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Invertebrates mount a sophisticated immune response with the potential to exhibit a form of immune

memory through ‘priming’. Increased immune protection following early exposure to bacteria has been

found both later in life (within generation priming) and in the next generation (transgeneration priming)

in a number of invertebrates. However, it is unclear how general immune priming is and whether immune

priming occurs in response to different parasites, including viruses. Here, using Plodia interpuctella

(Lepidoptera) and its natural DNA virus, Plodia interpunctella granulosis virus, we find evidence for

both within generation and transgeneration immune priming. Individuals previously exposed to low

doses of virus, as well as the offspring of exposed individuals, are subsequently less susceptible to viral

challenge. Relatively little is known about the mechanisms that underpin viral immunity but it is probable

that the viral immune response is somewhat different to that of bacteria. We show that immune priming

may, however, be a characteristic of both responses, mediated through different mechanisms, suggesting

that immune memory may be a general phenomenon of insect immunity. This is important because

immune priming may influence both host–parasite population and evolutionary dynamics.
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1. INTRODUCTION
Parasites, broadly defined to include both macroparasites

and microparasites such as bacteria and viruses, have pro-

nounced effects on host fitness and life history, and as a

result help shape host evolution [1,2] population

dynamics [3,4] and community structure [5–7]. Gener-

ally there will be an optimal level of immune defence

against parasites determined by the associated costs of

resistance and the risk of infection [2,8,9]. In nature,

hosts are faced with attack from a range of different para-

sites, but in many circumstances they may be more likely

to be repeatedly exposed to the same parasites either

within one generation or across consecutive generations.

The likelihood of such future exposure to a parasite will

clearly determine the cost to benefit balance of eliciting

an immune response and influence the type, specificity

and length of the response.

The acquired immune system of vertebrates is well

understood, and its primary role is to provide long lasting

protection to microparasitic infections [10]. However,

there are now a number of examples in invertebrates

where previous exposure to parasites has led to increased

protection on subsequent challenge (e.g. [11–15]). This

increased or acquired protection against microparasitic

infection in invertebrates following an initial exposure to

the same parasite, a different parasite or an immune

response elicitor has been termed ‘immune priming’. In

some cases this protection seems to be broad. For

example, previous exposure to lipopolysaccharides

(LPS)-bacterial cell wall components, increased protec-

tion against a fungal parasite in the mealworm beetle,
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Tenebrio molitor [12]. However, there are a number of

cases where the protection provided by the initial

exposure is more pronounced when the parasite is of

the same taxonomic type, species or even strain [13–

15]. It is also increasingly apparent that exposure of

mothers to parasites may influence offspring immuno-

competence in invertebrates. For example, in Daphnia

magna, offspring from mothers primed with the bacteria

Pasteuria ramosa suffered less of a reduction in fitness,

in terms of reproductive output, when subsequently

infected with this bacteria [11]. This protection was also

found to be specific, such that offspring exposed to the

same parasite strain as their mother had a greater fitness

advantage than offspring exposed to a different parasite

to their mother. In addition, in the cabbage semilooper

(Trichoplusia ni), offspring from mothers that had been

raised on a bacteria-rich diet had an increased immune

response in terms of immune enzyme activity, and the

expression and transcription of immune-related proteins

[16]. The phenomenon of transferring protection to para-

sites from mother to offspring in invertebrates is termed

‘transgenerational immune priming’. While most of

these studies focus on maternal transgenerational

immune priming, there is now evidence that paternal

transgenerational immune priming can occur [17],

which further highlights the need to understand how

widespread the phenomenon is in nature.

The immune interactions between insects and their

bacterial and fungal parasites are becoming increasingly

well understood, while our knowledge of insect–virus

interactions remains much more limited [18,19]. Poten-

tial mechanisms of viral resistance in insects may

include essential defence processes such as RNA interfer-

ence [20] and apoptosis [21]. There is a lack of generality
This journal is q 2010 The Royal Society
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and consistency in viral resistance mechanisms across

insect taxa and there is debate as to whether the

immune pathways and effectors which are responsible

for clearing viral infections are similar (e.g. [22,23]) or

different (e.g. [18,24,25]) to those important in antibac-

terial response. For example, Toll, an immune pathway

involved in defence against Gram positive bacteria, is

important in the response of Drosophila melanogaster to

Drosophila X virus [23] and Aedes aegypti to dengue

virus [22]. In D. melanogaster the Imd immune pathway,

which is involved in the defence against Gram negative

bacteria, has also been shown to be involved in antiviral

immune responses [26]. However, haemolymph from

D. melanogaster infected with Drosophila C virus contained

none of the molecules which are the hallmark of the

response to bacterial challenge [25]. Given that there

may be differences between antibacterial and antiviral

immune mechanisms, it is unclear whether the immune

priming that occurs in response to bacterial exposure

will also occur in response to viruses. Evidence for

within generation immune priming to White spot

syndrome virus in the crustaceans Penaeus monodon and

Penaeus japonicus has been found [27,28] but within gen-

eration and transgeneration immune priming to viruses in

insects has not been examined in detail. A greater under-

standing of insect–virus interactions, and antiviral

resistance in particular is not only important for the con-

trol of human viral diseases vectored by insects including

Dengue fever and West Nile Virus [29], but also because

insect viruses are used as biocontrol agents and

biopesticides [30].

Here, we assess whether early exposure to virus leads

to immune priming either within or transgenerationally

in an insect. We use the well-developed host–parasite lab-

oratory model system, Plodia interpunctella (Lepidoptera)

and its natural virus Plodia interpunctella granulosis virus

(PiGV). In particular, we examine the effect of viral

exposure in early life, and viral exposure in the previous

generation on rates of subsequent infection after further

challenge with the virus. We, to our knowledge, demon-

strate for the first time in insects, that previous exposure

to a low dose of live virus increases resistance to a lethal

challenge both later in life and in the next generation.
2. MATERIAL AND METHODS
(a) The insect–virus system

The Indian meal moth, P. interpunctella, is a pest of stored

agricultural products, with a natural environment that is

very similar to the one in which it is maintained in the labora-

tory. Insects were reared on a cereal-based diet consisting of

50 per cent Ready Brek, 30 per cent bran and 20 per cent

rice, with 20 g yeast, 0.2 g sorbic acid, 0.2 g methyl paraben,

25 ml honey and 25 ml glycerol added to 100 g of cereal mix.

Insects were kept at 278C in a 16 L : 8 D regime. We used a

naturally occurring DNA virus, PiGV, that infects larvae

through the oral ingestion of viral particles. When the occlu-

sion bodies enter the midgut their protein coat is dissolved,

and virions are released into the midgut cavity and enter

midgut epithelium cells. Secondary tissue infection occurs

once the virus has passed through the midgut and virus pro-

liferation in fat bodies and other tissues leads to cell lysis,

tissue destruction and eventual host death. Infected individ-

uals have a characteristic opaque white colour, and are easily
Proc. R. Soc. B (2011)
distinguishable from healthy individuals. Once symptomatic,

larvae die before pupation. Purified virus solution was pro-

duced by centrifugation of a homogenate of infected

individuals [31], diluted in 75 per cent blue food dye in

double distilled water with 5 per cent sucrose to the required

viral concentration. Droplets of virus/dye solution were orally

administered to the larvae using a droplet feeding method

[32]. Only insects successfully inoculated (indicated by the

presence of dye in half of the length of the gut) were used

in the experiments. The same inoculation procedure was

used for control larvae but using only the dye solution.

Prior to the experiments a number of dose–response assays

were carried out from which the lethal dose of 1 per cent

(LD1) for second and third instar larvae and the lethal

dose of 50 per cent (LD50) for third and fourth instar

larvae were calculated.

(b) Within generation immune priming to virus

Experimental insects were established by placing 30 newly

emerged adults from a large outbred stock population

onto 40 g of food. Adults were left to mate and lay eggs.

Second instar larvae (8 days) were collected from the food

and starved for 2 h. Half of the larvae were orally primed

with virus solution of a LD1 concentration while the other

half were inoculated with control solution. Successfully

inoculated larvae were given abundant food resources and

virus primed and control primed larvae were kept separate.

When the larvae reached the fourth instar (14 days) they

were removed from the food, starved for 2 h then orally

inoculated. No larvae showed viral symptoms at this stage.

Virus primed and control primed larvae were kept separate

and either inoculated with a LD50 virus solution or control

solution. All larvae were then kept individually with abun-

dant food resources after inoculation and examined for the

presence of viral infection 7–8 days post challenge. The

experiment was repeated in six blocks. The number of

infected and non-infected larvae was recorded for each

treatment group (figure 1a).

(c) Transgeneration immune priming to virus

Experimental insects were established from newly emerged

adults taken from a large outbred stock. Thirty adults

were placed on 40 g of food in a container and left to

mate and lay eggs. In total, six containers per block were

established from the same large outbred stock. Third

instar larvae (11 days) were taken from the food and starved

for 2 h. Individuals from three containers were inoculated

with a LD1 virus solution, while individuals from the

remaining three containers were inoculated with control

dye solution. Approximately 200 successfully inoculated

larvae from each container were transferred to separate

clean containers with abundant food resource after inocu-

lation. Larvae were left to develop, pupate and emerge as

adults. The small number of larvae that became infected

as a result of the inoculation were removed immediately

on presentation of symptoms. Upon emergence, thirty

adults from each container were then transferred to separate

clean containers with 40 g fresh food and allowed to mate

and lay eggs (F2 generation). Third instar larvae (11 days)

from each F2 container were picked out from the food,

starved for 2 h and challenged with a LD50 virus solution.

A number of F2 generation larvae from virus primed

parents were orally inoculated with control solution and

checked for symptoms to confirm that the virus could not
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of concentration equivalent to LD50. To determine the level of infection that resulted from prime inoculation some larvae
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pass vertically. Larvae were kept individually with abundant

food resource after inoculation and examined for the pres-

ence of viral infection 7–8 days post-viral challenge. The

number of infected and non-infected larvae was recorded

for each treatment group. This experiment was repeated

in six blocks (figure 1b).

(d) Statistical analysis

The effect of previous viral exposure on subsequent (same

generation or next) susceptibility to viral challenge (pro-

portion infection) was analysed using generalised linear

models in R. Quasi-binomial errors were used for analysis

of both experiments to correct for overdispersion. Exper-

imental block did not explain a significant amount of

variation, so statistics reported are from models with it

excluded.
Proc. R. Soc. B (2011)
3. RESULTS
(a) Within generation

Previous exposure to a low dose of virus significantly

reduced the susceptibility of insects to a subsequent lethal

virus challenge (F1,10¼ 9.22, p¼ 0.013; figure 2). Thus

we provide evidence that immune priming with virus con-

fers lasting protection against virus challenge later in life.

Higher than expected levels of infection from the initial

low virus exposure was found in one of the six replicates

of the treatment group: virus prime, dye challenge; but

when this replicate was removed the effect of priming treat-

ment is stronger (F1,10¼ 13.35, p , 0.01). Mortality was

negligible and no insects exposed to only control dye sol-

ution became infected, which demonstrates that there was

no contamination throughout the experiment.

(b) Transgeneration

Offspring from parents exposed to a low dose of virus were

less susceptible to viral challenge when compared to off-

spring from parents exposed to control dye solution

(F1,32 ¼ 7.13, p ¼ 0.012; figure 3). Exposing parents to

virus confers protection in offspring challenged with the

same virus, providing evidence for transgenerational

immune priming. One replicate from one of the exper-

imental blocks was removed from the analysis as no F2

generation larvae were produced. We examined the F3

generation in order to rule out the possibility of selection

for resistance and found that the transgeneration priming

effect only lasted one generation. There was no significant

difference in viral infection between F3 larvae originating

from virus primed F1s and F3 larvae originating from con-

trol F1s (F1,32¼ 0.81, p ¼ 0.37), confirming that the effect

seen in the F2 generation was not a result of selection. Vari-

ation between replicates in the small number of individuals

that become infected and had to be removed following

virus priming did not explain variation in infection follow-

ing viral challenge (F1,32 ¼ 0.0014, p ¼ 0.97). Mortality

was negligible and there was no vertical transmission and

no contamination (data not shown).
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4. DISCUSSION
We have demonstrated both within generation and trans-

generational immune priming with a DNA virus in its

natural insect host. Exposure to a low dose of virus (not

leading to a systemic infection) reduces subsequent sus-

ceptibility to a lethal viral challenge both later in life

and in the offspring of exposed parents. There have

been a number of studies demonstrating that immune

priming provides protection to bacteria both within gen-

eration (e.g. [14,15]) and transgenerationally (e.g.

[11,33,34]). However, immune priming to viruses is not

well studied with only very limited evidence for its exist-

ence in invertebrates [28]. This is, to our knowledge,

the first study to investigate and report this phenomenon

in response to a virus in an insect. The immune responses

to viruses in invertebrates may be different to the immune

response to other parasites but this study suggests that

priming may be a general phenomenon of the invertebrate

immune system.

We use a natural host–virus combination, challenge

the insects through the natural route of infection and

use live infectious virus. We expose the hosts to a very

low dose of virus through oral inoculation and sub-

sequently challenge those primed hosts, or offspring of

primed hosts, by oral inoculation with the same viral

stock at a higher concentration. We therefore build on

previous studies where immune priming has been found

in response to heat-killed pathogens (e.g. [14]) or

immune elicitors (e.g. [12]). The obvious advantage of

using heat-killed pathogens or immune elicitors is that it

ensures the absence of live pathogen, which may alter

the immune response in the insect on subsequent patho-

gen challenge. It also means that there is little chance of

selecting the host for increased immune function over

one generation. Our approach however, directly examines

a natural host–pathogen interaction by priming with live

virus using the natural route of infection. The likelihood

of live virus from the initial exposure still being present

in the midgut of the primed insects is very minimal,
Proc. R. Soc. B (2011)
given that two instars of development occur between the

initial priming exposure and the subsequent challenge in

the within generation study. In addition, no difference

was found in susceptibility between F3 insects from

virus primed F1s and F3 insects from control F1s, showing

that the protection only lasted a single generation. There-

fore it is unlikely that we selected for increased viral

resistance in the transgeneration priming experiment.

Our results suggest that the reduced susceptibility to

lethal viral challenge both within and across generations

is owing to immune priming.

It is possible that the effect seen both within a gener-

ation and across generations is a result of multiple

components of the immune response, however the

specific mechanisms that underpin immune priming in

invertebrates are not well understood. There is, however,

some evidence to suggest that phagocytosis by haemo-

cytes may play a role in the specificity of immune

responses in invertebrates and protection against bac-

teria gained from immune priming. For example,

protection against bacteria resulting from previous

exposure was linked to an increase in phagocytic activity

in both Drosophila [13] and the woodlouse, Porcellio

scaber [35]. The mechanisms involved in immune prim-

ing to viruses are even less well understood. A greater

knowledge of the components that confer resistance to

viruses in insects, in general, will give insight into the

specific immune mechanisms or pathways that may

lead to immune priming. The mechanisms conferring

transgenerational resistance through immune priming

are even more intriguing, and even less understood.

Elevated antibacterial activity in Bombus terrestris off-

spring following priming of queens was shown to be

dependent on factors transferred to the offspring in the

egg, and not based on rearing [36]. In principle,

exposure of mothers to parasites may speed up the pro-

duction of immune components in offspring and/or

increase the efficiency of immune components in off-

spring. In theory this could be the result of

transmission of immune proteins or RNA from parents

to offspring, but as yet there is little experimental evi-

dence of the mechanisms that underlie the phenotypic

responses that we measure.

While many studies have found evidence for immune

memory in invertebrates, it is not ubiquitous. For

example, studies of mosquitoes have found that priming

the melanization response, an immune defence important

in malarial parasite infections, did not increase the mela-

nization response in offspring [37]. Within generation and

transgenerational priming is likely to be a plastic trait

dependent on specific ecological and evolutionary con-

ditions [38]. It may also be dependent on the host

or pathogen life history and the specific host–pathogen

combination. Immune priming has been demonstrated

in B. terrestris (e.g. [15,34]). This is a social insect and

therefore immune priming may be more beneficial as

repeated exposure to the same pathogen is very probable.

In addition, the life history of the parasite will also be

important. Here, the pathogen used is an obligate killer

and therefore the cost of infection is high and will lead

to strong selection pressure for resistance mechanisms

in general.

Immune priming may be costly both at the individual

and population level. Long lasting protection against
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one pathogen strain may result in selection for different

strains of the parasite with different effects on the host

[39]. For example, Sadd & Schmid-Hempel [40] found

that offspring were more resistant when exposed to the

same parasite as their mothers, but that these same off-

spring had increased susceptibility to different pathogens.

This suggests that priming may be specific and costly in

terms of resistance to other parasites, and that there may

be trade-offs between resistance to different pathogens.

Further work on immune priming in invertebrates needs

to examine both the costs and specificity of immune prim-

ing in more detail. It is also interesting that the specificity

of immune priming seems to vary between host–pathogen

combinations. For example, priming by LPS in T. molitor

protects against fungal infection [12], while in other inter-

actions protection is highly specific even down to the strain

of the pathogen (e.g. [11,14]). This difference in specificity

may indicate that immune protection is owing to a range of

different mechanisms that are not necessarily mutually

exclusive.

Although mechanistically very different to vertebrate

adaptive immunity, our work suggests that the insect

innate immune system has the capacity to adapt in

response to previous encounters with a virus. The

fact that immune priming occurs in response to both

viruses and bacteria in insects suggests that similar

evolutionary pressures have shaped these responses, even

though they may involve different components of the

immune system. Immune priming may have many wider

implications, such as altering the dynamics of host

and pathogen populations and the interaction between

co-infecting pathogens within a population. It may also

be important when considering the long term success of

using viral pathogens as biological control agents and

when predicting the severity of viral disease outbreak.
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