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bstract

A one-step real-time RT-PCR based on SYBR Green (SG) chemistry was developed for the detection, differentiation and quantification of two
f the most common viruses on the honeybee Apis mellifera L., deformed wing virus and black queen cell virus. Two sets of primers specific for
ach virus, were designed in conserved regions of the viral genome for their use in the one-step real-time RT-PCR. Both reactions were optimized
or highest sensitivity and specificity and SG-based real-time was used to achieve quantitative detection. All samples evaluated in this study were

rom Spanish honeybee colonies. Viral detection and identification was confirmed by sequencing of the PCR products. The described one-step
eal-time SG RT-PCR proved to be a fast, accurate and useful technique to detect and even quantify these honeybee viruses that cause unapparent
nfections, and might contribute with other factors to the increasing honeybee colonies depopulation.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The honeybee Apis mellifera is subject of many viral infec-
ions that have been increasingly investigated during the last
ecade. In general, honeybee viruses are widespread and most
f them cause unapparent and persistent infections (Bailey et
l., 1981; Evans and Hung, 2000; Hung and Shimanuki, 1999),
nd environmental factors or parasite infestations may activate
irus infections and sometimes, lead to the appearance of clin-
cal symptoms. It is usually accepted that some viruses interact
ith Varroa destructor, in a multi-factorial complex named

parasitic mite syndrome” (Shimanuki et al., 1994). Important
nd frequent viral infections include: acute bee paralysis virus
ABPV), chronic bee paralysis virus (CBPV), sacbrood virus
SBV), Kashmir bee virus (KBV), deformed wing virus (DWV)

nd black queen cell virus (BQCV). These viruses affect hon-
ybees and their production causing important economic looses
ue to their reduced honey production and population decrease

∗ Corresponding author. Tel.: +34 91 394 40 82; fax: +34 91 394 39 08.
E-mail address: jmvizcaino@vet.ucm.es (J.M. Sánchez-Vizcaı́no).
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ince honeybees are commonly used to pollinate crops, reach-
ng an annual market value around 15 billion dollars in the USA
Morse and Calderon, 2000).

BQCV and DWV are thought to participate in some bee
olony collapses that are increasingly occurring in most of the
oney producer countries in Europe and the United States (Chen
t al., 2005). Black queen cell virus (BQCV), previously part of
he “picorna-like” group of viruses affecting honeybees (Leat
t al., 2000), has recently been classified within the new genus
ripavirus (family Dicistroviridae) (Mayo, 2002). BQCV has
monopartite bicistronic genome with non-structural genes at

he 5′ end and structural genes at the 3′ end. It causes mortality
articularly in queen pupae and pupae, but it is also common in
dult bees specially in spring and early summer (Berenyi et al.,
006), and is considered to be triggered by Nosema apis infes-
ation (Allen and Ball, 1996; Bailey and Woods, 1974; Bailey
t al., 1983). Deformed wing virus (DWV) is a picorna-like
irus belonging to the genus Iflavirus (Mayo, 2002). DWV has

monopartite monocistronic genome with structural genes at

he 5′ end and non-structural genes at the 3′ end. Sometimes it
roduces no clinical signs of infection while other times it causes
ing deformities, bloated abdomens, paralysis and a shorter

mailto:jmvizcaino@vet.ucm.es
dx.doi.org/10.1016/j.jviromet.2007.09.008
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dult life span for emerging worker and drone bees. It is associ-
ted with V. destructor parasitation (Bowen-Walker et al., 1999;
ordstrom, 2003).
The study of the virus affecting honeybees lacks of data

elated to the real role of these viruses in the health status of the
eehives. Diagnosis of bee virus infections is difficult because
hese viruses usually persist as in apparent infections and cause
o overt signs of disease (Bailey, 1967). The classical diagnos-
ic methods for the detection of honeybee viruses are based on
lectron microscopy and serological methods, which have the
rawbacks of limited availability of antisera and problems with
he specificity of some antisera as a result of antiserum produc-
ion from preparations containing virus mixtures (Benjeddou et
l., 2001).

The use of a specific probe-based assay such as TaqMan real-
ime PCR requires high complementarity for probe binding,
hich might result in a failure to detect high sequence vari-

bility in the probe-binding region. Non-specific assays using
ntercalating dyes such as SYBR Green I are found to be more
eliable, flexible, simple, and of lower cost for detecting nucleic
cid targets characterized by sequence variability, compared
ith TaqMan real-time PCR, especially for RNA viruses. SYBR
reen I is a minor groove DNA binding dye with a high affin-

ty for double-strand DNA (dsDNA) and exhibits fluorescence
nhancement upon binding to dsDNA. The accumulation of
mplified DNA is measured by the increase in fluorescence
ver time, followed by confirmation of results by melting curve
nalysis (Heid et al., 1996).

The SYBR Green-based real-time RT-PCR is an excellent
lternative for the detection of viruses in honeybees because of
ts simplicity and price. Several RT-PCR methods have been
eveloped and applied for the diagnosis of so far seven bee
iral infections (Bakonyi et al., 2002; Benjeddou et al., 2001;
lanchard et al., 2007; Chen et al., 2005; Grabenstiner et al.,
001; Ribière et al., 2002; Stoltz et al., 1995; Tentcheva et al.,
004; Topley et al., 2005; Genersch, 2005) but no SYBR Green-
ased techniques have been reported. This work describes the
evelopment and evaluation of a single-step real-time RT-PCR
ased on SYBR Green for the detection and differentiation of
wo important viruses of honeybees: DWV and BQCV.

. Materials and methods

.1. Sampling, samples preparation and RNA extraction

To achieve the best optimization of the reaction, the real-time
T-PCR method was initially carried out with previously posi-

ive sequenced controls for DWV and BQCV, including samples
hat were positive to both viral infections (viral co-infection).
hese control samples have their origin on the field, were taken
mong Spanish beehives between 2003 and 2005. They were
etected as positive samples using the conventional RT-PCR
nd were later sequenced. They were only used for the assay

ptimization and are not included in the general study. Negative
amples to both RT-PCR were used in these assays. They were
elected after performing repeated extraction procedures and
onventional RT-PCR obtaining always negative results. Once

3
a
C
a

Fig. 1. Distribution and number of samples studied.

he reaction was optimized with the positive and negative con-
rols, 100 honeybee samples from different apiaries distributed
long Spain were chosen for evaluation. The distribution of these
piaries is shown in Fig. 1. A random selection of the samples
as done with the aim of evaluating the prevalence of these
oneybee viruses. The beehives did not show any clinical signs.
ll samples were collected during springtime. Positive samples

o other honeybee viruses (KBV) are also included. The rest of
oneybee viruses were not tested in the assays, as we do not
ave positive controls.

Honeybees were taken from the hives and were frozen imme-
iately at −20 ◦C until assay. For the homogenization, the
oneybees were crushed in a mortar with PBS solution in pro-
ortion of 10 bees per 5 mL of PBS. After homogenization, the
amples were centrifuged for 15 min at 1500 rpm and super-
atant was collected. These samples were stored at −80 ◦C. Each
ool of 10 bees was from a different beehive, having samples
rom 100 different beehives. None of these samples were used
or assay optimization.

For RNA extraction, the homogenized samples were kept in
terile eppendorf tubes and were treated with the TRIzol reagent
ollowing the manufactures’ instructions. Total RNA was re-
uspended in free RNases and DNases water and maintained at
20 ◦C.

.2. Primer design and quantitative real-time PCR protocol
y SYBR Green assay

Both pairs of primers were designed to amplify con-
erved regions of DWV and BQCV viral genomes. For DWV
he polyprotein gene was selected and for the BQCV the
tructural polyprotein gene was selected. Their design was
ased on different sequences previously published in the Gen-
ank database (accession numbers DQ385507, DQ385505,
Q38502, NC003784) and using Primer Express and Primer

software. Both sets of primers were chosen according to their

nnealing temperatures as they could share the same Thermo-
ycler Program. The primers were synthesized by Eurogentec
nd are shown in Table 1.
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Table 1
Sequences of the primers and their position in the genome

Sequence (5′–3′) Position on the genome Length of amplified product

DWV2 Fwd CTG TAT GTG GTG TGC CTG GT 8575 226
DWV2Rev TTC AAA CAA TCC GTG AAT ATA GTG T 8801
BQCV3Fwd AAG GGT GTG GAT TTC GTC AG 7933 284
B
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QCV3Rev GGC GTA CCG ATA AAG ATG GA

A one-step real-time RT-PCR was developed based on SYBR
reen detection. All reactions were performed in a Stratagene
xPro 3000 using the Master mix and enzymes provided by

tratagene.
Titration of primers was achieved by using a matrix of recip-

ocal concentrations (from 100 nM to 900 nM), choosing those
hat yielded the higher sensitivity and the minimum primer dim-

er. To determine their annealing temperature we performed a
radient RT-PCR and chose the best temperature for both set
f primers to be able to use them in the same ThermoCycler
rogram.

The final procedure was performed in a final volume of 25 �L
s follows: 2 �L of RNA template, 12.5 �L of SYBR Green
aster mix (Quantitative RT-PCR Brilliant SYBR Green Master
ix, Stratagene®), 0.0625 �L of StrataScript RT/Rnase Block

nzyme Mixture (Stratagene®), 0.3 �M of BQCV primers for
QCV detection or 0.2 �M of DWV primers for DWV detection.

The same PCR program for both pair of primers was used.
he thermocycler program was: 30 min at 48 ◦C (RT) followed
y 10 min at 95 ◦C, and 40 amplification cycles of 95 ◦C for 45 s,
1 ◦C for 1 min and 72 ◦C for 1 min. The final step was carried
ut at 72 ◦C for 7 min of final extension. Lastly, the dissociation
urve was obtained starting at 70–99 ◦C (40 cycles with 1 ◦C of
ncrement each 30 s). Both, the DWV and the BQCV amplicons
ave a Tm of 78 ◦C (data not shown). Ten microliters of RT-PCR
roducts were analyzed by 2% agarose gel electrophoresis. The
xpected size of the amplicons was: 226 bp for DWV and 284 bp
or BQCV.

.3. Standard curve

Since honeybee viruses do not grow in cell lines, a stan-
ard curve with two high positive field samples for each virus
onfirmed by the conventional RT-PCRs used as reference
Tentcheva et al., 2004; Benjeddou et al., 2001) and by sequenc-
ng was constructed. These two samples were selected when,
uring the analysis of the 100 field samples, they yielded a
eally early Ct indicating that their viral load was high. Once
hese samples were selected, conventional RT-PCR, real-time
T-PCR and sequencing were done. Their viral load was esti-
ated by spectrophotometry. Standard curves were generated
ith the cDNA amplicon from the real-time RT-PCR performed
ith these two high samples (Beuve et al., 2007).

Briefly, serial 10-fold dilutions of these two samples were

ade with the initial amount of the cDNA amplicon obtained
rom a previous real-time RT-PCR and a later purification. The
ext step was to quantify these products by spectrophotome-

I
r
i
s

8217

ry in a Nanodrop and deduce the number of copies from the
olecular weight of the sequence of the amplicon (Beuve et al.,

007). The complete sequence of the amplicon was obtained by
equencing with the forward and reverse primers. The ampli-
on’s molecular weight was calculated. The absorbance of the
urified product from the SG RT-PCR was divided by the ampli-
on’s molecular weight obtaining the estimated amplicon copies
umber. This calculation provides an indirect estimation of the
umber of copies of RNA molecules since the efficiency of RT
nd RNA extraction were not determined and it allows relative
uantification between samples and experiments.

The standard curve was also used in assays with several field
amples to study the variability in viral load by extrapolation of
heir Ct values.

.4. Specificity, sensitivity, reproducibility of the one-step
eal-time RT-PCR

The efficacy of the method was assessed by testing the
resence of the viruses on a 100 field samples. Results were
ompared with the sensitivity of the conventional RT-PCR
escribed previously for DWV (Tentcheva et al., 2004) and
QCV (Benjeddou et al., 2001).

The specificity of the RT-PCR assay was evaluated by
equence analysis of size specific amplification products. The
T-PCR products were purified using QIAquick PCR purifica-

ion Kit (Qiagen) and analyzed by the sequencing services of
ECUGEN S.A. (Madrid, Spain). The sequence data of each
irus fragment was analyzed using the BLAST® server at the
CBI. Due to the difficulty to obtain positive reference samples

or honeybee viruses other than KBV, BQCV and DWV, the
pecificity of these primers for the rest of the main viral honey-
ee infections was confirmed using BLAST® and Culstal W®

oftware.
The sensitivity of the method was investigated by testing 10-

old dilutions of two positive field samples for DWV and BQCV
nd comparing them to the results of the conventional RT-PCR.
he same samples were proved with the conventional and the
G RT-PCR, determining their different detection limit.

Reproducibility was demonstrated by evaluating the intra-
nd inter-assay variability of the Ct values obtained after ampli-
cation of 10-fold serial dilutions of the cDNA amplicon from

he positive reference samples ranging from 10−2 to 10−8.

ntra-assay reproducibility was evaluated by analysing three
eplicates of the 10-fold serial dilutions during the same exper-
ment. The inter-assay reproducibility was estimated by testing
erial dilutions of the same positive control in three independent
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Fig. 2. Comparison of the sensitivities of SG RT-PCR and conventional RT-
PCR for BQCV. (A) Amplification plots obtained using serial 10-fold dilutions
of BQCV positive sample represented from dilution 10−2 to 10−9. Last blue line:
NTC. (B) Agarose gel electrophoretic analysis of conventional BQCV RT-PCR
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The number of amplicon copies was determined dividing the
absorbance of the purified product from the SG RT-PCR by the
molecular weight of the amplicon.

Fig. 3. Comparison of the sensitivities of SG RT-PCR and conventional RT-
PCR for BQCV. (A) Amplification plots obtained using serial 10-fold dilutions
roduct and dilutions from 100 to 10−6 of the same positive sample used for SG
T-PCR. (For interpretation of the references to color in this figure legend, the

eader is referred to the web version of the article.)

xperiments, performed on different days. Variability was esti-
ated by the coefficient of variation (CV) of the mean Ct values

btained from the standard curve.

.4.1. Conventional RT-PCR
Both conventional RT-PCR for DWV and BQCV were per-

ormed based on the protocols described in the reference articles
Tentcheva et al., 2004; Benjeddou et al., 2001). The new primers
esigned for real-time RT-PCR were also tested in a conventional
T-PCR with the same samples used in the other assays.

. Results

Both RT-PCR were carried out first with positive sequenced
ontrols that were not included in the final results for the general
tudy. Once the RT-PCRs were developed and optimized, a total
f a hundred samples were evaluated for presence of BQCV and
WV. Both viral infections were detected. Time was saved by
erforming both RT-PCRs with the same thermocycler program
n two different mixes.

.1. Specificity, sensitivity, reproducibility of the one-step
eal-time RT-PCR

Sequence alignment of the amplification fragments of each

irus with published sequences at the GeneBank resulted in
sequence identity between 90% and 100% for both viruses.
o amplification occurred with positives samples to KBV. The

pecificity of these primers for the rest of the main honeybee

o
N
p
R
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iral infections (SBD, ABPV and CBPV) was demonstrated by
sing BLAST® and Culstal W® software (data not shown).

The detection limit was determined by the lowest dilution
hat showed specific amplification for the strong positive field
amples selected as templates. It was 10−9 for both qRT-PCR,
hereas the conventional RT-PCR detection limit was 10−5 for
QCV and 10−6 for DWV (Figs. 2 and 3). The conventional
T-PCR was also performed with the new real-time primers.
he same strong samples and their dilutions were used to per-

orm these assays. The detection limit for these assays was:
0−6 for BQCV and 10−5 for DWV (data not shown). The
mplicon detection limit was 30.8 amplicons/�L for BQCV and
as 30.5 amplicons/�L for DWV when using qRT-PCR. The

mplicon detection limit/�L for the conventional RT-PCR with
lready published primers was 308.000 for BQCV and 30.500
or DWV.

For DWV qRT-PCR, the CV ranged from 0.1% to 3% within
run (intra-assay reproducibility) and from 0.1% to 3.4% from

un to run (inter-assay reproducibility); for BQCV qRT-PCR
he CV ranged from 1% to 3% within a run (intra-assay repro-
ucibility) and from 0.6% to 4% from run to run (inter-assay
eproducibility).

.2. Standard curve
f DWV positive sample represented from dilution 10−2 to 10−9. Last blue line:
TC. (B) Agarose gel electrophoretic analysis of conventional DWV RT-PCR
roduct and dilutions from 100 to 10−8 of the same positive sample used for SG
T-PCR. (For interpretation of the references to color in this figure legend, the

eader is referred to the web version of the article.)
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Table 2
Compared sensitivity and specificity between conventional and real-time RT-
PCR

Deformed wing virus

Positive Negative Total

Sequenced samples
Real-timea

Positive 79 0 79
Negative 0 21 21
Total 79 21 100

Conventionalb

Positive 27 0 27
Negative 52 21 73
Total 79 21 100

Black queen cell virus

Positive Negative Total

Sequenced samples
Real-timec

Positive 76 0 76
Negative 0 24 24
Total 76 24 100

Conventionald

Positive 8 0 8
Negative 68 24 92
Total 76 24 100
D. Kukielka et al. / Journal of Vir

One microliter of stock cDNA contained 3.084 × 1010

opies/�L for BQCV and 3.05 × 1010 copies/�L for DWV.
e plotted the log starting quantity versus the Ct. The Cts
ere linearly proportional to the logarithm of the input copy
umber. For DWV, the slope (S = −3.19) of the linear regres-
ion curve correlated with the efficiency of the PCR reaction
E = 105.8%), according to the formula: E = (10−1/slope) − 1.
he R2 was 0.99. For BQCV, the slope (S = −3.32) of

he linear regression curve correlated with the efficiency
E = 100%) of the PCR reaction according to the formula:
= (10−1/slope) − 1. The R2 was 0.99 (Fig. 4). The dilutions were
aintained in aliquots to perform the standard curve in different

ssays.

.3. Conventional RT-PCR versus real-time RT-PCR

The sensitivity of the method was tested over a hundred
amples versus the conventional RT-PCR used as reference.
he samples that were positive to the real-time RT-PCR were
onfirmed by sequencing. Both RT-PCR presented different sen-
itivity. Results are shown in Table 2.

As can be observed, a higher number of positive (sequenced)
amples were detected with the Real-time method (Table 2).
he samples that were positive were sequenced confirming the
pecificity of these methods. The conventional RT-PCR had a

ensitivity of 34% for DWV and of 10% for BQCV related to
he real-time RT-PCR. The specificity was of 100% for both
ssays.

ig. 4. (A) Standard curve obtained by plotting the Ct value vs. the concentration
f amplicon copies of BQCV. (B) Standard curve obtained by plotting the Ct
alue vs. the concentration of amplicon copies of DWV.

a Sensitivity 100%, specificity 100%.
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b Sensitivity 34%, specificity 100%.
c Sensitivity 34%, specificity 100%.
d Sensitivity 10%, specificity 100%.

. Discussion

In this study, two one-step real-time RT-PCR were devel-
ped to detect the presence of BQCV and DWV infection. The
tandard curves generated from positive control cDNA of the
QCV and the DWV genome showed that quantification of

hese genomes was linear over 9 orders of magnitude. The effi-
iency of both standard curves and their good correlation was
onfirmed.

In the last few years, the diagnostic methods for honey-
ee viruses changed from serological to PCR-based methods
Bakonyi et al., 2002; Benjeddou et al., 2001; Blanchard et al.,
007; Chen et al., 2005; Grabenstiner et al., 2001; Ribière et al.,
002; Stoltz et al., 1995; Tentcheva et al., 2004; Topley et al.,
005; Genersch, 2005). These kinds of assay are easily adaptable
o simple diagnostic laboratories and due to standard methods
re comparable. Moreover, with qRT-PCR we are able to detect
nd quantify low viral loads, and therefore, persistent unapparent
iral infections, which are common in honeybees.

Several RT-PCR techniques have been reported before, but
o RT-PCR based on SYBR Green has been described. In this
tudy, the development of two SG real-time RT-PCRs to detect
WV and BQCV, respectively, are described. SYBR Green RT-

CR is more accurate than conventional RT-PCR as they let us

o analyze the amplification of our target when the RT-PCR has
he highest efficiency. They also allow for quantification of viral
oads and have higher sensitivity.
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As SYBR Green binds unspecific to any double-stranded
NA, the principal challenge in developing SYBR Green Real-

ime PCR is choosing the right primers to overcome the primer
imer formation and therefore, the background fluorescence that
nterferes with the real positive results. We designed one pair of
rimers to amplify a fragment of the polyprotein gene of DWV
nd another pair to amplify the non-structural polyprotein gene
f the BQCV. The DWV pair yields a fragment of 226 bp and the
QCV pair yields a fragment of 284 bp. Both are specific and

heir specificity was confirmed by sequencing. Performing both
CR with the same PCR thermocycler program in two different
ixes saves considerable time.
The SG-based real-time RT-PCR presented here are more

ensitive than the conventional RT-PCR, which have an ampli-
on detection limit/�L of 308.000 copies for BQCV and 30.500
or DWV. With the SG-based real-time RT-PCR, BQCV has
detection limit of 30.8 copies/�L, and DWV 30.5 copies/�L.
hese are comparable to the quantification limit reported for a
G qRT-PCR assay in Dengue virus 2 detection (Richardson et
l., 2006). Therefore, these techniques are able to detect cases of
nfection more accurately than the conventional RT-PCR used
s reference. In our laboratory and using the same field samples,
onventional RT-PCR had a dilution detection limit of 10−5 for
QCV and 10−6 for DWV while with the new SG-based real-

ime RT-PCR the dilution detection limit was 10−9 for both
RT-PCR. When the new primers were tested on the conven-
ional RT-PCR, their dilution detection limit was 10−6 for BQCV
nd 10−5 for DWV (data not shown). Using the real-time RT-
CR both viral infections were detected, even in samples with
very low viral load, as is shown by the detection limit of the

eal-time RT-PCR.
This high sensitivity and the ability to estimate the number of

mplicon copies present in the initial sample allows the detection
f multiple viral infections that do not show obvious pathological
ymptoms, avoiding wrong diagnoses. This fact is supported by
ur results, since the field samples were collected randomly and
ot based on the presence of symptoms. The majority of these
amples, when analyzed, were positive to one or both of the
tudied viral infections.

The specificity of these two real-time RT-PCR methods is
mportant to differentiate the coexistent virus that may be present
n the same honeybee. No amplification occurred with posi-
ive samples to KBV or negative samples. DWV is considered
he most widespread virus in Europe (Martin, 2001) and its
resence is often associated with V. destructor infestation, and
he role of this parasite in the transmission of the virus has
lready been demonstrated. BQCV is the second most preva-
ent virus in France where a study about the prevalence of
ix honeybee virus was carried out (Tentcheva et al., 2004).

ixed infections in honeybees are quite common in nature
ndeed, multiple viruses can be detected in a single bee or dif-
erent viruses in individual bees of the same colonies (Chen et
l., 2004). Co-infection by DWV and BQCV seems very fre-

uent among colonies with virus infections in France (Chen
t al., 2004). The evaluation of a hundred field samples in this
tudy yields similar results in Spain. Thus, these RT-PCR assays
ppear suitable for follow-up studies about viruses’ prevalence

B

al Methods 147 (2008) 275–281

n honeybee colonies. The results obtained in this study show
hat the prevalence for DWV is about 79% and about 76% for
QCV when performing the analysis with the real-time SG RT-
CR. As can be observed in our results, the prevalence of these
iruses in Spain is high. The next step is to analyze a larger
umber of samples with these techniques and determine the pres-
nce and distribution of these infections among all the Spanish
eehives.

The quantitation used in this study has been previously
escribed and demonstrated as useful to estimate the number
f copies for viruses that do not grow in cell lines (Beuve
t al., 2007). Here, we were able to quantify the ampli-
on number of copies present in the samples. Considering a
onstant RT efficiency and by extrapolation from the stan-
ard curve we estimated the viral load of the field sample
hich led us to a better understanding of its meaning in

he presence/absence of clinical signs. Since the pathological
mportance of the multiple infections is still unknown, this
ind of quantitative molecular techniques will contribute to
ncrease our knowledge of the relationships between the esti-

ated viral load and the clinical symptoms and to a better
nderstanding of the relation between the virus, the honeybee
nd their environment. Lastly, these molecular techniques are
ime saving and reduce diagnostic costs, helping to develop
apid diagnosis strategies and epidemiological studies of bee
iral infections.
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