
Insects 2012, 3, 553-572; doi:10.3390/insects3020553 

insects
ISSN 2075-4450 

www.mdpi.com/journal/insects/ 
Review 

Endosymbiont Tolerance and Control within Insect Hosts 

Carolin Ratzka 1, Roy Gross 1 and Heike Feldhaar 2,*

1 Department of Microbiology, Biocentre, University of Würzburg, 97074, Germany;  
E-Mails: carolin.ratzka@biozentrum.uni-wuerzburg.de (C.R.);  
roy@biozentrum.uni-wuerzburg.de (R.G.) 

2 Animal Ecology I, University of Bayreuth, 95440, Germany 

* Author to whom correspondence should be addressed; E-Mail: feldhaar@uni-bayreuth.de. 

Received: 21 April 2012; in revised form: 31 May 2012 / Accepted: 5 June 2012 /  
Published: 15 June 2012 
 

Abstract: Bacterial endosymbioses are very common in insects and can range from obligate 
to facultative as well as from mutualistic to pathogenic associations. Several recent studies 
provide new insight into how endosymbionts manage to establish chronic infections of their 
hosts without being eliminated by the host immune system. Endosymbiont tolerance may be 
achieved either by specific bacterial adaptations or by host measurements shielding bacteria 
from innate defense mechanisms. Nevertheless, insect hosts also need to sustain control 
mechanisms to prevent endosymbionts from unregulated proliferation. Emerging evidence 
indicates that in some cases the mutual adaptations of the two organisms may have led to the 
integration of the endosymbionts as a part of the host immune system. In fact, endosymbionts 
may provide protective traits against pathogens and predators and may even be required for 
the proper development of the host immune system during host ontogeny. This review gives 
an overview of current knowledge of molecular mechanisms ensuring maintenance of 
chronic infections with mutualistic endosymbionts and the impact of endosymbionts on host 
immune competence. 
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1. Introduction 

Insects are the most diverse and successful animal group on earth, which is reflected in the variety 
of habitats they live in, their abundance and species richness. The successful occupation of a large 
variety of ecological niches is often facilitated by symbiotic microorganisms. Bacterial endosymbionts 
have been shown to confer various fitness advantages on their insect hosts such as nutritional 
upgrading [1–3], thermal tolerance [4] or enhanced pathogen/parasitoid resistance [5–12]. Bacterial 
endosymbionts of insects can be classified into primary and secondary symbionts. Primary endosymbionts 
have an obligate and ancient association (up to estimated 250 million years) with their insect host [13]. 
Their transmission to the host progeny occurs mainly vertically via the germ line. These symbionts 
frequently reside in specialized host cells (so-called bacteriocytes) that may form an organ called the 
bacteriome [14]. In contrast, secondary endosymbionts are usually facultative symbionts, that are not 
restricted to bacteriocytes, but may also be found extra- or intracellularly in other host tissues, as well 
as in the haemocoel [15]. They are generally maternally transmitted, but horizontal transmission is also 
possible [7,15,16]. In contrast to primary endosymbionts, secondary endosymbionts are not required 
for host development and are usually not carried by all individuals of a host species. 

Strikingly, endosymbionts are maintained within their insect hosts in spite of the broad spectrum of 
defense mechanisms against microbial intruders [17]. The insect innate immune system consists of 
cellular and humoral components. The cellular immune response comprises the activity of insect 
haemolymph cells (so-called haemocytes) against pathogens, involving phagocytosis and encapsulation. 
The humoral immune response includes the production and release of antimicrobial peptides (AMPs), 
as well as melanization and clotting processes [17,18]. These defense reactions are triggered by the 
recognition of microbe-associated molecular patterns (MAMPs). The recognition of non-self is 
facilitated by pattern recognition receptors (PRRs), which specifically bind different MAMPs. Insects 
have various PRRs for the recognition of different types of microorganisms. Peptidoglycan-recognition 
proteins (PGRPs) can specifically bind lysine-type peptidoglycan (found in almost all Gram-positive 
bacteria) or diaminopimelic acid-type (DAP-type) peptidoglycan (typical for Gram-negative  
bacteria) [19,20]. The other family of PRRs are Gram-negative binding proteins (GNBPs), which were 
shown to bind to bacterial ligands such as lipopolysaccharides, lipoteichoic acids, or fungal �-1,  
3-glucans [21–23]. In Drosophila, MAMP recognition mainly leads to signal production via the 
pathways Toll, Imd (immune deficiency), JAK/STAT (janus kinase/signal transduction and activator of 
transcription) and/or JNK (c-jun N-terminal kinase) and results in the production of AMPs with 
activity against different types of microbes [17,24,25].  

At first glance, it seems surprising that bacterial endosymbionts are not eradicated by the host 
immune system, as they are often very closely related to pathogenic bacteria [26], which are 
recognized and fought by the insect immune system. This raises the question, which mechanisms allow 
insect hosts to maintain a chronic infection with bacterial symbionts. Are bacterial endosymbionts not 
recognized as non-self by the insect immune system or just hidden from it via compartmentalization? 
Do they actively manipulate and/or overcome the immune response? Recently, several studies have 
addressed these questions in different model organisms. In this review, we will give an overview of 
current knowledge of the mechanisms leading to endosymbiont tolerance and control in insects. 
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2. Tolerance Mechanisms 

2.1. Bacterial Adaptations 

Some bacterial endosymbionts seem to have special adaptions allowing them to avoid or resist the 
host immune response. Evasion of the insect´s immune system can be attained by altered surface 
structures used for pattern recognition. Thus, polymorphisms in outer membrane proteins seem to 
contribute to host tolerance of symbiotic bacteria. A prominent example is Sodalis glossinidius, a 
secondary facultative endosymbiont of the tsetse fly Glossina morsitans morsitans. Sodalis occurs in 
the gut, haemolymph and even within phagocytic haemocytes of its tsetse host [27]. Weiss et al. 
(2008) found amino acid substitutions and insertions in the exposed loop domains of the Sodalis major 
outer membrane protein (OmpA), which were absent in OmpA proteins from related bacteria 
pathogenic for tsetse flies such as E. coli K12. Infections of tsetse flies with E. coli K12 are usually 
lethal. However, flies survived exposure to a recombinant E. coli strain expressing Sodalis OmpA 
instead of its own. Conversely, a recombinant Sodalis strain expressing E. coli OmpA became virulent. 
Gene expression profiling revealed that virulent bacteria (expressing E. coli OmpA) hardly elicited an 
induction of immune genes, such as the antimicrobial peptide cecropin. In contrast, avirulent bacteria 
(expressing Sodalis OmpA) triggered a strong immune response [28]. This counterintuitive result of 
only a weak immune reaction towards virulent bacteria was probably caused by the strong induction of 
the pgrp-lb gene, encoding a known negative immune regulator in Drosophila [29]. Interestingly, the 
recombinant E. coli expressing Sodalis OmpA was eliminated by the host immune response, whereas 
wildtype Sodalis survived. This is probably due to the fact that Sodalis is resistant to several host 
AMPs [30,31]. It was argued that Sodalis, by invading host haemocytes via a type three secretion system 
(T3SS) [28,32], may also escape elimination by encapsulation or melanization processes. 

In contrast to Sodalis, which seems to tolerate the host immune response, other bacterial 
endosymbionts, such as Wolbachia [33] and Spiroplasma [34] may either not elicit an immune response 
or may actively interfere with the host immune system, thus preventing an immune response. 
Wolbachia are a group of obligate intracellular and maternally transmitted bacteria, which are 
extremely widespread in arthropods and are presumably found in up to 66% of all insects [35]. The 
secret of the success of this bacterium is its ability to manipulate host reproduction by inducing 
cytoplasmic incompatibility, parthenogenesis, feminization and male-killing [36–38]. It was shown 
that Wolbachia does not trigger the expression of the AMPs diptericin, cecropin and defensin in the 
Drosophila simulans Riverside (DSR) strain [33]. However these Wolbachia-infected D. simulans 
lines were still able to mount an immune response after challenge with E. coli. Similar results were 
obtained after immune challenge of single and double Wolbachia-infected Aedes albopictus lines. 
Accordingly, it was suggested that Wolbachia neither induces nor suppresses AMP expression [33]. A 
microarray analysis using Wolbachia-infected Drosophila cells confirmed these results for the AMPs 
diptericin, cecropin and defensin, but also revealed that several other genes involved in Toll and IMD 
immune signaling were upregulated [39]. Furthermore, recent studies indicated that the interactions 
between Wolbachia and its host are highly specific for combinations of Wolbachia-strain and host, as 
Wolbachia for example strongly induced immune gene expression in Aedes aegypti [40] and Anopheles 
gambiae [41]. A transcriptomic approach in the parasitoid wasp Asobara tabida comparing gene 
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expression in two different wasp strains (Pi3 and NA) with and without symbionts revealed that the 
Pi3 host strain generally showed a more pronounced immune response towards Wolbachia than the 
NA strain [42]. The immune genes induced in symbiotic wasps were mainly located upstream in the 
immune pathways, whereas downstream effectors, such as AMPs, were rather downregulated [42]. 
This finding highlighted the fact that Wolbachia is indeed detected by the host organism, but 
subsequently extensively modifies the host immune response to escape elimination. The mechanisms 
of how Wolbachia interferes with the host immune system have not yet been well characterized. The 
Wolbachia genome sequence revealed the presence of a functional type four secretion system (T4SS) 
and an unusually high number of genes encoding ankyrin repeat (ANK) proteins [43]. ANKs are 
known to mediate protein-protein interactions [44] and the T4SS may be used to export ANK effector 
proteins to the host cytoplasm [45], likewise to intracellular pathogenic bacteria [46]. Interestingly, it 
was shown that polydnaviruses use ANK proteins to suppress the insect immune system [47]. 

Spiroplasma endosymbionts of insects can be found both extra- and intracellularly and can form a 
range from mutualistic to pathogenic associations with their hosts [48]. S. poulsonii is associated with 
Drosophila, where it colonizes different host tissues, but is predominantly found in the haemolymph [49]. 
D. melanogaster is naturally infected by the male-killing MSRO (melanogaster sex ratio organism) 
Spiroplasma strain, which was only recently discovered [50]. The NSRO (nebulosa sex ratio organism) 
Spiroplasma strain was isolated earlier and transferred from D. nebulosa to D. melanogaster [51]. It 
was shown that infection of D. melanogaster with MSRO or NSRO Spiroplasma strain did not induce 
the expression of AMPs [34,52] or other immunity-related genes [53]. Furthermore, infected hosts 
were still able to induce immune gene expression after septic injury. The lack of immune recognition 
may be due to the fact that Spiroplasma are wall-less bacteria [54] and therefore lack MAMPs like 
peptidoglycan that usually trigger insect immune responses [55]. A recent study on a male-killing 
NRSO Spiroplasma strain, however, demonstrated that the bacterium actively interferes with the host 
immune system as it was capable to suppress constitutive expression of some immune genes in 
immune-unchallenged insects [56]. The susceptibility of Spiroplasma to D. melanogaster immune 
response seems to be Spiroplasma-strain specific. In mutant flies with constitutively activated Toll 
pathway the NSRO titer was significantly decreased [34], whereas ectopic activation of Toll or Imd 
pathway led to an increase in the titre of MSRO strain [52]. Nevertheless, the male-killing NSRO 
Spiroplasma strain was still able to proliferate during aging of adult flies indicating that this strain can 
resist host immune responses. In contrast, a closely related non male-killing NSRO-A strain could not 
withstand the host defenses and did also not exhibit immune suppression [56].  

2.2. Modulation of the Host Immune Response Towards Symbionts 

Fine-tuning of the host immune response towards endosymbiotic bacteria can also facilitate their 
maintenance. In Drosophila the local immune response of the gut seems to be accurately adjusted for 
the maintenance of a commensal gut microbiota. The direct contact between gut epithelia and ingested 
or resident gut bacteria constantly triggers the Imd signaling pathway in the gut. This did not result in 
AMP production in the gut though, since the intestinal homeobox gene caudal represses nuclear factor 
Kappa B-dependent AMP genes [57]. Furthermore the PGRP-LB plays an important role in bacterial 
tolerance at epithelial surfaces of Drosophila [29]. This catalytic protein is an amidase that specifically 
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cleaves peptidoglycan of Gram-negative bacteria and thereby removes microbial immune elicitors. 
This negative immune regulation presumably allows modulation of the immune response towards 
commensal gut bacteria. 

An additional possibility to avoid immune actions against symbionts is their compartmentalization 
into specialized host cells. These so-called bacteriocytes may have an altered gene expression allowing 
symbionts to persist without triggering an immune response. In the maize weevil Sitophilus zeamais 
the bacteriocytes form an organ, the bacteriome, which harbors the obligate primary endosymbiont 
(Sitophilus primary endosymbiont or SPE) [58]. Suppression subtractive hybridization approaches 
were used to identify genes differentially expressed within the bacteriome tissue as well as in response to 
septic injury [59,60]. Interestingly, two putative negative regulators of the immune response were found 
to be constitutively overexpressed within the bacteriome. One was a gene with sequence homology to 
tollip, a known inhibitor of Toll-like receptor-mediated immune activation in mammals [61]. The other 
gene, wpgrp-1, is a weevil homolog of Drosophila pgrp-lb [59]. As aforementioned, this amidase 
PGRP is known to downregulate the immune response towards commensal gut bacteria [29]. The 
bacteriome of weevils derives from the gut tissue. Thus, the mechanisms allowing the maintenance of 
a permanent commensal microbiota in the gut may have evolved to mediate symbiosis in the 
bacteriome [60]. A recent transcriptome study on S. oryzae, the sibling species of S. zeamais, also 
demonstrated that the gene expression profile of bacteriocytes is precisely adjusted to allow tolerance 
of SPE [62]. In the bacteriome tissue genes involved in cell growth and survival, like the apoptosis
inhibitor genes iap2 and iap3, the Rat Sarcoma (Ras) and leonardo 14-3-3, were highly expressed. 
This suggested that weevil bacteriocytes inhibit the apoptosis pathway in order to survive chronic 
infection with endosymbionts. Furthermore, the expression of immune-relevant genes possibly 
harming SPE, like sarcotoxin, wpgrp-2, gnbp-1 and c-type lysozyme, was significantly lower in the 
bacteriome in comparison to that in larvae without symbionts (aposymbiotic larvae) or to that in larvae 
challenged with E. coli. A striking result of this study was that aposymbiotic insects seem to exhibit a 
stronger immune response towards pathogens than symbiotic insects, as the genes sarcotoxin, wpgrp-2 
and -3, coleoptericin B and diptericin were all induced more strongly upon immune challenge in 
aposymbiotic than in symbiotic larvae [62]. A possible explanation for the impaired immune 
competence of symbiotic animals is that endosymbiosis may have selected for a simplification of the 
host immune system, as already discussed for aphids [62,63]. wPGRP-1 (the weevil homolog of 
PGRP-LB) apparently plays a key role in preventing activation of the weevil immune system against 
SPE, as it was not only overexpressed in the bacteriome tissue, but also strongly induced in the 
symbiotic nymphal phase of S. zeamais [64]. During this stage the larval bacteriome dissociates and 
the symbionts are released into the haemolymph [65]. The symbionts must then reach and infect the 
new adult bacteriome, which is associated with the hindgut. Thus, upregulation of the amidase 
wPGRP-1 at this stage is likely to prevent immune defenses against the extracellular symbionts through 
removal of bacterial elicitors [64]. 

A study on the tsetse fly G. morsitans morsitans also demonstrated the importance of PGRP-LB for 
symbiotic tolerance [66]. In addition to the secondary symbiont Sodalis, tsetse flies host the primary 
obligate endosymbiont Wigglesworthia glossinidia within differentiated midgut cells that form a 
bacteriome [67]. The pgrp-lb gene was strongly expressed in this organ and its expression level 
correlated with symbiont numbers [66]. RNA interference (RNAi)-mediated knock down of pgrp-lb 
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expression led to activation of the Imd signaling pathway and resulted in AMP production. The 
antibacterial activity of the host AMPs finally decreased Wigglesworthia number. Thus, PGRP-LB likely 
scavenges peptidoglycan released by Wigglesworthia under normal conditions thereby preventing 
elimination of the symbiont through the host immune system. Accordingly, it may also contribute to 
symbiont density regulation. PGRP-LB furthermore seems to play a role in parasite transmission, since 
reduction in pgrp-lb expression increased susceptibility of flies to trypanosome infection [66,68]. Taken 
together, the data suggest a dual role for PGRP-LB in tsetse flies by mediating the immune response 
towards symbionts on the one hand and enhancing parasite resistance on the other hand. 

An extreme example for symbiont tolerance is the pea aphid Acyrthosiphon pisum, which has a 
reduced immune gene repertoire encoded in its genome in comparison to the known genomes of other 
insects possibly allowing presence of several different symbiont species [63]. Buchnera aphidicola is 
the primary symbiont of A. pisum. This obligate intracellular Gram-negative bacterium provides 
essential amino acids to its host and is located within bacteriocytes forming a bilobed bacteriome in the 
aphid haemocoel [1,13,69]. Besides this primary endosymbiont, aphids often harbor one or more 
secondary facultative endosymbionts extracellularly in the haemolymph, especially the Gram-negative 
bacteria Hamiltonella defensa, Serratia symbiotica and Regiella insecticola [7,70]. The A. pisum 
genome sequence revealed, that aphids lack most of the genes of the Imd pathway involved in 
recognition of bacteria (e.g., PGRPs), signal transduction (e.g., Imd or Relish) and antimicrobial 
response (e.g., AMPs like defensin) [63,71]. Several other studies confirmed that aphids do not raise a 
strong humoral immune response against bacterial intruders in comparison to other insects [63,72–74]. 
It was discussed that the stably established symbiosis with Buchnera might have selected for the loss 
of immune genes involved in combating Gram-negative bacteria and, as a consequence, also allows the 
presence of a suite of secondary symbionts [63,75]. However, other insects also harbour several 
symbionts and still have a complex immune gene repertoire. In fact, a recent study suggested that more 
sophisticated mechanisms than a mere gene loss are necessary for the maintenance of symbionts within 
their aphid hosts [74]. It was shown that the aphid cellular immune system is able to eradicate at least 
some microbial intruders, while leaving symbionts unharmed. This finding implied that aphid 
symbionts are adapted in a way that they are not recognized or harmed by aphid haemocytes and/or 
that the aphid immune system is able to distinguish between symbionts and potential pathogens [74]. 

2.3. Control of Bacterial Symbionts 

Although endosymbionts are beneficial for their insect hosts and need to be maintained, hosts have 
to control symbiont number within their tissues in order to prevent their uncontrolled proliferation. 
Compartmentalization not only allows maintenance of symbionts unharmed from immune attacks, but 
also helps to restrict their occurrence to a specialized host tissue. It was shown that intracellular 
symbionts like SPE from weevils [60] or Blochmannia floridanus from carpenter ants [76] are still 
recognized and possibly attacked by the host immune system, when injected into the haemocoel. Thus, 
the immune system is probably also involved in controlling the symbiont population and prevents 
symbionts from escaping bacteriocytes. Accordingly, weevils have to downregulate the immune 
response towards SPE during its extracellular phase [64]. The prerequisite for symbiont detection and 
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regulation presumably is the presence of MAMPs on the bacterial surface, as SPE and Blochmannia 
still have a (reduced) cell wall in contrast to wall-free Spiroplasma [34,60,76].  

In the past, it was often argued that intracellular symbionts would be shielded from the immune 
system, because recognition and effector proteins of known innate immune signaling pathways, like 
Toll or Imd, are secreted into the haemolymph and thus only act on extracellular bacteria. However, it 
is also known that autophagy can act as an intracellular innate immune mechanism protecting against 
intracellular bacteria [77]. Autophagy is a cellular pathway for protein and organelle turnover 
involving degradation of cell components through the lysosomal system. The material for degradation 
is first separated from the rest of the cytoplasm by double- or multiple membrane structures. These  
so-called autophagosomes then fuse with lysosomes, which provide hydrolases for degradation [77–79]. 
In Drosophila it was shown that autophagy also acts as an innate defense mechanism against intracellular 
pathogens, such as Listeria monocytogenes, and is induced independently from Toll and Imd signaling 
pathways [80]. The PRR PGRP-LE mediates the detection of intracellular bacteria with DAP-type 
peptidoglycan, which induces autophagy and independently from that also activates the Imd pathway 
resulting in AMP production [80]. Thus, autophagy and degradation via the lysosomal system might also 
be involved in controlling intracellular symbionts. Accordingly weevil bacteriocytes highly express 
several genes involved in vesicular formation and trafficking possibly supporting autophagocytic 
processes [59,62]. A transcriptome study in aphids revealed that bacteriocytes, harboring Buchnera 
symbionts, overexpress a lysozyme gene [81]. This finding is consistent with former electron 
microscopy images showing that Buchnera are occasionally degraded by lysosomes [69,82]. 
Furthermore, recent studies demonstrated a connection between Buchnera degradation and age- and 
morph-dependent activation of the lysosomal machinery [83]. In aphids the number of bacteriocytes 
and of Buchnera cells within them varied in relation to age and polyphenism of the aphid host [84,85]. 
In winged aphids the Buchnera density decreased drastically around the final ecdysis [83]. As this 
decrease in symbiont number was much stronger in winged than in unwinged aphids and occurred 
simultaneously to the rapid development of flight muscles, the degradation of Buchnera might provide 
larger amounts of nutrients to the host needed for the formation of flight muscles [83,84]. In winged 
aphids the number of lysosome-like acidic organelles increased drastically in the bacteriocytes and also 
the expression of lysosome-related genes (encoding lysozyme and cathepsin L) was strongly induced, 
suggesting Buchnera degradation proceeds through the lysosomal system [83]. An addition, a host 
serine carboxypeptidase was identified that seems to be involved in proteolytic activation of Buchnera-
degrading enzymes and/or directly in digesting Buchnera proteins in the lysosomes of bacteriocytes in 
alatae [86]. To satisfy host demands during this important developmental stage, degradation of 
Buchnera most likely enhances host fitness and thereby indirectly also the fitness of Buchnera 
symbionts [86]. It is known that the endosymbiont populations of other insects also alternate in relation 
to developmental stage and/or physiological condition. For example, in the carpenter ant Camponotus
floridanus the distribution of bacteriocytes and of Blochmannia floridanus endosymbionts varied 
strongly over different developmental stages [87]. The percentage of endosymbiont-bearing midgut 
cells increased strongly during host ontogeny and peaks in late pupal stages, where the entire midgut is 
transformed into a symbiotic organ. Accordingly, symbionts seem to have an important function in this 
developmental phase during which ant hosts are enclosed from the environment via the puparium and 
no external food is ingested [87,88]. After eclosion of workers the bacterial number decreased with 
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increasing age of workers. Similar to the aphid-Buchnera-symbiosis autophagy might be a mechanism 
for controlling intracellular Blochmannia [83,87] and to supply the ant host with essential nutrients, as 
Blochmannia has been shown to contribute to host nutrition by production of essential amino acids [89]. 

A recent study demonstrated the possibility to control intracellular endosymbionts via host  
AMPs [90]. Gene expression studies revealed overexpression of the AMP gene coleoptericin-A (colA) in 
bacteriocytes of Sitophilus weevils which host the intracellular Gram-negative �-Proteobacterium  
SPE [60,62,91]. Using immunohistochemistry with an antibody against ColA, Login et al. (2011) 
confirmed that colA is expressed in all endosymbiont-bearing tissues. The ColA peptide was even 
located inside the SPE cytoplasm and sometimes also found to be attached to the bacterial membrane 
surface. In antimicrobial activity assays ColA showed bactericidal activity against Gram-positive 
Micrococcus luteus and Gram-negative E. coli. Interestingly, at bacteriostatic conditions ColA 
inhibited cell division and caused bacterial gigantism only in E. coli, but not in M. luteus. The resulting 
giant cell phenotype resembles the elongated morphology of SPE. The authors then used far-Western 
blotting in order to identify bacterial molecules targeted by ColA peptides [90]. Amongst others, ColA 
was found to interact with bacterial Omps and with GroEL. Presumably, ColA enters the bacterial 
cytoplasm via bacterial Omps and then causes cell elongation through interaction with GroEL, because 
groEL mutations in E. coli are also known to elicit cell gigantism [92]. When colA transcripts in larval 
weevils were knocked down by RNAi, cytokinesis was resumed and the elongated form of SPE lost 
again [90]. As a consequence SPE was able to escape from bacteriocytes and spread through larval 
tissues. Taken together, the weevil ColA peptide has a special symbiotic function in weevil 
endosymbiosis by controlling endosymbiont number and location. With respect to its bacteriostatic and 
bactericidal activities against E. coli and M. luteus, ColA likely also accomplishes a dual function in 
weevils, as already discussed for PGRP-LB in tsetse flies. 

3. Positive Effects of Symbionts on Host Immune Competence 

3.1. Protective Symbiosis 

Downregulation of the host immune response in order to maintain endosymbionts might have 
negative effects on host immune competence against pathogens. However, endosymbionts have been 
reported to confer resistance towards pathogens and parasites in several insects (reviewed in [93,94]). 
Prominent examples for such symbiont-mediated resistance have been described in aphids. Secondary 
endosymbionts, especially H. defensa and partially also S. symbiotica and R. insecticola, have been 
shown to protect several aphid host species against attacks from the parasitoids Aphidius ervi and  
A. eadyi [7,9,95–98]. This protective effect of facultative symbionts was first described in A. pisum, 
which is often parasitized by A. ervi [95]. Female wasps lay their eggs into the body cavity of aphid 
nymphs, where the parasitoid larvae then develop and finally often kill their aphid host [99]. Infection 
of A. pisum with S. symbiotica and in particular with H. defensa enhanced resistance to parasitoid 
attack by increasing mortality of developing parasitoid larvae [9,95]. Furthermore, the fecundity of 
parasitized aphids carrying H. defensa (but not S. symbiotica) was significantly increased in comparison 
to parasitized uninfected animals [100]. This direct fitness benefit of H. defensa infection was also 
reflected in the rapid increase of infection frequency in experimental populations when the parasitoid 
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wasp was present [101]. In the absence of parasitism the frequencies of Hamiltonella-infected aphids 
declined again, indicating a probable cost to infection [101]. Depending on the H. defensa strain the 
protection levels vary from small reduction in successful parasitism to complete resistance. Recent 
studies indicated that the protective effect of H. defensa depends on the presence and on the variant of 
a bacteriophage called APSE (A. pisum secondary endosymbiont bacteriophage), which infects the 
symbiont [7,8,102,103]. APSE variants encode different putative toxins with homology to known 
toxins from vertebrate pathogens. Amongst them are a cytolethal distending toxin, a Shiga-like toxin 
and a YD-repeat toxin, which possibly target eukaryotic tissue, in this case the presumably developing 
parasitoid wasp [102,103]. Besides the protection against wasps, R. insecticola, another secondary 
endosymbiont of aphids, has also been shown to enhance host resistance to the aphid-specific fungal 
entomopathogen Pandora neoaphidis [98,104]. Thus, all three common secondary endosymbionts of  
A. pisum (H. defensa, S. symbiotica, R. insecticola) can confer defense traits towards their hosts. These 
protective symbiotic interactions of aphids may compensate for the limited humoral immune response 
resulting from the reduction of immune gene repertoire [63]. 

Symbiont-mediated protection has also been described in several other insect-symbiont systems [94]. 
In Drosophila hydei for example, resistance against parasitic wasps is mediated via Spiroplasma [105]. 
Furthermore, these symbionts protect Drosophila neotestacea against sterilization through a parasitic 
nematode [106] and may thus rapidly spread through a host population [107]. Moreover, endosymbionts 
could aid their hosts against fungal and bacterial pathogens through the production of antibiotics, 
which has already been shown for digger wasps [6,108] as well as for fungus-growing attine ants [109] 
and pine beetles [110]. Aside from the protection against pathogens and parasites endosymbionts may 
also protect their hosts from predators. For example endosymbionts of Paederus beetles produce the 
polyketide pederin, a toxin that protects Paederus larvae from wolf spiders by reducing their 
palatability as prey [111–113]. 

As aforementioned, Wolbachia bacteria are remarkably widespread reproductive parasites of 
arthropods [35,38]. A study on D. melanogaster, however, suggested that under field conditions 
Wolbachia-transmission due to reproductive manipulation alone is not entirely sufficient to invade host 
populations. Therefore it was predicted that Wolbachia must additionally confer a fitness benefit to its 
host in order to ensure its persistence [114]. Recently, it has been shown that Wolbachia infection 
renders Drosophila more resistant against diverse RNA viruses such as Drosophila C virus, Flock 
House Virus and Nora Virus [10,115]. This antiviral effect of Wolbachia infection is also effective in 
other dipterans like Culex quinquefasciatus or Aedes aegypti and might therefore be applied to reduce 
their competence as vector for viral diseases like West Nile, Dengue or Chikungunya [40,116]. Aside 
from virus protection the Wolbachia strain wMelPop furthermore inhibits Plasmodium development in 
important Anopheles vector species and also has an inhibitory effect on filarial nematodes in Aedes 
mosquitos [41,117]. Thus Wolbachia-mediated protection might become a new tool to develop novel 
control strategies for vector-borne diseases like malaria or filariasis. 

3.2. Immune Priming via Symbionts 

The inhibitory effects of Wolbachia infection against various pathogens seem to result from priming 
of the host immune system by these bacteria. Host gene expression analyses revealed upregulation of 
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several immune genes in response to Wolbachia infection. Amongst others these included genes that 
encode thioester-containing proteins (TEPs), C-type lectins fibrinogen-related proteins (FREPs), 
cecropins, defensins and a leucine-rich repeat immune protein (LRIM1) [40,41,117]. The induction of 
these genes seems to be a possible explanation for the observed antiviral effects, as for example 
cecropins have already been shown to inhibit viral replication [118,119]. Cecropins furthermore 
inhibited Plasmodium development in Anopheles gambiae [120,121] and a protective effect against 
Plasmodium-infection has also been shown for genes tep1 and lrim1 by dsRNA-mediated gene 
knockdown [41,122]. Actually for the tep1 gene a direct causal connection between Wolbachia-mediated 
gene upregulation and Plasmodium inhibition has been demonstrated. Disruption of tep1 gene 
expression by simultaneous injection of Wolbachia and tep1-dsRNA resulted in significantly higher 
oocyst numbers in tep1-knockdown animals in comparison to control animals, which were injected 
with Wolbachia at the same time as with unspecific dsRNA [41]. Thus, in certain host species 
Wolbachia infection seems to trigger expression of some host immune genes that prevent colonization 
of host tissues by other pathogens. 

There is emerging evidence that symbionts play an important role in shaping diverse immune 
functions. Recent studies on Glossina morsitans showed that tsetse flies require the presence of 
endosymbionts (especially Wigglesworthia) during larval development for maturation and subsequent 
proper functioning of their immune system [123,124]. G. morsitans hosts harbour several different 
bacterial symbionts. These include the secondary symbionts Sodalis and Wolbachia as well as the 
obligate mutualist Wigglesworthia, which are maternally transmitted to the host offspring throughout 
milk gland secretions during the intrauterine development [125,126]. In adult flies the primary 
symbiont Wigglesworthia resides in a bacteriome at the anterior gut and provides its host with certain 
vitamins lacking from the vertebrate blood diet [2,127]. Glossina larvae, lacking Wigglesworthia 
(GmmWgm-) but still harboring Sodalis and Wolbachia, were obtained by feeding pregnant female tsetse 
flies with the antibiotic ampicillin [68,123]. Tetracycline treatment resulted in aposymbiotic tsetse 
(GmmApo) lacking all endosymbionts [68,124]. Interestingly, adult GmmWgm- and especially GmmApo 
flies were highly susceptible to E. coli infection in comparison to wild-type flies (GmmWT) harboring 
all endosymbionts [123,124]. This effect was observed only when the antibiotic treatment was 
conducted during the larval stage, as flies whose microbiotia was eliminated only during the adult 
stage (GmmWT/Wgm-) were almost as resistant to E. coli infection as to the wild-type flies (GmmWT). This 
result implied that Wigglesworthia is not directly responsible for resistance against E. coli, but rather 
has to be present during larval stages in order to stimulate immune system development in adults 
[123]. Accordingly, immune system development could be partially achieved in aposymbiotic 
offspring, when their symbiont-free mothers were fed with a diet supplemented with Wigglesworthia 
cell extracts (GmmApo/Wgm) [124]. Feeding of Sodalis cell extracts (GmmApo/Sgm) did not yield the same 
effect suggesting that specific molecular components of the obligate endosymbiont Wigglesworthia 
exhibit immunostimulatory activity within tsetse hosts [124]. Presence of symbionts triggers 
expression of several immune genes during larval development, as the negative immune regulator 
caudal, the JAK/STAT pathway receptor domeless and the dual oxidase (DUOX) gene were 
significantly less expressed in uninfected mature GmmWT than in GmmApo flies [124]. After infection 
with E. coli, immune gene expression in mature GmmWT differed strongly from that in GmmApo and 
GmmWgm- flies. The expression of genes associated with humoral immune responses, like the AMP 
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genes cecropin and attacin, was less induced in GmmWgm- than in GmmWT, while in contrast the same 
genes were significantly upregulated in GmmApo compared with GmmWT. Genes associated with 
cellular immune processes like phagocytosis and melanization were significantly downregulated in 
both GmmApo and GmmWgm- compared with GmmWT [123,124]. Particularly, prophenoloxidase (PPO) 
gene was not induced in GmmApo and GmmWgm- after inoculation with E. coli and neither hemolymph 
clotting nor melanin deposition could be seen at the wound side. GmmApo and GmmWgm- flies seemed to 
have a significantly reduced number of haemocytes with homologous function to Drosophila crystal 
cells [123,124], which produce and store PPO and release this protein upon injury in order to facilitate 
melanin deposition [17,128]. The failure of GmmApo and GmmWgm- to induce expression of two 
thioester-containing protein genes (tep2 and tep4) upon E. coli-infection suggested a compromised 
ability for phagocytosis [123,124], as TEPs likely opsonize bacterial cells and thus promote 
phagocytosis in insects [129]. The authors demonstrated the importance of phagocytosis as defense 
mechanism against E. coli and showed that GmmWT have over three times more circulating 
haemocytes/μL of haemolymph than mature GmmWgm- and over hundred times more than mature 
GmmApo flies [123,124]. Furthermore, the high susceptibility of GmmApo flies against normally 
nonpathogenic E. coli could be reversed by transplantation of haemocytes from GmmWT to GmmApo 
flies providing an explicit correlation between the fly´s haemocytes and its immune competence [124]. 
In accordance with that two conserved transcription factors, lozenge and serpent, known to be essential 
for hematopoiesis in Drosophila [130], were significantly less expressed in GmmApo and GmmWgm- than 
in GmmWT larvae [123,124]. Expression of these transcription factors and thereby hematopoiesis could 
be stimulated in intrauterine aposymbiotic larvae by feeding their mothers with cell extracts from 
Wigglesworthia (GmmApo/Wgm), but not from Sodalis (GmmApo/Sgm) [124]. Taken together, these studies 
demonstrated that presence of endosymbionts, especially of obligate Wigglesworthia, in larvae is 
needed for complete development and function of cellular immune system in adult tsetse flies 
[123,124]. The astonishing function of Wigglesworthia may have evolved based on the  
relatively aseptic life style of tsetse flies due to their sterile vertebrate blood diet and viviparous 
reproduction [123]. Besides, other studies also confirmed a positive effect of Wigglesworthia on tsetse 
immune competence in terms of reducing susceptibility to trypanosome infection probably by 
stimulating pgrp-lb expression [66,68]. 

4. Conclusion and Future Directions 

So far we still do not have a comprehensive view of the mechanisms leading to establishment and 
maintenance of bacterial endosymbiosis in insects. Comparing the data from different model systems 
highlights the fact that there are several possible adaptations on the symbiont side as well as on the 
host side leading to symbiont tolerance. On the one hand symbionts may have reduced or altered 
immune elicitors and/or may be able to modulate the host immune system e.g., via secretion of  
effector proteins. On the other hand the host may reduce defense actions against symbionts via their 
compartmentalization into specialized host tissues with relaxed immune sanctions and adapted 
symbiont control mechanisms. By doing so, the host also prevents uncontrolled spreading of symbionts 
through its tissues. Several studies on different insects indicate a key role for amidase PGRPs, 
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especially PGRP-LB, in downregulation of the immune response towards symbionts [29,64,66] and the 
involvement of autophagocytic processes in symbiont control [42,62,83]. 

Recently published transcriptomic studies revealed that chronic infection with endosymbionts 
affects several different cellular functions, such as oxidative stress regulation, immune pathways, 
apoptosis and autophagy [42,62]. As all these function are also known to be affected in host-pathogen 
interactions, it was suggested that a common language exists between bacteria and their hosts. The 
cellular pathways may be affected differently as a function of the mode of the bacteria-host-interaction 
as well as according to the bacterial location within the host [42]. More detailed and comparative 
analyses between host-pathogen- and host-symbiont-interactions as well as between ancient and more 
recent symbioses are needed to elucidate the molecular mechanisms enabling the establishment of 
symbiosis. In symbiotic relationships with a long co-evolutionary history host defense molecules seem 
to have been selected for a special symbiotic function, as seen for ColA in weevils [90] and PGRP-LB 
in tsetse flies [66]. Next generation sequencing in combination with RNAi technology provide powerful 
tools to identify and characterize new symbiosis-relevant genes, even in species, where no reference 
genome is available. For example in weevils several gene sequences with unknown function but high 
expression in symbiont-full bacteriocytes have already been identified and need to be further 
characterized [62]. Comparison of such gene sets with data from many other insects with different 
evolutionary background may help to identify conserved hypothetical genes with relevance  
for symbiosis.  

Future studies also need to focus on the role of the cellular immune response in mediating  
host-symbiont interactions, as several studies indicate the importance of this more sophisticated part of 
the innate defense system [74,123,124,131].  

Another interesting aspect that needs to be investigated more intensively is the impact of symbiosis 
on host immune competence in general, because so far the data indicate symbiosis specific mechanisms. 
In weevils symbiotic larvae exhibit a compromised immune response in comparison to aposymbiotic 
larvae, while in contrast tsetse larvae require the presence of endosymbionts for maturation of their 
immune system [62,123,124]. Several studies report symbiont-mediated protection against various 
pathogens and thus symbionts may even be considered part of the host immune system [93,94,132]. 
The few insect-symbiont systems investigated so far indicate highly specific mechanisms leading to 
symbiont tolerance in dependence of symbiont tissue location and of the proportion of intra- to 
extracellular phases. Thus, there is urgent need to study several different systems to uncover the 
variety of molecular tolerance mechanisms as well as to infer general principles. In sum, it is obvious 
that the presence of symbionts definitely affects the host immune system. Moreover, symbionts likely 
played an important role in the evolution of the insect immune system. A better understanding of the 
role of endosymbionts in shaping host immune functions will contribute to the development of novel 
symbiont-based strategies for the control of insect-borne diseases and can lead to new insights how 
microorganisms interact with the innate immune system. 
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