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A B S T R A C T

Acute bee paralysis virus (ABPV), Black queen cell virus (BQCV), Chronic bee paralysis virus (CBPV), Deformed wing
virus (DWV), Sacbrood virus (SBV) and Varroa destructor virus 1 (VDV1) are the six main honeybee viruses re-
ported in Europe. We assessed the accuracy (trueness and precision) of reverse transcriptase quantitative
TaqMan® PCR methods (RT-qPCR) for quantifying ABPV, BQCV, DWV, VDV1 and SBV loads. Once the sys-
tematic bias in quantitative results had been corrected (overestimation in ABPV and BQCV quantification and
underestimation in that of SBV and VDV1), measurements were taken to determine the viral load ranges for
which quantification uncertainty was below±1 log10 equivalent of genome copies per bee (hereafter reported
as genome copies/bee). The accuracy range of RT-qPCR was found to be between 6.4 and 10.4 log10 genome
copies/bee for ABPV, between 3.0 and 10.0 log10 genome copies/bee for BQCV, between 2.4 and 10.4 log10
genome copies/bee for DWV and between 3.4 and 10.4 log10 genome copies/bee for SBV. Outside these ranges,
the results’ uncertainty is higher. VDV1 RT-qPCR accuracy was outside accuracy limits for all viral loads. Using
these RT-qPCR methods, we quantified viral loads in naturally-infected honeybees. The viral load distribution
and clinical signs reported with the honeybee samples allowed us to define a threshold that could be used to
differentiate between covert and overt infections. These methods will be useful in diagnosing the main viral
infections impairing honeybee health.

1. Introduction

As many as 15 distinct honeybee virus species-complexes have been
reported to infect honeybees in nature with one or more strains or sub-
species (de Miranda et al., 2015). The most recently-discovered viruses
were found through new-generation sequencing and their implications
for honeybee health need to be further investigated (McMenamin and
Flenniken, 2018). Among the viruses that mainly affect honeybee
heath, six are associated with colony disorders in European honeybees.
Acute bee paralysis virus (ABPV; family: Dicistroviridae) normally persists
at low viral loads with no obvious symptoms (covert infection). How-
ever, under certain conditions ABPV can become extremely virulent,
reducing adult honeybee and brood populations without any clinical
signs being observed in the field (de Miranda and Genersch, 2010).
When honeybees were experimentally inoculated with ABPV, paralysis
and death were observed five days later (Bailey et al., 1963). Losses can
be greater if colonies are infested by Varroa destructor; this honeybee
mite is a vector of ABPV, although there is no evidence of viral

replication in the mite (de Miranda et al., 2010). Larvae infected by
Sacbrood virus (SBV; family: Iflaviridae) stop pupating and fluid accu-
mulates between the larva’s body and unshed skin, forming a saccule.
Dead larvae can also be indicated by a scattered brood. SBV can de-
crease the lifespan of infected foragers (Bailey and Fernando, 1972).
Black queen cell virus (BQCV; family: Dicistroviridae) seems to be less
harmful than SBV. It kills developing queen larvae and turns the cells
black. However, its pathology in adult and brood populations seems
closely related to co-infections with the microsporidia Nosema apis and
Nosema ceranae (Bailey et al., 1983; Doublet et al., 2015).

For ABPV, BQCV and SBV, it has been suggested that adult death
occurs during foraging and that dead larvae are cannibalised by other
honeybees, thereby explaining an absence of honeybee or larva corpses
in front of weak colonies (de Miranda et al., 2010). Chronic bee pa-
ralysis virus (CBPV; unclassified) induces trembling and cuticle mela-
nisation (black bees) before causing the death of numerous foragers
over a short period of time, such that large numbers of dead adult bees
are found at the hive entrance (Ribiere et al., 2010). Deformed wing virus
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(DWV) and Varroa destructor virus 1 (VDV1) belong to the same viral
cloud (DWV type A and DWV type B, respectively (Martin et al., 2012);
family: Iflaviridae). Both viruses cause wing deformities in developing
honeybees that die shortly, and reduce the lifespan of infected adult
bees (Benaets et al., 2017; Brettell et al., 2017; de Miranda and
Genersch, 2010). Clinical signs are worsened by V. destructor infesta-
tion. Indeed, DWV and/or VDV1 combined with an infestation of this
mite are predictive markers of European colony losses (Dainat and
Neumann, 2013).

Since all these viruses are RNA viruses, they can be detected by
conventional or real-time RT-PCR, and several methods have been de-
scribed in the literature (the Beebook provides a review of methods that
can be used (de Miranda et al., 2013). Because honeybee viruses can
infect colonies without inducing any visible clinical signs (covert in-
fection), and because multiple viral infections are often reported (Amiri
et al., 2015; Gauthier et al., 2007), the aetiological cause of the dis-
orders observed could be indicated by estimating honeybee viral loads
through quantitative RT-PCR (RT-qPCR) (Amiri et al., 2015). An in-
crease in viral load indicates a breakdown in the virus/host balance,
leading to perceptible clinical signs (overt infections) and sometimes to
honeybee death, followed in the worst cases by colony loss. Few of the
reported RT-qPCRs have been fully validated to be use as official
methods according to the European Union’s regulation 2017/625
(European Union, 2017). Until now, CBPV-RT-qPCR has been the most
fully validated method (Blanchard et al., 2012). Its accuracy (trueness
and precision) was established according to French standard NF U47-
600 (AFNOR, 2015) and the reliability of viral load calculation was
evaluated through inter-laboratory proficiency testing (Schurr et al.,
2017). A diagnostic threshold was set at ≥108 copies/bee to establish a
link between the honeybee disorders observed and CBPV infection
(Blanchard et al., 2007). SBV, ABPV and BQCV RT-qPCRs have also
been characterised, but the accuracy of their viral loads had not been
estimated previous to this study. For DWV and VDV1, which produce
identical clinical signs, few RT-qPCRs have been able to distinguish
between the two viruses (Bradford et al., 2017; Kevill et al., 2017).

The French National Reference Laboratory, which is also the
European Union Reference Laboratory for Honeybee Health, is re-
sponsible for validating diagnosis methods for use by official labora-
tories. In this study, we describe the accuracy (trueness and precision)
of five quantitative TaqMan® RT-qPCRs in quantifying ABPV, BQCV,
DWV, SBV and VDV1 in honeybees. We furthermore present and ana-
lyse the viral loads quantified in honeybees using these methods and
the CBPV RT-qPCR method which had previously been validated
(Blanchard et al., 2012) in order to recommend thresholds to be used to
distinguish between covert and overt infections.

2. Material and methods

2.1. Naturally-infected honeybees

Our laboratory received samples for viral diagnosis (569 adult
honeybee samples and 81 larvae or pupae samples). More than half of
the samples (373 samples) had been collected (between 2012 and 2019)
from French apiaries where clinical signs had been reported by veter-
inarians or beekeepers. Another 123 samples had been collected from
apiaries without clinical signs, and a further 154 samples were received
without clear information about the colonies’ health. In order to de-
scribe the viral status of the colonies, viral loads were determined
(n= 1,735) using pooled samples from the same colony. Ten bees (or
ten larvae) per colony were crushed in 10ml of 10mM phosphate
buffer (pH 7.0), which was clarified by two successive centrifugations
lasting 10min at 8000 x g as previously reported (Blanchard et al.,
2007). Supernatants were stored at −80 °C before testing.
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2.2. Primers, probes and recombinant DNA plasmids

The primers and probes used to quantify ABPV, BQCV, CBPV and
SBV by RT-qPCRs had previously been published (Table 1). For DWV
and VDV1, we designed new primers and probes able to distinguish one
virus from the other in coding sequence VP3. VDV1′s VP3 sequence was
also found in the genomes of recombinant viruses between DWV and
VDV1 (Dalmon et al., 2017). Primer and probe concentrations were
adjusted in order to optimise PCR efficiency (between 80 and 120%;
(AFNOR, 2015)).

Six recombinant plasmids (Table 1) were produced in order to es-
tablish the standard curves of RT-qPCRs and to be used as a template for
validation tests. The plasmids were quantified by UV spectrometry and
10-fold serial dilutions were prepared in 100mM Tris, 50mM EDTA,
pH 8.0 buffer (TE buffer).

2.3. Harmonised method for quantifying honeybee viruses

The methods were harmonised for viral RNA purification and
TaqMan® two-step RT-qPCR. For ABPV, BQCV, DWV and SBV quanti-
fication, conditions were based on the method used to quantify CBPV
using RT-qPCR (Schurr et al., 2017). Briefly, total RNAs were purified
from 200 μl of clarified bee homogenate using the High Pure Viral RNA
Kit (Roche Diagnosis) according to the manufacturer’s instructions. The
RNAs were recovered from a spin column in 50 μl of elution buffer.
Complementary DNA (cDNA) was synthesised at 42 °C for 1 h in reverse
transcriptase buffer (50mM Tris HCl pH 8.3, 75mM KCl, 3 mM MgCl2),
0.5 mM dNTP, 20 pmol of random hexamer primers, 20 U of RNase Out
(Invitrogen), 200 U of SuperScript II reverse transcriptase (Invitrogene)
and 12.5 μl of extracted RNA, in a total volume of 20 μl. The amplifi-
cation reaction was subsequently performed in a MicroAmp optical 96-
well reaction plate containing 1X TaqMan® Universal PCR Master Mix
with uracil-N-glycosylase (UNG) (2X, Applied Biosystems), 320 nM to
1200 nM of each forward and reverse primer, 100–400 nM of the probe,
1X Exo IPC Mic VIC (10X, Applied Biosystems), 1X Exo IPC DNA (50X,
Applied Biosystems) and 5 μl of cDNA template in a final volume of
25 μl. For VDV1 qPCR the amplifications were performed without in-
ternal positive control (without 1X Exo IPC Mic VIC or 1X Exo IPC
DNA). For CBPV quantification, two samples of cDNA (5 μl) were am-
plified to calculate a Ct mean (Schurr et al., 2017).

The thermal cycling conditions were also harmonised with CBPV
qPCR: 2min at 50 °C (active temperature for UNG to degrade any car-
ryover DNA amplified from previous reactions), 10min at 95 °C (acti-
vation of AmpliTaq Gold DNA Polymerase and degradation of UNG),
followed by 40 denaturation cycles at 95 °C for 15 s and annealing/
extension at 60 °C for 1min.

Threshold cycles (Ct) from our samples were compared with stan-
dard curves establishing a linear relation between Ct and plasmid loads
in the range of 1.0× 102 to 1.0× 109 copies/5 μl (loads in log10).
Results were expressed in equivalent viral genome copies per bee
(genome copies/bee) using the following equation: Copies/bee=80 ×
copies/PCR. This conversion factor was calculated based on the volume
used at each step of the RT-qPCR method (Schurr et al., 2017).

2.4. Spiked honeybee samples

Emerging bees were collected from colonies in our winter apiary.
They all tested negative for ABPV, BQCV and SBV by RT-qPCR. For
DWV and VDV1 experiments, honeybees from the Åland Islands (an
area free of V. destructor) were provided by Doctor Eva Forsgren
(Swedish National Reference Laboratory for honeybee health).
Honeybees were crushed in phosphate buffer (1 ml per bee) and the
homogenate was clarified as previously described. The bee homo-
genates were spiked with known quantities of recombinant plasmids
(targeted by qPCRs; Table 1). Samples were processed according to
viral load quantification methods.

2.5. Efficiency and linearity of quantitative PCRs

For each qPCR-trial, six standard curves were generated by linear
regression analysis of the Ct vs. the log10 copy number for recombinant
plasmids (between 2.0–8.0 log10 copies/PCR). The linear regression line
is given by the formula Ct= a[log10 (x)]+b, where a is the slope, b is
the y-intercept, and x is the standard quantity. Amplification efficiency
(E) was calculated with slope (a) of the linear regression for each
standard curve, using the formula E=10|1/a| − 1.

To assess linearity, measured plasmid loads were retrospectively
determined using the formula: log10(x) = [Ct− b]/a. The values thus
obtained were compared to the theoretical quantities of plasmid and
provided the mean bias. In accordance with French standard NF U47-
600 (AFNOR, 2015), the maximum allowed bias for the measured
quantities was set at± 0.25 log10/PCR.

2.6. Limit of detection, limit of quantification and accuracy profile for
quantification methods

The limit of detection (LOD) for the RT-qPCR method was the
amount of biological target initially present in the sample to be de-
tected. The LOD was determined as being the last dilution in which
recombinant plasmid can be detected in all tested replicates (n=8).

The limit of quantification (LOQ) and the methods’ accuracy were
assessed through the construction and interpretation of an accuracy
profile designed to estimate the precision and reliability of the values
(Feinberg, 2007). For each dilution series and each viral load, the
quantities actually obtained were compared to the theoretical quantity.
Various parameters were defined in order to construct the accuracy
profile, including the standard deviation of repeatability (SDr), standard
deviation of reliability (SDR) and mean bias between the theoretical
value and mean of the values obtained (NF U47-600; AFNOR, 2015). To
analyse the accuracy profile, the quantification methods’ lower and
upper tolerance limits (95% confidence interval) were determined
using the following formula: upper limit=mean bias+2×SDR; lower
limit=mean bias-2×SDR. They were then compared to the accuracy
limits defined as± 1.0 log10 plasmid copies/bee. The LOQ is the last
dilution in which the plasmid load can be quantified with acceptable
accuracy.

3. Results

3.1. Quantitative PCR performance

The quantification bias of five viral qPCRs was assessed using 10-
fold serial dilutions of recombinant plasmid diluted in TE buffer
(Fig. 1). The plasmid copy numbers quantified by all the qPCRs were
within the range of expected loads± 0.25 log10 for each plasmid level
between 2.0 and 8.0 log10 copies/PCR. The PCR efficiencies were cal-
culated to be 86% for ABPV-qPCR, 105% for BQCV-qPCR, 104% for
DWV-qPCR, 92% for SBV-qPCR and 84% for VDV1-qPCR.

3.2. RT-qPCR method performance

The LODs of the viral RT-qPCR methods were estimated using
honeybee homogenates spiked with serial dilutions of plasmid (eight
replicates per load). The LODs were estimated to be 4.4 for ABPV qPCR,
3.0 for BQCV qPCR, 2.4 for DWV qPCR, 3.4 for SBV qPCR and 5.0 for
VDV1 qPCR (values expressed in log10 plasmid copies/bee).

The quantity of plasmids, measured by the RT-qPCRs in honeybee
homogenates spiked with 10-fold serial dilutions of plasmid (six re-
plicates per load), were used to estimate the accuracy of the viral
quantitative methods (Fig. 2). The DWV method estimated plasmid load
with trueness (bias= 0 log10 copies/bee) and precision (2xSDR= 0.27
log10 copies/bee). The LOQ was estimated to be 2.4 log10 plasmid co-
pies/bee. For ABPV, BQCV, SBV and VDV1, systematic quantification
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bias was found. The plasmid loads found in honeybees were under-
estimated by both the VDV1 method (mean bias = -0.95 log10 copies/
bee) and the SBV method (mean bias = −0.4 log10 copies/bee). The
ABPV and BQCV methods systematically overestimated plasmid loads
in honeybee homogenates (ABPV: mean bias = +0.4 log10 copies/bee;
BQCV: mean bias = +0.2 log10 copies/bee). Consequently, the esti-
mated plasmid load accuracy was outside limits (± 1.0 log10 plasmid
copies/bee). When these systematic biases (lack of trueness) were
corrected, the accuracy of the ABPV, BQCV and SBV quantitative
methods fell within accuracy limits (Fig. 2). The mean reproducibility
of the corrected plasmid loads (in the validated plasmid load range) was
calculated to be 0.63 for ABPV, 0.30 for BQCV and 0.41 for SBV (ex-
pressed in log10 plasmid copies/bee). The LOQs were estimated to be
6.4, 3.0 and 3.4 log10 plasmid copies/bee respectively. Despite such a
correction of the systematic bias, the VDV1 method’s accuracy was
outside accuracy limits. The corrected plasmid loads’ mean reproduci-
bility was determined to be 0.87 log10 copies/bee for the plasmid load
range of 5–10 log10 copies/bee.

3.3. Viral loads quantified in naturally-infected honeybee samples and viral
load thresholds

The frequencies of viral loads determined in naturally-infected
honeybees (or larvae) by the five RT-qPCR methods are shown in Fig. 3.
For ABPV, CBPV, DWV, VDV1 and SBV the viral distributions showed
two groups. For each bimodal distribution, a threshold was set at the
lower frequency between both groups. For ABPV loads determined in
honeybees (n= 84), most of the samples were pooled adult bees. Two
groups of ABPV loads were observed: the first group below (n= 49;
58%) and the second above (n= 35; 42%) a viral load threshold set at 5
log10 genome copies/bee or larva. The ABPV loads quantified in the
three brood samples were below 4 log10 genome copies/larva. CBPV
loads were measured only in adult honeybees (n= 296). The first group
of honeybees consists of those infected with CBPV at a level below the
threshold set at 8 log10 genome copies/bee (n= 143; 48%). The second
group is made up of honeybees with viral loads above this threshold
(n= 153; 52%). DWV loads and VDV1 loads were measured in samples

Fig. 1. Quantification bias of ABPV, BQCV, DWV, SBV and VDV1 qPCRs. Six standard curves were generated for each viral qPCR (A to E) and used to calculate the
mean bias between the quantity found by qPCR and the theoretical plasmid load (copies per PCR). The bars show the maximal and minimal bias calculated for each
plasmid load.
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of brood (n=18 and n= 1, respectively) and adult honeybees
(n=121 and n= 87, respectively). Two groups were found: below and
above a viral load thresholds set at 6 log10 DWV genome copies/bee or
larva and at 7 log10 VDV1 genome copies/bee or larva. Each group
contained both brood and adult honeybee samples. Since 2014 and out
of 75 DWV loads measured by RT-qPCR, only one sample (1%) has been
quantified with a DWV load above the threshold (7.63 log10 genome
copies/bee). Both groups of DWV-variant loads have been quantified
since 2017 across 88 samples. VDV1 loads above 7 log10 copies/bee or
larva were found in 53 of them (60%). For SBV-load determination, two
groups were again found: the first group below (n=168; 85%) and the
second above (n=29; 15%) a viral load threshold falling between both
groups, at 9 log10 genome copies/bee or larva. Brood (n= 37) and
adult honeybee (n=160) samples were found in both groups.

When BQCV loads in brood (n= 34) and adult honeybee (n= 192)
samples were quantified, just one group was found. The BQCV loads
followed a normal distribution; the distribution limit which included
97.5% of the results was calculated to be 8 log10 BQCV genome copies/
bee or larva (two standard deviations of the mean). Nine brood samples
(26%) and four adult samples (2%) displayed a load above this
threshold.

3.4. Clinical signs reported for honeybee samples with viral loads above the
thresholds

The samples received with colony health data reported by veter-
inarians or beekeepers were used to determine the clinical signs most
frequently associated with samples presenting viral loads above the
viral thresholds. For samples whose ABPV loads were above 5 log10
genome copies/bee (n=27), many beekeepers or veterinarians had
reported colony health issues (78%). However, samples with high ABPV
loads had also been collected from healthy colonies (6%); notably one
bee sample was quantified at 9.05 log10 genome copies/bee. The most
frequently observed clinical sign was colony depopulation (38%). One
sample with a viral load of 10.03 log10 genome copies/bee had been
collected from a depopulated colony with trembling bees (moreover,
the CBPV genome was also quantified in this sample at 6.47 log10 co-
pies/bee). For BQCV, 92% of the samples quantified with a viral load
above 8 log10 genome copies/bee or larva had been collected from
colonies with health issues. Four samples displayed unusually-coloured
capped cells. For CBPV loads quantified above 8 log10 genome copies/
bee, 100% of honeybee samples were collected from colonies with
health disorders (n=134). Mass honeybee death at the hive entrance
was frequently observed (90%), as well as trembling or crawling bees
(87%) and black bees (47%). Of the samples collected from colonies
showing no clinical signs (n=105), none were quantified with a viral
load above 6 log10 genome copies/bee.

Fig. 2. Accuracy profiles of ABPV, BQCV, DWV, SBV and VDV1 quantification methods. Plasmids in honeybee homogenates were quantified by the RT-qPCRs (A to
E). Accuracy limits were set at± 1.0 log10 plasmid copies/bee. Upper and lower tolerance interval limits were determined for each load from the mean bias ± twice
the standard deviation of calculated plasmid loads. The quantified ABPV, BQCV, SBV and VDV1 plasmid loads were corrected for systematic bias (+0.4, +0.2,
−0.95 and −0.4 respectively).
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Among the samples containing DWV loads above 6 log10 genome
copies/bee or larva (n= 19), 89% were collected from colonies with
health issues. High VDV1 loads (above 7 log10 copies/bee or larva;
n= 53) were detected in both colonies displaying no clinical signs
(45%) and with health issue (55%). For both DWV and VDV1, the most
frequently reported clinical signs were brood death or mosaic brood
(53% and 52%, respectively), and colony depopulation (35% and 31%,
respectively). The crippled bees were more frequently reported for
DWV than for VDV1 (35% and 10%, respectively).

Most samples with SBV loads exceeding 9 log10 genome copies per
bee (n= 23) had been collected from colonies with health disorders
(96%). Colony depopulation had been reported (41%) as well as hon-
eybee or brood death (or mosaic brood). Coloured larvae (or with a
saccule) had been observed in four colonies (18%) and coloured capped
cells in two colonies (moreover, BQCV genomes were also quantified in
both samples at 3.83 and 4.36 log10 copies/bee).

4. Discussion

In this study we describe the performance of five TaqMan® RT-qPCR
methods used to quantify the main honeybee viruses (ABPV, BQCV,
DWV, SBV and VDV1) in naturally-infected samples collected in France
between 2012 and 2019. CBPV was also quantified using the pre-
viously-validated RT-qPCR method (Blanchard et al., 2012). The dis-
tribution of viral load frequency was used to suggest a diagnostic
threshold between covert and overt infections, as had been previously
established for CBPV (Blanchard et al., 2007).

TaqMan® qPCRs were developed for virus quantification because
this assay, which uses a probe in addition to the forward and reverse
primers, provides more specific amplification than assays based on in-
corporating intercalating dye (i.e. SYBR® Green). However, for qPCRs
using highly-specific primers, both qPCR methods could be effective for
quantifying CBPV (Schurr et al., 2017). From the literature available,

Fig. 3. Frequency of viral load detection in samples of naturally-infected honeybees. Viral loads quantified in adult bees (solid blue columns) and in brood samples
(hatched blue columns) by RT-qPCR were corrected using the bias value provided by the methods for ABPV, BQCV, SBV, and VDV1 quantification (A, B, E, and F,
respectively). The dashed blue line on each graph indicates the thresholds between groups with low and high viral loads. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article).
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we selected the TaqMan® RT-qPCR methods for validation due to their
ability to detect all the viral strains circulating in France. Notably, we
did not validate the qPCR described by Chantawannakul et al.
(Chantawannakul et al., 2006) for DWV quantification because it did
not detect several French strains (data not shown). However, the BQCV
qPCR developed by these authors was highly efficient in detecting all
the strains available in our collection (data not shown). An RT-qPCR
method for SBV had previously been partially characterised (Blanchard
et al., 2014). We completed the method’s validation by testing the ac-
curacy of the SBV loads it was used to quantify. When we started this
study, there was unfortunately no TaqMan® qPCR available to quantify
the main variants of DWV. Consequently, we designed new primers and
probes to specifically amplify DWV or VDV1 in the VP3 coding se-
quence. This genome sequence was selected because it was frequently
involved in genetic recombination between the two DWV variants
(Dalmon et al., 2017; Ryabov et al., 2014).

Our assessment of RT-qPCR method performance indicated that four
of the five viral quantification methods provided accurate results. The
DWV RT-qPCR method was the most accurate (Fig. 2). Notably, we did
not find any systematic error, which would have indicated a problem
with trueness. The bias in quantitative results compared to the theo-
retical load of plasmid was calculated to be zero. The other method for
quantifying ABPV, BQCV, SBV and VDV1 overestimated or under-
estimated the plasmid loads. These systematic errors were corrected in
accordance with the recommendations of French standard U47-600
(AFNOR, 2015) for the development and validation of veterinary PCR.
The RT-qPCR method for VDV1 quantification in honeybees is the least
accurate. The method should be improved by designing new primers
and probes, which means that databases will need to contain more
VDV1 sequences in order to find primers increasing qPCR sensitivity
and specificity. Currently, new genomes of DWV variants are available
in databases and new RT-qPCRs have recently been suggested (Bradford
et al., 2017; Kevill et al., 2017). Moreover, the results’ validity ranges
varied depending on the RT-qPCR method used. Plasmid loads quan-
tified by the DWV RT-qPCR method were accurate within the 2.4–10.4
log10 copies/bee range. The ABPV RT-qPCR method provided accurate
results in a narrow range between 6.4–10.4 log10 plasmid copies/bee.
Below and above these limits of validity, viral loads can be calculated,
but the quantitative results’ accuracy was outside limits (± 1.0 log10
copies/bee). In addition to the need for improvement in the VDV1 RT-
qPCR method, the quantification of ABPV should also be improved in
order to quantify lower viral loads with greater accuracy. Another
means of improvement could be to quantify ABPV and related viruses
(Kashmir bee virus and Israeli acute paralysis virus) in a single assay
(Francis and Kryger, 2012).

The methods discussed above were used to quantify ABPV, BQCV,
CBPV, DWV, SBV and VDV1 loads in naturally-infected adult honeybees
or brood. According to the sample size (n= 10 honeybees or larvae),
the minimum detectable viral prevalence in each colony was 26% (with
95% of confidence). The detection frequency for viral loads between
1.00–3.99 log10 genome copies/bee (the greatest viral load measured
being 13.76 log10 CBPV genome copies/bee, quantified in honeybees
collected in 2015) followed a bimodal distribution for ABPV, CBPV,
DWV variants and SBV data. These bimodal distributions could be ex-
plained by some honeybees limiting the viral infection and others ex-
periencing uncontrolled viral replication. For CBPV viral load dis-
tribution, the two groups were separated by a viral threshold, set at 8
log10 genome copies/bee. This limit is consistent with the previously
diagnostic threshold that was suggested to separate covert and overt
CBPV infections (Blanchard et al., 2007). In this study, we found CBPV
loads above 8 log10 genome copies/bee exclusively in samples collected
from colonies with clinical signs, notably adult honeybee death at the
hive entrance and trembling or crawling bees (both clinical signs of
chronic paralysis disease). Consequently, we suggested that such limit
between the two viral load groups of a bimodal distribution might be
used to distinguish between covert and overt infections for other viral

infections. A previous study categorised the quantitative titres using the
same threshold (set at 7 log10 copies) for several viruses (Amiri et al.,
2015). In our study, the lowest threshold for ABPV loads was set at 5
log10 genome copies/bee. This could indicate that honeybees have a
lower tolerance to ABPV replication. Moreover, previous authors have
suggested that the V. destructormite may increase the virulence of ABPV
(de Miranda et al., 2010). This mite is currently a threat to all honeybee
colonies in Europe except those on a few isolated islands (e.g. Finland’s
Åland islands or France’s Ushant Island). Discovering honeybees with
high ABPV loads in seemingly healthy colonies could be linked to good
mite-infestation control by beekeepers. In this study, ABPV infections
were suspected after noticing colony depopulation and V. destructor
infestation.

The highest threshold was set at 9 log10 genome copies for SBV. This
limit is lower than the limit previously suggested by Blanchard et al.
(Blanchard et al., 2014) which was 10 log10 genome copies/bee.
Nevertheless, their high viral load limit could reflect a higher tolerance
to SBV replication. However, susceptibility to viral replication could be
related to age (Bailey, 1969). Sacbrood disease was clearly linked to
brood death, with fluid under the larvae’s tegument containing large
quantities of viruses (a maximum of 13.35 SBV genome copies/larvae
were measured in this study). No obvious signs were reported for adult
honeybees infected by SBV but they may have a decreased lifespan
(Bailey and Fernando, 1972). The detection of one sample of adult
honeybees from a colony displaying no clinical signs but with an SBV
load quantified at 10.63 log10 genome copies/bee might also be ex-
plained by the difficulties faced by beekeepers in observing clinical
signs associated with this viral disease

In our study, since the distribution of BQCV loads followed a normal
distribution, the threshold was set at the limit (8 log10 genome copies),
including 97.5% of the results (two standard deviations of the mean).
Few colony disorders were suspected as being associated with BQCV
infections (queen larvae death and coloured capped cells – Table 2).
Nine brood samples were found to have viral loads above the threshold,
and six of them (67%) were dead queen larvae. A synergetic interaction
between N. ceranae and BQCV has previously been found (Doublet
et al., 2015). Nevertheless, since nosemosis has low prevalence in
France (Laurent et al., 2015), overt BQCV infections are probably rare.

Many studies have resulted in similar conclusions about the critical
impact of the V. destructor mite on DWV or VDV1 replication in hon-
eybees. The mite’s introduction leads to the selection of certain viral
strains (Martin et al., 2012; Mondet et al., 2014); the stimulation of
virus replication in honeybees (Prisco et al., 2011; Wu et al., 2017); an
increase in clinical signs (Zioni et al., 2011) and colony death. Clinical
signs (brood death, crippled bees) can be overcome, however, by bees
performing their hygienic activities. These activities could explain the
discovery of apparently healthy colonies despite a high DWV variant
loads (Table 2). Stressors other than the mite may also reduce honeybee
tolerance: honeybee exposure to clothianidin (a neonicotinoid pesti-
cide) increases the DWV load in honeybees exposed to both stressors (Di
Prisco et al., 2013). Moreover, the lower discrepancy between both
groups in the bimodal distribution of VDV1 compared to those of DWV
(Fig. 3D and F), could be correlated with differences in replicating
properties of both viruses, or it could be explained by the lower accu-
racy of the VDV1 RT-qPCR method. Indeed, the high uncertainty sug-
gests that VDV1 loads in the range of 6–8 log10 copies/bee could be
quantified above or below the threshold set at 7 log10 copies/bee
(Fig. 2E). Our suggested thresholds for DWV and VDV1 are consistent
with previous studies quantifying viral loads in asymptomatic and
symptomatic honeybees at approximately 6–8 and 9–10 log10 genome
copies/insect respectively (Highfield et al., 2009; Ryabov et al., 2014).
In this study, we found that DWV variants quantified with viral loads
above the thresholds were most frequently VDV1 or recombinant
viruses sharing the same VP3 sequence. Except in one sample collected
in South-West France in 2017, the DWV genome’s VP3 coding sequence
has been quantified since 2014 at lower loads than those of VDV1. This
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could be evidence of changes in DWV strains circulating in France, still
under the influence of the V. destructor mite, which was first detected in
France in the 1980s (Wilfert et al., 2016).

In conclusion, we characterised the accuracy of five TaqMan® RT-
qPCRs in quantifying the main honeybee viruses detected in Europe.
Although VDV1 and ABPV RT-qPCR accuracy ranges could be im-
proved, the viral loads measured by these methods and by other viral
RT-qPCRs can be compared to thresholds suggesting a break in the
balance between honeybees and viruses. These quantitative methods
are of particular interest for investigating the causes of colony dis-
orders. The viral load thresholds could also be used to study the effects
on honeybee health of co-exposure to viruses and other stressors.
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