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Abstract
The fruit fly, 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 Toll‐like
receptors and their recognition of shared molecules (pathogen‐associated molecular patterns 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 invertebrates. Another related pathway, the JAK/STAT pathway, functions in a similar manner 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 countermeasures 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 develops during infection to produce immunological memory against pathogens. This memory provides 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), autophagy, and RNA interference (RNAi) [3–6]. The Imd and Toll pathways contribute to the antibacterial 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 interactions. 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 measure 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 display 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 independent 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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Virus

Family

Genome nucleic acid Mode of transmission Effects of infection
in D. melanogaster

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.

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 polymerase‐associated protein, M is the matrix protein, G is the glycoprotein, and L is the polymerase [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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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 addition, 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‐enveloped 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 metagenomic 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, infection 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 mortality [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 precursor 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 system 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 stable 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 endoribonuclease, 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 cellular gene expression through different mechanisms, such as cleavage or translational inhibition [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 counteract 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 interest 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 containing 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 infection 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 orthologue 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 infection, 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 pathway, which is triggered by a viral infection in mammals [54]. Further analysis of the proposed 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 sufficient, class I phosphatidylinositol‐3‐kinases (PI3Ks) and the target of rapamycin (TOR) complex 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 pathway [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 receptors. Eight of the Toll receptors are not fully understood but may have roles in innate immunity. 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 transmitting 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 organelles 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 activating 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 replication 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, regulating 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 regeneration 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 homolog 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 factors 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.

251

252

Drosophila melanogaster - Model for Recent Advances in Genetics and Therapeutics

Acknowledgements
The financial support was provided by grants from the National Center for Research
Resources (NCRR; 5P20RR016469) and the National Institute of General Medical Science
(NIGMS; 8P20GM103427), a component of the National Institutes of Health (NIH). This publication’s contents are the sole responsibility of the authors and do not necessarily represent
the official views of the NIH or NIGMS.

Author details
Wilfredo A. Lopez*, Alexis M. Page, Brad L. Ericson, Darby J. Carlson and Kimberly A. Carlson
*Address all correspondence to: carlsonka1@unk.edu
Department of Biology, University of Nebraska at Kearney, Kearney, Nebraska, USA

References
[1] Iwasaki A, Medzhitov R. Control of adaptive immunity by the innate immune system.
Nature Immunology. 2015;16(4):343‐353. DOI: 10.1038/ni.3123
[2] Fearon DT, Locksley RM. The instructive role of innate immunity in the acquired
immune response. Science. 1996;27(5258):50. DOI: 10.1126/science.272.5258.50
[3] De Gregorio E, Spellman PT, Tzou P, Rubin GM, Lemaitre B. The Toll and Imd pathways are the major regulators of the immune response in Drosophila. The EMBO Journal.
2002;21(11):2568‐2579. DOI: 10.1093/emboj/21.11.2568
[4] Baeg GH, Zhou R, Perrimon N. Genome‐wide RNAi analysis of JAK/STAT signaling
components in Drosophila. Genes & Development. 2005;19(16):1861‐1870. DOI: 10.1101/
gad.1320705
[5] Zambon RA, Vakharia VN, Wu LP. RNAi is an antiviral immune response against a
dsRNA virus in Drosophila melanogaster. Cellular Microbiology. 2006;8(5):880‐889. DOI:
10.1111/j.1462‐5822.2006.00688.x
[6] Nakamoto M, Moy RH, Xu J, Bambina S, Yasunaga A, Shelly SS, et al. Virus recognition
by Toll‐7 activates antiviral autophagy in Drosophila. Immunity. 2012;36(4):658‐667. DOI:
10.1016/j.immuni.2012.03.003
[7] Ferreira ÁG, Naylor H, Esteves SS, Pais IS, Martins NE, Teixeira L. The Toll‐Dorsal
pathway is required for resistance to viral oral infection in Drosophila. PLoS Pathogens.
2014;10(12):e1004507. DOI: 10.1371/journal.ppat.1004507
[8] Costa A, Jan E, Sarnow P, Schneider D. The Imd pathway is involved in antiviral immune
responses in Drosophila. PLoS One. 2009;4(10):e743. DOI: 10.1371/journal.pone.0007436

Antiviral Immunity in the Fruit Fly, Drosophila melanogaster
http://dx.doi.org/10.5772/intechopen.69293

[9] Habayeb MS, Ekengren SK, Hultmark D. Nora virus, a persistent virus in Drosophila,
defines a new picorna‐like virus family. Journal of General Virology. 2006;87(10):3045‐
3051. DOI: 10.1099/vir.0.81997‐0
[10] Carpenter JA, Obbard DJ, Maside X, Jiggins FM. The recent spread of a vertically
transmitted virus through populations of Drosophila melanogaster. Molecular Ecology.
2007;16(18):3947‐3954. DOI: 10.1111/j.1365‐294X.2007.03460.x
[11] Jousset FX, Bergoin M, Revet B. Characterization of the Drosophila C virus. Journal of
General Virology. 1977;34(2):269‐283. DOI: 10.1099/0022‐1317‐34‐2‐269
[12] Teninges D, Ohanessian A, Richard‐Molard C, Contamine D. Isolation and biological
properties of Drosophila X virus. Journal of General Virology. 1979;42(2):241‐254. DOI:
10.1111/j.1742‐4658.2006.05333.x
[13] Webster CL, Waldron FM, Robertson S, Crowson D, Ferrari G, Quintana JF. et al. The
discovery, distribution, and evolution of viruses associated with Drosophila melanogaster.
PLoS Biology. 2015;13(7). DOI: 10.1371/journal.pbio.1002210
[14] Habayeb MS, Cantera R, Casanova G, Ekström JO, Albright S, Hultmark D. The Drosophila
Nora virus is an enteric virus, transmitted via feces. Journal of Invertebrate Pathology.
2009;101(1):29‐33. DOI: 10.1016/j.jip.2009.02.003
[15] Johnson KN, Christian PD. The novel genome organization of the insect picorna‐
like virus Drosophila C virus suggests this virus belongs to a previously undescribed
virus family. Journal of General Virology. 1998;79(1):191‐203. DOI: 10.1099/0022‐
1317‐79‐1‐191
[16] Ekström JO, Habayeb MS, Srivastava V, Kieselbach T, Wingsle G, Hultmark D. Drosophila
Nora virus capsid proteins differ from those of other picorna‐like viruses. Virus Research.
2011;160(1):51‐58. DOI: 10.1016/j.virusres.2011.05.006
[17] van Mierlo JT, Overheul GJ, Obadia B, van Cleef KW, Webster CL, Saleh MC. et al.
Novel Drosophila viruses encode host‐specific suppressors of RNAi. PLoS Pathogens.
2014;10(7):e1004256. DOI: 10.1371/journal.ppat.1004256
[18] Sadanandan SA, Ekström JO, Jonna VR, Hofer A, Hultmark D. VP3 is crucial for
the stability of Nora virus virions. Virus Research. 2016;223:20‐27. DOI: 10.1016/j.
virusres.2016.06.011
[19] Teninges D, Bras F, Dezélée S. Genome organization of the sigma rhabdovirus: Six genes
and a gene overlap. Virology. 1993;193(2):1018‐1023. DOI: 10.1006/viro.1993.1219
[20] Longdon B, Obbard DJ, Jiggins FM. Sigma viruses from three species of Drosophila form
a major new clade in the rhabdovirus phylogeny. Proceedings of the Royal Society B:
Biological Sciences. 2009;277(1678):35‐44. DOI: 10.1098/rspb.2009.1472
[21] Chtarbanova S, Lamiable O, Lee KZ, Galiana D, Troxler L, Meignin C. et al. Drosophila C virus
systemic infection leads to intestinal obstruction. Journal of Virology. 2014;88(24):14057‐
14069. DOI: 10.1128/JVI.02320‐14

253

254

Drosophila melanogaster - Model for Recent Advances in Genetics and Therapeutics

[22] Zhu F, Ding H, Zhu B. Transcriptional profiling of Drosophila S2 cells in early response
to Drosophila C virus. Virology Journal. 2013;10(1):1‐9. DOI: 10.1186/1743‐422X‐10‐210
[23] van Rij RP, Saleh MC, Berry B, Foo C, Houk A, Antoniewski C. et al. The RNA silencing
endonuclease Argonaute 2 mediates specific antiviral immunity in Drosophila melanogaster.
Genes & Development. 2006;20(21):2985‐2995. DOI: 10.1101/gad.1482006
[24] Reavy B, Moore NF. Cell‐free translation of Drosophila C virus RNA: Identification of
a virus protease activity involved in capsid protein synthesis and further studies on
in vitro processing of Cricket paralysis virus specified proteins. Archives of Virology.
1983;76(2):101‐115
[25] Chung HK, Kordyban S, Cameron L, Dobos P. Sequence analysis of the bicistronic Drosophila X virus genome segment A and its encode polypeptides. Virology.
1996;225(2):359‐368. DOI: 10.1006/viro.1996.0610
[26] Unckless RL. A DNA virus of Drosophila. PLoS One. 2011;6(10):e26564. DOI: 10.1371/
journal.pone.0026564
[27] Reinganum C, O’Loughlin GT, Hogan TW. A nonoccluded virus of the field crickets
Teleogryllus oceanicus and T. commodus (Orthoptera: Gryllidae). Journal of Invertebrate
Pathology. 1970;16(2):214‐220. DOI: 10.1016/0022‐2011(70)90062‐5
[28] Dasgupta R, Free HM, Zietlow SL, Paskewitz SM, Aksoy S, Shi L. et al. Replication of
flock house virus in three genera of medically important insects. Journal of Medical
Entomology. 2007;44(1):102‐110. DOI: 10.1093/jmedent/41.5.102
[29] Mudiganti U, Hernandez R, Ferreira D, Brown DT. Sindbis virus infection of two model
insect cell systems—A comparative study. Virus Research. 2006;122(1):28‐34. DOI:
10.1016/j.virusres.2006.06.007
[30] Blondel D, Dezelee S, Wyers F. Vesicular stomatitis virus growth in Drosophila melanogas‐
ter cells. II. Modifications of viral protein phosphorylation. Journal of General Virology.
1983;64(8):1793‐1799. DOI: 10.1099/0022‐1317‐64‐8‐1793
[31] Bronkhorst AW, van Cleef KW, Vodovar N, İnce İA, Blanc H, Vlak JM. et al. The DNA virus
Invertebrate iridescent virus 6 is a target of the Drosophila RNAi machinery. Proceedings
of the National Academy of Sciences of the United States. 2012;109(51):e3604‐e3613.
DOI: 10.1073/pnas.1207213109
[32] Nayak A, Berry B, Tassetto M, Kunitomi M, Acevedo A, Deng C. et al. Cricket paralysis virus antagonizes Argonaute 2 to modulate antiviral defense in Drosophila. Nature
Structural & Molecular Biology. 2010;17(5):547‐554. DOI: 10.1038/nsmb.1810
[33] Dearing SC, Scotti PD, Wigley PJ, Dhana SD. A small RNA virus isolated from the grass
grub, Costelytra zealandica (Coleoptera: Scarabaeidae). New Zealand Journal of Zoology.
1980;7(2):267‐269. DOI: 10.1080/03014223.1980.10423785
[34] Jovel J, Schneemann A. Molecular characterization of Drosophila cells persistently infected
with Flock House virus. Virology. 2011;419(1):43‐53. DOI: 10.1016/j.virol.2011.08.002

Antiviral Immunity in the Fruit Fly, Drosophila melanogaster
http://dx.doi.org/10.5772/intechopen.69293

[35] Miller DJ, Schwartz MD, Ahlquist P. Flock house virus RNA replicates on outer mitochondrial membranes in Drosophila cells. Journal of Virology. 2001;75(23):11664‐11676.
DOI: 10.1128/JVI.75.23.11664‐11676.2001
[36] Galiana‐Arnoux D, Dostert C, Schneemann A, Hoffmann JA, Imler JL. Essential function in vivo for Dicer‐2 in host defense against RNA viruses in Drosophila. Nature
Immunology.2006;7:590‐597. DOI: 10.1038/ni1335
[37] Li H, Li WX, Ding SW. Induction and suppression of RNA silencing by an animal virus.
Science. 2002;296(5571):1319‐1321. DOI: 10.1038/nmicrobiol.2016.250
[38] Frolov I, Hardy R, Rice CM. Cis‐acting RNA elements at the 5′end of Sindbis virus
genome RNA regulate minus‐and plus‐strand RNA synthesis.RNA. 2001;7(11):1638‐
1651. DOI: 10.1017.S135583820101010X
[39] Mudd JA, Leavitt RW, Kingsbury DT, Holland JJ. Natural selection of mutants of vesicular stomatitis virus by cultured cells of Drosophila melanogaster. Journal of General
Virology. 1973;20(3):341‐351. DOI: 10.1099/0022‐1317‐20‐3‐341
[40] Wyers FR, Richard‐Molard C, Blondel D, Dezelee S. Vesicular stomatitis virus growth in
Drosophila melanogaster cells: G protein deficiency. Journal of Virology. 1980;33(1):411‐422
[41] Jakob NJ, Müller K, Bahr U, Darai G. Analysis of the first complete DNA sequence of
an invertebrate iridovirus: Coding strategy of the genome of Chilo iridescent virus.
Virology. 2001;286(1):182‐196. DOI: 10.1006/viro.2001.0963
[42] Eaton HE, Metcalf J, Penny E, Tcherepanov V, Upton C, Brunetti CR. Comparative
genomic analysis of the family Iridoviridae: Re‐annotating and defining the core set of
iridovirus genes. Virology Journal. 2007;4(1):1. DOI: 10.1186/1743‐422X‐4‐11
[43] Liu Y, Ye X, Jiang F, Liang C, Chen D, Peng J. et al. C3PO, an endoribonuclease that
promotes RNAi by facilitating RISC activation. Science. 2009;325(5941):750‐753. DOI:
10.1126/science.1176325
[44] Okamura K, Ishizuka A, Siomi H, Siomi MC. Distinct roles for Argonaute proteins in
small RNA‐directed RNA cleavage pathways. Genes & Development. 2004;18(14):1655‐
1666. DOI: 10.1101/gad.1210204
[45] Olivieri D, Sykora MM, Sachidanandam R, Mechtler K, Brennecke J. An in vivo RNAi
assay identifies major genetic and cellular requirements for primary piRNA biogenesis
in Drosophila. The EMBO Journal. 2010;29(19):3301‐3317. DOI: 10.1038/emboj.2010.212
[46] Van Mierlo JT, Bronkhorst AW, Overheul GJ, Sadanandan SA, Ekström JO,
Heestermans M. et al. Convergent evolution of argonaute‐2 slicer antagonism in two
distinct insect RNA viruses. PLoS Pathogens. 2012;8(8):e1002872. DOI: 10.1371/journal.ppat.1002872
[47] Aliyari R, Wu Q, Li HW, Wang XH, Li F, Green LD. et al. Mechanism of induction and
suppression of antiviral immunity directed by virus‐derived small RNAs in Drosophila.
Cell Host & Microbe. 2008;4(4):387‐397. DOI: 10.1016/j.chom.2008.09.001

255

256

Drosophila melanogaster - Model for Recent Advances in Genetics and Therapeutics

[48] Bronkhorst AW, van Cleef KW, Venselaar H, van Rij RP. A dsRNA‐binding protein of
a complex invertebrate DNA virus suppresses the Drosophila RNAi response. Nucleic
Acids Research. 2014;42(19):12237‐12248. DOI: 10.1093/nar/gku910
[49] Paradkar PN, Trinidad L, Voysey R, Duchemin JB, Walker PJ. Secreted Vago restricts
West Nile virus infection in Culex mosquito cells by activating the JAK/STAT pathway.
Proceedings of the National Academy of Sciences of the United States of America.
2012;109(46):18915‐18920. DOI: 10.1073/pnas.1205231109
[50] Cordes EJ, Licking‐Murray KD, Carlson KA. Differential gene expression related to
Nora virus infection of Drosophila melanogaster. Virus Research. 2013;175(2):95‐100. DOI:
10.1016/j.virusres.2013.03.021
[51] Deddouche S, Matt N, Budd A, Mueller S, Kemp C, Galiana‐Arnoux D. et al. The
DExD/H‐box helicase Dicer‐2 mediates the induction of antiviral activity in Drosophila.
Nature Immunology. 2008;9(12):1425‐1432. DOI: 10.1038/ni.1664
[52] Dostert C, Jouanguy E, Irving P, Troxler L, Galiana‐Arnoux D, Hetru C. et al. The JAK/
STAT signaling pathway is required but not sufficient for the antiviral response of
Drosophila. Nature Immunology. 2005;6(9):946‐953. DOI: 10.1038/ni1237
[53] Yoneyama M, Kikuchi M, Matsumoto K, Imaizumi T, Miyagishi M, Taira K. et al. Shared
and unique functions of the DExD/H‐box helicases RIG‐I, MDA5, and LGP2 in antiviral innate immunity. The Journal of Immunology. 2005;175(5):2851‐2858. DOI: 10.4049/
jimmunol.175.5.2851
[54] Paradkar PN, Duchemin JB, Voysey R, Walker PJ. Dicer‐2‐dependent activation of Culex
Vago occurs via the TRAF‐Rel2 signaling pathway. PLoS Neglected Tropical Diseases.
2014;8(4):e2823. DOI: 10.1371/journal.pntd.0002823
[55] Berry DL, Baehrecke EH. Growth arrest and autophagy are required for salivary gland
cell degradation in Drosophila. Cell. 2007;131(6):1137‐1148. DOI: 10.1016/j.cell.2007.10.048
[56] Klionsky DJ, Emr SD. Autophagy as a regulated pathway of cellular degradation.
Science. 2000;290(5497):1717‐1721. DOI: 10.1126/science.290.5497.1717
[57] Shelly S, Lukinova N, Bambina S, Berman A, Cherry S. Autophagy is an essential component of Drosophila immunity against vesicular stomatitis virus. Immunity. 2009;30(4):588‐
598. DOI: 10.1016/j.immuni.2009.02.009
[58] Chamy LE, Leclerc V, Caldelari I, Reichhart J‐M. Danger signal and PAMP sensing define
binary signaling pathways upstream of Toll. Nature Immunology. 2008;9(10):1165‐1170.
DOI: 10.1038/ni.1643
[59] Gottar M, Gobert V, Matskevich AA, Reichhart JM, Wang C, Butt TM. et al. Dual detection of fungal infections in Drosophila via recognition of glucans and sensing of virulence
factors. Cell. 2006;127(7):1425‐1437. DOI: 10.1016/j.cell.2006.10.046
[60] Jang IH, Chosa N, Kim SH, Nam HJ, Lemaitre B, Ochiai M. et al. A Spätzle‐processing enzyme required for toll signaling activation in Drosophila innate immunity.
Developmental Cell. 2006;10(1):45‐55. DOI: 10.1016/j.devcel.2005.11.013

Antiviral Immunity in the Fruit Fly, Drosophila melanogaster
http://dx.doi.org/10.5772/intechopen.69293

[61] Kanoh H, Kuraishi T, Tong LL, Watanabe R, Nagata S, Kurata S. Ex vivo genome‐wide
RNAi screening of the Drosophila Toll signaling pathway elicited by a larva‐derived tissue extract. Biochemical and Biophysical Research Communications. 2015;467(2):400‐
406. DOI: 10.1016/j.bbrc.2015.09.138
[62] Rutschmann S, Jung AC, Hetru C, Reichhart JM, Hoffmann JA, Ferrandon D. The Rel
protein DIF mediates the antifungal but not the antibacterial host defense in Drosophila.
Immunity. 2000;12(5):569‐580. DOI: 10.1016/S1074‐7613(00)80208‐3
[63] Lemaitre B, Nicolas E, Michaut L, Reichhart JM, Hoffmann JA. The dorsoventral regulatory gene cassette spätzle/Toll/cactus controls the potent antifungal response in
Drosophila adults. Cell. 1996;86(6):973‐983. DOI: 10.1016/S0092‐8674(00)80172‐5
[64] Lemaitre B, Reichart JM, Hoffmann JA. Drosophila host defense: Differential induction
of antimicrobial peptide genes after infection by various classes of microorganisms.
Proceedings of the National Academy of Sciences of the United States of America.
1997;94(26):14614‐14619
[65] Zambon RA, Nandakumar M, Vakharia VN, Wu LP. The Toll pathway is important for
an antiviral response in Drosophila. Proceedings of the National Academy of Sciences
of the United States of America. 2005;102(20):7257‐7262. DOI: 10.1073/pnas.0409181102
[66] Yang H, Kronhamn J, Ekström JO, Korkut GG, Hultmark D. JAK/STAT signaling in
Drosophila muscles controls the cellular immune response against parasitoid infection.
EMBO Reports. 2015;16(12):1664‐1672. DOI: 10.15252/embr.201540277
[67] Jiang H, Patel PH, Kohlmaier A, Grenley MO, McEwen DG, Edgar BA. Cytokine/Jak/
Stat signaling mediates regeneration and homeostasis in the Drosophila midgut. Cell.
2009;137:1343‐1355. DOI: 10.1016/j.cell.2009.05.014
[68] Binari R, Perrimon N. Stripe‐specific regulation of pair‐rule genes by hopscotch, a putative Jak family tyrosine kinase in Drosophila. Genes & Development. 1994;8(3):300‐312.
DOI: 10.1101/gad.8.3.300
[69] Yan R, Small S, Desplan C, Dearolf CR, Darnell JE. Identification of a Stat gene that functions
in Drosophila development. Cell. 1996;84(3):421‐430. DOI: 10.1016/S0092‐8674(00)81287‐8
[70] Harrison DA, McCoon PE, Binari R, Gilman M, Perrimon N. Drosophila unpaired encodes
a secreted protein that activates the JAK signaling pathway. Genes & Development.
1998;12(20):3252‐3263. DOI: 10.1101/gad.12.20.3252
[71] Zeidler MP, Bach EA, Perrimon N. The roles of the Drosophila JAK/STAT pathway.
Oncogene. 2000;19(21):2598‐2606. DOI: 10.1038/sj.onc.1203482
[72] Brown S, Hu N, Hombriá JC. Identification of the first invertebrate interleukin JAK/
STAT receptor, the Drosophila gene domeless. Current Biology. 2001;21:1700‐1705. DOI:
10.1016/S0960‐9822(01)00524‐3
[73] Thomas‐Orillard M. Modifications of mean ovariole number, fresh weight of adult
females and developmental time in Drosophila melanogaster induced by Drosophila C
virus. Genetics. 1984;107(4):635‐644

257

