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1. INTRODUCTION

The advent of new molecular technologies has
revolutionized the diagnosis of pathogen-caused
diseases in honey bees (Apis mellifera L.). Specifi-
cally, polymerase chain reaction (PCR)-based meth-
ods are widely applicable for the detection of
difficult-to-grow pathogens such as viruses. In 1995,
Stoltz et al. described specific reverse transcriptase-
PCR (RT-PCR) primer pairs for the first detection of
Kashmir bee virus infection in honey bees. Since then
this methodology has offered a standard method for
the detection and quantification of honey bee viruses
(Stoltz et al. 1995).

Because of the high sensitivity of the PCR
method, much attention has been focused on avoiding
the risk of false-positive results due to carry-over
contamination. Relatively less attention has been
directed to the false-negative results caused by PCR
inhibitors. PCR inhibitors have been reported to be
present in arthropod species (Dowton and Austin
1999; Imaizumi et al. 2004; Juen and Traugott 2006)
and these compounds are not removed with common
DNA extraction methods. A study showed that the
insect eye pigment could cause false-negative PCR
results and the elimination of the PCR inhibitors was
achieved by cutting out eyes prior to DNA isolation
(Bextine et al. 2004). Our earlier study showed that
deformed wing virus (DWV), one of the most

prevalent and common honey bee viruses, was not
detected in the head of infected bees (Chen et al.
2006). However, a later publication by Genersch
(2005) showed the detection of DWV in the head of
infected bees when an additional step of column
purification was included in the regular method of
RNA extraction. The discrepancy in the results
regarding the DWV infection in honey bee heads
from two research groups led us to hypothesize that
there was a presence of inhibitors in the honey bee
compound eyes and the inhibitors could lead to
suppression of the RT-PCR amplification. The present
study describes the presence of PCR inhibitors in
honey bee compound eyes for a standard virus
detection assay and showed that the PCR inhibitors
could be removed by a column-based nucleic acid
purification.

2. MATERIALS AND METHODS

Five adult worker bees with the symptom of
deformed wings were collected from a bee colony.
The heads of the honey bees were cut off and put into
one tube. Total RNAwas extracted from the dissected
honey bee heads using an RNA isolation kit (TRIzol,
Invitrogen, Carlsbad, CA, USA) and dissolved in
200 μL of nuclease-free water. The total was divided
into two groups. One group of total RNA was left
untreated and the other group was further purified
using the MinElute reaction clean up kit (Qiagen,
Valencia, CA, USA). The two groups of total RNA
were subjected to RT-PCR for DWV detection
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following the procedures described previously (Chen
et al. 2005).

The compound eyes were dissected out from five
adult worker bees with the symptom of deformed wings
under light microscopy and homogenized in 50 μL of
nuclease-free water (Invitrogen, Carlsbad, CA) after
grinding with mortar and pestle. Following a centrifu-
gation at 10,000×g for 1 min, the supernatant contain-
ing ocular material was collected. The eye extract was
diluted as three series 10-fold dilutions, 0.1×, 0.01×,
and 0.001× for subsequent inhibitory bioassays for
determining the presence of PCR inhibitors in com-
pound eyes.

Total RNA was isolated individually from five
contaminated bees with the compound eye removed.
The total RNA was mixed with 0.1×, 0.01×, and
0.001× of the eye extract individually as a ratio of 1:1
eye extract: total RNA. Total RNA without the
addition of the eye extract served as a negative
control. Each mixture of RNA and eye extraction was
further divided into two groups: purified or not
purified on a Qiagen RNA Mini Spin Column prior
to RT-PCR assay. For each group, the relative
concentration of DWV in the individual bees was
performed by TaqMan real time quantitative RT-PCR
under established conditions (Chen et al. 2004). The
DWV titers in the bees were determined based on the
value of the cycle threshold (Ct). The Ct values of
bees mixed with the same concentration level of eye
extract samples were averaged and quantification of
DWV titers was performed using the absolute
quantification method. The standard procedures for
both absolute and comparative quantification assays
require a step of normalization by a housekeeping
gene which needs to fulfill the criterion of unregu-
lated expression independent of the experimental
conditions. Since PCR inhibitors could also negative-
ly impact the amplification of any housekeeping
genes, it is inaccurate and unapplicable to include a
housekeeping gene for normalization. As a result, the

Figure 1. a RT-PCR detection of deformed wing
virus (DWV) in honey bee heads. Lane 1, 100 bp
size ladder. Lane 2, heads of DWV-infected bees. RNA
was isolated from the heads of DWV-infected bees
through regular Trizol extraction. Lane 3, negative
control (water). Lane 4, heads of DWV-infected bees.
RNA was isolated from the heads of DWV-infected
bees through regular Trizol extraction followed by
column purification. Lane 5, positive control (recom-
binant DWV plasmid DNA). b Absolute quantification
of DWV in samples without a column purification step.
The addition of the eye extract within the concentra-
tion range of 0.1× to 0.01× into the RNA samples
could cause a dose-dependent PCR inhibition com-
pared with the negative control. The inhibitory effect
disappeared when the eye extract was diluted up to
1,000 times. The different letters on top of the bars
indicate statistical differences at P≤0.05. c Absolute
quantification of DWV in samples with a column
purification step. Column purification could effective-
ly remove the PCR inhibitors. There were no signif-
icant differences in DWV titers across samples with
the addition of the eye extract and then cleaned with
the Qiagen MinElute reaction clean up kit. The same
letter on top of the bars indicates no statistical
difference at P≤0.05.
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titers of DWV in the bees in the present study were
determined by relating the Ct values of unknown
samples to an established standard curve. The
standard curve was established by plotting the
logarithm of initial quantities of the 10-fold serial
dilutions of plasmid DNAwith DWV insert (1 to 109

copies) against corresponding threshold value (Ct).
The coefficient of correlation (R2) of the established
standard curve was more than 0.98 (data not shown),
indicating an excellent linear relationship between Ct
values and the copy number and equal efficient PCR
amplification over the measured dynamic range.

Statistical analysis was performed using Prism
statistical software (GraphPad software, Inc.). The
Fisher’s least significant difference test was used to
analyze significant differences of DWV titers among
samples with the addition of different concentrations of
eye extract. The results are expressed as the mean±
standard deviation. Differences were considered statis-
tically significant with P≤0.05.

3. RESULTS AND DISCUSSION

While DWV was not detected in total RNA
isolated from heads of DWV-infected bees through
regular Trizol extraction, PCR signal specific for
DWV was detected in the RNA that was isolated
from the same set of bees and processed through both
Trizol extraction and column purification (Figure 1a),
indicating the presence of PCR inhibitors which
could be removed by column purification.

Quantification of DWV titers showed that the eye
extract within the concentration range 0.1× to 0.01×
caused a dose-dependent inhibition for the amplifi-
cation of DWV, compared with the negative control
without addition of the extract. While DWV titers in
samples with 0.1× and 0.01× eye extract were
significantly lower than that of the negative control,
the inhibitory activity of the eye extract could be
removed by diluting 1,000 times, as there was no
significant difference in DWV concentrations be-
tween the negative control and the sample mixed with
0.001× eye extract (P<0.05) (Figure 1b). Column
purification could effectively remove the PCR inhib-
itors. There was no significant difference in the titer
of DWV among samples mixed with different
concentration of the eye extract and then cleaned
with the Qiagen MinElute reaction clean up kit
(Figure 1c). These results clearly revealed that the
compound eyes of honey bees contained inhibitory
substances that could lead to a false negative PCR
result for DWV, especially when examinations of

viruses are focused on the head. However, PCR
inhibitors could be minimized or effectively removed
by dilution and the purification process. This is
probably why viruses were still detected in most of
the reports because the concentration of eye pigments
was diluted when whole bees were examined.

It has been suggested that PCR inhibitors gener-
ally exert their effects through direct or indirect
interactions with DNA polymerases (reviewed in
Eckhart et al. 2000). When the column purification
step to remove the inhibitors was carried out after
reverse transcription in our study, the PCR amplifi-
cation signal for the housekeeping gene β-actin could
be generated (data not shown), indicating that the
inhibitor did not exert an effect on reverse transcrip-
tase. While the mechanisms underlying inhibitory
effects of the eye extract of honey bees are still not
very clear, precautionary steps to avoid potential PCR
amplification failure should include the use of an
internal control to rule out PCR inhibitors and
adoption of purification methods that allow effective
removal of PCR inhibitors. Follow-up studies to
identify the PCR-inhibitor components present in
the honey bee ocular material may be necessary for
the elucidation of PCR inhibitory mechanisms of the
eye extract.
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