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ABSTRACT

Infectious diseases are a major threat to both managed and wild pollinators. One key question is how the
movement or transplantation of honeybee colonies under different management regimes affects honeybee dis-
ease epidemiology. We opportunistically examined any persistent effect of colony management history following
relocation by characterising the virus abundances of honeybee colonies from three management histories, rep-
resenting different management histories: feral, low-intensity management, and high-intensity “industrial”
management. The colonies had been maintained for one year under the same approximate ‘common garden’
condition. Colonies in this observational study differed in their virus abundances according to management
history, with the feral population history showing qualitatively different viral abundance patterns compared to
colonies from the two managed population management histories; for example, higher abundance of sacbrood
virus but lower abundances of various paralysis viruses. Colonies from the high-intensity management history
exhibited higher viral abundances for all viruses than colonies from the low-intensity management history. Our
results provide evidence that management history has persistent impacts on honeybee disease epidemiology,
suggesting that apicultural intensification could be majorly impacting on pollinator health, justifying much more
substantial investigation.

1. Introduction

Managed honeybees, especially the western honeybee Apis mellifera
L., have experienced emerging and re-emerging outbreaks of numerous

Loss of pollinators, both managed and wild, is of current and growing
concern for both agriculture (Aizen and Harder, 2009; Brosi et al., 2008;
Gallai et al., 2009) and conservation (Kleijn et al., 2015; Potts et al.,
2016, 2010; Williams and Osborne, 2009). Bee pollinators are crucial for
ecosystem function (Brosi and Briggs, 2013; Corbet et al., 1991) and
agricultural fruit set (Garibaldi et al., 2013; Klein et al., 2007) and fruit
quality (Knapp et al., 2017). They are also recognised for their cultural
and recreational value (Bingham, 2006; Mace et al., 2012; Watson et al.,
2011). One critical driver of bee declines is parasites and infectious
disease (Becher et al., 2013; Kent et al., 2018; Manley et al., 2015; Potts
et al., 2010).
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parasites (Martin et al., 2012; McMahon et al., 2018, 2016; Mondet
et al., 2014; Wilfert et al., 2016), and elevated losses to infectious dis-
ease for a variety of reasons (Genersch et al., 2010; Pettis and Delaplane,
2010; vanEngelsdorp et al., 2009; vanEngelsdorp and Meixner, 2010).
Pollinator vulnerability to pathogens can be aggravated by invasive
pests, poor forage, pesticide exposure, behavioural stress, and lack of
bee genetic diversity (Aronstein et al., 2012; Bartlett et al., 2018; Conte
et al., 2010; Dolezal et al., 2016; Forsgren and Fries, 2010; Goulson
et al.,, 2015; Neumann and Carreck, 2010; Oldroyd, 2007; Pasquale
et al., 2013; Rumkee et al., 2017; Sanchez-Bayo and Goka, 2014; van der
Zee et al., 2012; Yang and Cox-Foster, 2005; Zee et al., 2014), all of
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which interact with intensification of management. Additionally, there
is concern that intensifying pollinator management increases abun-
dances of and selection for more virulent pathogens (Brosi et al., 2017;
Graystock et al., 2016). As evidence mounts that managed pollinator
pathogens can spill over into their wild counterpart populations (Cohen
et al.,, 2017; Fiirst et al., 2014; Graystock et al., 2016, 2015, 2013;
Manley et al., 2019, 2015; McMahon et al., 2015), understanding the
epidemiology of managed pollinators becomes increasingly important.

Pollination has intensified as a managed agricultural input in recent
decades (Aebi et al., 2012; Aizen and Harder, 2009; Delaplane and
Mayer, 2000; Graystock et al., 2016, 2013; Moritz and Erler, 2016;
vanEngelsdorp and Meixner, 2010). Beekeeping in the USA has under-
gone a surge in industry-wide intensification (Brosi et al., 2017; Corbet
et al., 1991) - reflecting changes in the wider agricultural environment
experienced by beekeepers throughout the 20th century (Odoux et al.,
2014; Otto et al., 2016). This intensification introduces profound
changes in the population-level underpinnings of managed honeybee
epidemiology. Critical aspects include much higher stocking densities
(Seeley and Smith, 2015), cross-continental migratory beekeeping
(Simone-Finstrom et al., 2016; vanEngelsdorp et al., 2013; Welch et al.,
2009; Whynott, 1991), and pesticidal and antibiotic treatment for pests
and pathogens (Delaplane, 2001; Dietemann et al., 2012). All of these
are partially driven by moves away from honey production towards
pollination services as a source of income (Bartlett et al., 2018; Gallai
et al., 2009; Hodges et al., 2001; Southwick and Southwick, 1992; USDA
- NASS, 2012; Whynott, 1991).

There are now a number of theoretical studies that examine how
aspects of intensified beekeeping could impact pathogen dynamics
(Bartlett et al., 2019; Booton et al., 2017; Brosi et al., 2017; Giacobino
et al., 2014; Lindstrom et al., 2008; Nolan and Delaplane, 2017; Simone-
Finstrom et al., 2016; Wilfert et al., 2016). This includes predictions that
feral A. mellifera populations will experience fewer pathogen outbreaks
compared to their managed counterparts (Brosi et al., 2017; Seeley and
Smith, 2015), on the basis that wild colonies are smaller and densities of
wild colonies across a landscape much lower (Seeley, 2007), leading to
lower transmission rates and disease burdens (Loftus et al., 2016), and
that a lack of management leads to greater selection for social immunity
behaviours or tolerance of parasites (Thaduri et al., 2019). Likewise,
studies have hypothesised that traditional beekeeping — characterised by
lower bee densities and lower rates of movement — may sustain lower
pathogen burdens than modern high-intensity operations (Dynes et al.,
2017; Motus et al., 2016; Nolan and Delaplane, 2017). There is some
evidence of these adaptations amongst Varroa when comparing para-
sites taken from feral honeybees to those from managed populations
(Dynes et al., 2020). However, recent modelling predicts that local
(apiary-scale) apicultural intensification leads to only limited increases
in pathogen prevalence, because even in small-scale beekeeping few
individual bees can escape contracting a ubiquitous pathogen (Bartlett
et al.,, 2019). Infection severity further depends on factors affecting
honeybee health at a more primary level - including factors such as
forage availability and quality, genetic diversity or predisposition to-
wards emphasis on immune-behaviours, or pesticide exposure as
detailed prior. Colony-level viral abundances have been used as in-
dicators, or identified as drivers, of colony collapse (Dainat and Neu-
mann, 2013; Highfield et al., 2009; McMenamin and Genersch, 2015);
additionally, viruses are a current focus of research examining the spill-
over of honeybee pathogens into other bee populations (Manley et al.,
2019, 2019, 2015; McMahon et al., 2015; Wilfert et al., 2016). Under-
standing how honeybee management affects colony virus abundances is
therefore a critical part of wider bee epidemiology, including the pos-
sibility that management regimes have selected for differential evolu-
tion of parasites experiencing different host populations of honeybees
(Brosi et al., 2017).

Pertinent to understanding bee health is the movement of honeybee
colonies across landscapes. This is carried out as part of industrial
migratory (nomadic) beekeeping, a management practise already
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posited to influence honeybee viral epidemiology (Brosi et al., 2017;
Welch et al., 2009; Whynott, 1991). A kind of nomadic beekeeping is
simulated when queens, packages of bees, and small incipient “nucleus”
colonies are produced in one region and shipped to another. It is esti-
mated that the production of bees for export, domestic or international,
constitutes approximately 20% of all beekeeping industry in the United
States (Ferrier et al., 2018). As colonies move between locations, or
indeed between operations under different management regimes, they
are likely to both acquire and transmit pathogens, including viruses.
Higher viral abundances not only impact colony health but may make
this transmission more likely. Here we opportunistically examine if
colony management history persistently affects viral abundances; this
work has implications for the management and epidemiology of
managed honeybees and for viral spill-over into non-Apis species.

To begin to examine this question, we opportunistically sampled a
‘common garden’ occurrence where honeybee colonies had been
sourced from three different management histories: feral populations, a
‘low-intensity’ traditional operation, and a ‘high-intensity’ industrial
operation; these are the same populations studied by Dynes et al. (2020)
who differentiated the burden on colonies caused by Varroa from feral vs
managed population of honeybees. In this observation study, pre-dating
Dynes et al. (2020), colonies had been maintained for one year under the
same management regime and in approximately the same environment.
We characterised the virus abundances of these colonies to ask whether
there was evidence that colony management history had a persistent
(>1 year) legacy effect.

A persistent effect of colony management history would indicate that
the ecological history of a colony has a meaningful and lasting effect on
its viral dynamics, and consequently its potential role in spill-over into
other colonies or bee populations. There are numerous possible causes of
this, including both the health and genetics of the host, but also the
evolutionary history and past selection of pathogen (and putative
parasite vector) strains circulating in these different honeybee pop-
ulations. The plausible, three-way GxGxG interactions are challenging to
investigate and require justification from initial exploratory studies.
Interrogating these possible causes requires large scale, intensive ex-
periments and sampling to differentiate apiary and transient source ef-
fects, to specifically focus on honeybee vitality, viral characteristics, or
adaptive host-pathogen interactions, and overcome pragmatic problems
with field experiments. This study does not tackle these large-scale
experimental challenges, but does justify their pursuit through an
observational documentation of circumstantial evidence that manage-
ment style and management history underpin bee pollinator
epidemiology.

2. Methods
2.1. Honeybee colony sourcing and maintenance

We sampled 14 colonies from each of three different management
histories sourced in 2013. Two management histories were managed
backgrounds (beekeeping operations), which we refer to as ‘high-" and
‘low-’ intensity management histories. The high-intensity management
history colonies came from a commercial beekeeping operation in south
Georgia fully fitting the industrial paradigm, in which colonies are
maintained in extremely large, dense apiaries (potentially many hun-
dreds of colonies), subject to frequent management interventions such as
re-queening and chemical application, and trucked annually across the
USA to pollinate crops and collect diverse honey floral types (Brosi et al.,
2017; Welch et al., 2009). The low-intensity management history col-
onies came from a smaller operation representative of most beekeepers
for whom beekeeping is a hobby or side-line business; in such low-
intensity operations, colonies are typically maintained at reduced den-
sities in smaller stationary apiaries, receive fewer severe management
interventions, and any colony relocation is limited to much smaller
distances at local or, at most, regional scales. It is important to note that
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these operations still practice active management, and they are not to be
confused with “natural” or “organic” treatment-free beekeeping whose
adherents often practice little or no invasive management. We cannot
name the suppliers due to data protection and commercial interest
concerns. The third management history sources were colonies trapped
as reproductive swarms from populations of feral honeybees living in
either the federally designated wilderness area constituting part of the
Okefenokee Swamp in southeast Georgia USA or the Oconee National
Forest in central Georgia USA. Such areas preclude any agricultural
activity, and the size of these areas makes it likely that these feral
swarms are not ‘recently feral’ but from sustained feral populations with
potentially little immigration from managed honeybee populations, in
line with other such studied populations identified in the USA (Schiff
et al., 1994; Seeley, 2007). Collections were undertaken with approval
and in line with federal and state laws governing the use of designated
wilderness areas for scientific research; in particular, we secured
research permits from the Okefenokee National Wildlife Refuge. These
three management history sources are the same as those from which
Varroa were sourced for study by Dynes et al. (2020).

All colonies were then maintained in standard 10-frame Langstroth
equipment hives in an approximate ‘common garden’ approach, using
three separate apiaries surrounding one location (University of Georgia
Horticultural Farm, Watkinsville, GA, USA). Colony maintenance was
undertaken by a team of professional apicultural technicians. Colonies
were separated by management history into three apiaries around this
location, with each location at least 5 km from any other known apiary
to help prevent cross-inoculation (Dynes et al., 2017). Isolating each
background in separate apiaries was a crucial part of this observational
study, as this prevents any rapid displacement of ‘host -native’ pathogen
strains by ‘alien’ strains, which rapidly spread within apiaries (Bartlett
et al.,, 2019) and underpins one hypothesis of why management may
influence honeybee epidemiology (Brosi et al., 2017); this isolation
distance requirement is a current limiting factor on efforts to produce
better ‘designed experiments’ interrogating the question this manuscript
addresses. Colonies were maintained as though they were ordinary
colonies under beekeeper care, following standard practise for the re-
gion, with the exception that no Varroa mite control treatments were
applied. Any queen supersedure that occurred was a result of natural
queen replacement by an open-mated daughter; no queens were inten-
tionally replaced with outsourced genetic stock; it is thought that more
frequent supersedure is adaptive in reducing pathogen burdens in feral
populations (Brosi et al., 2017), and may therefore have a role in gov-
erning persistent honeybee viral dynamics. Colonies were managed
from the summer of 2013 onwards, with samples for this study collected
in May 2014, meaning approximately one year of common garden
management for all colonies, varying by one or two months. All in-
dividuals in the colony, excepting in some instances the queen, were
therefore replaced multiple times by subsequent generations between
transplantation and sampling.

2.2. Sample collection and molecular processing

To compare the virus abundances of colonies, we randomly selected
30 adult honeybees from the brood frames of each colony. Samples from
all colonies were gathered during foraging hours within a three day
period to eliminate potential seasonal effects on viral dynamics
(Sumpter and Martin, 2004; Tentcheva et al., 2004). For each sample,
the 30 live honeybees were sealed in a 50 ml centrifuge tube and
immediately placed on dry ice before storage at —80 C°.

Samples were processed for RNA extraction and conversion of RNA
to cDNA on-site at the UGA Horticulture Farm; cDNA sequence targets
were quantified at U.C. Berkeley using digital droplet PCR (ddPCR). An
expanded protocol including all volumes, reagents, and extraction
conditions is provided in the Appendix, with key points summarised
here for brevity.

RNA was extracted from the thirty sampled honeybees in per-colony
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pooled batches, using similar protocols for RNA extraction by phase-
separation techniques as seen elsewhere across RNA studies (Simms
et al., 1993), including commonly for studies on bee viruses (Manley
et al., 2019; Wilfert et al., 2016). RNA was converted to cDNA using a
standard first-strand RT-PCR synthesis protocol with random hexamers
(Promega, USA) and M—MLV enzyme (Amresco, USA), and measured
with a NanoDrop (ThermoFisher; see Table S1). After RNA extraction
but prior to cDNA synthesis we introduced ‘no-sample’ controls of
molecular-grade water to check for potential contamination in down-
stream analysis. We quantified a number of viral targets by ddPCR: the
ABPV/KBV/IAPV (here ‘AKIV’) ‘acute paralysis virus complex’ (de
Miranda et al., 2010a), chronic bee paralysis virus (‘CBPV’), slow bee
paralysis virus (‘SBPV’), sacbrood virus (‘SBV’), black queen cell virus
(‘BQCV’), two deformed wing virus (‘DWV’) variants DWV-A and DWV-
B (‘VDV-1') (McMahon et al., 2016, 2015; Wilfert et al., 2016), and four
strains of Lake Sinai virus (‘LSV1-4") (Daughenbaugh et al., 2015; Ravoet
et al., 2015). We also quantified a common housekeeping gene, Apis
mellifera p-actin, which is expressed at a relatively constant level in
honeybee tissues, therefore providing a reference level for viral titre
(Lourenco et al., 2008). We used BioRad’s QX200TM Droplet Digital™
PCR system (ddPCR) to quantify sequence targets specific to the
housekeeping gene and eight viral sequence targets — see Table 1 for
targets and references. ddPCR uses emulsions of microscopic droplets to
perform many thousands of small volume PCRs, ideally forming tight
‘clusters’ of fluorescence values (Miotke et al., 2014; Pinheiro et al.,
2012). The proportion of droplets in each cluster can be used to estimate
the concentration of the target sequence in the original sample. All
primer sequences have been previously tested and used in the honeybee
virus literature for equivalent qPCR virus quantification studies (see
Table 1).

Sequence targets were grouped such that DWV-A and DWV-B were
quantified on the same plate simultaneously, as were ABPV/KBV/IAPV
and SBPV (see Table 1). The five other sequence targets were subject to
separate reactions owing to different reaction temperatures. Raw fluo-
rescence data was then exported for further handling and statistical
analysis.

2.3. Viral quantification

All experimental samples tested positive for all sequence targets, we
therefore forwent positive controls for main quantification as they
proved difficult to acquire for some targets. Our negative controls,
introduced prior to the M—MLV step to generate cDNA, showed the
expected tight bands of extremely low background fluorescence (Supp.
Fig. S1) indicating an absence of sequence targets. Our experimental
samples showed large variability in droplet fluorescence both between
samples and within each sample, for both the housekeeping gene and
viral sequence targets (Supp. Fig. S1). This was indicative of large dif-
ferences in between-sample RNA/cDNA quality and inhibitor concen-
trations carried over from extraction. cDNA synthesis is especially
sensitive to inhibitor activity when processing honeybee RNA (Forsgren
et al., 2017). Large variability of positive droplet fluorescence ampli-
tudes in ddPCR is a demonstrable effect of increased inhibitor concen-
trations (Dingle et al., 2013). Additionally, our target sequence
concentrations were high enough that almost all droplets appeared
positive (samples were ‘flooded’). Limitations in time and resources
prevent us from repeating quantification using diluted samples.

To account for the suspected disruptive action of variable inhibitor
concentrations and inter-sample variability in sequence quality, we
compared fluorescence readings for each viral target to the fluorescence
readings for the p-actin housekeeping gene. While work (unfortunately
subsequent to this experiment) has documented the rapid loss of certain
mRNA targets including p-actin following collection of live honeybees
(Forsgren et al., 2017), we note our samples were placed immediately on
dry ice and so were quickly euthanised before storage at —80° within 2 h
of collection, which should preserve f-actin as a suitable mRNA
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Table 1

Primers used in this study to target specific cDNA sequences for amplification and quantification using ddPCR.

Primer Name
(Reverse)

Primer Name
(Forward)

Reference

Tr - Reaction Temperature

°0)

Amplicon
Length

Reverse Primer Sequence

Forward Primer Sequence

Target

AKIF8140 AKIFR8507

(de Miranda et al., 2010a; Evans,

2001)

50.0

401

ATCTTCAGCCCACTT

GGCGAGCCACTATGTGCTAT

ABPV/KBV/IAPV

CBPV1FqB2077
SPV-B3363

CBPV1FqF1818
SPV-F3177

(Ryabov et al., 2017)

53.0

276

AATCTGGCAAGGTTGACTGG

CAACCTGCCTCAACACAG
GCGCTTTAGTTCAATTGCC

CBPV
SBPV
SBV

(de Miranda et al., 2010b)

(Locke et al

50.0

226
335
294

ATTATAGGACGTGAAAATATAC
GCTCTAACCTCGCATCAAC

SBV-F3164 SBV-B3461

., 2012)

54.0

TTGGAACTACGCATTCTCTG
AGTGGCGGAGATGTATGC

BQCV-B8150
DWV-R2a

BQCV-F7893
DWV-F2
VDV-F2

(Locke et al., 2012)

53.0

GGAGGTGAAGTGGCTATATC

BQCV

(McMahon et al., 2015)

57.3

140

TTTCCTCATTAACTGTGTCGTTGAT

TGTCTTCATTAAAGCCACCTGGAA

DWV-A

VDV-R2a

(McMabhon et al., 2015)

57.3

140

CTTCCTCATTAACTGAGTTGTTGTC

CTGCGAAGCACTAAAGCGTT
CTTCGTCACCAACATAGG

TATCTTCATTAAAACCGCCAGGCT

DWV-B (VDV-1)

LSV 1-4

LSV1-4-R-2309
Am-actin2-qB

LSV1-4-F-2157

(Daughenbaugh et al., 2015)

59.5

152
271

CGTGCGGACCTCATTTCTTCATGT
CGTGCCGATAGTATTCTTG

Am-actin2-qF

2012; Lourenco et al.,

(Locke et al.
2008)

52.0

Beta-Actin

(A. mellifera)
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standard. Following this approach, within each sample and for each
target sequence, each droplet will vary in amplitude based on 1) in-
hibitor concentrations (Dingle et al., 2013) and 2) concentration of the
target sequence in the droplet (Corbisier et al., 2015; Miotke et al., 2014;
Pinheiro et al., 2012). Between-sample variation caused by differences
in sample quality can be controlled for using the p-actin housekeeping
gene, which will have been equally represented across all samples at the
point of live A. mellifera collection (Lourenco et al., 2008). We therefore
use the relative fluorescence of viral ddPCR in comparison to the sam-
ple’s p-actin fluorescence as our measure of viral abundance in each
sample, essentially a ratio of the concentration of p-actin sequence to
viral target sequence in each sample.

2.4. Data processing and statistical analysis

We conducted all data handling and analysis in R (v 3.6.1. ‘Action of
the Toes’) (R Core Team, 2019). We provide a full annotated R script of
analysis for further detail and reproducibility (see Appendix and GitHub
repository https://github.com/LBartlett/BackgroundViromes2020.git).
We exported all raw fluorescence reads from the BioRad ddPCR system
for downstream analysis. We excluded our negative control samples, and
then calculated a mean fluorescence for each target sequence for each
sample (9 targets x 42 samples). We tested for batch effects on sample
quality using a one-way ANOVA to test whether sample (colony) man-
agement history had a significant effect on the mean fluorescence of the
housekeeping gene target sequence, f-actin. For the eight viral sequence
targets, we scaled each sample’s mean fluorescence values against that
sample’s p-actin mean fluorescence to calculative a ‘relative viral
abundance’ metric for analysis.

We undertook a community approach to test for grouping of viral
community by management history using an adonis analysis. We also
used a non-metric multidimensional scaling (NMDS) as a dimensionality
reduction visualisation of the same viral community dissimilarity matrix
and plotted the NMDS by colony management history. We used a
Euclidean dissimilarity index, as our measure of relative viral abun-
dance is an unusual metric for community ecology (it is a continuous
measure that can be negative or positive, whereas typically discrete and
positive counts of organisms are used in community similarity indices),
and Euclidean distances are widely used across a wide variety of natural
sciences and are therefore defensibly robust to many data types (Chao
etal., 2006). We conducted both the adonis and NMDS using the ‘vegan’
package for R (Oksanen et al., 2019).

We further analysed these data to gain more detailed understanding
of how different viral titres varied across the management backgrounds,
using a linear mixed modelling approach, accounting for our mixed-
design using the ‘afex’ package (Singmann et al., 2019) which relies
on the ‘lme4’ linear mixed modelling engine (Bates et al., 2015, p. 4).
The response variable was the relative amplitude; interacting fixed ef-
fects were virus (‘target’) and management history (‘treatment’);
random effects were specified as virus (‘target’) nested under colony, to
account for our repeated measures as part of our mixed design. We
followed this with post-hoc testing using the ‘emmeans’ package (Lenth,
2019) to identify pairwise differences between management histories for
each viral target, with p-values corrected for multiple comparisons using
the Benjamini-Hochberg correction (Benjamini and Hochberg, 1995).

3. Results

We estimated the relative abundance of 8 viral sequence targets in 14
colonies from 3 apiaries (42 colonies total, 336 relative viral abundance
values total). Each apiary represented a different colony management
history (feral, low-intensity managed, or high-intensity managed)
maintained under approximately equivalent field environments and the
same management regime for one year.

Our adonis analysis of community composition found significant
grouping of virus abundance by management history (Fa 39 = 2.72, p =
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0.039, R? = 0.12), i.e. honeybees of different management backgrounds
harbour significantly different viral communities. This significant clus-
tering was, we tentatively interpret, driven by the feral colonies and
possibly the low-intensity colonies (barring one outlier) as shown visu-
ally in our two-dimensional NMDS plot (Fig. 1); stress value for the
NMDS (k = 2) was 0.052.

To further investigate and better understand the effect of colony
management history, we used a linear mixed-effects modelling approach
as described previously. We found that different viral species had
significantly different relative abundances (main effect of viral species,
p < 0.0001). We also found a significant interaction between viral
species and colony management history (p = 0.0007), but no single
effect of colony management history alone on relative viral abundance
(p = 0.16). The corresponding data are shown in Fig. 2. We find evi-
dence of a batch effect on sample quality; our one-way ANOVA found a
significant effect of colony management history on the housekeeping
gene (B-actin) mean fluorescence (Fa 39 = 8.23, p = 0.001). However,
the lack of any significant single effect of management history on our
main result suggests our use of the p-actin housekeeping gene to adjust
for variation in sample quality was successful.

We caution against comparisons being drawn based on relative
abundance between viruses. The significant single effects of viral
sequence target on relative abundance may be, at least in part, re-
flections of differences in efficiencies of the molecular reactions used to
amplify and quantify the sequence targets, and so comparisons of rela-
tive abundance between viruses may not be biologically informative.
Further, comparing copy number between different viruses with
different pathologies is not informative for honeybee health. Rather,
differences in copy number of the same virus between different colonies
is of interest.

We undertook post-hoc testing to understand the significant inter-
action between colony management history and viral target. We
examined the pairwise differences between colony management his-
tories for each viral target, with p-values adjusted for multiple com-
parisons using the Benjamini-Hochberg correction (Benjamini and
Hochberg (1995). The AKIV, LSV, and SBV sequence targets showed
significant differences between management histories. Feral manage-
ment history colonies had significantly lower relative abundances of
AKIV compared to high-intensity management history colonies (p =
0.0072); however, they had significantly higher relative abundances of
LSV and SBV compared to the low-intensity management history (p =
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0.0004, p = 0.0414 respectively). High-intensity management history
colonies appeared to have higher relative abundances of every viral
target compared to the low-intensity management history colonies, and
in the case of LSV this was significant (p = 0.0399). For BQCV, CBPV,
DWV A & B, and SBPV, no significant pairwise differences were found;
however, the high-intensity management history always showed a
higher relative abundance compared to the low-intensity management
history, even though the direction of the differences amongst these vi-
ruses varied for comparisons between the feral management history and
high or low -intensity management histories (Fig. 2).

4. Discussion

We present evidence that a honeybee colony’s management history
has a meaningful persistent effect on its future virus abundances, justi-
fying much more involved experimental examination of this question.
Despite a year in an approximate common garden, we show that there
are substantial differences in virus abundances of colonies from our
three sampled management histories (Fig. 2), with significant grouping
of the virus abundances according to background based on our adonis
analysis. Notably, when we look in detail we find that these differences
are virus-specific, rather than generalisable across all viruses. It is not
simply that colonies from one management history had elevated viral
titres across all viruses, but rather that colonies from the feral man-
agement history showed qualitatively different viral abundance patterns
to the two managed management histories. Amongst colonies from the
two managed management histories, those sourced from the high-
intensity management history exhibited higher viral abundances for
all viruses compared to those from the low-intensity management his-
tory. Whether these effects were present at the point of acquiring the
colonies (and subsequently persisted) or whether they developed
following transplantation remains to be addressed in future studies with
more study apiaries and better replication at the source-population
level.

The finding of elevated viral titres in colonies from the ‘high-in-
tensity’ background is consistent with the idea that the industrialisation
of beekeeping is negatively impacting honeybee health. As industrial
high-intensity practices become more common amongst, and more
necessary for, beekeepers (Odoux et al., 2014; Whynott, 1991) this effect
becomes increasingly relevant to the industry and elsewhere. We present
evidence that a history of experiencing such high-intensity
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Fig. 1. Plot showing a non-metric multidimensional scaling (k = 2) of virus relative abundance data across colonies. Stress value after NMDS = 0.052. Each point
corresponds to one colony and is colour coded by known management history. A restructured plot of the data used for these analyses (see Fig. 2) is presented in the
Appendix (Fig. $2). Our corresponding adonis analysis found a significant grouping of colony virus abundances by management history (R? = 0.12, p = 0.039).
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management, or the genetic stock used by high-intensity operations,
leads to colonies either inheriting, or gaining, elevated viral titres;
although we caution that we sampled colonies from only one single
‘high-intensity’ and one single ‘low-intensity’ management history, and
that they were kept in close but separate apiaries. Nevertheless, the low-
intensity management history honeybees in this observational study
appeared to exhibit persistently lower viral burdens than their high-
intensity counterparts. These findings call for a need to perform
studies encompassing larger numbers of source management histories,
as well as to keep colonies in isolation, in many small apiaries, and in
mixed apiaries to better control for site effects and investigate different
explanatory hypotheses for this results.

The scale of this possible management effect, between low- and high-
intensity, is interesting to compare to the effect of a feral management
history. For half of our target viruses, the magnitude of difference be-
tween the two managed management histories was greater than the
difference between either managed management history and the feral
(Fig. 2). This is despite feral honeybees exhibiting population ecologies
profoundly different from their managed counterparts, including colony
spatial densities up to thousands of times lower, swarming more
frequently, smaller colony sizes, and higher gentotypic variation (Brosi
et al., 2017; Loftus et al., 2016; Loper et al., 2006; Schiff et al., 1994;
Seeley, 2007). These differences appear to leave a lasting effect on
colony virus abundances at a scale equivalent to comparing a low-

intensity management regime to a high-intensity management regime.
Speculation on the effects of management industrialisation has been
made (Brosi et al., 2017; Nolan and Delaplane, 2017; Oldroyd, 2007;
Seeley and Smith, 2015), however the size of these effects is difficult to
quantify; our empirical evidence that the magnitude of these
management-type impacts is comparable in size to when we compare
managed bees with feral bees is notable.

Alongside these specific differences in viral abundances, our com-
munity analysis of the overall ‘colony virus abundances’ provided evi-
dence of grouping by management history as well. Our adonis analysis
showed a significant clustering of viral community according to man-
agement history, with visual interpretation of this in the plotted two-
dimensional NMDS (Fig. 1) perhaps suggesting this is due to the viral
characteristics of feral colonies, and potentially the lower abundances of
the low-intensity colonies barring one outlier colony (easily identifiable
in both Fig. 1 and Fig. 2).

An important caveat to interpretation of these significant effects of
management history on colony viral characteristics is that we do not
have access to these colonies’ initial virus abundances, and so it is not
clear what degree of change occurred in their viral dynamics after being
transplanted into the shared ‘common garden’ environment. Future
work will be needed to establish the dynamics underpinning these dif-
ferences, revealing why these effects manifest and persist. For example,
differences at the point of management history, genetic differentiation
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of either honeybee or pathogen populations, differences in queen
quality, or lasting effects of stressors from management regimes, could
all be drivers of the observed results. We consider this study a justifi-
cation of pursuing the substantial experimental undertaking necessary
to begin to differentiate the plausible drivers of the between-apiary
differences presented here.

While our opportunistic sampling did not allow for holistic colony
health appraisals, we can speculate on some of the dynamics plausibly at
play by comparing the results here to those presented in Dynes et al.
(2020), who subsequently took Varroa from the colonies in this study to
assess the differential parasitic virulence of Varroa based on their pop-
ulation of origin, testing hypotheses laid out in evolutionary beekeeping
literature (Brosi et al., 2017; Loftus et al., 2016; Seeley, 2007; Seeley and
Smith, 2015). Interestingly, the Varroa assayed from these populations
showed differentiation in their induced parasite burden when
comparing feral to managed mites, whereby the feral mites showed
significantly lower induced parasite burden whilst the two managed
backgrounds were undifferentiated; this is in line with evolutionary
predictions and findings elsewhere. However, Dynes et al. (2020) show
parasite burdens qualitatively different to the viral abundances we
found here comparing between the management histories, where the
low-intensity managed colonies showed on average lower viral burdens
than the high-intensity. This apparent contradiction between viral
abundances and Varroa may be a consequence of numerous factors we
have briefly mentioned here, including Varroa x honeybee x virus
GxGxG interactions. Further, in spite of the feral-origin Varroa inducing
the lowest parasite burden in Dynes et al. (2020), the feral mites were
the only ones associated with a loss of colony health or productivity.
This is in isolation a puzzling result, but may be linked to the viral
abundance profiles we associate here with the feral colonies which show
highest burdens for specific viruses including some lake sinai viruses and
sacbrood virus, the latter of which is implicated with Varroa (McMahon
et al., 2018). Taken as a whole, it becomes clear that the link between
Varroa, viruses, and bee health is nuanced; it mandates detailed and
thoughtful study, but is not necessarily contrary to evolutionary
thinking even if certain results in isolation are unanticipated.

Migratory beekeeping has critical ramifications for continental-scale
bee viral dynamics beyond just Apis mellifera, particularly if viral char-
acteristics persist through many generations of honeybees. There are
many speculated candidate mechanisms for how such migration may
foster elevated viral abundances (Goulson et al., 2015). Such colonies
may be more likely to be nutritionally stressed due to experiencing
principally monocultured crops (Becher et al., 2013; Odoux et al., 2014;
Otto et al., 2016; Pasquale et al., 2013; Potts et al., 2010), exposed to
more pesticides (Bartlett et al., 2018; Sanchez-Bayo et al., 2016;
Sanchez-Bayo and Goka, 2014) and a wider variety of pathogens (Brosi
et al., 2017; vanEngelsdorp and Meixner, 2010). It is also possible that
industrial practices that reduce spatial structuring of the honeybee
(host) populations have recently selected for more virulent viral variants
(Boots et al., 2004; Boots and Mealor, 2007; Boots and Sasaki, 1999;
Kamo and Boots, 2006; McMahon et al., 2016), leading to elevated viral
titres.

If migratory beekeeping establishes elevated viral titres in colonies,
those colonies may be moved to many locations over several months
before they are returned to their home counties or states (Whynott,
1991). We have shown that it is possible these elevated viral titres
persist (or subsequently develop) for extended periods even after mov-
ing from a specific management regime. There is now a large and
growing body of literature documenting how honeybee viruses spill over
into native bee populations (Choi et al., 2010; Forsgren et al., 2015;
Forzan et al., 2017; Graystock et al., 2016, 2013; Guzman-Novoa et al.,
2015; Li et al., 2011; Manley et al., 2019, 2015; Mazzei et al., 2014;
Reynaldi et al., 2013; Santamaria et al., 2017; Singh et al., 2010; Zhang
et al., 2012), a phenomenon which is conceivably more likely if higher
viral abundances are present in migratory colonies. Our observation that
high-intensity management history honeybees show the most elevated
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viral abundances establishes them as potential super-spreaders (Stein,
2011). They are more infectious and, through migratory beekeeping, are
exposed to far more native pollinator populations, potentially infecting
many more threatened populations. This double risk driver — to native
bees and to non-migratory beekeeping operations — is significant for
conservationists (Kleijn et al., 2015; Potts et al., 2016; Williams and
Osborne, 2009), beekeepers (Brosi et al., 2008; Connell et al., 2012;
Pettis and Delaplane, 2010), and policymakers in the US (FWS, 2016)
and anywhere migratory beekeeping is becoming more common (Odoux
et al., 2014).

The role of feral honeybees in the bee virus landscape is also worth
considering. Honeybees are not native to the Americas. However, feral
honeybees are hypothesised to foster far lower viral abundances, and
possibly less virulent strains, compared to managed honeybees (Brosi
et al., 2017; Loftus et al., 2016), however see recent evidence on the
evolution of viral tolerance in feral honeybees (Thaduri et al., 2019) and
documentation of higher DWV loads in feral colonies (Thompson et al.,
2014). Our evidence, though limited, points to feral colonies indeed
sustaining higher titres of certain viruses, and may align with tolerance-
based mechanisms of honeybee persistence, including mediated through
differential control or tolerance of Varroa mites amongst colonies from
different backgrounds, or differences in Varroa populations themselves.
Whilst our observation of this common-garden cannot give direct insight
into viral dynamics of feral populations, our results suggest it is possible
that feral populations of honeybees sustain circulation of the well-
characterised viruses examined here, and in some cases (such as sac-
brood virus and the Lake Sinai viruses) possibly at higher per-colony
abundances than in managed populations; this has been documented
elsewhere with DWV (Thompson et al., 2014), although we note we do
not find that to be the case here. Sacbrood virus has been implicated in
Varroa mite mediated losses (Nielsen et al., 2008), whilst Lake Sinai
viruses are fairly understudied (Daughenbaugh et al., 2015; McMahon
et al., 2018). It is possible that even in protected areas, honeybees may
be sustaining viral circulation with the capacity to spill-over into native
bee populations. From an apicultural perspective, pursuing eradication
of various honeybee parasites will also prove difficult if feral pop-
ulations act as reservoirs for Apis parasites and pathogens.

Overall, our results putatively support hypotheses that colony man-
agement history, and likely management history, have persistent effects
on colony epidemiology with respect to honeybee viruses. Notably,
comparing two populations from very different management regimes
revealed that the ‘industrial’ population exhibited greater viral abun-
dances. Our findings are relevant to ongoing efforts to control managed
pollinator diseases and to understand how industrial and migratory
beekeeping practices are influencing the epidemiology of embattled bee
populations. Additionally, our evidence runs counter to hypotheses
predicting universally lower pathogen burden in feral colonies, which
here showed the highest abundances of certain viruses. This unintuitive
result invites further thought on and investigation into our under-
standing of the evolutionary dynamics of insect viruses across land-
scapes. Overall, this observational study justifies the substantial and
intensive undertakings required to address this question with well-
designed experimental studies.

5. Data accessibility

All raw molecular read data will be made available at a suitable re-
pository (e.g. Dryad, Mendeley Data) upon acceptance for publication.
We provide an annotated R script for reproducibility of analyses un-
dertaken in this work, which can be accessed from GitHub (https://gith
ub.com/LBartlett/BackgroundViromes2020.git).
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