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Trans-generational effects on immunity are well known in vertebrates and are considered in many

evolutionary and ecological theories of species interaction. Maternal effects have been identified to be of

special importance, and are now recognized as a mechanism for adaptive phenotypic response

to environmental heterogeneity. We have previously shown that exposure to dietary non-pathogenic

bacteria can induce several aspects of immune response in an insect herbivore, the cabbage semilooper

(Trichoplusia ni ). Here, we test the effects of this exposure on the immune status of the next generation,

measuring immune parameters on three different levels—enzyme activities, protein expression and

transcript abundance. We also monitored fitness-related traits which are often negatively correlated with

increased immunocompetence. We found evidence for trans-generational priming on all these levels,

with immune system parameters that are clearly not transmitted in a 1 : 1 ratio from parent to offspring,

but rather in a complex manner with a strong but not exclusive maternal component. These findings

indicate that trans-generational priming is a complex and multifaceted phenomenon, potentially playing

a role as a long-term but non-genetic mode of environmental adaptation.
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1. INTRODUCTION

The phenotype of an organism is not only determined

by its genotype, but also by interactions with the

environment and epigenetic factors (Gotthard & Nylin

1995; Ghalambor et al. 2007; Nussey et al. 2007; Poulin &

Thomas 2008). Epigenetic inheritance is increasingly

recognized as playing a role in shaping the phenotype

and life history of an organism (Poulin & Thomas 2008).

Maternal effects especially have been reported in many

different taxa as a response to various environmental

factors, including pathogens. In many cases it has been

shown that these kind of maternal effects are adaptive,

optimizing life-history traits in the long term (Mousseau &

Fox 1998).

Pathogens and parasites profoundly influence the

fitness of their hosts. The ability to cope with infections

is a life-history trait with a high degree of phenotypic

plasticity, and its phenotypic costs result in well-

documented trade-offs with fitness (Schmid-Hempel

2005). Under certain conditions such trade-offs could be

ameliorated if information about the likelihood of future

infection was available. Sorci & Clobert (1995) suggested

that in a relatively stable environment, infection levels

experienced by mothers are good indicators for what the

offspring are likely to encounter. Trans-generational

priming of the immune system could, therefore, result in

lower mortality of progeny by reducing the delay required

by independent induction of progeny immune response,

and possibly increasing efficiency by priming those aspects
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of the immune response most appropriate to dealing with

the particular stress encountered by the parents.

In vertebrates it is known that immunocompetent

mothers can transmit pathogen resistance to their off-

spring (Grindstaff et al. 2003). Mucosal immune

responses in the foetal gut are primed by maternal gut

flora (Blümer et al. 2007). Evidence for trans-generational

immune priming has also been reported in arthropods

namely mealworm beetle (Tenebrio molitor; Moret 2006),

bumble-bee (Bombus terrestris; Moret & Schmid-Hempel

2001), mosquito (Anopheles stephensi; Grech et al. 2007),

Mediterranean flour moth (Ephestia kuehniella; Rahman

et al. 2004), and the crustacean Daphnia magna (Little

et al. 2003). By contrast, studies on peach-potato aphid

(Myzus persicae) did not provide evidence for trans-

generational priming of resistance to its parasitoid

(Diaeretiella rapae; Vorburger et al. 2008). The heritability

of immune function, specifically the encapsulation

response, has also been studied (Collins et al. 1986;

Fellowes et al. 1998; Cotter & Wilson 2002).

We have previously shown that exposure to dietary non-

pathogenic bacteria during the larval stage can induce

several aspects of the immune response in the insect

Trichoplusia ni (Freitak et al. 2007). Trichoplusia ni is a

lepidopteran generalist herbivore established worldwide,

except for Australia and the tropics and its broad host

range includes tomato, potato, maize, cotton and many

other plants. Here, we assess the extent to which

components of an immune response can be seen in the

unexposed progeny of exposed individuals. Reciprocal

crosses were made with parents grown on sterile artificial

diet or bacteria-laden diet to study trans-generational

maternal and paternal effects. We examined different

aspects of the immunity and physiology of the insect by
This journal is q 2009 The Royal Society
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measuring enzyme activities, haemolymph protein profiles

and transcript levels of a number of immune-related genes

in different tissues, as well as fitness-related parameters

including larval developmental time, pupal mass and

survival. Instead of the parental immune status being

faithfully mirrored in the next generation, we observed a

complex, mixed-pattern scenario, with strong maternal

effects in many aspects. Thus, the pattern of trans-

generational priming affects diverse aspects of the progeny

immune response in a highly selective manner.
2. MATERIAL AND METHODS
(a) Animals

Cabbage semilooper (T. ni ) eggs were obtained from

Entopath Inc. (USA). Eggs were placed in plastic cups with

artificial diet and allowed to hatch, and were grown at room

temperature (238C) at 16 L : 8 D cycle, at 55 per cent relative

humidity. To estimate the impact of constant presence of

bacteria in the diet, two treatment groups were formed for

the parental generation: larvae were fed on artificial diet

(Freitak et al. 2007) with or without bacteria. Larvae in both

treatments may have initially ingested some bacteria when

consuming the eggshell after hatching or from other

environmental sources. Bacterial diet was prepared by

soaking with overnight cultures (OD600Z4; 2.5 ml/

40 cm2 ) of Escherichia coli and Micrococcus luteus (approx.

80 mg per 125 g of diet). Old diet was removed and fresh diet

(sterile or freshly laden with bacteria) was provided every

3 days to keep the difference between treatments of the

bacterial concentration approximately constant in time.

Larvae were not given a choice of different types of food, to

avoid affects of changes in feeding behaviour on immune

responses as shown by Lee et al. (2006).

Adults originating from different diets were mated to

estimate the effect of parental diet on the physiology

and immune system of offspring. Four different crosses

were made, females and males grown on bacteria-free diet

(N\N_), females and males grown on bacterial diet (B\B_),

females grown on bacterial diet and males on bacteria-free

diet (B\N_) and females grown on bacteria-free diet and

males on bacterial diet (N\B_). Mixed mating of 30 males

and 30 females were carried out in 21!13!13 cm cages. All

the larvae from first and second generation were kept at the

same densities to avoid density-dependent effects such as

those shown by Barnes & Siva-Jothy (2000). Eggs were

collected and allowed to hatch and fed on artificial bacteria-

free diet. All the experiments were carried out using early last

instar larvae. For measuring fitness-related traits, a total of

400 larvae were used, with 100 larvae per cross.

(b) Lytic activity in the haemolymph

For estimation of the total lytic activity of the haemolymph, a

lytic zone assay was performed. 12!12 cm petri dishes were

filled with 35 ml of autoclaved Sörensen buffer with 21 mg

lyophilisized M. luteus cells (Sigma) and 2.1 mg streptomycin

sulphate (Calbiochem) with a final concentration of

1.5 per cent agar. Wells within plates (2 mm diameter) were

made by puncturing the agar with a plastic pipette and

removing the agar plug by suction. Haemolymph samples

(4 ml) were pipetted directly into the wells and the plates were

incubated for 24 hours at 378C. In total, haemolymph

samples from 79 larvae were analysed, with 20 larvae per

cross, with the exception of the B\N_ cross, where 19 animals
Proc. R. Soc. B (2009)
were sampled. A dilution series of chicken egg-white

lysozyme (Sigma) (2, 1, 0.750, 0.500, 0.250, 0.125, 0.62

and 0.31 mg mlK1) was added to each plate as a control and a

calibration curve was created based on these standards. Lytic

activity was determined as the radius of the clear zone around

a sample well.

(c) Pro-phenoloxidase quantity and phenoloxidase

activity in the haemolymph

Haemolymph was collected via puncturing the dorso-lateral

part of the larval abdomen and 20 ml was diluted into 200 ml

ice cold phosphate-buffered saline (PBS) and vortexed

immediately. In total, haemolymph from 80 larvae were

used, with 20 animals per cross. For measuring phenol-

oxidase (PO) activity, we followed the procedures described

in Barnes & Siva-Jothy (2000) and in Moret & Siva-Jothy

(2003). For pro-phenoloxidase (proPO) activity measure-

ments, the method described in Adamo (2004) was used.

Samples were centrifuged at 48C at 9000g for 7 min,

supernatant removed and kept for further analysis at

K808C. PO assays were carried out in 96-well plates using

the Infinite 200 microplate reader (Tecan). 100 ml of

supernatant was mixed with 200 ml of 0.4 mM L-Dopa

(Sigma) and changes in absorbance were measured at 308C

for 60 min at 490 nm. To measure total activity of enzyme per

volume of the haemolymph accounted for by both (already

activated) PO and (unactivated) proPO, 30 ml of supernatant

was incubated with 70 ml of chymotrypsin solution (2 mg

chymotrypsin (Calbiochem, Germany) in 1.5 ml PBS)

to activate the proPO for 20 min at 308C and changes in

absorbance were measured at 308C for 60 min at 490 nm.

To estimate the additional PO activity accounted for by

activation of proPO, readings measured without chymo-

trypsin digestion were subtracted from the total activity seen

after incubation with chymotrypsin. For both measurements

the same samples were used. Enzyme activity was measured

as the slope (Vmax value) of the reaction curve during the

linear phase of the reaction (15–45 min after adding

the substrate).

(d) Protein expression in the haemolymph

Protein expression patterns in the haemolymph were analysed

with sodium dodecyl sulphate polyacrylamide gradient gel

electrophoresis (SDS-PAGE) with 4–12 per cent gradient

gels performed in a XT-MES buffer system. Previous

experiments showed that the major protein constituents of

the haemolymph can change drastically, both qualitatively

and quantitatively. For example, arylphorin makes up a large

amount of haemolymph total protein content and we know

from previous experiments (Freitak et al. 2007), that also

after correcting for protein concentration in the sample, the

same proteins will be highly abundant as compared with

controls. In the current study, we wanted to estimate the

effect of the parental diet on both quantitative and qualitative

changes of haemolymph proteins. This can be best achieved

by comparing the protein profiles in the same volume of

haemolymph. However, we have observed the same banding

pattern differences after correcting for protein concen-

trations. Two microlitres of haemolymph sample were diluted

into 50 ml of ice-cold 4 per cent SDS containing Tris–HCl

buffer with EDTA-free protease inhibitor cocktail (Pierce),

directly frozen in liquid N2 and stored at K208C until

further use. All the samples were analysed as described in

Freitak et al. (2007).
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Figure 1. Enzyme activities in the haemolymph of last instar T. ni larvae originating from N\N_, B\B_, B\N_ and N\B_
crosses. (a) General antibacterial activity measured as the diameter of the lytic zone on agar plates with lyophilized M. luteus
and transformed into lysozyme equivalents (mg mlK1). Results represent mean values Gs.e. (b) proPO (open bars) and PO
(filled bars) activities measured in the haemolymph samples. Vmax is measured as the maximum change in optical density
per minute Gs.e.
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(e) RNA isolation

Dissected insect midguts and the rest of the bodies (except

for the head capsules) were ground using a motorized hand

pestle and total RNA was isolated using TRIzol Reagent

(Invitrogen) according to the manufacturers’ protocol. For

isolating RNA from the haemocytes, haemolymph samples

from approximately 15 larvae, (approx. 25 ml per larvae) were

pooled in 1 ml phosphate buffer and centrifuged at 48C at

9000g for 10 min. Supernatant was removed, the cell pellet

was dissolved in TRIzol and RNA was isolated according to

the manufacturers’ protocol. An additional DNAse (Turbo

DNAse, Ambion) treatment was included prior to the second

purification step to eliminate any contaminating DNA.

A second purification step was performed with RNeasy

MinElute CleanUp Kit (Qiagen). RNA integrity was verified

on an Agilent 2100 Bioanalyzer using RNA Nano chips

(Agilent). RNA quantity was determined photospectro-

metrically using a NanoDrop ND-1000 Spectrophotometer

(Thermo Scientific).
(f ) Quantitative real-time PCR

500 ng of DNA-free total RNA was converted into single-

stranded DNA using a mix of random and oligo-dT20

primers according to the ABgene protocol (ABgene). Real-

time PCR oligonucleotide primers were designed using the

online Primer3 internet-based interface (http://frodo.wi.mit.

edu). Primers were designed by the rules of highest maximum

efficiency and sensitivity to be followed to avoid formation of

self- and heterodimers, hairpins and self-complementarity.

Gene-specific primers (sequences provided in the electronic

supplementary material, §1) were designed on the basis of

sequence obtained for selected T. ni genes and several

additional genes as potential house-keeping genes to serve

as the endogenous control (normalizer). Q-RT-PCR was

done in optical 96-well plates on a MX3000P Real-Time

PCR Detection System (Stratagene) using the Absolute

QPCR SYBR green Mix (ABgene) to monitor double-

stranded DNA synthesis in combination with ROX as a

passive reference dye included in the PCR master mix. For

estimating gene expression differences, three biological

replicates per cross, consisting of 15 pooled larvae were

used. For adult samples, three biological replicates per diet

and sex, consisting of 15 pooled individuals were used.
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(g) Statistical analysis

Statistical analyses were performed with the software package

SPSS v. 15 (SPSS Inc.). Normality of the data was estimated

by using Shapiro-Wilcoxon and Levene’s tests. In the case

where assumptions for normality and homogeneity were not

violated, our hypotheses were tested using an ANOVA model,

otherwise a non-parametric Kruskall–Wallis ANOVA test was

used. In the case of qRT-PCR data, the 2KDDCT method

was used (Livak & Schmittgen 2001).
3. RESULTS
(a) Immune-related changes in the haemolymph

Haemolymph samples were taken from 14-day old (early

stage last instar) larvae. The effect of the absence or

presence of bacteria in the diet of the parental generation

on the general antibacterial activity was not significant

(F3,78Z1.99, pZ0.124, nZ79; figure 1a). Although the

mean general antibacterial activity is higher in offspring of

the B\B_ cross (129.2 mg of lysozyme) in comparison to

other crosses (N\N_, 94.1 mg of lysozyme; N\B_,

84.6 mg of lysozyme; B\N_, 74.6 mg of lysozyme), the

difference is not statistically significant after Bonferroni

corrections on the post hoc analysis (B\B_ versus B\N_,

pZ0.149; B\B_ versus N\B_, pZ0.469 and B\B_ versus

N\N_, pZ0.609).

A significant effect of bacteria in the parental diet was

observed on the PO activity in the haemolymph of second

generation T. ni larvae, but not on the additional PO

activity accounted for by activation of proPO. The activity

of PO was significantly affected by parental diet (Kruskal–

Wallis ANOVA, H3,79Z10.87, pZ0.012), whereas that

accounted for by activation of proPO was only marginally

affected (Kruskall–Wallis ANOVA, H3,79Z6.7, pZ0.082;

nZ80; figure 1b).

We found strong maternal effects on protein expression

in the larval haemolymph. In order to detect changes in

total as well as relative protein amounts, equal volumes of

haemolymph were loaded per individual rather than

standardizing on total protein content. The analysis of

the protein profiles of one-dimensional protein gel

electrophoresis (one-dimensional SDS-PAGE) resulted

in 20 differentially expressed bands, 18 of which were

more pronounced in B\B_ and B\N_ crosses, and two in

N\B_ and N\N_ crosses. Based on mass-spectrometry

http://frodo.wi.mit.edu
http://frodo.wi.mit.edu
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Figure 2. SDS gel electrophoresis of T. ni last instar larvae
haemolymph proteins stained with Coomassie blue. Equal
amounts of larval haemolymph samples from three individ-
uals per cross are presented: BB1–BB3 from B\B_ cross;
BN1–BN3 from B\N_ cross; NB1–NB3 from N\B_ cross;
NN1–NN3 from N\N_ cross. Protein bands identified as
differentially expressed are vitellogenin (3, 4 and 7),
arylphorin (8 and 10) and juvenile hormone suppressive
protein (11 and 12). 17 additional unknown proteins were
observed as differentially expressed.
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data, three proteins were identified, including storage

proteins, such as arylphorin and vitellogenin, but also

juvenile hormone suppressing protein involved in develop-

mental processes, all of which were highly expressed

in B\B_ and B\N_ crosses (figure 2, details for protein

identification are summarized in the electronic supple-

mentary material, §2).

(b) Tissue-specific gene expression in second

generation

Differential expression of immune response-related genes

was examined in the midgut, rest of the body, haemocytes

and whole larvae of the crosses. A number of immune

inducible genes were upregulated in the B\B_ cross larval

midguts and the rest of the body, but also in the rest of

the body of B\N_ and N\B_ crosses (figure 3a,b). In

addition, apolipophorin III and arylphorin were upregu-

lated in the rest of the body of B\N_ cross larvae.

Apolipophorin III and beta-glycan recognizing protein

were upregulated in the haemocytes of larvae from B\N_
cross. In the cases where we used pooled larvae to study

differential gene expression, only a metalloprotease

showed higher expression in the B\N_ cross. We

examined the expression pattern of 12 immune inducible

genes in haemocytes, only two of them showed higher

expression in B\N_ cross, namely arylphorin III (more

than twofold) and b-glucan recognition protein

(more than twofold) (expression patterns for all studied

genes are shown in the electronic supplementary

material, §3).

(c) Immunity-related gene expression in the

parental generation

To compare the changes in immune status reflecting gene

expression we also examined transcripts for immune

inducible genes in parental generation actually exposed

to bacterial diet. We have previously found that the

transcription of several immune inducible genes is

influenced in the midgut tissue by bacterial feeding in

larvae (Freitak et al. 2007). At the same time in the rest of

the body of larvae grown on bacterial diet, only 2 out of 17
Proc. R. Soc. B (2009)
examined genes showed different expression, namely

attacin was highly upregulated (more than 100-fold) and

cobatoxin was downregulated.

Expression of 24 immune response-related genes was

studied in the adult stage of T. ni moths. Six of them were

upregulated in the animals grown on bacterial diet and one

downregulated. Among the upregulated genes were

attacin (more than 10-fold), cecropin A (more than

threefold), a chemosensory-like protein (sixfold), cecropin

D, lebocin and azurocidin (expression patterns for all

studied genes are shown in the electronic supplementary

material, §4 and 5) All of these are directly involved in

immune response, having a function in recognizing

bacteria and acting on pathogen cell-wall integrity (Steiner

et al. 1988; Sun et al. 1990; Lee et al. 1996; Carlsson et al.

1998; Liu et al. 2000; Kang et al. 2002). Haemolin,

a protein with sequence homology to mammalian

immunoglobulins by virtue of shared Ig-C2 domains, was

at the same time significantly downregulated. Haemolin

is one of the first proteins to appear in the haemolymph of

the giant silkmoth Hyalophora cecropia upon infection,

binding to the surface of bacteria (Sun et al. 1990).

For a number of genes (9) gender-specific differential

gene expression patterns were also examined. All of the

studied genes, with exception of gallerimycin, were

differentially expressed in males and females. Major

upregulation of attacin, cecropin A (more than sixfold),

chemosensory protein and azurocidin (more than 30-fold)

was found in females fed on bacterial diet in comparison

with females grown on bacteria-free diet. In the case of

males, attacin, haemolin, cecropin B, chemosensory

protein and lebocin (more than fivefold) were significantly

upregulated in the bacteria-fed group.

(d) Effect on fitness

To estimate the effects of the parental diet on the life-

history traits of the next generation, a number

of fitness-related traits were studied. We found no effect

of the different crosses on pupal mass (ANOVA,

F3,323Z0.3, pZ0.8; nZ324). However, survival into the

adult stage was significantly lower among offspring

originating from B\B_ (78%) and N\B_ (76%) in

comparison to N\N_ (87%) and B\N_ (90%) crosses

(c2 test, c2
3,400Z9.7, pZ0.021; nZ400; figure 4). No

effect of sex on developmental time was discovered

(all tests p!0). Crosses where both parents originated

from different diets (N\B_ and B\N_) had prolonged

developmental times (Kruskal–Wallis ANOVA,

H3.331Z24.5, pO0.000; NZ332; figure 4b).
4. DISCUSSION
In the current work we present evidence that constant

ingestion of bacteria during larval development has an

effect on immune-related aspects of the phenotype of the

next generation. The induced changes cover many aspects

of the immune response, including enzyme activities,

protein expression and transcript levels of many genes.

These effects are predominantly but not exclusively

maternal. At the transcriptional level, comparison of

parental and offspring generations does not indicate a

simple transfer of the changed immune and physiological

status from the parents, but rather a new immune status

quality in offspring.
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Figure 3. Differential gene expression in last instar T. ni larvae originating from different crosses. (a) The effect of parental diet on
the relative gene expression in midgut tissue of offspring originating from different crosses in T. ni. (b) The effect of parental diet
on the relative gene expression in rest of the body of offspring originating from different crosses in T. ni. In both cases relative
gene expression in offspring of N\N_ cross is set to 1, values are mean Gs.d., NE—not expressed. Open bars, N\B_; grey bars,
B\N_; black bars, B\B_; and asterisks, more than twofold difference in gene expression.
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Strong diet-related maternal effects were found on the

immune system of next generation T. ni larvae. In B\B_
and B\N_ crosses, immune response-related enzyme

activities were higher and a number of proteins were

notably expressed. In a previous study (Freitak et al.

2007), we found that in the parental generation fed on

bacterial and bacteria-free diet, lysozyme is highly active in

bacterial diet-fed larvae and PO in bacteria-free diet

larvae. It has been proposed that these two enzyme

activities exhibit a trade-off with each other and are not

displayed at high levels at the same time (Cotter & Wilson

2002), potentially due to possible mechanistic reasons and

severe autoimmune effects (Cotter et al. 2004; Nappi &

Christensen 2005; Sadd & Siva-Jothy 2006). We observed

such a trade-off in the first, directly exposed generation

but not the second generation. This could be due to

additional physiological changes to cope with higher

enzyme activities and increased autoimmune risk. One

of the candidates enabling the insects to avoid harm

caused by free radicals is vitellogenin, a protein we find to

be highly expressed in the haemolymph of larvae of both

B\B_ and B\N_ crosses, showing both high lytic and high

PO activity. Vitellogenin is known to act as an antioxidant

and to reduce oxidative stress related harmful effects to the
Proc. R. Soc. B (2009)
organism (Seehuus et al. 2006). The elevated vitellogenin

expression in the haemolymph of larvae whose mothers

have been feeding on bacterial diet might be an adaptive

induction, possibly enabling the insects to cope with high

free radical stress due to elevated PO activity. Lipophorins

and vitellogenins are related and are both also known to

be pro-coagulants in, for e.g. crayfish (Hall et al 1999;

Ma et al. 2006). As in the first generation, in the second

generation arylphorin is one of the predominant haemo-

lymph proteins. Arylphorin is highly inducible upon

immune challenge (Kunkel et al. 1990; Asgari &

Schmid-Hempel 2004) and bacterial feeding (Freitak

et al. 2007), but at the same time its role in the immune

response is still largely unknown, although growth

promoting and mitosis enhancing effects have been

reported (Hakim et al. 2007). Another highly abundant

protein in B\B_ and B\N_ crosses was identified as

juvenile hormone suppressing protein. This could be

related to the high expression of vitellogenin, as a high titre

of juvenile hormone leads to suppression of this protein

(Pinto et al. 2000).

Strong maternal effects can also be seen at the

transcript level. It is interesting to note that a number of

immune response-related genes are upregulated in the rest
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from different T. ni crosses (nZ100 per each cross). Offspring of the parents forming mixed crosses B\N_ and N\B_ have
prolonged developmental times. Results represent medians with upper and lower quartiles.
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of the body of B\B_ and B\N_ crosses, among them

apolipophorin III and arylphorin, also known to be

involved in storage processes. It is very interesting to see

that a number of immune response-related genes known

to be antimicrobial effector molecules (for e.g. gloverin,

cecropins, haemolin) are highly expressed in the midgut

tissue. Although no direct induction of the immune system

elements occurred in the second generation, we can

observe higher abundance of several markers, charac-

teristic for immune challenged organism. Our findings

support the idea that parental diet is able to alter the

immune status in the next generation. Elevated expression

of antimicrobial genes in the midgut tissue could be seen

as an adaptive response preparing offspring to elevated

bacterial load in the environment by increasing their

chance for survival in the case of infection.

Alterations in immune status can lead to certain trade-

offs with other life-history traits, such as developmental

time and body mass (Schmid-Hempel 2005). We did not

see any differences in the pupal masses between different

crosses. Developmental time was prolonged in mixed

crosses—B\N_ and N\B_. Mortality was higher in the

B\B_ and N\B_ crosses, indicating a paternally-related

cost associated with an elevated immune level and possibly

an imbalance in homeostasis. Our experimental design

kept larval densities constant, so we could not observe

effects of varying density on immune status as seen in

other studies (Barnes & Siva-Jothy 2000; Wilson et al.

2002). Nor was there any opportunity in our experimental

design for larvae to vary their diet choice in response to

increased immune challenge, as seen by Lee et al. (2006).

A number of studies claiming to show adaptive

immunity and trans-generational immune priming in

invertebrates have been strongly criticized recently, as

lacking mechanistic evidence (Hauton & Smith 2007).

The critics argue that in many cases only survival has been

considered as a measure of successful immune response,

and usually single enzyme or protein measurements have

been used as markers reflecting the immune status.

Several other studies have presented additional life-history

parameters (for e.g. body mass, survival, egg mass, etc.) as

evidence of adaptive priming of the immune system, but at

the same time do not show any measurable immune
Proc. R. Soc. B (2009)
markers. The complexity of the response we have observed

in T. ni provides further evidence that approaches focusing

on only one or two immune parameters in assessing trans-

generational effects may give an incomplete and possibly

unrepresentative picture.

Encountering non-pathogenic bacteria in food is

sufficient to trigger changes in the immune status of

the next generation but this effect can only be seen on

some immune markers and not on others. The immune

response is multifaceted and involves coordination and

reorganization of many aspects of physiology, the

outcome being a complex pattern of induction and

repression of different factors. These immune system

parameters are clearly not transmitted in a 1 : 1 ratio

from parent to offspring, but are selectively transmitted

in a complex manner with a strong but not exclusively

maternal component. Comparing and linking enzyme

activities in the haemolymph with protein expression

and transcriptional changes in various tissues fails to

show a homogeneous and/or simple pattern. There are

several possible reasons for this observation:

(i) regulation takes place at the post-translational level,

(ii) despite an observed regulation at the transcriptional

level, translation into proteins is regulated differently, or

(iii) some of the candidate genes are not regulated by

the parental treatment. Pro-PO exemplifies the first

situation; although transcription of pro-PO was not

increased on progeny of bacteria-fed individuals, PO

activity, which is known to be post-translationally

regulated, did increase.

The mechanism of transmission of this information

is completely unknown, but could involve maternal

transmission of proteins and/or RNA in the egg cytoplasm,

as well as epigenetic mechanisms such as DNA methyl-

ation. Determining the relative importance of these

possible mechanisms remains a challenging topic for

future research.
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