PROCEEDINGS
——OF
THE ROYAL
SOCIETY

Proc. R. Soc. B (2006) 273, 1399-1405
doi:10.1098/rspb.2006.3465
Published online 10 March 2006

‘“Trans-generational immune priming’: specific
enhancement of the antimicrobial immune
response in the mealworm beetle, Tenebrio molitor
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Department of Animal and Plant Sciences, University of Sheffield, Sheffield S10 2TN, UK

Encounters with parasites and pathogens are often unpredictable in time. However, experience of an
infection may provide the host with reliable cues about the future risk of infection for the host itself or for its
progeny. If the parental environment predicts the quality of the progeny’s environment, then parents may
further enhance their net reproductive success by differentially providing their offspring with phenotypes to
cope with potential hazards such as pathogen infection. Here, I test for the occurrence of such an adaptive
transgenerational phenotypic plasticity in the mealworm beetle, 7Tenebrio molitor. A pathogenic
environment was mimicked by injection of bacterial lipopolysaccharides for two generations of insects.
I found that parental challenge enhanced offspring immunity through the inducible production of

antimicrobial peptides in the haemolymph.
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1. INTRODUCTION

Variation in offspring phenotype can result from selection
and parental effects (e.g. maternal effects; Mousseau &
Fox 1998a). While selection on parents in the form of
differential mortality or reproduction will allow certain
offspring genotypes to be over-represented, parental
effects influence the expression of genes in the progeny.
Such parental effects are common among plants and
animals and can have remarkable consequences on the life
history of the progeny. They may be adaptive under some
conditions (Mousseau & Fox 19986 and references
therein) when the facultative change in the progeny
phenotype, attributable to the parental environment,
improves progeny fitness (Mousseau & Fox 1998a).
Hence, adaptive trans-generational plasticity would
require: (i) that variation in offspring environment could
potentially reduce their fitness, (ii) that parents may be
able to assess their progeny’s environment through reliable
cues and (ili) that parents can adaptively adjust the
phenotype of their offspring to the anticipated
environment.

Pathogens and parasites are strong sources of environ-
mental alterations because of their effects on host fitness
(e.g. Loye & Zuk 1991) and encounters with these
enemies are often temporally unpredictable (Combes
1995). However, after experiencing a parasitic challenge,
a host or its progeny might be subsequently exposed to a
higher probability of infection, since parasites that are now
present in the environment are likely to increase in
frequency because of their reliance on host for trans-
mission (e.g. Lui 2000). Hosts exposed to a parasite
infection may therefore benefit from adjusting their
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offspring phenotype to increase their resistance to
prevailing parasites. Parental infections have been
reported to affect numerous life-history traits in offspring
(Mgller 1990; Sorci er al. 1994; Sorci & Clobert 1995;
Rolff 1999). For instance, in the damselfly Coenagrion
puella, a high ectoparasite load (Acari: Arrenurus cuspi-
dator) on mothers stimulates the production of fewer but
larger offspring (Rolff 1999). Offspring size is believed to
strongly affect offspring fitness and thus parental fitness, as
shown in a variety of studies (Crowley & Hopper 1994;
Reznick er al. 1996). This way, parasitized females may
compensate the reduced number of offspring produced
through offspring of better quality. Parental infection has
also been found to enhance offspring immunity. Immune
challenged vertebrate females transfer specific antibodies
to their offspring (Hanson 1998; Coste et al. 2000).
Invertebrates do not possess antibodies (Hoffmann ez al.
1996); however, the innate immune system of invert-
ebrates is nevertheless able to provide long-term immunity
to the host after a first challenge (Kurtz & Franz 2003;
Moret & Siva-Jothy 2003; Jacot ez al. 2005) and to its
progeny (Moret & Schmid-Hempel 2001; Little er al.
2003; Sadd et al. 2005).

Invertebrate immune defence relies on both constitu-
tive and inducible mechanisms (Hoffmann et al. 1996;
Gillespie er al. 1997). Among them the prophenoloxidase
(proPO) cascade is a common and generalized response to
invasion by a parasite and is non-specifically elicited by
critical surface molecules of the microorganism such as
lipopolysaccharides (LPS; S6derhill & Cerenius 1998).
The proPO system involves numerous large enzymes
constitutively synthesized and located both in the
haemolymph and haemocytes (Gillespie er al. 1997;
Soderhill & Cerenius 1998). The activation of the
proPO enzyme into its active form, phenoloxidase (PO),
produces melanin and a variety of cytotoxic substances
that are released into the haemolymph and that help to kill
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the parasites (Nappi & Vass 1993; Soderhill & Cerenius
1998). However, these cytotoxic substances are also
believed to be toxic to the host (Nappi & Vass 1993;
Soderhill & Cerenius 1998; Sugumaran et al. 2000).
Recognition of microorganism cell walls also induces the
production by the fat body of antimicrobial peptides,
which are then secreted into the haemolymph (Hoffmann
et al. 1996). This immune pathway is more specific than
the proPO system against microbial infection but has the
disadvantage of a relatively long lag-phase during synthesis
in the response to infection.

While beneficial against parasitic attacks, immune
defence is also costly. When immune defence is expressed
at high levels it is often traded off against other fitness
parameters (Rothenbuhler & Thompson 1956; Sutter
et al. 1968; Kraaijeveld & Godfray 1997) and immune
effector systems are costly to maintain and use (Moret &
Schmid-Hempel 2000; Jacot ez al. 2005). Hence, resource
allocation to immune defence should be balanced against
these costs to achieve an optimal allocation strategy for
limited resources (Frank 1993; Simms & Triplett 1994;
Jokela et al. 2000). Consequently, facultative increase of
offspring immunity induced by parental parasitic chal-
lenge may reap the benefits of immune defence while
saving potential costs associated with investments in
immunity when it is not needed.

In this study, I mimicked heavy microbial infection by
experimentally challenging larvae of the mealworm beetle,
Tenebrio molitor, with LPS for two generations. LPS is a
non-pathogenic, non-living surface molecule derived from
Escherichia coli. It is highly immunogenic (Rattclife ez al.
1985; Jomori et al. 1990) and elicits both the activation of
the proPO system and the production of antimicrobial
peptides over many hours (Rattclife er al. 1985; Kato er al.
1994; Lemaitre er al. 1996). Costs associated with the
immune response were estimated in terms of larval
survival, larval development time, and adult body size
and mass to estimate selection potential generated by the
cost of the immune response. Since parental LPS
challenge mimics an environment with a high prevalence
of microbial infection, adaptive modifications of the
offspring phenotype are expected. Based on previous
findings (Rolff 1999; Moret & Schmid-Hempel 2001;
Little er al. 2003), I tested whether individuals born from
parents exposed to LPS challenge show changes in body
size and enhanced immunity through increased anti-
microbial and/or PO activities in their haemolymph.

2. MATERIAL AND METHODS

(a) Mealworm cultures

Beetle larvae were taken at random from a stock culture
maintained at the University of Sheffield, Sheffield, UK.
Eighteen cultures, each containing 100-110 larvae at the
same developmental stage (10-15mm in length), were
initiated for the experiment. These experimental cultures
(named here ‘parental’ cultures) were assigned to one of three
immune treatments (parental challenge; see below). Almost
all the surviving beetles from all cultures had reached their
adult stage by eight weeks after immune challenge. From each
culture, 20 randomly chosen adult beetles that had emerged
four weeks after the immune challenge were used as genitor
for the next generation (named here ‘offspring’ cultures).
Offspring from each parental culture were then divided into
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three cultures of 100-110 larvae and assigned to an immune
treatment (offspring challenge). Cultures were fed ad libitum
and kept at 28 + 1 °C for the duration of the experiment.

(b) Immune treatments

Parental and offspring cultures were assigned to one of the
three immune treatments: ‘naive’, ‘Ringer’ and ‘LPS’. Larvae
in the naive group were chilled on ice prior to inclusion in the
experiment. Larvae in the Ringer group received a single
injection of 5 pl of saline solution (Ringer solution) after
being chilled on ice. Larvae in the LPS group received
a 0.5mgml~ ! dose of LPS extracted from E. coli (Sigma:
1.8274) in 5 ul Ringer solution after being chilled on ice. All
injections were done at the same developmental stage through
the pleural membrane between the second and the third
abdominal segments, using sterilized glass capillaries that had
been pulled to a fine point.

(c¢) Mortality and larval development time

For the two generations of beetles (parental and offspring
cultures), mortality was recorded once a week for eight weeks
after immune challenge. The proportion of surviving insects
reaching the adult stage was recorded in order to produce a
relative estimation of the development time from larvae to
adult. Since it took ca eight weeks from the immune challenge
for all surviving insects to reach the adult stage, I used the
proportion of adults found at week 4 (corresponding then to
the ‘mid-time proportion of adults’) to test for any difference
of development time from larvae to adult between immune
treatments. Hence, a lower mid-time proportion of adults
compared to ‘control’ suggests a longer development time
from larvae to adult.

In the parental cultures, additional comparisons for
survival and development time were done within the first
four weeks post-challenge to a posteriori check whether adult
beetles sampled at week 4 and used for breeding the offspring
generation were of similar ‘quality’ (do not result from
differential mortality and had emerged at the same time).
Indeed, if within this range of time survival and development
time differ between groups, beetle sampling may potentially
generate selection by taking individuals of different quality
across groups.

(d) Body size and mass

The body size and mass of adults were recorded from a
random sample of 15-20 individuals per culture from both
generations of beetles. Fresh body mass was measured to the
nearest 1 mg with a Mettler AE200 balance, and body size
was estimated by measuring the length of the left elytra with
Mitutoyo digital callipers (precision +0.1 mm).

(e) Immune parameters

In the second generation, 8-10 larvae were sampled at
random from each immune treatment 3 days after immune
challenge. Three days post-challenge is the moment at which
the magnitude of the PO and antimicrobial immune
responses are the largest (Moret & Siva-Jothy 2003). After
sampling of their haemolymph, these larvae were not
returned into the experimental cultures. Each larva was
chilled on ice for 10 min and the pleural membrane between
the second and the third abdominal segment was punctured
with a sterile hypodermic needle. The droplet of haemolymph
that came out of the wound was collected into a sterile, pre-
chilled glass capillary. For each insect, 5 pul of haemolymph
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was collected and flushed into a 1.5 ml micro-centrifuge tube
containing 50 pl of cold sodium cacodilate/CaCl, buffer
(0.01 M sodium cacodilate, 0.005 M CaCl,, pH 6.5). A 15 ul
sub-sample was kept in a 0.5 ml micro-centrifuge tube and
stored at —80 °C until later examination for antibacterial
activity using a zone-of-inhibition test. The methods for this
test were as described in Moret & Schmid-Hempel (2000)
except that the assay was performed using haemolymph
diluted 12 times with sodium cacodilate/CaCl, buffer. The
remaining haemolymph solution was diluted with 30 ul of
cold sodium cacodilate/CaCl, buffer and immediately stored
at —80 °C for later measurement of PO activity. PO activity
was assayed by thawing samples of frozen haemolymph
solution (dilution 1/20; haemolymph/sodium cacodilate/
CaCl, buffer) on ice and then adding 20 ul to a microplate
well containing 140 pl of distilled water, 20 pl of phosphate
buffered saline (8.74g NaCl; 1.78 g Na,HPO, 2H,0;
1000 ml distilled water; pH. 6.5) and 20 ul of rL-Dopa
solution (4 mgml ' of distilled water). The reaction was
allowed to proceed at 30 °C in a microplate reader (Versamax,
Molecular Devices) for 40 min. Readings were taken every
10s at 490 nm and analysed using SOFTmaxPRO v. 4.0
software (Molecular Devices). Enzyme activity was measured
as the slope (Vpax value) of the reaction curve during the
linear phase of the reaction (Barnes & Siva-Jothy 2000).

() Statistics

I used Cox-regressions with a time-dependent covariate to
analyse the differences in survival rates with respect to
parental challenges (for both parental and offspring cultures)
and offspring challenges (for offspring cultures only) during
the eight weeks post-challenge. The statistical model used a
stepwise procedure and the reference survival function was
generated from the control data derived from the ‘parental
challenge’ only in parental cultures (parental challenge=
naive) and from parental and offspring challenges in offspring
cultures (parental challenge =naive and offspring challenge =
naive). The challenges were coded as categorical variables.
Time (in weeks) was incremented as a covariate in the model
as hazard ratios of the survival functions were not constant
across time.

The mid-time proportion of adults (four weeks post-
challenge), body size, body mass, PO and antimicrobial
activities were analysed using analyses of variance (ANOVAs)
based on the mean calculated for each culture with parental
challenges (for both parental and offspring cultures) and
offspring challenges (for offspring cultures only) as factors.
When the mid-proportion of adults was similar between
parental treatments, the data were further analysed by testing
the distribution of adult emergence week by week until the
fourth week post-challenge with a two-samples Komolgorov—
Smirnov test.

All data were analysed using SPSS v. 10 for Macintosh.

3. RESULTS

(a) Survival

In the parental cultures, a survival cost caused by the
injection itself was detected (table 1a). The 5.09- and
4.79-fold survival declines induced by Ringer and the LPS
compared to the naive cultures, were not significantly
different from each other (table 1a). Within the first four
weeks post-challenge, mortality rates caused by the
injections of Ringer and LPS were high but not
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significantly different from each other (table 15). The
survival cost induced by the injection decreased with time
(about 25% each week, see TX Fy-treatment, table 1a).

In the offspring cultures (table 1c¢), only the LPS
treatment induced a significant survival cost but compared
to naive larvae only (table 1c¢: F;-LPS versus F;-naive).
This cost was 3.6 times lower than that observed in
parental cultures and this effect decreased with time
(4% each week, see TX F;-LPS, table 1¢). The Ringer and
LPS immune treatments received by the parents increased
offspring survival by 7 and 11%, respectively (see F,-
treatment, table 1¢). There was a significant interaction
between parental and offspring immune treatments on
offspring survival. This was particularly pronounced for
individuals who were both themselves and their parents
challenged with Ringer. These individuals had a survival
benefit of 17%.

(b) Development time from larvae to adult
In the parental cultures of beetles, the treatments
affected development time to adult (figure 1; ANOVA,
F,,5=22.36, p<0.001). The injection itself prolonged
development time (Ringer versus naive, Scheffe post hoc
tests, mean difference=13.66, p=0.002). The LPS
treatment did not have any additional cost on the
development time from larvae to adults (LPS versus
Ringer, Scheffe post hoc tests, mean difference="7.03, n.s.).
Adults started to emerge at week 2 post-challenge and
emergence rates of Ringer and LPS parental treatment
groups were similar until week 4 post-challenge
(Komolgorov—Smirnov test week 2, z=0.58, d.f.=1,
n.s.; week 3, 2=0.87, d.f.=1, n.s.).

In the offspring cultures, development time from larvae
to adult was not affected (ANOVA, F, 45=0.46, n.s.).

(c) Body size and mass of the resulting adults

In the parental cultures, the treatments affected body mass
(F2,15=14.83, p<0.001, figure 2) but not body size
(F2,15=3.22, n.s.) of the resulting adults. While the
Ringer treatment did not affect body mass of the resulting
adults compared to naive treatment (Scheffe post hoc tests,
n.s.), the LPS treatment generated lighter adults (Scheffe

post hoc tests, LPS versus naive mean difference= —13.72,
p»=0.001; LPS versus Ringer mean difference= —13.14,
p»=0.001).

In the offspring cultures, neither adult body mass
(Fs,45=0.89, n.s.) nor adult body size (Fg 45=0.93, n.s.)
was affected by parental or offspring challenges.

(d) Immune parameters of the offspring cultures
The PO activity (figure 3a) of the mealworm larvae in the
offspring cultures was different across treatments
(ANOVA, Fg45=2.93, p=0.010). However, this differ-
ence was only due to offspring challenge (F»45=10.62,
$<0.001) in which the Ringer and the LPS treatments
increased the enzyme activity (figure 3a). Parental
challenge had no effect on offspring PO activity (F, 45=
0.29, n.s.) and there was no interaction between parental
and offspring challenges (Fy 45=0.41, n.s.).
Antimicrobial activity (figure 3b) of the mealworm
larvae in the offspring cultures varied across treatments
(ANOVA, Fs45=10.18, p<<0.001). As expected, within
offspring challenge, the LPS treatment significantly
increased the antimicrobial activity of the larvae
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Table 1. Results of the time-dependent Cox regression models for (a) parental cultures along eight weeks post-challenge, (b)
parental cultures along four weeks post-challenge and (¢) offspring cultures along eight weeks post-challenge. (The tables

contain the relevant terms identified by a backward stepwise procedure. See also the electronic supplementary material.)

factors® B° s.e. Wald? d.f. P° oddsf
(@)
Fy-treatment 76.98 2 <0.001
Fo-Ringer versus Fy-naive 1.62 0.20 66.98 1 <0.001 5.09
Fy-LPS versus Fy-naive 1.57 0.20 61.65 1 <0.001 4.79
F,-LPS versus Fy-Ringer® 0.06 0.16 0.15 1 0.702 1.06
T X Fy-treatment 69.68 2 <0.001
TXFy-Ringer —0.29 0.04 54.84 1 <0.001 0.75
TXF,-LPS —0.29 0.04 56.71 1 <0.001 0.74
(®)
Fo-treatment 46.86 2 <0.001
Fy-Ringer versus Fy-naive 2.52 0.38 43.89 1 <0.001 12.46
Fo-LPS versus Fy-naive 2.46 0.38 41.61 1 <0.001 11.66
Fo-LPS versus Fy-Ringer® —0.07 0.22 0.09 0.764 0.93
TX Fy-trearment 23.94 2 <0.001
TXFy-Ringer —0.56 0.12 22.04 1 <0.001 1.75
TXF,-LPS —0.53 0.12 19.97 1 <0.001 1.03
(©
Fy-treatment 11.59 2 0.003
Fo-Ringer versus Fy-naive —0.07 0.03 4.53 1 0.033 0.93
Fo-LPS versus Fy-naive —0.11 0.03 11.37 1 0.001 0.89
F,-LPS versus Fy-Ringer® —0.41 0.03 1.59 1 0.207 0.96
F-treatment 5.97 2 0.050
F;-Ringer versus F-naive 0.15 0.11 1.82 1 0.18 1.16
F-LPS versus Fi-naive 0.28 0.11 5.96 1 0.015 1.32
F,-LPS versus F,-Ringer® 0.12 0.11 1.21 1 0.271 1.13
Fy-treatrment X Fj-treatment 10.37 4 0.035
Fy-Ringer X F;-Ringer —0.19 0.08 5.64 1 0.018 0.83
Fo-LPS X F;-Ringer 0.01 0.08 0.01 1 0.941 1.01
Fo-Ringer X F{-LPS <0.01 0.08 <0.01 1 0.958 1.00
Fo-LPS XF,-LPS 0.10 0.08 1.68 1 0.195 1.11
TX F-treatment 45.26 2 0.031
TXF;-Ringer —0.03 0.02 2.22 1 0.136 0.97
TXF,-LPS —0.04 0.02 6.93 1 0.008 0.96

2 Parental (F,) or offspring (F;) immune treatments, Ringer (5 pl); LPS (5 pl, 0.5 mg ml~'); 7, time covariate (in weeks).

® p=regression coefficient of overall survival function for variable.

¢ Standard error of regression coefficient.

4 Wald statistic for variable.

¢ Significance level for Wald statistic. Values p<0.05 are given in bold.
£ Odds ratio of survival for variable relative to control (=exp(d)).

€ Result that used the Ringer-treatment as reference category in the model.

(F2,45=35.47, p<0.001). Interestingly, the parental
challenge also influenced antimicrobial activity of the
mealworm larvae (figure 3b6). Compared to the other
groups of the parental challenge, larvae that had parents
challenged with LPS showed higher levels of antimicrobial
activity in the haemolymph (parental challenge: F, 45=
4.79, p=0.013) and there was no interaction between
parental and offspring challenges (F,45=0.24, n.s.).
Despite the absence of significant differences in survival
and development time between LPS and Ringer treat-
ments in the parental generation, one can argue that
sampling of adults used to generate the next generation
could have lead to artificial selection. In fact, about 100%
(20/20) of the adults present at week 4 post-challenge in
the LPS parental treatment versus about 75% (20/27) of
the adults in the Ringer parental treatment were used to
generate the next generation. Sampling within the Ringer
parental treatment could have lead to artificial selection if
75% of the insects taken among 27 end up to be of
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Figure 1. Ténebrio molitor developmental time from larvae to
adult estimated as the proportion of adults at week 4 post-
challenge in the parental cultures (z= 18 cultures). Bars with
different letters are significantly different (see text for
statistical results).
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Figure 3. (a) PO activity and (b) antimicrobial activity in the
haemolymph of 7. molitor larvae in offspring cultures (=54
cultures) across parental and offspring challenges.

the lowest quality. If this scenario has occurred it may
explain immunity differences in the offspring across
parental treatments. To control for this potential selection
effect due to sampling, an additional statistical analysis
was performed using the 75% of insects with the largest
antimicrobial activity within the naive and Ringer parental
treatments against all the individuals in cultures of the
LPS parental treatment. Doing so, the results remain
unchanged. Offspring antimicrobial activity was still
variable across treatments (Fg45=9.52, p<<0.001) due
to offspring treatment (F,45=34.11, »p<<0.001) and
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parental treatment (F,45=3.6, p=0.035). There was
still no interaction between parental and offspring
challenges (F445=0.17, n.s.).

4. DISCUSSION

This study presents reasonable evidence for the occur-
rence of a facultative trans-generational increase in
immunity, in the mealworm beetle 7. molitor. This
experiment demonstrates that induced levels of anti-
microbial activity in offspring larvae are higher when
their parents received a microbial immune challenge
during the larval stage and these results are clearly not
the consequences of selection. LPS-challenged 7. molitor
larvae experienced an environment that mimicked a high
risk of microbial infection to which their offspring
are likely to be exposed in natural conditions. Parents
may then gain a fitness advantage by differentially
enhancing their offspring immunity helping them to
cope with pathogen infection. This phenomenon of
‘trans-generational immunological priming’ (Little &
Kraaijeveld 2004) in invertebrates has been already
reported in earlier studies in which parental immune
challenge improved offspring resistance to parasitism
(Little et al. 2003). The present study directly assays
immunity and confirms the recent findings of Sadd ez al.
(2005) on bumblebees.

In line with the results of Sadd ez al. (2005), trans-
generational priming in 7. molitor involves the offspring’s
inducible antimicrobial immune pathway instead of the
constitutive proPO system. It is possible that the specific
action of antimicrobial peptides on microbe infection
helps to avoid the cytotoxic use of enzymes belonging to
the proPO cascade. Note that in this work and in Sadd
et al. (2005), levels of the inactive form of the PO enzyme,
the proPO, have not been measured. Levels of proPO can
be elevated independently from PO levels following an
immune challenge (Jacot et al. 2005). Such a phenom-
enon may improve insect immunity and avoid the
immunopathological cost of the enzyme activity. Trans-
generational enhancement of immunity may also poten-
tially be achieved through increased levels of proPO but
this remains unknown.

The physiological mechanism through which this trans-
generational transfer of immunity is achieved is not yet
known. One can argue that some LPS that challenged
parents could be passed to the offspring through the eggs
and stimulate the progeny’s immunity, leading to seem-
ingly parental effects. However, this is pure speculation
and further examinations are needed to explore the
mechanisms underlying this phenomenon.

In this study, the cost associated with a standard
immune response decreased from one generation of
mealworm beetles to the next. Larvae of the parental
cultures paid a relatively large survival cost to the injection
and it took the survivors longer to reach adulthood. In
addition, the immune response to LPS generated lighter
adults. In contrast, in the offspring cultures the only cost
associated with the immune response was that larvae
challenged with LLPS had reduced survival, but this cost
was lower than that observed in the parental cultures.
Interestingly, offspring cultures had a slight survival
benefit when their parents had been challenged with
either Ringer or LPS while there was no difference
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between these two parental treatments. This result is
difficult to explain but it is nevertheless possible that the
trauma resulting from the injection of Ringer and LPS
solutions into the parental larvae selected for better quality
individuals. However, in that case, it is difficult to deduce
whether this parental injection effect results from selection
and/or parental effects.

When comparing these results with those of previous
studies that used very similar methods or designs, it is
interesting to note that survival responses to standard
immune challenges are variable. In Moret & Siva-Jothy
(2003), challenged mealworm beetles with Ringer or LPS
did not show any survival difference with naive beetles in
the absence of exposure to an entomopathogenic fungus.
With a slightly different method in bumblebee workers
(Bombus terrestris), survival rates differed between all the
treatments and more importantly survival to the immune
challenges was strongly affected by the insects’ colony of
origin (Moret & Schmid-Hempel 2000). This suggests
that the magnitude of the cost associated with the immune
response to the same standard challenge (in terms of type
of antigens and doses) is highly variable. Such a variable
cost of the immune response could potentially be achieved
through variable degrees of involvement of the different
pathways of the immune response. In insects, the immune
response to LPS involves both the ProPO cascade and the
antimicrobial immune pathway (Hoffmann ez al. 1996;
Soderhill & Cerenius 1998). Each of these mechanisms
may carry a different cost when activated and their relative
expression may shape the cost of the whole immune
response to a standard challenge. While costly, immune
defence is also a necessary trait. If variation in degrees of
expression between the effector systems involved in the
immune response reflects different strategies of resistance
to pathogens, then the cost of the immune response could
potentially be minimized through optimized patterns of
expression between these effector systems (Moret 2003).

From this experiment, the decrease in the cost of the
immune response from parental to offspring cultures was
not associated with a change in resource allocation
between PO and antimicrobial activities. Especially, the
base level of the PO activity was not affected by the
parental immune treatments. This either suggests that PO
activity is not as costly as it is believed to be (Nappi & Vass
1993; Séderhill & Cerenius 1998; Sugumaran ez al. 2000)
or it is too important to be counter selected. Indeed, the
proPO system is, in addition to providing immunity in
invertebrates, important also for pigmentation and
sclerotization of many tissues (Cerenius & Soderhill
2004). These other important functions may constrain
the response to negative selection.

To summarize, an important result from this study is
the demonstration of a facultative trans-generational
increase of immune defence consecutively to a challenge
induced to parents as early as in the larval stage. This
study failed to demonstrate any selection of optimal
pattern of resource allocation between two important
pathways of the invertebrate immune system as a
consequence of a costly immune response. The optimiz-
ation of resource allocation between different components
of the invertebrate immune system may involve pathways
other than the proPO system and the inducible production
of antimicrobial peptides (Adamo 2004a,b).
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The approaches to life-history evolution, sexual
selection and population dynamics of animals often refer
to genetically based variation of parasite resistance and
immunity. From this study and others (i.e. Joop & Rolff
2004; Jacot et al. 2005), part of the natural variation in
immunity can be explained through plastic regulations of
immune defences. We may now consider such plastic
variation and test how it affects our current theoretical
predictions about life-history evolution, sexual selection
and population dynamics of hosts and parasites.
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