined by differential 
levels of H3K27me3

Eye color F5 & up to  
F10

Ciabrelli et al.

2017 Grandmaternal age Embryonic & embryonic to 
adult viability

F2* Bloch Qazi 
et al.

2017 Genetic manipulation of parental 
metabolism

Triglyceride levels & 
transcriptional profile

F2 Palu et al.

*Potential transgenerational effects were not clearly-defined and quantified.

Table 1. Primary research papers describing TEI in Drosophila where phenotypic and/or genomic responses were 
investigated in the F2 or later generations.

stable epigenetic marks may record environmental challenges through modified gene expres-
sion patterns and ensure long-lasting, while reversible responses in the absence of the initial 
triggering events [10–17]. Importantly, the adaptive and reversible nature of epigenetic regu-
lation may offer exciting therapeutic targets to help prevent or treat most, if not all, chronic 
diseases, including cardiovascular disease (CVD), diabetes, neurodegenerative diseases, and 
cancers [10–13, 16, 18–20].
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The fruit fly (Drosophila melanogaster) offers multiple advantages for assaying TEI, in particular 
to characterize the underlying epigenetic mechanisms, and to identify gene targets for drug 
discovery. First, the short rearing period and lifespan of fruit flies facilitate transgenerational 
experiments over multiple generations within a reasonable time scale. Second, various exam-
ples of transgenerational inheritance have been established in Drosophila (Table 1) that enable 
rapid identification and characterization of underlying epigenetic mechanisms. Third, all major 
epigenetic mechanisms are present in this model system [1], although DNA methylation in flies 
appears to be different from many other eukaryotic organisms and is present only at very low 
levels in adults [21, 22]. Importantly, N6-methyladenine may complement the function of DNA 
methylation in flies [23]. Finally, Drosophila has been increasingly used for modeling human 
diseases and drug discovery [24–28]. The Drosophila heart has been used to model several differ-
ent aspects of human CVDs, including congenital heart disease and cardiomyopathy [29–31]. 
Drosophila is a recently-established model system for obesity and diabetes [26, 32, 33]. It has also 
been widely used to model cognitive diseases [34, 35], and various cancers [36].

TEI has been thoroughly reviewed, focusing mostly on data obtained from mammals [5, 6, 8, 
37–39]. Here, such studies from Drosophila are discussed, in particular, to highlight transgen-
erational programming of metabolic status and longevity, and tri-methylation of histone H3 at 
lysine 27 (H3K27me3) as an evolutionarily conserved epigenetic mechanism underlying TEI.

2. Transgenerational inheritance at the organismal level

2.1. Metabolism

The current Western diet has been defined by increased consumption of meat products, dairy 
items, grains, and sugar-infused drinks [40]. Having profound effects on glycemic load, fatty 
acid composition, macronutrient composition, micronutrient density, acid-base balance, 
sodium-potassium ratio, and fiber content, this diet may underlie the growing prevalence of 
chronic diseases in Western society, especially CVD, obesity, diabetes, and dementia [41–44]. 
Often, multiple conditions manifest themselves simultaneously in afflicted individuals, sug-
gesting shared elements in disease pathology. Obesity and other metabolic disorders, for 
example, are associated with various secondary disease indications as the underlying cellu-
lar and organismal metabolism is fundamental to nearly all necessary biological processes 
[45]. The prominent role of nutrition and other environmental factors in the development of 
metabolic disorders offers a promising model to identify and characterize the underlying epi-
genetic mechanisms, leading to diet optimization and nutrition-responsive therapies to com-
bat chronic diseases (cf. [42]). Thus, nutrition has been studied extensively regarding TEI of 
diabetes and other metabolic disorders across various animal models [14, 46–48]. Metabolic 
dysfunctions are often measured through development and glucose/insulin homeostasis after 
nutritional or dietary interventions including overnutrition, high-fat, low-protein (LP), and 
high-sugar (HS) diets. Typically, the well-controlled application of dietary manipulations and 
well-established hallmarks of various metabolic disorders offer a tractable yet indispensable 
approach to studying TEI in many animal models.
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triggering events [10–17]. Importantly, the adaptive and reversible nature of epigenetic regu-
lation may offer exciting therapeutic targets to help prevent or treat most, if not all, chronic 
diseases, including cardiovascular disease (CVD), diabetes, neurodegenerative diseases, and 
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been widely used to model cognitive diseases [34, 35], and various cancers [36].

TEI has been thoroughly reviewed, focusing mostly on data obtained from mammals [5, 6, 8, 
37–39]. Here, such studies from Drosophila are discussed, in particular, to highlight transgen-
erational programming of metabolic status and longevity, and tri-methylation of histone H3 at 
lysine 27 (H3K27me3) as an evolutionarily conserved epigenetic mechanism underlying TEI.

2. Transgenerational inheritance at the organismal level

2.1. Metabolism

The current Western diet has been defined by increased consumption of meat products, dairy 
items, grains, and sugar-infused drinks [40]. Having profound effects on glycemic load, fatty 
acid composition, macronutrient composition, micronutrient density, acid-base balance, 
sodium-potassium ratio, and fiber content, this diet may underlie the growing prevalence of 
chronic diseases in Western society, especially CVD, obesity, diabetes, and dementia [41–44]. 
Often, multiple conditions manifest themselves simultaneously in afflicted individuals, sug-
gesting shared elements in disease pathology. Obesity and other metabolic disorders, for 
example, are associated with various secondary disease indications as the underlying cellu-
lar and organismal metabolism is fundamental to nearly all necessary biological processes 
[45]. The prominent role of nutrition and other environmental factors in the development of 
metabolic disorders offers a promising model to identify and characterize the underlying epi-
genetic mechanisms, leading to diet optimization and nutrition-responsive therapies to com-
bat chronic diseases (cf. [42]). Thus, nutrition has been studied extensively regarding TEI of 
diabetes and other metabolic disorders across various animal models [14, 46–48]. Metabolic 
dysfunctions are often measured through development and glucose/insulin homeostasis after 
nutritional or dietary interventions including overnutrition, high-fat, low-protein (LP), and 
high-sugar (HS) diets. Typically, the well-controlled application of dietary manipulations and 
well-established hallmarks of various metabolic disorders offer a tractable yet indispensable 
approach to studying TEI in many animal models.
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Drosophila shares key metabolic pathways and characteristics with vertebrates (cf. [29, 32]). 
Glucose has been well-studied in the context of metabolic status given its pivotal role in insu-
lin signaling since the 1930s [49]. Drosophila utilizes trehalose, the disaccharide of glucose, as 
its primary form of hemolymph (insect equivalent of blood) sugar [50, 51]. Regulating glyco-
metabolism and maintaining viability in response to shifting external factors [51], trehalose is 
broken down through the catalyzing activity of trehalase into accessible glucose molecules. 
Thus, hemolymph trehalose and glucose levels may be quantified to assay glycometabolism 
in Drosophila [29, 32]. As the primary source of body fat from Drosophila to humans [52], tri-
glycerides (TAGs) may be quantified for monitoring gluconeogenesis, the metabolic pathway 
responsible for glucose generation from non-carbohydrate substrates [29, 32]. Both AKT and 
4EBP proteins are phosphorylated in response to insulin signaling [53, 54]. AKT is particularly 
well-characterized as a core component of the PI3K/AKT/mTOR pathway, which is linked to 
cell cycle regulation, cancer, and longevity [55]. Quantification of phosphorylated-AKT and 
phosphorylated-4EBP levels has been used to measure insulin sensitivity or resistance [29]. 
The availability of these assays to characterize both metabolic homeostasis and underlying 
pathways has supported the use of Drosophila to examine TEI of metabolic status after nutri-
tional or genetic manipulations in the founding (F0) generation [32, 56, 57].

Buescher et al. recorded elevated trehalose, glycogen, and TAG levels as well as reduced 
body weight in adult female F0 flies after feeding on an HS diet for 7 days post-eclosion [32]. 
Glucose levels were found to be affected by the HS treatment, suggestive of gluconeogenesis 
dysregulation. Interestingly, trehalose and glucose levels were elevated in the first genera-
tion (F1) male larvae, along with a decrease in glycogen levels. Consistently, gene expres-
sion analyses demonstrated decreased expression of the genes involved in fat body lipolysis 
and gluconeogenesis, and increased expression of the ones involved in gut lipolysis, fatty 
acid synthesis, sugar transport and glycolysis. These results have confirmed the traditional 
models of insulin signaling, in which impaired insulin sensitivity leads to global increases 
in circulating blood sugars and decreases in sugar storage. Both glucose and trehalose levels 
were elevated, with TAG unaffected in the F2 male larvae; trehalose was elevated while TAG 
was decreased, with glucose unaffected in the F2 female larvae, supporting the existence of 
gender-dependent differences in transgenerational inheritance of metabolic programming. 
These results have demonstrated the long-lasting and transgenerational effects of early-life 
(post-eclosion) nutrition on metabolic status, establishing Drosophila as a useful model system 
to study TEI of nutritional programming of metabolic homeostasis and disorders.

Then, Dew-Budd et al. assayed the effects of gender and genetic lineage on transgenera-
tional inheritance of certain metabolic phenotypes after rearing male (F0; paternal ancestry) 
and female (maternal ancestry) larvae of 10 (to measure pupal body weight) or 3 (metabolic 
composition and egg size) independent genetic lines on a high-fat diet [57]. Substantial dif-
ferences in body weight, metabolic composition, or egg size were observed in both F1 and 
F2 generations between paternal and maternal ancestries or among different F0 genotypes. 
Interestingly, phenotypic changes in the F0 flies appeared not to be a consistent predictor 
of these hallmarks in their untreated F1 and F2 descendants. Therefore, “personalized” con-
sideration of ancestral contributions may be needed to understand and prevent metabolic 
diseases such as obesity and diabetes.
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Palu et al. have employed loss-of-function mutants to induce obesity, assayed with elevated 
TAGs, in F0 parents and then check TAG levels in heterozygous F1 and wild-type F2 offspring 
[56]. Loss of AKHR (encoding adipokinetic hormone receptor) leads to reduced fat body lipid 
mobilization and elevated TAG accumulation, as adipokinetic hormone functions analogously 
to the fasting hormone glucagon in mammals [52]. Mutant AKHR F0 and wild-type flies in 
reciprocal crosses produced heterozygous F1 offspring. These F1 heterozygotes were then 
crossed to wild-type females or males to generate four types of genetically distinct wild-type 
F2 (+/+) progeny, corresponding to mutant AKHR F0 grandpaternal or grandmaternal and het-
erozygous F1 paternal or maternal ancestors. Both male and female F0 mutants displayed ele-
vated TAG levels, which were then normalized in the F1 heterozygotes, possessing a functional 
copy of AKHR. Interestingly, this Mendelian model of inheritance was not always followed in 
the F2 generation with low TAG levels observed in the grandpaternal/maternal group, while 
normal in the other three groups. Consistently, ACC, encoding a conserved Acetyl-CoA car-
boxylase that acts as the rate-limiting step in fatty acid synthesis [58], was found to be dysregu-
lated in this particular F2 group. These results suggest that genetic manipulation of parental 
metabolism can provide an effective approach for studying TEI of metabolic state.

2.2. Aging

Aging has been increasingly recognized as a malleable process and the largest risk factor for 
most aging-related diseases (ARDs). It is no accident that the rapid increase in life expectancy 
worldwide is concomitant with the epidemic progression of many of these life-threatening 
and costly diseases [59, 60]. Recent work has demonstrated that many factors, including envi-
ronmental conditions (e.g., diet) and genetic mutations, can impact the aging process across 
species [61–63]. In particular, anti-aging interventions often delay or prevent multiple ARDs 
in animal models [62–64], stimulating the emerging interdisciplinary field of geroscience to 
study the connection between aging and diseases, and to develop novel multi-disease preven-
tative and therapeutic interventions by targeting the aging process itself [59, 65]. There are 
clear practical and ethical complications associated with studying aging and its transgenera-
tional inheritance directly in human populations. The timescale of conducting such longitu-
dinal studies would be unreasonable, at best. The shortage of isogenic replicates (e.g., twins) 
and imprecise environmental manipulation in human models also pose a significant problem 
in terms of reproducibility and subsequent mechanistic studies.

Drosophila presents itself as an excellent model to study aging, especially its transgenerational 
inheritance and the underlying mechanisms, owing to its relatively short lifespan, genetic 
homology with other models and humans, and suite of enriched investigative tools. Drosophila 
has an average lifespan of 2–3 months yet undergoes key parallel developmental stages similar 
to those of humans [25]. Studies on its life cycle have revealed a number of highly conserved 
pathways involved in organismal development. The Hox genes, for example, which control 
segment identity during embryonic development, were first identified in Drosophila after obser-
vation of mutant flies growing legs in the place of antennae [66]. Hox genes were later found 
to be conserved in humans and also linked to congenital disorders, including synpolydac-
tyly and hand-foot-genital syndrome [67–69]. In addition, the key aging pathways, including 
mechanistic target of rapamycin, sirtuin, and insulin/insulin growth factor 1 signaling, are well 
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Drosophila shares key metabolic pathways and characteristics with vertebrates (cf. [29, 32]). 
Glucose has been well-studied in the context of metabolic status given its pivotal role in insu-
lin signaling since the 1930s [49]. Drosophila utilizes trehalose, the disaccharide of glucose, as 
its primary form of hemolymph (insect equivalent of blood) sugar [50, 51]. Regulating glyco-
metabolism and maintaining viability in response to shifting external factors [51], trehalose is 
broken down through the catalyzing activity of trehalase into accessible glucose molecules. 
Thus, hemolymph trehalose and glucose levels may be quantified to assay glycometabolism 
in Drosophila [29, 32]. As the primary source of body fat from Drosophila to humans [52], tri-
glycerides (TAGs) may be quantified for monitoring gluconeogenesis, the metabolic pathway 
responsible for glucose generation from non-carbohydrate substrates [29, 32]. Both AKT and 
4EBP proteins are phosphorylated in response to insulin signaling [53, 54]. AKT is particularly 
well-characterized as a core component of the PI3K/AKT/mTOR pathway, which is linked to 
cell cycle regulation, cancer, and longevity [55]. Quantification of phosphorylated-AKT and 
phosphorylated-4EBP levels has been used to measure insulin sensitivity or resistance [29]. 
The availability of these assays to characterize both metabolic homeostasis and underlying 
pathways has supported the use of Drosophila to examine TEI of metabolic status after nutri-
tional or genetic manipulations in the founding (F0) generation [32, 56, 57].

Buescher et al. recorded elevated trehalose, glycogen, and TAG levels as well as reduced 
body weight in adult female F0 flies after feeding on an HS diet for 7 days post-eclosion [32]. 
Glucose levels were found to be affected by the HS treatment, suggestive of gluconeogenesis 
dysregulation. Interestingly, trehalose and glucose levels were elevated in the first genera-
tion (F1) male larvae, along with a decrease in glycogen levels. Consistently, gene expres-
sion analyses demonstrated decreased expression of the genes involved in fat body lipolysis 
and gluconeogenesis, and increased expression of the ones involved in gut lipolysis, fatty 
acid synthesis, sugar transport and glycolysis. These results have confirmed the traditional 
models of insulin signaling, in which impaired insulin sensitivity leads to global increases 
in circulating blood sugars and decreases in sugar storage. Both glucose and trehalose levels 
were elevated, with TAG unaffected in the F2 male larvae; trehalose was elevated while TAG 
was decreased, with glucose unaffected in the F2 female larvae, supporting the existence of 
gender-dependent differences in transgenerational inheritance of metabolic programming. 
These results have demonstrated the long-lasting and transgenerational effects of early-life 
(post-eclosion) nutrition on metabolic status, establishing Drosophila as a useful model system 
to study TEI of nutritional programming of metabolic homeostasis and disorders.

Then, Dew-Budd et al. assayed the effects of gender and genetic lineage on transgenera-
tional inheritance of certain metabolic phenotypes after rearing male (F0; paternal ancestry) 
and female (maternal ancestry) larvae of 10 (to measure pupal body weight) or 3 (metabolic 
composition and egg size) independent genetic lines on a high-fat diet [57]. Substantial dif-
ferences in body weight, metabolic composition, or egg size were observed in both F1 and 
F2 generations between paternal and maternal ancestries or among different F0 genotypes. 
Interestingly, phenotypic changes in the F0 flies appeared not to be a consistent predictor 
of these hallmarks in their untreated F1 and F2 descendants. Therefore, “personalized” con-
sideration of ancestral contributions may be needed to understand and prevent metabolic 
diseases such as obesity and diabetes.
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Palu et al. have employed loss-of-function mutants to induce obesity, assayed with elevated 
TAGs, in F0 parents and then check TAG levels in heterozygous F1 and wild-type F2 offspring 
[56]. Loss of AKHR (encoding adipokinetic hormone receptor) leads to reduced fat body lipid 
mobilization and elevated TAG accumulation, as adipokinetic hormone functions analogously 
to the fasting hormone glucagon in mammals [52]. Mutant AKHR F0 and wild-type flies in 
reciprocal crosses produced heterozygous F1 offspring. These F1 heterozygotes were then 
crossed to wild-type females or males to generate four types of genetically distinct wild-type 
F2 (+/+) progeny, corresponding to mutant AKHR F0 grandpaternal or grandmaternal and het-
erozygous F1 paternal or maternal ancestors. Both male and female F0 mutants displayed ele-
vated TAG levels, which were then normalized in the F1 heterozygotes, possessing a functional 
copy of AKHR. Interestingly, this Mendelian model of inheritance was not always followed in 
the F2 generation with low TAG levels observed in the grandpaternal/maternal group, while 
normal in the other three groups. Consistently, ACC, encoding a conserved Acetyl-CoA car-
boxylase that acts as the rate-limiting step in fatty acid synthesis [58], was found to be dysregu-
lated in this particular F2 group. These results suggest that genetic manipulation of parental 
metabolism can provide an effective approach for studying TEI of metabolic state.

2.2. Aging

Aging has been increasingly recognized as a malleable process and the largest risk factor for 
most aging-related diseases (ARDs). It is no accident that the rapid increase in life expectancy 
worldwide is concomitant with the epidemic progression of many of these life-threatening 
and costly diseases [59, 60]. Recent work has demonstrated that many factors, including envi-
ronmental conditions (e.g., diet) and genetic mutations, can impact the aging process across 
species [61–63]. In particular, anti-aging interventions often delay or prevent multiple ARDs 
in animal models [62–64], stimulating the emerging interdisciplinary field of geroscience to 
study the connection between aging and diseases, and to develop novel multi-disease preven-
tative and therapeutic interventions by targeting the aging process itself [59, 65]. There are 
clear practical and ethical complications associated with studying aging and its transgenera-
tional inheritance directly in human populations. The timescale of conducting such longitu-
dinal studies would be unreasonable, at best. The shortage of isogenic replicates (e.g., twins) 
and imprecise environmental manipulation in human models also pose a significant problem 
in terms of reproducibility and subsequent mechanistic studies.

Drosophila presents itself as an excellent model to study aging, especially its transgenerational 
inheritance and the underlying mechanisms, owing to its relatively short lifespan, genetic 
homology with other models and humans, and suite of enriched investigative tools. Drosophila 
has an average lifespan of 2–3 months yet undergoes key parallel developmental stages similar 
to those of humans [25]. Studies on its life cycle have revealed a number of highly conserved 
pathways involved in organismal development. The Hox genes, for example, which control 
segment identity during embryonic development, were first identified in Drosophila after obser-
vation of mutant flies growing legs in the place of antennae [66]. Hox genes were later found 
to be conserved in humans and also linked to congenital disorders, including synpolydac-
tyly and hand-foot-genital syndrome [67–69]. In addition, the key aging pathways, including 
mechanistic target of rapamycin, sirtuin, and insulin/insulin growth factor 1 signaling, are well 
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conserved in fruit flies [70–72]. Finally, tissue-specific and time-dependent genetic manipula-
tions may be readily achievable for most genes, for instance, using the 22,270 transgenic lines 
(currently, covering ~88% of all predicted protein-coding genes) from the Vienna Drosophila 
Resource Center [73]. Therefore, Drosophila is well-suited for both correlational and mechanistic 
studies focusing on transgenerational programming of longevity after nutritional or environ-
mental manipulations in the F0 parents [74–77].

Gamma radiation causes DNA damage and mutations, leading to various health dysfunctions 
and subsequent lifespan reduction [78, 79]. High doses of gamma irradiation were found to 
decrease longevity in the F0 flies and further propagate to the F1 and F2, but not to the F3 gen-
eration [76]. In contrast, low doses extended longevity across the F0−F2 generations, consistent 
with the concept of hormesis, by which low exposure to harmful agents (irradiation, caloric 
restriction, heat stress, and free radicals) improves general health and longevity [79–81]. Related 
studies have revealed several underlying mechanisms including insulin and glucose metabo-
lism, proteasome activity and histone deacetylation [81, 82]. Histone deacetylation may be par-
ticularly relevant in this context as an epigenetic modification involved with many biological 
processes and human diseases, including CVD, metabolic disorders, and cancers [83–85].

Our recent work has established the first animal model of early-life nutrition-mediated pro-
gramming of longevity and its transgenerational inheritance [74]. Newly-eclosed F0 virgin 
flies were reared on one of three different diets (low-protein or LP, intermediate-protein, 
and high-protein) for the first 7 days post-eclosion. Longevity was assayed for males and 
females, both virgin and mated, across the F0−F2 generations, allowing us to determine the 
potential impact of gender and mating on transgenerational inheritance of longevity. Our 
results suggest that early-life nutrition-induced programming effects on longevity may be 
transmitted to the F1 generation through intergenerational effects and further to the F2 gen-
eration through transgenerational effects, independently of gender and mating. The program-
ming effects, although diminishing, were still present in the F3 generation for the low- and 
intermediate-protein diets. These observations suggest that early-life nutrition may produce 
long-lasting and transgenerationally heritable effects on the aging process across multiple 
generations. Notably, these long-lasting programming effects may be derived from both 
maternal and paternal contributions, as we treated both newly-eclosed F0 males and females 
to induce potentially maximal alterations. In contrast, a similar treatment was applied only to 
the females to examine transgenerational programming of metabolic status [32]. Most rodent 
studies also used either males or females, instead of both [48]. This design would not distin-
guish potentially different contributions from males and females, something that requires fur-
ther investigation. Interestingly, transgenerational glucose intolerance in mice (Mus musculus) 
may be transmitted via the maternal or paternal line through different mechanisms [86, 87], 
suggesting that transgenerational nutritional programming effects may potentially be addi-
tive when induced in both males and females.

A more recent study has demonstrated that distinct dietary manipulations in the larval stage 
or throughout adulthood may also induce transgenerational programming of longevity [75]. 
The F2 male offspring were found to be long-lived if F0 male adults were subjected to dietary 
restriction, but not to starvation, whereas the same outcome was observed if F0 male larvae were 
exposed to starvation, but not to dietary restriction. The authors also generated two separate 
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groups of F2 males, from the F1 male (paternal) or female (maternal) offspring of the F0 male 
larvae exposed to various food media. Extended longevity was observed in both groups of F2 
males, but greater extension was seen in the F2 maternal males with one laboratory strain. By 
contrast, the starvation-induced transgenerational effects were observed only in the F2 paternal 
males with a different strain. Therefore, cross-generational inheritance of nutrition-mediated 
longevity changes may be passed through either the male or female line or both, depending 
on genetic background. Unfortunately, it is unclear whether the observed gender-dependent 
differences resulted from intergenerational or transgenerational inheritance, as longevity was 
not assessed in the F0 and F1 generations.

2.3. Fitness

Fitness refers to the reproductive success of an organism over the duration of its lifetime, and 
has often been linked to genetic regulation. Recent studies, though sparse, have prompted 
the idea that non-genetic or epigenetic mechanisms may modulate fitness across generations 
[74, 88–90]. Studying the interplay between genetics and epigenetics through fitness may 
help us understand various complex traits and disorders [89]. Drosophila is particularly suit-
able for studying TEI of fitness for its rapid maturation following eclosion and high fecundity 
among model organisms [91].

Brommer et al. have reported that sexual conflict (male availability) may impact the fitness of 
future progeny up to the F3 generation [90]. Female fitness was quantified by lifetime production 
of offspring, and male fitness by total offspring produced in a six-day period. For the F0 genera-
tion, female flies underwent either a low (one male for 1 day followed by no male for 3 days) or 
high male (one male for 1 day followed by a different male for 3 days) exposure treatment. This 
four-day cycle was repeated for the duration of the females’ lifespan to measure lifetime fecun-
dity. The same process was repeated for the F1 and F2 generations, thus producing eight groups 
of F3 flies with distinct ancestral history. All F3 generation daughters experienced the treatment 
of high male exposure. All comparisons, when made relative to the low versus high male treat-
ments experienced by the F0 females, provided a measure of transgenerational inheritance of 
fitness. The results indicated that low male exposure treatment in the F0 females did not affect 
female fecundity across the F1−F3 generations, but increased male fitness in the F1 generation 
and decreased male fitness in the F2 and F3 generations.

In the same study where we assayed transgenerational nutrition-mediated programming of 
longevity (see above), we also explored the transgenerational effects of the same early-life 
diets on lifetime fecundity (egg production) as a measure of fitness and the potential trade-
off between longevity and fecundity [74]. Lifetime fecundity was found to be decreased 
across the F0–F2 generations after raising the F0 virgin male and female flies on the LP diet 
for 7 days before their mating, while increased transgenerationally after the same treatment 
with the intermediate-protein diet. Fecundity was also increased in the F0 and F1 genera-
tions after the same treatment with the high-protein diet, but the increasing effect was not 
seen in the F2 generation. These results demonstrate that early-life dietary changes affect fit-
ness of the same generation and the reproductive success of future generations with certain 
dietary changes. Interestingly, correlation analyses on longevity and fecundity data revealed 
no evidence for trade-off between them across the F0–F2 generations. This finding argues 
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conserved in fruit flies [70–72]. Finally, tissue-specific and time-dependent genetic manipula-
tions may be readily achievable for most genes, for instance, using the 22,270 transgenic lines 
(currently, covering ~88% of all predicted protein-coding genes) from the Vienna Drosophila 
Resource Center [73]. Therefore, Drosophila is well-suited for both correlational and mechanistic 
studies focusing on transgenerational programming of longevity after nutritional or environ-
mental manipulations in the F0 parents [74–77].

Gamma radiation causes DNA damage and mutations, leading to various health dysfunctions 
and subsequent lifespan reduction [78, 79]. High doses of gamma irradiation were found to 
decrease longevity in the F0 flies and further propagate to the F1 and F2, but not to the F3 gen-
eration [76]. In contrast, low doses extended longevity across the F0−F2 generations, consistent 
with the concept of hormesis, by which low exposure to harmful agents (irradiation, caloric 
restriction, heat stress, and free radicals) improves general health and longevity [79–81]. Related 
studies have revealed several underlying mechanisms including insulin and glucose metabo-
lism, proteasome activity and histone deacetylation [81, 82]. Histone deacetylation may be par-
ticularly relevant in this context as an epigenetic modification involved with many biological 
processes and human diseases, including CVD, metabolic disorders, and cancers [83–85].

Our recent work has established the first animal model of early-life nutrition-mediated pro-
gramming of longevity and its transgenerational inheritance [74]. Newly-eclosed F0 virgin 
flies were reared on one of three different diets (low-protein or LP, intermediate-protein, 
and high-protein) for the first 7 days post-eclosion. Longevity was assayed for males and 
females, both virgin and mated, across the F0−F2 generations, allowing us to determine the 
potential impact of gender and mating on transgenerational inheritance of longevity. Our 
results suggest that early-life nutrition-induced programming effects on longevity may be 
transmitted to the F1 generation through intergenerational effects and further to the F2 gen-
eration through transgenerational effects, independently of gender and mating. The program-
ming effects, although diminishing, were still present in the F3 generation for the low- and 
intermediate-protein diets. These observations suggest that early-life nutrition may produce 
long-lasting and transgenerationally heritable effects on the aging process across multiple 
generations. Notably, these long-lasting programming effects may be derived from both 
maternal and paternal contributions, as we treated both newly-eclosed F0 males and females 
to induce potentially maximal alterations. In contrast, a similar treatment was applied only to 
the females to examine transgenerational programming of metabolic status [32]. Most rodent 
studies also used either males or females, instead of both [48]. This design would not distin-
guish potentially different contributions from males and females, something that requires fur-
ther investigation. Interestingly, transgenerational glucose intolerance in mice (Mus musculus) 
may be transmitted via the maternal or paternal line through different mechanisms [86, 87], 
suggesting that transgenerational nutritional programming effects may potentially be addi-
tive when induced in both males and females.

A more recent study has demonstrated that distinct dietary manipulations in the larval stage 
or throughout adulthood may also induce transgenerational programming of longevity [75]. 
The F2 male offspring were found to be long-lived if F0 male adults were subjected to dietary 
restriction, but not to starvation, whereas the same outcome was observed if F0 male larvae were 
exposed to starvation, but not to dietary restriction. The authors also generated two separate 
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groups of F2 males, from the F1 male (paternal) or female (maternal) offspring of the F0 male 
larvae exposed to various food media. Extended longevity was observed in both groups of F2 
males, but greater extension was seen in the F2 maternal males with one laboratory strain. By 
contrast, the starvation-induced transgenerational effects were observed only in the F2 paternal 
males with a different strain. Therefore, cross-generational inheritance of nutrition-mediated 
longevity changes may be passed through either the male or female line or both, depending 
on genetic background. Unfortunately, it is unclear whether the observed gender-dependent 
differences resulted from intergenerational or transgenerational inheritance, as longevity was 
not assessed in the F0 and F1 generations.

2.3. Fitness

Fitness refers to the reproductive success of an organism over the duration of its lifetime, and 
has often been linked to genetic regulation. Recent studies, though sparse, have prompted 
the idea that non-genetic or epigenetic mechanisms may modulate fitness across generations 
[74, 88–90]. Studying the interplay between genetics and epigenetics through fitness may 
help us understand various complex traits and disorders [89]. Drosophila is particularly suit-
able for studying TEI of fitness for its rapid maturation following eclosion and high fecundity 
among model organisms [91].

Brommer et al. have reported that sexual conflict (male availability) may impact the fitness of 
future progeny up to the F3 generation [90]. Female fitness was quantified by lifetime production 
of offspring, and male fitness by total offspring produced in a six-day period. For the F0 genera-
tion, female flies underwent either a low (one male for 1 day followed by no male for 3 days) or 
high male (one male for 1 day followed by a different male for 3 days) exposure treatment. This 
four-day cycle was repeated for the duration of the females’ lifespan to measure lifetime fecun-
dity. The same process was repeated for the F1 and F2 generations, thus producing eight groups 
of F3 flies with distinct ancestral history. All F3 generation daughters experienced the treatment 
of high male exposure. All comparisons, when made relative to the low versus high male treat-
ments experienced by the F0 females, provided a measure of transgenerational inheritance of 
fitness. The results indicated that low male exposure treatment in the F0 females did not affect 
female fecundity across the F1−F3 generations, but increased male fitness in the F1 generation 
and decreased male fitness in the F2 and F3 generations.

In the same study where we assayed transgenerational nutrition-mediated programming of 
longevity (see above), we also explored the transgenerational effects of the same early-life 
diets on lifetime fecundity (egg production) as a measure of fitness and the potential trade-
off between longevity and fecundity [74]. Lifetime fecundity was found to be decreased 
across the F0–F2 generations after raising the F0 virgin male and female flies on the LP diet 
for 7 days before their mating, while increased transgenerationally after the same treatment 
with the intermediate-protein diet. Fecundity was also increased in the F0 and F1 genera-
tions after the same treatment with the high-protein diet, but the increasing effect was not 
seen in the F2 generation. These results demonstrate that early-life dietary changes affect fit-
ness of the same generation and the reproductive success of future generations with certain 
dietary changes. Interestingly, correlation analyses on longevity and fecundity data revealed 
no evidence for trade-off between them across the F0–F2 generations. This finding argues 
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that lab-raised flies, with abundant food supplies at all times, may have evolved to abandon 
such trade-off constraints through hundreds of generations. Therefore, transgenerational 
nutritional programming of fitness may be achieved independently of longevity, raising the 
interesting possibility of elevating both longevity and fitness with proper nutrition across 
generations.

Bloch Qazi et al. recently reported the cross-generational effects of grandmaternal and mater-
nal age on offspring viability and development up to the F2 generation [88]. The study, how-
ever, appeared not to distinguish between intergenerational (grandmaternal to maternal and 
maternal to F2 offspring) and transgenerational (grandmaternal to F2) effects. The compli-
cated design with three interacting factors (i.e., grandmaternal age, maternal age, and stress) 
and subsequent analyses with mixed-model ANOVAs made it challenging to make conclu-
sions about a straight forward transgenerational effect, although the P value was smaller than 
0.05 in three of analyses for the “grandmaternal” factor (in the presence of the intergenera-
tional effect or “maternal” factor).

2.4. Memory

Many behavioral traits, including cognitive functions, may be transgenerationally affected by 
experiences and environmental factors in mammals, most likely through epigenetic mecha-
nisms [92]. Memory is an essential cognitive function which declines during aging and is 
impaired in most neurodegenerative diseases such as Alzheimer’s disease; it is subjected to 
various epigenetic regulations, providing novel therapeutic avenues to combat cognitive dis-
orders [12, 93]. Therefore, studying TEI of memory is of immense importance to our under-
standing of mental health and diseases. A Drosophila memory TEI model is established by two 
recent studies [94, 95] and further corroborated by a similar report in which increased startle 
responses to the conditioned odor after paternal F0 olfactory fear conditioning was observed 
in the subsequent adult F1 and F2 mice [96].

A widely-used dual-odor discriminative Pavlovian conditioning assay involves training groups 
of flies to associate one odor (CS+; conditioned stimulus) with aversive electric or mechanical 
shocks (US; unconditioned stimulus), and the other odor (CS−) as a non-associative control 
[97–99]. Aged (25-day-old) flies produced F1 offspring with memory impairment detectable 
in young adults (3–5 days old), and this impairment was transmitted to the F2 generation [95]. 
The transgenerational effect was specific to short-term memory (STM; as tested 15 min after 
training), and appeared to be caused by oxidative stress in both F0 maternal and paternal 
flies. Although the same authors did not evaluate memory in aged F0 parents, an earlier study 
[100] demonstrated that aging specially impaired middle-term memory (MTM), which starts 
to form within 15 min after training and is considered to be an aging-sensitive component of 
STM [101, 102]. In addition to concluding that offspring cognitive ability may be influenced 
by parental age [95], these studies collectively argue that aged F0 parents may acquire a loss 
of oxidative stress-sensitive STM, and this acquired memory loss can be transgenerationally 
inherited at least to the F2 generation. This new explanation also provides a possible mecha-
nistic direction for future investigation, as MTM formation requires normal function of the 
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amnesiac (amn) gene that encodes a precursor neuropeptide encompassing fly homologs of 
mammalian pituitary adenylate cyclase activating peptide (PACAP) and growth hormone-
releasing hormone (GHRH; see below for further discussion) [103].

In a more recent study, F1 and F2 flies, without any training and prior exposure, displayed 
selective preference toward the same CS odors which were used during 5 days of discrimina-
tive training of F0 parents [94]. This preference was selective for the salient CS odors experi-
enced by the F0 parents but not the specific CS-US association, as the F1 and F2 flies did not 
differentiate between odors that were originally used to train their F0 parents under an aver-
sive (with electric shocks as US) vs. appetitive (with corn meal and sucrose as US) conditions. 
Consistently, discriminative conditioning appeared to increase the perceived salience of the 
CS+ odors [104]. Importantly, the observed odor-selective preference in the F1 flies required 
normal function of amn and preserved function of dorsal paired medial neurons in which 
amn is predominantly expressed [105]. Thus, the amn gene may be involved with transgen-
erational inheritance of acquired loss of STM in aged F0 parents [95] and odor-selective pref-
erence from discriminative training in the F0 flies [94]. In agreement with this idea, PACAP 
and/or GHRH stimulate growth hormone release [106], while down-regulation of growth 
hormone may be involved with cross-generational toxicity [107]. The amn gene also plays an 
important role in the behavioral response to intoxicating levels of alcohol [108], while alco-
hol abuse has been known to be transgenerationally heritable [109]. Collectively, these stud-
ies support Drosophila as a useful model to study transgenerational inheritance of memory 
impairment triggered by environmental factors (e.g., aging) and behavioral traits acquired 
from experiences (e.g., training), and epigenetic regulation of amn-encoded peptides as one 
potential underlying mechanism.

3. Transgenerational inheritance at the molecular and genomic level

Despite advancement of high-throughput sequencing and the recent surge of research on TEI, 
there are currently few studies focusing on the transgenerational effects at the molecular and 
genomic level, and thus the underlying mechanisms remain largely obscure [6, 8, 37–39, 92, 110]. 
Several recent studies in flies, however, may shed some light on this situation [77, 111–115].

Chronic treatment (7-day feeding and 7-day withdraw) of the F0 males with pentylenetetra-
zole (PTZ), an FDA-revoked convulsant drug, caused locomotor deficits and long-term altera-
tions in the CNS (central nervous system) transcriptome [116]. A follow-up study from the 
same group [113] demonstrated that the F0 males (with PTZ treatment) displayed a CNS tran-
scriptomic profile closest to the F2 males; and differentially expressed genes in the F1 males, 
F1 females, and F2 males showed significant overlap with the PTZ-impacted genes in the F0 
males. Interestingly, further clustering analysis of CNS and testis transcriptome profiles and 
concordant analysis of differentially expressed genes between them implied gametic involve-
ment in the observed transgenerational effect in gene expression. These results suggest that 
the acquired somatic transcriptomic alteration in F0 PTZ-treated males may be passed via 
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that lab-raised flies, with abundant food supplies at all times, may have evolved to abandon 
such trade-off constraints through hundreds of generations. Therefore, transgenerational 
nutritional programming of fitness may be achieved independently of longevity, raising the 
interesting possibility of elevating both longevity and fitness with proper nutrition across 
generations.

Bloch Qazi et al. recently reported the cross-generational effects of grandmaternal and mater-
nal age on offspring viability and development up to the F2 generation [88]. The study, how-
ever, appeared not to distinguish between intergenerational (grandmaternal to maternal and 
maternal to F2 offspring) and transgenerational (grandmaternal to F2) effects. The compli-
cated design with three interacting factors (i.e., grandmaternal age, maternal age, and stress) 
and subsequent analyses with mixed-model ANOVAs made it challenging to make conclu-
sions about a straight forward transgenerational effect, although the P value was smaller than 
0.05 in three of analyses for the “grandmaternal” factor (in the presence of the intergenera-
tional effect or “maternal” factor).

2.4. Memory

Many behavioral traits, including cognitive functions, may be transgenerationally affected by 
experiences and environmental factors in mammals, most likely through epigenetic mecha-
nisms [92]. Memory is an essential cognitive function which declines during aging and is 
impaired in most neurodegenerative diseases such as Alzheimer’s disease; it is subjected to 
various epigenetic regulations, providing novel therapeutic avenues to combat cognitive dis-
orders [12, 93]. Therefore, studying TEI of memory is of immense importance to our under-
standing of mental health and diseases. A Drosophila memory TEI model is established by two 
recent studies [94, 95] and further corroborated by a similar report in which increased startle 
responses to the conditioned odor after paternal F0 olfactory fear conditioning was observed 
in the subsequent adult F1 and F2 mice [96].

A widely-used dual-odor discriminative Pavlovian conditioning assay involves training groups 
of flies to associate one odor (CS+; conditioned stimulus) with aversive electric or mechanical 
shocks (US; unconditioned stimulus), and the other odor (CS−) as a non-associative control 
[97–99]. Aged (25-day-old) flies produced F1 offspring with memory impairment detectable 
in young adults (3–5 days old), and this impairment was transmitted to the F2 generation [95]. 
The transgenerational effect was specific to short-term memory (STM; as tested 15 min after 
training), and appeared to be caused by oxidative stress in both F0 maternal and paternal 
flies. Although the same authors did not evaluate memory in aged F0 parents, an earlier study 
[100] demonstrated that aging specially impaired middle-term memory (MTM), which starts 
to form within 15 min after training and is considered to be an aging-sensitive component of 
STM [101, 102]. In addition to concluding that offspring cognitive ability may be influenced 
by parental age [95], these studies collectively argue that aged F0 parents may acquire a loss 
of oxidative stress-sensitive STM, and this acquired memory loss can be transgenerationally 
inherited at least to the F2 generation. This new explanation also provides a possible mecha-
nistic direction for future investigation, as MTM formation requires normal function of the 
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amnesiac (amn) gene that encodes a precursor neuropeptide encompassing fly homologs of 
mammalian pituitary adenylate cyclase activating peptide (PACAP) and growth hormone-
releasing hormone (GHRH; see below for further discussion) [103].

In a more recent study, F1 and F2 flies, without any training and prior exposure, displayed 
selective preference toward the same CS odors which were used during 5 days of discrimina-
tive training of F0 parents [94]. This preference was selective for the salient CS odors experi-
enced by the F0 parents but not the specific CS-US association, as the F1 and F2 flies did not 
differentiate between odors that were originally used to train their F0 parents under an aver-
sive (with electric shocks as US) vs. appetitive (with corn meal and sucrose as US) conditions. 
Consistently, discriminative conditioning appeared to increase the perceived salience of the 
CS+ odors [104]. Importantly, the observed odor-selective preference in the F1 flies required 
normal function of amn and preserved function of dorsal paired medial neurons in which 
amn is predominantly expressed [105]. Thus, the amn gene may be involved with transgen-
erational inheritance of acquired loss of STM in aged F0 parents [95] and odor-selective pref-
erence from discriminative training in the F0 flies [94]. In agreement with this idea, PACAP 
and/or GHRH stimulate growth hormone release [106], while down-regulation of growth 
hormone may be involved with cross-generational toxicity [107]. The amn gene also plays an 
important role in the behavioral response to intoxicating levels of alcohol [108], while alco-
hol abuse has been known to be transgenerationally heritable [109]. Collectively, these stud-
ies support Drosophila as a useful model to study transgenerational inheritance of memory 
impairment triggered by environmental factors (e.g., aging) and behavioral traits acquired 
from experiences (e.g., training), and epigenetic regulation of amn-encoded peptides as one 
potential underlying mechanism.

3. Transgenerational inheritance at the molecular and genomic level

Despite advancement of high-throughput sequencing and the recent surge of research on TEI, 
there are currently few studies focusing on the transgenerational effects at the molecular and 
genomic level, and thus the underlying mechanisms remain largely obscure [6, 8, 37–39, 92, 110]. 
Several recent studies in flies, however, may shed some light on this situation [77, 111–115].

Chronic treatment (7-day feeding and 7-day withdraw) of the F0 males with pentylenetetra-
zole (PTZ), an FDA-revoked convulsant drug, caused locomotor deficits and long-term altera-
tions in the CNS (central nervous system) transcriptome [116]. A follow-up study from the 
same group [113] demonstrated that the F0 males (with PTZ treatment) displayed a CNS tran-
scriptomic profile closest to the F2 males; and differentially expressed genes in the F1 males, 
F1 females, and F2 males showed significant overlap with the PTZ-impacted genes in the F0 
males. Interestingly, further clustering analysis of CNS and testis transcriptome profiles and 
concordant analysis of differentially expressed genes between them implied gametic involve-
ment in the observed transgenerational effect in gene expression. These results suggest that 
the acquired somatic transcriptomic alteration in F0 PTZ-treated males may be passed via 
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sperm at least to the F2 generation. This is the first report to study transgenerational inheri-
tance of genome-wide transcriptomic profile as a “phenotype,” acquired through drug treat-
ment in the F0 generation.

In another study, a high-protein diet led to somatic rDNA instability and copy number 
reduction in F0 parental flies [111]. As the insulin/insulin-like growth factor and TOR sig-
naling pathways regulate ribosome biogenesis and rDNA expression for nutrient availabil-
ity [117], genetic and pharmacological manipulation of insulin/TOR signaling produced 
similar effects, corroborating the results from dietary treatment. Importantly, rDNA copy 
number reduction remained in the F2 generation and was still present in flies maintained on 
standard food for 6 years. These results suggest that the genome rearrangement in F0 flies 
acquired through feeding on the high-protein diet occurred in both somatic and germ cells, 
and was transgenerationally heritable for over 150 generations. This outcome revealed a 
robust and long-lasting transgenerational consequence of adult diets. In a remarkable recent 
study, early-life protein restriction in mice induced a linear correlation between growth 
restriction and DNA methylation at certain rDNA copies that lasted into adulthood [118]. 
These findings, establishing rDNA as a genomic target of nutritional availability across spe-
cies, are of obvious importance for human health and diseases, as copy number variations 
have been linked to many chronic diseases such as schizophrenia and Alzheimer’s disease 
[119–121].

Another curious study has shown that a dominant and hyperactive mutation in the hopscotch 
gene (HopTum−l), encoding the Drosophila JAK kinase, caused epigenetic alterations in F0 paren-
tal flies that were transgenerationally heritable and thus influenced tumorigenesis in their F1 
and F2 offspring [114]. Interestingly, the transcriptional repressor Krueppel, known to repress 
transcription of the fushi-tarazu gene which encodes a homeodomain protein required for 
embryonic segment number and cell fate [122], is a HopTum−l enhancer [123]. Krueppel muta-
tions caused increased DNA methylation in the fushi-tarazu promoter region. This effect was 
transmitted across generations in the presence of HopTum−l [114]. Therefore, DNA methyla-
tion may be altered by Krueppel mutations, functioning as heritable epigenetic markings in 
Drosophila. JAK hyper-activation may then interfere with epigenetic reprogramming, allowing 
the changed DNA methylation (epimutation) to propagate across generations and influence 
tumor susceptibility.

4. Polycomb repressive complex 2 (PRC2) mediates H3K27me3 as 
a conserved epigenetic mechanism underlying transgenerational 
inheritance

Despite decades of intense studies linking all key types of epigenetic regulation (i.e., DNA meth-
ylation, histone modifications and non-coding RNAs) to TEI, direct and convincing experimen-
tal evidence in support of underlying mechanisms and governing principles is rare [2–8, 37–39]. 
The difficulties lie in the time-consuming nature of such studies, and lack of well-established epi-
mutations, clearly-defined phenotypic contributions and stably-inherited epigenetic markings 

Drosophila melanogaster - Model for Recent Advances in Genetics and Therapeutics76

across multiple generations. Here we highlight two recent persuasive studies in Drosophila that 
have characterized one particular histone modification (H3K27me3) as part of an evolutionarily 
conserved epigenetic mechanism underling transgenerational inheritance [77, 112].

H3K27me3 is a repressive methylation mark on histone H3 established by PRC2 through its core 
catalytic subunit, the H3K27-specific methyltransferase encoded by the E(z) gene in flies [124] 
and EZH2 in mammals [125]. PRC2 is evolutionarily conserved across species, including uni-
cellular alga (Chlamydomonas reinhardtii) and budding yeast (Cryptococcus neoformans) [124–127]. 
Genes marked with higher-than-normal levels of H3K27me3 in human and mouse spermato-
zoa continue to show repression during gametogenesis, embryogenesis, and development, sug-
gestive of a role of this histone modification during TEI [128–130]. Furthermore, paternal diet 
affects H3K27me3 marks at specific loci in their offspring, implying that such nutrition-induced 
epigenetic modifications may be selectively retained across generations in mice [131]. Finally, 
TEI of longevity has been reported for H3K4me3 in worm (Caenorhabditis elegans) [132], and the 
bivalent chromatin domains covered by H3K27me3 and H3K4me3 marks have been implicated 
in aging and ARDs in humans [133, 134]. These results collectively suggest that H3K27me3 may 
function as an evolutionarily conserved epigenetic mechanism underlying transgenerational 
inheritance. Our recent work and that of Ciabrelli et al. have directly validated the concept in 
the context of nutrition-mediated longevity programming, transgene expression, and endog-
enous genetic variation [77, 112]. Further strengthening the idea, H3K27me3 markings have 
been found to propagate across generations from the maternal (and likely paternal) germline 
and survive reprogramming events during early embryogenesis in flies [115].

Our most recent study examined E(z)-mediated H3K27me3 as one potential epigenetic mecha-
nism underlying transgenerational inheritance of longevity [77]. It was prompted by our earlier 
work to establish nutritional programming of longevity and its transgenerational inheritance 
[74], and by recent studies supporting the notion that PRC2-mediated H3K27me3 may regu-
late aging across species. H3K27me3 repressive markings and an epigenomic PRC2 signature 
marked by EZH2 and SUZ12 (another core component of PRC2) binding have been found 
to be associated with age-associated differentially methylated regions and aging-associated 
genes in human embryonic stem cells and various other cell lines, implicating this repressive 
epigenetic marker as a common mechanism of aging in humans [135]. Consistently, Polycomb 
repression is associated with healthy aging in humans [136], and replicative senescence of 
stem cells, an in vitro aging model [137, 138]. H3K27me3 and H3K4me3 are also the frequent 
antagonistic partners found on the bivalent chromatin domains which may be implicated in 
aging and ARDs in humans [133, 134]. In addition, heterozygous mutations of E(z) increase 
longevity while also reducing H3K27me3 levels in adult flies, suggesting that PRC2-dependent 
H3K27me3 may regulate aging in Drosophila [139]. Interestingly, E(z)-mediated H3K27me3 is 
required for paternal transmission of obesity through reprogramming of metabolic genes in 
flies [140], supporting its potential role in transgenerational reprogramming. Finally, UTX-1 
(an H3K27-specific histone demethylase) has been shown to regulate aging, and H3K4me3-
mediated TEI of longevity has been reported in C. elegans [132, 141].

E(z) protein level was significantly upregulated in F0 flies, and back to normal in F2 flies, 
after post-eclosion treatment of F0 flies with the LP diet [77]. In contrast, the resulting 
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sperm at least to the F2 generation. This is the first report to study transgenerational inheri-
tance of genome-wide transcriptomic profile as a “phenotype,” acquired through drug treat-
ment in the F0 generation.

In another study, a high-protein diet led to somatic rDNA instability and copy number 
reduction in F0 parental flies [111]. As the insulin/insulin-like growth factor and TOR sig-
naling pathways regulate ribosome biogenesis and rDNA expression for nutrient availabil-
ity [117], genetic and pharmacological manipulation of insulin/TOR signaling produced 
similar effects, corroborating the results from dietary treatment. Importantly, rDNA copy 
number reduction remained in the F2 generation and was still present in flies maintained on 
standard food for 6 years. These results suggest that the genome rearrangement in F0 flies 
acquired through feeding on the high-protein diet occurred in both somatic and germ cells, 
and was transgenerationally heritable for over 150 generations. This outcome revealed a 
robust and long-lasting transgenerational consequence of adult diets. In a remarkable recent 
study, early-life protein restriction in mice induced a linear correlation between growth 
restriction and DNA methylation at certain rDNA copies that lasted into adulthood [118]. 
These findings, establishing rDNA as a genomic target of nutritional availability across spe-
cies, are of obvious importance for human health and diseases, as copy number variations 
have been linked to many chronic diseases such as schizophrenia and Alzheimer’s disease 
[119–121].

Another curious study has shown that a dominant and hyperactive mutation in the hopscotch 
gene (HopTum−l), encoding the Drosophila JAK kinase, caused epigenetic alterations in F0 paren-
tal flies that were transgenerationally heritable and thus influenced tumorigenesis in their F1 
and F2 offspring [114]. Interestingly, the transcriptional repressor Krueppel, known to repress 
transcription of the fushi-tarazu gene which encodes a homeodomain protein required for 
embryonic segment number and cell fate [122], is a HopTum−l enhancer [123]. Krueppel muta-
tions caused increased DNA methylation in the fushi-tarazu promoter region. This effect was 
transmitted across generations in the presence of HopTum−l [114]. Therefore, DNA methyla-
tion may be altered by Krueppel mutations, functioning as heritable epigenetic markings in 
Drosophila. JAK hyper-activation may then interfere with epigenetic reprogramming, allowing 
the changed DNA methylation (epimutation) to propagate across generations and influence 
tumor susceptibility.

4. Polycomb repressive complex 2 (PRC2) mediates H3K27me3 as 
a conserved epigenetic mechanism underlying transgenerational 
inheritance

Despite decades of intense studies linking all key types of epigenetic regulation (i.e., DNA meth-
ylation, histone modifications and non-coding RNAs) to TEI, direct and convincing experimen-
tal evidence in support of underlying mechanisms and governing principles is rare [2–8, 37–39]. 
The difficulties lie in the time-consuming nature of such studies, and lack of well-established epi-
mutations, clearly-defined phenotypic contributions and stably-inherited epigenetic markings 
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across multiple generations. Here we highlight two recent persuasive studies in Drosophila that 
have characterized one particular histone modification (H3K27me3) as part of an evolutionarily 
conserved epigenetic mechanism underling transgenerational inheritance [77, 112].

H3K27me3 is a repressive methylation mark on histone H3 established by PRC2 through its core 
catalytic subunit, the H3K27-specific methyltransferase encoded by the E(z) gene in flies [124] 
and EZH2 in mammals [125]. PRC2 is evolutionarily conserved across species, including uni-
cellular alga (Chlamydomonas reinhardtii) and budding yeast (Cryptococcus neoformans) [124–127]. 
Genes marked with higher-than-normal levels of H3K27me3 in human and mouse spermato-
zoa continue to show repression during gametogenesis, embryogenesis, and development, sug-
gestive of a role of this histone modification during TEI [128–130]. Furthermore, paternal diet 
affects H3K27me3 marks at specific loci in their offspring, implying that such nutrition-induced 
epigenetic modifications may be selectively retained across generations in mice [131]. Finally, 
TEI of longevity has been reported for H3K4me3 in worm (Caenorhabditis elegans) [132], and the 
bivalent chromatin domains covered by H3K27me3 and H3K4me3 marks have been implicated 
in aging and ARDs in humans [133, 134]. These results collectively suggest that H3K27me3 may 
function as an evolutionarily conserved epigenetic mechanism underlying transgenerational 
inheritance. Our recent work and that of Ciabrelli et al. have directly validated the concept in 
the context of nutrition-mediated longevity programming, transgene expression, and endog-
enous genetic variation [77, 112]. Further strengthening the idea, H3K27me3 markings have 
been found to propagate across generations from the maternal (and likely paternal) germline 
and survive reprogramming events during early embryogenesis in flies [115].

Our most recent study examined E(z)-mediated H3K27me3 as one potential epigenetic mecha-
nism underlying transgenerational inheritance of longevity [77]. It was prompted by our earlier 
work to establish nutritional programming of longevity and its transgenerational inheritance 
[74], and by recent studies supporting the notion that PRC2-mediated H3K27me3 may regu-
late aging across species. H3K27me3 repressive markings and an epigenomic PRC2 signature 
marked by EZH2 and SUZ12 (another core component of PRC2) binding have been found 
to be associated with age-associated differentially methylated regions and aging-associated 
genes in human embryonic stem cells and various other cell lines, implicating this repressive 
epigenetic marker as a common mechanism of aging in humans [135]. Consistently, Polycomb 
repression is associated with healthy aging in humans [136], and replicative senescence of 
stem cells, an in vitro aging model [137, 138]. H3K27me3 and H3K4me3 are also the frequent 
antagonistic partners found on the bivalent chromatin domains which may be implicated in 
aging and ARDs in humans [133, 134]. In addition, heterozygous mutations of E(z) increase 
longevity while also reducing H3K27me3 levels in adult flies, suggesting that PRC2-dependent 
H3K27me3 may regulate aging in Drosophila [139]. Interestingly, E(z)-mediated H3K27me3 is 
required for paternal transmission of obesity through reprogramming of metabolic genes in 
flies [140], supporting its potential role in transgenerational reprogramming. Finally, UTX-1 
(an H3K27-specific histone demethylase) has been shown to regulate aging, and H3K4me3-
mediated TEI of longevity has been reported in C. elegans [132, 141].

E(z) protein level was significantly upregulated in F0 flies, and back to normal in F2 flies, 
after post-eclosion treatment of F0 flies with the LP diet [77]. In contrast, the resulting 
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increase of E(z)-dependent H3K27me3 was seen in the F0 parents and their F2 offspring. 
Correspondingly, longevity was reduced in both F0 and F2 flies. These results suggest that 
early-life dietary insults may trigger E(z)-mediated H3K27me3 changes via misregulation of 
E(z), and consequently nutrition-induced H3K27me3 dysfunction may be transmitted across 
generations and underlie TEI of nutritional programming of longevity. First, E(z)-mediated 
H3K27me3 was found to be necessary for TEI of longevity programming, as early-life RNAi-
mediated specific knockdown of E(z) only in the F0 parents extended longevity while reduc-
ing H3K27me3 activity, and early-life specific inhibition of E(z) enzymatic function with 
EPZ-6438 (a highly EZH2-selective inhibitor) also extended lifespan while rendering the 
H3K27me3 level low across generations. Importantly, the effects of RNAi-mediated knock-
down on H3K27me3 and longevity were specific, as (I) similar effects were observed with 
two independent RNAi transgenes, (II) the E(z) protein level was normal in the F2 generation 
after its knockdown in the F0 parents, and (III) longevity, E(z), and H3K27me3 levels were 
not affected without heat shock to induce RNAi transgenes. Similarly, the EPZ-6438-induced 
effects were specific, as (I) EPZ-6438, as a phase II clinical drug, is highly EZH2 selective and 
considered safe [142], and (II) E(z) protein was unaffected by EPZ-6438 even in the F0 parents. 
In addition, H3K27me3 was found to be sufficient for TEI of longevity programming, as EPZ-
6438 greatly alleviated the longevity-reducing effect of the LP diet, while counterbalancing 
its upregulation of H3K27me3 across the F0 to F2 generations. Our data have convincingly 
demonstrated that E(z)-mediated H3K27me3 activity may play a critical role in the general 
health of an organism and function as one epigenetic mechanism underlying TEI of early-life 
nutrition-mediated longevity programming. Our findings have also provided the first proof-
of-concept for an epigenetic therapy to confer transgenerational health benefits in a model 
system, manifested through improved longevity.

Another important aspect of our study was early-life rather than adult-oriented interventions. 
The critical period refers to a time frame in which an organism’s nervous system is espe-
cially susceptible to environmental modification. This phenomenon is common to nearly all 
multicellular model organisms as it primes the organism to environmental stimuli and pro-
grams physiological pathways responsible for maintaining general health. Studies have linked 
abnormalities in the critical period to the development of autism spectrum disorder [143], 
attention deficit hyperactivity disorder [144], schizophrenia [145, 146], obesity [147], and other 
ARDs [148]. Indeed, the Developmental Origins of Health and Disease hypothesis (DOHaD) 
postulates that the current mainstream adult-oriented therapies may be less efficacious than 
those delivered during the developmental phases of life [149, 150]. Our study has provided 
direct validation of this concept through the delivery of EPZ-6438 at various time points 
throughout adult life to alleviate LP-induced longevity reduction. The alleviation effect was 
found to be greatest, intermediate, or very mild when the drug was delivered within the first 
7 days, from day 3–10, or from day 10–17 after eclosion, respectively. The effect was even seen 
in the F2 generation when the inhibitor was delivered within the first 7 days post-eclosion. 
These data support the DOHaD approach for studying ARDs in Drosophila and the use of a 
developmentally appropriate time period for intervention. Our follow-up experiments indi-
cated that early-life administration of EPZ-6438 can also prevent multiple LP-induced ARDs 
(i.e., cardiomyopathy, type 2 diabetes, and aging-related memory loss) throughout adult life. 
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This represents a novel proof-of-concept of an early-life multi-disease therapy, leveraging epi-
genetic reprogramming to provide life-long protection against multiple – possibly all – ARDs 
(Xia et al., unpublished results).

To study epigenetic phenomena in flies, Ciabrelli et al. employed a transgene inserted in chro-
mosome arm 2 L (Fab2L) to establish stable and isogenic epilines that carried distinct epialleles 
as defined by differential levels of PRC2-dependent H3K27me3 [112]. The Fab2L transgene 
contains the reporter gene mini-white, whose expression determines red pigmentation in 
the eye, under the control of Fab-7, a 3.6-kb genomic region that includes a PRE (Polycomb 
response element). Despite being located on a different chromosome (3R), the endogenous 
Fab-7 region can affect PRE-responsive repression of the Fab2L transgene through long-range 
3D chromatin interactions [151, 152], producing variable mini-white expression-dependent eye 
colors among individual flies. These epigenetic differences were somatic and not transgenera-
tionally heritable, but enhancing long-range interactions between Fab2L and the endogenous 
Fab-7 through removal of one copy of Fab-7 induced a plastic epigenetic state, allowing the 
authors to establish the stable and isogenic epilines with the most repressed (white) or the 
most derepressed (red) eye phenotypes through 15 generations of selection for eye color.

Their subsequent characterization indicated that (I) these epilines carried either silent or active 
epialleles of Fab2L, as determined by high or low levels of PRC2-responsive H2K27me3; (II) 
these epialleles could be stably and dominantly transmitted to naïve flies, with acquired epi-
genetic states stably maintained at least until the F10 generations through self-crossing; (III) 
epiallele maintenance required 3D chromatin interactions, with both epialleles fully and spe-
cifically reversed to a non-selective state after complete removal of the endogenous Fab-7; (IV) 
epiallele inheritance also followed the rules of paramutation under natural environment con-
ditions, with environmental factors (e.g., temperature and humidity) affecting the phenotypes 
of the epialleles; and (V) the paradigm could apply to a naturally occurring phenotype (i.e., 
antenna-to-leg homeotic transformation [153]) of a spontaneous neomorphic mutation of the 
homeotic Antennapedia gene. This important work, with well-established stable and isogenic 
epialleles as defined by distinct levels of H3K27me3 markings, has overcome many short-
comings of earlier studies of transgenerational inheritance, such as weak effects fading away 
within a few generations, ill-defined contributions to the observed phenotypes, and unclear 
epigenetic markings (cf. [114, 154]). The results have convincingly demonstrated stable trans-
generational H3K27me3-mediated inheritance of transgene expression and endogenous 
genetic variation in fruit flies [112], corroborating our study of establishing the same epigenetic 
mechanism underlying transgenerational inheritance of nutrition-programmed longevity [77].

In this mode of TEI, PRC2 functions through H3K27me3 repressive markers to acquire specific 
epigenetic states in response to environmental stimuli or triggers. Alternative states are defined 
by different levels of H3K27me3 to affect gene expression and epigenetic phenotypes [77, 112, 
131]. Polycomb-mediated repression at specific loci and/or long-range chromatin interactions 
act together to maintain acquired states in cis [112], and distinct levels of H3K27me3, as depos-
ited in the maternal oocytes [155], resist epigenetic reprogramming during early embryogen-
esis and are transmitted across generations, enabling transgenerational inheritance of acquired 
states and phenotypes [115]. The acquisition and establishment of epigenetic states may occur 
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increase of E(z)-dependent H3K27me3 was seen in the F0 parents and their F2 offspring. 
Correspondingly, longevity was reduced in both F0 and F2 flies. These results suggest that 
early-life dietary insults may trigger E(z)-mediated H3K27me3 changes via misregulation of 
E(z), and consequently nutrition-induced H3K27me3 dysfunction may be transmitted across 
generations and underlie TEI of nutritional programming of longevity. First, E(z)-mediated 
H3K27me3 was found to be necessary for TEI of longevity programming, as early-life RNAi-
mediated specific knockdown of E(z) only in the F0 parents extended longevity while reduc-
ing H3K27me3 activity, and early-life specific inhibition of E(z) enzymatic function with 
EPZ-6438 (a highly EZH2-selective inhibitor) also extended lifespan while rendering the 
H3K27me3 level low across generations. Importantly, the effects of RNAi-mediated knock-
down on H3K27me3 and longevity were specific, as (I) similar effects were observed with 
two independent RNAi transgenes, (II) the E(z) protein level was normal in the F2 generation 
after its knockdown in the F0 parents, and (III) longevity, E(z), and H3K27me3 levels were 
not affected without heat shock to induce RNAi transgenes. Similarly, the EPZ-6438-induced 
effects were specific, as (I) EPZ-6438, as a phase II clinical drug, is highly EZH2 selective and 
considered safe [142], and (II) E(z) protein was unaffected by EPZ-6438 even in the F0 parents. 
In addition, H3K27me3 was found to be sufficient for TEI of longevity programming, as EPZ-
6438 greatly alleviated the longevity-reducing effect of the LP diet, while counterbalancing 
its upregulation of H3K27me3 across the F0 to F2 generations. Our data have convincingly 
demonstrated that E(z)-mediated H3K27me3 activity may play a critical role in the general 
health of an organism and function as one epigenetic mechanism underlying TEI of early-life 
nutrition-mediated longevity programming. Our findings have also provided the first proof-
of-concept for an epigenetic therapy to confer transgenerational health benefits in a model 
system, manifested through improved longevity.

Another important aspect of our study was early-life rather than adult-oriented interventions. 
The critical period refers to a time frame in which an organism’s nervous system is espe-
cially susceptible to environmental modification. This phenomenon is common to nearly all 
multicellular model organisms as it primes the organism to environmental stimuli and pro-
grams physiological pathways responsible for maintaining general health. Studies have linked 
abnormalities in the critical period to the development of autism spectrum disorder [143], 
attention deficit hyperactivity disorder [144], schizophrenia [145, 146], obesity [147], and other 
ARDs [148]. Indeed, the Developmental Origins of Health and Disease hypothesis (DOHaD) 
postulates that the current mainstream adult-oriented therapies may be less efficacious than 
those delivered during the developmental phases of life [149, 150]. Our study has provided 
direct validation of this concept through the delivery of EPZ-6438 at various time points 
throughout adult life to alleviate LP-induced longevity reduction. The alleviation effect was 
found to be greatest, intermediate, or very mild when the drug was delivered within the first 
7 days, from day 3–10, or from day 10–17 after eclosion, respectively. The effect was even seen 
in the F2 generation when the inhibitor was delivered within the first 7 days post-eclosion. 
These data support the DOHaD approach for studying ARDs in Drosophila and the use of a 
developmentally appropriate time period for intervention. Our follow-up experiments indi-
cated that early-life administration of EPZ-6438 can also prevent multiple LP-induced ARDs 
(i.e., cardiomyopathy, type 2 diabetes, and aging-related memory loss) throughout adult life. 
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This represents a novel proof-of-concept of an early-life multi-disease therapy, leveraging epi-
genetic reprogramming to provide life-long protection against multiple – possibly all – ARDs 
(Xia et al., unpublished results).
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the eye, under the control of Fab-7, a 3.6-kb genomic region that includes a PRE (Polycomb 
response element). Despite being located on a different chromosome (3R), the endogenous 
Fab-7 region can affect PRE-responsive repression of the Fab2L transgene through long-range 
3D chromatin interactions [151, 152], producing variable mini-white expression-dependent eye 
colors among individual flies. These epigenetic differences were somatic and not transgenera-
tionally heritable, but enhancing long-range interactions between Fab2L and the endogenous 
Fab-7 through removal of one copy of Fab-7 induced a plastic epigenetic state, allowing the 
authors to establish the stable and isogenic epilines with the most repressed (white) or the 
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Their subsequent characterization indicated that (I) these epilines carried either silent or active 
epialleles of Fab2L, as determined by high or low levels of PRC2-responsive H2K27me3; (II) 
these epialleles could be stably and dominantly transmitted to naïve flies, with acquired epi-
genetic states stably maintained at least until the F10 generations through self-crossing; (III) 
epiallele maintenance required 3D chromatin interactions, with both epialleles fully and spe-
cifically reversed to a non-selective state after complete removal of the endogenous Fab-7; (IV) 
epiallele inheritance also followed the rules of paramutation under natural environment con-
ditions, with environmental factors (e.g., temperature and humidity) affecting the phenotypes 
of the epialleles; and (V) the paradigm could apply to a naturally occurring phenotype (i.e., 
antenna-to-leg homeotic transformation [153]) of a spontaneous neomorphic mutation of the 
homeotic Antennapedia gene. This important work, with well-established stable and isogenic 
epialleles as defined by distinct levels of H3K27me3 markings, has overcome many short-
comings of earlier studies of transgenerational inheritance, such as weak effects fading away 
within a few generations, ill-defined contributions to the observed phenotypes, and unclear 
epigenetic markings (cf. [114, 154]). The results have convincingly demonstrated stable trans-
generational H3K27me3-mediated inheritance of transgene expression and endogenous 
genetic variation in fruit flies [112], corroborating our study of establishing the same epigenetic 
mechanism underlying transgenerational inheritance of nutrition-programmed longevity [77].

In this mode of TEI, PRC2 functions through H3K27me3 repressive markers to acquire specific 
epigenetic states in response to environmental stimuli or triggers. Alternative states are defined 
by different levels of H3K27me3 to affect gene expression and epigenetic phenotypes [77, 112, 
131]. Polycomb-mediated repression at specific loci and/or long-range chromatin interactions 
act together to maintain acquired states in cis [112], and distinct levels of H3K27me3, as depos-
ited in the maternal oocytes [155], resist epigenetic reprogramming during early embryogen-
esis and are transmitted across generations, enabling transgenerational inheritance of acquired 
states and phenotypes [115]. The acquisition and establishment of epigenetic states may occur 
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rapidly during developmentally appropriate time periods [77, 131] or gradually through phe-
notypic selection [112]. Deposit of H3K27me3 appears to be locus-specific in response to envi-
ronmental factors (cf. [131]). The extent and robustness of its inheritance may be environmental 
factor- and trait-dependent, with the transgenerational effects upon acquired complex traits 
(e.g., aging) quickly adapting to further environmental changes and decaying away in a few 
generations (cf. [77]), or upon simple traits (e.g., transgene expression) being relatively resistant 
to further environmental modifications and transmitting across many generations (cf. [112]).

5. Conclusion

Drosophila as a versatile model organism is profoundly advancing our understanding of TEI and 
its underlying mechanisms. Short lifespan, well-conserved epigenetic mechanisms, and powerful 
genetic tools have facilitated TEI studies at molecular, genomic, and organismal levels after vari-
ous environmental and genetic manipulations (Table 1). Many studies have employed dietary 
interventions at the larval or early-adult life stages, or throughout adulthood, similar to those in 
mammals [48, 156]. Early-life nutrition in particular has been linked to adult health and diseases, 
prompting the increasingly-recognized DOHaD approach for studying various ARDs includ-
ing CVD, obesity, diabetes, dementia, and certain cancers [4, 150, 156]. Importantly, these exist-
ing TEI models have enabled exciting investigations of the underlying molecular and epigenetic 
mechanisms. Here, we have highlighted PRC2-mediated H3K27me3 markings as an evolution-
arily conserved epigenetic mechanism underlying transgenerational inheritance [77, 112, 115].

6. Recommendations

TEI research is a relatively new science. H3K27me3-mediated inheritance is providing a plat-
form to address many important questions about TEI in future studies. What are the signals and 
underlying molecular mechanisms responding to the initial environmental stimuli? How do 
these signals trigger an epigenetic process and establish corresponding epigenetic states? How 
can such specific epigenetic states, likely originating in somatic cells, be transmitted to germ 
cells to enable transgenerational inheritance? What are the molecular mechanisms that maintain 
transgenerational inheritance? Is H3K27me3 unique in that it may resist epigenetic reprogram-
ming [115]? Is H3K27me3 a common epigenetic mechanism responsible for non-genetic trans-
generational inheritance across species? We anticipate that the Drosophila model will continue to 
broaden our understanding of TEI biology and related human diseases in particular.
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rapidly during developmentally appropriate time periods [77, 131] or gradually through phe-
notypic selection [112]. Deposit of H3K27me3 appears to be locus-specific in response to envi-
ronmental factors (cf. [131]). The extent and robustness of its inheritance may be environmental 
factor- and trait-dependent, with the transgenerational effects upon acquired complex traits 
(e.g., aging) quickly adapting to further environmental changes and decaying away in a few 
generations (cf. [77]), or upon simple traits (e.g., transgene expression) being relatively resistant 
to further environmental modifications and transmitting across many generations (cf. [112]).

5. Conclusion

Drosophila as a versatile model organism is profoundly advancing our understanding of TEI and 
its underlying mechanisms. Short lifespan, well-conserved epigenetic mechanisms, and powerful 
genetic tools have facilitated TEI studies at molecular, genomic, and organismal levels after vari-
ous environmental and genetic manipulations (Table 1). Many studies have employed dietary 
interventions at the larval or early-adult life stages, or throughout adulthood, similar to those in 
mammals [48, 156]. Early-life nutrition in particular has been linked to adult health and diseases, 
prompting the increasingly-recognized DOHaD approach for studying various ARDs includ-
ing CVD, obesity, diabetes, dementia, and certain cancers [4, 150, 156]. Importantly, these exist-
ing TEI models have enabled exciting investigations of the underlying molecular and epigenetic 
mechanisms. Here, we have highlighted PRC2-mediated H3K27me3 markings as an evolution-
arily conserved epigenetic mechanism underlying transgenerational inheritance [77, 112, 115].

6. Recommendations

TEI research is a relatively new science. H3K27me3-mediated inheritance is providing a plat-
form to address many important questions about TEI in future studies. What are the signals and 
underlying molecular mechanisms responding to the initial environmental stimuli? How do 
these signals trigger an epigenetic process and establish corresponding epigenetic states? How 
can such specific epigenetic states, likely originating in somatic cells, be transmitted to germ 
cells to enable transgenerational inheritance? What are the molecular mechanisms that maintain 
transgenerational inheritance? Is H3K27me3 unique in that it may resist epigenetic reprogram-
ming [115]? Is H3K27me3 a common epigenetic mechanism responsible for non-genetic trans-
generational inheritance across species? We anticipate that the Drosophila model will continue to 
broaden our understanding of TEI biology and related human diseases in particular.
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Abstract

Drosophila imaginal discs are epithelial tissues perfectly suited to use them as a playground 
to define the functional contribution of genes to epithelial development and organ morpho-
genesis. The more we know about the discs and the mechanisms directing their develop-
ment, the best prepared we are to assign specific “functions” to individual genes based on 
phenotypic observations. Conversely, and thinking from the perspective of the gene, the 
more we know about its function, the best inferences we could make about the mechanisms 
underlying imaginal disc development. This reciprocal relationship, coupled to the arsenal 
of possible experimental approaches available in Drosophila genetics, genomics and cel-
lular biology, makes these tissues excellent systems to address biological problems with 
biomedical relevance. In this review, an overview of three interconnected aspects related to 
the use of Drosophila imaginal discs as an experimental system to analyze gene function is 
given: (i) imaginal discs biology, with a focus in the genetic mechanisms involved in pattern 
formation; (ii) concepts and available experimental tools for the analyses of gene function 
and (iii) uses of Drosophila and the imaginal discs for addressing biomedical problems.
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1. Introduction

Imaginal discs are epithelial tissues that grow within the larva of holometabolous insects 
and differentiate most of the external parts of the adult during metamorphosis [1]. They are 
named after the adult structures they form, for example, the wing imaginal disc makes the 
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wing and the thorax, while the leg discs develop the leg appendages and the pleura. Each 
disc has a characteristic size, shape, histology and fate map, and they are connected to the 
larval epidermis and to the tracheal system of the larvae [1]. Imaginal discs are a favorite 
subject of study for developmental and cell biologists, and the analysis of their characteris-
tics has shaped key concepts in developmental biology, including the notions of cell deter-
mination, cell autonomy and positional information [2]. The study of imaginal discs is also 
contributing to identify and characterize the cellular and biochemical mechanisms underly-
ing these concepts.

A key peculiarity that in part account for the success of the imaginal discs as experimental 
model systems is that they retain a considerable developmental plasticity during larval 
development. Thus, when let unperturbed, each imaginal disc will undergo with a clock-
like precision cell divisions, growth and territorial specification, forming a fixed inventory 
of cuticular structures during differentiation. Simultaneously, the discs remain extremely 
plastic and reactive to experimental manipulations during most of their development. This 
developmental plasticity is particularly manifested when the discs are cut and transplanted 
into adult host, where disc fragments can reconstitute the missing parts (“regeneration”) 
and even alter their identity (“transdetermination”) [2, 3]. The ability to regenerate has 
been more recently observed in situ in experiments in which disc fragments are mechani-
cally removed or where particular regions are eliminated through the induction of cell 
death [3–5].

Imaginal discs are also extremely reactive to genetic manipulations, and altering the 
expression of genes encoding a wide variety of proteins related to epithelial development 
in imaginal cells results in precise adult phenotypes [6]. The responsive nature of imaginal 
discs to genetic and other experimental manipulations is one of the reasons explaining 
why imaginal discs have been repetitively used in developmental biology. In fact, they 
have traditionally been either drivers or early adopters of novel experimental approaches 
directed to unravel the genetic and cellular basis of epithelial biology and organ mor-
phogenesis [2]. In this manner, imaginal discs not only played a key role in the transition 
from experimental embryology to developmental genetics but also in the posterior move 
from formal mechanistic interpretations to increasingly detailed molecular and cellular 
descriptions.

Another aspect that explains the success of imaginal discs as experimental tools at different 
historical periods is the richness of biological processes participating in their development 
and differentiation. Thus, most common developmental operations, including cell prolifera-
tion and death, cell growth and differentiation, pattern formation and tissue mechanics and 
morphogenesis, as well as their underlying molecular mechanisms, can be analyzed in the 
discs. Because these processes are common to the development of all multicellular organ-
isms and also regulated by conserved genes and molecular interactions, the discs are a most 
convenient system to dissect genetically complex developmental mechanisms. In this review, 
some key aspects of imaginal disc biology are summarized, and the experimental tools avail-
able to analyze the contribution of genes to the development of imaginal disc development 
are described. We will also summarize how to capitalize on the knowledge we have about the 
discs to address problems with biomedical impact.
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2. Genetic regulation of imaginal disc development

Imaginal discs are versatile, responsive and modular tissues for genetic experimentation. 
Internal regulatory processes not only determine their development but they also commu-
nicate and interact with other larval organs to influence growth and developmental timing 
[7–10]. In the discs, patterning and growth are interconnected aspects driven by conserved 
signaling pathways and complex transcriptional regulatory networks that coordinate gene 
expression along a field of epithelial cells. Although each imaginal disc has its own pecu-
liarities, their modes of development share multiple common aspects, including regulated cell 
proliferation and the progressive generation of gene expression domains. Thus, a common fea-
ture of all discs is the existence of a continuous deployment and refinement of gene expression 
patterns that culminate in the allocation of cellular fates to individual cells or fields of cells. 
This process is linked to the position that each cell occupies in the epithelium, but it is mostly 
a consequence of each cell developmental history, as defined by the gene regulatory networks 
that were operating in its progenitors. The mechanistic links between gene activity and the 
patterned distribution of differentiated cells make possible to use phenotypic approaches to 
identify and characterize the function of individual genes through genetic analysis.

The origin of imaginal cells is the embryonic ectoderm. It is in this epithelial layer where 
a set of gene regulatory events defines the position of groups of cells as imaginal precur-
sors [1, 11] (Figure 1). The specification of each imaginal primordium follows the same logic 
of gene regulatory events that will direct their subsequent development. Thus, the seg-
mented embryonic ectoderm contains a Cartesian system of positional information along the  
antero-posterior (A/P) and dorso-ventral (D/V) axes defined by the expression of ligands 

Figure 1. Specification of the thoracic appendage primordia. (A) Schematic representation of Drosophila embryogenesis 
indicating the position of the primordia for the thoracic discs in the T1, T2 and T3 segments. (B) Development of the disc 
primordium in the T2 segment. At stage 11, Dll expression (dark grey circle) is activated by Wg and repressed dorsally 
and ventrally by the Dpp and EGFR pathways, respectively. Some hours later, the wing primordium marked by the 
expression of vg and sna originates (light grey circle) and includes both Dll-expressing cells and Dll non-expressing cells. 
At stage 14, the wing and leg primordia are fully separated. The genetic inputs into Dll and sna/vg are schematized. Note 
that these genes integrate differentially the activity of the Wg, Dpp and EGFR pathways.
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belonging to the Hedgehog (Hh), wingless (Wg), decapentaplegic (Dpp) and epidermal 
growth factor receptor (EGFR) pathways [1, 12–15] (Figure 1). The restricted expression of 
these ligands results in the generation of overlapping signaling domains in which pathway-
specific transcription factors are expressed or active (Figure 1). These transcription factors act 
through cis-regulatory modules (CRM) present in a set of genes involved in the early determi-
nation of embryonic cells as imaginal precursors. Some of the best-characterized genes belong-
ing to this class are eyeless (eye), vestigial (vg), Distal-less (Dll), escargot (esg), buttonhead (btd) and 
Sp1 [11, 16–19]. The expression of these genes becomes restricted to groups of cells positioned 
with respect to parasegmental boundaries and located in precise A/P and D/V positions [20].

Complementary to the A/P and D/V coordinate systems, which are common to all embryonic 
segments, the ectoderm also bears a segment-specific code of homeotic genes resulting from 
the differential expression of the Bithorax (Bx) and Antennapedia (Antp) gene complexes [21]. 
The genes of the Bx complex prevent the development of imaginal primordia from the abdomi-
nal segments and confer different identities to the thoracic segments 2 and 3. Similarly, the 
genes of the Antp complex confer segmental identity to the imaginal precursors present in 
the cephalic segments [21]. Once the position, size and identity of each primordium are deter-
mined, its development implies cell proliferation and invagination from the embryonic surface 
[1]. For all subsequent stages, the discs will grow as hollow sacs within the interior of the larvae 
that remain connected through a stalk to the larval epidermis. From the primordia that were 
specified in the embryo to the mature third instar discs, there happens a considerable increase 
in size due to cell proliferation, and this increase is always accompanied by the generation of 
gene expression domains that progressively become coincident with the adult structures; each 
cell will give rise during metamorphosis (Figure 1). The same signaling pathways that partici-
pate in the specification of the primordia drive the generation of gene expression domains. The 
continuous interplay between signaling and transcription is a common aspect to the develop-
ment of all discs. In this manner, at each time-point in the development of the discs, localized 
domains of signaling are converted into territories of gene expression, which in turn drive the 
generation of novel signaling domains directing further domains of gene expression (Figure 2).

The examples of the leg and wing discs illustrate how signaling-transcription networks cou-
pled to the increase in the size of the epithelium have been adapted to generate diverse expres-
sion patterns associated to cell fate allocations. The leg and wing discs originate from the same 
primordium located in the ventral region of each hemisegment of the mesothorax (paraseg-
ment 5). These early primordia can first be recognized as a group of ~30 cells in each thoracic 
hemisegment that express the homeobox gene Dll [22]. Dll expression is activated by Wg and 
repressed dorsally and ventrally by the Dpp and EGFR pathways, respectively [23]. These Dll-
expressing cells give rise to all regions of the adult thorax, including both the ventral (i.e., legs) 
and dorsal (i.e., wing and haltere) appendages [22, 24]. As the embryo develops, a group of 
cells of these early primordia moves dorsally to form the dorsal primordia (wing and haltere), 
lose Dll expression and activate the wing-promoting genes, vestigial (vg) and snail (sna) [16, 22, 
25] (Figure 1). The remaining Dll-expressing cells in each thoracic hemisegment give rise to 
the leg discs [24, 26] (Figure 1). At the molecular level, the signals that govern the separation 
between the dorsal and ventral primordia are integrated by the CRMs of the Dll and sna genes. 
Dpp is required for the expression of Dll and sna, whereas Wnt and EGFR signalling repress 
wing fate and promote leg primordia formation [14, 15].
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From this point onwards, both groups of cells follow their development independently, using 
the information already present in the primordium to drive subsequent developmental steps. In 
the case of the wing disc, the first subdivision imposed over the antero-posterior compartment 
initial subdivision is between proximal and distal cells (Figure 2). Proximal cells express the 
EGFR ligand vein (Vn), whereas distal cells express the gene wingless (wg) [15, 27, 28]. Decreasing 
EGFR signalling levels from distal to proximal regions of the disc regulates the formation of 
nested expression domains of genes encoding transcription factors. In more proximal cells, 
the genes of the Iroquois (Iro) and Spalt (sal) complexes are expressed and contributed to the 
determination of the future thorax [27, 29–31]. In a more extended domain, the expression of 
apterous (ap) is also activated in response to the EGFR pathway [15, 32, 33], and the Notch sig-
naling pathway is activated at the boundary between cells expressing and not expressing ap 
and drives the expression of vestigial (vg), a cofactor necessary for the specification of wing cells 
[25, 34–38]. From now onwards, the territories fated to become the thorax, hinge and blade will 
expand and further divide into smaller subdomains of gene expression related to pattern ele-
ments such as veins and sensory organs (Figure 2). In the expanding wing blade, for example, 

Figure 2. Overview of leg and wing imaginal disc patterning. (A) Schematic representation of the leg disc at different 
developmental stages, from early L2 (left) to late L3 (right). Initially, Wg (dark grey) and Dpp (light grey) activate Dll 
expression in the distal domain of the leg (grey circle) and repress dac. As the disc grows, dac expression (striped and grey 
circle) escapes the repression of Wg and Dpp, and the initial PD axis is established. Later on, the distal part of the leg is 
further subdivided in nested expression patterns by the activity of the EGFR pathway, which ligand is expressed in the 
distal-most tip of the leg disc. The combinatorial code of the PD axis patterning genes localized the activation of the Notch 
pathway (circles) in concentric rings that prefigure the joints of the adult leg. (B) Schematic representation of the wing disc 
at different developmental stages, from L2 (left) to late L3 (right). The L2 disc is subdivided into a proximal domain where 
the EGFR pathway is active (dark grey) and an anterior distal domain where the Wg pathway is active (light grey)—EGFR 
signaling activates the expression of the Iroquois genes (Iro) and apterous (ap). The confrontation of ap expressing and 
not expressing cells triggers Notch activation and vestigial (vg) expression in the primordium of the wing blade. Proximal 
cells express the homothorax gene (hth; stripped) and will contribute to the hinge region of the wing. The wing blade 
is subdivided into expression domains due to the activity of the Hedgehog and Decapentaplegic signaling pathways. 
The expression of optix (black), spalt (sal; light grey) and knot (dark grey) is shown. The expression of Knirps (kni) and 
Iroquois (Iro) is then activated in provein territories (lines) from where later each longitudinal vein (L2-L5) differentiates.
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belonging to the Hedgehog (Hh), wingless (Wg), decapentaplegic (Dpp) and epidermal 
growth factor receptor (EGFR) pathways [1, 12–15] (Figure 1). The restricted expression of 
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mined, its development implies cell proliferation and invagination from the embryonic surface 
[1]. For all subsequent stages, the discs will grow as hollow sacs within the interior of the larvae 
that remain connected through a stalk to the larval epidermis. From the primordia that were 
specified in the embryo to the mature third instar discs, there happens a considerable increase 
in size due to cell proliferation, and this increase is always accompanied by the generation of 
gene expression domains that progressively become coincident with the adult structures; each 
cell will give rise during metamorphosis (Figure 1). The same signaling pathways that partici-
pate in the specification of the primordia drive the generation of gene expression domains. The 
continuous interplay between signaling and transcription is a common aspect to the develop-
ment of all discs. In this manner, at each time-point in the development of the discs, localized 
domains of signaling are converted into territories of gene expression, which in turn drive the 
generation of novel signaling domains directing further domains of gene expression (Figure 2).

The examples of the leg and wing discs illustrate how signaling-transcription networks cou-
pled to the increase in the size of the epithelium have been adapted to generate diverse expres-
sion patterns associated to cell fate allocations. The leg and wing discs originate from the same 
primordium located in the ventral region of each hemisegment of the mesothorax (paraseg-
ment 5). These early primordia can first be recognized as a group of ~30 cells in each thoracic 
hemisegment that express the homeobox gene Dll [22]. Dll expression is activated by Wg and 
repressed dorsally and ventrally by the Dpp and EGFR pathways, respectively [23]. These Dll-
expressing cells give rise to all regions of the adult thorax, including both the ventral (i.e., legs) 
and dorsal (i.e., wing and haltere) appendages [22, 24]. As the embryo develops, a group of 
cells of these early primordia moves dorsally to form the dorsal primordia (wing and haltere), 
lose Dll expression and activate the wing-promoting genes, vestigial (vg) and snail (sna) [16, 22, 
25] (Figure 1). The remaining Dll-expressing cells in each thoracic hemisegment give rise to 
the leg discs [24, 26] (Figure 1). At the molecular level, the signals that govern the separation 
between the dorsal and ventral primordia are integrated by the CRMs of the Dll and sna genes. 
Dpp is required for the expression of Dll and sna, whereas Wnt and EGFR signalling repress 
wing fate and promote leg primordia formation [14, 15].
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apterous (ap) is also activated in response to the EGFR pathway [15, 32, 33], and the Notch sig-
naling pathway is activated at the boundary between cells expressing and not expressing ap 
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further subdivided in nested expression patterns by the activity of the EGFR pathway, which ligand is expressed in the 
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the EGFR pathway is active (dark grey) and an anterior distal domain where the Wg pathway is active (light grey)—EGFR 
signaling activates the expression of the Iroquois genes (Iro) and apterous (ap). The confrontation of ap expressing and 
not expressing cells triggers Notch activation and vestigial (vg) expression in the primordium of the wing blade. Proximal 
cells express the homothorax gene (hth; stripped) and will contribute to the hinge region of the wing. The wing blade 
is subdivided into expression domains due to the activity of the Hedgehog and Decapentaplegic signaling pathways. 
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most of the expression territories are established with respect to the A/P compartment boundary  
due to the activity of the Hh and Dpp signaling pathways [39]. In this manner, the central 
region of the wing is patterned by the differential response to Hh signaling of a battery of genes 
required for the positioning of the central wing veins (L3 and L4) and the central intervein (L3/4 
intervein) [40]. Simultaneously, the lateral regions of the wing blade are patterned through a set 
of transcription factors which expression is regulated by the Dpp signaling pathway (Figure 2).

In the case of the leg, the restricted expression of Dpp and Wg in dorsal and ventral domains 
of the leg imaginal disc directs the formation of the proximo-distal (P/D) axis. Initially, high 
levels of Wg and Dpp activate Dll in the center of the leg disc and repress the expression of 
dachshund (dac). As the discs grow, dac escapes the repression of Wg and Dpp in the medial 
domain of the leg disc and is activated by Dll [23]. Once these genes are activated, their expres-
sion is locked by autoregulatory mechanisms. In the periphery of the disc, where combined 
low levels of Wg and Dpp are found, the expression of homothorax (Hth) and teashirt (Tsh) is 
activated. Later on, the activity of the EGFR pathway in the distal domain of the leg disc is 
required to activate a series of secondary P/D targets, including the tarsal restricted genes 
aristalless (al), Bar (B) and rotound (rn) [11, 23] (Figure 2). An important consequence of the P/D 
subdivision is the activation of the Notch pathway in concentric rings that subsequently cor-
respond to the joints, movable structures separating adjacent leg segments [41]. Joint devel-
opment is controlled by the action of subsidiary Notch target genes, such as the transcription 
factors encoded by oddskipped family genes (odd) and dysfusion (dys) in proximal and distal 
joints, respectively. In particular, Dys regulates the expression of several Rho-GTPase regula-
tors and pro-apoptotic genes that together sculpt the tarsal joints [42, 43].

In summary, as the discs grow in size, its pattern is progressively established and prefigurates 
as expression domains the position where different structures, such as veins, sensory organs 
and tarsal joints, that will differentiate during metamorphosis. This process relies upon reg-
ulatory mechanisms that link signaling with transcriptional regulation along the epithelium. 
Subsequently, each disc will initiate its differentiation and morphogenesis during pupal devel-
opment, in a course that includes extensive morphogenetic movements and fusion between ima-
ginal discs. The culmination of imaginal disc development is the generation of precise patterns 
of differentiation. As these patterns are under strict regulation of genes encoding transcription 
factors and signaling components, changes in the expression pattern or activity of these genes 
result in precise alterations of the pattern of cell differentiation and organ morphogenesis. These 
alterations, the mutant phenotypes, can be used as diagnostic criteria to define the requirements 
of the gene and to annotate its function in relation to the processes affected. Most of the impact 
of Drosophila in biological research is due to the availability of methods to analyze gene func-
tion in vivo. These methods rely on the power to generate and analyze mutations and to detect 
the timing and patterning of gene expression. It is through the analysis of the consequences of 
manipulating gene activity that specific functions could be assigned to particular genes.

3. Genetic analysis in Drosophila

When genetic analysis was first used to characterize the contribution of a gene to a particular 
process, the definition of “gene function” was abstract, referring more to the requirement of the 
gene than to the actual biochemical function of the protein it encoded, which was for the most 
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part unknown. Thus, genes encoding transcription factors or signaling molecules could be clas-
sified as “segmentation genes,” because they displayed mutant phenotypes affecting the seg-
mentation of the embryo [44]. By looking at the particularities of the mutant phenotype, these 
genes could be further classified into discrete classes that later were shown to correspond to the 
different levels in the hierarchy of regulatory interactions driving segmentation [44]. During 
most of the 20th century, methods to analyze a gene were blind to a large extent. In this manner, 
mutations generated randomly were selected because they failed to complement a particular 
allele or gene deficiency [45, 46] or because they displayed or modified a phenotype in the tis-
sue of interest [47–50]. Favorite methods to generate mutations were chemical (EMS), physical 
(ionizing radiations) and later through the mobilization of transposable elements [51, 52].

The availability of the Drosophila DNA sequence in 2000 [53], combined with the develop-
ment of novel techniques to generate mutations in the following years, marked a shift in the 
way genes were studied. When the entire genetic map of the fly was open to scrutinize, it 
was necessary to develop new methods that allowed the generation of gene-specific muta-
tions from the sequence (“reverse genetics”). In this manner, homologous recombination was 
adopted to fly genetics [54, 55], although the technical complexity and low frequency of these 
events precluded a generalized adoption by the fly community. More impact had the imple-
mentation of RNA interference (RNAi), which combined with the Gal4/UAS system, already 
extensively used to generate gain-of-function conditions [56] allowed a targeted reduction of 
mRNA levels of the gene of interest in specific tissues [57]. The generation of genome-wide 
collections of UAS-RNAi lines further allowed screening systematically the genome, either 
by searching for mutant phenotypes in the tissue of interest or for modifiers of a particular 
genetic condition [58, 59]. RNAi is being massively used as a first approach to identify the 
functional requirements of a gene or gene family of interest, but still has the problems of 
generating only hypomorphic conditions and the existence of off-target effects caused by 
sequence similarities.

In more recent years, the adaptation of the CRISPR/Cas9 technology to the fly is allowing an 
unprecedented level of precision and easiness with which a gene can be targeted [60–63]. This 
method is based on the use of the nuclease Cas9 guided by small RNAs (gRNAs) to generate 
double-strand breaks (DSB) at a target genomic locus, allowing its use as a highly efficient 
and specific system for gene edition. Using CRISPR/Cas9 allows targeted manipulation of a 
given gene in different manners. Thus, the CRISPR/Cas 9 system can be employed to generate 
sequence-specific DSB to disrupt the target locus when a single gRNA is used, resulting in the 
generation of small insertion or deletions (In/Dels) through the error-prone process of non-
homologous end-joining (NHEJ) repair in the coding sequence. This approach can be used to 
disrupt coding genes, leading to an array of mutations ranging from hypomorphs to amorph 
alleles (Figure 3), caused by frameshifts in the reading frame, premature stop codons or triplet 
insertions or deletions [63–65]. The NHEJ repair system can also be directed by two gRNAs to 
delete a specific fragment flanking the targeted sequences [63, 66]. The resulting DNA change 
consists in a deletion of a longer sequence, which could include an entire open reading frame, 
an exon or also non-coding sequences such as candidate regulatory regions, being also an 
useful approach to analyze transcriptional regulation in situ (Figure 3).

A second application of the CRISPR-Cas9 system is to stimulate HDR (homology-direct repair) by 
using homologous DNA sequences as template for the DNA repair and two gRNAs, allowing precise 
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most of the expression territories are established with respect to the A/P compartment boundary  
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required for the positioning of the central wing veins (L3 and L4) and the central intervein (L3/4 
intervein) [40]. Simultaneously, the lateral regions of the wing blade are patterned through a set 
of transcription factors which expression is regulated by the Dpp signaling pathway (Figure 2).

In the case of the leg, the restricted expression of Dpp and Wg in dorsal and ventral domains 
of the leg imaginal disc directs the formation of the proximo-distal (P/D) axis. Initially, high 
levels of Wg and Dpp activate Dll in the center of the leg disc and repress the expression of 
dachshund (dac). As the discs grow, dac escapes the repression of Wg and Dpp in the medial 
domain of the leg disc and is activated by Dll [23]. Once these genes are activated, their expres-
sion is locked by autoregulatory mechanisms. In the periphery of the disc, where combined 
low levels of Wg and Dpp are found, the expression of homothorax (Hth) and teashirt (Tsh) is 
activated. Later on, the activity of the EGFR pathway in the distal domain of the leg disc is 
required to activate a series of secondary P/D targets, including the tarsal restricted genes 
aristalless (al), Bar (B) and rotound (rn) [11, 23] (Figure 2). An important consequence of the P/D 
subdivision is the activation of the Notch pathway in concentric rings that subsequently cor-
respond to the joints, movable structures separating adjacent leg segments [41]. Joint devel-
opment is controlled by the action of subsidiary Notch target genes, such as the transcription 
factors encoded by oddskipped family genes (odd) and dysfusion (dys) in proximal and distal 
joints, respectively. In particular, Dys regulates the expression of several Rho-GTPase regula-
tors and pro-apoptotic genes that together sculpt the tarsal joints [42, 43].

In summary, as the discs grow in size, its pattern is progressively established and prefigurates 
as expression domains the position where different structures, such as veins, sensory organs 
and tarsal joints, that will differentiate during metamorphosis. This process relies upon reg-
ulatory mechanisms that link signaling with transcriptional regulation along the epithelium. 
Subsequently, each disc will initiate its differentiation and morphogenesis during pupal devel-
opment, in a course that includes extensive morphogenetic movements and fusion between ima-
ginal discs. The culmination of imaginal disc development is the generation of precise patterns 
of differentiation. As these patterns are under strict regulation of genes encoding transcription 
factors and signaling components, changes in the expression pattern or activity of these genes 
result in precise alterations of the pattern of cell differentiation and organ morphogenesis. These 
alterations, the mutant phenotypes, can be used as diagnostic criteria to define the requirements 
of the gene and to annotate its function in relation to the processes affected. Most of the impact 
of Drosophila in biological research is due to the availability of methods to analyze gene func-
tion in vivo. These methods rely on the power to generate and analyze mutations and to detect 
the timing and patterning of gene expression. It is through the analysis of the consequences of 
manipulating gene activity that specific functions could be assigned to particular genes.

3. Genetic analysis in Drosophila

When genetic analysis was first used to characterize the contribution of a gene to a particular 
process, the definition of “gene function” was abstract, referring more to the requirement of the 
gene than to the actual biochemical function of the protein it encoded, which was for the most 
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part unknown. Thus, genes encoding transcription factors or signaling molecules could be clas-
sified as “segmentation genes,” because they displayed mutant phenotypes affecting the seg-
mentation of the embryo [44]. By looking at the particularities of the mutant phenotype, these 
genes could be further classified into discrete classes that later were shown to correspond to the 
different levels in the hierarchy of regulatory interactions driving segmentation [44]. During 
most of the 20th century, methods to analyze a gene were blind to a large extent. In this manner, 
mutations generated randomly were selected because they failed to complement a particular 
allele or gene deficiency [45, 46] or because they displayed or modified a phenotype in the tis-
sue of interest [47–50]. Favorite methods to generate mutations were chemical (EMS), physical 
(ionizing radiations) and later through the mobilization of transposable elements [51, 52].

The availability of the Drosophila DNA sequence in 2000 [53], combined with the develop-
ment of novel techniques to generate mutations in the following years, marked a shift in the 
way genes were studied. When the entire genetic map of the fly was open to scrutinize, it 
was necessary to develop new methods that allowed the generation of gene-specific muta-
tions from the sequence (“reverse genetics”). In this manner, homologous recombination was 
adopted to fly genetics [54, 55], although the technical complexity and low frequency of these 
events precluded a generalized adoption by the fly community. More impact had the imple-
mentation of RNA interference (RNAi), which combined with the Gal4/UAS system, already 
extensively used to generate gain-of-function conditions [56] allowed a targeted reduction of 
mRNA levels of the gene of interest in specific tissues [57]. The generation of genome-wide 
collections of UAS-RNAi lines further allowed screening systematically the genome, either 
by searching for mutant phenotypes in the tissue of interest or for modifiers of a particular 
genetic condition [58, 59]. RNAi is being massively used as a first approach to identify the 
functional requirements of a gene or gene family of interest, but still has the problems of 
generating only hypomorphic conditions and the existence of off-target effects caused by 
sequence similarities.

In more recent years, the adaptation of the CRISPR/Cas9 technology to the fly is allowing an 
unprecedented level of precision and easiness with which a gene can be targeted [60–63]. This 
method is based on the use of the nuclease Cas9 guided by small RNAs (gRNAs) to generate 
double-strand breaks (DSB) at a target genomic locus, allowing its use as a highly efficient 
and specific system for gene edition. Using CRISPR/Cas9 allows targeted manipulation of a 
given gene in different manners. Thus, the CRISPR/Cas 9 system can be employed to generate 
sequence-specific DSB to disrupt the target locus when a single gRNA is used, resulting in the 
generation of small insertion or deletions (In/Dels) through the error-prone process of non-
homologous end-joining (NHEJ) repair in the coding sequence. This approach can be used to 
disrupt coding genes, leading to an array of mutations ranging from hypomorphs to amorph 
alleles (Figure 3), caused by frameshifts in the reading frame, premature stop codons or triplet 
insertions or deletions [63–65]. The NHEJ repair system can also be directed by two gRNAs to 
delete a specific fragment flanking the targeted sequences [63, 66]. The resulting DNA change 
consists in a deletion of a longer sequence, which could include an entire open reading frame, 
an exon or also non-coding sequences such as candidate regulatory regions, being also an 
useful approach to analyze transcriptional regulation in situ (Figure 3).

A second application of the CRISPR-Cas9 system is to stimulate HDR (homology-direct repair) by 
using homologous DNA sequences as template for the DNA repair and two gRNAs, allowing precise 
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genome editing by generating sequence substitutions following a deletion (knock-out/knock-in).  
This method relies on supplying a homologous repair DNA (ssDNA or dsDNA) engineered with 
the desired modifications [62, 67–69]. This approach allows not only the induction of particular 
mutations in the genome but also the integration of ssDNA oligonucleotides for epitope TAGs 
into protein coding genes, allowing the tagging of endogenous proteins (Figure 3).

More interestingly, when stimulating HDR using longer homologous repair dsDNA (homol-
ogy arms), the removed genomic region can be replaced with site-specific recombinase 
sequences such as attP sites [67], allowing subsequent integrations at this genomic position 
of modified versions of the gene or orthologous genes and sequences encoding for tagged 
proteins (Figure 3). Creation of a DSB dramatically increases the frequency of homologous 
recombination [70], allowing the expression in situ of protein variants expressed under the 
same regulatory DNA as the endogenous gene (Figure 3). In addition, Flippase recognition 
target (FRT) sites could be introduced flanking the region on interest to allow tissue-specific 

Figure 3. Applications of CRISPR/Cas9 for gene editing in Drosophila. Schematic representation of Cas9-DNA interactions 
leading to changes in the genomic sequence (A–C) or to changes in gene expression (D). The genomic DNA is represented 
as thick lines, Cas9 is represented by a grey shape, guide RNA (gRNA) are shown as grey lines and nucleotides targeted 
by gRNA as grey ovals. (A) Single gRNA leads to DNA double strand breaks (left) that are corrected by non-homologous 
end joining (right) leading to INDELs. (B) Double gRNAs lead to nearby double strand breaks (left) that when corrected 
result in a deletion of the DNA located between adjacent breaks (right). (C) The use of two gRNAs in the presence of 
sequences with homology to the target DNA (left) leads to the substitution of this DNA (knock-out) by the selected 
sequence (knock-in), in this case a tagged version of a coding region (Flag). (D) The targeting of inactive forms of Cas9 
(nuclease-null Cas9) fused with activating (left) or repressor (right) domains leads to the corresponding changes in gene 
expression from adjacent promoters.
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or clonal deletion of specific sequences [67] (Figure 3). Engineered alleles can be subsequently 
interrogated by their impact on any particular part of the fly or used to follow the expression 
of the protein of interest due to the incorporation of different TAGs (Figure 3).

Beyond genome engineering, CRISPR/Cas9 has also been used to regulate endogenous gene 
expression in both cells and organisms without causing any mutation. For this approach, a nucle-
ase-dead or inactive Cas9 is fused to a transcriptional activator or repressor domain and can be 
recruited to specific target DNA by its gRNAs, allowing activation through CRISPR or repres-
sion by CRISPR interference (Figure 3) [71–73]. In addition, an inactive Cas9 co-expressed with 
a gRNA can also be used for immunoprecipitation of specific DNA regions as a variant form of 
engineered DNA binding-mediated chromatin immunoprecipitation (enChIP), and associated 
proteins can be subsequently identified by mass spectrometry (enChIP-MS) [74]. In summary, 
CRISPR/Cas9 technology is providing a precise and efficient method for sequence-specific target-
ing of Cas9, resulting in genomic alterations, changes in gene expression and even the isolation of 
protein complexes bound to specific DNA regions. The application of this technology is trigger-
ing an unprecedented level of precision in genetic and genomic analysis in Drosophila research.

4. Uses of Drosophila and the imaginal discs to address biomedical 
problems

The precision by which the genome can be modified, combined with the knowledge we have 
about the cellular and molecular fundaments of imaginal disc development, justify the use 
of these epithelial tissues as experimental models to address a variety of biological questions, 
including biomedical ones. According to the Homophila database, around 75% of human disease 
genes cataloged in OMIM (On-line Mendelian Inheritance in Man) database have close homologs 
in the fruit fly [75]. This high degree of evolutionary conservation makes even more compelling 
the use of Drosophila melanogaster to develop experimental models of human diseases [76, 77].

The generation of Drosophila models for human diseases includes a variety of approaches, 
including blind and unbiased large-scale genetic screens, functional analysis of Drosophila genes 
orthologous for a known human disease gene, the expression of human genes in Drosophila 
tissues and the construction of genetic models that reproduce some characteristics of complex 
human syndromes such as cancer, kidney and metabolic diseases among many others [78–86]. 
These approaches are focused on either the gene or genes causing the disease or, complemen-
tary, the tissue where the disease is manifested. A successful example of the first approach, 
unbiased genetic screens, involved a mosaic screen of newly generated lethal mutations in 
the X chromosome that allowed the identification of 21 novel genes associated with human 
diseases for which no mutations were previously known [87]. The analysis of Drosophila genes 
with human counterparts contributing to human diseases has been mostly applied in the con-
text of several neurodegenerative diseases, and some examples are the analysis of parkin and 
Pink1, genes related to Parkinson disease, and sphingosine-1-P-lyase for Charcôt-Marie-Tooth 
neuropathy [88]. In these cases, the Drosophila model allows a first approximation to study 
the functional relevance of the gene, including the consequences of its loss, its expression, 
the subcellular localization of the protein and its biochemical characteristics. Similarly, the 
expression of human proteins in flies has mostly targeted neurodegenerative diseases such 
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sequences such as attP sites [67], allowing subsequent integrations at this genomic position 
of modified versions of the gene or orthologous genes and sequences encoding for tagged 
proteins (Figure 3). Creation of a DSB dramatically increases the frequency of homologous 
recombination [70], allowing the expression in situ of protein variants expressed under the 
same regulatory DNA as the endogenous gene (Figure 3). In addition, Flippase recognition 
target (FRT) sites could be introduced flanking the region on interest to allow tissue-specific 

Figure 3. Applications of CRISPR/Cas9 for gene editing in Drosophila. Schematic representation of Cas9-DNA interactions 
leading to changes in the genomic sequence (A–C) or to changes in gene expression (D). The genomic DNA is represented 
as thick lines, Cas9 is represented by a grey shape, guide RNA (gRNA) are shown as grey lines and nucleotides targeted 
by gRNA as grey ovals. (A) Single gRNA leads to DNA double strand breaks (left) that are corrected by non-homologous 
end joining (right) leading to INDELs. (B) Double gRNAs lead to nearby double strand breaks (left) that when corrected 
result in a deletion of the DNA located between adjacent breaks (right). (C) The use of two gRNAs in the presence of 
sequences with homology to the target DNA (left) leads to the substitution of this DNA (knock-out) by the selected 
sequence (knock-in), in this case a tagged version of a coding region (Flag). (D) The targeting of inactive forms of Cas9 
(nuclease-null Cas9) fused with activating (left) or repressor (right) domains leads to the corresponding changes in gene 
expression from adjacent promoters.
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or clonal deletion of specific sequences [67] (Figure 3). Engineered alleles can be subsequently 
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sion by CRISPR interference (Figure 3) [71–73]. In addition, an inactive Cas9 co-expressed with 
a gRNA can also be used for immunoprecipitation of specific DNA regions as a variant form of 
engineered DNA binding-mediated chromatin immunoprecipitation (enChIP), and associated 
proteins can be subsequently identified by mass spectrometry (enChIP-MS) [74]. In summary, 
CRISPR/Cas9 technology is providing a precise and efficient method for sequence-specific target-
ing of Cas9, resulting in genomic alterations, changes in gene expression and even the isolation of 
protein complexes bound to specific DNA regions. The application of this technology is trigger-
ing an unprecedented level of precision in genetic and genomic analysis in Drosophila research.

4. Uses of Drosophila and the imaginal discs to address biomedical 
problems

The precision by which the genome can be modified, combined with the knowledge we have 
about the cellular and molecular fundaments of imaginal disc development, justify the use 
of these epithelial tissues as experimental models to address a variety of biological questions, 
including biomedical ones. According to the Homophila database, around 75% of human disease 
genes cataloged in OMIM (On-line Mendelian Inheritance in Man) database have close homologs 
in the fruit fly [75]. This high degree of evolutionary conservation makes even more compelling 
the use of Drosophila melanogaster to develop experimental models of human diseases [76, 77].

The generation of Drosophila models for human diseases includes a variety of approaches, 
including blind and unbiased large-scale genetic screens, functional analysis of Drosophila genes 
orthologous for a known human disease gene, the expression of human genes in Drosophila 
tissues and the construction of genetic models that reproduce some characteristics of complex 
human syndromes such as cancer, kidney and metabolic diseases among many others [78–86]. 
These approaches are focused on either the gene or genes causing the disease or, complemen-
tary, the tissue where the disease is manifested. A successful example of the first approach, 
unbiased genetic screens, involved a mosaic screen of newly generated lethal mutations in 
the X chromosome that allowed the identification of 21 novel genes associated with human 
diseases for which no mutations were previously known [87]. The analysis of Drosophila genes 
with human counterparts contributing to human diseases has been mostly applied in the con-
text of several neurodegenerative diseases, and some examples are the analysis of parkin and 
Pink1, genes related to Parkinson disease, and sphingosine-1-P-lyase for Charcôt-Marie-Tooth 
neuropathy [88]. In these cases, the Drosophila model allows a first approximation to study 
the functional relevance of the gene, including the consequences of its loss, its expression, 
the subcellular localization of the protein and its biochemical characteristics. Similarly, the 
expression of human proteins in flies has mostly targeted neurodegenerative diseases such 
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as Alzheimer disease, Tau-induced neurodegeneration (Tauopathy), polyglutamine diseases 
including Huntington disease and spinocerebellar ataxia, among others [89]. In this manner, it 
was shown that the overexpression of the human Aβ42 protein in the central nervous system 
of Drosophila causes amyloid deposition, progressive learning defects, extensive neurodegen-
eration and shortened lifespan, all of the hallmarks of Alzheimer’s disease [90].

Apart from offering a convenient experimental system to identify the function of a gene or 
the consequences of the expression of relevant protein variants, Drosophila has been instru-
mental in expanding the catalog of relevant genes contributing to the function and outcome 
of a particular genetic condition through the use of “genetic modifier screens”. These experi-
ments consist in the search for mutations that can either increase or suppress the phenotype 
caused by a genetic condition of interest, under the assumption that these modifying alleles 
might identify additional components relevant for the function of the protein of interest. 
Such approach has been applied to a variety of genetic backgrounds, either in blind genetic 
screens, i.e., through the generation of random mutations in a particular genetic background, 
or by introducing in these backgrounds the expression of RNAi directed against all genes or 
particular candidates. Using these approaches, it was found that mutations in Neprilysin 2 
modify the progressive retinal degeneration concomitant with plaque formation caused by 
the overexpression of human Aβ42 in the Drosophila eye [91].

Drosophila can also be effectively used for drug screens as well as in target discovery [77, 92]. 
Screening for novel drugs in flies enables for the selection of candidates with physiological 
characteristics that are difficult to analyze by cell culture or biochemical assays. In addition to 
high-throughput screening of potential therapeutics, Drosophila is a powerful tool for studying 
the molecular mechanism of a specific drug in vivo. The diminished effort and costs of analyz-
ing the targets and possible “off-targets” in a Drosophila model make it useful as a first valida-
tion organism for establishing the efficacy and toxicity of a drug in vivo. In fact, some approved 
treatments, such as the kinase inhibitor vandetanib (ZD6474) for treating medullary thyroid 
carcinoma patients, were validated in Drosophila previous to clinical trials [93]. When using 
Drosophila for developing a treatment, it is important to consider the possible differences in 
pharmacokinetics of a drug in this organism and the differences in tissular distribution, which 
may affect the optimal doses of the compound. Also toxicity might be different, although a 
strong correlation has been shown [94]. Nowadays, there are several companies that have been 
using Drosophila melanogaster as human disease model for screening for therapeutic drugs such 
as Aktogen, En Vivo Pharmaceuticals, Genescient Corp and Medros Pharmaceuticals. Indeed, 
the ease of screening big samples of individuals has also been employed for drug discovery in 
Drosophila disease models. For example, a library of 2000 compounds was checked in a Fragile-X 
syndrome Drosophila model for pharmacological rescue [95], and 9 molecules were found to 
rescue lethality, among them three belonging to GABAergic inhibitory pathway. This and fur-
ther studies led to the performance of human trials of GABAergic treatment (reviewed in [96]).

5. Conclusions

Several characteristics converge to sustain and reinforce the use of Drosophila in the post-
genomic era as a motor for biomedical research. The availability of novel techniques to 
manipulate and scrutinize the genome with unprecedented sophistication and precision can 
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be used in experimental models, such as the imaginal discs, that are particularly well suited 
for genetic and molecular analyses. The convergence of technical improvements used in a 
favorable experimental system is sustained by the functional conservation of the relevant 
genes and the cellular processes they regulate and by the multiple adaptations that this 
system allows, including genetic, biochemical, cellular and pharmacological experimental 
approaches.
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ther studies led to the performance of human trials of GABAergic treatment (reviewed in [96]).
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Abstract

The fruit fly, Drosophila melanogaster (Meigen, 1830) has been established as a cornerstone 
for research into a wide array of subjects including diseases, development, physiology, 
and genetics. Thanks to an abundance of genetic tools, publicly available fly stocks, and 
databases, as well as their considerable biological similarity to mammalian systems, 
Drosophila has been solidified as a key model organism for elucidating many aspects 
of human disease. Herein is presented an overview of what makes Drosophila such an 
appealing model organism. In Part I of this chapter, basic Drosophila biology is reviewed 
and the most relevant genetic tools available to Drosophila researchers are covered. Then 
in part II, we outline the use of Drosophila as a model organism to study a wide array 
of pathologies in which Drosophila has been used, along with key advances made in the 
specific field using the fly as a model organism.

Keywords: animal model, cancer, diseases, Drosophila, genetic techniques, heart, 
immunology, kidney, metabolic disorders, neurodegeneration

1. Introduction

Searching PubMed with the key words “Drosophila melanogaster for model diseases”, we find 
more than 2800 papers describing the use of this small and friendly invertebrate to study 
human diseases. This is quite remarkable considering that the genome of this animal is sepa-
rated from ours by 795 million years. But what makes this organism so significant for the 
study of human diseases? First of all, the entire Drosophila genome has been sequenced [1] 
making it very simple to study and manipulate a particular gene. The Drosophila genome is 
60% homologous to ours; in addition about 75% of the genes responsible for human diseases 
have a homolog in flies [2]. In addition, their small size (2–3 mm), short generation time, the 
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easy and inexpensive way to culture them in the laboratory, and their powerful genetic tools 
have established Drosophila as one of the leading animal models for education and biomedical 
research [3]. Indeed Drosophila can be used anywhere from teaching basic genetics, to primary 
school, to understanding the more complicated metabolic pathways controlling fundamental 
physiological and pathological conditions.

It is little more than 100 years since Thomas Hunt Morgan and his colleagues, including his 
pupil Calvin Bridge and his wife Lillian Vaughan Morgan, redefined important concepts of 
Drosophila in the famous “fly-room” at Columbia University (Figure 1). He clarified the theory 
of inheritance previously defined by Mendel and the identification of the gene white earned 
him the Nobel Prize for Physiology and Medicine in 1933 for the role of chromosomes in 
heredity [4]. Since then research using fruit flies has contributed to numerous discoveries 
allowing for the identification of components of fundamental pathways that regulate the biol-
ogy of animals as well as humans. Accomplishments that have been recognized over the years 
by subsequent other Nobel Laureates in Medicine and Physiology using Drosophila include:

• In 1946 to Hermann Joseph Muller for the use of X-ray irradiation to produce in vivo 
mutations.

• In 1995 to Edward B. Lewis, Christine Nuesslein-Volhard and Eric F. Wieschaus for their 
contribution to the discovery of the genetic control of early embryonic development.

• In 2011 to Bruce A. Beutler and Jules A. Hoffmann, for their success in defining innate 
immunity.

• In 2017 to Jeffrey C. Hall, Micheal Rosbash and Michael W. Young for their contributions to 
the molecular mechanisms that control the circadian rhythm.

Fly work has also benefitted from the strong commitment of Drosophila researchers to fol-
low what is called the fly worker ethos, by adhering to the definition established by Bilder 
and Irvine [5]. This social behavior already set by Morgan and described by Kohler in 1994, 
describes a set of principles defined by the sharing of unpublished and published reagents, 

Figure 1. Photograph of Morgan’s Fly Room at Columbia University, around 1920. Courtesy of American Philosophical 
Society.
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an open communication among members of the community, and the distribution of advanced 
genetic tools that have greatly helped the rapid advance of Drosophila’s powerful genetics. Since 
Drosophila strains cannot be maintained as frozen embryos, the obvious problem is that they must 
be kept as living cultures with routine work called “fly pushing”. The ethos philosophy allowed 
the creation of several stock centers around the world that provide more than 80,000 Drosophila 
stock variants to customers. The Bloomington Drosophila Research Center (BDSC), hosted by 
the Indiana University in the USA, maintains the largest public collection of Drosophila lines and 
also supports fly research with basic protocols of fly work. In parallel, the Drosophila Genomics 
Resource Center (DGRC) collects vectors and cDNAs to further distribute them at a small fee to 
the community. There are also centers in Japan, China, and Europe that provide useful lines for 
screening, including an RNAi library, the large Vienna Drosophila RNAi Center (VDRC) and 
the TRIP-RNAi Harvard collections, all available through BDSC. FlyBase is the first database of 
integrated genetic and genomic data about Drosophila melanogaster, that also includes data from 
other species of Drosophilidae, created as an initiative to have all information about the methods 
for gene expression, development and physiology of Drosophila. FlyBase provided an exam-
ple for the more specific databases like the Berkeley Drosophila Genome Project (BDGP) and 
modEncode. Nowadays the scope is to create a database for all Model Organisms that includes 
information not only from Drosophila melanogaster but also database information from Rattus 
rattus (Linnaeus, 1758), Mus musculus (Linnaeus, 1758), zebrafish Danio renio (Hamilton, 1882), 
the worm Caenorhabditis elegans (Maupas, 1900) and the yeast Saccharomyces cerevisiae (Meyen ex 
E.C. Hansen, 1883), reposted at the National Institute of Health (NIH).

Finally, Drosophila is also used as a model organism for educational purposes to illustrate in 
classrooms or to the public the relevance of genetics in biomedical research, or to explain con-
cepts like inheritance. Sites like droso4school a promotion from the Manchester Fly Facility [6] 
or the Journal of Visual Experiments with the JoVe Science Education Data Base and Flymove 
are aimed at disseminating the relevance of Drosophila research to encourage and facilitate 
scientists to engage with primary and middle schools and with lay people.

In this two-part chapter, some of the many aspects that make Drosophila such a fundamental 
model organism are covered. Here, Part I outlines the basic biology and life cycle of the fly 
before summarizing some of the remarkable genetic tools available to Drosophila researchers. 
Part II will provide an overview of key disease states that Drosophila is used to model and 
some significant advances made in those fields.

2. Basic biology/life cycle

As a holometabolous insect, Drosophila melanogaster undergoes several drastic changes in body 
plan throughout its life. Progressing from an egg (embryo), to larva, then pupa, and finally 
adult, each stage provides a unique platform for studying a wide variety of diseases and con-
ditions. Moreover, this animal’s development is the result of a tight coordination between sig-
nals from hormones, (in primis ecdysone and prothoracicotropic hormone), nutrients (amino 
acids) and Drosophila insulin like peptides (Dilps) that act together to allow proper physiologi-
cal growth of the animal.
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easy and inexpensive way to culture them in the laboratory, and their powerful genetic tools 
have established Drosophila as one of the leading animal models for education and biomedical 
research [3]. Indeed Drosophila can be used anywhere from teaching basic genetics, to primary 
school, to understanding the more complicated metabolic pathways controlling fundamental 
physiological and pathological conditions.

It is little more than 100 years since Thomas Hunt Morgan and his colleagues, including his 
pupil Calvin Bridge and his wife Lillian Vaughan Morgan, redefined important concepts of 
Drosophila in the famous “fly-room” at Columbia University (Figure 1). He clarified the theory 
of inheritance previously defined by Mendel and the identification of the gene white earned 
him the Nobel Prize for Physiology and Medicine in 1933 for the role of chromosomes in 
heredity [4]. Since then research using fruit flies has contributed to numerous discoveries 
allowing for the identification of components of fundamental pathways that regulate the biol-
ogy of animals as well as humans. Accomplishments that have been recognized over the years 
by subsequent other Nobel Laureates in Medicine and Physiology using Drosophila include:

• In 1946 to Hermann Joseph Muller for the use of X-ray irradiation to produce in vivo 
mutations.

• In 1995 to Edward B. Lewis, Christine Nuesslein-Volhard and Eric F. Wieschaus for their 
contribution to the discovery of the genetic control of early embryonic development.

• In 2011 to Bruce A. Beutler and Jules A. Hoffmann, for their success in defining innate 
immunity.

• In 2017 to Jeffrey C. Hall, Micheal Rosbash and Michael W. Young for their contributions to 
the molecular mechanisms that control the circadian rhythm.

Fly work has also benefitted from the strong commitment of Drosophila researchers to fol-
low what is called the fly worker ethos, by adhering to the definition established by Bilder 
and Irvine [5]. This social behavior already set by Morgan and described by Kohler in 1994, 
describes a set of principles defined by the sharing of unpublished and published reagents, 

Figure 1. Photograph of Morgan’s Fly Room at Columbia University, around 1920. Courtesy of American Philosophical 
Society.
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an open communication among members of the community, and the distribution of advanced 
genetic tools that have greatly helped the rapid advance of Drosophila’s powerful genetics. Since 
Drosophila strains cannot be maintained as frozen embryos, the obvious problem is that they must 
be kept as living cultures with routine work called “fly pushing”. The ethos philosophy allowed 
the creation of several stock centers around the world that provide more than 80,000 Drosophila 
stock variants to customers. The Bloomington Drosophila Research Center (BDSC), hosted by 
the Indiana University in the USA, maintains the largest public collection of Drosophila lines and 
also supports fly research with basic protocols of fly work. In parallel, the Drosophila Genomics 
Resource Center (DGRC) collects vectors and cDNAs to further distribute them at a small fee to 
the community. There are also centers in Japan, China, and Europe that provide useful lines for 
screening, including an RNAi library, the large Vienna Drosophila RNAi Center (VDRC) and 
the TRIP-RNAi Harvard collections, all available through BDSC. FlyBase is the first database of 
integrated genetic and genomic data about Drosophila melanogaster, that also includes data from 
other species of Drosophilidae, created as an initiative to have all information about the methods 
for gene expression, development and physiology of Drosophila. FlyBase provided an exam-
ple for the more specific databases like the Berkeley Drosophila Genome Project (BDGP) and 
modEncode. Nowadays the scope is to create a database for all Model Organisms that includes 
information not only from Drosophila melanogaster but also database information from Rattus 
rattus (Linnaeus, 1758), Mus musculus (Linnaeus, 1758), zebrafish Danio renio (Hamilton, 1882), 
the worm Caenorhabditis elegans (Maupas, 1900) and the yeast Saccharomyces cerevisiae (Meyen ex 
E.C. Hansen, 1883), reposted at the National Institute of Health (NIH).

Finally, Drosophila is also used as a model organism for educational purposes to illustrate in 
classrooms or to the public the relevance of genetics in biomedical research, or to explain con-
cepts like inheritance. Sites like droso4school a promotion from the Manchester Fly Facility [6] 
or the Journal of Visual Experiments with the JoVe Science Education Data Base and Flymove 
are aimed at disseminating the relevance of Drosophila research to encourage and facilitate 
scientists to engage with primary and middle schools and with lay people.

In this two-part chapter, some of the many aspects that make Drosophila such a fundamental 
model organism are covered. Here, Part I outlines the basic biology and life cycle of the fly 
before summarizing some of the remarkable genetic tools available to Drosophila researchers. 
Part II will provide an overview of key disease states that Drosophila is used to model and 
some significant advances made in those fields.

2. Basic biology/life cycle

As a holometabolous insect, Drosophila melanogaster undergoes several drastic changes in body 
plan throughout its life. Progressing from an egg (embryo), to larva, then pupa, and finally 
adult, each stage provides a unique platform for studying a wide variety of diseases and con-
ditions. Moreover, this animal’s development is the result of a tight coordination between sig-
nals from hormones, (in primis ecdysone and prothoracicotropic hormone), nutrients (amino 
acids) and Drosophila insulin like peptides (Dilps) that act together to allow proper physiologi-
cal growth of the animal.
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2.1. Life cycle and regulation of development

The Drosophila life cycle lasts approximately 10 days at 25°C (Figure 2). A single fertile female 
can lay hundreds of eggs and Drosophila embryogenesis lasts approximately 24 h. During that 
time, the entire larval body plan is established though the expression of a number of critical 
genes, starting with several proteins transcribed from maternally derived mRNAs that were 
deposited at specific locations in the embryo such as bicoid and dorsal [7]. These proteins dif-
fuse across it to establish both the anterior- posterior axis (e.g. bicoid) and the dorsal- ventral 
axis (e.g. dorsal). The diffusion of these proteins across the embryo forms gradients of each, 
and the varying levels of each protein will activate the transcription of specific cascades of 
genes including gap genes, pair-wise genes, segment polarity genes, and hox genes that will divide 
the embryo into segments, regions, and eventually structures [8]. Upon completing embry-
onic development, a first instar larva hatches from the egg and begins to eat. At this stage it is 
necessary for the larva to consume food not just for growth, but also to convert into storage as 
fats and sugars in the fat body, from where it will be used to sustain the larva though meta-
morphosis. As larvae grow, they shed their exoskeleton through a process called molting that 
is controlled by a fine tuned consequential series of events involving the hormones ecdysone, 
juvenile and the prothroacicotropic hormone (PTTH) (Figure 3) that control animal growth. 
With each molt, the larva will enter a new instar stage, progressing through three instars 
before a final molt to form a pupa. Each instar stage is regulated by the level of PTTH that rises 
to control the release of ecdysone allowing larvae to grow [9]. PTTH is released from neurose-
cretory cells in the brain, a process that is remotely controlled by growth of the larval organs 
and imaginal discs, sac-like structures of monoepithelial cells that become organs after meta-
morphosis, with the release of dilp8, a member of the secreted insulin-like peptide family, in a 
negative feed-back loop that controls PTTH production [10–12]. PTTH stimulates the release 

Figure 2. Drosophila melanogaster life cycle. The entire life cycle lasts approximately 10 days at 25°C. Flies complete 
embryonic development as eggs before hatching as first instar larvae. The larvae eat, grow, and molt though three instar 
stages before pupariating. Flies undergo metamorphosis during the pupal stage and adult structures are formed. Upon 
completing metamorphosis, an adult fly hatches.
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of the molting hormone ecdysone from the prothoracic glands into the hemolymph causing 
the formation of a new cuticle (exoskeleton). As ecdysone levels fall again, another hormone, 
eclosion hormone (EH) initiates the actual molt where the larva sheds its exoskeleton and 
enters a new instar stage [13]. At the end of the third instar stage, larvae begin to wander to 
find a place to pupate, and are appropriately referred to as “wandering larvae.” As adults do 
not grow, their final body size is primary regulated by the growth occurring after the critical 
size is reached [13]. Generally, larvae must attain a specific critical size where organs must be 
properly developed, for pupation to occur [14], a process highly regulated by both genetic and 
environmental conditions (see below). Metamorphosis arises during the pupal stage and most 
embryonic and larval structures degrade during this time while the imaginal discs, which 
consist mostly of undifferentiated epithelial cells, differentiate into the adult organs. During 
this transition, the animal cannot feed from the external environment and in order to survive 
activates a process called developmental- autophagy, a “self-eating” signaling mechanism 
that converts the stored nutrients (fats and sugars) from the fat body into nutrients and mac-
romolecules necessary to produce the energy required for the animal survival [15, 16].

2.2. Regulation of body size the interplay between hormones and growth factors

Larval growth is regulated by the interplay of the function of different organs (Figure 4), 
among which the fat body works as a hub to regulate several important processes. First, 
by sensing the amino acid concentration in the hemolymph, the fat body remotely controls 
the release of Dilps, in particular dilp2, from the Insulin Producing Cells (IPCs) in the brain 
[17]. This mechanism depends on the release into the hemolymph of secreted factors, like 
the Growth-Blocking Peptide-1 (GBP1) and CG11395 (GBP2) [18] and Stunted [19] with a 
mechanism that is dependent on the activation of the Target of Rapamycin (TOR) pathway in 

Figure 3. Hormonal control of molting and metamorphosis. This chart illustrates the levels in the hemolymph of hormones 
involved in the regulation of molting and metamorphosis. Before each molt, there is a burst of PTTH, triggering the 
release of ecdysone from the prothoracic gland. JH is present through most of larval development and instructs the larva 
to maintain the larval stage during each molt. When the critical weight is reached JH levels begin to fall, which occurs 
during the third instar stage. A large amount of growth occurs during the third instar stage until feeding stops and larvae 
begin to wander to pupariate, a stage triggered by a burst of PTTH and, subsequently ecdysone. A second larger burst of 
PTTH and ecdysone starts the final molt, and due to the absence of JH, the larva molts to the pupal stage.
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2.1. Life cycle and regulation of development

The Drosophila life cycle lasts approximately 10 days at 25°C (Figure 2). A single fertile female 
can lay hundreds of eggs and Drosophila embryogenesis lasts approximately 24 h. During that 
time, the entire larval body plan is established though the expression of a number of critical 
genes, starting with several proteins transcribed from maternally derived mRNAs that were 
deposited at specific locations in the embryo such as bicoid and dorsal [7]. These proteins dif-
fuse across it to establish both the anterior- posterior axis (e.g. bicoid) and the dorsal- ventral 
axis (e.g. dorsal). The diffusion of these proteins across the embryo forms gradients of each, 
and the varying levels of each protein will activate the transcription of specific cascades of 
genes including gap genes, pair-wise genes, segment polarity genes, and hox genes that will divide 
the embryo into segments, regions, and eventually structures [8]. Upon completing embry-
onic development, a first instar larva hatches from the egg and begins to eat. At this stage it is 
necessary for the larva to consume food not just for growth, but also to convert into storage as 
fats and sugars in the fat body, from where it will be used to sustain the larva though meta-
morphosis. As larvae grow, they shed their exoskeleton through a process called molting that 
is controlled by a fine tuned consequential series of events involving the hormones ecdysone, 
juvenile and the prothroacicotropic hormone (PTTH) (Figure 3) that control animal growth. 
With each molt, the larva will enter a new instar stage, progressing through three instars 
before a final molt to form a pupa. Each instar stage is regulated by the level of PTTH that rises 
to control the release of ecdysone allowing larvae to grow [9]. PTTH is released from neurose-
cretory cells in the brain, a process that is remotely controlled by growth of the larval organs 
and imaginal discs, sac-like structures of monoepithelial cells that become organs after meta-
morphosis, with the release of dilp8, a member of the secreted insulin-like peptide family, in a 
negative feed-back loop that controls PTTH production [10–12]. PTTH stimulates the release 

Figure 2. Drosophila melanogaster life cycle. The entire life cycle lasts approximately 10 days at 25°C. Flies complete 
embryonic development as eggs before hatching as first instar larvae. The larvae eat, grow, and molt though three instar 
stages before pupariating. Flies undergo metamorphosis during the pupal stage and adult structures are formed. Upon 
completing metamorphosis, an adult fly hatches.
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of the molting hormone ecdysone from the prothoracic glands into the hemolymph causing 
the formation of a new cuticle (exoskeleton). As ecdysone levels fall again, another hormone, 
eclosion hormone (EH) initiates the actual molt where the larva sheds its exoskeleton and 
enters a new instar stage [13]. At the end of the third instar stage, larvae begin to wander to 
find a place to pupate, and are appropriately referred to as “wandering larvae.” As adults do 
not grow, their final body size is primary regulated by the growth occurring after the critical 
size is reached [13]. Generally, larvae must attain a specific critical size where organs must be 
properly developed, for pupation to occur [14], a process highly regulated by both genetic and 
environmental conditions (see below). Metamorphosis arises during the pupal stage and most 
embryonic and larval structures degrade during this time while the imaginal discs, which 
consist mostly of undifferentiated epithelial cells, differentiate into the adult organs. During 
this transition, the animal cannot feed from the external environment and in order to survive 
activates a process called developmental- autophagy, a “self-eating” signaling mechanism 
that converts the stored nutrients (fats and sugars) from the fat body into nutrients and mac-
romolecules necessary to produce the energy required for the animal survival [15, 16].

2.2. Regulation of body size the interplay between hormones and growth factors

Larval growth is regulated by the interplay of the function of different organs (Figure 4), 
among which the fat body works as a hub to regulate several important processes. First, 
by sensing the amino acid concentration in the hemolymph, the fat body remotely controls 
the release of Dilps, in particular dilp2, from the Insulin Producing Cells (IPCs) in the brain 
[17]. This mechanism depends on the release into the hemolymph of secreted factors, like 
the Growth-Blocking Peptide-1 (GBP1) and CG11395 (GBP2) [18] and Stunted [19] with a 
mechanism that is dependent on the activation of the Target of Rapamycin (TOR) pathway in 

Figure 3. Hormonal control of molting and metamorphosis. This chart illustrates the levels in the hemolymph of hormones 
involved in the regulation of molting and metamorphosis. Before each molt, there is a burst of PTTH, triggering the 
release of ecdysone from the prothoracic gland. JH is present through most of larval development and instructs the larva 
to maintain the larval stage during each molt. When the critical weight is reached JH levels begin to fall, which occurs 
during the third instar stage. A large amount of growth occurs during the third instar stage until feeding stops and larvae 
begin to wander to pupariate, a stage triggered by a burst of PTTH and, subsequently ecdysone. A second larger burst of 
PTTH and ecdysone starts the final molt, and due to the absence of JH, the larva molts to the pupal stage.
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the fat cells. Second, the fat body controls animal survival with the activation of autophagy, 
consuming the fats and sugars that accumulated during the feeding phase. Third, the fat 
body responds to reduced ecdysone signaling from the brain by restraining metabolism and 
protein synthesis cell-autonomously before each molt by controlling the expression of the 
growth regulator Myc [20], which was shown to also regulate growth and Dilp2 secretion 
[21] constituting a regulatory loop that controls animal growth. Insulin signaling is the fore-
most important growth signal that in flies controls both growth/development and metabo-
lism, with a unique and conserved pathway [22]. Dilps are produced by different organs and 
activate the Insulin Receptor (InR). Among Dilps (1-8), Dilp2, 3, 5 are produced by the IPCs 
in the brain and control animal growth and development [22, 23] while Dilp6, produced by 
the fat body and regulated by FOXO, functions to indirectly restrain Dilp2 secretion from 
the IPCs and to regulate longevity in the adult flies, a function similar to mammalian InR in 
aging [24]. A novel and exciting function was recently identified for dilp8, the last member 
of the Dilp family, to indirectly control ecdysone levels [25, 26]. Dilp8 is a gene that encodes 
for a protein in the insulin/relaxin like family of peptides, originally identified for its control 
of bilateral symmetry [25, 26]. It is also produced by damaged or regenerating tissues, and is 
released into the hemolymph to remotely bind the Drosophila Leucine-rich repeat containing 
G protein-coupled receptor 3 (Lgr3), a member of the relaxin receptor expressed by specific 
neuronal cells located in a cluster in both sides of the brain [10–12]. These cells are part of a 
newly identified neuroendocrine circuit that ultimately acts on the hormone PTTH to reduce 
the levels of ecdysone during development. The growth of the imaginal discs times puparia-
tion; indeed the time of pupariation is delayed with a reduction of ecdysone levels if a disc is 
injured. Thus, dilp8 activity seems to coordinate other signals to control the timing of pupari-
ation and growth of the discs to ensure proper development of the animal [11]. These data on 
the function of dilp8 are described as part of the neurosecretory cell-rich pars intercerebralis, an 

Figure 4. Integration of signals to control growth and metamorphosis. This schematic illustrates the coordination 
between nutritional status and developmental status to control the timing of metamorphosis and growth. The fat 
body senses amino acid concentration through TOR signaling and releases factors (in red) including growth-blocking 
peptides (GBPs), stunted (Sun), and other unknown factors (X?) into the hemolymph. These are sensed by the insulin 
producing cells of the brain, which then release dilp2 to cause growth. To ensure all organs are properly developed 
before metamorphosis, dilp8 is released from damaged or regenerating tissues to inhibit the production of PTTH in the 
brain, thereby blocking ecdysone levels to delay metamorphosis.
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axis that mediates the larval to pupal transition, highlighting the presence in Drosophila of a 
mechanism similar to the hypothalamic pituitary axis in vertebrates to control development.

3. Fly genetics

3.1. Generation of transgenes

Drosophila melanogaster have four pairs of chromosomes, the first pair (X or Y) are also the sex 
chromosomes. Generally, having two X chromosomes designates the fly as female, whereas 
an X and Y will designate a male; however, the Y chromosome is extremely small and con-
tains very few genes. Of the 2nd, 3rd, and 4th pairs, the 4th is the smallest and less commonly 
noticed because of the difficulty to insert transgenes and to obtain balancer lines [27]. A huge 
array of genetic techniques exists to allow researchers to manipulate the fly genome to overex-
press, knock-down, mutate, tag, or alter the expression of a gene or genes [28]. Nearly all tech-
niques are based on the ability to insert a foreign piece of DNA into the fly genome, generating 
what are referred to as transgenes. This foreign DNA can consist of an entire gene, a promoter 
region, gene fragments, mutated genes or almost any DNA sequence a researcher desires.

3.1.1. P-element transposons

Several commonly used techniques exist to integrate DNA into the genome. Transposon medi-
ated integration, first utilized by Rubin and Spradling in 1982 [29] is one of the most commonly 
employed methods [28]. This technique capitalizes on the action of the P-element transposon. 
Transposons are pieces of DNA with specific sequence characteristics that have the ability to 
cut themselves out of the genome and reintegrate in another location through the action of the 
transposase enzyme [30]. The transposons can be modified though cloning to contain a desired 
piece of DNA Plasmids containing the modified P-element constructs are injected into the 
Drosophila embryo germline cells together with plasmids encoding for the P transposase, the 
latter of which will subsequently chop out the P-element backbone from the first plasmid and 
insert the entire segment into a random point in the germ cell genome [31]. When these animals 
reach adulthood, they will produce a number of offspring that contain the modified transgene 
containing chromosomes in every cell. To determine whether the foreign DNA has been inte-
grated, it is often necessary to link a marker gene to the desired transgene. This marker gene is 
usually inserted in the plasmid linked to the desired transgene and produces an easily observ-
able phenotype, such as eye or body color, to clearly identify which flies contain the transgene 
(Figure 5). Marker genes are also used with many of the other techniques described below.

3.1.2. Homologous recombination

P-element transposon mediated transgenesis has several drawbacks, including that the loca-
tion of the insertion cannot be selected and sometimes the transgene may be inserted within 
the regulatory or coding region of another gene and disrupt its function [32]. Rong and Golic 
in 2000 pioneered a procedure that can target specific genes in the Drosophila genome using 
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the fat cells. Second, the fat body controls animal survival with the activation of autophagy, 
consuming the fats and sugars that accumulated during the feeding phase. Third, the fat 
body responds to reduced ecdysone signaling from the brain by restraining metabolism and 
protein synthesis cell-autonomously before each molt by controlling the expression of the 
growth regulator Myc [20], which was shown to also regulate growth and Dilp2 secretion 
[21] constituting a regulatory loop that controls animal growth. Insulin signaling is the fore-
most important growth signal that in flies controls both growth/development and metabo-
lism, with a unique and conserved pathway [22]. Dilps are produced by different organs and 
activate the Insulin Receptor (InR). Among Dilps (1-8), Dilp2, 3, 5 are produced by the IPCs 
in the brain and control animal growth and development [22, 23] while Dilp6, produced by 
the fat body and regulated by FOXO, functions to indirectly restrain Dilp2 secretion from 
the IPCs and to regulate longevity in the adult flies, a function similar to mammalian InR in 
aging [24]. A novel and exciting function was recently identified for dilp8, the last member 
of the Dilp family, to indirectly control ecdysone levels [25, 26]. Dilp8 is a gene that encodes 
for a protein in the insulin/relaxin like family of peptides, originally identified for its control 
of bilateral symmetry [25, 26]. It is also produced by damaged or regenerating tissues, and is 
released into the hemolymph to remotely bind the Drosophila Leucine-rich repeat containing 
G protein-coupled receptor 3 (Lgr3), a member of the relaxin receptor expressed by specific 
neuronal cells located in a cluster in both sides of the brain [10–12]. These cells are part of a 
newly identified neuroendocrine circuit that ultimately acts on the hormone PTTH to reduce 
the levels of ecdysone during development. The growth of the imaginal discs times puparia-
tion; indeed the time of pupariation is delayed with a reduction of ecdysone levels if a disc is 
injured. Thus, dilp8 activity seems to coordinate other signals to control the timing of pupari-
ation and growth of the discs to ensure proper development of the animal [11]. These data on 
the function of dilp8 are described as part of the neurosecretory cell-rich pars intercerebralis, an 

Figure 4. Integration of signals to control growth and metamorphosis. This schematic illustrates the coordination 
between nutritional status and developmental status to control the timing of metamorphosis and growth. The fat 
body senses amino acid concentration through TOR signaling and releases factors (in red) including growth-blocking 
peptides (GBPs), stunted (Sun), and other unknown factors (X?) into the hemolymph. These are sensed by the insulin 
producing cells of the brain, which then release dilp2 to cause growth. To ensure all organs are properly developed 
before metamorphosis, dilp8 is released from damaged or regenerating tissues to inhibit the production of PTTH in the 
brain, thereby blocking ecdysone levels to delay metamorphosis.
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axis that mediates the larval to pupal transition, highlighting the presence in Drosophila of a 
mechanism similar to the hypothalamic pituitary axis in vertebrates to control development.

3. Fly genetics

3.1. Generation of transgenes

Drosophila melanogaster have four pairs of chromosomes, the first pair (X or Y) are also the sex 
chromosomes. Generally, having two X chromosomes designates the fly as female, whereas 
an X and Y will designate a male; however, the Y chromosome is extremely small and con-
tains very few genes. Of the 2nd, 3rd, and 4th pairs, the 4th is the smallest and less commonly 
noticed because of the difficulty to insert transgenes and to obtain balancer lines [27]. A huge 
array of genetic techniques exists to allow researchers to manipulate the fly genome to overex-
press, knock-down, mutate, tag, or alter the expression of a gene or genes [28]. Nearly all tech-
niques are based on the ability to insert a foreign piece of DNA into the fly genome, generating 
what are referred to as transgenes. This foreign DNA can consist of an entire gene, a promoter 
region, gene fragments, mutated genes or almost any DNA sequence a researcher desires.

3.1.1. P-element transposons

Several commonly used techniques exist to integrate DNA into the genome. Transposon medi-
ated integration, first utilized by Rubin and Spradling in 1982 [29] is one of the most commonly 
employed methods [28]. This technique capitalizes on the action of the P-element transposon. 
Transposons are pieces of DNA with specific sequence characteristics that have the ability to 
cut themselves out of the genome and reintegrate in another location through the action of the 
transposase enzyme [30]. The transposons can be modified though cloning to contain a desired 
piece of DNA Plasmids containing the modified P-element constructs are injected into the 
Drosophila embryo germline cells together with plasmids encoding for the P transposase, the 
latter of which will subsequently chop out the P-element backbone from the first plasmid and 
insert the entire segment into a random point in the germ cell genome [31]. When these animals 
reach adulthood, they will produce a number of offspring that contain the modified transgene 
containing chromosomes in every cell. To determine whether the foreign DNA has been inte-
grated, it is often necessary to link a marker gene to the desired transgene. This marker gene is 
usually inserted in the plasmid linked to the desired transgene and produces an easily observ-
able phenotype, such as eye or body color, to clearly identify which flies contain the transgene 
(Figure 5). Marker genes are also used with many of the other techniques described below.

3.1.2. Homologous recombination

P-element transposon mediated transgenesis has several drawbacks, including that the loca-
tion of the insertion cannot be selected and sometimes the transgene may be inserted within 
the regulatory or coding region of another gene and disrupt its function [32]. Rong and Golic 
in 2000 pioneered a procedure that can target specific genes in the Drosophila genome using 
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homologous recombination [33]. This technique uses the cell’s own DNA repair machinery 
and homologous recombination to swap out one allele or piece of DNA for another and can 
even be used to knockout genes [34]. Fly lines must first be generated, often by using P-element 
transposons, that express: 1- the site-specific recombinase flippase (FLP), an enzyme that rec-
ognizes specific sequences known as FLP recombination targets (FRT) and will excise DNA 
contained between FRT sequences to catalyze recombination; 2- a site-specific endonuclease 
(I-Sce1), which is an enzyme that generates a double stranded break in DNA at a specific 
sequence; and 3- a transgenic donor construct that contains the FRT sites on either end, a 
recognition site for the endonuclease, and some sequence similarity to the gene or area that 
is to be targeted [33]. When all three of these elements are brought together in a single fly, 
generally by mating, the FLP recombinase can excise the DNA contained between the two 
FRT sites creating a circular exogenous piece of DNA that the endonuclease will then cleave 
at its recognition site to linearize it. The broken piece of exogenous DNA will then recombine 
with the genomic area that it has been designed to target, effectively inserting itself into the 
genome at the desired area. In this way, an endogenous gene can be removed (knockout) or 
modified [33, 35]. While this method is effective at targeting specific genes for modification, it 
is very labor intensive, often requiring the generation of at least three different transgenic fly 
lines to target just one gene.

Several other methods that generate double stranded breaks to trigger homologous recombi-
nation have been developed [28]. These include using zinc-finger nucleases (ZFNs) and tran-
scription activator-like effector nucleases (TALEN), which are enzymes that can target specific 

Figure 5. Microinjection of Drosophila embryos to generate transgenic flies. In this schematic, the embryo of a white 
eyed fly is injected with two types of plasmids: plasmids containing a P-element transposon with a desired transgene 
linked to a marker gene that will produce red eye pigment, and a plasmid containing the P-transposase enzyme. The 
injection occurs in the location of the embryo that will become the germline cells. Once both constructs are injected, 
the transposase enzyme will be produced and chop the entire transposon construction out of the other plasmid then, 
hopefully, insert it into the genome of the developing germ cells. The embryos will undergo development and the adult 
flies will now potentially contain sperm or eggs with the desired transgene. The flies can be mated, and if their offspring 
contain the transgene, they will have red eyes thanks to the expression of the marker gene.
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DNA sequences and cause double stranded breaks, however each gene requires generating a 
new specific enzyme and can be challenging [36].

3.1.3. phiC31 integrase: site-specific integrase insertion

Another method to target specific locations in the genome uses the bacteriophage ɸC31 
integrase which can insert a transgene at a specific recognition site in the genome [37]. 
Bacteriophages are viruses that target bacteria. The ɸC31 integrase is an enzyme that recog-
nizes specific attachment sites in both the bacteriophage genome (designated attP) and in its 
bacterial host’s genome (attB) and catalyzes recombination between the two to insert itself 
into the bacteria’s genome [38]. Drosophila lines have been generated with attP sites inserted in 
their genome using P-element transposons, allowing the ɸC31 integrase to effectively insert 
a large segment of DNA from a plasmid containing the attB site via recombination at the 
attP site in the Drosophila genome [37]. This technique is an effective method for inserting 
large pieces of DNA, something that is problematic for P-element transposons, and allows 
researchers to insert their transgene at a specific site [28].

3.1.4. Bacterial artificial chromosomes

Bacterial artificial chromosomes (BACs) and recombination engineering (recombineering) are 
gaining traction in the Drosophila community because they allow the insertion of very large 
pieces of DNA [28]. Systems been developed that use specially modified BACs that are easy to 
amplify [39]. Genes or other DNA fragments are inserted into these constructs using recom-
bineering, a process much easier than cutting DNA with restriction enzymes and reattach-
ing it with ligases [40]. One BAC in particular combines several technological platforms and 
contains P-element transposase recognition sites and ɸC31-mediated integration sites [40].

3.1.5. CRISPR/Cas9

The CRISPR/Cas9 system is another rapidly expanding technology for altering the genome [41]. 
First coined in 2002, Clustered Regularly Interspersed Short Palindromic Repeats (CRISPR) 
arrays are sets of repetitive nucleotide sequences with interspaced non-repetitive sequences 
that function in bacterial immunity against viruses [42, 43]. There are also a number of CRISPR-
associated genes (Cas genes). Parts of the CRISPR arrays are transcribed and processed into 
shorter CRISPR RNA’s (crRNA) and noncoding trans-activating crRNA (tracrRNA) [44, 45]. 
After being infected with a bacteriophage, cas enzymes (encoded by several Cas genes) allow 
bacteria to keep copies of viral DNA within their genome in the form of CRISPR arrays. When 
the virus attacks again, these copies are transcribed and processed into crRNA and tracrRNA 
that together target the virus to be cleaved by other cas enzymes like Cas9 [42, 45–47]. In 2013, 
researchers began to exploit this technology to modify the mammalian genome [48, 49] and 
the Drosophila genome [50]. By taking advantage of the fact that Cas9 is guided by crRNA 
and tracrRNA to cleave a specific DNA sequence, artificial constructs can be designed to tar-
get any desired gene. The double strand break generated by CAs9 is then repaired either by 
homologous recombination with an exogenous piece of DNA containing a mutated form of 
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homologous recombination [33]. This technique uses the cell’s own DNA repair machinery 
and homologous recombination to swap out one allele or piece of DNA for another and can 
even be used to knockout genes [34]. Fly lines must first be generated, often by using P-element 
transposons, that express: 1- the site-specific recombinase flippase (FLP), an enzyme that rec-
ognizes specific sequences known as FLP recombination targets (FRT) and will excise DNA 
contained between FRT sequences to catalyze recombination; 2- a site-specific endonuclease 
(I-Sce1), which is an enzyme that generates a double stranded break in DNA at a specific 
sequence; and 3- a transgenic donor construct that contains the FRT sites on either end, a 
recognition site for the endonuclease, and some sequence similarity to the gene or area that 
is to be targeted [33]. When all three of these elements are brought together in a single fly, 
generally by mating, the FLP recombinase can excise the DNA contained between the two 
FRT sites creating a circular exogenous piece of DNA that the endonuclease will then cleave 
at its recognition site to linearize it. The broken piece of exogenous DNA will then recombine 
with the genomic area that it has been designed to target, effectively inserting itself into the 
genome at the desired area. In this way, an endogenous gene can be removed (knockout) or 
modified [33, 35]. While this method is effective at targeting specific genes for modification, it 
is very labor intensive, often requiring the generation of at least three different transgenic fly 
lines to target just one gene.

Several other methods that generate double stranded breaks to trigger homologous recombi-
nation have been developed [28]. These include using zinc-finger nucleases (ZFNs) and tran-
scription activator-like effector nucleases (TALEN), which are enzymes that can target specific 

Figure 5. Microinjection of Drosophila embryos to generate transgenic flies. In this schematic, the embryo of a white 
eyed fly is injected with two types of plasmids: plasmids containing a P-element transposon with a desired transgene 
linked to a marker gene that will produce red eye pigment, and a plasmid containing the P-transposase enzyme. The 
injection occurs in the location of the embryo that will become the germline cells. Once both constructs are injected, 
the transposase enzyme will be produced and chop the entire transposon construction out of the other plasmid then, 
hopefully, insert it into the genome of the developing germ cells. The embryos will undergo development and the adult 
flies will now potentially contain sperm or eggs with the desired transgene. The flies can be mated, and if their offspring 
contain the transgene, they will have red eyes thanks to the expression of the marker gene.
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DNA sequences and cause double stranded breaks, however each gene requires generating a 
new specific enzyme and can be challenging [36].

3.1.3. phiC31 integrase: site-specific integrase insertion

Another method to target specific locations in the genome uses the bacteriophage ɸC31 
integrase which can insert a transgene at a specific recognition site in the genome [37]. 
Bacteriophages are viruses that target bacteria. The ɸC31 integrase is an enzyme that recog-
nizes specific attachment sites in both the bacteriophage genome (designated attP) and in its 
bacterial host’s genome (attB) and catalyzes recombination between the two to insert itself 
into the bacteria’s genome [38]. Drosophila lines have been generated with attP sites inserted in 
their genome using P-element transposons, allowing the ɸC31 integrase to effectively insert 
a large segment of DNA from a plasmid containing the attB site via recombination at the 
attP site in the Drosophila genome [37]. This technique is an effective method for inserting 
large pieces of DNA, something that is problematic for P-element transposons, and allows 
researchers to insert their transgene at a specific site [28].

3.1.4. Bacterial artificial chromosomes

Bacterial artificial chromosomes (BACs) and recombination engineering (recombineering) are 
gaining traction in the Drosophila community because they allow the insertion of very large 
pieces of DNA [28]. Systems been developed that use specially modified BACs that are easy to 
amplify [39]. Genes or other DNA fragments are inserted into these constructs using recom-
bineering, a process much easier than cutting DNA with restriction enzymes and reattach-
ing it with ligases [40]. One BAC in particular combines several technological platforms and 
contains P-element transposase recognition sites and ɸC31-mediated integration sites [40].

3.1.5. CRISPR/Cas9

The CRISPR/Cas9 system is another rapidly expanding technology for altering the genome [41]. 
First coined in 2002, Clustered Regularly Interspersed Short Palindromic Repeats (CRISPR) 
arrays are sets of repetitive nucleotide sequences with interspaced non-repetitive sequences 
that function in bacterial immunity against viruses [42, 43]. There are also a number of CRISPR-
associated genes (Cas genes). Parts of the CRISPR arrays are transcribed and processed into 
shorter CRISPR RNA’s (crRNA) and noncoding trans-activating crRNA (tracrRNA) [44, 45]. 
After being infected with a bacteriophage, cas enzymes (encoded by several Cas genes) allow 
bacteria to keep copies of viral DNA within their genome in the form of CRISPR arrays. When 
the virus attacks again, these copies are transcribed and processed into crRNA and tracrRNA 
that together target the virus to be cleaved by other cas enzymes like Cas9 [42, 45–47]. In 2013, 
researchers began to exploit this technology to modify the mammalian genome [48, 49] and 
the Drosophila genome [50]. By taking advantage of the fact that Cas9 is guided by crRNA 
and tracrRNA to cleave a specific DNA sequence, artificial constructs can be designed to tar-
get any desired gene. The double strand break generated by CAs9 is then repaired either by 
homologous recombination with an exogenous piece of DNA containing a mutated form of 
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the gene or any other desired piece of DNA, or through error-prone non homologous end join-
ing [48–50]. In this way, any gene or part of the genome can be easily modified.

3.2. Generation of mutants

In addition to ectopically expressing or reducing the function of a gene using the classic 
binary system (see last section in methods), another useful way to study gene function is 
to generate mutations in the genome and observe the resulting phenotypes, and then work 
backwards to figure out what gene was modified. The function of this gene can be inferred by 
the phenotype that occurred when the gene was destroyed. These studies involve mutating a 
large number of genes in many flies, then screening though the phenotypes and determining 
what genes were altered. There are a number of ways to generate mutants, including using 
P-element transposons and chemical mutagens like Ethyl Methanesulfonate (EMS).

3.2.1. P-element mutagenesis

This technique utilizes P-elements (usually containing gene markers as described above), or other 
transposable elements, to move around in the genome to disrupt gene function. This is possible 
either by inserting themselves in a new position that could interfere with a gene or removing it 
from a gene and degrading a little bit more of the DNA sequence from where it was removed [51, 
52]. Though P-elements show certain preferences for where they reinsert, they cannot be directed 
to a specific location and have no precise recognition sequence [30]. It is therefore necessary after 
P-element mobilization to screen the flies that show an altered phenotype to determine which 
gene or genes were disrupted and use PCR to identify where the insertion occurred [51].

3.2.2. EMS mutagenesis

This method uses the chemical EMS to generate random mutations in the genome [53]. EMS 
produces a form of guanine, O6-methylguanine, that incorrectly base pairs with thymine dur-
ing DNA replication, usually generating GC to AT transitions that potentially alter codons or 
destroy splice sites, which will damage the function of a gene product. These mutations are 
generated at random and while some create visible phenotypes, or even lethality, others show 
no obvious changes, so extensive screening is needed to determine which mutation or muta-
tions caused the observed phenotypes [53].

3.3. Genetic screens

The large use of Drosophila as a model organism is also due to the ability to perform genetic 
screens aimed at the identification of novel genes important for understanding biological pro-
cess. In order to do so, Drosophilists have developed balancer chromosomes that are essen-
tial to maintain mutant fly stocks and for mating design. These chromosomes carry multiple 
inversions and gene rearrangement that firstly suppress recombination, and secondly contain 
a dominant phenotypic marker visible in the larvae or adults. Because they segregate nor-
mally during meiosis, they can be followed using the dominant phenotype. All the informa-
tion on balancer stocks are available from Drosophila stock centers.
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A genetic screen can follow two main strategies: Forward or Reverse Genetics [54]. A Forward 
Genetics approach is based on random, genome-wide mutagenesis to generate a large progeny 
with aberrant phenotypes and allows the identification of individual genes involved in any 
given process. Traditional forward genetic screens in Drosophila use X-rays, chemical EMS and 
transposon mutagenesis [53]. Reverse Genetics instead is a targeted mutagenesis applied to a 
gene of a known visible phenotype and is normally used to understand the gene’s biological 
function. The goal is to find new mutations that enhance the preexisting mutant phenotype or 
that suppress it [55, 56], but these genetic screens are often laborious and time consuming. The 
best strategy is to start with a strong phenotype. This type of mutagenesis can be accomplished 
via numerous mechanisms, such as classical loss of function mutant alleles, transposable 
P-element insertions existing for virtually all gene loci, knock-down using RNA interference 
strategies, or more recently using the CRISPR/Cas9 techniques (see previous section).

3.4. Most common techniques in Drosophila

A huge step forward on the feasibility of genetic screens was improved by the generation of 
the UAS/GAL4 system [57] that that allowed the expression of transgenes within specific tis-
sues of interest.

3.4.1. The UAS/GAL4 system and its modifications

This system requires the use of lines that are generated and maintained in separate stocks 
and targeted gene expression will be visible only in the progeny of the cross. Using the yeast 
transcription factor GAL4 cloned into a P-element vector, a tissue specific promoter is cloned 
upstream of the GAL4 gene. In parallel, a line is generated that includes a P-element vector 
containing the upstream activating sequences (UAS) to which GAL4 protein can bind [58]. 
This binary expression system is used to drive the expression of a gene of interest in any tis-
sues where the promoter GAL4 is expressed (Figure 6). Because experimental design may 
demand expression in a more limited time window (i.e. in adult only or if the expression 
of the gene of interest is detrimental), the UAS/GAL4 system is often accompanied by the 
use of the yeast GAL80, a gene that encodes for a protein that physically binds to GAL4 and 
represses its activity [59]. This strategy was improved by the use of the ubiquitously expressed 
temperature-sensitive allele of GAL80 (GAL80ts), that is active and binds GAL4 at the permis-
sive temperature of 18°C, while at the restrictive temperature of 29°C GAL80 is degraded [60]. 
Another method to modulate the activity of GAL4 is to use the hormone inducible variant of 
GAL4, either the GAL-ER, where GAL4 is fused with the domain of the human estrogen recep-
tor and activated by estradiol [61], or the GeneSwitch system [62] where GAL4 is fused with 
the domain that binds the human progesterone receptor and is activated by RU486. Finally, a 
more sophisticated system is the Split GAl4 [58], which allows a better control of the timing 
of the expression. This method is based on the use the DNA binding domain of GAL4 and its 
transcriptional activation domain fused separately to a promoter or hemi drivers. Only when 
their expression domain overlaps is the active GAL4 reconstituted and activation occurs [63].

Nowadays, the number of GAL4 lines available is constantly growing. There are UAS lines both 
for overexpression or RNAi interference targeting almost for all the genes in the fly. UAS- lines 
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the gene or any other desired piece of DNA, or through error-prone non homologous end join-
ing [48–50]. In this way, any gene or part of the genome can be easily modified.

3.2. Generation of mutants

In addition to ectopically expressing or reducing the function of a gene using the classic 
binary system (see last section in methods), another useful way to study gene function is 
to generate mutations in the genome and observe the resulting phenotypes, and then work 
backwards to figure out what gene was modified. The function of this gene can be inferred by 
the phenotype that occurred when the gene was destroyed. These studies involve mutating a 
large number of genes in many flies, then screening though the phenotypes and determining 
what genes were altered. There are a number of ways to generate mutants, including using 
P-element transposons and chemical mutagens like Ethyl Methanesulfonate (EMS).

3.2.1. P-element mutagenesis

This technique utilizes P-elements (usually containing gene markers as described above), or other 
transposable elements, to move around in the genome to disrupt gene function. This is possible 
either by inserting themselves in a new position that could interfere with a gene or removing it 
from a gene and degrading a little bit more of the DNA sequence from where it was removed [51, 
52]. Though P-elements show certain preferences for where they reinsert, they cannot be directed 
to a specific location and have no precise recognition sequence [30]. It is therefore necessary after 
P-element mobilization to screen the flies that show an altered phenotype to determine which 
gene or genes were disrupted and use PCR to identify where the insertion occurred [51].

3.2.2. EMS mutagenesis

This method uses the chemical EMS to generate random mutations in the genome [53]. EMS 
produces a form of guanine, O6-methylguanine, that incorrectly base pairs with thymine dur-
ing DNA replication, usually generating GC to AT transitions that potentially alter codons or 
destroy splice sites, which will damage the function of a gene product. These mutations are 
generated at random and while some create visible phenotypes, or even lethality, others show 
no obvious changes, so extensive screening is needed to determine which mutation or muta-
tions caused the observed phenotypes [53].

3.3. Genetic screens

The large use of Drosophila as a model organism is also due to the ability to perform genetic 
screens aimed at the identification of novel genes important for understanding biological pro-
cess. In order to do so, Drosophilists have developed balancer chromosomes that are essen-
tial to maintain mutant fly stocks and for mating design. These chromosomes carry multiple 
inversions and gene rearrangement that firstly suppress recombination, and secondly contain 
a dominant phenotypic marker visible in the larvae or adults. Because they segregate nor-
mally during meiosis, they can be followed using the dominant phenotype. All the informa-
tion on balancer stocks are available from Drosophila stock centers.
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A genetic screen can follow two main strategies: Forward or Reverse Genetics [54]. A Forward 
Genetics approach is based on random, genome-wide mutagenesis to generate a large progeny 
with aberrant phenotypes and allows the identification of individual genes involved in any 
given process. Traditional forward genetic screens in Drosophila use X-rays, chemical EMS and 
transposon mutagenesis [53]. Reverse Genetics instead is a targeted mutagenesis applied to a 
gene of a known visible phenotype and is normally used to understand the gene’s biological 
function. The goal is to find new mutations that enhance the preexisting mutant phenotype or 
that suppress it [55, 56], but these genetic screens are often laborious and time consuming. The 
best strategy is to start with a strong phenotype. This type of mutagenesis can be accomplished 
via numerous mechanisms, such as classical loss of function mutant alleles, transposable 
P-element insertions existing for virtually all gene loci, knock-down using RNA interference 
strategies, or more recently using the CRISPR/Cas9 techniques (see previous section).

3.4. Most common techniques in Drosophila

A huge step forward on the feasibility of genetic screens was improved by the generation of 
the UAS/GAL4 system [57] that that allowed the expression of transgenes within specific tis-
sues of interest.

3.4.1. The UAS/GAL4 system and its modifications

This system requires the use of lines that are generated and maintained in separate stocks 
and targeted gene expression will be visible only in the progeny of the cross. Using the yeast 
transcription factor GAL4 cloned into a P-element vector, a tissue specific promoter is cloned 
upstream of the GAL4 gene. In parallel, a line is generated that includes a P-element vector 
containing the upstream activating sequences (UAS) to which GAL4 protein can bind [58]. 
This binary expression system is used to drive the expression of a gene of interest in any tis-
sues where the promoter GAL4 is expressed (Figure 6). Because experimental design may 
demand expression in a more limited time window (i.e. in adult only or if the expression 
of the gene of interest is detrimental), the UAS/GAL4 system is often accompanied by the 
use of the yeast GAL80, a gene that encodes for a protein that physically binds to GAL4 and 
represses its activity [59]. This strategy was improved by the use of the ubiquitously expressed 
temperature-sensitive allele of GAL80 (GAL80ts), that is active and binds GAL4 at the permis-
sive temperature of 18°C, while at the restrictive temperature of 29°C GAL80 is degraded [60]. 
Another method to modulate the activity of GAL4 is to use the hormone inducible variant of 
GAL4, either the GAL-ER, where GAL4 is fused with the domain of the human estrogen recep-
tor and activated by estradiol [61], or the GeneSwitch system [62] where GAL4 is fused with 
the domain that binds the human progesterone receptor and is activated by RU486. Finally, a 
more sophisticated system is the Split GAl4 [58], which allows a better control of the timing 
of the expression. This method is based on the use the DNA binding domain of GAL4 and its 
transcriptional activation domain fused separately to a promoter or hemi drivers. Only when 
their expression domain overlaps is the active GAL4 reconstituted and activation occurs [63].

Nowadays, the number of GAL4 lines available is constantly growing. There are UAS lines both 
for overexpression or RNAi interference targeting almost for all the genes in the fly. UAS- lines 
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with more applied specific modifications, like the enhancer-trap GFP vectors, include those from 
the Janelia Farm Fly light project that created more than 7000 driver lines with an intergene over-
lapping sequence of 3 kb fragment near the gene of interest. These lines have been characterized 
for their expression pattern in embryos, larvae brain and adult CNS [64] and in the larval imaginal 
discs [65], available at the BDRC stock center. The use of binary systems is continually evolving to 
provide even more inter-exchangeable systems. Indeed the recent design of the LexA/lexAop [66] 
and the Q system [67], both inducible systems that can be used in combination with GAL4/UAS 
gene expression, allows researchers to perform screens in a tissue using the UAS/GAL4, with the 
specific patterns of expression determined by the LexA/LexAop or Q system. They can be used 
simultaneously in the same animal because neither of these systems cross-react to each-other.

3.4.2. The FLP/FRT system and Mosaic Analysis with a Repressible Cell Marker

To characterize the role of a gene in a small group of cells and not in the whole compart-
ment, or to analyze the role of a mutation, it is possible to create mosaics that have homozy-
gous mutant cells (clones) in an otherwise heterozygous animal via mitotic recombination. 
These studies were made possible with the combined used of the UAS/GAL4 system with 
the Saccharomyces cerevisiae enzyme FLP, a recombinase that recognizes 34 bp recombination 
target sequences (FRTs) on DNA [68]. FRTs on chromosomes enable mitotic recombination 
between homologous chromosomes in the presence of the FLP recombinase (FLP/FRT sys-
tem) [68, 69]. Ubiquitous promoters like actin5C or tubulin1α were cloned separated from 
GAL4 by a FLP-out cassette containing an inert gene between the two FRTs [70]. When flies 
carrying the cassette are crossed with flies expressing the FLP recombinase under control of 
the hsp70 heat shock promoter, a heat shock temporally activates the recombination event 
in their progeny; FRTs remove the cassette allowing the expression of GAL4 and results in 
random clone-induction in all tissues of the animal. The timing and duration of the heat 
shock determines the number of cells in which the recombination event occurs and can be 
recombined with GAL80ts to restrict GAL4 expression. The FLP/FRT system can be used 

Figure 6. Gene expression using the GAL4/UAS system. This diagram illustrates how to drive expression of a gene of interest 
in a specific tissue using the GAL4/UAS system. Here a female fly is carrying the transgene for the GAL4 transcription 
factor (indicated in red) downstream of a tissue specific promoter region. This female fly is mated with a male fly carrying 
another transgene in which a UAS (upstream activating sequence) is upstream of a “gene of interest,” indicated in purple. 
The UAS sequence is the binding site for the GAL4 transcription factor. The offspring of these flies will now have both 
constructs. In these flies, a tissue specific transcription factor will bind to the promoter region of the GAL4 transcription 
factor and that GAL4 will be transcribed then translated (indicated in red) and subsequently bind to the UAS (indicated in 
blue) upstream of the gene of interest and activate the transcription of this gene. In this way, the gene of interest will only be 
produced in a designated tissue because of the specificity of the promoter placed upstream of the GAL4 transcription factor.
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to manipulate gene expression when associated with UAS lines (overexpression or RNAi) 
and to generate loss-of-function clones in heterozygous mutant tissues [71]. Mosaic Analysis 
with a Repressible Cell Marker (MARCM) [72] is a technique that allows the expression 
of a marker or of a gene of interest in mutant clones, and is based on the ability of GAL80 
to inhibit GAL4 activity and to produce positively labeled clones. In this case, GAL4 and 
GAL80 need to be expressed ubiquitously using the tubulin 1α promoter. The tubGal80 
transgene is in trans with the mutation and distal to a FRT site. The event of recombination 
results in two populations of daughter cells, in which one inherits two copies of tubGAL80 
and is wild-type, while the other one that loses the tubGAL80 and is homozygous mutant. 
Loss of GAL80 de-represses GAL4 allowing the expression of a marker or of a gene of inter-
est in the mutant clone.

4. Conclusions

As illustrated in Part I of this chapter, Drosophila melanogaster provides a very useful platform 
for studying a variety of diseases and conditions. The basic lifecycle and biology of Drosophila 
combined with a wide array of genetic tools allows researchers to easily and quickly manipu-
late the function of any gene or genes of interest. In Part II of this chapter, it will be shown 
how Drosophila is employed as a model to study a variety of pathologies and to uncover 
potential therapies.
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with more applied specific modifications, like the enhancer-trap GFP vectors, include those from 
the Janelia Farm Fly light project that created more than 7000 driver lines with an intergene over-
lapping sequence of 3 kb fragment near the gene of interest. These lines have been characterized 
for their expression pattern in embryos, larvae brain and adult CNS [64] and in the larval imaginal 
discs [65], available at the BDRC stock center. The use of binary systems is continually evolving to 
provide even more inter-exchangeable systems. Indeed the recent design of the LexA/lexAop [66] 
and the Q system [67], both inducible systems that can be used in combination with GAL4/UAS 
gene expression, allows researchers to perform screens in a tissue using the UAS/GAL4, with the 
specific patterns of expression determined by the LexA/LexAop or Q system. They can be used 
simultaneously in the same animal because neither of these systems cross-react to each-other.

3.4.2. The FLP/FRT system and Mosaic Analysis with a Repressible Cell Marker

To characterize the role of a gene in a small group of cells and not in the whole compart-
ment, or to analyze the role of a mutation, it is possible to create mosaics that have homozy-
gous mutant cells (clones) in an otherwise heterozygous animal via mitotic recombination. 
These studies were made possible with the combined used of the UAS/GAL4 system with 
the Saccharomyces cerevisiae enzyme FLP, a recombinase that recognizes 34 bp recombination 
target sequences (FRTs) on DNA [68]. FRTs on chromosomes enable mitotic recombination 
between homologous chromosomes in the presence of the FLP recombinase (FLP/FRT sys-
tem) [68, 69]. Ubiquitous promoters like actin5C or tubulin1α were cloned separated from 
GAL4 by a FLP-out cassette containing an inert gene between the two FRTs [70]. When flies 
carrying the cassette are crossed with flies expressing the FLP recombinase under control of 
the hsp70 heat shock promoter, a heat shock temporally activates the recombination event 
in their progeny; FRTs remove the cassette allowing the expression of GAL4 and results in 
random clone-induction in all tissues of the animal. The timing and duration of the heat 
shock determines the number of cells in which the recombination event occurs and can be 
recombined with GAL80ts to restrict GAL4 expression. The FLP/FRT system can be used 

Figure 6. Gene expression using the GAL4/UAS system. This diagram illustrates how to drive expression of a gene of interest 
in a specific tissue using the GAL4/UAS system. Here a female fly is carrying the transgene for the GAL4 transcription 
factor (indicated in red) downstream of a tissue specific promoter region. This female fly is mated with a male fly carrying 
another transgene in which a UAS (upstream activating sequence) is upstream of a “gene of interest,” indicated in purple. 
The UAS sequence is the binding site for the GAL4 transcription factor. The offspring of these flies will now have both 
constructs. In these flies, a tissue specific transcription factor will bind to the promoter region of the GAL4 transcription 
factor and that GAL4 will be transcribed then translated (indicated in red) and subsequently bind to the UAS (indicated in 
blue) upstream of the gene of interest and activate the transcription of this gene. In this way, the gene of interest will only be 
produced in a designated tissue because of the specificity of the promoter placed upstream of the GAL4 transcription factor.
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to manipulate gene expression when associated with UAS lines (overexpression or RNAi) 
and to generate loss-of-function clones in heterozygous mutant tissues [71]. Mosaic Analysis 
with a Repressible Cell Marker (MARCM) [72] is a technique that allows the expression 
of a marker or of a gene of interest in mutant clones, and is based on the ability of GAL80 
to inhibit GAL4 activity and to produce positively labeled clones. In this case, GAL4 and 
GAL80 need to be expressed ubiquitously using the tubulin 1α promoter. The tubGal80 
transgene is in trans with the mutation and distal to a FRT site. The event of recombination 
results in two populations of daughter cells, in which one inherits two copies of tubGAL80 
and is wild-type, while the other one that loses the tubGAL80 and is homozygous mutant. 
Loss of GAL80 de-represses GAL4 allowing the expression of a marker or of a gene of inter-
est in the mutant clone.

4. Conclusions

As illustrated in Part I of this chapter, Drosophila melanogaster provides a very useful platform 
for studying a variety of diseases and conditions. The basic lifecycle and biology of Drosophila 
combined with a wide array of genetic tools allows researchers to easily and quickly manipu-
late the function of any gene or genes of interest. In Part II of this chapter, it will be shown 
how Drosophila is employed as a model to study a variety of pathologies and to uncover 
potential therapies.
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Abstract

The fruit fly, Drosophila melanogaster (Meigen, 1830) has been established as a key model 
organism thanks in part to their considerable biological similarity to mammals and an 
abundance of available genetic tools. Drosophila have been used to model many human 
disease states and have been critical in elucidating the genetic mechanisms contributing 
to them. Part I of this chapter covered basic Drosophila biology and relevant genetic tools 
available to Drosophila researchers. Here in part II, we review the use of Drosophila as 
a model organism to study neurodegenerative disorders, cardiovascular diseases, kid-
ney diseases, cancer, metabolic disorders, and immune disorders, as well as key findings 
made in those fields thanks to Drosophila research.

Keywords: animal model, cancer, diseases, Drosophila, genetic techniques, heart, 
immunology, kidney, metabolic disorders, neurodegeneration

1. Introduction

Please refer to the Introduction of Part I, The fruit fly, Drosophila melanogaster: The Making 
of a Model.

In this two-part chapter, some of the many aspects that make Drosophila such a fundamental 
model organism are covered.

Part I covered the basic fly biology and key genetic tools.

Here, Part II provides an overview of important disease states that Drosophila is used to model 
and some significant advances made in those fields.
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2. Drosophila melanogaster as model to study human diseases

Drosophila melanogaster is a widely used model organism to understand many molecular and 
developmental processes common to higher eukaryotes. A prerogative for a good model 
system is to share higher physiology within the molecular pathways with humans, and 
it is remarkable that approximately 75% of genes associated with human diseases have 
Drosophila homologs and share similarities in their functions, which is of particular interest 
for medical purposes [2]. Based on this genetic similarity, the fly is a valid tool for under-
standing the function of genes involved in human disorders. Clearly, Drosophila has the 
limitation of being an invertebrate system, as some biological processes evolved only within 
the vertebrate lineage. Despite this, Drosophila exhibits complex behaviors, and each phe-
notype observed must be contextualized considering that mammalian physiology is not 
very different from that of the tiny fly. It is not easy to choose an appropriate organism to 
model a disease due to the higher complexity of humans, and it is necessary to evaluate the 
nature of the pathology before choosing. Drosophila provides a good background for genetic 
and biological studies of different pathological conditions such as neurological, cardiac, and 
metabolic disorders (Table 1).

Organ system Diseases

Brain and nervous system

The Drosophila brain is two-lobed and contains approximately 
100,000 neurons. It is organized into several main structures 
including: supraesophageal ganglion (optic lobes and 
cerebrum) and a subesophageal ganglion. Flies also have a 
segmented nerve cord similar to a mammalian spinal cord 
(FLYBRAIN neuron Database)

• Neurodegeneration

 ○ Huntington’s disease

 ○ Amyotrophic lateral sclerosis

 ○ Spinocerebellar ataxia

 ○ Alzheimer’s disease

 ○ Parkinson’s disease

• Cancer

Immune system

Circulating immune cells called hemocytes (consisting of 
plasmatocytes, lamellocytes, and crystal cells) fight pathogens 
by encapsulating them, generating ROS, and/or producing 
antimicrobial peptides (AMPs). Many tissues are also capable of 
generating AMPs including the gut and fat body [72]

• Wound healing

• Cancers, including acute myeloid leukemia

• Autoimmune diseases

• Allergies

Digestive system

Consists of mouth parts for chewing, salivary glands to produce 
saliva, a crop (similar to a stomach), the proventriculus for 
grinding food, and a gut (midgut and hindgut) for digestion 
and nutrient and water absorption

• Intestinal infections

• Intestinal inflammation

• Cancer

Excretory system

Structures called Malpighian tubules and nephrocytes 
function similar to kidneys and filter nitrogenous waste from 
hemolymph. The tubules connect to the hindgut and excretory 
waste is eliminated along with digestive waste in the form of 
uric acid

• Nephrotic syndrome

• Polycystic kidney disease

• Kidney stones
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Drosophila has certain characteristics unique to insects such as an open circulatory system, 
exoskeleton, and tracheal system for gas exchange; however, they also share many similar 
organs and biological processes with mammals. The following summarizes the major organ 
and physiological systems in Drosophila and their comparative function to human diseases.

2.1. Neurodegenerative disorders

The Drosophila central nervous system (CNS) is composed of a bilaterally symmetrical 
brain with two cell types, neurons and glia, both originating from neural progenitors 
named neuroglioblasts. The fly CNS is considerably simpler than that of vertebrates and 
the neurodevelopment pattern is conserved among the organisms. Wnt, the mammalian 
homolog of the Drosophila wingless plays an important function during neuronal develop-
ment [7] and Notch signaling, which plays a pivotal role during neurogenesis and neuronal 
differentiation, is also evolutionary conserved [8]. Neurons attend to neurotransmission 
while glia sustain the neurons during development and adult life mainly by providing  

Organ system Diseases

Circulatory system

Drosophila has an open circulatory system. The tube-like heart 
(consisting of the dorsal vessel and the aortic arches) circulates 
hemolymph (insect blood) around the body cavity

• Congenital heart defects

• Cardiomyopathies

• Arrhythmias

• Channelopathies

• Heart failure

Respiratory system

Drosophila, like many other insects, does not carry oxygen in 
their hemolymph. Instead, a system of trachea connects directly 
with organs for gas exchange. Trachea open to the environment 
though tiny holes in the exoskeleton called spiracles

• Viral infection

• Respiratory disorders, including asthma and 
COPD (not discussed here)

Energy storage

Flies store glycogen and triglycerides in a specialized structure called 
the fat body. The fat body has functions similar to the mammalian 
liver and adipose tissue and is heavily involved in regulating 
growth, metabolism, and the immune system [16, 73–75].

• Metabolic disorders

• Non-alcoholic fatty liver disease

• Diabetes

• Cancer

Reproductive system

Flies have ovaries for egg production in females, and testes 
for sperm production in males. These structures develop from 
imaginal discs in the larva. A fertile female fly can lay hundreds 
of eggs

• Female reproductively

• Cancer

• Aging

• Epigenetics

Musculoskeletal system

Flies have an exoskeleton composed mostly of a chitinous 
cuticle and an outer waxy coating. The cuticle is produced by 
epithelial cells and can be hard like bone or softer (as in the case 
of larvae). Muscles attach to points inside the exoskeleton and 
allow the fly to move

• Parkinson’s disease (and other neurodegenera-
tive diseases affecting movement)

• Musculoskeletal disorders (not discussed here)

Table 1. The “Organ-Disease”.
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trophic factors [9, 10]. When studying neuropathies, it is relevant to consider the interac-
tion between neurons and glia, and research in Drosophila is contributing to this. In fact, 
the power of the neurodegenerative fly model is in the ability to explore the disease in 
a physiological context. While glia support neuronal survival and promote recovery in 
cases of neuronal damage, impairment of glial function induces non-autonomous neuro-
nal death. Glial anti-neurodegenerative functions suggest using them as targets in human 
neurodegeneration [11]. The Drosophila brain, in particular the visual system, is widely 
employed for research related to neurodegenerative diseases [12]. The nervous system of 
people suffering from these debilitating conditions exhibits the progressive loss of neu-
rons. The origins are disparate, and in many cases, they are unknown so it is necessary to 
intensify the research, aiming to understand how to treat them. Interestingly, insects lack 
the human hematoencephalic barrier allowing for pharmacological screening directed at 
the central nervous system. Depending on the mechanisms inducing the disorder and the 
symptomatology, we can differentiate several types of human neurodegeneration. Most 
neurodegenerative disorders are characterized by the presence of protein aggregates in 
the neurons that are different for the various classes of diseases. Despite identifying many 
causative factors, it remains to be determined how these proteins become neurotoxic. 
Thanks to the precious genetic tools available, the fly is an excellent model to explore the 
function of the genes coding for the proteins involved. In addition, the molecular path-
ways are remarkably conserved allowing for parallels with humans [13]. The simpler fruit 
fly CNS allows for a better understanding of the function of a gene involved in a disease 
and its relationship with the other neuronal patterns.

In order to characterize neuronal dysfunction in Drosophila, several approaches can be used 
including testing motility, individual and social behaviors, hearing, learning, and memory 
[14–16]. A histological method based on measuring the vacuoles in adult fly brains allows 
for the quantification of neuronal degeneration [17]; moreover, electrophysiological assays 
enable the analysis of synapse functionality [18]. Fruit flies affected by neurodegeneration 
share behavioral defects and reduced lifespans.

Drosophila is already used to investigate proteinopathies (protein misfolding diseases) such 
as Huntington’s disease, amyotrophic lateral sclerosis, and spinocerebellar ataxia [19–21]. 
The cause of Huntington’s disease (HD) is the expansion of CAG repeats in the huntingtin 
gene, leading to a polyglutamine (poliQ) repeats in the huntingtin (htt) protein. Htt is 
required for axonal transport and synapsis, and the fly homolog shares the same expression 
pattern and function [22]. The poliQ expansion is toxic also for Drosophila neurons; in fact, 
the fly gradually loses photoreceptors when human htt is expressed in the eye compart-
ment. When human mutated genes encoding for polyQ are expressed in Drosophila, there is 
a phenotype comparable to the human disease, for instance late onset, progressive loss of 
neurons and motility, and premature death, and the formation of large protein aggregates 
of mutant Htt visible also in neurons of Drosophila (Figure 1). The Drosophila HD model 
has contributed to some findings, for instance it uncovered that the histone deacetylase 
(HDAC) controls the level of neurodegeneration, making it an important achievement for 
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human poliQ diseases [23]. In the fly, as in humans, the neurodegeneration rate is related 
to polyQ repeat length [24]. Spinocerebellar ataxia (SCA) is another disorder originating 
from abnormal CAG repeats. Humans can be affected by several types of SCA and ataxin is 
the mutated gene. Autophagy is a fundamental process to limit the poliQ aggregation, and 
in a fly model of SCA3, autophagy proteins are overexpressed allowing for a rescue of the 
toxicity [25]. Amyotrophic lateral sclerosis (ALS) is a disease characterized by loss of corti-
cal and spinal motor neurons [26]. Several genes are involved in ALS and most of them can 
be expressed in Drosophila to assess their contribution to neurodegeneration. A causative 
factor of ASL is a mutation in superoxide dismutase SOD1 [27], and interestingly, loss of 
Drosophila SOD1 causes neuronal death while human SOD1 expression increases the fly 
lifespan [28, 29].

Tauopathies, including Alzheimer’s, Parkinson’s, and others, refer to disorders caused by 
aberrant accumulation of the microtubule-associated protein tau [30]. Drosophila has a tau 
homolog and the pathways involved in tau neurotoxicity such as wnt, JNK, and TOR are 
shared with humans [31–33]. More than 30 transgenic fly models have been established 
that express various forms of human wild-type and mutant tau and have uncovered many 
potential mechanisms for tau toxicity in a variety of neurodegenerative diseases [34]. 
Alzheimer’s disease (AD) is one of the most common neurodegenerative disorders and yet 
its pathogenesis is still unclear. The tiny fly is once again a good organism to model this 
affliction because the AD-associated genes, such as APP and presenilins, are evolutionarily 
conserved. The brains of Alzheimer’s patients are marked by aggregation of beta-amyloid 

Figure 1. Human huntingtin aggregates in neurons. Photograph of a larval brain showing the formation of aggregates 
of mutant human huntingtin (HTT) with 93-polyQ repeats (red) in neurons using Elav-Gal4 to express UAS-HTTQ93. 
HTT aggregates are visualized by immunofluorescence with anti-HTT antibodies. OP: optical lobe, CB: central brain, 
and VNC: ventral nerve cord.
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Drosophila is already used to investigate proteinopathies (protein misfolding diseases) such 
as Huntington’s disease, amyotrophic lateral sclerosis, and spinocerebellar ataxia [19–21]. 
The cause of Huntington’s disease (HD) is the expansion of CAG repeats in the huntingtin 
gene, leading to a polyglutamine (poliQ) repeats in the huntingtin (htt) protein. Htt is 
required for axonal transport and synapsis, and the fly homolog shares the same expression 
pattern and function [22]. The poliQ expansion is toxic also for Drosophila neurons; in fact, 
the fly gradually loses photoreceptors when human htt is expressed in the eye compart-
ment. When human mutated genes encoding for polyQ are expressed in Drosophila, there is 
a phenotype comparable to the human disease, for instance late onset, progressive loss of 
neurons and motility, and premature death, and the formation of large protein aggregates 
of mutant Htt visible also in neurons of Drosophila (Figure 1). The Drosophila HD model 
has contributed to some findings, for instance it uncovered that the histone deacetylase 
(HDAC) controls the level of neurodegeneration, making it an important achievement for 
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human poliQ diseases [23]. In the fly, as in humans, the neurodegeneration rate is related 
to polyQ repeat length [24]. Spinocerebellar ataxia (SCA) is another disorder originating 
from abnormal CAG repeats. Humans can be affected by several types of SCA and ataxin is 
the mutated gene. Autophagy is a fundamental process to limit the poliQ aggregation, and 
in a fly model of SCA3, autophagy proteins are overexpressed allowing for a rescue of the 
toxicity [25]. Amyotrophic lateral sclerosis (ALS) is a disease characterized by loss of corti-
cal and spinal motor neurons [26]. Several genes are involved in ALS and most of them can 
be expressed in Drosophila to assess their contribution to neurodegeneration. A causative 
factor of ASL is a mutation in superoxide dismutase SOD1 [27], and interestingly, loss of 
Drosophila SOD1 causes neuronal death while human SOD1 expression increases the fly 
lifespan [28, 29].

Tauopathies, including Alzheimer’s, Parkinson’s, and others, refer to disorders caused by 
aberrant accumulation of the microtubule-associated protein tau [30]. Drosophila has a tau 
homolog and the pathways involved in tau neurotoxicity such as wnt, JNK, and TOR are 
shared with humans [31–33]. More than 30 transgenic fly models have been established 
that express various forms of human wild-type and mutant tau and have uncovered many 
potential mechanisms for tau toxicity in a variety of neurodegenerative diseases [34]. 
Alzheimer’s disease (AD) is one of the most common neurodegenerative disorders and yet 
its pathogenesis is still unclear. The tiny fly is once again a good organism to model this 
affliction because the AD-associated genes, such as APP and presenilins, are evolutionarily 
conserved. The brains of Alzheimer’s patients are marked by aggregation of beta-amyloid 

Figure 1. Human huntingtin aggregates in neurons. Photograph of a larval brain showing the formation of aggregates 
of mutant human huntingtin (HTT) with 93-polyQ repeats (red) in neurons using Elav-Gal4 to express UAS-HTTQ93. 
HTT aggregates are visualized by immunofluorescence with anti-HTT antibodies. OP: optical lobe, CB: central brain, 
and VNC: ventral nerve cord.
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protein and neurofibrillary tangles (NFTs) originating from hyperphosphorylation of Tau 
[35]. Tau expression induces learning and memory deficits in Drosophila,  mimicking AD in 
humans [36]. Some recent advances uncovered by Drosophila Alzheimer’s models include: 
explaining the mechanisms behind the phosphorylation of tau and its toxicity [37–40] along 
with ways to reverse it [41, 42], as well as linking DNA damage and oxidative stress trig-
gered by tau phosphorylation in causing neurotoxicity [33, 43]. Moreover, Drosophila 
models are helping researchers to uncover the interaction between beta-amyloid pro-
teins and tau and how they cause neuronal death [34]. Parkinson’s disease (PD) is charac-
terized by the progressive loss of dopamine neurons in the substantia nigra, a part of the 
brain responsible for motor control, as well as the formation of protein accumulations  
known as Lewy bodies, which are composed primarily of alpha synuclein [44]. Many mech-
anisms have been proposed for the cause of this neuronal death including disruptions in 
protein degradation, oxidative stress, mitochondrial dysfunction, autophagy and lysosomal 
dysfunction, and problems with calcium homeostasis [45] Furthermore, phosphorylated tau 
has been found to be associated with alpha synuclein in Lewy bodies [46, 47] and the two may 
function together to destabilize microtubules and damage axonal transport, also contributing 
to cell death [48]. Many fly models exist to study Parkinson’s disease [49]. The fly dopamine 
neurotransmitter is similar to the human version and its function in movement is conserved 
[50]. Homologs of several PD-related genes are present in Drosophila, allowing researchers to 
model this neurodegenerative disease [51]. Drosophila models are currently being used to test 
a variety of potential therapeutic approaches, including boosting antioxidant mechanisms, 
reducing the oxidative stress caused by dopamine metabolites, and using inhibitors for mem-
bers of the TOR pathway to improve Parkinson’s symptoms [49].

2.2. Cardiovascular diseases

Drosophila melanogaster and humans share some aspects of heart development and function 
making the fly a good model for studying cardiovascular diseases, which are the leading 
causes of death worldwide. The heart precursors of Drosophila originate in the lateral meso-
derm and converge on the dorsal midline to form a linear tubular structure comparable to 
the early vertebrate embryo heart. In Drosophila, a simple contractile tube pumps the hemo-
lymph through the larval body cavity in an open cardiovascular system and regulates cardiac 
rhythm (Figure 2). The cardiovascular system has an anteroposterior polarity and it consists 
of the posterior portion named the dorsal vessel, corresponding to the heart, and the nar-
row anterior portion named the aorta, which facilitates the transport of hemolymph to the 
head [52]. The dorsal vessel is made up of two cell types: the cardiomyocytes, which are the 
inner contractile muscle cells, and the pericardial non-contractile cells, which flank the car-
diomyocytes. The human heart has four distinct chambers, likewise the fly heart is divided 
into four chambers, each one consisting of six myocardial cells [53] that have a sarcomere 
structure similar to mammalian cardiac cells. The hemolymph flow moves nutrients, immune 
cells, and molecules required for homeostasis; however, oxygen is transported through dif-
fusion from spiracles that invaginate from the cuticle into the interior of the animal. Despite 
the fly dorsal vessel being much simpler than the mammalian looped heart, the signaling 
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pathways involved are remarkably conserved [54]. Cardiogenic genes required for the proper 
development of the Drosophila embryonic heart were identified through genome wide screens 
[55] showing that many molecules important for heart development and morphogenesis are 
 conserved in humans [56]. Tinman is a homeobox transcription factor discovered in Drosophila 
and it is a master gene of cardiac development conserved in higher organisms [57, 58]. In addi-
tion, pannier and hand, which play crucial roles for heart specification as well as neuromancer, 
have counterparts in humans [59–61]. Moreover, these signaling pathways are required for 
some adult function both in Drosophila and in mammals suggesting that they have a con-
served physiology [62].

Even if most studies are based on the embryonic development of the fly heart, nowadays 
the focus is shifting to the function and structure of the Drosophila adult heart as a model 
of human heart defects. Indeed, the great availability of genetic tools in Drosophila allows 
for the identification of elements important for heart functions and facilitates the analysis of 
mutant isoforms associated with congenital heart defects [63]. The physiological mechanisms 
are conserved among Drosophila and vertebrates supporting the utility of the fly to investigate 
cardiomyopathies and arrhythmias [52]. The improvement of techniques for the measure-
ment of cardiac performance in Drosophila also permits the analysis of the effect of aging and 
the stress response on the heart [64]. Cardiac dysfunction can occur naturally in Drosophila, 
and this phenotype depends on age, just like in humans [64]. Some strategies allow heart 
rate monitoring in response to externally applied electric pacing in order to understand the 
effects of aging in adult flies. Insulin-IGF receptor (InR) and TOR signaling play an impor-
tant role in regulation of age-dependent cardiac performance [65]. Drosophila is also one of 
the most efficient model organism used to discern the mechanism underlying channelopa-
thies and cardiomyopathies as many impaired pathways are evolutionarily conserved [66]. 
Cardiomyopathies affecting Drosophila resemble those of humans both in terms of the genes 
responsible and the resulting effect. Such a similarity among the fly and humans is also found 
in the case of channelopathies and arrhythmias.

Several assay systems are helpful in characterizing Drosophila heart function, such as optical 
coherence tomography (OCT), an imaging of the Drosophila heart tube to observe contraction 
in vivo similar to clinical echocardiography [62]. In addition, semi-automated measurements 
allow researchers to record heart function to quantify cardiac impairment in Drosophila.

Figure 2. Cardiomyotube. Photograph of larval cardiomyotube with the cardiomyocytes visualized by the expression 
of the reporter hand-GFP.
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protein and neurofibrillary tangles (NFTs) originating from hyperphosphorylation of Tau 
[35]. Tau expression induces learning and memory deficits in Drosophila,  mimicking AD in 
humans [36]. Some recent advances uncovered by Drosophila Alzheimer’s models include: 
explaining the mechanisms behind the phosphorylation of tau and its toxicity [37–40] along 
with ways to reverse it [41, 42], as well as linking DNA damage and oxidative stress trig-
gered by tau phosphorylation in causing neurotoxicity [33, 43]. Moreover, Drosophila 
models are helping researchers to uncover the interaction between beta-amyloid pro-
teins and tau and how they cause neuronal death [34]. Parkinson’s disease (PD) is charac-
terized by the progressive loss of dopamine neurons in the substantia nigra, a part of the 
brain responsible for motor control, as well as the formation of protein accumulations  
known as Lewy bodies, which are composed primarily of alpha synuclein [44]. Many mech-
anisms have been proposed for the cause of this neuronal death including disruptions in 
protein degradation, oxidative stress, mitochondrial dysfunction, autophagy and lysosomal 
dysfunction, and problems with calcium homeostasis [45] Furthermore, phosphorylated tau 
has been found to be associated with alpha synuclein in Lewy bodies [46, 47] and the two may 
function together to destabilize microtubules and damage axonal transport, also contributing 
to cell death [48]. Many fly models exist to study Parkinson’s disease [49]. The fly dopamine 
neurotransmitter is similar to the human version and its function in movement is conserved 
[50]. Homologs of several PD-related genes are present in Drosophila, allowing researchers to 
model this neurodegenerative disease [51]. Drosophila models are currently being used to test 
a variety of potential therapeutic approaches, including boosting antioxidant mechanisms, 
reducing the oxidative stress caused by dopamine metabolites, and using inhibitors for mem-
bers of the TOR pathway to improve Parkinson’s symptoms [49].

2.2. Cardiovascular diseases

Drosophila melanogaster and humans share some aspects of heart development and function 
making the fly a good model for studying cardiovascular diseases, which are the leading 
causes of death worldwide. The heart precursors of Drosophila originate in the lateral meso-
derm and converge on the dorsal midline to form a linear tubular structure comparable to 
the early vertebrate embryo heart. In Drosophila, a simple contractile tube pumps the hemo-
lymph through the larval body cavity in an open cardiovascular system and regulates cardiac 
rhythm (Figure 2). The cardiovascular system has an anteroposterior polarity and it consists 
of the posterior portion named the dorsal vessel, corresponding to the heart, and the nar-
row anterior portion named the aorta, which facilitates the transport of hemolymph to the 
head [52]. The dorsal vessel is made up of two cell types: the cardiomyocytes, which are the 
inner contractile muscle cells, and the pericardial non-contractile cells, which flank the car-
diomyocytes. The human heart has four distinct chambers, likewise the fly heart is divided 
into four chambers, each one consisting of six myocardial cells [53] that have a sarcomere 
structure similar to mammalian cardiac cells. The hemolymph flow moves nutrients, immune 
cells, and molecules required for homeostasis; however, oxygen is transported through dif-
fusion from spiracles that invaginate from the cuticle into the interior of the animal. Despite 
the fly dorsal vessel being much simpler than the mammalian looped heart, the signaling 
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pathways involved are remarkably conserved [54]. Cardiogenic genes required for the proper 
development of the Drosophila embryonic heart were identified through genome wide screens 
[55] showing that many molecules important for heart development and morphogenesis are 
 conserved in humans [56]. Tinman is a homeobox transcription factor discovered in Drosophila 
and it is a master gene of cardiac development conserved in higher organisms [57, 58]. In addi-
tion, pannier and hand, which play crucial roles for heart specification as well as neuromancer, 
have counterparts in humans [59–61]. Moreover, these signaling pathways are required for 
some adult function both in Drosophila and in mammals suggesting that they have a con-
served physiology [62].

Even if most studies are based on the embryonic development of the fly heart, nowadays 
the focus is shifting to the function and structure of the Drosophila adult heart as a model 
of human heart defects. Indeed, the great availability of genetic tools in Drosophila allows 
for the identification of elements important for heart functions and facilitates the analysis of 
mutant isoforms associated with congenital heart defects [63]. The physiological mechanisms 
are conserved among Drosophila and vertebrates supporting the utility of the fly to investigate 
cardiomyopathies and arrhythmias [52]. The improvement of techniques for the measure-
ment of cardiac performance in Drosophila also permits the analysis of the effect of aging and 
the stress response on the heart [64]. Cardiac dysfunction can occur naturally in Drosophila, 
and this phenotype depends on age, just like in humans [64]. Some strategies allow heart 
rate monitoring in response to externally applied electric pacing in order to understand the 
effects of aging in adult flies. Insulin-IGF receptor (InR) and TOR signaling play an impor-
tant role in regulation of age-dependent cardiac performance [65]. Drosophila is also one of 
the most efficient model organism used to discern the mechanism underlying channelopa-
thies and cardiomyopathies as many impaired pathways are evolutionarily conserved [66]. 
Cardiomyopathies affecting Drosophila resemble those of humans both in terms of the genes 
responsible and the resulting effect. Such a similarity among the fly and humans is also found 
in the case of channelopathies and arrhythmias.

Several assay systems are helpful in characterizing Drosophila heart function, such as optical 
coherence tomography (OCT), an imaging of the Drosophila heart tube to observe contraction 
in vivo similar to clinical echocardiography [62]. In addition, semi-automated measurements 
allow researchers to record heart function to quantify cardiac impairment in Drosophila.

Figure 2. Cardiomyotube. Photograph of larval cardiomyotube with the cardiomyocytes visualized by the expression 
of the reporter hand-GFP.
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2.3. Kidney diseases

Despite millions of people suffering from kidney disorders, there is a disconcerting lack 
of therapies available to patients because the primary causes of kidney disorders are 
not completely characterized. Drosophila is advantageous to model renal disorders since 
many genes, proteins, and even some functions of the vertebrate kidney have parallels 
with the fruit fly. Despite many differences due the greater complexity of the human 
kidney, several orthologous genes have an important role in renal development and func-
tion, both in humans and in Drosophila [67]. For example, many genes encoding for elec-
trolyte transporting proteins affected in congenital renal disorders have fly counterparts 
[68, 69].

The insect Malpighian tubules and the nephrocytes are functionally analogous to the verte-
brate kidney; in fact, these two organs in Drosophila guide the metabolite homeostasis and 
the excretory process (Figure 3). Nephrocytes, which surround the heart and esophagus, are 
responsible for filtering the hemolymph, similar to the podocytes in the human glomerulus. 
In addition, nephrocytes have filtration diaphragms similar to the podocyte slit diaphragms 
that work as a filtration barrier in higher organisms [70, 71]. The Malpighian tubules, corre-
sponding to the tubular part of nephrons, are two pairs of elongated and thin tubes connected 
to the hindgut that secrete urine after absorption of water, ions, solutes, and organic metabo-
lites from the hemolymph. The principal cells and the stellate cells are the two main cell types 
in Malpighian tubules involved in excretion [72].

Nephrotic syndrome refers to ultrafiltration dysfunction leading mostly to extra pro-
tein in the urine and deficiency of protein in blood [73]. Given the evolutionary  conservation 
of the  diaphragms and their regulative mechanisms, Drosophila is a good option to 
look into this kind of disease. Some events during the renal development are shared 

Figure 3. Excretory system in larvae. Malpighian tubule and nephrocyte are composing the filtration barrier; hemolymph 
is filtrated by nephrocyte. Nd: nephrocyte diaphragm, fp: foot process, bm: basal membrane, and el: extracellular lacunae.
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between the fly and humans and the molecular pathways are conserved. All the genes 
playing a pivotal role in renal development, such as Kruppel and Cut involved in cell spec-
ification, Dwnt in tubulogenesis, and Sns, a nephrin-like protein, in cell  differentiation, 
have a counterpart in mammals. One of the fundamental phases of Malpighian tubules 
formation is a mesenchymal-to-epithelial transition that resembles the steps of kidney 
development [74]. This makes the fruit fly organ able to provide insights on disorders 
affecting the tubular nephrons such as polycystic kidney disease and renal agenesis [75, 76].  
Drosophila is also useful to study nephrolithiasis, also known as kidney stones, since 
insects also produce stone formations like calcium phosphate and calcium oxalate [77]. 
A simple method exists to score the filtration and the uptake of a secreted fluorescently 
tag ged protein (ANFRFP) that accumulates in nephrocytes to assess the renal function in  
Drosophila [75].

The similarities among the species definitely allow the use of the Drosophila renal structure 
as a model to better understand the basis of human kidney impairments and consequently to 
develop personalized therapeutic agents. Furthermore, immune and inflammatory responses 
are trigger factors of kidney diseases so they should be taken into account when analyzing 
these pathologies [78].

2.4. Cancer and growth

The fly is a simple model to improve the understanding of tumor biology and progression 
[79–83] as the available genetic tools support the analysis of the mechanisms underlying 
growth regulation in an intact epithelium rather than in cell cultures. The advantage is 
remarkable since cell-cell and cell-environment interactions contribute to tissue size regu-
lation. The Drosophila cell cycle can escape the normal control system leading to the typi-
cal cancer hyperproliferation. Reproducing human tumors in Drosophila allowed for the 
identification of many oncosuppressor genes that regulate cell division and differentia-
tion [84]. In the fly, the tumor hallmarks mimic the human ones: autonomous proliferation 
signals and overgrowth, irregular cell morphology, bypassed apoptosis, and metasta-
sis [85]. In spite of these similarities, there are several limitations including lack in flies 
of processes such as telomere maintenance and angiogenesis that participate in cancer  
development.

A great conservation across species is detected in regards to the signaling pathways affecting 
growth. Initial studies using activated proto-oncogenes such as the receptor tyrosine kinase (ret), a 
gene responsible for medullary thyroid carcinoma (MTC), allowed researchers to perform genetic 
screens for suppressors or enhancers of the rough eye phenotype, which indicates an overprolif-
eration of cells in the eye [86]. These studies evolved to include tumors that were induced by the 
activation of growth signaling pathways, such as PI3K and EGFR in glia, which resemble human 
glioma [87], or studies involving tuberous sclerosis, an autosomal dominant disorder character-
ized by benign tumors in multiple organs induced by the loss of function activity of the TSC1 
and 2 tumor suppressor genes [88]. A large number of studies also demonstrated how the Hippo 
pathway, which regulates growth through the activation of Yki, is highly conserved and required 
for cellular proliferation as well as for apoptosis, has a human counterpart that retains sequence 
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2.3. Kidney diseases

Despite millions of people suffering from kidney disorders, there is a disconcerting lack 
of therapies available to patients because the primary causes of kidney disorders are 
not completely characterized. Drosophila is advantageous to model renal disorders since 
many genes, proteins, and even some functions of the vertebrate kidney have parallels 
with the fruit fly. Despite many differences due the greater complexity of the human 
kidney, several orthologous genes have an important role in renal development and func-
tion, both in humans and in Drosophila [67]. For example, many genes encoding for elec-
trolyte transporting proteins affected in congenital renal disorders have fly counterparts 
[68, 69].

The insect Malpighian tubules and the nephrocytes are functionally analogous to the verte-
brate kidney; in fact, these two organs in Drosophila guide the metabolite homeostasis and 
the excretory process (Figure 3). Nephrocytes, which surround the heart and esophagus, are 
responsible for filtering the hemolymph, similar to the podocytes in the human glomerulus. 
In addition, nephrocytes have filtration diaphragms similar to the podocyte slit diaphragms 
that work as a filtration barrier in higher organisms [70, 71]. The Malpighian tubules, corre-
sponding to the tubular part of nephrons, are two pairs of elongated and thin tubes connected 
to the hindgut that secrete urine after absorption of water, ions, solutes, and organic metabo-
lites from the hemolymph. The principal cells and the stellate cells are the two main cell types 
in Malpighian tubules involved in excretion [72].

Nephrotic syndrome refers to ultrafiltration dysfunction leading mostly to extra pro-
tein in the urine and deficiency of protein in blood [73]. Given the evolutionary  conservation 
of the  diaphragms and their regulative mechanisms, Drosophila is a good option to 
look into this kind of disease. Some events during the renal development are shared 

Figure 3. Excretory system in larvae. Malpighian tubule and nephrocyte are composing the filtration barrier; hemolymph 
is filtrated by nephrocyte. Nd: nephrocyte diaphragm, fp: foot process, bm: basal membrane, and el: extracellular lacunae.
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between the fly and humans and the molecular pathways are conserved. All the genes 
playing a pivotal role in renal development, such as Kruppel and Cut involved in cell spec-
ification, Dwnt in tubulogenesis, and Sns, a nephrin-like protein, in cell  differentiation, 
have a counterpart in mammals. One of the fundamental phases of Malpighian tubules 
formation is a mesenchymal-to-epithelial transition that resembles the steps of kidney 
development [74]. This makes the fruit fly organ able to provide insights on disorders 
affecting the tubular nephrons such as polycystic kidney disease and renal agenesis [75, 76].  
Drosophila is also useful to study nephrolithiasis, also known as kidney stones, since 
insects also produce stone formations like calcium phosphate and calcium oxalate [77]. 
A simple method exists to score the filtration and the uptake of a secreted fluorescently 
tag ged protein (ANFRFP) that accumulates in nephrocytes to assess the renal function in  
Drosophila [75].

The similarities among the species definitely allow the use of the Drosophila renal structure 
as a model to better understand the basis of human kidney impairments and consequently to 
develop personalized therapeutic agents. Furthermore, immune and inflammatory responses 
are trigger factors of kidney diseases so they should be taken into account when analyzing 
these pathologies [78].

2.4. Cancer and growth

The fly is a simple model to improve the understanding of tumor biology and progression 
[79–83] as the available genetic tools support the analysis of the mechanisms underlying 
growth regulation in an intact epithelium rather than in cell cultures. The advantage is 
remarkable since cell-cell and cell-environment interactions contribute to tissue size regu-
lation. The Drosophila cell cycle can escape the normal control system leading to the typi-
cal cancer hyperproliferation. Reproducing human tumors in Drosophila allowed for the 
identification of many oncosuppressor genes that regulate cell division and differentia-
tion [84]. In the fly, the tumor hallmarks mimic the human ones: autonomous proliferation 
signals and overgrowth, irregular cell morphology, bypassed apoptosis, and metasta-
sis [85]. In spite of these similarities, there are several limitations including lack in flies 
of processes such as telomere maintenance and angiogenesis that participate in cancer  
development.

A great conservation across species is detected in regards to the signaling pathways affecting 
growth. Initial studies using activated proto-oncogenes such as the receptor tyrosine kinase (ret), a 
gene responsible for medullary thyroid carcinoma (MTC), allowed researchers to perform genetic 
screens for suppressors or enhancers of the rough eye phenotype, which indicates an overprolif-
eration of cells in the eye [86]. These studies evolved to include tumors that were induced by the 
activation of growth signaling pathways, such as PI3K and EGFR in glia, which resemble human 
glioma [87], or studies involving tuberous sclerosis, an autosomal dominant disorder character-
ized by benign tumors in multiple organs induced by the loss of function activity of the TSC1 
and 2 tumor suppressor genes [88]. A large number of studies also demonstrated how the Hippo 
pathway, which regulates growth through the activation of Yki, is highly conserved and required 
for cellular proliferation as well as for apoptosis, has a human counterpart that retains sequence 
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and function, and is mutated within the context of cancer [89, 90]. The same goes for Salvador, a 
gene promoting apoptosis, and Archipelago [91–94]. The two organisms also share PTEN, a tumor 
suppressor that plays a crucial role in carcinogenesis both in humans and in flies [95].

New studies defined how the loss of cell polarity could be considered a hallmark of malig-
nancy [96]. Members of discs large (dlg) and lethal giant larvae (lgl) were identified as tumor 
suppressors in the fly by promoting cell invasion if mutated, with a similar role also seen in 
human neoplasm [97]. The role of proteins involved in cellular adhesion, such as Rho1 and 
E-cadherin, was also shown to be conserved and relevant for migration and invasion helping 
the study of the metastatic process [98, 99]. Other well-studied oncogenes in Drosophila that 
promote overgrowth and cell survival are Ras and Notch and were also shown to play a role in 
cellular polarity [100]. Dpp, the homolog of human bone morphogenetic protein/transform-
ing growth factor-beta (BMP/TGF beta), is also responsible for epithelial integrity [101] and 
implicated in a model for cancer in Drosophila. All these parallelisms provide the potential to 
dissect in vivo the interacting patterns causing the tumor growth.

As anticipated, the communication between neighboring cells must be taken into consider-
ation when analyzing a tumor tissue. Competitive interactions occur among cells with different 
growth rates in a process known as cell competition, which was first described in Drosophila 
using ribosomal proteins [102, 103] and then characterized using dMyc, the fly homolog of 
human cMyc [104]. Cells expressing higher levels of Myc behave as supercompetitors: they 
survive and acquire a proliferative advantage inducing apoptosis in the weaker nearby cells, 
termed losers [105–107]. The mechanisms controlling overproliferation and metastasis are com-
parable to those involved in cell competition since in human cancer, cells overexpressing Myc 
acquire the capacity to grow more than normal and to invade the neighboring normal cells. 
Since then, a few additional oncogenes and tumor suppressor genes have been associated with 
a competitive behavior, and cell competition is now thought to have an important role in human 
cancer [108–112]. This similitude underscores the utility of using flies for studying how cells 
compete for survival.

More studies are arising on the connection between the insurgence of tumors and diet or obesity. 
Recent studies linked the growth of prostate tumors and the status of obesity [113]. Caloric restric-
tion reduces the growth of tumor cells in rodent models through reduced systemic insulin and 
IGF-1 signaling [114], while the activation of PI3K induces tumors to be resistant to diet restriction 
[115] suggesting an important relationship between PI3K signaling in tumors and the nutrients 
in the tumor environment. The exact link between obesity and cancer has not yet been estab-
lished and the fly may facilitate this research thanks to the ability to combine obesity and tumor 
models in Drosophila. Insulin signaling is the main regulator of metabolic homeostasis, and it 
is also involved in cancer development and progression [116] but we have yet to understand 
how hyperinsulinemia promotes tumor formation. Interestingly, the oncogenes Src and Ras were 
overexpressed in a Drosophila model of obesity and increasing the level of insulin exacerbates the 
malignant phenotype due to wingless activity [117]. The interplay between obesity and cancer is 
an important area of study to understand the relevance of fat to tumor growth, since fatty acids 
are unable to penetrate the biological membranes and need to be cleaved by lipases (lipolysis). 
Recent studies indicate that in the peritumoural area, an increase in adipose triglyceride lipase 
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(ATGL) that mediates lipolysis results in tumor survival [118, 119]. The ability to manipulate flies 
genetically and the possibility to change the composition of lipids or nutrients in their food will 
likely put Drosophila as a key model to investigate the relationship between obesity and cancer 
and the mechanisms that control cellular overgrowth. Cancer research can only benefit from the 
ability to create specific disease models in Drosophila. This approach lets researchers detect onco-
genes and tumor suppressors, allowing a detailed in vivo analysis of the mechanisms triggering 
cancer. From these findings, drug therapy compounds can then be developed and tested.

2.5. Metabolic disorders

Hepatic diseases affect a large proportion of the population worldwide making it crucial to 
investigate the underlying pathogenic mechanisms that still remain unclear. Identification 
of the molecular defects underlying liver disease requires studies in model organisms, and 
recently Drosophila has been proposed for this purpose [120].

The use of the fruit fly in the study of hepatic disorders is partially restricted due to the 
absence of a homologous organ for the liver. The fat body in Drosophila acts as storage for 
sugar and fat and also performs metabolic functions similar to those of the mammalian hepa-
tocytes, regulated by insulin through an evolutionarily conserved mechanism [121, 122]. 
During starvation, triglycerides are transported from the fat body into the hemolymph where 
they are captured by the oenocytes, clusters of hepatocyte-like cells that are important for 
lipid metabolism [123]. Therefore, some functions of hepatocytes are performed by oeno-
cytes, which are located near the body wall surface and play a prominent role in the fly lipid 
processing. Drosophila homologs of genes specifically expressed in human hepatocytes are 
expressed in larval oenocytes and the fat metabolism pathway is similar among the organisms 
[123]. An interesting aspect regarding lipid metabolism is the interaction between oenocytes 
and fat cells, as oenocytes control lipolysis in fat cells through a feedback similar to that in 
mammals [123]. Underfed Drosophila stores many fat droplets resulting in the accumulation 
of triacylglycerols in the liver, a condition called steatosis, and forms an excellent model for 
understanding human non-alcoholic fatty liver disease (NAFLD) [124]. Moreover, the rela-
tionship between oenocytes and fat cells needs to be elucidated because it contributes to the 
pathogenesis of metabolic syndrome [125], and fly modeling can be useful for this purpose.

It is necessary to improve assays examining the function of the fat body and oenocytes to 
solidify Drosophila as a liver disease model. To date, the analyses are based on evaluating lipid 
accumulation depending on different nutritional conditions. Fly lipid homeostasis can be 
monitored by Raman scattering microscopy that allows for the visualization of the lipid con-
tent in larval oenocytes and in the fat body by in vivo imaging [126]. Oil Red-O and BODIPY 
are dyes permitting the assessment of lipid content [123, 127].

Several proteins that contribute to lipid metabolism in Drosophila, including proteins respon-
sible for lipid storage, transport, and utilization, have counterparts in higher organisms [128, 
129]. This similitude makes the fruit fly helpful in describing the main pathways control-
ling homeostasis and provides an opportunity to examine metabolic disorders affecting 
humans such as diabetes and obesity [122]. For example, the main regulator of sugar and 
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and function, and is mutated within the context of cancer [89, 90]. The same goes for Salvador, a 
gene promoting apoptosis, and Archipelago [91–94]. The two organisms also share PTEN, a tumor 
suppressor that plays a crucial role in carcinogenesis both in humans and in flies [95].

New studies defined how the loss of cell polarity could be considered a hallmark of malig-
nancy [96]. Members of discs large (dlg) and lethal giant larvae (lgl) were identified as tumor 
suppressors in the fly by promoting cell invasion if mutated, with a similar role also seen in 
human neoplasm [97]. The role of proteins involved in cellular adhesion, such as Rho1 and 
E-cadherin, was also shown to be conserved and relevant for migration and invasion helping 
the study of the metastatic process [98, 99]. Other well-studied oncogenes in Drosophila that 
promote overgrowth and cell survival are Ras and Notch and were also shown to play a role in 
cellular polarity [100]. Dpp, the homolog of human bone morphogenetic protein/transform-
ing growth factor-beta (BMP/TGF beta), is also responsible for epithelial integrity [101] and 
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dissect in vivo the interacting patterns causing the tumor growth.
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acquire the capacity to grow more than normal and to invade the neighboring normal cells. 
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how hyperinsulinemia promotes tumor formation. Interestingly, the oncogenes Src and Ras were 
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(ATGL) that mediates lipolysis results in tumor survival [118, 119]. The ability to manipulate flies 
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of triacylglycerols in the liver, a condition called steatosis, and forms an excellent model for 
understanding human non-alcoholic fatty liver disease (NAFLD) [124]. Moreover, the rela-
tionship between oenocytes and fat cells needs to be elucidated because it contributes to the 
pathogenesis of metabolic syndrome [125], and fly modeling can be useful for this purpose.

It is necessary to improve assays examining the function of the fat body and oenocytes to 
solidify Drosophila as a liver disease model. To date, the analyses are based on evaluating lipid 
accumulation depending on different nutritional conditions. Fly lipid homeostasis can be 
monitored by Raman scattering microscopy that allows for the visualization of the lipid con-
tent in larval oenocytes and in the fat body by in vivo imaging [126]. Oil Red-O and BODIPY 
are dyes permitting the assessment of lipid content [123, 127].

Several proteins that contribute to lipid metabolism in Drosophila, including proteins respon-
sible for lipid storage, transport, and utilization, have counterparts in higher organisms [128, 
129]. This similitude makes the fruit fly helpful in describing the main pathways control-
ling homeostasis and provides an opportunity to examine metabolic disorders affecting 
humans such as diabetes and obesity [122]. For example, the main regulator of sugar and 
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fat metabolism is the nutrient-sensing target of rapamycin (TOR) both in Drosophila and in 
mammals [130]. Flies are able to regulate carbohydrate metabolism by cellular storage of 
excess nutrients. The hormone insulin controls hemolymph sugar levels and maintains car-
bohydrate homeostasis through a phylogenetically conserved signaling pathway [122, 131]. 
Drosophila insulin induces an increase in fat cell mass, just as in mammals, because insulin 
acts on triglyceride storage and on fat body cell number. Shaggy is a serine/threonine protein 
kinase orthologous to glycogen synthase kinase 3 (GSK3), and it is responsible for the lipid 
accumulation in Drosophila fat cells while the transcription factor Drosophila FOXO (dFOXO) 
influences the adipocyte cell number [121]. Both of these key factors are regulated by the con-
served insulin pathway [121]. Dilp2, 3 and 5, members of the Drosophila insulin-like peptides 
(Dilps) are expressed in the insulin-producing cells (IPCs), a cluster of cells in the brain that 
function similarly to human pancreatic β cells [132]. Additionally, the adipokinetic hormone 
participates in fly glucose regulation with a glucagon-like function [55]. Functional changes 
to these metabolic regulators in Drosophila cause a phenotype similar to metabolic impair-
ment as well as affecting body size [132, 133]. The resemblance between Drosophila and mam-
mals helps to elucidate the main mechanisms of metabolic homeostasis involved in common 
pathologies such as type 2 diabetes mellitus (T2DM), which is characterized by insulin resis-
tance, hyperglycemia, and defects in lipid metabolism [134]. High-glycemic diets promote 
obesity, a disorder characterized by excessive fat storage. Drosophila fed a high fat diet store 
fat in the fat body and in the midgut [135]. This condition changes the animal physiology and 
lifespan mainly due to insulin resistance [136, 137]. Moreover, obesity is considered among 
the risk factors for diabetes, cardiac diseases, and several types of cancer [138, 139]. Insulin 
resistance is also related to NFALD, the most frequent chronic hepatic disorder [140]. NAFLD 
originates from metabolic impairment highlighting the strong relationship between the liver 
and metabolism and the subsequent need to examine the pathways linking them [124].

Drosophila has facilitated the study of metabolic pathways thanks to the availability of several 
assays of metabolic function, including some that are available for use only in Drosophila, 
which allow for the quantification of lipids, sugars, ATP, and mitochondria. In spite of the 
anatomical differences between flies and humans, the identification of novel genes and path-
ways in the fruit fly could arrange for new therapies to treat metabolic disease in humans.

2.6. Immunological diseases

The mechanism of the innate immune system is fairly conserved across species, and Drosophila 
is a leading organism for elucidating the process of defense from pathogens and its evolu-
tion [141]. Since the adaptive immune response of vertebrates could hide some aspects of the 
innate immunity, it is beneficial to use Drosophila to detail the regulation of innate immunity 
because this organism does not have an adaptive one [141]. Pathogenic microorganisms, such 
as bacteria, fungi, nematodes, and viruses, can infect Drosophila, priming an immune reaction. 
Despite the greater refinement of mammalian immunity, Drosophila and humans share gen-
eral defense strategies like epithelial barriers, phagocytosis, and antimicrobial peptides. The 
fly’s first line of defense against to pathogens is a physical barrier represented by the epithelia 
of the epidermis, trachea, and gut. Clotting factors in the hemolymph provide a second bar-
rier because they can entrap invaders by means of their protein filaments [142]. Epithelia then 
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release antimicrobial peptides (AMPs) and reactive oxygen species (ROS), triggering a local 
immune response [143, 144]. Beside their toxic activity, ROS are involved in wound healing 
and tissue repair both in Drosophila and mammals [145]. In addition to epithelia, blood cells 
and the fat body are also required for Drosophila immunity. The external agents are phagocy-
tized by hemocytes; the circulating blood cells and different types of hemocytes are involved 
in this reaction. Plasmatocytes are monocyte-like cells, which able to phagocytose pathogens, 
apoptotic bodies, and other foreign particles. Crystal cells, another type of hemocyte, are 
involved in the production of melanin, a protein involved in both encapsulating and killing 
microorganisms as well as being implicated in wound healing. Hemocytes differentiate into 
lamellocytes if a more specialized response is required, and lamellocytes can trap larger para-
sites, producing a cellular capsule around it in a process named encapsulation [146, 147]. In 
Drosophila, the majority of blood cells have phagocytic activity.

Some fly macrophages originate via self-renewing and others from progenitor cells that are 
located in the lymph gland, a specialized hematopoietic organ. The great importance of the 
lymph gland in controlling the blood cell homeostasis makes this Drosophila organ compa-
rable with the hematopoietic stem cell niche in the bone marrow [148, 149]. ROS levels have a 
crucial role in the regulation of Drosophila hematopoiesis [150]. Moreover, the signaling path-
ways regulating blood cell differentiation are conserved from Drosophila to humans [151, 152]. 
These similarities with vertebrate hematopoiesis underscore the utility of the fly to elucidate 
the basis of hematopoietic injury, necessary because an impairment in hematopoietic differ-
entiation and homeostasis causes several diseases such as leukemia. Drosophila has already 
been used to study acute myeloid leukemia, a widespread form of leukemia, in particular to 
identify the genes promoting the disease. AML1 is one of the transcription factors activating 
myeloid differentiation and it has a counterpart in the fly [153]. When AML1 is fused with 
the repressor ETO, the differentiation is inhibited while the proliferation of multilineage pro-
genitors is activated, leading to acute myeloid leukemia. AML1-ETO expression in Drosophila 
causes the same effect, confirming the fly as a good genetic model for leukemia [153, 154].

The great availability of genetic tools in the fly contributed to defining the innate immune 
system and to establishing that it is a specific mechanism. In fact, Drosophila can respond 
specifically to pathogens, discriminating between classes of surface molecules on differ-
ent intruders. AMPs have different targets, for instance drosomycin acts on fungi, defen-
sin on Gram-positive bacteria, and drosocin on Gram-negative bacteria [155]. Moreover, the 
sequences of AMPs are conserved between humans and insects [156]. Not only is the defense 
mechanism evolutionarily conserved, but also is the molecular pattern promoting innate 
immune reactions. Toll and Imd are the two master genes of Drosophila immunity, but FoxO, 
JAK/STAT, and JNK transduction also play a part [157]. After pathogen detection, Toll and 
Imd induce a cascade of events that finally release the antimicrobial peptides in fat body cells 
through the activation of the NF-κB transcription factors Dif, homolog of Dorsal, and Relish, 
respectively [155]. Toll encodes an interleukin 1 receptor-like protein that in Drosophila acts 
in parallel during two different processes: the dorsoventral specification and the immune 
response regulation [158]. Toll is activated by fungi and most Gram-positive bacteria and 
has a pivotal function both in the humoral response and in phagocytosis. Dissecting Toll 
signaling in Drosophila helped to understand toll-like receptors that play an important role 
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fat metabolism is the nutrient-sensing target of rapamycin (TOR) both in Drosophila and in 
mammals [130]. Flies are able to regulate carbohydrate metabolism by cellular storage of 
excess nutrients. The hormone insulin controls hemolymph sugar levels and maintains car-
bohydrate homeostasis through a phylogenetically conserved signaling pathway [122, 131]. 
Drosophila insulin induces an increase in fat cell mass, just as in mammals, because insulin 
acts on triglyceride storage and on fat body cell number. Shaggy is a serine/threonine protein 
kinase orthologous to glycogen synthase kinase 3 (GSK3), and it is responsible for the lipid 
accumulation in Drosophila fat cells while the transcription factor Drosophila FOXO (dFOXO) 
influences the adipocyte cell number [121]. Both of these key factors are regulated by the con-
served insulin pathway [121]. Dilp2, 3 and 5, members of the Drosophila insulin-like peptides 
(Dilps) are expressed in the insulin-producing cells (IPCs), a cluster of cells in the brain that 
function similarly to human pancreatic β cells [132]. Additionally, the adipokinetic hormone 
participates in fly glucose regulation with a glucagon-like function [55]. Functional changes 
to these metabolic regulators in Drosophila cause a phenotype similar to metabolic impair-
ment as well as affecting body size [132, 133]. The resemblance between Drosophila and mam-
mals helps to elucidate the main mechanisms of metabolic homeostasis involved in common 
pathologies such as type 2 diabetes mellitus (T2DM), which is characterized by insulin resis-
tance, hyperglycemia, and defects in lipid metabolism [134]. High-glycemic diets promote 
obesity, a disorder characterized by excessive fat storage. Drosophila fed a high fat diet store 
fat in the fat body and in the midgut [135]. This condition changes the animal physiology and 
lifespan mainly due to insulin resistance [136, 137]. Moreover, obesity is considered among 
the risk factors for diabetes, cardiac diseases, and several types of cancer [138, 139]. Insulin 
resistance is also related to NFALD, the most frequent chronic hepatic disorder [140]. NAFLD 
originates from metabolic impairment highlighting the strong relationship between the liver 
and metabolism and the subsequent need to examine the pathways linking them [124].

Drosophila has facilitated the study of metabolic pathways thanks to the availability of several 
assays of metabolic function, including some that are available for use only in Drosophila, 
which allow for the quantification of lipids, sugars, ATP, and mitochondria. In spite of the 
anatomical differences between flies and humans, the identification of novel genes and path-
ways in the fruit fly could arrange for new therapies to treat metabolic disease in humans.

2.6. Immunological diseases

The mechanism of the innate immune system is fairly conserved across species, and Drosophila 
is a leading organism for elucidating the process of defense from pathogens and its evolu-
tion [141]. Since the adaptive immune response of vertebrates could hide some aspects of the 
innate immunity, it is beneficial to use Drosophila to detail the regulation of innate immunity 
because this organism does not have an adaptive one [141]. Pathogenic microorganisms, such 
as bacteria, fungi, nematodes, and viruses, can infect Drosophila, priming an immune reaction. 
Despite the greater refinement of mammalian immunity, Drosophila and humans share gen-
eral defense strategies like epithelial barriers, phagocytosis, and antimicrobial peptides. The 
fly’s first line of defense against to pathogens is a physical barrier represented by the epithelia 
of the epidermis, trachea, and gut. Clotting factors in the hemolymph provide a second bar-
rier because they can entrap invaders by means of their protein filaments [142]. Epithelia then 
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release antimicrobial peptides (AMPs) and reactive oxygen species (ROS), triggering a local 
immune response [143, 144]. Beside their toxic activity, ROS are involved in wound healing 
and tissue repair both in Drosophila and mammals [145]. In addition to epithelia, blood cells 
and the fat body are also required for Drosophila immunity. The external agents are phagocy-
tized by hemocytes; the circulating blood cells and different types of hemocytes are involved 
in this reaction. Plasmatocytes are monocyte-like cells, which able to phagocytose pathogens, 
apoptotic bodies, and other foreign particles. Crystal cells, another type of hemocyte, are 
involved in the production of melanin, a protein involved in both encapsulating and killing 
microorganisms as well as being implicated in wound healing. Hemocytes differentiate into 
lamellocytes if a more specialized response is required, and lamellocytes can trap larger para-
sites, producing a cellular capsule around it in a process named encapsulation [146, 147]. In 
Drosophila, the majority of blood cells have phagocytic activity.

Some fly macrophages originate via self-renewing and others from progenitor cells that are 
located in the lymph gland, a specialized hematopoietic organ. The great importance of the 
lymph gland in controlling the blood cell homeostasis makes this Drosophila organ compa-
rable with the hematopoietic stem cell niche in the bone marrow [148, 149]. ROS levels have a 
crucial role in the regulation of Drosophila hematopoiesis [150]. Moreover, the signaling path-
ways regulating blood cell differentiation are conserved from Drosophila to humans [151, 152]. 
These similarities with vertebrate hematopoiesis underscore the utility of the fly to elucidate 
the basis of hematopoietic injury, necessary because an impairment in hematopoietic differ-
entiation and homeostasis causes several diseases such as leukemia. Drosophila has already 
been used to study acute myeloid leukemia, a widespread form of leukemia, in particular to 
identify the genes promoting the disease. AML1 is one of the transcription factors activating 
myeloid differentiation and it has a counterpart in the fly [153]. When AML1 is fused with 
the repressor ETO, the differentiation is inhibited while the proliferation of multilineage pro-
genitors is activated, leading to acute myeloid leukemia. AML1-ETO expression in Drosophila 
causes the same effect, confirming the fly as a good genetic model for leukemia [153, 154].

The great availability of genetic tools in the fly contributed to defining the innate immune 
system and to establishing that it is a specific mechanism. In fact, Drosophila can respond 
specifically to pathogens, discriminating between classes of surface molecules on differ-
ent intruders. AMPs have different targets, for instance drosomycin acts on fungi, defen-
sin on Gram-positive bacteria, and drosocin on Gram-negative bacteria [155]. Moreover, the 
sequences of AMPs are conserved between humans and insects [156]. Not only is the defense 
mechanism evolutionarily conserved, but also is the molecular pattern promoting innate 
immune reactions. Toll and Imd are the two master genes of Drosophila immunity, but FoxO, 
JAK/STAT, and JNK transduction also play a part [157]. After pathogen detection, Toll and 
Imd induce a cascade of events that finally release the antimicrobial peptides in fat body cells 
through the activation of the NF-κB transcription factors Dif, homolog of Dorsal, and Relish, 
respectively [155]. Toll encodes an interleukin 1 receptor-like protein that in Drosophila acts 
in parallel during two different processes: the dorsoventral specification and the immune 
response regulation [158]. Toll is activated by fungi and most Gram-positive bacteria and 
has a pivotal function both in the humoral response and in phagocytosis. Dissecting Toll 
signaling in Drosophila helped to understand toll-like receptors that play an important role 
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in inflammatory responses [159–161]. The Immune deficiency (Imd) signaling is mainly 
involved in the Drosophila reaction to Gram-negative bacterial infection [162]. The flies are 
also helpful in examining the defense against viral infection as they share with humans some 
proteins, named restriction factors, involved in the reaction to viral infection. Restriction fac-
tors, for instance Pastrel in Drosophila, are induced in host cells by virus infection and they 
can recognize specific viral elements, but the mechanism by which they act in insects is not 
very clear yet [163].

In order to examine immunity in the fly, an efficient and simple procedure has been devel-
oped to elucidate the physiological effect after infection and to quantify the pathogen load. 
It consists in scoring bacterial load, fly mortality, and also evaluating the effect on immune 
transcription factors after the direct introduction of bacteria in the fly body cavity, eluding the 
epithelial barrier [164].

The innate immunity contributes to Drosophila homeostasis and it is regulated by endocrine 
and metabolic systems. Since immune dysfunction leads to several human diseases, includ-
ing autoimmune disorders, allergy, and intestinal infections, it is fruitful to use this model 
organism to better understand how all these systems are regulated. The fruit fly is also used to 
investigate the association between the microbiome and host, trying to characterize the resis-
tance and tolerance mechanisms that are conserved in humans [165–167]. Circadian rhythms 
also participate in immune regulation both in Drosophila and in humans providing another 
similarity between organisms [168].

3. Conclusions

As illustrated throughout these two chapters, Drosophila melanogaster has been an invaluable 
tool for unlocking mechanisms contributing to the pathogenesis of many diseases such as can-
cer, diabetes, obesity, neurodegenerative disorders, kidney disease, immunological impair-
ments, and many others. Given the advances in the field of genetics, new tools and techniques 
are continually being developed that will keep flies at the forefront of biomedical research.
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can recognize specific viral elements, but the mechanism by which they act in insects is not 
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oped to elucidate the physiological effect after infection and to quantify the pathogen load. 
It consists in scoring bacterial load, fly mortality, and also evaluating the effect on immune 
transcription factors after the direct introduction of bacteria in the fly body cavity, eluding the 
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The innate immunity contributes to Drosophila homeostasis and it is regulated by endocrine 
and metabolic systems. Since immune dysfunction leads to several human diseases, includ-
ing autoimmune disorders, allergy, and intestinal infections, it is fruitful to use this model 
organism to better understand how all these systems are regulated. The fruit fly is also used to 
investigate the association between the microbiome and host, trying to characterize the resis-
tance and tolerance mechanisms that are conserved in humans [165–167]. Circadian rhythms 
also participate in immune regulation both in Drosophila and in humans providing another 
similarity between organisms [168].

3. Conclusions

As illustrated throughout these two chapters, Drosophila melanogaster has been an invaluable 
tool for unlocking mechanisms contributing to the pathogenesis of many diseases such as can-
cer, diabetes, obesity, neurodegenerative disorders, kidney disease, immunological impair-
ments, and many others. Given the advances in the field of genetics, new tools and techniques 
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Abstract

Parkinson’s disease (PD) is a medical condition that has been known since ancient times. 
It is the second most common neurodegenerative disorder affecting approximately 1% 
of the population over 50 years. It is characterized by both motor and non-motor symp-
toms. Most of PD cases are sporadic while 5–10% cases are familial. Environment factors 
such as exposure to pesticides, herbicides and other heavy metals are expected to be 
the main cause of sporadic form of the disease. Mutation of the susceptible genes such 
as SNCA, PINK1, PARKIN, DJ1, and others are considered to be the main cause of the 
familial form of disease. Drosophila offers many advantages for studying human neuro-
degenerative diseases and their underlying molecular and cellular pathology. Shorter 
life span; large number of progeny; conserved molecular mechanism(s) among fly, mice 
and human; availability of many techniques, and tools to manipulate gene expression 
makes drosophila a potential model system to understand the pathology associated with 
PD and to unravel underlying molecular mechanism(s) responsible for dopaminergic 
neurodegeneration in PD—understanding of which will be of potential assistance to 
develop therapeutic strategies to PD. In the present review, we made an effort to discuss 
the contribution of fly model to understand pathophysiology of PD, in understanding 
the biological functions of genes implicated in PD; to understand the gene-environment 
interaction in PD; and validation of clues that are generated through genome-wide asso-
ciation studies (GWAS) in human through fly; further to screen and develop potential 
therapeutic molecules for PD. In nutshell, fly has been a great model system which has 
immensely contributed to the biomedical research relating to understand and addressing 
the pathology of human neurological diseases in general and PD in particular.
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1. Introduction

Parkinson’s disease (PD) is a medical condition that has been known about since ancient times in 
Indian and Chinese civilization [1, 2]. It is referred to as Kampavata in the ancient Indian medical 
system of Ayurveda (“kampa” means tremor in Sanskrit). An Egyptian papyrus from the twelfth 
century BC mentions a king drooling with age [3]. In Western medical literature, the tremor symp-
tom was described by the physician Galen in 175 AD [4]. In 1817, James Parkinson wrote an essay 
on “shaking palsy” based on six cases that he had observed in his own practice and on walks 
around his neighborhood. The essay was intended to encourage others to study the disease. This 
established the disease as a recognized medical condition. He termed this medical condition as 
“shaking palsy or paralysis agitans”. He published a detailed medical essay entitled “An Essay on 
the Shaking Palsy” where he described shaking palsy as “involuntary tremulous motion, with 
lessened muscular power, in parts not in action and even when supported; with a propensity to 
bend the trunk forwards, and to pass from a walking to a running pace: the senses and intellects 
being uninjured” [5]. The term “Parkinson’s disease” was coined in 1865 by William Sanders 
and later popularized by French neurologist Jean Martin Charcot [6]. Charcot and colleagues 
described the clinical symptoms of this disease, noting two prototypes: the tremorous and the 
rigid or akinetic form. They described the detailed arthritic changes, dysautonomia, and pain 
that can accompany Parkinson’s disease. He recognized that PD patients are not markedly weak 
and do not necessarily have tremor [7]. All these observations instigated the curiosity among the 
clinicians to understand this condition better with an aim to improve the patient’s quality of life.

2. Pathophysiology

Parkinson’s disease is the second most common neurodegenerative disorder affecting approx-
imately 1% of the population over 50 years [8]. A central pathological hallmark of PD is the 
selective loss of dopamine (DA) neurons in the substantia nigra pars compacta (SN). These dopa-
minergic neurons are required for proper motor function, and their deficiency manifests its char-
acteristic features: bradykinesia, tremors, and rigidity [9]. A second neuropathological hallmark 
of PD is the Lewy body (LB), which is a cytoplasmic spherical proteinaceous inclusion. LBs have 
been reported to contain various proteins including α-synuclein, ubiquitin, parkin, and neu-
rofilaments [10]. The mechanisms by which α-synuclein and other proteins aggregate to form 
Lewy pathology are uncertain, but may involve oxidative modifications and/or cross-linking. 
Although, the neurodegeneration of PD was considered to be confined to dopaminergic cell loss 
in the SN, cell loss, and neuropathology is found to occur in other parts as well including the 
locus coeruleus, raphe, nucleus basalis of Meynert, dorsal motor nucleus of the vagus, cerebral 
cortex, olfactory bulb, and autonomic nervous system [11]. Several non-motor symptoms such as 
sleep disturbances, constipation, cognitive decline, depression, fear, anxiety, bladder problems, 
weight changes, fatigue and loss of energy, hypotension, and sexual problems can be dominant 
and debilitating in a sizeable number of patients, affecting the quality of their life [12]. Till date, 
treatments address only the symptoms but they fail to stop the progression of the disease and PD 
patients continue to experience a higher mortality rate compared to the general population [13].
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2.1. Sporadic Parkinson’s disease

A sporadic PD has unknown cause with implication of environmental influence coupled 
with genetic factors. The pathology of PD therefore may be multifactorial involving gene 
and environment interactions. Studies indicate role of neurotoxicants or neuroprotective 
compounds in pathogenesis of nigrostriatal degeneration, supporting the concept of associa-
tion between the environment and PD [14]. Additionally, the identification of the mutated 
α-synuclein (SNCA) gene that cause familial PD [15] as a risk factor for sporadic disease [16] 
provides a genetic background for the disease. Studies suggest that rural people, well water 
consumption, pesticide use, and occupations like rural farming, mining, and welding have an 
increased risk of PD [17, 18]. Epidemiological studies suggest association of PD with environ-
mental toxic factors, primarily the mitochondrial complex I inhibitors such as rotenone [19]. 
Some other findings suggest that exposure to pesticide such as bipyridyl, organochlorine, and 
carbamate derivatives could contribute to PD [20].

2.2. 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)

Exploring the contribution of environmental exposure markedly advanced our understanding 
of the mechanisms involved in the development of PD. Initial evidence came from findings 
that subjects exposed to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) developed 
PD-like symptoms [21]. MPTP was accidentally discovered in a synthesis process that went 
wrong, and, although it may have caused some problems in certain circles, today it represents 
the most important and most frequently used parkinsonian toxin applied in animal models. 
1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is a representative strong neurotoxin 
that has been recognized from several young drug addicts from Northern California devel-
oped severe parkinsonism [22]. Since then, environmental exposure to pesticides [23], poly-
chlorinated biphenyls [24], organic solvents [25], metals [26], and air pollutants [27] has been 
proposed to increase risk for PD.

2.3. Mechanism of MPTP neurotoxicity

Though the exact mechanism regarding the mode of MPTP toxicity is not known, it has been 
postulated that MPP+ entry into dopaminergic neurons is dependent on selective uptake by 
dopamine transporter localizing it and interfering into mitochondrial activity. MPTP is not 
toxic per se, but becomes toxic once it is converted to 1-methyl-4-phenyl-2,3-dihydropyridin-
ium (MPDP+) by action of monoamine oxidase B (MAO-B) in glial cells and serotoninergic 
neurons [28] followed by oxidation into 1-methyl-4-phenylpyridinium (MPP+), which is a 
highly toxic compound [29]. Then the dopamine transporter (DAT) carries it to dopaminergic 
neurons leading to its accumulation in cytoplasm and into synaptic vesicles by the vesicu-
lar monoamine transporter (VMAT). The driving force of mitochondrial membrane potential 
lets MPP+ enter these organelles, where it blocks complex I [30]. This leads to abnormally 
increased concentrations of the toxin to interfere with mitochondrial respiration by blocking 
the mitochondrial oxidation. Thus it results in impairment of ATP synthesis and involving in 
the generation of oxidative stress.
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oped severe parkinsonism [22]. Since then, environmental exposure to pesticides [23], poly-
chlorinated biphenyls [24], organic solvents [25], metals [26], and air pollutants [27] has been 
proposed to increase risk for PD.

2.3. Mechanism of MPTP neurotoxicity

Though the exact mechanism regarding the mode of MPTP toxicity is not known, it has been 
postulated that MPP+ entry into dopaminergic neurons is dependent on selective uptake by 
dopamine transporter localizing it and interfering into mitochondrial activity. MPTP is not 
toxic per se, but becomes toxic once it is converted to 1-methyl-4-phenyl-2,3-dihydropyridin-
ium (MPDP+) by action of monoamine oxidase B (MAO-B) in glial cells and serotoninergic 
neurons [28] followed by oxidation into 1-methyl-4-phenylpyridinium (MPP+), which is a 
highly toxic compound [29]. Then the dopamine transporter (DAT) carries it to dopaminergic 
neurons leading to its accumulation in cytoplasm and into synaptic vesicles by the vesicu-
lar monoamine transporter (VMAT). The driving force of mitochondrial membrane potential 
lets MPP+ enter these organelles, where it blocks complex I [30]. This leads to abnormally 
increased concentrations of the toxin to interfere with mitochondrial respiration by blocking 
the mitochondrial oxidation. Thus it results in impairment of ATP synthesis and involving in 
the generation of oxidative stress.
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2.4. Paraquat

Paraquat (1,1-dimethyl-4,4′-bipyridinium dichloride) is a quaternary nitrogen herbicide 
widely used for broadleaf weed control. It is a fast-acting, non-selective compound which 
destroys tissues of green plants on contact and by translocation with the plant. Significant 
damage to the brain was seen in individuals who died from paraquat intoxication [31]. For 
many years, experimental studies using paraquat were focusing on its effects on lung, liver, 
and kidney, probably because the toxicity induced by this herbicide in these organs is respon-
sible for death after acute exposure [32]. Epidemiological studies in agricultural communities 
have suggested an increased risk for PD due to paraquat use, raising the possibility that para-
quat could be an environmental parkinsonian toxin. This chemical causes extensive oxidative 
stress in mitochondria of the cell, resulting in the perturbation of biochemical processes, cell 
death, multi-organ failure, and neurodegenerative diseases [33].

It is still vague about how the molecular mechanism of paraquat leads to cell death. However, 
studies have shown that paraquat can trigger the sequential phosphorylation of c-Jun 
N-terminal kinase (JNK), c-Jun, and the activation of caspase-3 consequently leading to neu-
ronal death both in vitro and in vivo [34], suggesting that JNK signaling pathway contributes 
to paraquat-induced neurodegeneration.

2.5. Rotenone

Rotenone is a commonly used natural pesticide prepared from the roots of certain tropical plants, 
such as Derris elliptica. It is a classical high-affinity-specific inhibitor of mitochondrial complex 
I. This lipophilic compound crosses the blood-brain barrier rapidly and accumulates in subcel-
lular organelles such as mitochondria where it impairs oxidative phosphorylation by inhibiting 
complex I of the electron transport chain [35]. Postmortem studies implicated mitochondrial 
impairments [36], and epidemiological studies suggested an association with environmental 
toxins, in particular mitochondrial complex I inhibitors such as rotenone [37]. In vitro, rotenone 
has been shown to produce cell apoptosis, accumulation, and aggregation of α-synuclein and 
ubiquitin, oxidative damage, and endoplasmic reticulum stress [38, 39]. In a study in post mor-
tem idiopathic PD brain, the substantia nigra is seen to comprise of a strong inhibition of com-
plex I activity [40] suggesting this could be the cause of degeneration of dopaminergic neurons.

3. Familial/genetic Parkinson’s disease

Till date, 15 known genes and 21 loci have been identified for familial PD. Some of the genes 
are discussed further.

3.1. SNCA

In a study involving a large Italian family, Polymeropoulos and colleagues identified the mis-
sense mutations in the SNCA gene. Through a traditional linkage approach, they managed 
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to track the underlying genetic injury to an area located in the long arm of human chro-
mosome number 4 [41]. This discovery has been a FRAME shift in the genetic research of 
PD. A separate study showed that the α-synuclein protein is the main constituent of the Lewy 
body which is the pathological hallmark of PD [42]. These two vital research findings brought 
about a link between sporadic and familial forms of PD.

Five different missense mutations in SNCA have been implicated in PD namely A53T, A30P, 
E46K, H50Q, and G51D mutation. Clinically, early age onset of parkinsonism with a posi-
tive initial response to levodopa treatment are seen among patients with missense mutations 
but later on the disease progresses rapidly with dementia as a common feature. Eventually, 
appearance of cognitive decline, hallucinations, and fluctuations of consciousness in patients 
becomes clear. Histopathological study reveals an abundant LB pathology [43].

3.2. LRRK2

An association between apparent autosomal-dominant parkinsonism and chromosome 
number 12 was suggested by findings on a study involving a large Japanese family [44]. 
Later it was established that mutations in the gene LRRK2 lead to the basic genetic cause 
of chromosome number 12 linked PD [45]. The most frequent LRRK2 mutation is G2019S, 
detected in approximately 1% of sporadic and about 3–6% of familial PD cases [46]. R1441G 
is the second most common mutation after G2019S [47]. Most of the LRRK2 cases described 
demonstrate LB in the brainstem accompanied by loss of neurons in the SN. Only a minority 
of cases exhibit neurofibrillary tangle pathology, glial cytoplasmic inclusions, or neuronal 
nigral loss without LB [45].

3.3. PARKIN

An uncommon syndrome characterized by early dystonia and problems from levodopa 
treatment, osteotendinous hyperreflexia and comparatively slow motor progression was 
described in Japan in 1973, which is now known to be an autosomal-recessive juvenile par-
kinsonism (AR-JP) [48]. Mutations in parkin gene was identified as a cause of this condition 
[49]. AR-JP maps to the long arm of chromosome number 6 and linked to the markers D6S305 
and D6S253 [50]. It was found that the former is deleted in an AR-JP Japanese patient [51]. By 
positional cloning within this microdeletion, Kitada and colleagues isolated a cDNA clone of 
2960 bp with a 1395 bp open reading frame which code a 465 amino acid protein consisting 
of an N-terminal ubiquitin-like domain and RING domain having two RING finger motifs. 
The gene spans more than 500 kb and has 12 exons of which 5 exons (3–7) are found to be 
deleted in the patient. Also four other AR-JP unrelated patients have a deletion that affect 
only the exon 4. A 4.5 kb transcript expressed in various human tissues abundantly in the 
brain, including the substantia nigra, is shorter in brain tissue from one of the groups of 
exon 4 deleted patients. Therefore inferring that the mutations in this newly identified gene is 
responsible for the pathogenesis of AR-JP. In a number of families, PD is related with hetero-
zygous parkin mutations through an apparently dominant way of transmission, suggesting 
that the carriers of a sole parkin mutation might be at risk to develop the PD [52].
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2.4. Paraquat

Paraquat (1,1-dimethyl-4,4′-bipyridinium dichloride) is a quaternary nitrogen herbicide 
widely used for broadleaf weed control. It is a fast-acting, non-selective compound which 
destroys tissues of green plants on contact and by translocation with the plant. Significant 
damage to the brain was seen in individuals who died from paraquat intoxication [31]. For 
many years, experimental studies using paraquat were focusing on its effects on lung, liver, 
and kidney, probably because the toxicity induced by this herbicide in these organs is respon-
sible for death after acute exposure [32]. Epidemiological studies in agricultural communities 
have suggested an increased risk for PD due to paraquat use, raising the possibility that para-
quat could be an environmental parkinsonian toxin. This chemical causes extensive oxidative 
stress in mitochondria of the cell, resulting in the perturbation of biochemical processes, cell 
death, multi-organ failure, and neurodegenerative diseases [33].

It is still vague about how the molecular mechanism of paraquat leads to cell death. However, 
studies have shown that paraquat can trigger the sequential phosphorylation of c-Jun 
N-terminal kinase (JNK), c-Jun, and the activation of caspase-3 consequently leading to neu-
ronal death both in vitro and in vivo [34], suggesting that JNK signaling pathway contributes 
to paraquat-induced neurodegeneration.

2.5. Rotenone

Rotenone is a commonly used natural pesticide prepared from the roots of certain tropical plants, 
such as Derris elliptica. It is a classical high-affinity-specific inhibitor of mitochondrial complex 
I. This lipophilic compound crosses the blood-brain barrier rapidly and accumulates in subcel-
lular organelles such as mitochondria where it impairs oxidative phosphorylation by inhibiting 
complex I of the electron transport chain [35]. Postmortem studies implicated mitochondrial 
impairments [36], and epidemiological studies suggested an association with environmental 
toxins, in particular mitochondrial complex I inhibitors such as rotenone [37]. In vitro, rotenone 
has been shown to produce cell apoptosis, accumulation, and aggregation of α-synuclein and 
ubiquitin, oxidative damage, and endoplasmic reticulum stress [38, 39]. In a study in post mor-
tem idiopathic PD brain, the substantia nigra is seen to comprise of a strong inhibition of com-
plex I activity [40] suggesting this could be the cause of degeneration of dopaminergic neurons.

3. Familial/genetic Parkinson’s disease

Till date, 15 known genes and 21 loci have been identified for familial PD. Some of the genes 
are discussed further.

3.1. SNCA

In a study involving a large Italian family, Polymeropoulos and colleagues identified the mis-
sense mutations in the SNCA gene. Through a traditional linkage approach, they managed 
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to track the underlying genetic injury to an area located in the long arm of human chro-
mosome number 4 [41]. This discovery has been a FRAME shift in the genetic research of 
PD. A separate study showed that the α-synuclein protein is the main constituent of the Lewy 
body which is the pathological hallmark of PD [42]. These two vital research findings brought 
about a link between sporadic and familial forms of PD.

Five different missense mutations in SNCA have been implicated in PD namely A53T, A30P, 
E46K, H50Q, and G51D mutation. Clinically, early age onset of parkinsonism with a posi-
tive initial response to levodopa treatment are seen among patients with missense mutations 
but later on the disease progresses rapidly with dementia as a common feature. Eventually, 
appearance of cognitive decline, hallucinations, and fluctuations of consciousness in patients 
becomes clear. Histopathological study reveals an abundant LB pathology [43].

3.2. LRRK2

An association between apparent autosomal-dominant parkinsonism and chromosome 
number 12 was suggested by findings on a study involving a large Japanese family [44]. 
Later it was established that mutations in the gene LRRK2 lead to the basic genetic cause 
of chromosome number 12 linked PD [45]. The most frequent LRRK2 mutation is G2019S, 
detected in approximately 1% of sporadic and about 3–6% of familial PD cases [46]. R1441G 
is the second most common mutation after G2019S [47]. Most of the LRRK2 cases described 
demonstrate LB in the brainstem accompanied by loss of neurons in the SN. Only a minority 
of cases exhibit neurofibrillary tangle pathology, glial cytoplasmic inclusions, or neuronal 
nigral loss without LB [45].

3.3. PARKIN

An uncommon syndrome characterized by early dystonia and problems from levodopa 
treatment, osteotendinous hyperreflexia and comparatively slow motor progression was 
described in Japan in 1973, which is now known to be an autosomal-recessive juvenile par-
kinsonism (AR-JP) [48]. Mutations in parkin gene was identified as a cause of this condition 
[49]. AR-JP maps to the long arm of chromosome number 6 and linked to the markers D6S305 
and D6S253 [50]. It was found that the former is deleted in an AR-JP Japanese patient [51]. By 
positional cloning within this microdeletion, Kitada and colleagues isolated a cDNA clone of 
2960 bp with a 1395 bp open reading frame which code a 465 amino acid protein consisting 
of an N-terminal ubiquitin-like domain and RING domain having two RING finger motifs. 
The gene spans more than 500 kb and has 12 exons of which 5 exons (3–7) are found to be 
deleted in the patient. Also four other AR-JP unrelated patients have a deletion that affect 
only the exon 4. A 4.5 kb transcript expressed in various human tissues abundantly in the 
brain, including the substantia nigra, is shorter in brain tissue from one of the groups of 
exon 4 deleted patients. Therefore inferring that the mutations in this newly identified gene is 
responsible for the pathogenesis of AR-JP. In a number of families, PD is related with hetero-
zygous parkin mutations through an apparently dominant way of transmission, suggesting 
that the carriers of a sole parkin mutation might be at risk to develop the PD [52].
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3.4. DJ1

A homozygous deletion and a missense mutation in the Daisuke-Junko-1 (DJ-1) gene as a 
cause of autosomal-recessive early onset PD was identified [53]. A number of novel DJ-1 muta-
tions have been discovered in patients with early onset PD. However, these mutations are 
rare and can be found in only   ̴about 1% of early onset PD cases [54]. At the clinical level, the 
phenotype of DJ-1 subjects is the same as that of parkin and PINK1-related parkinsonism, with 
age at onset (AAO) usually around the mid-30s, good response to levodopa treatment, slow 
disease progression, and often focal dystonia such as blepharospasm [55]. However, the neu-
ropathology of DJ-1-linked parkinsonism still remains unidentified.

3.5. PINK1

Mutations in the phosphate and tensin homolog-induced Putative kinase 1 (PINK1) were initially 
identified in a Sicilian family with autosomal-recessive parkinsonism [56]. In most of PINK1 
mutations, the type of mutation seen is missense. However, mutations of copy number, genetic, 
and exonic rearrangements have been described [57]. In both the cases of familial and sporadic 
PD, investigation of mutation has recognized homozygous and compound heterozygous type 
PINK1 mutations. This raised the potential role on a single PINK1 heterozygous mutation to be 
a possible risk factor for PD [58]. In a number of families, PINK1 mutations have been associated 
with early onset PD and PINK1 mutations association in sporadic cases is about 2–4%. In a clini-
cal phenotype, this type of parkinsonism is quite comparable to those seen among patients with 
parkin and DJ-1 mutations. They display progressive levodopa-responsive disease gradually [57].

3.6. Vacuolar protein sorting-associated protein 35 (VPS35)

Mutation in VPS35 causes monogenic form of PD was described by using exome sequencing 
in two separate studies with identification of p.D620N mutation in VPS35 among the mem-
bers of a Swiss kindred with a late onset, autosomal-dominant PD [59]. An independent study 
published the identification of the p.D620N mutation in a large multi-generation Austrian PD 
family and in two additional families screened for VPS35 mutations [60]. The VPS35-linked 
families reportedly fulfill the London Brain Bank criteria for PD, but there are fairly limited 
clinical and pathological details on these cases.

3.7. ATPase (P-type) 13A2 (ATP13A2)

In a neuronal P-type ATPase gene, ATP13A2, a loss of function was initially described in a con-
sanguineous Jordanian family [61]. Clinically, the subjects showed a very early onset of the dis-
ease accompanied by rigid-akinetic phenotype with reduced resting tremor, pyramidal syndrome,  
progressive cognitive impairment, vertical gaze palsy, mini myoclonus, insomnia, and levodopa 
responsive [61]. Mutations of this gene mapping on chromosome 1p36 cause PD in atypical form 
which is known as Kufor-Rakeb syndrome [62]. Clinical phenotype of this early onset pallido-pyra-
midal syndrome varies in severity but only a handful of cases and families have been reported [63, 64].

3.8. PLA2G6

Homozygous mutations in phospholipase A2 gene (PLA2G6) located on chromosome 22q13.1 
was reported in three patients of two inbred Pakistani families. The phenotypes were associated  
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with cognitive and psychiatric problems and dystonic features, pyramidal syndrome [65]. 
In an Asian group with early onset recessive parkinsonism caused by compound heterozy-
gous mutations in PLA2G6, the phenotype reported were frontotemporal lobar atrophy and 
dementia [66]. The PLA2G6 gene encodes a protein of phospholipase A2 group VI (PLA2G6), 
which act as catalysis of fatty acids elimination from phospholipids and involved in maintain-
ing membrane phospholipids homeostasis [67].

3.9. UCH-L1

Missense mutations of gene coding for the ubiquitin carboxyl-terminal hydrolase L1 (UCH-L1), 
an ubiquitin recycling enzyme located on chromosome 4p14 was reported in a German fam-
ily with an autosomal-dominant transmission PD [68]. The phenotype of affected individuals 
was consistent with that of idiopathic PD. An epidemiological study suggested an association 
between the UCH-L1 gene S18Y variant and PD [69]. Overexpression of UCH-L1 gene upregu-
lated aggresomes formation through dysfunction of proteasome system [70].

3.10. HtrA2

Various studies indicate risk factor for parkinsonism due to loss of function of the gene encod-
ing Omi/high temperature requiring A2 mitochondrial protein (HtrA2) in German [71] and 
Belgians PD patients [72]. The serine protease Omi/HtrA2 is released from mitochondria and 
promotes apoptosis [73] and mutations of Omi/HtrA2 gene affect its protease activity linked 
to mitochondrial dysfunction [71, 72]. Although it acts independently of parkin, Omi/HtrA2 
functions in the PINK1/parkin pathway downstream of PINK1 [74]. These findings were not 
confirmed in Omi/HtrA2 knockout mutants in contrast to PINK1 or parkin null mutants [75].

3.11. EIF4G1

Mutations in the eukaryotic translation initiation factor 4-gamma (EIF4G1) was identified 
as a risk factor in a study of a northern French family with autosomal-dominant late onset 
parkinsonism on the chromosome 3q26-q28. Genomic analysis identified a heterozygous 
mutation in EIF4G1 which was confirmed subsequently in 2 PD patients and 2 Lewy body 
disease patients among 225 more patients [76]. Further, in all the affected members of another 
multiplex unrelated family, a pathogenic mutation was detected including in one unaffected 
86-year-old family member suggesting an incomplete penetrance [77].

4. Animal models of Parkinson’s disease

4.1. Criteria for modeling PD in animals

Being a neurodegenerative disorder, the prominent hall mark of PD is progressive loss of 
dopaminergic neurons in the Substantia niagra parse compacta (SNpc) [78]. Together with DA 
neurons, there is a loss of cholinergic neurons, serotonergic neurons, and nor adrenergic neu-
rons in the brain [79]. The prominent biomarker being aggregation of Lewy bodies in intra-
cytoplasmic space [80]. A combination of all these features shows the hallmark motor and 
non-motor symptom of PD.
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3.4. DJ1

A homozygous deletion and a missense mutation in the Daisuke-Junko-1 (DJ-1) gene as a 
cause of autosomal-recessive early onset PD was identified [53]. A number of novel DJ-1 muta-
tions have been discovered in patients with early onset PD. However, these mutations are 
rare and can be found in only   ̴about 1% of early onset PD cases [54]. At the clinical level, the 
phenotype of DJ-1 subjects is the same as that of parkin and PINK1-related parkinsonism, with 
age at onset (AAO) usually around the mid-30s, good response to levodopa treatment, slow 
disease progression, and often focal dystonia such as blepharospasm [55]. However, the neu-
ropathology of DJ-1-linked parkinsonism still remains unidentified.

3.5. PINK1

Mutations in the phosphate and tensin homolog-induced Putative kinase 1 (PINK1) were initially 
identified in a Sicilian family with autosomal-recessive parkinsonism [56]. In most of PINK1 
mutations, the type of mutation seen is missense. However, mutations of copy number, genetic, 
and exonic rearrangements have been described [57]. In both the cases of familial and sporadic 
PD, investigation of mutation has recognized homozygous and compound heterozygous type 
PINK1 mutations. This raised the potential role on a single PINK1 heterozygous mutation to be 
a possible risk factor for PD [58]. In a number of families, PINK1 mutations have been associated 
with early onset PD and PINK1 mutations association in sporadic cases is about 2–4%. In a clini-
cal phenotype, this type of parkinsonism is quite comparable to those seen among patients with 
parkin and DJ-1 mutations. They display progressive levodopa-responsive disease gradually [57].

3.6. Vacuolar protein sorting-associated protein 35 (VPS35)

Mutation in VPS35 causes monogenic form of PD was described by using exome sequencing 
in two separate studies with identification of p.D620N mutation in VPS35 among the mem-
bers of a Swiss kindred with a late onset, autosomal-dominant PD [59]. An independent study 
published the identification of the p.D620N mutation in a large multi-generation Austrian PD 
family and in two additional families screened for VPS35 mutations [60]. The VPS35-linked 
families reportedly fulfill the London Brain Bank criteria for PD, but there are fairly limited 
clinical and pathological details on these cases.

3.7. ATPase (P-type) 13A2 (ATP13A2)

In a neuronal P-type ATPase gene, ATP13A2, a loss of function was initially described in a con-
sanguineous Jordanian family [61]. Clinically, the subjects showed a very early onset of the dis-
ease accompanied by rigid-akinetic phenotype with reduced resting tremor, pyramidal syndrome,  
progressive cognitive impairment, vertical gaze palsy, mini myoclonus, insomnia, and levodopa 
responsive [61]. Mutations of this gene mapping on chromosome 1p36 cause PD in atypical form 
which is known as Kufor-Rakeb syndrome [62]. Clinical phenotype of this early onset pallido-pyra-
midal syndrome varies in severity but only a handful of cases and families have been reported [63, 64].

3.8. PLA2G6

Homozygous mutations in phospholipase A2 gene (PLA2G6) located on chromosome 22q13.1 
was reported in three patients of two inbred Pakistani families. The phenotypes were associated  
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with cognitive and psychiatric problems and dystonic features, pyramidal syndrome [65]. 
In an Asian group with early onset recessive parkinsonism caused by compound heterozy-
gous mutations in PLA2G6, the phenotype reported were frontotemporal lobar atrophy and 
dementia [66]. The PLA2G6 gene encodes a protein of phospholipase A2 group VI (PLA2G6), 
which act as catalysis of fatty acids elimination from phospholipids and involved in maintain-
ing membrane phospholipids homeostasis [67].

3.9. UCH-L1

Missense mutations of gene coding for the ubiquitin carboxyl-terminal hydrolase L1 (UCH-L1), 
an ubiquitin recycling enzyme located on chromosome 4p14 was reported in a German fam-
ily with an autosomal-dominant transmission PD [68]. The phenotype of affected individuals 
was consistent with that of idiopathic PD. An epidemiological study suggested an association 
between the UCH-L1 gene S18Y variant and PD [69]. Overexpression of UCH-L1 gene upregu-
lated aggresomes formation through dysfunction of proteasome system [70].

3.10. HtrA2

Various studies indicate risk factor for parkinsonism due to loss of function of the gene encod-
ing Omi/high temperature requiring A2 mitochondrial protein (HtrA2) in German [71] and 
Belgians PD patients [72]. The serine protease Omi/HtrA2 is released from mitochondria and 
promotes apoptosis [73] and mutations of Omi/HtrA2 gene affect its protease activity linked 
to mitochondrial dysfunction [71, 72]. Although it acts independently of parkin, Omi/HtrA2 
functions in the PINK1/parkin pathway downstream of PINK1 [74]. These findings were not 
confirmed in Omi/HtrA2 knockout mutants in contrast to PINK1 or parkin null mutants [75].

3.11. EIF4G1

Mutations in the eukaryotic translation initiation factor 4-gamma (EIF4G1) was identified 
as a risk factor in a study of a northern French family with autosomal-dominant late onset 
parkinsonism on the chromosome 3q26-q28. Genomic analysis identified a heterozygous 
mutation in EIF4G1 which was confirmed subsequently in 2 PD patients and 2 Lewy body 
disease patients among 225 more patients [76]. Further, in all the affected members of another 
multiplex unrelated family, a pathogenic mutation was detected including in one unaffected 
86-year-old family member suggesting an incomplete penetrance [77].

4. Animal models of Parkinson’s disease

4.1. Criteria for modeling PD in animals

Being a neurodegenerative disorder, the prominent hall mark of PD is progressive loss of 
dopaminergic neurons in the Substantia niagra parse compacta (SNpc) [78]. Together with DA 
neurons, there is a loss of cholinergic neurons, serotonergic neurons, and nor adrenergic neu-
rons in the brain [79]. The prominent biomarker being aggregation of Lewy bodies in intra-
cytoplasmic space [80]. A combination of all these features shows the hallmark motor and 
non-motor symptom of PD.
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A suitable model for PD should show histopathologically characterizable progressive loss of DA 
neurons together with other neurons and significant reduction in DA level. Moreover, the onset 
of the disease should be in adulthood this should manifest in such a way that it would mimic 
the PD-affected human motor symptom such as bradykinesia, rigidity, postural instability, and 
resting tremor, with motor features being responsive to L-DOPA or any anti-PD drug therapy. 
Even though non human primate and mouse has been the traditional model of PD, because of 
low cost of maintenance, shorter life cycle, and defined neuropathological profile is making 
zebrafish and Drosophila are among the emerging and more interesting model of PD [81].

4.2. Advantages and limitation of modeling PD using drosophila

4.2.1. Advantages

Drosophila offers many advantages for studying human neurodegenerative diseases and their 
underlying molecular and cellular pathology. Benefits include a faster time frame due to the 
shorter life span of the fly (10–14 day from pupae to adult), large number of progeny, avail-
ability of many techniques, and tools to manipulate gene expression [82]. Also Drosophila has 
been studied for longer than any other model out there which makes its anatomy and pheno-
types very well known to experimental biologists [83]. A well developed CNS and prominent 
number of DA neurons [84] combined with well characterized behaviors which are conserved 
among strains in 90% cases [85] makes fly very cost effective and efficient model. Genetically, 
it has been estimated that nearly 75% of disease-related genes in humans have functional 
orthologs in the fly [86]. While overall similarity at nucleotide or protein level is 40% but in 
conserved domain it is 80–90% or higher [87].

4.2.2. Disadvantages

The major difference being an invertebrate there will be some prominent difference in physiol-
ogy with human (e.g., brain anatomy, cardio vascular system, and respiratory system) which 
relating complex motor behavior with human a difficult task [88]. For CNS-related studies, 
there is also an issue on blood-brain permeability difference [89]. The metabolic differences 
are also to be considered when studying drug efficacy and toxin-induced disease phenotype.

4.3. Relevance of study of PD in flies

4.3.1. Drosophila mimicking human PD symptoms

Although the physiological difference between human and flies are very prominent core 
pathology observed in human PD can be produced in a very accurate extent by toxin-induced 
or transgenic modification. It is as accurate as area specific and age-dependent DA neuron 
loss as observed in PD condition and hallmark PD biomarker the LB and LN inclusions are 
visible in transgenic system [90]. Drosophila also performs complex behavior such as mating, 
aggression, conditioning to fear, learning and motor behaviors such as flying, climbing, and 
walking [85] which like human are affected by the PD onset and progression. These multi-
tudes of behavior are very much helpful in characterizing different aspects of PD.
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4.4. Physiological attributes of fly brain

Drosophila model of PD has two principle phenotypes: the specific loss of DAergic neurons 
with aging brain and defects in motor behavior. In fly brain, the DA neurons are distributed 
as a group of clusters throughout the brain and project their effect on different behavioral pat-
terns of the fly by different functional areas of the adult brain. Target areas include:

• The mushroom bodies: involved in memory formation and motivation.

• The Central Complex: controls the motor behavior.

The phenomenon of different part of brain controlling different behavior pattern highly 
resembles the mammalian brain (Figure 1) [84].

4.5. Genetic similarity between Drosophila and human

Drsophila shares 61% homology with human genetically. In fact all the familial or sporadic 
genes reported so far in human associated with parkinsonism are available in Drosophila as a 

Figure 1. (A and C) Schematic representation of an adult fly brain with the distribution of DA neurons grouped in 
clusters and arranged with bilateral symmetry (image adapted from Botella et al. [91]). (B and D) Confocal Z-stack of 
TH > mCD8::GFP brain; anti-nc82 immunoreactivity together with GFP labeling reveals dopaminergic neurons in the 
anterior and posterior brain (image adapted from White et al. [84]).
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A suitable model for PD should show histopathologically characterizable progressive loss of DA 
neurons together with other neurons and significant reduction in DA level. Moreover, the onset 
of the disease should be in adulthood this should manifest in such a way that it would mimic 
the PD-affected human motor symptom such as bradykinesia, rigidity, postural instability, and 
resting tremor, with motor features being responsive to L-DOPA or any anti-PD drug therapy. 
Even though non human primate and mouse has been the traditional model of PD, because of 
low cost of maintenance, shorter life cycle, and defined neuropathological profile is making 
zebrafish and Drosophila are among the emerging and more interesting model of PD [81].

4.2. Advantages and limitation of modeling PD using drosophila

4.2.1. Advantages

Drosophila offers many advantages for studying human neurodegenerative diseases and their 
underlying molecular and cellular pathology. Benefits include a faster time frame due to the 
shorter life span of the fly (10–14 day from pupae to adult), large number of progeny, avail-
ability of many techniques, and tools to manipulate gene expression [82]. Also Drosophila has 
been studied for longer than any other model out there which makes its anatomy and pheno-
types very well known to experimental biologists [83]. A well developed CNS and prominent 
number of DA neurons [84] combined with well characterized behaviors which are conserved 
among strains in 90% cases [85] makes fly very cost effective and efficient model. Genetically, 
it has been estimated that nearly 75% of disease-related genes in humans have functional 
orthologs in the fly [86]. While overall similarity at nucleotide or protein level is 40% but in 
conserved domain it is 80–90% or higher [87].

4.2.2. Disadvantages

The major difference being an invertebrate there will be some prominent difference in physiol-
ogy with human (e.g., brain anatomy, cardio vascular system, and respiratory system) which 
relating complex motor behavior with human a difficult task [88]. For CNS-related studies, 
there is also an issue on blood-brain permeability difference [89]. The metabolic differences 
are also to be considered when studying drug efficacy and toxin-induced disease phenotype.

4.3. Relevance of study of PD in flies

4.3.1. Drosophila mimicking human PD symptoms

Although the physiological difference between human and flies are very prominent core 
pathology observed in human PD can be produced in a very accurate extent by toxin-induced 
or transgenic modification. It is as accurate as area specific and age-dependent DA neuron 
loss as observed in PD condition and hallmark PD biomarker the LB and LN inclusions are 
visible in transgenic system [90]. Drosophila also performs complex behavior such as mating, 
aggression, conditioning to fear, learning and motor behaviors such as flying, climbing, and 
walking [85] which like human are affected by the PD onset and progression. These multi-
tudes of behavior are very much helpful in characterizing different aspects of PD.
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4.4. Physiological attributes of fly brain

Drosophila model of PD has two principle phenotypes: the specific loss of DAergic neurons 
with aging brain and defects in motor behavior. In fly brain, the DA neurons are distributed 
as a group of clusters throughout the brain and project their effect on different behavioral pat-
terns of the fly by different functional areas of the adult brain. Target areas include:

• The mushroom bodies: involved in memory formation and motivation.

• The Central Complex: controls the motor behavior.

The phenomenon of different part of brain controlling different behavior pattern highly 
resembles the mammalian brain (Figure 1) [84].

4.5. Genetic similarity between Drosophila and human

Drsophila shares 61% homology with human genetically. In fact all the familial or sporadic 
genes reported so far in human associated with parkinsonism are available in Drosophila as a 

Figure 1. (A and C) Schematic representation of an adult fly brain with the distribution of DA neurons grouped in 
clusters and arranged with bilateral symmetry (image adapted from Botella et al. [91]). (B and D) Confocal Z-stack of 
TH > mCD8::GFP brain; anti-nc82 immunoreactivity together with GFP labeling reveals dopaminergic neurons in the 
anterior and posterior brain (image adapted from White et al. [84]).
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homolog. But there is no homolog for the gene α-synuclein which produces Lewy bodies and 
Lewy neuritis at the extracellular matrix of brain a hallmark biomarker under PD condition in 
mammalian brain. Nevertheless α-synuclein transgenic models respond very well under PD 
conditions and recapitulate the PD phenotypes. Given (Table 1) are the list of parkinsonian 
genes and their homologs in flies.

5. Gene-environment interaction studies in PD

The identification of PD symptoms subsequent to ingestion of MPTP led to the idea that 
environmental factors could be related to the causes of pathogenesis of the disease. When 
ingested, MPTP is metabolized to neurotoxin MPP+ which was originally developed as an 
herbicide, cyperquat. The chemical structure of MPP+ is similar to that of the widely used 
herbicide paraquat. This finding suggested that exposure to environmental factors such as 
pesticide, herbicides may contribute to human sporadic PD. Over the years, environmental 
factors, including pesticides and herbicides, metals, tobacco and caffeine, head injuries, etc. 
have been largely considered as possible PD risk factors.

Over the last few decades either through genetic or toxin challenges many animal models 
have been developed to study PD. Using Drosophila melanogaster as a model has proved to 
be of great value and has contributed significantly toward understanding the mechanism 
underlying PD pathogenesis. Table 2 illustrates the interaction studies between environmen-
tal toxins and PD genes using Drosophila model.

Gene/protein Inheritance Fly homolog Protein function

α-Synuclein AD None Pre-synaptic protein

Parkin AR Parkin/CG10523 E3 ubiquitin ligase

UCH-L1 unclear Uch/CG4265 E3 ubiquitin hydrolase/ligase

PINK1 AR Pink1/CG4523 Mitochondrial kinase

DJ-1 AR DJ-1a/CG6646
DJ-1b/CG1349

Redox sensor/Chaperone

LRRK2 AD lrrk2/CG5483 Kinase/GTPase

HtrA2 AD HtrA2/CG8486 Mitochondrial pro-apoptotic protease

GBA unclear CG33090 Lysosomal enzyme

POLG unclear tamas/CG8987 Mitochondrial DNA polymerase

Tau unclear tau/CG31057 Microtubule stabilization

Notes: UCH-L1 = ubiquitin carboxyl-terminal esterase L1; PINK1 = PTEN-induced putative kinase 1; LRRK2 = leucine-
rich repeat kinase 2; HtrA2 = high temperature requirement protein A2; GBA = glucocerebrosidase; POLG = polymerase 
gamma; AD = autosomal dominant; AR = autosomal recessive.

Table 1. Showing parkinsonian genes and their fly homologs [92].
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Environmental toxins such as paraquat (herbicide) increases the risk factors for PD and 
this susceptibility is influenced by the genetic background. Fly model exposed to para-
quat shows neurodegenerative symptoms induced by oxidative stress which are similar 
with most behavioral characters of PD. As seen from epidemiological studies, male flies 
are more susceptibility to paraquat toxicity than female flies. Drosophila mutant for dopa-
mine regulating genes show variable susceptibility to paraquat such as mutations which 
increase DA pathway function helps in reducing paraquat neurotoxicity while loss of func-
tion mutations increases susceptibility to paraquat by decreasing dopamine levels. The loss 
of function mutation in negative regulator of DA production (Catecholamines-up (Catsup)) 
acts by delaying the onset of PD symptoms and loss of DA neurons and confers protection 
against paraquat exposure [99]. Drosophila DJ-1 mutants developed motor deficits when 
exposed to paraquat [100]. Loss of function of DJ-1β mutants confers resistance to paraquat 
and lowers mortality of DA neuron and overexpression of DJ-1α in DA neurons, protects 
against paraquat toxicity [95]. Acute paraquat exposure in Drosophila showed elevated lev-
els of oxidative stress markers and mitochondrial dysfunction [101]. Role of ubiquitin pro-
teosome system (UPS) to sporadic PD is not very clear though it is a potential target for PD 
risk associated with pesticide [102]. Data from epidemiological studies show that paraquat 
in addition with maneb or ziram increases PD risk [103]. Drosophila knockdown of E1 ligase 
when exposed to paraquat + maneb showed significant DA neuron loss thus imply syner-
gistic effects of the pesticides on risk for PD [104].

Rotenone exposure suppresses proteasomal activity through ATP depletion thus inhibiting 
mitochondrial function [105]. Parkin through its E3 ligase function offers neuroprotection 
against neuronal insults including rotenone [106]. Rotenone alters parkin solubility increas-
ing intracellular aggregation and S-nitrosylation of parkin [107]. Loss of parkin increases 
rotenone-induced DA cell death in mice [108]. Drosophila shows negative geotaxis character-
istics and rotenone exposure has shown to cause mortality and locomotor defects affecting 
the climbing ability of flies [109]. Rotenone also inhibits learning and memory functions in 
fly and the damage caused shows severe effect than those in α-synuclein A30P mutant [110]. 

Gene/protein Toxin(s) Observations Reference

α-Synuclein Rotenone Drosophila larvae expressing mutant human α-synuclein showed 
significant loss of DA neurons and deficit in locomotion

[93]

DJ-1 Paraquat
Rotenone

DJ-1 KO flies selectively sensitive to oxidative stress induced by 
toxins

[94]
[95]

LRRK2 Rotenone hLRRk2 transgenic flies showed loss of DA neurons and sensitivity 
to environmental toxin

[96]

Parkin Rotenone Transgenic flies expressing parkin mutation show age-dependent 
DA neuron degeneration and locomotor deficits

[97]

PINK1 Rotenone Flies expressing PINK1 mutations show increased rates of mortality 
in the mutants

[98]

Table 2. Gene-environment interaction studies in drosophila model of PD.
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Lewy neuritis at the extracellular matrix of brain a hallmark biomarker under PD condition in 
mammalian brain. Nevertheless α-synuclein transgenic models respond very well under PD 
conditions and recapitulate the PD phenotypes. Given (Table 1) are the list of parkinsonian 
genes and their homologs in flies.

5. Gene-environment interaction studies in PD

The identification of PD symptoms subsequent to ingestion of MPTP led to the idea that 
environmental factors could be related to the causes of pathogenesis of the disease. When 
ingested, MPTP is metabolized to neurotoxin MPP+ which was originally developed as an 
herbicide, cyperquat. The chemical structure of MPP+ is similar to that of the widely used 
herbicide paraquat. This finding suggested that exposure to environmental factors such as 
pesticide, herbicides may contribute to human sporadic PD. Over the years, environmental 
factors, including pesticides and herbicides, metals, tobacco and caffeine, head injuries, etc. 
have been largely considered as possible PD risk factors.

Over the last few decades either through genetic or toxin challenges many animal models 
have been developed to study PD. Using Drosophila melanogaster as a model has proved to 
be of great value and has contributed significantly toward understanding the mechanism 
underlying PD pathogenesis. Table 2 illustrates the interaction studies between environmen-
tal toxins and PD genes using Drosophila model.

Gene/protein Inheritance Fly homolog Protein function

α-Synuclein AD None Pre-synaptic protein

Parkin AR Parkin/CG10523 E3 ubiquitin ligase

UCH-L1 unclear Uch/CG4265 E3 ubiquitin hydrolase/ligase

PINK1 AR Pink1/CG4523 Mitochondrial kinase

DJ-1 AR DJ-1a/CG6646
DJ-1b/CG1349

Redox sensor/Chaperone

LRRK2 AD lrrk2/CG5483 Kinase/GTPase

HtrA2 AD HtrA2/CG8486 Mitochondrial pro-apoptotic protease

GBA unclear CG33090 Lysosomal enzyme

POLG unclear tamas/CG8987 Mitochondrial DNA polymerase

Tau unclear tau/CG31057 Microtubule stabilization

Notes: UCH-L1 = ubiquitin carboxyl-terminal esterase L1; PINK1 = PTEN-induced putative kinase 1; LRRK2 = leucine-
rich repeat kinase 2; HtrA2 = high temperature requirement protein A2; GBA = glucocerebrosidase; POLG = polymerase 
gamma; AD = autosomal dominant; AR = autosomal recessive.

Table 1. Showing parkinsonian genes and their fly homologs [92].
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Environmental toxins such as paraquat (herbicide) increases the risk factors for PD and 
this susceptibility is influenced by the genetic background. Fly model exposed to para-
quat shows neurodegenerative symptoms induced by oxidative stress which are similar 
with most behavioral characters of PD. As seen from epidemiological studies, male flies 
are more susceptibility to paraquat toxicity than female flies. Drosophila mutant for dopa-
mine regulating genes show variable susceptibility to paraquat such as mutations which 
increase DA pathway function helps in reducing paraquat neurotoxicity while loss of func-
tion mutations increases susceptibility to paraquat by decreasing dopamine levels. The loss 
of function mutation in negative regulator of DA production (Catecholamines-up (Catsup)) 
acts by delaying the onset of PD symptoms and loss of DA neurons and confers protection 
against paraquat exposure [99]. Drosophila DJ-1 mutants developed motor deficits when 
exposed to paraquat [100]. Loss of function of DJ-1β mutants confers resistance to paraquat 
and lowers mortality of DA neuron and overexpression of DJ-1α in DA neurons, protects 
against paraquat toxicity [95]. Acute paraquat exposure in Drosophila showed elevated lev-
els of oxidative stress markers and mitochondrial dysfunction [101]. Role of ubiquitin pro-
teosome system (UPS) to sporadic PD is not very clear though it is a potential target for PD 
risk associated with pesticide [102]. Data from epidemiological studies show that paraquat 
in addition with maneb or ziram increases PD risk [103]. Drosophila knockdown of E1 ligase 
when exposed to paraquat + maneb showed significant DA neuron loss thus imply syner-
gistic effects of the pesticides on risk for PD [104].

Rotenone exposure suppresses proteasomal activity through ATP depletion thus inhibiting 
mitochondrial function [105]. Parkin through its E3 ligase function offers neuroprotection 
against neuronal insults including rotenone [106]. Rotenone alters parkin solubility increas-
ing intracellular aggregation and S-nitrosylation of parkin [107]. Loss of parkin increases 
rotenone-induced DA cell death in mice [108]. Drosophila shows negative geotaxis character-
istics and rotenone exposure has shown to cause mortality and locomotor defects affecting 
the climbing ability of flies [109]. Rotenone also inhibits learning and memory functions in 
fly and the damage caused shows severe effect than those in α-synuclein A30P mutant [110]. 

Gene/protein Toxin(s) Observations Reference

α-Synuclein Rotenone Drosophila larvae expressing mutant human α-synuclein showed 
significant loss of DA neurons and deficit in locomotion

[93]

DJ-1 Paraquat
Rotenone

DJ-1 KO flies selectively sensitive to oxidative stress induced by 
toxins

[94]
[95]

LRRK2 Rotenone hLRRk2 transgenic flies showed loss of DA neurons and sensitivity 
to environmental toxin

[96]

Parkin Rotenone Transgenic flies expressing parkin mutation show age-dependent 
DA neuron degeneration and locomotor deficits

[97]

PINK1 Rotenone Flies expressing PINK1 mutations show increased rates of mortality 
in the mutants

[98]

Table 2. Gene-environment interaction studies in drosophila model of PD.
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Exposure of adult Drosophila to sublethal doses of rotenone causes concentration-dependent 
locomotor deficiencies, specific dopaminergic neuronal loss, and reduction in the DA levels in 
flies [111]. Non-motor symptoms such as circadian rhythms in Drosophila are also altered fol-
lowing exposure to rotenone [112]. All these studies highlight the utility of drosophila model 
to understand the gene-environment interaction in PD.

5.1. Drosophila PD models and associated tools

Drosophila is proved to be one of the important genetic models to study the disease mechanism 
in PD. Even though with limitations, the fly model enables rapid and elaborate genetic study, 
providing in depth cell and molecular studies which offers a unique look into the mechanisms 
and pathways underlying PD pathogenesis [113]. Currently 14 genes for PD have been identi-
fied of which 12 genes have homology with Drosphila. Loss of function and gain of function 
analysis using fly model would provide insights into the mechanism of action of these genes 
associated with PD (Table 3).

5.2. Mitochondrial genetics of PD: insights from drosophila model

Drosophila model has made major contribution in the research area of mitochondrial genet-
ics. The early hints of PINK1/parkin on mitochondrial homeostasis came from studies using 
Drosophila model [98, 114, 115]. The most compelling evidence for a mitochondrial etiology of 

Gene/symbol Drosophila 
homolog

(Over)Expression 
construct

(Over)Expression 
construct with point 
mutation

Loss of function 
mutants

SNCA/ PARK1 No YES YES NO

PARK2 encoding parkin/ PARK2 Parkin YES YES YES

UCHL1/PARK5 Uch NO NO NO

PINK1/PARK6 Pink1 YES YES YES

PARK7 encoding DJ1/PARK7 Dj-1α and Dj-1β YES NO YES

LRRK2/PARK8 Lrrk YES YES YES

ATP13A2/PARK9 CG32000 YES NO NO

HTRA2/PARK13 Htra2 YES YES YES

PLA2G6/PARK14 iPLA2-VIA NO NO YES

FBOX7/PARK15 No homolog YES YES NO

VPS35/PARK17 Vps35 YES Yes YES

EIG4G1/PARK18 eIF4G No NO NO

DNAJC6/PARK19 auxillin YES NO YES

SYNJ1/PARK20 Synj YES YES NO

Table 3. Drosophila model of Parkinson’s disease (genetic) (adapted from Vanhauwaert and Verstreken [113]).
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PD was derived from the study of genes mediating familial forms of the disease in fly model 
[116, 117]. Mutations in Pink1 (PARK6), which encodes a serine-threonine kinase localized 
to mitochondria and parkin (PARK2), which encodes a RING finger-containing E3 ubiquitin 
ligase have been found in recessively inherited and sporadic PD cases [56, 118]. Drosophila 
PINK1 and parkin function in the same genetic pathway, with pink1 acting upstream of par-
kin, to regulate mitochondrial integrity in testes, muscle, and dopaminergic neurons [98, 115, 
119]. Flies lacking PINK1 or parkin function are viable and show muscle degeneration and 
TUNEL staining, indicative of cell death [98, 115, 119]. Parkin and PINK1 mutant flies show 
locomotor defects, abnormal wing position, and dented thoraces [98, 115, 119]. Mitochondrial 
defects seen in parkin or PINK1 mutant flies are majorly found in the muscle cells though 
other cell types like DA neurons in the fly brain also show mitochondrial defects which sug-
gests that loss of PINK1 or parkin would result in systemic mitochondrial defects but not 
extended to all tissues with similar extent [98, 115, 119]. PINK1 and parkin mutant flies show 
very similar phenotypes suggesting that these genes act together in protecting mitochondria 
from damage. Drosophila expressing wild-type parkin in a PINK1 mutant partially rescues 
PINK1-associated phenotypes. Alternatively, PINK1 wild type expression in a parkin mutant 
does not rescue the parkin-associated phenotypes which shows that parkin acts downstream 
of PINK1 [98, 115]. Parkin is also associated with degradation of mitochondria by autophagy 
and proteasomal degradation of mitochondrial components [113, 120].

Mitochondrial DNA mutations were first associated with different sporadic or maternally 
inherited neuromuscular disorders [121]. These disorders were characterized by either the 
accumulation of multiple mtDNA deletions in post-mitotic tissues [122] or tissue-specific 
mtDNA depletion [123], and a genetic defect affecting nuclear genes involved in mtDNA rep-
lication and maintenance [124]. Mitochondrial DNA often exists in a state of heteroplasmy 
(cells carrying mtDNA of different genotypes), in which mutant mtDNA co-exists in cells with 
wild-type mtDNA. Pathology is seen when the frequency of such a mutation reaches a thresh-
old [125]. It accumulates throughout life and is thought to contribute to diseases of aging 
that include neurodegeneration, metabolic disorders, cancer, heart disease, and sarcopenia 
[126, 127]. A new investigation of mtDNA in the dopaminergic neurons [128] expanded the 
previous results showing a prevalent deletion in single neurons on a background of multiple 
mtDNA deletions [129]. It showed that complex I and complex II are most consistently affected 
in single neurons, which also displayed a reduced mtDNA copy number [128]. Stimulation of 
autophagy, activation of the PINK1/parkin pathway, or decreased levels of mitofusin results 
in a selective decrease in lethal mtDNA deletion [130]. Similar to flies lacking parkin, the flies 
with mtDNA deletions display striking mitochondrial abnormalities such as disrupted cristae 
resulting in reduced ATP levels leading to apoptosis and subsequently neurodegeneration.

These dynamic processes regulate mitochondrial function by enabling mitochondrial recruit-
ment to critical subcellular compartments, content exchange between mitochondria, mito-
chondrial shape control, mitochondrial communication with the cytosol, and mitochondrial 
quality control making the mitochondria readily adapt to changes in cellular requirements. 
When mitochondrial dynamics is disrupted, cellular dysfunction follows. The view of mito-
chondrial dynamics has expanded from a curious phenomenon into an integral cell biological 
process influencing many cellular functions and survival [131].
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Exposure of adult Drosophila to sublethal doses of rotenone causes concentration-dependent 
locomotor deficiencies, specific dopaminergic neuronal loss, and reduction in the DA levels in 
flies [111]. Non-motor symptoms such as circadian rhythms in Drosophila are also altered fol-
lowing exposure to rotenone [112]. All these studies highlight the utility of drosophila model 
to understand the gene-environment interaction in PD.

5.1. Drosophila PD models and associated tools

Drosophila is proved to be one of the important genetic models to study the disease mechanism 
in PD. Even though with limitations, the fly model enables rapid and elaborate genetic study, 
providing in depth cell and molecular studies which offers a unique look into the mechanisms 
and pathways underlying PD pathogenesis [113]. Currently 14 genes for PD have been identi-
fied of which 12 genes have homology with Drosphila. Loss of function and gain of function 
analysis using fly model would provide insights into the mechanism of action of these genes 
associated with PD (Table 3).

5.2. Mitochondrial genetics of PD: insights from drosophila model

Drosophila model has made major contribution in the research area of mitochondrial genet-
ics. The early hints of PINK1/parkin on mitochondrial homeostasis came from studies using 
Drosophila model [98, 114, 115]. The most compelling evidence for a mitochondrial etiology of 
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Loss of function 
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PD was derived from the study of genes mediating familial forms of the disease in fly model 
[116, 117]. Mutations in Pink1 (PARK6), which encodes a serine-threonine kinase localized 
to mitochondria and parkin (PARK2), which encodes a RING finger-containing E3 ubiquitin 
ligase have been found in recessively inherited and sporadic PD cases [56, 118]. Drosophila 
PINK1 and parkin function in the same genetic pathway, with pink1 acting upstream of par-
kin, to regulate mitochondrial integrity in testes, muscle, and dopaminergic neurons [98, 115, 
119]. Flies lacking PINK1 or parkin function are viable and show muscle degeneration and 
TUNEL staining, indicative of cell death [98, 115, 119]. Parkin and PINK1 mutant flies show 
locomotor defects, abnormal wing position, and dented thoraces [98, 115, 119]. Mitochondrial 
defects seen in parkin or PINK1 mutant flies are majorly found in the muscle cells though 
other cell types like DA neurons in the fly brain also show mitochondrial defects which sug-
gests that loss of PINK1 or parkin would result in systemic mitochondrial defects but not 
extended to all tissues with similar extent [98, 115, 119]. PINK1 and parkin mutant flies show 
very similar phenotypes suggesting that these genes act together in protecting mitochondria 
from damage. Drosophila expressing wild-type parkin in a PINK1 mutant partially rescues 
PINK1-associated phenotypes. Alternatively, PINK1 wild type expression in a parkin mutant 
does not rescue the parkin-associated phenotypes which shows that parkin acts downstream 
of PINK1 [98, 115]. Parkin is also associated with degradation of mitochondria by autophagy 
and proteasomal degradation of mitochondrial components [113, 120].

Mitochondrial DNA mutations were first associated with different sporadic or maternally 
inherited neuromuscular disorders [121]. These disorders were characterized by either the 
accumulation of multiple mtDNA deletions in post-mitotic tissues [122] or tissue-specific 
mtDNA depletion [123], and a genetic defect affecting nuclear genes involved in mtDNA rep-
lication and maintenance [124]. Mitochondrial DNA often exists in a state of heteroplasmy 
(cells carrying mtDNA of different genotypes), in which mutant mtDNA co-exists in cells with 
wild-type mtDNA. Pathology is seen when the frequency of such a mutation reaches a thresh-
old [125]. It accumulates throughout life and is thought to contribute to diseases of aging 
that include neurodegeneration, metabolic disorders, cancer, heart disease, and sarcopenia 
[126, 127]. A new investigation of mtDNA in the dopaminergic neurons [128] expanded the 
previous results showing a prevalent deletion in single neurons on a background of multiple 
mtDNA deletions [129]. It showed that complex I and complex II are most consistently affected 
in single neurons, which also displayed a reduced mtDNA copy number [128]. Stimulation of 
autophagy, activation of the PINK1/parkin pathway, or decreased levels of mitofusin results 
in a selective decrease in lethal mtDNA deletion [130]. Similar to flies lacking parkin, the flies 
with mtDNA deletions display striking mitochondrial abnormalities such as disrupted cristae 
resulting in reduced ATP levels leading to apoptosis and subsequently neurodegeneration.

These dynamic processes regulate mitochondrial function by enabling mitochondrial recruit-
ment to critical subcellular compartments, content exchange between mitochondria, mito-
chondrial shape control, mitochondrial communication with the cytosol, and mitochondrial 
quality control making the mitochondria readily adapt to changes in cellular requirements. 
When mitochondrial dynamics is disrupted, cellular dysfunction follows. The view of mito-
chondrial dynamics has expanded from a curious phenomenon into an integral cell biological 
process influencing many cellular functions and survival [131].
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5.3. Mitochondrial dynamics: fusion and fission

Mitochondria undergo frequent fission and fusion events contributing to the filamentous and 
interconnected morphology of the organelles and serve crucial physiological functions [132]. 
The first mitofusin was discovered in mutant Drosophila characterized by male sterility [133]. 
During cell division, mitochondrial fission plays an important role for proper inheritance 
of mitochondria to the daughter cells. Moreover, organelle fission appears to be important 
to meet the energy demands of cells at particular subcellular locations. This is true espe-
cially for neurons, which heavily depend on energy supply, where mitochondria can travel 
via microtubule-associated motor proteins to serve specialized neuronal functions such as 
synaptic transmission. Furthermore, an interconnected network of contiguous mitochondrial 
organelles seems to be required for the intramitochondrial exchange of metabolic substrates 
as well as the maintenance of respiratory capacity and mitochondrial membrane potential in 
hypoxic cellular regions [134].

Mitochondrial fission and fusion events are regulated and coordinated by evolutionarily 
highly conserved molecular machineries. The molecules regulating mitochondrial dynamics 
include the homologous GTPases Mitofusin 1 (Mfn1) and Mitofusin 2 (Mfn2), which mediate 
fusion of the mitochondrial outer membrane, and Optic atrophy 1 (Opa1), a GTPase required 
for fusion of the inner membrane. Mitochondrial fission, conversely, requires Dynamin-
related protein 1 (Drp1), which is also a GTPase [131, 135]. The Drosophila melanogaster genome 
encodes two homologs of Mfn, one being Fuzzy onion (Fzo) [133]. The expression of Fzo is 
restricted to the testes, and mutations in fzo causes mitochondrial fusion defects in testes and 
male sterility [133]. The second Drosophila Mfn homolog is a largely uncharacterized protein 
known as mitochondrial assembly regulatory factor (Marf), which is expressed in germline 
and somatic cells [136]. The Drosophila genome also encodes single homologs of opa1 [137] 
and drp1 [138], both of which have been shown to function in mitochondrial dynamics in flies.

5.4. Genome-wide association studies (GWAS) and genetic screens

GWAS are large-scale population-based genotyping studies that were designed to capture 
common genetic risk loci and searches for small variations, called single nucleotide poly-
morphisms or SNPs, which occur more frequently in people with particular disease than in 
people without the disease. These approaches lead to the identification of new disease caus-
ing genes, new biological pathways to explain disease origin or progression, and potential 
therapeutic targets which is much more precise than the corresponding information from 
linkage-based studies.

Maraganore and colleagues conducted the first GWAS for PD. It had limited sample sizes (few 
hundred patients) and patient-control series were sometimes mismatched, but they remain in 
the genetic history of PD and suggested the low heritability of PD generating a large amount 
of genetic data into public domain to be further examined and completed by other researchers 
[139]. Over the last two decades, human GWAS have begun to reveal the genetic risk factors 
for countless common disorders with complex genetic etiologies including most of the major 
causes of morbidity and mortality in the developed world [140].
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Involvement of multiple genes and pathways complicate the identifying and developing effec-
tive therapeutic strategies in different geographical and ethnically divergent populations. Here 
lies the necessity and importance of GWAS relating to complex neurological disorders such 
as PD and cancers. Mutations in five genes have been identified to contribute to Mendelian 
forms of PD risk in fewer than 5% of those with PD which suggest that additional genes too 
contribute to disease risk [141]. In 2009, two GWAS papers provided unequivocal evidence for 
an association of the MAPT locus and SNCA variations with sporadic PD. Additionally, both 
papers implicated variants close to LRRK2 and at two new loci on chromosome 1 (1q32) and 
chromosome 4, close to the bone marrow stromal cell antigen 1 (BST1) gene [142]. Shortly after 
these findings, Pankratz et al. conducted the first GWAS in familial PD, confirming the previ-
ous discoveries and providing preliminary evidence for an association of a new locus contain-
ing the genes cyclin G association kinase (GAK) and diacylglycerol kinase theta (DGKQ) with 
PD [142, 143]. A meta-analysis on more than seven million polymorphisms originating either 
from GWAS datasets and/or from smaller scale PD association studies was performed, where 
10 loci showed genome-wide significant association with PD risk (BST1, CCDCC2/HIP1R, 
DGKQ/GAK, GBA, LRRK2, MAPT, MCCC1/LAMP3, SNCA, STK39, and SYT11/RAB25) and 
novel evidence for genome-wide significant association with polymorphism in STGA8 was 
found [144]. To date, the largest GWAS was performed in 2014 carrying out a meta-analysis in 
all existing European-ancestry PD GWAS data with 13,708 PD cases, 95,282 controls and a rep-
lication study using genotyping array called ‘Neuro X’ in an independent data set identified 
26 independent SNPs which showed genome-wide risk for PD [145].The first papers about the 
potential impact of risk loci on age at onset (AAO) in PD were published in 2015. The results 
using polygenic score analysis showed that patients with an early AAO had a significantly 
higher polygenic score when compared to those with late AAO [146]. GWAS showed a genetic 
association with PD in the HLA region (chromosome 6p21.3), which was designated PARK18 
and the common variant associated with late onset sporadic PD was rs3129882 in intron 1 of 
HLA-DRA [147] GWAS sporadic PD was performed and sterol regulatory element binding 
transcription factor 1 (SREBF1) was identified as risk factor for PD [148]. Later, an unbiased 
approach on genome-wide RNAi screen was performed in Drosophila cells and validated in 
Hela cells to identify genes regulating the PINK1/parkin pathway, which act in a common 
genetic pathway in mediating the autophagic degradation of mitochondria (mitophagy) and 
found 20 genes that have a conserved function in promoting translocation and degradation of 
depolarized mitochondria. But most notable genes involved were (SREBF1) Fbox and WD40 
domain protein 7 (FBXW7), and other components of the sterol regulatory element binding 
protein (SREBP) lipogenesis pathway indicating a role of lipids in mitochondrial homeostasis, 
which further showed that this pathway regulate mitophagy and also share a common mecha-
nistic link between autosomal-recessive and sporadic PD [149].

The loci currently associated with PD account for only a very small amount (3–5%) of the 
expected heritability of PD, suggesting that additional heritable factors (genetic or epigenetic) 
also play a role in transforming susceptibility to PD. While current evidence suggests that 
common genetic variants play a role in the etiology of typical PD. GWAS by their inherent 
design may not be able to detect rare variants [143, 150]. Most SNPs detected by GWAS are 
not likely causal variants for disease risk but rather informative markers hence it is often not 
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5.3. Mitochondrial dynamics: fusion and fission

Mitochondria undergo frequent fission and fusion events contributing to the filamentous and 
interconnected morphology of the organelles and serve crucial physiological functions [132]. 
The first mitofusin was discovered in mutant Drosophila characterized by male sterility [133]. 
During cell division, mitochondrial fission plays an important role for proper inheritance 
of mitochondria to the daughter cells. Moreover, organelle fission appears to be important 
to meet the energy demands of cells at particular subcellular locations. This is true espe-
cially for neurons, which heavily depend on energy supply, where mitochondria can travel 
via microtubule-associated motor proteins to serve specialized neuronal functions such as 
synaptic transmission. Furthermore, an interconnected network of contiguous mitochondrial 
organelles seems to be required for the intramitochondrial exchange of metabolic substrates 
as well as the maintenance of respiratory capacity and mitochondrial membrane potential in 
hypoxic cellular regions [134].

Mitochondrial fission and fusion events are regulated and coordinated by evolutionarily 
highly conserved molecular machineries. The molecules regulating mitochondrial dynamics 
include the homologous GTPases Mitofusin 1 (Mfn1) and Mitofusin 2 (Mfn2), which mediate 
fusion of the mitochondrial outer membrane, and Optic atrophy 1 (Opa1), a GTPase required 
for fusion of the inner membrane. Mitochondrial fission, conversely, requires Dynamin-
related protein 1 (Drp1), which is also a GTPase [131, 135]. The Drosophila melanogaster genome 
encodes two homologs of Mfn, one being Fuzzy onion (Fzo) [133]. The expression of Fzo is 
restricted to the testes, and mutations in fzo causes mitochondrial fusion defects in testes and 
male sterility [133]. The second Drosophila Mfn homolog is a largely uncharacterized protein 
known as mitochondrial assembly regulatory factor (Marf), which is expressed in germline 
and somatic cells [136]. The Drosophila genome also encodes single homologs of opa1 [137] 
and drp1 [138], both of which have been shown to function in mitochondrial dynamics in flies.

5.4. Genome-wide association studies (GWAS) and genetic screens

GWAS are large-scale population-based genotyping studies that were designed to capture 
common genetic risk loci and searches for small variations, called single nucleotide poly-
morphisms or SNPs, which occur more frequently in people with particular disease than in 
people without the disease. These approaches lead to the identification of new disease caus-
ing genes, new biological pathways to explain disease origin or progression, and potential 
therapeutic targets which is much more precise than the corresponding information from 
linkage-based studies.

Maraganore and colleagues conducted the first GWAS for PD. It had limited sample sizes (few 
hundred patients) and patient-control series were sometimes mismatched, but they remain in 
the genetic history of PD and suggested the low heritability of PD generating a large amount 
of genetic data into public domain to be further examined and completed by other researchers 
[139]. Over the last two decades, human GWAS have begun to reveal the genetic risk factors 
for countless common disorders with complex genetic etiologies including most of the major 
causes of morbidity and mortality in the developed world [140].
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Involvement of multiple genes and pathways complicate the identifying and developing effec-
tive therapeutic strategies in different geographical and ethnically divergent populations. Here 
lies the necessity and importance of GWAS relating to complex neurological disorders such 
as PD and cancers. Mutations in five genes have been identified to contribute to Mendelian 
forms of PD risk in fewer than 5% of those with PD which suggest that additional genes too 
contribute to disease risk [141]. In 2009, two GWAS papers provided unequivocal evidence for 
an association of the MAPT locus and SNCA variations with sporadic PD. Additionally, both 
papers implicated variants close to LRRK2 and at two new loci on chromosome 1 (1q32) and 
chromosome 4, close to the bone marrow stromal cell antigen 1 (BST1) gene [142]. Shortly after 
these findings, Pankratz et al. conducted the first GWAS in familial PD, confirming the previ-
ous discoveries and providing preliminary evidence for an association of a new locus contain-
ing the genes cyclin G association kinase (GAK) and diacylglycerol kinase theta (DGKQ) with 
PD [142, 143]. A meta-analysis on more than seven million polymorphisms originating either 
from GWAS datasets and/or from smaller scale PD association studies was performed, where 
10 loci showed genome-wide significant association with PD risk (BST1, CCDCC2/HIP1R, 
DGKQ/GAK, GBA, LRRK2, MAPT, MCCC1/LAMP3, SNCA, STK39, and SYT11/RAB25) and 
novel evidence for genome-wide significant association with polymorphism in STGA8 was 
found [144]. To date, the largest GWAS was performed in 2014 carrying out a meta-analysis in 
all existing European-ancestry PD GWAS data with 13,708 PD cases, 95,282 controls and a rep-
lication study using genotyping array called ‘Neuro X’ in an independent data set identified 
26 independent SNPs which showed genome-wide risk for PD [145].The first papers about the 
potential impact of risk loci on age at onset (AAO) in PD were published in 2015. The results 
using polygenic score analysis showed that patients with an early AAO had a significantly 
higher polygenic score when compared to those with late AAO [146]. GWAS showed a genetic 
association with PD in the HLA region (chromosome 6p21.3), which was designated PARK18 
and the common variant associated with late onset sporadic PD was rs3129882 in intron 1 of 
HLA-DRA [147] GWAS sporadic PD was performed and sterol regulatory element binding 
transcription factor 1 (SREBF1) was identified as risk factor for PD [148]. Later, an unbiased 
approach on genome-wide RNAi screen was performed in Drosophila cells and validated in 
Hela cells to identify genes regulating the PINK1/parkin pathway, which act in a common 
genetic pathway in mediating the autophagic degradation of mitochondria (mitophagy) and 
found 20 genes that have a conserved function in promoting translocation and degradation of 
depolarized mitochondria. But most notable genes involved were (SREBF1) Fbox and WD40 
domain protein 7 (FBXW7), and other components of the sterol regulatory element binding 
protein (SREBP) lipogenesis pathway indicating a role of lipids in mitochondrial homeostasis, 
which further showed that this pathway regulate mitophagy and also share a common mecha-
nistic link between autosomal-recessive and sporadic PD [149].

The loci currently associated with PD account for only a very small amount (3–5%) of the 
expected heritability of PD, suggesting that additional heritable factors (genetic or epigenetic) 
also play a role in transforming susceptibility to PD. While current evidence suggests that 
common genetic variants play a role in the etiology of typical PD. GWAS by their inherent 
design may not be able to detect rare variants [143, 150]. Most SNPs detected by GWAS are 
not likely causal variants for disease risk but rather informative markers hence it is often not 

Parkinson’s Disease: Insights from Drosophila Model
http://dx.doi.org/10.5772/intechopen.72021

171



productive to study their direct functional consequences. Also cases selected for GWAS may 
not be particularly enhanced with genetic susceptibility alleles, moreover the effect sizes iden-
tified for most variants are reduced. Thus multiple approaches including linkage analysis, 
sequencing, and sibpair analysis would be needed to discover additional variants/causative 
genes and susceptibility loci. Large-scale genome and exome sequencing in conjunction with 
denser genotyping in large cohorts may help to identify the loci that contribute to the “miss-
ing heritability” previously unnoticed by earlier generation technologies [151].

6. Utilizing Drosophila to understand human GWAS signals

6.1. GAL4-UAS system

In 1993, Brand and Perrimon developed the GAL4-UAS system for precise spatial and temporal 
patterns directing gene expression in Drosophila and has been considered as a powerful research 
tool. A bipartite approach in which a transcriptional activator, the GAL4 gene binds to specific 
cis-enhancer elements, upstream activation sequence (UAS) leading to activation of the adjacent 
gene, and thousands of GAL4 driver lines available from individual labs and public stock col-
lections allow expression of desired target genes, typically cDNA transgenes under control of 
upstream activating sequence (UAS) sites [152]. Findings showed that several familial forms of 
parkinsonism result from increased gene dosage of α-syn, based on this expression levels of the 
α-syn transgene was augmented by generating an α-syn expression construct bearing sequence 
alterations designed to improve the translational efficiency of this cDNA in Drosophila and fur-
ther maximized α-syn protein expression in the fly brain by making use of flies bearing two 
copies each of the UAS-α-syn transgene and the TH-GAL4 driver; these control approximately 
doubled the abundance of α-syn protein relative to flies bearing a single copy of each of these 
transgenes generating a more robust Drosophila model for studying synucleinopathies [153].

6.2. RNA interference (RNAi)

RNAi is an RNA-dependent gene-silencing process that is regulated by the RNA-induced 
silencing complex (RISC) and triggered by short double-stranded RNA (dsRNA) molecules.

Efficient silencing of gene expression by dsRNA was first discovered by Fire and Mello [154]. 
RNAi silencing of a specific target gene relies on the ability of small interfering RNAs (siR-
NAs), long double-stranded RNAs (dsRNAs), or short hairpin RNAs (shRNAs) to target 
mRNA molecules for degradation [155–157]. Drosophila in vivo RNAi techniques screen both 
the whole genome and subsets of genes. A total of 10,689 different genes (78% of the Drosophila 
genome) were assayed that affect susceptibility to intestinal Serratia marcescens infection [158]. 
Of these, 8.3% (885 genes) were defined as hits; the majority 89.3% (790 genes) were suscep-
tibility candidates, and 95 genes (10.7% of hits) were negative regulators. A total of 78 and 56 
genes were found to function only in the gut and hemocytes, respectively, and 79 functioned 
in both. A primary screened of 6923 UAS-IR strains for genes involved in the glycosylation 
of a neural glycoprotein and identified 171candidates [159]. These were further confirmed by 
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knock down experiments, using in-silico analysis and a secondary set of UAS-IR strains that 
targeted regions distinct from those of the primary strains. A total of 2970 genes were knocked 
down by neuron-specific RNAi in search for genes involved in the formation, growth, and 
maintenance of the neuromuscular junction (NMJ) [160]. Knockdown of 158 genes in post-
mitotic neurons led to abnormalities in the neuromuscular system. Genome-wide small 
interfering RNA (siRNA) screening yielded gene candidates involved in characterization 
of TOMM7 required for stabilizing PINK1 on the outer mitochondrial membrane follow-
ing mitochondrial damage. Also, HSPA1L (HSP70 family member) and BAG4 found to have 
mutually opposing roles in the regulation of parkin translocation. RNAi screens revealed that 
SIAH3 localize to mitochondria, inhibits PINK1 accumulation after mitochondrial insult, and 
reducing parkin translocation. Overall, screens provide a rich resource to understand mito-
chondrial quality control [161].

Using this inducible RNAi technique, large-scale screens for various biological processes have 
been performed successfully in Drosophila, proving RNAi-based in vivo screen adequate and 
efficient. However, RNAi-based screens have relatively high levels of false positives and neg-
atives. To validate the screening results, experimental, and computational analyses have been 
proposed which will increase the accuracy of RNAi-based screen results.

6.3. CRISPR/Cas9

Clustered regularly interspaced short palindromic repeat/CRISPR-associated protein 9 (CRISPR/
Cas9) was first applied in mammalian cells in 2013 which has been used as an essential tool in 
biotechnology [162]. The CRISPR/Cas9 system is a novel genome modification method in which 
gRNA direct the nuclease Cas9 to selected sequences of genomic DNA, and Cas9 cuts both 
strands at a specific location. Non-homologous end joining (NHEJ) or homology-directed repair 
(HDR) repairs the genomic DNA resulting in mutations that can interrupt the open reading 
frame and cause gene inactivation. For example, loss in function of parkin and Pink1 genes 
causes PD, CRISPR/Cas9-mediated mutations can mimic knockout of the parkin and/or Pink1 
gene [163]. Thus, when both alleles are mutated by CIRSPR/Cas9, the complete loss of parkin 
or Pink1 will mimic the genetic mutations in PD patients. Indeed, CRISPR/Cas9 has been used 
to generate pig models of PD by targeting the genes for parkin, Pink1, and DJ1 [164]. In addi-
tion to genome editing in germline cells, CRISPR/Cas9 can efficiently target genes in somatic 
tissues, such as neurons in the brain [165, 166]. In PD patients, continuous loss of dopaminergic 
neurons in the substantia nigra is a fundamental pathological feature. Thus, gRNAs and Cas9 
can be delivered to the substantia nigra of animal brains by a viral system to examine the effect 
of parkin or Pink1 loss in adult brains. This approach is especially useful for investigating the 
age-related neuropathology in PD. Also, by gaining toxicity of mutant proteins Cas9-mediated 
knock-in mutations within the genome can develop animal models of those neurodegenerative 
diseases.

For transgenic PD animal models that express mutant a-syn, CRISPR/Cas9 can be designed 
to reduce the expression of mutant genes via NHEJ, which can lead to gene inactivation, in 
dopaminergic neurons. Besides, replacing the mutant gene by CRISPR/Cas9 via HDR with 
normal DNA sequences can also lead to the genetic correction of DNA mutations in PD animal  
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productive to study their direct functional consequences. Also cases selected for GWAS may 
not be particularly enhanced with genetic susceptibility alleles, moreover the effect sizes iden-
tified for most variants are reduced. Thus multiple approaches including linkage analysis, 
sequencing, and sibpair analysis would be needed to discover additional variants/causative 
genes and susceptibility loci. Large-scale genome and exome sequencing in conjunction with 
denser genotyping in large cohorts may help to identify the loci that contribute to the “miss-
ing heritability” previously unnoticed by earlier generation technologies [151].

6. Utilizing Drosophila to understand human GWAS signals

6.1. GAL4-UAS system

In 1993, Brand and Perrimon developed the GAL4-UAS system for precise spatial and temporal 
patterns directing gene expression in Drosophila and has been considered as a powerful research 
tool. A bipartite approach in which a transcriptional activator, the GAL4 gene binds to specific 
cis-enhancer elements, upstream activation sequence (UAS) leading to activation of the adjacent 
gene, and thousands of GAL4 driver lines available from individual labs and public stock col-
lections allow expression of desired target genes, typically cDNA transgenes under control of 
upstream activating sequence (UAS) sites [152]. Findings showed that several familial forms of 
parkinsonism result from increased gene dosage of α-syn, based on this expression levels of the 
α-syn transgene was augmented by generating an α-syn expression construct bearing sequence 
alterations designed to improve the translational efficiency of this cDNA in Drosophila and fur-
ther maximized α-syn protein expression in the fly brain by making use of flies bearing two 
copies each of the UAS-α-syn transgene and the TH-GAL4 driver; these control approximately 
doubled the abundance of α-syn protein relative to flies bearing a single copy of each of these 
transgenes generating a more robust Drosophila model for studying synucleinopathies [153].

6.2. RNA interference (RNAi)

RNAi is an RNA-dependent gene-silencing process that is regulated by the RNA-induced 
silencing complex (RISC) and triggered by short double-stranded RNA (dsRNA) molecules.

Efficient silencing of gene expression by dsRNA was first discovered by Fire and Mello [154]. 
RNAi silencing of a specific target gene relies on the ability of small interfering RNAs (siR-
NAs), long double-stranded RNAs (dsRNAs), or short hairpin RNAs (shRNAs) to target 
mRNA molecules for degradation [155–157]. Drosophila in vivo RNAi techniques screen both 
the whole genome and subsets of genes. A total of 10,689 different genes (78% of the Drosophila 
genome) were assayed that affect susceptibility to intestinal Serratia marcescens infection [158]. 
Of these, 8.3% (885 genes) were defined as hits; the majority 89.3% (790 genes) were suscep-
tibility candidates, and 95 genes (10.7% of hits) were negative regulators. A total of 78 and 56 
genes were found to function only in the gut and hemocytes, respectively, and 79 functioned 
in both. A primary screened of 6923 UAS-IR strains for genes involved in the glycosylation 
of a neural glycoprotein and identified 171candidates [159]. These were further confirmed by 
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knock down experiments, using in-silico analysis and a secondary set of UAS-IR strains that 
targeted regions distinct from those of the primary strains. A total of 2970 genes were knocked 
down by neuron-specific RNAi in search for genes involved in the formation, growth, and 
maintenance of the neuromuscular junction (NMJ) [160]. Knockdown of 158 genes in post-
mitotic neurons led to abnormalities in the neuromuscular system. Genome-wide small 
interfering RNA (siRNA) screening yielded gene candidates involved in characterization 
of TOMM7 required for stabilizing PINK1 on the outer mitochondrial membrane follow-
ing mitochondrial damage. Also, HSPA1L (HSP70 family member) and BAG4 found to have 
mutually opposing roles in the regulation of parkin translocation. RNAi screens revealed that 
SIAH3 localize to mitochondria, inhibits PINK1 accumulation after mitochondrial insult, and 
reducing parkin translocation. Overall, screens provide a rich resource to understand mito-
chondrial quality control [161].

Using this inducible RNAi technique, large-scale screens for various biological processes have 
been performed successfully in Drosophila, proving RNAi-based in vivo screen adequate and 
efficient. However, RNAi-based screens have relatively high levels of false positives and neg-
atives. To validate the screening results, experimental, and computational analyses have been 
proposed which will increase the accuracy of RNAi-based screen results.

6.3. CRISPR/Cas9

Clustered regularly interspaced short palindromic repeat/CRISPR-associated protein 9 (CRISPR/
Cas9) was first applied in mammalian cells in 2013 which has been used as an essential tool in 
biotechnology [162]. The CRISPR/Cas9 system is a novel genome modification method in which 
gRNA direct the nuclease Cas9 to selected sequences of genomic DNA, and Cas9 cuts both 
strands at a specific location. Non-homologous end joining (NHEJ) or homology-directed repair 
(HDR) repairs the genomic DNA resulting in mutations that can interrupt the open reading 
frame and cause gene inactivation. For example, loss in function of parkin and Pink1 genes 
causes PD, CRISPR/Cas9-mediated mutations can mimic knockout of the parkin and/or Pink1 
gene [163]. Thus, when both alleles are mutated by CIRSPR/Cas9, the complete loss of parkin 
or Pink1 will mimic the genetic mutations in PD patients. Indeed, CRISPR/Cas9 has been used 
to generate pig models of PD by targeting the genes for parkin, Pink1, and DJ1 [164]. In addi-
tion to genome editing in germline cells, CRISPR/Cas9 can efficiently target genes in somatic 
tissues, such as neurons in the brain [165, 166]. In PD patients, continuous loss of dopaminergic 
neurons in the substantia nigra is a fundamental pathological feature. Thus, gRNAs and Cas9 
can be delivered to the substantia nigra of animal brains by a viral system to examine the effect 
of parkin or Pink1 loss in adult brains. This approach is especially useful for investigating the 
age-related neuropathology in PD. Also, by gaining toxicity of mutant proteins Cas9-mediated 
knock-in mutations within the genome can develop animal models of those neurodegenerative 
diseases.

For transgenic PD animal models that express mutant a-syn, CRISPR/Cas9 can be designed 
to reduce the expression of mutant genes via NHEJ, which can lead to gene inactivation, in 
dopaminergic neurons. Besides, replacing the mutant gene by CRISPR/Cas9 via HDR with 
normal DNA sequences can also lead to the genetic correction of DNA mutations in PD animal  
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models. Even though efficiency of such gene replacement is low at present, the rapid devel-
opment of CRISPR/Cas9 system offers a promising attempt to produce knock-in models of 
human diseases [167].

6.4. Deciphering the pathways of therapeutic molecules: role of drosophila model

The first published study about compound treatments in a drosophila PD model reported the 
effects of drugs commonly used for treating PD on the locomotor phenotype of α-synuclein 
expressing flies and showed that some of them were able to suppress that phenotype [168]. 
Subsequently, and given the ability of increased chaperone activity to counteract α-synuclein 
toxicity [169], the effect of geldanamycin (GA), an antibiotic able to interfere with Hsp90 activity 
and activate stress response, was assayed over α-synuclein expressing flies [170, 171]. Notably, 
feeding these flies with GA protected DA neurons against α-synuclein-induced degeneration, 
and this protection was driven by an increase in Hsp70 levels [171]. Inhibitors of the histone 
deacetylase SIRT2 also showed a protective effect against α-synuclein toxicity [172]. Other 
studies have been also performed in several drosophila PD models to look for potentially ther-
apeutic compounds directed to reduce oxidative stress damage. As explained previously, the 
study of α-synuclein toxicity in flies led to the identification of Phase II detoxification pathway 
as a possible target for therapeutic treatment [173]. In fact, feeding α-synuclein-expressing flies 
or Drosophila parkin mutants with pharmacological inducers of that pathway like sulforaphane 
or allyl disulfide suppresses the neuronal loss of both PD models [173]. Besides, it has been 
shown that dietary supplementation with S-methyl-L-cysteine (SMLC) inhibits the locomo-
tor and circadian rhythm defects caused by ectopic expression of human α-synuclein in dro-
sophila [174]. SMLC participates in the catalytic antioxidant mechanism involving methionine 
sulfoxide reductase A (MSRA), one of the enzymes that catalyze the oxidation of the amino 
acid methionine to methionine sulfoxide, a reversible reaction that has been postulated to act 
protecting cells from oxidative damage. Furthermore, grape extract supplementation has been 
shown to recover locomotor ability and lifespan in α-synuclein-expressing flies. It is known 
that grape extracts contain several polyphenols, compounds with antioxidant properties [175]. 
Other drosophila PD models in which treatments with antioxidant compounds have been 
shown to be beneficial are those involving the DJ-1α and DJ-1β genes [176, 177]. Compounds 
with antioxidant and anti-inflammatory properties such as celastrol and minocycline con-
ferred potent DA neuroprotection in RNAi DJ-1α mutants [176]. We have also recently dem-
onstrated that chronic treatments with antioxidant compounds are able to modify the lifespan 
phenotype of DJ-1β mutant flies, thus suggesting that oxidative stress plays a causal role in 
such phenotype [177]. It is known that rapamycin is a small molecule inhibitor of TOR signal-
ing that has been shown to lead to 4E–BP hypophosphorylation in vitro and in vivo [178, 179]. 
Notably administration of rapamycin was able to suppress all pathologic phenotypes in parkin 
and PINK1 mutants. Moreover, this suppression was found to be 4E-BP dependent, since the 
administration of rapamycin to parkin and Thor or PINK1 and Thor double mutants was com-
pletely unable to suppress these phenotypes [180]. Since 4E-BP activity can be manipulated 
by small molecule inhibitors such as rapamycin, this pathway represents a viable therapeutic 
target for PD treatment. Moreover, it has been recently suggested that parkin mutants, apart 
from the described phenotypes, also present altered zinc homeostasis. This is supported by 
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the fact that dietary zinc supplementation in the form of zinc chloride increased lifespan as 
well as the percentage of parkin mutant flies reaching adulthood while this supplemented diet 
was deleterious to control flies [181]. Since most PD cases are sporadic and could be associ-
ated to different environmental agents, it is also essential the use of toxin-induced drosophila 
PD models to assay the beneficial effects of candidate compounds. Polyphenol administration 
was also found to exert a beneficial effect on flies exposed to paraquat and iron, protecting, 
rescuing, and restoring the impaired locomotor activity caused by exposure to those agents 
[182]. Other antioxidant compounds such as melatonin have also been found to rescue loco-
motor deficits and DA neurodegeneration in flies exposed to rotenone [19].

6.4.1. LRRK2 kinase inhibitors

Several LRRK2 kinase inhibitors, including CZC-25146, GW5074, and sorafenib, have been 
tested in rodents, as well as in Caenorhabditis elegans and drosophila models, and have been 
shown to protect against LRRK 2 (G2019S)-induced neurodegeneration [183]. These findings 
indicate that increased kinase activity of LRRK2 is neurotoxic and that inhibition of LRRK2 
activity can have a disease-modifying effect.

6.4.2. Molecular chaperones

6.4.2.1. HSF-1 modulators

Endogenous molecular chaperone function can be modulated pharmacologically with com-
pounds that augment endogenous chaperone levels. Several HSF-1 modulators including 
celastrol and carbenoxolone can trigger HSF-1 activation, leading to downstream induction 
of Hsp70 expression [184]. Celastrol has been demonstrated to be effective against protein 
aggregation and toxicity in various neurodegenerative disease models, including dopaminer-
gic neuroprotection in a Drosophila model of PD [176]. Carbenoxolone has demonstrated the 
ability to attenuate 𝛼𝛼-synuclein and ubiquitin aggregation in vitro and in vivo [185, 186]. Thus, 
it may have potential as a chaperone-mediated therapeutic option for PD. Hsp90 Inhibitors 
a naturally occurring small molecule antibiotic, geldanamycin (GA), inhibits the interaction 
between Hsp90 and HSF-1, leading to increased Hsp70 expression [187]. In vitro cell studies 
have demonstrated the capability of this compound to decrease 𝛼𝛼-synuclein aggregation and 
reduce cell toxicity [188], and its neuroprotective effects have been shown in Drosophila and 
MPTP mouse models of PD [169, 189]. Other analogues of GA include 17-AAG and 17-DMAG, 
which similarly prevent 𝛼𝛼-synuclein aggregation and toxicity, but are more potent and less 
toxic than GA [190]. Moreover, 17-AAG has poor permeability of the BBB, limiting its phar-
macological usage for neurodegenerative diseases [185]. Consequently, compound library 
screening for small molecule Hsp90 inhibitors with improved pharmacokinetics, including 
BBB permeability, have led to the identification of SNX compounds [185]. These compounds 
are associated with an increase in Hsp70 activity in the brain and a reduction in 𝛼𝛼-synuclein 
oligomerization and toxicity in vitro [190].

Insights regarding identification of pathways through which different therapeutic molecules 
confer neuroprotection is briefed in Table 4.
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models. Even though efficiency of such gene replacement is low at present, the rapid devel-
opment of CRISPR/Cas9 system offers a promising attempt to produce knock-in models of 
human diseases [167].

6.4. Deciphering the pathways of therapeutic molecules: role of drosophila model

The first published study about compound treatments in a drosophila PD model reported the 
effects of drugs commonly used for treating PD on the locomotor phenotype of α-synuclein 
expressing flies and showed that some of them were able to suppress that phenotype [168]. 
Subsequently, and given the ability of increased chaperone activity to counteract α-synuclein 
toxicity [169], the effect of geldanamycin (GA), an antibiotic able to interfere with Hsp90 activity 
and activate stress response, was assayed over α-synuclein expressing flies [170, 171]. Notably, 
feeding these flies with GA protected DA neurons against α-synuclein-induced degeneration, 
and this protection was driven by an increase in Hsp70 levels [171]. Inhibitors of the histone 
deacetylase SIRT2 also showed a protective effect against α-synuclein toxicity [172]. Other 
studies have been also performed in several drosophila PD models to look for potentially ther-
apeutic compounds directed to reduce oxidative stress damage. As explained previously, the 
study of α-synuclein toxicity in flies led to the identification of Phase II detoxification pathway 
as a possible target for therapeutic treatment [173]. In fact, feeding α-synuclein-expressing flies 
or Drosophila parkin mutants with pharmacological inducers of that pathway like sulforaphane 
or allyl disulfide suppresses the neuronal loss of both PD models [173]. Besides, it has been 
shown that dietary supplementation with S-methyl-L-cysteine (SMLC) inhibits the locomo-
tor and circadian rhythm defects caused by ectopic expression of human α-synuclein in dro-
sophila [174]. SMLC participates in the catalytic antioxidant mechanism involving methionine 
sulfoxide reductase A (MSRA), one of the enzymes that catalyze the oxidation of the amino 
acid methionine to methionine sulfoxide, a reversible reaction that has been postulated to act 
protecting cells from oxidative damage. Furthermore, grape extract supplementation has been 
shown to recover locomotor ability and lifespan in α-synuclein-expressing flies. It is known 
that grape extracts contain several polyphenols, compounds with antioxidant properties [175]. 
Other drosophila PD models in which treatments with antioxidant compounds have been 
shown to be beneficial are those involving the DJ-1α and DJ-1β genes [176, 177]. Compounds 
with antioxidant and anti-inflammatory properties such as celastrol and minocycline con-
ferred potent DA neuroprotection in RNAi DJ-1α mutants [176]. We have also recently dem-
onstrated that chronic treatments with antioxidant compounds are able to modify the lifespan 
phenotype of DJ-1β mutant flies, thus suggesting that oxidative stress plays a causal role in 
such phenotype [177]. It is known that rapamycin is a small molecule inhibitor of TOR signal-
ing that has been shown to lead to 4E–BP hypophosphorylation in vitro and in vivo [178, 179]. 
Notably administration of rapamycin was able to suppress all pathologic phenotypes in parkin 
and PINK1 mutants. Moreover, this suppression was found to be 4E-BP dependent, since the 
administration of rapamycin to parkin and Thor or PINK1 and Thor double mutants was com-
pletely unable to suppress these phenotypes [180]. Since 4E-BP activity can be manipulated 
by small molecule inhibitors such as rapamycin, this pathway represents a viable therapeutic 
target for PD treatment. Moreover, it has been recently suggested that parkin mutants, apart 
from the described phenotypes, also present altered zinc homeostasis. This is supported by 
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the fact that dietary zinc supplementation in the form of zinc chloride increased lifespan as 
well as the percentage of parkin mutant flies reaching adulthood while this supplemented diet 
was deleterious to control flies [181]. Since most PD cases are sporadic and could be associ-
ated to different environmental agents, it is also essential the use of toxin-induced drosophila 
PD models to assay the beneficial effects of candidate compounds. Polyphenol administration 
was also found to exert a beneficial effect on flies exposed to paraquat and iron, protecting, 
rescuing, and restoring the impaired locomotor activity caused by exposure to those agents 
[182]. Other antioxidant compounds such as melatonin have also been found to rescue loco-
motor deficits and DA neurodegeneration in flies exposed to rotenone [19].

6.4.1. LRRK2 kinase inhibitors

Several LRRK2 kinase inhibitors, including CZC-25146, GW5074, and sorafenib, have been 
tested in rodents, as well as in Caenorhabditis elegans and drosophila models, and have been 
shown to protect against LRRK 2 (G2019S)-induced neurodegeneration [183]. These findings 
indicate that increased kinase activity of LRRK2 is neurotoxic and that inhibition of LRRK2 
activity can have a disease-modifying effect.

6.4.2. Molecular chaperones

6.4.2.1. HSF-1 modulators

Endogenous molecular chaperone function can be modulated pharmacologically with com-
pounds that augment endogenous chaperone levels. Several HSF-1 modulators including 
celastrol and carbenoxolone can trigger HSF-1 activation, leading to downstream induction 
of Hsp70 expression [184]. Celastrol has been demonstrated to be effective against protein 
aggregation and toxicity in various neurodegenerative disease models, including dopaminer-
gic neuroprotection in a Drosophila model of PD [176]. Carbenoxolone has demonstrated the 
ability to attenuate 𝛼𝛼-synuclein and ubiquitin aggregation in vitro and in vivo [185, 186]. Thus, 
it may have potential as a chaperone-mediated therapeutic option for PD. Hsp90 Inhibitors 
a naturally occurring small molecule antibiotic, geldanamycin (GA), inhibits the interaction 
between Hsp90 and HSF-1, leading to increased Hsp70 expression [187]. In vitro cell studies 
have demonstrated the capability of this compound to decrease 𝛼𝛼-synuclein aggregation and 
reduce cell toxicity [188], and its neuroprotective effects have been shown in Drosophila and 
MPTP mouse models of PD [169, 189]. Other analogues of GA include 17-AAG and 17-DMAG, 
which similarly prevent 𝛼𝛼-synuclein aggregation and toxicity, but are more potent and less 
toxic than GA [190]. Moreover, 17-AAG has poor permeability of the BBB, limiting its phar-
macological usage for neurodegenerative diseases [185]. Consequently, compound library 
screening for small molecule Hsp90 inhibitors with improved pharmacokinetics, including 
BBB permeability, have led to the identification of SNX compounds [185]. These compounds 
are associated with an increase in Hsp70 activity in the brain and a reduction in 𝛼𝛼-synuclein 
oligomerization and toxicity in vitro [190].

Insights regarding identification of pathways through which different therapeutic molecules 
confer neuroprotection is briefed in Table 4.
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Pathway/process Compound treatment* Drosophila model Modified phenotype/s References

Oxidative stress Sulforaphane and allyl 
disulfide*

S-methyl-Lcysteine
Polyphenols
α-tocopherol
SOD
Melatonin
Bacopa monieri
leaf extract

Parkin
α-synuclein
α-synuclein
α-synuclein
Paraquat and iron
DJ-1β
PINK1
PINK1
DJ-1β
Paraquat
Rotenone
Paraquat

DA neuron number
DA neuron number
Locomotor activity
Lifespan, locomotor 
activity
Locomotor activity
Lifespan
Ommatidial 
degeneration
Ommatidial 
degeneration
Lifespan
Locomotor activity
Locomotor activity, DA 
neuron
Oxidative markers levels

[173]
[173]
[174]
[175]
[182]
[177]
[191]
[191]
[177]
[99]
[99]
[192]

Oxidative stress/
inflammatory process

Minocycline*

Celastrol
DJ-1α DA neuron number, 

dopamine Levels
DA neuron number, 
dopamine levels, 
locomotor activity, and
survival rate under 
oxidativestress condition

[176]

TOR signaling Rapamycin* parkin/PINK1 Thoracic indentations, 
locomotors activity, DA 
neuron number, and 
muscle integrity

[180]

Removal of excess or toxic 
protein forms

Geldanamycin* α-synuclein DA neuron number [170]
[171]

Zinc homeostasis Zinc chloride* parkin Lifespan, locomotor 
activity, and percentage 
of adulthood
survivors

[181]

Chaperone therapies (HSF-1 
modulators)
Trigger HSF-1 activation
Induces downstream Hsp70 
expression

Celastrol
Carbenoxolone

α-synuclein
α-synuclein

dopaminergic 
neuroprotection

[184]

Hsp90 inhibitors
Inhibits the interaction 
between Hsp90 and HSF-1, 
leading to increased Hsp70 
expression and activity

Geldanamycin
17-AAG
17-DMAG
SNX-2112

α-synuclein decrease α- synuclein 
aggregation and reduce 
cell toxicity

[187]
[190]

mTOR-dependent 
pathways/AMPK

Metformin
AICAR

Drosophila 
melanogaster
mutated for LRRK2

Reduced cell death [193]

mTORC1 Rapamycin and Rp 
analogues
(CCI-779, RAD001 and 
AP23573)

Drosophila 
melanogaster
mutated for PINK-1 
and
Parkin

Reduced mitochondrial
Dysfunction

[180]
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7. Conclusion

Bench to bedside: role of drosophila in translational research.

Bench to bedside is a term used to describe the process by which the results of research done 
in the laboratory are directly used to develop new ways to treat patients. Taking advantage 
of studies from animal models such as drosophila certain pharmacotherapies and non-phar-
macotherapies have been developed which are in different stages in clinical trials to validate 
their efficacy, safety, and tolerability. Pharmacotherapies include adenosine A2A receptor 
antagonists [196], glutamate AMPA receptor antagonists [197], monoamine oxidase inhibitors 
[198], anti-apoptotic agents [199], and antioxidants [200]. Non-pharmacotherapies also offer 
alternative approaches for treatment of the disease which include the use of viral vector gene 
therapy [201], stem cell transplants [202], and microRNAs [203]. Nevertheless, additional tri-
als enrolling larger numbers of PD patients are still needed to better understand the neuro-
protective effects of these therapies.
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Pathway/process Compound treatment* Drosophila model Modified phenotype/s References

mTor-independent 
pathways/unknown

Spermidine α-synuclein Reduced motor 
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increased lifespan; 
Reduced
neuronal cell loss

[194]

LRKK2 kinase inhibitors GW5074, and sorafenib α-synuclein Protect again DA neuron 
degeneration
locomotor activity

[183]

Histone Deacetylase 
inhibitors

α-synuclein Protect again DA
locomotor activity

[195]

Antitumor agents Geldanamycin α-synuclein Protect again DA
Mobilized the stress 
response and increase 
levels of chaperon 
HSP70

[195]

*All treatments were administered as dietary complement.

Table 4. Listing of pathways through which neuroprotective compounds confer neuroprotection: lessons from drosophila  
model of PD.
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Abstract

UCH-L1 (ubiquitin carboxyl-terminal hydrolase L1) is a protein, which plays an 
important role in ubiquitin-proteasome system. Many previous reports showed the 
relation between UCH-L1 and neurodegenerative diseases, diabetes, as well as can-
cer. However, the mechanism still remains unclear. In the aim to investigate the func-
tions and regulatory mechanism of UCH-L1 in living organism, Drosophila melanogaster 
model was utilized to examine the role of UCH-L1. This chapter provides a summary 
on recent findings related to the roles of UCH-L1 based on the model. First, abnormal 
expression of Drosophila ubiquitin carboxyl-terminal hydrolase (dUCH) leads to the 
defects on fly tissue development and function. Gain function of dUCH in the eye ima-
ginal discs induced a rough eye phenotype in the adult, partly resulting from induction 
of caspase-dependent apoptosis, upset of photoreceptor cell distribution and omma-
tidium apical mispatterning. Interestingly, the dUCH overexpression of induced rough 
eye phenotype was completely recused by co-expression either Sevenless or Draf of 
the mitogen-activated protein kinase pathway. Besides, knockdown dUCH in dopa-
minergic neurons resulted in some Parkinson’s disease—like phenotypes in fly. Taken 
together, those findings in Drosophila model contributed a significant dUCH in tissue 
development and function.

Keywords: Drosophila melanogaster, UCH-L1, human diseases, eye development,  
anti-dUCH antibody

1. Introduction

Ubiquitin carboxyl-terminal hydrolase L1 (UCH-L1), a protein of 223 amino acids (aa), 
weighs about 24,824 Da, a period lasting for more than 48 half-hour. UCH-L1 is an abun-
dant protein in neurons, accounting for 1–2% of the total protein in the human brain [1]. In 
addition to the brain, UCH-L1 is also expressed strongly in the peripheral nervous system, 
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including sensory and nervous system activity. UCH-L1 belongs to remove the tagged 
enzyme (deubiquitinating enzyme (DUB)), an important protein in ubiquitin proteasome 
system (UPS). UCH-L1 hydrolases the peptide bond between ubiquitins and also plays a 
function as a ligase when it be in dimer form [2, 3]. UCH-L1 is an enzyme which binds to 
the polyubiquitin chains and released the single ubiquitin in the ubiquitin proteasome sys-
tem. However, when UCH-L1 is in binary form, UCH-L1 leads to the formation of a polyu-
biquitin chain linked through lysine 63 (K63). Although the main activity of UCH-L1 is 
still unclear, UCH-L1 has been believed to play its role through maintaining a pool of free 
monomeric ubiquitin which is important for the function of ubiquitin proteasome system 
[4]. Abnormal function of UCH-L1 leads to the reduction of protein degradation, followed 
by the accumulation of ubiquitinated protein [5–7]. UCH-L1, therefore, may relate to many 
biological processes which dependent to ubiquitination including DNA repair, cell signal-
ling, trafficking, endocytosis and degradation.

In 1998, a missense mutation of UCH-L1 (I93M) was first identified in a German family with 
Parkinson’s disease (PD) [8]. By contrast, another variant of UCH-L1 (S18Y) was discovered 
as a factor in the risk reduction of PD [9]. Other studies also found that UCH-L1 was related 
to abnormal accumulation and aggregation of α-synuclein which leads to formation of Lewy 
bodies [3]. Furthermore, gracile axonal dystrophy (GAD) mouse which carries a deletion 
within UCH-L1 gene manifested motor ataxia, axonal degeneration and a reduction in the 
monoubiquitin level in neurons [10–12].

On the other hand, many studies indicated that UCH-L1 involved too many types of human 
cancer [4]. High expression of UCH-L1 was found in many types of cancers such as breast 
cancer, non-small cell lung cancer [13, 14]. UCH-L1 expression can be self-upregulated 
via oncogenic β-catenin/TCF activation. The UCH-L1 upregulates oncogenic β-catenin by 
which feedback regulates the expression of uch-l1 gene [15]. UCH-L1 may also promote 
cancer metastasis via β-catenin-induced epithelial-to-mesenchymal transition [16, 17]. 
High levels of UCH-L1 may promote oncogenic transformation, invasion and metastasis, 
and the function of UCH-L1 might due to the enhancement of Akt signalling in vitro and 
in vivo [16, 18, 19].

By contrast, UCH-L1 had been also reported as a tumor suppressor in many other studies. 
The downregulation of UCH-L1 was observed in various types of cancer such as esophageal 
cancer, breast cancer, prostate cancer and pancreatic cancer [20–24]. Reduction in UCH-L1 
expression leads to cell proliferation arrest and p53-mediated apoptosis [22, 25].

In humans, the gene coding for UCH-L1 is located in the short arm of chromosome 4 at posi-
tion 14, from base pair 40,953,685 to 40,965,202, 11,518 base pairs long [26]. In Drosophila 
melanogaster, ubiquitin carboxyl-terminal hydrolase (dUCH) encoded by CG4265 gene is a 
homolog of human UCH-L1 (hUCH-L1). The identity and similarity between dUCH and 
hUCH-L1 are 44.5 and 75.7%, respectively. In this chapter, we provide a summary on recent 
findings related to the roles of UCH-L1 in living organisms by Drosophila models. Those find-
ings indicated that dUCH (ortholog of human UCH-L1 in Drosophila) plays an important role 
tissue development and involves in Parkinson’s disease.
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2. Drosophila model in the study role of UCH-L1

2.1. Homolog of human ubiquitin carboxyl-terminal hydrolase L1 (UCH-L1) in 
Drosophila melanogaster

The survey of the Drosophila genome database allowed an identification of the CG4265 as a 
homolog of the human UCH-L1. The CG4265 gene, named as dUCH (Drosophila ubiquitin 
carboxyl-terminal hydrolase), encodes a 224-amino-acid protein that shows 44.5% identity 
and 75.7% similarity with human UCH-L1. The Cys residue at amino acid (aa) position 90 and 
the His residue at aa 161, both of which are essential for hydrolase activity of human UCH-L1 
[27–29], are conserved in Drosophila melanogaster along with several other species including 
Mus musculus and Caenorhabditis elegans (Figure 1).

2.2. Generation of anti-dUCH antibody

Since Drosophila melanogaster has been shown to be a compatible model for studying human 
diseases, the UCH-L1 homologous protein in Drosophila melanogaster (dUCH) is utilized for 
analyzing the role of UCH-L1 in living system. Thereby, anti-dUCH antibody is essential for 
research and needs to be generated. The produced anti-dUCH antibody was shown to have 
high specificity and sensitivity to the dUCH protein. The affinity of the antibody is 1:320,000 
at 7.81 ng/μl antigen concentration. The 1:40,000 dilution-produced antibodies can detect anti-
gen at a low concentration 0.98 ng/μl [30]. Besides, the antibody showed a high specificity for 

Figure 1. Amino acid sequences of UCH-L1 protein between human (hUCH-L1), mouse (mUCH-L1), Drosophila 
(dUCH-L1) and C. elegans (cUBH-L1). The identity and similarity between human and Drosophila were 44.5 and 75.7%, 
respectively. Identical amino acids are shaded in dark grey, and similar amino acids are shaded in light grey. The red 
letters indicate the identical amino acids at active sites. Clustal Omega (1.2.4) multiple sequence alignment was applied.
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2. Drosophila model in the study role of UCH-L1

2.1. Homolog of human ubiquitin carboxyl-terminal hydrolase L1 (UCH-L1) in 
Drosophila melanogaster

The survey of the Drosophila genome database allowed an identification of the CG4265 as a 
homolog of the human UCH-L1. The CG4265 gene, named as dUCH (Drosophila ubiquitin 
carboxyl-terminal hydrolase), encodes a 224-amino-acid protein that shows 44.5% identity 
and 75.7% similarity with human UCH-L1. The Cys residue at amino acid (aa) position 90 and 
the His residue at aa 161, both of which are essential for hydrolase activity of human UCH-L1 
[27–29], are conserved in Drosophila melanogaster along with several other species including 
Mus musculus and Caenorhabditis elegans (Figure 1).

2.2. Generation of anti-dUCH antibody

Since Drosophila melanogaster has been shown to be a compatible model for studying human 
diseases, the UCH-L1 homologous protein in Drosophila melanogaster (dUCH) is utilized for 
analyzing the role of UCH-L1 in living system. Thereby, anti-dUCH antibody is essential for 
research and needs to be generated. The produced anti-dUCH antibody was shown to have 
high specificity and sensitivity to the dUCH protein. The affinity of the antibody is 1:320,000 
at 7.81 ng/μl antigen concentration. The 1:40,000 dilution-produced antibodies can detect anti-
gen at a low concentration 0.98 ng/μl [30]. Besides, the antibody showed a high specificity for 

Figure 1. Amino acid sequences of UCH-L1 protein between human (hUCH-L1), mouse (mUCH-L1), Drosophila 
(dUCH-L1) and C. elegans (cUBH-L1). The identity and similarity between human and Drosophila were 44.5 and 75.7%, 
respectively. Identical amino acids are shaded in dark grey, and similar amino acids are shaded in light grey. The red 
letters indicate the identical amino acids at active sites. Clustal Omega (1.2.4) multiple sequence alignment was applied.
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Drosophila either in Western blot or in immunostaining. When the dUCH was overexpressed 
in fly eye imaginal discs using the GAL4/UAS system, the dUCH protein level was specifically 
recognized by the anti-dUCH antibody, and the antibody sensitivity showed different levels 
of the dUCH target protein in Drosophila tissues either in Western blot or in immunostaining 
(Figure 2). Success in producing dUCH antibody provides a good material for further experi-
ments in the study role of UCH-L1 by Drosophila model.

2.3. Drosophila model for studying the UCH-L1 role in tissue development

Being a member of ubiquitin proteasome system (UPS), UCH-L1 is thought to be involved in 
many different processes in living organisms, such as cell proliferation and differentiation. 
In Drosophila model, tissue-specific knockdown of dUCH resulted in abnormal phenotype 
in adult flies. When dUCH was knocked down in posterior area of eye imaginal discs by 
the combination of GMR-Gal4 driver and UAS-duchIR cassette (GMR-Gal4 > UAS-duchIR), 
the duch knocked-down adult compound eye exhibited a rough eye phenotype, and omma-
tidium was bulged and sticked together, while the control fly showed a normal phenotype. 
Knockdown dUCH in the thorax by Pnr-Gal4 driver gave hair-deformed defection. The wing 
of the knocked-down dUCH flies also showed some extraordinary phenotype as the vein 
in the wing disappeared or deformed. When TH-Gal4 drives the synthesis of duch dsRNA 

Figure 2. Generation of polyclonal anti-dUCH antibody for studying UCH-L1 function in Drosophila melanogaster model. 
(A) GAL4/UAS system is used for overexpressing dUCH protein in transgenic flies. Gal4 protein was expressed under 
GMR driving promoter in Drosophila posterior eye imaginal discs. Then, the expressed Gal4 bound to UAS element on 
the upstream of duch gene in transgenic Drosophila and caused the duch gene expression. (B) Western blot analysis of 
total protein from eye imaginal discs with polyclonal anti-dUCH antibody (above) and monoclonal anti-alpha tubulin 
antibody (below). GMR-Gal4: total protein from eye imaginal discs of transgenic fly, which showed dUCH endogenous 
protein. 12-4, 23-4, 50-5, 59: total protein from four different transgenic fly lines, which overexpresses dUCH protein 
under GMR-Gal4 driver. (C) Immunohistochemistry analysis on eye imaginal discs from the third instar Drosophila 
melanogaster larvae with polyclonal anti-dUCH antibody. GMR-Gal4: eye imaginal discs of transgenic fly, which showed 
dUCH endogenous protein. 23-4, 50-5: eye imaginal discs from two different transgenic fly lines, which overexpresses 
dUCH protein under GMR-Gal4 driver.
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in Drosophila brain tissue, the third larval crawling ability was strongly defected (Figure 3). 
Emphatically, knockdown dUCH in whole bodies of the flies by Act5C-Gal4 resulted in pupal 
lethal effects. These observations strongly suggested that the dUCH plays an important role 
in maintaining normal Drosophila tissue development.

On the other hand, overexpression of dUCH in Drosophila melanogaster showed an apoptosis 
induction in eye imaginal discs and resulted in rough eye phenotype in adult flies. The apop-
tosis induction was vanished by co-expression of P35, a vacuolar viral protein that inhibits 
downstream effecter caspases. The apoptosis induction is followed by compensatory prolif-
eration (Figure 4) [31].

Furthermore, dUCH overexpression also caused the upset in distribution of photoreceptor 
clusters in fly pupal retina (Figure 5).

In Drosophila pupal retinae, the ommatidia were arranged precisely. Different cell types 
appeared in typical shape and position. However, overexpression of dUCH in pupal retinae 
increased apical mispatterning. In many regions of dUCH-overexpressing retinae, ommatidia 
showed defects in alignment and orientation. Cone cell clusters are in different sizes and 
distorted. In addition, the morphology of pigment cells was aberrant. Defects in the shape 
and the number of primary pigment cells were detected. The shape of secondary and tertiary 
pigment cells (interommatidial pigment cells) was altered. In addition to the morphological 

Figure 3. Tissue-specific knockdown of dUCH resulted in defects in adult flies.
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Emphatically, knockdown dUCH in whole bodies of the flies by Act5C-Gal4 resulted in pupal 
lethal effects. These observations strongly suggested that the dUCH plays an important role 
in maintaining normal Drosophila tissue development.

On the other hand, overexpression of dUCH in Drosophila melanogaster showed an apoptosis 
induction in eye imaginal discs and resulted in rough eye phenotype in adult flies. The apop-
tosis induction was vanished by co-expression of P35, a vacuolar viral protein that inhibits 
downstream effecter caspases. The apoptosis induction is followed by compensatory prolif-
eration (Figure 4) [31].

Furthermore, dUCH overexpression also caused the upset in distribution of photoreceptor 
clusters in fly pupal retina (Figure 5).

In Drosophila pupal retinae, the ommatidia were arranged precisely. Different cell types 
appeared in typical shape and position. However, overexpression of dUCH in pupal retinae 
increased apical mispatterning. In many regions of dUCH-overexpressing retinae, ommatidia 
showed defects in alignment and orientation. Cone cell clusters are in different sizes and 
distorted. In addition, the morphology of pigment cells was aberrant. Defects in the shape 
and the number of primary pigment cells were detected. The shape of secondary and tertiary 
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changes, the alignment of these cells was confused. In many regions, adjacent ommatidia 
were separated by more than one layer of interommatidial pigment cells. As a consequence, 
ommatidia in abnormal region did not maintain hexagonal shape. Bristles were misplaced, 
possibly due to the aberrance of pigment cells (Figure 6).

Interestingly, co-expressing dUCH with Sevenless or Draf in eye imaginal discs could sup-
press the rough eye phenotype induced by overexpressing dUCH. It is therefore likely that 
overexpression of dUCH downregulates the MAPK pathway, resulting in impairment of eye 
development (Figure 7) [31].

2.4. Drosophila model for studying the UCH-L1 role in Parkinson’s disease

UCH-L1 was first linked to PD when mutation UCH-L1I93M was found in two siblings from a 
family with autosomal dominant PD [8]. Transgenic mice that overexpression of UCH-L1I93M 
showed an accumulation of α-synuclein with ubiquitin in the brain [3]. UCH-L1-deficient 

Figure 4. Overexpression of dUCH induces caspase-dependent apoptosis in eye imaginal discs. (a–e) Scanning electron 
micrographs of adult compound eyes. (a’-e’) Immunostaining of the eye imaginal discs with anti-active caspase-3 
antibody. (a,a’) GMR-GAL4; (b,b’) GMR-GAL4;UAS-dUCH/+; (c,c’) GMR-GAL4;UAS-dUCH/+;UAS-P35/+; (d,d’)GMR-
GAL4;UAS-dUCH/+;UAS-LacZ/+; (e,e’) GMR-GAL4; UAS-P35/+. Note the increased number of caspase-3 positive cells 
(brackets) behind the morphogenetic furrow of eye discs overexpressing dUCH (b’) and the lack of signals detected in eye 
discs co-expressing both dUCH and P35 (c’). The arrow indicates the morphogenetic furrow (MF). The bars are for 50 μm.
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mice showed neuronal loss in the spinal gracile tract and exhibit early development sensory 
and progressive motor ataxia [7]. However, another mutation UCH-L1S18Y is dedicated that 
decreased rick in PD by antioxidant and neuron-protective function [32]. Therefore, the mech-
anism of UCH-L1 still remains unclear. In Drosophila model, specific knockdown dUCH in 
dopaminergic neuron caused a degeneration of DA neurons and resulted in locomotor dys-
functions (Figures 8 and 9).

2.5. Materials and methods

2.5.1. Fly stocks

Fly stocks were maintained at 25°C on standard food containing 0.7% agar, 5% glucose and 7% 
dry yeast. Wild-type strain Canton-S was obtained from the Bloomington Drosophila Stock Center 
(BDSC). RNAi lines carrying UAS-dUCH-IR fusion (GD#26468) for knockdown Drosophila ubiq-
uitin carboxyl-terminal hydrolase (dUCH, CG4265) were received from the Vienna Drosophila 
Resource Center (VDRC). GAL4 drivers were used to perform the targeted knockdown of 
dUCH in various tissues of D. melanogaster: Act5C-GAL4 (BDSC#3954), GMR-GAL4 (line #16), 
MS1096-GAL4 (BDSC#8860), pnr-GAL4 (BDSC#3039) and TH-GAL4 (BDSC#8848).

2.5.2. Western immunoblot analysis

Wild-type and transgenic adult flies carrying GMR-GAL4 > UAS-dUCH were frozen in liquid 
nitrogen and homogenized in a solution containing 50 mM Tris-HCl (pH 7.5); 5 mM MgCl2; 
150 mM NaCl; 10% glycerol; 0.1% Triton X-100; 0.1% NP-40; 1 mM phenylmethylsulfonyl fluo-
ride; 5 mM β-mercaptoethanol; 10 g/ml each of aprotinin, leupeptin and pepstatin A; and 1 g/ml 
each of antipain, chymostatin and phosphoramidon. Homogenates were centrifuged, and extracts 
(200 g of protein) were electrophoretically separated on SDS-polyacrylamide gels containing 10% 

Figure 5. Immunostaining of retinae at 42 h after puparium formation (APF) with anti-chaoptin antibody. (A) Control 
retina and (B) dUCH-overexpressing retina. The bars indicate 10 μm.
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acrylamide and then transferred to polyvinylidene difluoride membranes (Bio-Rad). The blotted 
membranes were blocked with TBS/0.05% Tween-20 containing 5% skim milk for 1 h at 25°C, fol-
lowed by incubation with rabbit polyclonal anti-dUCH at 1:1000 dilution or mouse monoclonal 
anti-α tubulin (Developmental Studies Hybridoma Bank (DSHB)) at 1:5000 dilution for 16 h at 
4°C. After washing, the membranes were incubated with HRP-conjugated secondary antibodies 
(GE Healthcare Bioscience) at 1:10,000 dilution for 1 h at 25°C. Detection was performed with ECL 
Western blotting detection reagents (GE Healthcare Bioscience), and images were analyzed with 
a Lumivision Pro HSII image analyzer (Aisin Seiki).

2.5.3. Immunostaining

Larval and adult brains were dissected in cold phosphate-buffered saline (PBS) and fixed in 4% 
paraformaldehyde at 25°C for 15 min. After washing with 0.3% PBS-T (PBS containing 0.3% 
Triton-X100) twice, the samples were blocked in blocking solution (0.15% PBS-T containing 

Figure 6. Overexpression of dUCH-induced apical mispatterning of 42 h APF retinae. (A) Normal adult Drosophila eye 
schematically representing orientation of the ommatidia with the green line representing the equator and schematically 
representing cross-sectional structure of a pupal ommatidium at the apical level with a, anterior cone cell; p, posterior cone 
cell; pl., polar cone cell; eq, equatorial cone cell. Red arrow marks equatorial-polar axis. (B-C) Immunostaining of retinae at 
42 h APF with anti-Dlg antibody, (B) control retina and (C) dUCH-overexpressing retina. (D-E) Diagrams show orientation 
of the ommatidia in control fly (D) and dUCH-overexpressing fly (E). Black segments represent apical orientation of the 
ommatidia, black circles represent unclear cases and grey lines represent the anterior-posterior axis of the retinae. (F-G) 
The magnification of the ommatidia in control fly (F) and dUCH-overexpressing fly (G). Bars in all figures indicate 10 μm.
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10% normal goat serum) at 25°C for 20 min. Samples were then incubated with the following 
primary antibodies diluted in blocking solution: rabbit anti-Drosophila ubiquitin carboxyl- 
terminal hydrolase (anti-dUCH; 1:500) at 4°C for 16 h or rabbit anti-tyrosine hydroxylase (anti-
TH; 1:250; Millipore, AB152) at 4°C for 20 h. After washing with 0.3% PBS-T, samples were 
incubated with secondary antibodies conjugated with Alexa 488 or FITC (1500, Invitrogen) at 
25°C for 2 h and then washed and mounted in VECTASHILED Antifade Mounting Medium 
(Vector Laboratories, Japan). Finally, the samples were inspected by a confocal laser scanning 
microscope (Olympus FluoView FV10i or Olympus BX41 Microscope).

2.5.4. Crawling assay

Male larvae in the early third instar stage were collected randomly and washed with PBS to 
discard food traces. After that, larvae were transferred to agar plates containing 2% agar with 
a density of 2–4 larvae per plate. The movement of larvae was recorded by a digital camera 
for 60 s. The recorded videos were then converted into AVI type by MOV to AVI converter 
(Pazera Jacek, Poland) and then analyzed by ImageJ (NIH, USA) with wrMTrck plugin (devel-
oped by Dr. Jesper Søndergaard Pedersen) to track larval movement and draw motion paths.

2.5.5. Climbing assay

Newly eclosed adult male flies were collected and transferred to conical tubes which have 
heights of 15 cm and diameters of 2 cm. After that, the tubes were tapped to collect the flies 
to the bottom, and the length of time to record the movement of flies was 30 s. The pro-
cedures were repeated five times and recorded by a digital camera. For all of the climbing 
experiments, the height which each fly climbed to was scored as follows: 0 (less than 2 cm),  

Figure 7. Suppression of the dUCH-induced rough eye phenotype by co-expression of sev or Draf. (a) GMR-GAL4;+; (b) 
GMR-GAL4;UAS-d;CH/+; (c) GMR-GAL4;UAS-dUCH/+;hsp-Draf/+; (d) GMR-GAL4/hsp-sev;UAS-dUCH/+; (e) GMR-
GAL4;+;UAS-LacZ/+. Magnifications are 200× for the upper and 700× for the lower panels. Flies were reared at 28°C. The 
bars indicate 50 μm.
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1 (between 2 and 4 cm), 2 (between 4 and 6 cm), 3 (between 6 and 8 cm), 4 (between 8 and 
10 cm) and 5 (more than 10 cm). The climbing assay was performed every 5 days until all flies 
lose their locomotor abilities.

2.5.6. Conclusion and perspective

UCH-L1 was known as a complex and unclear function protein. It has several irrelevant 
activities as hydrolase and ligase, which are also related to ubiquitin. Previous reports 
showed that abnormal UCH-L1 functioning, caused by mutations or change in levels of pro-
tein expression. Those reports also implied that UCH-L1 could have many negative effects, 
with impacts on cell proliferation, cell cycling and cell death through activation of many 
genes [33, 34]. In this chapter, some data compatibly demonstrated that overexpression of 
dUCH, a homolog of human UCH-L1 in Drosophila melanogaster-induced apoptosis, inter-
fered eye development by upset distribution of photoreceptor cell distribution and caused 

Figure 8. Loss of DL1 dopaminergic (DA) neurons in dUCH knockdown brain lobe. DA neuron clusters in the third 
instar larval were stained by anti-tyrosine hydroxylase antibody (anti-TH (green)). (A) Whole brain lobe with DA 
clusters in dUCH knockdown fly: TH-GAL4/UAS-dUCH-IR (TH > dUCH-IR). (A1) The magnification of DL1 DA cluster 
in knockdown fly brain lobe. (B) Whole brain lobe with DA clusters in control fly: TH-GAL4/+. (B1) The magnification 
of DL1 DA cluster in control fly brain lobe.
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apical mispatterning in ommatidium. The effects of dUCH overexpression may involve in 
mitogen-activated protein kinase pathway. On the other hand, knockdown dUCH resulted 
in defect of tissue development and function. Particularly, knockdown dUCH in dopami-
nergic neuron impaired fly locomotion and degenerated dopaminergic neurons. Besides 
the Drosophila model’s benefits, as well as the correlation between Drosophila UCH (dUCH) 
and human UCH (UCH-L1), these data strongly demonstrated that Drosophila melanogaster 
is an advantage model to investigate the functions and regulatory mechanism of UCH-
L1 in living organism.

Figure 9. The dysfunction in locomotor in dopaminergic neuron-specific dUCH knockdown flies. (A) Motion paths of 
larvae: control and dUCH knockdown larvae (TH > dUCH-IR). Knockdown larvae exhibit shorter and disorder crawling 
paths (upper panel) compared to control (below panel). (B) Climbing assay for measurement of adult fly locomotor 
ability. (C) Crawling velocity of control (TH) and knockdown larvae (TH > dUCH-IR). Knockdown larvae showed the 
reduction in crawling pace and parametric unpaired t test with Welch’s correction, ****p < 0.0001; error bars present SD. 
(D) Climbing ability of control (TH) and dUCH knockdown adult flies (TH > dUCH-IR). Knockdown flies start to exhibit 
the decline in climbing ability at 5 days after eclosion, repeatedly measuring two way ANOVA with Bonferroni’s post 
hoc test, **p < 0.01; error bars present SEM.
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Abstract

Neuropathy target esterase (NTE) is a molecular target for the organophosphorus com-
pound-induced delayed neuropathy (OPIDN) and also one of the genetic factors respon-
sible for the development of the hereditary spastic paraplegia (HSP), characterized by 
axon degeneration of motoneurons causing progressive lower-limb spastic paralysis. 
Both HSP and OPIDN are characterized by the distal axonopathy. The molecular mecha-
nisms underlying the axonopathy involved in HSP and OPIDN are poorly understood. 
In order to have a better understanding of the mechanisms that NTE is involved in, we 
used one of the homologs, human NTE. Swiss cheese (sws) is a Drosophila melanogaster 
ortholog of NTE with 39% homology. Mutations in sws as it was shown before lead to 
age-dependent neurodegeneration, structure alteration of glia cells, and reduced insect 
life span. To study SWS functions, we used the system of the third-instar larval neuro-
muscular junctions of D. melanogaster. In this study, we show that mutations in sws (sws1 
and sws76−1) and SWS knockdown alter neuromuscular junction’s morphology and syn-
aptic microtubules organization.

Keywords: axon degeneration, Drosophila melanogaster, neuromuscular junctions, 
neuropathy target esterase (NTE), Swiss cheese (sws)

1. Introduction

It has recently been established that mutations in the particular region of the neuropathy 
target esterase (NTE) gene coding for the catalytic domain of the NTE protein cause an 

© 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Neuropathy target esterase (NTE) is a molecular target for the organophosphorus com-
pound-induced delayed neuropathy (OPIDN) and also one of the genetic factors respon-
sible for the development of the hereditary spastic paraplegia (HSP), characterized by 
axon degeneration of motoneurons causing progressive lower-limb spastic paralysis. 
Both HSP and OPIDN are characterized by the distal axonopathy. The molecular mecha-
nisms underlying the axonopathy involved in HSP and OPIDN are poorly understood. 
In order to have a better understanding of the mechanisms that NTE is involved in, we 
used one of the homologs, human NTE. Swiss cheese (sws) is a Drosophila melanogaster 
ortholog of NTE with 39% homology. Mutations in sws as it was shown before lead to 
age-dependent neurodegeneration, structure alteration of glia cells, and reduced insect 
life span. To study SWS functions, we used the system of the third-instar larval neuro-
muscular junctions of D. melanogaster. In this study, we show that mutations in sws (sws1 
and sws76−1) and SWS knockdown alter neuromuscular junction’s morphology and syn-
aptic microtubules organization.

Keywords: axon degeneration, Drosophila melanogaster, neuromuscular junctions, 
neuropathy target esterase (NTE), Swiss cheese (sws)

1. Introduction

It has recently been established that mutations in the particular region of the neuropathy 
target esterase (NTE) gene coding for the catalytic domain of the NTE protein cause an 
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autosomal-recessive form of HSP (SPG39) Gordon-Holmes syndrome, Boucher-Neuhäuser 
syndrome, Laurence-Moon syndrome, Oliver-McFarlane syndrome, and Leber’s congenital 
amarosis [1–4]. Initially, NTE was found in human brain homogenates as an enzyme, the 
activity of which could be inhibited by organophosphates, leading to the development of 
organophosphorus compound-induced delayed neuropathy (OPIDN) [5]. HSP and OPIDN 
are both characterized by the distal degeneration of motor and sensory axons [6, 7].

NTE is a highly conserved protein with homology among many organisms (from yeast to 
humans), particularly in its esterase catalytic domain [8]. The NTE ortholog in Drosophila mela-
nogaster (D. melanogaster, Meigen, 1830) is called Swiss cheese (sws). All the currently known 
sws mutants were obtained and described by Kretzschmar et al. [9]. These mutants developed 
axonal and glial pathology in the brain and neuronal apoptosis [9]. The level of phosphati-
dylcholine was increased in the mutants [10]. SWS and NTE share high structural (39%) and 
functional homology [10]. These proteins are widely expressed in the nervous system [8, 10], 
localized on the endoplasmic reticulum (ER), and also considered to have esterase activity [11, 
10]. NTE knockout mice (mouse and human NTE genes have 95% homology) die on the ninth 
day of the embryonic development, unlike mice without NTE expression only in neurons. 
Mice without NTE neuronal expression develop a phenotype similar to sws mutants, includ-
ing vacuolization, myelin production, and neuronal death [11]. NTE knockdown in zebra fish 
leads to development defects, axon shortening, and reduction of axonal arborization [12]. 
There have been many studies dedicated to NTE/sws; however, we still do not know much 
about their exact roles in the development and functioning of the nervous system.

In our study, we identified a new allele in sws using genome screening. We also carried out 
functional studies of sws in vivo, using larval neuromuscular junctions (NMJs) of D. melanogas-
ter as a good system of HSP modeling. We showed that sws is widely expressed in the larval 
nervous system, especially in glial cells. We also established that mutations in the sws gene 
alter NMJ morphology, the distribution of synaptic markers, microtubule (MT) network, and 
synaptic microtubules organization.

2. The new sws allele

During the massive screen tests searching for X-linked mutants with age-dependent neurode-
generation, we analyzed paraffin-embedded histological sections of the brain tissue in mutant 
flies with life span reduction [13]. Sections from a number of mutants showed strong brain 
vacuolization similar to sws phenotype described by Kretzschmar et al. [9]. However, in the 
sws76−15 line, we revealed a different phenotype with small vacuoles in all brain regions, which 
is not a hallmark of sws [13] (Figure 1C and H). Therefore, we believe that it is a new allele of 
sws, and we used deficiency mapping on 7D1–D5 band (Df (1) C128) which uncovered a sws 
phenotype [9]. To confirm localization in this region, we rescued a neurodegenerative phe-
notype with 7D1 band duplication (Dp(1;3)sn13a1). We were successful in mapping the sws76−15 
mutant using deficiency. In addition, heterozygous individuals used for complementation 
analysis with sws1 (sws1/sws76−15) and sws4 (sws4/sws76−15, data not shown) showed a mutant phe-
notype, which corresponds to sws76−15-like phenotype (Figure 1E and J). We suggested that this 
allele is neomorphic and dominant to other sws alleles but recessive to the wild type.
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Previously, two transcripts of sws gene were described [14, 9]. The larger transcript SWS-RA 
of 5.4 kb is expressed at all developmental stages, prominently in young embryos and adult 
heads and bodies, whereas the smaller SWS-RB 1.7 kb transcript is only detectable in adult 
heads. Later, the third transcript SWS-RC of 5.4 kb was discovered (FlyBase).

Figure 1. Histological sections of a brain’s optic lobe in a 20-day-old Drosophila melanogaster. (A–E) Horizontal 7-μm 
paraffin-embedded sections. (F–J) Horizontal 1-μm plastic semi-thin sections. (A and F) Homozygous wild-type tissue of 
Oregon males used as controls (Bloomington Stock Centre). Neuropile and glia have very regular structure in all layers of 
the lobe. (B and G) Homozygous sws1-mutant males, degeneration tissue is clearly seen as vacuoles in all neuropile and 
highly stained glia cells hyperwrapping in the lamina cortex. (C and H) Homozygous sws76−15 males with small vacuoles in 
neuropile. (D and I) Heterozygous sws1/Oregon old females used as controls in complementation test, glia and neuropile 
show wild-type phenotype. (E and J) Heterozygous sws1/sws76−15 old females with mutant phenotypes in neuropile and 
lamina cortex glia, suggesting mutations in the same gene. Re, retina; La, lamina; Me, medulla; Lo, lobula; LoP, lobula plata. 
Paraffin-embedded sections were analyzed using a Nikon LSM A1 Clem confocal microscope; plastic-embedded semi-thin 
sections were analyzed using Karl Zeiss light microscope. Microscopic pictures were taken at the same level of the brain.

Figure 2. Conceptual sequence of SWS protein with identified location of sws mutations.
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ter as a good system of HSP modeling. We showed that sws is widely expressed in the larval 
nervous system, especially in glial cells. We also established that mutations in the sws gene 
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During the massive screen tests searching for X-linked mutants with age-dependent neurode-
generation, we analyzed paraffin-embedded histological sections of the brain tissue in mutant 
flies with life span reduction [13]. Sections from a number of mutants showed strong brain 
vacuolization similar to sws phenotype described by Kretzschmar et al. [9]. However, in the 
sws76−15 line, we revealed a different phenotype with small vacuoles in all brain regions, which 
is not a hallmark of sws [13] (Figure 1C and H). Therefore, we believe that it is a new allele of 
sws, and we used deficiency mapping on 7D1–D5 band (Df (1) C128) which uncovered a sws 
phenotype [9]. To confirm localization in this region, we rescued a neurodegenerative phe-
notype with 7D1 band duplication (Dp(1;3)sn13a1). We were successful in mapping the sws76−15 
mutant using deficiency. In addition, heterozygous individuals used for complementation 
analysis with sws1 (sws1/sws76−15) and sws4 (sws4/sws76−15, data not shown) showed a mutant phe-
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The products are alternatively spliced transcripts from the same transcription unit: SWS-B 
is the first four exons of SWS-RA; SWS-RC differs from SWS-RA only in the fourth exon. 
Previously identified sws1 and sws4 mutations are specific to a larger SWS-RA [9]: in sws1, a C 
to A nucleotide exchange at 1616 position produces a stop codon in place of a codon for serine, 
while in sws4, nucleotide 3357 is changed from G to A, substituting asparagine for glycine. 
We also have examined the ORF of SWS-RA transcript in sws76−15 line and determined a new, 
significant single nucleotide substitution. In sws76−15, the G at position 4233 was replaced by a 
C, causing the substitution of glutamic acid to aspartic acid (Figure 2).

3. Expression of SWS protein in the larval neuromusculature

To analyze the SWS expression pattern, we used an immunohistochemical method with anti-
sws and anti-horseradish peroxidase (HRP) (a widely used marker of neuronal membrane) 

Figure 3. Distribution of SWS protein in the larval neuromusculature. SWS is localized at the presynaptic sides of larval 
NMJs. Figures (A–C) represent confocal imaging analysis of control Canton S larval brain (A), axons (B), NMJs on muscle 
4 at abdominal segments A3–A4 (C) immunohistochemically stained with repo antibody (green), SWS antibody (purple), 
presynaptic marker HRP (blue), and repo, SWS, and HRP merged (green, purple, and blue). Figure D represents confocal 
imaging analysis of SWS in larval NMJs on muscle 4 at abdominal segments A3–A4 immunohistochemically stained with repo 
antibody (green),  SWS antibody (red), postsynaptic marker Dlg (indigo), and repo, SWS, and Dlg merged. Scale bar: 50 μm.
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antibodies [15]. Results showed that in wild-type larvae, SWS was expressed in cells of the 
ventral nerve cord (VNC) and localized in axons; here, a smaller amount of sws was found in 
NMJ in the same area as the HRP signal confirming its presynaptic localization (Figure 3A–C). 
To detect SWS localization in the postsynaptic region of NMJ synapses, we analyzed larvae 
expressing the postsynaptic density marker protein Discs Large (Dlg) [15]. Double labeling 
with an antibody against Dlg revealed that SWS immunoreactivity does not extend into the 
postsynaptic area (Figure 3D). To determine whether sws is expressed in glial cells, we used 
anti-glia marker—repo [16]. The analysis showed that sws is expressed in glial cells, but only 
those located around the brain and axons (Figure 3A–C). A similar pattern of sws expression 
was observed in adult D. melanogaster brain [9, 10].

4. sws mutants and SWS knockdown display a changed number of 
satellite boutons at the NMJ

The localization of SWS in synaptic boutons assumes its participation in NMJ development. In 
order to study this possible role of SWS, we used a transgenic line CD8;D42 expressing green 
fluorescent protein (GFP) in the neuronal membrane. The NMJs (abdominal segment 3 and 
muscle 4) of the offspring from CD8;D42 and SWS-RNAi and sws mutants (sws1 and sws76−15) 
were analyzed using confocal microscopy [17] (Figure 4). Morphology analysis was done by 
the estimation of synaptic bouton number and NMJ area. The analysis showed that the NMJ 

Figure 4. NMJ morphology is altered in sws mutants and SWS knockdown in motor neurons. Representative confocal 
images of larval NMJs (muscle 4, hemi-segments 3–4) with illuminated neuronal membrane in controls (CD8/+;D42/+) 
(A), SWS-RNAi//CD8/+;D42/+ (B), sws1;CD8/+;D42/+ (C), sws76−15; CD8/+;D42/+ (D). Arrowheads point to satellite boutons. 
Bar = 25 μm. (E–G) Quantitative analysis of NMJ morphology in every genotype: total number of 1b boutons (F) and 
number of satellite boutons (G), relative area of NMJs (H) . *P < 0.05.
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The products are alternatively spliced transcripts from the same transcription unit: SWS-B 
is the first four exons of SWS-RA; SWS-RC differs from SWS-RA only in the fourth exon. 
Previously identified sws1 and sws4 mutations are specific to a larger SWS-RA [9]: in sws1, a C 
to A nucleotide exchange at 1616 position produces a stop codon in place of a codon for serine, 
while in sws4, nucleotide 3357 is changed from G to A, substituting asparagine for glycine. 
We also have examined the ORF of SWS-RA transcript in sws76−15 line and determined a new, 
significant single nucleotide substitution. In sws76−15, the G at position 4233 was replaced by a 
C, causing the substitution of glutamic acid to aspartic acid (Figure 2).

3. Expression of SWS protein in the larval neuromusculature

To analyze the SWS expression pattern, we used an immunohistochemical method with anti-
sws and anti-horseradish peroxidase (HRP) (a widely used marker of neuronal membrane) 

Figure 3. Distribution of SWS protein in the larval neuromusculature. SWS is localized at the presynaptic sides of larval 
NMJs. Figures (A–C) represent confocal imaging analysis of control Canton S larval brain (A), axons (B), NMJs on muscle 
4 at abdominal segments A3–A4 (C) immunohistochemically stained with repo antibody (green), SWS antibody (purple), 
presynaptic marker HRP (blue), and repo, SWS, and HRP merged (green, purple, and blue). Figure D represents confocal 
imaging analysis of SWS in larval NMJs on muscle 4 at abdominal segments A3–A4 immunohistochemically stained with repo 
antibody (green),  SWS antibody (red), postsynaptic marker Dlg (indigo), and repo, SWS, and Dlg merged. Scale bar: 50 μm.
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antibodies [15]. Results showed that in wild-type larvae, SWS was expressed in cells of the 
ventral nerve cord (VNC) and localized in axons; here, a smaller amount of sws was found in 
NMJ in the same area as the HRP signal confirming its presynaptic localization (Figure 3A–C). 
To detect SWS localization in the postsynaptic region of NMJ synapses, we analyzed larvae 
expressing the postsynaptic density marker protein Discs Large (Dlg) [15]. Double labeling 
with an antibody against Dlg revealed that SWS immunoreactivity does not extend into the 
postsynaptic area (Figure 3D). To determine whether sws is expressed in glial cells, we used 
anti-glia marker—repo [16]. The analysis showed that sws is expressed in glial cells, but only 
those located around the brain and axons (Figure 3A–C). A similar pattern of sws expression 
was observed in adult D. melanogaster brain [9, 10].

4. sws mutants and SWS knockdown display a changed number of 
satellite boutons at the NMJ

The localization of SWS in synaptic boutons assumes its participation in NMJ development. In 
order to study this possible role of SWS, we used a transgenic line CD8;D42 expressing green 
fluorescent protein (GFP) in the neuronal membrane. The NMJs (abdominal segment 3 and 
muscle 4) of the offspring from CD8;D42 and SWS-RNAi and sws mutants (sws1 and sws76−15) 
were analyzed using confocal microscopy [17] (Figure 4). Morphology analysis was done by 
the estimation of synaptic bouton number and NMJ area. The analysis showed that the NMJ 

Figure 4. NMJ morphology is altered in sws mutants and SWS knockdown in motor neurons. Representative confocal 
images of larval NMJs (muscle 4, hemi-segments 3–4) with illuminated neuronal membrane in controls (CD8/+;D42/+) 
(A), SWS-RNAi//CD8/+;D42/+ (B), sws1;CD8/+;D42/+ (C), sws76−15; CD8/+;D42/+ (D). Arrowheads point to satellite boutons. 
Bar = 25 μm. (E–G) Quantitative analysis of NMJ morphology in every genotype: total number of 1b boutons (F) and 
number of satellite boutons (G), relative area of NMJs (H) . *P < 0.05.
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area (Control—362.5 ± 47.1; SWS-RNAi—448.6 ± 39.2; sws4—436.7 ± 37.1; sws76−15—314.4 ± 25.2, 
р ˃ 0.05) and the total number of 1b boutons were not significantly different in the mutants 
compared to the control, except for sws76−15, with a slightly decreased total number of synaptic 
boutons (Figure 4F and G). Interestingly, different mutations altered a number of satellite 
boutons (boutons budding off the parental large synaptic boutons or interboutonal space) dif-
ferently (Figure 4A–D). We observed an increased number in satellite boutons in SWS-RNAi 
and sws1, but a decreased number of them in sws76−1 (Figure 4D and G).

5. The abundance of synaptic marker Bruchpilot and Dlg is altered 
in sws mutants and SWS knockdown

We further examined potential defects in synaptic organization of sws mutant NMJs using 
synaptic markers. We analyzed presynaptic marker Bruchpilot and the postsynaptic marker 
Dlg in sws mutants to check whether the satellite bouton change is associated with alterations 
in the subcellular localization of synaptic proteins. For active zone analysis, we performed 
immunohistochemical staining with nс82 antibodies against a D. melanogaster-active zone 
protein—Bruchpilot [18]. Active zone number in SWS-RNAi and sws1 was not different from 
the control but was reduced in sws76−15 (Figure 5), which is, in our view, with a decrease in the 
number of satellite boutons. Next, we determined the number of active zones per one bouton. 
As seen in Figure 5, the average number of active zone contained in one bouton was signifi-
cantly lower compared to that of the control (Figure 5E).

Figure 5. Distribution of active zones in SWS knockdown and sws mutants. (A–C) Representative confocal images of 
larval NMJs (muscle 4, hemi-segments 3–4) stained for active zones (nc82) in controls. Bar = 10 μm. (D–E) Quantification 
of the total number of active zones in a single NMJ and in a single bouton (F) in every genotype. 1, Control; 2, RNAi; 3, 
sws1; 4, sws76−15. **P < 0.01, *P < 0.05.
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For postsynaptic density analysis, we used antibodies against Dlg protein, the PSD 95 homo-
log in mammals [19]. It has been previously shown that Dlg localizes in the subsynaptic retic-
ulum (SSR), located around Ib NMJ boutons, and regulates its development [20]. Anti-Dlg 
staining in the control line was very intensive, with a halo-like pattern around Ib boutons 
(Figure 6A), whereas the Dlg intensity level in SWS knockdown and sws mutants was signifi-
cantly reduced (Figure 6B–E and F).

6. sws mutants and SWS knockdown display aberrant microtubule 
organization

Many synaptic bouton NMJ overgrowth phenotypes, particularly those with excess satellite 
boutons as well as disrupted distribution and reduced level of synaptic proteins, often cause 
an alteration of microtubule (МТ) organization [15, 21, 22]. MT structural and dynamical 
regulation is one of the most important elements of synapse formation control. MTs are also 
necessary for synaptic terminal stabilization in synaptic development. To analyze presynaptic 
MTs of NMJs, we used mAb 22C10 antibodies against MT-associated neuronal protein Futsch 
[23]. During normal synaptic growth of the D. melanogaster NMJ, Futsch is found in associa-
tion with loops of bundled microtubules typically observed within stable boutons. Loops are 
usually present at wild-type D. melanogaster NMJ, though in small amounts, and especially 

Figure 6. The synaptic levels of Dlg are reduced in SWS knockdown and sws mutants. (A–E) Representative confocal 
images of larval NMJs (muscle 4, hemi-segments 3–4) stained for HRP and DLG in controls (A), RNAi (B), sws1 (C), 
sws76−15 (D). Bar = 20 μm. (E) Quantification of relative fluorescent intensity of Dlg in NMJs. 1, Control; 2, RNAi; 3, sws1; 
4, sws76−15. **P < 0.01.
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area (Control—362.5 ± 47.1; SWS-RNAi—448.6 ± 39.2; sws4—436.7 ± 37.1; sws76−15—314.4 ± 25.2, 
р ˃ 0.05) and the total number of 1b boutons were not significantly different in the mutants 
compared to the control, except for sws76−15, with a slightly decreased total number of synaptic 
boutons (Figure 4F and G). Interestingly, different mutations altered a number of satellite 
boutons (boutons budding off the parental large synaptic boutons or interboutonal space) dif-
ferently (Figure 4A–D). We observed an increased number in satellite boutons in SWS-RNAi 
and sws1, but a decreased number of them in sws76−1 (Figure 4D and G).

5. The abundance of synaptic marker Bruchpilot and Dlg is altered 
in sws mutants and SWS knockdown

We further examined potential defects in synaptic organization of sws mutant NMJs using 
synaptic markers. We analyzed presynaptic marker Bruchpilot and the postsynaptic marker 
Dlg in sws mutants to check whether the satellite bouton change is associated with alterations 
in the subcellular localization of synaptic proteins. For active zone analysis, we performed 
immunohistochemical staining with nс82 antibodies against a D. melanogaster-active zone 
protein—Bruchpilot [18]. Active zone number in SWS-RNAi and sws1 was not different from 
the control but was reduced in sws76−15 (Figure 5), which is, in our view, with a decrease in the 
number of satellite boutons. Next, we determined the number of active zones per one bouton. 
As seen in Figure 5, the average number of active zone contained in one bouton was signifi-
cantly lower compared to that of the control (Figure 5E).

Figure 5. Distribution of active zones in SWS knockdown and sws mutants. (A–C) Representative confocal images of 
larval NMJs (muscle 4, hemi-segments 3–4) stained for active zones (nc82) in controls. Bar = 10 μm. (D–E) Quantification 
of the total number of active zones in a single NMJ and in a single bouton (F) in every genotype. 1, Control; 2, RNAi; 3, 
sws1; 4, sws76−15. **P < 0.01, *P < 0.05.

Drosophila melanogaster - Model for Recent Advances in Genetics and Therapeutics214

For postsynaptic density analysis, we used antibodies against Dlg protein, the PSD 95 homo-
log in mammals [19]. It has been previously shown that Dlg localizes in the subsynaptic retic-
ulum (SSR), located around Ib NMJ boutons, and regulates its development [20]. Anti-Dlg 
staining in the control line was very intensive, with a halo-like pattern around Ib boutons 
(Figure 6A), whereas the Dlg intensity level in SWS knockdown and sws mutants was signifi-
cantly reduced (Figure 6B–E and F).

6. sws mutants and SWS knockdown display aberrant microtubule 
organization

Many synaptic bouton NMJ overgrowth phenotypes, particularly those with excess satellite 
boutons as well as disrupted distribution and reduced level of synaptic proteins, often cause 
an alteration of microtubule (МТ) organization [15, 21, 22]. MT structural and dynamical 
regulation is one of the most important elements of synapse formation control. MTs are also 
necessary for synaptic terminal stabilization in synaptic development. To analyze presynaptic 
MTs of NMJs, we used mAb 22C10 antibodies against MT-associated neuronal protein Futsch 
[23]. During normal synaptic growth of the D. melanogaster NMJ, Futsch is found in associa-
tion with loops of bundled microtubules typically observed within stable boutons. Loops are 
usually present at wild-type D. melanogaster NMJ, though in small amounts, and especially 

Figure 6. The synaptic levels of Dlg are reduced in SWS knockdown and sws mutants. (A–E) Representative confocal 
images of larval NMJs (muscle 4, hemi-segments 3–4) stained for HRP and DLG in controls (A), RNAi (B), sws1 (C), 
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at the branch points and within terminal boutons [21]. An increase in looped MTs in the pre-
synaptic terminal suggests MT abnormalities. Quantification of the number of Futsch-positive 
loops on the NMJ innervating muscle 4 showed that SWS knockdown and sws1-mutant NMJs 
contained significantly more number of microtubule loops compared with controls (P < 0.001; 
Figure 7A–C and F). Instead, within the many of mutant boutons, sws76−15 larvae exhibit only 
a slightly elevated number of MT loops at the NMJ (Figure 7D and F).

7. sws mutations and SWS knockdown cause disrupted 
mitochondrial organization in NMJs

Mitochondria play an important role in energy-dependent processes of synaptogenesis [24, 25], 
and, as shown earlier, mitochondrial transport depends on the MT maintenance [25]. In order to 
analyze mitochondria at NMJ synapses, we analyzed the distribution of mitochondria labeled by 

Figure 7. The number of presynaptic Futsch-positive loops is increased at synapses in SWS knockdown and sws-mutant 
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genotype is given on the bars. ***P < 0.001, *P < 0.05; error bars indicate s.e.m.
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a green fluorescent protein (GFP) tag (mito-GFP) in control strain and sws mutants. The mito-GFP 
tag was constructed by fusing the N-terminal 31 amino acid (mitochondria-targeting) sequence 
from human cytochrome C oxidase subunit VIII with N-terminus of GFP [26]. Mitochondria 
expressing GFP are very easy to observe in NMJs of control motor neurons (Figure 8A). However, 
the number of mitochondria was significantly reduced in mutant lines compared to that in con-
trol (Figure 8A–D and E).

8. Summary and concluding remarks

In this chapter, we investigated the role of sws in the development and functioning of the nervous 
system using an excellent well-developed model of D. melanogaster larval NMJs. We showed 

Figure 8. NMJ distribution of mitochondria in sws mutants. (A–C) Representative confocal images of larval NMJs (muscle 
4, hemi-segments 3–4) visualized with mitochondria expressing GFP in controls (mito-GFP/+;D42/+). Bar = 10 μm. (D) 
Quantification of mitochondria in NMJs in every genotype. 1, Control; 2, RNAi; 3, sws1; 4, sws76−15. **P < 0.01.
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7. sws mutations and SWS knockdown cause disrupted 
mitochondrial organization in NMJs

Mitochondria play an important role in energy-dependent processes of synaptogenesis [24, 25], 
and, as shown earlier, mitochondrial transport depends on the MT maintenance [25]. In order to 
analyze mitochondria at NMJ synapses, we analyzed the distribution of mitochondria labeled by 

Figure 7. The number of presynaptic Futsch-positive loops is increased at synapses in SWS knockdown and sws-mutant 
larvae. (A–E) NMJ terminals of wild type (A), SWS-RNAi (B), sws1 (C), sws76−15 (D), co-stained with anti-HRP (green) and 
anti-Futsch (white). Futsch-positive loops are indicated by arrowheads. Scale bar: 25 μm. (E) Statistical comparison of 
the number of Futsch-positive loops at the NMJ terminals in different genotypes. The number of NMJs analyzed for each 
genotype is given on the bars. ***P < 0.001, *P < 0.05; error bars indicate s.e.m.

Drosophila melanogaster - Model for Recent Advances in Genetics and Therapeutics216

a green fluorescent protein (GFP) tag (mito-GFP) in control strain and sws mutants. The mito-GFP 
tag was constructed by fusing the N-terminal 31 amino acid (mitochondria-targeting) sequence 
from human cytochrome C oxidase subunit VIII with N-terminus of GFP [26]. Mitochondria 
expressing GFP are very easy to observe in NMJs of control motor neurons (Figure 8A). However, 
the number of mitochondria was significantly reduced in mutant lines compared to that in con-
trol (Figure 8A–D and E).

8. Summary and concluding remarks

In this chapter, we investigated the role of sws in the development and functioning of the nervous 
system using an excellent well-developed model of D. melanogaster larval NMJs. We showed 

Figure 8. NMJ distribution of mitochondria in sws mutants. (A–C) Representative confocal images of larval NMJs (muscle 
4, hemi-segments 3–4) visualized with mitochondria expressing GFP in controls (mito-GFP/+;D42/+). Bar = 10 μm. (D) 
Quantification of mitochondria in NMJs in every genotype. 1, Control; 2, RNAi; 3, sws1; 4, sws76−15. **P < 0.01.

Swiss Cheese, Drosophila Ortholog of Hereditary Spastic Paraplegia Gene NTE, Maintains…
http://dx.doi.org/10.5772/intechopen.73077

217



that sws is widely expressed in the larval nervous system and localized in the brain, axons, and 
NMJs. However, SWS is predominantly found in glial cells of the brain and axons. These data 
correlate with the sws distribution in the brain of adult flies [10, 27]. We also described a new 
mutation in the sws gene (sws76−15) and compared its phenotypic manifestations in the nervous 
system of the larvae to the previously described sws1 mutation and SWS knockdown. We show 
the presynaptic depletion of SWS in the motor neurons using GAL4-inducible fly line SWS-
RNAi, and null sws1 mutations result in a significant expansion of synaptic bouton number. 
Interestingly, the number of 1b and satellite boutons in the sws76−15 mutant was decreased in the 
mutant as compared with that in the control. These results indicate that SWS controls synaptic 
bouton formation and differentiation of the NMJ during the third-instar larval stage.

Satellite bouton production has been observed for certain D. melanogaster proteins Spastin [28] 
and Atlastin [29] implicated in HSP. How mutations in sws lead to the formation of excess or 
deficiency satellite boutons remains to be elucidated. However, as previously shown, mutants 
characterized by extra satellite boutons can display changing the number of microtubule 
loops [15]. We found that SWS knockdown sws1 and sws76−15 mutations resulted in more stable 
MT loops in the NMJ. One of our discoveries is that sws mutations cause mitochondrial dys-
function in NMJs, which is a common effect in other HSP forms [30–32]. Mitochondrial trans-
port to synapse is tightly regulated to provide sufficient energy for synaptic transmission 
[33, 34]. Decreased synaptic transmission has been reported to be associated with a reduced 
number of functional mitochondria [35, 36]. Indeed, glial SWS knockdown induces defects in 
neuronal transmission; however, levels of Bruchpilot, an active-site marker, were unchanged 
[26]. Here, we show that although there was an increase in bouton number at NMJs of sws 
mutants, the boutons did not show a reduction in the abundance in the active zone synaptic 
function marker Bruchpilot, while their number was significantly lower in the single bouton, 
suggesting a decrease in their neurotransmitter function.

Six alleles of the D. melanogaster sws gene were described, and two of these, sws1 and sws5, muta-
tions and SWS knockdown were characterized at the biochemical level [9, 37, 26]. sws1 is the 
most completely studied sws mutation and results in a truncated protein of about a fourth of the 
original length [9]. Previous reports on sws mutants have described abnormal morphology only 
in the brain and eye of the adult fly, but have correlated these changes with the loss of SWS cata-
lytic activity [9, 10]. Novel point mutant, sws76−15, is located in the region of SWS, which has no 
homology with NTE. On this basis, we believe that the mutant has not broken esterase function. 
In our study, SWS knockdown sws1 and sws76−15 acted practically identically, which shows, for 
our point of view, that we revealed the functions of SWS, which are not connected with esterase 
function. To confirm this, it is necessary to investigate the esterase activity of sws76−15 mutant.

When discussing about SWS functions in the nervous system, we should remember the fact 
that the most prominent expression sws was found in glial cells on the surface of the brain 
and axons. Indeed, a recent study showed that the loss of SWS in glia impairs neuronal func-
tion, strongly suggesting that the loss of glial SWS plays an important role in the phenotypes 
observed in the sws mutant [26]. We did not observe significant and gross changes in glia 
morphology, presumably because of the short developmental larval stage.
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In summary, our research showed the role of sws in the regulation of NMJ functioning. Further 
studies about processes regulated by sws will help us to better understand the molecular 
mechanisms underlying the pathogenesis of diseases.

9. Materials and methods

9.1. D. melanogaster lines

Ethylmethane sulfonate (EMS)-induced mutant alleles of sws were used as a research material 
and wild-type Oregon R line as a control. All mutants were isolated in screens for structural 
brain defects using the histology brain assay [38]: sws1 is previously described by Kretzschmar 
et al. [9], sws76−15 (also referred as 76-15 line) isolated by Shcherbata et al. [13]. Another strain 
was obtained from the Bloomington Drosophila Stock Centre (Indiana University, USA). All 
strains were kept on standard a medium at 25°C.

9.2. Tissue sections

9.2.1. Paraffin sections

The mass histology procedure by Heisenberg and Bohl [38] was used for general neurodegen-
erative phenotype analysis in adult flies. Flies were placed into collars and fixed in Carnoy 
solution (ethanol-chloroform-acetic acid, 6:3:1) at 4°C, which was followed by their dehydra-
tion in ethanol (30 min), methyl benzoate (30 min), and twice in paraffin (60 min). Paraffin 
blocks were used to prepare 7-μm thick sections. Paraffin slices were washed with xylene 
and covered with DPX (“Fluka,” USA). The preparations were examined on a Carl Zeiss Jena 
microscope at 12 × 40 magnifications in UV light for eye auto-fluorescence (no staining). In the 
experiment, we tested at least 25 flies (20–22 days old) of each genotype.

9.2.2. Semi-thin plastic sections

Fly heads were dissected on ice and fixed in 2% glutaraldehyde and 2% osmium solutions 
for 6 h. After removing osmium, the heads were dehydrated in ethanol solutions of increas-
ing concentrations (30, 50, 70, 90, and 100%) and subsequently incubated two times for 2 min 
in propylene oxide solution at room temperature. Afterwards, the propylene oxide was 
replaced with a propylene oxide-resin mixture and left to incubate overnight. The mixture 
was replaced with pure resin, and the heads were incubated for three more hours. Molds for 
block preparation were filled with resin, and the heads were separately placed in the molds 
with proper orientation. Molds with oriented heads were left overnight at 70°C for the resin 
in the blocks to solidify. Then, blocks were cracked from molds and placed into signed tubes, 
with the subsequent preparation of 1-μm thick sections using a semiautomatic Historange 
Microtome using a diamond knife. Sections were stained with the Toluidine Blue solution, 
washed with distilled water, and covered with glass using DPX-mountant for histology [38].
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the presynaptic depletion of SWS in the motor neurons using GAL4-inducible fly line SWS-
RNAi, and null sws1 mutations result in a significant expansion of synaptic bouton number. 
Interestingly, the number of 1b and satellite boutons in the sws76−15 mutant was decreased in the 
mutant as compared with that in the control. These results indicate that SWS controls synaptic 
bouton formation and differentiation of the NMJ during the third-instar larval stage.

Satellite bouton production has been observed for certain D. melanogaster proteins Spastin [28] 
and Atlastin [29] implicated in HSP. How mutations in sws lead to the formation of excess or 
deficiency satellite boutons remains to be elucidated. However, as previously shown, mutants 
characterized by extra satellite boutons can display changing the number of microtubule 
loops [15]. We found that SWS knockdown sws1 and sws76−15 mutations resulted in more stable 
MT loops in the NMJ. One of our discoveries is that sws mutations cause mitochondrial dys-
function in NMJs, which is a common effect in other HSP forms [30–32]. Mitochondrial trans-
port to synapse is tightly regulated to provide sufficient energy for synaptic transmission 
[33, 34]. Decreased synaptic transmission has been reported to be associated with a reduced 
number of functional mitochondria [35, 36]. Indeed, glial SWS knockdown induces defects in 
neuronal transmission; however, levels of Bruchpilot, an active-site marker, were unchanged 
[26]. Here, we show that although there was an increase in bouton number at NMJs of sws 
mutants, the boutons did not show a reduction in the abundance in the active zone synaptic 
function marker Bruchpilot, while their number was significantly lower in the single bouton, 
suggesting a decrease in their neurotransmitter function.

Six alleles of the D. melanogaster sws gene were described, and two of these, sws1 and sws5, muta-
tions and SWS knockdown were characterized at the biochemical level [9, 37, 26]. sws1 is the 
most completely studied sws mutation and results in a truncated protein of about a fourth of the 
original length [9]. Previous reports on sws mutants have described abnormal morphology only 
in the brain and eye of the adult fly, but have correlated these changes with the loss of SWS cata-
lytic activity [9, 10]. Novel point mutant, sws76−15, is located in the region of SWS, which has no 
homology with NTE. On this basis, we believe that the mutant has not broken esterase function. 
In our study, SWS knockdown sws1 and sws76−15 acted practically identically, which shows, for 
our point of view, that we revealed the functions of SWS, which are not connected with esterase 
function. To confirm this, it is necessary to investigate the esterase activity of sws76−15 mutant.

When discussing about SWS functions in the nervous system, we should remember the fact 
that the most prominent expression sws was found in glial cells on the surface of the brain 
and axons. Indeed, a recent study showed that the loss of SWS in glia impairs neuronal func-
tion, strongly suggesting that the loss of glial SWS plays an important role in the phenotypes 
observed in the sws mutant [26]. We did not observe significant and gross changes in glia 
morphology, presumably because of the short developmental larval stage.
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erative phenotype analysis in adult flies. Flies were placed into collars and fixed in Carnoy 
solution (ethanol-chloroform-acetic acid, 6:3:1) at 4°C, which was followed by their dehydra-
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blocks were used to prepare 7-μm thick sections. Paraffin slices were washed with xylene 
and covered with DPX (“Fluka,” USA). The preparations were examined on a Carl Zeiss Jena 
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experiment, we tested at least 25 flies (20–22 days old) of each genotype.

9.2.2. Semi-thin plastic sections
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for 6 h. After removing osmium, the heads were dehydrated in ethanol solutions of increas-
ing concentrations (30, 50, 70, 90, and 100%) and subsequently incubated two times for 2 min 
in propylene oxide solution at room temperature. Afterwards, the propylene oxide was 
replaced with a propylene oxide-resin mixture and left to incubate overnight. The mixture 
was replaced with pure resin, and the heads were incubated for three more hours. Molds for 
block preparation were filled with resin, and the heads were separately placed in the molds 
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9.3. Genetic analysis of sws76−15

9.3.1. Mapping

Complementation analysis includes obtaining of trans-heterozygotes to control recessive 
mutations of the same trait. Mapping was performed by crossing mutants with a deficiency 
line (Df (1) C128/FM6) and a line with duplication (Df(1)ct-J4, In(1)dl-49, f(1)/C(1)DX, y(1) 
w(1) f(1); Dp(1;3)sn(13a1)/+) in the same band of 7D1 X-chromosome. Both lines were kindly 
provided by the Bloomington Stock Centre.

9.3.2. Molecular identification

Total RNA was extracted from 22-day-old fly heads using TRIZOL LS (“Life Technologies,” 
Switzerland) according to a standard technique [37]. The extracted RNA was dissolved in 
MQН2О with 0.1% DEPC (diethyl pyrocarbonate) and stored at −80°С. Using the Primer 
Select software, we developed eight pairs of primers to the ORF SWS-RA transcript (4274 bp) 
sequence. Expected fragments were from 620 to 829 bp and overlapped with each other. The 
cDNA was synthesized using RNaseOUT Recombinant Ribonuclease Inhibitor and Super 
Script II RNase H−Reverse Transcriptase (“Invitrogen,” USA). cDNA was used as a tem-
plate in polymerase chain reaction (PCR) with Expand High-Fidelity PCR System (“Roche 
Diagnostics,” Germany). After polymerization, 0.5 ml Taq-polymerase (“Roche Diagnostics,” 
Germany) and 0.5 ml dATF were added to the mixture and incubated for 30 min at 72°C to 
form the polyadenine tail for subsequent T/A cloning in pGEM-T-Easy Vector. The size of the 
fragments was estimated by their electrophoretic movement in 1% agarose gel compared to 
1 kb Plus DNA Ladder. DNA fragments were eluted from gel using GFP PCR DNA and Gel 
Band Purification Kit (“Amersham Biosciences,” GB). DNA sequencing was performed by 
Macrogen Inc. (Korea); each fragment from PCR of different clones was tested three times in 
both directions. Using the DNA Star software, we performed comparative analysis between 
the cDNA fragments of sws gene nucleotide sequence from the Gene Bank database (NCBI) in 
wild-type strain Oregon-R and sws76−15 mutant.

9.4. Sample preparation and assay of neuromuscular junction morphology

The third-stage larvae were dissected in freshly prepared HL3 solution (110 mM NaCl, 5 mM KCl, 
10 mM NaHCO3, 5 mM HEPES, 30 mM sucrose, 5 mM trehalose, 10 mM MgCl2, pH 7.2) (Budnik 
and Ruiz-Canada, 2006). Then, they were fixed with 4% formaldehyde (Sigma-Aldrich, United 
States) for 15 min, washed with phosphate buffer saline (PBS) and mounted in VectaShield 
mounting medium (Vector Laboratories, USA). Samples were analyzed with Leica TCS-SP5 
laser confocal microscope (Leica, Germany). Bouton number, axon branch number, and neu-
romuscular junction length were estimated with the ImageJ software (http://imagej.nih.gov/ij/) 
and LAS AF Lite software (Leica, Germany). Then, 6–8 larvae of each genotype were analyzed. 
Each experiment was done in triplicate. For comparison between genotypes, all samples were 
processed simultaneously and imaged using identical microscopic acquisition parameters. All 
images were also corrected for any background before any intensity measurements.
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9.5. Mitochondria assay

Larvae were dissected in HL3, fixed with 4% paraformaldehyde for 15 min, washed with 
PBS (3 × 15 min), and mounted in VectaShield mounting medium (Vector Laboratories, USA). 
Samples were analyzed using a Leica TCS-SP5 laser confocal microscope (Leica, Germany) at 
488 nm. Relative fluorescence was estimated using the ImageJ software. In total, 6–8 larvae of 
each genotype were analyzed. Each experiment was performed in triplicate.

9.6. Immunohistochemistry

Third-instar larvae were dissected in PBS, fixed in 4% paraformaldehyde for 20 min, and 
washed with PBS (3 × 15 min). Then, larvae were blocked in blocking buffer BlockPRO (Visual 
Protein Biotechnology Corporation, USA) for 1 h at room temperature, followed by over-
night incubation at 4°С in primary antibodies (diluted in BlockPRO) and washing in PBS 
(3 × 15 min). Afterward, larvae were incubated in secondary antibodies (diluted in BlockPRO) 
for 2 h, followed by washing in PBS (3 × 15 min) and mounting in VectaShield medium 
(Vector Laboratories, USA). We used the following primary antibodies: rabbit anti-sws 
(1:100; Almabion, Russia), mouse anti-Brp (Bruchpilot) (1:200; mAb NC82; Developmental 
Studies Hybridoma Bank (DSHB), USA), mouse anti-Dlg ((1:200; mAb 4F3; Developmental 
Studies Hybridoma Bank (DSHB), USA), mouse anti-Futsch ((1:200; Developmental Studies 
Hybridoma Bank (DSHB), USA), and secondary antibodies: goat anti-mouse Cy3-conjugated 
(1:400, Jackson ImmunoResearch, USA). Antibodies were obtained from the Developmental 
Studies Hybridoma Bank developed under the auspices of the NICHD and maintained by 
The University of Iowa, Department of Biology, Iowa City, IA.

9.7. Statistics

Statistical analyses were performed using the KyPlot software (KyensLab Inc.). A one-way 
analysis of variance (ANOVA) was followed by planned multiple comparisons between rel-
evant groups with Tukey-Kramer test.
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Abstract

D. melanogaster glutathione transferases E6 and E7 (DmGSTE6 and DmGSTE7) were suc-
cessfully cloned, purified, and biochemically characterized. The recombinant proteins were 
readily purified using the combination of both anionic and BSP/GSH-agarose affinity chro-
matography. Although both GSTs have significant identity in their amino acid sequence, 
each enzyme displayed unique biochemical characteristics. Both recombinant proteins 
were only active toward 1-chloro-2,4-dinitrobenzene (CDNB), 1,2-dichloro-4-nitrobenzene 
(DCNB), and p-nitrobenzyl chloride (p-NBC) with significant difference in catalytic activi-
ties. The findings have shown that neither GSTE6 nor GSTE7 was able to counter oxida-
tive stress. Comparatively, GSTE7 was a more efficient enzyme at turning over DCNB and  
p-NBC, based on its kcat/Km values which were of 0.183 and 2.25 min−1 mM−1, respectively. 
Thin-layer chromatography analysis showed that both isoforms were not able to conjugate 
several tested insecticides. The inhibition kinetics of natural products and dyes toward GSTs 
in vitro revealed that phenol red possessed inhibition effects only on GSTE6 while rose ben-
gal and cardiogreen inhibit significantly on both GSTE6 and GSTE7. In contrast, methylene 
blue dye and trans-chalcone have been shown to stimulate GSTE7 activity toward CDNB.

Keywords: detoxification, D. melanogaster, glutathione transferases, insecticide 
resistance, kinetic parameters

1. Introduction

One of the most popular classes of detoxification enzymes that constitute in almost all living 
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to make it water soluble and easy to excrete out. These enzymes have wide distribution in 
nature and are found ubiquitously in almost all living things including plants, animals, and 
even bacteria. GSTs are expressed in sex, age, tissue, organ, species, and tumor-specific patterns 
of expression, and their composition differs significantly [1]. Insect GSTs can be categorized 
into six classes including Delta, Epsilon, Theta, Omega, Sigma, and Zeta, but it is the Delta and 
Epsilon classes that are most commonly associated with resistance [2, 3]. Several studies also 
reported that Epsilon classes in Dipteran organisms are to confer insecticide resistance, and 
their catalytic diversity would likely promote their role in detoxification [4–7]. Another study 
[8] also suggested that the expression of the epsilon class GSTs, SlGSTE2, and SlGSTE3 genes 
in Spodoptera litura, a Lepidoptera detoxifies carbaryl, DDT, RH5992, malathion, and deltame-
thrin, which is a synthetic chemical insecticide.

A work in housefly isozymes suggested that MdGST6A and MdGST6B which belong to the 
epsilon class function as key enzymes in the detoxification of insecticides such as methyl 
parathion and lindane [9]. It was demonstrated that the expression of GSTE6 and GSTE7 in 
D. melanogaster significantly increased by more than 50% upon exposure to paraquat 
(1,1-dimethyl-4,4`-bipyridylium) and phenobarbital (PhB) [10]. Besides that, acute insecti-
cide exposure of methyl parathion results in significant increase in expression of GSTE6 
(100%) and GSTE7 (72%) [11]. This suggested their immediate involvement in insecticide 
metabolism.

Therefore, the current study wanted to investigate the behavior of two epsilon class D. 
melanogaster GSTs, namely, GSTE6 and GSTE7, against varieties of xenobiotics and there-
fore characterizes their biochemical contribution. This may give insight the potential role 
the GSTs could have played during xenobiotic metabolism. This could help anticipate the 
behavior of insecticides related GSTs in other dipterans of economic importance.

2. Materials and methods

2.1. Chemicals and source of insect

Unless otherwise stipulated, chemicals employed were of the highest grade obtainable. Buffer 
components, pesticides, dyes, and GST substrates used were purchased from Sigma-Aldrich. 
D. melanogaster obtained from the Genetic Department of the University of Malaya was reared 
on oats and glucose-based diet at room temperature. Only 5 days post emerged, flies were 
used for the experiments.

2.2. DNA and protein analysis

Nucleotide and deduced amino acid sequences of DmGSTE6 and DmGSTE7 obtained from 
sequencing were compared to existing sequences in Gene Bank by BLAST searching (http://
www.ncbi.nlm.nih.gov). The software used for sequence analysis, matrix table of percent-
age amino acid identities sequence and alignment with CLUSTAL W, was BioEdit software 
 version 7.2.0.
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2.3. Cloning, expression, and purification of recombinant proteins

Total DNA was isolated from adult tissues using DNeasy Blood & Tissue Kit (Qiagen) accord-
ing to the manufacturer’s instruction. The primers for amplifying GSTE6 were forward primer 
containing Nde1 site: 5’-GGAATTC CATATG gtgaaattgactttatac-3′ and reverse primer con-
taining EcoR1 site: 5’-CG GAATTC tcatgcttcgaatgtgaa-3′; the primers for amplifying GSTE7 
were forward primer containing Nde1 site: 5’-GGAATTC CATATGcccaaattgatactgtac-3′ 
and reverse primer containing Xho1 site: 5’-CCG CTCGAGttaattcgatgcgaaagt-3′. Genomic 
DNA was denatured at 95°C for 3 min, followed by 32-cycle amplification (95°C for 30 sec-
onds, 60°C for 30 seconds, 72°C for 1 min) with final extension at 72°C for 7 min. PCR 
products were analyzed using 1.0% agarose gel and stained with ethidium bromide. These 
two PCR products were cloned into pET 30a(+) expression vector (Novagen). The recombi-
nant plasmids were analyzed by sequencing and transformed into E. coli BL21 (DE3) pLysS 
(Invitrogen) independently and grown at 37°C in 400 mL Luria-Bertani (LB) media contain-
ing 30 μg/mL kanamycin. Protein expression was induced by the addition of isopropyl 
β-D-thiogalactoside (IPTG) at final concentration of 1 mM. Incubation was continued for 
further 4 h at 37°C, after which the cells were harvested by centrifugation at 4°C (5000 rpm 
for 15 min) and resuspended in 5 mL binding buffer (25 mM sodium phosphate, pH 7.4). 
100 μL of lysozyme (10 mg/mL) (Sigma-Aldrich) was added and incubated at room tem-
perature for 1 h. The cell suspension was homogenized; the cell debris was palleted by 
centrifugation at 100,000× g for 1 h (4°C). The clear obtained supernatant was used as source 
for recombinant purification.

Chromatography was carried out using an ÄKTA Purifier FPLC equipped with UNICORN 
software Version 5.1 and a fraction collector (Frac900) for greater automation of the purifica-
tion process. The recombinant proteins were purified using Hi-Trap™ Q HP column (5 ml, 
GE Healthcare) followed by BSP-GSH-Sepharose column (packed in TriconTM, 1 ml) (BSP-
GSH-Sepharose matrix was a gift from Dr. AG Clark, Victoria University of Wellington). The 
BSP (2 mM) used to elute the proteins from affinity matrix was removed from eluate using 
Hi-Trap™ Desalting column (GE Healthcare).

The Hi-Trap™ Q HP column was equilibrated with 25 mM phosphate buffer and pH 7.4, 
and 5 mL lysate was applied to the column. Both GSTE6 and GSTE7 enzymes did not bind 
to the Hi-Trap™ Q HP column, so the flow through was collected and loaded to a BSP-GSH-
Sepharose column which was pre-equilibrated with 25 mM phosphate buffer and pH 7.4. The 
column was washed with 1 M NaCl, and the proteins were eluted with 2 mM BSP in 25 mM 
phosphate buffer and pH 7.4. Purified enzymes were desalted using Hi-Trap™ Desalting col-
umn (15 ml) (GE Healthcare). Proteins were concentrated using Vivaspin 20 (10,000 MWCO, 
Sartorius). The pooled purified enzymes from subsequent purification were freeze-dried and 
stored in −20°C for further analysis.

2.4. Protein quantification (Bradford assay)

Protein concentration was determined using Coomassie Brilliant Blue G-250, and Bovine 
serum albumin was used as standard [12].
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2.5. Molecular weight estimation

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out in 
a 12% polyacrylamide gel [13] using BioRad Mini-PROTEAN system. Mark 12™ unstained 
standard (Invitrogen, USA) was used as the protein marker, and the gels were stained with 
Colloidal Coomassie Blue G-250 [14]. Stained gels were scanned with Image Scanner III (GE 
Healthcare) and visualized and analyzed with Image Master Software.

2.6. Enzymatic assay and kinetic evaluation

All assays were performed using a Jasco V-630 spectrophotometer equipped with tempera-
ture controller. Enzymatic assays with 1-chloro-2,4-dinitrobenzene (CDNB), ethacrynic 
acid (EA), sulfobromophthalein (BSP), p-nitrobenzyl chloride (NBC), and trans-4-phenyl-
3-buten-2-one (PBO) [15] and 1,2-dichloro-4-nitrobenzene (DCNB) [16] were determined 
accordingly. The ability to conjugate trans-2-octenal, hexa-2,4-dienal, trans-hex-2-enal, 
and trans,trans-2,4-heptadienal were performed accordingly [17]. The peroxidase activities 
were determined using cumene hydroperoxide and hydrogen peroxide as substrates as 
 previously described [18].

For the determination of kinetic parameters, initial velocity data was obtained by varying the 
concentration of hydrophobic substrates (CDNB, NBC, and DCNB) at concentration range 
of 0.01 to 2.5 mM at fixed GSH concentration (1 mM). Kinetic data were evaluated by non-
linear regression analysis with Michaelis Menten equation (υ = Vmax × [S]/Km + [S]), using 
SigmaPlot 12.0 graph and analysis software. The catalytic constant, Kcat, was calculated using 
the equation Kcat = Vmax/[E], where [E] is the total enzyme concentration. The effect of inhib-
itors on the catalytic activity was studied by analyzing the reaction rate (nmol/min) in the 
presence (concentration varied) and the absence of inhibitors. Experiments were repeated 
at least three times. The IC50 and EC50 were determined by fitting sigmoid concentration-
response curves using GraphPad Prism 6.00 software.

2.7. Pesticide conjugation

The capability of both recombinant proteins to conjugate selected pesticides (Clodinafop-
propargyl, Fenoxaprop-ethyl, Propoxur, isoproturon, and methyl parathion) was evaluated 
using thin-layer chromatography. An aliquot of 8 μL of reaction products was loaded on a 
0.2 mm thick, 8 cm × 10 cm thin-layer chromatography silica gel 60 F2 s4 plate (Merck) and 
developed using butan-1-ol/acetic acid/water (12,3,5, by vol.) for 1 h. The air-dried plate was 
stained with ninhydrin (0.25%, w/v, in acetone) [19]. Control reactions using CDNB substrate 
were performed in a similar manner using CDNB and GSH.

3. Results

In the study both DmGSTE6 and DmGSTE7 were amplified using PCR where genomic DNA 
was used as the template. Their intron-free coding sequences [20] were used directly for 
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expression of the proteins in E. coli under induction of IPTG. Proper orientation of the GSTE6 
and GSTE7 expression constructs was confirmed by PCR analysis using the constructs as 
a template, DNA sequencing, and CDNB conjugation activity assay of the extracted bacte-
ria lysate. The proteins were highly expressed and isolated using combination of an anion 
exchange and BSP/GSH-agarose matrix which has been shown to capture a number of Epsilon 
class GSTs from D. melanogaster [10, 11]. The subunit size of GSTE6 and GSTE7 is predicted to 

Figure 1. SDS-PAGE of purification of GSTE6 and GSTE7 using BSP/GSH-agarose matrix. The bound recombinant 
proteins were eluted using 2 mM BSP solution in 25 mM phosphate buffer, pH 7.4. Lane 1, BenchMark™ protein ladder; 
lane 2, purified recombinant GSTE6; and lane 3, purified recombinant GSTE7.

Substrates Substrate specificity (nmol/min/mg)

GSTE6 GSTE7

1-Chloro-2,4-dinitrobenzene 80.67 ± 4.42 740.33 ± 15.04

1,2-Dichloro-4-nitrobenzene 18.11 ± 1.04 37.04 ± 2.11

trans-Hex-2-enal ND ND

Hexa-2,4-dienal ND ND

trans-Oct-2-enal ND ND

trans-4-Phenyl-butene-2-one ND ND

trans,trans-Hepta-2,4-dienal ND ND

Ethacrynic acid ND ND

p-Nitrobenzyl chloride 3.66 ± 0.58 249.67 ± 9.61

Bromosulfophthalein ND ND

Cumene hydroperoxide ND ND

Hydrogen peroxide ND ND

Means ± SD of three experiments, each with triplicate determinations. *ND denotes not detected

Table 1. Substrate activities of GSTE6 and GSTE7.
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be 25.0146 kDa and 25.5101 kDa, respectively, based on their amino acid compositions. The 
SDS-PAGE demonstrated that both recombinants migrated at 25 kDa (Figure 1).

The work later proceeded into looking at the activities of the recombinants toward different 
common GST substrates as seen in Table 1. The comparison indicated that both recombinants 
reacted toward the same types of substrates but of different degree of specific activities. Our 
kinetic analysis as shown in Table 2 indicates the variation of kinetic parameters of both iso-
forms on DCNB and NBC. Comparatively GSTE6 has shown to have higher affinity toward 
DCNB than GSTE7.

To further investigate both isoforms’ functional differences, several natural products and dyes 
were acted upon the enzymes as seen in Table 3. Each dye appeared to have different inhibi-
tory effects on each GST isoform. Comparatively, cardiogreen and rose bengal had inhibited 
the activities of GSTE6 and GSTE7, respectively, at IC50 less than 10 nM.

Enzyme Substrate Vmax Km Kcat Kcat/Km

(nmol/min) (mM) (min−1) (min−1mM−1)

GSTE6 DCNB 0.029 ± 0.008 0.167 ± 0.001 0.007 0.042

p-NBC 0.209 ± 0.013 0.278 ± 0.005 0.051 0.183

GSTE7 DCNB 0.296 ± 0.033 0.415 ± 0.002 0.043 0.104

p-NBC 1.311 ± 0.051 0.060 ± 0.002 0.135 2.25

Means ± SD of three experiments, each with triplicate determinations.

Table 2. Kinetic parameters of GSTE6 and GSTE7 when DCNB and p-NBC were used as substrates.

Compound Compound concentration GSTE6 GSTE7

(mM) IC50 (nM) IC50 (nM) EC50 (nM)

Sebacic acid 0–100 NE NE

trans-chalcone 0–100 86.79 2.958 x 105

Cardiogreen 0–3 4.21 9.22

Crystal violet 0–10 32.24 50.59

Methylene blue 0–100 76.66 1.747 x 105

Rose bengal 0–3 3.68 1.07

Phenol red 0–10 7.29 30.36

Cibacron blue 0–10 82.64 210.56

The data are mean value of at least three independent experiments. *NE denotes no effect.

Table 3. Effect of selected dyes and natural products on the activities of GSTE6 and GSTE7.
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4. Discussions

The molecular weights of purified enzymes were approximately 25 kDA, respectively, which 
corresponded to the calculated molecular masses (Figure 1) and were in agreement with data 
previously reported [6].

It was observable (Table 1) that both recombinants have the same affinity toward certain 
substrates notably of compound containing aromatic ring. However GSTE7 seemed to have 
higher specific activities toward each conjugated substrate as compared to GSTE6. GSTE7 
was reacted 9-, 4-, and 68-fold higher toward CDNB, DCNB, and NBC, respectively, as 
compared to GSTE6. Both were unable to conjugate lipid peroxidation products, and nei-
ther could it have shown peroxidase activities. This implied that neither GSTE6 nor GSTE7 
could have directly participated in countering oxidative stress in fruit flies. In another 
instance, substrate specificity variation was observed when other substrates are used. It 
was previously reported that GSTE6 reacted toward 4-hydroxynonenal, adrenochrome, 
phenethyl isothiocyanate, 5-hydroperoxyeicosatetraenoic acid, and hydroxyethyldisulfide, 
while GSTE7 reacted only to 4-hydroxynonenal, 5-hydroperoxyeicosatetraenoic acid, and 
2-hydroxyethyldisulfide [6].

In comparison to Musca domestica, DmGSTE6 is 79 and 77% similar and also 62 and 59% 
identical to MdGST6A and MdGST6B, respectively. Both MdGST6A and MdGST6B showed 
more or less 40% identity with other Drosophila Epsilon class proteins. MdGST6A and 
MdGST6B were both known involved in insecticide metabolism in houseflies [9]. Further 
assumption on both isoforms (DmGSTE6 and DmGSTE7) that could have been participating 
in insecticide conjugation was much supported by the induction study performed previ-
ously [10]. Through proteomic analysis, the expression of GSTE6 and GSTE7 was shown 
to increase in the methyl parathion-challenged adult flies. The authors however cautiously 
suggested any direct relationship of the isoforms increase expression to metabolism of the 
tested insecticide. There were reports suggested that only Epsilon class GSTs were able to 
react with DCNB [21] and the detoxification ability of GSTs against insecticides is correlated 
to its ability to react with DCNB [9].There was also instances of which GSTE1-1z of a report-
edly high specific activity toward DCNB and yet does not confer insecticide resistance in 
Anopheles gambiae [22].

The rate of conjugation reaction, Vmax, for GSTE7 toward DCNB was however ten times faster 
than GSTE6. The behavior could have implied the differences in the stabilization of the GSH 
in the hydrophilic pocket that lead to the conjugation of DCNB. This has remarkably affected 
the Kcat and Kcat/Km values of both isoforms. The turnover and the catalytic efficiency of 
GSTE7 were, respectively, sixfold and twofold higher than those of GSTE6. GSTE7 has lower 
Km value to suggest its higher affinity toward NBC. The behavior of GSH conjugation to NBC 
could probably differ to what has been with DCNB where the speed of reaction was very 
much higher in GSTE7 when NBC was the second substrate. The catalytic efficiency, Kcat/Km,  
of the reaction catalyzed by GSTE7 was shown 12 times higher than of the GSTE6. These 
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be 25.0146 kDa and 25.5101 kDa, respectively, based on their amino acid compositions. The 
SDS-PAGE demonstrated that both recombinants migrated at 25 kDa (Figure 1).

The work later proceeded into looking at the activities of the recombinants toward different 
common GST substrates as seen in Table 1. The comparison indicated that both recombinants 
reacted toward the same types of substrates but of different degree of specific activities. Our 
kinetic analysis as shown in Table 2 indicates the variation of kinetic parameters of both iso-
forms on DCNB and NBC. Comparatively GSTE6 has shown to have higher affinity toward 
DCNB than GSTE7.

To further investigate both isoforms’ functional differences, several natural products and dyes 
were acted upon the enzymes as seen in Table 3. Each dye appeared to have different inhibi-
tory effects on each GST isoform. Comparatively, cardiogreen and rose bengal had inhibited 
the activities of GSTE6 and GSTE7, respectively, at IC50 less than 10 nM.

Enzyme Substrate Vmax Km Kcat Kcat/Km

(nmol/min) (mM) (min−1) (min−1mM−1)

GSTE6 DCNB 0.029 ± 0.008 0.167 ± 0.001 0.007 0.042

p-NBC 0.209 ± 0.013 0.278 ± 0.005 0.051 0.183

GSTE7 DCNB 0.296 ± 0.033 0.415 ± 0.002 0.043 0.104

p-NBC 1.311 ± 0.051 0.060 ± 0.002 0.135 2.25

Means ± SD of three experiments, each with triplicate determinations.

Table 2. Kinetic parameters of GSTE6 and GSTE7 when DCNB and p-NBC were used as substrates.

Compound Compound concentration GSTE6 GSTE7

(mM) IC50 (nM) IC50 (nM) EC50 (nM)

Sebacic acid 0–100 NE NE

trans-chalcone 0–100 86.79 2.958 x 105

Cardiogreen 0–3 4.21 9.22

Crystal violet 0–10 32.24 50.59

Methylene blue 0–100 76.66 1.747 x 105

Rose bengal 0–3 3.68 1.07

Phenol red 0–10 7.29 30.36

Cibacron blue 0–10 82.64 210.56

The data are mean value of at least three independent experiments. *NE denotes no effect.

Table 3. Effect of selected dyes and natural products on the activities of GSTE6 and GSTE7.
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4. Discussions

The molecular weights of purified enzymes were approximately 25 kDA, respectively, which 
corresponded to the calculated molecular masses (Figure 1) and were in agreement with data 
previously reported [6].

It was observable (Table 1) that both recombinants have the same affinity toward certain 
substrates notably of compound containing aromatic ring. However GSTE7 seemed to have 
higher specific activities toward each conjugated substrate as compared to GSTE6. GSTE7 
was reacted 9-, 4-, and 68-fold higher toward CDNB, DCNB, and NBC, respectively, as 
compared to GSTE6. Both were unable to conjugate lipid peroxidation products, and nei-
ther could it have shown peroxidase activities. This implied that neither GSTE6 nor GSTE7 
could have directly participated in countering oxidative stress in fruit flies. In another 
instance, substrate specificity variation was observed when other substrates are used. It 
was previously reported that GSTE6 reacted toward 4-hydroxynonenal, adrenochrome, 
phenethyl isothiocyanate, 5-hydroperoxyeicosatetraenoic acid, and hydroxyethyldisulfide, 
while GSTE7 reacted only to 4-hydroxynonenal, 5-hydroperoxyeicosatetraenoic acid, and 
2-hydroxyethyldisulfide [6].

In comparison to Musca domestica, DmGSTE6 is 79 and 77% similar and also 62 and 59% 
identical to MdGST6A and MdGST6B, respectively. Both MdGST6A and MdGST6B showed 
more or less 40% identity with other Drosophila Epsilon class proteins. MdGST6A and 
MdGST6B were both known involved in insecticide metabolism in houseflies [9]. Further 
assumption on both isoforms (DmGSTE6 and DmGSTE7) that could have been participating 
in insecticide conjugation was much supported by the induction study performed previ-
ously [10]. Through proteomic analysis, the expression of GSTE6 and GSTE7 was shown 
to increase in the methyl parathion-challenged adult flies. The authors however cautiously 
suggested any direct relationship of the isoforms increase expression to metabolism of the 
tested insecticide. There were reports suggested that only Epsilon class GSTs were able to 
react with DCNB [21] and the detoxification ability of GSTs against insecticides is correlated 
to its ability to react with DCNB [9].There was also instances of which GSTE1-1z of a report-
edly high specific activity toward DCNB and yet does not confer insecticide resistance in 
Anopheles gambiae [22].

The rate of conjugation reaction, Vmax, for GSTE7 toward DCNB was however ten times faster 
than GSTE6. The behavior could have implied the differences in the stabilization of the GSH 
in the hydrophilic pocket that lead to the conjugation of DCNB. This has remarkably affected 
the Kcat and Kcat/Km values of both isoforms. The turnover and the catalytic efficiency of 
GSTE7 were, respectively, sixfold and twofold higher than those of GSTE6. GSTE7 has lower 
Km value to suggest its higher affinity toward NBC. The behavior of GSH conjugation to NBC 
could probably differ to what has been with DCNB where the speed of reaction was very 
much higher in GSTE7 when NBC was the second substrate. The catalytic efficiency, Kcat/Km,  
of the reaction catalyzed by GSTE7 was shown 12 times higher than of the GSTE6. These 
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observations proposed that GSTE7 was a better isoform for conjugation of the selected sub-
strates than GSTE6.

These differences indicated that GSTE6 and GSTE7 have considerable variations in their 
secondary structural organization. Such variations in structure may form the basis of 
differences in their corresponding substrate specificities and in catalytic efficiency [23] 
although both originated from same cluster and located next to each other on the genomic 
DNA.

Our preliminary investigative attempt to show that both isoforms could conjugate insec-
ticides was performed using thin-layer chromatography. Pesticides such as temephos, 
malathion, DDT, fenthion, fenitrothion, permethrin, bromophos, chlorpyrifos, clodinafop-
propargyl, fenoxaprop-ethyl, propoxur, isoproturon, and methyl parathion were used in the 
test. None of the pesticides appeared conjugated by both isoforms. The test suggested both 
recombinant GSTE6 and GSTE7 did not react and involve in detoxification of insecticides 
and herbicides directly. Thus so far, the role of GSTE6 and GSTE7 in detoxification of insec-
ticides remains unclear as there is no any promising evidence to prove its involvement in 
detoxification process.

A comprehensive microarray-based atlas of adult gene expression in multiple Drosophila 
tissues available (http://flyatlas.org) reported that GSTE6 expressed in adult crop, midgut, 
tubule, hindgut, ovary, and larval hindgut while GSTE7 expressed in adult crop, midgut, 
tubule, hindgut, virgin spermatheca and larval midgut, and hindgut and fat body. Other 
reports also indicated that GSTE6 was found abundant in hindgut, while GSTE7 was found 
abundant in Malpighian tubules [24]. The co-expression of GSTE6 and GSTE5 was suggested 
to play a role in male reproductive fitness and success [25]. It was identified that a potential 
DNA transcription factor binding motifs (TFBMs) of cytochrome P450, GSTs, and carboxyles-
terases is expressed in the D. melanogaster third instar larval midguts [26].

GSTE6 was reported to have GRE-like, Fox-like, NF-kappaB-like, and E47-like TFBMs while 
GSTE7 to have GRE-like and E47-like TFBMs. The four mentioned TFBMs are known to 
have mammalian function and were observed to be linked to the oxidative stress response 
[26]. The author reported that GSTE6 and GSTE7 responded different levels of dietary 
hydrogen peroxide. However, the author concluded that there is no solid evidence to prove 
if some or all of the potential TFBMs are functional or response of the midgut-associated 
GSTs to the oxidative stressor, dietary H2O2. They may simply be associated with these 
genes with limited or no role in response to this oxidative stressor. In another study, GSTE7 
also appeared to be involved in activation of survival program through immune deficiency 
(IMD) pathway as it was reported being expressed in a strongly infected airway epithelium 
of D. melanogaster [27].

Exposure of Drosophila to toxins evokes coordinated response by the Malpighian tubules, involv-
ing both alterations in detoxification pathways as well as enhanced transport through DHR96, 
the Drosophila ortholog of the vertebrate PXR/CAR family of nuclear receptors [21]. In relation 
with that statement, a study [28] stated that in insects, either two distinct receptors have evolved 
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the ability to regulate a very similar set of genes. More than one receptor pathway exists to 
regulate similar sets of genes. This suggests the possibilities of induction of GSTE6 and GSTE7 
together with other genes. Apart from that, basal expression and induction were detected in the 
key metabolic tissues, namely, sections of the midgut and the Malpighian tubules.

However, the difference in the expression of both GSTE6 and GSTE7 and its inability to 
detoxify possibly due to cis-regulatory elements controlling the expression of genes may not 
be acting independently whereby the substrate models may be acting solely to increase the 
transcriptional output of the tissue-specific modules [28], and the fact that these two genes are 
found sequentially on the chromosome may support a model of coordinated regulation [7]. 
In another instance, reports have indicated that DmGSTE6 was strongly co-expressed with 
DmGSTE7, DmGSTE8, DmGSTE5, DmGSTE3, DmGSTE9, and DmGSTD1, while DmGSTE7 
was strongly co-expressed with DmGSTE6, DmGSTE8, DmGSTE3, and DmGSTE9 [29]. These 
gave insights of possible role of a selective protein to be the key regulator of sets of genes.

Rose bengal was known to inhibit several drug-metabolizing enzymes such as cytochrome 
P450 and UDP-glucuronosyltransferase [30]. Phenol red however inhibited GSTE6 much 
effective than on GSTE7.

Methylene blue dye and trans-chalcone had shown significant enhancement of GSTE7 activity 
toward CDNB with EC50 ranging from 1 to 2 × 105 nM. Chalcones are open chain flavonoids 
that are widely biosynthesized in plants. A study [31] revealed the pharmacological proper-
ties of natural and synthetic chalcones as antioxidant, cytotoxic, anticancer, antimicrobial, 
antiprotozoal, antiulcer, antihistaminic, and anti-inflammatory activities but mechanism of 
action of trans-chalcone as an inhibitor to GSTE6 while as a stimulator for GSTE7 is remaining 
unclear. It was reported that certain haloalka(e)nes including ethylene bromide and methy-
lene chloride form a highly reactive episulfonium ion intermediates that catalyze GST activa-
tion reactions [32]. The intermediate effect as an inhibitor to GSTE6 while as a stimulator for 
GSTE7 activity is remaining unclear. Basic triphenylmethane dyes such as crystal violet have 
been shown to inhibit glutathione S-transferases from both insect sources [33] and rat liver 
[34]. The mode of inhibition of crystal violet appeared to involve competition by the free dye 
with the electrophilic substrate [35].

5. Conclusions

In conclusion, the study has highlighted that both DmGSTDE6 and DmGSTDE7 behave cata-
lytically different toward same substrates, despite their high sequence similarity. DmGSTDE7 
appeared to demonstrate high specific activities toward mentioned substrates and catalyti-
cally stimulated by trans-chalcone and methylene blue. None of the isoforms appeared to be 
able to conjugate pesticides in vitro and hence contradictory to previous work that may cau-
tiously suggest their involvement in methyl parathion metabolism. Many other related find-
ings may lead to assumption that the increase in expression of both isoforms could have been 
a result of co-expression with other related genes, and yet they have not involved directly in 
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observations proposed that GSTE7 was a better isoform for conjugation of the selected sub-
strates than GSTE6.

These differences indicated that GSTE6 and GSTE7 have considerable variations in their 
secondary structural organization. Such variations in structure may form the basis of 
differences in their corresponding substrate specificities and in catalytic efficiency [23] 
although both originated from same cluster and located next to each other on the genomic 
DNA.

Our preliminary investigative attempt to show that both isoforms could conjugate insec-
ticides was performed using thin-layer chromatography. Pesticides such as temephos, 
malathion, DDT, fenthion, fenitrothion, permethrin, bromophos, chlorpyrifos, clodinafop-
propargyl, fenoxaprop-ethyl, propoxur, isoproturon, and methyl parathion were used in the 
test. None of the pesticides appeared conjugated by both isoforms. The test suggested both 
recombinant GSTE6 and GSTE7 did not react and involve in detoxification of insecticides 
and herbicides directly. Thus so far, the role of GSTE6 and GSTE7 in detoxification of insec-
ticides remains unclear as there is no any promising evidence to prove its involvement in 
detoxification process.

A comprehensive microarray-based atlas of adult gene expression in multiple Drosophila 
tissues available (http://flyatlas.org) reported that GSTE6 expressed in adult crop, midgut, 
tubule, hindgut, ovary, and larval hindgut while GSTE7 expressed in adult crop, midgut, 
tubule, hindgut, virgin spermatheca and larval midgut, and hindgut and fat body. Other 
reports also indicated that GSTE6 was found abundant in hindgut, while GSTE7 was found 
abundant in Malpighian tubules [24]. The co-expression of GSTE6 and GSTE5 was suggested 
to play a role in male reproductive fitness and success [25]. It was identified that a potential 
DNA transcription factor binding motifs (TFBMs) of cytochrome P450, GSTs, and carboxyles-
terases is expressed in the D. melanogaster third instar larval midguts [26].

GSTE6 was reported to have GRE-like, Fox-like, NF-kappaB-like, and E47-like TFBMs while 
GSTE7 to have GRE-like and E47-like TFBMs. The four mentioned TFBMs are known to 
have mammalian function and were observed to be linked to the oxidative stress response 
[26]. The author reported that GSTE6 and GSTE7 responded different levels of dietary 
hydrogen peroxide. However, the author concluded that there is no solid evidence to prove 
if some or all of the potential TFBMs are functional or response of the midgut-associated 
GSTs to the oxidative stressor, dietary H2O2. They may simply be associated with these 
genes with limited or no role in response to this oxidative stressor. In another study, GSTE7 
also appeared to be involved in activation of survival program through immune deficiency 
(IMD) pathway as it was reported being expressed in a strongly infected airway epithelium 
of D. melanogaster [27].

Exposure of Drosophila to toxins evokes coordinated response by the Malpighian tubules, involv-
ing both alterations in detoxification pathways as well as enhanced transport through DHR96, 
the Drosophila ortholog of the vertebrate PXR/CAR family of nuclear receptors [21]. In relation 
with that statement, a study [28] stated that in insects, either two distinct receptors have evolved 
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the ability to regulate a very similar set of genes. More than one receptor pathway exists to 
regulate similar sets of genes. This suggests the possibilities of induction of GSTE6 and GSTE7 
together with other genes. Apart from that, basal expression and induction were detected in the 
key metabolic tissues, namely, sections of the midgut and the Malpighian tubules.

However, the difference in the expression of both GSTE6 and GSTE7 and its inability to 
detoxify possibly due to cis-regulatory elements controlling the expression of genes may not 
be acting independently whereby the substrate models may be acting solely to increase the 
transcriptional output of the tissue-specific modules [28], and the fact that these two genes are 
found sequentially on the chromosome may support a model of coordinated regulation [7]. 
In another instance, reports have indicated that DmGSTE6 was strongly co-expressed with 
DmGSTE7, DmGSTE8, DmGSTE5, DmGSTE3, DmGSTE9, and DmGSTD1, while DmGSTE7 
was strongly co-expressed with DmGSTE6, DmGSTE8, DmGSTE3, and DmGSTE9 [29]. These 
gave insights of possible role of a selective protein to be the key regulator of sets of genes.

Rose bengal was known to inhibit several drug-metabolizing enzymes such as cytochrome 
P450 and UDP-glucuronosyltransferase [30]. Phenol red however inhibited GSTE6 much 
effective than on GSTE7.

Methylene blue dye and trans-chalcone had shown significant enhancement of GSTE7 activity 
toward CDNB with EC50 ranging from 1 to 2 × 105 nM. Chalcones are open chain flavonoids 
that are widely biosynthesized in plants. A study [31] revealed the pharmacological proper-
ties of natural and synthetic chalcones as antioxidant, cytotoxic, anticancer, antimicrobial, 
antiprotozoal, antiulcer, antihistaminic, and anti-inflammatory activities but mechanism of 
action of trans-chalcone as an inhibitor to GSTE6 while as a stimulator for GSTE7 is remaining 
unclear. It was reported that certain haloalka(e)nes including ethylene bromide and methy-
lene chloride form a highly reactive episulfonium ion intermediates that catalyze GST activa-
tion reactions [32]. The intermediate effect as an inhibitor to GSTE6 while as a stimulator for 
GSTE7 activity is remaining unclear. Basic triphenylmethane dyes such as crystal violet have 
been shown to inhibit glutathione S-transferases from both insect sources [33] and rat liver 
[34]. The mode of inhibition of crystal violet appeared to involve competition by the free dye 
with the electrophilic substrate [35].

5. Conclusions

In conclusion, the study has highlighted that both DmGSTDE6 and DmGSTDE7 behave cata-
lytically different toward same substrates, despite their high sequence similarity. DmGSTDE7 
appeared to demonstrate high specific activities toward mentioned substrates and catalyti-
cally stimulated by trans-chalcone and methylene blue. None of the isoforms appeared to be 
able to conjugate pesticides in vitro and hence contradictory to previous work that may cau-
tiously suggest their involvement in methyl parathion metabolism. Many other related find-
ings may lead to assumption that the increase in expression of both isoforms could have been 
a result of co-expression with other related genes, and yet they have not involved directly in 

Substrate Specificities and Kinetic Parameters of Recombinant Drosophila melanogaster…
http://dx.doi.org/10.5772/intechopen.72970

235



pesticide metabolism. The work has also indicated that both isoforms were not participating 
in oxidative stress and its functional role thus far was of the normal detoxification xenobiotic 
taken by the organism. This may thus generate further interest in their functional roles, and a 
more suitable approach could be adapted to realize the goal.
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pesticide metabolism. The work has also indicated that both isoforms were not participating 
in oxidative stress and its functional role thus far was of the normal detoxification xenobiotic 
taken by the organism. This may thus generate further interest in their functional roles, and a 
more suitable approach could be adapted to realize the goal.
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The fruit fly, Drosophila melanogaster, is an extremely useful model to study innate immu-
nity mechanisms. A fundamental understanding of these mechanisms as they relate to 
various pathogens has come to light over the past 30 years. The discovery of Toll‐like 
receptors and their recognition of shared molecules (pathogen‐associated molecular pat-
terns or PAMPs) among pathogenic bacteria were the first detailed set of receptors to be 
described that act in innate immunity. The immune deficiency pathway (Imd) described 
in D. melanogaster functions in a very similar way to the Toll pathway in recognizing 
PAMPs primarily from Gram‐negative bacteria. The discovery of small interfering RNAs 
(RNAi) provided a means by which antiviral immunity was accomplished in inverte-
brates. Another related pathway, the JAK/STAT pathway, functions in a similar man-
ner to the interferon pathways described in vertebrates, also providing antiviral defense. 
Recently, autophagy was also shown to function as a protective pathway against virus 
infection in D. melanogaster. At least three of these pathways (Imd, JAK/STAT, and RNAi) 
show signal integration in response to viral infection, demonstrating a coordinated 
immune response against viral infection. The number of pathways and the integration 
of them reflect the diversity of pathogens to which innate immune mechanisms must be 
able to respond. The viral pathogens that infect invertebrates have developed counter-
measures to some of these pathways, in particular to RNAi. The evolutionary arms race 
of pathogen vs. host is ever ongoing.
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1. Introduction

1.1. The fruit fly, Drosophila melanogaster, as a model for innate immunity

Immunity is a vital component in understanding host‐pathogen relationships. It is composed of 
two responses: innate and adaptive. Innate immunity recognizes morphological characteristics 
of pathogens for immediate antimicrobial and antiviral defense [1]. Adaptive immunity devel-
ops during infection to produce immunological memory against pathogens. This memory pro-
vides an immediate pathogen‐specific defense against future infections of the same pathogen 
[2]. Most vertebrate organisms utilize both immune responses for pathogen defense. However, 
the fruit fly, Drosophila melanogaster, does not have an adaptive immune response and relies 
solely on an innate immune response [3]. This provides a powerful model system to better 
understand the interaction between innate immunity and pathogenic infections.

Innate immunity is composed of various pathways that target bacteria, fungi, and viruses. 
These pathways include the immune deficiency pathway (Imd), Toll‐Dorsal pathway (Toll), 
Janus kinase/signal transducer and activator of transcription pathway (JAK/STAT), autoph-
agy, and RNA interference (RNAi) [3–6]. The Imd and Toll pathways contribute to the anti-
bacterial and antifungal defense. However, their function in antiviral defense is not fully 
understood [7, 8]. The JAK/STAT, autophagy, and RNAi pathways contribute to antiviral 
defense, with RNAi as the main contributor for antiviral defense.

1.2. Drosophila viruses

As a model organism, D. melanogaster is used to study host immunity to pathogen interac-
tions. Most research is focused on the interaction between bacteria, fungi, and the D. melano‐
gaster innate immune response, but viruses are a subject of current interest. Populations of 
Drosophila have naturally occurring infections of RNA viruses, such as Nora virus, Sigma virus 
(DmelSV), Drosophila C virus (DCV), and Drosophila X virus (DXV). In addition, the first 
naturally occurring DNA virus, Kallithea virus, is found in D. melanogaster (Table 1) [9–13].

Nora virus is a recently discovered picorna‐like D. melanogaster virus. The virus is sequenced 
and has a 12 kilobase (kb), single‐stranded, positive‐sense RNA genome. Viral particles mea-
sure 30 nm in diameter and are non‐enveloped [9]. It establishes a persistent infection in natural 
and laboratory populations of D. melanogaster with no known effect of viral load and no dis-
play of pathology on the fly. The virus is transmitted horizontally through the fecal‐oral route 
with infection localizing to the intestinal tract [14]. The genome is organized into four open 
reading frames (ORFs), unlike other picorna‐like viruses such as DCV, which has two ORFs 
[15]. ORF1–3 partially overlaps, suggesting ribosomal frame shifting events during translation. 
However, an 88 nucleotide region is found between ORF3 and ORF4, suggesting that an inde-
pendent initiation translation event is occurring [16]. ORF1 encodes a highly charged protein, 
which is a suppressor of RNAi [17]. ORF2 encodes a picorna‐like replicative cassette, which 
consists of a helicase, protease, and RNA‐dependent RNA polymerase [9]. The hypothesized 
major capsid proteins of Nora virus are products of ORF3 and ORF4 at the 3′ end of the genome. 
ORF3 encodes VP3, which is crucial for the stability of Nora virus virions [18]. ORF3 is not fully 
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characterized, but certain aspects of its protein products were predicted using bioinformatics. It 
has a predicted alpha‐helical domain as a key structural motif [9]. ORF4 is processed into three 
major proteins, VP4A, VP4B, and VP4C. VP4A and VP4B are predicted to form jelly roll folds, 
which are also found in other capsid proteins of Picornavirales. The third protein, VP4C, has a 
predicted alpha‐helical structure and is also a structural component of the virus [16].

Another virus naturally occur in D. melanogaster is Sigma virus. Sigma virus belongs to the 
family Rhabdoviridae [10]. It is composed of a negative‐sense, single‐stranded RNA genome 
that consists of five genes: N, P, M, G, and L. The gene N is a nucleoprotein, P is the poly-
merase‐associated protein, M is the matrix protein, G is the glycoprotein, and L is the poly-
merase [19]. A sixth gene, X, exists between P and M, but its current function is not fully 
understood [20]. In natural infections, the virus causes paralysis or death if flies are exposed 
to CO2. It is passed through vertical transmission through the sperm or eggs and is the only 
known host‐specific pathogen of D. melanogaster [10, 20].

Virus Family Genome nucleic acid Mode of transmission 
in D. melanogaster

Effects of infection

Nora virus Picornavirales (+) ssRNA Horizontal No documented 
pathology, slight 
effect on longevity 
[14]

Sigma virus 
(DmelSV)

Rhabdoviridae (−) ssRNA Vertical Anoxia sensitivity 
[10]

Drosophila C virus 
(DCV)

Dicistroviridae (+) ssRNA Horizontal Intestinal obstruction 
[21] and increased 
female fecundity 
and reduced 
developmental 
timing [73]

Drosophila X virus 
(DXV)

Birnaviridae dsRNA Horizontal Anoxia sensitivity 
[12]

Cricket paralysis 
virus (CrPV)

Dicistroviridae (+) ssRNA Horizontal No documented 
pathology

Flock house virus 
(FHV)

Nodaviridae (+) ssRNA Horizontal High mortality [34]

Sindbis virus (SINV) Togaviridae (+) ssRNA Vertical No documented 
pathology

Vesicular stomatitis 
virus(VSV)

Rhabdoviridae (−) ssRNA Horizontal Anoxia sensitivity 
[30, 40]

Kallithea virus Nudiviridae dsDNA Horizontal No documented 
pathology

Invertebrate 
iridescent virus 6 
(IIV‐6)

Iridoviridae dsDNA Horizontal Low mortality rate 
[31]

Table 1. Characteristics of a set of Drosophila viruses.
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Nora virus is a recently discovered picorna‐like D. melanogaster virus. The virus is sequenced 
and has a 12 kilobase (kb), single‐stranded, positive‐sense RNA genome. Viral particles mea-
sure 30 nm in diameter and are non‐enveloped [9]. It establishes a persistent infection in natural 
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characterized, but certain aspects of its protein products were predicted using bioinformatics. It 
has a predicted alpha‐helical domain as a key structural motif [9]. ORF4 is processed into three 
major proteins, VP4A, VP4B, and VP4C. VP4A and VP4B are predicted to form jelly roll folds, 
which are also found in other capsid proteins of Picornavirales. The third protein, VP4C, has a 
predicted alpha‐helical structure and is also a structural component of the virus [16].

Another virus naturally occur in D. melanogaster is Sigma virus. Sigma virus belongs to the 
family Rhabdoviridae [10]. It is composed of a negative‐sense, single‐stranded RNA genome 
that consists of five genes: N, P, M, G, and L. The gene N is a nucleoprotein, P is the poly-
merase‐associated protein, M is the matrix protein, G is the glycoprotein, and L is the poly-
merase [19]. A sixth gene, X, exists between P and M, but its current function is not fully 
understood [20]. In natural infections, the virus causes paralysis or death if flies are exposed 
to CO2. It is passed through vertical transmission through the sperm or eggs and is the only 
known host‐specific pathogen of D. melanogaster [10, 20].
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in D. melanogaster

Effects of infection

Nora virus Picornavirales (+) ssRNA Horizontal No documented 
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effect on longevity 
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Sigma virus 
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Flock house virus 
(FHV)

Nodaviridae (+) ssRNA Horizontal High mortality [34]

Sindbis virus (SINV) Togaviridae (+) ssRNA Vertical No documented 
pathology

Vesicular stomatitis 
virus(VSV)

Rhabdoviridae (−) ssRNA Horizontal Anoxia sensitivity 
[30, 40]

Kallithea virus Nudiviridae dsDNA Horizontal No documented 
pathology

Invertebrate 
iridescent virus 6 
(IIV‐6)

Iridoviridae dsDNA Horizontal Low mortality rate 
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Table 1. Characteristics of a set of Drosophila viruses.
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Drosophila C virus is in the family Dicistroviridae [21]. The virus particle measures 30 nm in 
dm with a 9264 kb, positive‐sense, single‐stranded RNA genome [22]. The genome consists of 
two ORFs separated by 191 nucleotides. ORF1 encodes an RNA‐dependent RNA polymerase, 
helicase domain, and protease domain [15]. Also, an RNAi suppressor, DCV‐1A, is encoded 
at the N‐terminus of ORF1. The suppressor binds long dsRNA, which inhibits Dicer‐2 (Dcr‐2) 
processing [23]. ORF2 encodes the structural proteins VP0, VP1, VP2, VP3, and VP4. VP0 is 
a precursor for VP3 and VP4, which combine to form the capsid [24]. The capsid proteins are 
encoded in a different reading frame and initiated independently from ORF1 [15]. In addi-
tion, DCV is a naturally occurring pathogen found within D. melanogaster and spread through 
horizontal transmission by infected flies or contaminated food. Viral infection can be lethal if 
injected, but naturally infected flies display decreased pathogenicity [11].

Drosophila X virus is a double‐stranded RNA virus, which belongs to the family Birnaviridae. 
It was discovered in a study involving D. melanogaster and Sigma virus. Like Sigma virus, 
DXV is pathogenic, induces CO2 sensitivity, and is lethal [12]. The virus displays a non‐envel-
oped capsid and a bi‐segmented dsRNA genome. Segment A encodes a polyprotein, which 
forms the capsid. The capsid consists of VP1, preVP2, VP2, VP3, and VP4. Segment B encodes 
VP1, an RNA‐dependent RNA polymerase [25].

Recently, a DNA virus was discovered in wild populations of Drosophila. By using a metage-
nomic approach, the Kallithea virus was identified. The virus is closely related to D. innubila 
and the beetle Orcytes rhinoceros Nudiviruses. In addition, this is the first DNA virus found 
naturally occurring in D. melanogaster. However, the virus has not been characterized in D. 
melanogaster with recent research using other Drosophila species [13]. In wild D. innubila, 
Nudivirus infection is associated with greatly reduced survival and offspring production. In 
wild D. falleni, infection resulted in greatly reduced offspring production. Additionally, infec-
tion is highly pathogenic and mediated through the fecal‐oral route [26]. Further research 
with naturally occurring Drosophila viruses is important because not many of these viruses 
exist or have been discovered.

1.3. Non‐Drosophila viruses

Laboratory populations of D. melanogaster can be experimentally inoculated with RNA viruses, 
such as Cricket paralysis virus (CrPV), Flock House virus (FHV), Sindbis virus (SINV), and 
Vesicular stomatitis virus (VSV). Also, the DNA virus, Invertebrate iridescent virus 6 (IIV‐6), can 
be experimentally inoculated into flies (Table 1) [27–31]. Artificial infections of D. melanogaster 
allow for a better understanding and novel insights of host‐pathogen interactions.

Cricket paralysis virus is a positive‐sense, single‐stranded RNA virus closely related to DCV. 
It belongs to the family Dicistroviridae and was first discovered in field crickets, Teleogryllus 
oceanicus and T. commodus [32]. The crickets displayed rapid paralysis and significant mortal-
ity [27]. The viral RNA genome consists of two ORFs, ORF1 and 2. To initiate translation, 
each ORF requires an internal ribosome entry site (IRES) region. ORF1 encodes non‐structural 
replication proteins, and ORF2 encodes structural proteins, which form the viral capsid. In 
addition, this virus encodes a suppressor of RNAi, CrPV‐1A, which binds to Argonaute‐2 
(AGO2) inhibiting RNA‐induced silencing complex (RISC) activity [32].
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Flock house virus contains two positive‐sense, single‐stranded RNAs within a non‐enveloped 
virion. This virus belongs to the Nodaviridae family and was first discovered in the grass grub, 
Costelytra zealandica [28, 33]. Viral inoculation kills D. melanogaster, and the virus propagates 
in D. melanogaster cell lines [34]. The bipartite genome consists of RNA1 and RNA2. RNA1 
encodes protein A, an RNA‐dependent RNA polymerase, whereas RNA2 encodes the pre-
cursor protein for production of the mature capsid protein. For viral replication, both RNAs 
must be present within the cell or replication will not occur [35]. A subgenomic RNA, RNA3, 
is produced by RNA1 and encodes an RNAi suppressor protein B2. The protein binds viral 
dsRNA to protect it from cleavage by Dcr‐2 and to inhibit loading of viral siRNAs into the 
RISC complex [34, 36, 37].

Sindbis virus is a single‐stranded, positive‐sense RNA virus, belongs to the Togaviridae family, 
and is transmitted vertically in Drosophila. In other hosts, it is transmitted horizontally. The 
viral genome mimics cellular mRNA as the viral mRNA possesses a 5′ methylguanylate cap 
and a 3′ poly(A) tail. The 5′ region encodes nonstructural proteins, and the 3′ region encodes 
viral structural proteins [38]. Most Sindbis virus research with invertebrates is conducted 
with mosquitoes because they are a natural vector for SINV. However, D. melanogaster S2 
(Schneider 2) cells are successfully infected establishing an additional invertebrate model sys-
tem to examine the host‐pathogen interaction with SINV [29].

Vesicular stomatitis virus is a single‐stranded, negative‐sense RNA virus that belongs to the 
Rhabdoviridae family [30]. It belongs to the same family as Sigma virus, which naturally 
occurs in Drosophila [39]. The genome is composed of the structural proteins (G, N, and M), 
the minor protein (NS), the partially glycosylated G precursor (G1), and the L chain. Insects 
infected with VSV become paralyzed after exposure to CO2. However, VSV has no observable 
pathogenic effects in infected insect cells [30, 40].

Invertebrate iridescent virus 6, also known as Chilo iridescent virus, is a large and complex 
double‐stranded DNA virus that belongs to the Iridoviridae family. The virus is composed of 
a capsid, an intermediate lipid layer, and a viral genome composed of linear double‐stranded 
DNA [41]. The viral genome size is approximately 212.5 kb, circular, and encodes 211 ORFs 
along both strands [31]. Several important ORFs encode a DNA‐dependent RNA polymerase 
II, a helicase, and major capsid proteins [42]. IIV‐6 has a broad host range and can be used 
to experimentally infect D. melanogaster. Infections in D. melanogaster produce high and sta-
ble viral titers exhibiting a low mortality rate [31]. Artificial infections of D. melanogaster are 
important because they provide a valuable model of understanding interactions between 
virus and host immunity.

2. RNA interference (RNAi) and the immune response

2.1. Antiviral RNAi in D. melanogaster

RNAi is the major antiviral immune response pathway for D. melanogaster (Figure 1). The 
general pathway occurs in two steps, initiation and execution. To initiate RNAi, dsRNA must 
be introduced, such as with viral infection. If dsRNAs are greater than 23 bp in length, it is 
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Drosophila C virus is in the family Dicistroviridae [21]. The virus particle measures 30 nm in 
dm with a 9264 kb, positive‐sense, single‐stranded RNA genome [22]. The genome consists of 
two ORFs separated by 191 nucleotides. ORF1 encodes an RNA‐dependent RNA polymerase, 
helicase domain, and protease domain [15]. Also, an RNAi suppressor, DCV‐1A, is encoded 
at the N‐terminus of ORF1. The suppressor binds long dsRNA, which inhibits Dicer‐2 (Dcr‐2) 
processing [23]. ORF2 encodes the structural proteins VP0, VP1, VP2, VP3, and VP4. VP0 is 
a precursor for VP3 and VP4, which combine to form the capsid [24]. The capsid proteins are 
encoded in a different reading frame and initiated independently from ORF1 [15]. In addi-
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horizontal transmission by infected flies or contaminated food. Viral infection can be lethal if 
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It was discovered in a study involving D. melanogaster and Sigma virus. Like Sigma virus, 
DXV is pathogenic, induces CO2 sensitivity, and is lethal [12]. The virus displays a non‐envel-
oped capsid and a bi‐segmented dsRNA genome. Segment A encodes a polyprotein, which 
forms the capsid. The capsid consists of VP1, preVP2, VP2, VP3, and VP4. Segment B encodes 
VP1, an RNA‐dependent RNA polymerase [25].
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nomic approach, the Kallithea virus was identified. The virus is closely related to D. innubila 
and the beetle Orcytes rhinoceros Nudiviruses. In addition, this is the first DNA virus found 
naturally occurring in D. melanogaster. However, the virus has not been characterized in D. 
melanogaster with recent research using other Drosophila species [13]. In wild D. innubila, 
Nudivirus infection is associated with greatly reduced survival and offspring production. In 
wild D. falleni, infection resulted in greatly reduced offspring production. Additionally, infec-
tion is highly pathogenic and mediated through the fecal‐oral route [26]. Further research 
with naturally occurring Drosophila viruses is important because not many of these viruses 
exist or have been discovered.

1.3. Non‐Drosophila viruses

Laboratory populations of D. melanogaster can be experimentally inoculated with RNA viruses, 
such as Cricket paralysis virus (CrPV), Flock House virus (FHV), Sindbis virus (SINV), and 
Vesicular stomatitis virus (VSV). Also, the DNA virus, Invertebrate iridescent virus 6 (IIV‐6), can 
be experimentally inoculated into flies (Table 1) [27–31]. Artificial infections of D. melanogaster 
allow for a better understanding and novel insights of host‐pathogen interactions.

Cricket paralysis virus is a positive‐sense, single‐stranded RNA virus closely related to DCV. 
It belongs to the family Dicistroviridae and was first discovered in field crickets, Teleogryllus 
oceanicus and T. commodus [32]. The crickets displayed rapid paralysis and significant mortal-
ity [27]. The viral RNA genome consists of two ORFs, ORF1 and 2. To initiate translation, 
each ORF requires an internal ribosome entry site (IRES) region. ORF1 encodes non‐structural 
replication proteins, and ORF2 encodes structural proteins, which form the viral capsid. In 
addition, this virus encodes a suppressor of RNAi, CrPV‐1A, which binds to Argonaute‐2 
(AGO2) inhibiting RNA‐induced silencing complex (RISC) activity [32].
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encodes protein A, an RNA‐dependent RNA polymerase, whereas RNA2 encodes the pre-
cursor protein for production of the mature capsid protein. For viral replication, both RNAs 
must be present within the cell or replication will not occur [35]. A subgenomic RNA, RNA3, 
is produced by RNA1 and encodes an RNAi suppressor protein B2. The protein binds viral 
dsRNA to protect it from cleavage by Dcr‐2 and to inhibit loading of viral siRNAs into the 
RISC complex [34, 36, 37].

Sindbis virus is a single‐stranded, positive‐sense RNA virus, belongs to the Togaviridae family, 
and is transmitted vertically in Drosophila. In other hosts, it is transmitted horizontally. The 
viral genome mimics cellular mRNA as the viral mRNA possesses a 5′ methylguanylate cap 
and a 3′ poly(A) tail. The 5′ region encodes nonstructural proteins, and the 3′ region encodes 
viral structural proteins [38]. Most Sindbis virus research with invertebrates is conducted 
with mosquitoes because they are a natural vector for SINV. However, D. melanogaster S2 
(Schneider 2) cells are successfully infected establishing an additional invertebrate model sys-
tem to examine the host‐pathogen interaction with SINV [29].

Vesicular stomatitis virus is a single‐stranded, negative‐sense RNA virus that belongs to the 
Rhabdoviridae family [30]. It belongs to the same family as Sigma virus, which naturally 
occurs in Drosophila [39]. The genome is composed of the structural proteins (G, N, and M), 
the minor protein (NS), the partially glycosylated G precursor (G1), and the L chain. Insects 
infected with VSV become paralyzed after exposure to CO2. However, VSV has no observable 
pathogenic effects in infected insect cells [30, 40].

Invertebrate iridescent virus 6, also known as Chilo iridescent virus, is a large and complex 
double‐stranded DNA virus that belongs to the Iridoviridae family. The virus is composed of 
a capsid, an intermediate lipid layer, and a viral genome composed of linear double‐stranded 
DNA [41]. The viral genome size is approximately 212.5 kb, circular, and encodes 211 ORFs 
along both strands [31]. Several important ORFs encode a DNA‐dependent RNA polymerase 
II, a helicase, and major capsid proteins [42]. IIV‐6 has a broad host range and can be used 
to experimentally infect D. melanogaster. Infections in D. melanogaster produce high and sta-
ble viral titers exhibiting a low mortality rate [31]. Artificial infections of D. melanogaster are 
important because they provide a valuable model of understanding interactions between 
virus and host immunity.

2. RNA interference (RNAi) and the immune response

2.1. Antiviral RNAi in D. melanogaster

RNAi is the major antiviral immune response pathway for D. melanogaster (Figure 1). The 
general pathway occurs in two steps, initiation and execution. To initiate RNAi, dsRNA must 
be introduced, such as with viral infection. If dsRNAs are greater than 23 bp in length, it is 
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Figure 1. The major virus defense pathways of the fruit fly, Drosophila melanogaster. (A) RNA interference (RNAi) is the 
primary defense mechanism against viruses in invertebrate species. Virus replication results in the production of dsRNA 
replication intermediates that activate the pathway. R2D2 has two binding sites for dsRNA and in conjunction with the 
RNaseIII‐like enzyme, Dicer‐2 (Dcr2), will cleave large dsRNAs into small interfering RNAs (siRNA). The Dcr2/R2D2 
siRNA complex subsequently interacts with Argonaut‐2 protein, a key component of the RNA‐induced silencing complex 
(RISC), and transfers the siRNA component to it. The siRNA acts by targeting viral RNA via base pairing, allowing the 
targeted viral RNA to be degraded by the nuclease action of RISC. (B) The Toll pathway is activated primarily by pathogen‐
associated molecular patterns (PAMPs) associated with fungi and Gram‐positive cell wall components. The PAMPs are 
recognized by cytoplasmic receptors, such as Gram‐negative bacteria binding proteins (GNBP‐1/‐3) and peptidoglycan 
recognition proteins (PGRP‐SA, ‐SD). These receptors are referred to collectively as pattern recognition receptors (PRRs). 
Once the PRRs are engaged by their specific PAMPs, they now activate proteases that cleave full‐length Spatzle to an 
active form that now can be bound by the Toll receptor. With virus activation of this pathway, it is unclear whether virions 
can directly interact with Toll or must also activate Spatzle. The binding of the Spatzle ligand to the Toll receptor results in 
signal transduction through the cytoplasmic adaptor protein, MyD88. This ultimately leads to the proteolytic degradation 
of Cactus, the inhibitor of the NF‐κB‐like transcription factors Dorsal and Dif. With the degradation of Cactus, the Dorsal‐
Dif heterodimer is now able to be transported to the nucleus where it acts to activate the transcription of Toll‐regulated 
genes. (C) The Imd pathway is activated by PAMPs from Gram‐negative bacteria and potentially directly by virions. A 
transmembrane peptidoglycan receptor protein (PGRP‐LC) binds the PAMPs and transduces a signal to the cytoplasmic 
adaptor proteins Imd and FADD, which results in the activation of the caspase‐8 like protease, Dredd. Dredd cleaves the 
NF‐κB‐like transcription factor, Relish, which removes an IκB‐like C‐terminal domain that masks a nuclear localization 
signal. In addition, Dredd also cleaves Imd, which now allows it to become ubiquitinated. This attracts the Tab2/Tak1 
complex that activates the IKK1/IKK2 proteins via phosphorylation. These activated kinases now phosphorylate Relish at 
multiple sites, especially S528 and S529, which are essential to RNA polymerase II recruitment to Imd‐regulated genes. 
(D) The JAK/STAT pathway is activated by the interaction of the ligand unpaired (Upd) with the receptor Dome. In the 
Drosophila immune response, it appears that Upd3, secreted by activated hemocytes, is the preferred ligand for Dome. 
Most likely, virions are detected by these cells, which in turn secrete Upd3, although direct interaction of virions with 
Dome has not been ruled out. Once Dome has engaged Upd, it activates, via signal transduction, the Janus kinase Hop, 
which now is capable of phosphorylating the STAT transcription factors. Phosphorylation of the STAT proteins results 
in their dimerization and subsequent translocation to the nucleus where they activate the transcription of JAK/STAT 
regulated genes. (E) Autophagy can also act as a viral defense pathway. In the absence of a ligand for Toll‐like receptor 
7 (Toll7), the signal transduction pathway involving phosphatidylinositol‐3 kinase (PI3K), Akt kinase, and Tor (target of 
rapamycin) kinase is active and autophagy is inhibited. However, if the Toll‐7 receptor is engaged by its ligand, in this 
case a virion component, this results in the inhibition of PI3K, which ultimately results in the inhibition of Tor, which now 
relieves inhibition of the autophagy pathway, resulting in the destruction of the cell.
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processed into 21–23 bp dsRNA fragments with 3′ overhanging ends by Dcr‐1 or Dcr‐2 [5]. 
Dcr‐2 produces small interfering RNAs (siRNAs), and Dcr‐1 recognizes precursors of micro 
RNAs (miRNAs). The siRNA products are recruited by AGO2 into the RISC. Once loaded, one 
of the siRNA strands is degraded in an AGO2‐dependent process involving an endoribonu-
clease, component 3 promoter of RISC (C3PO) [43]. The single strand in the RISC complex is 
called the guide strand. It acts as a targeting mechanism for locating complementary mRNA. 
Matching of the guide strand to the targeted mRNA results in either degradation or inhibition 
of translation. Degradation occurs if the guide strand completely matches the target mRNA. 
However, inhibition of translation occurs if there is a small mismatching of base pairs (2–3 bp) 
[5]. Additionally, RNAi is incorporated in two alternative pathways: the miRNA or piwi RNA 
(piRNA) pathways. In the miRNA pathway, miRNA and Argonaute‐1 (AGO1) regulate cel-
lular gene expression through different mechanisms, such as cleavage or translational inhibi-
tion [44]. The piRNA pathway is involved as a transposon regulatory control mechanism in 
D. melanogaster testes [45]. However, the siRNA pathway is the major contributor to the RNAi 
antiviral defense pathway in D. melanogaster.

2.2. Viral suppression of RNAi

RNAi is an effective antiviral mechanism, but viruses have developed strategies to counter-
act it using virus‐encoded suppressors of RNAi (VSRs). RNAi suppression depends on the 
mechanism the VSR uses to target RNAi components and can vary with each virus [16]. For 
example, Nora virus VP1, the protein product of ORF1, can suppress RNAi. It inhibits slicer 
activity of mature RISC by hindering targeted catalytic cleavage by AGO2 [46]. In FHV, RNA1 
produces a subgenomic RNA3, which encodes B2, an RNAi suppressor protein. B2 has dual 
functions for suppression. It binds to long dsRNA to inhibit siRNA production and to siRNA 
to prevent siRNA assembly into RISC [47]. In CrPV, the N‐terminal region of ORF1 encodes 
the RNAi suppressor protein, CrPV‐1A. It directly interacts with AGO2, which suppresses 
the catalytic activity of the RISC complex [32]. In the DNA virus IIV‐6, ORF340R encodes 
a dsRNA‐binding domain (dsRBD), which binds dsRNA. For evasion and suppression, the 
dsRBD binds to long dsRNA shielding it from Dcr‐2 processing and inhibiting siRNA loading 
into the RISC complex, respectively [48]. Viral suppression of RNAi creates an ongoing arms 
race between viruses and the RNAi pathway. As the RNAi pathway adapts to evade viral 
infections, viruses counter adapt to evade viral antagonists, which leads to further adaptions 
of the RNAi pathway [16]. However, RNAi does not clear all viral infections in D. melanogaster 
suggesting that other alternative antiviral mechanisms must exist.

2.3. Vago acts as an RNAi‐independent antiviral mechanism

During viral infection of D. melanogaster, genes are triggered and expressed. One gene of inter-
est is Vago, a 160‐amino acid protein, with a signal peptide and eight cysteine residues. The 
signal peptide contains a single von Willebrand factor type C (VWC) motif. Proteins contain-
ing a single VWC domain typically respond to environmental changes and nutritional status, 
such as viral infection [49]. In D. melanogaster, Vago functions in response to viral infection [50]. 
During DCV infection, Vago proteins are important in controlling viral load in the fat body 
of D. melanogaster, which suggests that it may have a tissue‐specific role. Also, Vago may act 
as either an antiviral molecule targeting virions or as a cytokine affecting neighboring cells 

Antiviral Immunity in the Fruit Fly, Drosophila melanogaster
http://dx.doi.org/10.5772/intechopen.69293

247Drosophila melanogaster - Model for Recent Advances in Genetics and Therapeutics



Figure 1. The major virus defense pathways of the fruit fly, Drosophila melanogaster. (A) RNA interference (RNAi) is the 
primary defense mechanism against viruses in invertebrate species. Virus replication results in the production of dsRNA 
replication intermediates that activate the pathway. R2D2 has two binding sites for dsRNA and in conjunction with the 
RNaseIII‐like enzyme, Dicer‐2 (Dcr2), will cleave large dsRNAs into small interfering RNAs (siRNA). The Dcr2/R2D2 
siRNA complex subsequently interacts with Argonaut‐2 protein, a key component of the RNA‐induced silencing complex 
(RISC), and transfers the siRNA component to it. The siRNA acts by targeting viral RNA via base pairing, allowing the 
targeted viral RNA to be degraded by the nuclease action of RISC. (B) The Toll pathway is activated primarily by pathogen‐
associated molecular patterns (PAMPs) associated with fungi and Gram‐positive cell wall components. The PAMPs are 
recognized by cytoplasmic receptors, such as Gram‐negative bacteria binding proteins (GNBP‐1/‐3) and peptidoglycan 
recognition proteins (PGRP‐SA, ‐SD). These receptors are referred to collectively as pattern recognition receptors (PRRs). 
Once the PRRs are engaged by their specific PAMPs, they now activate proteases that cleave full‐length Spatzle to an 
active form that now can be bound by the Toll receptor. With virus activation of this pathway, it is unclear whether virions 
can directly interact with Toll or must also activate Spatzle. The binding of the Spatzle ligand to the Toll receptor results in 
signal transduction through the cytoplasmic adaptor protein, MyD88. This ultimately leads to the proteolytic degradation 
of Cactus, the inhibitor of the NF‐κB‐like transcription factors Dorsal and Dif. With the degradation of Cactus, the Dorsal‐
Dif heterodimer is now able to be transported to the nucleus where it acts to activate the transcription of Toll‐regulated 
genes. (C) The Imd pathway is activated by PAMPs from Gram‐negative bacteria and potentially directly by virions. A 
transmembrane peptidoglycan receptor protein (PGRP‐LC) binds the PAMPs and transduces a signal to the cytoplasmic 
adaptor proteins Imd and FADD, which results in the activation of the caspase‐8 like protease, Dredd. Dredd cleaves the 
NF‐κB‐like transcription factor, Relish, which removes an IκB‐like C‐terminal domain that masks a nuclear localization 
signal. In addition, Dredd also cleaves Imd, which now allows it to become ubiquitinated. This attracts the Tab2/Tak1 
complex that activates the IKK1/IKK2 proteins via phosphorylation. These activated kinases now phosphorylate Relish at 
multiple sites, especially S528 and S529, which are essential to RNA polymerase II recruitment to Imd‐regulated genes. 
(D) The JAK/STAT pathway is activated by the interaction of the ligand unpaired (Upd) with the receptor Dome. In the 
Drosophila immune response, it appears that Upd3, secreted by activated hemocytes, is the preferred ligand for Dome. 
Most likely, virions are detected by these cells, which in turn secrete Upd3, although direct interaction of virions with 
Dome has not been ruled out. Once Dome has engaged Upd, it activates, via signal transduction, the Janus kinase Hop, 
which now is capable of phosphorylating the STAT transcription factors. Phosphorylation of the STAT proteins results 
in their dimerization and subsequent translocation to the nucleus where they activate the transcription of JAK/STAT 
regulated genes. (E) Autophagy can also act as a viral defense pathway. In the absence of a ligand for Toll‐like receptor 
7 (Toll7), the signal transduction pathway involving phosphatidylinositol‐3 kinase (PI3K), Akt kinase, and Tor (target of 
rapamycin) kinase is active and autophagy is inhibited. However, if the Toll‐7 receptor is engaged by its ligand, in this 
case a virion component, this results in the inhibition of PI3K, which ultimately results in the inhibition of Tor, which now 
relieves inhibition of the autophagy pathway, resulting in the destruction of the cell.
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processed into 21–23 bp dsRNA fragments with 3′ overhanging ends by Dcr‐1 or Dcr‐2 [5]. 
Dcr‐2 produces small interfering RNAs (siRNAs), and Dcr‐1 recognizes precursors of micro 
RNAs (miRNAs). The siRNA products are recruited by AGO2 into the RISC. Once loaded, one 
of the siRNA strands is degraded in an AGO2‐dependent process involving an endoribonu-
clease, component 3 promoter of RISC (C3PO) [43]. The single strand in the RISC complex is 
called the guide strand. It acts as a targeting mechanism for locating complementary mRNA. 
Matching of the guide strand to the targeted mRNA results in either degradation or inhibition 
of translation. Degradation occurs if the guide strand completely matches the target mRNA. 
However, inhibition of translation occurs if there is a small mismatching of base pairs (2–3 bp) 
[5]. Additionally, RNAi is incorporated in two alternative pathways: the miRNA or piwi RNA 
(piRNA) pathways. In the miRNA pathway, miRNA and Argonaute‐1 (AGO1) regulate cel-
lular gene expression through different mechanisms, such as cleavage or translational inhibi-
tion [44]. The piRNA pathway is involved as a transposon regulatory control mechanism in 
D. melanogaster testes [45]. However, the siRNA pathway is the major contributor to the RNAi 
antiviral defense pathway in D. melanogaster.

2.2. Viral suppression of RNAi

RNAi is an effective antiviral mechanism, but viruses have developed strategies to counter-
act it using virus‐encoded suppressors of RNAi (VSRs). RNAi suppression depends on the 
mechanism the VSR uses to target RNAi components and can vary with each virus [16]. For 
example, Nora virus VP1, the protein product of ORF1, can suppress RNAi. It inhibits slicer 
activity of mature RISC by hindering targeted catalytic cleavage by AGO2 [46]. In FHV, RNA1 
produces a subgenomic RNA3, which encodes B2, an RNAi suppressor protein. B2 has dual 
functions for suppression. It binds to long dsRNA to inhibit siRNA production and to siRNA 
to prevent siRNA assembly into RISC [47]. In CrPV, the N‐terminal region of ORF1 encodes 
the RNAi suppressor protein, CrPV‐1A. It directly interacts with AGO2, which suppresses 
the catalytic activity of the RISC complex [32]. In the DNA virus IIV‐6, ORF340R encodes 
a dsRNA‐binding domain (dsRBD), which binds dsRNA. For evasion and suppression, the 
dsRBD binds to long dsRNA shielding it from Dcr‐2 processing and inhibiting siRNA loading 
into the RISC complex, respectively [48]. Viral suppression of RNAi creates an ongoing arms 
race between viruses and the RNAi pathway. As the RNAi pathway adapts to evade viral 
infections, viruses counter adapt to evade viral antagonists, which leads to further adaptions 
of the RNAi pathway [16]. However, RNAi does not clear all viral infections in D. melanogaster 
suggesting that other alternative antiviral mechanisms must exist.

2.3. Vago acts as an RNAi‐independent antiviral mechanism

During viral infection of D. melanogaster, genes are triggered and expressed. One gene of inter-
est is Vago, a 160‐amino acid protein, with a signal peptide and eight cysteine residues. The 
signal peptide contains a single von Willebrand factor type C (VWC) motif. Proteins contain-
ing a single VWC domain typically respond to environmental changes and nutritional status, 
such as viral infection [49]. In D. melanogaster, Vago functions in response to viral infection [50]. 
During DCV infection, Vago proteins are important in controlling viral load in the fat body 
of D. melanogaster, which suggests that it may have a tissue‐specific role. Also, Vago may act 
as either an antiviral molecule targeting virions or as a cytokine affecting neighboring cells 
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by triggering an antiviral state [51]. Another gene of interest is virus‐induced RNA 1 (vir‐1). 
This gene is a marker of viral regulation that is regulated by the JAK/STAT pathway [52]. A 
potential mechanism is suggested including both genes. Viral infection triggers the induction 
of a cytokine, Vago, which activates the JAK/STAT pathway (Figure 2). Once activated, virus‐
related gene expression is induced, which includes vir‐1 [51].

Currently, the pathway for activation of Vago begins with induction of RNAi. First, viral infec-
tion is detected by Dcr‐2. Dcr‐2 is a viral sensor, which activates the RNAi pathway and Vago 
expression for antiviral defense (Figure 2). For Vago, viral RNA interacts with the DExD/H‐box 
helicase domain on Dcr‐2 activating an inducible antiviral response. This domain is located at 
the carboxy‐terminal end of the gene and acts as a cytoplasmic sensor of viral RNA [51]. The 
DExD/H‐box helicase domain also belongs to the same family as the retinoic acid‐inducible 
gene 1‐like (RIG‐I) receptors in mammals, which function as pattern recognition receptors for 

Figure 2. Innate immune signaling among several pathways is integrated. The Imd, JAK/STAT, and RNAi virus defense 
pathways exhibit coordinate expression of anti‐viral genes in Culex mosquitoes. The RNAi pathway (see Figure 1) 
through the sensing of dsRNA by Dicer‐2 activates tumor necrosis factor (TNF) receptor‐associated factor (TRAF). TRAF 
now interacts with the Imd pathway via driving proteolytic cleavage of the N‐terminal region of Relish, allowing the 
C‐terminal region of Relish to be transported into the nucleus where it acts as a transcription factor on IMD‐regulated 
genes. One of these genes is Vago, which specifies a small secretory cytokine‐like molecule. Vago is able to engage the 
JAK/STAT pathway via the Dome receptor (see Figure 1), leading to the expression of JAK/STAT regulated genes.
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intracellular dsRNA during viral infection [53]. In addition, other innate immunity pathways 
are analyzed to determine their role in the induction of Vago. However, Toll, Imd, and JAK/
STAT were unable to induce Vago expression [51]. Currently, the mode of antiviral action of 
the protein Vago and its role in the RNAi pathway are not fully understood.

Recently, Vago was further investigated in the mosquito, Culex quinquefasciatus. The ortho-
logue gene, CxVago, contributes to antiviral defense during West Nile virus (WNV) infection. 
In C. quinquefasciatus, Dcr‐2 is also required for induction and up‐regulation of CxVago. The 
study suggests that CxVago is a stable, secreted cytokine that stimulates an antiviral response 
in insects by activating the JAK/STAT pathway (Figure 2). In addition, CxVago induces 
expression of the Culex orthologue of the D. melanogaster gene vir‐1 during viral infection [49]. 
Another study was not able to establish a relationship between DCV‐stimulated Vago and 
induction of vir‐1 in D. melanogaster [51]. However, Vago may induce vir‐1 during viral infec-
tion, but in its absence, other unidentified cytokines may also induce vir‐1 expression [49].

A mechanism for the activation of CxVago was proposed (Figure 2). First, Dcr‐2 senses a viral 
infection and activates tumor necrosis factor receptor‐associated factor (TRAF). This process 
activates Relish 2 (Rel2) by dephosphorylation, which allows translocation of the molecule 
from the cytoplasm into the nucleus. Rel2 is a nuclear factor kappa‐light‐chain‐enhancer of 
activated B cells (NF‐κB) transcription factor and induces gene expression of CxVago [54]. 
However, DmVago is not induced in D. melanogaster by members of the NF‐κB family. This 
may indicate that regulation of DmVago occurs through a similar or alternative mechanism 
[51]. The induction of Vago is similar to the RIG‐I/TRAF‐6/NF‐κB‐mediated interferon path-
way, which is triggered by a viral infection in mammals [54]. Further analysis of the pro-
posed CxVago pathway in D. melanogaster is required to discover the mechanism for antiviral 
defense. Vago and its associated pathway might be a simplistic interferon response pathway 
but requires an in‐depth investigation to determine its role in antiviral defense.

3. Autophagy

Autophagy was first characterized in yeast following starvation, as a process by which cells 
can degrade long‐lived proteins, organelles, and bulk cytoplasm for recycling [55]. Induction 
of autophagy is both developmentally and nutritionally regulated. When nutrients are suf-
ficient, class I phosphatidylinositol‐3‐kinases (PI3Ks) and the target of rapamycin (TOR) com-
plex act as inhibitors of autophagy. However, under starvation conditions, class III PI3Ks act 
to stimulate the production of autophagy‐related proteins and induce the autophagy path-
way [55] (Figure 1).

Following induction, a double‐membrane vesicle, the autophagosome, is formed that can 
sequester cytoplasmic components. Sequestering of the cytoplasmic components is highly 
regulated by GTPases, phosphatidylinositol kinases, and other various phosphatases. The 
autophagosome then fuses with the lysosome for the breakdown of the membrane and its 
contents [56]. In addition, induction of autophagy can occur as an antiviral response during 
viral infection.
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by triggering an antiviral state [51]. Another gene of interest is virus‐induced RNA 1 (vir‐1). 
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of a cytokine, Vago, which activates the JAK/STAT pathway (Figure 2). Once activated, virus‐
related gene expression is induced, which includes vir‐1 [51].
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tion is detected by Dcr‐2. Dcr‐2 is a viral sensor, which activates the RNAi pathway and Vago 
expression for antiviral defense (Figure 2). For Vago, viral RNA interacts with the DExD/H‐box 
helicase domain on Dcr‐2 activating an inducible antiviral response. This domain is located at 
the carboxy‐terminal end of the gene and acts as a cytoplasmic sensor of viral RNA [51]. The 
DExD/H‐box helicase domain also belongs to the same family as the retinoic acid‐inducible 
gene 1‐like (RIG‐I) receptors in mammals, which function as pattern recognition receptors for 

Figure 2. Innate immune signaling among several pathways is integrated. The Imd, JAK/STAT, and RNAi virus defense 
pathways exhibit coordinate expression of anti‐viral genes in Culex mosquitoes. The RNAi pathway (see Figure 1) 
through the sensing of dsRNA by Dicer‐2 activates tumor necrosis factor (TNF) receptor‐associated factor (TRAF). TRAF 
now interacts with the Imd pathway via driving proteolytic cleavage of the N‐terminal region of Relish, allowing the 
C‐terminal region of Relish to be transported into the nucleus where it acts as a transcription factor on IMD‐regulated 
genes. One of these genes is Vago, which specifies a small secretory cytokine‐like molecule. Vago is able to engage the 
JAK/STAT pathway via the Dome receptor (see Figure 1), leading to the expression of JAK/STAT regulated genes.
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intracellular dsRNA during viral infection [53]. In addition, other innate immunity pathways 
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way, which is triggered by a viral infection in mammals [54]. Further analysis of the pro-
posed CxVago pathway in D. melanogaster is required to discover the mechanism for antiviral 
defense. Vago and its associated pathway might be a simplistic interferon response pathway 
but requires an in‐depth investigation to determine its role in antiviral defense.

3. Autophagy

Autophagy was first characterized in yeast following starvation, as a process by which cells 
can degrade long‐lived proteins, organelles, and bulk cytoplasm for recycling [55]. Induction 
of autophagy is both developmentally and nutritionally regulated. When nutrients are suf-
ficient, class I phosphatidylinositol‐3‐kinases (PI3Ks) and the target of rapamycin (TOR) com-
plex act as inhibitors of autophagy. However, under starvation conditions, class III PI3Ks act 
to stimulate the production of autophagy‐related proteins and induce the autophagy path-
way [55] (Figure 1).

Following induction, a double‐membrane vesicle, the autophagosome, is formed that can 
sequester cytoplasmic components. Sequestering of the cytoplasmic components is highly 
regulated by GTPases, phosphatidylinositol kinases, and other various phosphatases. The 
autophagosome then fuses with the lysosome for the breakdown of the membrane and its 
contents [56]. In addition, induction of autophagy can occur as an antiviral response during 
viral infection.
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3.1. Antiviral autophagy

Autophagy also plays a direct antiviral role against vesicular stomatitis virus (VSV). 
D. melanogaster has homologs of 11 yeast autophagy‐related genes and is confirmed for 
autophagy during development or starvation [57]. D. melanogaster encodes nine Toll recep-
tors. Eight of the Toll receptors are not fully understood but may have roles in innate immu-
nity. Activation of the autophagy pathway requires the interaction of Toll receptor 7, which 
detects VSV G protein. Once G protein is detected, two toll‐7 receptors dimerize trans-
mitting a signal through their toll‐interleukin‐1 receptor (TFR‐1) domain [6]. The signal 
transduction is regulated by the Tor kinase, which leads to the induction of autophagy [56]. 
Autophagy can be induced under starvation conditions or high stress (i.e., viral infection) 
conditions. This becomes apparent when D. melanogaster S2 cells are infected with VSV 
and monitored using fluorescent microscopy for autophagy. Cells with mutant autophagy 
genes have a significantly higher viral titer than those that contain wild‐type autophagy 
genes [57]. This indicates that autophagy not only plays a critical role in recycling of organ-
elles and proteins during times of starvation, but it may also have an antiviral role as well.

4. Other antiviral response pathways

The Toll pathway controls the dorsal‐ventral patterning within the D. melanogaster embryo and 
is activated during fungal and Gram‐positive bacterial infections (Figure 1). During fungal and 
bacterial infection, pathogen recognition proteins (PRRs) recognize common molecules from 
each pathogen called pathogen‐associated molecular patterns (PAMPs). Fungi are detected by 
their glucans by PRR glucan‐binding protein 3 (GNBP3). Gram‐positive bacteria are detected by 
their cell wall components that contain lysine‐containing peptidoglycan. Recognition requires 
a combination of different proteins, including peptidoglycan recognition proteins (PGRP)‐SA, 
PRGP‐SD, and GNBP1 [58]. After recognition, the protein creates a complex, which activates 
the Toll pathway. PGRP‐SD is not involved in the complex but is required for detection of 
certain strains of Gram‐positive bacteria. Activation of Toll initiates a protease cascade acti-
vating Spätzle (Spz) [59, 60]. Spz is a protein ligand of the Toll receptor. Once activated, Spz 
induces conformational changes within the receptor to facilitate the recruitment of Drosophila 
Myd88, Tube, and Pelle, a protein kinase. This leads to the phosphorylation and degradation 
of Cactus and NF‐κB‐like transcription factors, which allows Dif (Dorsal‐related immunity 
factor) to translocate to the nucleus. Dif mediates Toll‐dependent gene expression of certain 
antimicrobial peptides (AMPs) [61]. There are seven specific AMPs identified in D. melanogas‐
ter: Drosomycin, Metchnikowin, Diptericin, Drosocin, Cecropin, Defensin, and Attacin [62]. 
Cecropin, Diptericin, Drosocin, Attacin, and Defensin are involved during bacterial infection, 
whereas Drosomycin and Cecropin are involved during fungal infection. Metchnikowin is 
involved in both forms of infection [63, 64]. These peptides are secreted into the hemolymph 
for antibacterial and antifungal defense.

Recently, Toll was found to elicit an antiviral response (Figure 1). A Dif1 fly mutant, which did 
not have a functional Toll pathway, developed higher DXV viral titers and higher mortality 
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when compared to wild‐type flies. A gain‐of‐function Toll mutant, Tl1°b, developed a reduced 
DXV viral titer [65]. These results indicate that Toll may be involved in reducing viral repli-
cation of DXV and potentially other viral pathogens and warrants further characterization.

Another pathway involved in antibacterial defense is Imd. Imd has a similar mechanism as 
Toll but targets Gram‐negative bacteria (Figure 1). The PAMPs for Gram‐negative bacteria 
are diaminopimelic‐containing peptidoglycan (DAP‐type PGN), which are recognized by the 
PRRs, PGRP‐LC, and PGRP‐LE. This triggers the Imd intracellular signaling cascade [58]. 
The signaling cascade activates an NF‐kB‐like factor, Relish (Rel). The Rel domain of Relish 
translocates to the nucleus, binds to the kB site, and induces transcription of AMPs, regulat-
ing expression [3]. Imd and Toll share the same target genes but are activated by different 
pathogens. In addition, Toll and Imd interact with each other to regulate a coordinated and 
effective immune response.

The Imd pathway is implicated in an antiviral response in D. melanogaster (Figure 1). Loss‐
of‐function mutant flies were created for different Imd pathways genes, such as Rel and 
PGRP‐LC. These flies displayed increased sensitivity to CrPV and had higher viral loads than 
the controls [8]. The results indicate that Imd signaling may be involved in antiviral innate 
immune responses during CrPV infection and requires further research.

The JAK/STAT pathway is also involved in the D. melanogaster immune response (Figure 1). 
This pathway contributes to a systemic immune response, antiviral response, and regenera-
tion of gut epithelium [52, 66, 67]. JAK/STAT consists of cytokine‐like molecules Unpaired 
(Upd) and the Upd receptor Domeless (Dome), Hopscotch (Hop), the D. melanogaster homo-
log of vertebrate JAK, the signal transducer and activator of transcription protein at 92E 
(STAT92E), and suppressors of cytokine signaling (SOC3S6E) [4, 68–72]. For activation of the 
JAK/STAT pathway, Upd binds to Dome. This binding causes Hop to phosphorylate itself 
and the cytoplasmic tail of Dome [68, 72]. Phosphorylation of Dome allows for the binding 
of STAT92E proteins. STAT92E is phosphorylated, dimerized, and translocated to the nucleus 
where it binds and activates transcription. SOCS36E is a negative regulator of the JAK/STAT 
pathway. It inhibits activation by binding the JAK complex, preventing autophosphorylation 
[69, 71]. JAK/STAT is also implicated in antibacterial and/or antifungal defense, but its role in 
antiviral defense needs further investigation.

5. Conclusion

Viral pathogens infect all organisms, including insects. For successful infection, viruses must 
be able to replicate and evade host immunity. D. melanogaster must rely on innate immunity to 
combat infection. Viral infections are easily controlled and can develop a persistent infection 
with no apparent pathogenesis. However, this regulation of infection is poorly understood. An 
uncharacterized antiviral mechanism must exist, which may include Vago, but further research 
is needed. A better understanding of antiviral immunity is important because many of the fac-
tors and pathways are conserved among species. Further research with viruses, especially new 
viruses, will help promote a better understanding of host immunity to pathogen interactions.
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D. melanogaster has homologs of 11 yeast autophagy‐related genes and is confirmed for 
autophagy during development or starvation [57]. D. melanogaster encodes nine Toll recep-
tors. Eight of the Toll receptors are not fully understood but may have roles in innate immu-
nity. Activation of the autophagy pathway requires the interaction of Toll receptor 7, which 
detects VSV G protein. Once G protein is detected, two toll‐7 receptors dimerize trans-
mitting a signal through their toll‐interleukin‐1 receptor (TFR‐1) domain [6]. The signal 
transduction is regulated by the Tor kinase, which leads to the induction of autophagy [56]. 
Autophagy can be induced under starvation conditions or high stress (i.e., viral infection) 
conditions. This becomes apparent when D. melanogaster S2 cells are infected with VSV 
and monitored using fluorescent microscopy for autophagy. Cells with mutant autophagy 
genes have a significantly higher viral titer than those that contain wild‐type autophagy 
genes [57]. This indicates that autophagy not only plays a critical role in recycling of organ-
elles and proteins during times of starvation, but it may also have an antiviral role as well.

4. Other antiviral response pathways

The Toll pathway controls the dorsal‐ventral patterning within the D. melanogaster embryo and 
is activated during fungal and Gram‐positive bacterial infections (Figure 1). During fungal and 
bacterial infection, pathogen recognition proteins (PRRs) recognize common molecules from 
each pathogen called pathogen‐associated molecular patterns (PAMPs). Fungi are detected by 
their glucans by PRR glucan‐binding protein 3 (GNBP3). Gram‐positive bacteria are detected by 
their cell wall components that contain lysine‐containing peptidoglycan. Recognition requires 
a combination of different proteins, including peptidoglycan recognition proteins (PGRP)‐SA, 
PRGP‐SD, and GNBP1 [58]. After recognition, the protein creates a complex, which activates 
the Toll pathway. PGRP‐SD is not involved in the complex but is required for detection of 
certain strains of Gram‐positive bacteria. Activation of Toll initiates a protease cascade acti-
vating Spätzle (Spz) [59, 60]. Spz is a protein ligand of the Toll receptor. Once activated, Spz 
induces conformational changes within the receptor to facilitate the recruitment of Drosophila 
Myd88, Tube, and Pelle, a protein kinase. This leads to the phosphorylation and degradation 
of Cactus and NF‐κB‐like transcription factors, which allows Dif (Dorsal‐related immunity 
factor) to translocate to the nucleus. Dif mediates Toll‐dependent gene expression of certain 
antimicrobial peptides (AMPs) [61]. There are seven specific AMPs identified in D. melanogas‐
ter: Drosomycin, Metchnikowin, Diptericin, Drosocin, Cecropin, Defensin, and Attacin [62]. 
Cecropin, Diptericin, Drosocin, Attacin, and Defensin are involved during bacterial infection, 
whereas Drosomycin and Cecropin are involved during fungal infection. Metchnikowin is 
involved in both forms of infection [63, 64]. These peptides are secreted into the hemolymph 
for antibacterial and antifungal defense.

Recently, Toll was found to elicit an antiviral response (Figure 1). A Dif1 fly mutant, which did 
not have a functional Toll pathway, developed higher DXV viral titers and higher mortality 
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when compared to wild‐type flies. A gain‐of‐function Toll mutant, Tl1°b, developed a reduced 
DXV viral titer [65]. These results indicate that Toll may be involved in reducing viral repli-
cation of DXV and potentially other viral pathogens and warrants further characterization.

Another pathway involved in antibacterial defense is Imd. Imd has a similar mechanism as 
Toll but targets Gram‐negative bacteria (Figure 1). The PAMPs for Gram‐negative bacteria 
are diaminopimelic‐containing peptidoglycan (DAP‐type PGN), which are recognized by the 
PRRs, PGRP‐LC, and PGRP‐LE. This triggers the Imd intracellular signaling cascade [58]. 
The signaling cascade activates an NF‐kB‐like factor, Relish (Rel). The Rel domain of Relish 
translocates to the nucleus, binds to the kB site, and induces transcription of AMPs, regulat-
ing expression [3]. Imd and Toll share the same target genes but are activated by different 
pathogens. In addition, Toll and Imd interact with each other to regulate a coordinated and 
effective immune response.

The Imd pathway is implicated in an antiviral response in D. melanogaster (Figure 1). Loss‐
of‐function mutant flies were created for different Imd pathways genes, such as Rel and 
PGRP‐LC. These flies displayed increased sensitivity to CrPV and had higher viral loads than 
the controls [8]. The results indicate that Imd signaling may be involved in antiviral innate 
immune responses during CrPV infection and requires further research.

The JAK/STAT pathway is also involved in the D. melanogaster immune response (Figure 1). 
This pathway contributes to a systemic immune response, antiviral response, and regenera-
tion of gut epithelium [52, 66, 67]. JAK/STAT consists of cytokine‐like molecules Unpaired 
(Upd) and the Upd receptor Domeless (Dome), Hopscotch (Hop), the D. melanogaster homo-
log of vertebrate JAK, the signal transducer and activator of transcription protein at 92E 
(STAT92E), and suppressors of cytokine signaling (SOC3S6E) [4, 68–72]. For activation of the 
JAK/STAT pathway, Upd binds to Dome. This binding causes Hop to phosphorylate itself 
and the cytoplasmic tail of Dome [68, 72]. Phosphorylation of Dome allows for the binding 
of STAT92E proteins. STAT92E is phosphorylated, dimerized, and translocated to the nucleus 
where it binds and activates transcription. SOCS36E is a negative regulator of the JAK/STAT 
pathway. It inhibits activation by binding the JAK complex, preventing autophosphorylation 
[69, 71]. JAK/STAT is also implicated in antibacterial and/or antifungal defense, but its role in 
antiviral defense needs further investigation.

5. Conclusion

Viral pathogens infect all organisms, including insects. For successful infection, viruses must 
be able to replicate and evade host immunity. D. melanogaster must rely on innate immunity to 
combat infection. Viral infections are easily controlled and can develop a persistent infection 
with no apparent pathogenesis. However, this regulation of infection is poorly understood. An 
uncharacterized antiviral mechanism must exist, which may include Vago, but further research 
is needed. A better understanding of antiviral immunity is important because many of the fac-
tors and pathways are conserved among species. Further research with viruses, especially new 
viruses, will help promote a better understanding of host immunity to pathogen interactions.
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