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Producing DsRed in the Saliva Elicits a High Titer of Antibody in Mice
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© 2012 Japanese Society of Tropical MedicineAbstract: It has been proposed that transgenic mosquitoes can be used as a “flying syringe” for infectious disease
control. We succeeded in generating a transgenic (TG) mosquito, Anopheles stephensi, excreting and discharging
DsRed in saliva. DsRed was deposited on the membrane where the TG mosquito probed with its proboscis.
Repeated feeding by the TG mosquitoes induced anti-DeRed as well as anti-SG antibodies in mice. This indicates
that the TG mosquitoes can immunize the animal. Moreover, in this report, we employed a pre-immunization
method before exposing mice to the TG mosquitoes. We injected DsRed to mice to prepare memory B cells and
exposed the mice to bites by the TG mosquitoes excreting DsRed. The mice produced a higher titer of antibody
to DsRed, suggesting that the bites from TG mosquitoes act as a booster and that primary immunization with a
vaccine protein and exposure to TG mosquitoes excreting the vaccine protein in the saliva produces a synergistic
effect.
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INTRODUCTION

Transgenic techniques have been applied in recent
years not only to bacteria but also to animals. Transgenic
mice, sheep, dogs, zebra fish, flies and silkworms have ap-
peared in laboratories. Transgenic mosquitoes have also ap-
peared. Anopheline mosquitoes, which transmit malaria
parasites, were targeted for the insertion of transgenes to re-
duce their ability to spread disease [1–3]. Some laborato-
ries, including ours, have succeeded in producing trans-
genic mosquitoes with a lower level of malaria parasites in
the digestive tract after blood meals on malaria-infected an-
imals [4, 5]. The goal of these endeavors is to control dis-
ease transmission through genetic modification of the mos-
quitoes [6].

We next considered producing a useful protein in the
mosquito SG by adding a new gene to a mosquito chromo-
some, because mosquitoes secrete saliva into the host while
taking a bloodmeal. Our idea is to insert a gene encoding a
useful protein into the mosquito chromosome, causing the
mosquito to produce the protein in its saliva and inject it, via
the saliva, into animals or humans upon blood feeding. The

host can be expected to develop antibodies to the recombi-
nant protein as a reaction. If TG mosquitoes with saliva con-
taining a vaccine protein against a disease are spread in an
area where the disease is prevalent, it follows that people
who are bitten daily by the TG mosquitoes will develop an-
tibodies to the vaccine protein, ultimately vaccinating the
community against the disease. In this situation, mosquitoes
would play the role of vaccine deliverers [7].

We previously discovered a platelet inhibitor in the sal-
ivary gland (SG) of the mosquito Anopheles stephensi,
cloned its gene, and named the molecule “anopheline anti-
platelet protein” (AAPP) [8]. AAPP is expressed only in the
female SG. We used an upstream region of the AAPP gene
(aapp) as a promoter for a vaccine protein. We have already
produced three TG strains of mosquitoes expressing an
alien protein in the SG [9–11]. One strain produced a candi-
date malarial vaccine protein, circumsporozoite protein
(CSP), in the SG. However, mice bitten by these mosquitoes
did not develop anti-CSP antibodies, because CSP was not
discharged outside the SG [9]. The second strain produced
SP15, a leishmanial protein, which was discharged into the
saliva. Anti-SP15 antibody production was induced in mice
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bitten 20 times with 50 of these mosquitoes. It took 20
weeks to detect the antibody [10]. Recently we succeeded in
producing a transgenic mosquito expressing a part of CSP
in the saliva. The mice bitten by the TG mosquitoes pro-
duced anti-CSP antibody, but 20 feedings by 100 TG mos-
quitoes [11].

We need a more efficient TG mosquito and a more
suitable way to elicit the development of antibodies. In the
present study, we employed pre-immunization methods be-
fore exposing mice to the TG mosquitoes. We injected an
immunogen to prepare memory B cells in the mice, and ex-
posed the mice to bites by TG mosquitoes in order to induce
a high titer of antibody.

MATERIALS AND METHODS

Ethics statement
All care and handling of the animals was conducted in

accordance with the Guidelines for Animal Care and Use
prepared by Jichi Medical University, following approval
(ID: 09-192) by the Jichi Medical University Ethical
Review Board.

Mosquitoes and mice
Adult mosquitoes, Anopheles stephensi SDA 500,

were reared in 30 × 30 × 30 cm cages with stainless steel
frames and a white cloth covering. The rearing conditions
were: 26°C, 50–70% relative humidity, 13 hours of light
and 11 hours of darkness. Adult females could draw blood
through the cloth when a mouse was anesthetized and laid
on the top of the cage. Female ICR mice were purchased
from SLC (Shizuoka, Japan).

DsRed protein, antibody and DNA
A recombinant DsRed-monomer protein and a rabbit

antibody to DsRed-monomer were purchased from
Clontech Laboratories (Mountain View, CA, USA). We also
purchased DsRed monomer vector (Clontech Laboratories)
for the preparation of template DNA.

Plasmid construction (Fig. 1)
A DNA fragment (1,746 bp) covering the anopheline

anti-platelet protein gene (aapp) promoter region and signal
peptide coding region of An. stephensi (GeneBank acces-
sion no. AB212871.1) was amplified with the primers
AAPP-attB4F (5'-GGGGACAACTTTGTATAGAAAAGTTG
TTATAAGACGGAGCTCATTGTCGCTCGTC-3') and
AAPP-attB1R (5'-GGGGACTGCTTTTTTGTACAAACTTG
CGGCCGTGCGGATACGATCAGCGCAAGGC-3'), then
cloned into the vector pDONRTMP4-P1R (Invitrogen, Carlsbad,
CA, USA) (plasmid a). The dsRed monomer gene (Invitrogen)

was amplified with dsRed-attB1F (5'-GGGGACAAGTTTG
TACAAAAAAGCAGGCTATGAAGCTTGCCTCCTCCGA
GAACGTC-3') and dsRed-attB2R (5'-GGGGACCACTTTG
TACAAGAAAGCTGGGTTTAGTGGTGGTGGTGGTGGTG-3'),
then cloned into the vector pDONRTM221 (plasmid b). The
3' non-coding region of the AAPP gene was amplified with
3UTR-attB2F (5'-GGGGACAGCTTTCTTGTACAAAGTGG
GAAACACACCGTTAACGACAC-3') and 3UTR-attB3R
(5'-GGGGACAACTTTGTATAATAAAGTTGTATTCAAAG
GTCCACAAATGTC-3'), and cloned into the vector
pDONRP2R-P3TM (plasmid c). The pBac [3xP3-EGFP]
vector and helper plasmid were kindly provided by Profes-
sor A. S. Raikhel (Department of Entomology, University
of California at Riverside, USA) [12]. The pBac [3xP3-
EGFP] vector was digested with AscI, blunted with a Kle-
now fragment, and dephosphorylated. The reading frame
cassette A (Invitrogen) was then cloned into the vector (des-
tination vector). The inserts of plasmids a, b and c were
serially ligated in destination vector using the MultiSite
Gateway® Three Fragment Vector Construction Kit
(Invitrogen).

The resulting plasmid (pBac-AAPP-DsRed) was ex-
pected to drive expression of the dsRed gene under the con-
trol of the AAPP promoter. The pBac-AAPP-dsRed plasmid
was mixed with piggyBac helper (Fig. 1) and microinjected
into the eggs of A. stephensi.

Microinjection of the plasmids into mosquito eggs
The microinjection was performed as described else-

where [13]. In brief, blood-fed An. stephensi mosquitoes
were allowed to oviposit on a wet filter sheet 72–84 h after
a blood meal. Eggs were injected within 120 minutes of ovi-
position. The injection was done using glass needles (Ep-
pendorf, Hamburg, Germany) with a mixture of pBac-

Fig. 1. DNA injected into mosquito eggs. Two plasmids were
injected. One contained GFP and DsRed genes with
piggyBac arms. The other contained the PiggyBac
transposase gene. 3xP3: a protein expressed in the eyes
(fragment size 41 bp). GFP: Green fluorescent protein
as a marker of eyes (717 bp). AAPP: Anopheline anti-
platelet protein (1746 bp). DsRed: a marker of saliva
from the salivary gland expected to be secreted in the
saliva (675 bp). Hsp: Heat shock protein (393 bp).
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AAPP-DsRed (400 ng/μl) and piggyBac helper (100 ng/μl)
in injection buffer (5 mM KCl, 0.1 mM Na2HPO4, pH 6.8).
The eggs were then placed in water and observed for hatch-
ing. The hatched larvae were analyzed on a fluorescence
microscope at a wavelength of 488 nm to detect GFP ex-
pression.

Selection of transgenic mosquitoes
We reared the hatched larvae and allowed them to

emerge as adults. One adult mosquito was placed in a cage
containing five wild-type adult mosquitoes of the opposite
sex. After mating and blood feeding, each female was al-
lowed to lay eggs individually. The hatched larvae were
observed under a fluorescence microscope, and GFP-
expressing larvae were isolated as a G1 strain. Among the
same G1 batch, mosquitoes were allowed to mate, feed, and
lay eggs. The hatched larvae were observed, and the GFP-
expressing larvae were isolated as a G2 strain.

Western blotting
Three to four days after emergence, ten pairs of SG

were collected from both TG females and wild-type females
in ten micro-liters of phosphate-buffered saline (PBS) in an
Eppendorf tube. The tube was frozen at –80°C and thawed
at room temperature. It was then centrifuged at 8,000 rpm
for 3 min. The supernatant was used as the SG antigen as-
suming that one pair of SG protein was contained in one
micro-liter. Half of the samples (five pairs of SG) were sep-
arated on a 10% SDS-polyacrylamide gel under reducing
conditions (with 2% 2-mercaptoethanol) and transferred to
a nitrocellulose (NC) sheet. The sheet was soaked in 1%
skim milk for ten minutes, and probed with a rabbit anti-
DsRed antibody (Clontech) diluted 1,000 fold. The sheet
was washed with 0.05% Tween20 in PBS four times and
then incubated with anti-rabbit IgG conjugated with HRP
(Bio-Rad Lab.) diluted 3,000 fold. The sheet was washed
with 0.05% Tween20 in PBS four times and reacted with
Super Signal West Pico Chemiluminescent Substrate
(Thermo Fisher Scientific Inc., Rockford, IL, USA). Posi-
tive bands were visualized with a Lumino Image Analyzer
(LAS-1000) (Fuji Film, Tokyo, Japan).

Observation of the SG
An adult female mosquito was dissected three days af-

ter emergence. A pair of SG was isolated and examined un-
der a confocal microscope, FV1000 (Olympus Co., Tokyo,
Japan) to observe the red color of DsRed in the SG.

Discharge of recombinant DsRed from TG mosquitoes
To observe the discharge of DsRed from the proboscis

of the TG mosquitoes, we employed the method of

Billingsley et al. [14] with some modifications. We put a
30 × 40 mm piece of NC sheet on top of the mosquito cage
and placed a 30-ml trianglular flask containing 40–45°C of
water on the NC sheet. The mosquitoes sensed the higher
temperature at the top of the cage, gathered at the location
on the sheet, and started probing for blood capillaries. In 10
minutes, they deposited saliva on the NC sheet. We cut the
sheet into four pieces and incubated each with the rabbit
anti-DsRed antibody (Clontech), normal rabbit serum, the
mouse anti-SG antibody [9] and normal mouse serum.
These sheets were reacted with HRP-conjugated anti-rabbit
IgG or anti-mouse IgG, then probed with substrate solution.
Positive spots were visualized with the LAS-1000.

TG mosquito biting on naïve mice
To produce anti-DsRed antibodies, two naïve ICR

mice (No. 1 and No. 2) were each bitten by 50 female
DsRed-TG mosquitoes every two weeks for ten weeks (five
times). Anti-DsRed antibody production was monitored by
ELISA as shown below. As a negative control, two ICR
mice (No. 3 and No. 4) were each bitten by 50 female wild-
type mosquitoes every two weeks for ten weeks. Anti-SG
antibody production was monitored by ELISA.

Pre-immunization of mice with DsRed
Six ICR mice were peritoneally injected with 1 μg of

DsRed plus Alum. Two weeks later, two of the mice (No. 5
and No. 6) were bitten by 50 DsRed-TG mosquitoes. The
biting was repeated five times at two-week intervals. Two
other mice (No. 7 and No. 8) were each bitten by 50 wild-
type mosquitoes at two-week intervals. Two more mice
(No. 9 and No. 10) were injected with 1 μg of DsRed plus
Alum one more time but not bitten by mosquitoes.

Evaluation of antibody concentrations by ELISA
For the evaluation of anti-DsRed antibody production,

30 wells of a 96-well assay plate were coated with 100 μl of
DsRed (1 μg/ml) (Clontech) in 0.05 M carbonate buffer (pH
9.6). To evaluate anti-SG antibody production, 40 pairs of
SG were collected from wild-type female mosquitoes, dis-
rupted in 4.0 ml of carbonate buffer by sonication (1 sec × 5
times), and centrifuged at 8,000 rpm for 3 min. The super-
natant was used as SG antigen. Thirty wells were coated
with 100 μl of SG antigen. Another 30 wells were filled
with 100 μl of carbonate buffer without antigen. The plate
was incubated at 4°C overnight.

Five micro-liters of blood was collected from the tail
of each mouse 7 days after the final mosquito biting. The
blood was mixed with 1.0 ml of phosphate-buffered saline
containing 1% bovine serum albumin (BSA/PBS), and cen-
trifuged at 8,000 rpm for 3 min. The supernatant was used
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as 400-fold diluted serum.
After removal of the antigen solution and two washes,

the wells of the ELISA plate were blocked with 150 μl of
1% BSA/PBS for 30 min. The blocking solution was re-
moved, and 100 μl of mouse serum diluted 400-fold was
added to three DsRed antigen-containing wells, three SG
antigen-containing wells and three antigen-free wells. After
2 h of incubation and five washes, a secondary antibody,
rabbit anti-mouse IgG conjugated with horseradish peroxi-
dase (HRP) (Bio-Rad) diluted 3,000-fold, was added. After
1 h of incubation and five washes, a substrate solution, a
mixture of 0.04% 2,2'-azino-bis(3-ethylbenzthiazoline-6-
sulfonic acid) (ABTS) (Sigma-Aldrich, St. Louis, MO,
USA), 0.05% H2O2 in 0.05 M phosphate and 0.1 M citrate
buffer (pH 4.5), was added. After 20–60 min, a green color
appeared. Absorption was measured at a wavelength of 405
nm. The mean absorbance of antigen-containing wells mi-
nus that of antigen-free wells was used as the OD value.

RESULTS

Isolation of TG mosquitoes
Two recombinant plasmids (Fig. 1) were injected into

117 eggs of wild-type mosquitoes. Forty-four larvae
hatched and 38 of these grew and emerged. Adult females
were mated with wild-type males, and adult males were
mated with wild-type females, and then eggs were obtained
from each female individually. After hatching, the GFP-
expressing larval group was considered to be a transgenic
mosquito strain. In the end, four strains were established.

Molecular size of recombinant DsRed produced in the
SG

Three to five days after emergence, ten pairs of SG
were collected from female TG mosquitoes in each colony.
Half of the samples were separated on a SDS-
polyacrylamide (10%) gel under reducing conditions and
transferred to a NC sheet. Western blotting produced bands
corresponding to a molecular size of 28 kDa. Among the
four colonies, #4 expressed DsRed most strongly (data not
shown). A comparison of the density of the 28 kDa band
with that of the positive control bands for a series of differ-
ent amounts of DsRed monomer revealed that the amount of
DsRed in the #4 lanes (5 and 10 pairs, respectively) was
equivalent (in reactivity with the anti-DsRed antibody) to
125 and 250 ng of DsRed monomer (Fig. 2). This, in turn,
indicated that approximately 25 ng of DsRed was expressed
in one pair of SG in the #4 TG mosquitoes. We chose colony
#4 for the subsequent experiments.

Observation of the SG
An adult female TG mosquito was dissected three days

after emergence, and the SG was isolated and observed
under a confocal microscope. As shown in Fig. 3, the green
color of GFP was observed in cellular areas where saliva
proteins were produced. The red color of DsRed was ob-
served in the lumen, the cavity for storing saliva, in the cen-
tral part of the SG. This indicates that an alien protein,
DsRed, was secreted into the cavity of the SG.

Discharge of recombinant DsRed from the SG
As shown in Fig. 4, mosquito saliva was deposited on

the NC sheets. Spots of DsRed were detected on the sheet
probed by the DsRed-TG mosquitoes. This is direct evi-
dence that an alien protein, DsRed, was discharged on the
NC sheet from the TG mosquitoes.

Fig. 2. Estimation of DsRed amount produced in the SG of #4
DsRed-TG mosquitoes. Five and ten pairs of SG of
DsRed-TG mosquitoes were separated, and compared
with a series of different amounts of DsRed monomer
(34 kDa).

Fig. 3. Salivary gland of TG mosquitoes expressing GFP and
DsRed. a: GFP expressed in salivary gland cells. b:
DsRed in the lumen of the salivary gland. c: combined
photograph.
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Development of anti-DsRed antibody through TG mos-
quito bites

After being bitten repeatedly by the DsRed-TG mos-
quitoes, ICR mice developed anti-DsRed as well as anti-SG
antibodies in their serum (Fig. 5). This was indirect evi-
dence that the TG mosquitoes deposited DsRed together

with saliva into the mouse skin when they drew blood. In
the next experiment, we injected 1 μg of DsRed monomer
into ICR mice with Alum before any mosquito biting. The
pre-immunized mice (No. 5 and 6) produced anti-DsRed
antibody after repeated biting by the TG mosquitoes. Com-
pared with mice No. 1 and No. 2, mice No. 5 and No. 6 pro-
duced more anti-DsRed antibody. However, No. 9 and No.
10, which were injected with DsRed two times, produced
more anti-DsRed antibody than No. 5 and No. 6.

DISCUSSION

Mosquitoes deposit saliva in the skin when they take a
bloodmeal, causing a variety of physiological responses in
the host [15]. Repeated biting leads to the development of
an anti-saliva antibody [16]. In areas where malaria is
hyper-endemic, more than 100 anopheline mosquitoes can
attack a person in a single hour during the night [17]. In
these areas, therefore, most people have high levels of anti-
saliva antibodies [18–20]. It follows that if transgenic (TG)
mosquitoes expressing a vaccine protein in saliva could be
produced and released by the millions into the field, people
would be supplied with the protein when they were bitten,
produce antibodies to the protein, and develop immunity to
the disease.

In 2010, we succeeded in producing a TG mosquito
expressing GFP in the eyes and producing a recombinant
CSP in the SG [9]. We allowed a hundred of the CSP-
expressing TG mosquitoes (CSP-TG mosquitoes) to feed on
mice several times, but the mice only developed anti-saliva
antibodies. The reason for this might be that the TG mos-
quito produced CSP in the salivary gland cells but did not
excrete it in the saliva and so did not inject it into the mice.
In this study, we employed a colored protein, DsRed, in
order to observe the location of the alien protein under a flu-
orescence microscope. As expected, we observed that the
TG mosquitoes excreted DsRed in the cavity of the SG
(Fig. 3). Moreover, the TG mosquitoes discharged DsRed
via their proboscis (Fig. 4).

The estimated amount of DsRed in the salivary grand
was 25 ng per individual female mosquito (Fig. 2). In our
previous experiments, the estimated amount of transgenic
protein in the salivary gland was 40 ng of CSP [9], 20 ng of
SP15 [10], and 10 ng of DsRed-CSP [11]. These amounts
were not significantly different.

The mice bitten by DsRed-TG mosquitoes produced
anti-DsRed antibodies as expected (Fig. 5), but the titer was
not as high as that of the anti-SG antibody. In the next ex-
periment, we injected 1 μg of DsRed intraperitoneally once
and allowed the mice to be fed upon by DsRed-TG mosqui-
toes. After several rounds of biting, the mice developed a

Fig. 4. Discharge of recombinant DsRed from TG mosquitoes.
Spots on NC sheets are saliva deposited by DsRed-TG
mosquitoes. NRS: normal rabbit serum. NMS: normal
mouse serum.

Fig. 5. Development of anti-DsRed antibody by DsRed-TG
mosquito bites. Mice No. 1 and No. 2 were each bitten
by 50 DsRed-TG mosquitoes five times at two-week in-
tervals. Anti-DsRed antibody was produced in the two
mice. Mice No. 3 and No. 4 were each bitten by 50
wild-type mosquitoes five times. Mice No. 5–10 were
injected with 1 μg of DsRed. Then mice No. 5 and No.
6 were each bitten by 50 DsRed-TG mosquitoes five
times at two-week intervals. Much anti-DsRed antibody
was produced in the two mice. Mice No. 7 and No. 8
were each bitten by 50 wild-type mosquitoes five times.
Mice No. 9 and No. 10 were injected with 1 μg of
DsRed one more time.
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higher concentration of anti-DsRed antibody than did the
mice only bitten by DsRed-TG mosquitoes (Fig. 5). Mem-
ory B cells might be produced in the mice in response to the
first injection of DsRed. The DsRed-TG mosquitoes’ biting
might then act as a booster. This suggests that the primary
immunization of babies with a malarial vaccine protein and
then exposure to TG mosquitoes excreting the malarial vac-
cine protein in saliva would produce a synergistic effect in
endemic areas.

In our previous report, we allowed mice to be bitten 20
times by 100 TG mosquitoes. Over four months and about
1,500 bites were needed for the suitable antibody titer to in-
hibit the invasion of malaria parasites to hepatic cells [11].
However, pre-immunizing methods may reduce the number
of mosquito bites. With one pre-immunization in a mouse,
biting by 50 TG mosquitoes five times should be enough to
induce a similar titer of anti-malarial antibody in the mouse.
Further experiments are needed to confirm this possibility.
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