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Abstract

1. Deformed wing virus (DWV), notorious for its virulence in the western honey bee

(Apis mellifera) when vectored by the ectoparasitic mite Varroa destructor, is also

widespread among wild bumble bee species, presumably through spillover from

honey bees. Experimental studies on the virulence of DWV in Bombus spp. have

provided equivocal results and have until now been confined to bumble bees under

laboratory conditions.

2. Here, we inoculated commercially reared Bombus terrestris workers with DWV-A

through feeding or injection and introduced them into experimental colonies placed

in the field, thus exposing them to the environment and associated stressors. We

monitored the survival of inoculated worker bumble bees and quantified their viral

load at 10 days post inoculation.

3. Bombus terrestris workers injected with DWV-A supported high viral loads and

exhibited significantly reduced median survival compared to controls. Bumble bees

inoculated by feeding had low or zero detectable viral loads while their mortality

did not differ from the control group.

4. Our results demonstrate that, although DWV-A is pathogenic for commercial

B. terrestris, the risks for individual fitness from spillover of DWV-A during foraging

on shared flowers appear limited.

5. The findings of this experiment also highlight the necessity to address the potential

context-dependence of virulence when evaluating the impact of a pathogen in an

alternative host.
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INTRODUCTION

Pathogen spillover, in which a pathogen is transmitted from a reservoir

to an alternative host, is a major cause of disease outbreak in wildlife and

domesticated animals (Daszak et al., 2000). In many cases of interspecific

spillover, pathogenic agents are RNA viruses (Jones et al., 2008),

renowned for their high rates of mutation that may facilitate adaptation

to an alternative host (Holmes, 2009).

The positive single stranded RNA virus deformed wing virus (DWV)

is notorious for its pathogenicity in the western honey bee (Apis mellifera)

when vectored by the exotic ectoparasitic mite Varroa destructor

(reviewed in Grozinger & Flenniken, 2019; Martin & Brettell, 2019).
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It is found at high prevalence in populations of A. mellifera in the USA

(Ryabov et al., 2017; Traynor et al., 2016) and elsewhere across the

world (Paxton et al., 2022), and is one of the most ubiquitous viruses

among communities of wild bee species (Jones et al., 2021; Nanetti

et al., 2021; Tehel et al., 2016). Growing evidence supports the view that

DWV spills over from managed honey bees into wild bee communities,

especially bumble bees (Bombus spp.) (Alger et al., 2019; Fürst

et al., 2014; Manley et al., 2019; McMahon et al., 2015; Tehel

et al., 2022).

Even though DWV is well-studied in honey bees and known to rep-

licate in alternative host species (Gusachenko et al., 2020; Radzeviči�utė

et al., 2017; Tehel et al., 2020), its impact on bumble bee (Bombus spp.)

fitness remains equivocal. Earlier laboratory studies have reported nega-

tive impacts of DWV on bumble bees, including deformed wings

(Genersch et al., 2006) and reduced survival (Fürst et al., 2014; Graystock

et al., 2016). In contrast, Tehel et al. (2020) found no impact of DWV on

adult survival under benign laboratory conditions but a subtle shortening

of lifespan following food deprivation.

Although robustly executed under controlled laboratory condi-

tions, these initial virulence studies lacked an assessment of the influ-

ence of environmental stressors or ecological context which has the

potential to modulate host–parasite interactions (Lazzaro &

Little, 2009; Scholthof, 2007; Vale et al., 2011). Environmental tem-

perature, for example, is known to profoundly affect invertebrate–

parasite interactions, such as the degree of virulence that the host

experiences (Lazzaro et al., 2008; Mitchell et al., 2005). Food availabil-

ity and quality determine the host nutritional status and are known to

alter the outcome of bee–parasite interactions (Alaux et al., 2010;

Brown et al., 2000; DeGrandi-Hoffman & Chen, 2015; Dolezal &

Toth, 2018), for example, a high quality and diverse diet allows honey

bees to tolerate microsporidian or viral infections (Di Pasquale

et al., 2013; Dolezal et al., 2019).

The bumble bee, Bombus terrestris (L.), is an eusocial Eurasian species

(Hefetz & Grozinger, 2017; Lecocq et al., 2013) with an annual colony

life cycle that lasts 2–4 months. Bumble bee colonies are exposed to an

ensemble of natural and anthropogenic stressors such as fulfilling the col-

ony’s nutritional needs through foraging in an environment that is

impacted by land-use change, agricultural intensification and climate

change, affecting resource availability and potentially pollinator–

pathogen networks (González-Varo et al., 2013; Proesmans et al., 2021).

Bumble bee foraging under stressful conditions is crucial since a colony

is often on the borderline of starvation (Heinrich, 1979). The overall con-

dition of a host species has a strong effect on its capacity to sustain an

efficient immune response or withstand an infection, which underscores

the significant environmental context-dependence of host immune per-

formance and probability and severity of an infection (Lazzaro &

Little, 2009). It remains challenging to recreate the full complexity of abi-

otic and biotic variables affecting host–parasite interactions in a labora-

tory, however, a lack of field realism risks misjudging the virulence of a

parasite in an alternative host when it is investigated under laboratory

conditions alone.

Here, we conducted an integrated laboratory and field colony

experiment to control virus inoculation of bumble bee individuals

while obtaining a more field-realistic view of the impact of DWV on

this alternative host. We inoculated commercially sourced Bombus ter-

restris workers with DWV-A under controlled laboratory conditions,

which we subsequently introduced into colonies placed in the field,

thus exposing them to the environment and associated stressors. Vir-

ulence was estimated by monitoring the survival of inoculated bees,

an important component of fitness, together with quantification of

the viral load they carried. We tested if the mode of inoculation, oral

versus injection, affects these parameters of virulence and if the envi-

ronmental context, laboratory versus field, influences the viral load of

infected bumble bee workers.

MATERIALS AND METHODS

Experimental overview

We maintained two commercial B. terrestris colonies inside the labora-

tory that served as source colonies for newly emerged, age controlled,

bumble bee workers. To inoculate individual workers, we followed

established methods (Tehel et al., 2020, 2022) using inoculation via

feeding or injection. Inoculation via feeding was chosen to mimic the

most likely route of virus spillover for bumble bees in the field via con-

taminated flowers (Burnham et al., 2021; McArt et al., 2014). In addi-

tion, we used inoculation via injection because it is a reliable method

to establish an active infection (viral replication) with DWV in

B. terrestris workers (Tehel et al., 2020).

Newly emerged workers taken from the two source colonies

were assigned randomly to four treatment groups: viral injection, con-

trol injection, viral feeding and control feeding, as detailed below.

After individual inoculation and marking, inoculated bumble bee

workers were introduced into four commercial B. terrestris colonies

that were located in the field to subject them to field realistic condi-

tions. Introduction of inoculated bees was repeated over the course

of 3 weeks to achieve a sufficient sample size (total n = 36–41 per

treatment and per field colony). Each of the four field colonies

received bumble bees from all four treatment groups (Table S5).

A subset of inoculated bumble bees of all four treatment groups was

sampled from the field colonies at day 10 after inoculation to verify an

active infection of the virus in inoculated bees and the absence of viral

infection in control bees. Additionally, we incubated a subset of treated

bumble bees in the laboratory, which were likewise analysed for their viral

load 10 days post inoculation. This allowed us to compare the viral load in

virus inoculated bumble bees under field conditions with the viral load of

inoculated bumble bees under benign conditions in the laboratory.

Experimental set-up

Bombus terrestris colonies

In total, we used six commercial Bombus terrestris colonies (Koppert

B.V., Berkel en Rodenrijs, The Netherlands). To check viral levels in
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the supplied colonies, 10–12 adult bumble bee workers per colony

were screened for six viral targets: DWV-A and -B (deformed wing

virus), BQCV (black queen cell virus), SBPV (slow bee paralysis virus),

SBV (sacbrood virus) and CBPV (chronic bee paralysis virus). The colo-

nies were devoid of SBPV and CBPV while some showed a weak sig-

nal by real-time PCR (Cq > 35.5) for DWV-A, DWV-B, BQCV and SBV

(Table S1).

Two of six colonies were designated ‘source colonies’ and were

housed permanently in the laboratory at 28�C and 50–60% relative

humidity with ad libitum 50% (w/v) sucrose solution. Every other day

they were fed with defrosted pollen pellets (Imkerei Schachtner,

Schardenberg, Austria), which had been previously tested for the

absence of the same six common honey bee viruses (see Tehel

et al., 2020). To control the age of bees, initial workers of the two

source colonies were marked by cutting the tips of their wings, which

permitted reliable identification of unmarked newly emerged bees. To

account for the genetic makeup of the six colonies, we transferred

brood once from the four designated field colonies into the two labo-

ratory source colonies before the start of the experiment. Thus, bees

newly emerging in the source colonies originated from all six colonies.

By transferring brood to the source colonies, we also equalised the

initial size of the designated field colonies, factoring in that we would

continuously add inoculated bees to them over the following weeks.

Field colonies were placed in the field at day nine upon their arrival.

Intracolony transmission of DWV-A among B. terrestris workers

could compromise experimental infection groups. However, Tehel

et al. (2022) have shown that this is likely an infrequent event, which

allowed us to have virus and control treated bees together in each

colony. The four field colonies were located on a grassy, lightly

wooded hillside in front of our institute, which is located in a residen-

tial neighbourhood containing gardens and parks supplying floral

resources (Appendix S1). Field colonies had no internal food or pollen

source, which forced the workers to forage for the colony’s resources.

Source of inoculum

As virus we used DWV-A because data from Tehel et al. (2020) indi-

cate that it shortens the lifespan of B. terrestris workers under stress-

ful food deprivation. The virus inoculum originated from infected

honey bee pupae and was the same stock propagated and used in

Tehel et al. (2020). The control solution consisted of a homogenate of

three healthy honey bee pupae crushed in 0.05 M potassium phos-

phate buffer (pH 8.0) that was screened by qPCR and found to be

devoid of DWV-A, DWV-B, BQCV, SBPV, SBV, CBPV and ABPV

(acute bee paralysis virus).

Inoculation via feeding

Newly emerged bumble bee workers were starved for 4–5 h then

individually presented with 10 μl sucrose solution (50% (w/v)) contain-

ing 109 genome equivalents (GEs) of DWV-A. The control group

received 10 μl sucrose solution containing an equivalent volume of

virus-free honey bee homogenate. Inoculations were monitored to

ensure consumption within a maximum of 15 min. After inoculation,

bumble bees were transferred to autoclaved metal cages

(10 � 10 � 6 cm) in groups of 5–8 individuals containing the same

treatment group, provided with ad libitum 50% (w/v) sucrose solution

and held at 28�C. On the following day, treated workers were chilled

for a few minutes to immobilise them, whereupon they were individu-

ally marked with numbered and coloured disks (Opalithplättchen®)

which were attached to shaved thoraxes using super glue (UHU).

After 3–4 h of recovery, inoculated and marked workers were intro-

duced into field colonies.

Inoculation via injection

Newly emerged workers were chilled for a few minutes for immobili-

sation, followed by injection of 2 � 107 DWV-A genome equivalents

in 2 μl potassium-phosphate-buffer (0.5 M, pH 8.0) laterally between

the second and third sternite (Hamilton syringe, hypodermic needle

outer diameter: 0.235 mm). Controls received a 2 μl injection of a

virus-free honey bee homogenate. Immediately after the injection

process, bumble bees were individually marked and then held for 24 h

as described in 2.2.3, before they were introduced into the field colo-

nies. Bees that did not survive 24 h post inoculation (≈10% of bees)

were excluded from the experiment.

Field colony inspection

Inspection of field colonies harbouring the inoculated bumble bees

took place daily, weather permitting, over a period of 40 days from

June to July 2020. To increase the detection of inoculated workers

inside a colony, colony exits were closed 1.5 h before inspection while

entrances were left open, which allowed active foragers in the field to

enter but not to exit the colony. Then the status, dead or alive, of all

marked bumble bees inside the field colonies was recorded. Field col-

onies had a queen until the end of inspections, except for one colony

where the queen died 3 days before observations were terminated.

Viral screening and quantification

Verification and quantification of DWV-A

To verify that the DWV-A inoculation of bumble bees resulted in an

active infection and that control bees were uninfected, a subset of

treated bees was individually analysed for viral titre (load) after

10 days post inoculation (d.p.i.). To do so, we kept eight bumble bees

per treatment inside the laboratory and held them in autoclaved metal

cages with ad libitum 50% (w/v) sucrose solution at 28�C. At 10 d.p.i.,

bees were freeze killed and stored at �80�C for viral quantification.

To verify active DWV-A infection of treated bumble bees that had
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been introduced into the field colonies, marked bumble bees (n = 7–8

per treatment) were collected from them at 10 d.p.i., freeze killed and

stored at �80�C for viral quantification.

For quantification of viral load in frozen samples, bumble bees

were individually crushed in 600/800 μl (size dependent) RLT- Buffer

with 1% 2-mercaptoethanol using plastic pestles. RNA was extracted

from 100 μl of supernatant using the RNeasy plant mini kit (Qiagen,

without shredder columns, Appendix S1). Complementary DNA

was synthesised from 800 ng of sample RNA using oligo(dT)18

primer (Thermo Scientific) and M-MLV Reverse Transcriptase

RNase (H-), Point Mutant (Promega), following manufacturer’s instruc-

tions. Resulting cDNA was diluted 10-fold with nuclease-free

dH2O. Absolute quantification of DWV-A viral loads was done using

DNA standard curves containing a serially diluted purified target PCR

product. For cDNA quality control, honey bee β-actin was amplified as

an internal reference gene. All samples were additionally screened for

potentially contaminating DWV-B and BQCV, as these are among the

most prevalent pollinator viruses (Alger et al., 2019; McMahon

et al., 2015; Radzeviči�utė et al., 2017). Quantitative real-time PCRs

(qPCR) were conducted in a Bio-Rad C1000 cycler using the

SensiMix™ SYBR & Fluorescein kit (Bioline). Additional technical

details and quality controls are given in the Appendix S1.

Data analyses

Inoculated B. terrestris workers that were not seen alive on at least

one observation day inside the field colonies after their introduction

were excluded from further analysis (n = 73 of 615 individually

marked bees), because their mortality was likely caused by the inocu-

lation process itself or initial rejection by colony members rather than

the experimental treatment. After their removal, a total of n = 131

DWV-A injected bees, n = 141 control injected bees, n = 132

DWV-A fed bees and n = 138 control fed bees were included in the

survival analysis (Table S5). Day of death was determined as the day

after a worker was seen alive for the last time inside a colony.

All data analyses were carried out in R version 3.6.3 (R core team).

To compare survival across treatment groups, we used a Cox propor-

tional hazards model with the R package coxme (Therneau, 2020).

Receiver colony identity and date of field colony introduction of inoc-

ulated bees were used as random factors. To assess if treatment was

a significant predictor of survivorship, the model was compared to a

null model (intercept only). Median survival of treated bees was esti-

mated with the Survfit function in the survival package (Therneau

et al., 2022).

Viral load of DWV-A injected bumblebees at 10 d.p.i. that were

either introduced to the field colonies or maintained in the laboratory

with ad libitum food was compared by log transforming titre data and

analysing them in a linear model (LM). To test if location (field

vs. laboratory) was a significant predictor of viral load, the model was

again compared to a null model (intercept only) using a Likelihood-

Ratio test (LR-test). Model assumptions (e.g. normality of residuals)

were checked with the package DHARMa (Hartig, 2020).

RESULTS

Survival and viral load of bumble bee workers injected
with DWV-A

Bombus terrestris workers that were inoculated with DWV-A via injec-

tion and introduced into the field colonies had a significantly reduced

survival compared to the respective control injection group (Cox pro-

portional hazard, LR-test: χ2 = 5.768, df = 1, p = 0.016). DWV-A

injected bumble bees had a median survival of 11 days (95% CIs

[10, 13]) in comparison to the respective control group of bumble

bees with a median survival of 14 days (95% CIs [11, 16]). Differences

in survival between DWV-A and control injection treatments became

apparent around day 10 after colony introduction (Figure 1) and were

consistent across colonies (Table S6).

Quantification of viral loads per bee 10 d.p.i. from a subset of

inoculated bees by qPCR confirmed that DWV-A injection resulted in

an active infection (viral replication) in both field and laboratory-

maintained bumble bees, while field and laboratory control bumble

bees were devoid of DWV-A (Figure 2). Inoculation via injection of

107 DWV-A genome equivalents (GEs) resulted in an average viral

load of 4.54 � 108 � 1.74 � 108 GEs per bee (mean � SE) in DWV-A

injected workers maintained in the laboratory while field maintained

injected workers carried an approximate 4-fold higher viral load of

1.89 � 109 GEs � 1.03 � 109 on average per bee (Figure 2). Differ-

ences in viral loads between field and laboratory-maintained bumble

bees were not significant (LM, LR-test: χ2 = �0.977, df = 1,

p = 0.260). DWV-A was not detected in control injected bumble bees.

DWV-A and control injected bees were either free or had a minor

background contamination of BQCV or DWV-B (Table S2).

F I G U R E 1 Survival (Kaplan–Meier curves) illustrating probability
of survival of Bombus terrestris workers inoculated by injection with
107 DWV-A genome equivalents (n = 131, green) or the respective
control solution (n = 141, blue) in days after introduction to one of
four experimental field colonies. DWV-A injected bees died faster
than control injected bees (different lower case letters, p < 0.05)
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Survival of bumble bee workers orally inoculated with
DWV-A

Bombus terrestris workers that were inoculated orally through feeding

with 109 DWV-A GEs or the respective virus-free control solution did

not differ in their survival in the field (Figure 3). Bumble bees from

both treatment groups had a median survival of 12 days (95% CIs

[10, 14]; Table S7).

qPCR of workers orally exposed to DWV-A gave a positive signal

for DWV-A in 100% of analysed bumble bees that were fed with

DWV-A and maintained under laboratory conditions and in 50% of

workers that were fed with DWV-A and housed in field colonies

(Figure 4). However, viral targets at 10 d.p.i. were too low for reliable

absolute quantification by qPCR (Appendix S1). All analysed control-

fed bumble bees, either lab or field maintained, were devoid of

DWV-A. DWV-A and control fed bees were either free or had a minor

background contamination of BQCV or DWV-B (Table S3).

DISCUSSION

Spillover of DWV from A. mellifera to Bombus spp. has frequently been

inferred from field-collected bees (Fürst et al., 2014; Manley

et al., 2019; McMahon et al., 2015), yet we know little about the con-

sequences of cross-species transmission of DWV for bumble bee fit-

ness components in the field. Here we show that the survival of

commercial B. terrestris workers in colonies in the field was reduced

when bees were inoculated by injection with DWV-A, indicating that

once infected DWV-A represents a potential risk for the health of this

alternative host. The mode of infection is, however, an important

determinant of that risk being realised as oral inoculation of DWV-A

by feeding B. terrestris did not similarly translate into reduced survival.

The reduction in median survival by 3 days in our injection treat-

ment reveals the context- dependent virulence of DWV-A when

infecting free-flying B. terrestris workers, since no significant effect of

the same viral inoculum was observed on worker survival in a previous

virulence study when bumble bees were held in apparently benign

F I GU R E 3 Survival (Kaplan–Meier curves) illustrating probability
of survival of Bombus terrestris workers orally inoculated with 109

DWV-A genome equivalents (n = 132, red) or the respective control
solution (n = 138, yellow) in days after introduction to one of four
experimental field colonies. Differences in survival between
treatments were not significant

F I G U R E 4 Viral prevalence in B. terrestris workers orally
inoculated with 109 DWV-A genome equivalents or the respective
control solution 10 days post inoculation. Colour shading of bars
indicates the absence (white) or presence (red) of a positive signal for
DWV-A in qPCRs. The acronym lab stands for inoculated bees that
were maintained in the laboratory under benign conditions while the
acronym field indicates inoculated bees that were maintained in
experimental field colonies under natural conditions

F I GU R E 2 Viral load (in genome equivalents: GEs per bee) of
Bombus terrestris workers inoculated by injection with DWV-A or the
respective control solution (n = 8 bees per treatment and location
bees were maintained in). The acronym lab indicates inoculated bees
that were maintained in the laboratory under benign conditions while
field indicates inoculated bees that were maintained in experimental

field colonies under natural conditions

DWV IN BUMBLE BEES UNDER FIELD CONDITIONS 85
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laboratory conditions (Tehel et al., 2020). Other studies on virulence

in bumble bee-pathogen systems have shown context-dependent vir-

ulence, with an increased mortality only for bees that were exposed

to an additional stressor, such as a period of starvation (Brown

et al., 2000; Manley et al., 2017). The contradictory results of previous

laboratory experiments inoculating B. terrestris with DWV (Fürst

et al., 2014; Graystock et al., 2016; Tehel et al., 2020) may well lie in

the idiosyncrasies of specific experimental paradigms (benign/stress-

ful) to which bees were exposed.

The most plausible mechanism for viral spillover between polli-

nator species is that viruses are acquired orally during foraging on

flowers (McArt et al., 2014). We found that B. terrestris workers

that were inoculated with DWV-A by feeding did not exhibit a

reduced lifespan compared to the control group when exposed to

field-realistic conditions. It might be concluded that DWV-A spill-

over via floral sharing causes little impact on survival for commer-

cial B. terrestris workers in the field. It should, however, be noted

that a single viral oral inoculation of young bumble bees does not

fully mimic natural conditions. It is likely that foraging bumble bees

encounter virus-contaminated flowers throughout their lifetimes,

increasing the chances for repeated virus uptake and replication

(Burnham et al., 2021). Additionally, the immune defence mecha-

nisms of B. terrestris workers senesce (Doums et al., 2002) such that

worker bees might become more susceptible to infection with

advancing age. Additional field-realistic experiments involving

repeated viral inoculation of workers of different ages will help to

understand the age- and infection-frequency dependence of bum-

ble bee viral susceptibility.

Quantification of DWV-A at 10 d.p.i. in bumble bees inocu-

lated orally revealed that workers carried only low or zero detect-

able viral loads of DWV-A. Why half of the orally inoculated

B. terrestris workers that experienced field-realistic conditions in

our experiment were seemingly devoid of DWV-A is unclear. The

bumble bee immune response may have been able to keep an

infection at bay or eventually clear the administered virus when

consumed orally. Alternatively, inoculated workers may have

excreted the administered virus without becoming infected, as

when they are infested with the honey bee Microsporidia Nosema

ceranae (Gisder et al., 2020). Infectivity studies on bumble bees

indicate a dose-dependency to achieve high rates of viral infection

and viral loads when inoculation is via the oral route in the labora-

tory (Burnham et al., 2021; Doublet et al., 2015; Gusachenko

et al., 2020; Wang et al., 2018). Orally administered virus has

access primarily to the digestive tract, where it has to overcome

local immune defence mechanisms and potentially interfering host

microbiota to establish an infection and before it can spread to

other tissue. The host gut microbiota in particular, which itself is

interlinked with host nutrition and other environmental factors,

might play a substantial role in viral defence mechanisms in bees

(Dosch et al., 2021) and deserves greater research attention

(González & Elena, 2021). In contrast, viral injection directly into

the haemocoel provides systemic access to host tissue as a

consequence of the host’s open circulatory system, facilitating

viral spread to permissive cells, which might explain the higher

infectivity achieved by this route of infection (Tehel et al., 2020;

Wang et al., 2018).

The mechanism behind the reduced survival of DWV-A

injected bumble bees in the field remains to be identified.

Activation of the immune system and sustaining an immune

response require host resources that cannot be maintained simulta-

neously with other energetically costly tasks (Moret & Schmid-

Hempel, 2000). Additionally, the growth of a parasite deprives the

host of resources (Ebert et al., 2004; Hall et al., 2009), setting a con-

flict or trade-off over resource utilisation that is probably dependent

upon resource availability for the host (Vale et al., 2011). Bumble

bees are generally dependent on high levels of energy input from

nectar and pollen to maintain themselves and their colony

(Goulson, 2009; Heinrich, 1979). A forager that is energy depleted

due to an infection might therefore become more prone to predation

during foraging flights or, like honey bees infected with the Micro-

sporidia Nosema ceranae, face greater difficulty in returning to the

nest from a foraging flight (Wolf et al., 2016).

Survival is considered the most important fitness parameter of

an individual worker bumble bee (Doums et al., 2002), yet how sur-

vival of an individual affects overall colony fitness of this eusocial

insect remains to be established. Colony resource input depends on

forager activity and foraging conditions so that a reduced worker

life-span, as we observed for DWV-A injected workers, would

increase the risk for an energetic-shortfall, causing negative conse-

quence for colony performance (Cartar & Dill, 1991; Plowright &

Pendrel, 1977; Sutcliffe & Plowright, 1990). Furthermore, a lower

resource inflow reduces colony growth, a crucial and time-sensitive

parameter that is directly linked to colony reproductive success

(Crone & Williams, 2016; Pelletier & McNeil, 2003). Hence,

shortened worker survival could lower overall colony fitness and

therefore the individual’s inclusive fitness, although this remains to

be tested experimentally.

Although host mortality is a parameter commonly used as a

measure of a parasite’s virulence, a caveat of our study is that, by

measuring survival alone, we may have missed other important

impacts of viral infection on the performance of host bumble bee

workers and colony fitness. For example, honey bees experimen-

tally injected with DWV exhibit an accelerated temporal polyethism

schedule and reduced foraging activity (Benaets et al., 2017;

Natsopoulou et al., 2016). Coupling our experimental setup with

RFID-tagged workers (Hall et al., 2021; Russell et al., 2017) would

help to address this point by revealing how viral infection creates

sub-lethal impacts on bumble bee foraging behaviour or flight

activity. Furthermore, though our experimental design, in which all

treatment groups were mixed in the same colony, allowed us to

estimate survival independent of the colony’s health status or

resource input, it obviously did not allow us to measure colony-

level impacts of experimental infection. Future studies should

therefore focus on colony level impacts of viral infection,
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preferably in environments varying in resource availability, to infer

the costs imposed by DWV on bumble bee colonies. Finally, our

study investigated commercial B. terrestris, a cohort of bumble bees

that may have been selected for tolerance or resistance to DWV

infection because of more than three decades of artificial rearing in

close proximity to honey bees (Velthuis & van Doorn, 2006). We

sorely need measures of viral impact on other bumble bee species

– wild and managed (Osterman et al., 2021) – to evaluate the role

of spillover in population decline.
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