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ABSTRACT

Malaria control with transgenic mosquitoes will be challenging; however, recent advances suggest that it may be a
possibility in the foreseeable future. Progress towards discovering refractory genes for rodent malaria and gene drive
systems for Drosophila provide hope that similar advances may be made for human malaria in mosquito vector species.
That said, the African malaria burden has proved exceptionally difficult to diminish by all means tried thus far; and it is
unlikely that transgenic mosquitoes will provide an all-in-one solution. Transgenic mosquitoes should be considered
within the context of an integrated vector management strategy which should also include insecticide-treated bed-nets,
indoor residual spraying with insecticides and treatment of infected individuals with antimalarial drugs. Integrated
strategies will be a necessity for any successful african malaria control program and transgenic mosquitoes should be
considered as a potential ingredient in the future goal of continent-wide disease control.
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INTRODUCTION

Malaria is a mosquito-borne infectious disease of humans and
other animals caused by parasitic protozoans (a type of
unicellular microorganism) of the genus Plasmodium.
Commonly, the disease is transmitted via a bite from an
infected female anopheles mosquito, which introduces the
organisms from its saliva into a person’s circulatory system. In
the blood, the protists travel to the liver to mature and
reproduce. Malaria causes symptoms that typically include
fever and headache, which in severe cases can progress to
coma or death. The disease is widespread in tropical and
subtropical regions in a broad band around the equator,
including much of Sub-Saharan Africa, Asia, and the
Americas.'The species of Plasmodium can infect and be
transmitted by humans. The vast majority of deaths are caused
by P. falciparum and P. vivax, while P. ovale and P. malariae
cause a generally milder form of malaria that is rarely fatal.
Malaria is prevalent in tropical and subtropical regions
because rainfall, warm temperature, and stagnant water
provide habitats ideal for mosquito larvae.

Malaria kills more than a million people each year, primarily
children under the age of six. To combat malaria health
agencies try to get rid of mosquitoes, which transmit diseases.
But a scarcity of resources hampers most control programs,
and the insects are increasingly resistant to pesticides after
decades of patchwork spraying. The disease organisms are
evolving. The single-celled microbes that cause malaria are
becoming resistant to widely used, inexpensive anti-malarial
drugs such as chloroquine, which have been the first-choice
treatment for malaria.” Many research teams are trying to
develop vaccines for these diseases, but the complex biology
of the two parasites malaria is caused by four species of the
protist Plasmodium makes it difficult to predict whether
vaccination will eventually confer broad immunity, and
although pesticide treated bed nets offer a promising low tech
means of preventing bites from malarial mosquitoes at night.’

To oppose these grim realities, several research teams
(including a group at North Carolina State University) are now
exploring a different approach to controlling the spread of
mosquito borne diseases, one that would reduce an insect's
ability to transmit disease or would induce a population crash
among selected disease carrying species. By creating genetic
changes in wild mosquitoes. Biologists have already
extinguished other insect pests with genetic methods and in
the laboratory have blocked the transmission of malaria in
mosquitoes with engineered fragments of DNA.* If scientists
could breed some of those same genes into the wild mosquito
population, the insect's bite might still be a nuisance but it
would no longer be a threat. Setting aside concerns over the

release of genetically modified mosquitoes (more on that
later), there is reason to be optimistic that this strategy might
work.* *Thanks to the tools of molecular biology, geneticists
can make very specific changes in mosquito genomes.

In 2002, Case Western Reserve University, modified
Anopheles stephensi mosquitoes with genes that blocked the
development of Plasmodium berghei, a relative of the malaria
parasites that infect human beings. Other scientists have
developed genetic strategies that simply kill the mosquitoes
that carry a specific engineered gene. But having mosquitoes
that don't transmit pathogens in the laboratory doesn't help
people in the wider world.“’Even if scientists bred and
released thousands of these transgenic mosquitoes, they
wouldn't have much effect on public health unless the
genetically altered insects competed with (and eventually
replaced) the local strains. Now for the first time, University
of Arizona entomologists have succeeded in genetically
altering mosquitoes in a way that renders them completely
immune to the parasite, a single celled organism called
Plasmodium. Someday researchers hope to replace wild
mosquitoes with lab bred populations unable to act as vectors,
i.e. transmit the malaria-causing parasite.” ° If you want to
effectively stop the spreading of the malaria parasite, you need
mosquitoes that are no less than 100 percent resistant to it. The
researchers targeted one of the many biochemical pathways
inside the mosquito's cells. Specifically, they engineered a
piece of genetic code acting as a molecular switch in the
complex control of metabolic functions inside the cell. The
genetic construct acts like a switch that is always set to "on,"
leading to the permanent activity of a signaling enzyme called
Akt. Akt functions as a messenger molecule in several
metabolic functions, including larval development, immune
response and lifespan.’

For the development of transgenic mosquitoes suitable vector
transformation systems, a DNA construct having a reporter
gene and pathogen effector molecule which is driven by a
strong promoter are required. The vector transformation
systems used to produce transgenic mosquitoes include virus
transducing systems, transposable elements, and endo-
symbionts. The virus transducing systems include double sub
genomic Sindibs virus (SIN) expression vector TE/3'J and
SIN replicon. With the help of these viruses transducing
systems such as anopheles as and culex mosquitoes could be
transformed. Even though virus transducing systems were
capable of transforming and integrating transgenes into
mosquito genome, they were not capable of spreading the
transgene efficiently to mosquitoes because the transgene was
inherited to the next generation via Mendelian inheritance
only. For the efficient transgene spreading in the natural
population, an enormous numbers of mosquitoes were
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required. In order to product such numbers of TMs,
transposable elements (TE) and endosymbionts that were
capable of spreading the transgene in a non-Mendelian
manner was begun to use.

In the past, insecticide resistance genes and antibiotic
resistance genes were used as reporter genes when TMs were
developed but currently, fluorescent markers such as
enhanced green fluorescent protein (EGFP) and Discosoma
sp. Red fluorescent protein (dSRED) are used to select
transgenic mosquitoes from non-transgenic mosquitoes.”” *
Using fluorescent markers as reporter genes saved the time
and effort of rearing nontransgenic mosquitoes to adults
because the fluorescent protein expressing mosquitoes could
be observed and separated even in early larval stages,
however, if insecticide resistance genes were used asreporter
genes both transgenic and non-transgenic larvae had to be
reared until adult stage.” “Some of the pathogen effector
molecules used when producing transgenic mosquitoes were
antiparasitic peptides, antimicrobial peptides, antisense RNA,
and shRNA.*

The World Health Organization (WHOQO) reports 135-287
millions of malaria cases annually indicating urgent need for
new control strategies.” TMs as one of the promising control
strategies, the mosquito having a foreign DNA that codes for a
synthetic gene, AgCP [SM1] containing CP signal sequence,
and coding sequences of four subunits of SM1 under the
regulation of AgCP promoter was constructed and inserted
into pBac transposable element (TE) containing vector with
enhanced green fluorescent protein (EGFP) gene under the
regulation of mosquito eye specific 3xP3 promoter.™ The final
DNA construct was then transformed along with transposase
enzyme coding helper plasmid into embryos of An. stephensi
and EGFP expression in the mosquito eyes was then used for
the identification of TMs.”** The induction of AGCP promoter
of the construct to express SM1 tetramer protein is generally
taking place for approximately 24 hours following ingestion
of blood meals by the mosquitoes, An. stephensi and CP signal
peptide of this protein direct SM1 to be secreted into the
midgut to cover its luminal surface to inhibit the invasion of
parasite Plasmodium to the epithelium of midgut, which
happen at the same time period of SM1 protein expression
resulting in fewer parasite invasions to salivary glands making
less parasites in the duct lumen for transmission. The TMs
developed in this manner will pass on the construct to future
generations replacing the wild type mosquitoes. Therefore,
the transmission of the malaria parasite can be curtailed
significantly. However, the emergence of resistant parasite
through natural selection due to genetic diversity and
mutability of Plasmodium has been the issue of concern. As a
solution for this, the modification of mosquito genomes with

multiple genes that could inhibit the parasite development by
different mechanisms were carried out resulting mosquitoes
called transgenic hybrid mosquitoes that over expresses
antimicrobial peptides (AMP) such as Cecropin A and
Defensin A under Vg promoters, after a blood meal in the
haemolymph of female mosquitoes. The coordinated and
cooperative action of these AMP has been shown to
completely block the transmission of Plasmodium.**

i, | T
-~ g i e
& /ﬁ. "\_:e\. 1 NP D3
A s
R T
! Ciman g
b ey
= [l y Trarszcanse
Fas 4 o mdenoy

" Fy
A
5, \‘_\_ P 1
P L D e
- denp P WYY e )
s ko
pramoEr

Figure 1. (a)The pUChsneo transformation vector carries an
antibiotic resistance gene (neo) controlled by a Drosophila
heat shock promoter (hsp70) and a multiple cloning site at
which foreign DNA can be ligated between the inverted
terminal repeats of the P transposable element. The repeats are
linked by 500 bp of white locus DNA from Drosophila.(b) The
pUChsTr(z52.-3) helper plasmid carries the entire P
transposase coding sequence which is transcribed under the
control of the Drosophila hsp70 heat shock promoter. The
sequence has been modified by invitro removal of an intron to
overcome the germ line specificity observed in Drosophila. A
deletion of one of the inverted terminal repeats of the helper
prevents its integration into the target genome.
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Figure 2. Co-injection of vector and helper plasmids into
mosquito embryos. In a precise P-mediated transposition
event, the transposase produced by the helper acts on the
inverted terminal repeats to excise the white sequences
precisely. This is followed by integration of all sequences
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within, and including, the inverted terminal repeats into the
chromosomal DNA of the mosquitoes. If white sequences are
detected in chromosomal DNA, it suggests that integration
has occurred by some P-independent mechanism.

Riehle and his co-workers studied the genetically modified
mosquitoes after feeding them malaria-infested blood, they
noticed that the Plasmodium parasites did not infect a single
study animal of the estimated 250 million people who contract
malaria each year, 1 million mostly children do not survive.
Ninety percent of the number of fatalities, which Riehle
suspects to be underreported, occur in Sub-Saharan Africa.
Each new malaria case starts with a bite from a vector a
mosquito belonging to the genus Anopheles. About 25 species
of Anopheles are significant vectors of the disease.” *Only the
female Anopheles mosquitoes feed on blood, which they need
to produce eggs. When they bite an infected human or animal,
they ingest the malaria parasite. Once the Plasmodium cells
find themselves in the insect's midgut, they spring into action.
They leave the insect's digestive tract by squeezing through
the midgut lining.”

The vast majority of Plasmodium cells do not survive this
journey and are eliminated by the mosquito's immune cells. A
tiny fraction of parasite cells, usually not more than a handful,
make it and attach themselves on the outside of the midgut
wall where they develop into brooding cells called oocysts.
Within 10-12 days, thousands of new Plasmodium cells, so-
called sporozoites, sprout inside the oocyst. After hatching
from the oocyst, the sporozoites make their way into the
insect's salivary glands where they lie in wait until the
mosquito finds a victim for a blood meal. When the mosquito
bites, some sporozoites are flushed into the victim's
bloodstream.”

The average mosquito transmits about 40 sporozoites when it
bites," said Riehle, "but it takes only one to infect a human and
make a new malaria victim."Several species of Plasmodium
exist in different parts of the world, all of which are
microscopically small single cell organisms that live in their
hosts' red blood cells.”® Each time the parasites undergo a
round of multiplication, their host cells burst and release the
progeny into the bloodstream, causing the painful bouts of
fever that malaria is known and feared for. The severity of the
disease depends very largely on the species of the Plasmodium
parasite the patient happens to contract. "Only two species of
Plasmodium cause the dreaded relapses of the disease,"”. One
of them, Plasmodium vivax, can lie dormant in the liver for 10
to 15 years, but now drugs have become available that target
the parasites in the liver as well as those in the blood cells. That
said, there are no effective or approved malaria vaccines.” A
few vaccine candidates have gone to clinical trials but they

were shown to either be ineffective or provide only short-term
protection. If an effective vaccine were to be developed,
distribution would be a major problem, Riehle said.
Researchers and health officials put higher hopes into
eradication programs, which aim at the disease transmitting
mosquitoes rather than the pathogens that cause it.”’

"The eradication scenario requires three things: A gene that
disrupts the development of the parasite inside the mosquito, a
genetic technique to bring that gene into the mosquito genome
and a mechanism that gives the modified mosquito an edge
over the natural populations so they can displace them over
time. “The third requirement is going to be the most difficult of
the three to realize," he added, which is why his team decided
to tackle the other two first.” "It was known that the Akt
enzyme is involved in the mosquito's growth rate and immune
response, among other things,” "So we went ahead with this
genetic construct to see if we can ramp up Akt function and
help the insects' immune system fight off the malaria
parasite”.”The second rationale behind this approach was to
use Akt signaling to stunt the mosquitoes' growth and cut
down on its lifespan. “In the wild, a mosquito lives for an
average of two weeks,". His research team discovered that
mosquitoes carrying two copies.

Only the oldest mosquitoes are able to transmit the parasite. If
we can reduce the lifespan of the mosquitoes, we can reduce
the number of infections. Altered gene had lost their ability to
act as malaria vectors altogether. "In that group of mosquitoes,
not a single Plasmodium oocyte managed to form. At this
point, the modified mosquitoes exist in a highly secured lab
environment with no chance of escape. Once researchers find
a way to replace wild mosquito populations with lab bred
ones, breakthroughs like the one achieved by Riehle's group
could pave the way toward a world in which malaria is all but
history.**

Mosquito Fitness

The introduction of novel phenotypic traits in transgenic
mosquitoes may induce a fitness cost that could impede the
effectiveness of genetic drive mechanisms and thus the spread
of transgenes in target field populations.” Expression of
marker proteins and effector molecules, particularly when
expressed using ubiquitous promoters, may be detrimental to
the mosquito.” In addition, transgene insertion may interfere
with gene expression of the mosquito strain because of the
essentially random nature of genomic insertion. This so-called
insertional mutagenesis may be naturally selected against or
be overcome through selection of lines with higher fitness.*
However, the inability to control insertion site location using
conventional vectors has led to the development of vectors
that can provide a stable docking site for site-targeted
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transgene insertion. This, coupled with the use of suicide
vectors, will increase safety and make transgene expression
more predictable.” However, it will still be necessary to select,
from a series of insertions with docking sites, the fit. Finally,
the genetic make-up of transgenic lines and inbreeding have
been posed as additional factors affecting the fitness of
transgenic lines.” **This latter factor is probably not a serious
concern and can probably be dealt with using a well-designed
breeding scheme. These shortcomings may be overcome by
circumventing the mosquito genome altogether and instead
focus on genetic modification of symbiotic (midgut) bacteria
as a means to deliver anti-pathogen products.”"Whatever
approach is adopted in the coming years, compensation for
fitness loss, preferably by conferring fitness advantages to
transgenics that outweigh cost-benefit equilibria in
susceptible wild-type mosquitoes will remain a critical
challenge.”

The measurement of fitness in the laboratory with laboratory
strains is at best inadequate and at worst misleading. The only
meaningful measure of fitness will be when the GM
mosquitoes are competed against wild mosquitoes in the field.
As a concept to address this, Scott and others called for the
development of consensus methodology in fitness studies
based on stepwise progression from laboratory to semi-field
settings, with competitiveness of GM mosquitoes as a key
criterion.”

Genetic Drive

On the premise that transgenic lines with acceptable fitness
can be developed, the next challenge will be to drive the
desirable attributes to fixation in field populations. In contrast
with SIT campaigns, in which massive repeated releases of
sterile males are practiced, the use of males able to drive a
transgene into a target population may require the production
and release of much smaller numbers, thereby gradually
altering its susceptibility in favor of refractoriness. Reviews
on genetic drive mechanisms and desirable attributes there of
focus on the possible fitness costs associated with the drive
mechanism itself, the rate at which introgression of transgenes
in populations occurs, and the ability of the mechanism to
drive large genetic constructs.**** Models have been
developed to study these phenomena. These indicate that the
complete linkage between genes delivering anti-pathogen
traits, and the genetic drive mechanism deployed, besides
stable and reliable levels of phenotypic expression of
transgenes, is mandatory to accomplish adequate penetration
of the target population and impact on disease transmission. If
there is a fitness cost associated with a refractoriness effector
gene, recombination between it and the driver will eventually
lead to fixation of the driver alone without the effector gene,

with no long-term impact on vector competence. A second
major issue to take into account is the response of the target
organism (i.e., the Plasmodium), to the anti-pathogen trait.
This “trait” will be a protein that either prevents development
of the parasite or Kkills it. The pressure on the parasite
population will undoubtedly elicit a response given the time
that the population replacement process may take. A
mutational event that enables the parasite to negate the effects
of the anti-pathogen trait will rapidly be selected for despite
the ongoing gene driving process. Unfortunately, in contrast to
the other two factors mentioned above, parasite response to
selection pressure in the field is not a “researchable topic” and
may only be studied under artificial laboratory conditions.
Hopefully, targeting the Plasmodium population with
parasiticidal compounds will not result in the development of
resistance as occurred when the vector population was
targeted with insecticidal compounds.*

Transitional Challenges

Given such accomplishments, a new array of challenges
emerges.” The complexity of these form the interface between
the technological and the ELSI described below™. A stepwise
approach has been proposed for fitness evaluations, and this
model can be expanded to include components of the
transitional change to bridge laboratory and field research.”
In furtherance to previous studies on transgenic insects, such
as the pink bollworm, which were limited by tethering the
insects and cutting off their wings, the endpoint of studies on
GM mosquitoes will be their full evaluation in contained
semi-field environments in a DEC setting.* At least two of the
four Grand Challenges in Global Health projects on genetic
control of disease vectors (although these focus on Aedes
rather than anopheline vectors) aim for this goal before 2010.
Although this target is clear and restrictive in the sense that
concerns related to open-field releases can be controlled, it
does pose additional issues, particularly the choice of DEC
setting.”*
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Figure 3. Staged progression of research toward field
implementation of GM mosquitoes from laboratory to open
field settings (A), the model proposed for fitness evaluation of
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transgenic mosquito lines (B; after Scott and others), and
transitional and ELSI issues (C) affecting field site selection
and open field releases (D).

Movement of mobile elements involves a DNA or RNA
intermediate

As research on mobile elements progressed, they were found
to fall into two categories: (1) those that transpose directly as
DNA and (2) those that transpose via an RNA intermediate
transcribed from the mobile element by an RNA polymerase
and then converted back into double-stranded DNA by a
reverse transcriptase Mobile elements that transpose through a
DNA intermediate are generally referred to as transposons.
(As discussed below, this term has a more specific meaning in
reference to bacterial mobile elements.) Mobile elements that
transpose to new sites in the genome via an RNA intermediate
are called retrotransposons because their movement is
analogous to the infectious process of retroviruses.* Indeed,
retroviruses can be thought of as retrotransposons that evolved
genes encoding viral coats, thus allowing them to transpose
between cells. Both transposons and retrotransposons can be
further classified based on their specific mechanism of
transposition, as summarized in. We describe the structure and
movement of the various types of mobile elements and then
consider their likely role in evolution.*
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Figure 4.Transposon generates a double-strand break in the
chromosome (light). In this example, the homologous
chromosome (dark) is homozygous for the Tc insertion. The
double-strand break is repaired by the cellular machinery
using different possible pathways. Ends can be resected,
resulting in 3' single-stranded ends that can engage a
recombination process
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