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Trans-generational immune
priming against American
Foulbrood does not a�ect the
performance of honeybee
colonies

Matti Leponiemi1*, Helena Wirta2 and Dalial Freitak1

1Institute of Biology, University of Graz, Graz, Austria, 2Department of Agricultural Sciences, University of
Helsinki, Helsinki, Finland

Honeybees are major pollinators for our food crops, but at the same time they
face many stressors all over the world. One of the major threats to honeybee
health are bacterial diseases, the most severe of which is the American Foulbrood
(AFB). Recently a trans-generational vaccination approach against AFB has been
proposed, showing strong potential in protecting the colonies fromAFBoutbreaks.
Yet, what remains unstudied is whether the priming of the colony has any
undesired side-e�ects. It is widely accepted that immune function is often a
trade-o� against other life-history traits, hence immune priming could have
an e�ect on the colony performance. In this experiment we set up 48 hives,
half of them with primed queens and half of them as controls. The hives were
placed in six apiaries, located as pair of apiaries in three regions. Through a 2-
year study we monitored the hives and measured their health and performance.
We measured hive weight and frame contents such as brood amount, worker
numbers, and honey yield. We studied the prevalence of the most common
honeybee pathogens in the hives and expression of relevant immune genes in the
o�spring at larval stage. No e�ect of trans-generational immune priming on any
of the hive parameters was found. Instead, we did find other factors contributing
on various hive performance parameters. Interestingly not only time but also
the region, although only 10 km apart from each other, had an e�ect on the
performance and health of the colonies, suggesting that the local environment
plays an important role in hive performance. Our results suggest that exploiting the
trans-generational priming could serve as a safe tool in fighting the AFB in apiaries.

KEYWORDS

trans-generational immune priming, trade-o�s, American Foulbrood (AFB), honeybee

(Apis mellifera L.), costs

1. Introduction

Majority of the plant species used as food are dependent on pollinators, and it is

estimated that by production volume 35% of our crops depend on pollinators, like wild

and managed bees (1). Alarmingly the numbers of pollinators have been in decline (2, 3).

Not only is the decline seen in wild pollinators, but the health of managed bee colonies

has also declined, with reported yearly losses typically 15–30% in Europe and the US (4, 5).

These losses are caused by multiple factors, including changes in landscape use, pesticides,

parasites, and pathogens (6). As pathogens are among themany reasons behind the declining
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honeybee health, understanding the insect immune system and

resistance mechanisms is a key for finding ways to combat

honeybee colony losses. As managed honeybees and wild

pollinators may share diseases and parasites (7), improving the

health of managed honeybees may also improve the health of

pollinators in general.

Immune priming is a function of the invertebrate immune

system that can improve resistance against a previously

encountered pathogen. The priming effect can also extend to

the next generation (8) and is then called trans-generational

immune priming (TGIP). Mechanisms of TGIP are still being

investigated and proposed mechanisms include epigenetic

modifications (9) and transfer of immune reaction elicitors or the

effector molecules themselves into the developing eggs (10, 11).

There is still a level of controversy around TGIP in different insect

species, as mixed results concerning TGIP have been reported

using different hosts, different pathogens, or ways of exposure.

Some hosts may show TGIP against certain pathogens, while not

against others (12), suggesting that there may be differences due to

exposure route, genetic or epigenetic factors of the host, or the type

of pathogen. In honeybees a similar situation exists, as experiments

with TGIP against viral pathogens have had mixed results (13, 14).

Similarly mixed results have been found with bacterial pathogens.

Recently a study found no evidence for TGIP in honeybees

against a bacterial pathogen European Foulbrood (Melissococcus

plutonius) with oral priming (15), while other studies have shown

TGIP against other bacterial pathogens using either oral (16) or

injection route of priming the honeybee queen (17).

Increased resistance to a pathogen would be beneficial, but

immune system activation tends to be costly (18). Costs of

pathogen resistance may be seen in tradeoffs with other life-history

parameters, such as reproduction or growth. In insect hosts, a cost

of priming has been seen as reduction in egg hatching rate in the

mosquito Anopheles albimanus (19), but also as reduced fecundity

of the offspring in the tobacco hawk moth (Manduca sexta)

and the red flour beetle (Trilobium castaneum) (20, 21). In the

mosquito A. gambiae, yellow mealworm beetle (Tenebrio molitor),

red flour beetle and tobacco hawk moth an increase in offspring

developmental times have been observed (22–25), although faster

offspring development has been observed as well in tobacco hawk

moth and Trilobium beetles (21, 26). In Hymenoptera particularly,

TGIP have been studied with multiple models including ants,

bumble bees and honeybees (17, 27, 28). In bumble bees, distinct

costs of TGIP were seen as the parents produced less offspring, and

while the offspring were more protected against the focal pathogen,

they were more susceptible to other unrelated pathogens (29).

Honeybees have been used as model species for TGIP in

multiple studies (10, 11, 13–17, 30) and TGIP has been shown

to be effective against one of the most devastating honeybee

diseases worldwide, American Foulbrood (AFB), caused by the

spore-producing bacterium Paenibacillus larvae (31). AFB infects

honeybee larvae after an oral exposure, and infection requires

the permeation of the peritrophic membrane in the gut (32).

Infected larvae die shortly after, becoming sources of exposure

themselves. Spores of AFB can stay viable and attached to the

affected beekeeping equipment for decades (31). An acute infection

therefore requires the destruction of the hive boxes and anything

that has been in contact with the hives, typically by burning, causing

also considerable financial burden on beekeepers of the affected

hives. Solutions to limit AFB are limited, relying mostly on good

beekeeping practices and in some regions also antibiotics (33).

TGIP has been suggested as a way to combat diseases such as AFB in

honeybees (30), but the knowledge on costs of TGIP on honeybees’

health is limited.

In this study we investigate the effects of trans-generational

immune priming on honeybees using AFB as the priming agent, in

a typical beekeeping setting. We used dead P. larvae to orally prime

honeybee queens and followed the hives for two seasons. Given the

multitude of observed potential costs and tradeoffs in other model

species, we took multiple approaches to study the TGIP effects on

a colony level, assessing hive health parameters, pathogens in the

hive, and gene expression in offspring. If there would be immune

priming costs associated with egg laying, hatching rate or brood

development, it should translate into hive size or the ability of

the hive to forage and collect honey. As shown in bumblebees,

a potential tradeoff of TGIP is the susceptibility of the offspring

to other pathogens (29). To describe the pathogen load of the

bee colonies, pathogens and parasites were assayed, representing

the most common bacterial, viral and fungal pathogens infecting

honeybees. To study the consequences of TGIP on a molecular

level we did a targeted RT-qPCR assay on genes relevant to

TGIP or pathogen defense in developing larvae. Differences in

gene expression would be expected if TGIP is mediated to the

next generation through elicitors of immune responses or through

epigenetic modification. We targeted genes involved in immunity,

TGIP, and AFB responses identified in the literature.

To summarize, the focus of our study was to investigate whether

there are tradeoffs from TGIP in honeybees in a typical beekeeping

setting. Based on current evidence on effects of TGIP, we expected

to see differential gene expression in the offspring and potential

costs manifesting in higher susceptibility to other pathogens or as

decreases in hive size or productivity.

2. Materials and methods

2.1. Honeybees and queen treatment

In this study we examined honeybees of the subspecies Apis

mellifera ligustica. Naturally mated sister queens (n = 29 control,

28 primed, 57 total), inspected to successfully lay eggs, were orally

primed by placing them in queen cages along with a small number

of worker bees (6–11) and a bee candy patty, which the workers

feed to the queen. The priming treatment bee candy included heat

killed P. larvae bacteria. Control queens received a bee candy patty

without the bacteria. Queen cages were kept over moist sponges at

room temperature for 6 days to allow consumption of the candies.

Survival of the queens and attending worker bees was monitored

on a daily basis.

2.2. Preparation of queen feed

Priming treatment bee candy was prepared by mixing 5 g

powder sugar, 500 µL corn syrup and 300 µL P. larvae solution,
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resulting in 1.5∗108 P. larvae cells per candy. Control candies were

made the same way but using water instead of P. larvae solution.

The P. larvae solution was made by growing P. larvae (strain LMG

09820 from Belgian Coordinated Collections of Microorganisms,

Belgium) on MYPGP agar plates (34) in 34.5◦C for 3 days and

the bacteria were harvested into cold water. Cell concentration

was measured by optical density with NanoDrop One C (Thermo-

Fisher, USA), and the bacteria was killed by autoclaving at 121◦C

for 15min. Autoclaved solution was again plated on MYPGP plates

to confirm the lack of viability.

2.3. Hive and apiary establishment

Forty-eight Langstroth-type hives were established for the

experiment. Worker bees used for the hives were collected

from hives in three different locations, serving as founding

stocks, and placed in hive boxes with five new empty frames

to establish the new hives. The treated queens in their cages

were then placed in these hives created with 3 l of adult

bees, approximating about 10,000 bees (35). The new hives

were placed in cool (∼+15◦C) and dark conditions for 48 h

to accommodate, after which they were placed outside in a

temporary apiary location and were left there for 2 weeks to

avoid further stress, before transportation to six apiaries. Four

primed hives and four control hives were placed in each apiary

in alternating pattern such that every second hive has the

priming treatment.

The apiaries were located in three regions in the Southwest

Finland, two apiaries in each region (Figure 1). The apiaries

are here called A-F, while the regions are named AB, CD,

and EF, based on the two apiaries within the region. The

regions were c.a. 10 km away from each other, which is more

than the typical flying distance of a honeybee (36). In each

region the two apiaries were close to each other, 0.5 to 2 km

apart, within the common flying distance of bees. During

the experiment the hives were maintained by two experienced

beekeepers in a similar fashion using conventional beekeeping

practices in Finland, using oxalic acid for Varroa-treatment (37)

and with the exception that weak hives were not artificially

strengthened or combined. The beekeepers were blinded regarding

the priming treatment.

2.4. Hive assessments and sampling

Hives were sampled andmeasured at five points in the summers

of 2020 and 2021 (Figure 2). An initial sampling was done after the

hives were set up in July 2020 (18.07.2020) and then the first full

sampling in August 2020 (10.8.−13.8.2020). In 2021 sampling was

done in June (10.6.−12.6.2021), July (10.7.−14.7.2021), and August

(10.8.−13.8.2021). Hive weight was measured, and bee samples

for pathogen quantification were taken in all sampling times and

during hive setup. Larval samples for gene expression were taken

at all sampling times after hives were set up. Bee amounts were

estimated during 2021 samplings. Frame contents were measured

FIGURE 1

A diagram of the apiary locations relative to each other, apiaries
(A–F) marked with red points showing distances, and the location in
Finland (map box size arbitrary).

during the July 2021 sampling. In addition, brood count was

measured before winter in 2021, in October.

Queen survival and brood production (brood surface area)

before winter were used to assess the potential costs of the priming

for the queen. The amount of brood was measured by placing

a 4x5-square grid over the brood frames and estimating the

brood covering each frame, calculating the percentage covered.

The development of the hives was followed by measuring the hive

weight and the number of worker bees. Hive weight is a crude but

often used and very effective method for following the development

of the beekeeping season in terms of nectar flow into the hive

(38). Weight measurements were done by weighing each box in

the hive separately with a digital luggage scale (Asaklitt, Sweden),

to the accuracy of 100 grams. The bee amounts were measured

in 2021 visually from the frames from above, counting the gaps

between frames that were fully and half occupied by bees. During

the peak flowering season in Finland, in July 2021, a more detailed

hive analysis was made to each hive. The contents of every frame

were measured by placing a 4x5-square grid over the frame and

estimating the amounts of grid squares filled with different types

of content. The contents were assigned to categories of uncapped

brood, capped brood, honey, nectar, pollen, and drone cells. After

the samplings in the fall of 2021 the weight of the extracted honey

was measured by weighing the boxes before and after extraction.

Honey was extracted from the frames by the beekeepers using a

centrifugal honey extractor.

To quantify the pathogens in the hives, adult bees were

sampled. Adult bees of undefined age were collected from inside

the hive by brushing from the frames (39). One dL of bees, equaling

to ∼300 bees per hive, were collected into a resealable plastic bag

which was immediately placed on dry ice. Collected samples were

briefly stored in −20◦C, transported to laboratory on dry ice and

stored in−80◦C.

To investigate the gene expression of the larvae, 3-day-old

larvae were sampled from hives at four timepoints, in August

2020 and thrice in 2021 for the gene expression assay. Three

replicates of 10 larvae were collected from each hive. Ten larvae

were collected from three frame surfaces, storing each 10 larvae
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FIGURE 2

Experiment timeline and schedule of sampling times and hive measurements.

into a microcentrifuge tube filled with 500 µL of NucleoProtect-

RNA (Macherey-Nagel, Germany), in total primed n= 39∗3= 117,

control n= 37∗3= 111.

2.5. Pathogen quantification

To assess the presence of pathogens in the hives, we targeted

10 common honeybee pathogens. Two bacterial pathogens were

targeted, Paenibacillus larvae, which causes American foulbrood

and Melissococcus plutonius, which causes European foulbrood

(EFB). Viral targets were Acute Bee Paralysis Virus (ABPV),

Black Queen Cell Virus (BQCV), Chronic Bee Paralysis Virus

(CBPV), Deformed Wing Virus (DWV-B), and Sacbrood virus

(SBV). Fungal pathogens were Chalkbrood (Ascosphaera apis), and

the two microsporidian Nosema species, N. apis and N. ceranae.

These pathogens have global distribution and are commonly found

in Europe (40–44). In addition, we monitored the occurrence of

Varroamite (Varroa destructor), which is linked to decreased health

of parasitized hives as well as spread of bee viruses (45, 46).

To quantify these pathogens, three sets of 33 bees were

picked from the collected bee sample for RNA extraction,

resulting in three biological replicates from each hive (primed

samples n = 87, control samples n = 90, each sample with

three replicates). The bees were visually inspected for Varroa

mites before extraction (35). RNA was extracted following

the bulk extraction protocol by Evans et al. (47), with the

modification of freezing the sample in liquid nitrogen after

adding the lysis/stabilization buffer. Extraction was quantified

with NanoDrop One C (Themo-Fisher, USA) and samples stored

at−80◦C.

Prior to qPCR-step the RNA samples extracted above were

treated with DNase I, RNase Free kit (Thermo-Fisher, USA)

and reverse transcribed using RevertAid First Strand cDNA

synthesis kit (Thermo-Fisher, USA), using manufacturer protocols.

SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, USA)

was used for qPCR reactions with the manufacturer’s protocol

for 10 µL reaction volume, using CFX384 thermal cycler (Bio-

Rad, USA). All reactions were run as two technical replicates. Ten

pathogen targets given above were used, along with two reference

genes, Actin and RPS18, which show stability under different

conditions (48). Primer sequences were obtained from literature

(Supplementary Table 1).

2.6. Larval gene expression

To assess the gene expression in the offspring, we targeted seven

genes: apidaecin, hymenoptaecin, PEPCK, peritrophin, PGRP-LC,

PPO, and trynity. Apidaecin and hymenoptaecin are antimicrobial

peptides (AMPs), representing the end products of immune

pathways. AMPs are upregulated after TGIP and infection (49, 50),

indicating an immediate readiness for defense. PEPCK, stress-

responsive phosphoenolpyruvate carboxykinase, is a gene involved

in gluconeogenesis, and is upregulated after TGIP and infection in

bumble bees, acting as a potential marker for TGIP (50). Peritrophin

supports gut integrity, and as AFB requires the permeation of the

gut membrane, peritrophin upregulation may act as an AFB specific

defense response (51). PPO, prophenoloxidase, is the precursor

for phenoloxidase, involved in the melanization immune reaction.

Upregulation of PPO would indicate increased infection response

readiness (52). PGRP-LC is a membrane bound peptidoglycan

recognition protein, having a major role in pathogen recognition

in honeybees (49). Upregulation of PGRP-LC would indicate

increased readiness to recognize pathogens and to activate the

particular immune pathways. Trynity is a zona pellucida domain

protein, also expressed in the gut, and is upregulated in honeybee

larvae after an AFB infection, indicating a potential AFB-specific

response or defense mechanism (51).

To assess the expression of the selected genes, RNA was

extracted from the larval samples with RNAzol (Sigma-Aldrich,

USA). The samples, stored in 1.5mL microcentrifuge tubes

in−20◦C, were thawn and quickly centrifuged. Storage buffer

was removed, 1mL of RNAzol was added, and the manufacturer

protocol for total RNA isolation was followed. Extraction was

quantified by NanoDrop One C (Thermo-Fisher, USA) and the

samples were stored in −80◦C. RT-qPCR for the larval gene

expression assay was performed using the same procedure as in

pathogen RT-qPCR. Same reference genes were used as in pathogen

assay, Actin and RPS18. Other primers were implemented from

literature (Supplementary Table 2).

2.7. Statistical analyses of queen failures
and hive assessments

Queen failures were analyzed with a cox survival regression

model. Treatment and apiary were included as fixed variables.
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Models with region, beekeeper, and worker stock site were excluded

after considering AIC and BIC. For hive measurements the model

selection was done similarly by comparingmodels with explanatory

variables, which were apiary, region, beekeeper, and worker stock

site. Model selection was based on AIC, BIC, and model R2. Region

was chosen as the fixed variable for the peak season detailed

frame content measurement in August 2021, and total honey yield

models. Apiary was chosen for the hive weight and bee amount

models, with apiary-timepoint interaction, and hive was used as

random variable. The priming treatment was always kept in the

model as fixed variable. Capped brood and open brood, as well

as honey and nectar were combined for the peak season frame

content models.

2.8. Statistical analyses for pathogen
quantification and gene expression

A ddCq-approach was taken to analyze the pathogen

prevalence and abundance in adult bees, measured by qPCR, as

per the 2−ddCq method (53). The Cq values of the two reference

genes were averaged with geometric mean and this value was used

for delta-Cq calculations. Missing dCq values were substituted with

a value one cycle higher than the detected maximum value (54).

The replicate values were then averaged. The dCq values were

calibrated by using the highest value for each pathogen as the

reference (sample dCq—max dCq), resulting in the ddCq values.

For easier interpretation, the models and figures were done with

negative ddCq values, corresponding to log2(2
−ddCq). A higher

value then indicates higher pathogen prevalence. Pathogen model

selection was done similarly to hive measurement models. Models

with the grouping factors apiary, region, beekeeper, and worker

stock site were compared with AIC, BIC, and model R2, and the

best performingmodels were used, keeping hive as a random factor.

For AFB and Chalkbrood, a ddCq model could not be properly

fitted due to low number of detections in the samples. A binomial

presence-absence model was instead used with hive as random

factor. No model was used for CBPV, ABPV, and EFB due to lack

of data.

Gene expression in the larvae was analyzed using dCq values,

which were derived in the manner described above, except

no substitutions were needed for the gene expression dCqs.

Negative values were again used for models and figures for

easier interpretation. The gene expression model selection followed

similar method as all the models described above. Region was

selected as the best explanatory variable for all of the models, with

treatment and timepoint kept as explanatory factorial variables

and hive as a random factor. To include potential effects from

pathogens, the models were tested with all pathogen dCqs as

variables. Other pathogens were excluded due to lack of data. The

pathogens that had significant effects were kept in the model. Some

models yielded random effect variances that were close to zero, but

the structure was kept in all of the models for consistency.

To study pathogen effects on other hive characteristics, we used

the pathogen ddCq values in August 2020, the timepoint before

overwintering. Pathogen effect on queen failures was analyzed with

cox survival regression with apiary and all of the pathogens as fixed

factors. Mixed effect models were used for hive weight, bee amount,

and frame content measurements. For these models the treatment

was dropped as a factor. No pathogens were indicated as having a

significant effect.

Hives that were lost due to queen failure were excluded from the

analyses after the point of failure. All analyses were implemented

with R version 4.0.4 (55). Linear mixed models were done using

the lme4-package (56) with significance testing using lmerTest (57).

For the cox regression model, package survival (58) was used. The

chosen models were inspected with DHARMa-package (59) and

sjPlot was used to extract model information (60).

3. Results

3.1. Queen treatment and hive failures

No queens died during the priming period of 6 days in the

queen cages. On average 0.84 (SD 1.33) accompanying workers died

during the queen treatment, being no different between treatments

(χ2
= 0.30905, p = 0.58). During the hive establishment four

control queens and one primed queen were replaced due to not

being accepted by the hive. This did not affect initial hive numbers

since there were surplus queens in the priming treatments (29

primed and 28 control) than were used to create the hives (n= 48)

to account for initial losses.

There was no difference in hive failures during the experiment

between the priming and control treatments (Figure 3A, Cox

regression model LR-test p = 0.03, treatment HR = 1.08, p =

0.85), while apiary had a significant overall effect (p = 0.016) on

hive survival. Two control and two primed hives died during the

winter 2020–2021. Otherwise hive failures were relatively frequent

during the experiment. In some cases, the queen started to lay only

unfertilized eggs, becoming drones, during the spring 2021, soon

leading to death of the hive. In other cases, the hive had raised a

new queen for no apparent reason. Any hive without a queen or

a queen replaced by the colony was considered as a queen failure

and excluded from the experiment. Altogether queen failures took

place in 19 hives, which is about 40% of hives, of which 10 were

control hives and nine primed hives. Overall, out of 48 initial

queens, after winter mortality and queen failures, 25 hives were

left to be observed through the whole experiment (Table 1). In

each apiary one to six hives faced a failure during the experiment,

apiaries B, C, and D having a significant effect on the queen failure

(Supplementary Table 3).

3.2. Hive assessment

The priming treatment did not significantly affect hive weight

(Figure 3B, Supplementary Table 4), the amount of brood on the

frames before winter (Figure 3C, Wilcoxon rank sum test, W

= 261.5, p = 0.59), honey production, as measured by weight

of extracted honey (Figure 3D), or the number of bees in the

hives (Supplementary Table 5). No differences were also observed

between treatments in the frame contents during the peak season

detailed measurements in July 2021 (Supplementary Table 6).

Frontiers in Veterinary Science 05 frontiersin.org

https://doi.org/10.3389/fvets.2023.1129701
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Leponiemi et al. 10.3389/fvets.2023.1129701

FIGURE 3

No e�ect of priming was detected to hive performance and health in regard to (A) hive failures, (B) median hive weight (+-sd), (C) percentage of
brood on frames before winter, (D) overall honey yield, (E) pathogen -ddCq in August 2020, (F) gene expression -dCq in August 2020. Primed hives
shown in orange and controls in gray.

TABLE 1 Number of queens failing due to di�erent causes during the

experiment in each apiary and the treatment (control/priming).

Winter
mortality

Drone
queen

Queen
replaced

Apiary A 0/0 0/1 0/0

Apiary B 0/0 0/1 3/2

Apiary C 0/1 2/1 0/2

Apiary D 1/0 2/2 0/1

Apiary E 0/0 0/0 1/0

Apiary F 1/1 0/0 1/0

While treatment had no effect on any of the hive metrics, the

time of the season and the location of the hive did have an effect on

several metrics (Table 2). The linear mixed model on hive weight

indicates apiary and sampling time to have a significant effect,

as well as their interactions (Figure 4A, Supplementary Table 4).

Adult bee amounts were overall significantly affected by time

(Table 2), but the linear model indicated only apiary C as significant

effect (Supplementary Table 5). Region had a significant overall

effect in the linear models of brood, honey and nectar and drone

cell amounts in the peak season detailed hive measurements

in July 2021 (Table 2). The region CD had a significant effect

on the cover of honey, pollen, and drone cells, and the region

EF on honey and pollen, each being higher in these regions

(Supplementary Table 6). There were also significant differences

between regions on honey yield, the region CD doing significantly

better (Figure 4B, Supplementary Table 7).

3.3. Pathogen prevalence

The study hives showed a complex pattern for the presence and

absence of different pathogens. Surprisingly, not a single sample

was positive for European Foulbrood (Melissococcus plutonius) or

Acute Bee Paralysis Virus. Chronic Bee Paralysis Virus was detected

in hives only 4.5% of times. American Foulbrood (Paenibacillus

larvae) was detected in hives 14.1%, and Chalkbrood (Ascosphaera

apis) 31.6% of times. Deformed Wing Virus was detected 85.6%,

Nosema Apis 96.6% and Nosema Ceranae 86.4% of times. Black

Queen Cell Virus and Sacbrood Virus were detected at all times in

every hive.

The data for CBPV was too scarce to fit an informative

model. Among the grouping variables tested, apiary was the best
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TABLE 2 Summary table of significant e�ects in the models reported in this study, as indicated by Type II/III analysis of variance tables (Satterthwaite’s

method).

Priming
treatment

Time Apiary Region Location
∗ time
interaction

Worker
source

BQCV

Health and

performance

Survival - ∗∗

Honey yield - ∗ ∗ ∗

Peak brood - ∗

Peak honey - ∗ ∗ ∗

Peak pollen - ∗∗

Peak drones - ∗

Weight - ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗

Bees - ∗ ∗ ∗ - -

Pathogen

prevalence

AFB - ∗ ∗ ∗ ∗∗

Chalkbrood - - -

N. apis - ∗ - ∗ ∗ ∗

N. ceranae - ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗

BQCV - ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗

DWV - ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗

SBV - ∗ ∗ ∗ - ∗∗

Gene

expression

Apidaecin - ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗

Hymenoptaecin - ∗ ∗ ∗ ∗ ∗ ∗ ∗

PEPCK - ∗ ∗ ∗ ∗ ∗ ∗ -

Peritrophin - - - -

PGRP-LC - - ∗ ∗ ∗ ∗ ∗ ∗ ∗

PPO - ∗∗ ∗ ∗ ∗ ∗

Trynity - ∗ ∗ ∗ - -

Location refers to apiary or region, depending on which one was used in the model. Significant effects indicated with stars (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001), variables included in the model

with no significant effect indicated with dash (-).

explanatory variable for the -ddCq-models, and apiary-timepoint

interaction was included. For AFB the worker stock source

location was the best explanatory grouping variable instead of

apiary for the AFB binomial model (Supplementary Table 8). There

were no positive AFB samples after June 2021 and the latter

sampling timepoints were therefore excluded from analysis. For

Chalkbrood a binomial model was also fitted with the region as

explanatory variable.

None of the pathogen models indicated treatment as significant

effect (Table 2, Figure 3E). However, spatial and temporal effects

were evident. For AFB, the model indicated worker stock source

site 1 as significant effect (Figure 5A, Supplementary Table 8),

for the sampling times August 20 and June 21. The model for

Chalkbrood indicated that August 2021 had a significant effect

but had no significant spatial effects (Figure 5B), although the

model overall had limited explanatory power (Model R2 = 0.063,

Supplementary Table 9). The dynamics for the viral pathogens

differed from each other. BQCV model indicated July-21 and Aug-

21 as significant effects, as did several time-apiary interactions

(Figure 5C, Supplementary Table 10). A similar trend toward lower

BQCV loads is observable over time in all apiaries (Figure 5C).

For DWV every sampling time had significant effect, as had

Apiaries C, D, and F, with several time-apiary interactions also

significant (Figure 5D, Supplementary Table 11). Sacbrood virus

had inconsistent dynamics between apiaries and sampling times,

the model indicating sampling times Aug-20, June-21, and July-

21 and apiaries C and F having significant effects, and several

time-apiary interactions (Figure 5E, Supplementary Table 12). The

two Nosema species also showed different dynamics from each

other. Nosema apis levels were overall more consistent (Figure 5F,

Supplementary Table 13), while N. ceranae levels showed more

variation but similar trends in all apiaries, the levels being lowest in

the initial sample in July 2020, and highest in June 2021 (Figure 5G,

Supplementary Table 14).
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FIGURE 4

(A) Median hive weight in apiaries during the season 2021, (B) honey
yield in the di�erent regions as boxplot with mean and quartiles.

In addition to pathogens, the occurrence of Varroa mites on the

bees was measured. Overall, the mite count was very low, as only

eight mites were seen attached to the bees during the whole study,

five in control and three in primed hives (Wilcoxon rank sum test,

W= 3,963.5, p= 0.45).

3.4. Gene expression

The priming treatment did not affect the expression of

any of the studied genes (Figure 3F, Supplementary Tables 15–

21). Instead of treatment, the sampling time had a clear effect

on gene expression. All genes except for PER and PPO had a

higher expression in June 2021 than in the previous August 2020

(Figure 6). Differences were seen also by region (Table 2), and

in some cases the black queen cell virus had an effect. As no

treatment effects were observed in the first two timepoints, further

samples were not processed. In apidaecin and hymenoptaecin a

similar trend was observed, with expression being higher in every

apiary region in the June-21, the effect in both being smallest

in the region EF (Figures 6A, B, Supplementary Tables 15, 16).

For Apidaecin there was also a modest negative correlation with

BQCV (Supplementary Table 15). The absolute levels in PEPCK

expression differ between regions, but the general trend also is a

higher expression in June-21 (Figure 6C, Supplementary Table 17).

In peritrophin no significant effects were found (Figure 6D,

Supplementary Table 18), although the model as a whole had

very limited explanatory power (model R2 0.055). PGRP-LC

expression had the least variation between the two times and

across apiary regions, the linear model indicating slight increase

in expression in June 2021 (Figure 6E, Supplementary Table 19).

In addition, BQCV had a modest effect increasing PGRP-

LC expression (Supplementary Table 19). PPO expression in

June 21 was overall lower than in August 2020, with also

regions and time-region interactions having significant effects

(Figure 6F, Supplementary Table 20). Trynity expression was again

significantly higher in June 21, but regions did not have significant

effects (Figure 6G, Supplementary Table 21).

3.5. E�ects of pathogens on other hive
characteristics

Pathogens in the adult worker bees in August 2021 did not have

a significant effect on the hive failures (Cox regression model LR-

test p = 0.05, pathogen p > 0.05). The pathogens also did not have

significant effects in any of the frame contents, hive weight, bee

amount or honey yield (linear models, pathogen p > 0.05).

4. Discussion

In this study we found no negative effects of trans-generational

immune priming on number of fitness-related traits in honeybees.

The metrics used to evaluate the performance of the beehives are

common for the beekeeping, such as hive weight, amount of brood,

adult bees, and honey yield. Furthermore, TGIP also did not affect

pathogens in the honeybees, nor gene expression in the larvae.

Based on the TGIP literature, we expected potential tradeoffs in

hive performance, pathogen presence and differences in offspring

gene expression.

Tradeoffs in reproduction or brood development are common

costs found in TGIP research (12). No study has specifically

investigated brood development in honeybees under natural

conditions, but evidence from other studies suggests that TGIP

may come with the cost of longer offspring development times

(12). While we did not directly measure brood development, an

increase in offspring development times would slow hive growth

and therefore indirectly influence hive weight and honey yield.

Similarly, tradeoffs in queen reproduction would have resulted in

less brood, meaning fewer adult bees and fewer foragers, which

would also influence hive weight and honey yield. Yet, no such

differences were observed in our study.

In bumble bees, the offspring of immune primed queens were

better protected against the same pathogen, but more susceptible

to other pathogens (29). It is possible that such tradeoffs also exist

in honeybees, and in that case, we should see a higher presence

of pathogens other than the priming agent in the primed bees.
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FIGURE 5

Summary of pathogens in sampled bees. (A) Proportion of AFB detected in hives with bees from di�erent worker stock sites, (B) proportion of
Chalkbrood detected in hives, (C–G) median pathogen -ddCq values in apiaries. (C) BQCV. (D) DWV. (E) SBV. (F) Nosema apis. (G) Nosema ceranae.

We measured several common honeybee pathogens, including

bacterial, viral and fungal pathogens, but the priming treatment

had no effect on any of them. Our results indicate that priming

against AFB does not put hives in risk of other pathogens. The

results are in agreement with another study in bumblebees, where

a within-generation immune priming treatment similarly did not

affect colony fitness or parasite infections (61). It is possible that

costs of TGIP were compensated by the nutritional resources

readily available in the environment. For example, organisms are

typically able to compensate some of the infection costs by adjusting

intake of required macronutrients (18, 62). Yet, in our study any

compensatory nutritional needs of the honeybees due to TGIP did

not translate to observable changes in the amount of pollen, honey

yield or growth of the hives.

Multiple studies conducted in insects have shown TGIP

induced changes in offspring gene expression. For example, the

expression of immunity-related genes in red flour beetle eggs

were markedly higher in offspring of primed mothers, including

antimicrobial peptides (63). Similarly in bumble bee offspring an

increase in the expression of immune system genes was shown,
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FIGURE 6

Boxplots of gene expression levels of the assayed genes (A) apidaecin, (B) hymenoptaecin, (C) PEPCK, (D) peritrophin, (E) PGRP-LC, (F) PPO, and (G)

trynity, in August 2020 and June 2021 in each region.

and the TGIP effect on gene expression seemed to be similar to

primary infection (50). If this is the case in honeybees, we could

also expect genes that are specific to AFB responses would be

upregulated in offspring of queens primed with AFB. We therefore

expected to see higher expression of genes that are induced in

honeybees upon infection in general (49) and upon AFB infection

specifically (51). However, we found no difference in the expression

of the selected target genes between TGIP and control larvae. We

targeted multiple genes in the immune system and other genes that

were predicted to contribute to TGIP or have AFB specific effects.

After seeing no priming effects on gene expression in the first two

sampling timepoints, we decided to not process further samples, as

the primary purpose of this study was to investigate effects of TGIP,

and we found it unlikely that effects would be seen at later samples.

Although there might be differences in different hosts, as honeybee

gene expression after TGIP has been studied less than in other

hosts, our assumption is that other uncontrollable environmental

effects in our study were enough to mask the differences had

they occurred. Interestingly the pathogen prevalence in the adult

bees and immune gene expression in the larvae also did not
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correlate, as none of the pathogens had significant effects on the

gene expression of any of the genes studied. Although priming

was expected to lead to differential gene expression in offspring, in

some cases the difference may not be evident until upon infection,

if TGIP acts in biphasic manner, such that after initial infection

the immune responses return to base levels until the pathogen is

encountered again (64). In that case we would not expect to see

different expression, particularly in genes that transcribe the end-

products of immune responses, such as the antimicrobial peptides.

On the other hand, differences could still have been seen in genes

that confer readiness to respond to infections, such as pathogen

recognition proteins.

Instead of predicted priming effects, we found many effects

of the location and sampling time to be correlated with the hive

parameters, underlying the importance of the environment for

hive performance. Honey yield particularly was greatly affected by

location. Hive weight also varied between apiaries, increasing over

time in an expected manner. The amount of drone cells was the

highest in the region CD. As the investment in reproduction is

influenced by food availability (65), it is not surprising that the

region with highest honey yield also had the most drones. The

beekeeping practices were kept as conventional as possible, with the

exception that weaker hives were not combined, a procedure that

a beekeeper might commonly do to strengthen smaller hives (37).

Therefore, the hive weights and honey yield might not perfectly

reflect a typical situation. Differences in weight and yield per hive

would be smaller between locations if weaker hives would have been

allowed to be combined. Still, the hive weights reflect the typical

Finnish beekeeping season, which often peaks in July.

Most of the pathogens targeted in this study were found in

the hives. This is not unusual, as many bee pathogens, particularly

viruses, are often present in low amounts in asymptomatic

hives and only symptomatic hives have higher titers (66). No

clinical symptoms were visually detected during the sampling and

measurement of the study hives throughout the study period. The

prevalence of pathogens in hives mostly followed typical seasonal

dynamics, with peak prevalence in spring and summer (44), except

DWV and BQCV. It is not uncommon, though, for the peak

prevalence to shift from year to year (44). Another factor may be

that the study hives were newly created at the beginning of the

study, with the age of the hive and the bees playing a role, as

the pathogens present in the hive are likely fewer when starting

hives with fresh frames but may accumulate or find a more typical

dynamic over time. Also, the initial reference sample consisted of

bees from older hives, while bees in later samples were produced by

the new queen. Especially interesting is that more AFB was detected

in bees originating from one location, but then AFB practically

disappeared and was not detected in any hive in later sampling

times. New, presumably AFB-free frames and flame-treated hive

boxes were used to create the hives, and therefore only the bees that

were used to establish the new colonies were potentially carrying

AFB spores. Although AFB spores elsewhere in the hive were not

assayed, the fact that no AFB was detected in the bees at later

times suggest that using clean hive equipment and replacing the

queen has an impact on AFB pressure, highlighting the importance

of good beekeeping practices (31). For pathogens other than AFB

and chalkbrood the model selection strongly favored apiary as the

grouping factor. This suggests that the immediate surroundings

may have a stronger influence in the pathogen dynamics than for

other aspects of the hive. Hives that are located next to each other

are more likely to interact, especially since bees may sometimes

enter other hives next to their own by accident or to rob resources.

In this aspect it is not surprising that pathogen effects are localized

to apiary level.

We saw higher gene expression in many of the studied genes

in the June of 2021 than in August of the previous year. Mostly

similar trends were observed in all of the regions. The antimicrobial

peptides Apidaecin and hymenoptaecin were both less expressed

in August than in the following June. Similarly, PEPCK, PGRP-

LC, and trynity had lower expression in August 2020 than June

2021. The larval samples collected in mid-August are likely to be

so called winter bees, whereas larvae sampled in the following June

would be summer bees. Winter bees differ from summer bees by

having substantially longer lifespan (67). Winter bees also differ

in regards of gene expression, as adult winter bees show higher

expression of PPO, but the expression of AMP genes is lower,

perhaps as an energy saving measure (68). In our study AMPs were

indeed lower in the fall, while PPO was higher. The differences

between these two timepoints could then be partially explained by

the differences in summer and winter bee gene expression profiles.

We found that the pathogen BQCV affected the expression of

Apidaecin and PGRP-LC, although the effect wasmodest. There was

discrepancy in the samples however, as gene expression was studied

in larvae and pathogens in adult bees. What we observed is that

pathogen prevalence in adult bees is not very strongly correlated

with immune gene expression in the larvae. The model selection

for gene expression was not as strongly favoring any particular

grouping factor as with pathogens, but overall region was the

strongest. This suggests that environmental factors do play a role

in the expression of many of the genes studied, but the effect is not

as strongly localized as with pathogen prevalence, where apiary-

level differences were stronger. It seems, that gene expression

in the larvae is influenced also by other local, but not apiary-

specific factors, like nectar and pollen availability or microclimate

of the region.

We observed a relatively high rate of hive failures in our study,

although it was not influenced by the queen treatment, as primed

and control hives were similarly affected. Failure rates as high as

30% are not unheard of Gray et al. (5), although typically most

hive failures happen during the winter season. Reasons for other

observed queen failures are not all well-understood, but among

the suspected causes are bad conditions during queen transport

(69), exposure to pesticides (70) and problems during mating (71).

The treatment conditions in our study mimic queen transport but

were arguably more controlled than the varied conditions that

the queens might be exposed to during transport in the mail.

Further, similar methods used in other studies have not resulted

in significant queen failures (13, 16). A likely reason for the queen

failures then are problems during mating, such as bad weather

conditions during mating or the drone quality. An important point

regarding the actual hive survival is that not all of the excluded

hives actually died. When the hive produces a new queen, the

hive may continue to perform well, but in this study every hive

without the original queen was excluded. Interestingly the failures
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did not occur equally among apiaries, but instead some apiaries

were more affected. While the apiaries are located in the same

geographical area, the immediate local environment surrounding

the apiaries differ. The vegetation or buildings in the immediate

surroundings of an apiary would affect the weather conditions the

hives encounter, having an effect on the water and temperature

regulation of a hive and thus on the resources a colony needs to use

for the regulation (72). The apiary landscape would influence the

hives by defining the availability of floral resources (73). Proximity

to agricultural fields may also increase the risk of exposure to

pesticides, which may compromise colony health (74). Overall, the

microclimatic conditions, the resource availability and pesticide

exposure are likely to contribute to local scale wealth of honeybees

and may affect the survival of colonies in different apiaries.

This is the first study to investigate the effects of TGIP

outside the laboratory under natural conditions with all the

confounding environmental factors in an insect host. Our focus

was to assess possible tradeoffs resulting from the priming

treatment reported by number of laboratory studies in other

species (19–26, 29). The strength of laboratory studies is the

controlled environment and possibility to manipulate conditions

to pinpoint even small effects, for example by inspecting

tradeoffs under starvation, when tradeoffs may be more apparent.

Studies outside of the laboratory are the necessary next step

to see if tradeoffs or other effects are observable in the factual

settings honeybees are kept in by beekeepers. Furthermore,

as laboratory studies typically focus on individuals, colony

level effects need to be considered in eusocial species, as

done here.

To conclude, we could not find any significant trade-offs

resulting from TGIP. These results have important practical

applications, as TGIP has been recently suggested as a tool to

fight infections by “vaccinating” honeybees against pathogens (16,

30). Our results support the use of TGIP as a tool in fighting

American Foulbrood. In addition to the fact that TGIP has been

shown to reduce AFB infections in honeybee larvae, our results

provide evidence that TGIP also does not increase the load of

pathogens not targeted by the priming treatment. There is also

some evidence that viruses or other pathogens may spill over

from managed honeybees to other pollinators (7, 75, 76). Using

TGIP to reduce the pathogens in honeybee hives may therefore

improve not only the health of honeybees but also the health of

wild pollinators.

Data availability statement

The original contributions presented in the study are included

in the article/Supplementary material, further inquiries can be

directed to the corresponding author.

Author contributions

ML and DF designed the study. ML and HW collected

the samples. ML ran the laboratory and statistical analyses and

prepared the figures. ML, HW, andDLwrote the article. All authors

contributed to the article and approved the submitted version.

Funding

The project was funded by Finnish Cultural Foundation

(00180246). ML received funding from Emil Aaltonen Foundation

(220131) and HW from Kone Foundation.

Acknowledgments

We would like to thank two anonymous beekeepers for their

work and expertise regarding beekeeping. We also thank all the

people helping us with fieldwork; Jason Rissanen, Mikko Tiusanen,

Tristan Ubaldi, and Jaakko Kuurne.

Conflict of interest

DF is listed as inventor on a patent (WO2017017313A1) for

an edible bee vaccine. This patent is assigned to Dalan Animal

Health Inc., where DF serves as Chief Scientific Officer. The

research presented in this paper was conducted independently, with

no financial, material, or analytical resources provided by Dalan

Animal Health Inc. or any other commercial enterprise.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fvets.2023.

1129701/full#supplementary-material

References

1. Klein A-M, Vaissiere BE, Cane JH, Steffan-Dewenter I, Cunningham SA, Kremen
C, et al. Importance of pollinators in changing landscapes for world crops. Proc R Soc
B Biol Sci. (2007) 274:303–13. doi: 10.1098/rspb.2006.3721

2. Winfree R, Bartomeus I, Cariveau DP. Native pollinators in
anthropogenic habitats. Annu Rev Ecol Evol Syst. (2011) 42:1–
22. doi: 10.1146/annurev-ecolsys-102710-145042

Frontiers in Veterinary Science 12 frontiersin.org

https://doi.org/10.3389/fvets.2023.1129701
https://www.frontiersin.org/articles/10.3389/fvets.2023.1129701/full#supplementary-material
https://doi.org/10.1098/rspb.2006.3721
https://doi.org/10.1146/annurev-ecolsys-102710-145042
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Leponiemi et al. 10.3389/fvets.2023.1129701

3. Potts SG, Ngo HT, Biesmeijer JC, Breeze TD, Dicks L, Garibaldi LA, et al. The
Assessment Report of the Intergovernmental Science-Policy Platform on Biodiversity and
Ecosystem Services on Pollinators, Pollination and Food Production. (2016). Available
online at: https://nora.nerc.ac.uk/id/eprint/519227 (accessed February 12, 2022).

4. Ellis JD, Evans JD, Pettis J. Colony losses, managed colony population decline,
and Colony Collapse Disorder in the United States. J Apic Res. (2010) 49:134–
6. doi: 10.3896/IBRA.1.49.1.30

5. Gray A, Noureddine A, Arab A, Ballis A, Brusbardis V, Bugeja Douglas A, et al.
Honey bee colony loss rates in 37 countries using the COLOSS survey for winter 2019–
2020: The combined effects of operation size, migration and queen replacement. J Apic
Res. (2022) 2022:1–7. doi: 10.1080/00218839.2022.2113329

6. Nazzi F, Pennacchio F. Disentangling multiple interactions in the hive ecosystem.
Trends Parasitol. (2014) 30:556–61. doi: 10.1016/j.pt.2014.09.006

7. Graystock P, Goulson D, Hughes WOH. Parasites in bloom: Flowers aid dispersal
and transmission of pollinator parasites within and between bee species. Proc R Soc B
Biol Sci. (2015) 282:1371. doi: 10.1098/rspb.2015.1371

8. Contreras-Garduño J, Lanz-Mendoza H, Franco B, Nava A, Pedraza-Reyes M,
Canales-Lazcano J. Insect immune priming: Ecology and experimental evidences. Ecol
Entomol. (2016) 41:351–66. doi: 10.1111/een.12300

9. Gegner J, Baudach A, Mukherjee K, Halitschke R, Vogel H, Vilcinskas A.
Epigenetic mechanisms are involved in sex-specific trans-generational immune
priming in the lepidopteran model host manduca sexta. Front Physiol. (2019)
10:137. doi: 10.3389/fphys.2019.00137

10. Salmela H, Amdam G, Freitak D. Transfer of immunity from mother
to offspring is mediated via egg-yolk protein vitellogenin. PLoS Pathog. (2015)
11:e1005015. doi: 10.1371/journal.ppat.1005015

11. Harwood G, Amdam G, Freitak D. The role of Vitellogenin in the transfer of
immune elicitors from gut to hypopharyngeal glands in honey bees (Apis mellifera). J
Insect Physiol. (2019) 112:90–100. doi: 10.1016/j.jinsphys.2018.12.006

12. Tetreau G, Dhinaut J, Gourbal B, Moret Y. Trans-generational immune priming
in invertebrates: Current knowledge and future prospects. Front Immunol. (2019)
10:1938. doi: 10.3389/fimmu.2019.01938

13. Leponiemi M, Amdam G, Freitak D. Exposure to inactivated deformed wing
virus leads to trans-generational costs but not immune priming in honeybees (Apis
mellifera). Front Ecol Evol. (2021) 9:102. doi: 10.3389/fevo.2021.626670

14. Lang S, Simone-Finstrom M, Healy K. Context-dependent viral
transgenerational immune priming in honey bees (Hymenoptera: Apidae). J Insect Sci.
(2022) 22:19–20. doi: 10.1093/jisesa/ieac001

15. Ory F, Duchemin V, Kilchenmann V, Charrière JD, Dainat B,
Dietemann V. Lack of evidence for trans-generational immune priming
against the honey bee pathogen Melissococcus plutonius. PLoS ONE. (2022)
17:e0268142. doi: 10.1371/journal.pone.0268142

16. Dickel F, Bos NMP, Hughes H, Martín-Hernández R, Higes M, Kleiser A, et al.
The oral vaccination with Paenibacillus larvae bacterin can decrease susceptibility to
American Foulbrood infection in honey bees—A safety and efficacy study. Front Vet
Sci. (2022) 0:1494. doi: 10.3389/fvets.2022.946237

17. Hernández López J, Schuehly W, Crailsheim K, Riessberger-Gallé U.
Trans-generational immune priming in honeybees. Proc Royal Soc B. (2014)
281:20140454. doi: 10.1098/rspb.2014.0454

18. Moret Y, Schmid-Hempel P. Survival for immunity: The price
of immune system activation for bumblebee workers. Science. (2000)
290:1166–8. doi: 10.1126/science.290.5494.1166

19. Contreras-Garduño J, Rodríguez MC, Rodríguez MH, Alvarado-
Delgado A, Lanz-Mendoza H. Cost of immune priming within generations:
Trade-off between infection and reproduction. Microbes Infect. (2014)
16:261–7. doi: 10.1016/j.micinf.2013.11.010

20. Roth O, Joop G, Eggert H, Hilbert J, Daniel J, Schmid-Hempel P, et al. Paternally
derived immune priming for offspring in the red flour beetle, Tribolium castaneum. J
Anim Ecol. (2010) 79:403–13. doi: 10.1111/j.1365-2656.2009.01617.x

21. Trauer U, Hilker M. Parental legacy in insects: Variation of transgenerational
immune priming during offspring development. PLoS ONE. (2013)
8:e63392. doi: 10.1371/journal.pone.0063392

22. Roth O, Sadd BM, Schmid-Hempel P, Kurtz J. Strain-specific priming of
resistance in the red flour beetle, Tribolium castaneum. Proc R Soc B Biol Sci. (2009)
276:145–51. doi: 10.1098/rspb.2008.1157

23. Lorenz LM, Koella JC. Maternal environment shapes the life history and
susceptibility to malaria of Anopheles gambiae mosquitoes. Malar J. (2011) 10:1–
8. doi: 10.1186/1475-2875-10-382

24. Zanchi C, Troussard JP, Martinaud G,Moreau J, Moret Y. Differential expression
and costs between maternally and paternally derived immune priming for offspring in
an insect. J Anim Ecol. (2011) 80:1174–83. doi: 10.1111/j.1365-2656.2011.01872.x

25. Schulz NKE, Sell MP, Ferro K, Kleinhölting N, Kurtz J. Transgenerational
developmental effects of immune priming in the red flour beetle Tribolium castaneum.
Front Physiol. (2019) 10:98. doi: 10.3389/fphys.2019.00098

26. Tate AT, Graham AL. Trans-generational priming of resistance in wild
flour beetles reflects the primed phenotypes of laboratory populations and is
inhibited by co-infection with a common parasite. Funct Ecol. (2015) 29:1059–
69. doi: 10.1111/1365-2435.12411

27. Sadd BM, Kleinlogel Y, Schmid-Hempel R, Schmid-Hempel P. Trans-
generational immune priming in a social insect. Biol Lett. (2005) 1:386–
8. doi: 10.1098/rsbl.2005.0369

28. Casillas-Pérez B, Pull CD, Naiser F, Naderlinger E,Matas J, Cremer S. Early queen
infection shapes developmental dynamics and induces long-term disease protection in
incipient ant colonies. Ecol Lett. (2022) 25:89–100. doi: 10.1111/ele.13907

29. Sadd BM, Schmid-Hempel P. A distinct infection cost associated with trans-
generational priming of antibacterial immunity in bumble-bees. Biol Lett. (2009)
5:798–801. doi: 10.1098/rsbl.2009.0458

30. Burciaga RA, Ruiz-Guzmán G, Lanz-Mendoza H, Krams I, Contreras-
Garduño J. The honey bees immune memory. Dev Comp Immunol. (2023)
138:104528. doi: 10.1016/j.dci.2022.104528

31. HansenH, Brødsgaard CJ. American foulbrood: A review of its biology, diagnosis
and control. Bee World. (1999) 80:5–23. doi: 10.1080/0005772X.1999.11099415

32. Poppinga L, Genersch E. Molecular pathogenesis of American Foulbrood: How
Paenibacillus larvae kills honey bee larvae. Curr Opin Insect Sci. (2015) 10:29–
36. doi: 10.1016/j.cois.2015.04.013

33. Locke B, Low M, Forsgren E. An integrated management strategy to
prevent outbreaks and eliminate infection pressure of American foulbrood
disease in a commercial beekeeping operation. Prev Vet Med. (2019) 167:48–
52. doi: 10.1016/j.prevetmed.2019.03.023

34. de Graaf DC, Alippi AM, Antúnez K, Aronstein KA, Budge G, De Koker
D, et al. Standard methods for American foulbrood research. J Apic Res. (2013)
52:1–28. doi: 10.3896/IBRA.1.52.1.11

35. Dietemann V, Nazzi F, Martin SJ, Anderson DL, Locke B, Delaplane
KS, et al. Standard methods for varroa research. J Apic Res. (2013) 52.
doi: 10.3896/IBRA.1.52.1.09

36. Danner N, Molitor AM, Schiele S, Härtel S, Steffan-Dewenter I. Season and
landscape composition affect pollen foraging distances and habitat use of Honey bees.
Ecolog Appl. (2016) 26:1920–9. doi: 10.1890/15-1840.1

37. Ruottinen L, Ollikka T, Vartiainen H, Seppälä A.Mehiläishoitoa käytännössä: osa
1. Helsinki: Suomen mehiläishoitajain liitto, SML. (2003).

38. Human H, Brodschneider R, Dietemann V, Dively G, Ellis JD, Forsgren E,
et al. Miscellaneous standard methods for Apis mellifera research. J Apic Res. (2013)
52:1–53. doi: 10.3896/IBRA.1.52.4.10

39. Williams GR, Alaux C, Costa C, Csáki T, Doublet V, Eisenhardt D, et al. Standard
methods for maintaining adult Apis mellifera in cages under in vitro laboratory
conditions. J Apic Res. (2013) 52:1–36. doi: 10.3896/IBRA.1.52.1.04

40. Heath LAF. Occurrence and distribution of chalk brood disease of honeybees.
Bee World. (1985) 66:9–15. doi: 10.1080/0005772X.1985.11098816

41. Paxton RJ, Klee J, Korpela S, Fries I. Nosema ceranae has infected Apis mellifera
in Europe since at least 1998 and may be more virulent than Nosema apis. Apidologie.
(2007) 38:558–65. doi: 10.1051/apido:2007037

42. Ribière M, Olivier V, Blanchard P. Chronic bee paralysis: A disease and a virus
like no other? J Invertebr Pathol. (2010) 103:S120–31. doi: 10.1016/j.jip.2009.06.013

43. Locke B, Fries I. Characteristics of honey bee colonies (Apis mellifera)
in Sweden surviving Varroa destructor infestation. Apidologie. (2011) 42:533–
42. doi: 10.1007/s13592-011-0029-5

44. Beaurepaire A, Piot N, Doublet V, Antunez K, Campbell E, Chantawannakul
P, et al. Diversity and global distribution of viruses of the western honey bee, Apis
mellifera. Insects. (2020) 11:40239. doi: 10.3390/insects11040239

45. Nazzi F, le Conte Y. Ecology of Varroa destructor, the major ectoparasite
of the Western Honey Bee, Apis mellifera. Annu Rev Entomol. (2016) 61:417–
32. doi: 10.1146/annurev-ento-010715-023731

46. Ramsey SD, Ochoa R, Bauchan G, Gulbronson C, Mowery JD, Cohen A, et al.
Varroa destructor feeds primarily on honey bee fat body tissue and not hemolymph.
Proc Natl Acad Sci USA. (2019) 116:1792–801. doi: 10.1073/pnas.1818371116

47. Evans JD, Schwarz RS, Chen YP, Budge G, Cornman RS, De La Rua P, et al.
Standard methods for molecular research in Apis mellifera. J Apic Res. (2013) 52:1–
54. doi: 10.3896/IBRA.1.52.4.11

48. Deng Y, Zhao H, Yang S, Zhang L, Zhang L, Hou C. Screening and validation
of reference genes for RT-qPCR under different honey bee viral infections and dsRNA
treatment. Front Microbiol. (2020) 11:1715. doi: 10.3389/fmicb.2020.01715

49. Evans JD, Aronstein K, Chen YP, Hetru C, Imler JL, Jiang H, et al. Immune
pathways and defence mechanisms in honey bees Apis mellifera. Insect Mol Biol. (2006)
15:645–56. doi: 10.1111/j.1365-2583.2006.00682.x

50. Barribeau SM, Schmid-Hempel P, Sadd BM. Royal decree: Gene expression in
trans-generationally immune primed bumblebee workers mimics a primary immune
response. PLoS ONE. (2016) 11:159635. doi: 10.1371/journal.pone.0159635

Frontiers in Veterinary Science 13 frontiersin.org

https://doi.org/10.3389/fvets.2023.1129701
https://nora.nerc.ac.uk/id/eprint/519227
https://doi.org/10.3896/IBRA.1.49.1.30
https://doi.org/10.1080/00218839.2022.2113329
https://doi.org/10.1016/j.pt.2014.09.006
https://doi.org/10.1098/rspb.2015.1371
https://doi.org/10.1111/een.12300
https://doi.org/10.3389/fphys.2019.00137
https://doi.org/10.1371/journal.ppat.1005015
https://doi.org/10.1016/j.jinsphys.2018.12.006
https://doi.org/10.3389/fimmu.2019.01938
https://doi.org/10.3389/fevo.2021.626670
https://doi.org/10.1093/jisesa/ieac001
https://doi.org/10.1371/journal.pone.0268142
https://doi.org/10.3389/fvets.2022.946237
https://doi.org/10.1098/rspb.2014.0454
https://doi.org/10.1126/science.290.5494.1166
https://doi.org/10.1016/j.micinf.2013.11.010
https://doi.org/10.1111/j.1365-2656.2009.01617.x
https://doi.org/10.1371/journal.pone.0063392
https://doi.org/10.1098/rspb.2008.1157
https://doi.org/10.1186/1475-2875-10-382
https://doi.org/10.1111/j.1365-2656.2011.01872.x
https://doi.org/10.3389/fphys.2019.00098
https://doi.org/10.1111/1365-2435.12411
https://doi.org/10.1098/rsbl.2005.0369
https://doi.org/10.1111/ele.13907
https://doi.org/10.1098/rsbl.2009.0458
https://doi.org/10.1016/j.dci.2022.104528
https://doi.org/10.1080/0005772X.1999.11099415
https://doi.org/10.1016/j.cois.2015.04.013
https://doi.org/10.1016/j.prevetmed.2019.03.023
https://doi.org/10.3896/IBRA.1.52.1.11
https://doi.org/10.3896/IBRA.1.52.1.09
https://doi.org/10.1890/15-1840.1
https://doi.org/10.3896/IBRA.1.52.4.10
https://doi.org/10.3896/IBRA.1.52.1.04
https://doi.org/10.1080/0005772X.1985.11098816
https://doi.org/10.1051/apido:2007037
https://doi.org/10.1016/j.jip.2009.06.013
https://doi.org/10.1007/s13592-011-0029-5
https://doi.org/10.3390/insects11040239
https://doi.org/10.1146/annurev-ento-010715-023731
https://doi.org/10.1073/pnas.1818371116
https://doi.org/10.3896/IBRA.1.52.4.11
https://doi.org/10.3389/fmicb.2020.01715
https://doi.org/10.1111/j.1365-2583.2006.00682.x
https://doi.org/10.1371/journal.pone.0159635
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Leponiemi et al. 10.3389/fvets.2023.1129701

51. Cornman RS, Lopez D, Evans JD. Transcriptional response of honey bee
larvae infected with the bacterial pathogen Paenibacillus larvae. PLoS ONE. (2013)
8:65424. doi: 10.1371/journal.pone.0065424

52. Chan QWT, Melathopoulos AP, Pernal SF, Foster LJ. The innate immune and
systemic response in honey bees to a bacterial pathogen, Paenibacillus larvae. BMC
Genomics. (2009) 10:1–9. doi: 10.1186/1471-2164-10-387

53. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2-11CT method. Methods. (2001) 25:402–
8. doi: 10.1006/meth.2001.1262

54. Adjei R, Stevens J. Handling non-detects with imputation in a nested design:
A simulation study. In: Conference on Applied Statistics in Agriculture and Natural
Resources. Logan, UT (2022).

55. R Core Team. R: A Language and Environment for Statistical Computing.
Vienna (2021).

56. Bates D, Mächler M, Bolker B, Walker S. Fitting linear mixed-effects models
using lme4. J Stat Softw. (2015) 67:1–48. doi: 10.18637/jss.v067.i01

57. Kuznetsova A, Brockhoff PB, Christensen RHB. lmerTest package: Tests in linear
mixed effects models. J Stat Softw. (2017) 82:1–26. doi: 10.18637/jss.v082.i13

58. Therneau TM. A Package for Survival Analysis in R. version 3.2-7. (2020).
Available online at: https://cran.r-project.org/package=survival (accessed February 28,
2021).

59. Hartig F. DHARMa: Residual Diagnostics for Hierarchical (Multi-Level / Mixed)
Regression Models. (2020). Available online at: https://cran.r-project.org/package=
DHARMa (accessed April 05, 2022).

60. Lüdecke D. sjPlot: Data Visualization for Statistics in Social Science. (2022).
Available online at: https://CRAN.R-project.org/package=sjPlot (accessed August 12,
2022).

61. Cisarovsky G, Koch H, Schmid-Hempel P. A field study on the influence of
food and immune priming on a bumblebee–gut parasite system. Oecologia. (2012)
170:877–84. doi: 10.1007/s00442-012-2333-9

62. Cotter SC, al Shareefi E. Nutritional ecology, infection and immune
defence — Exploring the mechanisms. Curr Opin Insect Sci. (2022)
50:100862. doi: 10.1016/j.cois.2021.12.002

63. Knorr E, Schmidtberg H, Arslan D, Bingsohn L, Vilcinskas A, Little TJ,
et al. Translocation of bacteria from the gut to the eggs triggers maternal
transgenerational immune priming in Tribolium castaneum. Biol Lett. (2015)
11:885. doi: 10.1098/rsbl.2015.0885

64. Sułek M, Kordaczuk J, Wojda I. Current understanding of
immune priming phenomena in insects. J Invertebr Pathol. (2021)
185:107656. doi: 10.1016/j.jip.2021.107656

65. Boes KE. Honeybee colony drone production and maintenance
in accordance with environmental factors: An interplay of queen and
worker decisions. Insectes Soc. (2010) 57:1–9. doi: 10.1007/s00040-009-
0046-9

66. de Miranda J. Viruses in bees. Bee World. (2012) 89:2–
5. doi: 10.1080/0005772X.2012.11417446

67. Amdam GV, Omholt SW. The regulatory anatomy of honeybee lifespan. J Theor
Biol. (2002) 216:209–28. doi: 10.1006/jtbi.2002.2545

68. Steinmann N, Corona M, Neumann P, Dainat B. Overwintering is associated
with reduced expression of immune genes and higher susceptibility to virus
infection in honey bees. PLoS ONE. (2015) 10:e0129956. doi: 10.1371/journal.pone.
0129956

69. McAfee A, Chapman A, Higo H, Underwood R, Milone J, Foster LJ, et al.
Vulnerability of honey bee queens to heat-induced loss of fertility. Nat Sustain. (2020)
3:367–76. doi: 10.1038/s41893-020-0493-x

70. Sandrock C, Tanadini M, Tanadini LG, Fauser-Misslin A, Potts SG, Neumann
P. Impact of chronic neonicotinoid exposure on honeybee colony performance
and queen supersedure. PLoS ONE. (2014) 9:e103592. doi: 10.1371/journal.pone.
0103592

71. Pettis JS, Rice N, Joselow K, van Engelsdorp D, Chaimanee V.
Colony failure linked to low sperm viability in honey bee (Apis mellifera)
queens and an exploration of potential causative factors. PLoS ONE. (2016)
11:e0147220. doi: 10.1371/journal.pone.0147220

72. Stabentheiner A, Kovac H, Mandl M, Käfer H. Coping with the cold
and fighting the heat: thermal homeostasis of a superorganism, the honeybee
colony. J Comp Physiol A Neuroethol Sens Neural Behav Physiol. (2021) 207:337–
51. doi: 10.1007/s00359-021-01464-8

73. Donkersley P, Rhodes G, Pickup RW, Jones KC, Wilson K. Honeybee nutrition
is linked to landscape composition. Ecol Evol. (2014) 4:4195–206. doi: 10.1002/ece
3.1293

74. Simon-Delso N, Martin GS, Bruneau E, Minsart LA, Mouret C, Hautier L.
Honeybee colony disorder in crop areas: The role of pesticides and viruses. PLoS ONE.
(2014) 9:e103073. doi: 10.1371/journal.pone.0103073

75. Singh R, Levitt AL, Rajotte EG, Holmes EC, Ostiguy N, Vanengelsdorp D, et al.
RNA viruses in hymenopteran pollinators: Evidence of inter-taxa virus transmission
via pollen and potential impact on non-apis hymenopteran species. PLoS ONE. (2010)
5:e14357. doi: 10.1371/journal.pone.0014357

76. Gusachenko ON, Woodford L, Balbirnie-Cumming K, Ryabov E,
Evans DJ. Evidence for and against deformed wing virus spillover from
honey bees to bumble bees: A reverse genetic analysis. Sci Rep. (2020)
10:1–10. doi: 10.1038/s41598-020-73809-3

Frontiers in Veterinary Science 14 frontiersin.org

https://doi.org/10.3389/fvets.2023.1129701
https://doi.org/10.1371/journal.pone.0065424
https://doi.org/10.1186/1471-2164-10-387
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v082.i13
https://cran.r-project.org/package=survival
https://cran.r-project.org/package=DHARMa
https://cran.r-project.org/package=DHARMa
https://CRAN.R-project.org/package=sjPlot
https://doi.org/10.1007/s00442-012-2333-9
https://doi.org/10.1016/j.cois.2021.12.002
https://doi.org/10.1098/rsbl.2015.0885
https://doi.org/10.1016/j.jip.2021.107656
https://doi.org/10.1007/s00040-009-0046-9
https://doi.org/10.1080/0005772X.2012.11417446
https://doi.org/10.1006/jtbi.2002.2545
https://doi.org/10.1371/journal.pone.0129956
https://doi.org/10.1038/s41893-020-0493-x
https://doi.org/10.1371/journal.pone.0103592
https://doi.org/10.1371/journal.pone.0147220
https://doi.org/10.1007/s00359-021-01464-8
https://doi.org/10.1002/ece3.1293
https://doi.org/10.1371/journal.pone.0103073
https://doi.org/10.1371/journal.pone.0014357
https://doi.org/10.1038/s41598-020-73809-3
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

