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Progress in molecular genetics makes possible the development of
alternative disease control strategies that target the competence
of mosquitoes to transmit pathogens. We tested the regulatory
region of the vitellogenin (Vg) gene of Aedes aegypti for its ability
to express potential antipathogen factors in transgenic mosqui-
toes. Hermes-mediated transformation was used to integrate a
2.1-kb Vg-promoter fragment driving the expression of the De-
fensin A (DefA) coding region, one of the major insect immune
factors. PCR amplification of genomic DNA and Southern blot
analyses, carried out through the ninth generation, showed that
the Vg-DefA transgene insertion was stable. The Vg-DefA trans-
gene was strongly activated in the fat body by a blood meal. The
mRNA levels reached a maximum at 24-h postblood meal, corre-
sponding to the peak expression time of the endogenous Vg gene.
High levels of transgenic defensin were accumulated in the hemo-
lymph of bloodfed female mosquitoes, persisting for 20–22 days
after a single blood feeding. Purified transgenic defensin showed
antibacterial activity comparable to that of defensin isolated from
bacterially challenged control mosquitoes. Thus, we have been
able to engineer the genetically stable transgenic mosquito with
an element of systemic immunity, which is activated through the
blood meal-triggered cascade rather than by infection. This work
represents a significant step toward the development of molecular
genetic approaches to the control of vector competence in patho-
gen transmission.

Mosquito-borne diseases are among the most devastating in
modern times. Malaria is a particularly threatening disease

that already affects millions of people, and the numbers are
increasing at an alarming rate. Diseases caused by mosquito-
borne viruses, most importantly dengue fever, also are on the
rise. The major reasons for this catastrophic situation are the
unavailability of effective vaccines for malaria and other mos-
quito-borne diseases and the development of insecticide and
drug resistance by vectors and pathogens, respectively (1–3).
Therefore, there is an urgent need to explore every possible
option for developing unique control strategies against malaria
and other vector-borne diseases.

One approach is to block the transmission of a pathogen by
using the transgenic manipulation of its mosquito vector (4). In
such an approach, a chimeric gene consisting of a coding region
for a factor with an antipathogen activity, driven by a tissue- and
stage-specific promoter, would be transformed into the vector.
Activation of the transgene would result in the production of the
antipathogen factor that could adversely affect mosquito stages
of parasite development and consequently block its transmission
to the vertebrate host.

Recent progress in insect transgenesis, and in particular, the
accomplishment of transformation in the yellow fever mosquito,
Aedes aegypti (5–7), has made it possible to test this approach
experimentally. However, the availability of vector genes with
well-characterized properties with respect to their tissue- and
stage-specific expression is limited. Likewise, our knowledge
about factors, which could effect development of various patho-
gens of mosquito-borne diseases, is restricted as well. In this

work, we have approached modeling the element of systemic
immunity in the mosquito by using transgenic technology via use
of a well-characterized, fat body-specific gene and a natural
mosquito immune factor. The vitellogenin (Vg) gene encodes the
major yolk protein precursor, and its promoter could be ideal for
driving the expression of an immune antipathogen factor via a
blood meal-triggered regulatory cascade. After a blood meal, Vg
gene expression is activated to a high level in the female fat body,
a center of systemic innate immunity in insects (8–10). Recently,
we have shown that a 2.1-kb 59-upstream promoter region from
the Ae. aegypti Vg gene is sufficient for correct tissue- and
stage-specific expression in the mosquito Ae. aegypti and
Drosophila (V.K., D. Martin, A.A., M. Mienaltowski, and A.R.,
unpublished data).

Defensin has been chosen for this work because these immune
factors are the predominant group of innate antibacterial im-
mune factors in mosquitoes (11–15). Furthermore, studies using
exogenous defensins demonstrated that these antibacterial pep-
tides possess potent anti-Plasmodium activity (16, 17). Moreover,
defensin has been implicated in the local innate immune re-
sponse of the Anopheles gambiae midgut to a Plasmodium
infection (18). Thus, in this work, we have used the Ae. aegypti
Vg promoter to drive the expression of the Ae. aegypti Defensin
A (DefA) gene that encodes the prepro-defensin (12).

The major goal of our present work is to engineer a transgenic
mosquito in which turning on the gene(s) encoding antipathogen
factors and production of biologically active factor(s) are linked
to the blood meal-triggered regulatory cascade. Here, we report
the successful germ-line transformation of the mosquito vector
Ae. aegypti with the Vg-DefA transgene. We show that the
Vg-DefA transgene, integrated into mosquito genome, is strongly
activated in the fat body after a blood meal, and a biologically
active defensin is accumulated in the hemolymph of the trans-
genic mosquitoes. This work represents a significant step toward
the development of molecular genetic approaches to the control
of vector competence in pathogen transmission.

Materials and Methods
Plasmid Construction. The transformation plasmid vector pH[cn],
which includes Hermes transposon inverted repeats from Musca
domestica and a marker cinnabar (cn) gene from D. melanogaster,
described by Jasinskiene et al. (6), was used for construction of
the Vg-DefA vector. A 2.1-kb 59-upstream region of the Vg gene
(9) was first subcloned in the pBlueScript (Stratagene) plasmid.
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The 450-bp coding region of the DefA gene (nucleotides from
150 to 1498) (15) was ligated into a BamHI site at the 39-end
of a 2.1- kb Vg fragment (nucleotides from 22,015 to 1 70) (9).
The resulting 2.5-kb DNA fragment, designated Vg-DefA, was
inserted into the double-digested XbaI–XhoI sites of pH[cn]. The
resulting plasmid, pH[cn][Vg-DefA], and the plasmid encoding
the Hermes transposase, pHSHH1.9 (19), were purified by a
Qiagen kit.

Generation of Transgenic Mosquitoes. The Ae. aegypti kynurenine
hydroxylase-white (khw) mutant strain has a white-eye phenotype
(20), which is complemented by the D. melanogaster cn gene,
which changes the eye color to red (21). The strain was obtained
from F. Collins (University of Notre Dame, Notre Dame, IN).
Mosquitoes were reared as previously described (22). Newly laid
eggs were collected, and 90- to 270-min-old embryos were
prepared for microinjection in the manner described by Morris
(23). The embryos were injected with a mixture of the pH[c-
n][Vg-DefA] and pHSHH1.9 plasmids at a final concentration of
0.5 mgyml and 0.3 mgyml, respectively, in 5 mM KCl and 0.1 mM
NaH2PO4 (pH 6.8). After DNA microinjection, 16- to 20-h-old
embryos were exposed to heat shock at 39°C for 60 min and then
placed at 27°C, 85% relative humidity, and hatched 5 or 6 days
after the heat shock. Adult mosquitoes resulting from generation
zero (G0)-injected embryos were crossed with virgin females or
males of the khw mutant strain. The G1 progeny were then
screened for complementation of the white-eye phenotype.

Southern Blot and Gene Amplification Analyses. Southern blot and
gene amplification analyses were done as described (24).
Genomic DNA from individual mosquitoes was purified by the
method of Bender et al. (25). After digestion with the ApaI and
XbaI or BglII restriction endonucleases, the DNA fragments
were separated by electrophoresis in a 1% agarose gel, trans-
ferred to nitrocellulose filters, and hybridized with the DefA
DNA probe.

Total RNA from individual mosquitoes was purified by the
Trizol technique (GIBCOyBRL). After drying, the RNA pellet
was resuspended in diethyl pyrocarbonate (DEPC)-treated, dis-
tilled H2O. Aliquots equivalent to 1y10th of a mosquito were
used for reverse transcription (RT) and amplification. RT-PCR
was performed by using the Superscript one-step RT-PCR kit
(GIBCOyBRL). Tubes containing RNA were incubated for 30
min at 45°C for the RT reaction. Amplification conditions
included rapid heating to 94°C for 2 min followed by 15 cycles of
60°C for 40 sec, 72°C for 1 min, and 94°C for 45 sec. The RT-PCR
forward reaction primer was Vg228F (59-GAACACA-
CAATCGGAACAGCTG-39); the reverse primer was Df229R
(59-ATTCCGGCAGACGCACACCTT-39). The following
primers were used for the forward reaction of the genomic DNA
amplification experiment: Vg73F (59-AGATTGATTTATTT-
TATATGCTTCCTGA-39), Vg74F (59-ATCTTCAATTCA-
CATCTGTAGTCTCAA-39), and Df189F (59-CCATGCAGC-
CCCTCACTGTCATT-39), and the reverse primer was Df190R
(59-ACCATTTAACAAAATTATGC-39).

Immunoblot Analysis. Protein extracts from whole mosquitoes and
mosquito tissues were prepared by homogenization in Trizol
solution (GIBCOyBRL) according to the protocol of the man-
ufacturer. Hemolymph from individual mosquitoes was col-
lected by opening the hemocoel and freeing the hemolymph to
mix with the dissection buffer (22). This mixture was immedi-
ately frozen in liquid nitrogen and stored at 280°C. Samples
were loaded directly onto Tris-Tricine-SDS 10–20% acrylamide
gradient gel (Bio-Rad). Anti-DefA IgG was prepared by Cho et
al. (12). Immunoblots were developed by using the ECL detec-
tion system (Amersham Pharmacia).

Insect Immunization. Mosquitos were infected by intrathoracic
injections of 0.25 ml of logarithmic phase Escherichia coli, strain
LE392, suspended in mosquito saline (150 mM NaCly4 mM
KCly3 mM CaCl2y1.8 mM NaHCO3y0.6 mM MgCl2y25 mM
Hepes, pH 7.0). The bacterial suspension was heated at 100°C for
10 min before injection. Defensin was purified from infected
mosquitoes 24 h after bacteria induction.

Extraction and Purification of Defensin Peptide. Peptide extraction
and purification were done as described by Bulet et al. (26) with
minor modifications. In brief, hemolymph from 50 mosquito
females was collected, and the samples were filtered through
UltraFree-MC (30,000 molecular weight filter unit; Millipore)
for 15 min at 14,000 3 g. The cell-free hemolymph was acidified
(0.05% trif luoroacetic acid) and loaded onto Sep-Pak C18
cartridge (Waters). After washing with 5 ml of acidified water
(0.05% trif luoroacetic acid), elution was performed with 40%
acetonitrile in acidified water (0.05% trif luoroacetic acid), the
samples were concentrated in a vacuum centrifuge (Savant), and
the pellet reconstituted with MilliQ water before monitoring the
antibacterial activity.

Antibacterial Activity Assay. Antibacterial activity was monitored
by a liquid growth inhibition assay as described (26). Purified
antibacterial peptide samples were dried in wells of a microtiter
plate and were incubated at room temperature with 100 ml of a
suspension of mid-logarithmic phase Micrococcus luteus. After
overnight incubation, microbial growth was assessed by an
increase in OD595.

Results and Discussion
A promoter–reporter plasmid was constructed by subcloning the
Vg-DefA sequence into the transformation vector pH[cn] (6), which
includes the cn gene from D. melanogaster flanked by the terminal
inverted repeats of the Hermes transposon (Fig. 1A). More than
3,000 preblastoderm embryos of the Ae. aegypti white-eyed, khw

strain (20) were injected with the pH[cn]Vg-DefA construct and the
Hermes transposase-helper plasmid (19). Transformed G1 progeny
were identified by colored eyes and were used to establish trans-
formed lines. Five independent, stable transgenic lines were recov-
ered from 600 G0 individuals. One of these lines, D1, was used for
detailed analysis and characterization of the Vg-DefA transgene
expression. The characterization of other transgenic lines will be
described elsewhere. In the D1 transgenic line, stability of the
Vg-DefA transgene insertion was monitored from the G2 to G9
generations. For the genomic PCR amplification analyses, we used
a combination of one of the direct primers with Vg-specific se-
quences (Vg73F or Vg74F) and a reverse primer with DefA-specific
sequence (Df190R) (Fig. 1A). The use of these primers allowed us
to detect the Vg-DefA transgene in genomic DNA samples without
cross amplification of endogenous Vg and DefA genes (Fig. 1B).
Both combinations of primers (Vg73F–Df190R) and (Vg74F–
Df190R) revealed the presence of specific amplified DNA frag-
ments of expected sizes only in the transgenic mosquitoes (Fig. 1B).
Southern blot analyses of G4 and G9 progeny further confirmed the
integration of the transgene. The presence of an additional band
was revealed in the D1 transgenic line as compared to the non-
transformed khw parental line, by using either XbaI–ApaI or BglII
restriction enzymes, followed by hybridization with a DefA-specific
probe (Fig. 1 C and D). Thus, both genomic PCR amplification and
Southern analyses demonstrated stable integration of the Vg-DefA
transgene into the Ae. aegypti genome. In addition, our genetic
analysis data using test crosses between mosquitoes of the D1
transgenic line and either white-eyed khw strain or wild-type UGAL
strain were consistent with the insertion and subsequent Mendelian
segregation of the Vg-DefA transgene in a single chromosome (data
not shown).
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Fig. 1. Stable integration of the Vg-Defensin transgene into the Aedes aegypti genome. (A) Schematic diagram of the transformation vector construct,
pH[cn][Vg-DefA], used in this study to transform mosquitoes. The Hermes inverted terminal repeats are represented as solid arrows flanking the 4.7-kb genomic
DNA fragment of the D. melanogaster cn1 marker gene and the 2.5-kb Vg-DefA fusion gene as the promoter–reporter part of the construct. The arrows and
numbers below the diagram show the relative extents and the expected sizes of the fragments generated by XbaI–ApaI restriction digest and by gene
amplification using different pairs of primers specific to the Vg-DefA fusion sequence. The 0.45-kb DefA DNA sequence used as a probe in these experiments
is shown as a black box below the map. (B) Gene amplification analysis of genomic DNA isolated from G4 mosquito progeny of the D1 transgenic line and the
control khw strain. To confirm the specificity of amplification for the Vg-DefA transgene, the gene amplification products were analyzed by Southern blot
hybridization using the DefA DNA as a probe. By using the Vg-DefA primer combinations, Vg73F-Df190R and Vg74F-Df190R, the transgenic mosquito DNA
showed specific amplification of fragments of the expected sizes, 1.3-kb and 0.9-kb, respectively. No amplification was observed in the genomic DNA from the
control strain (Upper). As a positive control for loading and for the integrity of isolated genomic DNA, DefA-specific primer pairs, Df189F-Df190R, were used,
and these produced a band of the expected size, 0.45-kb, in all samples (Lower). (C) Southern blot analysis of genomic DNA prepared from G4 progeny of
transformed mosquitoes of the D1 line and the host strain (khw), digested with XbaI–ApaI and hybridized with the DefA DNA probe. A diagnostic hybridization
signal of the expected size, 2.5 kb, is associated with the insertion of the Vg-DefA transgene into the mosquito genome and is evident in DNA isolated from
transformed mosquitoes, but not in the host strain. The two higher molecular weight signals of 6 kb and 4.5 kb, seen in DNA digests of both the transgenic and
the host strains, represented two copies of endogenous DefA genes. (D) Southern blot analysis of genomic DNA isolated from G9 progeny of the D1 transgenic
line and the host khw strain, digested with BglII and hybridized with DefA DNA probe. The unique hybridization signal of 3.0-kb associated with Vg-DefA insertion
is seen only in the D1 transgenic line.
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Expression of the Vg-DefA transgene was investigated by using
RT-PCR technique. To provide a unique marker for the trans-
genic Vg-DefA mRNA that would allow its specific detection by
RT-PCR, a 70-bp leader sequence from the Vg transcript was
cloned upstream of the 59-end of the DefA-coding sequence. A
direct primer (Vg228F) designed from this Vg leader sequence
and a reverse primer (Df229R) based on the 39-end coding
region of DefA were used in the RT-PCR analyses of the Vg-DefA
transgene expression (Fig. 1 A). RT-PCR demonstrated that the
Vg-DefA transgene transcript was present at very low levels in
previtellogenic transgenic female mosquitoes (Fig. 2A, lane 3).
However, transcription of the transgene was activated to a high
level after a blood meal, and its maximal expression was ob-
served at 24 h post blood meal (hPBM) corresponding to the
peak expression of the Vg gene (Fig. 2 A, lane 4). Unlike Vg
mRNA, the Vg-DefA mRNA was still detectable 3 days after a
single blood meal, when expression of the endogenous Vg gene
is no longer evident (Fig. 2 A, lane 5). Low but detectable levels
of the Vg-DefA mRNA were observed in transgenic mosquitoes
even at 22 days after a single blood meal (data not shown). This
unusually long persistence of the Vg-DefA transgene transcript
may be caused by a combination of a low level of its constitutive
expression as well as a high stability of its mRNA, a property
characteristic for defensin mRNA (15).

In addition to a strong activation of the Vg-DefA transgene by
a blood meal, its expression also was similar to that of the Vg gene
with respect to its tissue specificity. The Vg-DefA mRNA was
detected only in the fat body and not in the ovary or midgut (Fig.
2B). However, unlike the Vg gene, the Vg-DefA transgene was
expressed at a low level in transgenic male mosquitoes (Fig. 2 A,
lane 1). The tissue specificity of the Vg-DefA transgene expres-
sion in mosquito males was not assessed. It is possible that
regulatory elements required for a complete repression of the Vg
gene expression in males were not present in the 2.1-kb 59-
upstream region of the Vg gene used for the construction of the
Vg-DefA transgene.

Immunoblot analyses with anti-DefA antibodies (12) showed that
in response to a blood meal the fat body of the transgenic mosquito
produced a mature peptide with the expected molecular weight of
4 kDa (Fig. 3A). Transgenic defensin (tDefA) was observed in
blood-fed transgenic mosquitoes but not in blood-fed mosquitoes
from the khw host strain (Fig. 3A). Likewise, defensin was not
induced by blood meal in wild-type mosquitoes of Rockefeller
strain (12). Thus, in the transgenic mosquitoes, the Vg-DefA mRNA
was properly translated and the prepro-defensin was correctly
processed into a mature defensin protein in the blood-activated,
rather than infection-activated fat body. In turn, this suggested that
the machinery required for translational and posttranslational
immune factor processing was present in the previtellogenic fat
bodies not challenged by infection. In agreement with the RT-PCR
data on Vg-Def transcription, tDefA was produced exclusively
in the fat body of transgenic female mosquitoes and accumulated
in the hemolymph at a high level (Fig. 3B). The low level of tDefA
in the fat body compared to the high level of this protein in the
hemolymph suggested a high rate of its secretion by the fat body
(Fig. 3B, lanes H and FB). This is similar to the fat body production
of several hemolymph proteins such as yolk protein precursors and
lipophorin, which have been shown to be rapidly secreted and not

Fig. 2. RT-PCR analyses of the Vg-DefA transgene expression. (A) Blood meal
activation of the Vg-DefA transgene in mRNA samples isolated from trans-
genic males (1), blood-fed females (2), previtellogenic (3) and vitellogenic
females 24 (4), and 72 hPBM (5). The same RNA samples also were analyzed
using actin-specific primers as a control for RNA integrity and loading (Mid-
dle), and vitellogenin-specific primers, as a control showing the expression of
the endogenous Vg gene after blood meal activation (Bottom). (B) Tissue-
specific expression of the Vg-DefA transgene in vitellogenic females. Specific
amplification was observed only in RNA samples isolated from the fat body
(FB) and carcass (C), containing the fat body of the thorax and head. No
amplification was found in the ovary (OV) or midgut (MG). Fig. 3. Immunoblot analyses of tDefA peptide expression in transgenic mos-

quitoes after blood meal activation. (A) Protein extracts from individual 24 hPBM
females of the host khw strain and the D1 transgenic line were tested by using
polyclonal antibody to Ae. aegypti DefA and mAb to Ae. aegypti vitellogenin
small subunit (27). Expression of the 4-kDa DefA peptide was observed in trans-
genic mosquitoes but not in the khw host strain. The expression of 66-kDa
Vg-small subunit (Vg-S), used as a positive control for blood meal activation, was
present at the same level in both the transgenic line and the host strain. (B)
Immunoblot analysis of tissue- and sex-specific expression of tDefA peptide in
transgenic mosquitoes. Protein extracts from hemolymph (H), fat bodies (FB),
ovary (OV), carcass (C), 24 hPBM whole mosquito female, (F), and mosquito male
(M) were analyzed. (C) Time course of tDefA protein accumulation in transgenic
mosquitoes during the vitellogenic cycle after a single blood feeding. Previtello-
genic female (PV), vitellogenic females 1 (1d), 3 (3d), and 22 (22d) days PBM and
thehemolymphcollectedfrom22-day-oldfemalemosquitoes (H22d)weretested
using DefA-specific antibodies. One mosquito-equivalent was loaded in each
lane, except for the hemolymph sample from 22-day-old females, in which a
four-mosquito equivalent was used.
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stored in this tissue (8, 28). Interestingly, although male mosquitoes
contained low levels of the Vg-DefA mRNA, the tDefA protein in
males was below any detectable level (Fig. 3B, lane M).

The time course of the tDefA protein levels in the transgenic
female mosquitoes showed that it was present at a low level in
previtellogenic females and exhibited a dramatic increase in re-
sponse to blood feeding, reaching its maximum at 24 hPBM (Fig.
3C). This is consistent with the kinetics of the Vg protein (8). A
peculiar feature of the Vg gene is that in contrast to vitellogenic
carboxypeptidase gene (VCP), another yolk protein gene activated
by a blood meal, Vg is expressed at a very low level in the fat body
of the previtellogenic female (29) and traces of Vg protein are
detectable in the previtellogenic females (A.S.R., unpublished
observation). However, in contrast to Vg, tDefA was still present at
high amounts in female mosquitoes 3 days after a blood meal (Fig.
3C, lane 3d). Importantly, a sufficiently high concentration of
tDefA accumulated in the hemolymph of postvitellogenic trans-
genic mosquitoes so that it was still present 22 days after a single
blood meal (Fig. 3C). Older mosquitoes have not been evaluated.
The effect of a second blood meal appeared to be additive in terms
of the concentration of tDefA in the hemolymph of transgenic
female mosquitoes (data not shown).

Next, we tested whether the tDefA protein produced by
transgenic mosquitoes in response to a blood meal was biolog-
ically active. For these experiments, defensins were extracted and
purified from transgenic 24 hPBM females, bacteria-challenged
females of the nontransgenic khw strain as a positive control, and
nontransgenic khw 24 hPBM female mosquitoes as a negative
control (Fig. 4A). The antibacterial activity of tDefA and control
defensin proteins was assayed by the liquid growth inhibition
assay against Micrococcus luteus (26). The purified tDefA pro-
tein produced by transgenic mosquitoes had a high level of
antibacterial activity comparable to that of defensin isolated
from bacteria-challenged control mosquitoes (Fig. 4B). In con-
trast, the defensin fraction separated in the same manner from
the hemolymph of blood-fed nontransgenic khw females showed
only a background level of antibacterial activity. Thus, in the
blood-activated rather than the infection-activated fat body of
transgenic mosquitoes, the Vg-DefA mRNA was not only cor-
rectly translated and the prepro-defensin properly processed, but
the mature tDefA acquired its biological activity with respect to
its natural antimicrobial characteristics. We conclude that the
mosquito fat body had all of the components of the protein
processing machinery required to produce a biologically active
defense protein without an immune challenge.

In summary, a 2.1-kb Vg upstream promoter fragment was
sufficient for activation of a transgene by a blood meal-triggered
regulatory cascade in a tissue-specific manner. It also was
adequate to drive a high level of transgene expression. Active
defensin peptide was produced by the transgene and persisted
for as long as 22 days after a blood meal. This stability of the
transgene product may make it an effective means of controlling
pathogen infection throughout most of the adult life of a
mosquito. The question of whether the transgenic Ae. aegypti,
carrying the functional Vg-DefA transgene, is refractory to
Plasmodium gallinaceum is important and is currently being
tested. However, the significance of our present work is in

demonstrating the possibility of engineering a transgenic mos-
quito in which turning on the gene(s) encoding antipathogen
factor(s) is ‘‘wired’’ to the blood meal activation cascade. Thus,
it constitutes a crucial step toward the use of molecular trans-
genesis in the development of pathogen-refractory vectors.
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