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Abstract

Genetic methods of manipulating or eradicating disease vector populations have long been 

discussed as an attractive alternative to existing control measures because of their potential 

advantages in terms of effectiveness and species specificity1–3. The development of genetically 

engineered malaria-resistant mosquitoes has shown, as a proof-of-principle, the possibility of 

targeting the mosquito’s ability to serve as a disease vector4–7. The translation of these 

achievements into control measures requires an effective technology to spread a genetic 

modification from laboratory mosquitoes to field populations8. We have previously suggested that 

homing endonuclease genes (HEGs), a class of simple selfish genetic elements, could be exploited 
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for this purpose9. Here we demonstrate that a synthetic genetic element, consisting of mosquito 

regulatory regions10 and the homing endonuclease gene I-SceI11–13, can substantially increase its 

transmission to the progeny in transgenic mosquitoes of the human malaria vector Anopheles 

gambiae. We show that the I-SceI element is able to rapidly invade receptive mosquito cage 

populations, validating mathematical models for the transmission dynamics of HEGs. Molecular 

analyses confirm that expression of I-SceI in the male germline induces high rates of site-specific 

chromosomal cleavage and gene conversion, which results in the gain of the I-SceI gene, and 

underlies the observed genetic drive. These findings demonstrate a new mechanism by which 

genetic control measures can be implemented. Our results also show in principle how sequence-

specific genetic drive elements like HEGs could be used to take the step from the genetic 

engineering of individuals to the genetic engineering of populations.

HEGs encode highly specific endonucleases with recognition sequences that typically occur 

only once per host genome, and have been identified in unicellular organisms in all three 

biological domains14. HEG-induced DNA double strand breaks (DSB) activate the 

recombinational repair system of the cell, which uses the homologous chromosome carrying 

the HEG as a template for repair. As a result the HEG is copied to the broken chromosome 

in a process referred to as ‘homing’. HEGs use this transmission distortion mechanism to 

spread through populations15. To investigate I-SceI activity in vivo we have developed an 

experimental system consisting of three distinct transgenic mosquito lines, the Donor, the 

Reporter and the Target, carrying either the I-SceI gene or its recognition site at identical 

positions on homologous chromosomes (Supplementary Fig. 1). For this purpose we used an 

A. gambiae docking line16 that allowed the site-specific integration of 3 different plasmids 

carrying the RFP (red fluorescent protein) transformation marker on chromosome 3R 

(Supplementary Fig. 2). The Donor line was generated using the construct pHome-D, 

containing a 3xP3-GFP (green fluorescent protein) transcription unit interrupted by a 

synthetic HEG element consisting of the I-SceI gene and the regulatory regions of the male 

testis-specific A. gambiae β2-tubulin gene10. The Reporter line was developed using the 

construct pHome-R, containing an I-SceI cleavage site that shifts out of frame the coding 

sequence of the GFP gene. The Reporter locus allows the scoring of I-SceI cleavage activity 

by monitoring the frequency of GFP+ individuals in which the GFP reading frame was 

restored via non-homologous end joining (NHEJ) in the progeny of Donor/Reporter trans-

heterozygous (TH) males (Fig. 1a, b). Finally, the Target line was developed using pHome-

T, containing the I-SceI cleavage site within the coding sequence of a functional GFP gene. 

This construct contains a diagnostic NotI recognition site that facilitates the molecular 

genotyping of homing events. The Target locus allows the assessment of I-SceI homing 

activity in the progeny of Donor/Target TH males crossed with wild type females by 

measuring the increase in the frequency over a 1:1 ratio of GFP− to GFP+ individuals 

arising from the insertion of the HEG gene into the GFP open reading frame (Fig. 1d, e).

When Donor/Reporter TH females were crossed to WT males all progeny showed the 

expected GFP− phenotype, as the β2-tubulin promoter regulating I-SceI is not active in 

females. By contrast 3% of the progeny from Donor/Reporter TH males and WT females 

showed a GFP+ phenotype (Fig. 1c). Sequencing of PCR products from the region around 

the I-SceI site showed that in 5 out of 20 GFP+ individuals the correct reading frame had 
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been restored by NHEJ repair events. The remaining 15 GFP+ mosquitoes showed in place 

of the I-SceI site a sequence that resembled the region joining the 3xP3 promoter and the 

CFP gene, which lacks a unique restriction site present in the 3xP3-GFP cassette 

(Supplementary Fig. 2). We established from one such GFP+ individual the HEG-resistant 

Control strain, containing all three fluorescent marker genes but lacking the I-SceI site 

within the GFP sequence (Supplementary Fig. 1). The remaining 97% of the progeny from 

Donor/Reporter TH males and WT females were GFP− and the majority of these mosquitoes 

(93%) showed a GFP−RFP+CFP+ phenotype expected to arise either from an intact GFP− 

parental locus, NHEJ events that did not restore GFP expression or I-SceI homing events 

(Fig. 1c).

To test for the occurrence of homing we analysed the progeny of crosses between Donor/

Target TH and WT mosquitoes (Fig. 1f). As expected, the ratio of GFP+:GFP− phenotypes 

in the offspring of Donor/Target TH females crossed to WT males was about 50:50. By 

contrast, in the reciprocal cross of TH males and WT females the ratio was 14:86. The 

excess of GFP− progeny, the majority of which were RFP+CFP+, could originate either 

from NHEJ events or as a result of homologous repair involving the HEG+ chromosome 

(i.e. homing). To investigate the molecular nature of GFP inactivation we performed a PCR 

analysis of the region spanning the GFP locus and encompassing the I-SceI gene or its 

recognition site. The results showed that 97% of GFP−RFP+CFP+ individuals contained the 

HEG cassette (Fig. 1f). The estimated cleavage rate for I-SceI was therefore about 95%, and 

the overall homing rate 56%. Importantly, the diagnostic NotI marker present only on the 

Target locus allowed the identification of recombinant GFP− HEG+ NotI+ chromosomes 

that were generated as a result of homing events (Supplementary Fig. 3). We were able to 

detect the NotI site, located ~0.7kb from the I-SceI cleavage site, in 16% of HEG+ 

chromosomes analyzed, indicating that this marker was retained in 45% of all homing 

events (and lost, due to co-conversion in the remaining 55%). In both sets of male TH to WT 

crosses about 4–5% of the progeny were GFP−RFP−CFP+, and a small number of larvae 

lacked all 3 visible markers (Fig. 1c, f). These phenotypes were not observed in crosses of 

TH females, suggesting that they were the result of I-SceI activity accompanied by deletions 

encompassing parts of the RFP gene or the entire locus. These experiments are summarized 

in Supplementary Table 1.

Another independent transgenic line, referred to as Ectopic Target, was generated by 

transposase-mediated integration of the pHome-T plasmid on chromosome 2 

(Supplementary Fig. 1). When Donor/Ectopic Target TH males were crossed to WT females 

the frequency of the GFP− phenotype in the progeny was 88%, compared to approximately 

50% in the female TH control cross (Supplementary Fig. 4). However none of 94 GFP−RFP

+CFP− individuals, the phenotypic class expected to contain non-parental HEGs, carried the 

HEG sequence. This experiment suggests that in the absence of a repair template on the 

homologous chromosome I-SceI cleavage activity does not induce detectable homing. 

Finally we observed no significant deviation from a 1:1 ratio of GFP− and GFP+ progeny 

from crosses of TH mosquitoes in which the Donor locus was combined with the Control 

locus (data not shown).
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To test whether the observed transmission ratio distortion allows for efficient genetic drive 

of I-SceI in receptive A. gambiae populations we monitored its transmission dynamics in 5 

cage populations of 600 individuals over 8 to 12 generations. Cage populations containing 

the I-SceI Target allele at initial frequencies of 90% or 50% were seeded with the I-SceI 

Donor allele at a frequency of 10% or 50%, respectively. GFP dominance results in an initial 

frequency of GFP− individuals of 1% or 25% in the two experimental conditions. In 

subsequent generations GFP+ individuals are expected to carry at least one allele of the 

original GFP+ target gene or a misrepaired GFP+ allele, whereas GFP− individuals contain 

two alleles in which GFP has been inactivated either by insertion of the HEG or NHEJ. At 

each generation a random sample of the progeny was visually analysed for the GFP marker 

at the larval stage. In all populations the frequency of GFP− individuals increased rapidly 

over time (Fig. 2). The frequency rose from about 1% to 60% in 12 generations (cage 1), 

and from about 1% to 40% in 10 generations (cage 2). In the two populations seeded with 

higher initial HEG frequencies GFP− individuals reached about 75–80% after 8 generations. 

By contrast the frequency of GFP− individuals did not change significantly in a population 

(cage 6) in which the HEG Donor line was used in combination with the non-receptive 

Control line (Fig. 2b) indicating that the absence of GFP expression in GFP−RFP+CFP+ 

mosquitoes did not result in a measurable fitness advantage over GPF+RFP+CFP+ 

mosquitoes. We generated deterministic and stochastic population genetic models using as 

parameters the experimentally derived rates of cleavage, homologous repair and NHEJ, 

assuming no fitness differences among genotypes (Supplementary Fig. 5a). The observed 

dynamics in the population cages fall well within the stochastic variation expected from the 

model (Fig. 2), indicating a quantitative match between the experimental data and our 

theoretical understanding of HEG transmission dynamics. If I-SceI had any effect on 

mosquito fitness, it was not large enough to significantly affect this concordance.

Detailed phenotypic and molecular analyses were carried out at different generations on 

individuals sampled from the mosquito population of cage 1. More than 90% of all GFP− 

mosquitoes were RFP+CFP+ for 12 generations (Supplementary Fig. 5b). To confirm that 

the rise of the GFP−RFP+CFP+ phenotype reflected a parallel increase in the HEG allele we 

performed a PCR assay on randomly chosen mosquitoes to determine the presence of the I-

SceI gene. The frequency of individuals positive for the HEG cassette rose from about 19% 

to 86% by generation 12 (Fig. 2c). Moreover, NotI digests of the PCR products showed that 

the frequency of individuals with chromosomes carrying both the HEG and the NotI marker, 

a combination that was absent at the beginning of the experiment, increased to 50% by 

generation 9 (Fig. 2c). The dynamics of both HEG+ and NotI+ allele frequencies matched 

expectations from stochastic simulations (Fig. 2c). We conclude that the rise in the 

frequency of GFP− individuals reflected the corresponding increase in the frequency of the 

HEG allele. The increase in the frequency of the NotI marker in the Donor allele pool 

indicates that homing is the cause for the observed rise in the frequency of HEG+ 

individuals.

Our results demonstrate that homing can occur at appreciable frequencies in the germline of 

A. gambiae and therefore address a fundamental uncertainty that previously had been 

associated with proposals to use HEGs for pest control, namely whether HEGs would 
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function in animals as they do in microbes. HEGs do not occur naturally in the nuclear 

genomes of metazoans; our results indicate that this absence is not because homing cannot 

occur, and instead supports alternative explanations such as that the segregated germline of 

animals prevents the horizontal transmission amongst species that these selfish genes need 

to persist over long evolutionary timespans17. The transmission dynamics of HEGs in cage 

populations provide the first evidence of the potential of these genetic elements to serve as 

synthetic gene drive systems in insect pests and add a promising candidate to those under 

development18–19.

The sequence-specific activity of HEGs could be exploited to develop vector control 

strategies aimed at either disrupting the mosquito genes that contribute to its vectorial 

capacity or introducing at selected chromosomal locations novel genes that impair the 

mosquito’s ability to function as vector for malaria9. Any use of HEGs in natural A. 

gambiae populations will depend on the ability to re-engineer their specificity20–23 towards 

native mosquito sequences. We identified in the A. gambiae genome within intergenic 

regions of the left (2L) and right arms (2R) of chromosome 2 two sequences that show 

similarities to the recognition sites of the two HEGs I-AniI and I-CreI that have previously 

been shown to be amenable to re-engineering to target novel human and plant 

sequences23–29. A previously described HEG engineering strategy was then used to generate 

an I-AniI variant to selectively cleave the 2L site, and a variant of monomerized I-CreI 

(termed mCre30) to selectively cleave the 2R site (Supplementary Fig. 6). The change in 

specificity of these enzymes demonstrates that HEGs can be designed to recognise novel 

mosquito sequences and opens the possibility to investigate the biology of HEGs in wild 

type mosquito populations. Though technical hurdles in HEG engineering technology must 

still be addressed to reach the flexibility required to target specific mosquito genes essential 

for viability or disease transmission, our results suggest how these genetic elements could 

overcome a major scientific roadblock in developing genetic control measures targeting 

species like the main vector of human malaria: the genetic manipulation of entire field 

populations starting from a few laboratory individuals.

Methods Summary The generation of transgenic lines and population cage experiments are 

described in Methods. To monitor homing mosquito larvae were subjected to fluorescent 

microscopy at the larval stage to detect the presence of the marker genes or subjected to 

molecular PCR to detect the presence of the HEG gene at the adult stage.

Full Methods and any associated references are available in the online version of the paper 

at www.nature.com/nature.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Analysis of HEG activity in transgenic mosquitoes
a, d Anticipated molecular events unfolding in Donor/Reporter (a) or Donor/Target (d) 

trans-heterozygous (TH) males. The Donor locus expresses I-SceI under the control of the 

male germline promoter β2-tubulin. The Reporter and the Target loci contain an I-SceI 

recognition site within the GFP gene. a, In Donor/Reporter TH males I-SceI activity is 

detected by scoring events that restore the GFP reading frame upon cleavage of the I-SceI 

recognition site. d, In Donor/Target TH males cleavage of the Target locus is followed by 

end resection and homing of the I-SceI gene from the homologous chromosome. This leads 

to the inactivation of the GFP reporter gene and can also lead to co-conversion of the NotI 

molecular marker (Pax; 3xP3 promoter, Act; Actin5C promoter). c, f Phenotypic analysis of 

progeny from crosses of Donor/Reporter (b, c) or Donor/Target (e, f) trans-heterozygote 

with wild-type (WT) mosquitoes. The column graphs show the percentage of GFP− and 

GFP+ individuals. The bar graphs on the right show, as a percentage of the total progeny, 

the GFP−RFP+CFP+, GFP−RFP−CFP+ and GFP−RFP−CFP− individuals observed. The 

inset (f, right panel) shows the molecular genotype of GFP−RFP+CFP+ individuals 

analyzed for the presence of the HEG and the NotI molecular markers.
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Figure 2. HEG invasion in mosquito cage populations
a, b Temporal dynamics of GFP− mosquitoes in populations in which the HEG Donor allele 

was seeded at a frequency of 10% (a) or 50% (b) into a background of GFP+ mosquitoes 

carrying the HEG Target allele. The experimental points (Black) are overlaid onto predicted 

dynamics derived from a deterministic population genetic model (Dashed Red Line) and 

from 20 iterations of a stochastic model (Grey Lines). The dynamics of a cage population in 

which the HEG Donor and Control alleles were combined at a frequency of 50% is also 

shown (Dashed Blue Line). c, Molecular genotyping performed on individuals randomly 

collected from cage 1 at generations 3,6,9 and 12 using a set of PCR primers that 

specifically amplifies the HEG cassette (Primerset 1b, Supplementary Fig. 2). Presence of 

the NotI marker was determined by in vitro digestion of PCR products using NotI. The graph 

shows the fraction of mosquitoes carrying the HEG (Black) and the fraction carrying the 
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HEG and the NotI marker on the same chromosome (Red) overlaid onto predictions from 20 

stochastic simulations (Grey lines and Dashed Red Lines, respectively).
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