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Burden of vector-borne disease 

The annual incidence of vector-borne disease exceeds 1 billion globally with mosquito-diseases 

comprising the majority of the global vector-borne disease burden (World Health Organization 

2014).  Roughly ½ of the world's population is presently at risk of infection and unfortunately 

there are currently no vaccines for most mosquito-borne diseases, so prevention, mainly through 

inefficient vector control, is the primary method to reduce disease burden.  Treatments for most 

mosquito-borne pathogens are also limited, and those that are effective are under threat due to 

increasing pathogen drug resistance.  The severity of this problem is best exemplified by the 

repeated development of antimalarial resistance in Southeast Asia.  In the 1990s, parasite 

resistance to first and second-line malaria drugs necessitated the development of combination 

therapies for malaria treatment (Nosten et al. 1987, 1994); however, high resistance to these 

combination drugs and their later derivatives has continued resulting an increase in malaria related 

deaths in this region (Phyo et al. 2016; Dondorp et al. 2009; Ménard et al. 2016).  Therefore, in 

most cases, vector control is the best approach for reducing the burden of vector-borne diseases.          

 

Vector control tools 
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Chemical insecticides have historically been an important tool for mosquito control, but they have 

limitations, most notably their limited efficacy due to increasing vector insecticide resistance in 

addition to their limited species specificity and duration. While many insecticide driven 

approaches have been successful in some disease prevention programmes (Pluess et al. 2010), for 

a myriad of reasons, they have mixed results overall (Esu et al. 2010; George et al. 2015; Maciel-

de-Freitas et al. 2014).  Even in areas where sustained vector control has been achieved in the past, 

insecticide resistance has greatly reduced or eliminated the impact of vector control on disease 

transmission (Liu 2015; Hemingway, Field, and Vontas 2002; Maciel-de-Freitas et al. 2014).  Due 

to the widespread use of insecticides and the limited number of insecticide families available to 

vector control programs, insecticide resistance will continue to be a barrier to insecticide-based 

vector control. Due to the problems associated with chemical insecticides and other conventional 

control methods, new control techniques are being evaluated to complement vector control 

programs.   

 

SIT for insect control 

Sterile insect technique (SIT) is the gold standard for insect population control. In classic SIT, 

insects are irradiated with ionizing radiation to induce male sterility. The sterile males are then 

released in high frequency to mate with wild females resulting in non-viable progeny. Over time, 

repeated mass releases of sterile males suppresses and can even eliminate and eradicate target 

populations. This approach was used to eradicate the screwworm fly, Cochliomyia hominivorax, 

(Krafsur et al. 1986), the Mexican fruit fly, Anastrepha ludens, and the Mediterranean fruit fly, 

Ceratitis capitata, from regions of North America (Hendrichs et al. 2002). Notwithstanding, in 

mosquitoes irradiation-based SIT causes high male mortality and exceedingly high fitness costs. 

https://paperpile.com/c/8gIDUd/x5vdC
https://paperpile.com/c/8gIDUd/ua1Kr+VvnBO+0paCy
https://paperpile.com/c/8gIDUd/ua1Kr+VvnBO+0paCy
https://paperpile.com/c/8gIDUd/uP9xz+DQTf3+0paCy
https://paperpile.com/c/8gIDUd/3nvGq
https://paperpile.com/c/8gIDUd/XdlGk


3 

For example, recent field studies release of irradiated, sterile, male Aedes albopictus led to very 

limited population reduction (Bellini et al. 2013) likely for these reasons.  While the classic 

irradiation-based SIT presents an environment-friendly method of a local population suppression, 

it is not currently feasible or scalable in its current form for wide-scale control of mosquito 

populations.   

 

Novel vector control methods 

In recent years innovative genetic vector control methods, such as the Release of Insects Carrying 

a Dominant Lethal (RIDL) (Thomas et al. 2000), have demonstrated large reductions in wild vector 

populations (Carvalho et al. 2015; Harris et al. 2012). Other novel disease or vector control 

methods, such as Dengue virus (DENV) and Zika virus (ZIKV) transmission blocking Wolbachia 

infected Aedes aegypti and the Wolbachia Incompatible Insect Technique (Wolbachia IIT), 

respectively, are currently being evaluated in the field (Schmidt et al. 2017). While effective, these 

methods require large numbers of mosquitoes to be raised, manually sexed and released as adults 

in the field, near target sites.  Building mosquito mass rearing factories in local disease endemic 

areas is costly, labor-intensive and current procedures are error-prone (Gilles et al. 2014; 

Papathanos et al. 2009). Female release, even in small numbers, is particularly problematic to the 

Wolbachia technology as this will immunize the target population to the incompatible Wolbachia 

strain and ultimately lead to the failure of the approach.  Some studies even indicate that in some 

contexts, Wolbachia enhances pathogen infection (Hughes, Rivero, and Rasgon 2014; Dodson et 

al. 2014) or can cause large vector fitness costs (Joshi et al. 2014). Additionally, the antibiotic 

drugs required for RIDL mosquitoes have high male fitness-costs (~5% that of wt male fitness) 

based on RIDL field trials in the Cayman Islands(Harris et al. 2011) and Brazil(Carvalho et al. 

https://paperpile.com/c/8gIDUd/N4oNN
https://paperpile.com/c/8gIDUd/AgJlx
https://paperpile.com/c/8gIDUd/1ah9x+7Op58
https://paperpile.com/c/8gIDUd/BddNB
https://paperpile.com/c/8gIDUd/87wNz+78xcD
https://paperpile.com/c/8gIDUd/87wNz+78xcD
https://paperpile.com/c/8gIDUd/C13Wm+fPKig
https://paperpile.com/c/8gIDUd/C13Wm+fPKig
https://paperpile.com/c/8gIDUd/EnZBv
https://paperpile.com/c/8gIDUd/0TrQg
https://paperpile.com/c/8gIDUd/1ah9x


4 

2015) resulting from the loss or alteration of gut microbiome or symbiotic bacteria as well as 

toxicity to mitochondrial cell functions (Moullan et al. 2015; Chatzispyrou et al. 2015). Therefore, 

there is still an urgent need for new vector control technologies for the suppression of wild vector 

populations.  

 

Using CRISPR  

The advent of the CRISPR technology has excited the potential to engineer new game changing 

technologies that can be used to control mosquitoes.  In fact, in the last several years many 

innovative systems have been engineered in insects using CRISPR which have the potential to 

control wild populations. Two systems of particular interest include a self-limiting system termed 

precision guided sterile insect technique (pgSIT)(Kandul et al. 2019) and a system referred to has 

a homing based gene drive (HGD)(Champer, Buchman, and Akbari 2016). Each of these systems 

has unique features which can make them valuable in the future to control mosquitoes which are 

elaborated further below.    

 

pgSIT 

Recently a novel CRISPR-based technology termed precision guided SIT (pgSIT) was described. 

PgSIT mechanistically relies on a dominant genetic technology that enables simultaneous sexing 

and sterilization, facilitating the release of eggs into the environment ensuring only sterile adult 

males emerge. Importantly, for field applications, the release of eggs will eliminate burdens of 

manually sexing and sterilizing males, thereby reducing overall effort and increasing scalability.  

Moreover, the release of eggs should reduce the need to build factories near release sites as eggs 

could be shipped to release locations from a centralized facility and hatched directly in the 
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environment. This system was recently systematically engineered in an insect fly model system 

and was shown to be extremely efficient at generating 100% sterile males that could suppress 

populations. The system functions by mass producing two strains - one expressing the Cas9 

endonuclease - and the other expressing two guide-RNAs (gRNAs) one targeting a gene important 

for female viability and the other targeting a gene important for male fertility. When these two 

separate strains are crossed together the only surviving progeny are sterile males which can be 

directly deployed (Figure 1A). Efforts are currently underway to transfer this technology to 

mosquitoes, and in the coming years we may see this system deployed in the field.    

 

Homing Gene Drives 

Replacement of wild insect populations with genetically modified individuals unable to transmit 

disease provides an environmentally friendly, sustainable, and self-perpetuating method for 

disease prevention. However, transgenes that mediate disease refractoriness are unlikely to confer 

an overall fitness benefit on insects that carry them. Additionally, wild populations are large, 

partially reproductively isolated, and dispersed over wide areas. Therefore, population replacement 

requires a gene drive mechanism in order to spread linked genes mediating disease refractoriness 

through wild populations at greater than Mendelian frequencies. To address this problem, recently 

the CRISPR revolution accelerated the development of HGD’s in model systems in addition to 

mosquitoes and even mammals (Gantz and Bier 2015; Gantz et al. 2015; Grunwald et al. 2019; 

Kyrou et al. 2018; Li et al. 2019; Windbichler et al. 2011; A. Hammond et al. 2016; Yan and 

Finnigan 2018; DiCarlo et al. 2015; Champer et al. 2017, 2018; KaramiNejadRanjbar et al. 2018; 

A. M. Hammond et al. 2018). HGD’s function by encoding the Cas9 endonuclease and an 

independently expressed guide RNA (gRNA) responsible for mediating DNA/RNA base pairing 
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and cleavage at a predetermined site (Esvelt et al. 2014; Champer, Buchman, and Akbari 2016; 

Gantz and Bier 2016; Marshall and Akbari 2018). When the HGD is positioned within its target 

site in a heterozygote, double stranded DNA breakage of the opposite chromosome can result in 

the drive allele being used as a template (i.e. donor chromosome) for DNA repair mediated by 

homologous recombination. This can result in copying, or “homing,” of the HGD into the broken 

chromosome (i.e. receiver chromosome), thereby converting heterozygotes to homozygotes in the 

germline, which can bias Mendelian inheritance ratios and result in an increase in HGD frequency 

in a population (Figure 1B,C).  

 

Given the recent progress toward developing HGDs in pest species such as mosquitoes (Gantz et 

al. 2015; Kyrou et al. 2018; Li et al. 2019; A. M. Hammond et al. 2018; A. Hammond et al. 2016), 

there is significant enthusiasm regarding their potential use to control wild populations. For 

example, release of HGDs linked with effector genes inhibiting mosquito pathogen transmission 

(Buchman, Gamez, Li, Antoshechkin, Li, et al. 2019; Jupatanakul et al. 2017; Isaacs et al. 2011; 

Buchman, Gamez, Li, Antoshechkin, Lee, et al. 2019) may lead to replacement of disease-

susceptible mosquitoes with disease-resistant counterparts resulting in reduced pathogen 

transmission (i.e. population modification drive). Alternatively, HGDs targeting genes affecting 

the fitness of female mosquitoes could also spread, resulting in gradual population declines and 

potentially even elimination (i.e. population suppression drive) (Windbichler et al. 2011; 

Windbichler, Papathanos, and Crisanti 2008; Kyrou et al. 2018). Given these features, both 

modification and suppression drives possess the potential to transform mosquito population 

control measures (Burt 2003; Esvelt et al. 2014; Champer, Buchman, and Akbari 2016), and 

therefore have excited significant ongoing discussions involving their potential usage, regulation, 
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safety, ethics and governance (Adelman et al. 2017; Akbari et al. 2015; National Academies of 

Sciences, Engineering, and Medicine et al. 2016; Oye et al. 2014). Perhaps in the next 5-10 years 

we may  begin to see the field testing of HGD’s which will help illuminate the efficacy and safety 

concerns of these systems.   

 

Figure 1. Precision guided SIT and Homing based Gene drives. Precision guided SIT (pgSIT) 

relies on mass-rearing two separate strains. The first strain expresses two guide RNAs (gRNAS) 

designed to target female visibility and male fertility genes. The second expresses the Cas9 

endonuclease. When crossed together the only surviving progeny are sterile males which can be 

repeatedly released as eggs into the environment resulting in population suppression (A). A 

homing based gene drive, converts heterozygotes to homozygotes using a cut/repair process (B) 

resulting in biased inheritance and rapid spread into a population (C).  

 

 

References 

Adelman, Zach, Omar Akbari, John Bauer, Ethan Bier, Cinnamon Bloss, Sarah R. Carter, Craig 

https://paperpile.com/c/8gIDUd/74T32+B65St+AtxLs+L2BnN
https://paperpile.com/c/8gIDUd/74T32+B65St+AtxLs+L2BnN
http://paperpile.com/b/8gIDUd/74T32


8 

Callender, et al. 2017. “Rules of the Road for Insect Gene Drive Research and Testing.” 

Nature Biotechnology 35 (8): 716–18. 

Akbari, Omar S., Hugo J. Bellen, Ethan Bier, Simon L. Bullock, Austin Burt, George M. Church, 

Kevin R. Cook, et al. 2015. “BIOSAFETY. Safeguarding Gene Drive Experiments in the 

Laboratory.” Science 349 (6251): 927–29. 

Bellini, R., A. Medici, A. Puggioli, F. Balestrino, and M. Carrieri. 2013. “Pilot Field Trials with 

Aedes Albopictus Irradiated Sterile Males in Italian Urban Areas.” Journal of Medical 

Entomology 50 (2): 317–25. 

Buchman, Anna, Stephanie Gamez, Ming Li, Igor Antoshechkin, Shin-Hang Lee, Shin-Wei Wang, 

Chun-Hong Chen, et al. 2019. “Broad Dengue Neutralization in Mosquitoes Expressing an 

Engineered Antibody.” SSRN Electronic Journal. https://doi.org/10.2139/ssrn.3398490. 

Buchman, Anna, Stephanie Gamez, Ming Li, Igor Antoshechkin, Hsing-Han Li, Hsin-Wei Wang, 

Chun-Hong Chen, et al. 2019. “Engineered Resistance to Zika Virus in Transgenic Aedes 

Aegypti Expressing a Polycistronic Cluster of Synthetic Small RNAs.” Proceedings of the 

National Academy of Sciences. https://doi.org/10.1073/pnas.1810771116. 

Burt, Austin. 2003. “Site-Specific Selfish Genes as Tools for the Control and Genetic Engineering 

of Natural Populations.” Proceedings. Biological Sciences / The Royal Society 270 (1518): 

921–28. 

Carvalho, Danilo O., Andrew R. McKemey, Luiza Garziera, Renaud Lacroix, Christl A. Donnelly, 

Luke Alphey, Aldo Malavasi, and Margareth L. Capurro. 2015. “Suppression of a Field 

Population of Aedes Aegypti in Brazil by Sustained Release of Transgenic Male 

Mosquitoes.” PLoS Neglected Tropical Diseases 9 (7): e0003864. 

Champer, Jackson, Anna Buchman, and Omar S. Akbari. 2016. “Cheating Evolution: Engineering 

http://paperpile.com/b/8gIDUd/74T32
http://paperpile.com/b/8gIDUd/74T32
http://paperpile.com/b/8gIDUd/74T32
http://paperpile.com/b/8gIDUd/74T32
http://paperpile.com/b/8gIDUd/B65St
http://paperpile.com/b/8gIDUd/B65St
http://paperpile.com/b/8gIDUd/B65St
http://paperpile.com/b/8gIDUd/B65St
http://paperpile.com/b/8gIDUd/B65St
http://paperpile.com/b/8gIDUd/N4oNN
http://paperpile.com/b/8gIDUd/N4oNN
http://paperpile.com/b/8gIDUd/N4oNN
http://paperpile.com/b/8gIDUd/N4oNN
http://paperpile.com/b/8gIDUd/N4oNN
http://paperpile.com/b/8gIDUd/wmFSM
http://paperpile.com/b/8gIDUd/wmFSM
http://paperpile.com/b/8gIDUd/wmFSM
http://paperpile.com/b/8gIDUd/wmFSM
http://paperpile.com/b/8gIDUd/wmFSM
http://paperpile.com/b/8gIDUd/wmFSM
http://paperpile.com/b/8gIDUd/wmFSM
http://paperpile.com/b/8gIDUd/coGtH
http://paperpile.com/b/8gIDUd/coGtH
http://paperpile.com/b/8gIDUd/coGtH
http://paperpile.com/b/8gIDUd/coGtH
http://paperpile.com/b/8gIDUd/coGtH
http://paperpile.com/b/8gIDUd/coGtH
http://dx.doi.org/10.1073/pnas.1810771116
http://dx.doi.org/10.1073/pnas.1810771116
http://paperpile.com/b/8gIDUd/Q8TGq
http://paperpile.com/b/8gIDUd/Q8TGq
http://paperpile.com/b/8gIDUd/Q8TGq
http://paperpile.com/b/8gIDUd/Q8TGq
http://paperpile.com/b/8gIDUd/Q8TGq
http://paperpile.com/b/8gIDUd/1ah9x
http://paperpile.com/b/8gIDUd/1ah9x
http://paperpile.com/b/8gIDUd/1ah9x
http://paperpile.com/b/8gIDUd/1ah9x
http://paperpile.com/b/8gIDUd/1ah9x
http://paperpile.com/b/8gIDUd/1ah9x
http://paperpile.com/b/8gIDUd/ZPtB


9 

Gene Drives to Manipulate the Fate of Wild Populations.” Nature Reviews. Genetics 17 (3): 

146–59. 

Champer, Jackson, Jingxian Liu, Suh Yeon Oh, Riona Reeves, Anisha Luthra, Nathan Oakes, 

Andrew G. Clark, and Philipp W. Messer. 2018. “Reducing Resistance Allele Formation in 

CRISPR Gene Drive.” Proceedings of the National Academy of Sciences of the United States 

of America 115 (21): 5522–27. 

Champer, Jackson, Riona Reeves, Suh Yeon Oh, Chen Liu, Jingxian Liu, Andrew G. Clark, and 

Philipp W. Messer. 2017. “Novel CRISPR/Cas9 Gene Drive Constructs Reveal Insights into 

Mechanisms of Resistance Allele Formation and Drive Efficiency in Genetically Diverse 

Populations.” PLoS Genetics 13 (7): e1006796. 

Chatzispyrou, Iliana A., Ntsiki M. Held, Laurent Mouchiroud, Johan Auwerx, and Riekelt H. 

Houtkooper. 2015. “Tetracycline Antibiotics Impair Mitochondrial Function and Its 

Experimental Use Confounds Research.” Cancer Research 75 (21): 4446–49. 

DiCarlo, James E., Alejandro Chavez, Sven L. Dietz, Kevin M. Esvelt, and George M. Church. 

2015. “Safeguarding CRISPR-Cas9 Gene Drives in Yeast.” Nature Biotechnology 33 (12): 

1250–55. 

Dodson, Brittany L., Grant L. Hughes, Oluwatobi Paul, Amy C. Matacchiero, Laura D. Kramer, 

and Jason L. Rasgon. 2014. “Wolbachia Enhances West Nile Virus (WNV) Infection in the 

Mosquito Culex Tarsalis.” PLoS Neglected Tropical Diseases 8 (7): e2965. 

Dondorp, Arjen M., François Nosten, Poravuth Yi, Debashish Das, Aung Phae Phyo, Joel Tarning, 

Khin Maung Lwin, et al. 2009. “Artemisinin Resistance in Plasmodium Falciparum Malaria.” 

The New England Journal of Medicine 361 (5): 455–67. 

Esu, Ekpereonne, Audrey Lenhart, Lucy Smith, and Olaf Horstick. 2010. “Effectiveness of 

http://paperpile.com/b/8gIDUd/ZPtB
http://paperpile.com/b/8gIDUd/ZPtB
http://paperpile.com/b/8gIDUd/ZPtB
http://paperpile.com/b/8gIDUd/ZPtB
http://paperpile.com/b/8gIDUd/4CKqh
http://paperpile.com/b/8gIDUd/4CKqh
http://paperpile.com/b/8gIDUd/4CKqh
http://paperpile.com/b/8gIDUd/4CKqh
http://paperpile.com/b/8gIDUd/4CKqh
http://paperpile.com/b/8gIDUd/4CKqh
http://paperpile.com/b/8gIDUd/xpy8e
http://paperpile.com/b/8gIDUd/xpy8e
http://paperpile.com/b/8gIDUd/xpy8e
http://paperpile.com/b/8gIDUd/xpy8e
http://paperpile.com/b/8gIDUd/xpy8e
http://paperpile.com/b/8gIDUd/xpy8e
http://paperpile.com/b/8gIDUd/xQdnX
http://paperpile.com/b/8gIDUd/xQdnX
http://paperpile.com/b/8gIDUd/xQdnX
http://paperpile.com/b/8gIDUd/xQdnX
http://paperpile.com/b/8gIDUd/xQdnX
http://paperpile.com/b/8gIDUd/l7mOu
http://paperpile.com/b/8gIDUd/l7mOu
http://paperpile.com/b/8gIDUd/l7mOu
http://paperpile.com/b/8gIDUd/l7mOu
http://paperpile.com/b/8gIDUd/l7mOu
http://paperpile.com/b/8gIDUd/fPKig
http://paperpile.com/b/8gIDUd/fPKig
http://paperpile.com/b/8gIDUd/fPKig
http://paperpile.com/b/8gIDUd/fPKig
http://paperpile.com/b/8gIDUd/fPKig
http://paperpile.com/b/8gIDUd/nrRyQ
http://paperpile.com/b/8gIDUd/nrRyQ
http://paperpile.com/b/8gIDUd/nrRyQ
http://paperpile.com/b/8gIDUd/nrRyQ
http://paperpile.com/b/8gIDUd/ua1Kr


10 

Peridomestic Space Spraying with Insecticide on Dengue Transmission; Systematic Review.” 

Tropical Medicine & International Health: TM & IH 15 (5): 619–31. 

Esvelt, Kevin M., Andrea L. Smidler, Flaminia Catteruccia, and George M. Church. 2014. 

“Emerging Technology: Concerning RNA-Guided Gene Drives for the Alteration of Wild 

Populations.” eLife 3: e03401. 

Gantz, Valentino M., and Ethan Bier. 2015. “Genome Editing. The Mutagenic Chain Reaction: A 

Method for Converting Heterozygous to Homozygous Mutations.” Science 348 (6233): 442–

44. 

———. 2016. “The Dawn of Active Genetics.” BioEssays: News and Reviews in Molecular, 

Cellular and Developmental Biology 38 (1): 50–63. 

Gantz, Valentino M., Nijole Jasinskiene, Olga Tatarenkova, Aniko Fazekas, Vanessa M. Macias, 

Ethan Bier, and Anthony A. James. 2015. “Highly Efficient Cas9-Mediated Gene Drive for 

Population Modification of the Malaria Vector Mosquito Anopheles Stephensi.” Proceedings 

of the National Academy of Sciences of the United States of America 112 (49): E6736–43. 

George, Leyanna, Audrey Lenhart, Joao Toledo, Adhara Lazaro, Wai Wai Han, Raman 

Velayudhan, Silvia Runge Ranzinger, and Olaf Horstick. 2015. “Community-Effectiveness 

of Temephos for Dengue Vector Control: A Systematic Literature Review.” PLoS Neglected 

Tropical Diseases 9 (9): e0004006. 

Gilles, Jeremie R. L., Marc F. Schetelig, Francesca Scolari, František Marec, Margareth L. 

Capurro, Gerald Franz, and Kostas Bourtzis. 2014. “Towards Mosquito Sterile Insect 

Technique Programmes: Exploring Genetic, Molecular, Mechanical and Behavioural 

Methods of Sex Separation in Mosquitoes.” Acta Tropica 132 Suppl (April): S178–87. 

Grunwald, Hannah A., Valentino M. Gantz, Gunnar Poplawski, Xiang-Ru S. Xu, Ethan Bier, and 

http://paperpile.com/b/8gIDUd/ua1Kr
http://paperpile.com/b/8gIDUd/ua1Kr
http://paperpile.com/b/8gIDUd/ua1Kr
http://paperpile.com/b/8gIDUd/ua1Kr
http://paperpile.com/b/8gIDUd/Z39H8
http://paperpile.com/b/8gIDUd/Z39H8
http://paperpile.com/b/8gIDUd/Z39H8
http://paperpile.com/b/8gIDUd/Z39H8
http://paperpile.com/b/8gIDUd/Z39H8
http://paperpile.com/b/8gIDUd/vT2PW
http://paperpile.com/b/8gIDUd/vT2PW
http://paperpile.com/b/8gIDUd/vT2PW
http://paperpile.com/b/8gIDUd/vT2PW
http://paperpile.com/b/8gIDUd/vT2PW
http://paperpile.com/b/8gIDUd/6YEFI
http://paperpile.com/b/8gIDUd/6YEFI
http://paperpile.com/b/8gIDUd/6YEFI
http://paperpile.com/b/8gIDUd/6YEFI
http://paperpile.com/b/8gIDUd/5NDKO
http://paperpile.com/b/8gIDUd/5NDKO
http://paperpile.com/b/8gIDUd/5NDKO
http://paperpile.com/b/8gIDUd/5NDKO
http://paperpile.com/b/8gIDUd/5NDKO
http://paperpile.com/b/8gIDUd/5NDKO
http://paperpile.com/b/8gIDUd/VvnBO
http://paperpile.com/b/8gIDUd/VvnBO
http://paperpile.com/b/8gIDUd/VvnBO
http://paperpile.com/b/8gIDUd/VvnBO
http://paperpile.com/b/8gIDUd/VvnBO
http://paperpile.com/b/8gIDUd/VvnBO
http://paperpile.com/b/8gIDUd/87wNz
http://paperpile.com/b/8gIDUd/87wNz
http://paperpile.com/b/8gIDUd/87wNz
http://paperpile.com/b/8gIDUd/87wNz
http://paperpile.com/b/8gIDUd/87wNz
http://paperpile.com/b/8gIDUd/87wNz
http://paperpile.com/b/8gIDUd/tNAQk


11 

Kimberly L. Cooper. 2019. “Super-Mendelian Inheritance Mediated by CRISPR–Cas9 in the 

Female Mouse Germline.” Nature 566 (7742): 105–9. 

Hammond, Andrew, Roberto Galizi, Kyros Kyrou, Alekos Simoni, Carla Siniscalchi, Dimitris 

Katsanos, Matthew Gribble, et al. 2016. “A CRISPR-Cas9 Gene Drive System Targeting 

Female Reproduction in the Malaria Mosquito Vector Anopheles Gambiae.” Nature 

Biotechnology 34 (1): 78–83. 

Hammond, Andrew M., Kyros Kyrou, Matthew Gribble, Xenia Karlsson, Ioanna Morianou, 

Roberto Galizi, Andrea Beaghton, Andrea Crisanti, and Tony Nolan. 2018. “Improved 

CRISPR-Based Suppression Gene Drives Mitigate Resistance and Impose a Large 

Reproductive Load on Laboratory-Contained Mosquito Populations.” 

https://doi.org/10.1101/360339. 

Harris, Angela F., Andrew R. McKemey, Derric Nimmo, Zoe Curtis, Isaac Black, Siân A. Morgan, 

Marco Neira Oviedo, et al. 2012. “Successful Suppression of a Field Mosquito Population by 

Sustained Release of Engineered Male Mosquitoes.” Nature Biotechnology 30 (September): 

828. 

Harris, Angela F., Derric Nimmo, Andrew R. McKemey, Nick Kelly, Sarah Scaife, Christl A. 

Donnelly, Camilla Beech, William D. Petrie, and Luke Alphey. 2011. “Field Performance of 

Engineered Male Mosquitoes.” Nature Biotechnology 29 (11): 1034–37. 

Hemingway, Janet, Linda Field, and John Vontas. 2002. “An Overview of Insecticide Resistance.” 

Science 298 (5591): 96–97. 

Hendrichs, J., A. S. Robinson, J. P. Cayol, and W. Enkerlin. 2002. “Medfly Areawide Sterile Insect 

Technique Programmes for Prevention, Suppression or Eradication: The Importance of 

Mating Behavior Studies.” The Florida Entomologist 85 (1): 1–13. 

http://paperpile.com/b/8gIDUd/tNAQk
http://paperpile.com/b/8gIDUd/tNAQk
http://paperpile.com/b/8gIDUd/tNAQk
http://paperpile.com/b/8gIDUd/tNAQk
http://paperpile.com/b/8gIDUd/iU6B3
http://paperpile.com/b/8gIDUd/iU6B3
http://paperpile.com/b/8gIDUd/iU6B3
http://paperpile.com/b/8gIDUd/iU6B3
http://paperpile.com/b/8gIDUd/iU6B3
http://paperpile.com/b/8gIDUd/iU6B3
http://paperpile.com/b/8gIDUd/NcR21
http://paperpile.com/b/8gIDUd/NcR21
http://paperpile.com/b/8gIDUd/NcR21
http://paperpile.com/b/8gIDUd/NcR21
http://paperpile.com/b/8gIDUd/NcR21
http://paperpile.com/b/8gIDUd/NcR21
http://paperpile.com/b/8gIDUd/NcR21
http://paperpile.com/b/8gIDUd/7Op58
http://paperpile.com/b/8gIDUd/7Op58
http://paperpile.com/b/8gIDUd/7Op58
http://paperpile.com/b/8gIDUd/7Op58
http://paperpile.com/b/8gIDUd/7Op58
http://paperpile.com/b/8gIDUd/7Op58
http://paperpile.com/b/8gIDUd/0TrQg
http://paperpile.com/b/8gIDUd/0TrQg
http://paperpile.com/b/8gIDUd/0TrQg
http://paperpile.com/b/8gIDUd/0TrQg
http://paperpile.com/b/8gIDUd/0TrQg
http://paperpile.com/b/8gIDUd/DQTf3
http://paperpile.com/b/8gIDUd/DQTf3
http://paperpile.com/b/8gIDUd/DQTf3
http://paperpile.com/b/8gIDUd/DQTf3
http://paperpile.com/b/8gIDUd/XdlGk
http://paperpile.com/b/8gIDUd/XdlGk
http://paperpile.com/b/8gIDUd/XdlGk
http://paperpile.com/b/8gIDUd/XdlGk
http://paperpile.com/b/8gIDUd/XdlGk


12 

Hughes, Grant L., Ana Rivero, and Jason L. Rasgon. 2014. “Wolbachia Can Enhance Plasmodium 

Infection in Mosquitoes: Implications for Malaria Control?” PLoS Pathogens 10 (9): 

e1004182. 

Isaacs, Alison T., Fengwu Li, Nijole Jasinskiene, Xiaoguang Chen, Xavier Nirmala, Osvaldo 

Marinotti, Joseph M. Vinetz, and Anthony A. James. 2011. “Engineered Resistance to 

Plasmodium Falciparum Development in Transgenic Anopheles Stephensi.” PLoS Pathogens 

7 (4): e1002017. 

Joshi, Deepak, Michael J. McFadden, David Bevins, Fengrui Zhang, and Zhiyong Xi. 2014. 

“Wolbachia Strain wAlbB Confers Both Fitness Costs and Benefit on Anopheles Stephensi.” 

Parasites & Vectors 7 (July): 336. 

Jupatanakul, Natapong, Shuzhen Sim, Yesseinia I. Angleró-Rodríguez, Jayme Souza-Neto, 

Suchismita Das, Kristin E. Poti, Shannan L. Rossi, Nicholas Bergren, Nikos Vasilakis, and 

George Dimopoulos. 2017. “Engineered Aedes Aegypti JAK/STAT Pathway-Mediated 

Immunity to Dengue Virus.” PLoS Neglected Tropical Diseases 11 (1): e0005187. 

Kandul, Nikolay P., Junru Liu, Hector M. Sanchez C, Sean L. Wu, John M. Marshall, and Omar 

S. Akbari. 2019. “Transforming Insect Population Control with Precision Guided Sterile 

Males with Demonstration in Flies.” Nature Communications 10 (1): 84. 

KaramiNejadRanjbar, Mohammad, Kolja N. Eckermann, Hassan M. M. Ahmed, Héctor M. 

Sánchez C, Stefan Dippel, John M. Marshall, and Ernst A. Wimmer. 2018. “Consequences 

of Resistance Evolution in a Cas9-Based Sex Conversion-Suppression Gene Drive for Insect 

Pest Management.” Proceedings of the National Academy of Sciences of the United States of 

America 115 (24): 6189–94. 

Krafsur, E. S., H. Townson, G. Davidson, and C. F. Curtis. 1986. “Screwworm Eradication Is 

http://paperpile.com/b/8gIDUd/C13Wm
http://paperpile.com/b/8gIDUd/C13Wm
http://paperpile.com/b/8gIDUd/C13Wm
http://paperpile.com/b/8gIDUd/C13Wm
http://paperpile.com/b/8gIDUd/C13Wm
http://paperpile.com/b/8gIDUd/5NRb8
http://paperpile.com/b/8gIDUd/5NRb8
http://paperpile.com/b/8gIDUd/5NRb8
http://paperpile.com/b/8gIDUd/5NRb8
http://paperpile.com/b/8gIDUd/5NRb8
http://paperpile.com/b/8gIDUd/5NRb8
http://paperpile.com/b/8gIDUd/EnZBv
http://paperpile.com/b/8gIDUd/EnZBv
http://paperpile.com/b/8gIDUd/EnZBv
http://paperpile.com/b/8gIDUd/EnZBv
http://paperpile.com/b/8gIDUd/liT1K
http://paperpile.com/b/8gIDUd/liT1K
http://paperpile.com/b/8gIDUd/liT1K
http://paperpile.com/b/8gIDUd/liT1K
http://paperpile.com/b/8gIDUd/liT1K
http://paperpile.com/b/8gIDUd/liT1K
http://paperpile.com/b/8gIDUd/c08o
http://paperpile.com/b/8gIDUd/c08o
http://paperpile.com/b/8gIDUd/c08o
http://paperpile.com/b/8gIDUd/c08o
http://paperpile.com/b/8gIDUd/c08o
http://paperpile.com/b/8gIDUd/TaVip
http://paperpile.com/b/8gIDUd/TaVip
http://paperpile.com/b/8gIDUd/TaVip
http://paperpile.com/b/8gIDUd/TaVip
http://paperpile.com/b/8gIDUd/TaVip
http://paperpile.com/b/8gIDUd/TaVip
http://paperpile.com/b/8gIDUd/TaVip
http://paperpile.com/b/8gIDUd/3nvGq


13 

What It Seems.” Nature 323 (6088): 495–96. 

Kyrou, Kyros, Andrew M. Hammond, Roberto Galizi, Nace Kranjc, Austin Burt, Andrea K. 

Beaghton, Tony Nolan, and Andrea Crisanti. 2018. “A CRISPR–Cas9 Gene Drive Targeting 

Doublesex Causes Complete Population Suppression in Caged Anopheles Gambiae 

Mosquitoes.” Nature Biotechnology, September. https://doi.org/10.1038/nbt.4245. 

Li, Ming, Ting Yang, Nikolay P. Kandul, Michelle Bui, Stephanie Gamez, Robyn Raban, Jared 

Bennett, et al. 2019. “Development of a Confinable Gene-Drive System in the Human 

Disease Vector, Aedes Aegypti.” https://doi.org/10.1101/645440. 

Liu, Nannan. 2015. “Insecticide Resistance in Mosquitoes: Impact, Mechanisms, and Research 

Directions.” Annual Review of Entomology 60 (1): 537–59. 

Maciel-de-Freitas, Rafael, Fernando Campos Avendanho, Rosangela Santos, Gabriel Sylvestre, 

Simone Costa Araújo, José Bento Pereira Lima, Ademir Jesus Martins, Giovanini Evelim 

Coelho, and Denise Valle. 2014. “Undesirable Consequences of Insecticide Resistance 

Following Aedes Aegypti Control Activities Due to a Dengue Outbreak.” PloS One 9 (3): 

e92424. 

Marshall, John M., and Omar S. Akbari. 2018. “Can CRISPR-Based Gene Drive Be Confined in 

the Wild? A Question for Molecular and Population Biology.” ACS Chemical Biology. 

https://doi.org/10.1021/acschembio.7b00923. 

Ménard, Didier, Nimol Khim, Johann Beghain, Ayola A. Adegnika, Mohammad Shafiul-Alam, 

Olukemi Amodu, Ghulam Rahim-Awab, et al. 2016. “A Worldwide Map of Plasmodium 

Falciparum K13-Propeller Polymorphisms.” The New England Journal of Medicine 374 (25): 

2453–64. 

Moullan, Norman, Laurent Mouchiroud, Xu Wang, Dongryeol Ryu, Evan G. Williams, Adrienne 

http://paperpile.com/b/8gIDUd/3nvGq
http://paperpile.com/b/8gIDUd/3nvGq
http://paperpile.com/b/8gIDUd/3nvGq
http://paperpile.com/b/8gIDUd/Y1OKM
http://paperpile.com/b/8gIDUd/Y1OKM
http://paperpile.com/b/8gIDUd/Y1OKM
http://paperpile.com/b/8gIDUd/Y1OKM
http://paperpile.com/b/8gIDUd/Y1OKM
http://paperpile.com/b/8gIDUd/Y1OKM
http://dx.doi.org/10.1038/nbt.4245
http://dx.doi.org/10.1038/nbt.4245
http://paperpile.com/b/8gIDUd/eFgQb
http://paperpile.com/b/8gIDUd/eFgQb
http://paperpile.com/b/8gIDUd/eFgQb
http://paperpile.com/b/8gIDUd/eFgQb
http://paperpile.com/b/8gIDUd/eFgQb
http://paperpile.com/b/8gIDUd/uP9xz
http://paperpile.com/b/8gIDUd/uP9xz
http://paperpile.com/b/8gIDUd/uP9xz
http://paperpile.com/b/8gIDUd/uP9xz
http://paperpile.com/b/8gIDUd/0paCy
http://paperpile.com/b/8gIDUd/0paCy
http://paperpile.com/b/8gIDUd/0paCy
http://paperpile.com/b/8gIDUd/0paCy
http://paperpile.com/b/8gIDUd/0paCy
http://paperpile.com/b/8gIDUd/0paCy
http://paperpile.com/b/8gIDUd/0paCy
http://paperpile.com/b/8gIDUd/7oRNM
http://paperpile.com/b/8gIDUd/7oRNM
http://paperpile.com/b/8gIDUd/7oRNM
http://paperpile.com/b/8gIDUd/7oRNM
http://paperpile.com/b/8gIDUd/7oRNM
http://paperpile.com/b/8gIDUd/7oRNM
http://paperpile.com/b/8gIDUd/7oRNM
http://paperpile.com/b/8gIDUd/Hqn5n
http://paperpile.com/b/8gIDUd/Hqn5n
http://paperpile.com/b/8gIDUd/Hqn5n
http://paperpile.com/b/8gIDUd/Hqn5n
http://paperpile.com/b/8gIDUd/Hqn5n
http://paperpile.com/b/8gIDUd/Hqn5n
http://paperpile.com/b/8gIDUd/KSJfA


14 

Mottis, Virginija Jovaisaite, et al. 2015. “Tetracyclines Disturb Mitochondrial Function 

across Eukaryotic Models: A Call for Caution in Biomedical Research.” Cell Reports, March. 

https://doi.org/10.1016/j.celrep.2015.02.034. 

National Academies of Sciences, Engineering, and Medicine, Division on Earth and Life Studies, 

Board on Life Sciences, and Committee on Gene Drive Research in Non-Human Organisms: 

Recommendations for Responsible Conduct. 2016. Gene Drives on the Horizon: Advancing 

Science, Navigating Uncertainty, and Aligning Research with Public Values. National 

Academies Press. 

Nosten, F., S. Imvithaya, M. Vincenti, G. Delmas, G. Lebihan, B. Hausler, and N. White. 1987. 

“Malaria on the Thai-Burmese Border: Treatment of 5192 Patients with Mefloquine-

Sulfadoxine-Pyrimethamine.” Bulletin of the World Health Organization 65 (6): 891–96. 

Nosten, F., C. Luxemburger, F. O. ter Kuile, C. Woodrow, J. P. Eh, T. Chongsuphajaisiddhi, and 

N. J. White. 1994. “Treatment of Multidrug-Resistant Plasmodium Falciparum Malaria with 

3-Day Artesunate-Mefloquine Combination.” The Journal of Infectious Diseases 170 (4): 

971–77. 

Oye, K. A., K. Esvelt, E. Appleton, F. Catteruccia, G. Church, T. Kuiken, S. B. -Y. Lightfoot, J. 

McNamara, A. Smidler, and J. P. Collins. 2014. “Regulating Gene Drives.” Science. 

https://doi.org/10.1126/science.1254287. 

Papathanos, Philippos A., Hervé C. Bossin, Mark Q. Benedict, Flaminia Catteruccia, Colin A. 

Malcolm, Luke Alphey, and Andrea Crisanti. 2009. “Sex Separation Strategies: Past 

Experience and New Approaches.” Malaria Journal 8 Suppl 2 (November): S5. 

Phyo, Aung Pyae, Elizabeth A. Ashley, Tim J. C. Anderson, Zbynek Bozdech, Verena I. Carrara, 

Kanlaya Sriprawat, Shalini Nair, et al. 2016. “Declining Efficacy of Artemisinin Combination 

http://paperpile.com/b/8gIDUd/KSJfA
http://paperpile.com/b/8gIDUd/KSJfA
http://paperpile.com/b/8gIDUd/KSJfA
http://paperpile.com/b/8gIDUd/KSJfA
http://paperpile.com/b/8gIDUd/KSJfA
http://paperpile.com/b/8gIDUd/KSJfA
http://paperpile.com/b/8gIDUd/KSJfA
http://paperpile.com/b/8gIDUd/AtxLs
http://paperpile.com/b/8gIDUd/AtxLs
http://paperpile.com/b/8gIDUd/AtxLs
http://paperpile.com/b/8gIDUd/AtxLs
http://paperpile.com/b/8gIDUd/AtxLs
http://paperpile.com/b/8gIDUd/AtxLs
http://paperpile.com/b/8gIDUd/AtxLs
http://paperpile.com/b/8gIDUd/eDDrj
http://paperpile.com/b/8gIDUd/eDDrj
http://paperpile.com/b/8gIDUd/eDDrj
http://paperpile.com/b/8gIDUd/eDDrj
http://paperpile.com/b/8gIDUd/eDDrj
http://paperpile.com/b/8gIDUd/t2SGd
http://paperpile.com/b/8gIDUd/t2SGd
http://paperpile.com/b/8gIDUd/t2SGd
http://paperpile.com/b/8gIDUd/t2SGd
http://paperpile.com/b/8gIDUd/t2SGd
http://paperpile.com/b/8gIDUd/t2SGd
http://paperpile.com/b/8gIDUd/L2BnN
http://paperpile.com/b/8gIDUd/L2BnN
http://paperpile.com/b/8gIDUd/L2BnN
http://paperpile.com/b/8gIDUd/L2BnN
http://paperpile.com/b/8gIDUd/L2BnN
http://paperpile.com/b/8gIDUd/L2BnN
http://paperpile.com/b/8gIDUd/L2BnN
http://paperpile.com/b/8gIDUd/78xcD
http://paperpile.com/b/8gIDUd/78xcD
http://paperpile.com/b/8gIDUd/78xcD
http://paperpile.com/b/8gIDUd/78xcD
http://paperpile.com/b/8gIDUd/78xcD
http://paperpile.com/b/8gIDUd/LZKzJ
http://paperpile.com/b/8gIDUd/LZKzJ


15 

Therapy Against P. Falciparum Malaria on the Thai-Myanmar Border (2003-2013): The Role 

of Parasite Genetic Factors.” Clinical Infectious Diseases: An Official Publication of the 

Infectious Diseases Society of America 63 (6): 784–91. 

Pluess, Bianca, Frank C. Tanser, Christian Lengeler, and Brian L. Sharp. 2010. “Indoor Residual 

Spraying for Preventing Malaria.” Cochrane Database of Systematic Reviews , no. 4 (April): 

CD006657. 

Schmidt, Tom L., Nicholas H. Barton, Gordana Rašić, Andrew P. Turley, Brian L. Montgomery, 

Inaki Iturbe-Ormaetxe, Peter E. Cook, et al. 2017. “Local Introduction and Heterogeneous 

Spatial Spread of Dengue-Suppressing Wolbachia through an Urban Population of Aedes 

Aegypti.” PLoS Biology 15 (5): e2001894. 

Thomas, D. D., C. A. Donnelly, R. J. Wood, and L. S. Alphey. 2000. “Insect Population Control 

Using a Dominant, Repressible, Lethal Genetic System.” Science 287 (5462): 2474–76. 

Windbichler, Nikolai, Miriam Menichelli, Philippos Aris Papathanos, Summer B. Thyme, Hui Li, 

Umut Y. Ulge, Blake T. Hovde, et al. 2011. “A Synthetic Homing Endonuclease-Based Gene 

Drive System in the Human Malaria Mosquito.” Nature 473 (7346): 212–15. 

Windbichler, Nikolai, Philippos Aris Papathanos, and Andrea Crisanti. 2008. “Targeting the X 

Chromosome during Spermatogenesis Induces Y Chromosome Transmission Ratio 

Distortion and Early Dominant Embryo Lethality in Anopheles Gambiae.” PLoS Genetics. 

https://doi.org/10.1371/journal.pgen.1000291. 

World Health Organization. 2014. “A Global Brief on Vector-Borne Diseases.” 

http://apps.who.int/iris/bitstream/10665/111008/1/WHO_DCO_WHD_2014.1_eng.pdf. 

Yan, Yao, and Gregory C. Finnigan. 2018. “Development of a Multi-Locus CRISPR Gene Drive 

System in Budding Yeast.” Scientific Reports 8 (1): 17277. 

http://paperpile.com/b/8gIDUd/LZKzJ
http://paperpile.com/b/8gIDUd/LZKzJ
http://paperpile.com/b/8gIDUd/LZKzJ
http://paperpile.com/b/8gIDUd/LZKzJ
http://paperpile.com/b/8gIDUd/LZKzJ
http://paperpile.com/b/8gIDUd/x5vdC
http://paperpile.com/b/8gIDUd/x5vdC
http://paperpile.com/b/8gIDUd/x5vdC
http://paperpile.com/b/8gIDUd/x5vdC
http://paperpile.com/b/8gIDUd/x5vdC
http://paperpile.com/b/8gIDUd/BddNB
http://paperpile.com/b/8gIDUd/BddNB
http://paperpile.com/b/8gIDUd/BddNB
http://paperpile.com/b/8gIDUd/BddNB
http://paperpile.com/b/8gIDUd/BddNB
http://paperpile.com/b/8gIDUd/BddNB
http://paperpile.com/b/8gIDUd/AgJlx
http://paperpile.com/b/8gIDUd/AgJlx
http://paperpile.com/b/8gIDUd/AgJlx
http://paperpile.com/b/8gIDUd/AgJlx
http://paperpile.com/b/8gIDUd/fkmVq
http://paperpile.com/b/8gIDUd/fkmVq
http://paperpile.com/b/8gIDUd/fkmVq
http://paperpile.com/b/8gIDUd/fkmVq
http://paperpile.com/b/8gIDUd/fkmVq
http://paperpile.com/b/8gIDUd/usmiT
http://paperpile.com/b/8gIDUd/usmiT
http://paperpile.com/b/8gIDUd/usmiT
http://paperpile.com/b/8gIDUd/usmiT
http://paperpile.com/b/8gIDUd/usmiT
http://paperpile.com/b/8gIDUd/usmiT
http://dx.doi.org/10.1371/journal.pgen.1000291
http://dx.doi.org/10.1371/journal.pgen.1000291
http://paperpile.com/b/8gIDUd/jusiO
http://paperpile.com/b/8gIDUd/jusiO
http://apps.who.int/iris/bitstream/10665/111008/1/WHO_DCO_WHD_2014.1_eng.pdf
http://apps.who.int/iris/bitstream/10665/111008/1/WHO_DCO_WHD_2014.1_eng.pdf
http://paperpile.com/b/8gIDUd/6udIO
http://paperpile.com/b/8gIDUd/6udIO
http://paperpile.com/b/8gIDUd/6udIO
http://paperpile.com/b/8gIDUd/6udIO

