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The worldwide decline in honeybee colonies during the past 50 years has often been linked to the spread of
the parasitic mite Varroa destructor and its interaction with certain honeybee viruses. Recently in the United
States, dramatic honeybee losses (colony collapse disorder) have been reported; however, there remains no
clear explanation for these colony losses, with parasitic mites, viruses, bacteria, and fungal diseases all being
proposed as possible candidates. Common characteristics that most failing colonies share is a lack of overt
disease symptoms and the disappearance of workers from what appears to be normally functioning colonies.
In this study, we used quantitative PCR to monitor the presence of three honeybee viruses, deformed wing virus
(DWYV), acute bee paralysis virus (ABPV), and black queen cell virus (BQCYV), during a 1-year period in 15
asymptomatic, varroa mite-positive honeybee colonies in Southern England, and 3 asymptomatic colonies
confirmed to be varroa mite free. All colonies with varroa mites underwent control treatments to ensure that
mite populations remained low throughout the study. Despite this, multiple virus infections were detected, yet
a significant correlation was observed only between DWYV viral load and overwintering colony losses. The
long-held view has been that DWYV is relatively harmless to the overall health status of honeybee colonies unless
it is in association with severe varroa mite infestations. Our findings suggest that DWV can potentially act
independently of varroa mites to bring about colony losses. Therefore, DWV may be a major factor in

overwintering colony losses.

Deformed wing virus (DWV), acute bee paralysis virus
(ABPV), and black queen cell virus (BQCV) are single-
stranded positive-sense RNA viruses of the order Picornavi-
rales and are regularly detected in honeybee populations in the
United Kingdom (1). ABPV has been assigned to the family
Dicistroviridae and is known to follow a classic acute-type in-
fection strategy since relatively low loads (10° to 10° viruses per
honeybee) can rapidly translate into overt symptoms of paral-
ysis and ultimately death for the honeybee, depending on the
mode of transmission (6, 33). ABPV shares >92% sequence
homology with other members of the family Dicistroviridae,
Kashmir bee virus and Israeli acute paralysis virus, across the
eight conserved domains of the RNA-dependent RNA poly-
merase gene, and it has been proposed that these viruses have
recently diverged and are variants of each other (7). Advances
in the study of this proposed ABPV complex is revealing the
significant impact these viruses may have on honeybee colonies
on a global scale. For example, a recent study in the United
States has observed a correlation between Israeli acute paral-
ysis virus and colony collapse disorder (17). That said, other
agents, including bacteria and microsporidia, have also been
proposed as important factors in the onset of colony loss
(25, 27).
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BQCYV is similar to ABPV in that it, too, follows a typical
acute infection strategy. This virus is known to infect honeybee
queen cell larvae, causing the larvae to discolor and die (5). It
has been shown to be associated with the microsporidian
Nosema apis (4) although whether N. apis has a direct role in
the transmission of this virus still needs to be determined. Both
ABPV and BQCV have been detected in worker honeybees
and pupae (38), and the viruses are transmitted orally, via food
and feeding activities (14). BOCV has also been detected in
queen honeybees (13), suggesting that vertical transmission is
also important for this virus. Both BQCV (12) and ABPV (38)
have been detected within the varroa mite; however, only
ABPV (9) has been shown to be vectored by varroa mites and
has been found associated with dead colonies infested with
varroa mites in Germany, Russia, and the United States (1).
Later modeling work (33) indicated that very large (10,000+)
mite populations are required to kill a colony since it is difficult
for ABPV to become established among the bee population
due to its high virulence.

DWV is currently designated as a member of the unassigned
genus Iflavirus within the order Picornavirales. 1t is generally
considered as less virulent than ABPV or Kashmir bee virus,
but it is known to cause overt symptoms of wing deformities in
developing honeybees, resulting in emerging honeybees that
are unable to fly and die shortly (5). It is also speculated that
a cloud of DWV sequence variants exists that have evolved
from a common ancestor. This is due to the high sequence
similarities DWV isolates share with Kakugo virus and Varroa
destructor virus within the RNA-dependent RNA polymerase
gene, yet differences in virus epidemiology and pathological
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effects distinguish them from each other (29). DWV has been
detected in worker honeybees, pupae, larvae, drones, and
queens (15, 18, 20) as well as within the varroa mite (38, 43)
and more recently the mite Tropilaelaps mercedesae (21), im-
plying a range of horizontal and vertical transmission routes.
Despite their global occurrence, it is generally accepted that
DWYVs play a secondary role in the causes of honeybee disease
compared to their parasitic and bacterial counterparts as the
viruses routinely reside at low levels in colonies, with symp-
tomatic infections being rare (5). Moreover, multiple variants
with differing infection strategies can account for a lack of
discernible symptoms.

Whether these viruses follow a persistent, latent, inapparent,
or progressive infection strategy still remains unclear. Persis-
tent (often called chronic) infections imply that the rate of
infection within a host is in balance with the reproduction rate
of the infected cell type or host itself. This is achieved through
a combination of changing virus replication and host immune
responses. Latent infections occur when the virus lies dormant
within the host (replication inactive) until activation by defined
stimuli. Progressive infections are caused by viruses that enter
the host cell and replicate undetected for many cellular gen-
erations over many years before manifesting overt or acute
symptoms. These three infection strategies all evade the host
immune system, which results in the inability of the host to
fully expel the virus, and this inability is often lethal. Inappar-
ent (often referred to as covert) infections are indicative of a
highly evolved relationship between the virus and natural host.
Moreover, these infections are distinct in that the natural host
can eventually clear itself from this short-term infection (19).
Infections of DWYV are often described as inapparent (15);
however, Yue et al. (44) have suggested that a distinction
should be made between “true inapparent” and their newly
defined “covert infection” based on the long-term nature of
DWYV infection in honeybee colonies and on the nature of its
transmission. This conclusion is congruent with current knowl-
edge that traditional serological screening methods for DWV
have limitations in their sensitivity (20). Therefore, the pres-
ence and duration of DWV within colonies have often been
underestimated using serological assays as the overt symptoms
of the deformed wing phenotype (>10"! virions per honeybee)
are short-lived. Advances in virus detection methodologies
have enabled the development of more sensitive techniques,
such as PCR, and this has demonstrated that DWV persists for
longer periods within colonies (38). However, based on the
current research evidence, a case could be made that DWV
actually follows the classic persistent infection strategy.

DWYV is thought to have an intricate relationship with varroa
mites such that immunosuppression of the honeybee pupae by
the mites results in increased DWV amplification when the
honeybees are exposed to other pathogens (42). It has addi-
tionally been shown that the number of mites parasitizing
honeybee pupae is positively correlated with the probability of
their developing malformed wings (10). Other findings indicate
that DWV replication within the mite and subsequent trans-
mission to developing honeybees lead to the increased likeli-
hood of the bees’ emerging with wing deformities (24, 43).
Taken together, the expectation is that DWV-associated col-
ony collapse would typically occur in the presence of a large
(>2,000) varroa mite infestation carrying high levels of DWV
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and with a high proportion of deformed honeybees. While the
effect of varroa mite-induced DWYV disease is well recognized,
i.e., wing deformities coupled with downregulation of immu-
nity-related genes and antimicrobial peptides (36, 42) and im-
paired learning behavior (28), the impact of non-varroa mite-
vectored DWYV within asymptomatic honeybees still needs to
be realized. Moreover, it was recently reported that varroa
mite-free bumblebees that tested positive for DWV actually
showed symptoms of DWYV infection (23). Even though these
bumblebees were in close proximity to DWV-infected and
varroa mite-infested honeybee colonies, it is evidence that the
dependency of DWV on varroa mite vectoring for a symptom-
atic infection (manifested as classic wing deformities or other
symptoms) may not be as critical as previously thought.

The purpose of this study was to investigate asymptomatic
viral dynamics within husbanded honeybee colonies over an
annual cycle. We set out to observe the relationship, if any,
between virus infections, varroa mite parasitism and vectoring,
honeybee colony health, and colony longevity. For the first
time, a quantitative analysis of three picorna-like honeybee
viruses over the course of a year was undertaken for DWV,
ABPV, and BQCV.

MATERIALS AND METHODS

Sample collection. Three asymptomatic colonies from each of five apiaries
(n = 15 colonies), all known to have a history of varroa mite infestation, from
Devon in the southwest of England (Shute, Honiton, Plymouth, Ashburton, and
Newton Abbot) were sampled over a year (bimonthly between May and October
2006, monthly between November 2006 and March 2007, and bimonthly in April
2007). Three colonies from the same apiary located on the Scilly Island (St.
Agnes) off the British Isles was similarly sampled (bimonthly between June and
October 2007 and monthly between November 2007 and May 2008). This apiary
is confirmed to have always been varroa mite free (United Kingdom National
Bee Inspectorate). These colonies served as an important control group to those
from Devon (varroa mites present since the early 1990s). Twenty asymptomatic
worker honeybees were collected from each of the 18 colonies and stored at
—20°C before shipment to the laboratory, where the 20 worker honeybees were
pooled for analysis (hereafter referred to as pooled worker honeybees).

An extra sample of 30 worker honeybees was collected from one of the three
colonies of the apiary of Shute in May 2007, and a sample of four worker
honeybees was collected from the apiary of St. Agnes in February 2008 in order
to analyze each individual separately (hereafter referred to as individual worker
honeybees). An additional sample of four worker honeybees with deformed
wings (hereafter referred to as symptomatic honeybees) was collected from an
additional colony from an apiary in Postbridge, Devon, in September 2005. A
record was kept of the sampling date, any swarming events, queen supercedure,
information on varroa mite drop, other pathogens detected, and any chemical
treatments that were undertaken. All study colonies were maintained using
standard beekeeping practices.

Sample preparation. The pooled honeybees were ground into a fine homog-
enous powder in liquid nitrogen and then stored at —80°C. Each individual
honeybee from the extra samples (38 worker honeybees in total) was ground up
separately in liquid nitrogen and also stored at —80°C. Total RNA was extracted
from 30 mg of ground honeybee material using an RNeasy minikit (Qiagen)
according to the manufacturer’s instructions, with the exception that the elution
volume was 30 pl. One microgram of RNA extracted was treated with DNase I
(Promega) according to the manufacturer’s instructions and was quantified using
an Agilent Bioanalyser Nano Assay Series II (Agilent Technologies).

In vitro transcription and quantification of cRNA standards. Quantitative
PCR (QPCR) standards were prepared for each virus and the housekeeping
gene actin by amplifying PCR products from extracted total RNA using the
primers detailed in Table 1. A total of 100 ng of the gel-purified PCR product
was ligated into the pCR2.1 cloning vector containing the T7 promoter sequence
(Invitrogen) and was transformed according to the manufacturer’s instructions.
Positive clones were picked and confirmed for the presence of inserts by M13
PCR. Orientations of the inserts were determined by restriction endonuclease
digestion according to the manufacturer’s instructions. One microgram of the
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TABLE 1. Primers used in this study

Size of
Target Primer name Sequence (5'-3") product
(bp)
DWV  DWVQ_F1 TAG TGC TGG TTT TCC TTT 145
GTC
DWVQ_R1 CTG TGT CGT TGA TAA TTG
AAT CTC
ABPV ABPVQ_F2 GGA TGA GAG AAG ACC 169
AAT TG
ABPVQ_R2 CCA TAG GAA CTA ATG TTT
ATT CC
BQCV BQCVQ_F1 CCA ATA GTA GCG GTG TTA 177
TCT GAG
BQCVQ_R1 AGC GTA TAA TAT GTC GGA
CTG TTC
Actin Actin_F1 CCT GGA ATC GCA GAT 120
AGA ATG C
Actin_R1 AAG AAT TGA CCC ACC AAT
CCA TAC

correctly orientated M13 PCR product was used for in vitro transcription using
an mMessage mMachine T7 kit (Ambion) according to the manufacturer’s in-
structions. DNA was removed from the reaction mixture by incubation with
Turbo DNase (Ambion), and cRNA was recovered using an Ambion MEGA
Clear Kit according to the manufacturer’s instructions. cRNA was quantified
using the Agilent 6000 Nano Assay Series II (Agilent Technologies) and was
verified by sequence analysis. Virus and actin copy numbers were determined
using the following equation: N = C/K X 182.5 X 10" (where N is molecules per
pl, C is the concentration of cRNA [ug/pl], and K is fragment size [bp]) (22).
Independent dilution series of the cRNA standards were prepared for ABPV,
DWYV, BQCYV, and actin. These were analyzed in triplicate as per the samples for
every corresponding QPCR plate screened.

SYBR green QPCR. Total RNA was analyzed in triplicate for each annual
cycle sample and individual honeybee sample using a One-Step SensiMix with
SYBR green kit (Quantace) and the primers detailed in Table 1. Preliminary
experiments were undertaken using 5, 12.5, 25, 50, 100, and 200 ng of RNA as the
starting template. Optimized QPCR reaction mixtures contained 50 ng of RNA
template, 1X Quantace One Step enzyme mix, 2.5 mM MgCl,, 1X SYBR green,
5 units of RNase inhibitor, and 10 pmol of each primer for BQCV or 7.5 pmol
of each primer for actin, ABPV, and DWV. Reactions were run on a Quantica
QPCR cycler (Techne) and proceeded with an initial reverse transcription stage
at 49°C for 30 min and a denaturation step at 95°C for 10 min, followed by 40
cycles of denaturation at 95°C for 15 s, annealing at 54°C for 20 s for ABPV and
DWYV or at 58°C for BOQCV and actin, and extension at 72°C for 20 s. The SYBR
green signal was measured after each extension step (150 ms; 10% integration).
A final dissociation curve was performed between 72°C and 95°C with 0.5°C
increments, each with a 10-s hold, to ensure that a single product had been
amplified and that no contamination was present in the reverse transcription
negative controls or in the no-template controls. Sample copy numbers were
determined using Quantica analysis software; the threshold cycle (C;) number
was determined for each sample run in triplicate, and the average was taken. If
the replicates were greater than 1 C;-of the mean, the anomaly was removed, and
the average was taken from duplicates. A total of 95.4% of samples were ana-
lyzed in triplicate, and 4.6% were analyzed in duplicate. The appropriate cRNA
standards were run on each plate analyzed with QPCR, and standard curves were
generated by the Quantica software by plotting the C; values against the loga-
rithm of the calculated initial copy numbers. The sample copy numbers were
generated by using the C values and comparing them to the cRNA standard
curve and then by normalizing values to the housekeeping gene actin. Viral loads
per honeybee were calculated by averaging the amount of RNA extracted from
30 mg of a single honeybee; by taking into account the elution volume and the
average weight of a honeybee, we determined the average amount of RNA in a
single honeybee and consequently the viral load.

Statistical analysis. Viral load values obtained from the pooled honeybees
collected at each sampling date were tested to identify whether the values were
representative of individual honeybees. DWV loads were compared between the
pooled samples of 20 honeybees sampled in May 2006 (n = 12) and 12 individual
honeybees randomly selected from the 30 individual samples collected on the
same day in May but the following year, 2007. One-way comparisons were
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TABLE 2. Estimated varroa mite populations during the summer
and the numbers of mites knocked down during the autumn and
winter mite treatments

Mite population (no.)”

Drone
Colony* removal Pretreatment Drop at 6 wks Drop at' 1 wk
(May-June) estimate® post-autumn post-winter
treatment treatment

JH1* No No data Colony dead ~ Colony dead
JH2 Yes 300-1,000 1,600 =725
JH3 Yes 900-3000 3,638 =269
CT1 Yes 30 222 64
CT2 Yes 4-14 166 87
CT3 Yes 3-10 95 71
GD1* No >1 No data No data
GD2 No No data No data No data
GD3* No 390 330 No data
PW1 No >1 46 934
Pw2* No >1 35 198
Pw3* No >1 7 65
DM1* Yes 120 ~500 No treatment
DM2 Yes 120 ~500 No treatment
DM3 Yes 120 ~500 No treatment

“ %, colony collapsed during the study.

® Data are from the following periods: pretreatment, July and August; autumn
treatment, August and September (with Apiguard, Apivar, or Apistan); winter
treatment, December and January (with oxalic acid). No data, no mite data
available although the colonies were treated.

¢ The pretreatment estimates were calculated by multiplying the daily mite
drop by 30 in July or by 100 in August (33).

conducted using a permutational analysis of variance (PERMANOVA). This
analysis presents the advantage of being distribution free but requires data
independence (2, 34). The latter assumption was met for all the tests conducted
in this study. Data were fourth-root transformed to down-weight the effect of
larger or smaller fluctuations in the virus loads (16), and a Bray Curtis dissimi-
larity distance measure (11) was used for the analysis. The alpha level was
determined as 5% for all statistical tests. For each of the defined seasonal
periods, overwintering, spring, and summer, DWV load values obtained from
pooled honeybees were compared between colonies recorded by the beekeepers
as collapsed or surviving using a one-way PERMANOVA. When the number of
colonies that had survived was higher than the number that collapsed, virus load
samples were randomly selected from the surviving colonies to allow a balanced
amount of data for virus level in both collapsed and surviving colonies (winter,
n = 24; spring, n = 9; summer, n = 36). Similar analyses were conducted for
ABPV and BQCYV loads for the summer only (n = 36) as generally no virus loads
were detected in the overwintering period. Comparison between asymptomatic
(data randomly selected from the pooled bee samples of September 2006, where
the virus load did not differ between apiaries; PERMANOVA, F, ;, = 1.60 and
P = 0.21) and symptomatic worker honeybees infected with DWV collected on
the same date the previous year, September 2005, was done using one-way
PERMANOVA (n = 4).

Varroa mite analysis. An integrated pest management plan (IPM) for the
varroa mite was administered to all Devon colonies. As the St. Agnes colonies
were confirmed to be varroa mite free, no IPM was required. The IPM involved
at least two different mite control methods to be used each year. These included
the use of Apistan (active ingredient, tau-fluvalinate), Apivar (active ingredient,
amitraz), Apiguard (active ingredient, thymol), oxalic acid in sugar syrup, or
drone uncapping. Where applicable, drone removal was carried out during May
and June; July and August saw the pretreatment of the colonies, the autumn
treatment was in August and September, and the winter treatment was in De-
cember and January (Table 2). The pretreatment estimates were calculated by
multiplying the daily mite drop by 30 in July or 100 in August (32). The autumn
and winter figures are the 6- and 1-week cumulative posttreatment mite drop
counts, respectively.

RESULTS

QPCR assay. cRNA standards (dilution series of cloned
PCR amplicons for all three viruses plus the housekeeping
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FIG. 1. Examples of standard curves generated using cRNA stan-
dards of DWV (A), ABPV (B), and BQCV (C) where the values
indicate nonnormalized virus copy numbers, R? is the correlation co-
efficient, and the equation corresponds to the slope (1) and the inter-
cept (c) according to the equationy = mx + c.

gene actin) were assessed using a Quantica Techne QPCR
thermocycler (Techne) using a SYBR green assay. The cRNA
standard curves were generated using Quantica software by
plotting the C; values against the logarithm of the calculated
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initial copy numbers (Fig. 1). The QPCR assays revealed copy
number sensitivities in the range of 10* to 107, which were
subsequently normalized to actin, giving detection limits of
approximately 10 for DWV and ABPV and 10* for BQCV.

Optimization of QPCR assay based on DWV detection. Ini-
tially, four individual honeybees were analyzed in triplicate for
DWYV using different initial quantities (5 ng, 50 ng, 100 ng, and
200 ng of RNA) of total RNA as a template. In this initial
screen 33% of the reactions using 5 ng of starting material
(5-ng reactions) failed, while all 50-ng reactions were success-
ful; however, the 100-ng and 200-ng reactions were variable,
with replicates often being inconsistent with each other
(greater than 1 C; apart). A further test using 12.5 ng, 25 ng,
and 50 ng of total RNA was performed, revealing a high
success rate for all three of the concentrations: 95% for 12.5
ng, 98% for 25 ng, and 97% for 50 ng. As before, all of the
concentrations tested were performed in triplicate, and the
reliability test of >1 C; between triplicates was also assessed.
Reliabilities of 73% for the 12.5-ng, 56% for the 25-ng, and
66% for the 50-ng triplicate reactions were obtained. Finally,
dissociation curves of PCR products were done to ensure that
only single peaks were being generated, corresponding to a
single product, and that there were no nonspecific amplifica-
tion products. The majority of the samples analyzed gave a
single definitive dissociation peak; however, PCR products
from 12.5 ng of RNA often generated broader peaks, suggest-
ing some nonspecific products (data not shown). Taken to-
gether, all future QPCRs used 50 ng of total RNA starting
material based on a 97% success rate for detecting DWYV,
yielding specific amplicons with 66% reliability.

DWYV infection in individual asymptomatic and symptom-
atic honeybees. The level of DWYV in individual bees was quan-
tified and normalized to actin, with the DWV load ranging
from 1.4 X 10° to 2.4 X 10° genome equivalents per asymp-
tomatic honeybee (Fig. 2). Quantification of DWV load in
individual asymptomatic honeybees collected from apiaries
with a known history of varroa mite infestation confirmed that
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FIG. 2. DWV loads measured in 30 individual asymptomatic worker honeybees from a varroa mite-infested colony (bees 1 to 30), four
individual symptomatic worker honeybees from a varroa mite-infested colony (bees 31 to 34), and four individual asymptomatic worker honeybees
from a varroa mite-free colony (bees 35 to 38) where no DWV was detected.
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FIG. 3. DWV loads were measured in individual asymptomatic
worker honeybees (Indiv; n = 30) and in sets of 20 pooled asymptom-
atic worker honeybees (Pooled; n = 12); samples from were from early
May in both cases. DWV loads were also measured in asymptomatic
pooled worker honeybees (Asympt) and symptomatic individual
worker honeybees (Sympt); samples were from September 2 in both
cases (n = 4). Data are mean DWV loads (* standard error). Differ-
ences in DWYV loads between the individual bees and the 20 pooled
bees were not significant (NS). Differences between asymptomatic and
symptomatic bees were significant at a P value of < 0.05 (*).

there was no significant difference in the load detected in 12
randomly selected individuals from 30 assayed asymptomatic
worker honeybees versus 12 independent sets of 20 pooled
asymptomatic worker honeybees (Fig. 3) (PERMANOVA,
F,,, = 1and P = 0.39). Significant differences in DWV load
were seen between randomly selected asymptomatic pooled
bee samples collected in September 2006 and individually
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screened symptomatic worker honeybees collected in Septem-
ber 2005 (PERMANOVA, F,, = 891 and P = 0.04). The
DWYV load in symptomatic honeybees was 3 orders of magni-
tude higher in symptomatic honeybees: 1.8 X 10'° t0 6.9 x 10"
DWYV per worker honeybee (Fig. 2). The asymptomatic indi-
vidual honeybees collected from colonies verified as always
being varroa mite free were confirmed to be DWV free or
below the limits of detection (Fig. 2).

Quantitative determination of DWV, ABPV, and BQCY in-
fection in honeybee colonies during 1 year. All of the viruses
screened for were below the limits of detection in the three
colonies on the varroa mite-free island of St. Agnes throughout
the study. DWV infection within the five apiaries in Devon was
seen to occur throughout the year, with numbers fluctuating
between undetectable levels (<10%) and 4.2 X 10 copies per
asymptomatic worker honeybee (Fig. 4). Six of the 15 colonies
sampled in Devon were lost during the study (GD1 collapsed
in February 2007, GD3 collapsed in April 2007, PW2 collapsed
in July 2007, PW3 collapsed in February/March 2007, DM1
collapsed in May 2007, and JH1 collapsed in August 2006)
(Fig. 4). Of these collapsed colonies 83% were lost during the
overwintering period (late October-early April) or shortly
thereafter, and these colonies (with the exception of PW3)
showed DWYV loads exceeding 1 X 10® copies per asymptom-
atic worker honeybee at some stage during the overwintering
period. The queen of colony PW3 ran out of sperm and so
became a drone layer, with the result that the colony collapsed
as no new queens or workers were produced; this colony was
thus excluded from the study. The difference in DWV load
during the overwintering period between collapsed (GDI,
GD3, PW2, and DM1) and surviving colonies was statistically
significant (PERMANOVA, F, ,, = 15.62 and P = 0.001). No
differences were observed during the spring and summer pe-
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JH2 3.1x107 29%10°0 1.8x10* 6.3x10* 3.5x10° | 1.5x10* 3.2x10* [2IOXI07TINOIOXI0N 1.5x10° I 4.0x10°  1.4x10° 3.8x10° | 6.2x10* 1
JH3 | 3.9x107 . 5.4<10° 7.1x10' | 4.8<10° 12X10° 73<10° 57x10° 27107 7.8x107 3.2¢10° | 9.2x10°  4.2x10° 3.8x10% |
CT1 5.2x10° | 1.4x10°  6.1x10° 23x10° 5.4x10* | 1.2x10° 27x10°  1.9x10° | 32x10° I 2240°
CT2 5.2x10°  83x10*  5.7x<10* 7.4x10* 2.1x10* 23x10° 3.8x10° Le10° 124108 N 240105 294108 3.3x10’| 2.8x10°
CT3  99x10' | 1.3x10°  6.2x10" 5.2x10° 7.2x10° 83x10' © 86x10° 3.3x10° 1.2x107 7.5x10’I 1.1x107 4.2x10° ! 3.4x10°
PW1 | 2.0%10°  9.1x10° 85x10° 4.4x10° 11x10° 4.5¢10° 7.1x107 4.7x10° 6.5<10° - 6.0%10° I 2.8x10°  3.7x10* [ 1.4x10° | 4.8x10' 83x10° 2.3x10° -
DM2 4.1x10° | 1.2x10°  47x10° 9.5x10° | 3.7x107 5.6x107 4.6x10' 6.8x10° | 4.4x10 1.5x10’| 1.2x10°  6.1x10"  1.0x10"  25x10"  7.7x10°  7.0x10° 7.9x105| 4.1x10
DM3  3.4x10' 29x10' 58<10" 9.9x10° 4.5¢10 3.3x10°  6.0x107 45X10°7 1.4x10°  3.9x10"  4.7x10° 14x10°  8.0x10° | 2.4x10° | 3.0x10°

FIG. 4. DWV load per asymptomatic worker honeybee during the sample period of May 2006 to April 2007. Asterisks, colonies that collapsed
during the experiment; black boxes, no sample collected due to colony loss; gray boxes, no sample collected; red boxes, >1 X 10® copies of DWV
per honeybee; orange boxes, 1 X 107 to 1 X 10® copies of DWV per honeybee; yellow boxes, 1 X 10° —1 X 107 copies of DWV per honeybee;
green boxes, 1 X 10° to 1 X 10° copies of DWV per honeybee; blue boxes, 1 X 10* to 1 X 10° copies of DWV per honeybee; light-blue boxes,
below the limits of detection, <10% (-), to 1 X 10* copies of DWV per honeybee. The dashed box indicates the overwintering period.
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Early Jun Late Jun Early Jul Late Jul Early Aug Late Aug Early Sep Nov Late Apr
BQCV  ABPV | BQCV ABPV | BQCV  ABPV BQCV ABPV BQCV ABPV | BQCV ABPV BQCV  ABPV | BQCV  ABPV BQCV ABPV
GD1* 4.2x10 1.3x10°
GD3* 21%102 2640° | 6140
Pw2* 8.0x10° 1.2410° 3.9410°
DMI1* | 3340° 4.0410" 1.0:10° 5.7x10° 27x10°
JH1* 18410°  1.4410° | 97:10°  88x10° | $3x10°
PW3* 1.9x10° 3.6410° 1.540°  3.0¢10°
GD2 1.3x10°
JH2 1.7x10° 84 9.7x10° 2.3x10° 1.1x10°
JH3 1.0x10°  43410° | 1540°  7.4x10° | 1.2410° 31x10°
CT1 14:10°  3.4x10° 9.7x10¢
CT12 12x10°
CT3 2.9x10°
PW1 1.3x10° 1.0<10°  21x10° | 1.3x10° 9.2x10° 23x10 7.4x10
DM2 5.0%10° 5.9%10¢
DM3 | 424¢° 67x10° 47:0° 2.7x10°

FIG. 5. BQCV and ABPV load per asymptomatic worker honeybee for samples collected from May 2006 to April 2007. Asterisks, colonies that
collapsed during the experiment; black boxes, no sample collected due to colony loss; gray boxes, no sample collected; —, below the limits of

detection. If neither virus was detected, the sample date has been omitted from the figure.

riods (spring, F; 1, = 1.08 and P = 0.37; summer, F, 5, = 1.51
and P = 0.20, both by PERMANOVA).

BQCYV and ABPV were detected in Devon colonies mainly
between June and September (Fig. 5) with the exception of one
occurrence of ABPV in November in colony PW1 and three
occurrences of BQCV in April 2007 in colonies DM1, DM2,
and DM3. BQCV loads fluctuated both in colonies that sur-
vived and those that collapsed, and BQCV was detected at its
highest level of 3.3 X 10% copies per asymptomatic worker
honeybee in June. There was no significant difference observed
between BQCV load in surviving and collapsed colonies
(PERMANOVA, F, ;o = 0.79 and P = 0.35) during the summer
period. ABPV was either absent from colonies or present at
low levels, with the exception of one colony, CT1, where it was
detected at its highest load of 3.4 X 10° copies per asymptom-
atic worker honeybee in June (Fig. 5). There was no significant
difference between ABPV loads in surviving and collapsed
colonies in the summer period (PERMANOVA, F, 5, = 0.92
and P = 0.34).

Colony monitoring. Although varroa mites were present in
all the Devon colonies throughout the study, the mite drop
analysis indicated that, with the exception of one colony (JH3),
all of the colonies had mite populations in autumn well below
the economic threshold of 2,000 to 3,600 mites (32) (Table 2).

DISCUSSION

Currently, there is no standardized methodology for the
sampling of honeybees for viral screening (which may vary
according to the purpose of the study), with some studies
screening individual bees (15, 18) and others pooling sets of
bees before screening/quantification, with pools of 10 (17), 12
(42), and 100 (38) bees being reported. In our study, no sig-

nificant difference in DWV loads was detected between the
randomly selected individuals from 30 assayed asymptomatic
worker honeybees versus 12 independent sets of 20 pooled
asymptomatic worker honeybees. This result validated our
method of quantifying the virus load from 20 pooled bees to
determine the level of viral infection in a colony rather than
screening sets of individual bees. Moreover, DWV loads in
individual asymptomatic worker honeybees collected from a
varroa mite-infested colony were in the range of 10° to 10°
copies per worker honeybee, values comparable to those re-
ported in previous studies employing a similar methodology
(20). Compared to asymptomatic worker honeybees, DWV
loads in symptomatic bees were significantly higher, confirming
previous findings of higher viral loads in symptomatic bees
(20). Data from the annual cycle of DWV load in pooled
asymptomatic worker honeybees also support this, where none
of the honeybees showed any symptoms and, accordingly, had
lower levels of DWV than loads reported in symptomatic hon-
eybees. While this proposed QPCR assay methodology is
highly sensitive and representative, a word of caution is none-
theless warranted here. Practical limitations of screening a
limited subset of a dynamic population constrain the degree to
which a comparative analysis can be made between sampling
points. That said, broad trends can nonetheless be gleaned by
comparing the levels of virus present over months and seasons.

All of the colonies analyzed on St. Agnes survived through-
out the sample period (2007 to 2008), and neither viruses nor
varroa mites were detected within these colonies. Six of the
colonies monitored in Devon (2006 to 2007) did not survive
into the following summer. Many factors are considered im-
perative for the continued persistence of honeybee colonies,
particularly over the winter period. One of the colonies (PW3)
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that collapsed is thought to have done so due to queen failures,
a factor often reported to be a cause of colony losses (39).
Therefore, this colony was excluded from the statistical anal-
ysis. Colony JH1 collapsed during July 2006 and was also ex-
cluded from the analysis since only six data points were col-
lected. It is thought that the remaining four colonies that
collapsed were “true” overwintering colony losses; i.e., the
colonies collapsed during the winter or shortly after with no
obvious trigger for their decline. These four colonies were used
for virus load comparisons with those that survived over the
winter.

BQCYV and ABPV were typically detected in Devon colonies
during the period of June to October. This seasonal occurrence
has been previously reported; however, the exact explanation
for this has still to be determined (3, 40). It has been proposed
that the short-term occurrence of ABPV in a colony can be
attributed to its virulent nature, with infected pupae quickly
dying and infected adult honeybees suffering paralysis and
death (33). It has additionally been reported that worker hon-
eybees can be infected with up to 10° ABPV particles without
showing any symptoms of disease (6). The highest load de-
tected in any of the colonies studied was lower than this value,
which may be why no symptoms associated with this disease
were reported in the colonies studied. There was no link be-
tween ABPV occurrence and load in surviving and collapsed
colonies. ABPV seasonality occurs when there is a very rapid
turnover of worker honeybees (37). Therefore, ABPV is not
directly involved in overwintering colony loss, and for the most
part, the colony potentially has a mechanism to cope with its
presence.

BQCYV has been shown to be associated with the microspo-
ridian N. apis (4). N. apis is known to cause dysentery in
honeybees; however, as is often the case with viral infections,
honeybees can be infected with high levels of N. apis spores, yet
no symptoms are observed (26). Although the presence of this
parasite was not monitored throughout this study, it is known
that N. apis has a regular annual cycle, with population peaks
in spring/summer (40). There is a clear summer incidence for
BQCYV which could reflect a peak in the N. apis population
during these times and could play a possible role of virus vector
between honeybees although this cannot be verified. High lev-
els of BQCYV are experienced in the summer period, but viral
loads do not correspond with colony death; i.e., no difference
was observed in virus load between collapsed and surviving
colonies. Again, it is thought that the rapid turnover of worker
honeybees, the continuous egg-laying by the queen, and the
short life span of workers during the productive months indi-
cate that the virus is quickly purged from the colony (37).

As with the two aforementioned viruses, colonies are able to
endure levels of DWV of up to 1.8 X 10° copies per asymp-
tomatic worker honeybee through the spring/summer months.
During this period, there is an increasing level of worker turn-
over, with workers having a maximum age of approximately 38
days, and all the overwintering worker honeybees have died.
Both colonies that survived and those that collapsed in Devon
experienced similarly high levels of DWV in the summer
months, suggesting that a high level of DWV infection during
these months does not dictate whether a colony will survive
through the following winter. Elevated DWV loads during the
overwintering period, however, are strongly associated with
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colony loss, with the four colonies which showed typical over-
winter colony loss traits having significantly higher DWV load
during this period than surviving colonies. In winter, honeybee
populations have been shown to decrease significantly to less
than 10 workers, the queen has ceased egg production, and
the worker honeybees can live up to 200 days (37). Due to the
aged worker honeybees and static population structure, the
colony is more susceptible to any pathogenic agent.

The varroa mite-DWV association in our study does not
appear to match the classical relationship previously reported
in the literature (24, 33, 44). First, all colonies studied were
positive for the presence of varroa mites at various levels, yet
the colonies that collapsed were surprisingly not necessarily the
colonies with the highest estimated varroa mite populations.
What is striking with this data set are the low levels of DWV
detected in some colonies over winter even though they have
previously experienced significant varroa mite populations. For
example, colony JH3, which had a posttreatment autumn var-
roa mite drop of 3,638 and a winter varroa mite drop in excess
of 269, experienced DWV levels from undetectable to 10* per
worker honeybees over winter; in contrast, colony PW2 expe-
rienced a much lower estimated varroa mite population and
lower varroa mite drops after treatment yet saw DWV levels in
excess of 10° per worker honeybees over winter. This is also
seen within apiaries, with both colonies PW1 and PW2 esti-
mated to have relatively low varroa mite populations; following
winter treatment PW1 had a much higher varroa mite drop
than PW2, yet PW2 is the colony that experienced high levels
of DWV during the overwintering months and eventually col-
lapsed. These observations could arguably be attributed to the
varroa mite treatments being ineffective in killing the varroa
mites in certain colonies. However, within-apiary comparisons,
where the colonies have been treated similarly, negate this
factor. The classic varroa mite-DWYV relationship would pre-
dict that a colony with high levels of varroa mites would have
high levels of DWV and that a colony with low levels of varroa
mites would have low levels of DWV. Second, the IPM for
treating the varroa mites involved at least two different mite
control methods that were used during the study period. All of
these control methods have a proven effectiveness of removing
around 90% of the varroa mite population when administered
correctly (30, 31, 35, 41). Consequently, throughout the study
beekeepers maintained the varroa mite populations well below
the economic threshold of 2,000 to 3,600 mites in autumn (33),
with the possible exception of JH3. Third, no deformed winged
honeybees were analyzed throughout the study period, and this
is consistent with finding that the levels of DWV did not
exceed 10° genome equivalents per honeybee. As such, a de-
finitive link between varroa mite infestation (DWYV associated
or not) and colony collapse cannot be identified.

Although we cannot be certain of the exact level of infesta-
tion, the approximate intensity of the scale of the varroa mite
infestation can be surmised. It has been suggested that if mite
populations are kept low over winter and the honeybee popu-
lation is large enough, colonies are highly likely to persist into
the following spring (33). Our data implicate an alternate non-
varroa mite-vectored DWYV effect in asymptomatic worker
honeybees in the form of overwintering colony loss. It is evi-
dent from the QPCR data that DWV can persist indepen-
dently of varroa mite infestations and that DWV-associated
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colony loss is not necessarily always dependent on varroa mite
interaction with the virus and vectoring. Moreover, the data
point to an additional factor that may be critical for the man-
ifestation of asymptomatic DWV-associated overwintering col-
ony losses. It is possible that another pathogen is acting syn-
ergistically with DWV within the worker honeybees, triggering
rapid proliferation of the virus in overwintering honeybees.
Certainly, Yang and Cox-Foster (42) reported that in varroa
mite-infested asymptomatic honeybees, DWV replication is
increased upon injection of Escherichia coli. It was concluded
that at least two agents, in this case varroa mites and E. coli,
were required for enhanced replication of DWV in adult hon-
eybees. Therefore, varroa mite infestation acting alone in a
colony may not be as imperative to DWV-associated colony
collapse as once thought. Our results certainly place DWV
high on the list of associated causative agents. Whether the
increase in DWV is responsible for eventual overwintering
colony losses or is actually a product of other pathogenic in-
teractions still needs to be established; however, DWV is
clearly associated with 67% of the overwintering losses seen
here. Moreover, all three viruses were below detection limits in
colonies sampled in the varroa mite-free apiary across the
annual cycle, with no virus-like symptoms reported or any
colony losses in the apiary. This further supports the supposi-
tion that DWV is an integral component of overwintering
colony losses; however, as varroa mites are also absent from
these colonies, a reliable conclusion behind the survival success
in these colonies cannot be ascertained.

The infection strategy of DWV over the annual cycle in
asymptomatic colonies is more consistent with a persistent
rather than an inapparent or covert infection strategy. First,
DWYV appears to be prevalent in honeybee colonies, especially
those exposed to varroa mites, and persists for long periods
undetected. Second, DWYV in itself does not induce cell death/
lysis. Third, DWV acts solely or synergistically with an agent
that has not yet been identified to induce death of the colony.
This does not occur via the previously described routes of
deformed wing abnormalities and overpowering varroa mite
infestations but, rather, more likely by a subtle and persistent
alteration in the behavior of key members within the colony.
Furthermore, since DWVs have an underlying breadth of ge-
netic diversity (8), it is likely that certain genotypes or variants
could be responsible for these overwintering colony losses. We
therefore propose that analysis of DWV load in overwintering
asymptomatic honeybees is an important diagnostic parameter
for assessing whether a colony will persist into the following
year. Clearly, there are still complex associations of different
pathogens within the honeybee that require resolving; how-
ever, DWV monitoring will be a key factor for apiary manage-
ment, highlighting colonies that will require observation in
order for scientists and beekeepers alike to further resolve the
causes of overwintering colony losses.
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