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European foulbrood (EFB) is a severe disease of honey bee (Apis mellifera) larvae caused by the bacterium
Linnaeus [Hymenoptera: Apidael) Melissococcus plutonius (ex White) Bailey and Collins (Lactobacillales:
Enterococcaceae). Many beekeepers in North America report severe EFB following blueberry pollination, but
it is not clear what factors during pollination are related to clinical disease. Additionally, the impact that other
factors such as viral load and hygienic behavior have on EFB has not been studied. In Spring of 2020 we
enrolled 60 commercial honey bee colonies in a prospective cohort study. Colonies were inspected 3 times
over the season with hive metrics and samples taken for viral testing. Each colony was tested for hygienic
behavior twice and the score was averaged. Viral loads were determined by gPCR for deformed wing virus
(DWV) A and B. We found no statistical difference in the EFB prevalence or severity between the 2 yards at any
timepoint; 50% (n = 16) of the colonies in the holding yard and 63% (n=17) in blueberry developed moderate
to severe EFB over the study period. When colonies from both yards were pooled, we found no relationship
between viral load or hygienic behavior and development of EFB. These results suggest that other factors may
be responsible for driving EFB virulence and hygienic behavior is not likely helpful in managing this disease.
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Introduction

The western honey bee (Apis mellifera Linnaeus [Hymenoptera:
Apidae]) plays a critical role in United States agriculture providing
an estimated 18 billion USD in value annually (Keel 2022). Parasites
and diseases have been a burden on the health of the honey bee
industry in recent years. According to recent data collected by Bee
Informed Partnership, US commercial beekeepers lost an estimated
46.1% of their colonies from 2019 to 2020 (Bruckner et al. 2022).
With a significant portion of our crops reliant on these animals for
production, improving the health of the beekeeping industry remains
a top priority for long-term sustainability of our agriculture system.

One of the most prevalent and serious diseases impacting colony
health in North America is European foulbrood, commonly referred
to as EFB (de Leon-Door et al. 2018, Laate et al. 2020, Grant et al.
2021, Milbrath et al. 2021). The economic impact of EFB disease
has been estimated to be between $300 and $500 USD per hive in

reduced production and increased management costs (Laate et al.
2020), an unsustainable burden to an already struggling beekeeping
industry. The only approved treatment for this disease in the United
States is the antibiotic Oxytetracycline, and the labor-intensive treat-
ment protocol and long honey withdrawal times make its use im-
practical for many beekeepers (Richards et al. 2021). Additionally,
a recent study in Canada found some strains of the bacterium that
causes EFB may be developing resistance (Masood et al. 2022),
making disease prevention strategies critical for the sustained health
of the industry.

European foulbrood is caused by the bacterium Melissococcus
(ex White), and Collins (Lactobaccillus:
Enterococcaceae) (McKee et al. 2004), and despite being discovered
more than a century ago (White 1912), little is known about its path-
ogenesis (Grossar et al. 2020). Honey bee larvae infected with this
pathogen can experience high rates of mortality, but, M. plutonius

plutonius Bailey
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is also commonly found in asymptomatic colonies (Belloy et al.
2007, Roetschi et al. 2008, Budge et al. 2010, Erban et al. 2016).
Disease onset is known to be seasonal in nature with many colonies
recovering after honey flow (Phillips 1918, White 1920). This differ-
ence in colony outcomes has led many to consider the role that other
factors play in driving virulence, such as host microbiome composi-
tion (Floyd et al. 2020), pesticide exposure (Wood et al. 2020), nutri-
tion (Wardell 1982) or climate conditions (Grant et al, 2021) but so
far, no specific factor has been confirmed to be implicated.

Deformed wing virus (DWV) is a widespread virus known for
affecting pupal development and is known to be vectored by Varroa
destructor (Mesostigmata: Varroidae) (Lanzi et al. 2006). Two dom-
inant genotypes of this virus, DWV-A and DWV-B, are commonly
found in mite infested colonies but their relationship to colony health
is the subject of ongoing study (Highfield et al. 2009, de Miranda and
Genersch 2010, Schroeder and Martin 2012, Penn et al. 2022, Piou
et al. 2022). Subclinical DWV infections have been shown to result
in impaired cognitive function, foraging performance, and survival
in adult bees (Igbal and Mueller 2007, Benaets et al. 2017, Gisder
et al. 2018, Traniello et al. 2020). Stress associated with this dis-
ease may leave colonies susceptible to other infections. Because EFB
has long been associated with factors that increase stress and may
weaken the colony, we hypothesized that colonies with high viral
loads may be more susceptible to developing disease in the presence
of M. plutonius. Additionally, the reduced foraging performance
and impaired cognitive function associated with DWV may impact
nurse bee care of developing larvae adding to the nutritional def-
icit thought to trigger EFB symptoms. Alternatively, we hypothesized
that colonies weakened by EFB may be more susceptible to viral rep-
lication resulting in higher viral loads in severely affected colonies.

Hygienic behavior is a widely studied genetic trait of honey
bees associated with uncapping and removal of dead brood from
the colony (Spivak and Gilliam 1998, Lapidge et al. 2002). This be-
havior in honey bee colonies has been found to help with the man-
agement of another bacterial brood disease, American foulbrood
(Spivak and Gilliam 1998, Spivak and Reuter 2001). Analysis of
changes in chemical bouquet in M. plutonius infected larvae when
compared with healthy larvae suggests that olfactory identification
of infected larvae is possible but whether this initiates hygienic be-
havior or the mitigation of EFB remains unclear (Kathe et al. 2021).

In this study we seek to determine what role hygienic behavior
and viral coinfection may play on the development of EFB. We
hypothesized that honey bee colonies under increased stress due
to viral coinfections would be more susceptible to developing EFB.
Additionally, we hypothesized that colonies with high levels of hygi-
enic behavior would be less susceptible to EFB.

Methods

In May of 2020 we enrolled 60 hives from a large commercial
beekeeping operation in Southern Michigan in a prospective co-
hort study. The hives were split into 2 groups of 30, representing 2
common scenarios for Spring bees. The first group was composed
of established colonies that had been growing in Florida and were
brought to blueberry fields in Southeastern Michigan to fulfill polli-
nation contracts. The second group consisted of small colonies that
had been recently made from splits and were kept in a large holding
yard away from crop pollination but in the same region of Michigan.
All colonies were from a single commercial operation and had previ-
ously shared in the same migration route from Florida to California
for almond pollination and back to Florida for splitting. Both yards
contained other colonies that were not part of this study. In both

yards, we selected only colonies that were queenright as indicated
by the presence of eggs and the absence of queen cells. The colonies
were managed according to standard methods by the collaborating
beekeeper regarding feeding and mite treatment. All hives consisted
of 2 deep boxes at the beginning of the trial, and a medium box was
added to some colonies midway through the trial, as needed. Of the
60 colonies enrolled, 53 were included in this analysis, 27 colonies in
the blueberry yard and 26 colonies in the holding yard. One colony
died during the study for unknown reasons and 6 were excluded be-
cause of a lack of brood.

Inspections

Colonies were inspected 3 times: once at enrollment, which occurred
at the beginning of blueberry bloom (4—6 May 2020); once at the
end of blueberry bloom (5-6 June); and once approximately 2 wk
post-bloom, when the blueberry colonies had been moved to water-
melon pollination (23-24 June). At each health inspection we re-
corded the following data: queen status, cluster size, frames of brood,
visual signs of EFB, and visual signs of other diseases. Colonies were
considered queenright if queen-laid eggs were seen. Cluster size was
recorded by estimating the frames covered by bees to the nearest
half frame, observing the top of each box during normal daytime ac-
tivity, between 11 AM and 3 PM, and in similar weather conditions
to ensure counts could be compared from hive to hive. Each frame
of brood that was at least half covered with eggs, larvae, or capped
brood was counted to estimate the size of the brood nest. If only 1
side of a frame contained brood, it was considered a half frame of
brood. A medium box was added to most hives before the second
inspection, and the counts for both cluster size and frames of brood
were adjusted to accommodate frame size, with medium frames
multiplied by a factor of 0.67 to reflect that they consist of approxi-
mately 67% of the cells present in a deep frame. Approximately 150
adult nurse bees were collected from each colony at each timepoint
using a sterile 60-ml centrifuge tube and stored at 4 °C in the field
and transferred to -20 °C until processing. Thirty of these were used
immediately for viral testing as described below and the remainder
were held at =20 °C for confirmatory PCR. To determine the impact
of EFB on colony growth, the percent change in cluster size was cal-
culated for each colony between the first and last timepoint. Four
colonies that were queen-less at the final inspection were removed
from this analysis to remove the confounding impact this might have
on colony growth.

To ensure that damage from the parasite V. destructor was
not a confounding factor, colonies were managed for mites by the
cooperating beekeeper using the same mite treatment across all col-
onies. Varroa mite loads were measured at the final inspection by a
professional Bee Informed Partnership Tech Transfer Team member
using an alcohol wash on 300 nurse bees. Percent infestation was
reported as the number of mites seen in the wash, divided by 3
(mites per 100 bees). Mite levels were considered low (less than 3
mites per 100 adult nurse bees) in all hives at the final timepoint and
were not considered to affect final outcomes (mite levels reported in
Supplementary Material).

HygienicTesting

Hygienic testing was performed 2 times on each hive using a
standard freeze-kill assay (Spivak and Reuter, 1998), once at enroll-
ment (4-5th May) and again a month later (5th—6th June). Briefly,
we selected a frame with at least a 3” diameter patch of capped
brood that was mainly in the white eye and pink eye stages. A 3”
PVC tube with a beveled edge, which encompasses 160 cells, was
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Table 1. There was no statistically significant difference in the incidence of EFB, or the levels of DWV-A or DWV-B between the blueberry
yard and the holding yard at any timepoint. EFB is reported in percentage of colonies with clinical disease (more than 10 cells showing
symptoms). DWV is reported in the average viral load in Log10 viral copies per adult bee for each yard. Overall is the percentage of colonies
in each yard that showed signs of EFB at any timepoint. For DWYV, overall is the average of all measurements for each yard

Timepoint 1 (4th-6th May)  Timepoint 2 (5th-6th June)  Timepoint 3 (23rd-24th June) Overall
EFB—Percent of colo- Blueberry 7% (2/27) 37% (10/27) 63% (17/27) 67% (18/27)
nies with disease Holding 4% (1/26) 35% (9/26) 50% (13/26) 58% (15/26)
DWV-A—Average viral ~ Blueberry 8.7 (n=26) 3 (n=25) 8.8 (n=27) 8.9 (n=78)
load per yard Holding 9.1 (n=295) 7 (n=26) 8.1 (n=295) 8.6 (n=76)
DWV-B—Average viral ~ Blueberry 8.9 (n=25) 1 (n=24) 9.0 (n=25) 8.9 (n=74)
load per yard Holding 8.3 (n=21) 9 (n=295) 8.4 (n=25) 8.6 (n=70)

pressed into a single patch of closed brood, using water to create a
tight seal. Liquid nitrogen (approximately 300 ml) was poured into
the tube and allowed to evaporate, freezing and killing the capped
brood underneath. After the liquid nitrogen had dissipated the tube
was removed and the number of currently open cells within the circle
of frozen brood was counted and the frame returned to the hive. This
number was subtracted from 160 to get the starting number of dead
capped brood. After 24 h, the frame was retrieved, and we recorded
the number of cells in which the dead pupa was either partially or
completely removed. The hygienic value and partial hygienic value
was calculated by determining the percent of dead capped brood
fully removed (full hygienic score) or fully and partially removed
(partial hygienic score). We performed the same test a second time
1 month later (June 2020). Both the full hygienic value and the par-
tial hygienic value for each colony was calculated by averaging the
scores from both tests. For analysis, only the average partial hygienic
score was used as this value represents a more detailed analysis of
uncapping in addition to removal. To measure the impact of hygienic
behavior on the development of EFB we only included colonies in
the analysis that were exposed to the pathogen; M. plutonius was
found viable in adult nurse bees (as described below). Full hygienic
scores and figures are included in the Supplementary Material but
did not yield any significant differences.

European Foulbrood Characterization

European foulbrood disease severity was estimated by visual inspec-
tion. At each health inspection we closely examined both sides of
each brood frame. Third to fifth instar larvae and capped brood were
closely examined to visualize the following signs of EFB: twisted/
malpositioned larvae, discoloration, visible trachea, melted appear-
ance, rubbery scale, or sunken cappings. EFB disease severity was
classified according to a previously published classification system
(Roetschi et al. 2008, Grant et al. 2021) with a modified cutoff of
100 diseased cells for severe disease: No disease: no signs of diseased
brood, possible disease: 1-10 cells showing symptoms, moderate
disease: 11-100 cells showing symptoms, severe disease: >100 cells
showing symptoms. To simplify analysis, colonies with 10 cells or
fewer showing symptoms were considered healthy, while colonies
with more than 10 cells affected were considered diseased. All colo-
nies diagnosed with EFB were confirmed by culture of M. plutonius
from adult nurse bees, followed by duplex PCR as described by Arai
et al. 2012 (see below). Colonies with more than 10 cells showing
symptoms were considered diseased with EFB. There were only 2
colonies that recovered (went from > 10 cells with signs of disease
to <10 cells), 1 was in blueberry pollination and the other was in the
holding yard, and both started healthy at timepoint 1 and became
diseased at timepoint 2 but were healthy at timepoint 3. Because
there was no difference in EFB incidence between the 2 yards at any

timepoint, and because the average hygienic score and viral loads
did not differ statistically between the 2 yards (Table 1), for analysis,
colonies from both yards were combined (1 = 53).

Quantification of DWV-A and DWV-B Viral Load

From each colony, at each of the 3 timepoints; T1 (4th-6th May),
T2 (5th-6th June), T3 (23rd-24th June), 30 adult nurse bees were
frozen in liquid nitrogen and ground into a fine powder and 30
mg of this homogenate underwent total RNA extraction using
the RNeasy Mini Kit (QIAGEN) according to the manufacturer’s
instructions. RNA was quantified using a NanoDrop spectropho-
tometer and were diluted to 50 ng/pl. We used the ABC assay (Kevill
et al. 2017), but omitted DWV-C detection because DWV-C was
not present in our study region (Kevill et al. 2019). The ABC assay
reports on the conserved RdRp gene and represents the 3’ region
of the DWV master genomes only. Real-time PCR was performed
using a Sensifast SYBR No-Rox One Step Kit (Bioline) with primers
for DWV-A and DWV-B as described previously (Kevill et al. 2017).
The RT-qPCR program is as follows: 45 °C for 10 min and 95 °C
for 10 min, followed by 35 cycles of 95 °C for 15 s, 58.5 °C (DWV-A
and DWV-B) for 15 s, and 72 °C for 15 s. Each plate included an
RNA standard curve, as described by Kevill et al. (2017), as well as
a no-template control. Genomic equivalents per bee were calculated
as described by Kevill et al. (2017).

Pathogen Presence

To confirm diagnosis of EFB and to determine if nonsymptomatic
colonies were exposed to M. plutonius, adult nurse bees were col-
lected as they have been shown to have a more consistent level of
M. plutonius in EFB-affected colonies when compared with larvae
(Belloy et al. 2007). Adult nurse bees collected from the second
timepoint (T2 —5th—6th June) were screened by culture for the
presence of M. plutonius using a standard screen for adult bees
(Roetschi et al. 2008), with slight modifications. A minimum of 15
adult nurse bees were added to a filtered grinding bag along with 0.5
ml phosphate-buffered saline (PBS) per adult bee and thoroughly
macerated. Filtrate was transferred to 15 ml tubes and centrifuged
at 1,150 g for 15 min. Supernatant (1 ml) was carefully pipetted
off the resulting pellet and transferred to a sterile microcentrifuge
tube. Multiple freeze thaw cycles of adult bee samples due to a
freezer failure resulted in degradation, fungal overgrowth and
subsequently PCR inhibition, so samples were cultured prior to
undergoing PCR screening. Under anaerobic conditions, 1 pl of
supernatant was streaked onto M110 agar (Forsgren et al. 2013)
and incubated anaerobically at 37 °C for § days. Isolates previously
preserved in glycerol stock, typical M. plutonius ATCC 35311 and
a regional atypical M. plutonius isolate were cultured alongside
samples as positive controls. Multiple colonies consistent with M.
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plutonius were collected using a sterile swab and transferred to 1
ml of sterile nuclease free water. After centrifuging at 10 k rpm for
3 min, supernatant was discarded, and the remaining pellet under-
went DNA extraction using Instagene Matrix (BioRad) following
the manufacturer’s instructions. Extracted DNA (2 pl) was used
as template for a 25 pl duplex PCR screen as previously validated
and described by Arai et al. (2014). Resulting amplicons were run
on 1.2% gel at 90 V for 40 min, along with negative and posi-
tive controls and a 100 bp ladder (NEB). Bands at 187 bp were
considered positive for typical M. plutonius, while bands at 424 bp
were considered positive for atypical M. plutonius. The cultured re-
gional atypical isolate and ATCC strain 35311 were used as posi-
tive controls for aytpical and typical strains, respectively for all PCR
reactions. To further confirm the identity of bacterial species isolated,
isolates obtained from screening were inoculated into 5 ml KSBHI
broth anaerobically and incubated for 5 days at 37 °C, agitating
daily. Broth culture was then centrifuged at 1,150 g for 10 min and
supernatant was discarded. The pellet was resuspended in 1 ml of
PBS and transferred to a 1.5 ml microcentrifuge tube. Samples were
centrifuged at 10 k rpm for 3 min and supernatant was discarded.
Resulting pellets were resuspended in 180 pl enzymatic lysis buffer
(20 mM Tris-HCl, 2mM EDTA, 1.2% Triton X-100) containing 20
mg/mL lysozyme and incubated for 30 min at 56 °C. DNEasy Blood
and Tissue kit (Qiagen, Valencia, CA) was used for extraction fol-
lowing the manufacturers protocols for gram-positive bacteria and
eluted into 50 pl EB buffer. 2 ul of extracted DNA was used as tem-
plate in a 12 pl PCR reaction using validated primers as described by
Govan et al. 1998. PCR products were run on a 1.2% agarose gel at
90 V for 45 min along with a 100 kb ladder. A band at 810 bp was
considered positive for M. plutonius (Govan et al. 1998).

Statistical Analysis

All statistical analyses were carried out using R version 4.3.0 (R core team
2023). Differences in disease rates between yards were compared using a
two-tailed Fischer exact test. To determine the impact of clinical EFB dis-
ease on colony growth the percent change in cluster between timepoint 1
and timepoint 3 was determined. For this analysis we removed colonies
that had lost their queen at the third timepoint in order to remove that
confounding variable. We additionally only included colonies that were
diseased at the first 2 timepoints to ensure colonies had symptoms for a
similar period and were not recently infected at timepoint 3. Relative risk
of EFB on the ability of colonies to grow over the season was performed
by categorizing each colony based on the change in cluster size between
timepoint 1 and 3 (growth over the season) as “growth” or “no growth™.
Colonies showing clinical EFB at timepoints 1 and 2 were placed in the
exposure group, while colonies showing no growth or decline were
placed in the negative outcome group. Normality of data was determined
using Shapiro Wilks test. Comparisons between groups were done using
one-way ANOVA or Welch two sample #-tests. Nonparametric alterna-
tive tests Kruskal-Wallis rank sum test and Wilcoxon rank sum test were
used when the assumption of normality could not be satisfied. Alpha
values of P <0.05 were considered statistically significant. Visualizations
were created using ggplot2 version 3.4.1 and edited in Adobe Illustrator
version 24.1.2.

Results

Disease Prevalence Was High in Both Yards and
Associated With the Presence of Atypical M.

plutonius

Overall, we found significant levels of clinical EFB in both yards
which increased in prevalence over the season. Over the course of

the study, 62% (7 = 33) of the colonies developed moderate to severe
disease at some point. Disease progressed similarly in both yards
(Fig. 1). At the initial inspection, T1 (4th—-6th May), 2 of the 27 col-
onies in the blueberry yard and 1 colony in the holding yard were
already showing moderate signs of disease. By the second timepoint,
T2 (5th-6th June), 37% (n=10) of the colonies in blueberry and
35% (n=9) of the colonies in the holding yard had developed mod-
erate to severe disease. At the final timepoint, T3 (23rd-24th June),
more colonies had moderate to severe disease in the blueberry yard
63% (n=17) than in the holding yard 50% (7 =13) but this dif-
ference was not statistically significant (P = 0.42; two-tailed Fisher
exact test) with the current samples size.

Viable M. plutonius was recovered from 44 colonies. Screening
revealed that all EFB-affected colonies (7 = 33) had viable atypical
M. plutonius present in adult nurse bees at the second timepoint,
while an additional twelve colonies that never developed EFB also
had viable atypical M. plutonius recovered. The remaining 9 colo-
nies from which no M. plutonius was viable in adult nurse bees at
timepoint 2, never developed EFB at any timepoint.

ColoniesThat Had EFB Early in the Season Were

More Likely to Show No Growth or Decrease in Size
When Compared With Healthy Colonies

While our sample size limited our statistical power, we were able to
show that early season EFB puts colonies at greater risk for stag-
nation or a decline in growth. Of the 48 colonies, 17 colonies had
EFB by the second timepoint and 32 were healthy. Of the 16 col-
onies with EFB, 50% (7 =8) had no growth or negative growth
over the course of the season. Of the 32 that had no disease, 15.6%
(7 = 5) had no growth or negative growth. Colonies with EFB were
3.2 times more likely to show no growth or decrease in size over
the season when compared with healthy colonies (P =0.01, 95%
CI =1.25-8.21, RR). Colonies with EFB had a (31%) reduction in
mean growth when compared with healthy colonies, 18 and 49% re-
spectively, but the difference between the 2 groups is not statistically
significant (Wilcoxon rank sum; W = 188; P = 0.08) (Supplementary
Fig. 1). Severely diseased colonies with more than 100 cells showing
signs of EFB (7 = 11) had a §3.9% reduction in colony growth when
compared with colonies that never showed any clinical signs of
EFB (1 = 20) with 8.4 and 62.3% mean cluster change respectively

May 4th-6th

0'00,-_ II II

Blue Hold Blue Hold Blue Hold

June 5th-6th June 23rd-24th

e
]
2

Disease
Severity
(symptomatic cells)
None (0)
Mild (<10)
[l Moderate (10-100)
B Severe (>100)

Proportion
(=3
w
(=]

=]
N
B4

Yards compared at each timepoint

Fig. 1. Percentage of colonies in each yard (Blueberry and Holding)
that showed varying signs of European foulbrood at each timepoint.
(None =No symptomatic cells; Mild=Less than 10 symptomatic cells;
Moderate = between 10 and 100 symptomatic cells; Severe = Greater than
100 symptomatic cells).
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(Wilcoxon rank sum; W =45.5; P <0.01) (Fig. 2). These colonies
were 5.45 times more likely to decline in size or stagnate when
compared to colonies that never showed any symptoms (P = 0.02,
95% CI =1.32-22.60, RR).

Hygienic Behavior Has No Impact on the

Development of Clinical EFB in Infected Colonies

No differences were found in mean full or partial hygienic scores
between EFB diseased colonies and M. plutonius infected colonies
that never developed clinical disease. Average partial hygienic be-
havior for the 53 colonies varied between 51% and 100% with a
mean of 89% (SD = 0.11), with 66% of the colonies (7 = 34) having
average hygienic scores below 95%, a common cutoff for consid-
ering a colony highly hygienic (Spivak and Danka 2021). Of the
44 colonies, 33 had clinical EFB, while 11 remained healthy for
the entire study. Hygienic score for the diseased colonies varied
between 70 and 100%, with a mean of 88% (SD = 9%—Shapiro-
Wilk; W = 0.92; P = 0.01). Partial hygienic score for the infected, but
healthy colonies ranged from 64% to 100% with a mean of 89%
(SD = 11%—Shapiro-Wilk; W = 0.82; P = 0.01). The difference be-
tween the 2 means was not statistically significant (P = 0.80, Welch
two sample #-test—two-tailed) (Fig. 3). We additionally found no
difference when comparing the more conservative partial or full hy-
gienic score on health outcome (Supplementary Fig. 2) and no sig-
nificant difference between disease severity for full (Supplementary
Fig. 3) or partial hygienic scores (Supplementary Fig. 4).

Deformed Wing Virus (DWV) A and B Load Had No
Effect on the Development of EFB Disease in M.
plutonius-Infected Colonies

Among colonies where M. plutonius was found (n = 44), there was
no difference in mean viral load for DWV-A or DWV-B between
diseased colonies and healthy colonies. All 53 colonies tested had
detectable levels of DWV-A at every timepoint ranging from 5.97
log,, to 11.23 log,, with a mean viral load of 8.77 log  genome
copies/bee (SD = 1.28). Mean viral load in genome copies per bee
(ge) had no significant change between timepoints T1—4th—6th
May (mean = 8.87 log, ), T2—S5th—6th June (mean=8.97 log,),
or T3—23rd-24th June (mean=28.46 log ) (one-way ANOVA;

*%

Growth

Percent change in cluster

Diseased (EFB)

Healthy

Fig. 2. Comparison of cluster growth between T1 (4th-5th May) and T3
(25th-26th June) based on early symptoms of severe EFB. Cluster growth is
expressed as a percentage of the starting size. Each dot represents a colony
binned for each percent change in cluster size. The “Diseased” group are
colonies that had severe EFB at timepoint 1 or 2. The “Healthy” colonies
never developed any symptoms of EFB.

F=2.49;df = 2; P = 0.09) (Fig. 4a). Additionally, there was no signif-
icant difference between the mean viral load (genome copies per bee)
in M. plutonius infected colonies that developed clinical symptoms
of EFB (mean=28.81 log, ) when compared with M. plutonius
infected colonies that remained healthy over the course of the study
(mean = 8.95 log, ) (Wilcoxon rank sum test; W =1,643 P =0.92)
(Fig. 4b). All but 5 colonies, 3 from timepoint T1—4th-6th May
and 2 additional colonies from timepoint T2—S5th—6th June, had de-
tectable levels of DWV-B at every timepoint. The loads of DWV-B in
the colonies with detectable levels ranged from 6.34 log, to 11.23
log,, with a mean of 8.76 log,, genome copies/bee (SD =1.05).
There was no significant change in mean DWV-B genome copies
per bee between timepoint T1—4th—-6th May (mean = 8.57 log, ),
T2—S5th—-6th June (mean = 8.99 log, ), and T3 (mean = 8.71 log, )
(one-way ANOVA; F =2.40; P =0.09) (Fig. 5a). When comparing
M. plutonius infected colonies that developed disease with those that
never developed disease we also found no significant difference in
the mean DWV-B genome copies per bee, 8.84 log, and 8.76 log,,
respectively (Wilcoxon rank sum test; W = 1531; P = 0.83) (Fig. 5b).
Twelve M. plutonius infected colonies had very high viral loads for
DWV-A and B exceeding 9 log,, for both viruses. Seven of them de-
veloped EFB and 5 never developed any EFB signs.

Discussion

This study revealed a high rate of EFB in both yards with atypical
strains of M. plutonius identified. Additionally, we showed that these
strains of M. plutonius remained viable and were easily recovered
from adult nurse bees in all diseased colonies as well as many colo-
nies that never developed disease. Infected colonies that did develop
disease were at a significantly greater risk of stagnation or decline
than healthy colonies, which highlights the importance of this dis-
ease. We additionally found no relationship between the develop-
ment of EFB in M. plutonius infected colonies and their concurrent
viral load of DWV-A or DWV-B. Finally, while hygienic behavior has
shown to be effective in managing AFB, there does not seem to be
any benefit when considering the risk of EFB.

| NS. |

\’? 100 - 00
8 oo
< o
. 80 -

®

s o
¥ :
3 60 -

Diseased (EFB) Healthy

Fig. 3. Colonies infected with M. plutonius that remained healthy did not have
a significantly different hygienic score than those that developed clinical EFB
disease over the course of the study. Each dot represents a colony; the y-axis
represents the average partial hygienic score.
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Fig. 4. a) DWV-A loads did not change between timepoints. When comparing the mean DWV-A viral load as ge (Log10 genome copies per bee) in all 53 colonies
in this study at each timepoint we found no significant difference. b) DWV-A loads did not differ between EFB diseased colonies and healthy colonies. When
pooling both yards and comparing M. plutonius infected colonies that developed severe disease to those that remained healthy for the entire season, we found
no difference in the average DWV-A viral load (Log10 DWV-A genome copies per bee). Each dot represents a colony binned by viral load to demonstrate the

distribution in each group.
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Fig. 5. a) DWV-B loads increased at timepointT2 (5th—-6th June). When comparing the mean viral load as ge (Log10 genome copies per bee) in all 53 colonies in
this study at each timepoint we found no significant difference between the first and last, or the second timepoint and the last, but did find an increase between
the first and second timepoint. b) DWV-B loads did not differ between EFB diseased colonies and healthy colonies. When pooling both yards and comparing M.
plutonius infected colonies that developed severe disease to those that remained healthy for the entire season, we found no difference in the average DWV-B
viral load (Log10 DWV-B genome copies per bee). Each dot represents a colony binned by viral load to demonstrate the distribution in each group.

Impact of Viral Coinfection

Interestingly, mean viral load in all colonies had little variation for
either virus (DWV-A or DWV-B) over the 3 timepoints (T1—4th-5th
May, T2—S5th-6th June, T3—23rd-24th June) in this study and did
not appear to impact the development of clinical EFB. While we ex-
pected colonies with high early viral loads to be more susceptible

to EFB, we found no relationship with colonies that had high viral
loads for DWV-A or DWV-B with the development of clinical EFB
over the course of the season. One colony where viable M. plutonius
was detected along with high viral loads for both DWV-A (9.34 log,
genome copies per bee) and DWV-B (11.1 log,, genome copies per
bee) at timepoint 1 never developed EFB, while another colony with
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comparatively low viral loads of, 5.97 log, genome copies per bee
and 8.1 log,, genome copies per bee respectively, developed severe
EFB. Additionally, it does not seem that the development of EFB
leaves colonies more susceptible to DWV as colonies that became
sick with EFB at the final timepoint had no significant difference in
viral load when compared with those that remained healthy the en-
tire season. However, because DWV-A was found in every colony in
the study and DWV-B was found in all but 3, it is difficult to draw
a conclusion about the role of subclinical DWV infection on EFB
development as previous research has reported clinical pathology at
viral levels well below our mean (Koziy et al. 2019). It should also
be noted that DWV levels of adult nurse bees may be different than
the levels in larvae and may not reveal an increased amount of viral
replication due to EFB in affected larvae. Additionally, it should be
noted that qPCR used in this study is unable to resolve the complex
of viral variants and subtypes present in the samples (de Miranda et
al. 2022).

Hygienic Behavior
Hygienic behavior has been shown to be a beneficial trait for
American foulbrood (Spivak and Gilliam 1998, Spivak and Reuter
2001), chalkbrood (Palacio et al. 2010), and the Varroa mite (Spivak
and Danka 2021), however our results suggest that it has no impact
on the development of EFB. The colony with the lowest average par-
tial hygienic score in the study (64.2%) remained healthy the entire
season, despite having viable M. plutonius present, while 2 of the
3 colonies that were severely diseased the entire season had very
high hygienic scores (98.6%, 98.9%). Overall, average partial hy-
gienic behavior was widely distributed around the typical cutoff of
90-95% (Spivak and Downey 1998, Boutin et al. 2015). However,
testing colonies with more substantial differences in hygienic be-
havior and with a larger sample size may yield different results.
While it was surprising to find no impact of partial hygienic be-
havior on the development of EFB, it is consistent with previous re-
search (Milne 1985) and may be related to pathogen virulence and
lifecycle. One of the key features of hygienic behavior measured by
our assay is the ability of adult bees to detect dead capped pupae,
uncap these cells and quickly remove the pupae. This is useful for
preventing American foulbrood (AFB), as Paenibacillus larvae (White)
(Bacillales: Paenibacillaceae) during the early, vegetative stages of dis-
ease is not infectious and can be removed before drying down into a
scale containing infectious spores (Djukic et al. 2014). On the other
hand, M. plutonius is infectious at all stages so it is uncertain whether
behavior that increases the removal of diseased larvae would aid by
reducing the bacterial load in the colony, or whether it would make
the disease worse by spreading infectious bacteria around the hive.
Additionally, AFB is known to affect larvae at a later stage of devel-
opment than European foulbrood and detecting and removing dead
pupae under cappings at this later stage may not confer the same
behavior to diseased brood at earlier stages. This is corroborated by
similar research on the impact of hygienic behavior on sacbrood virus
(Choi et al. 2022). It should be noted that only atypical M. plutonius
was identified in this study which is known to increase early larval
mortality significantly and these findings may not be relevant for
slower growing typical strains (Grossar et al. 2020, Nakamura et al.
2020). Further research making use of multiple strains of M. plutonius
and the development of an open brood removal assay may provide
additional insights into genetic behaviors related to EFB resistance.

Impact of EFB on Colony Growth
While sample size is small, we were able to show a significant im-
pact in the growth of the colony due to atypical EFB. Mean percent

growth of severely EFB diseased colonies over the season was reduced
by 54% and these colonies were 5.5 times more likely (P =0.02)
to show no growth or a decline in population when compared to
colonies that remained healthy. However, this study only followed
colonies through the end of June and long-term impact on colony
health and honey production is still unclear. Very few studies have
examined the long term impact that EFB has on colony health and
growth over the season. Repeating this study with a larger sample
size and multiple yards would help increase the power of the analysis
and provide a more detailed picture of the economic impact of this
disease at differing levels of severity.

Here we report the progression and impact of EFB caused by
atypical M. plutonius among honey bee colonies at 2 sites from a
single commercial operation in Michigan over the course of the
season from 4th May to—25th June. We failed to find any rela-
tionship between the viral load of DWV-A or DWV-B and the pro-
gression of EFB in infected colonies. However, we were only able
to include 2 sites from a single beekeeper, so the impact of other
confounding factors such as weather, location, nutrition, other viral
variants, and coinfections as well as host genetics remains unclear.
Including more sites, larger sample sizes and metagenomic anal-
ysis in future studies may help confirm our findings. Unfortunately,
we were also unable to find any benefit of hygienic behavior on
the development of EFB, however the presence of only atypical M.
plutonius at our sites as well as the limitations of our hygienics
assay to determine hygienic behavior toward open brood merit fur-
ther study. While few studies have focused on EFB in the United
States, the high rates of disease reported here and elsewhere (Grant
et al. 2021) and the reported risk to colony growth make additional
research essential for the long-term sustainability of the bee keeping
industry.
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