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Many vertically-transmitted microbial symbionts protect their

insect hosts from natural enemies, including host-targeted

pathogens and parasites, and those vectored by insects to

other hosts. Protection is often achieved through production of

inhibiting toxins, which is not surprising given that toxin

production mediates competition in many environments.

Classical models of macroecological interactions, however,

demonstrate that interspecific competition can be less direct,

and recent research indicates that symbiont-protection can be

mediated through exploitation of limiting resources, and

through activation of host immune mechanisms that then

suppress natural enemies. Available data, though limited,

suggest that effects of symbionts on vectored pathogens and

parasites, as compared to those that are host-targeted, are

more likely to result from symbiont activation of the host

immune system. We discuss these different mechanisms in

light of their potential impact on the evolution of host

physiological processes.
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An ecological framework for studying
protection
Insects are infected by diverse microorganisms that vary

both in their life-history strategies and in their effects on

host fitness. Co-infections are common, and of particular

interest are interactions between vertically-transmitted

microbes (here termed ‘symbionts’) and natural enemies,

including host-targeted pathogens and parasites and those

vectored by insects to other hosts. Because the fitness of
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vertically-transmitted symbionts parallels the fitness of

their hosts, these symbionts can benefit from protecting

hosts from natural enemies that lower host fitness [1].

This phenomenon has been found in an expanding

number of insect systems [2–4] (also see [5], this issue).

Symbionts can also alter the ability of insects to vector

enemies of other hosts, often decreasing [6–8], but some-

times increasing [9], vector competence.

Theoretical work suggests that ‘symbiont-conferred pro-

tection’ can evolve as a consequence of competitive inter-

actions between co-infecting microorganisms [10–12].

Accordingly, mechanisms of symbiont-conferred protec-

tion (here referring to both protection against host-targeted

pathogens and parasites and alteration of vectorial

capacity) can be classified into three categories that parallel

competition models of classical ecology (Figure 1). Inter-

ference competition occurs directly between individuals,

and in the context of symbiont-conferred protection

involves symbionts producing toxins that harm pathogens

(Figure 1a). Exploitation competition occurs when com-

peting organisms have overlapping ecological niches.

Within-host exploitation competition occurs through the

use of a common limiting resource, for example, if sym-

bionts are competing with natural enemies for a host

metabolite (Figure 1b). Apparent competition occurs when

organisms share a common predator. In the context of

within-host competition the host immune system acts as

the predator. Vertically-transmitted symbionts can impact

the number of circulating host immune cells [13], for

example, which influences the susceptibility of their hosts

to pathogen or parasite infection (Figure 1c).

We use this ecological framework to discuss recently

uncovered mechanisms of symbiont-conferred protec-

tion. We then examine how mechanisms of symbiont-

conferred protection may evolve, specifically focusing on

differences between host-targeted enemies, and those

vectored by insects. Because vertically-transmitted sym-

bionts are common associates of insect species (with some

estimates as high as 50% [14,15,16��,17�,18]), symbiont

alteration of insect–parasite interactions may be a com-

mon feature of many systems.

Toxin-mediated interference of parasites

Toxin-mediated interference is possibly the most intui-

tive form of symbiont-conferred protection. This direct

mechanism appears to underlie protection in one of the

best studied models of host–symbiont interactions — that
www.sciencedirect.com
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Figure 1
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Mechanisms of symbiont-conferred protection fall into three broad categories that parallel types of interspecific competition described in classical

ecology. (a) Interference competition is a direct form of competition in which one organism aggressively interferes with the other. Irritating poison

gland secretions released by Monomorium ants, for example, repel competitor ants from food resources [57], and toxins produced by Spiroplasma

bacteria in Drosophila are hypothesized to lower nematode parasite fitness. (b) Exploitation competition is considered an indirect form of competition

in which two or more species compete for the same limiting resource. Desert ants and rodents, for example, both consume seeds [58], and Wolbachia

bacteria and viruses in Drosophila compete for cholesterol. # Apparent competition, also an indirect interaction, occurs when two or more species

share the same predator or parasite. Large populations of grass aphids, for example, can attract beetle predators, which then consume adjacent

aphids on nettles [59]. In tsetse flies, Wigglesworthia bacteria alter host immune responses (akin to predators) such that they depress trypanosome

survival. Direct interactions are indicated by solid lines, and indirect interactions are indicated by dashed lines.
of pea aphids (Acyrthosiphon pisum) and their facultative

symbionts. The bacterial symbiont Hamiltonella defensa
protects aphids from the parasitic wasp Aphidius ervi
[3,19]. Hamiltonella are frequently associated with a bac-

teriophage, and the protective phenotype is lost when

phages are absent [20]. Additionally, phage strains carry

one of several toxin genes, including Shiga-like toxin,

cytolethal distending toxin, and YD-repeat toxins [21],
www.sciencedirect.com 
and the strength of protection conferred by Hamiltonella
against A. ervi varies according to phage strain [20,21].

The specific mechanisms of interaction between these

toxins and eukaryotic cells is not completely understood,

but the genes are of sufficient homology to virulence

genes in other microbes to implicate them in wasp pro-

tection [22]. These lines of evidence suggest that phage-

encoded toxins are the mechanism by which Hamiltonella
Current Opinion in Insect Science 2014, 4:8–14
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protects its host [2,23]. It is not known how these toxins

are detrimental to the wasp while having little impact on

the aphid host.

Another example of toxin-mediated protection comes

from Drosophila neotestacea, which are commonly infected

by the parasitic nematode Howardula aoronymphium [24].

Flies that harbour maternally-transmitted Spiroplasma
symbionts resist and tolerate nematode infection, and

recent evidence suggests that this advantage has contrib-

uted to Spiroplasma’s spread through North American D.
neotestacea populations [25]. Recent work identified genes

encoding putative toxins (e.g. a putative ribosome-inac-

tivating protein) in the Spiroplasma genome. The expres-

sion of these toxins is upregulated in response to parasite

exposure, suggesting that symbionts protect their fly hosts

directly through toxin-mediated interference (Figure 1a)

[26��].

Toxin production is a key feature of competition in many

environmental contexts. In microbes that are adapting to

symbiosis, toxin genes are likely under selective pressure

for specificity not to damage host tissues, and may addition-

ally evolve specificity to a host’s natural enemies. However,

the process by which toxins in free-living bacteria are co-

opted for the purposes of protection in new symbioses is

largely unknown, and the consequences for evolution of

host immune mechanisms are also not known.

Symbiont and parasite exploitation of common

resources

Symbionts can also confer protection to their hosts by

exploiting a limiting resource also important for a parasite

(Figure 1b). Wolbachia spp., common intracellular bacteria

of many insect species, are best known as reproductive

manipulators, spreading through host populations via

male-killing or cytoplasmic incompatibility. However,

recent studies have shown that several strains of Wolba-
chia protect their hosts from natural enemies. In Droso-
phila melanogaster, Wolbachia infection increases resistance

against several RNA viruses [27–30] and interferes with

viral replication [28,31,32,33��]. Competition over cho-

lesterol, which both Wolbachia and Drosophila C virus

need for replication, likely underlies the mechanism of

protection as Wolbachia-conferred protection against the

virus is less effective on cholesterol-rich diets [33��,34].

Apparent competition via the host immune system

There is little evidence that the symbionts discussed

above induce changes in their hosts’ immune responses

that increase resistance to natural enemies (i.e. apparent

competition). Protective Spiroplasma (discussed in Sec-

tion ‘Toxin-mediated interference of parasites’) do not

upregulate host immune mechanisms in D. Neotestacea
[26��,35], and Drosophila do not mount an immune

response to Wolbachia (discussed in Section ‘Symbiont

and parasite exploitation of common resources’) [35,36].
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However, there are at least two mechanisms by which

symbionts could alter host immunity such that the host

would have a more effective immune response against

parasites (Figure 1c). The first mechanism would be

mediated through a symbiont increasing host vigour such

that it can mount a stronger immune response. To date,

we know of no insect symbiont system in which this has

been demonstrated. The second mechanism involves the

host maintaining a stronger immune system in order to

regulate symbionts, which consequentially leads to an

effective response against other microbes and parasites.

This latter mechanism underlies interaction between

tsetse flies (Glossina morsitans) and tsetse-vectored trypa-

nosome parasites that cause Human African trypanosomia-

sis. Flies harbour several vertically-transmitted microbes,

including Wigglesworthia glossinidia, which provide nutri-

tion important for tsetse fecundity and development. Arti-

ficially removing Wigglesworthia from flies increases their

susceptibility to trypanosome infection [37�,38]. Homeo-

stasis between flies and Wigglesworthia is achieved through

the peptidoglycan recognition protein LB (PGRP-LB).

PGRP-LB is upregulated in the presence of the symbiont

[6,39], and is thought to scavenge Wigglesworthia peptido-

glycan, a component of bacterial cell walls that can stimu-

late invertebrate immune systems. While this PGRP-LB

activity decreases immune responses towards the sym-

biont, it appears detrimental to parasites; flies with higher

PGRP-LB levels are more resistant to trypanosome in-

fection. This suggests that Wigglesworthia-conferred protec-

tion from trypanosomes is mediated through the host

immune system [6,31].

Host immune-mediated effects of symbionts on vectored

pathogens are also indicated in other systems. Introducing

a Wolbachia strain from D. melanogaster into mosquitoes

[16��,34], for example, causes upregulation of a number of

mosquito immune genes. This induced immune response

inhibits the growth of nematode parasites in Aedes aegypti
[40] and of malaria parasites in Anopheles gambiae [41,42].

Similarly, interactions between Wolbachia and the mos-

quito immune system have been implicated in Wolbachia-

conferred interference of Dengue virus transmission by

Ae. Aegypti, where Wolbachia introduction primes the host

immune system [43] and can inhibit Dengue replication

[44]. This effect is attributed to increased basal immune

expression and an increased level of reactive oxygen

species [45��]. It is important to note that these cases

are not natural symbiont–host pairings but artificial pair-

ings. Establishment, spread, and maintenance of sym-

bionts in natural populations may favour a different

mechanistic basis, as we discuss below.

How evolution shapes symbiont-conferred
protection
In most examples of symbiont-conferred protection, the

functional mechanisms underlying protection still need to
www.sciencedirect.com
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Box 1 How can we study the mechanisms of protection?

The vertically-transmitted bacteria of insects are generally specia-

lized for endosymbiosis and have drastically reduced genomes

compared to their free-living relatives [60]. As such, they are often

challenging or impossible to grow in pure culture [61,62]. This makes

functional genomic studies of protective mechanisms difficult.

However, several recent approaches have yielded success despite

these obstacles. Variation in the presence or strength of protection

among symbiont genotypes, such as the protective and non-

protective Hamiltonella strains described in Section ‘Toxin-

mediated interference of parasites’, offer opportunities for com-

parative genomics (e.g. [63]). This approach involves searching for

plausible genes found in protective but absent from non-protective

strains. Other approaches have involved the culturing of symbionts

with insect cells [64,65]. Lastly, new techniques for in vivo genome

editing of symbiont genomes, such as the CRISPR/Cas system, may

emerge, which would allow specific testing of the mechanisms of

symbiont-mediated protection through knockouts or insertions of

relevant genes [66].
be identified, which will require a combination of exper-

imental, immunological, genetic and genomic approaches

(Box 1). Current examples, however, suggest that sym-

bionts primarily protect insects against host-targeted

pathogens either directly through toxin production

(Figure 1a) or indirectly through exploitation of shared

resources (Figure 1b), while symbionts confer resistance

against vectored-parasites through host immune system

mediated apparent competition (Figure 1c). This pattern

might be a result of varying approaches from the com-

munities of researchers working on this topic—vector

biology is often focused on immune mechanisms where

the insect—pathogen community usually takes a more

evolutionary approach. Alternatively, this pattern could

reflect differences in the evolutionary pressures shaping

interactions between symbionts and host-targeted versus

vectored natural enemies.

Host fitness and evolution of symbiont-conferred

protection

Protective symbionts are thought to spread by increasing

their hosts’ fitness, which in turn increases the proportion

of hosts in a population that harbour the symbiont.

Theoretical work indicates that strong fitness effects of

parasitism are a requirement for a protective symbiont to

spread (in the absence of reproductive manipulation). A

model of Wolbachia population dynamics indicates that

symbiont invasion is facilitated when enemies are rapidly

transmitted and highly pathogenic [46], and theoretical

work indicates that there is relatively weak selection for

maintenance of symbionts that protect against pathogens

with low virulence [10,11]. While many host-targeted

natural enemies are virulent, it is less clear if vectored

parasites typically meet this criterion. On one hand, tsetse

flies infected with trypanosomes experience decreased

fecundity over uninfected flies due to the costs of

immune activation [47]. On the other hand, similar host

fitness effects of vectoring have not been observed in
www.sciencedirect.com 
many other systems (reviewed in [16��]). To understand

the evolutionary forces shaping symbiont-conferred pro-

tection, fitness consequences for hosts and symbionts

need to be explicitly tested. Furthermore, when consid-

ering fitness, it is important to recognize that the fitness

benefit of harbouring symbionts is context dependent.

Protective symbionts are presumably only advantageous

in the presence of natural enemies that reduce host

fitness. In the absence of pathogens and parasites, the

cost of maintaining a symbiont can select against sym-

biont-infected hosts [48], which might explain why facul-

tative symbiont prevalence varies widely in natural

populations [17�,29,30,49].

Evolutionary history and expected mechanisms of

protection

While studies of protection against host-targeted natural

enemies typically involve co-evolved host–symbiont

pairs, most of the insect systems in which mechanisms

of symbiont-mediated alteration of vectoring have been

studied involve unnatural pairings (e.g. placement of

Drosophila symbionts into mosquito hosts). Though

immune-mediate protection has been identified in some

systems with natural host–symbiont pairings (e.g. Wiggle-
sworthia influencing tsetse vectoring of trypanosomes),

introduced symbionts may be more likely than natural

symbionts to stimulate host immune responses because:

first, many natural symbionts can evade host immune

responses [31], and second, host–symbiont coevolution

could favour a lack of immune-mediated clearance [34].

This interpretation is consistent with findings indicating

that introduction of Wolbachia into novel hosts is generally

associated with immune upregulation (although see [35]),

while no immune upregulation has been found in hosts

paired with their naturally co-evolved Wolbachia [35,36].

If immune-mediated protection is more likely in non-

native pairings, mechanisms underlying Wolbachia protec-

tion in natural pairings [37�], such as those that alter West

Nile Virus transmission by Culex mosquitoes [39], should

not be dependent on a host immune response. It is also

important to recognize that symbionts can increase vec-

toring capacity (Box 2), and we have little understanding

of what factors of host physiology, host–symbiont evol-

utionary history, and ecology underlie the ability of some

symbionts to lower and some symbionts to increase

vectoring capacity. Because it is critically important to

understand how factors influence the transmission of

human pathogens, more empirical and theoretical work

is needed to determine the effectiveness of symbionts

with different mechanisms of protection for use in bio-

control.

Consequences for the evolution of host immune

systems

The contrasting mechanisms of protection could have

important consequences for the evolution of insect

immune systems. Apparent competition mediated
Current Opinion in Insect Science 2014, 4:8–14
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Box 2 Adaptationists’ expectations and symbiont-conferred

protection

We mainly focus on the protective effects of vertically-transmitted

symbionts on pathogens and parasites, but symbionts can also

enhance rather than lessen host susceptibility. Wolbachia enhances

Aedes fluviatilis infection by the avian malaria parasite Plasmo-

dium gallinaceum [67], increases African army-worm (Spodoptera

exempta) susceptibility to a nucleopolyhdrovirus [68], and decreases

Drosophila simulans resistance to parasitoid infection [69]. These

examples indicate that the effects of symbionts on host-pathogen

interactions are not always adaptive.

While it is easy to frame adaptive hypotheses for the spread and

maintenance of protective symbionts, protection may be a by-

product rather than a selected trait in and of itself. There are a

number of systems that illustrate how symbionts can have incidental

effects on vector–pathogen interactions. For example, plant virus

transmission is enhanced by the protein GroEL, which is produced

by Buchnera bacteria in aphids [70] and by Hamiltonella bacteria in

whiteflies [71]. As GroEL is generally involved in protein stabilization,

the effect of symbionts in these systems is likely not a result of virus-

induced selection [72]. We hypothesize that effects of symbionts are

more likely to be a by-product than a selected trait when the fitness

effects of parasitism on the host and symbiont are weak.
through the host immune system requires the mainten-

ance of immune mechanisms. In contrast, symbiont-pro-

tection via toxin production or resource competition does

not require maintenance of host immunity. Accordingly,

symbiont-conferred resistance could potentially lessen

the need for hosts to maintain immune-system based

defences — this would depend on resistance conferred

by host immune mechanisms and resistance conferred by

symbionts being non-additive [31]. Similarly, host

immune systems may evolve to better harbour and

regulate symbionts, which could have consequences for

how the immune system interacts with closely related

pathogens. For example, pea aphids have lost a number

immune mechanisms such as the Immune Deficiency

(IMD) signalling pathway that are thought to be involved

in bacterial immunity. This is potentially because of the

intimate associations between aphids and nutritional and

protective symbiotic bacteria [34]. Pea aphids, corre-

spondingly, are highly susceptible to bacterial pathogens,

such as Escherichia coli, that other insects are able to resist

[6–8,50]. Determining the mechanisms of symbiont-con-

ferred protection is therefore critical for understanding

how symbiosis may alter the evolution of host immune

systems.

Consideration of the gut microbiome
In addition to vertically-transmitted symbionts, many

insects harbour complex gut microbiomes, and evidence

suggests that these too can alter resistance. Mosquitoes,

for example, harbour diverse gut flora that influence

Plasmodium establishment [10–12,51,52]. A demonstrated

relationship between mosquito gut bacterial species com-

plexity and Plasmodium infection appears to be mediated

by activation of an immune pathway (IMD) [13,51,52].

More recent work identified a gut-inhabiting Enterobacter
Current Opinion in Insect Science 2014, 4:8–14 
sp. in natural mosquito populations that increases resist-

ance against Plasmodium infection through the production

of reactive oxygen species [53].

There may be an entirely different set of selection

pressures acting on gut communities compared to verti-

cally transmitted symbionts. We predict that as more

complex communities of horizontally-transmitted

microbes are studied, examples of protection conferred

against parasites by these communities will become more

numerous (e.g. [54,55�,56]), and that the mechanisms

behind this protection will involve the production of

toxins and competition for shared resources.

Conclusions
The mechanistic basis of symbiont-conferred protection

against natural enemies can be complex, involving both

direct interactions between microorganisms within hosts

and more indirect interactions mediated through host-

derived resources and host immune mechanisms

(Figure 1). Symbiont-conferred protection can impact

both host interactions with their natural enemies and

insect vectoring capacity. The same mechanisms of pro-

tection can play a role in either case, though the evol-

utionary framework is quite different. Symbionts

protecting against a natural enemy that lowers insect

fitness can spread through a population by increasing

host fitness, but in systems where symbionts provide

protection against vectored parasites and pathogens the

adaptive significance is less clear, suggesting that protec-

tion can be a by-product more than a process under

selection. In these cases, we may expect less selection

on host physiologically processes. In all systems, there is a

need to study the molecular underpinnings of host–sym-

biont interactions, including the interplay between sym-

biont-derived toxins and host physiology, host-derived

nutrients and symbionts, and host immunity and sym-

bionts, when elucidating the functional mechanisms of

symbiont-conferred protection and their impact on host

physiological processes.
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