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Abstract

The honeybee, Apis mellifera L., is a social insect and they show wide variety of exquisite social behaviors to maintain colony
activity. To enable the elucidation of those social behaviors at a molecular level and gene function in the nervous system, we de-
veloped an in vivo method to perform gene transfer in the adult brain of living honeybee by electroporation. When green fluorescent
protein-expressing plasmid was transferred to the brain with this system, green fluorescence was observed near the anode location.
The expression of transfected genes was confirmed at both transcriptional and translational levels by reverse transcription-poly-
merase chain reaction and immunoblot analyses. This system will facilitate the analysis of gene function and the regulatory
mechanisms of gene networks in the nervous system and provide clues to clarify the relation between those genes and the complex

behaviors of the honeybee.
© 2004 Elsevier Inc. All rights reserved.
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The honeybee (Apis mellifera L.) is a eusocial insect
with a colony that is composed of three types of adults:
the queen, workers, and drones. While queens and
drones are specialized for a reproductive role, workers
are engaged in various social labors, such as nursing the
brood, guarding the colony from natural enemies, and
foraging for nectar and pollen in an age-dependent
manner [1]. Another prominent ability of the honeybee
is their use of the dance language. The workers can
communicate the location of a food source by the
waggle-dance, known as dance language [1,2]. This be-
havior is observed only in the honeybee species, sug-
gesting that during evolution they acquired a unique
brain function to use the dance language. The molecular
basis underlying the highly advanced social behaviors of
the honeybee, however, remains unclear.

Recently, many candidate genes involved in honeybee
social behaviors were identified using differential display
and/or cDNA microarray technology, and their expres-
sion was demonstrated to be behavior-associated [3-6],
age-dependent [7], or brain region-selective [8-12].
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The biochemical properties were also characterized for
some of the genes [13,14]. The in vivo functions of these
genes, however, were analyzed in only a few cases and in
an indirect manner using chemical compounds [6].
Quantitative trait loci analyses have identified some
genetic loci associated with some of the honeybee social
behaviors [15-18]. The genes responsible for these social
behaviors, however, have not been identified.

To gain a better understanding of the honeybee social
behaviors at the molecular level, technology is needed
that allows for the introduction of exogenous genes into
living individuals. Few gene manipulation methods,
however, are available for the honeybee [19]. In eusocial
insects like the honeybee, the embryos and larvae are
cared for by adult workers. Once injury or abnormality
is detected in the larvae, they are destroyed and/or re-
moved from the colony and die thereafter. Thus,
avoidance of this rejection is critical for successful gene
manipulation in the honeybee and it would be advan-
tageous to develop a technique that enables direct gene
transfer into the adult honeybee. We focused on elec-
troporation, as it is applicable for differentiated adult
post-mitotic cells and is easily adapted to non-model
animals, like the honeybee. Electroporation has been
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successfully used to introduce DNA into cultured cells,
organs in vitro [20], and recently into embryos, brains,
or other tissues in various species in vivo [21-25].

Here, we report that in vivo electroporation was
successfully applied to the adult brain of living hon-
eybees with green fluorescent protein (GFP)-expressing
plasmids driven by the cytomegalovirus (CMV) pro-
moter. This method could enhance the analyses of gene
function, gene regulatory mechanisms, and interrela-
tion of genes in the honeybee brain and provide a clue
to the molecular understanding of the complex social
behaviors of the honeybee.

Materials and methods

Animals. Honeybee A. mellifera L. colonies maintained at the
University of Tokyo were used throughout the experiments. A few
honeybee colonies were also purchased from the Kumagaya Bee
Keeping Company (Saitama, Japan). Electroporated honeybees were
separated from the colony and reared in a plastic cage supplied with
honey and water.

Plasmids. We used phGFP-S65T (Clontech), which expresses a
GFP variant under the control of the CMV promoter for fluorescence
detection and RT-PCR analyses. For protein analysis, CMV-3xHA-
GFP-S65T was constructed as follows. The tet promoter of pTRE2
(Clontech) was replaced with the CMV promoter of pTet-On at the
Xhol-Sacll sites and termed pCMV2, and used as a vector only con-
trol. Three-time repeats of the hemagglutinin (HA) tag were amplified
by PCR and inserted into the BamHI-Sall sites of pCMV2, and the
GFP-S65T fragment excised from phGFP-S65T (Ncol-Xbal, Ncol was
blunted) was inserted into blunted Sa/l and Xbal. Plasmids were pu-
rified using a Qiagen Plasmid Midi Kit (Qiagen).

In vivo electroporation. Micropipettes were prepared from 10-ul
microcapillary tubes using a micropuller equipped with a heating
element (PN-3, Narishige, Japan). The micropipette was connected to
a 1-ml disposable syringe with a silicone tube and the injection was
performed by hand. Adult worker honeybees were caught from the
hive and anesthetized by incubating on ice. For injection and elec-
troporation, honeybees were put into a 0.5-ml tube and the neck was
immobilized by inserting two U-shaped plastic sheets at right angles.
An access window to the brain was opened by removing the upper part
of the head cuticle and pushing aside the hypopharyngeal glands.
Parallel needle electrodes (CUY 567, NEPA GENE) were inserted until
they touched with the target region of the brain. Plasmid solution (1 pl;
1 pg/ul DNA, 0.01% Fast Green FCF) was injected through a glass
capillary controlled by a micromanipulator (MN-153, Narishige,
Tokyo, Japan). Immediately after the injection, five square electrical
pulses of defined voltages, 50ms, each at intervals of 950 ms were
delivered. We used an electroporation apparatus (CUY-21EDIT,
NEPA GENE) to generate precise square pulses. After electropora-
tion, the window was covered by replacing the head cuticle back to the
original position. Honeybees were then released from the tube and
reared in a plastic cage. One day later, the whole brain was dissected,
analyzed by fluorescence microscopy, and subjected to RNA/protein
analyses.

RT-PCR analysis. Total cellular RNA was extracted from whole
brain of electroporated honeybee using TRIzol LS reagent (Gibco-
BRL). Extracted RNA was treated with 1.0 U/ng RNA RNase-free
DNasel (Gibco-BRL) and reverse-transcribed using SuperScriptll
(Gibco-BRL) with random hexamers. Control samples without re-
verse-transcription were produced by using water in place of reverse-
transcriptase. A 1/100 volume of RT products served as the PCR
template. PCR amplification was performed with primers specific for

GFP: 5 CGT AAA CGG CCA CAA GTT CA 3 and 5 TTC TTC
TGC TTG TCG GCC AT 3, which produced a 414-bp amplified
fragment, for 30 cycles. PCR products were subjected to agarose gel
electrophoresis. Primers derived from honeybee actin cDNA (5 GAA
ATG GCA ACT GCT GCA TC 3 for sense and 5 TCC ACA TCT
GTT GGA AGG TG 3 for antisense) were used as a control.

Immunoblot analysis. Immunoblot analysis was performed as
described previously [26]. The whole brain was dissected from elec-
troporated honeybee and lysed in 20 ul 2x of sodium dodecyl sulfate
(SDS)-sample buffer (150mM Tris—-HCI buffer, pH 6.8, containing
1.2% SDS, 30% glycerol, and 15% of 2-mercaptoethanol). The lysate
(8 ul) was separated by SDS—polyacrylamide gel electrophoresis (12%
gel) and transferred onto a polyvinylidene fluoride membrane. Blots
were blocked in TBST (20mM Tris-HCI, pH 7.5, 150 mM NacCl, and
0.05% Tween 20) containing 5% nonfat dried milk. The blots were then
washed with TBST three times at 5-min intervals and incubated
overnight at 4 °C with 5% nonfat dried milk/TBST containing anti-HA
rat monoclonal antibody 3F10 (1:1000) (Roche, Switzerland). The
blots were then washed three times for 15-min each and incubated with
5% nonfat dried milk/TBST containing horseradish peroxidase-con-
jugated secondary antibody (1:5000) (Sigma A5795; Sigma Chemical,
St. Louis, MO) for 1.5h at room temperature. After washing the
membrane three times for 15-min with TBST, the blots were developed
by chemiluminescence, LumiGLO (Cell Signaling Tech., MA).

Results

In vivo electroporation delivers gene into the brain of adult
honeybee

To introduce an exogenous gene to the brain of adult
honeybees, we first examined whether exogenous DNA
was successfully delivered into the brain of adult hon-
eybee by in vivo electroporation. The brain was exposed
by removing the head capsule and electrodes were po-
sitioned to directly touch the brain as shown in Fig. 1 to
avoid the high resistance of the insect cuticle. Circular
plasmid DNA harboring GFP under the control of the
CMYV promoter, which is reported to work equally well
in honeybee and fly [19,27], was injected between the
electrodes and spread over the upper half of the brain.
To determine the optimum conditions for electropora-
tion, electrical square pulses of various voltages were
applied to brain of a honeybee whose cavity was injected
with a plasmid vector containing the GFP gene as a
marker. After five electric square pulses were applied,
the bees were maintained in a free-walking condition for
1 day and the brain was then dissected and observed
under a fluorescence microscope (Fig. 2). The rate of
survival and number of fluorescent positive bees 1 day
after the transfection are shown in Fig. 3. Surviving bees
walk, fly, and are otherwise apparently normal. Green
fluorescence was observed in the restricted area pulsed at
10-90 V, whereas brains injected with naked DNA alone
and no electroporation had no fluorescence. The gene
transfer rate (No. of fluorescence positive/No. of sur-
viving bees) increased as the voltage increased. As higher
voltages were applied, the survival rate decreased and
the gene transfer rate increased. At 50V, the survival
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Fig. 1. In vivo electroporation. (A) The necks of honeybees that had settled in the tube were fixed in place by inserting two U-shaped plastic sheets for
surgical ease and later release. (B) A honeybee settled in the tube with her neck fixed prior to the operation. (C) Schematic representation of the
micropipette and electrodes placed in the honeybee brain. Purple indicates micropipette filled with DNA solution, blue indicates electrodes. AN,
antennae; C, compound eyes; MB, mushroom bodies; Oc, ocelli; OL, optic lobes. (D) DNA injection and electroporation with needle electrodes.
Arrows and arrowhead indicate electrodes and micropipette for DNA injection, respectively. Scale bar, 300 pm.
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Fig. 2. Fluorescent images of electroporated honeybee brain at 50V, targeting the optic lobe (A,B) and mushroom bodies (C-F). Fluorescent signals
were detected around the anode position in the brain electroporated with GFP-expressing plasmid driven by the CMV promoter (A,C,E,F) and not
in those electroporated without plasmid (B,D). (G,H) Magnified views of GFP-expressing areas shown in (A) and (F), respectively. Positions of
electrodes are indicated by circles containing + or —. Arrowheads indicate the regions in which fluorescence was detected (A,C,E,G) and neural
projections from mushroom body cells (F,H). Frontal view (A,B,F,G,H), rear view (C,D), and top view (E). Panels (C) and (E) show different views
of the same brain.
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Fig. 3. Effects of voltage on survival and gene transfer rates of brains
by electroporation. Five pulses were delivered for 50ms each with
interval of 950 ms. Survival and gene transfer rates are indicated by
dashed and solid lines, respectively.

rate was 55% and the gene transfer rate was 58%. At
60V, the survival rate was 30% and the gene transfer
rate was 92%. Although suitable voltage depends on the
purpose of the experiment, 50-60 V can be used for most
cases.

Localized delivery of gene in the brain

Localized fluorescence was observed in a restricted
area of the optic lobe that touched the anode when the
electric pulses were applied (Figs. 2A and G). DNA
molecules are negatively charged and move towards the
anode when an electric field is generated. In this system,
the DNA solution was not retained around the injected
area and spread throughout the brain because there are
no ventricles in bee brain. The area around the anode
seems somehow the most suitable for a strong electric
field. The localized signal led us to try to regulate the
region of incorporation by changing the position of the
electrodes. Next, we positioned the electrodes to touch
the mushroom bodies and the same procedure was
performed. In this case, localized fluorescence was de-
tected in the mushroom bodies, which were next to the
anode (Figs. 2C and E). Thus, the transfer region can be
controlled by the position of the anode to enable region-

selective gene delivery. In some cases, projections of
mushroom body cells were also visualized by fluores-
cence (Figs. 2F and H).

Expression of transfected gene

To confirm that exogenous GFP was expressed, we
examined the presence of the GFP transcript in the
electroporated brain by RT-PCR. In GFP-electropo-
rated brains, 8 of 8 bees show the signal in a reverse-
transcriptase-dependent manner, while there was no
signal detected in any control brains (Fig. 4). Thus,
CMV-GFP exogenous DNA was incorporated and ex-
pressed in the electroporated cells. A weak band for the
GFP gene was detected in the RT— lane for sample #5,
suggesting that a small quantity of the expression vector
contaminated the RNA sample, whereas there was no
band for the actin gene in the RT— lane, which indicates
that the honeybee genome was effectively removed. This
might be because a small DNA like expression vector
could contaminate the RNA preparation much more
easily than a huge genome. The rate of gene transfer was
much higher than that determined by fluorescence ob-
servation. This was possibly due to the detection of
fluorescence, which requires a significant amount of
GFP molecules and RT-PCR has much higher sensi-
tivity.

Furthermore, we examined whether the transfected
gene successfully produced its encoding protein. To do
this, we constructed HA-tagged GFP-expressing plas-
mid driven by the CMV promoter and the production of
protein was determined by immunoblot analysis using
anti-HA antibody. Strong signals at the predicted size
were detected in brains electroporated with CMV-
3xHA-GFP (Fig. 5). Brains electroporated with control
CMYV (-) vector showed no significant signal. Taken
together, these results indicate that gene transfected by
electroporation was successfully transcribed and trans-
lated in the brain of living honeybee.
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Fig. 4. RT-PCR analysis of GFP expression in the electroporated
brains. Total RNA was extracted from the brains electroporated with
GFP-expressing plasmid (lanes 1-8) or vector backbone alone (lane 9).
With GFP primers, a single band was amplified of the predicted size
only in CMV-GFP electroporated brains. Actin was amplified from
every sample as a loading control. RT— indicates the negative control
without reverse transcription.
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Fig. 5. Immunoblot analysis of electroporated brains. Proteins were extracted with SDS sample buffer, separated on a 12% SDS—polyacrylamide gel
electrophoresis, transferred to polyvinylidene fluoride membrane, probed with anti-HA monoclonal antibody, and visualized by chemiluminescent
technology. Intense signals were detected at the predicted size in samples electroporated with CMV-3xHA-GFP (lanes 1-6), while no significant

signal was observed in the case with the CMV-promoter alone (lanes 7-10).

Discussion

In the present study, we developed a powerful in vivo
electroporation system to introduce DNA into the adult
brain of living honeybee and confirmed the expression
of transfected genes by both RT-PCR and immuno-
blotting. One major advantage of this system is its ease
and simplicity. In particular, the use of U-shaped plastic
sheets greatly helped to reduce the time required for
restricting the movement, while allowing for the release
of honeybee in the tube. This system could be utilized
for easy and rapid inspection of several technical as-
pects; for example, confirmation of the activity of in-
ducible promoters such as a tetracycline-responsive
element [28-30], heat shock promoter, or steroid-in-
ducible promoters; to check the activity of transposable
elements such as piggyBac [31-33], Hermes [34-36],
Marinar [37,38]; or functionality of marker/detector
proteins like fluorescent proteins [39,40] or cameleons
[41-43].

With this system, gene delivery region is restricted
and can be regulated by changing the anode position.
Further confinement can be achieved using promoters or
enhancers to mediate the specific expression. This lo-
calized delivery is beneficial to characterize gene func-
tion by comparing transfected cells with non-transfected
cells within the same tissue. Thus, the present study
clearly demonstrates that this method will be very useful
for the analysis of gene function in the adult honeybee
brain.

The amount of molecular data of the honeybee has
begun to expand rapidly and the genome project will
soon be completed. Application of this in vivo electro-
poration method to those genes will have a great po-
tential to accelerate analyses of their functions and
hopefully also their relation with complex honeybee
behavior. Furthermore, this system will facilitate anal-
yses of their interrelation and identification of their cis-
regulatory elements, which will clarify the regulatory
mechanisms of gene networks in the nervous system.
Recently, gene silencing by RNA interference was
reported in the honeybee [44-46]. The present system
offers gain of function analysis by ectopic or over-ex-

pression and complements the loss of function analysis.
The present system can also be used for the loss of
function analysis by introducing dominant negative gene
forms.

The present system might be a useful method of gene
transfer into the adult brain of living honeybee and
contribute to a better understanding of the complex
social behaviors of honeybee at the molecular level.
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