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1. Introduction

Livestock rearing and domestication of animals, including 
insects, by humans started thousands of years ago. 
Beekeeping and sericulture are the two most characteristic 
examples of insect livestock – also called mini-livestock 
(Van Huis, 2013). Insects can be reared for services such 
as pollination or biological control, or for the products 
they deliver, such as silk, honey, or lac (Dicke, 2017). The 
practice of rearing insects for food and feed is not new, but 
has recently become more than an ‘exotic activity’ (from a 
western societal point of view). Producing insects as novel 
protein source to satisfy the amino acid requirements of 
humans and, especially, of livestock is a fast growing sector 
(Van Huis, 2019). It is forecasted to reach a global value 
of nearly USD 8 billion and a volume exceeding 730,000 
tons in 2030 (Anonymous, 2019). A main advantage of 
insects as feed is that insects can be reared on substrates 

that are different from the resources that traditional 
livestock animals and humans consume, such as fish or 
soya; some species can even be reared on organic waste 
streams (Dicke, 2018; Hussein et al., 2017; Sheppard et al., 
2002). The most common insects reared for feed are the 
mealworms Tenebrio molitor and Alphitobius diaperinus 
(both Coleoptera), the black soldier fly (BSF) Hermetia 
illucens and the common house fly (HF) Musca domestica 
(both Diptera). In particular, the two fly species receive 
increasing attention due to their capacity to develop on 
organic residual streams that are unsuitable as feed for 
livestock animals (Gold et al., 2018).

The health of any livestock, i.e. being free of injury and 
diseases, is of paramount importance for production, 
as profit relies on it. Mass rearing of insects can lead to 
disease outbreaks in the production system (Maciel-Vergara 
et al., 2021). Many insect pathogens are known, and the 
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diseases they cause have the potential to decimate insect 
populations (Maciel-Vergara et al., 2021). Research on 
disease and immune responses has its roots in studies on 
insects (Box 1). Insects possess potent immune systems 
to survive in environments with high microbial loads. 
The cuticle is a first and very effective physical barrier 
against microorganisms. Behavioural adaptations, such as 
behavioural fever or grooming, are another way of fighting 
infection (Anderson et al., 2013b; Zhukovskaya et al., 2013). 
Innate immunity is the set of defences against pathogens 
initiated by tissues and cells such as the haemocytes (i.e. 
insect blood cells), the fat body and epithelia, meant to 
eliminate or control invading pathogens and parasites. 
Unlike vertebrates, insects do not have adaptive immunity in 
the sense of memory and specificity, resulting from somatic 
recombination of immunoglobulins. However, they do have 
so-called acquired immunity or immune priming, i.e. long 
lasting effects of immune activation that can sometimes 
offer protection against subsequent infections (Cooper 
and Eleftherianos, 2017). Finally, insects have numerous 
and diverse relationships with beneficial microorganisms 
that can also fortify their health and immunity (Engel and 
Moran, 2013).

Whereas the core pathways for innate immunity are highly 
conserved across insects, several components of these 
pathways evolved and diversified extensively (Lazzaro, 
2008; Scott et al., 2014; Stokes et al., 2015; Viljakainen, 
2015; Waterhouse et al., 2007; Zhan et al., 2020). Especially 
proteins that interact directly with the pathogens show 
considerable evolutionary dynamics in both numbers and 

diversity. For example, receptor proteins that are important 
in coagulation and recognition of non-self are more 
numerous in the HF compared to Drosophila melanogaster 
(Kurucz et al., 2007), whereas the antifungal peptide 
drosomycin is not present in the HF (Scott et al., 2014) 
and cecropins – one of the largest families of antibacterial 
peptides in Coleoptera, Diptera and Lepidoptera – are not 
found in Hymenoptera (Mylonakis et al., 2016). Hence, the 
knowledge on innate immunity for a number of well-studied 
insect species is likely to be informative for other insects 
as well, while other aspects may be specific for the focal 
species that we are interested in.

Apart from the intrinsic immunological differences among 
insect species, extrinsic factors can also affect health and 
immunity of insects. Although our knowledge on the role of 
extrinsic factors comes mostly from fundamental research, 
this may provide us with insights that can be implemented 
to optimise the mass rearing of insects. For example, 
temperature and relative humidity can alter pathogen 
growth and replication, while these factors may also 
enhance or impede insect immune responses. Unravelling 
the consequences of temperature variation on insect health 
and disease may thus aid in optimising rearing conditions. 
Similarly, understanding how diet composition or nutrient 
availability impact immune defences may provide a means 
to boost the insects’ abilities to effectively defend themselves 
against various pathogens. Although one has to be cautious 
to generalise the findings from highly controlled laboratory 
experiments to the practicalities of mass production, 
providing an overview on the status quo of this substantial 
body of research on factors relevant for insect health may 
contribute to the optimization of mass-rearing conditions.

This review focuses on two insect species that are rapidly 
developing as mini-livestock, the BSF and the HF, and the 
factors and conditions that hamper or benefit their health. 
First, we will discuss the innate immunity of insects in 
general, with a special focus on the comparison among 
dipteran species, and examples of acquired immunity. Then, 
we will discuss environmental factors that, in mass-rearing 
settings, may affect innate immunity, such as temperature, 
insect density, food quality and/or availability. Finally, we 
will address the role of the microbiome in insect health. 
We discuss potential microorganisms and pathogens and 
their likelihood of becoming detrimental or beneficial for 
these two fly species. For this review, we will partly rely on 
literature from other dipteran species that have been more 
extensively studied, particularly D. melanogaster, as well as 
Anopheles and Aedes mosquitoes.

2. Insect innate immune system

Multiple reviews have been written on the immunity of 
D. melanogaster and the immunity of insects in general 
(Hoffmann, 1995; Kounatidis and Ligoxygakis, 2012; Lemaitre 

Box 1. Brief history of insect immunity research.

The first time that a microorganism was identified 
as the causative agent of an animal disease was 
by Agostino Bassi, with the discovery that the 
entomopathogenic fungus Beauveria bassiana caused 
the white muscardine disease in silkworms (Steinhaus, 
1956). This contributed significantly to the germ 
theory by Robert Koch (Steinhaus, 1956). Research 
on innate immunity in insects in its current form has 
largely been shaped in Boman’s lab, using both the 
genetic model organisms Drosophila melanogaster 
and the saturniid moth Hyalophora cecropia (Boman 
et al., 1972, 1974; Faye and Lindberg, 2016; Faye et 
al., 1975). Later hallmark studies in Hoffmann’s lab 
on the innate immunity of D. melanogaster included 
the discovery of Toll receptors as activators of innate 
immunity through the nuclear factor kappa-beta 
pathway (NF-kB) (Lemaitre et al., 1996, 1997), for 
which Jules Hoffman received the Nobel Prize in 
Physiology or Medicine in 2011.
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and Hoffmann, 2007; Stokes et al., 2015). Therefore, this 
review will not focus on detailed descriptions of the different 
components and the molecular mechanisms of insect 
immune systems. Instead, we will focus on a comparison 
of the immune systems of dipteran insects, in particular BSF 
and HF. It is worth mentioning that HF is phylogenetically 
closer to D. melanogaster than to BSF, whereas BSF is more 
closely related to mosquitoes (Wiegmann et al., 2011).

Innate immunity can be divided into inducible and 
constitutive responses. Constitutive responses are always 
present and therefore fast acting, but they can incur a high 
cost (Chambers and Schneider, 2012; Johnston et al., 2014; 
Poulsen et al., 2002). These defences are only likely when 
they yield a significant fitness benefit, e.g. against target 
pathogens that the insect encounters regularly (Schmid-
Hempel, 2005). In contrast, inducible defences start after 
the host recognises non-self, by various pattern recognition 
receptors or ‘danger signals’, such as the abundance of 
proteases in the host haemolymph (Gottar et al., 2006; 

Krautz et al., 2014). This triggers the production of effector 
molecules such as antimicrobial peptides (AMPs) or the 
proliferation, differentiation or activation of haemocytes 
(Kounatidis and Ligoxygakis, 2012; Lemaitre and Hoffmann, 
2007). These effects can last long beyond the time of 
induction (Johnston et al., 2014).

The large array of immune responses that insects have at 
their disposal to defend themselves against pathogens and 
parasites are regulated by different signal transduction 
pathways (Box 2, Figure 1). We will discuss the different 
immune defences, grouped by the tissues involved, i.e. the 
fat body, the haemocytes and epithelial cells. We finish 
this section with a brief discussion on acquired immunity.

Immune responses of the fat body

The fat body is where most AMPs are produced that are 
released into the haemolymph (Tzou et al., 2000). There 
are several types of AMPs that have antimicrobial effects on 

Box 2. Signal transduction pathways for innate 
immunity.

The best studied immunity signal-transduction 
pathways are the Toll and immunodeficiency (Imd) 
pathways that have strong homologies with the 
mammalian Toll-like receptor and tumour necrosis 
factor pathways – all belonging to the NF-kB pathways. 
The Toll and Imd pathways regulate the expression of 
various antimicrobial peptides (AMPs) that insects 
produce in the fat body (i.e. the homologue to the 
liver in vertebrates) in response to bacterial and fungal 
infections (Lemaitre and Hoffmann, 2007).

The immune involvement of the Janus kinase/signal 
transducers and activators of transcription pathway 
(JAK/STAT) was first described in mosquitoes 
(Barillas-Mury et al., 1999). It is involved in immune 
defences against viruses (Dostert et al., 2005; Kingsolver 
et al., 2013), microbes and parasites (Agaisse and 
Perrimon, 2004; Bang, 2019; Theopold and Schmid, 
2017) and regulates the production, proliferation and 
differentiation of haemocytes (Agaisse and Perrimon, 
2004; Bang, 2019).

The prophenoloxidase-pathway (ProPO) is involved 
in the immune defence against Gram-positive and 
Gram-negative bacteria, fungi and parasitoids 
(González-Santoyo and Córdoba-Aguilar, 2012; 
Hillyer, 2016). This pathway consists of an enzymatic 
cascade of proteins, which produce the immune 
effectors through cleavage of a zymogen into its active 
form (Hillyer, 2016).

The most important antiviral defence is regulated by 
the small interfering RNA pathway (siRNA). Double 
stranded RNA is recognised as viral by this pathway, 
sequestered by RISC complexes and finally degraded 
(Kingsolver et al., 2013; Mussabekova et al., 2017).

The c-Jun-N-terminal kinase pathway (JNK) has 
various functions, including responses to stress, and 
has been suggested to play a role against infection by 
nematodes (Tafesh-Edwards and Eleftherianos, 2020). 
It is involved in the antibacterial immune response 
through AMP production (Kallio et al., 2005) and 
through the shedding of intestinal epithelial cells, by 
which infected cells are expelled and replaced by new 
healthy epithelial cells (Zhai et al., 2018).

In the intestinal epithelium of insects, the dual 
oxidase pathway (DUOX) regulates the generation 
of microbicidal reactive oxygen species (ROS) upon 
ingestion of pathogens. The generation of ROS in 
the gut is an important immune response, helping to 
protect against proliferation of the pathogens (Bae et 
al., 2010; Ha et al., 2005, 2009).

The target of rapamycin pathway (TOR) is involved in 
nutrient sensing, and coordinates growth, metabolism, 
development and lifespan (Katewa and Kapahi, 2011). 
It also modulates AMP expression in the fat body 
and the gut, in conjunction with the insulin signalling 
pathway and forkhead transcription factors, in response 
to nutritional and energy status of the organism (Lee 
and Lee, 2018; Varma et al., 2014).
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different types of pathogens, under the regulatory control 
of the Toll, immunodeficiency (Imd), Janus kinase/signal 
transducers and activators of transcription (JAK/STAT) 
and c-Jun-N-terminal kinase (JNK) pathways (Table 1). 
The literature for HF and BSF on the involvement of the 
JAK/STAT and JNK immune pathways in AMP production 
is very limited, only mentioning them as part of immunity 
(Gill et al., 2017; Kariithi et al., 2017) or in comparisons 
of immune genes across several insect species (Tang et al., 
2014; Zhan et al., 2020).

Among the AMPs for the five dipteran species that we 
here compared (i.e. Anopheles and Aedes mosquitoes, D. 
melanogaster, BSF and HF), only four groups of AMPs were 
shared among all: attacins, defensins and cecropins, which 
have been reported in many insect species (Lemaitre and 
Hoffmann, 2007; Wu et al., 2018), as well as diptericins that 
seem restricted to the Diptera. There are also several AMPs 
that are species-specific, including AMP17, crustin, eppin, 
MAF-1 (Musca domestica antifungal peptide-1), MDAP-2 
(Musca domestica antimicrobial peptide-2), muscin, muslin 
and SVWC (secreted AMP, containing a single domain von 
Willebrand factor type C) in HF (Fu et al., 2009; Guo et al., 

Figure 1. Schematic representation of the most important and best-studied immune pathways in insects. Not all known interactions 
between the pathways are included in the figure (such as the interactions between the Toll and Imd pathways (Tanji et al., 2007)), 
to avoid cluttering of the figure. AGO2 = argonaute-2; AP-1 = Activator Protein 1; ATF2 = activating transcription factor 2; bsk = 
basket (JNK gene of Drosophila melanogaster); DIF = dorsal-related Immunity Factor; Dome = domeless; Dredd = death related 
ced-3/Nedd-2 like caspase; DUOX = dual oxidase; FADD = fas-associated death domain; FKH = forkhead; FOXO = forkheadbox O 
transcription factor; GNBP (1&3) = Gram-negative binding proteins; GPCRs = G-protein-coupled receptors; Gαq = G protein α q 
subunit; hep = hemipterous; hop = Hopscotch; IKK = IκB kinase; Imd = immunodeficiency; IP3 = inositol 1,4,5-triphosphate; JAK 
= Janus kinase; JNK = c-Jun-N-terminal kinase; MEKK1 = mitogen-activated protein kinase kinase kinase 1; MKK3 = mitogen-
activated protein kinase kinase 3; MyD88 = Myeloid differentiation primary response 88; p38 = p38 mitogen-activated protein 
kinase; PGRPs (short and long) = peptidoglycan recognition proteins; PLC-β = phospholipase C-β; PO = phenoloxidase; PPAE 
= prophenoloxidase-activating enzyme; ProPO = prophenoloxidase; Puc = puckered; Pvr = platelet-derived growth factor- and 
vascular endothelial growth factor-receptor; RISC = RNA-induced silencing complex; ROS = Reactive Oxygen species; slpr = slipper; 
Sp7 = serine protease 7; SPE = spätzle processing enzyme; STAT 92E = signal-transducer and activator of transcription at 92E; 
TAB2 = TAK1-associated binding protein 2; TAK1 = transforming growth factor β-activating-kinase 1; Tep = thioesther-containing 
protein; TOR = target of rapamycin; Tot = Turandot stress genes; TRAF2 = tumour necrosis factor receptor-associated factor 2; 
TSC = tuberous sclerosis complex; Upd = unpaired.; *regulates: AMP expression, shedding of the intestinal epithelial cells to 
prevent colonisation; stress responses, e.g. mitigation oxidative stress, wound healing and apoptosis; **regulates: production, 
proliferation and differentiation of haemocytes; expression of AttC during viral infection; opsoinisation of microbes and parasites. 
Gram-negative bacterial cells in purple; gram-positive bacterial cells in light blue. Figure made in Biorender.
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Table 1. Gene family numbers of immunity genes in various Diptera species and their functions. The exact numbers of genes 
for different classes of immune genes are largely unknown. When literature reports vary in the described numbers per class 
of immune genes, the range of reported gene numbers is provided. These ranges in gene family numbers can at least partially 
be explained by differing experimental approaches, although this does not explain all discrepancies in the literature. When a 
number of zero is reported, this means that this antimicrobial peptide (AMP) has at present not been described for this species. 
The descriptions of immune pathways and antipathogenic activity of immune genes described in the table is a general indication 
of the gene function in literature, not limited to studies of the five species discussed in the table.1

Immune genes Dipteran species

Involved immune 
pathways7 Antipathogenic activity7Bl

ac
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fly
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op
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ga

m
bi

ae
6

AMPs AMP 17 0 1 0 0 0 unknown antifungal
attacin 5-6 9-17 4 1 0-1 Imd and JAK/STAT antibacterial (Gram-negative) and anti-viral
bomanin 0 0 12 0 0 Toll antifungal and antibacterial (Gram-positive and -negative)
cecropin 7-36 3-16 4-5 9-10 4 Imd antifungal and antibacterial (Gram-positive and -negative)
crustin 0 4 0 0 0 unknown antifungal and antibacterial (Gram-positive)
defensin 3-26 1-21 1 4 2-4 Toll antibacterial (Gram-positive)
diptericin 5-10 2-6 2-3 0-1 0-1 Imd antibacterial (Gram-positive and -negative)
domesticin 0 1-2 1 0 0 unknown antibacterial (Gram-positive and -negative)
drosocin 0 0 1 0 0 Imd antibacterial (Gram-positive and negative)
drosomycin 0 0 7 0 0 Toll antifungal
edin 0 10 1 0 0 Imd antibacterial (Gram-positive)
eppin 0 43 0 0 0 unknown antifungal and antibacterial (Gram-positive)
gambicin 0 0 0 1 1 Imd, Toll and JAK/STAT antifungal and antibacterial (Gram-positive and -negative) and 

active against plasmodium parasites
holotricin 0 0 0 1 0 unknown antibacterial (Gram-negative) and anti-viral
MAF-1 0 1 0 0 0 unknown antifungal
MDAP-2 0 1 0 0 0 unknown antibacterial (Gram-negative)
metchnikowin 0 0 1 0 0 Toll antifungal
muscin 0 1 0 0 0 unknown antibacterial (Gram-positive and -negative)
muslin 0 37 0 1 0 unknown antibacterial (Gram-positive)
knottin-like 
peptides

0-4 0 0 0 0 unknown antifungal and antibacterial (Gram-positive and -negative)

sarcotoxin 4 6 0 0 0 unknown antibacterial (Gram-negative)
stomoxyn 2 0 0 0 0 unknown antifungal and antibacterial (Gram-positive and -negative)
SVWC 0 30 0 0 0 unknown antifungal and active against Trichobilharzia ocellata parasites
total 50-53 140-186 20-23 17 10 - -

ProPOs total 8 7-23 3-10 10-25 9-20 ProPO cascade antifungal and antibacterial (Gram-positive and -negative) and 
active against parasitoids

lysozymes total 13-36 13-34 11-13 7 8 unknown antibacterial
GNBPs total 16-23 3 3-7 7 7 Toll pathogen recognition of fungi
PGRPs total 31 16-20 13 8-10 7 Imd (long) and Toll 

(short)
pathogen recognition of bacteria (Gram-positive and Gram 
negative) by short and long respectively

1 GNBP = Gram-negative binding proteins; Imd = immunodeficiency; JAK/STAT = Janus kinase/signal transducers and activators of transcription; MAF-1 = Musca domestica 
antifungal peptide-1; MDAP-2 = Musca domestica antimicrobial peptide-2; PGRP = peptidoglycan recognition proteins; ProPO = prophenoloxidase; SVWC = secreted AMP, 
containing a single domain von Willebrand factor type C.
2 References: Elhag et al. (2017); Vogel et al. (2018); Zhan et al. (2020)
3 References: Andoh et al. (2018); Fu et al. (2009); Guo et al. (2017); Pei et al. (2014); Qi et al., (2021); Sackton et al. (2017); Scott et al. (2014); Tang et al. (2014); Zhan 
et al. (2020)
4 References: Clemmons et al. (2015); Lemaitre and Hoffmann (2007); Lindsay et al. (2018); Qi et al., (2021); Sackton et al. (2017); Tang et al. (2014); Vanha-aho et al. 
(2012); Zhan et al. (2020)
5 References: Sackton et al. (2017); Waterhouse et al. (2007); Zhang et al., (2017)
6 References: Sackton et al. (2017); Tang et al. (2014); Vizioli et al. (2001); Waterhouse et al. (2007)
7 References: González-Santoyo and Córdoba-Aguilar (2012); Hillyer (2016); Hwang et al. (2010a); Hwang et al. (2010b); Kim et al. ( 2013); Kingsolver et al. (2013); Lemaitre 
and Hoffmann (2007); Thomas et al. (2016); Ueda et al. (2005); Vizioli et al. (2001); Vanha-aho et al. (2012)
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2017; Peng et al., 2019; Qi et al., 2021; Tang et al., 2014) and 
knottin-like peptides and stomoxyn in BSF (Elhag et al., 
2017; Vogel et al., 2018). Also, the number of AMP genes 
that these dipteran insects possess varies considerably.

Table 1 shows that expansion of AMP gene families differs 
substantially between Dipteran species. Furthermore, the 
enumerations of AMPs within the same species varies 
among different studies. This is partially due to the fact that 
insect immunity is a very active field of research and new 
AMPs are still being discovered, even in well-studied species 
like D. melanogaster (Clemmons et al., 2015). Moreover, 
different experimental approaches in the studies may also 
contribute to these varying estimates. Studies focusing 
on cloning and purifying AMPs tend to only describe a 
restricted number of AMPs per study (Fu et al., 2009; 
Guo et al., 2017; Pei et al., 2014; Vizioli et al., 2001), while 
studies looking at the whole genome and/or transcriptome 
to describe AMPs tend to produce a more extensive list of 
(putative) AMPs (Elhag et al., 2017; Sackton et al., 2017; 
Scott et al., 2014; Tang et al., 2014; Vogel et al., 2018; Zhan 
et al., 2020). Using the predicted proteome to estimate 
AMP numbers can result in even higher numbers (Qi et 
al., 2021). For example, for HF a total of 18-33 AMPs were 
described in studies using genomic and/ or transcriptomic 
approach (Sackton et al., 2017; Scott et al., 2014; Tang et 
al., 2014) and 186 AMPs were reported by a study using 
the predicted proteome (Qi et al., 2021). In BSF, a total 
of 50-53 AMPs were described, based on genomic and/ 
or transcriptomic studies (Vogel et al., 2018; Zhan et al., 
2020). Even when studies use similar approaches within 
the same species, they can vary substantially in reported 
numbers of gene family members. For example, Vogel and 
colleagues (2018) and Zhan and colleagues (2020) used both 
a genomic and/or transcriptomic approach in BSF, and 
reported 7 cecropins and 26 defensins, and 36 cecropins 
and 3 defensins, respectively. More research, including 
functional characterization of each gene family member, 
will be needed to clarify these numbers.

The nomenclature that is used for AMPs can also complicate 
comparisons between different species. New AMPs are 
often times named after the species they were discovered 
in, regardless of whether they are part of an existing AMP 
family, even giving the same name to AMPs that belong to 
different families. For example, sarcotoxin I is described as 
part of the cecropin family and sarcotoxin II as part of the 
attacin family (Natori et al., 1999). These AMPs might be 
grouped with their gene family in some studies, and not in 
others, providing a possible explanation for sarcotoxin only 
being identified in one of the three studies on BSF AMPs. 
This could be clarified by more extensive comparison of 
sequences, to identify homologous gene families in different 
studies and species.

Apart from producing AMPs, fat body cells in D. 
melanogaster also migrate to wound sites where they 
collaborate with haemocytes to clean cell debris around the 
wound, seal the cuticular epithelial wound gap and locally 
release AMPs to fight pathogens/foreign bodies (Franz et al., 
2018). Furthermore, the fat body functions in storage and 
metabolism of lipids and carbohydrates for energy reserves, 
hormonal regulation and participates in detoxification 
of waste products of nitrogen metabolism, e.g. uric acid 
(Arrese and Soulages, 2010). Although not directly related 
to immunity, these functions may still have an auxiliary 
role in the defences of insects against microbial infections.

Immune responses of the haemocytes

The haemocytes (blood cells) of insects play an important 
role in the immune response. They are responsible for 
phagocytosis of microbes, encapsulation of parasitoids, 
nodulation and wound healing. The types and numbers 
of haemocytes differ considerably among insect species 
(Strand, 2008). In response to infection, haemocytes can 
be produced in the lymph glands of insects or released 
from sessile haemocyte pools that form under the sub-
epidermis (Lanot et al., 2001; Leitao and Sucena, 2015; 
Márkus et al., 2009). Under the regulatory control of 
the JAK/STAT and Notch pathways, prohemocytes can 
differentiate into various types of haemocytes, that differ 
in characteristics such as morphology (e.g. size, shape, 
appendages), phagocytotic capacity, adhesiveness, or 
contents (e.g. crystalline inclusions, melanin precursors).

In BSF, three types of differentiated haemocytes have 
been described: (1) crystal cells that produce and store 
prophenoloxidase (ProPO; i.e. a zymogen which catalyses 
melanin production once activated); (2) plasmatocytes, 
which look very similar to the lepidopteran plasmatocytes 
and thus are likely to form capsules and nodules; and (3) 
granulocytes, which are involved in phagocytosis and the 
initiation of encapsulation and nodulation (Ribeiro and 
Brehélin, 2006; Zdybicka-Barabas et al., 2017). In HF, four 
types of haemocytes have been described, in addition to 
the undifferentiated prohaemocytes: (1) plasmatocytes; 
(2) granulocytes; (3) oenocytoids instead of crystal cells, 
which are involved in the phenoloxidase response; and 
(4) an abundant class of haemocytes with morphological 
characteristics intermediate between plasmatocytes and 
granulocytes (Borowska and Pyza, 2011). For both BSF 
and HF, the descriptions of haemocytes are based on 
morphology alone. Haemocytes are very sensitive to their 
environment, so fixating them for visual characterization 
can already influence their appearance, making the 
characterizations inaccurate (Borowska and Pyza, 2011; 
Fu et al., 2020; Lavine and Strand, 2002). Descriptions 
of haemocytes using techniques like single-cell RNA 
sequencing seem to yield higher resolution and more 
reliable results, although it remains difficult to effectively 
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categorise entities on a continuous scale into discrete 
categories (Cattenoz et al., 2021; Fu et al., 2020; Tattikota 
et al., 2020).

Comparing haemocytes between different insect species 
is further complicated by its nomenclature: haemocytes of 
the same name in different species can differ in appearance 
and/or function (Ribeiro and Brehélin, 2006). This is 
also the case within the order Diptera. Whereas they 
bear the same name, plasmatocytes in D. melanogaster 
are more equivalent in their role and appearance to the 
granulocytes of BSF and HF than to their plasmatocytes, 
since both are involved in phagocytosis, have a spherical 
shape and contain granules. The plasmatocytes in BSF 
and HF, in turn, are more comparable in function to the 
‘lamellocytes’ of D. melanogaster that only appear in the 
larval haemolymph after an immune challenge by macro-
pathogens. The plasmatocytes of BSF and HF differ in 
appearance from the lamellocytes of D. melanogaster, which 
are larger and flattened, whereas the plasmatocytes of BSF 
and HF have an ovoid shape of up to 20 µm long (Borowska 
and Pyza, 2011; Ribeiro and Brehélin, 2006; Zdybicka-
Barabas et al., 2017). Furthermore, the oenocytes in HF 
have similarities in form and function with the crystal cells 
in BSF and D. melanogaster. Both are rather big haemocytes 
with crystalline inclusions in the cytoplasm (Ribeiro and 
Brehélin, 2006).

In addition to the direct interaction of blood cells with 
pathogens (e.g. through phagocytosis or adhesion), 
another important immune function of haemocytes is the 
production and storage of ProPO, which catalyses melanin 
production once activated. Upon immune challenge, 
the zymogen ProPO is released into the haemolymph 
where it gets activated into phenoloxidase, which in 
turn activates melanisation in response to infection and 
wounding. Melanisation helps clear infections by oxidizing 
the pathogens and by isolating the pathogen from the 
haemolymph as part of the encapsulation and nodulation 
response (González-Santoyo and Córdoba-Aguilar, 2012; 
Hillyer, 2016).

Clade-specific expansions have been reported for ProPO 
genes, although most insect species possess only a moderate 
number of genes for ProPO. For example, D. melanogaster has 
three paralogs of ProPO, whereas several other Drosophila 
species have only two paralogs (Salazar-Jaramillo et al., 2014). 
In mosquitoes, the number of ProPO genes is higher, with 
9 in Anopheles gambiae and 10 in Aedes aegypti (González-
Santoyo and Córdoba-Aguilar, 2012; Waterhouse et al., 2007). 
In BSF eight ProPO genes and three phenoloxidase-related 
genes have been reported (Vogel et al., 2018; Zhan et al., 
2020), and in HF seven ProPO genes (Tang et al., 2014). 
Furthermore, ProPO levels in the haemolymph of BSF have 
been shown to increase up to twofold after immune challenge 
(Zdybicka-Barabas et al., 2017).

Immune responses of the epithelial cells

Epithelial cells provide insects with multiple immune 
responses, which together may prevent infection by 
pathogens. Epithelial cells of the cuticle produce chitin 
and proteins that are the main components of the insect 
exoskeleton, which provides the physical barrier, both at the 
exterior body surface, and internally, lining the reproductive 
tract, respiratory system, foregut and hindgut (Moret and 
Moreau, 2012). Furthermore, epithelial cells can provide 
physiological and biochemical defences, such as extreme 
pH values, the secretion of lysozymes into the gut lumen, 
and melanin in the cuticle. The most extreme pH is usually 
found in the midgut. The pH of the midguts of BSF and HF 
is very low (pH 3.4-3.9 and 2.1, respectively), as is usual for 
flies with a bacteria-rich diet (Bonelli et al., 2019; Douglas, 
2015; Greenberg, 1968). Mosquitoes on the other hand have 
a more alkaline midgut milieu (Engel and Moran, 2013).

The midgut epithelium is not covered with a cuticle, but is 
physically protected by the peritrophic membrane, which 
is a tubular structure consisting of proteins, glycoproteins 
and chitin microfibrils. The type of peritrophic matrix 
that an insect possesses differs between species and 
depends on their diet. A type I peritrophic membrane is 
thin, gel-like and is often only produced after consumption 
of food. In contrast, a type II peritrophic membrane 
is generally tougher, thicker and is constantly being 
produced (Merzendorfer et al., 2016; Terra, 2001). Larvae 
of mosquitoes, HF and D. melanogaster possess a type 
II peritrophic membrane (Lehane, 1997; Nayduch and 
Burrus, 2017; Rizki, 1956); for larvae of BSF this is not 
known. In D. melanogaster and HF, adults retain the same 
type of peritrophic membrane as the larvae. However, 
mosquitoes switch from a type II membrane in larvae to a 
type I peritrophic membrane in the adult females, which 
is better suited to their diet of intermittent bloodmeals; in 
adult male mosquitoes which only feed on plant nectar, the 
peritrophic membrane is absent (Lehane, 1997).

The border epithelium in the gut is in direct contact with 
the insect’s surroundings. It produces tissue-specific 
AMPs, regulated by the Imd pathway (Tzou et al., 2000). 
Tissue-specific expression of AMP’s has been studied 
in both HF and D. melanogaster (Mura and Ruiu, 2017; 
Tzou et al., 2000). Upon oral infection with Brevibacilllus 
laterosporus, HF larvae and adults significantly upregulate 
the expression of several AMPs in their gut. When fed 
a diet with B. laterosporus, the genes coding for attacin, 
cecropin, defensin and domesticin were upregulated in 
both adults and larvae, in comparison with individuals 
fed on control diet. In larvae, also diptricin, muscin and 
ProPO genes were upregulated (Mura and Ruiu, 2017). In 
adult D. melanogaster, all AMP genes were at least weakly 
expressed in the gut after immune challenge with Erwinia 
carotovora, but in larvae no drosocin or drosomycin were 
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recorded (Tzou et al., 2000). This illustrates that these 
immune responses not only differ between species, but 
even within species substantial differences can be found 
between different developmental stages.

The JNK pathway is involved in the epithelial immune 
response through the shedding of intestinal epithelial cells, 
by which infected cells are expelled in order to prevent 
colonization and replaced by new healthy epithelial cells. 
The JNK pathway regulates this process in synergy with 
the Imd pathway (Tafesh-Edwards and Eleftherianos, 2020; 
Zhai et al., 2018). To our knowledge there is no research 
into the involvement of the JNK pathways in epithelial 
immune responses in BSF and HF.

The dual oxidase (DUOX) pathway is part of the immune 
responses of the gut epithelia, where it regulates the 
generation of reactive oxygen species upon ingestion of 
pathogens. One recent study investigating the importance 
of the DUOX pathway in the immune response of BSF 
showed a significant link between the expression of BsfDuox 
and the bacterial load in BSF in response to oral infection 
(Huang et al., 2020). We did not find any literature on the 
DUOX pathway in HF.

Acquired immunity – priming and immune specificity

Immune priming in some insects is somewhat analogous 
to the antibody-mediated adaptive immunity observed in 
vertebrates. It refers to the improved host immunological 
defence upon a second encounter with the same pathogen 
or parasitoid (Contreras-Garduño et al., 2016). Immune 
priming can be highly specific, enabling the insect to 
distinguish specific enemies (Kurtz and Franz, 2003) with 
an enhanced immune response against certain microbial 
pathogens (Dhinaut et al., 2018). The effectors produced 
upon pathogen re-encounter are not necessarily different 
from the initial exposure to the same pathogen. The 
difference lies within the more rapid pathogen recognition 
by the pre-activation of the immune response and in the 
amount of produced recognition and effector molecules 
(Contreras-Garduño et al., 2016; Schulenburg et al., 2007). 
The phenomenon is characterised by an increased density 
of circulating haemocytes, which arise from activated sessile 
haemocyte clusters, and/or increased levels of AMPs in the 
haemolymph (Fallon et al., 2011). For example, in Drosophila, 
re-introduction of entomopathogenic fungi was shown to 
induce a response of antimicrobial peptide genes that was 
specific to a certain fungal infection (Lemaitre et al., 1996), 
while repeated infection with Streptococcus pneumoniae did 
not prime the humoral response of D. melanogaster, but it 
rather activated plasmatocyte phagocytosis (Pham et al., 
2007). Immune priming can be metabolically costly (Ardia 
et al., 2012; Zanchi et al., 2011).

Retaining the memory of past infections has been connected 
with the development of a biphasic response upon pathogen 
re-exposure. In experiments with primed Anopheles 
albimanus mosquitoes, elevated levels of attacin, cecropin 
and gambicin were observed during re-encounter with 
Plasmodium berghei, despite the fact that AMP levels were 
left to return to basal levels and that the pathogen was 
eliminated after the first encounter (Contreras-Garduño 
et al., 2016). This biphasic response might mean that some 
sort of memory mechanism is associated with subsequent 
exposures to the same pathogen. However, more studies are 
needed to study whether such a memory mechanism indeed 
exists in insects (Schmid-Hempel, 2011), because systematic 
experimental proof for such a claim is still lacking (Rowley 
and Powell, 2007).

Potential mediators for regulating the specificity in adaptive 
immunity are molecules that can display interaction 
diversity for numerous pathogen receptors. The Down 
syndrome cell adhesion molecule (Dscam) is such an 
example. It is a member of the immunoglobulin superfamily 
which contains three alternatively spliced immunoglobulin 
exon cassettes and a set of alternative transmembrane 
(tm)-domain exons in invertebrates (Kurtz and Armitage, 
2006). This gene can produce a vast array of different 
transcripts (Watson et al., 2005). In An. gambiae, the 
alternative splicing of Dscam is controlled by many different 
immune elicitors, which interfere with Dscam expression 
(Dong et al., 2006). This alternative splicing could produce 
a diverse series of recognition elements that can directly 
bind particular microbes. The model, however, remains 
largely hypothetical and has not been directly associated 
with phagocytic stimulation (but see (Li et al., 2019)).

Another form of immune priming in insects is the passing 
of information about the presence of a pathogen from the 
parent to the offspring (Moret, 2006). The conditioning 
mechanisms for transgenerational immune priming have 
not yet been fully revealed. Studies in red flour beetles 
(Tribolium castaneum) demonstrated that this priming can 
be achieved by laying eggs with fragments of bacterial cell 
wall material (Knorr et al., 2015). Recently, it was observed 
that D. melanogaster and Ae. aegypti can transmit antiviral 
immunological memory to their progeny, which can lasts 
for several generations (Mondotte et al., 2020).

3. Factors affecting insect health and immunity

The production of insects for food and feed is a growing 
sector, whereby insects are produced by both small- and 
large-scale companies, across both temperate and tropical 
regions, and fed various feed substrates (Chia et al., 2018b; 
Van Huis, 2013). This section describes the effects of several 
conditions and factors on insect health and immunity.
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Temperature

Insects are poikilotherms, whereby their internal 
temperature is variable and largely determined by external 
temperature. Fluctuations in rearing temperature not only 
impact the growth and development of insects, but also 
influences their metabolic rate, reproductive potential, 
immune function and longevity (Angilletta et al., 2010). 
Furthermore, the rearing temperature affects the degree of 
susceptibility against pathogenic microorganisms. When 
D. melanogaster adults were injected with Pseudomonas 
aeruginosa (LD50 dosage), their mortality increased with 
increasing temperatures: while 60% and 54% of the infected 
adult population survived at 21.4 and 25 °C respectively, 
survival dropped quickly to zero at temperatures higher 
than 28 °C. In contrast, 100% of the uninfected adults 
survived at 35 °C (Fedorka et al., 2016). The immune 
response of infected HF larvae was similarly influenced 
by temperature (Bahrndorff et al., 2014). Third-instar 
larvae of HF were injected with Campylobacter jejuni (~109 
cells/ml) and placed at 25 and 35 °C. After 20 h, all of the 
larvae maintained at 35 °C were dead whereas all larvae 
maintained at 25 °C were alive, indicating temperature-
dependent influence on larval survival. Interestingly, some 
genes involved in temperature stress may also function in 
immune responses: in HF larvae, heat shock and septic 
injury induced the expression of HSP70, and knocking down 
the expression of this gene caused increased sensitivity to 
both heat shock and bacterial infection (Tang et al., 2012).

The role of temperature on immunity is also reflected 
in temperature preferences of infected insects. When 
given the choice, D. melanogaster adults injected with P. 
aeruginosa consistently preferred slightly lower temperature 
environments than uninfected adults, which may be limiting 
the pathogen growth and allow the flies to mount a more 
effective immune response (Fedorka et al., 2016). A similar 
temperature preference with beneficial effects on survival 
was observed during infection of Drosophila adults with 
the fungal pathogen Metarhizium robertsii (Hunt et al., 
2016). The infected flies preferred cooler temperatures 
(22 °C), which were non-optimal for pathogen growth 
and resulted in increased larval survival during fungal 
infections. Additionally, heat stress can also result in an 
increased bacterial load due to thermal mismatch between 
the fly and its endogenous microflora, rendering the fly 
more susceptible to bacterial pathogens (Telonis-Scott et 
al., 2013).

Insects may also engage in behavioural fever when 
infected with a pathogen, either changing their own 
thermoregulatory behaviour, aggregating to form local 
hotspots, or by exploiting warmer microhabitats. The 
latter has been reported for HF infected by the fungal 
entomopathogen, Beauveria bassiana (Balsamo) 
Vuillemin. Fungal infected flies spent more time at 

higher temperatures when given the choice (Anderson 
et al., 2013a). The higher temperature was unsuitable 
for pathogen growth and improved survival in infected 
flies compared to infected flies without access to a heated 
environment, although it came at the expense of a lower 
egg viability (Anderson et al., 2013b). These studies 
focused on adult HF behaviour. It could be hypothesised 
that both HF and BSF larvae also show behavioural fever. 
Larvae of both species commonly aggregate within their 
feed substrates, and temperature can increase rapidly 
within larval aggregations – or maggot masses – of various 
dipteran species (Rivers et al., 2011).

In several other insects, temperature affects melanisation, 
either the humoral melanisation responses, or by affecting 
cuticular melanisation. In adults of the mosquito Anopheles 
stephensi, temperature influences melanisation response 
to the presence of foreign bodies such as implants and 
Sephadex C-25 beads (Fedorka et al., 2012; Murdock et 
al., 2012). Maximum melanisation was observed in An. 
stephensi adults upon injection of Sephadex-25 beads at 
18 °C, followed by decreasing degree of melanisation with 
an increase in temperature (Murdock et al., 2012). Larvae 
of D. melanogaster reared at warm temperature (28.5 °C) 
develop into adults that possess lighter cuticles due to 
lower melanin secretion. These adults suffered an increased 
susceptibility to P. aeruginosa compared to darker adults 
that emerged from larvae reared at lower temperature 
(21.5 °C) (Kutch et al., 2014).

Exposure of insects to different temperature regimes 
also influences their gene expression profile, especially 
the expression of AMP genes. The expression of DEF1 
(Defensin1) in adult An. stephensi mosquitoes decreased 
with an increase in temperature (Murdock et al., 2013). 
DEF1 expression in mosquitoes challenged with heat-
killed E. coli was significantly higher at low temperature 
(i.e. at 18 °C compared to 26 and 32 °C). Furthermore, 
exposure of adults to a diurnal rhythm in their rearing 
temperature (26±6 °C) resulted in higher expression of 
CEC1 (Cecropin1) compared to those exposed to a constant 
temperature of 26 °C.

Sub-zero temperatures can also evoke various immune 
responses, both in acute cold shock treatment and for 
sustained cold treatments (Salehipour-Shirazi et al., 2017; 
Štětina et al., 2019). Supercooling (i.e. the maintenance 
of body fluids in liquid state at sub-zero temperatures) 
leads to transcriptional upregulation of the innate 
immunity pathways Toll and Imd, as well as to activation 
of lysozyme-mediated degradation of bacterial cell 
walls in D. melanogaster (Štětina et al., 2019). Freezing 
(i.e. the formation of ice crystals inside the body upon 
introduction to sub-zero temperatures) leads to degradation 
of macromolecules and induction of death-related processes 
such as autophagy and apoptosis (Štětina et al., 2019). 
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An acute cold shock in Drosophila adults also leads to 
a greater melanisation response, compared to sustained 
cold treatment (Salehipour-Shirazi et al., 2017). For BSF, 
prolonged exposure to chilling temperature treatments 
(4 °C) or freezing temperature (-12 °C) can cause mortality 
in eggs and larval stages (Chia et al., 2018a; Raimondi et 
al., 2020; Villazana and Alyokhin, 2019), but the effects of 
different temperatures on immunity/health of the larvae 
need to be further investigated.

Larval density

The effects of population density on immunity are 
multifaceted. High density increases the risk and spread of 
infectious diseases, also indirectly when it leads to increased 
wounding and subsequent infection. Furthermore, high 
densities can lead to severe resource competition or 
starvation. This, in turn, can result in poorer growth and 
nutrient reserves, which could entail that fewer resources 
would be available for immune defences. Female Ae. aegypti 
mosquitoes that developed at low density as larvae grew 
significantly larger, and had a stronger immune response 
when infected with Sindbis virus, compared to high-density 
reared females (Kim and Muturi, 2013; Price et al., 2015). 
Cecropin expression of low-density reared females was 20-
fold higher compared to larvae reared at higher densities 
(Kim and Muturi, 2013). High densities of D. melanogaster 
were also found to cause an adverse environment, through 
the build-up of waste products (e.g. ammonia) (Henry 
et al., 2020), which could have detrimental effects on 
health and immunity. Moreover, at high larval densities, 
D. melanogaster larvae resort to cannibalism to fulfil 
their energy and protein requirements (Vijendravarma 
et al., 2013).

High population density can also have beneficial effects 
such as improved defences towards biotic and abiotic 
stress factors. Rearing densities influence development 
time and egg-to-adult survival of various dipteran species, 
including HF, BSF and Drosophila (Horváth and Kalinka, 
2016) with too low densities leading to small adults and/
or high mortality. Larvae of D. melanogaster develop in 
high-density aggregations, which can suppress the invasion 
of harmful fungi, in particular when aggregating in large 
groups (Trienens and Rohlfs, 2020; Wertheim et al., 2002).

Diet

The nutritional composition of the diet influences insect 
health and immunity (Table 2). High protein availability 
(increased yeast content) in the larval diet resulted in an 
increased constitutive transcription of Diptericin A and 
Metchnikowin in Drosophila adults, whereas larval gene 
expression remained unaffected (Fellous and Lazzaro, 2010). 
Also in BSF, a protein-rich diet upregulated the expression 
of various immunity genes (Vogel et al., 2018). A dietary 

shift in protein and carbohydate content (P:C ratio from 
1:4 to 1:10) in D. melanogaster adults after infection with 
Gram-positive Micrococcus luteus improved their post-
infection survival (Ponton et al., 2020). After infection, the 
flies modulated their nutritional intake to a low-protein 
and high-carbohydrate diet, indicating nutritional self-
medication against infection. Interestingly, the expression 
levels of AMP genes were significantly influenced by the P:C 
ratio in the diet, but those of immune receptors or immune 
signalling were not (Ponton et al., 2020). Additionally, 
upon infection of D. melanogaster with Gram-negative 
P. aeruginosa, the adults that fed on protein-rich diet had 
a higher fitness, i.e. a larger number of eggs laid, than 
adults fed with standard diet (Hudson et al., 2020). Hence, 
increased protein content of diet can fortify the immune 
function in D. melanogaster adults against various bacteria. 
For the immune function against viral infections in various 
Drosophila species and HF, however, no effects of protein 
content in the diet were found (Roberts and Longdon, 2021; 
Schaler et al., 2018).

Sugar levels in the diet can also influence immune responses 
and AMP secretion, including the overexpression of genes 
related with immunity and infections. When fed on high-
sugar diet (HSD) of 1 M sucrose, D. melanogaster adults 
exhibited an upregulation of AMP genes (Metchnikowin 
and Defensin), indicating activation of the Toll signalling 
pathway in haemocytes and the fat body (Yu et al., 
2018). Haemocytes of HSD-fed larvae exhibited higher 
nuclear p-JNK signals compared to controls, indicating 
the activation of the immune system via the Toll and JNK 
pathways. HSD-induced production of lamellocytes in the 
lymph glands, which are normally only induced during an 
immune challenge, indicate that HSD potentially induced 
an inflammatory response in the larvae. On the HSD, the 
immune function seems to become compromised rather 
than fortified. Provision of high-glucose diet increased 
susceptibility of Drosophila adults to the gram-negative 
bacteria Providencia rettgeri (Unckless et al., 2015). The 
severity of bacterial infection in adults fed on HSD was 
correlated to glucose metabolism and conversion to/from 
glycogen, mediated by the crinkled gene.

A high-fat diet also led to increased expression of genes 
related to immunity and infection in Drosophila adults. 
During a microbial infection, when Drosophila adults were 
fed a high-fat diet, several genes associated with humoral 
immune challenge (i.e. AMPs including CecA1, AttA, Dro, 
Drs, IM23, Def and Dpt) were upregulated (Hemphill et al., 
2018; Ponton et al., 2020). Similarly, when BSF was fed a 
diet enriched with plant oils, this resulted in upregulation 
of various attacins, cecropins, defensins and diptericins 
(Vogel et al., 2018). Whether these changes in immune 
gene expression affected the immune function positively 
or negatively remains to be investigated.
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Starvation

Sufficient availability of nutrients can also influence 
immunity. As mentioned before, shortage of nutrients may 
lead to fewer reserves and resources for immunity. There 
is a clear distinction, however, between dietary restriction 
and starvation.

Dietary restriction involves reduced availability of one 
or multiple components or nutrients (e.g. yeast and/or 
sugar) in the insect diet, and typically results in an extended 
lifespan (Burger et al., 2007; Katewa and Kapahi, 2011; 
Lee et al., 2017). Dietary restriction is considered a low-
intensity stressor that induces the insect to invest resources 
towards survival and stress resistance, often at the expense 
of resources for reproduction. Adult D. melanogaster flies 
fed with 7% Y:S (yeast:sugar) diet displayed a higher survival 
upon infection with Gram-negative bacteria (P. aeruginosa) 
compared to flies fed with 16% Y:S diet (Burger et al., 2007). 
Exclusion of yeast from the diet of adult D. melanogaster 
influenced the regulation of the target of rapamycin 
(TOR) pathway, which is associated with survival against 
bacterial infections (Lee et al., 2017). The TOR pathway 
modulates AMP expression, whereby the upregulation 
of TOR pathway in high yeast diets resulted in an overall 
reduction in expression of AMP genes, which in turn 
negatively influenced the post-infection survival of flies 
compared to flies on low yeast diets (Lee et al., 2017; Varma 
et al., 2014). Dietary restriction in D. melanogaster can 
also lead to different expression and delayed up-regulation 

of immune-related genes in uninfected flies (Pletcher et 
al., 2005). The effect of dietary restriction on lifespan or 
immunity has not yet been studied in BSF or HF, but it is 
such an universal phenomenon in eukaryotes (Kapahi et 
al., 2017) that it can be expected to operate similarly within 
these species.

Starvation of adult D. melanogaster flies resulted in down-
regulation of genes involved in immunity and defence 
responses. The down-regulation can be attributed to the 
resource allocation by the adults to starvation resistance 
over protection against infection (Fujikawa et al., 2009). 
For limited periods of starvation, it is possible that immune 
functions remain intact despite undergoing nutritional 
stress. Across different developmental stages of HF, 
exposure to starvation for 12 or 24 h did not bear any 
influence on the expression levels of its lysozyme Mdlys 
(Ren et al., 2009). Lysozymes are utilised by insect larvae 
to hydrolyse bacteria and therefore can play an important 
role in the innate immunity of the insect larvae. The effect 
of starvation periods on the immunity of BSF and HF are 
not well characterised.

4. Microbiome

Insect-microbe associations

Early studies on the microorganisms associated with insects 
were focused on the capacity of insects to act as vectors for 
dangerous pathogens. In the case of the HF, the vectoring 

Table 2. Effects of different diet factors on insect immunity.

Insect Diet Effect/result Reference

Drosophila 
melanogaster

Different P:C ratios Shift from 1:4 to 1:10 P:C ratio led to improved survival from 
infection against gram-positive bacteria, Micrococcus luteus

Ponton et al. (2020)

High-protein content (31% versus 
14% in standard Lewis diet)

Increased oviposition/egg-production upon infection with 
gram-negative bacteria, P. aeruginosa

Hudson et al. (2020)

High yeast: sugar (4:1) ratio during 
larval stage

Increased constitutive expression of Diptericin A and 
Metchnikowin in the adult phase, but not in the larval stage

Fellous and Lazzaro (2010)

High-glucose diet Increased mortality in adults upon infection with gram-negative 
bacterium Providencia rettgeri. Immunity mediation by crinkled 
gene (encoding a myosin VIIa cytoskeletal ATPase)

Unckless et al. (2015)

High-sugar level (1 M sucrose) Activation of Toll pathway in haemocytes and fat body Yu et al. (2018)
High-sugar diet Increased insulin signalling reduced expression of immune 

genes. Decreased insulin signalling increased immune 
gene expression and increased infection resistance against 
Pseudomonas aeruginosa strain PA14

Musselman et al. (2018)

High-fat diet (addition of 20% w/v 
coconut oil compared to control diet)

Increased transcription of genes with ontology related to 
immunity and infection

Hemphill et al. (2018)

Aedes aegypti High-sugar diet (10% sucrose) Increased expression of anti-microbial peptides, cecropin 
(cecD) and defensin (defE)

Almire et al. (2021)

Hermetia illucens Protein-rich and plant-oil diets Upregulation of immunity-related genes Vogel et al. (2018)
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ability of natural populations was investigated early on 
(Graham-Smith, 1910; Tebbutt, 1912), in relation to various 
pathogens (Greenberg et al., 1970; Grübel et al., 1997; Shane 
et al., 1985; Zimmerman et al., 1989). Also, in BSF reared on 
bio-organic waste streams, potential foodborne pathogens 
such as Bacillus cereus were detected in larvae (Wynants et 
al., 2019) and prepupae (Raimondi et al., 2020). Whether 
the discovered foodborne pathogens can also harm insect 
health and growth on these organic waste streams has not 
yet been clarified. However, there are studies indicating 
that B. cereus can indeed inhibit the growth of HF maggots 
in axenic conditions (Schmidtmann and Martin, 1992).

Nevertheless, the research of fly microbiota embraces a 
much larger scientific field than vectoring of potential 
harmful microorganisms, and includes the investigation 
of beneficial microorganisms linked to host health, fitness 
and their ability to produce offspring. It is now commonly 
accepted that the numerous and diverse relationships of 
insects with beneficial microorganisms largely contributed 
to their evolutionary success (Engel and Moran, 2013). 
The contribution of insect microbiota to the host 
functions has been characterised as highly relevant from 
several perspectives, particularly for the understanding 
of immunity and metabolic interactions (Lemaitre and 
Hoffmann, 2007). The gut microbiome aids in nutrient 
provision, which can indirectly contribute to immunity 
(Ayres and Schneider, 2009; Chambers and Schneider, 
2012). Furthermore, studies with D. melanogaster larvae 
showed that microbiota perturbations influenced the host’s 
resistance against natural parasites (Chaplinska et al., 2016).

Early studies indicated the significance of bacteria for 
HF development as well, because larvae failed to grow 
in an axenic environment (Schmidtmann and Martin, 
1992; Watson et al., 1993). Later studies highlighted the 
presence of Morganella morganii, Providencia spp. and 
Proteus spp. and discussed their importance for HF larval 
development (Gupta et al., 2012; Zhao et al., 2017; Zurek 
et al., 2000). Community analysis in maggots, pupae, and 
adult HF suggested a shift of the natural fly microbiota 
along developmental stages, possibly due to different 
host-bacterial interactions at each stage (Wei et al., 2013). 
M. morganii, in particular, can remain in the fly gut after 
metamorphosis (Su et al., 2010). The microbiota of the 
BSF revealed a similar core set of bacterial phylotypes, 
including Morganella sp., Enterococcus sp., Pseudomonas 
spp., Providencia sp. and members of the Bacillaceae 
(Raimondi et al., 2020; Wynants et al., 2019).

The existence of a set of recurrent, host-associated bacteria 
in both the HF and the BSF suggests this microbiome may 
be important for the host’s biological function. Results of 
microbiological surveys both for HF and BSF populations 
from various habitats, showed that their internal bacterial 
community is very diverse, yet relatively consistent across 

geographic location and habitats (Bahrndorff et al., 2017; 
Park et al., 2019; Shelomi et al., 2020; Wynants et al., 2019), 
while it can be partly dependent on diet (Bruno et al., 2019; 
Klammsteiner et al., 2020; Varotto Boccazzi et al., 2017). 
Furthermore, the composition and consistency of insect 
microbiota is more diverse in wild-caught flies than in 
laboratory flies, for Drosophila (Chandler et al., 2011) and 
HF (Bahrndorff et al., 2017; Park et al., 2019), while diet 
has a strong effect on the diversity of the microbiota in 
BSF (Bruno et al., 2019; Wynants et al., 2019). Microbial 
diversity is suggested to be regulated through the host’s 
immune system, which is an important filter for the gut 
microbial community (Ryu et al., 2008). All in all, the 
microbiome and the immune system of the host function 
in an interactive cycle, the details of which are yet to be 
revealed.

The microbiome in insect immune responses

The colonization of the insect gut with symbiotic microbial 
communities plays a crucial role for insect health. More 
specifically, the gut microbiota aids in protecting the gut 
from pathogen invasions by niche occupation (Engel and 
Moran, 2013), although niche occupation can also trigger 
antagonistic interactions between beneficial bacteria and 
host pathogens (Cirimotich et al., 2011). Drosophila adults 
with a regular gut microbiota were indeed less susceptible 
to oral infections compared to Drosophila with axenic gut 
environment (Blum et al., 2013). Also, axenic Drosophila 
larvae died in the first instar when their diet was altered to 
contain a reduced content of yeast, while these detrimental 
effects on fly health were mitigated by the introduction 
of certain bacteria, such as Lactobacillus plantarum and 
Acetobacter pomorum, which can both regulate growth 
(Shin et al., 2011) and antagonise microbial pathogens 
(Blum et al., 2013). Furthermore, the gut microbiome is 
linked to local immunity of the insect intestinal epithelium, 
enabled mostly by the production of AMPs or the synthesis 
of reactive oxygen species in reaction to the gut microbes. 
This is modulated by feedback loops and components 
that tolerate the presence of the natural gut microbiota 
(Bischoff et al., 2006; Ryu et al., 2008; Zaidman-Rémy et 
al., 2006). What is more, the prolonged interaction of the 
gut microbiota with the host immune system may have 
an impact on host physiology. Studies on Drosophila have 
shown that the gut microbiota can promote increased 
intestinal epithelial cell turnover compared with individuals 
with sterile guts (Buchon et al., 2009, 2014).

Direct effects of the microbiome on immunity have also 
been shown. Experiments with Drosophila neotestacea 
showed the direct beneficial effects of a maternally 
transmitted bacterial symbiont of the genus Spiroplasma, 
which defends the fly by reversing the effect of the nematode 
parasite Howardula, which causes sterility in female flies 
(Jaenike et al., 2010). It has also been hypothesised that 
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the insect microbiome may contribute to immune priming 
(Freitak et al., 2014). Primed Anopheles mosquitoes which 
have been deprived of their natural gut microbiota, for 
instance, showed a lower phagocytic activity and a greater 
susceptibility to Plasmodium, when compared with primed 
mosquitoes with their natural gut microbiota (Rodrigues 
et al., 2010). Other studies show that transgenerational 
immune priming may be supported by the vertical 
transmission of bacteria from mother to offspring (Freitak 
et al., 2014; Hernández-Martínez et al., 2010).

Effects of complex microbiome in waste streams

Insects survive and thrive within an immense range of 
ecological niches. Even when their diet is restricted to 
a poor nutrient content, there are numerous symbioses 
with microorganisms which can enhance dietary quality. 
Many bacteria can simply be digested in the gut and 
therefore enhance directly the insect diet. Lysozymes 
expressed in the gut of Drosophila flies, for instance, were 
proposed to relate to the digestion of microbes rather 
than to their immune defences (Daffre et al., 1994). The 
Drosophila genome harbours genes that code for amino-
acid transporters with high affinity for the D-amino acids 
of bacterial peptidoglycan, benefiting larval nutrition and 
development by acquiring bacterial and yeast fermentation 
products (Miller et al., 2008). In mass rearing of insects, 
the use of organic waste streams as feeding substrate, 
teeming with microbes, could be a method of valorisation 
and biodegradation of waste (Diener et al., 2009; Salomone 
et al., 2017; Van Huis, 2013; Zhang et al., 2012).

In the case of larvae of both the BSF and the HF, there is 
a proven capacity for the bio-conversion of the microbial 
biomass of organic waste streams into insect biomass 
(Miranda et al., 2019; Zhang et al., 2012). Rearing of 
HF on poultry manure reduced the bacterial content of 
the substrate and provided sufficient nutrients for the 
development of the flies (Fitches et al., 2019). Similar 
results were found in BSF reared on three different 
manure types (swine, dairy, or poultry manure) (Miranda 
et al., 2019). Furthermore, BSF larvae can also enhance 
the metabolic function of waste biodegradation through 
their gut microbiota (Jeon et al., 2011; Jiang et al., 2019). 
A series of studies suggests that BSF larvae are not only 
able to utilise the microbial biomass, but are also capable 
of reducing the load of pathogenic bacteria in their rearing 
substrate (Erickson et al., 2004; Lalander et al., 2015; Liu 
et al., 2008; Salomone et al., 2017). Some environmental 
microorganisms can synergistically contribute to the 
insects’ antimicrobial capacity (Xiao et al., 2018).

In these bio-conversion and biodegradation processes, the 
insects’ microbiome could play a decisive role in facilitating 
insect metabolism and immunity. It has been suggested that 
the manipulation of microbiota for mass-cultured insects 

could enhance insect rearing, by exploiting and enhancing 
microbiota-related antimicrobial strategies (De Smet et 
al., 2018). Manipulation could either focus on optimizing 
host-associated beneficial microbes, or on promoting the 
production of microbe-derived molecules that fortify their 
health and immunity. For this strategy to be exploited in 
mass rearing of BSF and HF, however, we would need more 
detailed information on the effect of the microbiome, or 
of particular microbiota, on the immune functioning of 
these insects.

5. Conclusion and future perspectives

When aiming to safeguard insect health under mass-
rearing conditions, we will need to develop a more in-
depth understanding of the functioning and diversity of 
the various components of the immune systems of the 
insects, as well as their specificity and regulation. Our 
basic understanding of the functioning of key immunity 
pathways in HF and BSF is limited. There is, for example, 
still substantial unclarity on the numbers of genes in the 
various AMP classes (Elhag et al., 2017; Qi et al., 2021; 
Sackton et al., 2017; Scott et al., 2014; Tang et al., 2014; 
Vogel et al., 2018; Zhan et al., 2020), illustrating that more 
functional research is needed to better understand the role 
of these genes in combatting infections. Importantly, the 
differences in gene family numbers between HF and BSF, 
as well as with other species, suggest possible differences 
in importance of these immune system components for 
different species. Moreover, research on Drosophila shows 
that there are important differences in immunity between 
larvae and adults (Lemaitre and Hoffmann, 2007; Tzou et 
al., 2000). Therefore, we need to characterise the induction 
of immune responses after various infections, in each of 
the different life stages, as well as their symptoms when 
diseased. This knowledge can then also be exploited for 
the design of diagnostic tools to monitor insect health and 
diseases in mass rearing systems.

Several environmental factors in a mass rearing can 
strengthen or impede health and immunity. Increased 
survival was found post-infection under relatively cool 
rearing conditions among several dipteran species, which 
may indicate enhanced immunity. In contrast, behavioural 
fever has been reported in HF to reduce fungal infections, 
which resulted in increased survival (Anderson et al., 
2013a,b). For animal production purposes, high rearing 
temperatures may be advantageous, as this speeds up 
developmental rate in the poikilotherm insects. However, 
it is important to note that thermal performance curves are 
usually asymmetric, declining sharply above the optimum 
temperature. In the case of an infection, adjusting the 
rearing temperature could be an intervention that may help 
to overcome the infection. This may involve an increase in 
temperature that may kill the pathogen and not the insect 
(Anderson et al., 2013b), or a decrease of temperature to 
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fortify insect immune responses (Bahrndorff et al., 2014). 
Other important factors in mass rearing are insect densities 
and diet composition. These factors have been well studied 
for effects on insect development and mortality (Barragan-
Fonseca et al., 2018), but the effects on insect immunity 
responses have received only limited attention. Both too 
high and too low larval densities may be detrimental for 
individual and group immunity, as well as for growth 
(Meunier, 2015; Trienens and Rohlfs, 2020; Wertheim et 
al., 2002). Furthermore, the multivarious effects of diet 
composition on immune function in Drosophila indicate 
a possible overlap between nutrient processing and 
inflammation pathways that are induced during pathogen 
encounters (Hemphill et al., 2018). Consequently, which diet 
composition will optimally boost immunity and resistance 
(Vogel et al., 2018), without inducing an inflammatory 
response? Thus, there is a clear need for more research 
into optimisation of larval density in relation to nutrient 
availability and the effects on immunity, especially for the 
insect species reared for feed, HF and BSF.

Safeguarding insect health is a vital activity for the new 
sector that produces insects for feed. This relates to insect 
welfare, insect quality as feed, economic robustness for 
insect producers as well as the total sector, and consumer 
acceptance (Saatkamp et al., in press). Insect health, the 
state of being free from disease or injury, is challenged 
when insects are exposed to harmful conditions. Assessing 
the activation of these immune responses provides a tool 
to assess the conditions that challenge insect health, even 
well before it leads to externally visible effects. In nature, 
larvae of many fly species feed in aggregations on decaying 
materials that are extensively colonised by microorganisms 
(Wertheim et al., 2005). Fly larvae seem to be quite resistant 
to diseases (Joosten et al., 2020). Yet, although this may be 
the case, it does not mean that this remains so under mass-
rearing conditions. Therefore, we need to understand how 
the insects resist pathogens and how we can assess early 
phases of pathogenic challenge. When we gather knowledge 
on how mass-rearing conditions may mitigate pathogenic 
challenge, we can prevent such events or combat them 
upon early signs of pathogenic infection.

Acknowledgements

This research has been supported by the Dutch Research 
Council (NWO; NWA programme, InsectFeed project, 
NWA.1160.18.144). We also thank two anonymous 
reviewers for their constructive comments on an earlier 
draft of the manuscript.

Conflict of interest

The authors declare no conflict of interest.

References

Agaisse, H. and Perrimon, N., 2004. The roles of JAK/STAT signaling 
in Drosophila immune responses. Immunological Reviews 198: 
72-82. https://doi.org/10.1111/j.0105-2896.2004.0133.x

Almire, F., Terry, S., McFarlane, M., Sziemel, A.M., Terhzaz, S., Varjak, 
M., McDonald, A., Kohl, A. and Pondeville, E., 2021. Sugar feeding 
enhances gut immunity and protects against arboviral infection in 
the mosquito vector Aedes aegypti. PLoS Pathogens 17(9): e1009870.

Anderson, R.D., Blanford, S., Jenkins, N.E. and Thomas, M.B., 2013a. 
Discriminating fever behavior in house flies. PLoS ONE 8: e62269.

Anderson, R.D., Blanford, S. and Thomas, M.B., 2013b. House flies 
delay fungal infection by fevering: at a cost. Ecological Entomology 
38: 1-10.

Andoh, M., Ueno, T. and Kawasaki, K., 2018. Tissue-dependent 
induction of antimicrobial peptide genes after body wall injury in 
house fly (Musca domestica) larvae. Drug Discoveries & Therapeutics 
12(6): 355-362. https://doi.org/10.5582/ddt.2018.01063.

Angilletta Jr, M.J., Huey, R.B. and Frazier, M.R., 2010. Thermodynamic 
effects on organismal performance: is hotter better? Physiological and 
Biochemical Zoology 83: 197-206. https://doi.org/10.1086/648567

Anonymous, 2019. Edible insects market by product type (whole 
insect, insect powder, insect meal), insect type (crickets, black 
soldier fly, mealworms), application (animal feed, protein bar and 
shakes, bakery, confectionery, beverages) – global forecast to 2030. 
Available at: https://tinyurl.com/2p99k4px

Ardia, D.R., Gantz, J.E. and Strebel, S., 2012. Costs of immunity in 
insects: an induced immune response increases metabolic rate and 
decreases antimicrobial activity. Functional Ecology 26: 732-739. 
https://doi.org/10.1111/j.1365-2435.2012.01989.x

Arrese, E.L. and Soulages, J.L., 2010. Insect fat body: energy, 
metabolism, and regulation. Annual Review of Entomology 55: 
207-225. https://doi.org/10.1146/annurev-ento-112408-085356

Ayres, J.S. and Schneider, D.S., 2009. The role of anorexia in resistance 
and tolerance to infections in Drosophila. PLoS Biology 7: e1000150.

Bae, Y.S., Choi, M.K. and Lee, W.-J., 2010. Dual oxidase in mucosal 
immunity and host – microbe homeostasis. Trends in Immunology 
31: 278-287. https://doi.org/10.1016/j.it.2010.05.003

Bahrndorff, S., De Jonge, N., Skovgård, H. and Nielsen, J.L., 2017. 
Bacterial communities associated with houseflies (Musca domestica 
L.) sampled within and between farms. PLoS ONE 12: e0169753.

Bahrndorff, S., Gill, C., Lowenberger, C., Skovgard, H. and Hald, 
B., 2014. The effects of temperature and innate immunity on 
transmission of Campylobacter jejuni (Campylobacterales: 
Campylobacteraceae) between life stages of Musca domestica 
(Diptera: Muscidae). Journal of Medical Entomology 51: 670-677. 
https://doi.org/10.1603/me13220

Bang, I.S., 2019. JAK/STAT signaling in insect innate immunity. 
Entomological Research 49: 339-353.

Barillas-Mury, C., Han, Y.-S., Seeley, D. and Kafatos, F.C., 1999. 
Anopheles gambiae Ag-STAT, a new insect member of the STAT 
family, is activated in response to bacterial infection. The EMBO 
Journal 18: 959-967. https://doi.org/10.1093/emboj/18.4.959

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/J
IF

F2
02

1.
01

51
 -

 F
ri

da
y,

 S
ep

te
m

be
r 

30
, 2

02
2 

7:
46

:4
3 

A
M

 -
 I

P 
A

dd
re

ss
:7

7.
25

1.
19

9.
32

 

https://doi.org/10.1111/j.0105-2896.2004.0133.x
https://doi.org/10.5582/ddt.2018.01063
https://doi.org/10.1086/648567
https://tinyurl.com/2p99k4px
https://doi.org/10.1111/j.1365-2435.2012.01989.x
https://doi.org/10.1146/annurev-ento-112408-085356
https://doi.org/10.1016/j.it.2010.05.003
https://doi.org/10.1603/me13220
https://doi.org/10.1093/emboj/18.4.959


� Health, immunity and microbiome of BSF and HF

Journal of Insects as Food and Feed 8(8)� 871

Barragan-Fonseca, K.B., Dicke, M. and Van Loon, J.J.A., 2018. Influence 
of larval density and dietary nutrient concentration on performance, 
body protein, and fat contents of black soldier fly larvae (Hermetia 
illucens). Entomologia Experimentalis et Applicata 166: 761-770. 
https://doi.org/10.1111/eea.12716

Bischoff, V., Vignal, C., Duvic, B., Boneca, I.G., Hoffmann, J.A. 
and Royet, J., 2006. Downregulation of the Drosophila immune 
response by peptidoglycan-recognition proteins SC1 and SC2. 
PLoS Pathogens 2: e14.

Blum, J.E., Fischer, C.N., Miles, J. and Handelsman, J., 2013. Frequent 
replenishment sustains the beneficial microbiome of Drosophila 
melanogaster. MBio 4. https://doi.org/10.1128/mBio.00860-13

Boman, H.G., Nilsson-Faye, I., Paul, K. and Rasmuson Jr, T., 1974. Insect 
immunity. I. Characteristics of an inducible cell-free antibacterial 
reaction in hemolymph of Samia cynthia pupae. Infection and 
Immunity 10: 136-145.

Boman, H.G., Nilsson, I. and Rasmuson, B., 1972. Inducible 
antibacterial defence system in Drosophila. Nature 237: 232-235. 
https://doi.org/10.1038/237232a0

Bonelli, M., Bruno, D., Caccia, S., Sgambetterra, G., Cappellozza, 
S., Jucker, C., Tettamanti, G. and Casartelli, M., 2019. Structural 
and functional characterization of Hermetia illucens larval 
midgut. Frontiers in Physiology 10: 204. https://doi.org/10.3389/
fphys.2019.00204

Borowska, J. and Pyza, E., 2011. Effects of heavy metals on insect 
immunocompetent cells. Journal of Insect Physiology 57: 760-770. 
https://doi.org/10.1016/j.jinsphys.2011.02.012

Bruno, D., Bonelli, M., De Filippis, F., Di Lelio, I., Tettamanti, G., 
Casartelli, M., Ercolini, D. and Caccia, S., 2019. The intestinal 
microbiota of Hermetia illucens larvae is affected by diet and shows 
a diverse composition in the different midgut regions. Applied and 
Environmental Microbiology 85: e01864-01818.

Buchon, N., Broderick, N.A., Chakrabarti, S. and Lemaitre, B., 
2009. Invasive and indigenous microbiota impact intestinal stem 
cell activity through multiple pathways in Drosophila. Genes & 
Development 23: 2333-2344.

Buchon, N., Silverman, N. and Cherry, S., 2014. Immunity in Drosophila 
melanogaster – from microbial recognition to whole-organism 
physiology. Nature Reviews Immunology 14: 796-810.

Burger, J.M., Hwangbo, D.S., Corby-Harris, V. and Promislow, D.E., 
2007. The functional costs and benefits of dietary restriction in 
Drosophila. Aging Cell 6: 63-71. https://doi.org/10.1111/j.1474-
9726.2006.00261.x

Cattenoz, P.B., Monticelli, S., Pavlidaki, A. and Giangrande, A., 2021. 
Toward a consensus in the repertoire of hemocytes identified in 
Drosophila. Frontiers in Cell and Developmental Biology 9: 14. 
https://doi.org/10.3389/fcell.2021.643712

Chambers, M.C. and Schneider, D.S., 2012. Pioneering immunology: 
insect style. Current Opinion in Immunology 24: 10-14. https://doi.
org/10.1016/j.coi.2011.11.003

Chandler, J., Lang, J., Bhatnagar, S., Eisen, J.A. and Kopp, A., 2011. 
Bacterial communities of diverse Drosophila species: ecological 
context of a host-microbe model system. PLoS Genetic 7(9): 
e1002272. https://doi.org/10.1371/journal.pgen.1002272

Chaplinska, M., Gerritsma, S., Dini-Andreote, F., Falcao Salles, J. 
and Wertheim, B., 2016. Bacterial communities differ among 
Drosophila melanogaster populations and affect host resistance 
against parasitoids. PLoS ONE 11: e0167726.

Chia, S.Y., Tanga, C.M., Khamis, F.M., Mohamed, S.A., Salifu, D., 
Sevgan, S., Fiaboe, K.K., Niassy, S., Van Loon, J.J. and Dicke, M., 
2018a. Threshold temperatures and thermal requirements of black 
soldier fly Hermetia illucens: implications for mass production. 
PLoS ONE 13: e0206097.

Chia, S.Y., Tanga, C.M., Osuga, I.M., Mohamed, S.A., Khamis, F.M., 
Salifu, D., Sevgan, S., Fiaboe, K.K.M., Niassy, S., Van Loon, J.J.A., 
Dicke, M. and Ekesi, S., 2018b. Effects of waste stream combinations 
from brewing industry on performance of black soldier fly, Hermetia 
illucens (Diptera: Stratiomyidae). Peer J 6: e5885. https://doi.
org/10.7717/peerj.5885

Cirimotich, C.M., Dong, Y., Clayton, A.M., Sandiford, S.L., Souza-Neto, 
J.A., Mulenga, M. and Dimopoulos, G., 2011. Natural microbe-
mediated refractoriness to Plasmodium infection in Anopheles 
gambiae. Science 332: 855-858.

Clemmons, A.W., Lindsay, S.A. and Wasserman, S.A., 2015. An effector 
peptide family required for Drosophila toll-mediated immunity. 
PLoS Pathogens 11: e1004876.

Contreras-Garduño, J., Lanz-Mendoza, H., Franco, B., Nava, 
A., Pedraza-Reyes, M. and Canales-Lazcano, J., 2016. Insect 
immune priming: ecology and experimental evidences. Ecological 
Entomology 41: 351-366. https://doi.org/10.1111/een.12300

Cooper, D. and Eleftherianos, I., 2017. Memory and specificity 
in the insect immune system: current perspectives and future 
challenges. Frontiers in Immunology 8: 539. https://doi.org/10.3389/
fimmu.2017.00539

Daffre, S., Kylsten, P., Samakovlis, C. and Hultmark, D., 1994. The 
lysozyme locus in Drosophila melanogaster: an expanded gene 
family adapted for expression in the digestive tract. Molecular and 
General Genetics MGG 242: 152-162.

De Smet, J., Wynants, E., Cos, P. and Van Campenhout, L., 2018. 
Microbial community dynamics during rearing of black soldier 
fly larvae (Hermetia illucens) and impact on exploitation potential. 
Applied and Environmental Microbiology 84(9). https://doi.
org/10.1128/AEM.02722-17

Dhinaut, J., Chogne, M. and Moret, Y., 2018. Immune priming 
specificity within and across generations reveals the range of 
pathogens affecting evolution of immunity in an insect. Journal 
of Animal Ecology 87: 448-463. https://doi.org/10.1111/1365-
2656.12661

Dicke, M., 2017. Ecosystem services of insects. In: Van Huis, A. and 
Tomberlin, J.K. (eds.) Insects as food and feed: from production 
to consumption. Wageningen Academic Publishers, Wageningen, 
the Netherlands, pp. 61-76.

Dicke, M., 2018. Insects as feed and the sustainable development 
goals. Journal of Insects as Food and Feed 4: 147-156. https://doi.
org/10.3920/JIFF2018.0003

Diener, S., Zurbrügg, C. and Tockner, K., 2009. Conversion of organic 
material by black soldier fly larvae: establishing optimal feeding 
rates. Waste Management & Research 27: 603-610.

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/J
IF

F2
02

1.
01

51
 -

 F
ri

da
y,

 S
ep

te
m

be
r 

30
, 2

02
2 

7:
46

:4
3 

A
M

 -
 I

P 
A

dd
re

ss
:7

7.
25

1.
19

9.
32

 

https://doi.org/10.1111/eea.12716
https://doi.org/10.1128/mBio.00860-13
https://doi.org/10.1038/237232a0
https://doi.org/10.3389/fphys.2019.00204
https://doi.org/10.3389/fphys.2019.00204
https://doi.org/10.1016/j.jinsphys.2011.02.012
https://doi.org/10.1111/j.1474-9726.2006.00261.x
https://doi.org/10.1111/j.1474-9726.2006.00261.x
https://doi.org/10.3389/fcell.2021.643712
https://doi.org/10.1016/j.coi.2011.11.003
https://doi.org/10.1016/j.coi.2011.11.003
https://doi.org/10.1371/journal.pgen.1002272
https://doi.org/10.7717/peerj.5885
https://doi.org/10.7717/peerj.5885
https://doi.org/10.1111/een.12300
https://doi.org/10.3389/fimmu.2017.00539
https://doi.org/10.3389/fimmu.2017.00539
https://doi.org/10.1128/AEM.02722-17
https://doi.org/10.1128/AEM.02722-17
https://doi.org/10.1111/1365-2656.12661
https://doi.org/10.1111/1365-2656.12661
https://doi.org/10.3920/JIFF2018.0003
https://doi.org/10.3920/JIFF2018.0003


M. Vogel et al.

872� Journal of Insects as Food and Feed 8(8)

Dong, Y., Taylor, H.E. and Dimopoulos, G., 2006. AgDscam, a 
hypervariable immunoglobulin domain-containing receptor of 
the Anopheles gambiae innate immune system. PLoS Biology 4: 
e229. https://doi.org/10.1371/journal.pbio.0040229

Dostert, C., Jouanguy, E., Irving, P., Troxler, L., Galiana-Arnoux, D., 
Hetru, C., Hoffmann, J.A. and Imler, J.-L., 2005. The Jak-STAT 
signaling pathway is required but not sufficient for the antiviral 
response of Drosophila. Nature Immunology 6: 946-953.

Douglas, A.E., 2015. Multiorganismal insects: diversity and function 
of resident microorganisms. Annual Review of Entomology 60: 17.

Elhag, O., Zhou, D., Song, Q., Soomro, A.A., Cai, M., Zheng, L., Yu, 
Z. and Zhang, J., 2017. Screening, expression, purification and 
functional characterization of novel antimicrobial peptide genes 
from Hermetia illucens (L.). PLoS ONE 12: e0169582. https://doi.
org/10.1371/journal.pone.0169582

Engel, P. and Moran, N.A., 2013. The gut microbiota of insects – 
diversity in structure and function. FEMS Microbiology Reviews 
37: 699-735.

Erickson, M.C., Islam, M., Sheppard, C., Liao, J. and Doyle, M.P., 
2004. Reduction of Escherichia coli O157:H7 and Salmonella 
enterica serovar enteritidis in chicken manure by larvae of the 
black soldier fly. Journal of Food Protection 67: 685-690. https://
doi.org/10.4315/0362-028x-67.4.685

Fallon, J.P., Troy, N. and Kavanagh, K., 2011. Pre-exposure of Galleria 
mellonella larvae to different doses of Aspergillus fumigatus 
conidia causes differential activation of cellular and humoral 
immune responses. Virulence 2: 413-421. https://doi.org/10.4161/
viru.2.5.17811

Faye, I. and Lindberg, B.G., 2016. Towards a paradigm shift in innate 
immunity – seminal work by Hans G. Boman and co-workers. 
Philosophical Transactions of the Royal Society B: Biological 
Sciences 371: 20150303.

Faye, I., Pye, A., Rasmuson, T., Boman, H.G. and Boman, I.A., 1975. 
Insect immunity II. Simultaneous induction of antibacterial activity 
and selection synthesis of some hemolymph proteins in diapausing 
pupae of Hyalophora cecropia and Samia cynthia. Infection and 
Immunity 12: 1426-1438.

Fedorka, K.M., Kutch, I.C., Collins, L. and Musto, E., 2016. Cold 
temperature preference in bacterially infected Drosophila 
melanogaster improves survival but is remarkably suboptimal. 
Journal of Insect Physiology 93: 36-41.

Fedorka, K.M., Lee, V. and Winterhalter, W.E., 2012. Thermal 
environment shapes cuticle melanism and melanin-based immunity 
in the ground cricket Allonemobius socius. Evolutionary Ecology 
27: 521-531. https://doi.org/10.1007/s10682-012-9620-0

Fellous, S. and Lazzaro, B.P., 2010. Larval food quality affects adult 
(but not larval) immune gene expression independent of effects on 
general condition. Molecular Ecology 19: 1462-1468. https://doi.
org/10.1111/j.1365-294X.2010.04567.x

Fitches, E.C., Dickinson, M., De Marzo, D., Wakefield, M.E., Charlton, 
A.C. and Hall, H., 2019. Alternative protein production for animal 
feed: Musca domestica productivity on poultry litter and nutritional 
quality of processed larval meals. Journal of Insects as Food and 
Feed 5: 77-88. https://doi.org/10.3920/JIFF2017.0061

Franz, A., Wood, W. and Martin, P., 2018. Fat body cells are motile and 
actively migrate to wounds to drive repair and prevent infection. 
Developmental Cell 44: 460-470. https://doi.org/10.1016/j.
devcel.2018.01.026

Freitak, D., Schmidtberg, H., Dickel, F., Lochnit, G., Vogel, H. and 
Vilcinskas, A., 2014. The maternal transfer of bacteria can mediate 
trans-generational immune priming in insects. Virulence 5: 547-554. 
https://doi.org/10.4161/viru.28367

Fu, P., Wu, J.W. and Guo, G., 2009. Purification and molecular 
identification of an antifungal peptide from the hemolymph of 
Musca domestica (housefly). Cellular & Molecular Immunology 
6: 245-251. https://doi.org/10.1038/cmi.2009.33

Fu, Y., Huang, X., Zhang, P., Van de Leemput, J. and Han, Z., 2020. 
Single-cell RNA sequencing identifies novel cell types in Drosophila 
blood. Journal of Genetics and Genomics 47: 175-186. https://doi.
org/10.1016/j.jgg.2020.02.004

Fujikawa, K., Takahashi, A., Nishimura, A., Itoh, M., Takano-Shimizu, 
T. and Ozaki, M., 2009. Characteristics of genes up-regulated and 
down-regulated after 24 h starvation in the head of Drosophila. Gene 
446: 11-17. https://doi.org/10.1016/j.gene.2009.06.017

Gill, C., Bahrndorff, S. and Lowenberger, C., 2017. Campylobacter jejuni 
in Musca domestica: an examination of survival and transmission 
potential in light of the innate immune responses of the house flies. 
Insect Science 24: 584-598. https://doi.org/10.1111/1744-7917.12353

Gold, M., Tomberlin, J.K., Diener, S., Zurbrugg, C. and Mathys, 
A., 2018. Decomposition of biowaste macronutrients, microbes, 
and chemicals in black soldier fly larval treatment: a review. 
Waste Management 82: 302-318. https://doi.org/10.1016/j.
wasman.2018.10.022

González-Santoyo, I. and Córdoba-Aguilar, A., 2012. Phenoloxidase: 
a key component of the insect immune system. Entomologia 
Experimentalis et Applicata 142: 1-16.

Gottar, M., Gobert, V., Matskevich, A.A., Reichhart, J.M., Wang, C., 
Butt, T.M., Belvin, M., Hoffmann, J.A. and Ferrandon, D., 2006. 
Dual detection of fungal infections in Drosophila via recognition 
of glucans and sensing of virulence factors. Cell 127: 1425-1437. 
https://doi.org/10.1016/j.cell.2006.10.046

Graham-Smith, G.S., 1910. Observations on the ways in which 
artificially infected flies (Musca domestica) carry and distribute 
pathogenic and other bacteria. In:Reports to the Local 
Government Board on public health and medical subjects, new 
series; no. 40. Available at: https://catalogue.wellcomelibrary.org/
record=b2829902~S8.

Greenberg, B., 1968. Micro-potentiometric pH determinations of 
muscoid maggot digestive tracts. Annals of the Entomological 
Society of America 61: 365-368.

Greenberg, B., Kowalski, J.A. and Klowden, M.J., 1970. Factors 
affecting the transmission of Salmonella by flies: natural resistance 
to colonization and bacterial interference. Infection and Immunity 
2: 800-809.

Grübel, P., Hoffman, J.S., Chong, F.K., Burstein, N.A., MePani, C. and 
Cave, D.R., 1997. Vector potential of houseflies (Musca domestica) 
for Helicobacter pylori. Journal of Clinical Microbiology 35: 1300-
1303.

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/J
IF

F2
02

1.
01

51
 -

 F
ri

da
y,

 S
ep

te
m

be
r 

30
, 2

02
2 

7:
46

:4
3 

A
M

 -
 I

P 
A

dd
re

ss
:7

7.
25

1.
19

9.
32

 

https://doi.org/10.1371/journal.pbio.0040229
https://doi.org/10.1371/journal.pone.0169582
https://doi.org/10.1371/journal.pone.0169582
https://doi.org/10.4315/0362-028x-67.4.685
https://doi.org/10.4315/0362-028x-67.4.685
https://doi.org/10.4161/viru.2.5.17811
https://doi.org/10.4161/viru.2.5.17811
https://doi.org/10.1007/s10682-012-9620-0
https://doi.org/10.1111/j.1365-294X.2010.04567.x
https://doi.org/10.1111/j.1365-294X.2010.04567.x
https://doi.org/10.3920/JIFF2017.0061
https://doi.org/10.1016/j.devcel.2018.01.026
https://doi.org/10.1016/j.devcel.2018.01.026
https://doi.org/10.4161/viru.28367
https://doi.org/10.1038/cmi.2009.33
https://doi.org/10.1016/j.jgg.2020.02.004
https://doi.org/10.1016/j.jgg.2020.02.004
https://doi.org/10.1016/j.gene.2009.06.017
https://doi.org/10.1111/1744-7917.12353
https://doi.org/10.1016/j.wasman.2018.10.022
https://doi.org/10.1016/j.wasman.2018.10.022
https://doi.org/10.1016/j.cell.2006.10.046
https://catalogue.wellcomelibrary.org/record=b2829902~S8
https://catalogue.wellcomelibrary.org/record=b2829902~S8


� Health, immunity and microbiome of BSF and HF

Journal of Insects as Food and Feed 8(8)� 873

Guo, G., Tao, R., Li, Y., Ma, H., Xiu, J., Fu, P. and Wu, J., 2017. 
Identification and characterization of a novel antimicrobial protein 
from the housefly Musca domestica. Biochemical and Biophysical 
Research Communications 490: 746-752. https://doi.org/10.1016/j.
bbrc.2017.06.112

Gupta, A.K., Nayduch, D., Verma, P., Shah, B., Ghate, H.V., Patole, M.S. 
and Shouche, Y.S., 2012. Phylogenetic characterization of bacteria 
in the gut of house flies (Musca domestica L.). FEMS Microbiology 
Ecology 79: 581-593.

Ha, E.-M., Lee, K.-A., Seo, Y.Y., Kim, S.-H., Lim, J.-H., Oh, B.-H., Kim, 
J. and Lee, W.-J., 2009. Coordination of multiple dual oxidase–
regulatory pathways in responses to commensal and infectious 
microbes in Drosophila gut. Nature Immunology 10: 949-957. 
https://doi.org/10.1038/ni.1765

Ha, E.-M., Oh, C.-T., Bae, Y.S. and Lee, W.-J., 2005. A direct role for 
dual oxidase in Drosophila gut immunity. Science 310: 847-850. 
https://doi.org/10.1126/science.1117311

Hemphill, W., Rivera, O. and Talbert, M., 2018. RNA-sequencing 
of Drosophila melanogaster head tissue on high-sugar and high-
fat diets. G3: Genes, Genomes, Genetics 8: 279-290. https://doi.
org/10.1534/g3.117.300397

Henry, Y., Tarapacki, P. and Colinet, H., 2020. Larval density affects 
phenotype and surrounding bacterial community without altering 
gut microbiota in Drosophila melanogaster. FEMS Microbiology 
Ecology 96(4): fiaa055. https://doi.org/10.1093/femsec/fiaa055

Hernández-Martínez, P., Naseri, B., Navarro-Cerrillo, G., Escriche, B., 
Ferré, J. and Herrero, S., 2010. Increase in midgut microbiota load 
induces an apparent immune priming and increases tolerance to 
Bacillus thuringiensis. Environmental Microbiology 12: 2730-2737.

Hillyer, J.F., 2016. Insect immunology and hematopoiesis. 
Developmental & Comparative Immunology 58: 102-118. https://
doi.org/10.1016/j.dci.2015.12.006

Hoffmann, J.A., 1995. Innate immunity of insects. Current Opinion 
in Immunology 7: 4-10.

Horváth, B. and Kalinka, A.T., 2016. Effects of larval crowding 
on quantitative variation for development time and viability in 
Drosophila melanogaster. Ecology and Evolution 6: 8460-8473.

Huang, Y., Yu, Y., Zhan, S., Tomberlin, J.K., Huang, D., Cai, M., Zheng, 
L., Yu, Z. and Zhang, J., 2020. Dual oxidase duox and toll-like 
receptor 3 TLR3 in the toll pathway suppress zoonotic pathogens 
through regulating the intestinal bacterial community homeostasis 
in Hermetia illucens L. PLoS ONE 15: e0225873. https://doi.
org/10.1371/journal.pone.0225873

Hudson, A.L., Moatt, J.P. and Vale, P.F., 2020. Terminal investment 
strategies following infection are dependent on diet. Journal of 
Evolutionary Biology 33: 309-317. https://doi.org/10.1111/jeb.13566

Hunt, V.L., Zhong, W., McClure, C.D., Mlynski, D.T., Duxbury, 
E.M., Keith Charnley, A. and Priest, N.K., 2016. Cold-seeking 
behaviour mitigates reproductive losses from fungal infection in 
Drosophila. Journal of Animal Ecology 85: 178-186. https://doi.
org/10.1111/1365-2656.12438

Hussein, M., Pillai, V.V., Goddard, J.M., Park, H.G., Kothapalli, K.S., 
Ross, D.A., Ketterings, Q.M., Brenna, J.T., Milstein, M.B. and 
Marquis, H., 2017. Sustainable production of housefly (Musca 
domestica) larvae as a protein-rich feed ingredient by utilizing 
cattle manure. PLoS ONE 12: e0171708.

Hwang, B., Hwang, J.S., Lee, J. and Lee, D.G., 2010a. Antifungal 
properties and mode of action of psacotheasin, a novel knottin-
type peptide derived from Psacothea hilaris. Biochemical and 
Biophysical Research Communications 400: 352-357. https://doi.
org/10.1016/j.bbrc.2010.08.063

Hwang, J.S., Lee, J., Hwang, B., Nam, S.H., Yun, E.Y., Kim, S.R. and 
Lee, D.G., 2010b. isolation and charaterization of psacotheasin, a 
novel knottin-type antimicrobial peptide, from Psacothea hilaris. 
Journal of Microbiology and Biotechnology 20(4): 708-711. https://
doi.org/10.4014/jmb.1002.02003

Jaenike, J., Unckless, R., Cockburn, S.N., Boelio, L.M. and Perlman, 
S.J., 2010. Adaptation via symbiosis: recent spread of a Drosophila 
defensive symbiont. Science 329: 212-215.

Jeon, H., Park, S., Choi, J., Jeong, G., Lee, S.-B., Choi, Y. and Lee, S.-J., 
2011. The intestinal bacterial community in the food waste-reducing 
larvae of Hermetia illucens. Current Microbiology 62: 1390-1399.

Jiang, C.L., Jin, W.Z., Tao, X.H., Zhang, Q., Zhu, J., Feng, S.Y., Xu, 
X.H., Li, H.Y., Wang, Z.H. and Zhang, Z.J., 2019. Black soldier fly 
larvae (Hermetia illucens) strengthen the metabolic function of food 
waste biodegradation by gut microbiome. Microbial Biotechnology 
12: 528-543.

Johnston, P.R., Makarova, O. and Rolff, J., 2014. Inducible defenses stay 
up late: temporal patterns of immune gene expression in Tenebrio 
molitor. G3: Genes, Genomes, Genetics 4: 947-955.

Joosten, L., Lecocq, A., Jensen, A.B., Haenen, O., Schmitt, E. and 
Eilenberg, J., 2020. Review of insect pathogen risks for the black 
soldier fly (Hermetia illucens) and guidelines for reliable production. 
Entomologia Experimentalis et Applicata 168: 432-447.

Kallio, J., Leinonen, A., Ulvila, J., Valanne, S., Ezekowitz, R.A. and 
Rämet, M., 2005. Functional analysis of immune response genes in 
Drosophila identifies JNK pathway as a regulator of antimicrobial 
peptide gene expression in S2 cells. Microbes and Infection 7: 811-
819. https://doi.org/10.1016/j.micinf.2005.03.014

Kapahi, P., Kaeberlein, M. and Hansen, M., 2017. Dietary restriction 
and lifespan: lessons from invertebrate models. Ageing Research 
Reviews 39: 3-14. https://doi.org/10.1016/j.arr.2016.12.005

Kariithi, H.M., Yao, X., Yu, F., Teal, P.E., Verhoeven, C.P. and Boucias, 
D.G., 2017. Responses of the housefly, Musca domestica, to the 
hytrosavirus replication: impacts on host’s vitellogenesis and 
immunity. Frontiers in Microbiology 8: 583. https://doi.org/10.3389/
fmicb.2017.00583

Katewa, S.D. and Kapahi, P., 2011. Role of TOR signaling in aging 
and related biological processes in Drosophila melanogaster. 
Experimental Gerontology 46: 382-390. https://doi.org/10.1016/j.
exger.2010.11.036

Kim, C.H. and Muturi, E.J., 2013. Effect of larval density and Sindbis 
virus infection on immune responses in Aedes aegypti. Journal 
of Insect Physiology 59: 604-610. https://doi.org/10.1016/j.
jinsphys.2013.03.010

Kingsolver, M.B., Huang, Z. and Hardy, R.W., 2013. Insect antiviral 
innate immunity: pathways, effectors, and connections. Journal of 
Molecular Biology 425: 4921-4936.

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/J
IF

F2
02

1.
01

51
 -

 F
ri

da
y,

 S
ep

te
m

be
r 

30
, 2

02
2 

7:
46

:4
3 

A
M

 -
 I

P 
A

dd
re

ss
:7

7.
25

1.
19

9.
32

 

https://doi.org/10.1016/j.bbrc.2017.06.112
https://doi.org/10.1016/j.bbrc.2017.06.112
https://doi.org/10.1038/ni.1765
https://doi.org/10.1126/science.1117311
https://doi.org/10.1534/g3.117.300397
https://doi.org/10.1534/g3.117.300397
https://doi.org/10.1093/femsec/fiaa055
https://doi.org/10.1016/j.dci.2015.12.006
https://doi.org/10.1016/j.dci.2015.12.006
https://doi.org/10.1371/journal.pone.0225873
https://doi.org/10.1371/journal.pone.0225873
https://doi.org/10.1111/jeb.13566
https://doi.org/10.1111/1365-2656.12438
https://doi.org/10.1111/1365-2656.12438
https://doi.org/10.1016/j.bbrc.2010.08.063
https://doi.org/10.1016/j.bbrc.2010.08.063
https://doi.org/10.4014/jmb.1002.02003
https://doi.org/10.4014/jmb.1002.02003
https://doi.org/10.1016/j.micinf.2005.03.014
https://doi.org/10.1016/j.arr.2016.12.005
https://doi.org/10.3389/fmicb.2017.00583
https://doi.org/10.3389/fmicb.2017.00583
https://doi.org/10.1016/j.exger.2010.11.036
https://doi.org/10.1016/j.exger.2010.11.036
https://doi.org/10.1016/j.jinsphys.2013.03.010
https://doi.org/10.1016/j.jinsphys.2013.03.010


M. Vogel et al.

874� Journal of Insects as Food and Feed 8(8)

Klammsteiner, T., Walter, A., Bogataj, T., Heussler, C.D., Stres, B., 
Steiner, F.M., Schlick-Steiner, B.C., Arthofer, W. and Insam, H., 2020. 
The core gut microbiome of black soldier fly (Hermetia illucens) 
larvae raised on low-bioburden diets. Frontiers in Microbiology 
11: 993.

Knorr, E., Schmidtberg, H., Arslan, D., Bingsohn, L. and Vilcinskas, 
A., 2015. Translocation of bacteria from the gut to the eggs 
triggers maternal transgenerational immune priming in Tribolium 
castaneum. Biology Letters 11: 20150885. https://doi.org/10.1098/
rsbl.2015.0885

Kounatidis, I. and Ligoxygakis, P., 2012. Drosophila as a model system 
to unravel the layers of innate immunity to infection. Open Biology 
2: 120075. https://doi.org/10.1098/rsob.120075

Krautz, R., Arefin, B. and Theopold, U., 2014. Damage signals in the 
insect immune response. Frontiers in Plant Science 5: 342.

Kurtz, J. and Armitage, S.A.O., 2006. Alternative adaptive immunity 
in invertebrates. Trends in Immunology 27: 493-496. https://doi.
org/10.1016/j.it.2006.09.001

Kurtz, J. and Franz, K., 2003. Evidence for memory in invertebrate 
immunity. Nature 425: 37-38. https://doi.org/10.1038/425037a

Kurucz, É., Márkus, R., Zsámboki, J., Folkl-Medzihradszky, K., 
Darula, Z., Vilmos, P., Udvardy, A., Krausz, I., Lukacsovich, T., 
Gateff, E., Zettervall, C.-J., Hultmark, D. and Andó, I., 2007. 
Nimrod, a putative phagocytosis receptor with EGF repeats in 
Drosophila plasmatocytes. Current Biology 17: 649-654. https://
doi.org/10.1016/j.cub.2007.02.041

Kutch, I.C., Sevgili, H., Wittman, T. and Fedorka, K.M., 2014. 
Thermoregulatory strategy may shape immune investment in 
Drosophila melanogaster. Journal of Experimental Biology 217: 
3664-3669. https://doi.org/10.1242/jeb.106294

Lalander, C.H., Fidjeland, J., Diener, S., Eriksson, S. and Vinnerås, B., 
2015. High waste-to-biomass conversion and efficient Salmonella 
spp. reduction using black soldier fly for waste recycling. Agronomy 
for Sustainable Development 35: 261-271.

Lanot, R., Zachary, D., Holder, F. and Meister, M., 2001. Postembryonic 
hematopoiesis in Drosophila. Developmental Biology 230: 243-257. 
https://doi.org/10.1006/dbio.2000.0123

Lavine, M.D. and Strand, M.R., 2002. Insect hemocytes and their 
role in immunity. Insect Biochemistry and Molecular Biology 32: 
1295-1309.

Lazzaro, B.P., 2008. Natural selection on the Drosophila antimicrobial 
immune system. Current Opinion in Microbiology 11: 284-289.

Lee, J.E., Rayyan, M., Liao, A., Edery, I. and Pletcher, S.D., 2017. Acute 
dietary restriction acts via TOR, PP2A, and Myc Signaling to boost 
innate immunity in Drosophila. Cell Reports 20: 479-490. https://
doi.org/10.1016/j.celrep.2017.06.052

Lee, K.-A. and Lee, W.-J., 2018. Immune-metabolic interactions during 
systemic and enteric infection in Drosophila. Current Opinion in 
Insect Science 29: 21-26. https://doi.org/10.1016/j.cois.2018.05.014

Lehane, M.J., 1997. Peritrophic matrix structure and function. Annual 
Review of Entomology 42: 525-550. https://doi.org/10.1146/annurev.
ento.42.1.525

Leitao, A.B. and Sucena, E., 2015. Drosophila sessile hemocyte 
clusters are true hematopoietic tissues that regulate larval blood cell 
differentiation. Elife 4: e06166. https://doi.org/10.7554/eLife.06166

Lemaitre, B. and Hoffmann, J., 2007. The host defense of Drosophila 
melanogaster. Annual Review of Immunology 25: 697-743.

Lemaitre, B., Nicolas, E., Michaut, L., Reichhart, J.-M. and Hoffmann, 
J.A., 1996. The dorsoventral regulatory gene cassette spätzle/Toll/
cactus controls the potent antifungal response in Drosophila adults. 
Cell 86: 973-983. https://doi.org/10.1016/s0092-8674(00)80172-5

Lemaitre, B., Reichhart, J.-M. and Hoffmann, J.A., 1997. 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 
94: 14614-14619.

Li, D., Wan, Z.C., Li, X.J., Duan, M., Yang, L., Ruan, Z.C., Wang, Q. and 
Li, W.W., 2019. Alternatively spliced down syndrome cell adhesion 
molecule (Dscam) controls innate immunity in crab. Journal of 
Biological Chemistry 294: 16440-16450. https://doi.org/10.1074/
jbc.RA119.010247

Lindsay, S.A., Lin, S.J. and Wasserman, S.A., 2018. Short-form 
bomanins mediate humoral immunity in Drosophila. Journal of 
Innate Immunity 10: 306-314.

Liu, Q., Tomberlin, J.K., Brady, J.A., Sanford, M.R. and Yu, Z., 2008. 
Black soldier fly (Diptera: Stratiomyidae) larvae reduce Escherichia 
coli in dairy manure. Environmental Entomology 37: 1525-1530.

Maciel-Vergara, G., Jensen, A.B., Lecocq, A. and Eilenberg, J., 2021. 
Diseases in edible insect rearing systems. Journal of Insects as 
Food and Feed 7: 621-638. https://doi.org/10.3920/JIFF2021.0024

Márkus, R., Laurinyecz, B., Kurucz, É., Honti, V., Bajusz, I., Sipos, 
B., Somogyi, K., Kronhamn, J., Hultmark, D. and Andó, I., 2009. 
Sessile hemocytes as a hematopoietic compartment in Drosophila 
melanogaster. Proceedings of the National Academy of Sciences of 
the USA 106: 4805-4809. https://doi.org/10.1073/pnas.0801766106

Merzendorfer, H., Kelkenberg, M. and Muthukrishnan, S., 2016. 
Peritrophic matrices. In: Cohen, E. and Moussian, B. (eds.) 
Extracellular composite matrices in arthropods. Springer, Cham, 
Switzerland, pp. 255-324.

Meunier, J., 2015. Social immunity and the evolution of group living in 
insects. Philosophical Transactions of the Royal Society B: Biological 
Sciences 370: 20140102. https://doi.org/10.1098/rstb.2014.0102

Miller, M.M., Popova, L.B., Meleshkevitch, E.A., Tran, P.V. and Boudko, 
D.Y., 2008. The invertebrate B0 system transporter, D. melanogaster 
NAT1, has unique D-amino acid affinity and mediates gut and brain 
functions. Insect Biochemistry and Molecular Biology 38: 923-931.

Miranda, C.D., Cammack, J.A. and Tomberlin, J.K., 2019. Life-history 
traits of the black soldier fly, Hermetia illucens (L.) (Diptera: 
Stratiomyidae), reared on three manure types. Animals 9: 281.

Mondotte, J.A., Gausson, V., Frangeul, L., Suzuki, Y., Vazeille, M., 
Mongelli, V., Blanc, H., Failloux, A.-B. and Saleh, M.-C., 2020. 
Evidence for long-lasting transgenerational antiviral immunity in 
insects. Cell Reports 33: 108506.

Moret, Y., 2006. Trans-generational immune priming: specific 
enhancement of the antimicrobial immune response in the 
mealworm beetle, Tenebrio molitor. Proceedings of the Royal Society 
B: Biological Sciences 273: 1399-1405.

Moret, Y. and Moreau, J., 2012. The immune role of the arthropod 
exoskeleton. Invertebrate Survival Journal 9: 200-206.

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/J
IF

F2
02

1.
01

51
 -

 F
ri

da
y,

 S
ep

te
m

be
r 

30
, 2

02
2 

7:
46

:4
3 

A
M

 -
 I

P 
A

dd
re

ss
:7

7.
25

1.
19

9.
32

 

https://doi.org/10.1098/rsbl.2015.0885
https://doi.org/10.1098/rsbl.2015.0885
https://doi.org/10.1098/rsob.120075
https://doi.org/10.1016/j.it.2006.09.001
https://doi.org/10.1016/j.it.2006.09.001
https://doi.org/10.1038/425037a
https://doi.org/10.1016/j.cub.2007.02.041
https://doi.org/10.1016/j.cub.2007.02.041
https://doi.org/10.1242/jeb.106294
https://doi.org/10.1006/dbio.2000.0123
https://doi.org/10.1016/j.celrep.2017.06.052
https://doi.org/10.1016/j.celrep.2017.06.052
https://doi.org/10.1016/j.cois.2018.05.014
https://doi.org/10.1146/annurev.ento.42.1.525
https://doi.org/10.1146/annurev.ento.42.1.525
https://doi.org/10.7554/eLife.06166
https://doi.org/10.1016/s0092-8674(00)80172-5
https://doi.org/10.1074/jbc.RA119.010247
https://doi.org/10.1074/jbc.RA119.010247
https://doi.org/10.3920/JIFF2021.0024
https://doi.org/10.1073/pnas.0801766106
https://doi.org/10.1098/rstb.2014.0102


� Health, immunity and microbiome of BSF and HF

Journal of Insects as Food and Feed 8(8)� 875

Mura, M.E. and Ruiu, L., 2017. Brevibacillus laterosporus pathogenesis 
and local immune response regulation in the house fly midgut. 
Journal of Invertebrate Pathology 145: 55-61. https://doi.
org/10.1016/j.jip.2017.03.009

Murdock, C.C., Moller-Jacobs, L.L. and Thomas, M.B., 2013. Complex 
environmental drivers of immunity and resistance in malaria 
mosquitoes. Proceedings of the Royal Society B: Biological Sciences 
280: 20132030. https://doi.org/10.1098/rspb.2013.2030

Murdock, C.C., Paaijmans, K.P., Bell, A.S., King, J.G., Hillyer, J.F., 
Read, A.F. and Thomas, M.B., 2012. Complex effects of temperature 
on mosquito immune function. Proceedings of the Royal Society 
B: Biological Sciences 279: 3357-3366. https://doi.org/10.1098/
rspb.2012.0638

Mussabekova, A., Daeffler, L. and Imler, J.-L., 2017. Innate and intrinsic 
antiviral immunity in Drosophila. Cellular and Molecular Life 
Sciences 74: 2039-2054. https://doi.org/10.1007/s00018-017-2453-9

Musselman, L.P., Fink, J.L., Grant, A.R., Gatto, J.A. and Tuthill, B.F., 
2018. A complex relationship between immunity and metabolism in 
Drosophila diet-induced insulin resistance. Molecular and Cellular 
Biology 38: e00259-00217.

Mylonakis, E., Podsiadlowski, L., Muhammed, M. and Vilcinskas, 
A., 2016. Diversity, evolution and medical applications of insect 
antimicrobial peptides. Philosophical Transactions of the Royal 
Society London, B Biological Sciences 371: 20150290. https://doi.
org/10.1098/rstb.2015.0290

Natori, S., Shiraishi, H., Hori, S. and Kobayashi, A., 1999. The roles of 
Sarcophaga defense molecules in immunity and metamorphosis. 
Developmental and Comparative Immunology 23: 317-328. https://
doi.org/10.1016/s0145-305x(99)00014-2

Nayduch, D. and Burrus, R.G., 2017. Flourishing in filth: house fly-
microbe interactions across life history. Annals of the Entomological 
Society of America 110: 6-18. https://doi.org/10.1093/aesa/saw083

Park, R., Dzialo, M.C., Spaepen, S., Nsabimana, D., Gielens, K., 
Devriese, H., Crauwels, S., Tito, R.Y., Raes, J. and Lievens, B., 2019. 
Microbial communities of the house fly Musca domestica vary with 
geographical location and habitat. Microbiome 7: 1-12.

Pei, Z., Sun, X., Tang, Y., Wang, K., Gao, Y. and Ma, H., 2014. Cloning, 
expression, and purification of a new antimicrobial peptide gene 
from Musca domestica larva. Gene 549: 41-45.

Peng, J., Wu, Z.Y., Liu, W.W., Long, H.L., Zhu, G.M., Guo, G. and Wu, 
J.W., 2019. Antimicrobial functional divergence of the cecropin 
antibacterial peptide gene family in Musca domestica. Parasites 
and Vectors 12: 537. https://doi.org/10.1186/s13071-019-3793-0

Pham, L.N., Dionne, M.S., Shirasu-Hiza, M. and Schneider, D.S., 2007. 
A specific primed immune response in Drosophila is dependent 
on phagocytes. PLoS Pathogens 3: e26. https://doi.org/10.1016/j.
jinsphys.2006.01.005

Pletcher, S.D., Libert, S. and Skorupa, D., 2005. Flies and their golden 
apples: the effect of dietary restriction on Drosophila aging and age-
dependent gene expression. Ageing Research Reviews 4: 451-480.

Ponton, F., Morimoto, J., Robinson, K., Kumar, S.S., Cotter, S.C., Wilson, 
K. and Simpson, S.J., 2020. Macronutrients modulate survival to 
infection and immunity in Drosophila. Journal of Animal Ecology 
89: 460-470.

Poulsen, M., Bot, A.N., Nielsen, M.G. and Boomsma, J.J., 2002. 
Experimental evidence for the costs and hygienic significance of 
the antibiotic metapleural gland secretion in leaf-cutting ants. 
Behavioral Ecology and Sociobiology 52: 151-157. https://doi.
org/10.1007/s00265-002-0489-8

Price, D.P., Schilkey, F.D., Ulanov, A. and Hansen, I.A., 2015. Small 
mosquitoes, large implications: crowding and starvation affects gene 
expression and nutrient accumulation in Aedes aegypti. Parasites 
and Vectors 8: 252. https://doi.org/10.1186/s13071-015-0863-9

Qi, S.D., Gao, B. and Zhu, S.Y., 2021. Molecular diversity and evolution 
of antimicrobial peptides in Musca domestica. Diversity 13: 29. 
https://doi.org/10.3390/d13030107

Raimondi, S., Spampinato, G., Macavei, L.I., Lugli, L., Candeliere, F., 
Rossi, M., Maistrello, L. and Amaretti, A., 2020. Effect of rearing 
temperature on growth and microbiota composition of Hermetia 
illucens. Microorganisms 8: 902.

Ren, Q., Zhao, X. and Wang, J., 2009. Molecular characterization and 
expression analysis of a chicken-type lysozyme gene from housefly 
(Musca domestica). Journal of Genetical Genomics 36: 7-16. https://
doi.org/10.1016/S1673-8527(09)60002-3

Ribeiro, C. and Brehélin, M., 2006. Insect haemocytes: what type of 
cell is that? Journal of Insect Physiology 52: 417-429.

Rivers, D., Thompson, C. and Brogan, R., 2011. Physiological trade-
offs of forming maggot masses by necrophagous flies on vertebrate 
carrion. Bulletin of Entomological Research 101: 599-611. https://
doi.org/10.1017/S0007485311000241

Rizki, M., 1956. The secretory activity of the proventriculus of 
Drosophila melanogaster. Journal of Experimental Zoology 131: 
203-221. https://doi.org/10.1002/jez.1401310202

Roberts, K.E. and Longdon, B., 2021. Viral susceptibility across host 
species is largely independent of dietary protein to carbohydrate 
ratios. Journal of Evolutionary Biology 34: 746-756. https://doi.
org/10.1111/jeb.13773

Rodrigues, J., Brayner, F.A., Alves, L.C., Dixit, R. and Barillas-Mury, C., 
2010. Hemocyte differentiation mediates innate immune memory 
in Anopheles gambiae mosquitoes. Science 329: 1353-1355.

Rowley, A.F. and Powell, A., 2007. Invertebrate immune systems-
specific, quasi-specific, or nonspecific? The Journal of Immunology 
179: 7209-7214. https://doi.org/10.4049/jimmunol.179.11.7209

Ryu, J.-H., Kim, S.-H., Lee, H.-Y., Bai, J.Y., Nam, Y.-D., Bae, J.-W., Lee, 
D.G., Shin, S.C., Ha, E.-M. and Lee, W.-J., 2008. Innate immune 
homeostasis by the homeobox gene caudal and commensal-gut 
mutualism in Drosophila. Science 319: 777-782.

Saatkamp, H.W., Aartsma, Y., Hogeveen, H., Augustijn, M., Baumann, 
A., Beukeboom, L.W., Borghuis, A., Bovenkerk, B., Van der Bruggen, 
M., Companjen, M.H., Dörper, A., Falcao Salles, J., Van der Fels-
Klerx, H.J., Fischer, A.R.H., Haenen, O., Hosseini, A., Van den 
Hurk, J., Jacobs, P., Jansen, W.L., De Jong, M., Kortsmit, Y., Leipertz, 
M., Lommers, H., Van Loon, J.J.A., Van Loon, M.S., Maistrou, 
S., Niermans, K., Schmitt, E., Shah, P., Spaans, A., Veldkamp, T., 
Verweij, M.F., Vogel, M., Voulgari Kokota, A., Wertheim, B. and 
Dicke, M., in press. Development of sustainable business models 
for insect-fed poultry production: opportunities and risks. Journal 
of Insects as Food and Feed. https://doi.org/10.3920/JIFF2021.0216

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/J
IF

F2
02

1.
01

51
 -

 F
ri

da
y,

 S
ep

te
m

be
r 

30
, 2

02
2 

7:
46

:4
3 

A
M

 -
 I

P 
A

dd
re

ss
:7

7.
25

1.
19

9.
32

 

https://doi.org/10.1016/j.jip.2017.03.009
https://doi.org/10.1016/j.jip.2017.03.009
https://doi.org/10.1098/rspb.2013.2030
https://doi.org/10.1098/rspb.2012.0638
https://doi.org/10.1098/rspb.2012.0638
https://doi.org/10.1007/s00018-017-2453-9
https://doi.org/10.1098/rstb.2015.0290
https://doi.org/10.1098/rstb.2015.0290
https://doi.org/10.1016/s0145-305x(99)00014-2
https://doi.org/10.1016/s0145-305x(99)00014-2
https://doi.org/10.1093/aesa/saw083
https://doi.org/10.1186/s13071-019-3793-0
https://doi.org/10.1016/j.jinsphys.2006.01.005
https://doi.org/10.1016/j.jinsphys.2006.01.005
https://doi.org/10.1007/s00265-002-0489-8
https://doi.org/10.1007/s00265-002-0489-8
https://doi.org/10.1186/s13071-015-0863-9
https://doi.org/10.3390/d13030107
https://doi.org/10.1016/S1673-8527(09)60002-3
https://doi.org/10.1016/S1673-8527(09)60002-3
https://doi.org/10.1017/S0007485311000241
https://doi.org/10.1017/S0007485311000241
https://doi.org/10.1002/jez.1401310202
https://doi.org/10.1111/jeb.13773
https://doi.org/10.1111/jeb.13773
https://doi.org/10.4049/jimmunol.179.11.7209
https://doi.org/10.3920/JIFF2021.0216


M. Vogel et al.

876� Journal of Insects as Food and Feed 8(8)

Sackton, T.B., Lazzaro, B.P. and Clark, A.G., 2017. Rapid expansion of 
immune-related gene families in the house fly, Musca domestica. 
Molecular Biology and Evolution 34: 857-872. https://doi.
org/10.1093/molbev/msw285

Salazar-Jaramillo, L., Paspati, A., Van de Zande, L., Vermeulen, C.J., 
Schwander, T. and Wertheim, B., 2014. Evolution of a cellular 
immune response in Drosophila: a phenotypic and genomic 
comparative analysis. Genome Biology and Evolution 6: 273-289. 
https://doi.org/10.1093/gbe/evu012

Salehipour-Shirazi, G., Ferguson, L.V. and Sinclair, B.J., 2017. Does 
cold activate the Drosophila melanogaster immune system? 
Journal of Insect Physiology 96: 29-34. https://doi.org/10.1016/j.
jinsphys.2016.10.009

Salomone, R., Saija, G., Mondello, G., Giannetto, A., Fasulo, S. 
and Savastano, D., 2017. Environmental impact of food waste 
bioconversion by insects: application of life cycle assessment to 
process using Hermetia illucens. Journal of Cleaner Production 
140: 890-905.

Schaler, J., Stoffolano Jr, J., Fausto, A.M., Gambellini, G. and Burand, J., 
2018. Effect of diet on adult house fly (Diptera: Muscidae) injected 
with the salivary gland hypertrophy virus (MdSGHV). Journal of 
Insect Science 18(3). https://doi.org/10.1093/jisesa/iey040

Schmid-Hempel, P., 2005. Evolutionary ecology of insect immune 
defenses. Annual Review of Entomology 50: 529-551. https://doi.
org/10.1146/annurev.ento.50.071803.130420

Schmid-Hempel, P., 2011. Evolutionary parasitology: the integrated 
study of infections, immunology, ecology, and genetics. Oxford 
University Press, Oxford, UK. https://doi.org/10.1093/acprof:o
so/9780199229482.001.0001

Schmidtmann, E.T. and Martin, P.A.W., 1992. Relationship between 
selected bacteria and the growth of immature house flies, Musca 
domestica, in an axenic test system. Journal of Medical Entomology 
29: 232-235.

Schulenburg, H., Boehnisch, C. and Michiels, N.K., 2007. How do 
invertebrates generate a highly specific innate immune response? 
Molecular Immunology 44: 3338-3344. https://doi.org/10.1016/j.
molimm.2007.02.019

Scott, J.G., Warren, W.C., Beukeboom, L.W., Bopp, D., Clark, A.G., 
Giers, S.D., Hediger, M., Jones, A.K., Kasai, S., Leichter, C.A., Li, 
M., Meisel, R.P., Minx, P., Murphy, T.D., Nelson, D.R., Reid, W.R., 
Rinkevich, F.D., Robertson, H.M., Sackton, T.B., Sattelle, D.B., 
Thibaud-Nissen, F., Tomlinson, C., Van de Zande, L., Walden, 
K.K.O., Wilson, R.K. and Liu, N., 2014. Genome of the house fly, 
Musca domestica L., a global vector of diseases with adaptations 
to a septic environment. Genome Biology 15: 466. https://doi.
org/10.1186/s13059-014-0466-3

Shane, S.M., Montrose, M.S. and Harrington, K.S., 1985. Transmission 
of Campylobacter jejuni by the housefly (Musca domestica). Avian 
Diseases 29: 384-391.

Shelomi, M., Wu, M.-K., Chen, S.-M., Huang, J.-J. and Burke, C.G., 2020. 
Microbes associated with black soldier fly (Diptera: Stratiomiidae) 
degradation of food waste. Environmental Entomology 49: 405-411.

Sheppard, D.C., Tomberlin, J.K., Joyce, J.A., Kiser, B.C. and Sumner, 
S.M., 2002. Rearing methods for the black soldier fly (Diptera: 
Stratiomyidae). Journal of Medical Entomology 39: 695-698. https://
doi.org/10.1603/0022-2585-39.4.695

Shin, S.C., Kim, S.-H., You, H., Kim, B., Kim, A.C., Lee, K.-A., Yoon, 
J.-H., Ryu, J.-H. and Lee, W.-J., 2011. Drosophila microbiome 
modulates host developmental and metabolic homeostasis via 
insulin signaling. Science 334: 670-674.

Steinhaus, E.A., 1956. Microbial control-the emergence of an idea. A 
brief history of insect pathology through the nineteenth century. 
Hilgardia 26: 107-160.

Štětina, T., Poupardin, R., Moos, M., Šimek, P., Šmilauer, P. and Koštál, 
V., 2019. Larvae of Drosophila melanogaster exhibit transcriptional 
activation of immune response pathways and antimicrobial peptides 
during recovery from supercooling stress. Insect Biochemistry 
and Molecular Biology 105: 60-68. https://doi.org/10.1016/j.
ibmb.2019.01.006

Stokes, B.A., Yadav, S., Shokal, U., Smith, L. and Eleftherianos, I., 2015. 
Bacterial and fungal pattern recognition receptors in homologous 
innate signaling pathways of insects and mammals. Frontiers in 
Microbiology 6: 19. https://doi.org/10.3389/fmicb.2015.00019

Strand, M.R., 2008. The insect cellular immune response. Insect 
Science 15: 1-14. https://doi.org/10.1111/j.1744-7917.2008.00183.x

Su, Z., Zhang, M., Liu, X., Tong, L., Huang, Y., Li, G. and Pang, Y., 
2010. Comparison of bacterial diversity in wheat bran and in 
the gut of larvae and newly emerged adult of Musca domestica 
(Diptera: Muscidae) by use of ethidium monoazide reveals bacterial 
colonization. Journal of Economic Entomology 103: 1832-1841.

Tafesh-Edwards, G. and Eleftherianos, I., 2020. JNK signaling in 
Drosophila immunity and homeostasis. Immunology Letters 226: 
7-11. https://doi.org/10.1016/j.imlet.2020.06.017

Tang, T., Li, X., Yang, X., Yu, X., Wang, J., Liu, F. and Huang, D., 2014. 
Transcriptional response of Musca domestica larvae to bacterial 
infection. PLoS ONE 9: e104867.

Tang, T., Wu, C., Li, J., Ren, G., Huang, D. and Liu, F., 2012. Stress-
induced HSP70 from Musca domestica plays a functionally 
significant role in the immune system. Journal of Insect Physiology 
58: 1226-1234.

Tanji, T., Hu, X., Weber, A.N. and Ip, Y.T., 2007. Toll and IMD pathways 
synergistically activate an innate immune response in Drosophila 
melanogaster. Molecular and Cellular Biology 27: 4578-4588.

Tattikota, S.G., Cho, B., Liu, Y.F., Hu, Y.H., Barrera, V., Steinbaugh, 
M.J., Yoon, S.H., Comjean, A., Li, F.G., Dervis, F., Hung, R.J., Nam, 
J.W., Sui, S.H., Shim, J. and Perrimon, N., 2020. A single-cell survey 
of Drosophila blood. Elife 9: e54818. https://doi.org/10.7554/
eLife.54818

Tebbutt, H., 1912. On the influence of the metamorphosis of 
Musca domestica upon bacteria administered in the larval stage. 
Epidemiology & Infection 12: 516-526.

Telonis-Scott, M., Van Heerwaarden, B., Johnson, T.K., Hoffmann, 
A.A. and Sgro, C.M., 2013. New levels of transcriptome complexity 
at upper thermal limits in wild Drosophila revealed by exon 
expression analysis. Genetics 195: 809-830. https://doi.org/10.1534/
genetics.113.156224

Terra, W.R., 2001. The origin and functions of the insect peritrophic 
membrane and peritrophic gel. Archives of Insect Biochemistry and 
Physiology 47: 47-61. https://doi.org/10.1002/arch.1036

Theopold, U. and Schmid, M., 2017. Thioester-containing proteins: 
At the crossroads of immune effector mechanisms. Virulence 8: 
1468-1470.

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/J
IF

F2
02

1.
01

51
 -

 F
ri

da
y,

 S
ep

te
m

be
r 

30
, 2

02
2 

7:
46

:4
3 

A
M

 -
 I

P 
A

dd
re

ss
:7

7.
25

1.
19

9.
32

 

https://doi.org/10.1093/molbev/msw285
https://doi.org/10.1093/molbev/msw285
https://doi.org/10.1093/gbe/evu012
https://doi.org/10.1016/j.jinsphys.2016.10.009
https://doi.org/10.1016/j.jinsphys.2016.10.009
https://doi.org/10.1093/jisesa/iey040
https://doi.org/10.1146/annurev.ento.50.071803.130420
https://doi.org/10.1146/annurev.ento.50.071803.130420
https://doi.org/10.1093/acprof:oso/9780199229482.001.0001
https://doi.org/10.1093/acprof:oso/9780199229482.001.0001
https://doi.org/10.1016/j.molimm.2007.02.019
https://doi.org/10.1016/j.molimm.2007.02.019
https://doi.org/10.1186/s13059-014-0466-3
https://doi.org/10.1186/s13059-014-0466-3
https://doi.org/10.1603/0022-2585-39.4.695
https://doi.org/10.1603/0022-2585-39.4.695
https://doi.org/10.1016/j.ibmb.2019.01.006
https://doi.org/10.1016/j.ibmb.2019.01.006
https://doi.org/10.3389/fmicb.2015.00019
https://doi.org/10.1111/j.1744-7917.2008.00183.x
https://doi.org/10.1016/j.imlet.2020.06.017
https://doi.org/10.7554/eLife.54818
https://doi.org/10.7554/eLife.54818
https://doi.org/10.1534/genetics.113.156224
https://doi.org/10.1534/genetics.113.156224
https://doi.org/10.1002/arch.1036


� Health, immunity and microbiome of BSF and HF

Journal of Insects as Food and Feed 8(8)� 877

Thomas, T., De, T.D., Sharma, P., Lata, S., Saraswat, P., Pandey, K.C. 
and Dixit, R., 2016. Hemocytome: deep sequencing analysis of 
mosquito blood cells in Indian malarial vector Anopheles stephensi. 
Gene 585(2): 177-190. https://doi.org/10.1016/j.gene.2016.02.031

Trienens, M. and Rohlfs, M., 2020. A potential collective defense of 
Drosophila larvae against the invasion of a harmful fungus. Frontiers 
in Ecology and Evolution 8: 79.

Tzou, P., Ohresser, S., Ferrandon, D., Capovilla, M., Reichhart, J.-M., 
Lemaitre, B., Hoffmann, J.A. and Imler, J.-L., 2000. Tissue-specific 
inducible expression of antimicrobial peptide genes in Drosophila 
surface epithelia. Immunity 13: 737-748. https://doi.org/10.1016/
s1074-7613(00)00072-8

Ueda, K. Saito, A., Imamura, M., Miura, N., Atsumi, S., Tabunoki, 
H., Watanabe, A., Kitami, M. and Sato, R., 2005. Purification and 
cDNA cloning of luxuriosin, a novel antibacterial peptide with 
Kunitz domain from the longicorn beetle, Acalolepta luxuriosa. 
Biochimica et Biophysica Acta 1772: 36-42. https://doi.org/10.1016/j.
bbagen.2004.11.014

Unckless, R.L., Rottschaefer, S.M. and Lazzaro, B.P., 2015. The complex 
contributions of genetics and nutrition to immunity in Drosophila 
melanogaster. PLoS Genetics 11: e1005030.

Vanha-aho, L.M., Kleino, A., Kaustio, M., Ulvila, J., Wilke, B., 
Hultmark., D., Valanne, S. and Rämet, M., 2012. Functional 
characterization of the infection-inducible peptide edin in 
Drosophila melanogaster. PLoS ONE 7(5): e37153. https://doi.
org/10.1371/journal.pone.0037153

Van Huis, A., 2013. Potential of insects as food and feed in assuring 
food security. Annual Review of Entomology 58: 563-583. https://
doi.org/10.1146/annurev-ento-120811-153704

Van Huis, A., 2019. Insects as food and feed, a new emerging 
agricultural sector: a review. Journal of Insects as Food and Feed 
6: 27-44. https://doi.org/10.3920/JIFF2019.0017

Varma, D., Bülow, M.H., Pesch, Y.-Y., Loch, G. and Hoch, M., 2014. 
Forkhead, a new cross regulator of metabolism and innate immunity 
downstream of TOR in Drosophila. Journal of Insect Physiology 69: 
80-88. https://doi.org/10.1016/j.jinsphys.2014.04.006

Varotto Boccazzi, I., Ottoboni, M., Martin, E., Comandatore, F., 
Vallone, L., Spranghers, T., Eeckhout, M., Mereghetti, V., Pinotti, 
L. and Epis, S., 2017. A survey of the mycobiota associated with 
larvae of the black soldier fly (Hermetia illucens) reared for feed 
production. PLoS ONE 12: e0182533.

Vijendravarma, R.K., Narasimha, S. and Kawecki, T.J., 2013. 
Predatory cannibalism in Drosophila melanogaster larvae. Nature 
Communications 4: 1789.

Viljakainen, L., 2015. Evolutionary genetics of insect innate immunity. 
Briefings in Functional Genomics 14: 407-412.

Villazana, J. and Alyokhin, A., 2019. Tolerance of immature black 
soldier flies (Diptera: Stratiomyidae) to cold temperatures above 
and below freezing point. Journal of Economic Entomology 112: 
2632-2637.

Vizioli, J., Bulet, P., Hoffmann, J.A., Kafatos, F.C., Müller, H.-M. and 
Dimopoulos, G., 2001. Gambicin: a novel immune responsive 
antimicrobial peptide from the malaria vector Anopheles gambiae. 
Proceedings of the National Academy of Sciences of the USA 98: 
12630-12635.

Vogel, H., Müller, A., Heckel, D.G., Gutzeit, H. and Vilcinskas, A., 
2018. Nutritional immunology: diversification and diet-dependent 
expression of antimicrobial peptides in the black soldier fly Hermetia 
illucens. Developmental & Comparative Immunology 78: 141-148.

Waterhouse, R.M., Kriventseva, E.V., Meister, S., Xi, Z., Alvarez, 
K.S., Bartholomay, L.C., Barillas-Mury, C., Bian, G., Blandin, S., 
Christensen, B.M., Dong, Y., Jiang, H., Kanost, M.R., Koutsos, A.C., 
Levashina, E.A., Li, J., Ligoxygakis, P., Maccallum, R.M., Mayhew, 
G.F., Mendes, A., Michel, K., Osta, M.A., Paskewitz, S., Shin, S.W., 
Vlachou, D., Wang, L., Wei, W., Zheng, L., Zou, Z., Severson, D.W., 
Raikhel, A.S., Kafatos, F.C., Dimopoulos, G., Zdobnov, E.M. and 
Christophides, G.K., 2007. Evolutionary dynamics of immune-
related genes and pathways in disease-vector mosquitoes. Science 
316: 1738-1743. https://doi.org/10.1126/science.1139862

Watson, D.W., Martin, P.A.W. and Schmidtmann, E.T., 1993. Egg 
yolk and bacteria growth medium for Musca domestica (Diptera: 
Muscidae). Journal of Medical Entomology 30: 820-823.

Watson, F.L., Püttmann-Holgado, R., Thomas, F., Lamar, D.L., Hughes, 
M., Kondo, M., Rebel, V.I. and Schmucker, D., 2005. Extensive 
diversity of Ig-superfamily proteins in the immune system of insects. 
Science 309: 1874-1878. https://doi.org/10.1126/science.1116887.

Wei, T., Hu, J., Miyanaga, K. and Tanji, Y., 2013. Comparative analysis 
of bacterial community and antibiotic-resistant strains in different 
developmental stages of the housefly (Musca domestica). Applied 
Microbiology and Biotechnology 97: 1775-1783.

Wertheim, B., Marchais, J., Vet, L.E.M. and Dicke, M., 2002. Allee 
effect in larval resource exploitation in Drosophila: an interaction 
among density of adults, larvae, and micro-organisms. Ecological 
Entomology 27: 608-617.

Wertheim, B., Van Baalen, E.J.A., Dicke, M. and Vet, L.E.M., 2005. 
Pheromone-mediated aggregation in nonsocial arthropods: an 
evolutionary ecological perspective. Annual Review of Entomology 
50: 321-346.

Wiegmann, B.M., Trautwein, M.D., Winkler, I.S., Barr, N.B., Kim, 
J.-W., Lambkin, C., Bertone, M.A., Cassel, B.K., Bayless, K.M., 
Heimberg, A.M., Wheeler, B.M., Peterson, K.J., Pape, T., Sinclair, 
B.J., Skevington, J.H., Blagoderov, V., Caravas, J., Kutty, S.N., 
Schmidt-Ott, U., Kampmeier, G.E., Thompson, F.C., Grimaldi, 
D.A., Beckenbach, A.T., Courtney, G.W., Friedrich, M., Meier, R. 
and Yeates, D.K., 2011. Episodic radiations in the fly tree of life. 
Proceedings of the National Academy of Sciences of the USA 108: 
5690-5695. https://doi.org/10.1073/pnas.1012675108

Wu, Q., Patočka, J. and Kuča, K., 2018. Insect antimicrobial peptides, a 
mini review. Toxins 10: 461. https://doi.org/10.3390/toxins10110461

Wynants, E., Frooninckx, L., Crauwels, S., Verreth, C., De Smet, 
J., Sandrock, C., Wohlfahrt, J., Van Schelt, J., Depraetere, S. and 
Lievens, B., 2019. Assessing the microbiota of black soldier fly 
larvae (Hermetia illucens) reared on organic waste streams on 
four different locations at laboratory and large scale. Microbial 
Ecology 77: 913-930.

Xiao, X., Mazza, L., Yu, Y., Cai, M., Zheng, L., Tomberlin, J.K., Yu, J., 
Van Huis, A., Yu, Z. and Fasulo, S., 2018. Efficient co-conversion 
process of chicken manure into protein feed and organic fertilizer by 
Hermetia illucens L. (Diptera: Stratiomyidae) larvae and functional 
bacteria. Journal of Environmental Management 217: 668-676.

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/J
IF

F2
02

1.
01

51
 -

 F
ri

da
y,

 S
ep

te
m

be
r 

30
, 2

02
2 

7:
46

:4
3 

A
M

 -
 I

P 
A

dd
re

ss
:7

7.
25

1.
19

9.
32

 

https://doi.org/10.1016/j.gene.2016.02.031
https://doi.org/10.1016/s1074-7613(00)00072-8
https://doi.org/10.1016/s1074-7613(00)00072-8
https://doi.org/10.1016/j.bbagen.2004.11.014
https://doi.org/10.1016/j.bbagen.2004.11.014
https://doi.org/10.1371/journal.pone.0037153
https://doi.org/10.1371/journal.pone.0037153
https://doi.org/10.1146/annurev-ento-120811-153704
https://doi.org/10.1146/annurev-ento-120811-153704
https://doi.org/10.3920/JIFF2019.0017
https://doi.org/10.1016/j.jinsphys.2014.04.006
https://doi.org/10.1126/science.1139862
https://doi.org/10.1126/science.1116887
https://doi.org/10.1073/pnas.1012675108
https://doi.org/10.3390/toxins10110461


M. Vogel et al.

878� Journal of Insects as Food and Feed 8(8)

Yu, S., Zhang, G. and Jin, L.H., 2018. A high-sugar diet affects cellular 
and humoral immune responses in Drosophila. Experimental Cell 
Research 368: 215-224. https://doi.org/10.1016/j.yexcr.2018.04.032

Zaidman-Rémy, A., Hervé, M., Poidevin, M., Pili-Floury, S., Kim, 
M.-S., Blanot, D., Oh, B.-H., Ueda, R., Mengin-Lecreulx, D. and 
Lemaitre, B., 2006. The Drosophila amidase PGRP-LB modulates 
the immune response to bacterial infection. Immunity 24: 463-473.

Zanchi, C., Troussard, J.P., Martinaud, G., Moreau, J. and Moret, 
Y., 2011. Differential expression and costs between maternally 
and paternally derived immune priming for offspring in an insect. 
Journal of Animal Ecology 80: 1174-1183. https://doi.org/10.1111/
j.1365-2656.2011.01872.x

Zdybicka-Barabas, A., Bulak, P., Polakowski, C., Bieganowski, A., 
Waśko, A. and Cytryńska, M., 2017. Immune response in the larvae 
of the black soldier fly Hermetia illucens. Invertebrate Survival 
Journal 14: 9-17.

Zhai, Z., Boquete, J.-P. and Lemaitre, B., 2018. Cell-specific Imd-NF-
κβ responses enable simultaneous antibacterial immunity and 
intestinal epithelial cell shedding upon bacterial infection. Immunity 
48: 897-910. e897. https://doi.org/10.1016/j.immuni.2018.04.010

Zhan, S., Fang, G., Cai, M., Kou, Z., Xu, J., Cao, Y., Bai, L., Zhang, 
Y., Jiang, Y. and Luo, X., 2020. Genomic landscape and genetic 
manipulation of the black soldier fly Hermetia illucens, a natural 
waste recycler. Cell Research 30: 50-60. https://doi.org/10.1038/
s41422-019-0252-6

Zhang, R.D., Zhu, Y.B., Pang, X.J., Xiao, X.P., Zhang, R.L. and Cheng, 
G., 2017. Regulation of antimicrobial peptides in Aedes aegypti 
Aag2 Cells. Frontiers in Cellular and Infection Microbiology 7: 12. 
https://doi.org/10.3382/fcimb.2017.00022

Zhang, Z., Wang, H., Zhu, J., Suneethi, S. and Zheng, J., 2012. Swine 
manure vermicomposting via housefly larvae (Musca domestica): 
the dynamics of biochemical and microbial features. Bioresource 
Technology 118: 563-571.

Zhao, Y., Wang, W., Zhu, F., Wang, X., Wang, X. and Lei, C., 2017. 
The gut microbiota in larvae of the housefly Musca domestica and 
their horizontal transfer through feeding. AMB Express 7: 147.

Zhukovskaya, M., Yanagawa, A. and Forschler, B.T., 2013. Grooming 
behavior as a mechanism of insect disease defense. Insects 4: 609-
630. https://doi.org/10.3390/insects4040609

Zimmerman, J., Berry, W., Beran, G. and Murphy, D., 1989. Influence 
of temperature and age on the recovery of pseudorabies virus from 
houseflies (Musca domestica). American Journal of Veterinary 
Research 50: 1471-1474.

Zurek, L., Schal, C. and Watson, D., 2000. Diversity and contribution 
of the intestinal bacterial community to the development of 
Musca domestica (Diptera: Muscidae) larvae. Journal of Medical 
Entomology 37: 924-928.

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/J
IF

F2
02

1.
01

51
 -

 F
ri

da
y,

 S
ep

te
m

be
r 

30
, 2

02
2 

7:
46

:4
3 

A
M

 -
 I

P 
A

dd
re

ss
:7

7.
25

1.
19

9.
32

 

https://doi.org/10.1016/j.yexcr.2018.04.032
https://doi.org/10.1111/j.1365-2656.2011.01872.x
https://doi.org/10.1111/j.1365-2656.2011.01872.x
https://doi.org/10.1016/j.immuni.2018.04.010
https://doi.org/10.1038/s41422-019-0252-6
https://doi.org/10.1038/s41422-019-0252-6
https://doi.org/10.3382/fcimb.2017.00022
https://doi.org/10.3390/insects4040609

	Health of the black soldier fly and house fly under mass-rearing conditions: innate immunity and the role of the microbiome
	Abstract
	1. Introduction
	2. Insect innate immune system
	3. Factors affecting insect health and immunity
	4. Microbiome
	5. Conclusion and future perspectives
	Acknowledgements
	Conflict of interest
	References


