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Abstract: The health of honey bees is threatened by multiple factors, including viruses and parasites.
We screened 557 honey bee (Apis mellifera) colonies from 155 beekeepers distributed all over Belgium
to determine the prevalence of seven widespread viruses and two parasites (Varroa sp. and Nosema
sp.). Deformed wing virus B (DWV-B), black queen cell virus (BQCV), and sacbrood virus (SBV)
were highly prevalent and detected by real-time RT-PCR in more than 95% of the colonies. Acute bee
paralysis virus (ABPV), chronic bee paralysis virus (CBPV) and deformed wing virus A (DWV-A)
were prevalent to a lower extent (between 18 and 29%). Most viruses were only present at low or
moderate viral loads. Nevertheless, about 50% of the colonies harbored at least one virus at high viral
load (>107 genome copies/bee). Varroa mites and Nosema sp. were found in 81.5% and 59.7% of the
honey bee colonies, respectively, and all Nosema were identified as Nosema ceranae by real time PCR.
Interestingly, we found a significant correlation between the number of Varroa mites and DWV-B viral
load. To determine the combined effect of these and other factors on honey bee health in Belgium, a
follow up of colonies over multiple years is necessary.
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1. Introduction

The ecological and economic importance of honey bees is well established. Honey bees are highly
valuable pollinators for both wild flowering plants and economically important crops. However, honey
bees and other pollinators face multiple threats, including viruses, parasites, bacteria, pesticides and
lack of sufficient or high-quality food. In recent years, the loss of managed colonies of the western
honey bee Apis mellifera has prompted researchers to study the drivers of colony mortality [1–5].
Viruses are considered to be among the key players of honey bee declines [6–10]. Several of the most
common honey bee viruses (deformed wing virus complex, black queen cell virus, sacbrood virus and
the acute bee paralysis complex) have been found on all continents [11].

Most known honey bee viruses are positive-sense single stranded RNA viruses. Bee viruses can
infect all developmental stages of the bee i.e., eggs, brood (larvae and pupae), and adults. Viruses
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can cause a range of clinical signs, including wing deformities, hairless bees, yellow dead larvae in
the cells of worker-bees or in queen cells, and behavioral disorders such as trembling, paralysis and
disorientation. However, viruses generally persist naturally in bee populations at low viral loads,
without apparent clinical signs (covert infection), although they might shorten the life span of the
bees [12].

Because honey bees are social insects, living in large colonies consisting of a queen and several
thousand of her offspring (up to 80,000 worker bees and several hundred drones), viruses can easily
be transmitted within a colony. Honey bee viruses can be transmitted vertically, from an infected
queen to her offspring, and horizontally, for example, when infected worker bees feed larvae or tend to
the queen, through trophallaxis, through physical contact between bees in the hive or in the field, or
through a vector, like the Varroa destructor mites [13]. Infected drones can also pass on virus when
mating with a queen [14].

V. destructor mites are exogenous parasites feeding on brood and adult bees, thereby causing
physical damage and deformities and weakening the bees and brood. Furthermore, V. destructor also
act as important vectors for several bee viruses [15–20]. V. destructor mites are found in honey bee
colonies on every continent except Australia [21]. Since V. destructor feed on fat body tissue [22] and
thereby inoculate viruses directly in the haemocoel, this results in higher mortality than when viruses
are transmitted between bees by contact or ingestion [23].

The intracellular microsporidian parasites Nosema apis and Nosema ceranae are found in A. mellifera
throughout the world and are transmitted when bees ingest the spores of these fungi (e.g. through
contaminated water or food or through grooming). N. apis and N. ceranae both invade the epithelial
cells of the midgut of honey bees [24]. N. ceranae has been shown to not only damage the midgut
epithelial cells but also suppress the honeybee immune response, which could lead to an increased
severity of the effects of the viral pathogens [25]. Both synergistic and antagonistic interactions have
been suggested between Nosema sp. infection and virus infection [25–27].

Two earlier virus screenings have been performed in Belgium in honey bees from Wallonia
(southern Belgium) in 2006 [28] and Flanders (northern Belgium) in 2011 [29]. The most common virus
in Wallonia was black queen cell virus (found in 75% of the 36 sampled apiaries), followed by chronic
bee paralysis virus and sacbrood virus. In Flanders, viruses from the deformed wing virus complex
were found in almost 70% of the colonies from 170 beekeepers. In order to gain insight into the change
in virus prevalence over time, we performed a large scale screening in honey bees collected in spring
2017 from 557 colonies belonging to 155 apiaries, homogeneously distributed over Belgium (Figure 1).
The bees were used to determine the prevalence and viral load of seven widespread honey bee viruses
(acute bee paralysis virus (ABPV), chronic bee paralysis virus (CBPV), black queen cell virus (BQCV),
deformed wing virus A (DWV-A), deformed wing virus B (DWV-B), Kashmir bee virus (KBV) and
sacbrood virus (SBV)) and the prevalence of Nosema sp.. We furthermore analyzed whether a link
could be found between virus prevalence or viral load and V. destructor abundance in the same colonies
during autumn 2016.
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Figure 1. Map of Belgium and its provinces showing the locations of the selected apiaries (black dots). 
Provinces in Flanders in light grey, provinces of Wallonia in dark grey. 
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colonies, were sampled for the detection of viruses and Nosema sp.. For these analyses, about 100 
adult honey bees (Apis mellifera) were collected from each of the 557 colonies and stored at −20 °C 
until further processing. Although samples collected in this study were kept at −20 °C, preservation 
of samples at −80 °C is preferable to reduce viral degradation. Storage at −20 °C might lead to an 
under-estimation of viral prevalence [30]. 

2.2. Virus Detection 

Five adult worker bees from each of the 557 colonies were homogenized in 2.5 mL tissue lysis 
buffer (ATL, Qiagen, Hilden, Germany) using a ribolyser at the Belgian National Reference 
Laboratory for Bee diseases, Sciensano. After centrifugation, DNA and RNA were extracted from 115 
µL supernatant with the MagMAX Express (Indical Bioscience, Leipzig, Germany) using the 
MagMAX™ Pathogen RNA/DNA Kit (Applied Biosystems, Foster City, CA). 

For the virus detection, 5 µL of the extract was used in a one-step RT-rtPCR with AgPath-ID™ 
One-Step RT-PCR Reagent (Applied Biosystems) on a LightCycler 480 II instrument (Roche Life 
Science, Penzberg, Germany). The primers and probes used are listed in Table 1. The following 
amplification cycle was used: 10 min at 45 °C, 10 min at 95 °C, followed by 45 cycles of 15 s at 95 °C and 
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Table 1. Primers and probes used for real time PCR detection of viruses. 
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ABPV 
Forward CATATTGGCGAGCCACTATG 

[31] 800 nM—100 nM 
Reverse CTACCAGGTTCAAAGAAAATTTC 

Figure 1. Map of Belgium and its provinces showing the locations of the selected apiaries (black dots).
Provinces in Flanders in light grey, provinces of Wallonia in dark grey.

2. Materials and Methods

2.1. Honey Bee Sampling

A two-stage random sampling strategy was chosen, with 20 apiaries per province, and up to
8 hives per apiary. In autumn 2016, 193 selected apiaries were visited by inspectors from the Belgian
Federal Agency for the Safety of the Food Chain (FASFC) to assess the number of V. destructor mites
(and other colony attributes). In the spring of 2017, 155 of these apiaries, holding 557 honey bee colonies,
were sampled for the detection of viruses and Nosema sp.. For these analyses, about 100 adult honey
bees (Apis mellifera) were collected from each of the 557 colonies and stored at −20 ◦C until further
processing. Although samples collected in this study were kept at −20 ◦C, preservation of samples at
−80 ◦C is preferable to reduce viral degradation. Storage at −20 ◦C might lead to an under-estimation
of viral prevalence [30].

2.2. Virus Detection

Five adult worker bees from each of the 557 colonies were homogenized in 2.5 mL tissue lysis buffer
(ATL, Qiagen, Hilden, Germany) using a ribolyser at the Belgian National Reference Laboratory for
Bee diseases, Sciensano. After centrifugation, DNA and RNA were extracted from 115 µL supernatant
with the MagMAX Express (Indical Bioscience, Leipzig, Germany) using the MagMAX™ Pathogen
RNA/DNA Kit (Applied Biosystems, Foster City, CA).

For the virus detection, 5 µL of the extract was used in a one-step RT-rtPCR with AgPath-ID™
One-Step RT-PCR Reagent (Applied Biosystems) on a LightCycler 480 II instrument (Roche Life Science,
Penzberg, Germany). The primers and probes used are listed in Table 1. The following amplification
cycle was used: 10 min at 45 ◦C, 10 min at 95 ◦C, followed by 45 cycles of 15 s at 95 ◦C and 1 min at
60 ◦C.

Negative extraction controls and negative amplification controls were added to each run. Three
dilutions of a DNA plasmid containing the target sequence of each virus were added to every run to
provide an estimate of the amount of viral RNA present in the samples. The added dilutions were
V5 (105 viral genome copies per 5 µL, equivalent to 107 copies/bee), V4 (104 viral genome copies
per 5 µL, equivalent to 106 copies/bee) and V2 (102 viral genome copies per 5 µL, equivalent to 104

copies/bee). Samples were identified as “strong positive” for a virus if the threshold cycle (Ct value)
was lower than the threshold cycle of the V5 dilution of the plasmid, i.e., if more than 107 genome
copies/bee were detected. Samples with less than 104 genome copies/bee (Ct value higher than the Ct
value of V2) were identified as “weakly positive”. Samples with intermediate results were labelled
“moderately positive”.
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Table 1. Primers and probes used for real time PCR detection of viruses.

Virus Sequences Primers and Probe (5′–3′) Reference Final Primer—Probe
Concentration

ABPV
Forward CATATTGGCGAGCCACTATG

[31] 800 nM—100 nMReverse CTACCAGGTTCAAAGAAAATTTC
Probe ATAGTTAAAACAGCTTTTCACACTGG

BQCV
Forward GGTGCGGGAGATGATATGGA

[32] 320 nM—200 nMReverse GCCGTCTGAGATGCATGAATAC
Probe TTTCCATCTTTATCGGTACGCCGCC

CBPV
Forward CGCAAGTACGCCTTGATAAAGAAC

[33] 320 nM—200 nMReverse ACTACTAGAAACTCGTCGCTTCG
Probe TCAAGAACGAGACCACCGCCAAGTTC

DWV-A
Forward GCGGCTAAGATTGTAAATTG

[34] 350 nM—100 nMReverse GTGACTAGCATAACCATGATTA
Probe CCTTGACCAGTAGACACAGCATC

DWV-B
Forward GGTCTGAAGCGAAAATAG

[34] 600 nM—200 nMReverse CTAGCATATCCATGATTATAAAC
Probe CCTTGTCCAGTAGATACAGCATCACA

KBV
Forward ACCAGGAAGTATTCCCATGGTAAG

[35] 500 nM—200 nMReverse TGGAGCTATGGTTCCGTTCAG
Probe CCGCAGATAACTTAGGACCAGATCAATCACA

SBV
Forward AACGTCCACTACACCGAAATGTC

[36] 320 nM—200 nMReverse ACACTGCGCGTCTAACATTCC
Probe TGATGAGAGTGGACGAAGA

actin
Forward AGGAATGGAAGCTTGCGGTA

[37] 500 nM—200 nMReverse AATTTTCATGGTGGATGGTGC
Probe ATGCCAACACTGTCCTTTCTGGAGGTA

2.3. Varroa Mite Counts

V. destructor mites were counted by trained inspectors of the FASFC in autumn 2016 using the
powdered sugar method. About 100 bees were shaken from a comb and placed in a pot, weighed (to
estimate the number of bees) and powdered sugar was added. After about three minutes with regular
gentle shaking, the V. destructor that fell off the bees were counted and averaged as number of mites
per 100 bees.

2.4. Nosema Spore Counts and Species Identification

The abdomens of 60 adult worker bees from each of the 557 sampled colonies were homogenized
in 8 mL PBS using a bullet blender. An amount of 100 µL of sample was further diluted in PBS to
obtain a dilution of 1 mL PBS per bee. Spores were counted in 18 squares in both chambers of a Bürker
counting chamber at the Laboratory of Molecular Entomology and Bee Pathology, Ghent University.
Counts were converted to the number of spores per bee. Spore counts below 20,000 spores per bee
were labelled as “not detected” (threshold of detection).

To determine whether the honey bees were infected with Nosema apis or Nosema ceranae, 5 µL of
the DNA/RNA extract (same extract as used for virus detection, see Section 2.2) was used in a real
time PCR using the SsoAdvanced Universal Probes Supermix (BioRad, Hercules, CA) with species
specific primers and probes (Table 2) with the following amplification cycle: 2 min at 95 ◦C, followed
by 45 cycles of 15 s at 94 ◦C, 30 s at 55 ◦C and 30 s at 68 ◦C. Negative extraction controls and positive
and negative amplification controls were added to each run.
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Table 2. Primers and probes used for real time PCR detection of Nosema apis or Nosema ceranae.

Nosema Species Sequences Primers and Probe (5′–3′) Reference Final Primer—Probe
Concentration

Nosema apis
Forward CCATTGCCGGATAAGAGAGT

[38] 300 nM—150 nMReverse CCACCAAAAACTCCCAAGAG
Probe ATAGTGAGGCTCTATCACTCCGCTG

Nosema ceranae
Forward CGGATAAAAGAGTCCGTTACC

[38] 300 nM—150 nMReverse TGAGCAGGGTTCTAGGGAT
Probe CGTTACCCTTCGGGGAATCTTC

2.5. Statistical Analysis

Fisher exact tests were performed in GraphPad Instat 3 (San Diego, CA) to determine if there
were significant differences between the prevalence of the different viruses between Flanders and
Wallonia. A linear regression analysis was performed using the data analysis tools provided by Excel
(Microsoft, Redmond, WA) to analyze whether the viral load of the different viruses present in a colony
was correlated with the number of V. destructor mites (per 100 bees) in those colonies. p values lower
than 0.05 were considered to be significant.

3. Results

3.1. Virus Prevalence and Viral Load

Viral RNA was detected in all screened colonies. The seven viruses we screened for can be
categorized as absent, low prevalent or highly prevalent in Belgian managed honey bee colonies
(Figure 2). KBV was not detected in any of our samples, while ABPV, CBPV and DWV-A were found
with a low prevalence (between 18% and 29% of the colonies). Three viruses were found with a high
prevalence: BQCV and SBV were present in more than 95% of the analyzed honey bees, while DWV-B
was detected in every analyzed sample. However, for most of the viruses, colonies were generally
weakly or moderately positive, except for DWV-B for which high viral loads were found in 37% of the
colonies (Figure 2).
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Figure 2. Prevalence and viral load of 7 viruses in 557 colonies of 155 apiaries homogeneously
distributed over Belgium.
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When analyzing the data from apiaries from Flanders and Wallonia separately (Table 3), we
found a significant difference between the prevalence of ABPV and DWV-A between both regions. In
Flanders, 8.8% of the colonies were infected with ABPV, while 26.5% of the colonies from Wallonia
were positive for ABPV (Fisher exact test; p < 0.001). DWV-A was detected in 18% of the Flemish
colonies and in 37.75% of the colonies in Wallonia (Fisher exact test; p < 0.001). The differences between
the regions for the other viruses were not significant (Fisher exact test; p > 0.05).

Table 3. Percentages of positive colonies per virus in honey bee colonies from Flanders and Wallonia
and indications of increase (+) or decrease (-) compared to previous studies.

Virus Percentage of Positive
Colonies in Flanders Trend 1 Percentage of Positive

Colonies in Wallonia Trend 2

ABPV 8.8% + 26.5% +
BQCV 99.23% + 99.65% +
CBPV 29.23% + 30.27% -

DWV-A 18.07%
+ 3 37.75%

+ 3
DWV-B 100% 100%

KBV 0 no data 0 no data
SBV 97.69% + 96.26% +

1 Compared to samples taken in Flanders in 2011 [29]. 2 Compared to samples taken in Wallonia in 2006 [28]. 3 No
distinction was made between DWV-A and DWV-B in these previous studies.

All screened colonies were infected with at least two viruses (Figure 3a). Twelve colonies were
infected with only two viruses, 11 of these with DWV-B and BQCV. In almost half of the colonies
(43.27%), three different viruses were detected, most often DWV-B, BQCV and SBV (236 out of
241 colonies). Sixteen colonies (2.87%) were infected with six different viruses. However, in more than
half of all colonies (53.5%), only infections with low viral RNA loads were detected (Figure 3b). The
maximum number of viruses with a high viral load found in one colony was 3 (in 7 colonies, each time
BQCV, DWV-B and SBV).
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Figure 3. Viral co-infection of Belgian honey bee colonies. (a) Percentage of honey bee colonies infected
with multiple viruses; (b) percentage of colonies infected with zero, one or several viruses at high
viral load.

3.2. Varroa Prevalence and Abundance

V. destructor mites were found in 454 out of 540 honey bee colonies (81.5% of the colonies, 94.84%
of the apiaries) (17 colonies with missing data). However, the majority of the colonies (79.35%) had
a low or very low infestation level (less than 10 mites per 100 bees). Only one colony had a high
infestation with V. destructor (more than 50 mites per 100 bees).

3.3. Correlation between Virus Load and Varroa Infestation

We found a significant positive linear relationship between the number of V. destructor mites and
the viral load of DWV-B present in a colony (linear regression analysis; p-value of the slope = 0.0051).
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There was no significant correlation between the number of V. destructor in the colonies and the viral
load of the other viruses (linear regression analysis; p-value > 0.05).

3.4. Nosema Prevalence, Abundance and Species Identification

Nosema sp. spores were detected in 59.7% of the honey bee samples (from 20,103 spores/bee to
51,106 spores/bee). Real time PCR identified all Nosema sp. as N. ceranae.

4. Discussion

The main objective of this study was to obtain insights into the current prevalence of seven honey
bee viruses in Belgian honey bees and to evaluate how this prevalence changed during the past decade.
We found nearly all 557 sampled honey bee colonies to be infected with BQCV (99.46%), DWV (DWV-A
in 28.55% and DWV-B in 100% of the colonies) and SBV (91.13% of the colonies). Our results seem to
indicate a strong increase in the prevalence of honey bee viruses in Belgium over the last decade. In
2006, BQCV was detected in 75% of the sampled apiaries in the southern part of Belgium (Wallonia),
while SBV and DWV (without making a distinction between DWV-A or DWV-B) were detected in 69%
and 64% of the apiaries, respectively [28]. In bees sampled in 2011 in the northern part of Belgium
(Flanders), BQVC and SBV were only detected in 13.5% and 19% of the colonies, respectively, and DWV
was the most prevalent virus, found in 69.4% of the sampled colonies (without making a distinction
between DWV-A or DWV-B) [29]. We found ABPV to be prevalent at a lower rate, but still an increased
prevalence compared to previous screenings was noted: we detected ABPV in 18% of the colonies,
while it was found in 8% of the apiaries in Wallonia in 2006 and 3.3% of the colonies in Flanders in
2011. When we looked at our data from apiaries from Flanders and Wallonia separately (Table 3), we
found a significantly higher prevalence of ABPV in our samples from Wallonia (26.5%) compared to
Flanders (8.8%) (Fisher exact test; p < 0.001). The situation was different for CBPV, where we detected
the virus in 29% of the colonies, which is an important increase compared to the 1.7% found in Flanders
in 2011, but a considerable decrease compared to the 69% found in Wallonia in 2006 [28]. We found no
significant difference in the number of CBPV infected colonies in both regions (29.23% in Flanders and
30.27% in Wallonia) (Fisher exact test; p > 0.05). KBV was not detected in any of the colonies during our
screening and had not been looked for in the previous screenings. In a multi-year survey in the United
States (2009–2014), a strong increase in virus prevalence was also observed over the years, with DWV
prevalence rising from 65% to over 80% and the number of BQCV positive samples climbing from
60% to 90% in only three years’ time [39]. Moreover, as in previous studies, seasonal variation in virus
prevalence was observed [12,39]. A small part of the differences we observe between our screening
and previous studies might be related to seasonal variation. Additionally, it should be considered that
the higher number of virus-infected colonies in our study compared to earlier studies might for a small
part be due to a possibly higher sensitivity of the real time PCR method used. The two previous studies
used either traditional reverse transcription PCR [28] or MLPA (multiplex ligation probe dependent
amplification) [29] to detect selected honey bee viruses, resulting only in presence/absence data without
information on the viral load.

Overall, our results not only reflect an increase in the prevalence of honey bee viruses but also an
expansion of the distribution area of viruses over the years within the country. On an international
scale, dissemination of honey bee viruses is considered to be caused in part by colony transportation
(migratory beekeeping) and international trade of (infected) queens and honey bee packages [11].
However, few Belgian beekeepers move their colonies and import of queens is very limited, although
viruses have also been found in eggs from a Belgian queen breeding program [40]. Viruses can also
be imported in a hive through contaminated material or bee products [41–43]. Spread of viruses can
furthermore happen through contact with contaminated honey bees from other hives while foraging,
but also through contact with other infected insects, as honey bee viruses have been detected in other
insect pollinators, including bumble bees and hoverflies [44–46]. V. destructor mites are another factor
that could be implicated in the extended virus spread, by acting as a vector for several viruses. V.
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destructor mites were found in 81.5% of the colonies during the autumn preceding the sampling for
screening of viruses, although the infestation rate was rather low (mostly less than 10 mites per 100
bees), likely owing to the Varroa management practices of the beekeepers. However, we did find a
significant correlation between the number of mites and the viral load of DWV-B (linear regression
analysis; p-value < 0.05). This is in line with findings from other studies that not only show that V.
destructor is a vector of DWV-B (and other viruses), but that it can also suppress honey bee immunity,
resulting in higher viral loads [16,17,20,47].

The high prevalence of these viruses in Belgium is also in line with prevalence rates reported
in neighboring countries. A screening of seemingly healthy honey bees from France in 2002 already
revealed DWV to be present in 97% of the 36 sampled apiaries, while BQCV and SBV were detected
in 86% of the apiaries [48]. In Germany, DWV was found in 33.4% of 120 apiaries in 2007 [2]. In the
Netherlands, to the north of Belgium, DWV has been detected in 93% of 331 investigated honey bee
colonies in 2015 [49]. Interestingly, KBV was found in 17% of French apiaries already in 2002 [48],
while we did not detect this virus at all. It would be worthwhile to screen honey bee colonies at the
Belgian–French border for KBV. Analogous to our results, other virus screenings also report honey bee
colonies to be infected with multiple viruses, with, e.g., 92% of the French apiaries positive for at least
three different viruses [6,28,48,50]. We found more than 95% of our colonies to be infected with three
or more viruses. This underlines the importance of including co-infection with multiple viruses in
future studies on bee health and colony losses.

Although the prevalence of viruses was high among these Belgian honey bees, it is important to
note that most of the colonies were only weakly or moderately positive for a virus (see Figure 2), so it
cannot be deduced that these viruses have a strong impact on bee health. High viral loads for one
or several viruses were however found in about 46% of the colonies. Although colonies displaying
clinical signs usually have high viral loads, a high viral load does not necessarily result in clinical
signs. Thresholds between 105 and 1010 viral genome copies per bee have been suggested for different
honey bee viruses to distinguish between covert and overt infections, but not all colonies with a viral
load above the defined thresholds in these studies displayed clinical signs [34,36,50]. This is especially
the case for DWV-B, where 45% of the colonies with a viral load above the defined threshold did not
display clinical signs [34]. The appearance of clinical signs depends on many factors. Sometimes the
occurrence of some clinical signs can be “hidden” by the hygienic behavior of the bees, when larvae or
pupae with disease symptoms are removed from the colony [34]. The virulence of honey bee viruses is
also influenced by the transmission route or type of tissue or life-stage that becomes infected [12]. On
the other hand, even covert infections can still influence honey bee survival, and several viruses have
been linked with overwintering colony mortality even in the absence of (visible) clinical signs [51–53].

Co-infections with other stress factors such as V. destructor and Nosema sp. can aggravate disease
symptoms. Interesting in this perspective was our finding that more than half of the samples were
found to be infected with Nosema sp.. It is noteworthy that only N. ceranae was detected in our samples,
while a previous study on samples from 2011 in Belgium found about 10% of Nosema-infected samples
to be N. apis [54]. This indicates that N. ceranae might have replaced N. apis in Belgium, a trend that has
already been observed in other countries [3,55] and could be caused by the inhibition of N. apis by N.
ceranae in case of co-infection [56].

In conclusion, we found a high prevalence of viruses in Belgian managed honey bee colonies, but
with a highly variable viral load. Additionally, we confirmed the presence of other harmful factors
such as V. destructor and N. ceranae in more than half of the sampled colonies. This accentuates the
importance of identifying co-infections with multiple pathogens when studying honey bee health. A
follow up of colonies over multiple years would be necessary to determine the contribution of these
combined factors to colony losses in Belgium.
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31. Ciglenečki, U.J.; Toplak, I. Development of a real-time RT-PCR assay with TaqMan probe for specific detection
of acute bee paralysis virus. J. Virol. Methods 2012, 184, 63–68. [CrossRef]

32. Chantawannakul, P.; Ward, L.; Boonham, N.; Brown, M. A scientific note on the detection of honeybee
viruses using real-time PCR (TaqMan) in Varroa mites collected from a Thai honeybee (Apis mellifera) apiary.
J. Invertebr. Pathol. 2006, 91, 69–73. [CrossRef] [PubMed]

33. Blanchard, P.; Ribière, M.; Celle, O.; Lallemand, P.; Schurr, F.; Olivier, V.; Iscache, A.L.; Faucon, J.P. Evaluation
of a real-time two-step RT-PCR assay for quantitation of Chronic bee paralysis virus (CBPV) genome in
experimentally-infected bee tissues and in life stages of a symptomatic colony. J. Virol. Methods 2007, 141,
7–13. [CrossRef] [PubMed]

34. Schurr, F.; Tison, A.; Militano, L.; Cheviron, N.; Sircoulomb, F.; Rivière, M.P.; Ribière-Chabert, M.; Thiéry, R.;
Dubois, E. Validation of quantitative real-time RT-PCR assays for the detection of six honeybee viruses.
J. Virol. Methods 2019, 270, 70–78. [CrossRef] [PubMed]

35. Ward, L.; Waite, R.; Boonham, N.; Fisher, T.; Pescod, K.; Thompson, H.; Chantawannakul, P.; Brown, M. First
detection of Kashmir bee virus in the UK using real-time PCR. Apidologie 2007, 38, 181–190. [CrossRef]

http://dx.doi.org/10.1099/vir.0.023853-0
http://dx.doi.org/10.1111/j.1744-7348.1988.tb03300.x
http://dx.doi.org/10.1006/jipa.1998.4807
http://dx.doi.org/10.1007/s00253-010-2573-8
http://www.ncbi.nlm.nih.gov/pubmed/20401479
http://dx.doi.org/10.1073/pnas.1818371116
http://www.ncbi.nlm.nih.gov/pubmed/30647116
http://dx.doi.org/10.3390/v12050535
http://www.ncbi.nlm.nih.gov/pubmed/32422881
https://www.oie.int/standard-setting/terrestrial-manual/access-online/
http://dx.doi.org/10.3390/v5092282
http://www.ncbi.nlm.nih.gov/pubmed/24056674
http://dx.doi.org/10.1016/j.jip.2014.10.007
http://www.ncbi.nlm.nih.gov/pubmed/25450738
http://dx.doi.org/10.1111/1462-2920.12426
http://dx.doi.org/10.3896/IBRA.1.50.3.03
http://dx.doi.org/10.1371/journal.pone.0047953
http://dx.doi.org/10.1016/j.jviromet.2017.04.010
http://dx.doi.org/10.1016/j.jviromet.2012.05.010
http://dx.doi.org/10.1016/j.jip.2005.11.001
http://www.ncbi.nlm.nih.gov/pubmed/16376930
http://dx.doi.org/10.1016/j.jviromet.2006.11.021
http://www.ncbi.nlm.nih.gov/pubmed/17166598
http://dx.doi.org/10.1016/j.jviromet.2019.04.020
http://www.ncbi.nlm.nih.gov/pubmed/31026560
http://dx.doi.org/10.1051/apido:2006072


Viruses 2020, 12, 890 11 of 12

36. Blanchard, P.; Guillot, S.; Antùnez, K.; Köglberger, H.; Kryger, P.; de Miranda, J.R.; Franco, S.; Chauzat, M.P.;
Thiéry, R.; Ribière, M. Development and validation of a real-time two-step RT-qPCR TaqMan® assay for
quantitation of Sacbrood virus (SBV) and its application to a field survey of symptomatic honey bee colonies.
J. Virol. Methods 2014, 197, 7–13. [CrossRef] [PubMed]

37. Chen, Y.P.; Higgins, J.A.; Feldlaufer, M.F. Quantitative real-time reverse transcription-PCR analysis of
deformed wing virus infection in the honeybee (Apis mellifera L.). Appl. Environ. Microbiol. 2005, 71, 436–441.
[CrossRef] [PubMed]

38. Chen, Y.; Evans, J.D.; Zhou, L.; Boncristiani, H.; Kimura, K.; Xiao, T.; Litkowski, A.M.; Pettis, J.S. Asymmetrical
coexistence of Nosema ceranae and Nosema apis in honey bees. J. Invertebr. Pathol. 2009, 101, 204–209. [CrossRef]

39. Traynor, K.S.; Rennich, K.; Forsgren, E.; Rose, R.; Pettis, J.; Kunkel, G.; Madella, S.; Evans, J.; Lopez, D.;
vanEngelsdorp, D. Multiyear survey targeting disease incidence in US honey bees. Apidologie 2016, 47,
325–347. [CrossRef]

40. Ravoet, J.; De Smet, L.; Wenseleers, T.; de Graaf, D.C. Vertical transmission of honey bee viruses in a Belgian
queen breeding program. BMC Vet. Res. 2015, 11. [CrossRef]

41. Schittny, D.; Yañez, O.; Neumann, P. Honey Bee Virus Transmission via Hive Products. Vet. Sci. 2020, 7, 96.
[CrossRef]

42. Mutinelli, F. The spread of pathogens through trade in honey bees and their products (including queen
bees and semen): Overview and recent developments. Rev. Sci. Tech. l’OIE 2011, 30, 257–271. [CrossRef]
[PubMed]

43. Shen, M.; Cui, L.; Ostiguy, N.; Cox-Foster, D. Intricate transmission routes and interactions between
picorna-like viruses (Kashmir bee virus and Sacbrood virus) with the honeybee host and the parasitic Varroa
mite. J. Gen. Virol. 2005, 86, 2281–2289. [CrossRef] [PubMed]

44. Ravoet, J.; De Smet, L.; Meeus, I.; Smagghe, G.; Wenseleers, T.; de Graaf, D.C. Widespread occurrence of
honey bee pathogens in solitary bees. J. Invertebr. Pathol. 2014. [CrossRef] [PubMed]

45. Genersch, E.; Yue, C.; Fries, I.; De Miranda, J.R. Detection of Deformed wing virus, a honey bee viral pathogen,
in bumble bees (Bombus terrestris and Bombus pascuorum) with wing deformities. J. Invertebr. Pathol. 2006, 91,
61–63. [CrossRef] [PubMed]

46. Bailes, E.J.; Deutsch, K.R.; Bagi, J.; Rondissone, L.; Brown, M.J.F.; Owen, T. First detection of honey bee
viruses in hoverfly (syrphid) pollinators. Biol. Lett. 2016, 14, 20180001. [CrossRef] [PubMed]

47. Yang, X.; Cox-Foster, D.L. Impact of an ectoparasite on the immunity and pathology of an invertebrate:
Evidence for host immunosuppression and viral amplification. Proc. Natl. Acad. Sci. USA 2005, 102,
7470–7475. [CrossRef]

48. Tentcheva, D.; Gauthier, L.; Zappulla, N.; Dainat, B.; Cousserans, F.; Colin, M.E.; Bergoin, M. Prevalence and
seasonal variations of six bee viruses in Apis mellifera L. and Varroa destructor mite populations in France.
Appl. Environ. Microbiol. 2004, 70, 7185–7191. [CrossRef]

49. Biesmeijer, K. Report Honeybee Surveillance Program the Netherlands. Naturalis 2016.
50. Amiri, E.; Meixner, M.; Nielsen, S.L.; Kryger, P. Four categories of viral infection describe the health status of

honey bee colonies. PLoS ONE 2015, 10, 10–12. [CrossRef]
51. Benaets, K.; Van Geystelen, A.; Cardoen, D.; De Smet, L.; de Graaf, D.C.; Schoofs, L.; Larmuseau, M.H.D.;

Brettell, L.E.; Martin, S.J.; Wenseleers, T. Covert deformed wing virus infections have long-term deleterious
effects on honeybee foraging and survival. Proc. R. Soc. B Biol. Sci. 2017, 284. [CrossRef]

52. McMenamin, A.J.; Flenniken, M.L. Recently identified bee viruses and their impact on bee pollinators.
Curr. Opin. Insect Sci. 2018. [CrossRef]

53. Natsopoulou, M.E.; McMahon, D.P.; Doublet, V.; Frey, E.; Rosenkranz, P.; Paxton, R.J. The virulent, emerging
genotype B of Deformed wing virus is closely linked to overwinter honeybee worker loss. Sci. Rep. 2017, 7,
1–9. [CrossRef] [PubMed]

54. Ravoet, J.; Maharramov, J.; Meeus, I.; De Smet, L.; Wenseleers, T.; Smagghe, G.; de Graaf, D.C. Comprehensive
Bee Pathogen Screening in Belgium Reveals Crithidia mellificae as a New Contributory Factor to Winter
Mortality. PLoS ONE 2013, 8. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jviromet.2013.09.012
http://www.ncbi.nlm.nih.gov/pubmed/24121133
http://dx.doi.org/10.1128/AEM.71.1.436-441.2005
http://www.ncbi.nlm.nih.gov/pubmed/15640219
http://dx.doi.org/10.1016/j.jip.2009.05.012
http://dx.doi.org/10.1007/s13592-016-0431-0
http://dx.doi.org/10.1186/s12917-015-0386-9
http://dx.doi.org/10.3390/vetsci7030096
http://dx.doi.org/10.20506/rst.30.1.2033
http://www.ncbi.nlm.nih.gov/pubmed/21809768
http://dx.doi.org/10.1099/vir.0.80824-0
http://www.ncbi.nlm.nih.gov/pubmed/16033976
http://dx.doi.org/10.1016/j.jip.2014.08.007
http://www.ncbi.nlm.nih.gov/pubmed/25196470
http://dx.doi.org/10.1016/j.jip.2005.10.002
http://www.ncbi.nlm.nih.gov/pubmed/16300785
http://dx.doi.org/10.1098/rsbl.2018.0001
http://www.ncbi.nlm.nih.gov/pubmed/29491032
http://dx.doi.org/10.1073/pnas.0501860102
http://dx.doi.org/10.1128/AEM.70.12.7185-7191.2004
http://dx.doi.org/10.1371/journal.pone.0140272
http://dx.doi.org/10.1098/rspb.2016.2149
http://dx.doi.org/10.1016/j.cois.2018.02.009
http://dx.doi.org/10.1038/s41598-017-05596-3
http://www.ncbi.nlm.nih.gov/pubmed/28701778
http://dx.doi.org/10.1371/journal.pone.0072443
http://www.ncbi.nlm.nih.gov/pubmed/23991113


Viruses 2020, 12, 890 12 of 12

55. Milbrath, M.O.; van Tran, T.; Huang, W.F.; Solter, L.F.; Tarpy, D.R.; Lawrence, F.; Huang, Z.Y. Comparative
virulence and competition between Nosema apis and Nosema ceranae in honey bees (Apis mellifera). J. Invertebr.
Pathol. 2015, 125, 9–15. [CrossRef] [PubMed]

56. Natsopoulou, M.E.; McMahon, D.P.; Doublet, V.; Bryden, J.; Paxton, R.J. Interspecific competition in honeybee
intracellular gut parasites is asymmetric and favours the spread of an emerging infectious disease. Proc. R.
Soc. B Biol. Sci. 2015, 282. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jip.2014.12.006
http://www.ncbi.nlm.nih.gov/pubmed/25527406
http://dx.doi.org/10.1098/rspb.2014.1896
http://www.ncbi.nlm.nih.gov/pubmed/25429014
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Honey Bee Sampling 
	Virus Detection 
	Varroa Mite Counts 
	Nosema Spore Counts and Species Identification 
	Statistical Analysis 

	Results 
	Virus Prevalence and Viral Load 
	Varroa Prevalence and Abundance 
	Correlation between Virus Load and Varroa Infestation 
	Nosema Prevalence, Abundance and Species Identification 

	Discussion 
	References

