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Current efforts have proven inadequate to stop the transmission of Plasmodium parasites, and hence the spread of malaria, by
Anopheles mosquitoes. Therefore, a novel arsenal of strategies for inhibiting Plasmodium infection of mosquitoes is urgently
needed. In this paper, we summarize research on two approaches to malaria control, a low-tech strategy based on parasite
inhibition by the mosquito’s natural microflora, and a high-tech strategy using genetic modification of mosquitoes that renders
them resistant to infection and discuss advantages and disadvantages for both approaches.

1. Introduction

Cyclopropagative development of Plasmodium parasites in
their anopheline mosquito vectors is required for transmis-
sion between human hosts. During the first stages of this
cycle, immediately following the ingestion of gametocytes
by the female mosquito, extracellular parasites are exposed
to a harsh environment in the mosquito midgut. Following
progression to the ookinete stage in the midgut lumen, Plas-
modium parasites invade the midgut epithelium at around 20
hours after ingestion and develop over approximately 10 days
into a mature oocyst. Mitotic division leads to the production
of thousands of sporozoites from a single oocyst, and these
sporozoites are released into the hemolymph, at about 10–
20 days after infected blood ingestion, depending on the
Plasmodium species. At this stage, the parasites migrate to
the salivary glands from where they can be transmitted
to another host during a subsequent blood feed. Oocyst
and sporozoite populations are severely compromised by
mosquito-mounted immune responses, but the escape of a
small proportion of parasites is sufficient for transmission
to persist. With the increased resistance of Plasmodium to
the current arsenal of drugs and Anopheles mosquitoes to
insecticides and the lack of an efficacious malaria vaccine,
it is clear that development of novel control strategies are

crucial in order to reduce malaria transmission. Here, we
discuss different methods to control transmission of malaria
parasites via low-tech approaches using the mosquito’s natu-
ral bacteria microflora or high-tech approaches involving the
direct manipulation of mosquito genomes to render them
resistant to Plasmodium.

2. Targeting Plasmodium Parasites through
Mosquito Microbiota

Numerous surveys of mosquito midgut-associated bacteria
(MAB) in laboratory and wild anopheline mosquitoes have
been performed, and common bacterial genera (Enterobac-
ter, Pseudomonas, Pantoea, and others) have been identified
[1–8], with some of these bacteria closely associated with
Anopheles mosquitoes [9–11].

A number of studies have shown that MAB impact the
ability of Plasmodium parasites to develop to the oocyst
stage in the mosquito gut tissue. Mosquitoes that have been
treated with antibiotics to remove their MAB are more
susceptible to Plasmodium infection, and reconstitution of
the bacterial flora results in infections at the same level
as untreated control mosquitoes [12]. When added to a
parasite-laden blood meal, bacteria can interfere with para-
site development [1, 2, 4, 5]. Interestingly, this interference
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appears to be exclusive to Gram-negative (G−) bacteria
but is bacterial strain dependent, suggesting some bacteria
possess an anti-Plasmodium property [1, 4]. However, no
correlation between G bacteria presence and infection status
was observed in field populations of A. gambiae and A.
funestus from Kenya and Mali, although determination of
the timing of bacterial and/or parasite acquisition by the
mosquitoes was not performed [7].

Multiple mechanisms could result in the inhibition of
parasite infection by the presence of bacteria. Lysis of
trypanosomes [13] and Leishmania parasites [14] in tri-
atomine bugs has been observed following biofilm formation
on the parasite surface by Serratia bacteria (G−), while
no such phenomenon has been described in Plasmodium
infection of mosquitoes. Bacteria produce compounds with
potential antimalarial properties (reviewed in [14]). It was
recently identified that an Enterobacter bacterium isolated
from wild mosquitoes in Zambia produces reactive oxygen
intermediates that kill developing parasites in the midgut
lumen, inhibiting Plasmodium prior to mosquito midgut
infection [1]. Small populations of the bacterium can nearly
eliminate ookinete formation in the midgut, providing proof
of principle for the use of this and other bacteria to control
malaria parasite transmission [1]. In general, G− bacteria
show varying levels of inhibition at the early stages of
parasite development, suggesting that diverse mechanisms of
bacteria-mediated parasite inhibition exist [1].

Bacteria may play an indirect role in parasite interference
through the induction of an anti-Plasmodium immune
response in the midgut. Studies have suggested that the
mosquito’s anti-Plasmodium and antibacterial defense sys-
tems are largely overlapping. The mosquito gut microflora
has been shown to stimulate basal immune activity, which in
turn is acting against the malaria parasite [12, 15–17]. The
immune deficiency (IMD) innate immune pathway, which
is stimulated by the presence of G− bacteria and appears to
be the primary immune pathway activated in the mosquito
midgut, has been shown to control P. falciparum infec-
tion intensities through the expression of anti-Plasmodium
effector molecules in multiple anopheline species [18, 19].
These molecules also control bacterial populations in the
midgut, providing a direct link between antibacterial and
anti-Plasmodium immunity [12, 15, 19].

Although the absolute mechanism of inhibition exhibited
by most bacteria remains unclear, their potential use as a
biological-based control strategy is apparent. Nonetheless,
there are deficiencies in our understanding of the mosquito-
bacteria interaction that needs to be resolved before such
strategies can be implemented. A better understanding of the
acquisition of MAB by wild mosquito populations is needed.
Bacteria are necessary for larval mosquito development [20]
but the mechanism of transmission of bacteria through
immature stages of development to the adult mosquito
midgut is controversial. Studies have shown that bacteria
provided to larvae can be identified in adult midguts [5, 8,
21] but other studies suggest that transstadial transmission
does not occur [22] and instead that MAB are derived from
adult sugar and water sources [23]. However, adaptation
of specific bacteria to effective colonization of the midgut

is possible [24]. The interactions between mosquitoes and
bacteria that lead to efficient colonization in the adult midgut
must be understood for effective introduction of inhibitory
MAB in wild mosquito populations in malaria endemic
areas.

Another important issue that must be resolved is the
concentration of MAB required for efficient inhibition of
parasite development in the mosquito. As little as 100 bacte-
ria can significantly impact P. falciparum development when
provided concurrently in a blood meal [1, 4] and MAB can
inhibit oocyst formation when provided in sugar solution
prior to parasite challenge [4, 19], but the concentration
necessary for inhibition in natural settings is unknown.

3. Targeting Human Plasmodium Parasites
Using Genetically Modified Mosquitoes

Germline transformation of A. stephensi was first reported in
2000 [25], and other important malaria vectors have since
been transformed [26, 27]. In the process of transformation,
a mobile genetic element is used to insert into the mosquito
genome a gene of interest that is under the control of a
specific promoter. Choice of promoters and effector genes
are some of the most important factors for generating
mosquitoes that are refractory to Plasmodium infection and
in limiting the adverse fitness effects exerted by transgene
expression. Genetic drive systems to integrate the transgene
into wild mosquito populations are also essential for the
implementation of genetically modified mosquitoes as tools
for control of malaria transmission.

To target Plasmodium parasites during the developmen-
tal cycle, an effective anti-Plasmodium transgene must be
expressed in a relevant tissue (midgut, fat body, and salivary
glands) at a relevant time (when the parasite is present in
that tissue). The promoter used for transgene expression
will determine the timing and the mosquito tissue in which
the transgene will be expressed. In anophelines, midgut-
specific transgene expression has been achieved using the
carboxypeptidase [28], peritrophin [29], Antryp1, and G12
[30] promoters, the vitellogenin promoter has been used to
drive transgene expression in the mosquito fat body [31],
and the apyrase [32] and anopheline antiplatelet protein [33]
promoters can drive transgene expression in the salivary
glands. Conditional transgene expression in A. stephensi
midguts under the control of the SRPN10 promoter has also
been shown [34].

Expression of nonmosquito effector molecules in trans-
genic mosquitoes has been used to decrease P. falciparum
development. Midgut-specific expression of a sea cucumber
C-type lectin in A. stephensi [35] and a synthetic anti-
Plasmodium peptide in A. gambiae [36] decreased oocyst
intensities. Transgenic technologies have also been used to
increase the expression of endogenous mosquito genes that
in turn increase anti-Plasmodium responses in the mosquito.
Overexpression of Akt, a key signaling molecule in the insulin
signaling pathway, in the midguts of A. stephensi completely
blocks P. falciparum oocyst development [37]. Because the
Anopheles innate immune system is engaged at multiple
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stages of Plasmodium infection and mediated through multi-
ple factors (reviewed in [38]), the transgenic overexpression
of multiple anti-Plasmodium immune effectors in several
tissues at different times during Plasmodium infection can
provide tiers of inhibition, targeting parasites that may have
escaped the first lines of defense and decreasing the likeli-
hood of resistance developing in the parasite (Dimopoulos
et al. unpublished). Stable and heritable RNA interference-
mediated silencing of endogenous mosquito transcripts
through the expression of a hairpin-loop transgene [39]
might also be used to target negative regulators of anti-
Plasmodium responses to increase resistance to parasite
infection [18].

An effective genetic drive mechanism is needed to
introduce anti-Plasmodium effector transgenes into a wild
mosquito population. A drive mechanism should be pow-
erful enough to spread the transgene to near fixation in
the population, be tightly linked with the transgene so
that separation cannot occur and have minimal impact on
mosquito fitness. Potential drive mechanisms are naturally
occurring “selfish” gene mechanisms with non-Mendelian
inheritance (reviewed in [40]) including, but not limited
to, transposable elements (TEs) homing endonuclease genes
(HEGs) and Medea.

TEs are mobile genetic elements that are capable of
moving rapidly into populations and can be engineered to
carry a transgene through a population. However, the rates
of transposition for the class II transposons Hermes, Minos,
Mos1, and piggybac, which have been vital for mosquito
transgenesis, are not sufficient to serve as drive systems [41].
While TEs randomly integrate into a genome, HEGs use a
specific DNA sequence to integrate into the chromosome
through a mechanism of double-stranded DNA break repair.
These enzymes are active in A. gambiae cells and embryos
[42] and can also be engineered to carry specific DNA
sequences. A breakthrough in mosquito-based genetic drive
systems was recently achieved with the successful intro-
duction of an HEG into transgenic anopheline mosquitoes
[43]. In cage studies, it was shown that the genetic element
could invade naı̈ve mosquito populations rapidly and may
provide a novel mechanism of genetic modification of
wild mosquitoes [43]. Medea, or maternal-effect-dominant
embryonic arrest, causes the death of all offspring that do
not inherit the Medea-bearing gene [44]. In this system, there
is maternal expression of a toxin regulated by a germline-
specific promoter and only zygotes expressing an antidote
to the toxin will survive. Studies in the fruit fly have shown
that Medea can effectively and rapidly drive transgenes
into a population [44]. As novel mosquito germline-specific
promoters are discovered, such as DNA regulatory regions
of the vasa gene [45], both HEGs and Medea will have
tremendous potential as genetic drive systems in mosquitoes.

In order for transgenic mosquito technologies to be
successfully applied, the genetically modified mosquitoes
must be able to compete with wild mosquitoes. Therefore,
the transgenic mosquito must be reproductively fit to ensure
that the transgene will fix in the population. When a fitness
cost is observed, it is difficult to determine the origin [46].
The impact on mosquito fitness could be due to insertional

mutagenesis caused by the integration of a transgene into an
endogenous gene [47, 48], the expression of the transgene
itself [29], or inbreeding repression due to rearing transgenic
mosquitoes to homozygosity [47]. However, some studies
show that transgenic mosquitoes are as fit as nontransgenic
mosquitoes [49, 50]. Of note, a report by Marrelli et
al. [51] suggested that transgenic mosquitoes expressing
antimalarial effectors may have a fitness advantage over
wild-type mosquitoes when under the selective pressure of
continuous infection.

4. Comparison of Low- and High-Tech
Control Strategies

Here, we compare some of the important attributes for an
effective control mechanism that each of these strategies has.

Mass Production. In order to test for anti-Plasmodium
activity in MAB, the microorganisms must first be grown
in culture. Because of this, optimal bacterial candidates for
eventual release could be produced in mass quantities with
minimal supplies that could be housed in endemic countries.
In contrast, mass production of mosquitoes requires large
facilities for rearing and sex selection and large amounts of
supplies.

Storage and Transportation. Bacteria can be freeze-dried [52]
for both storage and transportation, making introduction
into remote areas possible. This also suggests that MAB could
be combined with current mosquito control strategies such
as entomopathogenic fungi in an applicable formulation
[53]. No protocols are currently available for the preservation
of viable Anopheles eggs, making transportation of either
larvae or adult mosquitoes necessary.

Parasite Species Coverage and Selection Pressure. Mosquitoes
can develop resistance to the toxin of a current biocon-
trol bacterium (Bti) [54], but a bacterial product with
Plasmodium species specificity would be required for the
parasite to develop resistance. Population genetic studies
suggest that refractoriness is a dominant trait and that
Plasmodium infection is a result of immune failure [54–
56]. This, combined with a general antibacterial immune
response, suggests that the use of MAB to inhibit malaria
parasite infection of mosquitoes would not impart a selective
pressure on the parasite. Indeed, both P. falciparum and
P. vivax infections can be inhibited by MAB [1, 2, 4, 5].
For transgenic mosquitoes, the transgene will determine the
range of parasites that can be inhibited and the selective
pressure imparted on the parasite. Current effector molecules
may not impact human malaria parasites and transgenic
activation of mosquito anti-Plasmodium responses has only
been shown to inhibit P. falciparum [37]. The use of
transgenic mosquitoes expressing an exogenous gene may
be problematic in that the parasite could develop resistance,
but this would be overcome using endogenous immune gene
overexpression or multiple releases over time of mosquitoes
carrying different transgenes.
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Mosquito Species Coverage. The ability of a bacterium to
colonize or survive in the mosquito midgut is dependent on
the bacterium itself, whereas only mosquito species that have
been transformed or those that are capable of hybridization
with the transgenic species will be refractory to Plasmodium
infection. However, the introduction of bacteria is dependent
on the mosquito species found in the coverage area and the
route of introduction, whereas transgenic mosquitoes can
disperse and infiltrate the natural populations.

Off-Target Effects. Release of bacteria into an ecosystem
could have effects on other organisms. Depending on the
released bacterial species, there could be competition for
resources with other essential bacteria within the environ-
ment or unintended mortality in nontarget insects and
vertebrates. Assuming that the expressed transgene is not
released from the mosquito body, one would not expect off-
target effects from the release of transgenic mosquitoes.

Time and Concentration Dependence. Bacteria can be effec-
tive against Plasmodium in the midgut lumen and also
during oocyst maturation, but this time window requires
that bacteria be present prior to or soon after parasite
ingestion. Also, variation in the concentration of inhibitory
bacteria present in an individual mosquito can determine
the efficiency of inhibition [1, 4]. Therefore, there is a strict
correlation between the timing of bacterial introduction and
parasite inhibition. With transgenic mosquitoes, the timing
and level of transgene expression is controlled by a mosquito
promoter and is experimentally determined prior to release
of the mosquitoes into the field.

Introduction into the Field. Bacterial formulations are cur-
rently used for biocontrol of mosquito larvae. However,
because of the unknown nature of the mosquito-bacteria
interaction and the carriage of bacteria through immature
stages to the adult stage (discussed above), the determination
of application procedures for effective coverage of mosquito
populations remains to be resolved. Also, the number of
applications, bacterial concentration, and the size of cover-
age area are currently unknown. Transgenic Aedes aegypti
mosquitoes have recently been released in field-based trials,
but this technology utilized a female killing-based technique
that reduces mosquito populations [57]. Mosquitoes with
an expressed transgene have not been released as of yet,
but could follow a similar strategy to that currently being
employed. Transgene integration into a population has been
shown experimentally in large-cage trials [58] but not in wild
mosquito populations.

Ethical Issues. Release of genetically modified organisms has
been under much scrutiny and a number of publications
address these issues [59–61]. Among these issues are ethical
concerns of education of potential risks in endemic coun-
tries, spread of the transgenic mosquito to other countries
that have not agreed to the release, and coverage under the
Cartagena Protocol [62]. Bacteria do not require genetic
modification in order to exert an inhibitory effect on

Plasmodium development in the mosquito and biocontrol
formulations using bacteria are currently in use, so ethical
issues of bacterial release may not be as great.

5. Conclusion

Even with tremendous research efforts and financial support
to control transmission, malaria remains the most impactful
vector-borne disease worldwide. As Plasmodium parasites
and the mosquito vectors continue to develop resistance to
effective drugs and insecticides, we must continue the devel-
opment of novel strategies to interfere with the transmission
cycle. We have briefly summarized two potential strategies
based on one “low-tech” approach using the mosquito’s
natural midgut microflora and one more technologically-
involved “high-tech” approach using transgenic mosquitoes
refractory to parasite infection. Each has their advantages
and disadvantages for eventual implementation, but in the
future may be combined as part of an integrated control
strategy for malaria transmission.

Acknowledgments

C. M. Cirimotich is supported by the Helen and Calvin
Lang Scholars Fellowship. A. M. Clayton is supported by an
NSF graduate fellowship. Research in the Dimopoulos lab is
funded by the National Institutes of Health, the National Sci-
ence Foundation, and the Johns Hopkins Malaria Research
Institute.

References

[1] C. M. Cirimotich, Y. Dong, A. M. Clayton et al., “Natural
microbe-mediated refractoriness to Plasmodium infection in
Anopheles gambiae,” Science, vol. 332, no. 6031, p. 855, 2011.

[2] L. Gonzales-Ceron, F. Santillan, M. H. Rodriguez, D. Mendez,
and J. E. Hernandez-Avila, “Bacteria in midguts of field-
collected Anopheles albimanus block Plasmodium vivax sporo-
gonic development,” Journal of Medical Entomology, vol. 40,
no. 3, pp. 371–374, 2003.

[3] J. M. Lindh, O. Terenius, and I. Faye, “16S rRNA gene-
based identification of midgut bacteria from field-caught
Anopheles gambiae sensu lato and A. funestus mosquitoes
reveals new species related to know insect symbionts,” Applied
and Environmental Microbiology, vol. 71, no. 11, pp. 7217–
7223, 2005.

[4] C. B. Pumpuni, M. S. Beier, J. P. Nataro, L. D. Guers, and J.
R. Davis, “Plasmodium falciparum: inhibition of sporogonic
development in Anopheles stephensi by gram-negative bacte-
ria,” Experimental Parasitology, vol. 77, no. 2, pp. 195–199,
1993.

[5] C. B. Pumpuni, J. Demaio, M. Kent, J. R. Davis, and J. C.
Beier, “Bacterial population dynamics in three anopheline
species: the impact on Plasmodium sporogonic development,”
American Journal of Tropical Medicine and Hygiene, vol. 54, no.
2, pp. 214–218, 1996.

[6] A. Rani, A. Sharma, R. Rajagopal, T. Adak, and R. K. Bhat-
nagar, “Bacterial diversity analysis of larvae and adult midgut
microflora using culture-dependent and culture-independent
methods in lab-reared and field-collected Anopheles stephensi-



Journal of Tropical Medicine 5

an Asian malarial vector,” BMC Microbiology, vol. 9, article no.
96, 2009.

[7] S. C. Straif, C.-N. Mbogo, A. M. Toure et al., “Midgut bacteria
in Anopheles gambiae and An. Funestus (Diptera: Culicidae)
from Kenya and Mali,” Journal of Medical Entomology, vol. 35,
no. 3, pp. 222–226, 1998.

[8] O. Terenius, C. D. de Oliveira, W. D. Pinheiro, W. P. Tadei, A.
A. James, and O. Marinotti, “16S rRNA gene sequence from
bacteria associated with adult Anopheles darling (Diptera:
Culicidae) mosquitoes,” Journal of Medical Entomology, vol.
45, no. 1, pp. 172–175, 2008.

[9] A. M. Briones, J. Shililu, J. Githure, R. Novak, and L.
Raskin, “Thorsellia anophelis is the dominant bacterium in a
Kenyan population of adult Anopheles gambiae mosquitoes,”
International Society for Microbial Ecology Journal, vol. 2, no.
1, pp. 74–82, 2008.

[10] Y. Dong, H. E. Taylor, and G. Dimopoulos, “AgDscam, a
hypervariable immunoglobulin domain-containing receptor
of the Anopheles gambiae innate immune system,” PLoS
Biology, vol. 4, no. 7, p. e229, 2006.

[11] G. Favia, I. Ricci, C. Damiani et al., “Bacteria of the
genus Asaia stably associate with Anopheles stephensi, an
Asian malarial mosquito vector,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 104,
no. 21, pp. 9047–9051, 2007.

[12] Y. Dong, F. Manfredini, and G. Dimopoulos, “Implication
of the mosquito midgut microbiota in the defense against
malaria parasites,” PLoS Pathogens, vol. 5, no. 5, Article ID
e1000423, 2009.

[13] D. P. Castro, S. H. Seabra, E. S. Garcia, W. D. Souza, and
P. Azambuja, “Trypanosoma cruzi: ultrastructural studies of
adhesion, lysis and biofilm formation by Serratia marcescens,”
Experimental Parasitology, vol. 117, no. 2, pp. 201–207, 2007.

[14] C. S. Moraes, S. H. Seabra, D. P. Castro et al., “Leishmania
(Leishmania) chagasi interactions with Serratia marcescens:
ultrastructural studies, lysis and carbohydrate effects,” Experi-
mental Parasitology, vol. 118, no. 4, pp. 561–568, 2008.

[15] Y. Dong, R. Aguilar, Z. Xi, E. Warr, E. Mongin, and
G. Dimopoulos, “Anopheles gambiae immune responses
to human and rodent Plasmodium parasite species,” PLoS
Pathogens, vol. 2, no. 6, p. e52, 2006.

[16] C. Frolet, M. Thoma, S. Blandin, J. A. Hoffmann, and E. A.
Levashina, “Boosting NF-kappaB-dependent basal immunity
of Anopheles gambiae aborts development of Plasmodium
berghei,” Immunity, vol. 25, no. 4, pp. 677–685, 2006.

[17] S. Meister, S. M. Kanzok, X. L. Zheng et al., “Immune signaling
pathways regulating bacterial and malaria parasite infection of
the mosquito Anopheles gambiae,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 102,
no. 32, pp. 11420–11425, 2005.

[18] L. S. Garver, Y. Dong, and G. Dimopoulos, “Caspar controls
resistance to Plasmodium falciparum in diverse anopheline
species,” PLoS Pathogens, vol. 5, no. 3, Article ID e1000335,
2009.

[19] S. Meister, B. Agianian, F. Turlure et al., “Anopheles gambiae
PGRPLC-mediated defense against bacteria modulates infec-
tions with malaria parasites,” PLoS Pathogens, vol. 5, no. 8,
Article ID e1000542, 2009.

[20] R. S. Wotton, D. T. Chaloner, C. A. Yardley, and R. W. Merritt,
“Growth of Anopheles mosquito larvae on dietary microbiota
in aquatic surface microlayers,” Medical and Veterinary Ento-
mology, vol. 11, no. 1, pp. 65–70, 1997.

[21] J. Jadin, J. Francois, M. Wery et al., “Role of Pseudomonas
in the sporogenesis of the hematozoon of malaria in the

mosquito,” Bulletin de la Societe de Pathologie Exotique et de
ses Filiales, vol. 59, no. 4, p. 514, 1966.

[22] R. M. Moll, W. S. Romoser, M. C. Modrzakowski, A. C. Mon-
cayo, and K. Lerdthusnee, “Meconial peritrophic membranes
and the fate of midgut bacteria during mosquito (Diptera:
Culicidae) metamorphosis,” Journal of Medical Entomology,
vol. 38, no. 1, pp. 29–32, 2001.

[23] J. M. Lindh, A. K. Borg-Karlson, and I. Faye, “Transstadial and
horizontal transfer of bacteria within a colony of Anopheles
gambiae (Diptera: Culicidae) and oviposition response to
bacteria-containing water,” Acta Tropica, vol. 107, no. 3, pp.
242–250, 2008.

[24] M. A. Riehle, C. K. Moreira, D. Lampe, C. Lauzon, and M.
Jacobs-Lorena, “Using bacteria to express and display anti-
Plasmodium molecules in the mosquito midgut,” International
Journal for Parasitology, vol. 37, no. 6, pp. 595–603, 2007.

[25] F. Catteruccia, T. Holan, T. G. Loukeris et al., “Stable germline
transformation of the malaria mosquito Anopheles stephensi,”
Nature, vol. 405, no. 6789, pp. 959–962, 2000.

[26] G. L. Grossman, C. S. Rafferty, J. R. Clayton, T. K. Stevens, O.
Mukabayire, and M. Q. Benedict, “Germline transformation
of the malaria vector Anopheles gambiae, with the piggyBac
transposable element,” Insect Molecular Biology, vol. 10, no. 6,
pp. 597–604, 2001.

[27] O. P. Perera, R. A. Harrell II, and A. M. Handler, “Germ-
line transformation of the South American malaria vector,
Anopheles albimanus, with a piggyBac/EGFP transposon vec-
tor is routine and highly efficient,” Insect Molecular Biology,
vol. 11, no. 4, pp. 291–297, 2002.

[28] J. Ito, A. Ghosh, L. A. Moreira, E. A. Wimmer, and M.
Jacobs-Lorena, “Transgenic anopheline mosquitoes impaired
in transmission of a malaria parasite,” Nature, vol. 417, no.
6887, pp. 452–455, 2002.

[29] E. G. Abraham, M. Donnelly-Doman, H. Fujioka, A. Ghosh,
L. Moreira, and M. Jacobs-Lorena, “Driving midgut-specific
expression and secretion of a foreign protein in transgenic
mosquitoes with AgPer1 regulatory elements,” Insect Molecu-
lar Biology, vol. 14, no. 3, pp. 271–279, 2005.

[30] T. Nolan, E. Petris, H. M. Muller, A. Cronin, F. Catteruccia,
and A. Crisanti, “Analysis of two novel midgut-specific
promoters driving transgene expression in Anopheles stephensi
mosquitoes,” PLoS One, vol. 6, no. 2, Article ID e16471, 2011.

[31] X. G. Chen, O. Marinotti, L. Whitman, N. Jasinskiene, and A.
A. James, “The Anopheles gambiae vitellogenin gene (VGT2)
promoter directs persistent accumulation of a reported gene
product in transgenic Anopheles stephensi following multiple
bloodmeals,” American Journal of Tropical Medicine and
Hygiene, vol. 76, no. 6, pp. 1118–1124, 2007.

[32] F. Lombardo, G. J. Lycett, A. Lanfrancotti, M. Coluzzi, and
B. Arc, “Analysis of apyrase 5′ upstream region validates
improved Anopheles gambiae transformation technique,” BMC
Research Notes, vol. 2, article 24, 2009.

[33] S. Yoshida and H. Watanabe, “Robust salivary gland-specific
transgene expression in Anopheles stephensi mosquito,” Insect
Molecular Biology, vol. 15, no. 4, pp. 403–410, 2006.

[34] G. J. Lycett, F. C. Kafatos, and T. G. Loukeris, “Conditional
expression in the malaria mosquito Anopheles stephensi with
Tet-on and Tet-off systems,” Genetics, vol. 167, no. 4, pp. 1781–
1790, 2004.

[35] S. Yoshida, Y. Shimada, D. Kondoh et al., “Hemolytic C-type
lectin CEL-III from sea cucumber expressed in transgenic
mosquitoes impairs malaria parasite development,” PLoS
Pathogens, vol. 3, no. 12, p. e192, 2007.



6 Journal of Tropical Medicine

[36] J. M. Meredith, S. Basu, D. D. Nimmo et al., “Site-specific
integration and expression of an anti-malarial gene in trans-
genic Anopheles gambiae significantly reduces Plasmodium
infections,” PLoS One, vol. 6, no. 1, Article ID e14587, 2011.

[37] V. Corby-Harris, A. Drexler, L. W. de Jong et al., “Activation
of Akt signaling reduces the prevalence and intensity of
malaria parasite infection and lifespan in Anopheles stephensi
mosquitoes,” PLoS Pathogens, vol. 6, no. 7, p. e1001003, 2010.

[38] C. M. Cirimotich, Y. Dong, L. S. Garver, S. Sim, and G.
Dimopoulos, “Mosquito immune defenses against Plasmod-
ium infection,” Developmental and Comparative Immunology,
vol. 34, no. 4, pp. 387–395, 2010.

[39] A. E. Brown, L. Bugeon, A. Crisanti, and F. Catteruccia, “Stable
and heritable gene silencing in the malaria vector Anopheles
stephensi,” Nucleic Acids Research, vol. 31, no. 15, p. e85, 2003.

[40] S. P. Sinkins and F. Gould, “Gene drive systems for insect
disease vectors,” Nature Reviews Genetics, vol. 7, no. 6, pp. 427–
435, 2006.

[41] D. A. O’Brochta, N. Sethuraman, R. Wilson et al., “Gene vector
and transposable element behavior in mosquitoes,” Journal of
Experimental Biology, vol. 206, no. 21, pp. 3823–3834, 2003.

[42] N. Windbichler, P. A. Papathanos, F. Catteruccia, H. Ranson,
A. Burt, and A. Crisanti, “Homing endonuclease mediated
gene targeting in Anopheles gambiae cells and embryos,”
Nucleic Acids Research, vol. 35, no. 17, pp. 5922–5933, 2007.

[43] N. Windbichler, M. Menichelli, P. A. Papathanos et al., “A
synthetic homing endonuclease-based gene drive systemin in
the human malaria mosquito,” Nature, vol. 473, no. 7346, p.
212, 2011.

[44] C. H. Chen, H. Huang, C. M. Ward et al., “A synthetic
maternal-effect selfish genetic element drives population
replacement in Drosophila,” Science, vol. 316, no. 5824, pp.
597–600, 2007.

[45] P. A. Papathanos, N. Windbichler, M. Menichelli, A. Burt, and
A. Crisanti, “The vasa regulatory region mediates germline
expression and maternal transmission of proteins in the
malaria mosquito Anopheles gambiae: a versatile tool for
genetic control strategies,” BMC Molecular Biology, vol. 10,
article 65, 2009.

[46] X. G. Chen, G. Mathur, and A. A. James, “Chapter 2 Gene
expression studies in mosquitoes,” Advances in Genetics, vol.
64, pp. 19–50, 2008.

[47] D. A. Amenya, M. Bonizzoni, A. T. Isaacs et al., “Comparative
fitness assessment of Anopheles stephensi transgenic lines
receptive to site-specific integration,” Insect Molecular Biology,
vol. 19, no. 2, pp. 263–269, 2010.

[48] F. Catteruccia, J. C. H. Godfray, and A. Crisanti, “Impact
of genetic manipulation on the fitness of Anopheles stephensi
mosquitoes,” Science, vol. 299, no. 5610, pp. 1225–1227, 2003.

[49] C. Li, M. T. Marrelli, G. Yan, and M. Jacobs-Lorena, “Fitness of
transgenic Anopheles stephensi mosquitoes expressing the SM1
peptide under the control of a vitellogenin promoter,” Journal
of Heredity, vol. 99, no. 3, pp. 275–282, 2008.

[50] L. A. Moreira, J. Wang, F. H. Collins, and M. Jacobs-Lorena,
“Fitness of anopheling mosquitoes expressing transgenes that
inhibit Plasmodium development,” Genetics, vol. 166, no. 3,
pp. 1337–1341, 2004.

[51] M. T. Marrelli, C. Li, J. L. Rasgon, and M. Jacobs-
Lorena, “Transgenic malaria-resistant mosquitoes have a fit-
ness advantage when feeding on Plasmodium-infected blood,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 104, no. 13, pp. 5580–5583, 2007.

[52] S. F. Perry, “Freeze-drying and cryopreservation of bacteria,”
Applied Biochemistry and Biotechnology, vol. 9, no. 1, pp. 59–
69, 1998.

[53] T. Bukhari, W. Takken, and C. J. Koenraadt, “Development of
Metarhizium anisopliae and Beauveria bassiana formulations
for control of malaria mosquito larvae,” Parasites & Vectors,
vol. 4, p. 23, 2011.

[54] M. Paris, G. Tetreau, F. Laurent, M. Lelu, L. Despres, and J. P.
David, “Persistence of Bacillus thuringiensis israelensis (Bti) in
the environment induces resistance to multiple Bti toxins in
mosquitoes,” Pest Management Science, vol. 67, no. 1, pp. 122–
128, 2011.

[55] S. A. Blandin, R. Wang-Sattler, M. Lamacchia et al., “Dis-
secting the genetic basis of resistance to malaria parasites in
Anopheles gambiae,” Science, vol. 326, no. 5949, pp. 147–150,
2009.

[56] O. Niare, K. Markianos, J. Volz et al., “Genetic loci affecting
resistance to human malaria parasites in a West African
mosquito vector population,” Science, vol. 298, no. 5591, p.
213, 2002.

[57] M. Enserink, “Science and society. GM mosquito trial alarms
opponents, strains ties in Gates-funded project,” Science, vol.
330, no. 6007, pp. 1030–1031, 2010.

[58] M. R. W. de valdez, D. Nimmo, J. Betz et al., “Genetic
elimination of dengue vector mosquitoes,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 108, no. 12, p. 4772, 2011.

[59] L. Alphey, C. B. Beard, P. Bittingsley et al., “Malaria control
with genetically manipulated insect vectors,” Science, vol. 298,
no. 5591, pp. 119–121, 2002.

[60] J. V. Lavery, L. C. Harrington, and T. W. Scott, “Ethical, social,
and cultural considerations for site selection for research with
genetically modified mosquitoes,” American Journal of Tropical
Medicine and Hygiene, vol. 79, no. 3, pp. 312–318, 2008.

[61] J. M. Marshall and C. E. Taylor, “Malaria control with
transgenic mosquitoes,” PLoS Medicine, vol. 6, no. 2, Article
ID e1000020, p. e20, 2009.

[62] J. M. Marshall, “The cartagena protocol and genetically modi-
fied mosquitoes,” Nature Biotechnology, vol. 28, no. 9, pp. 896–
897, 2010.


	Introduction
	Targeting Plasmodium Parasites through Mosquito Microbiota
	Targeting Human Plasmodium ParasitesUsing Genetically Modified Mosquitoes
	Comparison of Low- and High-TechControl Strategies
	Mass Production
	Storage and Transportation
	Parasite Species Coverage and Selection Pressure
	Mosquito Species Coverage
	Off-Target Effects
	Time and Concentration Dependence
	Introduction into the Field
	Ethical Issues

	Conclusion
	Acknowledgments
	References

