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Abstract 
Various cellular innate immune responses protect invertebrates from attack by eukaryotic 

pathogens. In insects, assessments of the factor(s) causing, or contributing to, pathogen mortality 
have long considered as toxic components certain molecules associated with enzyme-mediated 
melanogenesis. In Drosophila hosts, observations that have prompted additional or alternative 
considerations are those that document either the survival of certain endoparasitic wasps despite 
melanotic encapsulation, or the destruction of the parasite with no evidence of this type of host 
response. Investigations of the production of some reactive intermediates of oxygen and nitrogen 
during infection provide a basis for proposing that these molecules constitute important elements of 
the immune arsenal of Drosophila. Studies of the target specificity of virulence factors injected by 
female wasps during infection that suppress the host immune response will likely facilitate 
identification of the toxic host molecules, and contribute to a more detailed understanding of the cell-
signaling pathways that regulate their synthesis. 
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Introduction 

 
Because of competition for some of the same 

limited metabolic resources, the outcome of the 
combative interaction between host and pathogen 
depends in large part on the effectiveness of 
apposing physiological, biochemical, and behavioral 
responses. In destroying pathogens, vertebrate 
hosts benefit from the collaborative interactions of 
two distinct, but not entirely separate, immune 
systems; adaptive and innate. The adaptive immune 
system produces an almost limitless repertoire of 
pathogen-specific responses, enabled in large part 
by considerable genetic plasticity that produces 
specific cell surface receptors, immunoglobulins, 
and cells possessing immune memory that rapidly 
initiate and enhance subsequent responses to the 
same antigen. Insects and other invertebrates rely 
exclusively on innate immune responses, which 
many authors regard as the first line of defense. 
These responses are considered to be dependent 
on constitutive (i.e., germ-line encoded) and 
dedicated cell membrane-bound pattern recognition 
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receptors with limited responsiveness to invariant 
molecular motifs of certain pathogens (Pal and Wu, 
2009). Some of the invertebrate innate immune 
effector responses elicited by prokaryotic infections 
include phagocytosis, hemolymph coagulation, the 
synthesis of pro-inflammatory cytokines, 
antimicrobial peptides, reactive intermediates of 
oxygen (ROI) and nitrogen (RNI), and stress-related 
proteins (Nappi and Vass, 2001; Beutler, 2004; 
Malagoli and Ottaviani, 2007; Malagoli et al., 2007, 
2010; Becker et al., 2010). Eukaryotic pathogens 
succumb to an encapsulation response that is 
mediated in large part by macrophage-like blood 
cells (hemocytes). In insects and other arthropods, 
hemocyte-mediated encapsulations characteristically 
are accompanied by the synthesis of melanin, 
with intermediates such as quinones and 
semiquinones considered potentially toxic to 
invading pathogens (Nappi and Ottavani, 2000a; 
Nappi and Christensen, 2005; Poirie et al., 2009) 
(Fig. 1). In both adaptive and innate systems, the 
binding of foreign elements to cell-surface 
receptors leads to the activation of signal 
transduction pathways, the transcription of 
immune genes, and the generation of reactive 
cells and various toxic molecules. As counter 
strategies, some pathogens produce virulence factors 
that actively suppress immune responses,  while others 

 198 
 



 
 
 
Fig. 1 Overview of some toxic molecules manifested in the innate immune responses of various invertebrates. 
Non-self recognition may involve plasma membrane receptors independently functioning, or cooperatively 
engaging non-self binding molecules in the host’s hemolymph. Melanotic encapsulation, which is a common 
manifestation of the defense reaction made by arthropods infected with eukaryotic pathogens, involves activation 
of one or more of the following enzymes; dopa decarboxylase (DDC), dopachrome conversion enzyme (DCE), 
phenylalanine hydroxylase (PAH), and phenoloxidase (PO). Enzymes capable of generating reactive 
intermediates of oxygen (ROI) and nitrogen (RNI) include myeloperoxidase (Myelo-Px), NADPH oxidase (NADPH 
Ox), nitric oxide synthase (NOS), and superoxide dismutase (SOD). Melanogenic intermediates such as quinones 
and semiquinones can react with ROI, RNI and the active centers of certain metaloenzymes to contribute 
additional toxic molecules. 
 
 
 
 
 
 
passively avoid detection, either by molecular 
mimicry or by finding sanctuary within host tissues. 
The focus of this review concerns some unresolved 
aspects of the cellular innate immune responses of 
Drosophila against certain endoparasitic wasps, 
including the nature of the toxic molecules 
generated during infection, as well as the 
mechanisms employed by pathogens to circumvent 
these potentially damaging molecules. 
 
Drosophila-parasitic wasp interactions 

 
The availability of well-defined resistant and 

susceptible species and strains of Drosophila, 

together with both virulent and avirulent lines of 
endoparasitic wasps (parasitoids), provide 
exceptionally good models for investigating not only 
the genetic and biochemical components of insect 
cellular innate immunity, but also the varied 
processes by which parasitoids deal with such 
reactions (Fig. 2). Leptopilina boulardi and L. 
heterotoma are two closely related wasp species 
that parasitize larvae of Drosophila with varying 
degrees of success (Vass and Nappi, 2000; 
Dubuffet et al., 2007, 2008, 2009). Eggs of avirulent 
wasps characteristically provoke a rapid hemocyte-
mediated melanotic encapsulation response when 
introduced into the hemocoel of resistant Drosophila, 
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Fig. 2 Leptopilina boulardi and L. heterotoma parasitize larvae of Drosophila. Genetically resistant hosts exhibit a 
typical hemocyte-mediated melanotic encapsulation response. Susceptible host have a faulty non-self recognition 
mechanism or fail to produce effective toxic responses. Immune suppressive factors (ISF) in the venom of virulent 
wasps block host cellular immune response. An atypical host response exhibited by D. paramelanica readily 
destroys L. heterotoma, but the response does not involve melanotic encapsulation. 
 
 

 
 
Fig. 3 Comparative hemocyte profiles illustrating involvement of these cells in the host response, and the immune 
suppressive effects manifested by virulent wasps. 
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Fig 4 Genetic complexity exhibited by the varying degrees of immune reactivity and parasite survival in different 
species and stains of Drosophila and Leptopilina (Courtesy S Dupas, M Poirié, Y Carton, Laboratoire Evolution, 
Génomes et Spéciation, CNRS, Gif-sur-Yvette cedex, France). 
 
 
 
 
 
 
whereas the eggs of virulent wasps survive host 
defenses. Melanin typically appears at the site of 
infection, generally just before or at about the same 
time hemocytes are observed adhering to the 
surface of the dead parasitoid. 

The Drosophila encapsulation response 
involves the collaborative activities of three types of 

hemocyte: plasmatocytes, lamellocytes and crystal 
cells. Comparative examinations of hemocyte 
profiles show significantly elevated numbers of 
hemocytes in resistant or immune competent hosts 
(Fig 3). During infection, plasmatocytes and 
lamellocytes show precocious increases in numbers 
as they participate in the formation of the cellular 
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components of the capsule, while crystal cells, 
which represent an important source of melanin 
precursors, decline in number (Nappi and Streams, 
1969). Some of the immune-activated hemocytes 
participating in the encapsulation response appear 
to be recruited from those already in circulation at 
the time of infection, while others are mobilized from 
hematopoietic glands (i.e., lymph glands) (Lanot et 
al., 2001; Sorrentino et al., 2002; Meister and 
Lagueux, 2003; Meister, 2004; Carton et al., 2005, 
2008; Crozatier and Meister, 2007; Honti et al., 
2010) and/or a subepidermal population of normally 
sessile cells ( Krzemien et al., 2007; Markus et al., 
2009). 

The genetic complexity of the Drosophila-wasp 
associations is illustrated by the varied outcomes of 
the combative interactions made by different 
species and strains of both host are parasite (Fig 4). 
The gene for host resistance, which is associated 
with the second chromosome, is specific for each 
species of wasp. Reciprocal chromosome exchange 
between resistant and susceptible host strains 
virtually completely reverses immune competence in 
each recipient. Immune competence is later 
restored following reciprocal return of the 
chromosome (Fig. 5). During oviposition, wasp 
venom also is introduced into the host hemocel. 
Virus-like particles (i.e., immune suppressive 
factors, ISF) in the venom protect the wasp egg 
from encapsulation, either by lysing host 
hemocytes, or interfering with essential 
transcriptional responses so as to abrogate or 
diminish host responses. Unlike ISF of virulent 

wasps, those present in the venom of avirulent 
species and strains exhibit little or no immune 
suppressive effect (Labrosse et al., 2003; Kohler et 
al., 2007). In experiments involving double 
infections, first by avirulent wasps followed by a 
virulent strain of L. boulard, ISF from virulent 
parasitoids were found capable of also protecting 
avirulent wasps, provided the interval between 
infections is 12 hrs or less (Fig. 6). Also, the ability 
of Leptopilina spp. to immune suppress depends 
on her egg-laying experience. During the latter part 
of the ovipositional period of L. boulardi, eggs 
introduced into D. melanogaster larvae are more 
susceptible to melanotic encapsulation than are 
eggs laid earlier (Fig. 7). The decrease in immune 
suppression presumably correlates with a 
corresponding depletion of ISF (Vass and Nappi, 
1998). Wasps with prior ovipositional experience not 
only lack or have a diminished capacity to immune 
suppress, but they also infect far fewer hosts than 
females with no prior ovipositional experience. If 
such ovipositional restraint retains eggs that would 
otherwise be encapsulated, selection pressure in 
host populations for evolving specific immune 
reactivity would be reduced. 
 
Melanization and associated toxic molecules 
 

In immune reactive insects, melanin appears in 
many cases to occur concurrently with early capsule 
formation, an observation that has long been viewed 
as evidence that the proteinase cascade leading to 
activation of one or more enzymes involved in 

 
 
 
 
 
 

 
 

Fig. 5 Reciprocal exchange of resistant and non-resistant gene reverses the immune capacity of the recipient, 
which can be restored in subsequent exchanges (Carton and Nappi, 1997). 
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Fig. 6 In superparasitized hosts, immune suppressive factors from virulent parasitoids also protect avirulent 
wasps provided the interval between infections is 12 hrs or less. 
 
 

 
 
Fig. 7 The effects of prolonged oviposition on the diminishing capacity of ISF from L. boulardi (Vass and 
Nappi, 1998) and L. heterotoma (Streams, 1968) to suppress the immune response of D. melanogaster. Wasp 
eggs introduced into hosts by females during the latter part of their ovipositional period are more susceptible 
to destruction than eggs laid earlier. The increase in parasitoid mortality is believed to result from a decline in 
ISF. 
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catechol metabolism and pigment synthesis forms 
toxic molecules that target and destroy foreign 
organisms (Nappi and Vass, 2001; Sugumaran, 
2002; Nappi and Christensen, 2005; Sideri et al., 
2008; An et al., 2009; Bidla et al., 2009; Nappi et al., 
2009). Support for this proposal derives in large part 
from studies showing diminished immune 
responsiveness when components of the enzyme-
regulated melanin pathway are experimentally 
inhibited. Reservations about such an interpretation 
concern the questionable specificity and excessive 
levels of agents injected into the host to inhibit and 
thereby demonstrate involvement of melanin 
intermediates in immune reactions. 

Frequently overlooked in studies assessing the 
role of melanin in insect immunity is the initial 
enzyme-mediated reaction involving the 
hydroxylation of L-phenylalanine to L-tyrosine, a 
reaction catalyzed by phenylalanine hydroxylase 
(PAH). Ensuing oxidations of L-tyrosine and/or L-

DOPA, which can be catalyzed either by 
phenoloxidase (PO; Terland et al., 2006), or 
peroxidase (PER; Kasraee, 2002; Okun, 1996), 
generate dopaquinoine, a reactive intermediate 
essential for the formation of eumelanin, a 
brownish-black pigment, and, in the presence of 
sufficient levels of thio compounds, pheomelanin, a 
reddish-brown pigment. Precursors of both 
pigments possess cytoprotective and cytotoxic 
properties, given their capacity to scavenge 
potentially toxic organic and inorganic cations and 
free-radical species, engage in metal-binding and 
sequestering responses, initiate redox reactions, 
cross-link proteins and mediate detoxification 
processes. To date, only eumelanin has been 
identified as the pigment type formed in the 
encapsulation response of D. melanogaster (Nappi 
et al., 1992). Following the formation of dopaquinone, 
a series of enzyme-regulated and/or spontaneous 
oxidoreductions occur yielding dopachrome and 

 
 
 
 

 
 
Fig. 8 Overview of the principal pathways involved in the formation of eumelanin and pheomelanin and some 
their reactive intermediates, including quinones and semiquinones. Redox cycling and univalent transfers, 
which represent important mechanisms for generating cytotoxic molecules, also occur with DHI-derived 
indolequinone (IQ) and indolesemiquine (not illustrated). Insects apparently are incapable of forming DHICA. 
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Fig. 9 Effects of injection of Spn27A on the percentage of D. melanogaster hosts exhibiting a successful 
melanotic encapsulation of L. boulardi. Enzymes involved in melanin synthesis include dopa decarboxylase 
(DDC), dopachrome conversion enzyme (DCE), phenylalanine hydroxylase (PAH), peroxidase (PER), and 
phenoloxidase (PO). 
 
 
 
 
 
 
 
 
 
additionally potentially cytotoxic eumelanin 
intermediates, including 5,6- dihydroxyindole (DHI), 
5,6-dihydroxyindole-2-carboxylic acid (DHICA), and 
their respective indole quinones (IQ, and IQCA) 
(Fig. 8). The dopa decarboxylase (DDC)-mediated 
pathway to DHI may be a principal route for 
production of pigment precursors in infected 
Drosophila, as the melanotic encapsulation 
response against eggs of L. boulardi is severely 
compromised in temperature-sensitive DDC-

deficient mutants (Nappi et al., 1992) Accordingly, it 
was recently shown that silencing the genes for 
DDC and Dopachrome conversion enzyme (DCE) 
significantly reduced melanization of foreign objects 
implanted in the mosquito Anopheles gambiae 
(Paskewitz and Andreev, 2008). In the medfly 
Ceratitis capitata, DDC-dependent pathways have 
been shown to regulate such immune functions as 
phagocytosis, nodulation and melanization by 
hemocytes (Sideri et al., 2008). 
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Fig. 10 L. boulardi ISF diminishes the in vitro oxidations of two diphenol eumelanin precursors, dopamine and 
DHI. Tyrosine and the diphenols dopa and DHICA are not affected by ISF. 
 
 
 
 
 
 
 
Parasite suppression of host melanization 
 
Melanization in insects is controlled by a cascade of 
serine proteases that ultimately activates 
prophenoloxidase (PPO) and leads to activated 
phenoloxidase (PO) and pigment formation (Tang et 
al., 2006, 2008; Scherfer et al., 2008; Tang, 2009). 
In Drosophila, melanization induced by activated PO 
is a tightly regulated reaction sequence (Aggarwal 
and Silverman, 2008; Kan et al., 2008) involving at 
least three PPO isoforms, as well as serine protease 
inhibitors. Two isoforms are expressed in crystal 
cells, the third is associated with lamellocytes (Kan 
et al., 2008). An important regulating element in the 
cascade of proteolytic cleavages that converts PPO 
to PO is the serine protease inhibitor Serpin 27A 
(Spn27A), which inhibits the terminal protease 
prophenoloxidase-activating enzyme (PPAE) (De 
Gregorio et al., 2002; Nappi et al., 2005) (Fig. 9). 
Because of the critical role played by Spn27A as a 
negative regulator of melanogenesis, the molecule 
and the signaling elements mediating its activity 
likely represent critically important factors in 

determining immune reactivity against Leptopilina. 
This was established by experiments involving the 
introduction of Spn27A into immune competent D. 
melanogaster larvae just before infection by L. 
boulardi. In these hosts, the ability to form melanotic 
capsules was significantly reduced. The specificity 
of action of Spn27A establishes some of the 
components of the PO-mediated pathway in the 
insect's defense response against L. boulardi (Fig. 
9). More recent comparative investigations using 
ISF from virulent and avirulent wasps provide 
additional evidence that ISF inhibits melanization in 
D. yakuba by affecting one or more steps in the 
cascade leading to PO activation, but not PO 
activity by itself (Dubuffet et al., 2009). Other 
experiments designed to determine if venom factors 
from L. boulardi targeted the principal oxidation 
pathways leading to synthesis of eumelanin, 
sensitive electrochemical detection methods 
showed that venom factors diminished the 
oxidations of the two diphenol eumelanin 
precursors, dopamine and DHI, while oxidations 
of the monophenol tyrosine, and two other related 
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Fig. 11 Comparative analyses of hemocytes and nitric oxide levels in infected and non-infected larvae of D. 
paramelanica, and the effects of introducing a NOS inhibitor (NG-monomethyl-L-arginine on the fate of L. 
heterotoma (Nappi et al., 2009). 
 
 
 
 
 
 
 
diphenols, dopa and DHICA, were not significantly 
inhibited (Kohler et al., 2007) (Fig. 10). Collectively, 
these related studies suggest that, in addition to 
targeting specific hemocytes, ISF from Leptopilina 
spp. specifically suppresses the oxidation pathways 
synthesizing certain pigment precursors, especially 
the decarboxylated pigment precursors derived from 
DHI. 

 
Reactions lacking evidence of the involvement 
of melanization 

 
It is generally believed that at least some of the 

melanogenic enzymes and intermediate pigment 
products play a role in the defense reactions of 
insects (Cerenius and Soderhall, 2004; Christensen 
et al., 2005; Nappi et al., 2009), although this issue 
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still remains to be clarified (Schnitger et al., 2007). 
Reports that would appear to discredit or at least 
down-play the role of melanogenesis in insect 
immunity and prompt additional or alternative 
proposals are those that document parasite 
mortality prior to, or in the absence of, melanotic 
encapsulation (Tardieu and Rabasse, 1988; Henter 
and Via, 1995; Vernick et al., 1995), and those that 
clearly show successful parasite development 
despite extensive melanotic responses (Shin et al., 
2003). In the D. paramelanica–L. heterotoma 
association, eggs of the endoparasite succumb with 
no evidence of blood cell-mediated encapsulation 
and no pigment reaction (Fig. 2) (Nappi and 
Streams, 1970; Carton et al., 2008). If melanization 
is not a universal feature of insect cellular 
immunity, the destruction of some pathogen must 
involve host molecules other than those associated 
with melanogenesis, and one would expect 
successful parasites to have evolved specific 
inhibition strategies that suppress or detoxify such 
potentially biochemically hostile reactions. 
Although identity of the cytotoxic molecules 
remains unknown, attention has focused on ROI 
and RNI, given that elevated levels of some of 
these molecules have been found in immune 
responsive hosts (Luckhart and Li, 2001; Foley 
and O'Farrell, 2003; Novas et al., 2004; Whitten et 
al., 2007; Molina-Cruz et al., 2008), including those 
in which hemocyte-mediated melanotic 
encapsulation reactions are typically formed 
(Nappi and Vass, 1998, 2001a, b; Nappi et al., 
1995, 2000b), and in wasp-infected D. 
paramelanica where parasites are destroyed but 
no melanotic capsules are produced (Carton et al., 
1992). Potentially damaging ROI and RNI can form 
during normal metabolism as a result of successive 
univalent reductions of molecular oxygen. Initially, 
superoxide anion is produced, with subsequent 
electron transfers ultimately generating highly 
reactive and potentially cytotoxic molecules, 
including the hydroxyl radical (.OH-), peroxynitrite 
(ONOO–) and hypochlorous acid (HOCl-). 
Interestingly, melanogenic intermediates may 
serve to promote or augment cytotoxic activity by 
reacting with certain transition metal ions, ROI and 
RNI (Fig. 1). The univalent oxidations of redox 
active o-diphenols (QH2) such as L-DOPA and 
dopamine by PO and/or PER can form 
semiquinones (.QH-) and quinones (Q), which then 
can interact with ROI and RNI. Reactions involving 
PER and tyrosine can lead to the production of 
potentially injurious molecules, such as the tyrosyl 
radical, dityrosine, and tyrosine peroxide (Fig. 1), 
without producing melanin. An important issue to 
consider is that the production of toxic molecules in 
response to infection must by a tightly regulated 
and localized reaction in order to avoid damage to 
nonspecific sites within the host's open circulatory 
system. The binding of the copper-containing PO or 
the heme-containing PER to pathogens would 
expose the metal active sites of these enzymes, a 
response that would facilitate their interaction with 
ROI and RNI and form .OH- and other reactive 
molecules, and also serve to localize metal ion-
mediated cytotoxicity. Because of its intrinsic 
coordination properties, copper can induce a more 

site-specific .OH- cytotoxicity to bound ligands than 
can iron (Berthon, 1993). 

Recent studies (Carton et al., 2009) support 
earlier reports that document the involvement of .NO 
in mediating various toxic responses in Drosophila 
and other invertebrates. Nitric oxide is a well known 
signaling molecule associated with certain innate 
immune pathways. The radical serves an equally 
important role as a toxic effector molecule in 
eliminating pathogens (Nappi and Ottavani, 2000a; 
Nappi et al., 2000b; Luckhart and Li, 2001; 
Dimopoulos, 2003; Han et al., 2009). In D. 
paramelanica where elevated levels of .NO are 
produced almost immediately following infection by 
L. heterotoma, immune capacity is diminished when 
a specific nitric oxide synthase (NOS) inhibitor is 
introduced in larvae prior to infection (Fig. 11). 
These observations suggest .NO is involved in the 
host immune response, either a critical signaling 
molecule in recruiting hemocytes to sites of 
infection, or as a component of the insect's arsenal 
of defense, given the capacity of the radical to 
readily react with various ROI and RNI. 

 
Conclusions 

 
The associations between host and pathogen 

represent coevolved adaptations of great 
complexity. Insects typically manifest a unique 
defense response against metazoan parasites that 
involves hemocyte-mediated melanotic 
encapsulation. The use of melanin for protection 
from foreign insult involves a multifaceted 
biochemistry and an equally complex genetic 
regulation. An equally fascinating component of 
insect host-parasitoid combative relationships is the 
ability of some wasp species and strains to develop 
unmolested within otherwise immune competent 
hosts. Either such parasitoids evolve with passive 
immune evasion strategies that effectively preclude 
host detection, or with the capacity to actively 
combat and render ineffective host defenses. 
Despite numerous descriptive accounts of non-self 
responses and associated cell-signaling molecules 
that summon blood cells to sites of infection, much 
remains to be learned about the identity of the killing 
molecules employed by insect hosts, knowledge of 
which would enhance current efforts to better define 
immune cell-signaling pathways, and most likely 
contribute to a more comprehensive understanding 
than presently exists of receptor-mediated 
processes involved in detection of non-self. The 
mechanism employed by pathogens to suppress 
cellular innate immunity in insects and other 
invertebrate hosts may likewise contribute to our 
understanding of immune signaling and non-self 
discrimination. Studies that merely correlate host 
immune competence or parasite virulence with the 
presence or absence of melanin fail to provide 
substantive information about the actual cytotoxic 
mechanism(s) involved and how the pathogen 
circumvents such hostile chemistry. Future 
proteomic and transcriptomic studies of parasitoid 
ISF will likely facilitate identification of the cytotoxic 
molecules, the cell-signaling pathways that regulate 
their synthesis, and their mode of target-specific 
engagement with foreign organisms. 
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