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Abstract

Melissococcus plutonius is a pathogenic bacterium affecting immature stages of the
western honey bee (Apis mellifera) and leads to European foulbrood (EFB) disease.
Despite EFB outbreaks increasing in frequency in several countries in recent dec-
ades, there is little knowledge on the epidemiology of M. plutonius or on the defence
mechanisms of honey bees against this pathogen. Mating of honey bee queens with
multiple males (polyandry) can be such a mechanism, as it has been shown to be ben-
eficial to colony health and fitness. It is hypothesized that a high level of polyandry
was selected for in response to pathogen pressure to maximize the probability that at
least some patrilines among nestmates in a colony possess a high degree of resistance
to specific pathogens, ultimately protecting colonies against infections. We show that
M. plutonius infection provokes differential mortality among patrilines of immature
honey bee workers. Such differences indicate a genetic origin of resistance against
this pathogen—supporting the polyandry hypothesis—and open up avenues to im-

prove control of EFB disease via selective breeding.
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is high, leading to local and recurrent outbreaks of increasing fre-

The bacterium Melissococcus plutonius is the causative agent of
European foulbrood (EFB), a disease affecting immature stages (i.e.,
brood) of honey bees (Forsgren, 2010). This gram-positive bacterium
is transmitted by symptomless adult honey bees to young larvae,
which become infected after ingesting the pathogen through con-
taminated food. The bacterium then multiplies in the larvae's gut,
which can lead to their death. As a result, within-colony popula-
tion dynamics are disturbed, to the point that colonies can collapse
(Forsgren, 2010). Transmission of EFB between colonies and apiaries

quency in several countries over the last decades (Belloy et al., 2007,
Budge et al., 2014; Grossar et al., 2020). Thus, EFB poses a major
threat to honey bee health and contributes, together with other bi-
otic and abiotic factors, to recent non-sustainable increases in col-
ony losses in many regions of the Northern hemisphere (Goulson
et al., 2015; Neumann & Carreck, 2010).

To mitigate the impact of EFB disease, one option for beekeepers
is to apply antibiotics, e.g. oxytetracycline hydrochloride. However,
antibiotic treatment is not sustainable, as it may (i) remove the
symptoms but not the causative agent of the disease (Thompson &
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Brown, 2001); (ii) lead to the accumulation of residues in hive prod-
ucts, such as honey and propolis (Thompson et al., 2006); (iii) alter
honey bee microbiota (Raymann et al., 2017); and (iv) increase the
likelihood that pathogen resistance evolves (Tian et al., 2012; Waite,
Jackson, & Thompson, 2003). Furthermore, antibiotic treatment
may not prevent the spread of the pathogen (Roetschi et al., 2008).
Due to the aforementioned limitations, several countries prohibit
the use of antibiotics to mitigate EFB (Grossar et al., 2020). A labo-
rious alternative to antibiotics is the shook swarm method, consist-
ing of transferring adult honey bees from symptomatic colonies to
new wax combs and destroying the infected brood (Waite, Brown,
et al., 2003; Wilkins et al., 2007). Given the absence of an effective,
easy-to-implement and sustainable approach to combat EFB and the
severity of its outbreaks, EFB is classified as a notifiable disease in
many countries. Affected apiaries are submitted to strict sanitation
measures, with the destruction of symptomatic colonies and mon-
itoring of surrounding apiaries (Grossar et al., 2020). These costly
measures highlight the need for the development of improved pre-
ventive or control measures against this disease. Exploiting natural
mechanisms of honey bee immunity may offer a sustainable solution
to combat EFB (Simone-Finstrom, 2017).

Honey bees possess natural resistance mechanisms against
several pathogens, such as Varroa destructor (Locke, 2016),
Paenibacillus larvae (Laidlaw & Page, 1984; Spivak & Reuter, 2001)
and Ascospharea apis (Invernizzi et al., 2011), leading to varroo-
sis, American foulbrood and chalkbrood diseases, respectively.
Attempts to exploit these mechanisms by selective breeding have
been undertaken to protect managed stock against these pathogens
(Guarna et al., 2017; Guichard et al., 2020; Spivak & Reuter, 2001).
Resistance of honey bee colonies against specific pathogens has
been linked to the presence of patrilines possessing beneficial traits
against these pathogens (Castelli et al., 2021; Invernizzi et al., 2009;
Palmer & Oldroyd, 2003). The mating of queens with a dozen males
on average leads to the presence of multiple patrilines in Apis mel-
lifera (A. mellifera) colonies (Estoup et al., 1994; Herndndez-Garcia
et al., 2009; Tarpy et al., 2004). Such a level of polyandry has been
shown to drive diversity in various traits, such as foraging be-
haviours (Robinson & Page, 1989) and resistance to pathogens (van
Baalen & Beekman, 2006). One of the conditions for polyandry to be
beneficial is that pathogens are of high genetic diversity (van Baalen
& Beekman, 2006). In this situation, pathogens are less likely to
spread within genetically heterogenous colonies and damage them
(Sherman et al., 1988). As M. plutonius is a genetically highly diverse
pathogen (Grossar et al., 2020; Lewkowski & Erler, 2019), we can
expect variation in host resistance to infection. Previous research
reported that honey bee larvae survived after the inoculation of
a high dosage of M. plutonius in colonies (McKee et al., 2015) and
that offspring of distinct queens survived differentially (Lewkowski
& Erler, 2019). There is, however, no strong evidence that genetic
factors play a role in resistance to EFB (Forsgren, 2010; Lewkowski
& Erler, 2019).

The aim of this study was to determine whether patrilines
present in honey bee colonies varied in resistance to M. plutonius

infection. We conducted in vitro brood rearing assays, inoculated
honey bee worker larvae under controlled laboratory conditions
and used microsatellite markers to identify their patrilines post hoc
(Brodschneider et al., 2012; Estoup et al., 1994). We then assessed
whether larvae of different patrilines differed in their ability to sur-
vive infection, an endpoint required to show an effective difference
in resistance (van Baalen & Beekman, 2006). Unlike previous stud-
ies that showed differences in resistance to other pathogens among
patrilines (Invernizzi et al., 2009), we used in vitro brood rearing.
This method allowed for more precise control of the inoculum dose
delivered to each individual and thus reduced the probability that
the fate of honey bee larvae and pupae was due to infections of
varying intensities (Invernizzi et al., 2009). Our results revealed dif-
ferential survival across infected patrilines, indicating a genetic basis
for resistance, which opens avenues for the breeding of honey bee

lineages resistant to M. plutonius.

2 | METHODS

2.1 | Honey bee and bacterial material

We used larvae produced by two unrelated, naturally mated honey
bee queens (Q12 and Q79), both slightly older than 1 year. We reared
the larvae in vitro using standard methods (Aupinel et al., 2005;
Grossar et al., 2020) and inoculated them with the highly virulent
strain of M. plutonius, CH 49.3. This strain had been isolated from
diseased colonies found in 2007 in Graubiinden, Switzerland and
induced about 80% brood mortality in its native host population
(Grossar et al., 2020). We chose a highly virulent strain to apply
strong pathogenic pressure to the brood and thus enable the detec-
tion of differences in survival.

To minimize the probability of genetic changes due to recultiva-
tion (Grossar et al., 2020), we collected an aliquot of the bacterium
from the original 15% glycerol stock solution stored at -80°C and
performed a single cultivation step before inoculation. We cultivated
the bacterium on five plates with a solid basal medium composed of
20g/L of agar, 10 g/L of yeast extract, 10 g/L of glucose, 10 g/L of
starch, 0.25g/L of L-cysteine and 1 M of KH,PO, in distilled water,
adjusted to pH 6.7 using 2.5 M of KOH and autoclaved at 115°C for
15min (Forsgren et al., 2013). After incubation for 4days at 36°C
under anaerobic conditions consisting of a hermetic box with an an-
aerobic generator sachet and anaerobic indicator (GENbox anaer:
bioMérieux), we confirmed culture purity by visual investigation of
the colonies, as shown in Figure 4 of Forsgren et al. (2013). We also
confirmed M. plutonius identity with MALDI-TOF mass spectrometry
(data not shown). We then suspended the bacterial colonies from
each of the five culture plates in 3 ml of liquid basal medium. This
medium consisted of the same components as described above but
without agar and with 10 g/L of saccharose instead of starch. To
determine the number of viable bacteria in the inoculum adminis-
tered to the larvae, we determined the bacterial concentration in the
liquid medium by making 10-fold serial dilutions (10™*-107) and by
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counting colony-forming units (CFUs) grown on Petri dishes under
the cultivation conditions described above. We then adjusted the
bacterial inocula to the desired bacterial concentration (see section:
Infection experiment) using sterile saline suspension buffer (0.9%
NaCl). We prepared the inocula immediately before feeding the

larvae.

2.2 | Infection experiment
Figure 1 summarizes the experimental design. Additional images of
the experimental steps and larval development stages are shown in
Figure S1. We conducted eight biological replicates of inoculation of
12 larvae from each queen (96 per queen), resulting in a total sam-
ple size of 192 larvae. We performed inoculations between July and
September 2019 at seven-day intervals to take the effect of seasonal
variation in external conditions on brood survival into account. For
this, we treated replicates as a random factor in the models (see sec-
tion: Survival analysis). In parallel, and following the same experimen-
tal design except for bacteria inoculation, we used the same number
of offspring (n = 192) from the two queens as a negative control to
verify inoculation success.

For larval rearing until the emergence of the imago, we followed
the methods of (Grossar et al., 2020). Briefly, to produce a brood

to be reared in vitro, we obtained first instar larvae by placing the
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queens on empty wax combs in queen excluder cages for 24 h (cages
placed on Day -3, removed on Day -2, Figure 1). Caging restricted
the queens' egg-laying activity to empty combs, and the workers
were able to move freely to care for the brood produced. Three
days after uncaging the comb (Day 1), we transferred (i.e., grafted)
newly hatched first instar larvae from worker cells on the comb to
Nicotplast (Maisod, France) plastic cups placed in an incubator at
34.5°C and relative humidity of 75% or 95%, according to the lar-
val developmental stage (Grossar et al., 2020). The stability of tem-
perature and humidity conditions was verified at each feeding event
using a data logger.

We fed larvae within 2h of transfer to the plastic cups with
10 pl of a diet containing the 2x10°M. plutonius CFU inocu-
lum (Ory et al., 2022). We fed control individuals with 10 pl of
the same diet, including saline suspension bacteria-free buffer.
Changes in diet composition during the larval development have
been described elsewhere (Ory et al., 2022). We prepared this diet
with royal jelly from 10 healthy A. mellifera colonies, harvested
under sterile conditions and stored at -25°C before use (Ory
etal., 2022). As aroyal jelly and sugar diet can reduce the bacterial
load due to their antibacterial properties (de La Harpe et al., 2022;
Vezeteu et al., 2017), we plated 50l of this diet at three dilu-
tions (1072, 1072 and 107) on solid medium within 2h after larval
feeding. This enabled quantification of the minimal bacterial load

the larvae were exposed to. This load was measured after 4 days
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FIGURE 1 Experimental setup for the infection of honey bee larvae with Melissococcus plutonius. Brood stages of fifth larval instar, dark

brown eyes pupa stage and pre-emergence adult worker are presented.
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of anaerobic incubation at 36°C. We checked for the absence of
M. plutonius colonies in the control diet by plating 50 pl of this diet
at 1072 dilution.

We monitored brood survival from the larval stage on Day 3
until the imaginal stage on Day 20 (Figure 1, Figure S1). During
this period, we observed all individuals daily under a binocular
microscope and considered them dead when we did not detect
respiration movement or reaction to a mechanical stimulus ap-
plied with a sterile rod. After metamorphosis, pupae are mostly
immobile, and respiration or reactions to stimuli are difficult to
observe. Hence, from Day 13 onwards, we recorded the time of
death based on the developmental stage of the worker pupae, fol-
lowing (Rembold et al., 1980). We considered individuals dead on a
particular day when their developmental stage was less advanced
than that of uninfected controls on this day and when they did
not develop further in the following days. We removed larvae and
pupae once death was ascertained (i.e., at least 2days after the
day of considered death). After removal, we stored the inoculated
dead individuals at -80°C for later genotyping. On Day 20, we
stored all remaining live inoculated individuals until genotyping.
As recommended in standard procedures (Crailsheim et al., 2013),
we included a replicate in the analyses only if control mortality
was less than 25%. We did not collect control individuals because
they were not challenged with the pathogen.

2.3 | Microsatellite analysis

To identify patrilines of the inoculated larvae, we chose a set of
six linked polymorphic microsatellite markers: SV240 (Moritz
et al., 2008), At012 (Solignac et al., 2003), HB002, HB0O03, HB010
and HB0O12 (Lattorff et al., 2007) (see Information on markers:
Table S1).

We extracted honey bee DNA using a Nucleospin 96 Tissue kit
(Macherey-Nagel), following manufacturer instructions. We ampli-
fied microsatellite markers using fluorescently labelled primers in a
PCR reaction using QIAGEN Multiplex PCR master mix (Qiagen) in
an Applied BioSystems 2720 thermocycler. We provide primer and
PCR information in Tables S1 and S2, respectively. We diluted the
PCR products to one-third in water and added 1 pl of this diluted
solution to 9.8 pl of Hi-Di Formamide and 0.2 pl of GeneScan 500
LIZ Size Standard (Applied BioSystems). We then determined ampl-
icon sizes in an ABI GA3730 sequencer and analysed the data using

PeakScanner v. 1.0 (Applied BioSystems).

2.4 | Patriline identification

From the offspring genotype data, we identified patrilines and
matrilines (maternal haplotypes), i.e., for each marker, we deter-
mined which of the two alleles came from the father (drone) and
the mother (queen). We defined a patriline as a specific combi-
nation of paternal genotypes at all markers. To reconstruct the

patrilines, we utilized several elements of the general Mendelian
rules of inheritance. We describe these methods in detail in
Appendix S1.

To validate the identification of patrilines in the brood samples,
we calculated the non-detection error (NDE) (Human et al., 2013).
The NDE assesses the resolution of the markers used, as the prob-
ability of obtaining two identical genotypes in two individuals by
chance. We then calculated the non-sampling error (NSE) to esti-
mate the number of undetected patrilines due to insufficient sam-
pling (Human et al., 2013).

2.5 | Survival analysis

We performed mixed effect Cox proportional-hazards regression
modelling of brood survival data after inoculation with M. pluto-
nius. Two models tested the effect of the fixed explanatory vari-
ables on brood survival: (i) inoculation of larvae with M. plutonius
versus the non-inoculated controls and (ii) the patriline of the in-
oculated individuals. To obtain a sufficient sample size to test for
the effect of the patriline on survival, we excluded patrilines repre-
sented by less than six offspring from our dataset (Figure S2). The
models included two crossed random effects: queen identity and
inoculation replicate. We implemented the full models as follows:
survival ~ inoculation or patriline + (1|queen identity)+(1|repli-
cate). In both models, we tested the effect of each random factor
on survival using an Analysis of Variance (ANOVA) and removed
non-significant factors from the final models. Mean values are
presented with standard error (SE).

We used R v. 4.0.5 and RStudio v. 1.4.1717 (R Core Team, 2021)
to perform all statistical analyses and draw all graphs. We subse-
quently edited the graphs in Inkscape v. 1.1 (https://inkscape.org/).
We used the following R packages: package installation: devtools v.
2.4.1 (Wickham et al., 2019), data manipulation: tidyverse v. 1.3.1
(Wickham, 2017) (containing the ggplot2 graphics package), data.
table v. 1.14.0 (Dowle & Srinivasan, 2021), naniar v. 0.6.0 (Tierney
etal., 2020) and xIsx v. 0.6.5 (Dragulescu & Arendt, 2018). For graphs,
we used randomcoloR v. 1.1.0.1 (Ammar, 2019), RColorBrewer v.
1.1-2 (Neuwirth, 2014), plotrix v. 3.8-1 (Lemon, 2006) and cowplot
v. 1.1.1 (Wilke, 2019). For survival plots and linear models, we used
survival v. 3.2-10 (Therneau, 2021; Therneau & Grambsch, 2000),
survminer v. 0.4.9 (Kassambara et al., 2021) and coxme v. 2.2-16
(Therneau, 2020).

3 | RESULTS

3.1 | Melissococcus plutonius inoculum

From the initial dose of 2x10°M. plutonius CFU, we recov-
ered, 2h after feeding, mean (+SE) bacterial concentrations of
3.00x10%+1.55x 10*CFU (range: 2.8 x 10° to 4.97 x 10%) across the
eight diets prepared.
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3.2 | Effect of M. plutonius infection on
brood survival

All the larval rearing assay replicates were included in the analysis,
as none of the negative control groups experienced more than 25%
brood mortality (mean+SE: 13.5% +7.3% of the 96 offspring from
each queen).

Queen identity had no significant effect on brood survival
(ANOVA, X? = 3.3, df = 1, p = 0.07; Figures 2 and 3). However, the
factor ‘replicate’ had a significant effect on brood survival (ANOVA,
X? = 14.0, df = 1, p = 0.0002; Figure 3). Taking into account vari-
ations among the replicates, inoculation with M. plutonius had a
significant negative effect on brood survival (mixed effects Cox
model; X% = 29.6, df = 13, p = 0.005; Figure 3). For model details,
see Table S3.

3.3 | Effect of patriline on brood survival

Non-detection error values (N DEle = 0.004 and NDEQ79 =0.012)
indicated that the level of variation of the genetic markers was high
enough to accurately differentiate patrilines. Non-sampling error
values (NSE,, = 0.76 and NSE,, = 0.08, Figure S3) indicated a high
probability that we had sampled all patrilines in the test colonies.
There were 26 and 17 unique patrilines among the offspring from
queen Q12 and queen Q79, respectively (Figure S2 and Table S4).
No patrilines common to both queens were found among the off-
spring, and patrilines were homogeneously distributed across rep-
licates (Figure S2). We retained for the subsequent analysis eight

and six patrilines present in more than six individuals each, totalling
n =70 and n = 69 individuals for queen Q12 and Q79, respectively
(Figure S2).

We found a significant effect of patriline on brood survival (mixed
effect Cox model; X? = 29.6, df = 1, p = 0.005; Figure 4). In this
model, brood survival varied significantly across replicates. Queen
identity was excluded because it had no significant effect (ANOVAs,
replicate: X2 = 5.5, df = 1, p = 0.02; queen identity: X*> = 0.004,
df = 1, p = 0.9). Details on the model are given in Table S3. The sur-
vival probability of each patriline on Day 20 according to the model
and the genotypes of all patrilines are presented in Table S4.

4 | DISCUSSION

Inoculation of honey bee larvae with the strain CH49.3 of M. pluto-
nius led to similarly high levels of mortality in both colonies. However,
the patrilines in both colonies differed significantly in the rate of sur-
vival after inoculation with a standardized number of bacteria.

The number of patrilines (nQ12 =26and ny,, = 17) found among
the queens' offspring was not biased by non-detection (NDE) nor
by non-sampling errors (NSE) and corresponded to expectations
based on previous studies (Estoup et al., 1994; Hernandez-Garcia
et al., 2009; Tarpy et al., 2004). All patrilines were detected among
the offspring throughout the experimental period (Figure S2), in
line with the random mixing of sperm in the queen's spermatheca
(Brodschneider et al., 2012; Estoup et al., 1994), and indicating a
balanced experimental design. Thus, patriline imbalance could not
explain the significant effect of the factor ‘replicate’ in our models.

Queen Q12 | | Queen Q79
1.00 ;
. y
1
0.75 4
. s
= :
e : :
@ 050 : :
L L c
e N e]
3 | ®
-} -]
O S
0254 g g g Treatment
=== Control
= |nfected
0.00 . —— : : : :
0 5 10 15 20 O 5 10 15 20

Time in Days

FIGURE 2 Survival of larvae infected with Melissococcus plutonius and control larvae. The grey area around the curve represents the 95%

confidence interval.
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FIGURE 3 Survival of larvae infected with Melissococcus plutonius and control larvae for each replicate.
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FIGURE 4 Survival of larvae infected with Melissococcus plutonius according to their patriline. Each colour represents a unique patriline.
No patrilines were shared between the two colonies. Patrilines distribution and genotypes are presented in Figure S2 and Table S4.

This effect might be due to variations in environmental conditions
affecting brood viability and survival over the honey bee season;
to which the larvae used in vitro rearing system had been exposed
for up to 24h before collection (Blaschon et al., 1999; Schmickl &
Crailsheim, 2002). The lack of significance of queen identity effect
on brood survival in the model using only inoculated individuals

may be due to the smaller sample size in this analysis, as this fac-
tor marginally influenced brood survival in the model that included
the complete dataset (i.e., inoculated and non-inoculated individu-
als; Table S3). With a larger sample size, queen identity might have
been found to influence the survival of the M. plutonius infected
brood, as it was found in a previous study using two colonies, in
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which intracolony genetic variation was not tested (Lewkowski &
Erler, 2019). Such a queen effect would suggest genetic resistance
to the pathogen through the dam (maternal) pathway.

In our study, genetic variability in resistance to M. plutonius
via the sire (paternal) pathway was clearly indicated, with ob-
served differences in survival after infection with this pathogen
among six and nine patrilines with at least six individuals. The bac-
tericidal effect of the nutritive jelly—which the larvae ingest and
contaminate themselves—makes it challenging to precisely stan-
dardize the number of bacteria across replicates. Despite this ef-
fect, our inoculates 2 h post-feeding were in a narrow range of doses
(3.00x 10%+1.55x 10% CFUs per larva). Variations in the inoculum
dose could thus be excluded as the cause of the differences in sur-
vival between patrilines. The role of cell cleaning, hygienic or corpse
removal behaviours by adult workers in the differences of survival
among patrilines (Invernizzi et al., 2011; Spivak & Reuter, 2001) could
also be excluded because our in vitro rearing assays were performed
in the absence of adult workers.

The fact that the larvae from the observed patrilines differed in
their ability to resist infections by M. plutonius suggests a paternally
transmissible mechanism, which raises the prospect of breeding
honey bee lineages resistant to this pathogen. Population genet-
ics simulations and modelling studies have shown that controlled
breeding of honey bees using high-quality drones is beneficial for
colonies because it increases breeding success (Du et al., 2021; Plate
et al., 2019). Such a medication-free approach is highly desirable, as
there is currently no sustainable method in the beekeeping industry
for combating EFB infection.

Using a powerful and standardized assay, we showed that infection
with M. plutonius led to differential survival of larvae of distinct patrili-
nes co-occurring in a honey bee colony. Differences among patrilines
in their resistance to M. plutonius provide the opportunity to design
selective breeding programs aimed at increasing the level of resis-
tance of managed honey bee stock against this pathogen, which has a
major negative impact on beekeeping in several countries. Moreover,
the occurrence of differential resistance to M. plutonius across worker
patrilines of the same colony indicates that honey bee pathogens
may have contributed to selection for intracolonial genetic diversity
and supports the pathogen hypothesis for the evolution of multiple
mating in honey bees (Delaplane et al., 2015; Sherman et al., 1988;
Simone-Finstrom et al., 2016; van Baalen & Beekman, 2006).
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