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Can we predict the outcome of 
CRISPR gene drive releases?
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CRISPR–Cas9 nucleases have been applied in gene drive constructs to 
target endogenous sequences of the human malaria vectorsA. gambiae 
and A. stephensi with the objective of vector control1,2. These proof-
of-principle experiments translated a hypothesis into a genetic tool 
able to suppress the reproductive capability of the mosquito popula-
tion. According to mathematical modeling, suppression of A. gam-
biae mosquito reproductive capability can be achieved using gene 
drive systems targeting haplosufficient female fertility genes3,4 or by 
introducing a sex distorter on the Y chromosome in the form of a 
nuclease designed to shred the X chromosome during meiosis, an 
approach known as Y-drive4–6. Both strategies could cause a progres-
sive decrease in the number of fertile females that would eventually 
collapse the population.

However, several technical and scientific issues remain before 
these proof-of-principle demonstrations are advanced to effect vec-
tor population suppression. The development of a Y-drive has so far 
proven difficult because of the complete transcriptional shut down of 
the sex chromosomes during meiosis, which prevents the expression 
of a Y-linked sex distorter during gamete formation6,7. A gene drive 
designed to disrupt the A. gambiae fertility gene AGAP007280 initially 
increased in frequency, but the selection of nuclease-resistant, func-
tional variants that could be detected as early as generation 2 com-
pletely blocked the spread of the drive2. Resistant variants comprised 
small insertions or deletions (indels) of differing length generated by 
nonhomologous end joining repair following nuclease activity at the 
target site. The development of resistance to any nuclease-based gene 

drive was predicted3 and is regarded as the main technical obstacle  
for the use of gene drives for vector control8–12 (Supplementary  
Table 1). Gene drive targets with functional or structural constraints 
that might prevent the development of resistant variants could offer 
a route to successful population control. With this in mind, we evalu-
ated the potential for disruption of the sex determination pathway 
in A. gambiae mosquitoes to selectively block the formation of the 
female splice transcript of the gene doublesex (dsx).

RESULTS
doublesex and sex differentiation in A. gambiae
Sex differentiation in insects follows a common pattern in which a pri-
mary signal activates a central gene that induces a cascade of molecu-
lar mechanisms that control alternative splicing of the doublesex (dsx) 
gene13,14. Although the molecular mechanisms and the genes involved 
in regulating sex differentiation in A. gambiae are not well understood, 
except that Yob1 functions as a Y-linked male determining factor15, 
available data indicated an important role of dsx in determining sexual 
dimorphism in this mosquito species16. In A. gambiae, dsx (Agdsx) 
consists of seven exons, distributed over an 85-kb region on chromo-
some 2R, a gene structure similar to that of Drosophila melanogaster 
dsx (Dmdsx) and other insect orthologs, and is alternately spliced to 
produce the female and male transcripts AgdsxF and AgdsxM, respec-
tively. The female transcript consists of a 5` segment common with 
that of males, a highly conserved female-specific exon (exon 5) and 
a 3` common region, while the male transcript comprises only the 
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Highly efficient Cas9-mediated gene drive for
population modification of the malaria vector
mosquito Anopheles stephensi
Valentino M. Gantza,1, Nijole Jasinskieneb,1, Olga Tatarenkovab, Aniko Fazekasb, Vanessa M. Maciasb, Ethan Biera,2,
and Anthony A. Jamesb,c,2

aSection of Cell and Developmental Biology, University of California, San Diego, La Jolla, CA 92093-0349; bDepartment of Molecular Biology and
Biochemistry, University of California, Irvine, CA 92697-3900; and cDepartment of Microbiology and Molecular Genetics, School of Medicine, University of
California, Irvine, CA 92697-4500
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Genetic engineering technologies can be used both to create
transgenic mosquitoes carrying antipathogen effector genes tar-
geting human malaria parasites and to generate gene-drive systems
capable of introgressing the genes throughout wild vector popula-
tions. We developed a highly effective autonomous Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR)-associated
protein 9 (Cas9)-mediated gene-drive system in the Asian malaria
vector Anopheles stephensi, adapted from the mutagenic chain re-
action (MCR). This specific system results in progeny of males and
females derived from transgenic males exhibiting a high frequency
of germ-line gene conversion consistent with homology-directed re-
pair (HDR). This system copies an ∼17-kb construct from its site of
insertion to its homologous chromosome in a faithful, site-specific
manner. Dual anti-Plasmodium falciparum effector genes, a marker
gene, and the autonomous gene-drive components are introgressed
into ∼99.5% of the progeny following outcrosses of transgenic
lines to wild-type mosquitoes. The effector genes remain tran-
scriptionally inducible upon blood feeding. In contrast to the effi-
cient conversion in individuals expressing Cas9 only in the germ
line, males and females derived from transgenic females, which
are expected to have drive component molecules in the egg, pro-
duce progeny with a high frequency of mutations in the targeted
genome sequence, resulting in near-Mendelian inheritance ratios
of the transgene. Such mutant alleles result presumably from non-
homologous end-joining (NHEJ) events before the segregation of
somatic and germ-line lineages early in development. These data
support the design of this system to be active strictly within the germ
line. Strains based on this technology could sustain control and elim-
ination as part of the malaria eradication agenda.
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Efforts in the ongoing campaign to eradicate malaria show
mixed success. The World Health Organization reports

that malaria mortality continues to decrease and estimates that
∼3.3 million lives have been saved since 2001 as a result of using
new drugs, personal protection, environmental modification, and
other measures (1–3). Although these gains are encouraging, there
were still ∼580,000 deaths globally in 2014 (3), a statistic that sup-
ports the continued application of proven existing control and
treatment methods while highlighting the pressing need for
strategic development and deployment of new tools.
Prevention of parasite transmission by vector mosquitoes has

always played a major role in malaria control (4, 5). However,
the challenges of vector control mirror those of malaria eradi-
cation in general and include the heterogeneity and complexity
of transmission dynamics and the difficulties in sustaining control
practices (6, 7). Genetic approaches that result in altering vector
populations in such a way as to eliminate their ability to transmit
parasites to humans (population modification) can contribute to
sustainable control and elimination by providing barriers to parasite
and competent vector reintroduction, and allow resources to be

directed to new sites while providing confidence that treated
areas will remain malaria-free (5, 7).
We and others are pursuing a population-modification ap-

proach that involves the introduction of genes that confer a par-
asite-resistance phenotype to mosquitoes that otherwise would be
fully capable of transmitting the pathogens (8–13). The expecta-
tion is that the introgression of such an effector gene at a high
enough frequency in a vector population would decrease or
eliminate transmission and result in measurable impacts on mor-
bidity and mortality (14). Critical to this approach are the devel-
opment of a gene that confers resistance to the transmission of the
parasites, transgenesis tools for introducing the genes into mos-
quito strains, and a mechanism to spread the genes at epidemio-
logically significant rates into the target populations. Working with
Anopheles stephensi, a vector of malaria in the Indian subcontinent
(15), we now have demonstrated proof of principle for all of
these components.
An. stephensi is both an established and emerging malaria

vector. It is estimated to be responsible for ∼12% of all transmission
in India, mostly in urban settings, accounting for a total of ∼106,000
clinical cases in 2014 (3, 16–18), and also may be responsible for
recent epidemic outbreaks in Africa (19). Laboratory strains of An.
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Malaria continues to impose enormous health and economic
burdens on the developing world. Novel technologies pro-
posed to reduce the impact of the disease include the introgression
of parasite-resistance genes into mosquito populations, thereby
modifying the ability of the vector to transmit the pathogens.
Such genes have been developed for the human malaria par-
asite Plasmodium falciparum. Here we provide evidence for a
highly efficient gene-drive system that can spread these anti-
malarial genes into a target vector population. This system
exploits the nuclease activity and target-site specificity of the
Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR) system, which, when restricted to the germ line,
copies a genetic element from one chromosome to its homolog
with ≥98% efficiency while maintaining the transcriptional
activity of the genes being introgressed.
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Images of mosquitos in lab



 
 

 
 

The Sarkaria Arthropod Research Laboratory 
 

Cornell University houses New York’s only state-of-the-art quarantine facility to 

securely contain non-indigenous arthropods for experimentation on their biology and 

control. The organisms of interest include exotic pest species and arthropods from 

other countries that might serve as biological control agents of pests. The quarantine 

facility is a great addition to Cornell facilities because of the increasing problems 

associated with invasive exotic pests in the state and the nation. The facility has two 

laboratories and two greenhouses and is a multi-user facility with space for multiple 

researchers to use it simultaneously.  The Cornell University Agricultural Experiment 

Station administers use of the building.  The facility is intended to serve the needs of 

researchers throughout Cornell. 
 

 

 

 

As with any quarantine facility, heating and ventilation systems generate negative 

pressure within the quarantine space to minimize the chance that an arthropod can 

gain escape through the HVAC system. Entry to the quarantine area is controlled by 

a double-door vestibule. The building was constructed to comply with quarantine 

standards developed by USDA APHIS. 
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Global distribution of Aedes aegypti mosquitoes:



Video showing spread



Video showing spread



• CRISPR gene drives could provide a powerful tool 
for manipulating or suppressing populations 

• Evolution of resistance poses a serious obstacle 
to any drive strategy

• Our current ability to predict the outcome of a 
drive release is, at best, rudimentary

Summary


