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Review
Insect symbioses lack the complexity and diversity of
those associated with higher eukaryotic hosts. Symbi-
otic microbiomes are beneficial to their insect hosts in
many ways, including dietary supplementation, toler-
ance to environmental perturbations and maintenance
and/or enhancement of host immune system homeosta-
sis. Recent studies have also highlighted the importance
of the microbiome in the context of host pathogen
transmission processes. Here we provide an overview
of the relationship between insect disease vectors, such
as tsetse flies and mosquitoes, and their associated
microbiome. Several mechanisms are discussed through
which symbiotic microbes can influence the ability of
their host to transmit pathogens, as well as potential
disease control strategies that harness symbiotic
microbes to reduce pathogen transmission through an
insect vector.

Symbiotic associations are ubiquitous in nature
Soon after birth all mammals begin a lifelong association
with a complex and diverse microbial community that
resides on the skin, vaginal mucosa, gastrointestinal
(GI) tract and in the mouth. Advances in PCR-based
technologies have greatly expanded our knowledge of these
microbial systems, which largely represent mutually ben-
eficial associations. The human gastrointestinal tract
alone harbors over 500 distinct microbial taxa comprising
an estimated 1014 microbes, significantly exceeding the
number of cells in the human body [1]. Because the major-
ity of these microbes cannot be cultivated in vitro, the
functional bases of these interactions are difficult to dissect
and have remained largely elusive. Nevertheless, findings
from experimental systems using animals reared under
aseptic conditions indicate that proper maintenance of the
microbial consortium is essential for mammalian nutrient
breakdown. Furthermore, the absence of microbial fauna,
or modifications in the composition of the consortium, can
reduce the fitness of a host and lead to autoimmune disease
states such as inflammatory bowel disease, rheumatoid
arthritis or Type I diabetes (reviewed in [2]). A symbiont
product, polysaccharide A, produced by the prominent
human symbiont Bacteroides fragilis protects animals
from experimental colitis induced by Helicobacter hepati-
cus, a commensal bacterium with pathogenic potential
[3,4].
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By contrast to higher eukaryotes, which are colonized by
a multitude of commensal organisms representing mem-
bers of five of the six kingdoms of life, insects harbor a
significantly less diverse community of microbial sym-
bionts. The reduced complexity of the insect microbiome
enables investigations that aim to understand the contri-
bution(s) individual symbionts make towards host physio-
logical processes. Furthermore, the insect systems are
easier to maintain than are the vertebrate models because
generation times are relatively short and husbandry prac-
tices less costly. In particular in the case of Drosophila,
extensive mutant lines exist for further functional charac-
terization of loci of importance. In addition to being excel-
lent model systems, many insects that harbor bacterial
symbionts are also human disease vectors or agricultural
pests. Given that many symbioses are indispensable for
host physiology, understanding these relations are also of
applied interest because they can lead to the development
of more efficient insect control strategies. To this end, it has
been possible to cultivate several insect commensal sym-
bionts in vitro, and genetically modify and reintroduce the
recombinant symbionts back into their native host. These
‘paratransgenic’ transformation systems are a promising
alternative to those that involve direct modification of the
host germline. Expression of anti-pathogen products by
genetically modified insect symbionts could prevent the
transmission of harmful agents to their eukaryotic hosts
and thus provide a novel means of disease control [5–8].

Insect symbiotic systems
Symbiotic associations have been described in insects that
rely on nutritionally restricted diets, such as vertebrate
blood (i.e. tsetse flies and triatome bugs), plant phloem (i.e.
aphids and psyliids) or wood (i.e. termites and carpenter
ants). Presumably these microbes supplement their hosts
with nutrients that are limited or absent in their diet or
that they cannot produce on their own. Such mutualistic
symbioses involve bacteria (typically referred to as the
primary symbionts) that are vertically transmitted and
that are indispensable for their hosts to survive in unique
or resource-limited environments. Phylogenetic recon-
struction studies have indicated that these host–microbe
relationships are often ancient, and presumably neither
partner can live in the absence of the other. During the long
co-evolutionary history with their hosts, primary symbiont
genomes have undergone drastic size reductions, losing
genes and pathways that are no longer necessary in the
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unique metabolic niches the hosts provide [9]. Among the
well characterized primary symbionts are Buchnera from
aphids [10], Carsonella from sharpshooters [11], Bloch-
mannia from ants [12], SOPE from rice weevils [13,14]
and Wigglesworthia from tsetse (Box 1) [15,16].

Many insects also harbor commensal microbes (referred
to as secondary symbionts). These symbiotic associations
apparently originated more recently and can be transient
in nature. In some cases they are found to be dispensable
for their hosts because not every individual in a population
carries these microbes. Whereas primary symbionts are
vertically transmitted from mother to progeny with high
fidelity, secondary symbionts can be acquired through
multiple means (i.e. vertically, horizontally or from the
environment). Examples of secondary symbionts include
Hamiltonella defensa in sap-feeding insects including
aphids, psyllids and whiteflies [17] and Sodalis glossini-
dius in tsetse (Box 1) [18,19].

In addition to microbes with commensal and mutualistic
associations, many insects also harbor maternally herita-
ble parasitic microbes. The most extensively studied of
these belong to the genus Wolbachia [20,21]. Several re-
productive abnormalities are associated with Wolbachia
infections, the most prominent being cytoplasmic incom-
patibility (CI). CI, which results in early embryo death,
occurs when a Wolbachia-uninfected female mates with an
infected male. Because infected females can successfully
mate with males infected with the same strain of Wolba-
chia or with uninfected males, the Wolbachia infected
female has a reproductive advantage, and the associated
Box 1. Tsetse and its associated microbiome

Three endosymbionts with distinct phylogenetic and genomic char-

acteristics have been described from tsetse from laboratory colonies

(Figure 1). These symbioses reflect varying levels of host integration,

and as such have a different impact on tsetse physiology [71,72].

Although the microbiome is highly restricted in laboratory maintained

flies, analysis of tsetse in natural field populations indicates the

presence of additional microbes, which are presumably environmen-

tally acquired. The acquisition routes, persistence and the role(s) of

these microbes on host physiology remain unknown [73–75]. Below are

biological highlights of heritable the endosymbionts of tsetse.

Wigglesworthia glossinidia

� Obligate mutualist from the family Enterobacteriaceae [16,76].

� Phylogenetic analyses indicate that tsetse and Wigglesworthia have

evolved concordantly for approximately 50–80 million years [77].

� Highly streamlined genome (700 Kb in size) exhibits exceptional A-T

bias (82%) and contains no transposons or phage-related elements

[15,78].

� Chromosome encodes several vitamin biosynthesis pathways that

probably supplement the tsetse vertebrate blood-specific diet [15].

Female tsetse that lack Wigglesworthia are sterile [44].

� Resides intracellularly in tsetse bacteriome in the midgut and

extracellularly in the female milk gland lumen [59]. The milk gland

population is essential for transmission to progeny, whereas the

bacteriome population is essential for fecundity [44].

� Must be present during larval maturation in order for the tsetse

immune system to develop and function properly during adulthood

(see text).

Sodalis glossinidius

� Facultative commensal from the family Enterobacteriaceae [19].

� Recent association with tsetse as Sodalis from different species are

closely related [79]. Several other insects, including stinkbugs [80],
female genotypes can spread quickly through a population.
CI has been proposed as a means of spreading desirable
traits into populations, including genotypes or other ma-
ternally transmitted symbionts conferring disease resis-
tance [22,23]. In addition to CI, certain Wolbachia strains
have been found to reduce host lifespan. These strains are
also of interest from an applied perspective because older
adults typically contribute more to disease transmission,
whereas younger individuals contribute to reproductive
output [24]. Thus, skewing the age of the population to-
wards younger individuals without reducing the reproduc-
tive output can provide an evolutionarily sustainable
means of disease control. Finally, it has recently been
observed that infections with certain strains of Wolbachia
confer pathogen resistance traits to their hosts, presum-
ably through host immune induction (as described below
and reviewed in [25]).

Whereas insects with single diets of limited nutritional
value have established associations with heritable primary
and secondary symbionts, insects with multiple diets can
harbor a wide range of environmentally acquired microbes.
Both laboratory lines and field populations of Anopheline
mosquitoes host a robust gut-associated microbiota that
principally consists of Gram-negative (Gram�) members of
the family Enterobacteriaceae. For example, 16 bacterial
species from 14 genera were identified from field popula-
tions of the predominant African malaria vectors Anophe-
les gambiae and Anopheles funestus [26]. Furthermore,
laboratory populations of A. gambiae and Anopheles ste-
phensi (the primary vector of human malaria in Asia) also
hippoboscid flies [81], grain weevils [13,82] and slender pigeon lice

[83] harbor endosymbionts that are closely related to Sodalis.

� Detected in all colony flies, but not present in all field populations of

tsetse. Found both inter- and intracellularly in the midgut, muscle,

fat body, milk gland and salivary glands of tsetse [84].

� Genome size (4.2 Mb) and chromosomal synteny indicates a close

relationship to free-living enteric bacteria, including Salmonella and

Yersinia [18,85].

� The genome of Sodalis has a low protein coding capacity (49%) and

a high number of pseudogenes (972). Both of these characteristics

are indicative of a transition from a free-living to endosymbiotic life

style [85,86].

� Sodalis encodes three symbiosis islands (SSI) that share significant

synteny and sequence homology with Type III secretion systems

(TTSS) identified from pathogenic bacteria [85]. These SSIs

presumably facilitate the Sodalis intracellular lifestyle [87–89].

� Sodalis can impact tsetse vector competence and longevity [90,91].

� Modifications associated with Sodalis outer membrane protein A

could facilitate host tolerance to this symbiont [92].

� Field studies indicate a positive correlation between specific

Sodalis genotypes and trypanosome infections in tsetse. However,

flies that lack Sodalis are still competent for trypanosome

infections [93–95].

Wolbachia

� Rickettsia-like bacterium found in many insect taxa, including tsetse

[96].

� Infections with Wolbachia are restricted to tsetse reproductive

tissues.

� Certain tsetse species harbor Wolbachia infections, and the field

infection prevalence and the Wolbachia strains infecting different

species in the different populations investigated varies [97].
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harbor a wide variety of bacteria, the most abundant of
which come from the genera Asaia, Enterobacter, Mycobac-
terium, Sphingomonas, Serratia and Chryseobacterium
[27–29]. The dominant symbiont Asaia (an a-proteobacter-
ium belonging to the family Acetobacteriaceae) has been
observed in all of the developmental stages of wild and
laboratory reared colonies of Anopheline as well as Aedes
mosquitoes [30]. A study on the genetic variation present in
the Asaia symbiont indicates the presence of various
strains in four different mosquito species analyzed [31].
This symbiont has been detected in the midgut, salivary
glands and reproductive organs of adult mosquitoes [30].
Fluorescent in situ hybridization (FISH) analysis on the
reproductive tract of female A. gambiae showed a concen-
tration of Asaia at the very periphery of the eggs, suggest-
ing that transmission of Asaia from mother to offspring is
probably mediated by a mechanism of egg smearing [30].

Insect pathogen associations
In addition to carrying beneficial microbes that enhance
their overall physiological functions, some insects also
carry and transmit microbes that are pathogenic totheir
mammalian or plant hosts (Table 1) [32]. Most of these
insects (disease vectors of humans) utilize blood as a food
source and typically acquire pathogens while feeding on
infected hosts and then pass the disease agents on to other
hosts during the course of subsequent meals. Once ac-
quired by the insect host, viruses need to replicate, and
protozoan pathogens and worms interact with different
insect tissues and undergo several differentiation events
before they can be transmitted to a subsequent host. This
process of pathogen development in an insect can be sig-
nificantly long and is known as the extrinsic incubation
period. Insects that transmit disease to humans include
tsetse flies (Diptera: Glossinidae), triatome bugs (Hemi-
ptera: Triatominae) and sand flies (Diptera: Psychodidae),
which transmit kinetoplastid parasites that cause human
African trypanosomiasis (HAT), Chagas disease and leish-
maniasis, respectively. In addition, lice (order Phthirap-
tera) can vector epidemic typhus and trench fever, and
fleas (order Siphonaptera) transmit bacterial pathogens
including the causative agent of bubonic plague. Finally,
mosquitoes are prolific disease vectors that inhabit a broad
geographic range and host a diverse array of pathogens
including dengue, West Nile and Chickungunya viruses,
filarial worms and Plasmodium parasites.

Interestingly, many vector insects exhibit an innate
resistance to the pathogens they transmit. Both laboratory
Table 1. Insect model systems that harbor immunomodulatory b

Insect host Symbiotic bacteria (genera) 

Tsetse (Glossina spp.) Wigglesworthia, Sodalis, Wol

‘Kissing’ bug (Triatomine spp.) Rhodococcus, Serratia, Nocar

Mosquito (Aedes, Anopheles, Culex spp.) Asaia, Wolbachia, Serratia 

Pea aphid (Acyrthosiphon pisum) Buchnera, Serratia, Hamiltone

Grain weevil (Sitophilus oryzae) SOPE (Sitophilus oryzae prim

Wolbachia

Carpenter ant (Camponotus ligniperdus) Blochmannia, Wolbachia 

aN/A, not applicable.
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and field studies indicate that only a small proportion of
insects that acquire pathogens actually allow for these
organisms to establish successful infections for subsequent
transmission to the next host. In fact, the majority of
insects are capable of eliminating pathogens in their mid-
gut shortly after acquisition in the bloodmeal. The genetic
ability of an insect to transmit pathogens is measured in
terms of its vector competence. An important component of
vector competence is the proficiency of the immune
responses of the host insect.

Insect vector competence and a role for the microbiome
Multiple immunity pathways are implicated in vector
competence, which results in insect host resistance to
pathogen infection (for mosquito responses to malarial
parasites, see [33]). An initial study that investigated gene
expression responses of A. gambiae to microbial and ma-
laria challenges by using cDNA microarrays constructed
from an EST-clone collection noted that the response to
malaria parasites partially overlapped with the response
to Gram-positive (+) and Gram� bacteria [34].Using a
similar array approach, the mosquito response to the
filarial worm has also been found to involve the induction
of a large number of genes functioning in the innate
immune pathways shown to respond to microbial chal-
lenge, although their role in parasite transmission remains
to be confirmed [35].

In the case of tsetse flies, trypanosome infections in-
duced innate immune responses that are typically involved
in clearance of Gram� bacteria (i.e. the immune deficient
(Imd) pathway) [36]. Trypanosome infection prevalence
increased in flies when the expression of the Imd pathway
regulator relish or the downstream expressed antimicrobi-
al peptide (AMP) effector (attacin) were downregulated by
an RNA interference (RNAi)-based reverse genetic analy-
sis before subjecting flies to parasite infections [36,37]. In
addition, the AMPs diptericin and attacin displayed try-
panocidal activity both in vitro and in vivo in the midgut of
the tsetse [38].

To understand the role of Aedes aegypti mosquito im-
mune responses to dengue virus pathogen transmission, Xi
et al. used high-throughput analysis of gene expression and
an RNAi approach, reporting that another innate immune
pathway (toll pathway) regulates viral resistance in mos-
quitoes [39]. Interestingly, the same study showed that
regulation of genes in this immune pathway was also
stimulated by natural gut microbiota. Furthermore, when
mosquitoes were reared aseptically (in the absence of their
acterial symbionts

Pathogen/parasite Refs.

bachia Trypanosoma brucei spp. [15,16,18,19,44,51,

58,59,76,77]

dia, Gordonia Trypanosoma cruzi [100–103]

Protozoan parasites,

filarial worms, viruses

[27–31]

lla N/Aa (agricultural pest) [10,17,48,49]

ary endosymbiont), N/A (agricultural pest) [13,14,53,54]

N/A (agricultural pest) [12]
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endogenous bacterial flora), dengue virus was present in
midguts at two-fold higher titers compared to wild type
mosquitoes, implicating once again the microbial fauna in
influencing levels of immune resistance.

Early studies on mosquitoes had noted a positive corre-
lation between midgut microbiota and inhibition of Plas-
modium sporozoite development. This phenomenon was
demonstrated independently in two different mosquito
vectors of Plasmodium. In one set of experiments
A. stephensi adults were offered a P. falciparum gameto-
cyte-enriched blood meal that also contained one of four
distinct non-native Gram� bacteria or two distinct Gram+

species. All of the Gram� bacteria tested were found to
partially or completely inhibit oocyst development within
the mosquito host. Conversely, the presence of neither
Gram+ bacteria resulted in an inhibitory phenotype [40].
A similar experiment was performed using aseptic
A. albimanus adults and several bacteria that are found
naturally in both wild type laboratory and field-captured
populations. In this situation, the number of mosquitoes
infected with oocysts, and oocyst density, was significantly
lower in mosquitoes that received each of the bacteria
separately as compared to controls that received no bacte-
ria [41,42]. Although no physiological mechanism was
proposed at the time, this study indicated that gut
microbes have the potential to reduce the capacity of
mosquitoes to vector Plasmodium. Recently, aseptic and
septic adult A. gambiae were fed with Plasmodium game-
tocytes and subsequently monitored parasite infection
status in each group [27]. Aseptic mosquitoes displayed
an increased susceptibility to Plasmodium infection. This
study also found that co-feeding mosquitoes bacteria and
P. falciparum gametocytes resulted in lower than normal
infection levels. Whereas ookinete numbers were the same
in the midgut lumen of both mosquito lines, significantly
more oocysts were found in the antibiotic treated aseptic
mosquitoes. These results indicated that bacteria affect
parasite viability before the oocyst formation. This can
occur while the ookinete is in the midgut or while invading
midgut epithelial cells. Global transcription profiling of
septic and aseptic mosquitoes identified a significant sub-
set of immune genes in the septic mosquitoes that were
presumably upregulated by the microbial flora of the host.
Box 2. Manipulating the microbiome to modulate insect host ve

Endosymbionts are being investigated for their ability to decrease

host vector competence. One promising symbiont-based strategy

currently under development is called ‘paratransgenesis.’ This

procedure involves isolating and genetically modifying symbiotic

bacteria to express an anti-pathogen molecule. The recombinant

symbionts are then reintroduced into their host, where they subse-

quently increase host resistance to pathogens. Three disease vector

systems where this approach has been applied are described below.

� Tsetse: the tsetse commensal symbiont Sodalis has been geneti-

cally modified in vitro to express a marker gene, and then returned

to fertile females where they are subsequently passed on to future

generations (reviewed in [5]). Sodalis exhibits a natural resistance

to several trypanocidal molecules, including tsetse antimicrobial

peptides. Expression of these molecules by Sodalis can result in

parasite resistance in themidgut of tsetse [38,98,99].

� Triatome bugs: triatomines that transmit the causative agent of

Chagas disease (Trypanosoma cruzi) harbor genetically modifiable,

gut-associated symbionts that are horizontally transmitted via
These immunity genes included several anti-Plasmodium
factors [27,43]. Both expression and infection analyses
suggest that the observed anti-Plasmodium effect is
caused by the antimicrobial immune response of the mos-
quito, possibly through activation of basal immunity [33].

The commensal and obligate microbes of tsetse (Sodalis
and Wigglesworthia, respectively) have also been implicat-
ed in trypanosome transmission in tsetse. There has been a
correlation observed with the presence of the commensal
symbiont Sodalis and in particular specific Sodalis geno-
types and the presence of trypanosome infections in sever-
al natural tsetse populations. Also, in the absence of the
obligate symbiont Wigglesworthia in the laboratory, flies
have been found to be highly susceptible to parasite infec-
tions, as discussed below [44].

Microbiota can influence the vectorial competence of
their hosts by means of direct interaction with parasites.
This can occur through inhibitory bioactivity of secreted
enzymes or toxins. Alternatively, microbiota can constrain
pathogen development indirectly by inducing activity of
the host immune system that in turn can clear the patho-
genic microbes. Recent studies in several insect systems
indicate that both direct and indirect microbiota-induced
phenotypes can affect the capacity of an insect host to
transmit pathogens (discussed in Box 2). In fact, both
heritable symbionts and environmentally acquired com-
mensal microfauna have been shown to influence this
function (reviewed in [45,46]). Below we discuss examples
of symbiont produced anti-pathogen products, symbiont
induced host anti-pathogen products and host immune
priming by resident gut fauna as well as by Wolbachia.

Endosymbiont produced anti-pathogen products
Aphids harbor a beneficial facultative endosymbiont,
Candidatus Hamiltonella defensa that can increase host
survival following attack by parasitoid wasps [17]. Inter-
estingly, different strains of H. defensa vary in the degree
of protection they confer upon their aphid host. This sym-
biont-mediated protective phenotype depends on the pres-
ence of a lysogenic bacteriophage (APSE) present in certain
symbiont host strains [47]. Aphids that host H. defensa
infected with APSE are significantly more resistant to
parasitoid wasps than are their counterparts that host
ctor competence

copharagy [100]. These symbionts can be cultured and genetically

modified [100–102]. Host recolonization with genetically modified

symbionts that express anti-parasitic molecules subsequently

blocks parasite transmission [103].

� Mosquito: anopheline mosquitoes form stable associations with

bacteria from the genus Asaia that can be used for paratransgenesis

[30]. Stable infections can be established in multiple epidemiolo-

gically relevant tissues when female mosquitoes were reconstituted

with recombinant bacteria [28,104].

Research is currently under way to improve the efficiency of

paratransgenesis by optimizing several variables. These include:(i)

screening for other commensal symbionts that are stably associated

with insect disease vectors, (ii) identifying novel anti-pathogen

effector molecules that can be expressed in symbionts, (iii) engineer-

ing expression constructs that encode efficacious promoters and

secretion signals, and (iv) establishing a mechanism to drive

paratransgenic bacteria into field-based insect populations.
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APSE-uninfected symbionts [48]. In laboratory studies,
phage loss occurs repeatedly in H. defensa-infected aphid
clonal lines. In each instance this phenomenon results in
increased host susceptibility to parasitism [47]. APSE-
mediated protection results when eukaryote-targeted tox-
ins are expressed from the bacteriophage genome [48,49].
Thus, mobile genetic elements can code for ecologically
important traits including defense against parasitoids.
This characteristic can endow endosymbionts with direct
benefits that extend to their animal hosts.

Symbiont induced host anti-pathogen products
How the beneficial microbiome can evade the immune
responses of their host is actively being investigated, a
phenomenon referred to as host tolerance. One suggested
mechanism leading to host tolerance involves symbiont
suppression of host immune responses as a form of self-
protection. An alternative possible mechanism is the ab-
sence of molecular signals on symbiont cell surfaces that
are typically recognized by insect hosts as foreign following
exposure to microbes. One molecular signal that mediates
host recognition of bacteria is the peptidoglycan (PGN)
structure present in bacterial membranes. A family of host
PGN recognition proteins (PGRPs) have been identified
with PGN binding activity and include pattern recognition
receptors (PRRs), which serve as the initial component of
signal transduction pathways that result in immune acti-
vation following exposure [7]. For example, in insects, the
Imd pathway has been shown to respond to the presence of
Gram� bacterial PGN and results in the production of a
battery of antimicrobial peptides. Given that the symbiotic
microbes also have PGN as part of their cell structures, it
has been of interest if and how these microbes can evade
host recognition and/or subsequent immune damage.

In Drosophila, one of the PGRPs, PGRP-LB, has been
shown to exhibit amidase catalytic activity to degrade PGN
[50]. In this way, metabolically costly insect immune path-
ways are not activated in response to environmental
microbes present at low concentrations. In the presence
of a persistent infection, however, the immune responses
are activated when the level of the endogenous PGRP-LB is
exhausted. Interestingly in tsetse, PGRP-LB is expressed
at high levels in the Wigglesworthia symbiont-containing
midgut bacteriome organ [51]. Furthermore, the level of
pgrp-lb expression increases as a function of host age and
Wigglesworthia density [52]. This positive correlation be-
tween Wigglesworthia density and host pgrp-lb expression
levels was also demonstrated in natural field populations
[51]. In the weevil, Sitophilus zeamais, which also has
mutualistic symbionts, pgrp-lb expression was also
detected in the bacteriome organ and found to be upregu-
lated in the nymphal phase during a time when the sym-
bionts are released from host cells [53,54]. Thus, symbiont
density regulation through the action of catalytic PGRPs
could be a general mechanism that insects use to down-
regulate their immune responses, which could otherwise
be damaging to their symbiotic fauna. In fact, when pgrp-lb
levels were reduced through the use of RNAi, the density of
Wigglesworthia was significantly reduced. This decrease in
Wigglesworthia numbers probably resulted from the
activation of the Imd pathway, and induced synthesis of
518
AMPs in tsetse as symbiont numbers were restored when
both PGRP-LB and Imd pathway functions were down-
regulated [51]. Thus, host PGRP-LB expression appears to
be essential to protect Wigglesworthia from damage by the
responses of its host.

In addition to protecting the indispensable symbiosis
with Wigglesworthia, PGRP-LB also plays a role in para-
site transmission in tsetse, because flies with diminished
pgrp-lb levels were found to exhibit increased susceptibili-
ty to trypanosomes [51]. It remains to be seen, however, if
tsetse PGRP-LB could have an anti-protozoal function.
One PGRP in Drosophila and all PGRPs in humans have
direct antibacterial properties [55]. Thus PGRP-LB could
have a dual function in tsetse. First, PGRP-LB expressed
in response to Wigglesworthia might protect the mutualis-
tic symbiosis of tsetse flies by negatively modulating the
activity of the Imd pathway, which when induced can be
harmful to this bacterium. Second, high PGRP-LB levels
benefit tsetse by preventing the establishment of trypano-
some infections, which in turn negatively impact host
reproductive fitness and decrease fecundity by increasing
the larval development period [56].

Immune priming by resident gut fauna

Recent studies indicate that A. gambiae immune response
to malaria infection involves an intimate association be-
tween the presence of microbiota in the gut and hemocytes
in the hemolymph [57]. Hemocytes, which are functionally
homologous to mammalian macrophages, are an essential
component of insect cellular immunity. Recent research
demonstrated that when mosquitoes are pre-exposed to
infection with Plasmodium ookinetes they subsequently
exhibit enhanced immunity to a second parasite challenge
[57]. During establishment of the initial infection, malaria
ookinetes irreversibly compromise physical barriers that
otherwise prevent bacteria normally found only in the gut
lumen from directly interacting with host epithelial cells.
When this atypical encounter occurs, hemocytes that are
attached to the basal surface of host epithelial cells, as well
as those circulating freely in the hemolymph, differentiate
into a subtype (granulocytes) that enhances host immunity
to the second challenge with malaria parasites. This ‘prim-
ing’ of the host immune system was only effective when
endogenous midgut bacteria were present in the system
and did not occur in aseptic mosquitoes.

Tsetse flies rely on their symbiotic microbiota for proper
immune function development [58]. During the unique
viviparous mode of reproduction of their host, the sym-
bionts are vertically transmitted from mother to develop-
ing intrauterine larvae via milk gland secretions
(Figure 1). In adult tsetse, two distinct populations of
obligate Wigglesworthia are present. The first population
is intracellular within the tsetse bacteriome organ, where-
as the second population is extracellular in the milk gland
organ [44,59]. Treatment of pregnant females with the
antibiotic ampicillin results in the clearance of the second
population, extracellular in the milk, whereas the intra-
cellular bacteriome-associated Wigglesworthia are left un-
disturbed. Thus, immature progeny of ampicillin-treated
females (GmmWgm�) lack Wigglesworthia throughout in-
trauterine development and later as adults [44]. Adult
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Figure 1. Tsetse female with its symbionts Sodalis, Wigglesworthia and Wolbachia and the parasite African trypanosome.The cartoon shows the major organs where the

symbionts are located. During its transmission in the fly, the trypanosome resides in the midgut and then in the salivary glands of the fly. In the midgut the trypanosome is

in close proximity to Wigglesworthia housed in the bacteriome organ and Sodalis found in the midgut. Thus anti-pathogenic products expressed by Sodalis or induced by

Wigglesworthia can have an adverse effect on trypanosome transmission (shown by inset labeled bacteriome). The symbionts Sodalis and Wigglesworthia are maternally

transmitted to the intrauterine progeny in the milk, whereas Wolbachia is transovarially transmitted (shown by inset labeled milk gland/reproductive tract). Contributed by

Geoffrey Attardo.
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GmmWgm� exhibit a highly immunocompromised pheno-
type compared to their wildtype counterparts. In fact, the
challenge of GmmWgm�individuals with Escherichia coli
results in bacterial sepsis and death, whereas wild type
flies eliminate the same infection and survive. Further-
more, when challenged with trypanosomes, gut infections
are established in the majority of GmmWgm� flies, whereas
wild type flies are highly resistant and can clear parasite
infections effectively [44,60]. Interestingly, Wigglesworthia
does not directly enhance immunity in wild type individu-
als, because elimination of Wigglesworthia from adult flies
via antibiotic tetracycline treatment does not result in an
immune compromised phenotype. Instead, this obligate
must be present during the larval immature stages in
order for the tsetse immune system to develop and function
properly during adulthood [58]. Gene expression studies
indicate that adult GmmWgm� exhibit highly depleted
humoral and cellular immune responses.This condition
is characterized by reduced expression of genes that encode
AMPs (cecropin and attacin), hemocyte-mediated process-
es (thioester-containing proteins 2 and 4 and prophenolox-
idase) and signal-mediating molecules (inducible nitric
oxide synthase) following challenge with bacteria. Further-
more, GmmWgm� adults house a reduced population of
sessile and circulating hemocytes. This phenotype might
result from a significant decrease in larval expression of
serpent and lozenge, both of which are transcription factors
regulating the process of early hemocyte differentia-
tion[58]. The specific physiological mechanism(s) underly-
ing Wigglesworthia-induced maturation of tsetse immune
system development, and the implications this has on host
vector competence, remains to be determined.
Immune priming by Wolbachia

Until recently, it was thought that Wolbachia infections of
insects were largely parasitic and had invaded host popu-
lations by manipulating the reproduction of their hosts to
increase their transmission through the female germline.
However, new studies are suggesting that Wolbachia infec-
tions in Drosophila can confer resistance to viruses and
therefore act as mutualists [25]. Initial work with Drosoph-
ila showed that certain Wolbachia infections reduced virus
proliferation of Drosophila C, cricket paralysis, Nora and
Flock House viruses and delayed mortality in flies [61–63].
Subsequently, a similar pathogen blocking phenomenon
was shown to affect A. aegypti mosquitoes. Transinfection
of A. aegypti with the life-shortening Wolbachia strain
wMelPop resulted in reduced transmission of medically
important pathogens, including dengue and Chikungunya
viruses, Plasmodium gallinaceum (cause of avian malaria)
and Brugia pahangi (rodent filarial nematodes) [61,62,64–

66]. Replication of dengue virus following either ingestion
or intrathoracic injection was almost completely inhibited
in Wolbachia infected mosquitoes. Similarly,Wolbachia
infections reduced the number of mosquitoes infected with
P. gallinaceum by about 50% and lowered oocyte numbers
significantly [66]. Wolbachia infections in A. aegypti also
significantly reduced the prevalence and mean number of
infective third stage filarial nematodes by more than two-
fold compared to uninfected controls [64]. This inhibition of
nematode development has been hypothesized to result at
least partially from a significant Wolbachia-induced upre-
gulation of immune genes that encode antimicrobial pep-
tides (cecropin and defensin), thioester containing proteins
(TEP) and C-type lectins, as shown by microarray analysis
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[66]. Wolbachia infections naturally associated with Culex
quinquefasciatus have also been found to influence West
Nile virus transmission. Wolbachia-infected Culex mosqui-
toes were found to produce lower virus titers and had two to
three-fold lower rates of virus transmission compared to
mosquitoes lacking Wolbachia [67]. Stable infection of an
A. gambiae cell line with wMelPop caused increased ex-
pression of malaria-related immune genes, indicating that
host resistance to parasite infection can be regulated by
symbiont-induced immunity. Although it has not been
possible to establish stable infection of A. gambiae mos-
quitoes with wMelPop, transient somatic infections can be
established by intrathoracic inoculation. This procedure
induces the expression of several host immune-related
genes, including LRIM1 and TEP1 that have been shown
to influence the development of malaria parasites. Plas-
modium infection intensity in mosquitoes that received
this treatment was thereupon significantly reduced in
comparison to uninfected cohorts [68]. By contrast, in a
different study where gene expression of Wolbachia
infected mosquito cells was analyzed by Affymetrix Gen-
eChip microarray, a significant downregulation of many
immune, stress and detoxification-related transcripts were
noted [69]. It will remain to be seen if successful Wolbachia
infections can be established in Anopheline mosquitoes
where they confer a pathogen resistance phenotype. Thus,
in several different insect systems in the laboratory and in
natural populations, infections with specific Wolbachia
strains apparently can confer resistance to the pathogens
typically transmitted by the same hosts. This pathogen
blocking process appears to involve induced expression of
host immune responses against the pathogens. It is impor-
tant to understand the fitness cost of such Wolbachia
infections on their hosts, in particular on fecundity for
Box 3. Future directions

This review summarizes our current knowledge on the relationship

between insect symbionts and host disease vector competence.

Below we highlight future research avenues that will contribute to

the development of microbiome-based strategies for the control of

insect-transmitted diseases.

(i) Characterize the microbiome of natural vector populations, with

special emphasis placed on evaluating differences between

infected and pathogen resistant insects. This research could

lead to the identification of symbiotic microbes that naturally

confer resistance to pathogens.

(ii) Identify Wolbachia endosymbiont strains that are capable of

modifying host immune competence and/or fitness as a novel

means of vector control.

(iii) Ecological studies must be performed to better understand

host–symbiont infection dynamics as a function of space and

time and varying environmental conditions. This information is

essential for the success of downstream field applications.

(iv) Large-cage studies, followed by open field releases, are

necessary to access the ecological stability of modified insects

in natural habitats. Although technical aspects associated with

these methodologies are advancing, these programs now need

to address societal challenges such as regulatory approval and

ethical acceptance. One such study is ongoing in Australia for

control of the dengue vectors (http://www.eliminatedengue.org/

en/HOME.aspx).

(v) Despite challenges, these self-sustainable and cost-effective

programs can provide unprecedented opportunities for control

of tropical disease, for which limited funds are available.
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field applications. Ability to harness Wolbachia conferred
pathogen blocking coupled with CI outcomes provides a
novel approach for disease control where Wolbachia
infected, pathogen resistant insects can be spread via CI
and replace the susceptible populations [70].

Concluding remarks
In this paper, we reviewed major trends on symbiotic
microbes that are associated with different insects, in-
cluding those that are disease vectors. Evidence to date
indicates that these beneficial microorganisms are indis-
pensable for nutrient provisioning and for proper host
immune system maturation during development. We also
discussed vector control strategies (currently under de-
velopment) that use insect symbionts to ‘artificially’ boost
the immune system of their host. The goal of these
methods is to reduce the dissemination of pathogenic
microbes. In Box 3 several future research directions
are suggested that will enhance the ability to exploit
insect symbiotic bacteria for the purpose of reducing
disease transmission.
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