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Transgenerational effects, whereby the environment experienced by a parent leads to an altered offspring phenotype, have
now been described in a variety of taxa. In invertebrates, much of the research on these effects has concentrated on the role
of parental exposure to pathogens or immune elicitors in determining offspring immune investment or disease resistance.
To date, however, studies of transgenerational effects in invertebrates have generally been restricted to single infections
or immune elicitors in ideal laboratory environments. Animals in field situations will commonly experience sub-optimal
environments and co-infection by multiple species of parasites and pathogens, leading to increased relative costs of immune
investment and changing fitness benefits from offspring responses to the parental environment. Here we investigate a
more ecologically realistic scenario involving both multiple infections and resource limitation, using the Indian meal
moth Plodia interpunctella as a model host, challenged with the entomopathogenic bacterium Bacillus thuringiensis and
fungus Beauveria bassiana. Mothers were exposed to low doses of one or both pathogens, or a control. Offspring from each
family were reared on either good- or poor-quality food and then exposed to one or both pathogens. Maternal exposure
to pathogens led to reduced pathogen resistance in offspring, depending on the combination of maternal and offspring
pathogen-specific infections and resource limitation in the offspring generation. Much research to date has focussed on
trans-generational immune priming, in which parental exposure to pathogens or immune elicitors leads to upregulated
immune reactivity in their offspring. The lack of any such effects in our system suggests that the production of less resistant
offspring following parental exposure to pathogens might be an important alternative, driven by costs of resistance rather

than adaptive benefits.

Ecologists are increasingly appreciating the role of paren-
tal environment in determining the phenotype of their
offspring, with reports of parental diet, thermal environ-
ment and exposure to predators altering offspring biology
or behaviour (Dunn and Bale 2009, Storm and Lima 2010,
Hafer et al. 2011, Salinas and Munch 2012). When the
parental environment is relatively harsh, some transgen-
erational effects are likely to be simple consequences of the
reduced ability of the parents to invest in their offspring,
but other effects can be seen as adaptive examples of pheno-
typic plasticity that extend over more than one generation.
If the parent detects a relevant feature of the environment
and transmits that information to offspring, which then
adjust their phenotype accordingly, then offspring fitness
can be increased by the transgenerational effect (Shea et al.
2011). The evidence for anticipatory parental effects is cur-
rently generally weak (Uller et al. 2013), however, with the
exception of a series of recent studies of transgenerational
effects in invertebrates exposed to pathogens or to immune
elicitors (Little et al. 2003, Sadd et al. 2005, Roth et al.
2010, Zanchi et al. 2011).

This phenomenon of transgenerational immune prim-
ing (TGIP) in invertebrates occurs when parents who are
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exposed to an immune stimulus produce offspring with
raised pathogen resistance or increased levels of constitu-
tive immunity (Little et al. 2003, Sadd et al. 2005, Moret
2006, Sadd and Schmid-Hempel, 2007). This process is
usually interpreted as an anticipatory, protective paren-
tal effect analogous to the maternal transfer of antibod-
ies in vertebrates (Kurtz and Armitage 2006, Hasselquist
and Nilsson 2009). In invertebrates, offspring from chal-
lenged mothers have been found to possess upregulated
antibacterial activity (Sadd et al. 2005, Moret 2000),
increased phenoloxidase activity (Freitak et al. 2009), or
greater resistance to infection by pathogens (Tidbury et al.
2011, Herndndez Lépez et al. 2014). If TGIP is widespread
across invertebrate taxa, then there are important implica-
tions for our understanding of host—pathogen dynamics,
for example, TGIP will provide a new source of heteroge-
neity in host susceptibility and therefore influence infection
prevalence (Tate and Rudolf 2012).

Research into the transgenerational effects of immune
challenge and pathogen exposure is in its infancy and there
is still much work to do to determine its extent and contri-
bution to whole-organism fitness. TGIP has been the main
focus of research so far but has been reported in a limited



number of invertebrate species, including Bombus terrestris,
Plodia interpunctella, Manduca sexta, Tribolium castaneum,
Trichoplusia ni and Tenebrio molitor (Sadd et al. 2005,
Tidbury et al. 2011, Zanchi et al. 2011, Trauer and Hilker
2013, Eggert et al. 2014), and there are some species where
TGIP has not been found, namely Aedes acgypti (yellow fever
mosquito: Voordouw et al. 2008, and Drosophila: Linder
and Promislow 2009). Furthermore, the majority of studies
that have found TGIP to date have been carried out under
standardised laboratory conditions, providing little insight
as to whether protective effects will always occur when
individuals are faced with greater environmental variation.
Diet quality, infection with multiple pathogens, and the
competitive environment have all been shown to dramati-
cally alter within-generation immune responses, because the
upregulation of immunity is a costly trait (Triggs and Knell
2011, Sternberg et al. 2012), and it is to be expected that
such environmental variation should also influence trans-
generational effects on immunity resulting from parental
infection. Additionally, most studies of transgenerational
effects on immunity have focussed on quantifying changes
in the constitutive immune system in the offspring (Sadd
et al. 2005, Sadd and Schmid-Hempel 2007, Voordouw
et al. 2008, Freitak et al. 2009) with fewer measuring sur-
vival outcomes (although see Tidbury etal. 2011, Herndndez
Lépez et al. 2014). The degree to which transgenerational
effects will actually affect resistance against parasites needs
to be clarified because constitutive immune titres do not
always reflect survival rates after infection (Graham et al.
2011, Auld et al. 2012).

Under an adaptive interpretation of TGIP, benefits
will accrue to parents as TGIP increases the likelihood
of offspring surviving an encounter with a parasite. But
when parents are exposed to pathogens, they can also suf-
fer damaging fitness costs. The energetic and nutritional
costs of mounting a within-generation response have been
extensively investigated, from the deployment and mainte-
nance of the immune system, to the risk of self-reactivity
(Stearns 1989, Sheldon and Verhulst 1996, Lochmiller
and Deerenberg 2000, Schmid-Hempel 2003, Wilson and
Cotter 2013). The expression of antiparasitic defences can
result in tradeoffs with other somatic traits, such as develop-
ment time, competitive ability and pupal mass (Kraaijeveld
and Godfray 1997, Freitak et al. 2007), or with other com-
ponents of the immune system (Cotter et al. 2013, Wilson
and Cotter 2013). Infection can also result in serious costs to
reproductive success, including reduced output and viability
of offspring, as well as the mother’s future breeding bouts
(Zuk and Stoehr 2002, Rolff and Siva-Jothy 2003, Luong
and Polak 2007). It is therefore reasonable to expect that
parental exposure to pathogens will be another source of
transgenerational effects which may result in costs for the
offspring. For example, Tencbrio molitor (yellow mealworm
beetle) offspring exhibited increased development time and
reduced pupal mass when parents were challenged (Zanchi
etal. 2011).

Classical life history theory predicts that such costs might
be revealed under resource limitation, which has been tra-
ditionally used to study tradeoffs made within a single
organismss life history strategy (Boggs and Freeman 2005,

Diamond and Kingsolver 2011). Food is a heterogeneously
distributed resource, and animals have developed a variety of
adaptive and non-adaptive phenotypically plastic responses
to a lack of food. For example, in response to resource deple-
tion, animals may produce fewer eggs, grow to a smaller size,
or decrease the organism’s ability to resist infection (Urabe
and Sterner 2001, Lee et al. 2006, Graham et al. 2014).
Resource depletion could also affect how offspring respond
to transgenerationally inherited stress, for example parental
starvation or infection. Although difficult to demonstrate
experimentally, well-provisioned offspring may be able to
compensate for a poor start in life in a similar manner to
compensation for stress in early development (Metcalfe and
Monaghan 2001).

In order to test how transgenerational effects arising
from parental pathogen exposure are affected by multiple
pathogens, and to investigate the role of resource limita-
tion, we investigated the links between parental exposure
and offspring resistance using a stored product pest, the
pyralid moth Plodia interpunctella, and two pathogens,
the bacterium Bacillus thuringiensis (Bt) and the fungus
Beauveria bassiana (Bb). Bt is a gram-positive soil dwell-
ing bacteria, naturally transmitted by ingestion, and active
against a wide range of invertebrate hosts. Its mode of
action involves the creation of pores in the gut using Cry
and Cyt toxins, resulting in systemic septicaemia and death
(Soberén etal. 2009). Bb is a generalist fungal entomopatho-
gen which affects many insect orders (de Faria and Wraight
2007). Entomopathogenic fungi attack insects by penetrat-
ing the cuticle through mechanical or enzymatic means,
eventually invading the haemocoel and internal organs
(Shah and Pell 2003). Bb also produces a variety of ento-
mopathogenic secondary metabolites such as beauvericin,
which disrupt the host immune response and progression
to metamorphosis (Grove and Pople 1980, Boucias et al.
1995). Both pathogens in this study have been developed
as successful commercial biopesticides, and by 2011, 100
million accumulated hectares of Bt transgenic crops had
been planted in a bid to control mostly lepidopteran pest
species (James 2011), contributing an additional reason to
study these pathogens in P interpunctella. Finally, there are
very few instances of vertical transmission of fungi, and no
evidence that Bt can be vertically transmitted, which makes
them appropriate models for investigating transgenerational
effects as determined by parental investment or other signals
(Raymond et al. 2008, Hesketh et al. 2010).

Methods

A stock population of Plodia interpunctella has been maintained
at Queen Mary since December 2011, which originated from
an outbred population at the University of Leeds. The popu-
lation is maintained on unlimited standard lab food consist-
ing of organic wheat, brewer’s yeast and glycerol in a 10:1:1
ratio at 27°C on a 12:12 h light/dark cycle. To create the
next generation, over 200 mixed adults are placed in a funnel
with both ends secured with net, and allowed to mate. The
resulting eggs are collected and placed on standard laboratory
food, and the larvae are allowed to grow until adulthood.
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Preparation and infection with pathogen cultures

Bb cultures were obtained from Rothamsted Research,
Harpenden, UK. Stocks were maintained in 50% glycerol
solution at —80°C. The fungus was cultured on dextrose
agar in petri dishes sealed with parafilm. After three weeks
of growth, the fungus was harvested in sterile conditions
with an autoclaved scraper, and vortexed for 10 min in 5ml
autoclaved distilled water and the resulting solution filtered
with a Buchner funnel. The appropriate dilution of spore
suspension was created by diluting the initial suspension
with distilled water and counting spores with a Neubauer
brightline haemocytometer. Larvae were infected by dip-
ping the whole animal into the spore suspension for 15 s,
and dried on a paper towel before being returned to their
own individual petri dish. Bb suspension was stored at 4°C
and a fresh dilution for larval dosing made up each day. The
solution was vortexed thoroughly each day and sonicated for
2 min before use to prevent the spores clumping together.

Suspensions of Bt were created using sugar saturated
water and 10% blue food dye. Larvae were infected by
feeding each one a 1 pl droplet of this suspension, and
observed until all the solution had been consumed. Larvae
were discarded from the experiment if they did not finish it.

Dose-response assays were used in preliminary experi-
ments to determine the doses causing 5% (LD05) and
33% mortality (LD33) in fourth instar larvae for both
Bb and Bt.

Parental generation

To create the parental generation in this experiment, approx-
imately 200 adult 2 interpunctella were taken from the stock
population and allowed to mate (Fig. 1). After 24 h their
eggs were placed on the standard laboratory diet. 16-20 days
after egg-laying, fourth instar female larvae were separated
out and randomly assigned to one of six pathogen exposure
or control treatments: either dipped in 7900 spores ul-! Bb
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spore suspension (corresponding to an approx. LDO05 dose),
droplet dosed with an 0.01 mg ml~' suspension of Bt
(approx. LD05), exposed to LD05 doses of both pathogens,
dosed with a control droplet of 10% food colouring in sugar
solution, dipped in distilled water, or handled with forceps
only. The low LDO05 doses were used to infect the parental
generation so as not to select for resistance in the offspring,
while still stimulating the immune system, whereas higher
LD33 doses were used for the bioassays of the offspring
to give more accurate estimates of resistance. Larvae were
stored at 26°C in an incubator on a 12:12 h light/dark cycle
in individual 55 mm petri dishes with ad libicum lab diet.
The dishes were checked a week after infection and any dead
larvae were removed from the experiment.

Mating and egg collection

Dishes containing pupae were checked daily for eclosion.
To create the offspring generation, freshly eclosed females
were mated with a freshly eclosed virgin male from the stock
population. Final sample sizes at the family level ranged
from n = 31 (control dip in distilled water) to n = 38 (naive
with handling only). Eggs were counted after 48 h and each
family’s eggs were split into two groups and grown on either
good (10:1:1 wheat bran, brewer’s yeast, glycerol) or poor
(20:1:1) diet. This latter diet was chosen because although
it leads to some phenotypic changes in traits such as devel-
opment time, it does not impose significant mortality in
preliminary experiments — thus the larvae reared on it are
experiencing nutritional stress but are not starving.

This offspring generation was allowed to develop in the
incubator at 26°C, and the diet was systematically searched
on days 18, 19, 20 and 21 after egg laying for fourth instar
larvae. Larvae were assigned to three groups: 1) infection with
a 0.35 mg ml! dose of Bt (corresponding to an approximate
LD33, n=913 giving an average of 152 larvae dosed per
treatment), 2) 20 000 spores W' dose of Bb (also approxi-
mately an LD33, n=921 giving an average of 154 larvae
dosed per treatment), or 3) coinfection with both pathogens
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Figure 1. Experimental design. The parental generation are dosed with one of six infection or control treatments in the fourth instar
(Bb=dip in B. bassiana solution, Bt = droplet dose with B.thuringiensis, Co = coinfection with both pathogens, Drop = dosed with control
droplet of sugar water and food dye, Dip = control dip in distilled water, Na = naive larvae are handled only). Mothers were mated with
males from the stock population, and the eggs from each family were divided between two diet qualities (P = poor diet (20:1:1 wheat bran,
brewer’s yeast, glycerol), G = good diet (10:1:1)). When the offspring reached fourth instar, they were assigned to one of three pathogen
treatments (Bb = dip in B. bassiana solution, Bt = droplet dose with B. thuringiensis, Co = coinfection with both pathogens).
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(n =912 giving an average of 152 larvae dosed per treat-
ment). After infection, larvae were placed in 25 cell petri
dishes supplied with either good or poor diet as appropri-
ate, and assayed for mortality eight days later. Preliminary
experiments showed that this is the optimum time to assay
complete mortality from the fungus. Mortality from Bt
primarily occurs within the first 48 h after exposure.

Statistical analysis

Analysis was performed in R ver. 3.0.1 (<www.r-project.
org>) using the package Ime4 (Bates et al. 2014). Three
separate generalised mixed effects models with binomial
errors were fitted for each of the types of offspring infection,
i.e. infection with Bb, Bt, or coinfection with both patho-
gens. Models were initially fitted with two-way interactions
between offspring sex, maternal Bt treatment, maternal Bb
treatmentand offspring diet quality. Higher order interactions
were generally not included to avoid over parameterisation
of the models (Zuur et al. 2009), although the interactions
between maternal Bt treatment, maternal Bb treatment
and offspring sex, and maternal Bt treatment, maternal Bb
treatment and offspring diet quality were included to test
whether the coinfection treatment interacts with offspring
diet or sex. Family ID and the date of offspring infection
were included as crossed random effects. Non-significant
terms were sequentially removed from the models, interac-
tion terms first, and the nested models were compared with
likelihood ratio tests until a minimal adequate model was
achieved (Zuur et al. 2009), which was then refitted using a
REML algorithm.

Additional models were used to further investigate the
significant interaction between parental exposure to Bb
and offspring diet quality. Separate binomial mixed effects
models were fitted for each diet quality, with and without
the effect of maternal exposure. The likelihood ratio test was
used to evaluate the effect of priming within each level of

diet quality.
Data deposition

Data available from the Dryad Digital Repository: <http://
dx.doi.org/10.5061/dryad.tOp4v > (Littlefair et al. 2016).

Results

For full tables of statistical tests see Supplementary material
Appendix 1.

Mortality in offspring challenged with Bt

(Supplementary material Appendix 1 Table A2).

Larvae had greater survival against Bt infection when they
were fed a high-quality diet (Fig. 2, back-transformed val-
ues: good diet = 72.3% survival, poor diet = 63.2% survival,
¥?=6.65, p=0.010). However, there was no indication
of TGIP: offspring mortality from Bt was unaffected by
maternal exposure to Bt or to Bb or to both pathogens
(maternal Bt treatment: ¥2=2.10, p = 0.147, maternal Bb
treatment: X2 = 0.04, p = 0.835, maternal Bt X Bb interac-
tion (coinfection treatment): 2= 0.56, p = 0.458). Female
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Figure 2. Diet-dependent survival of Bt-infected offspring. More
offspring survive Bt infection when on the good diet than when
nutritionally stressed; error bars are Agresti-Coull intervals
calculated in the ‘binom’ R package (Dorai-Raj 2014).

offspring were not significantly better at resisting the Bt
infection than males (2= 0.09, p=0.770).

Mortality in offspring challenged with Bb

(Supplementary material Appendix 1 Table A3).

There was no effect of the heterologous maternal patho-
gen exposure (Bt) on offspring mortality when infected with
Bb (x2=10.68, p=0.411). When mothers had not received
a fungus treatment, 75.2% offspring survived when fed the
good diet and similarly 76.5% survived when fed the bad
diet (back-transformed values). However, offspring mortal-
ity was affected by the interaction between maternal infec-
tion with Bb and diet quality (2= 6.40, p=0.011, Fig. 3).
Maternal exposure to Bb had a slight beneficial effect on
the survival on the offspring when they were reared on the
good diet, with 81% surviving the dose of Bb, but when the
larvae experienced nutritional stress maternal fungal priming
had a negative effect on progeny survival with only 66.3%
surviving. This negative effect was the same for offspring of
mothers given a single pathogen exposure and also for those
from mothers exposed to Bt as well as Bb, as indicated by
the non-significant three-way association between the two
maternal pathogen exposures and diet quality (x2=1.06,
p=0.304). Examination of effect sizes and confidence
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Figure 3. Interaction between maternal exposure to Bb and offspring
diet quality. There was a significant interaction between maternal
exposure to Bb and the diet quality available to larvae; error bars are
Agresti—Coull intervals; legend refers to offspring diet quality.
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intervals suggests that this significant interaction is largely
a consequence of the increased mortality in the maternal
exposure-poor food treatment group, which is supported by
the observation that when a model was fitted to data from
offspring on poor diets only, there was a significant effect
of maternal exposure (y2=4.71, p=0.0299), but a sepa-
rate model fitted to data from offspring on good diets only
found no significant effect of maternal exposure (2 = 2.03,

p=0.154).

Mortality in offspring challenged with both
pathogens

(Supplementary material Appendix 1 Table A4).

When offspring were challenged with both pathogens
simultaneously, maternal Bt treatment (including both the
single and coinfection dose) decreased offspring survival by
10.8% (Fig. 4, x2=6.50, p=0.011). There was no effect of
maternal Bb treatment on survival (¥2=0.77, p=10.380),
and no interaction between maternal Bt exposure and
maternal Bb exposure (32 =0.21, p=0.651). Sex did not
influence larval survival (32=0.01, p=0.930). Although
food quality was a determinant of offspring survival when
infected with Bt alone, this was not apparent when offspring
were coinfected (x2=1.62, p = 0.203).

Discussion

In this study we investigate transgenerational effects of
pathogen exposure using multiple infections and resource
depletion. Mothers were exposed to low doses of one or both
pathogens, or a control. Offspring from each family were
reared on either good- or poor-quality food and then exposed
to one or both pathogens. Offspring survival was dependent
on the combination of maternal and offspring infections and
resource limitation, but there was no evidence of a priming
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Figure 4. Effect of maternal infection on offspring. Maternal infec-
tion with Bt, including both the single exposure treatment and
coinfection with two pathogens, resulted in reduced numbers of
offspring surviving when challenged with both pathogens when
compared with offspring from mothers given a fungal or control
treatment; error bars are Agresti-Coull intervals; x-axis: Bt = droplet
dose with B. thuringiensis, Coinfected = additive doses of both
pathogens, Bb =dip in B. bassiana solution, Control.
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effect whereby maternal pathogen exposure causes improved
survival when offspring are exposed to the same pathogen.
Instead, in some treatment combinations maternal exposure
led to a reduction in offspring survival, as when mothers
were infected with Bt and offspring were coinfected with
both pathogens. In other cases maternal exposure led to no
changes in offspring survival, as when mothers were infected
with Bt and offspring were exposed to a single infection of
cither Bt or Bb. Diet also interacted with maternal patho-
gen exposure: when mothers and offspring were infected
with Bb, offspring had lower survival rates when they were
resource depleted.

Diet quality was an important factor in determining
response to infection. When offspring were infected with
Bt, those consuming the more nutritious diet had a 9.1%
higher survival rate than those consuming the poor diet.
This is possibly a consequence of improved immune reactiv-
ity in those individuals fed the better diet. There is gener-
ally a positive relationship between diet quality and levels
of immune markers (Siva-Jothy and Thompson 2002) and
this has previously been shown in Plodia interpunctella
(Triggs and Knell 2012). Parasite resistance is energetically
expensive and often associated with a protein cost due to
the production of immune cells and peptides (Wilson and
Cotter 2013). When a fixed amount of resources is allo-
cated between costly traits (Sheldon and Verhulst 1996),
if the total pool of acquired resources is decreased under
nutritional stress, this may result in tradeoffs with other
life-history traits or between different components of the
immune system (Krams et al. 2012, Cotter et al. 2013).
Selection experiments using Bt have shown that resistance
is traded-off with development time or pupal weight, and
is also lost when selection pressure is relaxed, indicating the
costly nature of defence against this pathogen (Oppert et al.
2000, Janmaat and Myers 2003).

An alternative to the link between diet and immunity
is that nutritionally stressed individuals could be more sus-
ceptible to infection if the composition of the poor diet
resulted in upregulated nutrient processing to maximise the
macronutrients from their poor diet. The poor diet in this
experiment was created by diluting the macronutrient-rich
components of the diet (protein-rich yeast and glycerol)
with wheat bran, which is not as nutrient-rich and acts as a
bulking agent. Invertebrates have a wide array of plastic pre-
and post-digestive processes to obtain the required nutrients
from the diet in response to food deprivation or nutrient
imbalance (Douglas et al. 2005, Arrese and Soulages 2010,
Simpson and Raubenheimer 2012). For example, when
macronutrients in the diet are diluted, or when they are pres-
ent in an uneven ratio, the size of the gastrointestinal tract
has been shown to increase (Serensen et al. 2010, Clissold
et al. 2012). In Drosophila, increased levels of stem cell divi-
sions have been shown to mediate gut remodelling when
nutrient levels change (O’Brien et al. 2011), which could
facilitate this plasticity. However, a side effect of gastro-
intestinal enlargement might be that there are more recep-
tors for Bt to attack the midgut, resulting in an increased level
of mortality. Eco-immunology studies using oral inoculation
as a route to infection should take note of factors affecting
gut size as possible variables to control when administering

the desired dose.



Maternal infection with Bt was costly when offspring
were infected with both pathogens: 10.8% more offspring
died when mothers were exposed to Bt and offspring were
coinfected with both pathogens than when mothers had
experienced the fungus or control treatments. One possible
mechanism as to why this effect is only seen when offspring
are coinfected lies in the increased cost of upregulating
defences against both bacteria and fungi due to the require-
ment for pathogen-specific immune molecules, such as anti-
fungal peptides (Mak et al. 2010, Arvanitis et al. 2013). If
maternal Bt exposure alters immune investment or resource
availability this could interact with this requirement to pro-
duce a wider variety of immune effectors and cause reduced
survival. An alternative possibility is that this is simply a
dosage effect — in these experiments the larvae given a coin-
fection were exposed to more infective units of pathogen
(the coinfective dose is more lethal than the single doses,
producing 47.5% mortality in this experiment, in compari-
son to 34.7% for Bt and 24.9% for Bb), which would also
require increased resources for immune defence. By com-
paring doses that controlled for the number of infective
units in additives doses, and using combinations of different
pathogens to allow for virulence differences in mixed infec-
tions, future experiments could separate these two possible
explanations.

When larvae were infected with Bb, maternal exposure
to the fungus was detrimental, leading to 33.7% mortality
in comparison to 23.5% mortality in larvae descended from
mothers who experienced the Bt and control treatments.
Unlike the costs paid by coinfected offspring, however,
maternal exposure to infection in fungus-infected progeny
only decreased survival when the larvae were nutritionally
stressed. There was also a suggestion that larvae received a
small beneficial effect of maternal immune priming from
mothers infected with Bb (i.e. the single maternal fungus
treatment and the coinfected maternal treatment) when
they experienced plentiful resources, although the effect is
weak and not significantly different from control maternal
treatments. Overall, our results are indicative of patho-
gen-specific costs depending on the nature of the challenge
received by both mothers and offspring. Maternal exposure to
Bb is costly when offspring are infected with the homologous
pathogen and experiencing nutritional stress, and maternal
exposure to Bt is costly when offspring are coinfected with
both pathogens.

These data contrast with a number of studies reporting
transgenerational immune priming (TGIP). As mentioned
in the introduction, TGIP does not seem to be ubiqui-
tous and appears not to operate in some important systems
(Voordouw et al. 2008, Linder and Promislow 2009). With
regards to the specific organisms used in this experiment,
maternal exposure to a granulosis virus in P interpunctella
has been reported to lead to increased virus resistance in
their offspring (Tidbury et al. 2011). Moreover, several stud-
ies have reported TGIP in insects exposed to Bt including
Tribolium beetles (Roth et al. 2010, Eggert et al. 2014, Tate
and Graham 2015) and Trichoplusia ni (cabbage looper)
(Shikano et al. 2015). On the basis of these previous studies
it might be expected that we should have found evidence for
TGIP and we must therefore reconcile our findings in this
study both generally and specifically with previous results.

One possibility to explain the lack of discovery of TGIP
in this study is that it might be dose-dependent or life stage-
dependent in this system, and our design might not have
covered doses or life stages where TGIP might be evident.
This begs the question of how many doses and life stages
need to be tested before any result can be thought of as being
well supported. Ultimately, we have been unable to detect
TGIP while using doses and development points that pre-
vious studies have indicated as being appropriate. We have
found evidence for parental effects in some cases, but they are
in the direction of increased rather than decreased offspring
susceptibility. The sample sizes used in the experiment are
large and there is nothing to suggest that the lack of TGIP
might be a type 2 error. If we are to consider the possibil-
ity of TGIP operating when parents are dosed at a different
developmental stage, or with a larger or a smaller dose of
pathogen, then we also have to explain a system where the
direction of effect changes depending on the timing or mag-
nitude of the dose.

Transgenerational pathogen transmission may play a
key role in TGID, both in terms of pathogen infectivity
and mode of host exposure. Live doses of virus can be ver-
tically transmitted: Burden et al. (2002) showed that RNA
transcripts of Plodia interpunctella granulovirus persist in
the ovaries, testes and offspring of individuals that sur-
vived a viral infection. It seems probable that this vertical
transmission of the virus is associated with the increased
resistance found in P interpunctella larvae when mothers
are primed with the virus. We chose Bt and Bb for our
study as neither are known to be passed on to offspring
in this way.

With regards to examples of TGIP in insects exposed
to Bt, the majority of these studies challenged parents
with heat-killed bacteria injected into the haemocoel
(Roth et al. 2010, Eggert et al. 2014, Tate and Graham
2015), which is very different from the normal oral route
of infection of Bt. Animals challenged in this way will not
be exposed to the effects of the Bt toxin, which needs to
be cleaved by protease enzymes in the gut to be activated
and which operates on the midgut epithelium (Soberén
et al. 2009). Mechanisms of Bt resistance are associated
with toxin action in the gut, such as the reduction in the
receptor affinity in the brush border membrane of the
midgut epithelium (Van Rie et al. 1990, Ferré et al. 1991)
or downregulation of protease production that interferes
with Cry/Cyt protoxin activation (Ibrahim et al. 2010).
It seems unlikely that a haemolymph injection of dead
bacteria will elicit a response from these mechanisms,
leaving the question of how TGIP naturally occurs in
a Bt-insect host system open. Nonetheless, the lack of
TGIP we report here in P interpunctella after parents were
challenged orally with live Bt is in contrast to Shikano
et al. (2015) who found evidence of TGIP in Trichoplu-
sia ni, in the only other study to use this mode of expo-
sure. No transgenerational immune priming studies have
yet been carried out with Bb, and the results from two
within-generation studies differ, demonstrating both no
evidence for within-generation immune priming (Reber
and Chapuisat 2012), and that a previous encapsulation
response improves survival during a Bb infection relative
to handling treatment (Krams et al. 2013).
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In general, it is important to consider that transgenera-
tional priming against pathogens will only be adaptive when
the parental environment predicts the environment that the
offspring experience (Burgess and Marshall 2014). In species
where most organisms disperse to new environments every
generation it is possible that inducing offspring to invest
more in costly immunity would lead to reduced, rather than
enhanced fitness. The origins of P interpunctella are obscure
but given its preferences for dried fruits, nuts and grains
(Mohandass et al. 2007), we can speculate that in its natu-
ral state it was an opportunistic feeder on fallen fruit and
other patches of ephemeral vegetable matter, and as such it
is likely that adults would have dispersed to new patches in
most generations. TGIP would not necessarily be adaptive
for an animal with such a lifestyle, especially when consider-
ing pathogens like Bt and Bb that are encountered mostly
from contaminated environments rather than from contact
with infected conspecifics. Similar arguments can be made
for Drosophila melanogaster and Aedes aegypti, the other two
species that have been reported not to show TGIP.

Despite a recent focus on the beneficial and possibly
adaptive effects of TGIP (Sadd et al. 2005, Herndndez Lépez
et al. 2014), our study highlights the burden of infection on
a mother’s fitness. Although TGIP has been the main focus
of research into parental effects on the immune system of
some invertebrate species, it is likely that the transgenera-
tional costs that mothers suffer to their fitness are equally if
not more widespread and important in defining the evolu-
tionary dynamics of response to infection. It is interesting to
consider that our experiments showed that costs for moth-
ers in terms of increased offspring mortality were present
even though the maternal dose of pathogen was low. While
studies that measure immune titres such as phenoloxidase
or antimicrobial peptides are useful to determine the action
of TGIP in the immune system, it is only by measuring off-
spring ability to resist or tolerate pathogen attack that we can
see whether TGIP translates into real costs or benefits for
individuals, as survival outcomes will ultimately determine
whether offspring will live to reproductive age.

Few studies have emphasised the costly nature of patho-
gen exposure in terms of higher levels of parasitic infection
in offspring or dependence on nutritional resource levels. If
host—pathogen systems are only tested under ideal condi-
tions of optimal food then we may be building a false picture
of how common parental effects are in such systems, and
whether they are costly or beneficial. We suggest that the
production of less resistant offspring and related costs may
be more widespread than is currently realised and could play
a more prominent role in defining host—pathogen dynamics

than the beneficial effects of TGIP.
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