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Abstract

The worldwide dispersal of the ectoparasitic mite Varroa destructorfrom its Asian origins
has fundamentally transformed the relationship of the honey bee (Apis mellifera) with sev-
eral of its viruses, via changes in transmission and/or host immunosuppression. The extent
to which honey bee-virus relationships change after Varroa invasion is poorly understood
for most viruses, in part because there are few places in the world with several geographi-
cally close but completely isolated honey bee populations that either have, or have not,
been exposed long-term to Varroa, allowing for separate ecological, epidemiological, and
adaptive relationships to develop between honey bees and their viruses, in relation to the
mite’s presence or absence. The Azores is one such place, as it contains islands with and
without the mite. Here, we combined gPCR with meta-amplicon deep sequencing to
uncover the relationship between Varroa presence, and the prevalence, load, diversity, and
phylogeographic structure of eight honey bee viruses screened across the archipelago.
Four viruses were not detected on any island (ABPV-Acute bee paralysis virus, KBV-Kash-
mir bee virus, IAPV-Israeli acute bee paralysis virus, BeeMLV-Bee macula-like virus); one
(SBV-Sacbrood virus) was detected only on mite-infested islands; one (CBPV-Chronic bee
paralysis virus) occurred on some islands, and two (BQCV-Black queen cell virus, LSV-
Lake Sinai virus,) were present on every single island. This multi-virus screening builds
upon a parallel survey of Deformed wing virus (DWV) strains that uncovered a remarkably
heterogeneous viral landscape featuring Varroa-infested islands dominated by DWV-A and
-B, Varroa-free islands naive to DWV, and a refuge of the rare DWV-C dominating the east-
ernmost Varroa-free islands. While all four detected viruses investigated here were affected
by Varroa for one or two parameters (usually prevalence and/or the Richness component of
ASV diversity), the strongest effect was observed for the multi-strain LSV. Varroa unambig-
uously led to elevated prevalence, load, and diversity (Richness and Shannon Index) of
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LSV, with these results largely shaped by LSV-2, a major LSV strain. Unprecedented
insights into the mite-virus relationship were further gained from implementing a phylogeo-
graphic approach. In addition to enabling the identification of a novel LSV strain that domi-
nated the unique viral landscape of the easternmost islands, this approach, in combination
with the recovered diversity patterns, strongly suggests that Varroa is driving the evolution-
ary change of LSV in the Azores. This study greatly advances the current understanding of
the effect of Varroa on the epidemiology and adaptive evolution of these less-studied
viruses, whose relationship with Varroa has thus far been poorly defined.

Author summary

Honey bees are plagued by many enemies, and the Varroa mite is one of the most impor-
tant of these. Varroa hurts bees by feeding on their haemolymph, but more importantly,
by facilitating the transmission and development of many viruses. The impact of Varroa
on most honey bee viruses remains poorly understood. Here, we capitalized on the excep-
tional Azores setting, which contains islands with and without Varroa, to gain unprece-
dented insights into the complex mite-virus interactions. We uncovered a very
heterogenous viral landscape, with one virus (SBV) occurring only on mite-infested
islands, two (CBPV and DWV) on some islands, and two (BQCV and LSV) on every sin-
gle island. While Varroa influenced the prevalence and/or diversity of all four viruses, its
strongest effect was observed for LSV, with the mite leading to elevated LSV prevalence,
loads, and diversity (number of variants and their relative abundance). Furthermore, we
discovered a novel LSV strain and showed for the first time that the epidemiology of LSV-
2, amajor strain of LSV, is unambiguously linked to the presence of Varroa. Our findings
not only deepen current scientific understanding of the mite-virus relationships but are
also of value for assisting veterinary authorities in decision-making regarding the move-
ment of bees across territories.

Introduction

Honey bee (Apis mellifera L.) colonies around the world suffer heavy losses every year, with
negative consequences for honey production, crop pollination and food production [1-3].
While there is a wealth of interacting abiotic and biotic factors underlying these losses, viruses
are recognized as important players in colony health [4,5]. Over 50 viruses have been identified
in honey bees [6] and many are shared with solitary and social wild bees [7]. The great major-
ity are isometric particles containing single-stranded positive sense RNA (+ssRNA) genomes,
with those belonging to the Dicistroviridae, Iflaviridae, and Sinhaliviridae comprising the most
detected or economically important viruses in honey bees. Important dicistroviruses include
Black queen cell virus (BQCV; Triatovirus nigereginacellulae), Acute bee paralysis virus
(ABPV; Aparavirus apisacutum), Kashmir bee virus (KBV; Aparavirus kashmirense), and
Israeli acute bee paralysis virus (IAPV; Aparavirus israelense). Important iflaviruses include
Slow bee paralysis virus (SBPV; Iflavirus apistardum), Sacbrood virus (SBV; Iflavirus sac-
broodi), and particularly Deformed wing virus (DWV; Iflavirus aladeformis). Sinhaliviridae is
a recently created virus family containing only a single species, the common honey bee virus
Lake Sinai virus (LSV) [8]. LSV was first described in the early 2000’s in migratory collapsing
colonies from sites close to Lake Sinai, in the USA [9], although the two main variants (LSV-1
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and LSV-2) are suspected to have been known previously as Bee virus X (BVX) and Bee virus
Y (BVY), due to similarities in particle size, shape, genome and infection characteristics [10].
Since then, eight unique LSV strains have been described around the world, consistent with
LSV’s high mutation rate [11,12]. DWV is another multi-strain virus, although it comprises
only four master variants, including the common DWV-A [13] and DWV-B [14] variants, the
rare DWV-C [15] variant, and the most likely extinct DWV-D variant [16]. Finally, another
economically important virus is Chronic bee paralysis virus (CBPV), which was one of the first
honey bee viruses to be characterized [17] and probably the first (viral) disease recognised by
beekeepers since antiquity [18].

These viruses can inflict clinical signs on the honey bees that are recognisable by beekeep-
ers, such as deformed wings (DWV), sacbrood pupae (SBV), paralysis and denuded (black)
body (CBPV), or dead queen larvae whose decaying corpses stain their wax cells black
(BQCV). However, they can also remain unnoticed in apparently healthy colonies [19,20].
Indeed, adult honey bees can host BQCV, SBV, or LSV without any observable symptoms
[10]. Moreover, most of the viruses can persist in the colony as covert infections until other
stressors disrupt the host-virus equilibrium [21-23]. One such important stressor is the ecto-
parasitic mite Varroa destructor (hereafter Varroa), which feeds on haemolymph and fat body
tissue of honey bee pupae and adults [24-26], thereby causing physiological, developmental,
and behavioural changes in the infested individuals, with negative consequences for the health
of the colony [27-30]. Not only does Varroa inflict direct injury, but it offers an additional
transmission route for several viruses, including the recently discovered Tymoviridae Bee Mac-
ula-like virus (BeeMLV; [31,32]) and, more importantly, the DWV and AKI (ABPV, IAPV,
and KBV) complex viruses [4,33-36], which have been associated with elevated winter colony
losses [37-39] and colony mortality [40-42]. In the absence of Varroa, oral-faecal transmission
emerges as the primary route for most virus dissemination, with honey bees acquiring viral
particles during their cleaning duties within the hive, and transmitting to other bees through
trophallaxis and the feeding of larvae [7].

Consistent with the acquisition of this novel, varroa-mediated viral transmission route is
the rise in prevalence and/or loads observed for DWV and KBV soon after the arrival of Var-
roa [43-46]. While this is expected when viruses adapt to a potent vector such as Varroa, AKI
surveys in Hawaii [47] and DWV surveys in the Solomon Islands [48], Fernando de Noronha
[49], and the Azores [46] found no impact of the mite on the prevalence and/or loads of these
viruses. Other important honey bee viruses, such as BQCV, SBV, LSV, and CBPV, for which
mite-borne transmission is uncertain [6,7,10,32], have been associated indirectly with the inva-
sion of Varroa [43-45]. However, again, the impact of Varroa on these viruses was not consis-
tent among studies [43-45,50], suggesting further investigations are needed for a better
understanding of its role in shaping viral landscapes.

While several studies have investigated the effect of Varroa on viral prevalence and loads
[43-45,47,51], the extent and direction in which the mite can alter viral diversity at colony and
population levels have been largely overlooked [47]. Understanding how Varroa modulates
viral diversity is an important endeavour because many of these viruses were largely benign in
honey bees prior to the worldwide spread of varroa, and colony losses have increased substan-
tially afterwards [23,52]. This is attributed to the mite’s capacity for not only transmitting mul-
tiple viruses [6,7] but also for increasing the virulence of some viruses [34,53] and selecting for
specific strains [47,54]. The best documented example comes from DWV, whereby DWV-A
has been largely replaced by the more virulent DWV-B [55], and this evolutionary shift can
explain the dramatic decrease in diversity following the mite’s arrival to Hawaii [47,51]. How-
ever, the invasion of Varroa does not always lead to reduced viral diversity, as observed for
DWYV in the Azores [46] and in laboratory studies [54].
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Varroa was originally a parasite of the Eastern honey bee Apis cerana, which rapidly spread
worldwide after a host shift to Apis mellifera in the middle of the 20™ century [29]. Varroa is
now present on all continents where honey bees thrive, including Australia, where it entered
in 2022 [56]. There are only a few places in the world that remain naive to Varroa, including
on six of the nine islands of the Azores [57]. This remote Atlantic archipelago offers a rare
opportunity to investigate the intricate dynamics between Varroa and honey bee viruses.

Herein, we employed real-time quantitative PCR and meta-amplicon deep sequencing to
provide a comprehensive view of the honey bee viral landscape in the Azores and how it
changed following the arrival of Varroa onto three islands in the early 2000’s. Our goal was
two-fold. First, we sought to complement a previous molecular survey focusing on DWV [46]
by screening eight additional viruses, including some known to be transmitted by Varroa
(BeeMLV, ABPV, KBV, and IAPV; [6,31]), some that have been associated with Varroa inva-
sion (BQCV, SBV, and CBPV; [43-45]), and some that have been detected in collapsed or
unhealthy colonies (LSV; [11,58-61]). Together with the DWV study, this is the first molecular
screening of honey bee viruses in the Azores. We expect our findings to aid the local veterinary
authorities in devising a plan for honey bee and hive product exchange among islands. Second,
we sought to expand the current knowledge on the role that Varroa has played in shaping the
honey bee virus landscape beyond what is known for DW'V, the primary Varroa-associated
virus. Varroa can affect honey bee viral landscapes directly, i.e. when it acts as a vector, or indi-
rectly when it reduces honey bee immunocompetence [30], or promotes interactions between
co-infecting viruses, thus exacerbating their individual effects [29,62]. These mechanisms facil-
itate virus replication, and thus also intra- and inter-colonial dissemination, in which case ele-
vated prevalence, co-prevalence, loads, and diversity of Varroa-associated viruses would be
expected upon Varroa invasion of previously Varroa-free regions.

Results

Effect of Varroa on viral prevalence

Viral prevalence was determined by quantifying the number of colonies testing positive for
each virus on each island. Viral RNA was detected in the majority of the colonies (481, 97.4%),
with just 13 colonies (Sdo Miguel = 2, Flores = 8, Sdo Jorge = 3; 2.6%) testing negative for every
surveyed virus. The three viruses of the AKI complex (ABPV, KBV, and IAPV) and BeeMLV
were not detected in any colony or sampling period. This stands in stark contrast to BQCV
and LSV, which occurred on every single island in both sampling periods. Across all islands
and sampling periods, the highest viral prevalence was observed for BQCV (96.2%, CI 94.1-
97.7%) and LSV (53%, CI 48.6-57.5%). These ranged from 78.4% (Flores) to 100% (Faial, Pico,
Terceira, and Graciosa) for BQCV and 7.7% (Flores) to 88.9% (Graciosa) for LSV (Fig 1).
Notably, in contrast to BQCV or the other detected viruses, which mostly maintained a stable
prevalence over time, the proportion of LSV-infected colonies showed a consistent increase in
2020 compared to the preceding sampling period across all re-sampled islands. The Vd- island
of So Jorge witnessed the most substantial LSV increase, from 7.7% (CI 0.4-33.7%) to 43.3%
(CI26.0-62.0%).

CBPV was detected on the Vd+ islands Pico (2.8%, CI 0.5-9.4%) and Faial (16.7%, CI 8.7-
29.3%), but not on Flores. It was also detected on the Vd- islands Terceira (6.8%, CI 2.7-14.8),
Graciosa (5.6%, CI 0.3-26.6%), and Sdo Miguel (3.3%, CI 0.9-9.0%), but not on Sao Jorge and
Santa Maria. Of note was the sharp rise in CBPV prevalence observed on Faial, from 16.7% in
2014/2015 to 71.4% (CI 34.1-94.7%) in 2020. However, this observation should be interpreted
cautiously due to the limited geographical coverage and small sample size on this island in
2020 (Fig 2). Finally, SBV was only detected on Faial, with 51.9% (CI 38.5-65.1%) of colonies
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Fig 1. Viral prevalence (%), and estimated 95% confidence intervals, across the Azores and sampling periods (2014/2015 and 2020). Results are shown for
each island individually and for the combined islands that are positive (Vd+, red bar) or negative (Vd-, green bar) to Varroa. Faial, Sao Jorge, Terceira, and
Santa Maria were sampled in both sampling periods. BQCV- Black queen cell virus; LSV- Lake Sinai virus; CBPV- Chronic bee paralysis virus; SBV- Sacbrood
virus. Varroa-invaded islands (Flores in 2000, Pico in 2001, and Faial in 2008) are denoted by the varroa icon (created by www.biorender.com).

https://doi.org/10.1371/journal.ppat.1012337.g001

testing positive in 2014/2015, and 57.1% (CI 22.5-87.1%) testing positive in 2020, and on Pico,
with 18.3% (CI 10.6-28.8%) of the colonies testing positive in 2014/2015. In summary, all four
viruses were present on the Vd+ islands Pico and Faial, in contrast with the other Vd+ island
Flores, which was seemingly devoid of CBPV and SBV (Fig 1).

Prevalence was then calculated for two groups: one including all the colonies from Vd
+ islands and another including all the colonies from Vd- islands (bar plots on Fig 1). The
prevalence of LSV, CBPV, and SBV, but not BQCV, was higher on Vd+ islands than on Vd-
islands, and this finding was confirmed by Bayesian hierarchical modelling (Table 1). The
strongest size effect was obtained for SBV, with Varroa leading to a mean increase in preva-
lence of 23.89 £ 17.41%, supported by a posterior probability of 100% that Varroa increased
SBV prevalence (Table 1). For LSV, the presence of the mite also increased mean viral preva-
lence (19.52 + 9.52%) with a high probability that Vd+ islands had a higher LSV prevalence
than Vd- islands (Pr(vq+=>vd.) = 97.6%). While Varroa also had a relatively significant effect on
CBPV prevalence (Pr(vqs>va.) = 91.6%), the mean increase was below 1% and largely influ-
enced by the limited 2020 survey on Faial (Fig 1).

Effect of Varroa on viral co-prevalence

Of the 488 colony samples that tested positive for at least one of the surveyed viruses (including
the DWYV reported separately [46]), 167 samples (34.2%) were infected by a single virus,
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including 154 (31.6%) by BQCV, 7 (1.4%) by DWV, and 6 (1.2%) by LSV. However, the great
majority of samples (321, 65.8%) were co-infected with two or more viruses (Fig 3A). The
most frequent combination comprised BQCV-LSV (174 colonies, 54.2%), followed by
BQCV-DWYV (47 colonies, 14.6%), and BQCV-LSV-DWYV (39 colonies, 12.1%). Although
rare, there were also colonies co-infected by all five viruses (4, 0.8%), and these originated
from the Vd+ island of Faial. On the Vd- islands, the number of co-prevalent viruses varied
between two (Sdo Jorge) and four (Sao Miguel).

Fig 3B depicts the viral co-prevalence for Vd+ and Vd- islands. There was a higher propor-
tion of colonies co-infected by two viruses on Vd- than on Vd+ islands. However, the opposite
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Table 1. Estimates of virus prevalence (%), co-prevalence (%), number of co-prevalent viruses (Nr. viruses), diversity (Richness and Shannon-Wiener index), and
logio-loads (copies/bee) for honey bee colonies on Varroa-positive islands (Vd+) versus Varroa-negative (Vd-) islands. The estimates are the mean + standard devia-
tion of the posterior distributions generated by Bayesian hierarchical GLMM models that account for apiary and sampling-year effects (random and fixed, respectively).

Effect size is the mean difference between Vd+ and Vd- islands. Pr(yq. - va.) is the probability that this difference results in elevated estimates on Vd+ islands.

Prevalence

BQCV
LSV
CBPV
SBV*
Co-Prevalence
Nr. viruses
Richness (S)
BQCV
LSV
CBPV
Shannon-Wiener index (H)
BQCV
LSV
CBPV
Viral load
BQCV
LSV
LSV-2
CBPV

Vd- Vd+ Effect size Privas > va,
99.93 +£0.30 99.97 £0.11 -0.04 £ 0.25 28.5%
55.49 £ 6.99 75.01 £ 8.25 19.52 £9.52 97.6%
0.06 £ 0.12 0.37 £ 0.69 0.31 £ 0.63 91.6%
0.001 £0.01 23.89+£17.41 23.89+£17.41 100%
64.37 £5.71 90.52 £3.71 26.15 £+ 5.90 100%
1.74 £0.21 2.15+£0.12 0.41 £0.13 99.3%
7.25+0.28 9.42 £ 0.55 2.17 £ 0.54 100%
13.57 £0.50 16.64 £ 0.87 3.06 £ 0.93 99.9%
2.20 £ 0.91 3.21+0.93 1.01 £ 1.19 86.9%
0.38 + 0.04 0.38 £ 0.05 0.00 + 0.03 48.1%
0.41 £ 0.03 0.48 + 0.04 0.07 £ 0.03 98.7%
0.93 + 0.64 1.05 + 0.66 0.13 £ 0.40 68.2%
6.77 £ 0.10 6.96 + 0.15 0.18 £ 0.16 90.8%
7.50 £ 0.15 7.63 £0.22 0.14+0.23 71.1%
5.49 £ 0.49 7.97 £0.36 2.48 + 0.68 100%
7.01 £ 1.06 6.52 £0.93 -0.49 £ 1.27 40.1%

* Varroa effect on SBV viral loads and diversity could not be assessed because this virus was only detected on Vd+ islands.

https://doi.org/10.1371/journal.ppat.1012337.t001

trend was observed when the number of viruses was higher than two. When combining all the
colonies, it became evident that co-prevalence was elevated in the presence of Varroa, with
79.3% of the colonies from Vd+ islands hosting multiple infections as compared to 57.5% of
colonies from Vd- islands. This finding was supported by the Bayesian modelling, which esti-
mated an increase in the mean co-prevalence of 26.15 + 5.90% on Vd+ islands, with a posterior
probability of 100% that Varroa increased viral co-prevalence (Table 1). Moreover, the pres-
ence of Varroa also led to an elevated number of co-infecting viruses (Prvd.>va.) = 99.3).

Effect of Varroa on viral diversity

To further unveil the effect of Varroa on viral landscapes, colonies testing positive for BQCV,
LSV, SBV, and CBPV underwent high-throughput sequencing of the RT-PCR amplicons pro-
duced by the survey. This approach enabled retrieval of the full diversity spectrum for each
virus in the Azores, here summarized by Richness (S, total number of amplicon sequence vari-
ants, ASVs) and Shannon-Wiener index (H, combining S with the relative abundance of each
ASV, i.e. the ‘Evenness’ of the distribution of the ASVs). The highest diversity was observed for
LSV (S = 506; H = 3.45), followed by BQCV (S = 167; H=2.18) or SBV (S =78; H = 2.50),
depending on the metric, and CBPV (S = 27; H = 1.48). When comparing viral diversity
between Vd+ and Vd- island groups (Fig 4), a positive effect of Varroa on ASV Richness (S)
was observed for BQCV (Prd+=va.) = 100%), LSV (Pr(v4s=va.) = 99.9%), and CBPV (Pr(yq
+>vd) = 86.9%), as inferred by Bayesian modelling (Table 1). In contrast to S, the effect of Var-
roa on the Shannon-Wiener index H was only consistently detected for LSV (Pr(yvgs>va.) =
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98.7%). SBV was confined to Vd+ islands, meaning that comparisons of genetic diversity esti-
mates between islands with a Vd+ and a Vd- status were not possible.

Effect of Varroa on viral phylogeography

A phylogeny was reconstructed for each virus using the most abundant ASVs (Fig 5). A shal-
low topology characterized by relatively short and poorly supported branches was recovered
for most viruses. CBPV and SBV showed a rather geographically limited distribution, compli-
cating identification of any structure shaped by Varroa or even geography, if present. More-
over, the unique ASVs of these two viruses, as well as the unique ASVs of the more widely
distributed BQCV and LSV (Fig 5A-5D), were rarely shared among the islands, further com-
plicating the detection of any effect of Varroa presence on the different islands on the viral
phylogeographic patterns at the ASV level. However, upon closer examination of the phylo-
geographic patterns at the master variant level, a clear effect emerged for the multi-strain LSV
(Fig 5C), which was only possible to detect due to the use of a RT-PCR assay designed specifi-
cally to identify multiple strains. The LSV ASVs grouped into three divergent and well-bal-
anced clades, corresponding to three distinct LSV master variants, including LSV-3 (39.4%),
LSV-2 (34.8%), and the novel LSV-9 (25.8%). It is plausible that LSV-9 evolved on the eastern
islands of Santa Maria and Sao Miguel, where it was largely predominant, as shown by the spa-
tial pattern retrieved from all detected ASVs (Fig 5E). LSV-9 was replaced by LSV-3 on
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Graciosa and Terceira and by LSV-2 on Sio Jorge and all Vd+ islands (Fig 5E). While the Vd-
island Sao Jorge shared with all Vd+ islands the dominant LSV-2 master, a closer look at the
distribution of the diversity of the LSV-2 ASVs shows that the number of unique ASV's was
dramatically higher when Varroa was present (104 unique ASVs) than when it was absent (20
unique ASVs). Interestingly, this pattern was reversed for all other master variants, with only
one unique ASV on the Vd+ islands for both LSV-3 and LSV-9 versus 102 unique LSV-3 ASVs
and 86 unique LSV-9 ASVs on the Vd- islands (Fig 5F).

Effect of Varroa on viral loads

Fig 6 illustrates the spectrum of virus loads observed for BQCV, LSV, CBPV, and SBV on each
island and for both sampling periods (see S6 Table for detailed descriptive statistics). BQCV
exhibited similar median loads and variation across all islands of the Azores, ranging from
5.70 (IQR = 1.56) log,, copies/bee on Sdo Miguel to 7.44 (IQR = 1.45) log,, copies/bee on
Santa Maria (2020 sampling). In contrast, the loads of LSV varied greatly among islands and
showed a wider range, from a low of 4.77 log;, copies/bee for the single LSV-positive colony
detected in 2014/2105 on Sdo Jorge to a high of 8.71 (IQR = 1.45) log;, copies/bee on Sao
Miguel, both of which are Vd- islands. The highest median load of the less common CBPV
was also detected on Sdo Miguel (9.13 log;, copies/bee; IQR = 1.26). On the Vd+ islands, the
median CBPV load was considerably lower, both on Pico (3.76 log;o copies/bee, IQR = 0.24)
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and on Faial (5.98 log;o copies/bee; IQR = 3.33), with no CBPV detected on Flores. In contrast
to the other viruses, SBV was detected only on Vd+ islands, with Pico (6.70 log; copies/bee,
IQR = 3.56) and Faial (6.55 log;, copies/bee, IQR = 3.21) harbouring similar loads in 2014/

2015.
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Loads were then compared between Vd+ and Vd- island groups for each virus (Fig 6). They
varied greatly within each group, and although no clear distinction could be visualized for any
virus, the Bayesian modelling was able to capture a reasonably high probability of a positive
effect of Varroa on BQCV load (Pr(v4+>va.) = 90.8%) but not on CBPV and LSV loads (Pr(v4
+>vd) < 71.1%; Table 1). The effect of Varroa on the loads of the multi-strain LSV was then
re-analysed by also taking into consideration the LSV phylogeographic structure (Fig 5). LSV-
2 was the overwhelmingly dominant master variant on Vd+ islands and on the Vd- island of
Sdo Jorge, and it occurred at very low frequency on the other Vd- islands. Hence, when the
analysis was performed separately for different LSV strains, an effect of Varroa on LSV-2 load
became evident (Fig 6) and was strongly supported by Bayesian modelling (Pr(vas>vd.) =
100%; Table 1).

Discussion

Six Azorean islands are part of the rare Varroa-free refugia in the world [44,53,63], a distinc-
tion recently acknowledged by the European Union [64]. However, the Azores also includes
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three islands that were invaded by the deadly ectoparasitic mite Varroa destructor at different
time points: Pico in 2000, Flores in 2001, and Faial in 2008 [65]. This island combination posi-
tions the Azores as an exceptional natural laboratory to study how the invasion of Varroa
affects honey bee viral landscapes. While there is unambiguous evidence that Varroa efficiently
transmits DWV [7,29] and by doing so increases its prevalence and load [6,7,29,43,45,47,66],
we have little understanding of the role that the mite has played in shaping other viruses land-
scapes. In this study, we sought to address this challenge by surveying eight important viruses
in a comprehensive honey bee collection from the Azores. Our survey revealed a rather unique
and heterogenous viral landscape, with viruses occurring on every island (BQCV, LSV),
viruses occurring on some of the islands (CBPV, SBV), and viruses that were not detected at
all (BeeMLV and the AKI complex: ABPV, KBV, IAPV). This finding complements previous
reports on the same colonies, which identified islands devoid of two of the most harmful
honey bee pathogens: DWV (Terceira and Séo Jorge; [46]) and the Microsporidia Nosema cer-
anae (Santa Maria and Flores; [57]). While the virulence of BeeMLYV is unknown [31], N. cera-
nae and members of the DWV and AKI complexes have been implicated in winter colony
losses [40,41,67,68]. Therefore, the absence of Varroa and potentially all these harmful patho-
gens make the Azores a unique place for beekeeping.

Building on current knowledge [43,45-47], we predicted that the viral landscape of Varroa-
invaded (Vd+) islands (Pico, Flores, and Faial) would differ from that of Varroa-free (Vd-)
islands (Sao Miguel, Santa Maria, Terceira, Sdo Jorge, and Graciosa) by featuring higher preva-
lence, higher co-prevalence, and higher loads for most viruses. Furthermore, we expected Var-
roa to modify viral diversity and phylogeographic viral patterns. It turned out that the
epidemiological situation in the Azores was more complex than anticipated. The prevalence of
SBV, LSV, and CBPV was higher on Vd+ than on Vd- islands, consistent with the DWV find-
ings generated from the same colonies [46]. Other studies have not found an increase in preva-
lence for LSV, but they did for CBPV and SBV, suggesting an effect of Varroa on their inter-
colonial dissemination [43,45,47]. Although these independent observations are interesting,
unambiguous empirical and experimental evidence proving Varroa as a vector of CBPV and
SBV is lacking [6,29,50,69]. Therefore, it is more likely that the mite acted as a facilitator of
intercolonial dissemination of these viruses, possibly via worker bees robbing Varroa-col-
lapsed infected colonies [70] or infected drifting bees entering virus-free colonies, which are
better accepted by Varroa-infested colonies [71].

Interestingly, the elevated prevalence of CBPV and LSV was accompanied by an elevated
number of variants (Richness) for these viruses on Vd+ islands. Viruses generate de novo vari-
ation by error-prone replication, which is subsequently modulated by natural selection and
genetic drift [72,73]. This implies that the higher the infection levels (as expressed by preva-
lence or loads), the higher the frequency of mutational events, and the lower the chance of los-
ing variation by genetic drift. These mechanisms could explain the observed increase in
Richness for both viruses. However, Varroa can also mediate viral diversity loss by selectively
transmitting advantageous strains, as reported for DWV in Hawaii [47], leading to a negative
relationship between load and estimated diversity. Such observations may however be affected
by the method used for estimating diversity, with indirect global methods (such as the melting
curve analyses used by Martin and colleagues [47]) more likely to report a negative relation-
ship, while more direct methods (such as ASV diversity) more likely to report a positive rela-
tionship [46]. While both viruses exhibited elevated Richness in the presence of Varroa, only
LSV exhibited elevated Shannon-Wiener diversity, which also takes into account the Evenness
of the distribution of this Richness. It is possible that selection and/or genetic drift acted to
reduce CBPV variation, maintaining one or a few dominant variants in the population,
whereas for LSV selection and mutation acted to maintain a more evenly distributed
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quasispecies of several moderately dominant variants supplemented by numerous minor vari-
ants generated by the high mutation rate typical of this virus [11,12].

SBV was detected only on Pico and Faial, explaining the 100% posterior probably of preva-
lence rise on Vd+ islands (and the impossibility of modelling of the Varroa effect on SBV
diversity and load). At least three hypotheses can be invoked to explain the apparent absence
of SBV on the other islands. One possibility is that SBV occurred at very low frequency and/or
viral loads were below the detection threshold on Vd- islands, and the relatively high preva-
lence and loads observed on Pico and Faial could be attributed to Varroa facilitating SBV dis-
semination [43,45,47] and promoting virus infection by suppressing individual and colony
immunity [30,74]. Another possibility is that the primer-based methodology used in this study
failed to capture cryptic SBV variation on the SBV-negative islands. However, all the virus
PCR assay primers were expressly designed to detect as broad a range of variants as possible
[10], the two known major SBV strains (the Asian and European) and, due to the low evolu-
tionary rate of SBV, it is unlikely that there are other strains circulating in the honey bee popu-
lations [75]. Alternatively, these islands are truly naive to SBV, and the virus might have
opportunistically accompanied the illegal imports that brought Varroa to Pico in 2000. Subse-
quently, in 2008, SBV could have dispersed to the nearby Faial by hitchhiking on swarms that
also carried the mite [65] or could have been introduced later through authorized honey bee
trading between Varroa-invaded islands. The putative absence of SBV on Flores suggests that
the illegal queen import introducing Varroa in 2001 was free from SBV. This observation not
only reinforces the last hypothesis but also lends support to the claim of two independent pri-
mary migration events of the mite into the Azores [46].

In contrast to the other viruses, the effect size of Varroa on BQCV prevalence was virtually
non-existent (-0.04; 28.5% posterior probability). This lack of statistical support for a Varroa-
BQCYV association was expected because this virus was highly prevalent on every island, irre-
spective of Varroa status. Besides, notably, the lowest frequency of BQCV-infected colonies
was found on the Vd+ island of Flores (78.4%), contrasting with Santa Maria, Terceira, Gra-
ciosa, and Faial, where it was detected in every single inspected colony. Whether Varroa is
implicated in BQCV intercolonial dissemination is unclear [6], with others documenting both
no effect [43] or a significant increase in prevalence following mite invasion [44,45].

Varroa also altered viral co-prevalence, with colonies from Vd+ islands exhibiting a higher
frequency of colonies hosting >2 viruses than colonies from Vd- islands. Whether these co-
infections originated from multiple individuals with distinct mono-infections, from single
individuals with multiple infections, or a combination of both is unknown because the analysis
was performed on pooled individuals. Regardless, the presence of Varroa seemingly promoted
mixed-virus infections within colonies, as was also observed in New Zealand [43]. A honey bee
colony contains thousands of individuals living together in close proximity in a homeostatic
nest. Coupled to certain social behaviours (e.g., trophallaxis), such an environment greatly
facilitates the proliferation of different viruses within the nest, a situation that can be aggra-
vated in the presence of a potent virus-transmission and immune-debilitating agent such as
Varroa [30,76]. Therefore, it is not surprising that multiple viruses are commonly found within
colonies (co-prevalence; [77,78]) or within individuals (co-infections; [79,80]), and the health
impact of these co-prevalent or co-infecting viruses is heightened by Varroa, despite the multi-
ple individual and social immunity adaptations that honey bees have evolved to minimize the
damage of epidemic diseases within such a high density, disease-favourable nest environment
[21,81].

The virus load patterns did not align well with the prevalence patterns. BQCV was the sole
virus for whose prevalence was not altered by Varroa. At the same time, BQCV was the sole
virus for which the load was altered by Varroa. However, similar to the other viruses, the
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presence of Varroa led to elevated ASV Richness in colonies infected by BQCV, in which case
the generation of de novo variation would be linked to increased loads as opposed to increased
prevalence. Despite the high posterior probability (90.8%) of a Varroa effect on BQCV load,
the size of this effect was negligible (0.18 + 0.16 log;, copies/bee), which, together with the lack
of a prevalence effect, indicates a rather weak Varroa-BQCV association. This finding con-
trasts with that of [45], who recently reported a significant Varroa-induced effect on both
BQCYV prevalence and load. BQCV is the most widespread and common honey bee virus in
the world [6], with surveys from all continents reporting prevalence rates ranging from 0% in
northern Italy and Cuba [77,82] to 100% in the US and Canada [83,84], with a mean global
value of 52.8% + 34.3% (data extracted from 33 references, including [85-90], and citations
therein). In the Azores, prevalence was well above the great majority of these worldwide
reports, most often reaching 100% even in the absence of Varroa. Besides, BQCV was able to
develop loads associated with overt infections (> 10® copies per bee [91]) in 55 colonies from
Vd- islands without the assistance of Varroa. These findings suggest that BQCV does not need
a vector to be efficiently disseminated among colonies or develop high infections, and it is
extremely well-adapted to the environmental conditions of the Azores.

The most intriguing discovery in the honey bee viral landscape of the Azores was revealed
by the phylogeographic reconstructions of the viruses, particularly for LSV (reported here)
and for DWV (reported in detail elsewhere [46]). This approach allowed us to efficiently disen-
tangle the effect of geographic structure from the effect of Varroa on both viruses, which
proved crucial for uncovering an otherwise overlooked link with the mite. The LSV diversity
largely grouped into three divergent clades, corresponding to the master variants LSV-9, LSV-
3, and LSV-2. LSV-9 is a novel LSV variant discovered exclusively, so far, on the Azores in this
study. LSV was dominant on the eastern islands of Sdo Miguel and Santa Maria and occurred
at very low frequency on the remaining islands. This is a notable finding because these islands
also host a divergent BQCV diversity and, more importantly, are a also refuge for the rare
DWYV-C master strain [46]. Whether this putatively novel LSV strain was originally introduced
with the honey bee colonies brought into the Azores by the settlers in the 16th century, with
queen lines introduced from Italy and France for a breeding program implemented in the
1980’s, or with queens occasionally introduced by beekeepers from varying geographical ori-
gins prior to the honey bee importation ban is unknown [46,65]. Irrespective of the time and
route of introduction, the phylogeographic structure retrieved from the sequence diversity of
several bee viruses suggests that the viral populations of these two proximate eastern Azorean
islands share a similar evolutionary history, facilitated by similar selective pressures (e.g., simi-
lar climate, beekeeping management, and absence of Varroa) and that is maintained despite
gene flow via honey bee trade with the other islands, or import from outside the Azores.

LSV-3 was the dominant strain on the Vd- islands of Terceira and Graciosa, but it also
occurred in negligible amounts elsewhere across the Azores. LSV-3 was first described in 2012
[58] in colonies in the USA and has since been reported in different countries, usually at a
lower prevalence than the earlier discovered LSV-1 and LSV-2 [9,61,92]. Interestingly, in Slo-
venia, LSV-3 is the dominant strain [93] and the queens that were introduced onto Graciosa in
the 1980’s for breeding purposes were possibly of C-lineage A. m. carnica ancestry [65], which
is the native honey bee subspecies of Slovenia and other countries in the Balkan-Caucasia
region. The descendants of these queens were then cross-bred with other queen lines on Pico,
and the hybrids were distributed to beekeepers on the other islands, especially Terceira
[65,94]. While we can only speculate on the origin of LSV-3 in the Azores, Graciosa and Ter-
ceira share a LSV landscape that is remarkably distinct from that of the other islands of the
Central Group.
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Finally, and most remarkable, LSV-2 was overwhelmingly dominant on Pico, Faial, and
Flores, where Varroa is present. While this finding could suggest that Varroa is driving the
LSV evolutionary change or strain displacement on these islands, the viral landscape of Séo
Jorge was also dominated by LSV-2, where Varroa is absent. LSV-2 is one of the most preva-
lent LSV master variants in the world, and its extant range likely predates the global spread of
Varroa [12,45,95]. Therefore, it is plausible that LSV-2 was historically introduced across the
Azores, where it existed in sympatry with other strains, and its nearly fixation on Sao Jorge
was driven by genetic drift, a leading evolutionary force in small isolated populations [73]. The
observation of one colony on Terceira and two on Sao Miguel dominated by the variant LSV-
2-ASV04 and the residual occurrence of this and other ASVs of LSV-2 ancestry on all islands
support this hypothesis. Moreover, the variants ASV04 and ASV05 dominated the LSV-2 land-
scape on Pico and Faial, in contrast to Sdo Jorge, where these ASVs were rare. On the other
hand, the dominant LSV-2-ASV24 variant on Sao Jorge was hardly found on Pico, Faial, and
Flores. Further support for the action of genetic drift (Sdo Jorge) or possible varroa-driven
selection (Pico and Faial) for LSV-2 comes from the observation that dominant ASV's were
rarely shared among islands.

While the dominance of LSV-2 on the Vd+ islands could be explained by either genetic
drift or selection, the patterns retrieved from prevalence, load, and diversity suggest that Var-
roa is also an important modulator of the LSV landscape in the Azores. Varroa influenced pos-
itively the LSV prevalence on Vd+ islands. Interestingly, this effect was determined by the high
number of colonies hosting LSV-2, and these carried significantly higher loads than the LSV-2
colonies originating from the Vd- islands. Thus, although we could not detect a biologically
meaningful effect of Varroa on the loads of LSV (71.1% posterior probability), the mite did
show a strong positive effect on the loads of the LSV-2 strain (100% posterior probability). Ele-
vated prevalence and load were accompanied by elevated diversity on Vd+ islands. Of note is
the extraordinarily high number of unique LSV-2 variants on Vd+ islands as compared to Vd-
islands (104 versus 20), whereas the opposite pattern was observed for the other LSV master
strains (Fig 5F).

Taken together, these findings reinforce the hypothesis that Varroa is driving the LSV evo-
lutionary change in the Azores, particularly for LSV-2. In a similar study comparing viral land-
scapes between regions with and without Varroa, [45] also found a (weak) association of the
mite with LSV-2 but not with LSV-1. Moreover, LSV-2 has been recurrently isolated from col-
onies with poor health [9,58,61]. Whether our findings are due to LSV-2 being efficiently
transmitted to honey bee adults during Varroa’s feeding process or to an opportunistic
response to immune-suppressed honey bees infested with mites and infected with other
viruses (co-prevalence also increased significantly on Vd+ islands), or both, is uncertain
[96,97]. Yet, inferring from the high prevalence observed on Vd- islands, it is certain that LSV
as a virus species does not require Varroa to be efficiently transmitted from one colony to
another.

Concluding remarks

This study greatly advances our current knowledge on Varroa-virus interactions, with a partic-
ular emphasis on the multi-strain LSV. For the first time, we report robust empirical evidence
supporting the association between Varroa and LSV-2. Moreover, we found a putatively novel
LSV strain (tentatively named LSV-9) existing in sympatry with the extremely rare DWV-C,
and these two viral strains are dominant on the easternmost islands of the Azores [46]. Three
methodological aspects were key to our unprecedented discoveries. The first was the strategic
design of RT-qPCR assays capable of detecting multiple strains of a virus in single reactions, in
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contrast to other assays that generally use strain-specific primers [45,95,98]. This allowed the
simultaneous detection of five known LSV strains and the discovery of new strain. The second
was the use of meta-amplicon deep sequencing, in contrast to other studies that used high-res-
olution melting curve analyses [47]. This enabled the retrieval of the full genetic variation spec-
tra in every single colony and, thus, a more accurate appreciation of the impact of Varroa on
viral genetic diversity. The third was the employment of a phylogeographic approach. The
integration of these aspects enabled us to unravel the diverse mechanisms influencing the intri-
cate viral landscape in the Azores and proved essential in elucidating Varroa-virus associations
that might have otherwise gone unnoticed.

Materials and methods
Sampling location and procedure

Honey bee samples (in-hive adult workers) were collected from across the Azores, which is an
Atlantic archipelago located ~1400 km west of Portugal. It comprises nine volcanic islands
clustered into three groups (Fig 2): the eastern group (Santa Maria and Sao Miguel), the central
group (Terceira, Graciosa, Sdo Jorge, Pico, Faial), and the western group (Corvo, Flores). Of
the nine islands, six are devoid of Varroa (Santa Maria, Sao Miguel, Terceira, Sao Jorge, Gra-
ciosa, and Corvo), and three have been invaded by the mite at different time points, namely:
Pico in 2000, Flores in 2001, and Faial in 2008 [65].

Colonies were sampled between July and August of 2014/2015 and 2020, with the help of
the local veterinary services. This sampling period coincides with the seasonal peak of most
screened viruses [6], therefore minimizing false negatives related to their temporal dynamics.
In 2014/2015, a total of 474 colonies were sampled from 150 apiaries distributed across eight
islands (Corvo did not have honey bees until 2016, when six colonies were introduced from
Terceira), with the number of apiaries sampled on each island proportional to the number of
colonies registered on each island in 2013 (see S1 Table in [65] for the census size per island).
Of these, 402 colony samples (originating from 150 apiaries) contained the minimum 30 work-
ers (sterile females) required for colony-level virus analyses [10], and were included in the cur-
rent study (Fig 2). In 2020, a total of 92 colonies, originating from 34 apiaries, were sampled
from four islands, including Faial, Terceira, Sao Jorge, and Santa Maria (Fig 2). Most often,
three colonies were sampled per apiary in the two sampling periods (S1 Table). Workers were
collected alive and directly placed into ventilated cardboard boxes (one per colony sample)
supplied with candy, and stored at 4°C until they were shipped alive by airplane to mainland
Portugal where they arrived at the processing laboratory within 24 hours after collecting the
sample in the field. Upon arrival at the laboratory, the samples were immediately stored at
-80°C until extraction of nucleic acids. Prior research has shown that virus titres in pooled
honey bee samples are unaffected by live transport over 24 hours, relative to instant freezing in
liquid nitrogen [99].

Extraction of ribonucleic acids and cDNA synthesis

For each of the 494 samples included in the experiment, covering both sampling periods, the
total ribonucleic acids were extracted from a pool of 30 workers using the Monarch Total
RNA Miniprep kit (New England Biolabs Inc., Massachusetts, US). Prior to extraction, the
sample pools were macerated following the procedures detailed in [46]. The concentrations of
RNA extracts were measured using the Epoch Microplate Spectrophotometer instrument
(Agilent-BioTek Instruments, California, US) with the Take3 micro-volume plate accessory
and subsequently normalized to a concentration of 250 ng/uL. Synthesis of cDNA was per-
formed using 1 pg of RNA in a 20 pL reaction following the manufacturer’s instructions of the
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iScriptTM c¢DNA Synthesis Kit (Biorad, California, US). The RNA and cDNA extracts were
stored at -80°C and -20°C, respectively, until further analysis.

Real-time qPCR

Detection and loads of BQCV, CBPV, SBV, LSV, BeeMLV, and AKI-complex were assessed
using real-time quantitative PCR (qPCR). The qPCR reactions were performed on the Quant-
Studio 5 apparatus (Applied Biosystems, Massachusetts, US) using the SYBR Green chemistry.
The thermal cycling protocol implemented for all the viruses followed the SYBR Green manu-
facturer instructions, namely: 95°C for 30 seconds and 40 cycles of: 95°C for 15 seconds and
60°C for 60 seconds. This protocol was slightly modified for BeeMLV, wherein thermal condi-
tions were adjusted to 56°C for 20 seconds and 60°C for 30 seconds, deviating from the origi-
nal 60°C for 60 seconds. Each qPCR reaction was carried out in a 10 pL total volume,
containing 3 pL of the diluted cDNA (1:10), 5 pL of 2x iTaq Universal SYBR Green Supermix
(Biorad, California, US), and 500 nM of each primer (S2 Table). The primer pair for the multi-
strain LSV was designed to detect at least four master variants, including LSV-1, LSV-2, LSV-
3, and LSV-4 [11]. Each sample was run in duplicates, and the qPCR 96-well plate included a
standard curve and two non-template controls. The standard curves for viral analysis were
established from recombinant plasmids acquired from gene synthesis services at NZYTech
Genes & Enzymes Company, Lisbon, Portugal (S3 Table). The absolute quantification of each
virus was calculated using a duplicate standard curve containing seven calibration points con-
sisting of 10-fold dilutions of a reference standard specific for the assay in question and of
known concentration, ranging from 10" to 10” copies/uL template. The specificity of the
synthesised amplicons was checked by performing a melting curve protocol ranging from
65°C to 95°C (increments of 0.5°C s™). The gPCR efficiency and correlation coefficient for
each screened virus are summarised in 54 Table. All samples were deemed positive if they
amplified before the last point of the standard curve, had an exponential rise on the amplifica-
tion plot, and had a melting profile matching the melting temperature of the positive controls.
The mean viral loads were converted into copy number per bee by multiplying the copy num-
ber per sample by various dilution factors. To confirm the existence of amplifiable cDNA in
each sample, the housekeeping gene RPLS8 of A. mellifera was screened prior to viral screening
(mean Ct = SD; 20.8 +0.2).

High-throughput sequencing and bioinformatics analysis

The amplicon sequencing libraries were constructed for all 262 LSV-positive, 26 CBPV-posi-
tive, and 45 SBV-positive colony samples. Given the high number of BQCV-positive samples
(475), the library was constructed for a subset of 174 randomly chosen colonies, with each api-
ary represented.

All libraries were prepared following a two-stage amplification process, which is fully
described in [46]. Briefly, in the first stage, Illumina sequencing adaptors, expanded by one to
four random nucleotides to enhance the sequencing read quality [100], were added to the ini-
tial PCR (see primers and adapters in S2 Table). Six positive samples of LSV and two of CBPV
failed amplification and were not further analysed. In the second stage, the amplicons were
subjected to indexation PCR, which consisted of the incorporation of the P5 and P7 Illumina-
specific adapters. The indexed amplicons underwent purification, quality control, quantifica-
tion, normalization to 20 nM, and pooling. Each viral library pool was assessed for amplicon
size distribution using the D5000 Kit in the TapeStation 220 (Agilent Technologies Inc., Cali-
fornia, US) and quantified using the SYBR green qPCR assay (KAPA Library Quantification
Kit, Kapa Biosystems, Massachusetts, US) to be subsequently pooled in a single library.
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Following denaturation and recommended dilution by Illumina, the pooled viral library was
loaded at 12 pM on a MiSeq flow cell with 10% PhiX spiked in. The libraries were then
sequenced on the Illumina MiSeq platform (Illumina Inc., California, US) using the 2 x 250
cycle v2 chemistry, following the manufacturer’s instructions.

The sequencing reads were demultiplexed in the Illumina BaseSpace Sequence Hub based
on the unique indexes integrated during library preparation, which generated two FASTQ files
per sample (R1 and R2). These files were transferred to the Galaxy platform (usegalaxy.org;
[101]) and processed using Mothur [102], in accordance with the standardized procedure for
MiSeq data analysis [103-105] with minor modifications (for a detailed description of the bio-
informatics pipeline, see [46]). S5 Table provides a comprehensive summary of key sequencing
metrics obtained for each viral library, including the total count of sequencing reads, the num-
ber of poor-quality reads, denoising/chimeric reads, the overall read count after completion of
the filtering procedures, and the median read count per sample. Following all filtering proce-
dures, only unique sequences with more than five reads were retained.

Phylogeny and diversity measures

The phylogenetic trees were constructed for each virus using the single most abundant ASV
identified in each colony sample. To that end, these most abundant ASVs (one ASV per colony
sample) were aligned with reference sequences retrieved from GenBank using the Clustal W
algorithm, and the phylogenetic relationships were inferred using the Maximum Likelihood
method within MEGA v10.0 [106]. The best-fit nucleotide substitution model was determined
for each virus dataset using the Akaike Information Criteria (AIC) in MEGA. The selected
model was Tamura 3-parameter [107] for BQCV and Kimura 2-parameter [108] for LSV,
CBPV, and SBV. Node support was assessed using 1000 bootstrap replicates to evaluate the
robustness of the phylogenetic tree topology. The resulting phylogenetic trees were further
annotated and edited on the Interactive Tree of Life (iTOL) [109]. The GenBank accession
numbers of the reference sequences used are shown in the phylograms, together with their
country of origin. For SBV there is a further distinction between those sequences first recov-
ered from Apis mellifera (AM) and those first recovered from Apis cerana (AC), where sac-
brood is a major and lethal disease [110].

Diversity was assessed for each virus and colony sample by means of Richness (S), which
reflects the number of different ASVs in the sample, and Shannon-Wiener index (H), which
combines Richness and Evenness (the relative abundance of each ASV). These diversity met-
rics were calculated from the total ASV's detected for each virus using the "vegan’ package
[111] in R software [112].

Statistical analysis

Apparent prevalence (with 95% confidence intervals, CI) was calculated using the epi.prev
function from the ‘epiR’ [113], and the viral loads were log,, transformed for all graphic repre-
sentations and analyses in R software [112]. A generalized linear mixed model (GLMM)
approach was used to estimate the size effects of Varroa on prevalence (logit-link Bernoulli),
co-prevalence (prevalence: logit-link Bernouli; Nr. viruses: Poisson), loads (logNormal), and
diversity (Richness: Poisson; H’: Gamma) of each detected virus. In these models, Varroa sta-
tus (presence; Vd+; absence: Vd-) and sampling year were set as fixed effects, and the apiary
was included as a group-level random effect on the intercept (see S1 Appendix). Varroa infes-
tation at the colony level was not considered in the analysis because the sampling was per-
formed following the seasonal miticide treatment, so Varroa counts might not be an accurate
indicator of colony infestation. The diversity and load models took into account only the
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viruses that were detected on both Vd+ and Vd- islands. Modelling was implemented in a
Bayesian framework using JAGS [114] called from R [112]. For all models, minimally-infor-
mative priors were used, and the Monte Carlo Markov chains for 10,000 iterations were sam-
pled after convergence had been reached, as determined by visual inspection of stability and
mixing. Posterior predictive checks were used to assess model fit.

Figures and licensing

All figures were our own work except for the Azores base maps in Fig 2 and Fig 5 and the var-
roa icon used in Figs 1, 2, 4, 5 and 6. The Azores location and topographical maps were con-
structed with the open-source geographic information system software QGis 3.22 (https://qgis.
org) using a base map file downloaded from DIVA-GIS (www.diva-gis.org), both released
under the GNU General Public License (GPL). The varroa icon was created at BioRender.com
and was downloaded under a student/postdoc license, which permits use and publication in
scientific journals. The text and images created by the authors were superimposed on the
maps, for illustrative purposes.

Supporting information

S1 Table. Metadata of the sampled apiaries.
(XLSX)

$2 Table. Primers used in (a) real time-qPCR quantification and (b) high-throughput
sequencing, and Illumina adapters. For the preparation of high-throughput sequencing librar-
ies, new forward and reverse oligos were created for each virus using the following construc-
tion: 5’-Illumina adapter + 1 to 4 random nucleotide (N) + virus primer -3’. BQCV- Black
queen cell virus; LSV- Lake Sinai virus; CBPV- Chronic bee paralysis virus; SBV- Sacbrood
virus; BeeMLV-Bee macula-like virus; AKI-Acute bee paralysis virus, Kashmir bee virus and
Israeli acute paralysis virus. The LSV primer pairs (#) are consensual for LSV-1, LSV-2, LSV-3
and LSV-4. The references for the assays are as follows: 1 = Locke et al. (2012) Acaricide treat-
ment affects viral dynamics in Varroa destructor-infested honey bee colonies via both host
physiology and mite control. Applied and Environmental Microbiology 78: 227-235.

2 = Daughenbaugh et al. (2015) Honey bee infecting Lake Sinai viruses. Viruses 7: 3285-3309.
3 = de Miranda et al. (2015) Genome characterization, prevalence and distribution of a Mac-
ula-Like virus from Apis mellifera and Varroa destructor. Viruses 7: 3586-3602. 4 = Evans
(2006) Beepath: An ordered quantitative-PCR array for exploring honey bee immunity and
disease. Journal of Invertebrate Pathology 93: 135-139. 5 = Mondet et al. (2014) On the front
line: Quantitative virus dynamics in honeybee (Apis mellifera L.) colonies along a new expan-
sion front of the parasite Varroa destructor. PLoS Pathogens 10: el5.

(XLSX)

$3 Table. Recombinant plasmids used to generate qPCR standard curves BQCV- Black
queen cell virus; LSV- Lake Sinai virus; CBPV- Chronic bee paralysis virus; SBV- Sacbrood
virus; BeeMLV-Bee macula-like virus.

(XLSX)

S4 Table. qPCR performance for each screened virus. BQCV- Black queen cell virus; LSV-
Lake Sinai virus; CBPV- Chronic bee paralysis virus; SBV- Sacbrood virus; BeeMLV-Bee
macula-like virus; AKI-Acute bee paralysis virus, Kashmir bee virus and Israeli acute
paralysis virus. No performance parameters are given for the AKI complex (*), because all
Azorean samples were negative for the AKI complex assay.

(XLSX)
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S5 Table. Metrics of the high-throughput sequencing run. BQCV- Black queen cell virus;
LSV- Lake Sinai virus; CBPV- Chronic bee paralysis virus; SBV- Sacbrood virus.
(XLSX)

S6 Table. Descriptive statistics of the loads (log;, [copies virus/bee]) obtained for each
virus by sampling period and island: median, interquartil range (IQR), minimum (Min),
and maximum (Max). BQCV- Black queen cell virus; LSV- Lake Sinai virus; CBPV- Chronic
bee paralysis virus; SBV- Sacbrood virus. V. destructor islands are represented in bold;
“-”denotes virus not detected; * denotes only one positive colony.

(XLSX)

S1 Appendix. Formal descriptions for the Bayesian statistical models used in the analyses.
(DOCX)

Acknowledgments

We are grateful to all veterinarians and technicians of the "Dire¢ao Regional da Agricultura
e Desenvolvimento Rural dos Agores", who collected the samples across the Azores, namely:
Frank Aguiar, Nuno Salvador, Janyne Sousa, Ivan Castro, Célia Mesquita, Ana Jorge, José
Dias, Paulo Rico, Pedro Leal, Vagner Paulos, Luis Xavier, Luis Silva, Martins Silva, Carlos
Gouveia, Ana Carina Coimbra, Joao Ramos, Jodo Arruda, Edgardo Melo, Jodo Luis and
Moniz da Ponte. Special thanks to Paula Vieira and Frank Aguiar for coordinating the
sampling.

Author Contributions

Conceptualization: Ana R. Lopes, Raquel Martin-Hernandez, Joachim R. de Miranda, M.
Alice Pinto.

Data curation: Ana R. Lopes, Matthew Low.

Formal analysis: Ana R. Lopes, Matthew Low.

Funding acquisition: Joachim R. de Miranda, M. Alice Pinto.
Investigation: Ana R. Lopes, Raquel Martin-Hernandez, M. Alice Pinto.

Methodology: Ana R. Lopes, Raquel Martin-Hernandez, Joachim R. de Miranda, M. Alice
Pinto.

Project administration: M. Alice Pinto.

Resources: M. Alice Pinto.

Software: Matthew Low.

Supervision: M. Alice Pinto.

Validation: M. Alice Pinto.

Visualization: Ana R. Lopes, Matthew Low, Joachim R. de Miranda, M. Alice Pinto.
Writing - original draft: Ana R. Lopes, M. Alice Pinto.

Writing - review & editing: Ana R. Lopes, Matthew Low, Raquel Martin-Hernandez, Joachim
R. de Miranda, M. Alice Pinto.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012337  July 3, 2024 20/27


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012337.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012337.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012337.s007
https://doi.org/10.1371/journal.ppat.1012337

PLOS PATHOGENS

Azores honey bee viral landscapes

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Klein A-M, Vaissiere BE, Cane JH, Steffan-Dewenter |, Cunningham SA, Kremen C, et al. Importance
of pollinators in changing landscapes for world crops. Proc R Soc B Biol Sci. 2007; 274(1608):303—13.
https://doi.org/10.1098/rspb.2006.3721 PMID: 17164193

Gallai N, Salles JM, Settele J, Vaissiere BE. Economic valuation of the vulnerability of world agriculture
confronted with pollinator decline. Ecol Econ. 2009; 68(3):810-21. https://doi.org/10.1016/j.ecolecon.
2008.06.014 WOS:000262812800019.

Bishop J, Garratt MPD, Nakagawa S. Animal pollination increases stability of crop yield across spatial
scales. Ecol Lett. 2022; 25(9):2034—47. hitps://doi.org/10.1111/ele.14069 PMID: 35843226

McMenamin AJ, Genersch E. Honey bee colony losses and associated viruses. Curr Opin Insect Sci.
2015; 8:121-9. https://doi.org/10.1016/j.c0is.2015.01.015 PMID: 32846659

Grozinger CM, Flenniken ML. Bee viruses: Ecology, pathogenicity, and impacts. Annu Rev Entomol.
2019; 64:205-26. https://doi.org/10.1146/annurev-ento-011118-111942 WOS:000456391400012.
PMID: 30629896

Beaurepaire A, Piot N, Doublet V, Antunez K, Campbell E, Chantawannakul P, et al. Diversity and
global distribution of viruses of the western honey bee, Apis mellifera. Insects. 2020; 11(4). https://doi.
org/10.3390/insects 11040239 PMID: 32290327

Yafiez O, Piot N, Dalmon A, de Miranda JR, Chantawannakul P, Panziera D, et al. Bee viruses: routes
of infection in hymenoptera. Front Microbiol. 2020;11. https://doi.org/10.3389/fmicb.2020.00943
PMID: 32547504

Walker PJ, Siddell SG, Lefkowitz EJ, Mushegian AR, Adriaenssens EM, Alfenas-Zerbini P, et al.
Changes to virus taxonomy and to the International Code of Virus Classification and Nomenclature rat-
ified by the International Committee on Taxonomy of Viruses (2021). Arch Virol. 2021; 166(9):2633—
48. https://doi.org/10.1007/s00705-021-05156-1 WOS:000670195700003. PMID: 34231026

Runckel C, Flenniken ML, Engel JC, Ruby JG, Ganem D, Andino R, et al. Temporal analysis of the
honey bee microbiome reveals four novel viruses and seasonal prevalence of known viruses,
Nosema, and Crithidia. PLoS One. 2011; 6(6). https://doi.org/10.1371/journal.pone.0020656 PubMed
Central PMCID: PMC21687739. PMID: 21687739

de Miranda JR, Bailey L, Ball BV, Blanchard P, Budge GE, Chejanovsky N, et al. Standard methods
for virus research in Apis mellifera. J Apic Res. 2013; 52(4). https://doi.org/10.3896/IBRA.1.52.4.22

Daughenbaugh KF, Martin M, Brutscher LM, Cavigli |, Garcia E, Lavin M, et al. Honey bee infecting
Lake Sinai viruses. Viruses. 2015; 7(6):3285-309. https://doi.org/10.3390/v7062772 PubMed Central
PMCID: PMC26110586. PMID: 26110586

Hou C, Liang H, Chen C, Zhao H, Zhao P, Deng S, et al. Lake Sinai virus is a diverse, globally distrib-
uted but not emerging multi-strain honeybee virus. Mol Ecol. 2023; 32(14):3859-71. https://doi.org/10.
1111/mec.16987 PMID: 37194687

Lanzi G, De Miranda JR, Boniotti MB, Cameron CE, Lavazza A, Capucci L, et al. Molecular and biolog-
ical characterization of deformed wing virus of honeybees (Apis melliferalL.). J Virol. 2006; 80
(10):4998-5009. https://doi.org/10.1128/JV1.80.10.4998-5009.2006 PubMed Central PMCID:
PMC16641291.

Ongus JR, Peters D, Bonmatin JM, Bengsch E, Vlak JM, van Oers MM. Complete sequence of a
picorna-like virus of the genus Iflavirus replicating in the mite Varroa destructor. J Gen Virol. 2004;
85:3747-55. https://doi.org/10.1099/vir.0.80470-0 WOS:000225442500027.

Mordecai GJ, Wilfert L, Martin SJ, Jones IM, Schroeder DC. Diversity in a honey bee pathogen: First
report of a third master variant of the Deformed wing virus quasispecies. ISME J. 2016; 10(5):1264—
73. https://doi.org/10.1038/ismej.2015.178 PubMed Central PMCID: PMC26574686. PMID:
26574686

de Miranda JR, Brettell LE, Chejanovsky N, Childers AK, Dalmon A, Deboutte W, et al. Cold case: The
disappearance of Egypt bee virus, a fourth distinct master strain of deformed wing virus linked to hon-
eybee mortality in 1970’s Egypt. Virol J. 2022; 19(1):12. https://doi.org/10.1186/s12985-022-01740-2
PMID: 35033134

Bailey L, Gibbs AJ, Woods RD. Two viruses from adult honey bees (Apis mellifera Linnaeus). Virology.
1963; 21(3):390-5. https://doi.org/10.1016/0042-6822(63)90200-9 PubMed Central PMCID:
PMC14081363. PMID: 14081363

Ball B, Bailey L. Viruses. In: Morse RA & Flottum K editors. "Honey bee pests, predators, & diseases".
Medina, Ohio, USA. 1997. p. 13-31.

Anderson DL, Gibbs AJ. Inapparent virus infections and their interactions in pupae of the honey bee
(Apis mellifera Linnaeus) in Australia. J Gen Virol. 1988; 69(7):1617-25. https://doi.org/10.1099/0022-
1317-69-7-1617

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012337  July 3, 2024 21/27


https://doi.org/10.1098/rspb.2006.3721
http://www.ncbi.nlm.nih.gov/pubmed/17164193
https://doi.org/10.1016/j.ecolecon.2008.06.014
https://doi.org/10.1016/j.ecolecon.2008.06.014
https://doi.org/10.1111/ele.14069
http://www.ncbi.nlm.nih.gov/pubmed/35843226
https://doi.org/10.1016/j.cois.2015.01.015
http://www.ncbi.nlm.nih.gov/pubmed/32846659
https://doi.org/10.1146/annurev-ento-011118-111942
http://www.ncbi.nlm.nih.gov/pubmed/30629896
https://doi.org/10.3390/insects11040239
https://doi.org/10.3390/insects11040239
http://www.ncbi.nlm.nih.gov/pubmed/32290327
https://doi.org/10.3389/fmicb.2020.00943
http://www.ncbi.nlm.nih.gov/pubmed/32547504
https://doi.org/10.1007/s00705-021-05156-1
http://www.ncbi.nlm.nih.gov/pubmed/34231026
https://doi.org/10.1371/journal.pone.0020656
http://www.ncbi.nlm.nih.gov/pubmed/21687739
https://doi.org/10.3896/IBRA.1.52.4.22
https://doi.org/10.3390/v7062772
http://www.ncbi.nlm.nih.gov/pubmed/26110586
https://doi.org/10.1111/mec.16987
https://doi.org/10.1111/mec.16987
http://www.ncbi.nlm.nih.gov/pubmed/37194687
https://doi.org/10.1128/JVI.80.10.4998%26%23x2013%3B5009.2006
https://doi.org/10.1099/vir.0.80470%26%23x2013%3B0
https://doi.org/10.1038/ismej.2015.178
http://www.ncbi.nlm.nih.gov/pubmed/26574686
https://doi.org/10.1186/s12985-022-01740-2
http://www.ncbi.nlm.nih.gov/pubmed/35033134
https://doi.org/10.1016/0042-6822%2863%2990200-9
http://www.ncbi.nlm.nih.gov/pubmed/14081363
https://doi.org/10.1099/0022-1317-69-7-1617
https://doi.org/10.1099/0022-1317-69-7-1617
https://doi.org/10.1371/journal.ppat.1012337

PLOS PATHOGENS

Azores honey bee viral landscapes

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Brettell LE, Mordecai GJ, Schroeder DC, Jones IM, Da Silva JR, Vicente-Rubiano M, et al. A compari-
son of deformed wing virus in deformed and asymptomatic honey bees. Insects. 2017; 8(1). https://
doi.org/10.3390/insects8010028 PMID: 28272333

DeGrandi-Hoffman G, Chen Y. Nutrition, immunity and viral infections in honey bees. Curr Opin Insect
Sci. 2015; 10:170-6. https://doi.org/10.1016/j.cois.2015.05.007 PMID: 29588005

Goulson D, Nicholls E, Botias C, Rotheray EL. Bee declines driven by combined stress from parasites,
pesticides, and lack of flowers. Science. 2015; 347(6229). https://doi.org/10.1126/science. 1255957
PMID: 25721506

Hristov P, Shumkova R, Palova N, Neov B. Factors associated with honey bee colony losses: A mini-
review. Vet Sci. 2020; 7(4):17. https://doi.org/10.3390/vetsci7040166 WOS:000601824700001.
PMID: 33143134

Annoscia D, Brown SP, Di Prisco G, De Paoli E, Del Fabbro S, Frizzera D, et al. Haemolymph removal
by Varroa mite destabilizes the dynamical interaction between immune effectors and virus in bees, as
predicted by Volterra’s model. Proc R Soc B Biol Sci. 2019; 286(1901). https://doi.org/10.1098/rspb.
2019.0331 PubMed Central PMCID: PMC30991929. PMID: 30991929

Ramsey SD, Ochoa R, Bauchan G, Gulbronson C, Mowery JD, Cohen A, et al. Varroa destructor
feeds primarily on honey bee fat body tissue and not hemolymph. Proc Natl Acad Sci U S A. 2019; 116
(5):1792-801. https://doi.org/10.1073/pnas.1818371116 WOS:000456944600052. PMID: 30647116

Han B, Wu JL, Wei QH, Liu FY, Cui LH, Rueppell O, et al. Life-history stage determines the diet of
ectoparasitic mites on their honey bee hosts. Nat Commun. 2024; 15(1):15. https://doi.org/10.1038/
s$41467-024-44915-x WOS:001151669200022. PMID: 38272866

Noél A, Le Conte Y, Mondet F. Varroa destructor: how does it harm Apis mellifera honey bees and
what can be done about it? Emerg Top Life Sci. 2020; 4(1):45-57. https://doi.org/10.1042/
ETLS20190125 PMID: 32537655; PubMed Central PMCID: PMC7326341.

Warner S, Pokhrel LR, Akula SM, Ubah CS, Richards SL, Jensen H, et al. A scoping review on the
effects of Varroa mite (Varroa destructor) on global honey bee decline. Sci Total Environ. 2024;
906:167492. https://doi.org/10.1016/j.scitotenv.2023.167492 PMID: 37778563

Traynor KS, Mondet F, de Miranda JR, Techer M, Kowallik V, Oddie MAY, et al. Varroa destructor. A
complex parasite, crippling honey bees worldwide. Trends Parasitol. 2020; 36(7):592—606. https://doi.
org/10.1016/}.pt.2020.04.004 PMID: 32456963

Morfin N, Goodwin PH, Guzman-Novoa E. Varroa destructorand its impacts on honey bee biology.
Frontiers in Bee Science. 2023;1. https://doi.org/10.3389/frbee.2023.1272937

de Miranda JR, Cornman RS, Evans JD, Semberg E, Haddad N, Neumann P, et al. Genome charac-
terization, prevalence and distribution of a Macula-Like Virus from Apis melliferaand Varroa destruc-
tor. Viruses. 2015; 7(7):3586-3602. https://doi.org/10.3390/v7072789 WOS:000360353200014.
PMID: 26154017

Damayo JE, McKee RC, Buchmann G, Norton AM, Ashe A, Remnant EJ. Virus replication in the
honey bee parasite, Varroa destructor. J Virol. 2023; 97(12):e0114923. Epub 20231115. https://doi.
org/10.1128/jvi.01149-23 PMID: 37966226; PubMed Central PMCID: PMC10746231.

Chen Y, Pettis JS, Evans JD, Kramer M, Feldlaufer MF. Transmission of Kashmir bee virus by the
ectoparasitic mite Varroa destructor. Apidologie. 2004; 35(4):441-8. https://doi.org/10.1051/
apido:2004031.

Shen M, Yang X, Cox-Foster D, Cui L. The role of varroa mites in infections of Kashmir bee virus
(KBV) and deformed wing virus (DWV) in honey bees. Virology. 2005; 342(1):141-9. https://doi.org/
10.1016/j.virol.2005.07.012 PubMed Central PMCID: PMC16109435. PMID: 16109435

de Miranda JR, Genersch E. Deformed wing virus. J Invertebr Pathol. 2010; 103(SUPPL. 1):S48-S61.
https://doi.org/10.1016/.jip.2009.06.012 PubMed Central PMCID: PMC19909976. PMID: 19909976

Di Prisco G, Pennacchio F, Caprio E, Boncristiani HF Jr, Evans JD, Chen Y. Varroa destructor is an
effective vector of Israeli acute paralysis virus in the honeybee, Apis mellifera. J Gen Virol. 2011; 92
(1):151-5. https://doi.org/10.1099/vir.0.023853-0 PubMed Central PMCID: PMC20926637. PMID:
20926637

Berthoud H, Imdorf A, Haueter M, Radloff S, Neumann P. Virus infections and winter losses of honey
bee colonies (Apis mellifera). J Apic Res. 2010; 49(1):60-5. https://doi.org/10.3896/IBRA.1.49.1.08

Dainat B, Evans JD, Chen YP, Gauthier L, Neumanna P. Dead or alive: Deformed wing virus and var-
roa destructor reduce the life span of winter honeybees. Appl Environ Microbiol. 2012; 78(4):981-7.
https://doi.org/10.1128/AEM.06537-11 PubMed Central PMCID: PMC22179240. PMID: 22179240

Desai SD, Currie RW. Effects of wintering environment and parasite-pathogen interactions on honey
bee colony loss in north temperate regions. PLoS One. 2016; 11(7):e0159615. Epub 2016/07/23.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012337  July 3, 2024 22/27


https://doi.org/10.3390/insects8010028
https://doi.org/10.3390/insects8010028
http://www.ncbi.nlm.nih.gov/pubmed/28272333
https://doi.org/10.1016/j.cois.2015.05.007
http://www.ncbi.nlm.nih.gov/pubmed/29588005
https://doi.org/10.1126/science.1255957
http://www.ncbi.nlm.nih.gov/pubmed/25721506
https://doi.org/10.3390/vetsci7040166
http://www.ncbi.nlm.nih.gov/pubmed/33143134
https://doi.org/10.1098/rspb.2019.0331
https://doi.org/10.1098/rspb.2019.0331
http://www.ncbi.nlm.nih.gov/pubmed/30991929
https://doi.org/10.1073/pnas.1818371116
http://www.ncbi.nlm.nih.gov/pubmed/30647116
https://doi.org/10.1038/s41467-024-44915-x
https://doi.org/10.1038/s41467-024-44915-x
http://www.ncbi.nlm.nih.gov/pubmed/38272866
https://doi.org/10.1042/ETLS20190125
https://doi.org/10.1042/ETLS20190125
http://www.ncbi.nlm.nih.gov/pubmed/32537655
https://doi.org/10.1016/j.scitotenv.2023.167492
http://www.ncbi.nlm.nih.gov/pubmed/37778563
https://doi.org/10.1016/j.pt.2020.04.004
https://doi.org/10.1016/j.pt.2020.04.004
http://www.ncbi.nlm.nih.gov/pubmed/32456963
https://doi.org/10.3389/frbee.2023.1272937
https://doi.org/10.3390/v7072789
http://www.ncbi.nlm.nih.gov/pubmed/26154017
https://doi.org/10.1128/jvi.01149-23
https://doi.org/10.1128/jvi.01149-23
http://www.ncbi.nlm.nih.gov/pubmed/37966226
https://doi.org/10.1051/apido
https://doi.org/10.1051/apido
https://doi.org/10.1016/j.virol.2005.07.012
https://doi.org/10.1016/j.virol.2005.07.012
http://www.ncbi.nlm.nih.gov/pubmed/16109435
https://doi.org/10.1016/j.jip.2009.06.012
http://www.ncbi.nlm.nih.gov/pubmed/19909976
https://doi.org/10.1099/vir.0.023853-0
http://www.ncbi.nlm.nih.gov/pubmed/20926637
https://doi.org/10.3896/IBRA.1.49.1.08
https://doi.org/10.1128/AEM.06537-11
http://www.ncbi.nlm.nih.gov/pubmed/22179240
https://doi.org/10.1371/journal.ppat.1012337

PLOS PATHOGENS

Azores honey bee viral landscapes

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

https://doi.org/10.1371/journal.pone.0159615 PMID: 27448049; PubMed Central PMCID:
PMC4957765.

Dainat B, Evans JD, Chen YP, Gauthier L, Neumann P. Predictive markers of honey bee colony col-
lapse. PLoS One. 2012; 7(2). https://doi.org/10.1371/journal.pone.0032151 PubMed Central PMCID:
PMC22384162. PMID: 22384162

Francis RM, Nielsen SL, Kryger P. Varroa-virus interaction in collapsing honey bee colonies. PLoS
One. 2013; 8(3):9. https://doi.org/10.1371/journal.pone.0057540 WOS:000317562100014. PMID:
23526946

Brutscher LM, McMenamin AJ, Flenniken ML. The buzz about honey bee viruses. PLoS Pathog.
2016; 12(8):e1005757. https://doi.org/10.1371/journal.ppat. 1005757 ppat.1005757. PMID: 27537076

Mondet F, de Miranda JR, Kretzschmar A, Le Conte Y, Mercer AR. On the front line: Quantitative virus
dynamics in honeybee (Apis mellifera L.) colonies along a new expansion front of the parasite Varroa
destructor. PLoS Pathog. 2014; 10(8):15. https://doi.org/10.1371/journal.ppat.1004323
WOS:000341576300041. PMID: 25144447

Manley R, Temperton B, Boots M, Wilfert L. Contrasting impacts of a novel specialist vector on multi-
host viral pathogen epidemiology in wild and managed bees. Mol Ecol. 2020; 29(2):380-93. https://
doi.org/10.1111/mec.15333 WOS:000505930500001. PMID: 31834965

Doublet V, Oddie MAY, Mondet F, Forsgren E, Dahle B, Furuseth-Hansen E, et al. Shift in virus com-
position in honeybees Apis mellifera following worldwide invasion by the parasitic mite and virus vector
Varroa destructor. R Soc Open Sci. 2024; 11(1):231529. https://doi.org/10.1098/rs0s.231529 PMID:
38204792

Lopes AR, Low M, Martin-Hernandez R, Pinto MA, de Miranda JR. Origins, diversity, and adaptive
evolution of DWV in the honey bees of the Azores: the impact of the invasive mite Varroa destructor.
Virus Evolution (accepted)

Martin SJ, Highfield AC, Brettell L, Villalobos EM, Budge GE, Powell M, et al. Global honey bee viral
landscape altered by a parasitic mite. Science. 2012; 336(6086):1304—6. https://doi.org/10.1126/
science.1220941 PMID: 22679096

Roberts JMK, Simbiken N, Dale C, Armstrong J, Anderson DL. Tolerance of honey bees to Varroa
mite in the absence of deformed wing virus. Viruses. 2020; 12(5). https://doi.org/10.3390/v12050575
PubMed Central PMCID: PMC32456246. PMID: 32456246

de Souza FS, Kevill JL, Correia-Oliveira ME, de Carvalho CAL, Martin SJ. Occurrence of deformed
wing virus variants in the stingless bee melipona subnitida and honey bee Apis mellifera populations in
Brazil. J Gen Virol. 2019; 100(2):289-94. https://doi.org/10.1099/jgv.0.001206 PubMed Central
PMCID: PMC30628883. PMID: 30628883

Celle O, Blanchard P, Olivier V, Schurr F, Cougoule N, Faucon JP, et al. Detection of Chronic bee
paralysis virus (CBPV) genome and its replicative RNA form in various hosts and possible ways of
spread. Virus Res. 2008; 133(2):280—4. https://doi.org/10.1016/j.virusres.2007.12.011 PubMed Cen-
tral PMCID: PMC18243390. PMID: 18243390

Grindrod I, Kevill JL, Villalobos EM, Schroeder DC, Martin SJ. Ten years of Deformed wing virus
(DWV) in Hawaiian honey bees (Apis mellifera), the dominant DWV-A variant is potentially being
replaced by variants with a DWV-B coding sequence. Viruses. 2021; 13(6):969. https://doi.org/10.
3390/v13060969 PMID: 34073733

Le Conte Y, Ellis M, Ritter W. Varroa mites and honey bee health: can Varroa explain part of the colony
losses? Apidologie. 2010; 41(3):353-63. https://doi.org/10.1051/apido/2010017
WOS:000279029200010.

Ryabov EV, Wood GR, Fannon JM, Moore JD, Bull JC, Chandler D, et al. A virulent strain of Deformed
Wing Virus (DWV) of honeybees (Apis mellifera) prevails after Varroa destructor-mediated, or in vitro,
transmission. PLoS Pathog. 2014; 10(6). https://doi.org/10.1371/journal.ppat.1004230 PubMed Cen-
tral PMCID: PMC24968198. PMID: 24968198

Ryabov EV, Childers AK, Lopez D, Grubbs K, Posada-Florez F, Weaver D, et al. Dynamic evolution in
the key honey bee pathogen deformed wing virus: Novel insights into virulence and competition using
reverse genetics. PloS Biol. 2019; 17(10):€3000502. https://doi.org/10.1371/journal.pbio.3000502
PMID: 31600204

Paxton RJ, Schéfer MO, Nazzi F, Zanni V, Annoscia D, Marroni F, et al. Epidemiology of a major
honey bee pathogen, deformed wing virus: potential worldwide replacement of genotype A by geno-
type B. International Journal for Parasitology: Parasites and Wildlife. 2022; 18:157-71. https://doi.org/
10.1016/j.ijppaw.2022.04.013 PMID: 35592272

Chapman NC, Colin T, Cook J, da Silva CRB, Gloag R, Hogendoorn K, et al. The final frontier: ecologi-
cal and evolutionary dynamics of a global parasite invasion. Biol Lett. 2023; 19(5):7. https://doi.org/10.
1098/rsbl.2022.0589 WOS:000992349700001. PMID: 37222245

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012337  July 3, 2024 23/27


https://doi.org/10.1371/journal.pone.0159615
http://www.ncbi.nlm.nih.gov/pubmed/27448049
https://doi.org/10.1371/journal.pone.0032151
http://www.ncbi.nlm.nih.gov/pubmed/22384162
https://doi.org/10.1371/journal.pone.0057540
http://www.ncbi.nlm.nih.gov/pubmed/23526946
https://doi.org/10.1371/journal.ppat.1005757
http://www.ncbi.nlm.nih.gov/pubmed/27537076
https://doi.org/10.1371/journal.ppat.1004323
http://www.ncbi.nlm.nih.gov/pubmed/25144447
https://doi.org/10.1111/mec.15333
https://doi.org/10.1111/mec.15333
http://www.ncbi.nlm.nih.gov/pubmed/31834965
https://doi.org/10.1098/rsos.231529
http://www.ncbi.nlm.nih.gov/pubmed/38204792
https://doi.org/10.1126/science.1220941
https://doi.org/10.1126/science.1220941
http://www.ncbi.nlm.nih.gov/pubmed/22679096
https://doi.org/10.3390/v12050575
http://www.ncbi.nlm.nih.gov/pubmed/32456246
https://doi.org/10.1099/jgv.0.001206
http://www.ncbi.nlm.nih.gov/pubmed/30628883
https://doi.org/10.1016/j.virusres.2007.12.011
http://www.ncbi.nlm.nih.gov/pubmed/18243390
https://doi.org/10.3390/v13060969
https://doi.org/10.3390/v13060969
http://www.ncbi.nlm.nih.gov/pubmed/34073733
https://doi.org/10.1051/apido/2010017
https://doi.org/10.1371/journal.ppat.1004230
http://www.ncbi.nlm.nih.gov/pubmed/24968198
https://doi.org/10.1371/journal.pbio.3000502
http://www.ncbi.nlm.nih.gov/pubmed/31600204
https://doi.org/10.1016/j.ijppaw.2022.04.013
https://doi.org/10.1016/j.ijppaw.2022.04.013
http://www.ncbi.nlm.nih.gov/pubmed/35592272
https://doi.org/10.1098/rsbl.2022.0589
https://doi.org/10.1098/rsbl.2022.0589
http://www.ncbi.nlm.nih.gov/pubmed/37222245
https://doi.org/10.1371/journal.ppat.1012337

PLOS PATHOGENS

Azores honey bee viral landscapes

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Lopes AR, Martin-Hernandez R, Higes M, Segura SK, Henriques D, Pinto MA. Colonisation patterns
of Nosema ceranae in the Azores archipelago. Vet Sci. 2022; 9(7):320. https://doi.org/10.3390/
vetsci9070320 PMID: 35878337

Cornman RS, Tarpy DR, Chen YP, Jeffreys L, Lopez D, Pettis JS, et al. Pathogen webs in collapsing
honey bee colonies. PLoS One. 2012; 7(8):15. https://doi.org/10.1371/journal.pone.0043562
WOS:000307789700040. PMID: 22927991

Cepero A, Ravoet J, Gémez-Moracho T, Bernal JL, Del Nozal MJ, Bartolomé C, et al. Holistic screen-
ing of collapsing honey bee colonies in Spain: a case study. BMC research notes. 2014; 7(1):1-10.
https://doi.org/10.1186/1756-0500-7-649 PMID: 25223634

Glenny W, Cavigli I, Daughenbaugh KF, Radford R, Kegley SE, Flenniken ML. Honey bee (Apis melli-
fera) colony health and pathogen composition in migratory beekeeping operations involved in Califor-
nia almond pollination. PLoS One. 2017; 12(8):e0182814. https://doi.org/10.1371/journal.pone.
0182814 PMID: 28817641

Faurot-Daniels C, Glenny W, Daughenbaugh KF, McMenamin AJ, Burkle LA, Flenniken ML. Longitu-
dinal monitoring of honey bee colonies reveals dynamic nature of virus abundance and indicates a
negative impact of Lake Sinai virus 2 on colony health. PLoS One. 2020; 15(9 September). https://doi.
org/10.1371/journal.pone.0237544 PubMed Central PMCID: PMC32898160. PMID: 32898160

Durand T, Bonjour-Dalmon A, Dubois E. Viral co-Infections and antiviral immunity in honey bees.
Viruses. 2023; 15(5):1217. https://doi.org/10.3390/v15051217 PMID: 37243302

Shutler D, Head K, Burgher-MacLellan KL, Colwell MJ, Levitt AL, Ostiguy N, et al. Honey bee Apis
mellifera parasites in the absence of Nosema ceranae Fungi and Varroa destructor mites. PLoS One.
2014; 9(6):8. https://doi.org/10.1371/journal.pone.0098599 WOS:000338917900003. PMID:
24955834

Commission E. Commission Implementing Decision (EU) 2019/1895 of 7 November 2019 recognising
several islands in Portugal as free from varroosis and amending the Annex to Implementing Decision
2013/503/EU (notified under document C(2019) 7905) (Text with EEA relevance). Brussels: Official
Journal of the European Union; 2019. p. 54-5.

Ferreira H, Henriques D, Neves CJ, Machado CAS, Azeved JC, Francoy TM, et al. Historical and con-
temporaneous human-mediated processes left a strong genetic signature on honey bee populations
from the Macaronesian archipelago of the Azores. Apidologie. 2020; 51(3):316—28. https://doi.org/10.
1007/s13592-019-00720-w WOS:000542655700003.

Martin SJ, Brettell LE. Deformed wing virus in honeybees and other insects. Annual Review of Virol-
ogy, Vol 6. 2019; 6:49-69. https://doi.org/10.1146/annurev-virology-092818-015700
WOS:000488796700003. PMID: 31185188

Cox-Foster DL, Conlan S, Holmes EC, Palacios G, Evans JD, Moran NA, et al. A metagenomic survey
of microbes in honey bee colony collapse disorder. Science. 2007; 318(5848):283-7. https://doi.org/
10.1126/science.1146498 PubMed Central PMCID: PMC17823314. PMID: 17823314

de Miranda JR, Cordoni G, Budge G. The Acute bee paralysis virus-Kashmir bee virus-Israeli acute
paralysis virus complex. J Invertebr Pathol. 2010; 103(SUPPL. 1):S30-S47. https://doi.org/10.1016/j.
jip.2009.06.014 PubMed Central PMCID: PMC19909972. PMID: 19909972

Ribiére M, Olivier V, Blanchard P. Chronic bee paralysis: A disease and a virus like no other? J Inver-
tebr Pathol. 2010; 103(SUPPL. 1):S120-S31. https://doi.org/10.1016/j.jip.2009.06.013 PubMed Cen-
tral PMCID: PMC19909978. PMID: 19909978

Peck DT, Seeley TD. Mite bombs or robber lures? The roles of drifting and robbing in Varroa destructor
transmission from collapsing honey bee colonies to their neighbors. PLoS One. 2019; 14(6):14.
https://doi.org/10.1371/journal.pone.0218392 W0OS:000484894700016. PMID: 31226130

Forfert N, Natsopoulou ME, Frey E, Rosenkranz P, Paxton RJ, Moritz RFA. Parasites and pathogens
of the honeybee (Apis mellifera) and their influence on inter-colonial transmission. PLoS One. 2015;
10(10):14. https://doi.org/10.1371/journal.pone.0140337 WOS:000362511200064. PMID: 26451849

Andino R, Domingo E. Viral quasispecies. Virology. 2015; 479-480:46-51. Epub 20150329. https://
doi.org/10.1016/j.virol.2015.03.022 PMID: 25824477; PubMed Central PMCID: PMC4826558.

Sanjuan R, Domingo-Calap P. Genetic diversity and evolution of viral populations. Encyclopedia of
virology. 2021:53. https://doi.org/10.1016/B978-0-12-809633-8.20958-8

Yang X, Cox-Foster DL. Impact of an ectoparasite on the immunity and pathology of an invertebrate:
evidence for host immunosuppression and viral amplification. Proceedings of the National Academy of
Sciences. 2005; 102(21):7470-5. https://doi.org/10.1073/pnas.0501860102 PMID: 15897457

WeiR, Caol, FengY, ChenY, Chen G, Zheng H. Sacbrood virus: a growing threat to honeybees and
wild pollinators. Viruses. 2022; 14(9). Epub 2022/09/24. https://doi.org/10.3390/v14091871 PMID:
36146677; PubMed Central PMCID: PMC9505205.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012337  July 3, 2024 24/27


https://doi.org/10.3390/vetsci9070320
https://doi.org/10.3390/vetsci9070320
http://www.ncbi.nlm.nih.gov/pubmed/35878337
https://doi.org/10.1371/journal.pone.0043562
http://www.ncbi.nlm.nih.gov/pubmed/22927991
https://doi.org/10.1186/1756-0500-7-649
http://www.ncbi.nlm.nih.gov/pubmed/25223634
https://doi.org/10.1371/journal.pone.0182814
https://doi.org/10.1371/journal.pone.0182814
http://www.ncbi.nlm.nih.gov/pubmed/28817641
https://doi.org/10.1371/journal.pone.0237544
https://doi.org/10.1371/journal.pone.0237544
http://www.ncbi.nlm.nih.gov/pubmed/32898160
https://doi.org/10.3390/v15051217
http://www.ncbi.nlm.nih.gov/pubmed/37243302
https://doi.org/10.1371/journal.pone.0098599
http://www.ncbi.nlm.nih.gov/pubmed/24955834
https://doi.org/10.1007/s13592-019-00720-w
https://doi.org/10.1007/s13592-019-00720-w
https://doi.org/10.1146/annurev-virology-092818-015700
http://www.ncbi.nlm.nih.gov/pubmed/31185188
https://doi.org/10.1126/science.1146498
https://doi.org/10.1126/science.1146498
http://www.ncbi.nlm.nih.gov/pubmed/17823314
https://doi.org/10.1016/j.jip.2009.06.014
https://doi.org/10.1016/j.jip.2009.06.014
http://www.ncbi.nlm.nih.gov/pubmed/19909972
https://doi.org/10.1016/j.jip.2009.06.013
http://www.ncbi.nlm.nih.gov/pubmed/19909978
https://doi.org/10.1371/journal.pone.0218392
http://www.ncbi.nlm.nih.gov/pubmed/31226130
https://doi.org/10.1371/journal.pone.0140337
http://www.ncbi.nlm.nih.gov/pubmed/26451849
https://doi.org/10.1016/j.virol.2015.03.022
https://doi.org/10.1016/j.virol.2015.03.022
http://www.ncbi.nlm.nih.gov/pubmed/25824477
https://doi.org/10.1016/B978-0-12-809633-8.20958%26%23x2013%3B8
https://doi.org/10.1073/pnas.0501860102
http://www.ncbi.nlm.nih.gov/pubmed/15897457
https://doi.org/10.3390/v14091871
http://www.ncbi.nlm.nih.gov/pubmed/36146677
https://doi.org/10.1371/journal.ppat.1012337

PLOS PATHOGENS

Azores honey bee viral landscapes

76.
77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

Schmid-Hempel P. Parasites in social insects: Princeton University Press; 1998.

Luis AR, Garcia CAY, Invernizzi C, Branchiccela B, Pifieiro AMP, Morfi AP, et al. Nosema ceranae
and RNA viruses in honey bee populations of Cuba. J Apic Res. 2020; 59(4):468-71. https://doi.org/
10.1080/00218839.2020.1749451

Bordin F, Zulian L, Granato A, Caldon M, Colamonico R, Toson M, et al. Presence of known and
emerging honey bee pathogens in apiaries of veneto region (northeast of Italy) during Spring 2020 and
2021. Applied Sciences. 2022; 12(4):2134. https://doi.org/10.3390/app12042134

Carrillo-Tripp J, Dolezal AG, Goblirsch MJ, Miller WA, Toth AL, Bonning BC. In vivo and in vitro infec-
tion dynamics of honey bee viruses. Sci Rep. 2016;6. https://doi.org/10.1038/srep22265 PubMed
Central PMCID: PMC26923109. PMID: 26923109

D’Alvise P, Seeburger V, Gihring K, Kieboom M, Hasselmann M. Seasonal dynamics and co-occur-
rence patterns of honey bee pathogens revealed by high-throughput RT-gPCR analysis. Ecology and
Evolution. 2019; 9(18):10241-52. https://doi.org/10.1002/ece3.5544 WOS:000481320700001. PMID:
31624548

Cremer S, Pull CD, First MA. Social Immunity: Emergence and Evolution of Colony-Level Disease
Protection. In: Berenbaum MR, editor. Annual Review of Entomology, Vol 63. Annual Review of Ento-
mology. 63. Palo Alto: Annual Reviews; 2018. p. 105-23.

Cilia G, Flaminio S, Zavatta L, Ranalli R, Quaranta M, Bortolotti L, et al. Occurrence of Honey Bee
(Apis mellifera L.) Pathogens in Wild Pollinators in Northern Italy. Front Cell Infect Microbiol. 2022;
12:20. https://doi.org/10.3389/fcimb.2022.907489 WOS:000826511800001. PMID: 35846743

Desai SD, Kumar S, Currie RW. Occurrence, detection, and quantification of economically important
viruses in healthy and unhealthy honey bee (Hymenoptera: Apidae) colonies in Canada. Can Entomol.
2016; 148(1):22-35. https://doi.org/10.4039/tce.2015.23 WOS:000369591200003.

Alger SA, Burnham PA, Boncristiani HF, Brody AK. RNA virus spillover from managed honeybees
(Apis mellifera) to wild bumblebees (Bombus spp.). PLoS One. 2019; 14(6):13. https://doi.org/10.
1371/journal.pone.0217822 WOS:000474420300002. PMID: 31242222

Gaijger IT, Kolodziejek J, Bakonyi T, Nowotny N. Prevalence and distribution patterns of seven differ-
ent honeybee viruses in diseased colonies: a case study from Croatia. Apidologie. 2014; 45(6):701-6.
https://doi.org/10.1007/s13592-014-0287-0 WOS:000343970500005.

Roberts JMK, Anderson DL, Durr PA. Absence of deformed wing virus and Varroa destructorin Aus-
tralia provides unique perspectives on honeybee viral landscapes and colony losses. Sci Rep. 2017; 7
(1). https://doi.org/10.1038/s41598-017-07290-w PubMed Central PMCID: PMC28761114. PMID:
28761114

Chagas DB, Monteiro FL, Barcelos LD, Fruhauf Ml, Ribeiro LC, de Lima M, et al. Black queen cell
virus and Nosema ceranae coinfection in Africanized honey bees from southern Brazil. Pesqui Vet
Bras. 2020; 40(11):892-7. https://doi.org/10.1590/1678-5150-pvb-6678 WOS:000612230000009.

Dalmon A, Diévart V, Thomasson M, Fouque R, Vaissiére BE, Guilbaud L, et al. Possible Spillover of
Pathogens between Bee Communities Foraging on the Same Floral Resource. Insects. 2021; 12
(2):122. https://doi.org/10.3390/insects 12020122 PMID: 33573084

Molineri Al, Pacini A, Giacobino A, Bulacio-Cagnolo N, Aignasse A, Zago L, et al. Prevalence of honey
bee (Apis mellifera) viruses in temperate and subtropical regions from Argentina. Rev Argent Micro-
biol. 2017; 49(2):166—73. https://doi.org/10.1016/j.ram.2016.12.004 WOS:000406693200009. PMID:
28449942

Kitamura Y, Odoi JO, Nagai M, Asai T. Prevalence of honeybee viruses in Apis melliferain Gifu prefec-
ture of Japan. J Vet Med Sci. 2021; 83(12):1948-51. https://doi.org/10.1292/jyms.21-0379 PMID:
34732608

Schurr F, Cougoule N, Riviere MP, Ribiere-Chabert M, Achour H, Adam D, et al. Trueness and preci-
sion of the real-time RT-PCR method for quantifying the chronic bee paralysis virus genome in bee
homogenates evaluated by a comparative inter-laboratory study. J Virol Methods. 2017; 248:217-25.
https://doi.org/10.1016/j.jviromet.2017.07.013 WOS:000412616900035. PMID: 28757385

Cavigli I, Daughenbaugh KF, Martin M, Lerch M, Banner K, Garcia E, et al. Pathogen prevalence and
abundance in honey bee colonies involved in almond pollination. Apidologie. 2016; 47(2):251-66.
https://doi.org/10.1007/s13592-015-0395-5 PMID: 27053820

Simenc L, Kuhar U, Jamnikar-Ciglenecki U, Toplak I. First Complete Genome of Lake Sinai Virus Line-
age 3 and Genetic Diversity of Lake Sinai Virus Strains From Honey Bees and Bumble Bees. J Econ
Entomol. 2020; 113(3):1055—-61. https://doi.org/10.1093/jee/toaa049 WOS:000542066300001. PMID:
32207825

Lhérété J-P. Missé&o técnica-Apicultura (Tecnhical report). 1987.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012337  July 3, 2024 25/27


https://doi.org/10.1080/00218839.2020.1749451
https://doi.org/10.1080/00218839.2020.1749451
https://doi.org/10.3390/app12042134
https://doi.org/10.1038/srep22265
http://www.ncbi.nlm.nih.gov/pubmed/26923109
https://doi.org/10.1002/ece3.5544
http://www.ncbi.nlm.nih.gov/pubmed/31624548
https://doi.org/10.3389/fcimb.2022.907489
http://www.ncbi.nlm.nih.gov/pubmed/35846743
https://doi.org/10.4039/tce.2015.23
https://doi.org/10.1371/journal.pone.0217822
https://doi.org/10.1371/journal.pone.0217822
http://www.ncbi.nlm.nih.gov/pubmed/31242222
https://doi.org/10.1007/s13592-014-0287-0
https://doi.org/10.1038/s41598-017-07290-w
http://www.ncbi.nlm.nih.gov/pubmed/28761114
https://doi.org/10.1590/1678-5150-pvb-6678
https://doi.org/10.3390/insects12020122
http://www.ncbi.nlm.nih.gov/pubmed/33573084
https://doi.org/10.1016/j.ram.2016.12.004
http://www.ncbi.nlm.nih.gov/pubmed/28449942
https://doi.org/10.1292/jvms.21-0379
http://www.ncbi.nlm.nih.gov/pubmed/34732608
https://doi.org/10.1016/j.jviromet.2017.07.013
http://www.ncbi.nlm.nih.gov/pubmed/28757385
https://doi.org/10.1007/s13592-015-0395-5
http://www.ncbi.nlm.nih.gov/pubmed/27053820
https://doi.org/10.1093/jee/toaa049
http://www.ncbi.nlm.nih.gov/pubmed/32207825
https://doi.org/10.1371/journal.ppat.1012337

PLOS PATHOGENS

Azores honey bee viral landscapes

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Brettell LE, Riegler M, O’Brien C, Cook JM. Occurrence of honey bee-associated pathogens in Var-
roa-free pollinator communities. J Invertebr Pathol. 2020;171. https://doi.org/10.1016/.jip.2020.
107344 PubMed Central PMCID: PMC32081716. PMID: 32081716

Di Prisco G, Annoscia D, Margiotta M, Ferrara R, Varricchio P, Zanni V, et al. A mutualistic symbiosis
between a parasitic mite and a pathogenic virus undermines honey bee immunity and Health. Proc
Natl Acad Sci U S A. 2016; 113(12):3203-8. https://doi.org/10.1073/pnas.1523515113 PubMed Cen-
tral PMCID: PMC26951652. PMID: 26951652

Doublet V, Poeschl Y, Gogol-Déring A, Alaux C, Annoscia D, Aurori C, et al. Unity in defence: Honey-
bee workers exhibit conserved molecular responses to diverse pathogens. BMC Genomics. 2017; 18
(1). https://doi.org/10.1186/s12864-017-3597-6 PubMed Central PMCID: PMC28249569. PMID:
28249569

Malfroy SF, Roberts JMK, Perrone S, Maynard G, Chapman N. A pest and disease survey of the iso-
lated Norfolk Island honey bee (Apis mellifera) population. J Apic Res. 2016; 55(2):202—11. https://doi.
org/10.1080/00218839.2016.1189676 WOS:000385237000010.

Forsgren E, Locke B, Semberg E, Laugen AT, de Miranda JR. Sample preservation, transport and pro-
cessing strategies for honeybee RNA extraction: Influence on RNA yield, quality, target quantification
and data normalization. J Virol Methods. 2017; 246:81-9. https://doi.org/10.1016/j.jviromet.2017.04.
010 WOS:000403737500013. PMID: 28442327

Wu LY, Wen CQ, Qin YJ, Yin HQ, Tu QC, Van Nostrand JD, et al. Phasing amplicon sequencing on
lllumina Miseq for robust environmental microbial community analysis. BMC Microbiol. 2015; 15:12.
https://doi.org/10.1186/s12866-015-0450-4 WOS:000356472100001. PMID: 26084274

Afgan E, Baker D, Batut B, van den Beek M, Bouvier D, Cech M, et al. The Galaxy platform for accessi-
ble, reproducible and collaborative biomedical analyses: 2018 update. Nucleic Acids Res. 2018; 46
(W1):W537-W44. https://doi.org/10.1093/nar/gky379 PMID: 29790989

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB, et al. Introducing mothur:
open-source, platform-independent, community-supported software for describing and comparing
microbial communities. Appl Environ Microbiol. 2009; 75(23):7537—41. https://doi.org/10.1128/AEM.
01541-09 PMID: 19801464

Batut B, Hiltemann S, Bagnacani A, Baker D, Bhardwaj V, Blank C, et al. Community-Driven Data
Analysis Training for Biology. Cell Systems. 2018; 6(6):752—8.e1. https://doi.org/10.1016/j.cels.2018.
05.012 PMID: 29953864

Hiltemann S, Batut B, Clements D. 16S Microbial Analysis with mothur (extended) (Galaxy Training
Materials 2023 [cited 2023 14 September]. Available from: https:/training.galaxyproject.org/training-
material/topics/metagenomics/tutorials/mothur-miseqg-sop/tutorial.html.

Hiltemann S, Rasche H, Gladman S, Hotz H-R, Lariviére D, Blankenberg D, et al. Galaxy Training: A
powerful framework for teaching! PLOS Computational Biology. 2023; 19(1):e1010752. https://doi.
org/10.1371/journal.pcbi.1010752 PMID: 36622853

Kumar S, Stecher G, Li M, Knyaz C, Tamura K. MEGA X: Molecular evolutionary genetics analysis
across computing platforms. Molecular Biology and Evolution. 2018; 35(6):1547-9. https://doi.org/10.
1093/molbev/msy096 PMID: 29722887

Tamura K. Estimation of the number of nucleotide substitutions when there are strong transition-trans-
version and G+C- content biases. Molecular Biology and Evolution. 1992; 9(4):678-87. WOS:
A1992JB37800009. https://doi.org/10.1093/oxfordjournals.molbev.a040752 PMID: 1630306

Kimura M. A simple method for estimating evolutionary rates of base substitutions through compara-
tive studies of nucleotide sequences. Journal of molecular evolution. 1980; 16:111-20. https://doi.org/
10.1007/BF01731581 PMID: 7463489

Letunic |, Bork P. Interactive Tree Of Life (iTOL) v5: an online tool for phylogenetic tree display and
annotation. Nucleic Acids Res. 2021; 49(W1):W293-W8. https://doi.org/10.1093/nar/gkab301 PMID:
33885785

Gong HR, Chen XX, Chen YP, Hu FL, Zhang JL, Lin ZG, et al. Evidence of Apis cerana Sacbrood
virus infection in Apis mellifera. Appl Environ Microbiol. 2016; 82(8):2256—62. https://doi.org/10.1128/
AEM.03292-15 PubMed Central PMCID: PMC26801569. PMID: 26801569

Oksanen J, Simpson G, Blanchet F, Kindt R, Legendre P, Minchin P, et al. vegan: Community Ecology
Package. R package version 2.6—4. 2022.

Team RC. R: A language and environment for statistical computing. R Foundation for Statistical Com-
puting. 2022; Vienna, Austria:https://www.R-project.org/.

Stevenson M, Sergeant E, Firestone S. epiR: Tools for the Analysis of Epidemiological Data. R pack-
age version 2.0.65. 2023.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012337  July 3, 2024 26/27


https://doi.org/10.1016/j.jip.2020.107344
https://doi.org/10.1016/j.jip.2020.107344
http://www.ncbi.nlm.nih.gov/pubmed/32081716
https://doi.org/10.1073/pnas.1523515113
http://www.ncbi.nlm.nih.gov/pubmed/26951652
https://doi.org/10.1186/s12864-017-3597-6
http://www.ncbi.nlm.nih.gov/pubmed/28249569
https://doi.org/10.1080/00218839.2016.1189676
https://doi.org/10.1080/00218839.2016.1189676
https://doi.org/10.1016/j.jviromet.2017.04.010
https://doi.org/10.1016/j.jviromet.2017.04.010
http://www.ncbi.nlm.nih.gov/pubmed/28442327
https://doi.org/10.1186/s12866-015-0450-4
http://www.ncbi.nlm.nih.gov/pubmed/26084274
https://doi.org/10.1093/nar/gky379
http://www.ncbi.nlm.nih.gov/pubmed/29790989
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1128/AEM.01541-09
http://www.ncbi.nlm.nih.gov/pubmed/19801464
https://doi.org/10.1016/j.cels.2018.05.012
https://doi.org/10.1016/j.cels.2018.05.012
http://www.ncbi.nlm.nih.gov/pubmed/29953864
https://training.galaxyproject.org/training-material/topics/metagenomics/tutorials/mothur-miseq-sop/tutorial.html
https://training.galaxyproject.org/training-material/topics/metagenomics/tutorials/mothur-miseq-sop/tutorial.html
https://doi.org/10.1371/journal.pcbi.1010752
https://doi.org/10.1371/journal.pcbi.1010752
http://www.ncbi.nlm.nih.gov/pubmed/36622853
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/molbev/msy096
http://www.ncbi.nlm.nih.gov/pubmed/29722887
https://doi.org/10.1093/oxfordjournals.molbev.a040752
http://www.ncbi.nlm.nih.gov/pubmed/1630306
https://doi.org/10.1007/BF01731581
https://doi.org/10.1007/BF01731581
http://www.ncbi.nlm.nih.gov/pubmed/7463489
https://doi.org/10.1093/nar/gkab301
http://www.ncbi.nlm.nih.gov/pubmed/33885785
https://doi.org/10.1128/AEM.03292-15
https://doi.org/10.1128/AEM.03292-15
http://www.ncbi.nlm.nih.gov/pubmed/26801569
https://www.R-project.org/
https://doi.org/10.1371/journal.ppat.1012337

PLOS PATHOGENS Azores honey bee viral landscapes

114. Plummer M, editor JAGS: A program for analysis of Bayesian graphical models using Gibbs sampling.
Proceedings of the 3rd international workshop on distributed statistical computing; 2003 March 20—-22:
Vienna, Austria.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012337  July 3, 2024 27/27


https://doi.org/10.1371/journal.ppat.1012337

