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Pathogens are identified as one of the major drivers behind the honeybee colony losses,
as well as one of the reasons for the reported declines in terrestrial insect abundances
in recent decades. To fight infections, animals rely on their immune system. The immune
system of many invertebrates can be primed by exposure to a pathogen, so that upon
further exposure the animal is better protected. The protective priming effect can even
extend to the next generation, but the species capable of priming the immune system
of their offspring are still being investigated. Here we studied whether honeybees could
prime their offspring against a viral pathogen, by challenging honeybee queens orally
with an inactivated deformed wing virus (DWV), one of the most devastating honeybee
viruses. The offspring were then infected by viral injection. The effects of immune priming
were assayed by measuring viral loads and two typical symptoms of the virus, pupal
mortality, and abnormal wing phenotype. We saw a low amount of wing deformities
and low pupal mortality. While no clear priming effect against the virus was seen, we
found that the maternal immune challenge, when combined with the stress caused
by an injection during development, manifested in costs in the offspring, leading to an
increased number of deformed wings.

Keywords: immune priming, DWV, Apis mellifera, trans-generational, costs

INTRODUCTION

In their natural environment animals may encounter variety of stressors at any time. Among others,
pathogens, parasites, and toxic substances have often significant negative fitness consequences,
like reduced fecundity or survival (Kammenga et al., 1997; Fitze et al., 2004), especially when
encountered simultaneously (Sih et al., 2004). Organisms can fight stressors by avoidance, physical
barriers, or by physiological responses, for example by producing enzymes that break down
harmful toxins (Feyereisen, 1999). The physiological resistance mechanism against pathogens is the
immune system (Siva-Jothy et al., 2005). In vertebrates, adaptive immunity relies on production of
antibodies, proteins that can recognize and quickly respond to the same pathogen later, providing
long lasting protection (Farber et al., 2016). Despite lacking the immune machinery for producing
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antibodies, insects, and other invertebrates are still able to prime
their immune system and have increased protection against
pathogens they have encountered before. An initial exposure
to a pathogen primes the organisms innate immune system to
provide increased protection upon secondary exposure, although
the protection may vary in length and specificity (Milutinović
and Kurtz, 2016). Immune priming has been observed in variety
of invertebrate taxa, most notably in insect hosts, such as the
Indian-meal moth (Tidbury et al., 2011), the red flour beetle
(Roth et al., 2009), and the bumble bee (Sadd and Schmid-
Hempel, 2006). The priming effects have been shown to extend
to the next generation (Tetreau et al., 2019), providing offspring
protection against pathogens that are expected to be found in the
environment (Pigeault et al., 2016).

Understanding the interaction between stressors and
resistance mechanisms is increasingly important, as more species
are at risk of extinction (Bongaarts, 2019). In recent decades,
alarming declines in insect populations have been observed
(Forister et al., 2011; Hallmann et al., 2017). A new meta-analysis
of available long term surveys from around the world estimated
an 8.81% decline per decade in terrestrial insect abundance
(Klink et al., 2020). The major drivers for this decline include
habitat loss, climate change, stressors like synthetic pesticides and
fertilizers, and pathogens (Sánchez-Bayo and Wyckhuys, 2019).
Pathogens can seriously affect natural populations (Skerratt
et al., 2007), but managed populations are suffering from disease
outbreaks as well. Managed honeybees have also faced similar
problems with bacterial and viral pathogens causing high colony
mortality, especially when combined with other stressors like
pesticides (Smith et al., 2013; Grassl et al., 2018), parasites (Nazzi
et al., 2012), or poor nutrition (Belzunces et al., 2013). The
increased mortality of honeybee colonies has received a lot of
attention, as they are important pollinators of many crops (Klein
et al., 2007). The diseases in managed honeybee colonies pose
a risk to wild populations too, as viruses can spread between
managed bees and wild bees when foraging in the same area
(Fürst et al., 2014; Mazzei et al., 2014; Alger et al., 2019). One of
the most devastating pathogens associated with the colony losses
is the deformed wing virus (DWV), an RNA virus in the family
Iflaviridae (de Miranda and Genersch, 2010). Stated symptoms
of the DWV include bloated abdomen, discoloration, mortality
at the pupal stage, and abnormally developed wings (de Miranda
and Genersch, 2010). DWV is transmitted by the ectoparasitic
mite Varroa destructor, which has spread all around the world,
causing the ongoing pandemic among honeybees (Nazzi and Le
Conte, 2016). Bees may get infected as adults by phoretic mites,
or at the pupal stage in the enclosed brood cell. When in the
brood cell, the mite feeds on the hemolymph and fat body of
the developing bee, simultaneously infecting it with the virus
(Ramsey et al., 2019).

A major antiviral defense mechanism in insects and many
other organisms is the RNAi-system (Lemaitre and Hoffmann,
2007). Bees have a lower number of immune related genes when
compared to most insects, but the same major pathways are
functional, including the RNAi (Evans et al., 2006; Barribeau
et al., 2015). The RNAi-system indeed seems to be involved in
the honeybee antiviral defense (Brutscher and Flenniken, 2015).

Studies done with DWV and Israeli Acute Paralysis Virus have
shown that activating the RNAi-system by feeding virus-specific
dsRNA to larvae or adult bees before an infection reduces the viral
load, mortality and symptoms resulting from the specific viral
infection (Hunter et al., 2010; Desai et al., 2012). The transfer of
virus specific dsRNA or other virus derived immune elicitors to
the next generation could therefore be a mechanism for trans-
generational immune priming (TGIP). The mechanism for such
maternal transfer of immune elicitors to the next generation
has been discovered in honeybees (Salmela et al., 2015). After
an immune challenge from bacteria, fragments of the bacteria
bind to the multifunctional protein vitellogenin which is then
transferred to the eggs and thus to the next generation (Salmela
et al., 2015). Indeed, challenging the queen with a bacterial
pathogen, Paenibacillus larvae, which is exclusively infecting
only the young brood, increased resistance to this pathogen in
the infected offspring (Hernández López et al., 2014). Trans-
generational protection against viruses has been found in the
nematode Caenorhabditis elegans (Rechavi et al., 2011) and in
the Indian-meal moth Plodia interpunctella (Tidbury et al., 2011).
Although observed in other hosts, the occurrence of antiviral
TGIP in honeybees is unclear.

We used the honeybee-DWV system to investigate TGIP
against viral pathogens. We hypothesized that a challenge of the
honeybee queen with inactivated virus could lead to increased
resistance against the virus in the offspring. We used heat
inactivated DWV to orally challenge honeybee queens and
infected the brood by DWV injection at the pupal stage. TGIP
has been observed before with heat killed bacteria (Sadd et al.,
2005; Hernández López et al., 2014), so we decided to use heat
inactivated DWV to avoid exposing colonies to live pathogens
which could spread to the environment. Injection resembles the
natural infection route, as feeding mites also pierce the cuticle
and viruses enter the hemolymph via saliva. Pupal mortality was
measured following the infection. When the offspring emerged
as adults, we measured the proportions of bees with wing
deformities and viral loads with quantitative polymerase chain
reaction (qPCR). In case the honeybee queen would be able to
increase the resistance of their offspring against the DWV by
TGIP, we would expect to see reduced symptoms or lower viral
loads in the infected offspring.

MATERIALS AND METHODS

Honeybees and Virus
The honeybee (Apis mellifera) colonies used in this experiment
were located in the Arizona State University Bee Lab in Mesa, AZ,
United States. All colonies were healthy and had been subjected
to 65% formic acid treatment to control Varroa. All queens were
bred in the Bee lab and mated using open mating approach. After
mating the queens were allowed to begin laying eggs in nucleus
colony hive. Only sister queens were used for the study. DWV,
clone-derived strain pDWV-USDA-703 of genotype DWV-A
(Ryabov et al., 2019) was obtained as a ready suspension with
concentration of 10ˆ7 transcripts per µl from USDA Agricultural
Research Center in Beltsville, MD, United States.
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Queen Treatments
Twenty-four honeybee queens were divided into two treatment
groups – a priming treatment and control treatment, 12
individuals in each. In the priming treatment the queens were
orally immune challenged with inactivated DWV in feed (see
below for details on feed preparation). Control queens were
fed with Phosphate-buffered saline (PBS) in feed. After the
queens were removed from their respective hives for the priming
treatment, all the hives were treated with a queen mimicking
pheromone to simulate the presence of the queen. Removed
queens were placed in individual queen cages with the treatment
queen feed and seven accompanying worker bees. The queen
cages were kept in an incubator at 34◦C on top of moistened
sponges for 7 days. The queens were then returned to their
respective hives in the queen cages, allowing the worker bees to
free the queens via feeding though the remaining feed. To ensure
that the brood used in the experiment was laid after the queens
returned to the hives, a fresh frame was provided for egg laying.

Two queens died during the priming treatment (one from each
treatment). The final number of queens returned to the hives was
thus 11 per treatment, resulting in 22 queens in total.

Preparation of Queen Feed
The feed for queen treatments was prepared with inactivated
virus suspended in a commercial bee feed containing 85.5% sugar
(Ambrosia feed paste – Nordzucker, Germany). In total, 24 bee
feed patties were prepared: 12 containing inactivated virus and 12
control patties. To inactivate the virus, the virus suspension was
kept at 95◦C for 60 min (MJ Research PTC-200 Peltier Thermal
Cycler) (Carrillo-Tripp et al., 2016). Ninety-six microliters of
inactivated DWV suspension and 454 µl of 1x PBS were mixed
to obtain 550 µl of the DWV priming suspension. To prepare
priming patties, 44 g of bee feed was quickly melted in a glass
container in a microwave and mixed with 550 µl of the DWV
priming suspension, resulting in 8 × 10ˆ7 virus transcripts per
patty. For control treatment patties, 550 µl of 1x PBS was mixed
into the melted bee feed. The mixtures were poured into a thin
aluminum foil vessel and let to solidify at 4◦C.

Pupal Injection-Treatments
Following the queen treatments, when the newly laid brood
reached the white-eyed pupal stage, 30 white-eyed pupae from
each hive were extracted from the cells using forceps in the
laboratory. After extraction, the pupae were subjected to one
of three treatments, 10 pupae in each. As there were 11 hives
in each queen treatment, and 10 pupae from each hive were
subjected to one of the three pupal treatments, the number of
pupae in the six different queen-pupae treatment combinations
was 110. Two hives had only 28 right age pupae, and one
hive had 29, making the total in these treatments 108 and 109,
respectively (total n = 655). The pupae were injected either with
1 µl 1x PBS in the control treatment, 1 µl live 10ˆ7 DWV
suspension in the infection treatment or left untreated in the
naïve treatment. The white-eyed stage is the stage at which
the bees are naturally infected with the Varroa-mite (Donze
and Guerin, 1994). One microliter of 10ˆ7 DWV transcripts
was chosen as the infection concentration, as a pre-experiment

suggested that this concentration resulted in roughly equal
amounts of good and deformed wings. Injections were performed
using a 10 µl Hamilton syringe with a 30G needle (BD). The
needle was inserted at a low angle between the fourth and fifth
tergite in the lateral abdomen, close to the site on the body where
the mite feeds (Rosenkranz et al., 2009; Boncristiani et al., 2013;
Ramsey et al., 2019).

After the injections, the pupae were placed on a folded filter
paper (Supplementary Figure 1) on a Petri dish and checked
daily until emergence. The Petri dishes were kept on a water bath
in a closed plastic container to ensure relative humidity over 50%
(Williams et al., 2013). The plastic container was placed in an
incubator at 34◦C until the pupae emerged as adults.

Bioassays
Survival
Following the pupal injection treatments, survival of the pupae
(n = 655) was monitored daily. After 10 days all individuals
had either emerged as adult bees or died. Dead individuals were
removed during monitoring.

Wing Phenotype
The wing phenotype was documented for each emerged adult
bee (n = 617) at the day of emergence by visual observation.
The wings were classified as being deformed or normal
(Supplementary Figure 2).

Viral Load Quantification
A subset of three emerged adult bees of the ten pupae receiving
injection treatment from each hive were used for the viral load
assay (total n = 185). We chose to use only fat body as the sample
to measure viral concentrations. DWV has been previously
shown to be present in the abdomen of all infected bees in high
numbers and specifically in the fat body (Yue and Genersch, 2005;
Fievet et al., 2006), while contaminants from the eyes may inhibit
PCR reactions (Evans et al., 2013). Viral loads were quantified by
real-time quantitative PCR, and virus replication numbers were
normalized to the reference gene actin.

RNA extraction
The worker bees were dissected, the fat body was placed
in a 1.5 ml microcentrifuge tube and homogenized with a
pestle in 300 µl of Trizol. Samples were stored overnight at
−80◦C, homogenized further, 700 µl of Trizol and 200 µl
of chloroform per sample was added, mixed vigorously, and
centrifuged at 12,000 g for 20 min at 4◦C. The upper aqueous
phase containing the RNA was then transferred to new tubes
with 500 µl isopropyl alcohol and incubated in −80◦C for
1 h. The samples were centrifuged again at 12,000 g for
30 min at 4◦C. Supernatant was removed, and 1 ml of 75%
ethanol was added to wash the RNA pellet. After a quick
centrifugation, all supernatant was removed, and the samples
were air dried for 10 min. The RNA pellet was then dissolved
in 50 µl of nuclease free water and stored at −80◦C until
further analysis. To eliminate any genomic DNA contamination,
all the RNA samples were treated with DNase, using DNase
I, RNase-free kit (Thermo Fisher Scientific, United States)
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according to manufacturer’s instructions. RNA concentration
was measured with NanoDrop 2000 Spectrophotometer (Thermo
Fisher Scientific, United States).

qPCR
Qiagen QuantiTect SYBR Green RT-PCR kit with 12.5 µl final
reaction volume was used for the reverse transcription and
qPCR reactions on a 384-well plate, with primers shown in
Supplementary Table 1. The plates were ran on Bio-Rad C1000
Thermal Cycler CFX384 Real-Time System with an initial reverse
transcription phase for 30 min at 50◦C, an initial PCR activation
step for 15 min at 95◦C, followed by 40 cycles with 15 s of
denaturation step at 94◦C, 31 s annealing step at 52◦C and 30 s
extension and data collection step at 72◦C.

Statistical Methods
All analyses were done with R version 3.4.1 (R Core Team,
2017). For statistical analyses packages lme4 (Bates et al., 2015),
survival (Therneau, 2015), multcomp (Hothorn et al., 2008), and
nlme (Pinheiro et al., 2021) were used, and for figures survminer
(Kassambara and Kosinski, 2017).

Pupal survival was analyzed with survival regression analysis.
Queen treatment and pupal treatment were included as fixed
effects, as well as interaction. Hive was treated as a random
effect in the model.

Interactions between the treatment groups for wing
phenotypes were compared with a generalized linear mixed
model (Bolker et al., 2009), with binomial distribution and
probit link function. Wing phenotype was the response variable,
queen and pupal treatments were included as fixed effects, with
interaction, and hive as a random effect.

Viral loads between groups were analyzed by calculating the
1Ct according to the 2-11Ct-method (Livak and Schmittgen,
2001). We used primers that have been used in several studies,
with reported efficiencies close to 2 (Supplementary Table 1).
Viral loads were analyzed with a weighted linear mixed model,
log-transformed 2ˆ-1Ct-value being the response variable and
queen and pupal treatments were the interacting fixed effects,
with hive as a random effect. The individuals from one control
queen plus three other individuals were excluded from this
analysis because there was not enough RNA in the samples, and
one outlier was removed. Calculated dCt values are available in
Supplementary Table 2.

RESULTS

Pupal Survival
After the pupal treatments, the mortality of the pupae was
documented. Mortality was below 11% in all groups, even in
the ones infected with virus (Figure 1). Pupal mortality was not
affected by the queen priming treatments or injection of the virus,
as there were no significant effects in the survival model (Table 1).

Wing Phenotype
We observed the wing phenotype of each emerged adult bee
and found deformed wings in all treatment groups, also in the

FIGURE 1 | Survival probabilities of pupae after pupal injection treatments.
Orange lines showing pupae from primed queens, gray lines from non-primed
control queens.

TABLE 1 | Results from survival regression model.

Parameter Estimate SE z P-value

Intercept 3.503 0.288 12.14 <0.0001

Queen primed 0.283 0.302 0.94 0.35

Pupae control 0.005 0.242 0.02 0.98

Pupae infected −0.294 0.210 −1.40 0.16

Queen primed × Pupae control −0.142 0.395 −0.36 0.72

Queen primed × Pupae infected −0.315 0.337 −0.93 0.35

Bold was used to highlight significant values (p < 0.05).

ones not infected with the virus (Figure 2). The percentage of
normally developed wings in the infected pupae from primed
and non-primed queens were 62% and 60%, while in the
naïve group they were 72% and 70%, respectively. In the PBS-
injected group 74% of the offspring of non-primed queens had
normally developed wings, but only 58% of the offspring of
primed queens. The interaction of queen treatment and PSB-
injection treatment thus caused an increase in the number of
wing deformities (Figure 2 and Table 2). Otherwise no significant
effects were found.

Viral Load
To measure viral load the relative loads were quantified by real
time quantitative PCR. The highest relative viral loads were
observed in the infected pupae of primed and non-primed
queens (Figure 3 and Table 3). Naïve and control pupae had
lower but detectable viral loads, even though not infected in
the experiment. The lowest viral loads were found in the
naïve offspring of non-primed queens, while the PBS-injected
offspring from non-primed queens had slightly higher viral
load. The PBS-injected offspring of primed queens had load
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FIGURE 2 | Proportions of normally developed wings among emerged adult
bees of non-primed and primed queens. Y-axis from 0.5 to 0.9.

TABLE 2 | Results from the generalized linear mixed model on wing phenotype.

Parameter Estimate SE Z P-value

Intercept 0.525 0.153 3.416 0.0006

Queen primed 0.076 0.219 0.346 0.729

Pupae control 0.131 0.186 0.706 0.480

Pupae infected −0.222 0.184 −1.209 0.227

Queen primed × Pupae control −0.537 0.262 −2.055 0.039

Queen primed × Pupae infected −0.120 0.262 −0.456 0.648

Bold was used to highlight significant values (p < 0.05).

similar to the naïve baseline. All the terms in the model were
significant (Table 3).

DISCUSSION

In this study we see pronounced effect of maternal stressors on
the wing deformation of the offspring and complex effects on the
offspring viral load. At the same time, no clear priming effect of
challenging the queens with heat inactivated DWV was evident
in the offspring. The pupal mortality was low in both infected
groups, and no differences in mortality was found between the
infected and control pupae. This is consistent with other studies
(Möckel et al., 2011; Remnant et al., 2019; Tehel et al., 2019),
showing that DWV infection alone might not result in high
pupal mortality.

The PBS-injected offspring of primed queens had significantly
more deformed wings than the offspring of non-primed queens,
indicating a trans-generational cost from the maternal immune
challenge. We do not see as many deformed wings in the
primed naïve offspring, indicating that the cost of the queen
immune challenge is only evident in the offspring when they were
also exposed to another stressor, the injection treatment. The
injection causes wounding, which may cause unspecific immune

FIGURE 3 | Median and quartiles of the log(2ˆ–1Ct)-values for each treatment
group with outliers. Orange boxes represent offspring from primed queens,
gray from non-primed control queens.

TABLE 3 | Results from the weighted linear mixed model on viral loads.

Parameter Estimate SE t P-value

Intercept −5.775 0.477 −12.117 <0.001

Queen primed 1.408 0.629 2.238 0.037

Pupae control 1.722 0.599 2.876 0.005

Pupae infected 11.811 0.477 24.761 <0.001

Queen
primed × Pupae
control

−2.803 0.863 −3.246 0.001

Queen
primed × Pupae
infected

−1.515 0.627 −2.419 0.017

Bold was used to highlight significant values (p < 0.05).

system activation and additional costs (Erler et al., 2011). It
is possible that all offspring of primed queens suffered costs
in other aspects that were not investigated in this experiment.
Some wing deformities in all treatments were probably caused
by handling stress, as artificial rearing conditions in the lab
are suboptimal for bee development. Our results showing costs
from maternal immune challenge are generally consistent with
previous TGIP studies showing developmental costs for the
offspring. We know that maternal immune challenges can cause
tradeoffs in the offspring, like prolonged developmental time that
were observed in the beetles Tenebrio molitor and Tribolium
castaneum (Zanchi et al., 2011; Schulz et al., 2019). In the moth
Manduca sexta the individuals developed faster, but had reduced
fecundity (Trauer and Hilker, 2013). Costs from maternal
immune challenge for offspring may also manifest in other
ways, as was shown in bumble bees, when maternal immune
challenge reduced offspring resistance to unrelated pathogens
(Sadd and Schmid-Hempel, 2009).
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Previously wing deformities have been associated with the
horizontal transmission by Varroa mite feeding, as similar
injection experiments have resulted in wing deformities in a
dose dependent manner (Möckel et al., 2011). Also, the DWV
genotype A has been claimed less virulent than genotype B
(McMahon et al., 2016). In this study using DWV genotype A,
we observed both low mortality as well as low amount of wing
deformities, when compared to other studies (Tehel et al., 2019;
Dubois et al., 2020). We saw deformed wings in only 38% of
the primed and 40% of the non-primed infected bees, while
in the non-primed control group 24% had deformed wings. In
other studies with similar methodology, a substantially lower
inoculation concentration lead to 60–74% of bees developing
deformed wings, while the number in control groups were
similar to ours (Tehel et al., 2019; Dubois et al., 2020). However,
these studies used inocula extracted from naturally infected bees,
whereas an inoculum prepared from honeybee pupae infected
with a cDNA clone was used in our study (Ryabov et al.,
2019). Our results indicate that even after infected with a high
concentration of DWV (10ˆ7/µl), pupal mortality and amount
of wing deformities may still be low relative to control, probably
because of low virulence of the particular strain.

We found high but similar viral loads in the infected groups,
regardless of the maternal priming treatment. The lowest viral
load was found in the naïve offspring of non-primed queens.
DWV is often found even in asymptomatic hives as a covert
infection (Martin and Brettell, 2019), and in our case the virus
is indeed detectable as a background baseline infection in the
bees that were not injected with the virus. Interestingly, we found
higher viral titers in naïve individuals from primed queens. This
could result from the transmission of viral templates from the
queen priming treatment that were then detected by the real-
time quantitative PCR, consistent with the transfer of pathogen
particles as a mechanism for TGIP (Salmela et al., 2015). The PBS-
injected offspring from non-primed queens had slightly higher
viral load, showing that the injection of PBS alone could lead
to the higher titers of a latent background infection, as has
been shown before (Anderson and Gibbs, 1988). In contrast,
the PBS-injected offspring of primed queens had comparably
lower viral load, similar to the naïve baseline. We hypothesize,
that the background infection is low enough to not induce an
antiviral response (Moreno-García et al., 2014), but the additional
challenges of injection and maternal immune challenge caused
an increased immune response, activating also the antiviral
pathways. This resulted in the observed lower viral titers in the
primed control bees, but immune responses being costly (Moret
and Schmid-Hempel, 2000), contributed to the increased wing
deformities observed in this treatment group.

Although TGIP with viruses have been studied less, recently
the existence of antiviral TGIP in fruit flies and mosquitoes
was shown, lasting for multiple generations (Mondotte et al.,
2020). The mechanism was found to be virus specific, RNAi
independent and was shown with multiple positive strand RNA-
viruses, which the DWV also is. In mosquitoes the oral infection
route was also effective, although live virus was used. The
methods in our study are closely resembling the ones in the
mosquito experiment, hence similar effect on offspring could be

expected. However, it is not certain whether using inactivated
virus for queen exposure affects TGIP, as there are no TGIP
studies comparing the efficacy of inactivated versus live viruses
(Tetreau et al., 2019). TGIP with killed bacteria has been shown
in several systems (Sadd et al., 2005; Yue et al., 2013; Hernández
López et al., 2014; Dubuffet et al., 2015; Tate and Graham, 2015;
Rosengaus et al., 2017), but with fungal pathogens TGIP was
only achieved with live fungi (Fisher and Hajek, 2015; Bordoni
et al., 2018). Further, if antiviral TGIP can persist for multiple
generations, exposure to DWV in prior generations may have
already primed the queens, explaining the lack of further priming
effects. Future studies could investigate whether viral derived
DNA fragments are present in offspring of honeybee queens
challenged with live virus or viral dsRNA, as was seen in the fruit
flies by Mondotte et al. (2020).

In our experiment we would have expected to see a lower
viral titer and reduced number of deformed wings in the
primed group that was infected with the virus, if TGIP had
clear beneficial effects for honeybees against viruses. Instead, we
saw no reduction in symptoms and complex effects on viral
loads. Contrasting results have been found in the nematode host
Caenorhabditis elegans, where trans-generational effects were
shown to cause viral silencing for many generations (Rechavi
et al., 2011). In the moth Plodia interpunctella trans-generational
protection against a DNA-virus was seen as lower susceptibility,
although viral loads were not measured (Tidbury et al., 2011). The
lack of clear TGIP effects in our system could be linked to the
low virulence of the particular viral strain used, as typical DWV
symptoms were marginal. Still, lack of clear beneficial TGIP
effects against a viral pathogen is noteworthy, as the occurrence
of and mechanisms TGIP is still being investigated (Tetreau
et al., 2019). Theoretically TGIP is predicted when offspring
dispersal is low and the pathogen threat is similar between
generations (Pigeault et al., 2016). The honeybee offspring
live in the same colony as the queen and multiple offspring
generation overlap, suggesting that TGIP in this host should be
very beneficial.
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