
ABSTRACT 

WEBSTER, SOPHIA HANNAH. Development of a Killer-Rescue Self-Limiting Gene Drive 
System in Drosophila melanogaster and Aedes aegpyti. (Under the direction of Dr. Maxwell J. 
Scott and Dr. Fred Gould). 
 

Insect pests of agriculture and human health cause enormous health burdens and 

economic damage at the individual, community, and global scale. To tackle these insect pest 

problems, the use of multi-faceted approaches is needed. Conventional control methods typically 

involve insecticide spraying, larvicidal treatments, and habitat removal or alterations. Chemical 

insecticide resistance increases each year and the formulation of new insecticides is not able to 

keep up with resistance development. Habitat removal requires ongoing maintenance and labor, 

which can be costly and burdensome for homeowners, farmers, and others who need to manage 

these pests. There is a dire need for new approaches and genetic pest management (GPM) may 

offer a multitude of tools and opportunities to control these pests. One use of genetic engineering 

involves gene drive systems designed to spread desirable (cargo or effector) genes through a wild 

population of pests and alter their disease vectoring abilities, behavior, life cycle, or mating 

behaviors without substantially reducing the pest’s fitness. 

Presented in this dissertation is a novel Killer-Rescue gene drive system that has been 

designed, constructed, and tested in the model fly Drosophila melanogaster and the mosquito 

Aedes aegypti. This system was built to drive cargo genes through a wild population for the end 

goal of population replacement. This population replacement system has the potential to drive a 

cargo gene without a fitness cost through a wild population at low release thresholds, possibly 

even less than 1:1 (engineered: wild type). Such a low release ratio would greatly improve upon 

current techniques aimed at population suppression without a drive, which require a release 

threshold of 10:1 or higher and require continuous releases throughout the control to achieve and 

maintain population suppression. Population suppression without a drive can be costly, labor 

intensive, and fail in large-scale release areas. 

The Killer-Rescue system is also considered a self-limiting gene drive. It drives based on 

the lethal effects of the killer component which is eventually lost from the population, as 

opposed to gene drives in which every offspring inherits the new engineered traits, such as with 

many CRISPR-Cas9 endonuclease based drives. With K-R, the insects that survive pass on the 

rescue gene and desirable cargo genes, while insects that do not inherit the rescue and linked 



cargo gene die before they are adults. A self-limiting gene drive system, such as Killer-Rescue, 

has potential benefits compared to limitless drives: (1) regulators and communities will likely be 

more accepting of initial field tests and applications, (2) it should require fewer regulations than 

a limitless drive and could pass more efficiently through federal regulations, and (3) it can be 

simpler to build. 

The DNA constructs for mosquitoes and drosophila were made using traditional cloning 

methods and the constructs were injected into embryos. Positive transgenics were identified and 

tested for the presence of Killer (Gal4) and Rescue (Gal80) transgenes. To determine the 

effectiveness of Gal80 rescue to suppress Gal4 killer, a color repression experiment with already 

established Gal4 lines was conducted. After confirming successful repression by the Gal80 

rescue construct, a gene drive experiment was conducted in D. melanogaster and RNA was 

isolated for expression analysis of Gal4 and Gal80 using qPCR. A Gal80 color repression 

experiment and similar qPCR experiments were also completed in mosquitoes.  

A complete K-R gene drive system was designed, constructed, and tested in D. 

melanogaster. This system was successful in eliminating wild-type flies from the population and 

increasing the rescue genotype in the population over the six generations. Additionally, no 

apparent fitness costs were seen with the rescue line control experiment over the six generations. 

These results suggest that this system has the potential to drive the rescue (with linked cargo 

gene) through a wild population for population replacement of either an agricultural, D. suzukii, 

or human health, Ae. aegypti pest. In Ae. aegypti, the system will be further tested in the lab to 

analyze its ability to drive the rescue genotype in cage experiments. Thus far, the results suggest 

that the Ae. aegypti K-R system has the potential to function similar to that of the D. 

melanogaster K-R system. 
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Summary: The use of gene drives for public health and agriculture has been imagined and 

considered since the 1960s and scientists have been aware of selfish genetic elements since the 

1880s. However, the application of this knowledge for insect pest control and management was 

not tangible or straightforward until more recent years with technology developments such as 

CRISPR (Clustered regularly-interspaced short palindromic repeats)/Cas9 gene editing. 

Additionally, standard gene editing techniques have also seen advancements in the past decade, 

allowing genetic modifications and transgenic insects to be developed more rapidly and with 

precise modifications to their genomes. These gene editing technologies are becoming more 

widely available, widely used, and more easily accessible in terms of cost and feasibility. The 

recent developments in this technology create opportunities and open doors to improve pest 

management in human health, agriculture, and more. However, with great advancements in 

technology such as this also comes great responsibility. Before the implementation of this 

technology, social, cultural, and ethical conversations need to take place and be considered 

before either deploying, or banning, gene drive systems. Presented in this chapter is a summary 

of the recent technology developments and future directions. Additionally, this chapter will 

review the main concerns and questions raised by scientific and non-scientific experts 

concerning the imminent use and release of these genetically engineered organisms. 

 

PART I: Recent Technology Developments 

What are gene drives?: Gene drives as defined by the National Academies of Science 

Engineering and Medicine (NASEM) 2016 report Gene Drives on the Horizon: Advancing 

Science, Navigating Uncertainty, and Aligning Research with Public Values are “systems of 

biased inheritance in which the ability of a genetic element to pass from parent to offspring 

through sexual reproduction is enhanced. Thus, the result of a gene drive is the preferential 

increase of a specific genotype from one generation to the next, and potentially throughout the 

population.” 

For reference, a “non-gene drive” is defined as inheritance that follows and behaves by 

the rules of traditional Mendelian inheritance. This type of inheritance is the most common in 

sexual reproduction, and what we traditionally think of when discussing inheritance patterns. In 

these traditional inheritance patterns, the offspring have a 50:50 chance of inheriting a gene 

variant from either of their heterozygous parents and thus, over time, the presence of a specific 



3 

 

unselected genetic allele stays relatively constant in the population, neither increasing nor 

decreasing drastically. In contrast, with gene drives, the desired gene or trait is preferentially 

passed on to offspring that will contribute to the next generation of sexually reproducing adults. 

The “sexually reproducing adults” part of the previous sentence is significant because sometimes 

drives are designed so that some of the offspring only survive until later in development, such as 

late larval instars or pupae. Thus, there are some offspring that survive that do not carry the 

modified genes, but they die before they are able to reproduce and contribute to the next 

generation. Thus, with gene drives, in each generation the desirable genes or traits that are part of 

the drive will be spread to most offspring of heterozygous parents, rather than just 50% of the 

offspring. Because gene drives bias inheritance in their favor, they were historically referred to as 

selfish-genetic elements (selfish genes). There are different synthetic methods to achieve this 

type of inheritance bias, and these synthetic methods, along with the naturally occurring 

examples that inspired them, are discussed below. 

Examples of naturally occurring gene drives and their synthetic derivatives: The 

naturally occurring gene drives that will be discussed in this section include transposable 

elements (TEs), meiotic drive, homing endonuclease genes (HEGs), underdominance, and 

Maternal-Effect Dominant Embryonic Arrest (Medea). Synthesized drives are designed based on 

naturally occurring examples and can be used as tools in genetic pest management to spread 

desirable cargo genes through a wild population. Synthetic drives follow similar patterns of 

inheritance and function but are created using modern molecular genetics tools. The synthetic 

drives that will be discussed include Zinc Finger Nucleases (ZFNs), Transcription Activator-Like 

Effector Nucleases (TALENs), CRISPR-Cas9, underdominance, and synthetic systems inspired 

from natural Medea elements. 

Transposable elements-natural system: Transposable elements (TEs) are repeated DNA 

sequences that accumulate in an organism’s genome over many generations. These sequences are 

found in all organisms, prokaryotic and eukaryotic, and in many cases comprise a significant 

portion of the genome; 10% of some fish species, 45% of human genome, and over 80% of some 

plant species (Pray, 2008). Historically, TEs were active and encoded for a functional transposase 

enzyme that allowed the element to move by a cut-and-paste mechanism inside a genome (Figure 

1.1, Levin and Moran, 2011). They are able to move locations and increase in copy number as 

long as the rate of inheritance outweighs any fitness costs associated with the movement of the 
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transposable elements. However, this unrestricted movement is typically deleterious because it is 

highly mutagenic, often targets protein-coding genes for insertion, and can cause chromosome 

breakage (Slotkin and Martienssen, 2007). Thus, organisms have evolved ways to stop the 

movement of TEs; silencing them by either (1) restricting their ability to move through mutations 

or (2) through epigenetic mechanisms at the transcriptional and post-transcriptional levels such 

as RNAi, chromatin remodeling, and DNA methylation (Slotkin and Martienssen, 2007). Most of 

the TEs we are familiar with today are inactive truncated versions of their historically-active 

versions. This is one reason why TEs may not be useful for gene drive systems.  

 
Figure 1.1. Dynamic interactions between transposable elements and their hosts. Transposable elements have 
diverse mechanisms of mobilization. Many DNA transposons are flanked by terminal inverted repeats, encode a 
transposase, and mobilize by a ‘cut and paste’ mechanism. Reprinted from “Dynamic interactions between 
transposable elements and their hosts,” by H. L. Levin and J. Moran, 2011, Nature Reviews Genetics, 12, p. 615.  

While TEs have not been used successfully to build gene drives, they are commonly used 

for insect transformation. TEs commonly used for transformation include P, MosI, piggyBac, 

Hermes, and Minos are Type II TEs that transpose with a DNA cut-and-paste mechanism. While 

P-element appears to be useful only in drosophila species (Rubin et al., 1982), the others have 

been shown to function in numerous other insects such as Aedes aegypti, Anopheles stephesi, 

Culex quiquefasciatus, Musca domestica, Lucilia cuprina, and Tribolium casteneum (Atkinson et 

al., 2001). PiggyBac, Mos1, Minos, and Hermes transposable elements in Aedes aegypti and 

other mosquitoes do not display substantial remobilization activity post-integration (O’Brochta et 

al., 2003 and Sethuraman et al., 2007). This lack of remobilization makes these TEs useless as a 
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gene drive system, but extremely useful in applications where remobilization is not desired. This 

could be particularly suitable if a second DNA construct needs to be injected into an already 

established transgenic line. For example, a researcher could confidently inject a piggyBac-

expressing helper plasmid with the new donor with little to no risk of remobilization of the 

original transgenes.  

Meiotic drive-natural system: The mechanism of meiotic drive refers to a process that 

results in an overrepresentation of certain alleles in the gametes that form during the process of 

meiosis as compared to Mendelian inheritance frequencies where there is a relatively equal 

representation of alleles (McDermott and Noor., 2010). These selfish genetic elements can 

increase their frequency in a population despite some fitness costs to the individual organism. 

The most well studied example of meiotic drive is the autosomal chromosome II complex 

segregation distorter (SD) in D. melanogaster. The SD gene complex involves at least two key 

components- Sd, the driver, and Rsp, the responder of the driver (Larracuente and Presgraves, 

2012). When this complex is present it is passed on to 90-100% of the progeny of SD/SD+ males, 

while segregation from female heterozygotes occurs normally (McLean et al. 1994). When the 

SD gene complex is present in male drosophila the wild-type sperm, SD+, undergo defects in 

spermiogenesis and only sperm carrying SD survive, thus increasing the frequency of 

segregation distorter in the population. However, SD is still present at relatively low frequencies 

(<5%) in the population and its mechanism of action is still not fully understood (Larracuente 

and Presgraves, 2012). Another example of a natural meiotic drive, found in mosquitoes, is a 

drive tightly associated with the Y chromosome-like region of chromosome 1 (Hickey and Craig 

1966a). In mosquitoes of the subfamily Culicinae sex-determination does not involve an XY 

chromosome system but instead involves an autosomal male-determining allele (M), which is 

dominant to the female allelic form (m) present on the homologous chromosome.  It has been 

suggested that this male-producing factor could be used for population control by shifting the sex 

bias of a mosquito population from half males and half females to one that is predominantly 

composed of males. For this meiotic drive system, the meiotic drive gene would be linked to the 

male determining factor M and the product of this gene would cause breakage of the female 

allelic form (m) which is located on the homologous chromosome. Thus, when the M allele is 

present in the male, no females are produced and the resulting population sex ratio is biased 
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heavily in favor of males. Natural meiotic drives have also been studied in mice, t-complex, 

(Hammer and Silver, 1989) and plants, Ab10 segregation distorter, (Mroczek et al., 2006). 

Figure 1.2. Segregation Distortion in Drosophila melanogaster. Sd indicates the presence of segregation distorter 
and Sd+ denotes its absence (wildtype). In the presence of a responder that is insensitive to Sd functional sperm will 
be produced. In the presence of a responder that is sensitive to Sd and the other chromosome bears Sd and Rspi the 
sperm that carry Rsps do not mature and Sd and Rspi are inherited by almost every single offspring. All functional 
sperm carry Sd and the insensitive responder (Rspi). Adapted from “The Selfish Segregation Distorter Gene 
Complex of Drosophila melanogaster,” by A. M. Larracuente and D. C. Presgraves, 2012, Genetics, 192, 1, p. 33.

Meiotic drive-synthetic system: Natural meiotic drive, as discussed above, has interested 

researchers for many years as a potential tool that may be harnessed for a synthetic drive system. 

A synthetic meiotic drive could be used to introduce new genes into wild populations (e.g. 

insecticide susceptibility genes, behavior-altering genes, and temperature-sensitive genes) or 

introduce extreme sex ratios to crash or eliminate a wild population of human health disease 

vectors or agricultural pests. A well-known attempt to create a meiotic drive is with an “X-
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shredder” (Galizi et al., 2014), used to distort the sex ratio in the mosquito Anopheles gambiae 

by disrupting a specific sequence on the X chromosome. This X-shredding mechanism led to 

loss of females, population suppression, and a bias towards male offspring. Additionally, X-

shredding, unlike female-killing, occurs during meiosis and therefore male fertility is unaffected. 

In this case, the synthetic sex distortion system functioned well because the endonuclease used, 

I-PpoI, exclusively cleaved sequences found on the mosquito’s X chromosome. However, this 

type of drive will only work if the specific sequence that is targeted to be “shredded” is found on 

the X chromosome. In most insects a broader functioning strategy will be needed to target the X-

chromosome. The same group of researchers (Galizi et al., 2016) updated their original X-

shredding strategy using CRISPR-Cas9 nuclease to target an X-linked rDNA sequence-different 

from the I-PpoI target site-that is conserved among five different species of the A. gambiae 

complex. By expressing Cas9 during spermatogenesis via the B2 tubulin promoter, gRNA 

shredding of the X-chromosome was achieved to produce an extreme sex bias towards male 

offspring. This strategy, which is yet to be developed, has the possibility to achieve population 

suppression, particularly with a Y-linked nuclease (Deredec et al., 2008) (Figure 1.3).  

 

Figure 1.3. A CRISPR-Cas9 sex-ratio distortion system for genetic control. (a) The RNA-guided Cas9 is expressed 
from an autosomal location and gives male bias by shredding a species-specific repetitive gene sequence conserved 
on the X-chromosome (any endonuclease such as TALENs, ZFNs or HEG could be used in this case). The X-
shredding construct is inherited by only half of the progeny and it would require repeated releases to suppress the 
population. (b) CRISPR-Cas9 can be multiplexed to target conserved gene sequences present in one or few copies 
on the X-chromosome. (c) The endonuclease is placed onto the Y-chromosome and is therefore inherited by the 
entire male offspring. In doing so, a small-scale release should be sufficient to suppress a population. Reprinted 
from “A CRISPR-Cas9 sex-ratio distortion system for genetic control,” by R. Galizi et al., 2016, Scientific Reports, 
6, 31139. 
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“Homing” in a natural system: The discovery of the first homing gene, reminiscent of 

transposase gene, occurred in the early 1970’s in the yeast Saccharomyces cerevisiae. The intron 

of the mitochondrial 21S rRNA gene from S. cerevisiae contains a long ORF that is conserved in 

some yeast species. When intron-plus and intron-minus variants of yeast were crossed, the intron 

sequence was integrated into all previously intron-minus copies of the gene. The ORF in the 

intron encodes for a protein that is similar to a transposase and spreads the intron in populations 

of interbreeding yeast strains (Jacquier and Dujon, 1985). 

Homing endonuclease genes (HEG) encode for the production of an enzyme, an 

endonuclease, that recognizes and cuts a specific DNA sequence that is found on the homologous 

chromosome. After the endonuclease introduces a double-stranded break in the DNA, homology 

directed repair is then used to copy the HEG onto the homologous chromosome that previously 

contained no HEG (Szostak et al., 1983). After the process is complete, both homologous 

chromosomes contain the HEG, which is flanked by the interrupted DNA recognition sequence 

(Figure 1.4.).  

 
Figure 1.4. Homing Endonuclease Genes. HEGs encode for the production of an endonuclease that recognizes and 
specifically cuts a recognition sequence of DNA found on the homologous chromosome. After cutting the 
homologous chromosome, the repair is made using the HEG containing chromosome as the template. The final 
result is that both homologous chromosomes contain a copy of the HEG. 
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“Homing” gene drive-synthetic systems: Synthetic homing gene drive systems, just like 

the naturally occurring homing systems, require the use of a site-specific nuclease that will 

recognize and cleave a desired target sequence. The nuclease generates a double stranded break 

(DSB) in the DNA and then repair occurs via homology directed repair (HDR). The homing 

systems differ based on the nuclease used and include some naturally occurring homing 

endonuclease genes (HEGs), zinc finger nucleases (ZFNs), transcription activator-like effector 

nucleases (TALENs), and CRISPR/Cas endonucleases. 

The initial demonstrations that a site-specific endonuclease could be used to convert a 

wild-type allele to an allele containing a HEG were achieved using the yeast mitochondria HEG 

I-SceI (Choulika et al., 1995 and Rouet et al., 1994). Since these initial demonstrations, gene 

drive systems have been generated in D. melanogaster (Chan et al., 2011) and A. gambiae 

(Windbichler et al., 2011) using I-SceI. One concern with this system is that some sequence 

degeneracy is tolerated by I-SceI, which can increase the chances of off-target binding (Argast et 

al., 1998 and Gimble, 2001). Additionally, as with any HEG based drive, if DNA repair occurs 

through nonhomologous-end-joining (NHEJ) rather than by HDR the drive will likely break 

down (e.g. frameshift mutations lead to gene disruption, knockout, or production of non-

functioning truncated proteins) (Guha et al., 2017). 

Zinc Finger Nucleases: Zinc finger nucleases (ZFNs) are artificial restriction enzymes 

used for genome editing (Pratt et al., 2012) due to their ability to create targeted DSBs breaks in 

DNA. Each ZFN has two functional domains: (1) a DNA-binding domain that contains a Zinc 

Finger Protein and (2) the DNA-cleaving domain from the restriction enzyme, Fok I. When these 

DNA binding domains and DNA cleaving domains are fused together, the result is a pair of 

“genomic scissors” that can be used for gene knockouts, knock-ins or other targeted genome 

editing. However the downside to ZFNs is that they can cleave unintended sequences, are costly 

for genome editing because they need to be custom-made and can be toxic to certain cells (Cornu 

et al., 2008).  

Transcription Activator-Like Effector Nucleases: Transcription Activator-Like Effector 

Nucleases (TALENs) are similar to ZFNs but they rely on a different DNA binding domain 

called a TAL effector derived from secreted proteins of the plant bacterium Xanthomonas (Joung 

and Sander, 2013).  The bacteria were discovered to secrete these effector proteins in plant cells 

cytoplasm and disrupt processes that increase the plants susceptibility to pathogens. Upon further 
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investigation, TALE proteins were found to be composed of a central DNA binding domain, a 

nuclear localization signal (NLS) and a domain that activates transcription of a target gene. 

TALENs have naturally occurring TALE repeats made up of tandem arrays of 10-30 repeats that 

recognize DNA sequences. The TALEN DNA binding sites recognize single bases (unique to 

each of the four bases A,C,G,T that make up DNA) so that four different binding sites can be 

made. However, TALENs can be very time-consuming to make because a new TALEN protein 

pair needs to be created for every genome edit that needs to be generated. Additionally, due to 

the number of repetitive elements required for TALENs they are not inherited faithfully and tend 

to recombine and lose function over time (Koo et al., 2015). 

 
Figure 1.5. ZFNs and TALENS both generate double-stranded breaks (DSBs) between their binding sites at desired 
target specific locations in the genome.  
 

CRISPR-Cas9 endonuclease: The CRISPR-Cas9 endonuclease system is an engineering 

tool based on the adaptive immune system response of bacteria and archea. The use of the 

CRISPR/Cas9 system requires a guide RNA (gRNA) and a CRISPR associated protein (Cas), of 

which Cas9 is the most commonly used. The gRNA “guides” the Cas9 endonuclease to a specific 

DNA sequence where the endonuclease generates a double-strand break (DSB) in the DNA. This 

system was first demonstrated to be highly effective at disrupting a wild-type allele for a 

recessive phenotype (X-linked yellow gene) in D. melanogaster (Gantz and Bier, 2015). Just 
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months after this initial publication, CRISPR-based gene drives were developed in the malaria 

mosquitoes Anopheles stephensi (Gantz et al., 2015) and Anopheles gambiae (Hammond et al., 

2016). These systems were successful in generating germ-line gene conversion with homology-

directed repair (HDR) in offspring from transgenic males. The successes and difficulties 

associated with these initial systems are discussed in further detail in Chapter 4. 

CRISPR/Cas9 can be used to make deletions, insertions, or mutations in genes. However, 

if inserted into an appropriate position in the genome, CRISPR/Cas9 can function similar to a 

HEG by “cutting” its target sequence on the wild-type homologous chromosome and using itself 

as the repair template when the DNA repair machinery goes to fix the DSB. In the end, the result 

is two copies of the gene drive system in the genome (Sander and Joung, 2013). 

 
Figure 1.6. The mutagenic chain reaction. Molecular mechanism of CRISPR/Cas9 gene drive 
by which a homozygous individual is engineered in one generation.  
Reprinted from “The mutagenic chain reaction: A method for converting heterozygous to 
homozygous mutations,” by M. Gantz and E. Bier, 2015, Science, 348, p. 442. 

 
The CRISPR-Cas9 system is less expensive to use and theoretically less labor intensive 

than some of the other methods described such as ZFNs and TALENs. However, while the 

system has shown to be robust and flexible for genome editing, it is not without its difficulties. It 

is, perhaps, not as easy to use as initially assumed. Factors such as Cas9 activity, target site 

selection and gRNA design, delivery methods, off-target effects, and the incidence of homology 
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directed repair (HDR) all affect the function and ease of use of this system (Peng et al., 2015). If 

the chosen guide RNAs function without much difficulty (inactive or inefficient gRNAs are 

possible), then this method can yield quick results. Multiple genome modifications can be made 

all at once if the relevant gRNAs all function to make the desired changes and do not result in 

undesirable off-target effects. The most critical issue is the evolution of resistance against the 

drive from viable NHEJ errors that inhibit Cas9 cutting. This is discussed in more detail in the 

section “Future of gene drive research and applications: where do we go from here?” of this 

chapter. 

Toxin-antidote gene drive systems, Maternal-Effect Dominant Embryonic Arrest (Medea) and 
Killer-Rescue (K-R): 
 

(Medea)-natural system: These dominant maternal-effect lethal selfish genetic elements 

were first discovered in the flour beetle, Tribolium castaneum (Beeman et al., 1992). They were 

found to be widespread in wild populations collected from several continents; Europe, North and 

South America, Africa and south-east Asia and contain multiple “types” of elements: M1, M4 and 

MX (all other types) (Beeman et al., 1994). This class of selfish genes were termed M factors, 

short for Medea (Maternal Effect Dominant Embryonic Arrest). They cause lethality in all 

offspring that do not inherit the Medea-bearing chromosome from their maternal or paternal 

genome. Medea elements act postzygotically and have a maternal and zygotic component that 

are both required for propagation of these selfish genes (Beeman et al., 1994). Although the 

various M factors display the same maternal-lethal and zygotic-rescue behaviors, they do not 

rescue each other (i.e. a zygote with M1 will not rescue maternal lethality by M4) (Lorenzen et 

al., 2008). Although the exact mechanism-of-action of Medea elements have not yet been 

elucidated, the research published (Lorenzen et al., 2008) indicates that the; (1) M1 insertion is a 

large 21.5-kb composite transposon (Tc1), (2) M1 insertion contains defective copies of at least 

three vital genes (ATP synthase subunit C (ATPsynthC), elongation initiation factor 3 (elF3), and 

a gene encoding a helicase RNaseD C-terminal domain (HRDC)), and (3) M1 insertion contains 

a bacterial gene that encodes for a protein, domain of unknown function DUF1703, which is 

likely the only functional gene in the composite Tc1 insertion. After the initial discovery of 

Medea, several research groups modeled and constructed synthetic Medea systems based on a 

maternal toxin and tightly linked zygotic antidote. These synthetic systems are discussed in the 

next section. 
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(Medea)-synthetic system: Models of Medea spread predict that if these selfish genetic 

elements are introduced into a wild population above a threshold frequency (determined by 

associated fitness costs), they will spread through the population and have the potential to 

quickly convert a population into Medea-bearing heterozygotes and homozygotes (Beeman et al., 

1994 and Akbari et al., 2014). These predictions have generated interest in developing synthetic 

Medea systems based on a maternal toxin and zygotic antidote that could bring about population 

replacement in an insect pest species.  

Synthetic Medea systems have been built and tested in D. melanogaster (Chen et al., 

2007 and Akbari et al., 2014) and D. suzukii (Buchman et al., 2018). These systems consist of a 

microRNA that targets and silences a maternal gene needed for embryonic development 

(maternal toxin) linked to a gene that rescues the required function (zygotic antidote) (Figure 1.8 

Chen et al., 2007). Matings between heterozygous Medea males (M/+) and homozygous wild-

type females (+/+) and matings between homozygous Medea (M/M) males and homozygous 

Medea (M/M) females all resulted in standard embryo survival and viability. However, when 

heterozygous Medea females (M/+) were mated with homozygous wild-type (+/+) males, 50% of 

the offspring did not hatch (Figure 1.7 Chen et al., 2007).  

 
Figure 1.7. Embryos that do not inherit Medea die. Adult females that are heterozygous for Medea (M/+) deposit a 
toxin (red dots) into all of their eggs. Embryos that do not inherit a Medea-bearing chromosome die (bottom left 
square), and embryos that inherit a Medea-bearing chromosome from either the maternal or paternal side survive 
because zygotic expression of a Medea-associated antidote (green oocyte) neutralizes toxin (red oocyte) activity. 
Reprinted from “A synthetic maternal-effect selfish genetic element drives population replacement in Drosophila,” 
by C. Chen, H. Huang, et al. 2007, Science, 316, p. 597. 
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Figure 1.8. Medea toxin-antidote system. (Top) Schematic of molecular model that predicts Medea behavior with 
the existence of two tightly linked loci. One locus consists of a maternal germline-specific promoter that drives the 
expression of RNA or protein that is toxic to the embryo. (Bottom) Medeamyd88 is shown. A construct in which the 
maternal germline-specific bicoid (bic) promoter drives expression of a transcript encoding two miRNAs designed 
to silence expression of myd88 (gene producing the toxin). Maternal myd88 is required for dorsal-ventral pattern 
formation in early embryo development. The construct also contains a maternal miRNA-insensitive myd88 
transgene expressed with the early embryo-specific promoter bottleneck (bnk) (the gene producing the zygotic 
antidote). Reprinted from “A synthetic maternal-effect selfish genetic element drives population replacement in 
Drosophila,” by C. Chen, H. Huang, et al. 2007, Science, 316, p. 597. 
 

Killer-Rescue self-limiting gene drive: Killer-Rescue (K-R) is a gene drive system, 

however not one that drives through preferential inheritance (non-Mendelian inheritance) such as 

Cas9-based homing drives. Instead, K-R drives through mortality of individuals with specific 

alleles, resulting in population replacement. K-R is the subject of this thesis, therefore it will be 

fully described in Chapter Three. In brief, K-R works as follows; the genetically engineered 

insects contain killer genes on one chromosome, and rescue genes with a linked anti-pathogen 

gene on another separately segregating chromosome. The released insects will be double 

homozygous for the rescue and killer, meaning that all the offspring of the matings with the wild-

type population will be double heterozygous for killer and rescue. In subsequent generations, 

different combinations of killer and rescue will survive, but any insects that inherit only the killer 

will not survive to adulthood. Therefore, the only insects contributing to the next generation are 

those that have inherited the rescue with linked anti-pathogen. In this manner, after a number of 

generations, the killer will drive the rescue through the population, killing any offspring that do 

not inherit the desirable genes (i.e. anti-Zika, anti-dengue, etc.). Each generation, only insects 

that inherit the rescue will survive and all other offspring that inherit only the killer die. The 

system will not drive with only the rescue, because the killer provides the drive, or “incentive” 

for the wild-type population to inherit the rescue. The K-R system and its function will be 

discussed in detail in Chapter Three.  
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Underdominance-natural system: Underdominance refers to the case where heterozygous 

progeny have a lower fitness than the homozygous individuals in a population. The closest 

natural example of this, as it relates to insect pests, is with research suggesting the possible use 

of translocations, rearrangements between non-homologous chromosomes, to fix desirable genes 

in insect pest populations (Curtis, 1968). Chromosome translocation heterozygotes (T/+) are 

usually semi-sterile, however translocation homozygotes (T/T) are usually fully fertile. If a viable 

homozygous translocation were produced in an insect pest, T/T insects could be released to mate 

with the wild population where the offspring of these matings would result in semi-sterile 

heterozygotes (T/+) that could possibly lead to a population crash or introgression of desirable 

genes under certain conditions such as: (1) population isolated, (2) released individuals are above 

needed equilibrium point to spread, and (3) pest population is not strongly affected by density 

dependent factors (Curtis, 1968). The use of engineered translocations was recently published 

(Buchman et al., 2018) and synthetic underdominance systems have been modeled (Magori and 

Gould, 2006) and tested in the laboratory (Akbari et al., 2013 and Reed et al., 2018). These 

models and engineered systems are discussed below.  

Underdominance-synthetic system: The use of synthetic underdominance systems could 

be used to spread desirable genes into a pest population using two independently segregating 

constructs that both carry a lethal gene, but also suppress each other. After releases, the only 

individuals that survive are those that carry both or neither construct. Individuals that carry only 

one of the constructs will not survive. Models based on this type of system (Magori and Gould, 

2006, Marshall, 2011, Akbari et al., 2013, Alphey and Edgington, 2017) investigate the potential 

for drive under different scenarios such as single or multiple insertions of the constructs and 

fitness costs associated with carrying the constructs. 
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Figure 1.9. Genetically Engineered Underdominance. Set of engineered constructs on separate linkage groups 
shown in the different scenarios. Individuals carrying at least one Type I and one Type II construct survive by 
suppression of the lethal gene (i.e. the constructs suppress each other). The lethal gene is expressed in individuals 
that have one or more copies of either Type I or Type II, but do not have both. Reprinted from “Genetically 
Engineered Underdominance for Manipulation of Pest Populations: A Deterministic Model,” by K. Magori and F. 
Gould, 2006, Genetics, 172, p. 2613. 
 

Two recent underdominance systems have been published; one proof-of principle 

underdominance system (Reeves et al., 2014) that describes population transformation in D. 

melanogaster that has spatially self-limiting and reversible properties and another engineered 

system that has been tested in the laboratory, the maternal-effect lethal underdominance system 

(UDMEL) in D. melanogaster (Akbari et al., 2013). UDMEL is comprised of two maternal toxins 

and two antidotes to these toxins. The toxins target maternal genes essential for embryonic 

development. Maternal toxin A is linked to antidote B and maternal toxin B is linked to antidote 

A. The toxins and antidotes can be inserted on different chromosomes or on homologous 

chromosomes, but either way the offspring must inherit both constructs to survive (Fig 1.10, 

Akbari et al., 2013). In order for the transgenes to not be lost from the population, the engineered 

organisms but be released at a high enough ratio relative to the wild population. 
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Figure 1.10. The UDMEL Drive System and how UDMEL rewires developmental gene expression. (A) The UDMEL 
system is composed of two constructs. One contains a maternal toxin A and embryo antidote B and the other 
construct contains a maternal toxin B and embryo antidote A. Progeny inherting both constructs survive, but 
progeny inheriting one or two copies of only one of the constructs, die. Reprinted from “A Synthetic Gene Drive 
System for Local, Reversible Modification and Suppression of Insect Populations,” by O. Akbari et al. 2013, 
Current Biology, 23, p. 671. 
 

The first creation of an engineered translocation-bearing strain of D. melanogaster 

(Figure 1.11) was recently published and demonstrated to drive high threshold population 

replacement in laboratory populations (Buchman et al., 2018). This system was created with (1) 

the insertion of transgene cassettes on two different chromosomes, (2) a dominant marker created 

through the act of translocation, (3) the site-specific nuclease, SceI, to bring about breakage 

within each transgene cassette, and (4) unique sequences that mediated recombination between 

the two chromosomes. This translocation system has the potential to bring about local, but not 

global population replacement, and the possibility of reversing the population to its wildtype 

state by reintroducing wild-type individuals to drive the frequency of the engineered flies below 

the threshold required for drive (Marshall and Hay, 2012). The genotypes, viable and inviable, 

associated with the engineered translocation-bearing strain of D. melanogaster are shown in Fig 

1.11 (Buchman et al., 2018). 
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Figure 1.11. Engineered Reciprocal Chromosome Translocations. Gamete and zygote genotypes associated with the 
presence of a reciprocal translocation. Wildtype chromosomes N1 and N2, and translocation chromosome T1 and T2, 
are indicated. (A) One chromosome type is indicated in yellow. A second chromosome type in is gray. Gamete types 
generated by wildtype (+/+), translocation heterozygotes (T/+), and translocation homozygotes (T/T) are indicated. 
(B) Gamete and zygote genotypes possible in crosses involving a translocation are indicated. Inviable genotypes are 
indicated by a yellow line. Reprinted from “Engineered Reciprocal Chromosome Translocations Drive High 
Threshold, Reversible Population Replacement in Drosophila” by A. Buchman et al. 2018, ACS Synthetic Biology, 
7, p. 1359. 
 
PART II: Future Directions and Considerations for Gene Drives in Pest Management 
 

Governance and regulations of gene drive research: The governance of gene drive 

technology in the United States is still in development. The goal is to fill gaps, so these new 

technologies can be deployed responsibly. Thus far, the coordinated framework for the regulation 

of biotechnology laid out in 1986 has guided the regulation for gene drives under laboratory 

conditions and will likely be updated again to guide future governance. Under this coordinated 

framework, the U.S. Environmental Protection Agency (EPA), U.S. Food and Drug 

Administration (FDA), and U.S. Department of Agriculture (USDA) share the regulation 

responsibilities for genetically engineered organisms. The FDA enforces regulations concerning 
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the modifications of crops and foods or any organisms perceived to have an “animal drug” such 

as genetically engineered mosquitoes. The USDA enforces regulations concerning plant pests 

and other possible harms to crops or plants in the environment. The EPA oversees the safety of 

humans and the environment, such as when a plant is engineered to produce pesticides. Lastly, 

the Centers for Disease Control (CDC) can be involved when public health is at risk, for example 

if a mosquito were genetically engineered to longer transmit Zika, but instead is able to more 

readily transmit another mosquito virus such as dengue. 

International regulation of gene drives is just as important as U.S. governance, or 

possibly more so, considering that the majority of the initial targets for gene drive research are 

countries and regions outside of the United States. Multinational policies for governance of gene 

drives are also critical because some gene drives have the potential to cross borders and invade 

unintended areas after release. It remains unclear whether international regulations across nations 

or individual policies within nations will be the better option. There are benefits to 

internationalizing regulations, such as providing a standard that is consistent across nations for 

researchers, publics, governments, and other institutions (Stilgoe et al., 2013). However, 

developing this standard may be too difficult because countries’ values and norms (cultural, 

social, political, ethical) may be too different to create a coherent and effective policy. Creating 

an international policy for governance could instead detract from a country’s ability to address 

all of the facets they find most important for governance of gene drives. Instead, governance may 

be best addressed by individual countries in collaboration with partnering countries to create 

agreements for gene drive releases on a case-by-case basis.  

Weighing the benefits and risks: Genetic engineering, whether in insects, plants, or 

animals, has brought about numerous moral and ethical debates. These debates have been around 

since genetic engineering was first discussed in the 1960s. However, the advent of gene drive 

technology has given rise to a new sense of urgency regarding these large values-based 

questions. While the end goal of eradicating a species, altering our environment to benefit 

society, or modifying crops to include desired traits such as heat or drought tolerance is not new, 

the difference now is that scientists may be close to achieving these goals and society should 

revisit what achieving some of them might actually look like for the future. Historically, growers 

have sought to eradicate or eliminate pests with chemical insecticides or habitat removal, but 

while it may now be possible to achieve some of these goals, they may not be desirable. Gene 
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drives are expected to be powerful “gene changers” and have the potential to completely alter or 

eradicate entire species. This new technology requires that humans revisit their relationship with 

nature, public health, and the environments they live in.  

Debates surrounding the use of genetic engineering are mostly centered on the potential 

benefits or potential harms this technology may bring to society. Consider the potential benefits 

in human health and agriculture. Using gene drives in mosquitoes could create a huge public 

health benefit to tackle diseases such as Zika, dengue, and malaria. The annual estimates for 

dengue cases alone range between 50 and 390 million with an estimated 2.5 billion people living 

in at-risk areas for acquiring infection (Brady et al., 2012 and Bhatt et al., 2013). To date, the 

most commonly used control methods are habitat removal of egg laying and breeding sites, 

which are typically human made containers surrounding people’s homes, and insecticide 

spraying. Mosquito gene drives that reduce populations of specific vector species have the 

potential to reduce disease incidence in a number of mosquito vectored infections, and also 

reduce nuisance biting by females. In agriculture, gene drives could be used to remove pest 

insects, increase crop production, improve crop nutrients, and result in economic gains for 

farmers and health benefits in food.  

Now, consider the potential harms. The most discussed potential harms involve 

unintended environmental and ecological impacts, especially long-term effects. The effects of the 

gene drive systems, if successful, will occur rapidly. However, the long-term effects on 

ecosystems could take many more years to appear and are unpredictable. Even amongst fellow 

researchers who were closely involved in the development and initial laboratory trials of 

CRISPR/Cas9 gene drive technology, there are disagreements and debates concerning the 

potential negative consequences (Esvelt and Gemmell, 2017). Esvelt, an initial proponent of the 

use of gene drives for species conservation, now states this potential application “was a mistake: 

[because] such gene drive systems lack control mechanisms and are consequently highly 

invasive” (Esvelt and Gemmell, 2017). Another risk from use of a gene drive to suppress a 

population of mosquitoes, is the potential for resurgence of the eliminated virus/infection. If a 

resurgence occurs many years after local elimination, the human population will not have the 

herd immunity to the virus that existed when it was commonly circulating. This type of 

resurgence in dengue cases, due to reduction in herd immunity to dengue virus, has already been 

evidenced in Singapore even at low mosquito population densities (Ooi et al., 2006).  
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Scientists and others also disagree on the importance of mosquitoes as food for predator 

species in areas where they comprise a large biomass. For example, mosquitoes may be a key 

food source for birds in the Arctic tundra. Some researchers estimate that the number of 

migratory birds that nest in the tundra could decrease by more than 50% if they did not have 

mosquitoes to eat (Fang, 2010). Other researchers disagree, saying that midges are the more 

common source of food and humans overestimate the numbers of mosquitoes in these areas 

because they are attracted to humans and therefore more noticeable than other insects (Fang, 

2010). Another set of species to mention is bats, which are estimated to consume up to 25% of 

their body mass in insects every night. However, while bats consume an enormous number of 

arthropods each night, research suggests that mosquitoes comprise only 1% of that material 

(based on bat fecal dissection), and the majority of their food is made up of various beetles, 

leafhoppers, and stink bugs (Kunz et al., 2011).  

When it comes to agriculture, the largest concerns involve accidental transfer of modified 

genes to a non-target wild species, especially one that is closely related. For example, Palmer 

amaranth is a damaging weed in the United States, but related Amaranthus species are cultivated 

for food in Mexico, South America, India, and China (Ward et al., 2013). If a suppression system 

were to accidentally transfer from the damaging weed variety to the food cultivated varieties, it 

could have multiple detrimental environmental and human health impacts. 

The first set of value considerations discussed above are concerned with benefits and 

harms in terms of what could happen. This second set of deliberations instead focuses more 

directly on specific groups, publics and communities and asks who rather than what. These 

questions of justice are “who will benefit or who will be harmed?” and “who will make the 

decisions regarding the use of genetically engineered organisms?” At their infancy, gene drive 

systems are envisioned as a means to solve problems that face society. But their development and 

use might create different, and possibly greater, injustices. These must be addressed before the 

technology is implemented. For example, while gene drive systems in mosquitoes have the 

potential to decrease malaria in rural communities where access to healthcare is difficult, they 

also have the ability to cause some of the unintended potential harms (see page 20). Scientists are 

responsible for thoroughly engaging with groups of experts and non-experts about the conceived 

risks and benefits so that they are innovating responsibly, and not innovating for novelty.  
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Engaging in responsible research: Discussed here are some considerations that should be 

addressed before and throughout the research and development stages as well as prior to release, 

if the technology advances to that point. Before release, everyone involved needs to ask: do we 

have sufficient knowledge to make a decision to release? Moreover, what must we know in 

advance before a release? The scientific researchers and countries generating the technologies, 

typically working in wealthier countries, may have a poor understanding of the risks facing those 

using the technology in low-and middle-income countries. The risks perceived by the people 

who would receive the technology are likely very different from the risks perceived by the 

researchers. This gap in perceived risks and/or benefits needs to be addressed before a release is 

agreed upon. On the flipside, the countries that are not experiencing the burden of disease or 

economic and agricultural food safety may overlook some of the benefits that the technology 

could offer as well. Some of these secondary or tertiary benefits may only be apparent after the 

health or economic burden caused by these insect pests is removed.  

If a release is completed and public health or environmental issues arise, there needs to be 

a mitigation plan already in place to address problems immediately. The best way to succeed 

throughout this process is to begin a relationship while a project is in its infancy, before the 

research has begun. A long-lasting relationship started at this point in technology development 

can be built on trust between researchers, local and federal governments, and the communities 

that would be affected by the implementation of the gene drive technology. At the very least, 

when many of these questions cannot be answered, an open and ongoing dialogue needs to take 

place between researchers, governments, and various publics that would be affected by the 

technology. This open dialogue needs to be initiated as early as possible, ideally at the 

conception of such a project or shortly after there is evidence to suggest it can be successful and 

may be created or used. Benefits and harms must be addressed on a case-by-case basis. The 

individuals who will be affected by the release should have the opportunity to be involved in an 

open and transparent ongoing dialogue, including critical points at which key decisions are 

made, throughout the process from conception to release.  

The reasons to conduct gene drive research include, but are not limited to, a desire and 

obligation to fight human disease and suffering, foster human health through healthier, safer 

foods, and protect and restore the natural environment. It is possible that after the harms and 

benefits have been discussed amongst the experts and non-experts mentioned, the decision will 
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be to restrict, stall, or halt use of gene drives. All groups involved, and especially scientists, may 

struggle with this decision. It can be difficult or even heartbreaking to abandon research when 

large quantities of money, time, and passion have gone into developing it. The scientists and 

other researchers working on the technology will likely have the most difficult time with such an 

outcome, compared to other groups. While this type of “failure” can still occur even with all the 

precautions and preparatory steps taken that have been discussed above, these steps should 

reduce such failures earlier in the research and development processes. 

Future of gene drive research and applications: where do we go from here?: Gene drives 

using CRISPR/Cas9 have great potential to reduce disease incidence, improve public health, and 

decrease economic burdens to farmers and others. However, more information is needed in 

laboratory and field trials before open releases can occur. In the laboratory, CRISPR/Cas9 based 

gene drives have been developed in species of yeast, fruit flies, and mosquitoes. The gene drive 

systems in these organisms are still proofs-of-concept. To date, no system is ready for field 

releases, but it is likely to occur in the near future. Before the open release of any gene drive 

system occurs, laboratory and field trials must take place, preferably in or near the intended 

release location.  

Additionally, governance between countries developing the technology and countries 

considering using the technology (and any neighboring areas that the release may affect) must 

agree on governance before any release so that proactive measures are taken before potential 

unintended consequences occur. Although CRISPR/Cas9 technology is very promising, it is not 

immune to problems encountered with previous methods of insect pest management, genetic or 

otherwise. Pest evolution and development of resistance could be a problem, particularly for 

insects with fast generation times where evolution occurs more quickly than in mammals. If an 

organism with a gene drive evolves it could result in: (1) loss of linkage between the effector and 

desirable cargo gene and (2) resistance to the anti-pathogen or anti-viral gene. This could become 

a serious problem if the gene drive targeted a virus like dengue or Zika and the mosquito evolved 

to resist the mechanism. The mosquito could become susceptible again to transmitting the virus, 

or at worst it could become a superior vector for the virus and possibly for other viruses, 

depending on the evolution that occurred due to selection pressures from the modified genes in 

the drive. Having a mitigation plan in place before release is necessary to control potential issues 

such as this or others. 
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The future of gene drive research is a complex issue that needs to be addressed by 

scientists, regulators, experts, and non-experts working together and thinking critically about 

these questions on a case-by-case basis. The technological advancements produced by scientists 

cannot be used responsibly without first answering the ethical and regulatory questions. 

Answering these questions will never be a “check the box” and move on scenario. Instead, 

questions will and should be raised each time a new discovery is made, a new release location is 

being considered, or mistakes lead to new decision-making processes. Taking these preparatory 

steps should reduce such “failures” and take the technology closer to its intended course and 

hopefully halt the progress of such technologies at an earlier stage. Recognizing the need to 

restrict, stall, or halt a technology development is best done at an earlier stage to save time and 

money for everyone involved. 
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1. Introduction 
The global problems of dengue fever and malaria are multi-faceted, complex issues that 

span many disciplines, including human health, ecology, economics and urban development, 

health and environmental policy, social work, and risk analysis. Effective disease control and 

prevention therefore requires integrated research from all of these disciplines in order to 

understand the problem from as many angles as possible and within its social and cultural 

contexts. This type of interdisciplinary approach that integrates perspectives from the natural 

sciences, social sciences, and humanities was recently endorsed by the American Academy of 

Arts and Sciences as critical for developing effective solutions for the world’s problems.1 

Adopting this approach, we introduce the ethical, regulatory, social, and economic aspects of 

control programs for dengue fever and malaria, relating to both currently used control techniques 

as well as the emerging technologies involving genetically modified organisms (GMOs).  

The goal of this chapter is not to offer a definitive stance on whether or not GM 

technologies should be used to control mosquito-borne diseases, but rather to offer a cursory 

look at the complex issues that span multiple disciplines, governmental and non-governmental 

organizations, and community interests. In conclusion, we argue that a discussion of whether or 

not to implement GM technologies should be conducted within the larger discussion of national, 

regional, and global disease control strategies. These control plans should consider an integration 

of multiple control strategies and adapt to suit differing social and cultural contexts based on the 

area under consideration.  

 

2. Current State of GMOs 
In 1996 agriculture experienced a genetic revolution. Before the planting season, the 

United States Environmental Protection Agency (EPA) had approved the commercial sale of 

what would become the most widespread transgenic cultivars. Recombinant DNA technology 

has revolutionized biological sciences with practical impacts in fields ranging from medicine to 

agriculture.2 New crops and modified organisms would soon come to be known as genetically 

modified organisms (GMOs). Crops carried genes from bacteria conferring resistance to 

Roundup™ (glyphosate) weed killer and to certain insect species. Bacteria were engineered to 

produce human insulin. With regard to pest management the impact of transgenics remains 

acutely felt in agriculture. Entire agricultural systems were constructed around new transgenic 
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cultivars; new industries were born, while old ones failed. Land Grant institutions around the 

country helped research the impacts of these new varieties. Fields from the applied life sciences 

produced thousands of articles in biochemistry, molecular biology, conservation biology, 

ecology, evolution, plant science, weed science, environmental resource management and many 

more regarding the efficacy and safety of transgenic cultivars.3 Yet, this technology has its 

detractors. Many groups such as Union of Concerned Scientists and Gene Watch point to issues 

with regulatory systems in assessing safety or environmental concerns related to transgenic 

organisms. 

Controlling pests with transgenic technology is predominantly accomplished with δ-

endotoxins (Cry toxins) from strains of Bacillus thuringiensis. Commonly known as Bt crops, 

the plants have a host of attractive features. Most notable is the narrow spectrum of pests that 

each Cry toxin affects. At the time of this writing, varieties of Bt crops primarily target 

lepidopteran, dipteran, and coleopteran pests. Furthermore, a single gene encodes each Cry toxin 

making the combination of toxins, known as stacking, relatively straightforward.4 Growers have 

found these crops extremely useful; in 2014, transgenic Bt crops constituted 84% of cotton and 

80% of corn grown in the United States.5 Developing countries such as India, China, South 

Africa, Brazil, and Argentina have seen explosive growth in transgenic crop adoption. Those five 

countries accounted for nearly 50% of transgenic crops (including herbicide tolerant cultivars) 

grown worldwide in 2011.6 However, these crops are not without their drawbacks. While the 

primary pests of these crops have been controlled, a surge of secondary piercing-sucking pests 

such as stink bugs and aphids has become a problem in some regions of the world.7 

Consequently, the increase in insecticide use to control secondary pests may offset the decreased 

insecticide applications for the primary pests now controlled by Bt. Thus, detailed knowledge of 

the pest assemblage is useful when approaching transgenic control through direct modification. 

Similarly, in thinking about genetically-modified mosquitoes to combat dengue and malaria, 

detailed knowledge of the transmission cycle and host assemblage is required to know how the 

system might respond to genetic control of a single species. 

While transgenic crops are widespread in much of North America and Asia, this is not 

necessarily the case around much of the globe. For example, many nations in Europe restrict 

transgenic cultivars and in some cases have even seen a decline in field trials of these cultivars.6 

Concern over the safety of these crops remains intense, but as it stands now, no credible 



34 

 

scientific evidence has been presented demonstrating adverse effects associated with 

consumption of transgenic crops.8 However, the moral and ethical arguments against transgenic 

crops seem to have the most traction and these arguments are more difficult to resolve with 

scientific data alone. Below we discuss some of the ethical implications surrounding transgenic 

insects, which are derived from literature surrounding transgenic cultivars. 

 

3. Dengue Fever and Malaria 
The WHO provides fact sheets (available online) on both dengue and malaria that are 

straightforward and highly informative. Here we provide a summary and comparison of the two 

diseases focusing on their global prevalence, symptom severity, and vector characteristics. We 

also discuss briefly the availability and efficacy of existing treatment and prevention methods for 

both diseases. Table 1 displays a summary of the key facts for both diseases discussed below.  
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Table 1: Key Facts about Dengue and Malaria9–11 
 Dengue Malaria 

Vector 
Aedes aegypti, Aedes albopictus 
(secondary) 

about 20 species from the Anopheles 
genus 

Strains 4 virus serotypes from the Flavivirus 
genus  

4 parasite species from the Plasmodium 
genus  

Severity contracting a second serotype results in 
a higher likelihood of experiencing 
severe dengue 

prevalence and severity varies with 
parasite (Plasmodium falciparum is the 
most common and deadly) 

Immunity contracting one serotype provides 
permanent immunity to that strain and 
temporary immunity to the others 

partial immunity is accumulated over 
time and provides protection against 
severe disease 

Diagnosis ELISA tests for antigens (IgM & IgG), 
PCR 

rapid diagnostic tests for antigens, 
microscopy, PCR 

Symptoms Classic: fever, rash, headache, muscle 
aches, retro-orbital pain, vomiting 
 
Severe: internal hemorrhaging, severe 
abdominal pain and vomiting, 
respiratory distress 

Classic: fever, headache, chills, 
vomiting 
 
Severe: anemia, respiratory distress, 
cerebral malaria, organ failure 

Mortality 
without treatment: about 20% mortality 
rate 
 
with treatment: less than 1% mortality 
rate 

about 627,000 deaths in 2012 
 
90% of deaths were from Africa, mostly 
among children 

Global 
Burden 

WHO9: 50-100 million cases per year 

Bhatt et al.12: about 390 million cases 
per year, including asymptomatic 

WHO10: about 207 (473-789) million 
cases in 2012 

Risk 
Groups 

children, elderly, imuno-compromized children, elderly, imuno-compromized; 
tourists & immigrants 

Vaccines In development but not yet available In development but not yet available 
Treatment Classic: fluids, pain medication, rest 

Severe: fluid replacement therapy, blood 
transfusion 

antimalarial medications (parasite 
resistance is a continuing issue) 

Common 
Vector 
Control 

container control, indoor residual 
spraying (IRS) of insecticides, larvicide 
packets in collected water 

long-lasting insecticide-treated nets 
(LLINs), indoor residual spraying (IRS) 
of insecticides 
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3.1. Dengue Fever 

Dengue is caused by at least four independent viruses that are all transmitted primarily by 

the mosquito Aedes aegypti. The most typical form of the disease is commonly called dengue 

fever and its symptoms include fever, rash, headache, and joint and retro-orbital pain. The severe 

form of the disease, called severe dengue or dengue hemorrhagic fever (DHF), can result in 

vomiting, internal hemorrhaging and even death.13  

The WHO estimates that there are 50-100 million dengue infections each year, mostly in 

tropical regions, though a more recent estimate is nearer to 400 million due to the large number 

of asymptomatic and unreported cases.12 Despite its high incidence, dengue fever is one of 

seventeen diseases classified as a neglected tropical disease (NTD).14 In terms of human health 

impact, NTDs are often compared to ‘the big three’: malaria, HIV/AIDS, and tuberculosis, which 

receive significantly more attention in funding, research, and social welfare projects than the 

seventeen NTDs. The disproportionate attention is partly a result of ‘the big three’ being outlined 

specifically in the Millenium Development Goals, where NTDs are included only in the ‘other 

diseases’ category. However, while NTDs typically carry a low mortality rate, they are both 

promoted by and promote poverty, are highly debilitative, and disproportionately impact women 

and children. Perhaps most importantly, NTDs can increase the severity and prevalence of ‘the 

big three’ through co-infection and co-endemicity.15,16 As a result, Hotez et al. encourage the 

development of a global plan for the ‘big three’ that includes control of seventeen NTDs as a 

powerful tool in the process.17  

 

3.2. Malaria 

Malaria is a parasitic disease spread by about 20 different species of Anopheles 

mosquitoes in tropical and subtropical climates throughout the world. According to the WHO, 

malaria is more prevalent in areas with species of Anopheles that have longer lifespans or that 

have breeding habits leading to increased mosquito populations.10 Because malaria is spread by 

so many species of mosquitoes, the direct suppression of the mosquito populations responsible 

for transmission is complicated. However, because all Anopheles species bite at night, one of the 

simplest and most effective forms of malaria prevention is to use long-lasting insecticide-treated 

bed nets (LLINs) to keep humans from being bitten while sleeping. 
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Symptoms of malaria include fever, headache, chills, and vomiting. Severe complications 

can involve anemia, respiratory distress, and cerebral malaria in children and other forms of 

organ failure in adults. However, as with dengue, severe and fatal complications from malaria are 

generally avoidable via effective vector control practices and fast access to medical treatment.11 

Antimalarial medications are able to both treat and prevent malaria but parasitic resistance to 

medications is an ongoing issue.10 

Recent WHO estimates indicate that there were about 207 (with an uncertainty range of 

473-789) million cases of malaria in 2012, about 627,000 of which resulted in death.10 Over 90% 

of these deaths occurred in Africa, mostly among children where, according to the WHO, ‘a child 

dies every minute from malaria.’10 Although the death toll of malaria is still high globally and 

especially among children in Africa, the occurrence of malaria cases and deaths has decreased by 

around 50% since 2000.10 

 

3.3. Dengue and Malaria Control 

Currently, the most commonly used techniques for dengue control include chemical 

control in the form of either larvicide in water sources, or adulticide applied via indoor residual 

spraying (IRS) or aspiration packs; and cultural control in the form of recruiting communities to 

empty containers of standing water that may serve as larval rearing sites. For malaria, cultural 

control in the form of using LLINs during sleep is the most common form of vector control. This 

form of control is highly effective for malaria prevention, but does not successfully prevent 

dengue fever because Ae. aegypti bite during the day. The other main form of malaria vector 

control is the implementation of IRS to reduce adult Anopheles populations. Antimalarial 

medications can also be taken preemptively to prevent malaria transmission and their use is 

recommended by the WHO for travelers, pregnant women, and children under 5 years old in high 

transmission areas.10 

Emerging techniques to control both diseases using GMOs can be broadly categorized as 

either population suppression, which seek to reduce the numbers of mosquitoes, or population 

replacement, which seeks to replace the disease-carrying population with a transgenic strain 

incapable of transmitting disease. GMO technology is controversial, however, especially in the 

United States and Europe, where a heated debate continues surrounding genetically modified 

foods. 
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4. Things to consider before implementing GMO control methods 
Table 2 lists key issues to consider before implementing GMO control methods. In the 

following sections, we focus primarily on the simpler system of dengue transmission and control 

(see also Ch. 6). While malaria is a more complex system (see Chs. 4 and 5), the points we raise 

should still apply to using GMO methods for the prevention of malaria. Issues of regulation (Ch. 

17), public opinion (Ch. 19), and ethics pertaining to the use of GMOs as a control technique are 

likely similar for both diseases, as these issues relate more to the emerging technologies of 

genetic modification rather than to the specific diseases to which these technologies are applied.  

 
Table 2. Considerations for the potential use of GM technologies for disease control 

Table 2: Considerations for potential use of GM technologies for disease control 

• Economic burden of dengue or malaria in the area under consideration 
• Burden on quality of life 
• Burden on healthcare system in time of epidemic 
• Local community’s perception of disease risk 
• Local community’s willingness to participate in cultural control 
• Local community’s values and belief systems regarding environmental protection and 

care 
• Efficacy and public acceptance of currently used control measures, locally and in 

neighboring areas 
• Financial cost, quality of life cost, and ethical cost of candidate technologies for 

mosquito control 
• Benefits of disease prevention over disease treatment in the area under consideration 
• Other culturally-specific considerations in the area under consideration 

 

4.1. Allocating Resources between Treatment and Control 

 It is important to prioritize treatment strategies to mitigate severe health problems 

resulting from disease transmission. General improvements to healthcare infrastructures along 

with other forms of economic development would likely decrease instances of malaria and 

dengue as well as many other communicable diseases. For any control methods implemented to 

reduce transmission of dengue or malaria, it is important that local communities are consulted 

and actively engaged in policy decisions and implementation.  

Dengue treatment is usually simple and highly effective at reducing death rates if infected 

individuals are able to obtain timely access to necessary treatment facilities.9 However, 

researchers and policymakers working with the virus note that healthcare infrastructures in low 
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and middle income countries are often incapable of handling the influx of cases that occurs 

during an epidemic.9,18 The response to this problem seems to have often been to push for 

increased dengue prevention rather than to try and tackle healthcare infrastructure issues 

directly.19 Although the control and prevention of dengue is vital to reducing the negative 

impacts of the virus in the long run, it is important that researchers and policymakers not 

overlook the immediate importance of ensuring individual access to dengue treatment.  

The WHO handbook on dengue management states that ‘emergency preparedness and 

response are often overlooked by program managers and policy-makers,’ and that ‘while plans 

have frequently been prepared in dengue-endemic countries, they are seldom validated.’20 (pp 123-

124) However, this problem could be due to a lack of resources rather than a lack of diligence. 

Because each area will typically only experience an epidemic every few years, it may be difficult 

to maintain the resources needed to treat high case loads of dengue. We suggest that mobile 

dengue response units be formed at the international level with neighboring countries pooling 

resources to maintain effective response teams. This is an area in which NGOs like the Red 

Cross, NIH, or WHO could step in to provide the necessary resources and expertise to be able to 

respond to the needs of a larger area. 

 The effective treatment of dengue will not eliminate disease incidence or transmission. 

Prevention of the disease will still only be possible through preemptive vector control practices 

or the development of an effective vaccine. However, the effective control and prevention of 

dengue is likely to take an extensive amount of time and resources. In the interim, steps should 

be taken as quickly as possible to ensure that all areas are capable of treating cases of dengue and 

severe dengue in order to reduce serious health complications and fatalities to the lowest possible 

levels. There is no justification for accepting high death rates from dengue while long-term 

solutions are being developed when short-term treatment solutions are currently available for 

implementation. 

 

4.2. Economic Development 

Although the risk of dengue transmission is present and possibly increasing in parts of 

Europe and the US due to increased global temperatures and the presence of Aedes mosquitoes in 

these regions, the vast majority of countries at the highest risk levels are low to middle income 

countries. While this is likely to be in part due to the fact that many low and middle income 
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countries are located in tropical and subtropical climate regions, there are several infrastructural 

factors that are likely to contribute to a nation’s level of dengue risk as well. Improving upon 

these infrastructural issues would likely not only reduce incidences of dengue but would also 

have other health benefits for the individuals in the affected areas. 

Because Ae. aegypti breed in open water containers, one of the main infrastructural 

obstacles to preventing the spread of dengue lies in poor water and sewage availability. 

According to the WHO, `Dengue afflicts all levels of society but the burden may be higher 

among the poorest who grow up in communities with inadequate water supply and solid waste 

infrastructure, and where conditions are most favourable for multiplication of the main vector, 

Ae. aegypti,’.20 This is because areas without reliable waste disposal or piped water tend to have 

issues with water drainage and/or are forced to collect water in open containers for household 

use. These open pools of water then act as viable oviposition sites for the Ae. aegypti mosquito.21 

Improving waste disposal and piped water availability would also lead to many health benefits 

for affected communities that spread far beyond reduced incidences of dengue fever, such as a 

reduction in hookworm and gastrointestinal diseases which are also prevalent in areas most 

affected by dengue.22 

As noted above, Ae. aegypti bite during the day, which makes bed nets an ineffective 

control method against the mosquitoes. Infrastructural improvements to household construction, 

particularly regarding the availability of screened windows, air conditioning, and enclosed walls 

and roofs, would therefore further reduce dengue risk by preventing Ae. aegypti from entering 

households and biting inhabitants during the day.21,23 Such household improvements are costly 

however and would necessitate either higher household incomes or subsidization by outside 

sources like governmental or non-governmental organizations. 

Making permanent improvements to the healthcare infrastructures in dengue endemic 

countries would increase the ability of these countries to handle epidemics and minimize severe 

disease complications and deaths. These infrastructural improvements would also have health 

benefits extending outside of dengue outcomes by increasing the ability of healthcare 

infrastructures to treat a wide range of diseases requiring intravenous fluid replacement therapies 

or other simple medical interventions.24 Improving transportation infrastructures by building 

roads and increasing the availability of affordable public transportation would further increase 
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the accessibility of healthcare facilities, thereby reaching a wider spectrum of individuals in need 

of treatment. 

There is ample research linking health outcomes to educational and other economic 

outcomes.25–27 Limited healthcare access due to low income levels leads to worsened health 

outcomes which can keep individuals from obtaining a formal education or from working, thus 

leading to even lower incomes. A poverty trap is thus formed wherein low incomes lead to poor 

health outcomes which contribute to even lower incomes.26 However, infrastructural 

improvements and other development programs that increase the access of low income 

individuals to healthcare have the potential to stop or even reverse the cycle of these poverty 

traps since healthier individuals are more likely to be able to obtain a formal education and/or to 

participate in the labor market.25,27 

 

4.3. Community Engagement 

Community development for dengue control emerged in the 1980s as a new attempt at 

sustainable control for the mosquito vector Ae. aegypti. It is envisioned as a bottom-up control 

strategy, one that is carried out by citizens of the community and guided by local leaders rather 

than government officials. However, especially in the initial stages, collaboration between the 

government and local leaders is an integral part of community development. This strategy is in 

contrast to a top-down approach, that is, a program run entirely by the government and health 

officials without input from or expectations of the local community. In some cases attempts at 

community development end up looking very similar to the traditional government run control, 

especially once funding for a trial program has ceased. If implemented correctly, the sense of 

leadership and ownership in resources and ideas should make a community more responsive and 

engaged in addressing the dengue problem even after outside support is withdrawn.28 

Community engagement for control of Anopheles mosquitoes, which transmit malaria, 

uses some similar and some different techniques for the mosquito’s different behaviors and 

feeding habits. Rather than focusing on emptying containers with standing water in and around 

homes, as is done for Ae. aegypti, community engagement focuses on distributing and educating 

about bed nets.  Both mosquitoes may be controlled through insecticidal spraying of homes 

however, especially when it is carried out properly by the household and by the vector control 

employees. 
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In the 1980s the World Health Organization (WHO) put funding into community 

engagement trial programs and initially gave funding to Thailand to conduct trials using the new 

strategy. However, these initial programs were not very successful because they did not involve 

true community engagement. The program was government directed, still maintained as top-

down control, and participating citizens were simply told what to do, so when the support was 

withdrawn the community programs fell apart.28 

The trials in the 1980s taught important lessons: community engagement programs will 

not be sustainable unless there are continued economic incentives and the programs will not 

receive funding from the limited government health dollars once they have been successful. 

However, even with continued programmatic incentives and government funding, there are still 

other factors that underscore the success of a community-based program. If the economic 

incentives disappear after the external funding ends, the incentive of improved health and fewer 

cases of dengue should continue to motivate community participation in control programs but it 

may not be enough, especially during times when dengue is absent from an area and other health 

concerns take precedence. 

While community based programs are intended to ultimately give control to members of 

the community, relying solely on the community presents problems itself. Even when incentives 

are present, members of the community must be convinced that removing larval habitats is in 

their best interests and that controlling Ae. aegypti is a priority. Some reinforcement and 

involvement from the government must always be maintained to ensure that the community is 

educated and continuing to implement the control measures. The shift from governmental control 

to local control will take time because the community may see the task as one for which the 

government is responsible.28 

Since the 1980s, community based programs to control dengue have been implemented in 

many areas around the world.  Some of these programs have been successful and sustained over 

periods of years after funding has ceased, while others continue to look like the initial trials in 

Thailand where the programs deteriorate after funding and other incentives are removed. 

Today, some of the most successful community based programs are present in Cuba, 

where local Cubans appear to have truly embraced the cause and believe in suppressing dengue 

through educating community members, removing larval habitats, and going door to door during 

epidemic periods to check for symptoms of dengue. In 1981, the first and largest DHF epidemic 
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presented itself in the Americas.  In response, the Cuban government trained and mobilized over 

15,000 workers to go house to house educating citizens about dengue and mosquito vector 

control, in addition to extensive pesticide application.29 

Initially, the 1980s success of Cuban programs depended on top-down control with 

enforcement through anti-mosquito breeding laws. People were educated on how to prevent 

mosquitoes from breeding in and around their homes and were fined by inspectors who were sent 

to frequently check individual households and enforce the laws.28 Today, numerous studies 

suggest that the top-down control is no longer needed even when outside incentives are not 

present. For example, a 2007 study conducted in Santiago de Cuba focused on the sustainability 

of a community-based approach for two years after external funding was withdrawn.30 The 

sustainability was evaluated through direct observation, questionnaires, group interviews, and 

routine entomological surveys using the breteau and entomological house indices. Two years 

after the external support was removed, people living in neighborhoods who had received the 

intervention continued to correctly apply larvicides and store water properly; as a result, larval 

indices continued to decline.  Comparatively, larval and house indices of people living in the 

control area, who had not received community engagement support and education, increased.30 

This study provides evidence that the community-based approaches in Cuba are sustainable and 

effective at reducing Ae. aegypti. 

Although all four dengue serotypes are found in Thailand, the cases each year have been 

limited and most likely due to the movement of people in and out of Thailand from neighboring 

countries.31 Thailand still heavily maintains governmentally run, top-down control programs for 

reducing and eliminating Ae. aegypti. Although successful, this type of continued government 

intervention is more expensive than the approaches in Cuba in which, over time, the external 

support is removed and the community takes over responsibilities the government had previously 

assumed. 

A study in Taiwan examined the impacts and stress that volunteers in community health 

experience and suggests that the volunteers experience a lack of support in the role they are 

expected to fulfill, as well as a lack of proper education and work overload.32 These types of 

concerns and considerations are important for community engagement as the volunteers are 

expected to dedicate time to extra duties outside of their everyday jobs and families needs. 

Although the participants in this study are volunteers, in other community based programs the 
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people do not necessarily volunteer to participate, especially during trial periods where 

governmental or outside support is maintaining that the community follows through with the 

tasks requested of them. A careful balance between giving the community too much 

responsibility versus not giving enough is difficult to achieve and what a ‘successful program’ 

looks like will differ dramatically between countries and even local areas. New techniques, such 

as the use of transgenic mosquitoes to control vector populations, may help to reduce the burden 

of community health volunteers. 

Considering the current programs that use traditional non-transgenic approaches, a good 

community engagement strategy is one that (1) is sustainable over decades and evolves to meet 

the rising number of dengue cases each year, (2) empowers citizen to be involved, but does not 

place too much responsibility on the community so that engagement disappears after incentives 

or lawful actions are no longer there, and (3) is widely accepted and does not involve forcing a 

community to be a part of a control program that goes against its beliefs and values. 

If transgenic mosquitoes are released to suppress dengue, the programs are likely to 

change in terms of the levels of involvement required from the government and community. 

First, the removal and monitoring of larval habitats by private homeowners would still be useful 

in reducing cases, but if released mosquitoes are able to suppress wild populations to non-

transmissible levels, likely less monitoring would be required. Secondly, the amount of 

insecticidal spraying inside and outside of homes would be reduced. This would reduce the need 

for homeowners to vacate during spraying as well as reduce the risk of chemical exposure. 

Thirdly, engagement would be more frontloaded in the sense that government and community 

collaboration would take place before the transgenic mosquitoes are released.  GMO educational 

events and gathering public opinion would be essential to gain a sense of the public acceptance 

or denial of the GMO technology. After this, the next step would be to understand the reasons 

why people accept or deny transgenic mosquitoes as a method to suppress dengue. All of this 

collaboration would be done before the release of mosquitoes, and hence most of the community 

engagement would be done before the program actually begins and with less community 

involvement needed after implementation.  This is in contrast to the current programs in which 

community participation is oftentimes required and even increases overtime as governments or 

outside sources pull funding. 
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Box 1: Community Engagement 

      Community engagement, involvement, and development to reduce mosquito borne 
diseases all refer to the concept of giving a community leadership and ownership of ideas and 
resources after education and collaboration from the government.  Community engagement 
(bottom-up/horizontal control) is intended to be a sustainable method that is less costly and 
more effective at reducing dengue than programs run solely by the government (top-down 
control). 
 
      Ideally, the initial steps of community engagement involve governmental vector control 
employees educating and collaborating with local communities and then slowly the 
community takes over responsibility for some of the tasks the government once 
performed.  More than this, the strategy is ideally sustainable because the communities have a 
desire to reduce the mosquitoes and believe in the methods they have been 
taught.  Sustainability is key to the strategy because the initial money the government or 
outside source of funding had will eventually be used up and the initial incentives to perform 
the tasks may no longer be present. Thus, the success of trials for community engagement are 
difficult to assess unless long term studies are carried out years after the funding and incentives 
are removed. 
 
      To date, the most successful community engagement programs appear to be in Cuba, where 
Cubans have embraced the techniques needed to suppress dengue such as removing larval 
habitats, going door to door to check for dengue symptoms, and educating other citizens about 
suppression and control techniques.   

 
4.4. Values and Ethics of Control Measures  

Here we offer an ‘informed layperson’s’ ethical framework for considering the release of 

genetically modified mosquitoes. Entire careers and numerous volumes have been dedicated to 

the study of bioethics. We hope this will serve, at the very least, as a spark for further exploration 

of relevant ethical and social concepts and issues surrounding the use of transgenic mosquitoes 

for public health. The principles we believe to be most pertinent to the discussion are outlined 

with some hypothetical examples drawn from literature and adapted to the modification of pest 

species. Table 3 offers a brief overview of the principles discussed below, namely: stewardship, 

animal welfare, justice as fairness, and precaution.  
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Table 3: Brief Outline of Ethical Principles 

Principle Short Definition Potential Questions to Address 
Stewardship The environment must be cared for in 

such a way as to provide natural 
resources for future generations. 

What could the future environmental 
impact look like? 
 
How would this technology change the 
impact of controlling this pest? 
 

Animal 
Welfare 

Animals have rights in so much that 
“because it is an animal” is not an 
acceptable justification for actions 
taken against them. 

Is genetic modification of this species 
necessary? 
 
Does genetic modification unreasonably 
or unnecessarily interfere with 
biological drivers of this species? 
 

Justice as 
Fairness 

A fair decision is one in which 
maximizes liberty for all and the 
distribution of effects follows that the 
least advantaged individuals in a 
society will receive the greatest 
benefits. 

Who benefits from this technology and 
who bears the associated risks? 
 
How are benefits and risks divided 
among those directly involved with the 
technology? 
 
Is the distribution of risks and benefits 
fair (as defined by Rawls)? 
 

Precaution With the acknowledgement that zero 
risk is an impossible standard, 
reasonable risks to the environment, 
health, and safety of participants must 
be considered prior to initiating a 
control program. 

What are the plausible environmental, 
health, and safety risks of this 
technology? 
 
Would further research significantly 
alter the impact or reduce the probability 
of adverse effects? 

 

4.4.1 Stewardship 

The stewardship principle states that humans are entrusted to care for and promote the 

good quality of air, water, soil, ecosystems, biodiversity, and the earth as a whole.33 Illustrating 

this role, Resnik states a steward is like a property manager and ‘should ensure that the property 

is not damaged and should make improvements on the property.’ All life depends on 

environmental resources for survival; thus stewardship argues it is no longer defensible to solely 

consider the natural resource needs of humans. The principle of stewardship moves the ethical 
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discussion toward a biocentric view that nature has its own moral worth.33,34 Control measures 

that may conflict with the notions of stewardship include chemical pesticides, environmental 

management, and transgenic technology.  

Long-term damage to natural resources has occurred from short- and long-term 

applications of chemical insecticides such as DDT to control disease vectors.33,35 In the years 

immediately following World War II, unrestricted pesticide use posed dangers to nature and 

humans which drew increasing public and academic attention.35–37 Given the preponderance of 

evidence demonstrating the damage unrestricted pesticide use can cause to the environment, one 

would be hard-pressed to find environmental scientists that would endorse such use. Still, one 

can strongly argue for judicious application of pesticides if they are used to promote a 

universally recognized goal of high priority, such as human health.33 

 

4.4.2. Animal Welfare 

Animal biotechnology has often been considered in the light of the modification of 

vertebrates. Ethicists have developed a number of ethical theories that allowed for the 

modification of animals under certain conditions.38,39 Discourse centered predominantly on 

domesticated animals, their ecological relationships with the natural environment, and their 

relationships to humans. Mosquitoes, and invertebrates in general, present a new and challenging 

test for these ethical theories developed in response to the potential of transgenic farm animals. 

How should animals be treated? Do humans have ‘dominion’ over life, the right to do as 

we please? Modern arguments that humans do have to make ethical decisions in treating animals 

arise from Peter Singer’s 1975 utilitarian treatise Animal Liberation. Can a dog, cow, or fish 

suffer? If yes, then in the interest of maximizing happiness, humans are obligated not to inflict 

upon them any unnecessary suffering.40 Animals deserve our respect, but how much respect they 

deserve is still debated. 

Finding strict utility insufficient, other authors have attempted to formulate a more 

deontological--or constrained--view of how we should treat animals. For instance, some have 

argued that all sentient animals possess intrinsic value, with sentience being defined as the ability 

to feel.38,41 By Intrinsic value we mean an animal has value aside from any use or aesthetic value 

humans derive from it. We should treat animals as if what we do to them matters to them. 
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Violating an animal’s intrinsic value is permissible only if a serious animal or human interest 

(life or death) is threatened and no alternative measures are available.41 

Yet another concept is telos, a creature’s ‘end’ or ‘purpose’. Aristotle defined telos as the 

full, flourishing development of existence. In application to mosquitoes, it would constitute the 

nature of the mosquito or, more abstractly, the ‘mosquitoness’ of the mosquito. Animals have 

needs and interests, and those needs and interests that matter most are inviolable.38 For instance, 

it would be wrong to isolate a social animal from social interactions. Contrast this with the 

previous statement: we should treat animals well because what we do to them matters to them. 

Can telos be changed? Should humans manipulate an animal’s telos? Let us examine a thought 

experiment we modified from Michael Hauskeller:42 (p 59) 

Scientists genetically design a human. This person lacks the possibility to live a fully 

human life. Traits have been knocked out so that they cannot use their hands the way 

humans do, their nose the way humans do, their eyes the way humans do, and so on. 

Simultaneously, the desire to live a fully ‘human’ existence is removed so they would not 

know that anything is missing from their existence. 

Is this morally acceptable? Have the scientists caused this person harm? After all, this person 

does not know or care that these things have been done to them. Yet, ‘We could still deplore their 

state and say that harm has been done to them, because we perceive the gap between what they 

now are and what they are meant to be,’ says Hauskeller.42 (p 59) Alternatively, if we would not do 

this to a human, is it permissible to do this to an animal? 

Critics are particularly suspicious of the extensions beyond utilitarian arguments for 

animal welfare. For instance, if animals have intrinsic value, then what of bacteria, viruses, and 

other pathogens?33 If yes, then is it wrong to eradicate tuberculosis, HIV, or dengue? We find this 

to be an interesting, but fundamentally frail argument. Examination of potential consequences 

inhabits any ethical discussions, but because a principle may be uncomfortable or have negative 

outcomes for humanity is not a reason for rejection. Even if pathogens had intrinsic value, 

eradication could be justifiable because of the level of morbidity and mortality caused by 

pathogens. In other words, eradication of pathogens is justified despite their intrinsic value. In 

practical application, conflicts will arise between competing ethical principles. Resolving those 

conflicts reasonably and fairly is part and parcel in deciding what actions to take. 
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4.4.3. Justice as Fairness 

How does one decide what is just or fair with regards to dengue and malaria control? 

Aristotle outlined the formal definition of justice: equals should treat each other as equals.43 We 

adopted Rawls’ concept of justice as fairness, which outlines two principles: (i) equal liberties 

for all, and (ii) the difference principle.43 Under the first, everyone in a society would be entitled 

to maximum liberty insofar as everyone had equal liberty. The difference principle ensures 

people have equality of opportunities, but restricts social and economic inequalities to ones that 

benefit the least advantaged members of society. Justice as fairness does not only apply to 

individuals, but it is equally applicable to organizations. Rawls43 (p 3) wrote, ‘A theory however 

elegant and economical must be rejected or revised if it is untrue; likewise laws and institutions 

no matter how efficient or well-arranged must be reformed or abolished if they are unjust’. 

Two areas of justice concern control programs. Procedural justice regards the process of 

making fair societal decisions, and distributive justice seeks a fair distribution of risks and 

benefits. How we determine the process of making fair decisions includes several underlying 

principles such as public participation in decisions that affect them, transparency in public 

decisions, and that people have equal protection under the law. Legal and political systems are 

responsible for carrying out procedural justice.43 Determining how risks and benefits are 

distributed is a complex issue with social and cultural considerations. One way to make that 

determination is to use ‘veil of ignorance’ thought experiment.43 Under the veil, members of a 

group would negotiate the distribution of risks and benefits in a society not knowing what the 

negotiators’ socioeconomic position in the society would be. Rawls argues this would provide a 

powerful incentive to formulate an equitable distribution of risks and benefits. For example, one 

would most likely not place a majority of the risk from insecticide exposure on individuals 

without access to healthcare because, after the negotiation, they might occupy that place in 

society. 

This has straightforward applications to the control of mosquitoes and vector-borne 

disease. How should communities and nations organize their infrastructure to treat those affected 

by dengue or malaria? Access to healthcare options needs to be universally promoted. New 

control strategies need to balance risks and benefits equitably among society. Those that have the 

least ability to mitigate suffering from disease should receive the greatest benefit from control. 
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Communities have a right to make informed public decisions on control strategies that directly 

impact their interests.  

 

4.4.4. Precaution 

How should a society weigh the risks and benefits of a control measure? Science can only 

give estimates of probabilities of what may occur based on the best evidence available at the 

time. This is because science works not by proving hypotheses, but by rejecting alternative 

hypotheses.44 It arrives at explanations of natural processes through narrowing down probable 

outcomes until only one or a handful remain. This means that the scientific method does not have 

the capability to precisely predict what will happen in the future only the likelihood of what 

could happen. Still, when weighing the risks of control strategies, the worst advice is to ‘be 

careful’.45 This also happens to be a mischaracterization of the precautionary principle.  

There lies some difficulty in defining the precautionary principle due to the often vague 

language used in official documents.46–48 The practical approach to the precautionary principle is 

embodied in Principle 15 of the Rio Declaration:49 

In order to protect the environment, the precautionary approach shall be widely applied 

by States according to their capabilities. Where there are threats of serious or irreversible 

damage, lack of full scientific certainty shall not be used as a reason for postponing cost-

effective measures to prevent environmental degradation. 

While this may still seem vague, a number of authors have attempted to clarify the principle. 

Scientific evaluation of the probability of risks should be employed to determine to what extent a 

reasonable risk of environmental harm exists.46 Individual nations have the right to determine the 

level of acceptable risks to take, in so far as taking those risks does not unfairly place burdens on 

neighboring states or individuals least able to bear such risks. 

The precautionary principle has engendered a heated debate in the scientific community. 

On one end it is seen as irrational, incoherent, and paralyzing to discovery, research and 

exploration. Conversely, proponents argue that it is a policy tool for making practical decisions 

in spite of scientific uncertainty.  When appropriately defined and applied with careful weighing 

of reasonable risks, the precautionary principle can allow regulators and policy makers to take 

informed, rational approaches to protect the environment and human health without paralyzing 

scientific discovery.33,48 
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The principle will have the most potential to affect proposed systems with gene drives 

such as homing endonucleases, killer-rescue, and wolbachia.50–52 These approaches have the 

potential to spread to areas or countries with bans or moratoriums on transgenic technology. 

Therefore, any drive system will need to prepare for this encroachment and be able to reverse or 

cancel the spread of the system into unwanted areas. Furthermore, where the system is designed 

for eradication of the species there are the possibility of ecological knock-on effects. These 

effects may not be predictable or even known until the control strategy is underway. While these 

examples are not reasons in-of-themselves not to pursue a strategy, it would seem reasonable to 

prepare a method to recall the transgene. This could be done with additional drive systems or a 

rescue construct.52,53 

 

4.4.5. An Ethical, Cultural, and Social Framework 

The development of any framework is difficult. Stepping back to examine why 

something is done or how it ought to be done has eye-opening ramifications. If rushed, the 

creators of such a framework will have difficulty defending it to the public. This process will 

certainly yield diverse results depending on the situation. We suggest the principles outlined 

above as a framework with which to approach questions regarding transgenic pests and human 

health, fully aware that they may often create situations of conflict. Part of creating a framework 

is resolving conflict between principles or potentially making a value judgment as to which 

principle supersedes another. But a given framework should not be viewed as relativistic and 

thus dismissed as unprincipled; rather, it should produce similar results in similar situations. 

Thus, in deciding how to resolve conflicts between principles one must outline why one principle 

must take precedence over another. Ethicists and philosophers could be brought into the 

conversation as there are many tools within their disciplines in which to deal with conflicting 

principles in a logically defensible manner. We accept that no two situations or communities are 

exactly the same, but we argue that making a good-faith effort to utilize a framework will result 

in a publicly defensible approach to disease mitigation and mosquito control. 
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4.5. Regulation, Deliberation, and Public Communication of Biotechnology 

4.5.1. Current US Regulation of Biotechnology 

Current regulation of GMOs within the U.S. is delegated under the Coordinated 

Framework for the Regulation of Biotechnology (CFRB). This framework employed existing 

legislation1 and regulatory organizations2 to regulate biotechnology. In one sense, this is a result 

of a definitional question; the regulation of GE plants, microorganisms, food, and animals are 

divided among the EPA, FDA, and USDA based on whether they are defined as ‘plant pests,’ 

‘pesticides,’ ‘toxic chemicals,’ or ‘investigational new animal drugs.’54 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

_________________________________ 
1 These include the Toxic Substances Control Act (TSCA), Federal Insecticide, Fungicide, and Rodenticide Act 
(FIFRA), Federal Food Drug and Cosmetic Act (FFDCA), and the Federal Plant Pest Act (FPPA) (Kuzma, Najmaie 
& Larson, 2009). 
2 These include the Food and Drug Administration (FDA), the Environmental Protection Agency (EPA), and the 
U.S. Department of Agriculture (USDA) (Kuzma, Najmaie & Larson, 2009). 



53 

 

Box 2: Regulatory Controversy and Oxitec 

   British biotech company, Oxitec, made the first release of GM mosquitoes for dengue control in 2009 on the 
Caribbean Island of Grand Cayman, with another trial in the summer of 2010.55 The following year, Oxitec 
completed another release in Malaysia, supported by the Malaysian government.56 While the 80% drop in the Aedes 
aegypti mosquito population in Grand Cayman was considered a major success by Oxitec, these releases have not 
come without controversy, with Science claiming “strained ties” between Oxitec and the Bill and Melinda Gates 
Foundation.55 While anti-GMO activists have warned against potential risks of releasing GE mosquitoes, Nature 
Biotechnology cited disagreements having to do with regulatory processes; that is, some disagree with the speed at 
which Oxitec seemed to conduct releases, and the way in which these releases were communicated with the local 
communities. Oxitec founder Luke Alphey stated that flyers were distributed in Grand Cayman and government 
officials went door-to-door answering questions, however many remain critical of the unorthodox press release via a 
YouTube video at the conclusion of the trials.57  In addition to Oxitec’s arguably sparse public communication 
efforts, other scientists were critical of Oxitec’s procedure of conducting field trials and making information public 
before going through the peer review system.57 Later, the Oxitec mosquitoes were released in Brazil to seemingly 
little public controversy, while the discussion of possible releases in the Florida Keys in the United States sparked a 
public petition against the releases.58 

   Debates regarding Oxitec’s procedure of field releases and public communication strategy has directly spilled over 
into discussions regarding the regulation of GM pests. Most notably, R. Guy Reeves et al. offered a critique of the 
current regulatory system in the US, Cayman Islands, and Malaysia.59 They strongly criticized the use of categorical 
exclusions (CEs) based on the 2008 Environmental Impact Statement (EIS) on GE insects. A CE is a request for 
exemption from drafting a full environmental assessment (EA), with the argument that a new EA would be 
redundant and unnecessary. According to Reeves et al., CEs for GM insects are largely granted based on the 2008 
EIS.59 The 2008 EIS covered four species of GE insects: pink bollworm moth (P. gossypiella), Mediterranean fruit 
fly (Ceratitis capitata), Mexican fruit fly (Anastrepha ludens), and oriental fruit fly (Bactrocera dorsalis). They 
argue that the 2008-EIS is ‘scientifically deficient on the basis that (1) most consideration of environmental risk is 
too generic to be scientifically meaningful; (2) it relies on unpublished data to establish central scientific points; and 
(3) of the approximately 170 scientific publications cited, the endorsement of the majority of novel transgenic 
approaches is based on just two laboratory studies in only one of the four species covered by the document.’59 
Furthermore, Reeves et al. argue that the continual reliance on the 2008 EIS, especially given what they see as 
scientific deficiencies, suggests that US regulators fail to acknowledge critical technological differences among 
different GE insects. In conclusion, they argue for a public engagement approach that includes public access to pre-
release materials as well as a ‘high quality multi-disciplinary approach’ in order for these new technologies to 
succeed.59 

  In a response, Alphey and Beech pointed to Reeves et al.’s argument for transparency in the pre-release process, 
stating the ‘argument has some merit, but needs to be balanced against significant practical difficulties. Technology 
developers have legitimate rights to protect proprietary information; governments understand this and provide 
statutory protections.’60 In addition, Alphey and Beech question Reeves et al.’s basis that regulatory decisions 
should be based primarily on peer reviewed scientific works, asserting that this argument ‘depends on three 
assumptions: that journal peer-review is a superior guarantee of quality than any other method, that no data from any 
other source can be of adequate quality to warrant consideration, and that regulators themselves are incapable of 
adequately assessing the quality and significance of data provided to them. Each of these assumptions is naïve at 
best.’60 Alphey and Beech believe that regulatory bodies should have access to a wider range of information aside 
from peer-reviewed studies and that peer-review should not be the benchmark for quality regulatory data.60 

  As it currently sits, the controversy surrounding the Oxitec field releases seems to primarily circulate around social 
issues, both the social practices of the scientific community and what is seen as appropriate social interactions 
among scientists, regulators, and lay communities. As Alphey and Beech point out, Reeves et al. ‘confuse the 
concepts of transparency, independence, and scientific quality.’60 On the other hand, Alphey and Beech seem to 
reify these concepts themselves, not acknowledging that there may be a diversity of values surrounding each of 
these concepts, depending on the given situation. 
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Continued Box 2: Regulatory Controversy and Oxitec 

 
 

4.5.2. Biotechnology and the Public Sphere 

Regulation for biotechnologies like transgenic mosquitoes require a sensitivity to the 

academic and scientific traditions, or how knowledge is constructed and verified, of the nation at 

hand. Jasanoff calls these traditions ‘civic epistemologies.’61 As Jasanoff defines it, a civic 

epistemology includes the citizens’ and government’s ideology regarding the roles that science 

and technology play in the nation. These frameworks are usually implicit, operating in the 

background of political and technical discussions. Discussions regarding the common values of a 

nation and how science and technology further or hinder these values can help bring this 

epistemological framework to the foreground, helping to bring the governing body to a stronger 

consensus on how to regulate these technologies. 

This philosophy of debate perhaps best aligns with the concept of the public sphere, 

originally developed by Jürgen Habermas.62 The Habermasian public sphere is intended to be an 

inclusive social space where issues are introduced, developed, and debated among a group of 

equal-standing citizens who are brought together by a common interest. However, it should not 
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be taken for granted that all voices are given an equal and appropriate platform. Governing 

bodies must give due consideration to the voices that arise not only in governmental institutions, 

but also within common arenas such as public school associations, religious institutions, and 

other community organizations and NGOs.63 These organizations are distinct from interest 

groups and lobbyists.63 Explicit attention to the civic epistemologies of a nation, especially as it 

is defined in non-institutionalized community organizations, can help to bring attention to 

marginalized epistemologies, or counterpublics,64 in order to enable a more inclusive form of 

participatory democracy, leading to a more desirable oversight framework that incorporates 

differing values, ethics, morals, and concerns of the affected citizens.54 

 

4.5.3. Models of Public Communication 

Sensitivity to the way in which a new technology is presented and discussed within a 

given community or communities is not merely to quibble over ‘rhetoric.’ This idea assumes a 

definition of ‘rhetoric’ as ‘mere words’ or ‘mere style’ that is added as an extra flourish and has 

no effect on the core message. However, the academic tradition of rhetoric, stretching back to the 

work of Aristotle in Ancient Greece, studies the structure and effects of argumentation and 

persuasion through the three appeals (ethos, or credibility and character; pathos, or emotion; and 

logos, or logic). While many may initially believe that only logos applies to science, many 

rhetoricians have illustrated how ethos, or credibility and character, has been a major driver in 

scientific communication. Ethos plays an especially strong role when scientists are called upon 

as policy advisors; several historical examples have been documented where scientists were both 

successful and unsuccessful in developing what was seen as an acceptable ethos, including J. 

Robert Oppenheimer in the case of nuclear warfare, Rachel Carson in the case of pesticides, and 

the Nongovernmental International Panel on Climate Change (IPCC).653 When managed 

carefully and appropriately, a speaker’s ethos can help to garner trust among public 

communities.66 In addition, rhetoricians have shown pathos, or emotion, is embedded in science 

communication, perhaps unconsciously, through arrangement, style, and diction in public 

communication about biotechnology.67 This is not to say that pathos appeals should be flagged 
_________________________________ 
3 Walsh (2013) dubbed the particular ethos adopted by these, and other, scientists the ‘prophetic ethos.’ She argues 
that the persuasive success of these scientists hinged, in part, on their ability to carefully and appropriately navigate 
the is/ought divide of science and science policy. That is, demonstrate knowledge of what ‘is’ in the natural world, 
and firmly connect this with what ‘ought’ to be done in the political and social world. 
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and avoided at all costs, as this would be an impossible task. Rather, a more productive use of 

rhetoric would be to give due attention to the values and emotions that are implicit in our 

communication and foreground these in public communication and deliberation. Foregrounding 

these values and emotions would open up a site of public deliberation that fairly considers the 

desires of the relevant stakeholders. 

However, the model of public communication that has been used for some time by the 

scientific community has not accounted for this kind of open deliberation. In the past several 

decades, a deficit model of communication has been used widely by governmental agencies and 

biotech industries. This model is based on the Shannon-Weaver68 model of communication that 

consists of a sender, receiver, noise, and feedback loop. This model comes with a number of 

problematic assumptions regarding the role of the audience and the role of the communicator. 

First of all, the traditional model of public communication of science assumes a one-way, linear 

mode of discourse flowing from the expert speaker to a lay audience, with a singular and 

transparent means of communication.66 In this model, the audience is usually perceived as 

ignorant at best, hostile at worst, and in all cases in need of ‘simple, clear’ information in order to 

understand reason.69 This model problematically assumes that pure information can be 

communicated and received without any alteration to the message; however, language studies 

scholars have argued that language choice inherently and unavoidable directs attention to certain 

aspects of a situation, while deflecting others.70 Appeals to transparency are often made in the 

deficit model of communication, but the appeal to ‘transparency’ hides the role of language in 

shaping how we understand science, nature, illness, the human condition, and so on, by ignoring 

how language unavoidably shapes meaning, ultimately governing what is admitted for discussion 

into the public sphere (Storment and Katz, unpublished manuscript). However, it is not only 

within the public sphere that style inherently directs what is discussed and how it is discussed. 

Even in the laboratory, the rhetorical figures of analogy, metaphor, and metonymy4 have been 

shown, through ethnographic research, to direct experimental research within the physics 

laboratory.71 

_________________________________ 
4 Analogy is a model of argument where one thing is compared to another thing that are essentially dissimilar. For 
example, discussing a budget in terms of going on a diet. Metaphor is a rhetorical figure that offers a way of ‘talking 
about one thing in terms of another.’ For example, talking about the human brain in terms of a computer. Metonymy  
is another rhetorical figure that can be defined as ‘a form of substitution in which something that is associated with x 
is substituted for x.’ For example, describing a group of on-duty Secret Service agents as ‘suits,’ (Jasinski, 2001). 
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Given that messages can never truly be sent through a ‘clear’ channel, a model of 

communication that values multiple interpretations of information will create a more trustworthy, 

respectful, and productive discursive landscape for understanding and talking about this 

technology in regulatory debates. Several alternative models have been proposed by humanists 

and social scientists, including a rhetorical model of communication66 and a ‘genetic’ model of 

communication that understands specialist and public discourses as a ‘double helix,’ with one 

influencing the other.72 Both the rhetorical and helical model of public communication 

emphasize a communication that is focused on influence rather than information. In other words, 

instead of the one-way information transfer model, these models emphasize recursivity, where 

scientists and stakeholders use a common language to engage in a back-and-forth dialog that 

influences one another’s positions. In addition, the rhetorical model in particular emphasizes the 

complexities surrounding the speakers, audiences, languages, histories, and intentions around a 

given situation. Therefore, a close critique of various texts and spoken exchanges, is valued in 

order to understand what enabled productive/unproductive communication or 

miscommunication. 

4.5.4. Public Opinion of Transgenics 

Little research has been done on the public opinion of transgenic mosquitoes for dengue 

control. However, past research shows that public opinion of genetic modification of living 

organisms varies.73 One public opinion survey found that the opinion of a representative sample 

of the US population varies slightly based on how the technology is presented, whether the 

technology is described as a ‘transgenic mosquito,’ a ‘genetically modified mosquito,’ a 

‘genetically engineered mosquito,’ or ‘sterile mosquito.’74 Support for the release of ‘genetically 

modified,’ ‘genetically engineered’ or ‘transgenic’ mosquitoes was generally lower than support 

for the release of ‘sterile’ mosquitoes. However, respondents exposed to all labels generally 

indicated that they believed the technology to be safer than insecticides.74 

This change in opinion due to change in the label used is not surprising given past 

research of this nature. For example, research in H1N1/swine flu coverage illustrates that the 

latter term generally elicits a more emotional response and connection to the human experience 

with the flu, while the former distanced the flu from the human experience by emphasizing its 

scientific aspects.75 In research concerning the global warming/climate change debate, preference 

in terminology aligned closely to party preference.76,77 Sensitivity to the effects of language on 
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public opinion should not be used simply in order to mislead the community into complacency. 

Rather, future research in public opinion of transgenic technologies should take into account how 

the technology is presented as one factor that affects public response. This information can then 

be used create a more accurate assessment of a community’s level of accepted risk regarding 

control measures, which can, in turn, inform regulatory decisions within the community. 

In addition to studies of public opinion, future research should take into consideration 

how transgenic technologies are incorporated into the cultural norms of various communities. In 

the case of transgenic mosquitoes, for example, this would include an understanding of the 

community control practices and how these are integrated into the citizens’ daily lives. Arnold 

Pacey78 offers a critique of what happens when technology is transferred from one culture to 

another (e.g. from the lab to the field), ultimately arguing for an experiential study of technology 

in society. That is, a focus on the knowledge and practices of the communities which use and/or 

are affected by the technologies developed by scientists and engineers. He expresses a deep need 

to discuss and justify technology using the discourse of these publics, rather than keeping the 

technologies close to the scientific communities until ready for release.  

This cultural sensitivity is especially crucial in many cultural control methods. For 

example, the removal of vector breeding containers that was proposed to be an effective method 

of reducing vector populations, but this depends in part on active community involvement.28 

While it had been proposed that community intervention was effective, many of the studies 

suffered from a lack of methodological rigor (see Community Participation). It remains disputed 

if community involvement will decrease over time as enthusiasm for the new control methods 

fades.30,79 Careful consideration of the sociological composition in a community is needed to 

avoid the potential pitfalls of community involvement research that could lead to a loss of trust 

for implementation of new control measures. 

 

5. Conclusion 
Every community charged with controlling malaria and/or dengue faces unique 

challenges regarding its available resources, political infrastructure and cultural values in 

implementing any control technique or treatment plan. We fully acknowledge that there can be 

no single most effective way to control vector-borne disease across so many different scenarios, 

and that any such decision rests entirely within the policymakers and public health officials of 
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the community in question. What we have attempted here is to outline the various considerations 

that we believe should be taken into account when considering how best to control dengue, 

regardless of the decision reached. These considerations include the effectiveness of currently 

used control measures, the potential use of transgenic control methods, risks and benefits of 

each, and diagnosis and treatment options including access to clean water and health care, public 

opinion, and bioethics.  

       While there remains no cure for dengue, the current treatment option of fluid replacement 

is simple and its availability should be prioritized, especially because it can benefit the treatment 

of a myriad of health issues beyond dengue. Likewise, accessibility to currently effective malaria 

treatment should be prioritized. Alongside the availability of treatment, proper emphasis must be 

given to informing people on how to correctly diagnose each disease, the timing of which is 

crucial for proper treatment. With fluid replacement for dengue and anti-malarial drugs, 

combined with early diagnosis, mortality rates from both diseases can be drastically reduced. For 

overcrowding of hospitals during dengue epidemics, we suggest the development of response 

units in endemic regions that can be mobilized when necessary to avoid the diversion of hospital 

resources. 

       Vector control remains a critical component in the integrated strategy to suppress malaria 

and dengue; however, current methods should be continually reassessed to monitor their 

effectiveness while other options, including GMO use, should be considered. We have outlined 

one ethical framework that we believe to be most widely applicable to the multitude of societies 

performing or considering vector control. By enumerating several relevant ethical principles 

(stewardship, animal welfare, justice as fairness, and precaution), we hope to shed light on how 

to proceed with discussions surrounding this controversial new technology. These principles as 

well as inclusive public discussions are particularly important considering the gaps in current 

regulations regarding the use of GMOs. Such discussions across both the expert and non-expert 

spheres are required in order for new policy to reflect both the most efficient form of vector 

control as well as the society’s values and concerns. 

 The fight against malaria and dengue is far from over, but we hope to inform and 

encourage open discussion regarding the various forms of treatment and vector control, so that 

communities may take steps toward further reducing disease in the most efficient and responsible 

means possible. 
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Abstract 
I report the development and laboratory testing of a novel Killer-Rescue (K-R) gene drive 

system in Drosophila melanogaster. This K-R system utilizes the well-characterized Gal4/UAS 

binary expression system and the Gal4 inhibitor, Gal80. Five killer (K) lines were tested; these 

used either an autoregulated UAS-Gal4 or UAS-Gal4 plus UAS-hid transgene. However, all the 

rescue (R) lines used UAS-Gal80 to inhibit Gal4 expression. The killers are lethal and cause 

death in the absence of R. Overexpression of Gal4 causes death, most-likely due to a general 

interference in transcription. Activation of expression of the pro-apoptotic gene head involution 

defective (hid) leads to death due to widespread apoptosis. When released at a 2:1 ratio of 

engineered K-R to wild type, I find that R drives through the population while the percent of 

wild type individuals decreases each generation.  

The choice of core promoter for a UAS-Gal4 construct strongly influences the K-R 

system. With the strong hsp70 core promoter, K was very effective but was quickly lost from the 

population. With weaker core promoters such as the synthetic DSCP, K persisted for longer while 

the frequency of individuals with at least one copy of R increased to 98%. qRT-PCR experiments 

were conducted on embryos and pupae to quantify the amounts of mRNA (Gal4 killer and Gal80 

rescue) produced when the insects inherited either zero, one, or two copies of K, R, or K&R. As 

expected, expression of Gal4-killer is repressed when Gal80-rescue is present. In the absence of 

Gal80, expression of Gal4 is lethal and kills the flies before they become adults.  

 
Background 

Gene drive systems have been proposed as genetic pest management (GPM) methods to 

control insects with the end goal of either population replacement or population suppression. 

This chapter describes the design, construction, and testing of a novel Killer-Rescue (K-R) gene 

drive system in Drosophila melanogaster. This system can be used to spread traits or genes that 

will either (1) modify the pest population to get rid of its pestilent behaviors or (2) suppress the 

population by disrupting a gene and reducing the average fitness of the population (such as 

reducing the lifespan). This system is considered a self-limiting gene drive system rather than a 

limitless drive (e.g. Cas9-based homing gene drive) because it spreads through population 

suppression and concurrently by population replacement. There are multiple advantages of a 

gene drive that is inherently self-limiting: (1) communities will likely feel more comfortable with 
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initial field tests and applications, (2) it is considered to have lower risk than a limitless drive and 

thus could pass more efficiently through federal regulations, and (3) it is simpler to build. 

Potential disadvantages to a threshold gene drive system compared to a Cas9-based homing drive 

are that: (1) it could take longer for the desirable genes to spread on a relevant timescale or (2) a 

higher cost as a higher engineered to wild type ratio is required for drive at an acceptable 

timescale. The largest advantage of all gene drive systems compared to population suppression 

systems designed with lethal genes is that the required release ratio of engineered: wild-type 

insects should be close to 2:1, 1:1 or even fewer, while the ratios required for a lethal genetic 

system can be 10:1 or even higher to achieve population suppression. Additionally, gene drive 

systems have the potential to be permanent, or at least longer lasting, compared to population 

suppression methods. These drive systems should be more economically feasible, less time 

consuming, and more sustainable as a long-term solution in an integrated pest management 

(IPM) program. The potential applications of the Killer-Rescue gene drive system in species of 

interest are discussed below.  

The agricultural pest D. suzukii is an invasive fruit fly that has a negative economic 

impact on soft-bodied fruit production worldwide, including many places along the coastal 

United States and right here in North Carolina (Burrack et al., 2012). The closely related species, 

D. melanogaster, is a perfect candidate to test the Killer-Rescue (K-R) system before transferring 

it into D. suzukii (Chiu et al., 2013). A K-R system in D. suzukii could be used to drive a cargo 

gene such as one that carries susceptibility to a certain chemical, increases susceptibility to 

parasitism, or decreases the overall fitness of the population and slowly causes population 

suppression.  

The K-R system we have developed utilizes the well-characterized Gal4/UAS binary 

expression system (Brand & Perrimon, 1993 and Duffy, 2002.) and the Gal4 inhibitor, Gal80. 

The system uses an autoregulated UAS-Gal4 transgene as the killer, which should lead to high 

levels of Gal4 and death due to a general interference in transcription. Similarly, high levels of 

the transcription transactivator (tTA) transcription factor are lethal in several insect species 

including D. melanogaster (Gong et al., 2005), the New World screwworm Cochliomyia 

hominivorax (Concha et al., 2016), and the mosquito Aedes aegypti (Alphey et al., 2008). Gal80 

represses the activity of Gal4 by binding to its activation domain and preventing the recruitment 

of transcriptional machinery by Gal4 (Suster et al., 2004 & Traven et al., 2006). By creating an 
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autoregulated UAS-Gal4 (killer) and UAS-Gal80 (rescue) system, the presence of both killer and 

rescue in the fly will prevent Gal4 production, and the absence of the rescue in the presence of 

the killer will result in an overproduction of Gal4, which is lethal to the fly. Additionally, this 

research is the first to demonstrate that the widely used UAS-Gal4 system can be lethal to D. 

melanogaster. The use of different minimal/basal promoters in the killer constructs allows for 

regulation or “tweaking” of the system so that the killer is just lethal enough. Much like in 

Goldilocks and the Three Bears, in two K-R systems the killer is too lethal (porridge too hot), in 

another the killer is not lethal enough (porridge too cold), and in two of the systems designed the 

killer is just right (porridge perfect temperature).  

 

Project Summary 
We have constructed five K-R systems in D. melanogaster and completed cage trial gene 

drive experiments for three of these. Our results suggest that the gene drive system, when 

released at a 2:1 ratio of engineered to wild type respectively, functions successfully to drive the 

rescue gene through the population (i.e. percent of wild-type individuals decreases). The 

genotypes of the population were screened and counted for six to nine generations and the 

homozygous rescue genotype increased in each generation as the killer and wild-type decreased, 

as desired. In addition to conducting the drive experiments, qRT-PCR was performed on 

embryos and pupae carrying different combinations of the killer and rescue transgenes, to 

quantify the amounts of Gal4 killer and Gal80 rescue RNA produced when the insects inherited 

either zero, one, or two copies of K, R, or K&R (See Figure 3.1) 

Our qRT-PCR findings are summarized as follows: (1) eggs and pupae with only K 

produced more (2-80 x more) Gal4 than those carrying K and R in which Gal4 production was 

repressed by Gal80, (2) eggs and pupae with only the rescue produced less Gal80 than those with 

killer and rescue in which the production of Gal80 is auto regulated by the production of Gal4, 

and (3) in general the pupae have higher expression of both Gal4 and Gal80, we can assume this 

occurs throughout development as expression of both genes builds up. This buildup of 

expression occurs through either (1) leaky expression of Hsp70 and/or (2) autoregulated 

expression of the Gal4-Gal80 K-R system.  
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Figure 3.1 The nine possible (seven viable) genotypes for the Killer-Rescue system. Presence of rescue on 
chromosome indicated with green and presence of killer indicated with red. The two non-viable genotypes are 
indicated with red shaded boxes. The wildtype alleles are indicated with lower-case letters. 
 
Introduction 

The use of gene drive systems for insect pest control: 

The use of gene drive systems in genetic pest management (GPM) has been a topic of 

discussion for well over a decade. While these systems can be more complex than genetic 

systems designed simply for population suppression (not drive), they can also be more elegant, 

versatile, and have enormous potential to minimize the negative impacts of these pests when it 

comes to issues associated with human health and agriculture. The need for these genetic systems 

becomes more apparent each year, as insecticide resistance increases and the formulation of new 
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insecticides fail to keep pace with resistance development. Complex approaches are urgently 

needed that tackle the many facets of these global issues. 

Before the application or field release of any gene drive system, it must be evaluated 

based on certain criteria to determine its effectiveness. Most importantly, the drive must be 

effective enough to spread the desirable genes/traits close to fixation on a relevant timescale for 

the control program (Sinkins and Gould, 2006). Secondly, the drive system must be designed to 

be resistant as possible to the loss of linkage between the driver and effector (desirable 

genes/traits to be spread). To minimize the risk of linkage loss, at least two precautions can be 

taken before a release: (1) multiple constructs with the desired effector genes should be built and 

tested so that they are ready for release if the initial driver-effector loses linkage and a new 

release is needed right away and (2) more than one effector could be released and spread at the 

same time in the initial release. The chances of resistance development are reduced if a pathogen 

would have to evolve resistance to multiple effectors at the same time (Sinkins and Gould, 2006). 

 

Reversibility of K-R gene drive system: 

Many described gene drive systems are designed and expected to permanently spread 

through the target species population. These systems are oftentimes the most complex to build 

and deploy (Sinkins and Gould, 2006). However, the K-R gene drive system can be self-limiting 

over time and space because the system drives through the suppression of the organisms that do 

not inherit the rescue and linked effector. This type of gene drive is also called a self-limiting 

gene drive system. Both killer and rescue genes will be lost over time if either (1) there are any 

fitness costs associated with the rescue or (2) the release ratio is low. This self-limiting system is 

especially desirable in an initial trial, where regulatory agencies will most likely want to test a 

system where the released strains will be lost from the population (Gould et al., 2008). Thus, 

rescue lines with some associated fitness costs may actually be desirable.  

 

Overexpression of tetO-tTA in Diptera is lethal:  

Overexpression of an autoregulated tetracycline repressible transactivator (tTA) system is 

lethal to multiple species of Diptera (Li et al., 2014). This overexpression is thought to be lethal 

due to a general “transcriptional squelching” and also possibly by disrupting the ubiquitin-

dependent protein degradation system (Salghetti et al., 2001 and Fu et al., 2010). This system can 
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be tweaked based on the core promoter used (e.g. hsp70 core promoter promotes expression at 

levels to cause lethality in several species even without heat shock) (Li et al., 2014). It is likely 

that the lethality of Gal4 in the K-R systems we established is due to the same general 

“transcriptional squelching” that is lethal in the autoregulated tTA systems.  

 
Figure 3.2. Overexpression of autoregulated tTA in females is lethal. Development of transgenic strains of Lucilia 
cuprina that carry a dominant tetracycline repressible female lethal genetic system. Li et al., 2014. 
 

Development of a Gal4-UAS binary expression system in Drosophila: 

The Gal4-UAS system in Drosophila was developed in 1993 (Brand and Perrimon, 1993) 

after discovery that the Gal4 transcriptional activator from Saccharomyces cerevisiae could be 

used to activate transcription in organisms other than yeast (Kakidani and Ptashne, 1988 and 

Fischer et al., 1988). In yeast, Gal4 activates transcription of genes involved in galactose 

metabolism by binding to the upstream activating sequence (UAS). In Drosophila, these two 

components: (1) Gal4 and (2) UAS can be used to generate independent transgenic Gal4-driver 

and UAS-target gene effector lines (Figure 3.3 Caygill and Brand, 2016). By crossing these two 

lines, expression of the gene of interest in the effector is dictated by the expression of the Gal4-

driver. Without Gal4 (i.e. before crossing the two fly lines), the target gene is not expressed. 

However, when Gal4 is present with the UAS then the target gene of interest is expressed (Figure 

3.3 Caygill and Brand, 2016). 
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Figure 3.3. Basic Gal4-UAS System. Gal4 driver (left) and UAS-target gene (right) fly lines are established and 
maintained separately. When these fly lines are crossed there is targeted gene expression in the offspring because 
Gal4 will bind to the UAS-target gene line and promote expression of the gene of interest. However, in the absence 
of Gal4 (i.e. when lines are maintained separately) there is no expression of the target gene. Caygill and Brand, 
2016. 
 
Targeted transgenesis with the PhiC31 integrase-attP system: 

The PhiC31 integrase-attP docking site system for D. melanogaster transgenesis is an 

extremely useful tool that allows researchers to target the same insertion site with confidence 

each time (Groth et al., 2004). These insertion sites are located in different genomic 

environments where transgene expression occurs on a spectrum from low to high and everything 

in-between, a phenomenon known as the position effect (Lewis, 1950; Wilson et al., 1990). The 

PhiC31-attP system is used to manipulate the insertion location, which in turn allows the 

manipulation of expression levels based on the location and local genomic environment that 

exists at that insertion site (Groth et al., 2004). A number of these attP docking sites have been 

tested to quantify the variation in expression levels at different insertion sites (Pfeiffer et al., 

2010). In addition to modifying the expression level based on insertion location, systems can be 

modified with different core promoters (Pfeiffer et al., 2010) and/or different translational 

enhancers (Pfeiffer et al., 2008 and Pfeiffer et al., 2012). These modifications are discussed in the 

next section.  
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Modifying transgene expression with different promoters and translational enhancers: 

The killer systems we built were manipulated with different core promoters to increase or 

decrease transgene expression. For a few of the promoters (P, Pgd, LucHsp70) there was not 

much previously published research on their expression levels when associated with an 

autoregulated UAS-Gal4 system. However, for two of these core promoters, DmHsp70 (Brand 

and Perrimon, 1993) and drosophila synthetic core promoter (DSCP) (Pfeiffer et al., 2008), there 

was previously published research indicating their levels of expression when associated with an 

autoregulated UAS-Gal4 system. The DSCP promoter has been found to work well with a 

variety of different enhancers because it contains a large set of core promoter elements (TATA, 

Inr, MTE, and DPE) to promote robust expression with a broad range of enhancers that bind 

different activator proteins (Pfeiffer et al., 2008). However, in the specific case of Gal4-driven 

UAS expression, the DmHsp70 core promoter yields twofold higher expression levels than the 

same construct when built with DSCP. Therefore, we expected that in our constructs the levels of 

gene expression associated with the DmHsp70 core promoter would also be around twofold 

higher than levels of gene expression associated with the DSCP. 

The synthetic translational enhancer syn21 (Pfeiffer et al., 2012) was used in both killer 

and rescue constructs to increase translation efficiency and thus increase protein production of 

Gal4 and Gal80. This translational enhancer is a synthetic AT-rich 21-bp sequence made by 

combining the Cavener consensus sequence (Cavener, 1987) with elements from the 

Malacosoma Neustria neucleopolyhedrovirus (MnNPV) polyhedron gene (Suzuki et al., 2006).  

 
Figure 3.4. Synthetic translational enhancer (syn21). This 21-bp sequence was used in all killer and rescue 
constructs before the ATG start of Gal4 or Gal80 (shown here) to increase translation efficiency and in turn, protein 
production of Gal4 or Gal80. 
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Figure 3.5. The Gal4-UAS system can be modified by changing the (1) number of copies of the upstream activating 
sequence (UAS) that Gal4 binds to, (2) core promoter, (3) translational enhancer and (4) 3’ UTR. 
 

The Drosophila synthetic core promoter (DSCP) was designed to create a standard from 

which many enhancer elements from numerous drosophila genes could be tested. Enhancers 

require the presence of specific sequence motifs in the core promoter to function properly and 

because core promoters differ in their presence of these motifs, a strong synthetic core promoter 

(DSCP) was created that contains sequence motifs (i.e. individual core promoters) recognized by 

enhancer elements from many different genes. These sequence motifs (TATA, Inr, MTE, and 

DPE) were added to the promoter of the drosophila even-skipped (eve) gene to create the DSCP 

(Figure 3.6). 

 
Figure 3.6. Drosophila Synthetic Core Promoter (DSCP). Sequence of the Drosophila synthetic core promoter that 
contains common sequence motifs TATA, Initiator (Inr), (Motif ten element) MTE, and (downstream promoter 
element) DPE. These sequence motifs were added to the promoter of the eve gene to create the DSCP. From Tools 
for neuroanatomy and neurogenetics in Drosophila. Pfeiffer et al., 2008. 
 

To manipulate expression, the number of copies of the upstream activating sequence 

(UAS) can be changed as well. In our constructs, ten copies (Figure 3.5) of the UAS (10x UAS) 

were used because ten copies yield optimal levels of expression (higher expression with fewer 

copies), but doesn’t increase the basal expression to high enough levels where leaky expression 

would make it difficult to repress with Gal80.  
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Figure 3.7. Changing UAS copy number to fine tune expression. Drosophila adult brains were immunostained for 
the reporter GFP. Expression levels can be “fine tuned” by varying the number of copies of the UAS responder and 
activation domain (Gal4-VP16 or Gal4-p65 fusion). from Refinement of Tools for Targeted Gene Expression in 
Drosophila. Pfeiffer et al., 2010. 
 

Gal4/Gal80 Killer-Rescue gene drive system: 

To make an effective Killer-Rescue system, the rescue must be expressed in at least all of 

the same tissues as the killer and at the same stages of development. Further, expression of the 

rescue gene needs to be at sufficiently high levels to negate the lethal effects of the killer. There 

are other considerations that influence the choice of gene promoters used to drive the killer and 

rescue genes. For example, if the rescue is expressed using a ubiquitous promoter that will 

express the rescue gene throughout the entire lifespan of the organism, it could potentially have 

fitness costs associated with it. On the flipside, however, if the rescue is only expressed in a 

small subset of genes at a certain time in development, it may not produce enough rescue protein 

to sufficiently repress the toxic effects of the killer. For this system, we settled on using an 
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autoregulated UAS-Gal4 and UAS-Gal80 system, with several different minimal promoters to 

tweak the expression of the killer. Because we were unable to detect any fitness costs associated 

with the UAShsp70-Gal80 rescue, we did not see a need to try alternate minimal promoters, and 

thus just used the strong core promoter from Dm-hsp70. We tried four different core promoters 

for the killer; the promoters from the genes Dm-hsp70, Dm-Pgd, Dm-P, and Drosophila synthetic 

core promoter (DSCP), to get the correct balance of toxic killer effects and nullifying rescue 

effects.  

 
Figure 3.8. Diagram of the production of Gal4 (killer) and Gal80 (rescue) in the fly. When only the rescue is present 
(top panel), there are still very small amounts of Gal80 protein produced because expression from the minimal 
promoter (hsp70 shown) is leaky. When killer and rescue are present in the fly (middle panel), the production of 
Gal4 induces the production of Gal80. This autoregulated system “chases” itself because the more Gal4 that is 
produced, the more Gal80 that will be produced, and once the production of Gal4 slows down after Gal80 represses 
it, the production of Gal80 will also slow down. When only the killer is present (bottom panel) Gal4 will build up in 
the fly without any Gal80 to repress its production. Eventually, the buildup of Gal4 is lethal to the fly. Depending on 
the minimal promoter present, lethality can occur at different developmental stages. These variations in lethality are 
discussed further in the results and discussion. 
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Methods 
Drosophila Diet and Rearing: 

Drosophila were reared on standard Drosophila diet obtained from the Mackay lab, taken 

from the Bloomington Drosophila Stock Center Cornmeal Food. The diet contains water, yeast, 

soy flour, yellow cornmeal, agar, light corn syrup and propionic acid. Drosophila were reared in 

Genesee Scientific Polystyrene Narrow Vials (Cat # 32-109). Stocks were maintained by 

transferring the adult flies every 7-10 days for regular maintenance. Virgins were collected up to 

six hours after clearing a vial of all adults. 

 

Building up lines for gene drive experiment:  

For the gene drive experiments over 1,000 virgins were needed to set the replicates, thus 

the stocks needed to be expanded before collections. To do this, the flies were transferred 3-4 

days after laying in a vial rather than 7-10 days. Additionally, if larvae seemed crowded, then 

“larval transplants” were completed which consisted of scooping larvae out of the wet food with 

a micro-spatula and then placing them into a fresh vial. Giving the larvae more space assisted in 

their development, pupation, and subsequent virgin collections. 

 

Crosses to establish transgenic lines:  

To establish transgenic lines, single pair crosses were set between the injected G0 flies 

and the relevant stock line. In all subsequent generations, only transgenic flies were collected to 

make the line homozygous for the transgenes. Flies homozygous for the transgenes were 

collected based on fluorescence intensity and were made double homozygous in this manner. 

 

Constructs and Injections: Drosophila melanogaster: 

Constructs: All killer and rescue constructs were designed with the constitutive 

Polyubiquitin (PUb) promoter for strong full-body marker gene expression throughout all life 

stages. Additionally, all constructs contain an attB site for site-specific integration into an attP 

site in the Drosophila stock line of choice (Drosophila stocks used are listed in the Appendix). As 

mentioned previously, the synthetic translational enhancer syn21 (Pfeiffer et al., 2012) was used 

in killer and rescue constructs to increase protein production of Gal4 and Gal80. Also mentioned 

previously, ten copies of the UAS (10x UAS) were used in each construct, as this number of 
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copies has been shown to be optimal for greatest expression without leaky basal expression 

(Pfeiffer et al. 2010). 

Injection Mix Preparation: Injection mixes were prepared with a final concentration of 

750 ng/µL using the following method. The DNA was prepared using Invitrogen Purelink HiPure 

Midiprep. 25 µg of DNA was re-suspended in elution buffer (EB). To clean the DNA thoroughly, 

it was precipitated using 10 µL of 3M sodium acetate (NaAc) and 500 µL of cold 100%  ethanol 

(EtOH) and mixed by inverting in a 1.5mL tube and then placed overnight at -20°C to allow for 

full precipitation of the DNA. The following day, the tube was centrifuged at 13,000 rpm for 10 

minutes at 4°C. The DNA pellet is then rinsed with 500 µL of cold 70% EtOH and centrifuged 

again at 13,000 rpm for 5 minutes. The pellet is air-dried for 10 minutes and then dissolved in 25 

µL of Injection Buffer (insert composition of Injection Buffer). The re-suspended injection mix is 

then put through a .45µM Millipore Ultrafree-MC Centrifugal Filter (Cat #: UFC30HV00) and 

centrifuged for 4 min at 12,000 rpm at room temperature. This final column filtration is 

necessary to remove any additional debris that may clog the needle during embryo injections. 
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Construct: UAS-hsp70-Gal80-PolyUb-EGFP-attB 

Construct Nickname: UAS-Gal80 (Rescue) 

 

 
Figure 3.9. Construct Map: UAS-hsp70-Gal80-PolyUb-EGFP-attB. This construct was designed with the 
constitutive polyubiquitin-EGFP marker gene for easy visualization of transgenics (full body fluorescence) from egg 
through adult. It was also designed with an attB site to take advantage of the already established attP lines of D. 
melanogaster for site-specific recombination with higher transformation rates (Groth et al., 2004). The heat shock-
70, hsp70, core promoter is a strong promoter widely used in Drosophila (Amin et al., 1987). The synthetic 
translational enhancer, syn21, was included before the start codon of Gal80 which should boost production of Gal80 
protein (Pfeiffer et al., 2012).  
 

Preparation of Vector:  

The plasmid PolyUb-EGFP-attB (File: PUb-EGFP-attB) (Sources: pUASTattB GenBank 

EF362409.1 and MS-1419 [gift from Marc Schetelig]) was digested with PspOMI and blunted 

using the NEB quick blunting kit (Cat#: E1201). The digest was cleaned using Qiagen PCR 

purification kit (Cat # 28104). Next, the purified sample was treated with NEB Antarctic 

Phosphatase (Cat#: M0289) and then once again cleaned by PCR clean-up kit. The 6.6 kb band 

was extracted for ligation. 

 

Preparation of Insert:  

The plasmid UAS-hsp70-syn21-Gal80-p10-pBC SK(+) (File: UAS-hsp70syn21-

Gal80p10inpBC-SK(+)) (Source: pBC SK+) was digested with the enzymes MluI and EcoRV. 

The fragment of interest is 2.65 kb and the other band is 3.4 kb. Because these two bands are 
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close in size, the plasmid was also digested with NcoI and SnaBI to cut the backbone of the 

plasmid while still leaving the insert intact.  

 

Vector and Insert Ligation: 

The insert and vector described above were ligated at a 3:1 standard ligation ratio using 

NEB Quick Ligase (Cat#: M2200) for 5 minutes at room temperature. After ligation, the final 

plasmid is UAS-Gal80-PolyUb-EGFP-attB (File: UASGal80-PUbEGFP-attB). This plasmid was 

used for injections into D. melanogaster fly lines containing an attP for site-specific 

transformation. 

 

Injections: UAS-hsp70-Gal80-PolyUb-EGFP-attB 

The UAS-Gal80-PolyUb-EGFP-attB plasmid was injected into 200 eggs from the attP40 

fly line (Fly Base ID: FBti0114379), which has the attP site on the second chromosome (2L) and 

nanos (nos) germline specific expression of the phiC31 recombinase (Bischof et al., 2007). The 

injection mix, containing the UAS-Gal80 plasmid, was prepared at a concentration of 750 ng/ul. 

All first-instar larvae that developed from injected eggs were checked under the fluorescence 

scope for transient EGFP expression. While the majority of larvae showed transient expression, 

all larvae, even those without green fluorescent patches, were collected and reared to adulthood. 

The adults were crossed back to the attP40 stock line in single-pair matings, and then the G1 

offspring were screened as eggs or larvae to check for transformation. Transgenics from four 

different positive vials were collected and then crossed to a Curly O (CyO) balancer to facilitate 

breeding the transgene to homozygosity. The CyO balancer is located on the second chromosome 

and carries the dominant phenotype of curly wings. This line could also be made homozygous by 

selecting for flies with high levels of fluorescence (See Fig. 3.10) 
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Figure 3.10. Transgenic Drosophila carrying UAS-Gal4 and UAS-Gal80 transgenes. Left panel: Flies in the top row 
are homozygous for the transgenes while flies in the bottom row are heterozygous. The homozygotes can be 
identified and separated by their brighter fluorescence intensity compared to heterozygotes. Right panel: D. 
melanogaster under the narrow band green filter. The top two flies are heterozygous and the bottom two are 
homozygous as identified by their brighter fluorescence intensity. 
 
Construct: UAS-hsp70-Gal4-PolyUb-DsRed-attB 

Construct nickname: hs70-Gal4 (Killer) 

 
Figure 3.11. Construct Map: UAS-hsp70-Gal4-PolyUb-DsRed-attB. This construct was designed with the 
Polyubiquitin-DsRed marker for easy visualization of transgenics (full body fluorescence) from egg through adult. It 
was also designed with an attB site to take advantage of the already established attP lines of D. melanogaster for 
site-specific recombination with higher transformation rates. 
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Preparation of Vector:  

The parental plasmid PolyUb-DsRed-attB (File: PolyUb-DsRed-attB) (Sources: 

pUASTattB GenBank EF362409.1 and MS-1425) was digested with AscI and PspOMI and then 

dephosphorylated with NEB Antarctic Phosphatase to yield a 6.3kb band. The vector was 

cleaned up with Qiagen PCR purification kit. 

 

Preparation of Insert:  

The intermediate plasmid UAS-Gal4-#1299 (Sources: #1299 and pCasperGal4: pC3G4 

DGRC #1224) was cut with AscI and PspOMI and the 4.5kb band was gel extracted and then 

purified using Qiagen Gel Extraction Kit (Cat#: 28704).  

The insert and vector described above were ligated at a 3:1 standard ligation ratio using 

NEB Quick Ligase for 5 minutes at room temperature. 5µl of the ligation mixture was taken and 

transformed into NEB 10-Beta competent cells (Cat#: C3020K), then 150µl was streaked onto an 

Ampicillin (+) LB Agar plate to grow colonies overnight. 

The final plasmid is UAS-Gal4-PolyUb-DsRed-attB (File: UASGal4-PolyUbDsRed-

attB). This plasmid was used for injections into Drosophila melanogaster fly lines containing an 

attP for site-specific transformation. 

 

Injections: UAS-hsp70-Gal4-PolyUb-DsRed-attB 

The UAS-Gal4-PolyUb-DsRed-attB plasmid was injected by Model System Injections 

(MSI) into 150 eggs of the attP2 fly line, which has the attP site on the third chromosome. The 

plasmid was prepared using Invitrogen PureLink HiPure Plasmid Midiprep Kit (Cat#: K2100-

05). All larvae were checked under the fluorescence scope for transient expression (easy to see 

with the PolyUb-DsRed marker) and while the majority of larvae had transient expression, all 

larvae, even those without transient expression, were collected and reared to adulthood. The 

survival to adult rate was low, only 7.5% of the eggs injected survived to adulthood. The 

majority of lethality occurred during the embryo stage, many of the injected eggs never emerged 

and were observed as dead on the filter paper placed in the vial. The 11 G0 adult survivors were 

crossed back to the UAS-Gal80 rescue line in single pairs, and then the G1 offspring were 

screened as eggs or larvae to check for positive transformants. Positive transgenics from two 

different vials were collected and then crossed once again to the UAS-Gal80 rescue line to 
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establish the UAS-Gal4 killer line in a homozygous rescue background before attempting to 

make the line double homozygous for both killer and rescue. This line can also be made 

homozygous by fluorescence intensity (See Fig 3.10) 

 

Construct: UAS-hsp70-Gal4-hid-PolyUb-DsRed-attB 

Construct nickname: hs70-Gal4-hid (Killer#2) 

 
Figure 3.12. Construct Map: UAS-hsp70-Gal4-UAS-P-Hid-PolyUb-DsRed-attB. This killer also contains the gene 
head involution defective, hid, which belongs to a family of four pro-apoptotic cell death genes in D. melanogaster 
(Bilak and Su, 2009). 
 

Preparation of Hid Insert:  

The plasmid pBC-eryO-tetO7-P-CG5123-HidCDS (File: pBC-eryO-tetO7-P-CG5123), 

created by Fang Li in our lab, was used to obtain the hid fragment by PCR. The following 

primers were used, forward primer 5’-

AAAAAGCGGCCGCGATCCCCGACACCAGACCAACT-3’ and reverse primer 5’-

CCCCCGGATCCGAAGAGAACTCTGAATAGGGAATTGGGA-3’. These primers will 

amplify hid and produce a fragment that also includes a 5’-NotI and 3’-BamHI site for cloning. 

The NEB Q5 High-Fidelity Polymerase (Cat#: M0491) was used under the following 

thermocycler conditions: 30 s initial denaturation at 98°C, and 35 cycles of 10 s denature at 
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98°C, 30 s anneal at 67°C, 40 s extension at 72°C, and a final extension for 2 m at 72°C. The 

1.33 kb amplified product was run on a gel, extracted, and then digested with NotI and BamHI 

for ligation into UASp vector (File: UASp-#1189 and Source: DGRC General Fly 

Transformation Vectors Stock #:1189).  

 

Preparation of Vector:  

UASp (File: UASp-#1189) was digested with BamHI and NotI and then ligated to the 

insert hid PCR product (described above) using NEB Quick Ligase. The resulting intermediate 

plasmid is UASp-Hid (File: pUASP-Hid). 

 

Intermediate Plasmid:  

The intermediate plasmid UASp-hid was digested with EcoRV and PspOMI, PCR 

purified, then digested with BsaI and SnaBI to separate the desired band, 3.9 kb, for cloning from 

the rest of the backbone. 

 

Final Vector:  

The plasmid UAS-Gal4-PolyUb-DsRed-attB was digested with PspOMI and BstZ171 and 

treated with NEB Antarctic Phosphatase. The 10.7 kb band was gel extracted. The intermediate 

plasmid UASp-Hid was ligated into the UAS-Gal4 vector using NEB Quick Ligase and then 

transformed using NEB 10-Beta competent cells. The resulting final plasmid is UAS-Gal4-UAS-

Hid-PolyUb-DsRed-attB (File: UAS-Gal4-UAS-Hid-PolyUbDsRed-AttB). 

 

Injections: UAS-Gal4-UAS-Hid-PolyUb-DsRed-attB 

The UAS-Gal4-UAS-hid-PolyUb-DsRed-attB plasmid was injected into ~400 eggs of the 

following cross: UAS-Gal80 (Rescue) x attP2 (Bloomington Drosophila Stock Line #25710 with 

attP on third chromosome and phiC31 recombinase). By injecting into this cross, the injected 

eggs carry one copy of the Gal80 rescue and one copy of the attP. While the transformation 

efficiency is possibly reduced with this method because the fertilized eggs have only one attP site 

and only half as much recombinase to assist in the integration event, the chances of survival are 

increased because the transient expression of Gal4 was lethal to many embryos in the UAS-Gal4 

injections (See above section). 
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Subsequently, the killer construct was co-injected with a UAS-Gal80 plasmid 

(concentration, ratio) into the attP2 line. The UAS-Gal80 plasmid did not have an attB site, thus 

it would not integrate. Using this method, the transient expression of Gal4 is countered by 

transient expression of Gal80, increasing the hatch rate and G0 survival.  

Positive transgenics from 3 different vials, using the co-injection method, were collected 

and then crossed once again to the UAS-Gal80 rescue line to establish the UAS-Gal4-UAS-hid 

killer in a homozygous rescue background before attempting to make the line double 

homozygous for both killer and rescue. This line can also be made double homozygous by 

fluorescence intensity (See Figure 3.10). 

 
Construct Set: Less lethal Gal4 killers 

These less lethal constructs were created as options to decrease the lethality from the 

original UAS-hsp70-Gal4 and UAS-hsp70-Gal4-hid killer constructs created with the Drosophila 

hsp70 core promoter. I found that the hsp70 Drosophila core promoter was too strong (lethal) 

and the flies did not survive as double homozygous for the Gal4 killer transgene, even with one 

or two copies of UAS-hsp70-Gal80 rescue (refer to results section: Figure 3.26). The following 

core promoters should yield decreased levels of expression than the commonly used hsp70 

Drosophila core promoter and therefore are expected to be better candidates for a successful K-R 

gene drive system in which all genotypes that carry at least one copy of the rescue survive.  

The following constructs were built by using the NEB Q5 Site-Directed Mutagenesis 

(SDM) Kit (Cat#: E0554) to put in SgrAI and PacI sites. Primers for the Site-Directed 

Mutagenesis reaction were designed using the NEB Base Changer online tool. These sites were 

inserted using a substitution reaction. After mutagenesis, the less lethal alternate promoters could 

be easily cloned into the vector using a one-step digest with SgrAI and PacI and then subsequent 

ligation. The following primers were used for the substitution reaction: forward primer 5’- 

tcaccggcgtcggaagaattcgtacgcCTCGACGTCGCTAGCGCT-3’ (Length 45bp, 62 %GC, 70°C 

Tm), and reverse primer 5’-

tgcccgggcacggttaattaagcagcggGAAGAGAACTCTGAATAGATCTAAAAGGTAGG-3’ (Length 

60bp, 48% GC, 66°C Tm). The annealing temperature (Ta) for these primers is 67°C. The 

following PCR was performed in the thermocycler using the Q5 Hot Start High-Fidelity 2x 

Master Mix. Initial denature 30 s at 98°C, then 25 cycles of denature 10 s at 98°C, anneal 30 s at 
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67°C, and extend for 5 m 20 s (10.8 kb product) at 72°C. Final extension was performed for 2 m 

at 72°C. The Kinase-Ligase-DpnI (KLD) treatment was performed immediately after and then 

5µL of the KLD mix was taken to transform into NEB 10-Beta competent cells. 

 

To complete these constructs, the alternate less-lethal promoters were synthesized (Table 

X) by Integrated DNA Technologies (IDT) and shipped as lyophilized plasmids. The synthesized 

promoters were sent in pIDTSmart, a Kanamycin resistant vector. The synthesized promoters 

were transformed into 10-Beta competent cells and digested with EcoRI and PacI to move into 

the final killer constructs. The modified (by site directed mutagenesis) UAS-Gal4 killer construct 

was digested with EcoRI and PacI and then treated with NEB Antarctic Phosphatase to prevent 

re-ligation. Each of the synthesized promoters (DSCP, Pgd, P, and LucHs70) was digested with 

EcoRI and PacI to move them out of the kanamycin intermediate vector and into the final killer 

construct. Each ligation was performed using NEB Quick Ligase and incubated at room 

temperature for 5 minutes. After confirming correct clones, the modified killer constructs were 

prepared for injection. Details for each of the constructs are described below. 

 
Table 3.1. Synthesized nucleotides for alternative killer promoters. The alternative less lethal promoters synthesized 
for cloning into the original UAS-Gal4 and UAS-Gal4-hid killer constructs. All fragments contain EcoRI, SgrAI, 
and PacI sites for cloning. 

Promoter Sequence Length (bp) 

Pgd 
5’GGGGGGCACCGGCGGAATTCGGGGAACAGTGCCATATATAGATTGTAAC
ATTAGGAGCTCAAATCATTGTTGGAACACAAACCACAAAGAACACACGAAA
CAATCAAACCATGGTTAATTAAGGGGGG -3’ 

128 

DSCP 

5’GGGGGGCACCGGCGGAATTCGAGCTCGCCCGGGGATCGAGCGCAGCGG
TATAAAAGGGCGCGGGGTGGCTGAGAGCATCAGTTGTGAATGAATGTTCG
AGCCGAGCAGACGTGCCGCTGCCTTCGTTAATATCCTTTGAATAAGCCAACT
TTGAATCACAAGACGCATACCAAACTTAATTAAGGGGGG-3’ 

189 

Luc Hsp70 

5’GGGGGGCACCGGCGGAATTCGTCGAGGGAAAAGAGCGCCGGAGTATAA
ATAGAGGCGCTTCGTCTACGGAGCGACAATTCAATTCAAACAAGCAAAGTG
AACACGTCGCTAAGCGAAAGCTAAGCAAATAAACAAGCGCAGCTGAACAA
GCTAAACAATCTGCAGTTAATTAAGGGGGG-3’ 

179 
 

P 

5’GGGGGGTTAATTAATGATCCCCGGGCGGGTACCAATGAACAGGACCTAA
CGCACAGTCACGTTATTGTTTACATAAATGATTTTTTTTACTATTCAAACTTAC
TCTGTTTGTGTACTCCCACTGGTATAGCCTTCTTTTATCTTTTCTGGTTCAGGC
TCTATCACCGGTTTTCAAAAAAAAATTCGTCCGCACACAACCTTTCCTCTCAA
CAAGCAAACGTGCACTGAATTTAAGTGTATACTTCGGTAAGCTTCGGCTCAC
CGGCGGAATTCGGGGGG-3’ 

279 
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Construct: UAS-DSCP-Gal4-PolyUb-DsRed-attB 

Construct Nickname: DSCP-Gal4 (Killer #3) 

 
Figure 3.13. Construct Map: UAS-DSCP-Gal4-PolyUb-DsRed-attB. This construct contains a synthesized 
(synthetic) core promoter, DSCP, (Pfeiffer et al. 2008) which contains the TATA, Inr, MTE, and DPE sequence 
motifs. In many cases this promoter can serve as an adequate replacement for the basal promoters of different genes, 
and typically drives expression equivalent to the endogenous promoter. However, in the specific case of Gal4 driven 
UAS expression, the hsp70 core promoter drives two-fold higher expression than the DSCP (Pfeiffer et al. 2008). In 
this case, the two-fold lower expression from DSCP is desirable to decrease the lethality from the hsp70 core 
promoter. 
 

Injections: UAS-DSCP-Gal4-PolyUb-DsRed-attB 

Over 200 embryos of the strain attP2 were injected with the prepared injection mix. The 

survival from these injections was poor and only around 10%. A hatch rate of 50-70% is 

expected for a non-lethal construct. To increase the hatch rate and survival rate to adulthood, a 

UAS-Gal80 rescue construct was co-injected with the UAS-Gal4 killer construct using the 

methods described (page 86).  
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Construct: UAS-P-Gal4-PolyUb-DsRed-attB  

Construct Nickname: P-Gal4 (Killer #4) 

 
Figure 3.14. Construct Map: UAS-P-Gal4-PolyUb-DsRed-attB. This construct contains the P-element core 
promoter (Kaufman and Rio 1991.). The P-element core promoter is expected to have about 10% of the activity 
relative to the Hsp70 core promoter (Laverty et al., 2011). The P promoter is from the P transposable element 
originally discovered in Drosophila melanogaster.  
 

Injections: UAS-P-Gal4-PolyUb-DsRed-attB 

Over 200 embryos of the strain attP2 were injected with the prepared injection mix, 

including Gal80 for transient expression. As described previously, a construct for Gal80 transient 

expression is co-injected to increase embryo survival and hatch rate. All larvae that hatched, even 

those without transient expression, were collected and reared to adulthood, mated and screened 

as described previously. Three positive vials were found and crossed back to UAS-Gal80 rescue 

to establish the line in a homozygous rescue background.  
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Construct: UAS-Pgd-Gal4-PolyUb-DsRed-attB  

Construct Nickname: Pgd-Gal4 (Killer #5) 

 
Figure 3.15. Construct Map: UAS-Pgd-Gal4-PolyUb-DsRed-attB. This construct contains the Pgd, 6-
Phosphogluconate dehydrogenase promoter (Scott and Lucchesi 1991). PGD is an enzyme present in the pentose 
phosphate pathway. The two main functions of this pathway are to provide NADPH for fat synthesis and ribose for 
nucleic acid synthesis. In drosophila the activity is particularly high in fat cells and it is an X-linked gene that is 
dosage compensated for in males (Laverty et al. 2011). 
 

Injections: UAS-Pgd-Gal4-PolyUb-DsRed-attB 

Over 200 embryos of the strain attP2 were injected with the prepared injection mix, 

including Gal80 for transient expression. All larvae that hatched, even those without transient 

expression, were collected and reared to adulthood, mated and screened as described previously. 

Two positive vials were found and crossed back to UAS-Gal80 rescue to establish the line in a 

homozygous rescue background. One of the vials was very productive so a few extra male flies, 

heterozygous for both killer and rescue (KkRr) were crossed to the attP40 stock line to test the 

lethality of the construct. The offspring of this cross would inherit K and R, K alone, R alone, or 

neither. The presence of K alone indicated that this particular killer (Pgd-Gal4) is not lethal 

enough.  
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Construct: UAS-LucHs70-Gal4-PolyUb-DsRed-attB 

Construct Nickname: LucHs70-Gal4 (Killer #6) 

 
Figure 3.16. Construct Map: UAS-LucHs70-Gal4-PolyUb-DsRed-attB. This construct contains the Lucilia cuprina 
Hsp70 core promoter. In Lucilia cuprina, this is a strong core promoter, however in D. melanogaster it is a weaker 
promoter (Li et al., 2014), and we expected about 50% activity compared to the Hsp70 core promoter. 
 

Injections: UAS-LucHs70-Gal4-PolyUb-DsRed-attB 

The injections for this construct were attempted twice into the attP2 strain. First, ~100 

embryos were injected without the Gal80 for transient expression, and then 200 embryos were 

injected including Gal80 for transient expression in the injection mix. The hatch rate both times 

was low, between 5-20%. All larvae that hatched, even those without transient expression, were 

collected and reared to adulthood, mated and screened as described previously. No positive 

transgenics were found for this line. A third set of injections was not attempted because results 

from the DSCP-Gal4 and P-Gal4 killer constructs demonstrated that these core promoters 

worked effectively for the K-R gene drive system.  
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Methods for Drosophila melanogaster embryo injections: 

Needles: The needles for D. melanogaster injections were prepared using the P-2000 

Sutter Micropipette Laser Needle Puller. Quartz needles (QF100-70-10) with filament were 

pulled using the following laser puller settings: HEAT 730, FIL 4, VEL 60, DEL 130, and PUL 

170. Afterwards the needles were beveled using the BV-10 beveller from Sutter Instruments. The 

bevel angle was 30°C, bevel time was 10s, and bevel plate used was fine. While each needle was 

beveled, the presence of small glass pieces breaking away from the tip of the needle were 

observed to ensure that the micropipette was making contact with the surface of the beveling 

plate. Eight to ten needles were prepared at a time and stored inside a 100mm petri dish held in 

place by foam or clay strips. The lid to the petri dish was sealed with parafilm when not in use to 

prevent any dust or debris from getting in contact with the needles. 

Preparing flies for egg laying: At 22°C D. melanogaster requires ~14 days to develop 

from egg to adult. When adult flies are about four days old they were transferred to fresh food, 

and reared for another four days to fully mature. When the females are eight to ten days old, they 

will be most productive at laying eggs for injection. In other words, the time frame from when 

the eggs are laid until young adult females are able to lay eggs for injections is three to three-

and-a-half weeks. When preparing for injections, be sure not to expose the female flies to CO2 

for at least 48 hours before injections. Additionally, it is most productive to remove male flies 

from the females so that the females can lay eggs without being disturbed by males. If removing 

the males from the females, be sure to remove them at least two days ahead of time, because this 

requires separating them on a CO2 pad. On the morning of injections, replace the old egg laying 

plate from the day before with a fresh egg laying plate by tapping the flies down onto the bench 

top and then quickly removing the old egg laying plate and replacing with a fresh one before 

flies escape. Fresh eggs are collected at 30-45 minute intervals. Observe the flies, without 

disturbing them, to see when they begin laying. Sometimes it can take an hour or more for the 

flies to begin laying eggs. Additionally, if the flies are not laying many eggs, the egg-laying 

chamber can be completely inverted or tilted at an angle because the flies have a natural 

tendency to climb upwards, and this can stimulate more females to stay at the top of the chamber 

and lay eggs there.  
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Preparing injection slides: Glass slides for injections are prepared by placing a small 

piece of Duck double-stick tape on the edge of a 27x75x1 mm glass slide. The right edge of the 

tape is kept free from debris that could break the injection needle while injecting embryos. 

Lining up embryos for injection: Once the flies have laid eggs that are ready for injection, 

tap the flies down again away from the food and then quickly replace the egg laying plate with a 

fresh one. Cover the egg plate with a Petri dish lid, and then take the embryos to a stereo 

dissecting microscope to line up the eggs. The eggs are picked up individually from the egg 

laying plate with forceps. Using the forceps to grab the two dorsal appendages of the chorion is a 

useful way to pick up the embryo without crushing it. Place the eggs one at a time on the double 

stick tape, leaving space on the side where they will eventually be lined up. After collecting eggs 

for five minutes, the embryos on the slide are dechorionated by gently pushing the embryo on 

one end with the forceps until the chorion breaks free. Once the chorion has been broken, the 

embryo will easily slide out. Removing the chorion makes it easier to visualize the injection mix 

when it goes into the embryo and it also helps the injection needle stay sharp longer and clog less 

frequently. The embryos are lined up with the posterior end, narrow end, facing the right edge of 

the slide. The anterior end of the embryo is identified by a small anterior projection called the 

micropyle. This anterior end is placed to the inside of the slide. Between 10-25 embryos are lined 

up on each slide. The embryos are lined up for 3-6 minutes. The humidity in the injection room 

varies greatly, especially depending upon the time of year. Use the hygrometer to check the 

percent humidity in the room throughout injections. The humidity typically decreases in the 

room as the day goes on. If the humidity in the room is above 20%, then the desiccation chamber 

can be used to assist in desiccating the eggs, unless you have been lining up the eggs for more 

than 10 minutes. If the humidity in the room is 8-15%, then it is likely that the desiccation 

chamber does not need to be used. It is sometimes helpful to do a few test embryos, three to four 

on a slide, with different desiccation and egg line-up times. If the embryos are too desiccated, 

then they will stay indented like a deflated balloon after trying to inject them. If the embryos are 

not desiccated enough, they will likely leak or burst when a needle is inserted into them. When 

the embryo is desiccated just enough, it will accept the small amount of injection mix without 

leaking, and the egg will not deflate, instead it will indent briefly then return to it’s normal shape. 

If the embryos are too old, you need to kill them with forceps rather than injecting them. If the 

embryo is past stage two of development (Figure X.), the pole cells at the posterior end of the 
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embryo will begin to migrate and you will start to see the embryo with cell differentiation. At 

this point, the embryo is too old to inject and transformation efficiency is greatly reduced for any 

embryos past stage two. 

 

 
Figure 3.17. D. melanogaster embryogenesis from Genetics on the Fly: A Primer on the Drosophila Model System. 
Hales et al., 2015. 
 

Drosophila Egg Laying Chambers: 

The egg laying chambers are small cages made of acrylic that have a flexible LDPE cap 

that accept 60mm Petri dishes (Figure 3.18.). To prepare the females to lay eggs for injections, 

they are put from Drosophila vials into the egg-laying chamber the night before injections. This 

allows the females to acclimate to the chamber and assists in a more productive egg lay the 

following day. The egg-laying plates are filled with a mixture of agar, cornmeal, molasses, and 

water. When it is time to use the plates, a small streak of yeast is smeared across the plate to 

stimulate female egg laying. 
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Figure 3.18. Left: Drosophila egg laying chamber. Right: Drosophila egg laying plate. 
 

Gene drive experiments Drosophila melanogaster: 

Summary: The goal of these gene drive experiments was to show that (1) when the rescue 

is present alone there are minimal fitness costs from carrying the rescue, (2) when the killer is 

present alone the flies do not survive, and (3) when the killer and rescue are both present in the 

fly, the rescue nullifies the toxic effects of the killer. The gene drive experiments were conducted 

for the UAS-Hsp70-Gal4 K-R, UAS-Hsp70-Gal4-Hid K-R, as well as the UAS-DSCP-Gal4 K-R 

systems. 

Experimental Setup: The experiment was designed to simulate a 2:1 single release of 

engineered to wild type flies, respectively. For the wild-type line, attP40 (BDSC Stock # 25709) 

was used because the attP40 background is the same as that of the UAS-Gal80 rescue. To 

minimize unknown potential effects of additional genotype backgrounds, we decided to keep the 

genetic backgrounds to attP2 and attP40. The initial “release” was comprised of 50 genetically 

engineered virgin females, 50 genetically engineered males, 25 attP40 “wild-type” virgin 

females, and 25 attP40 “wild-type” males. Five replicates of each Killer-Rescue gene drive 

combination (three different killer options) were set up. The flies were collected and aged for 

three days before setting the initial bottle. The experiment was carried out for six to nine 

generations before shutting down the fly bottles. The initial release generation was counted as 

generation one, and the experiment was carried out until either the sixth or ninth generation of 

flies were counted.  

The experimental cages used were 8oz round bottom bottles (Cat # 32-129F) from 

Genesee Scientific. The fly food (Recipe Ref.) was poured up to the 75 mL mark on the side of 
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the bottle. While using less food would have given the flies more space, when 50 mL of food was 

tried initially, this was not enough to hold the food in the bottom of the bottle and when the flies 

were transferred the food fell down onto the flies and broke apart, killing many of the flies. 

Using 75 mL of food instead solved the majority of these problems. A piece of cardstock about ¾ 

in thick and 2 in. long was folded and placed down on the bottom of the fly food. Using a capped 

pen with a wide end (extra-fine sharpie will work), the cardstock was pushed down into the food 

to secure it in place so that when the flies were transferred the cardstock did not fall out of the 

bottle. Then yeast was sprinkled evenly into the bottom of the bottle to stimulate the females to 

lay eggs. Each bottle was labeled with the date, time, cross, replicate, and generation. For 

example: 01MAY18, 4:00PM, UAS-Gal4 x attP40, Rep.1A, Gen1. 

After three days the cross was transferred onto new food and labeled “B”. This second 

bottle was the bottle used to count genotypes for the next generation of offspring. Three days 

later the flies in the second bottle were transferred one last time into another bottle and labeled 

“C”. This third transfer was done just in case a backup was needed for the second bottle in the 

event something happened to the flies in the “B” bottle. Fifteen days after the second bottle was 

set, all the adult flies were genotyped by marker screening under the fluorescent scope and sorted 

into their respective genotypic groupings based on fluorescence intensity. Through fluorescence 

screening, it was evident that the difference between homozygous and heterozygous individuals 

was visible based on fluorescence intensity (Fig 3.10). Small groups of the flies were counted at 

a time so that the flies were not on the CO2 pad for more than 10 minutes. The genotypes were 

counted and then the correct proportion of each genotype was added to the next generation of 

flies so that the starting population for each generation did not exceed 150 flies (the starting 

population in generation one). Males and females were also counted, but regardless of the 

numbers of males and females, the population was kept at 50% male and female for each starting 

population. 

The heterozygous vs. homozygous phenotypes are identifiable by fluorescence, however 

when DsRed and EGFP are present together in the fly, the narrow band green filter must be used 

to differentiate between heterozygous or homozygous green because the DsRed is so bright that 

even under the green filter the red comes through strongly (See Fig 3.10 from previous section). 

The heterozygotes and homozygotes for DsRed are easily identified under the DsRed filter. 
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Control Experimental Setup: In addition to the Killer-Rescue gene drive experiment 

described above, a control experimental consisting of the rescue UAS-Gal80 line crossed to 

attP40 “wildtype” was conducted at the same time. The goal of this experiment was to determine 

if fitness costs associated with the rescue were minimal and that without the killer, the rescue 

does not drive through the population. From generation to generation the rescue should be 

maintained in the population but shouldn’t increase or decrease significantly from one generation 

to the next. However, the rescue will likely be lost eventually, even if gradually, due to a small 

fitness cost associated with the transgenes. 

This control experiment with the rescue was set up the same way as the gene drive 

crosses with a 2:1 single release of engineered (UAS-Gal80) to wildtype (attP40), respectively. 

The initial “release” was comprised of 50 genetically engineered virgin females, 50 genetically 

engineered males, 25 attP40 “wildtype” virgin females, and 25 attP40 “wildtype” males. The 

flies were collected, transferred, counted, and added to the next generation as described 

previously.  

 

Drosophila melanogaster qRT-PCR: 

Sample Collection: Initially RNA was to be isolated from first-instar larvae, but the 

quality from these preps was poor (RIN value 3.7) compared to embryos and pupae (RIN ~6.5-

7.5). After looking back through old data, it became apparent that when another lab member had 

tried first instar larvae samples and third instar larvae and processed them side by side, that the 

first instar gave poor quality and samples that appeared degraded. Considering this, we shifted 

focus to collecting late embryos at 18-20 hours rather than first instar, as we anticipated that the 

Gal4 autoregulatory expression system would be fully activated by this stage. To collect the 18-

20 hour embryos, flies were transferred onto fresh food and allowed to lay for three hours at 

room temperature, ~25°C. After three hours the adults were removed, the eggs left to mature 

overnight for 18-20 hours at room temperature and then collected the next morning. The females 

were either set to lay eggs on egg-laying plates (same as used for injections) or in regular stock 

vials (in which case the vial was cracked/broken and the food removed easily by using a blade to 

gently cut off the very top layer where the eggs are laid). Fine forceps were used to collect the 

embryos, taking care not to break them before they were placed into the Trizol reagent and pre-

filled tube with beads. When using egg laying plates, the plate was covered, sealed with parafilm, 
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and then vented with a small cut in the side to allow oxygen to reach the embryos while they 

matured overnight at room temperature. Seven to fifteen embryos were collected at a time 

without disturbing the food. When possible, the embryos were taken off the surface of the food, 

this way it is unnecessary to rinse the embryos before placing them in the tube. The 100 embryos 

were collected in 15-20 minutes so that they did not begin to degrade in the Trizol before 

homogenization.  

To collect 48-hour old pupae, third instar larvae were observed when they began to crawl 

up the side of the vial. At this point they were searching for a spot to pupate. When six or more 

third instar larvae were crawling up the side (enough for at least one RNA sample collection), 

these larvae were taken and transferred to a new vial.  The pupae were placed on the side of the 

vial rather than on the food, because if they pupated on the food, they became more difficult to 

remove and had to be cleaned before going into the Trizol for collection. A four-hour window of 

time difference was tolerated for the 48-hour collections, so if needed wandering larvae could be 

collected over a four hour period. After six or more larvae were collected, the homogenization 

day and time was written on the vial (48 hours later). After homogenization the samples were 

either put at -80°C or immediately purified using the RNA protocol outlined. 

List of Samples: Four replicates of each sample were collected from different parents. For 

embryos, around 100-150 were collected for each replicate. For pupae, 6 or more were collected 

for each replicate. On average the total amount (µg) of RNA collected from 25-30 pupae was 70-

90 µg, which equates to ~2.8-3 µg/pupae. On average the total amount (µg) of RNA collected 

from 100 embryos was 6 µg. To synthesize cDNA in the RT reaction, 3.5 µg of RNA is needed 

and up to 5 µg of RNA can be used in one reaction. For each of the preps in this experiment, 3.5 

µg RNA were used in each reverse transcriptase (RT) reaction.  
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UAS-hsp70-Gal80 Rescue 

18-20 hour embryos 48 hour pupae 

kkRR kkRR 

 

UAS-hsp70-Gal4 Killer  

Larvae Pupae 

Kkrr No collection (Don’t survive) 

KkRR KkRR 

 

UAS-hsp70-Gal4-UAS-Hid Killer  

Larvae Pupae 

Kkrr No collection (Don’t survive) 

KkRR KkRR 

 

UAS-DSCP-Gal4 Killer 

Larvae Pupae 

Kk Kk 

KkRR KkRR 

KKRR KKRR 

Collection not needed KKRr 

 

UAS-P-Gal4 Killer  

Larvae Pupae 

Kk No collection (Don’t survive) 

KkRR KkRR 

KKRR KKRR 

Collection not needed KKRr 
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UAS-Pgd-Gal4 Killer  

Larvae Pupae 

Kk Kk 

Collection not completed KK 

Collection not completed Collection not needed 

 

RNA Preparation Method: Pre-filled tubes containing zirconium beads were used for 

sample collection (Benchmark Scientific Triple-Pure High Impact Zirconium Beads 1.5 mm Cat 

# D1032-15). Once the samples were ready for collection, 500 µL of trizol was pipetted into 

each pre-filled tube and then the samples were directly collected into the trizol. Insects were 

collected as quickly as possible, for no more than 15-20 minutes, to try and reduce the amount of 

RNA degradation that occurred between the time the insect died and the time the trizol enters the 

tissue during homogenization. If a higher concentration of sample was needed, the tissues were 

homogenized mid-way through the collection to allow the trizol to permeate, then the collection 

was completed and homogenized again after completed. 

After the tissues have been disrupted using the homogenizer (OPS Diagnostic HT mini 

homogenizer 230V Cat # BM-D1030) for 3-4 minutes at max speed (4000 rpm), they can be 

stored at -80°C in the tubes with the beads, or they can be processed immediately. If storing the 

samples at -80°C for later preparation, they can be stored for at least nine months (Ref: Qiagen 

Representative). If continuing on to finish purifying the RNA, the following protocol is used: 

Centrifuge the sample for 10 minutes at 12,000 x g at 4°C. While the samples are centrifuging, 

spin down the Phase-Lock Gel tubes for 4 minutes at room temperature max speed to collect the 

gel in the bottom of the tube. Transfer the supernatant to a Phase-Lock Gel (PGL) tube. Add 100 

µL chloroform to the PGL tube. Shake the tubes for 15 seconds or invert vigorously. Incubate the 

tubes for 15 minutes at room temperature while the phases separate.  Centrifuge at 16,000 x g (or 

max speed) for 5 min at 4°C. The layers will separate with the gel inbetween. Transfer the top 

layer to a new 1.5 mL tube and discard the PGL tube with the bottom pink layer into the solid 

waste bin. Add an equal volume of cold RNAse free DEPC treated 70% EtOH (about 300 µL) to 

the sample. Vortex the samples and place them on ice while finishing the other samples. Load the 

entire volume (up to 700 µL) onto a Qiagen RNEasy Mini Kit (Cat# 74104). Centrifuge the 
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sample at 9000 x g for 30 seconds at room temperature. Disard the flow through and add 350 µL 

of buffer RW1. Centrifuge again at max speed for 30 seconds room temperature and then discard 

the flow through. Next, do the first DNAse on-column treatment. Prepare 80 µL working 

solution for each sample by pipetting 70 µL Buffer RDD and 10 µL of DNaseI stock solution. 

Pipette 80 µL of solution onto each column and incubate at RT for 15 minutes. After 15 minutes 

add 350 µL buffer RW1 to the column and centrifuge max speed 30 seconds at room 

temperature. Discard flow through and then add 500 µL of buffer RPE and centrifuge max speed 

30 seconds room temperature. Discard the flow through and once again add 500 µL of buffer 

RPE and centrifuge 2 minutes at room temperature. Place the column into a new waste collection 

tube and centrifuge once more for 1 minute to remove residual buffer. Place the column into the 

final collection tube and add 26 µL of RNAse-free water. Centrifuge for 1 min at room 

temperature (RT) and then re-elute by taking the collected sample and passing it through the tube 

once more. Lastly, do a second in-solution DNAse treatment using Thermo Fisher Scientific 

dsDNAse (Cat # EN0771): 3 µL of 10x dsDNase buffer, 3 µL dsDNase, and adding them to the 

purified RNA. Mix by pipetting or flicking and spin briefly to collect the contents in the bottom 

of the tube. Incubate the tube for 5 minutes at 37°C and then add 0.3 µL of 1M DTT. Incubate at 

55°C for 5 minutes and then place the sample on ice. Check the concentrations of samples using 

either the Qubit HS-RNA Kit or the nanodrop. Store the samples at -80°C or go directly to 

making cDNA.  

For insect RNA, RIN values of 6-7.5 are typically of good quality. In insects the RNA 

profile differs significantly because the 28S rRNA of most insects contains an endogenous 

“hidden break” (Winnebeck et al. 2010). This hidden break occurs upon denaturation when the 

hydrogen bonds are disrupted, causing two similar sized fragments that both migrate closely with 

18S rRNA. At first glance, the insect RNA appears degraded, but this should not be 

misinterpreted as degradation. When isolating RNA and analyzing the quality on the 

Bioanalzyer, it will appear slightly degraded even when it is not. Additionally, the ratio 

calculated by the Bioanalzyer software may be slightly off and can be adjusted manually as 

needed for insect RNA profiles (Fig 3.19) 
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Figure 3.19. Bioanalyzer example output for Drosophila RNA. The 28S peak is visible, but very small compared to 
the 18S peak. Rather than one peak, there are two peaks present with the 18S because one indicates the majority of 
the 28S RNA which appears as two similar sized fragments that run with the 18S RNA profile. This RNA profile is 
indicative of high quality insect RNA that is not degraded. The RIN value is 7.3.  
 

cDNA synthesis: cDNA was synthesized using the Invitrogen (Cat#18080-400 

Invitrogen) SuperScript III First-Strand Synthesis SuperMix kit, following the protocol provided 

in the kit. For each cDNA reaction, 3.5 µg of RNA were used as starting material in 6 µL total 

volume. If the concentrations of RNA were low (like those from embryo collections where 

tissues are very small) such that they needed to be concentrated to get 3.5 µg into 6 µL, the 

samples were brought up to 50 µL in volume with RNase-Free DEPC treated dH2O and then 

one-tenth volume of NaAc was added (5 µL) followed by 150 µL of 100% RNase-Free ethanol. 

The sample was inverted to mix and then placed overnight at -20°C. The following day the 

sample was washed with 70% Ethanol and then pelleted and dried. It was then resuspended in 8 

µL of RNase-Free DEPC treated dH2O. The concentration was checked once again. It is 

important that the amount of RNA going into the cDNA reactions are the same because this is the 

last time the concentrations are checked and the amount of cDNA needs to be the same across 

samples for qPCR to get transcript levels that can be compared. Random hexamers were used as 

primers in the cDNA reaction. 
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For each sample type (egg and pupae) and for each day that RNA was processed, a 

negative control (-RT) without reverse transcriptase enzyme was also run to confirm the absence 

of DNA contamination. 

qRT-PCR calculations: To measure relative transcript levels, qRT-PCR was performed 

with the cDNA template diluted 1:4 with nuclease-free water then pipetted into quadruplicate 

wells of a 384 well optical plate (Cat#4309849 Applied Biosystems). Thermo Maxima SYBR 

Green/Rox qPCR Master Mix 2X (Cat#K0221) was added to 10µM primers to create a master 

mix, which was then dispensed into wells using a multichannel pipette. The primer sequences for 

Gal4, Gal80, Rpl32, and 18S rRNA are listed in supplementary table S#. The plate was sealed 

(Cat#4311971 Applied Biosystems), mixed, then centrifuged at RT for 1 minute at 1600 x g. The 

qPCR run was performed on a BioRad CFX384 C1000 Touch Thermocycler (BioRad Hercules, 

California) using the following program: (Put in program used). Data acquisition was performed 

on the anneal/extension step.  

The relative normalized expression, or ∆∆Cq was calculated to quantify the expression of 

Gal4 and Gal80 present in the samples collected (discussed above.) The cDNA is fluorescently 

labeled and the amount of fluorescence released during the qPCR reaction is directly 

proportional to the amount of cDNA present. The higher the initial number of cDNA molecules 

present at the beginning of the reaction, the faster fluorescence will increase during the qPCR 

and it will detected at earlier cycles in the reaction. Therefore, a lower quantitation cycle number 

(Cq) corresponds to higher amount of the target and higher Cq values correspond to lower 

amounts of the target.  

The calculations for the qPCR were performed as follows: (1) the mean Cq for each 

biological replicate was calculated by averaging the four technical replicates, (2) the standard 

deviation and standard error of the mean were calculated, (3) the ∆Cq was calculated for each 

reference gene (Rpl32 and 18S rRNA) by taking the difference between the mean Cq for each 

sample biological replicate and the corresponding mean Cq of the reference gene, and (4) the 

∆∆Cq for each sample was calculated as 2− ∆Cq. An example of the table used to perform these 

calculations is shown (Figure 3.20).  

The number of samples collected for the DSCP-Gal4 line would not fit on one 384 well 

plate so the samples were split onto two plates and cross plate comparisons were made after the 

same analysis (described above) was performed on each individual plate. 
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Figure 3.20. Example of table and calculations used to calculate the expression ∆Cq and relative normalized 
expression ∆∆Cq. Calculations are described in detail above.  
 
Table 3.2. List of primer sequences, target and reference genes, used in qRT-PCR experiments. 
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Table 3.3. Drosophila lines used in this research. The name of line, genotype, source and fly base ID (if available) 
are listed.  

 
 
Results 
Gal80 Repression of Gal4 Experiment: Drosophila melanogaster 

We tested the ability of the UAS-Gal80 rescue fly line to repress Gal4 by conducting a 

Gal80 color repression experiment using a known reporter line, UAS-RedStinger (Barolo et al., 

2004) and several Gal4 driver lines (Luo et al., 1994, Ito et al., 1997, Yamada et al., 2003, and 

Pfeiffer et al., 2008). The Gal80 rescue fly line was able to repress the production of red 

fluorescent protein in each of the Gal4 driver lines tested: Actin-Gal4, GMR-Gal4, and Elav-

Gal4. Flies from the cross shown in Figure 3.21 were screened under the UV-fluorescent 

microscope to see if any red fluorescent protein was visualized when the flies had inherited all 

three components: Gal80 rescue (repressor of red in this experiment), UAS-RedStinger, and one 

of the Gal4 drivers line described. No red fluorescent protein was visualized throughout the 

embryo and larval stages of the flies in all three Gal4 driver lines tested. This indicated that the 

Gal80 rescue was repressing the production of Gal4 successfully. Based on the phenotypes of the 

adult flies set for the crosses, ¼ of the flies should inherit both driver and effector, and thus if 

repression were NOT working, we would see ¼ of the flies fluorescing red. If repression were 

completely working, no offspring would fluoresce red (Figures 3.22-3.24). 
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Figure 3.21. Gal80 color repression experimental cross. From the cross shown, every offspring will inherit one copy 
of the UAS-Gal80 transgene, ¼ will inherit neither driver nor reporter (+/+), ¼ will inherit Gal4 only (Gal4/+), ¼ 
will inherit UAS-RedStinger only (Red/+) and the last ¼ , the group of interest, will inherit Gal4 and UAS-
RedStinger (Red/Gal4). Activation of Gal80 by Gal4 would be expected to significantly reduce the level of 
activation of the UAS-RedStinger reporter. 
 

While no fluorescence was visible in the early larval stages, some red was visible during 

the pupal stage in the salivary gland. The UAS-RedStinger reporter has previously been reported 

to be somewhat active in the salivary glands independent of Gal4 (Markstein et al., 2008). 

Repression of dsRed expression (red fluorescence) by Gal80 was nevertheless clearly apparent. 

In each of the Gal4 driver backgrounds tested, Gal80 successfully repressed Gal4. 

 

 
Figure 3.22. Gal80 repression of the activation of a Redstinger reporter gene by an actin5C-Gal4 driver. Images 
were taken with the GFP2 filter (left panel) or DsRed filter (right panel) to show green and red fluorescence, 
respectively. Left to Right: (#1) Wild type, (#2-3) Actin-Gal4 and UAS-RedStinger, (#4) Gal80 and (#5-6) UAS-
Gal80, Actin-Gal4 and UAS-RedStinger. In pupae #5 and #6 the repression of red fluorescence is clearly visible. 
The small amount of red fluorescence seen was only visible during the pupal stage and not at any other life stage. 
 

1 2 3 4 5 6 1 2 3 4 5 6 
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Figure 3.23. Gal80 repression of the activation of a Redstinger reporter gene by a Glass Multiple Reporter (GMR)-
Gal4 driver. Images were taken with the GFP2 filter (left panel) or DsRed filter (right panel) to show green and red 
fluorescence, respectively. Top to Bottom: (#1) GMR-Gal4 and UAS-RedStinger, (#2-3) Gal80 and GMR-Gal4 and 
UAS-RedStinger. In pupae #2-3 the repression of red fluorescence is clearly visible. There is a small amount of red 
still visible as speckles, however it is almost entirely repressed by Gal80. The small amount of red fluorescence seen 
was only visible during the pupal stage and not at any other life stage. 
 

 
Figure 3.24. Gal80 repression of the activation of a Redstinger reporter gene by an Elav-Gal4 driver. Images were 
taken with the GFP2 filter (left panel) or DsRed filter (middle and right panels). Top to Bottom: (#1-2) Elav-Gal4 
and UAS-RedStinger, (#3-4) Gal80 and Elav-Gal4 and UAS-RedStinger. In pupae #3-4 the repression of red 
fluorescence is clearly visible. There is a small amount of red fluorescence still visible as speckles in right panel (#3-
4), however it is almost entirely repressed by Gal80. The small amount of red fluorescence seen was only visible 
during the pupal stage and not at any other life stage. 
 
Gene Drive Experiment Drosophila melanogaster: 

 After confirming the rescue Gal80 line functioned to repress Gal4, the final gene drive 

experiments were conducted with three of the established killer lines (Hs70-Gal4, Hs70-Gal4-

hid, and P-Gal4) to test the ability of the system to drive the rescue, which would carry the 

desirable gene, i.e, anti-viral or other, through the wild type population. Additionally, a control 

experiment with only the rescue (UAS-Hs70-Gal80) was conducted to observe what the 
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population dynamics and fitness costs, if any, are for the rescue line by itself. These experiments 

were conducted with discrete populations. Each generation, including the release, the population 

was maintained at 150 individuals with equal numbers of males and females. In these 

experiments the success of the drive system was determined by the killer: (1) was it able to 

eliminate the wildtype population and (2) transform the population into homozygous Gal80 (RR) 

individuals?  
Shown in this section are the plots for each release experiment: (1) UAS-hsp70-Gal80 

rescue control, (2) UAS-hsp70-Gal4 killer, (3) UAS-hsp70-Gal4-hid killer, and (4) UAS-P-Gal4 

killer over the six-ten generations the experiments were conducted. The graphs below plot the 

average of the five replicates with generation on the x-axis and the adults added back to each 

subsequent generation on the y-axis.  

UAS-Gal80-PUb-EGFP (Rescue): We tested the rescue line UAS-hsp70-Gal80 as a 

control by crossing it to the stock line attP40 “wild type”. This control experiment was 

conducted to (1) observe any fitness costs associated with the rescue and (2) observe what 

happens to the population dynamics when a drive is present or absent (i.e., presence or absence 

of killer, respectively). Over the six generations the experiment was conducted the Gal80 rescue 

homozygotes decreased after the initial release and then after generation two the population 

stabilizes out with heterozygotes (Rr) predominating in the population. Each generation the 

number of homozygous (RR) rescue flies decrease and the number of wildtype flies increase, 

while the number of heterozygotes stays stable in the population at around 50%.  
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Figure 3.25. Gal80 RR flies decrease each generation. The average genotypes of adult flies over six generations for 
the five replicates of UAS-Gal80 are shown in the table. The starting release was a 2:1 (100:50) homozygous Gal80: 
attP40. After counting and screening the genotypes equal numbers of males and females were added to the cage to 
total 150 adults each generation. The percentage of homozygous (kkRR) individuals decreases in each generation as 
the percentage of wild type (kkrr) individuals increases.  
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Table 3.5. UAS-Gal80 Control Release Experiment. The number, standard error (+/-), and percentage of adults 
added back to the bottle for each generation are shown in the table. These counts were averaged over the five 
replicate bottles set. Over the six generations, the heterozygote (kkRr) population comprised around 50% of all flies 
every generation. The homozygote (kkRR) population decreased in each generation from an initial 67% in the 
release generation to 31% in generation six. The wildtype population took an initial decrease in generation two after 
the release, as homozygous rescue flies mated with the wildtype population, but then steadily increased by 3-4% in 
each subsequent generation. These patterns are expected for a release that has the following conditions: (1) little to 
no fitness costs present in the rescue and (2) no drive is present to keep the wildtype population down.  

 
 

UAS-hsp70-Gal4-PUb-DsRed (Killer #1):  We tested the killer line UAS-hsp70-Gal4 

(KkRR) by crossing it to the stock line “wildtype” attP40. This experiment was conducted to (1) 

observe if a killer line with fitness costs can still drive at a 2:1 release and (2) observe the drive 

dynamics when a line heterozygous for the killer (KkRR) is released. We released a 

heterozygous killer rather than homozygous because the flies with this particular killer construct 

did not survive as homozygous for the killer. Additionally, about 50% of the flies double 

heterozygous for killer and rescue (KkRr) do not make it out of their pupal casing (Figure 3.26) 

and thus do not survive. This percentage was not tested experimentally, this is simply an 

observation from when the line was first being established.  
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Figure 3.26. UAShs70-Gal4 and UAShs70-Gal4-hid flies die while attempting to eclose. Left panel: Drosophila 
homozygous for UAShs70-Gal4 constructs are unable to eclose, whether or not they carry two copies of the UAShs70-
Gal80 rescue. Right panel: Same image as left under DsRed filter, showing strong red fluorescence indicating two 
copies of the killer transgene.  
 

We saw that in over six generations the wildtype and killer carrying genotypes decrease 

and the rescue heterozygotes and homozygotes increase.  However, the killer dropped too 

quickly out of the population for the drive to go to completion. Nevertheless, at generation six, 

96% of the population carried at least one copy of the rescue. If there are any fitness costs 

associated with the rescue, the expectation is that eventually wild type genotypes will replace the 

rescue. 
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Figure 3.27. UAS-Hs70-Gal4 Gene Drive Release Experiment. The number, standard error (+/-), and percentage of 
adults added back to the bottle for each generation are shown in the table. The average genotypes of adult flies over 
six generations for the five replicates of UAS-Hsp70-Gal4 are shown in the table.  The starting release was a 2:1 
(100:50) KkRR to attP40. Equal numbers of males and females were added back to the cage for each generation 
after counting and screening the genotypes. As expected, the killer genotypes drop out of the population and the 
homozygous rescue increases each generation. However, because the fitness costs of the rescue were too great, the 
killer dropped out of the population before it was completely transformed to homozygote RR. Because of this, the 
wild type population is expected to rebound in subsequent generations and the presence of the rescue genotype will 
decrease in the flies. Between generations five and six, the wildtype does not decrease, and in subsequent 
generations it will increase because the killer is no longer present to drive the wildtype population down.  
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UAS-hsp70-Gal4-UAS-hid-PUb-DsRed (Killer #2): We tested the killer line UAS-Gal4-

hid (KkRR) by crossing it to the stock line attP40. This experiment was conducted to (1) observe 

if a killer line with fitness costs can still drive at a 2:1 release and (2) observe what drive looks 

like when a line heterozygous for the killer (KkRR) is released. We saw that in over six 

generations the wildtype and killer carrying genotypes drop out of the population and the rescue 

heterozygotes and homozygotes increase.  However, the killer dropped too quickly out of the 

population for the drive to go to completion. The wildtype alleles begin to increase by generation 

five and do not go back down again between generation five and six. It is expected that in 

subsequent generations the wildtype population will continue to increase, because the killer will 

be likely be gone from the population entirely by generation seven or eight. Without the killer 

present to drive the rescue through the population the wildtype will increase.  
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Figure 3.28. UAS-Gal4-Hid Gene Drive Release. The starting release was a 2:1 (100:50) KkRR to attP40. Equal 
numbers of males and females were added back to the cage for each generation after counting the genotypes. As 
expected, the killer genotypes drop out of the population and the homozygous rescue increases each generation. 
However, because the fitness costs of the rescue were too great, the killer dropped out of the population before it 
was completely transformed to homozygote RR. Because of this, the wild type population is expected to rebound in 
subsequent generations and the presence of the rescue genotype will decrease in the flies. The average genotypes of 
adult flies over six generations for the five replicates of UAS-Gal4-hid are shown in the table.  
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UAS-DSCP-Gal4-PUb-DsRed (Killer #3): We tested the killer line UAS-DSCP-Gal4 

(KKRR) by crossing it to the stock line attP40. This experiment was conducted to (1) observe the 

drive dynamics for a double homozygous killer-rescue line released at a 2:1 ratio (2) calculate 

the persisting genotypes with a drive where the desired genotypes survive (KKRR, KkRr, KKRr, 

KkRR, kkRr, kkRR) and the genotypes with only killer do not survive to adulthood (Kkrr and 

KKrr). Unlike the previous Hsp70-Gal4 lines, which were too lethal, the DSCP-Gal4 killer line 

is thought to be the ideal driver because it can be released as double homozygous and should 

have the best chance to drive the rescue because the genotypes that have only K are lethal, and 

all the genotypes that have one or two copies of R survive and rescue the lethal effects of the 

killer.  

We saw that over eight generations the wildtype nearly drops out of the population, 

present at 1.4% in generation eight, and the rescue heterozygotes and homozygotes increase. At 

generation eight, killer carrying flies still comprise about 66% of the population and 40% of 

those killer carrying flies are also homozygous for the rescue (i.e. genotypes KkRR and KKRR). 

Unlike the Hs70-Gal4 and Hs70-Gal4-hid killers, the killer is maintained in the population even 

at generation eight, whereas it was almost entirely gone from the population by generation six 

with the Hsp70 “too lethal” killers. With the killer still present in generation eight to drive the 

rescue through the population the wildtype should be eliminated in subsequent generations and 

the rescue transgenes should continue to increase in frequency. 
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Figure 3.29. UAS-DSCP-Gal4 Gene Drive Release. The starting release was a 2:1 (100:50) KKRR to attP40. Equal 
numbers of males and females were added back to the cage for each generation after counting the genotypes. The 
killer transgenes slowly decrease in the population each generation while the heterozygous and homozygous rescue 
increases each generation. Additionally, because one copy of the rescue is able to repress one and two copies of the 
killer, the killer transgenes are maintained in this drive and still present in 66% of the flies by generation eight. 
Given this, the wild type population should be eliminated or kept at very low levels (1-2%) in subsequent 
generations. The average genotypes of adult flies over six generations for the five replicates of UAS-DSCP-Gal4 are 
shown in the table.  
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Comparing the persistence of killer, rescue, and wildtype genotypes: Shown below are 

three plots that group together (1) all genotypes that have the killer (i.e. KkRR, KkRr, KKRr, and 

KKRR), (2) genotypes that have only rescue (i.e kkRR and kkRr) and (3) the wildtype (i.e. kkrr). 

These plots were constructed to display the differences in frequencies of the killer, rescue, and 

wildtype alleles over time (six-ten generations) for the three different killer-rescue gene drive 

systems tested.  

 
Figure 3.30. Killer transgenes show very different patterns of persistence in the populations over time. This graph 
groups and displays the frequency of all genotypes that have the killer (i.e. KkRR, KkRr, KKRr, and KKRR) for 
each of the three different killer-rescue lines tested. This graph was constructed to display the differences between 
the DSCP-Gal4 killer line wherein all genotypes with the killer that have rescue survive KkRR, KkRr, KKRr, and 
KKRR versus the Hsp70-Gal4 and Hs70-Gal4-hid wherein the only genotypes with the killer that survive are KkRR, 
and KkRr. It is evident that the killer alleles in the DSCP-Gal4 line persist much longer in the population. In 
generation seven the killer is still present in close to 68% (102 flies out of 150 flies) of all flies, whereas in the 
Hs70-Gal4 and Hs70-Gal4-Hid lines the killer is present in only 0.2% and 5%, respectively at generation six. The 
longer the killer alleles stay present in the population after a release, the more effective the gene drive system will be 
at driving the rescue through a susceptible wildtype population. If the killer alleles drop out of the population before 
the wildtype flies are transformed to homozygous rescue (kkRR) then the wildtype will slowly increase in each 
generation.  
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Figure 3.31. Wildtype genotypes show similar patterns of decline in the populations over time. This graph displays 
the frequency of wildtype flies, attP40, for each of the three different killer-rescue lines tested. While the wildtype 
decreases similarly in all three drives from generation one to two, there are differences apparent in all subsequent 
generations.  
 

The DSCP-Gal4 and Hs70-Gal4-hid lines behave similarly until generation five in which 
the DSCP-Gal4 line continues to drive the wildtype alleles down, while the Hs70-Gal4-hid line 
is unable to and the wildtype increases between generation four and five. The Hs70-Gal4 (4.2% 
wildtype) line increases in-between generation two to three and in subsequent generations 
decreases, but never to as low of numbers as seen with DSCP-Gal4 (1.4% wt) or even Hs70-
Gal4-Hid (2.1%). The differences between Hs70-Gal4 and Hs70-Gal4 Hid may indicate that 
Hs70-Gal4-Hid is more lethal because the wildtype dropped more quickly, but then begins to 
increase in frequency while Hs70-Gal4 killer is still driving down the wildtype population. 
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Figure 3.32. Persistence and spread of flies carrying R (i.e. all genotypes except wildtype): KkRR, KkRr, KKRr, 
and KKRR, kkRr, and kkRR. All three K-R systems behave similarly in driving R, however, by generation six 
nearly 99% of the DSCP-Gal4 population has R, however only 96% and 94% of Hs70-Gal4 and Hs70-Gal4-Hid 
populations have R, respectively. 
 

At generation six, less than 1% of any K carrying genotypes are still present in the Hs70-
Gal4 and Hs70-Gal4-Hid drives. Without K to drive R, R will decrease in the population over 
subsequent generations. However, in the DSCP-Gal4 system, at generation eight K is still present 
in 63% of the population (see persistence of Killer graph above).  

The initial reason the rescue genotypes increased so quickly with the Hs70-Gal4 and 
Hs70-Gal4-hid killers is that the genotype released for these systems was KkRR, because no flies 
with homozygous killer (KK) survive. Because of this the second generation contained many 
more flies that were heterozygous for the rescue only (kkRr) compared to the DSCP-Gal4 line in 
which double homozygotes were released and thus rescue only genotypes did not even begin to 
appear in the population until generation three. The only three genotypes present in generation 
two for the DSCP-Gal4 release were wildtype (kkrr), double homozygous (KKRR) and double 
heterozygous (KkRr). Secondly, the quick increase in rescue only genotypes for the Hs70-Gal4 
and Hs70-Gal4-Hid killers occurred because there is a fitness cost associated with the double 
heterozygous genotype (KkRr) and only around 50% of the adult flies with this genotype survive 
in both of these lines. Additionally, although not shown here, in generation seven of the DSCP-
Gal4 gene drive experiment about 33% of the flies that carry a copy of the killer are also 
homozygous for the rescue (KkRR). While the DSCP-Gal4 killer is slower at driving the rescue 
through the population, it has the essential characteristics needed of a successful gene drive 
system which are (1) all genotypes that have at least one copy of the rescue survive and appear to 
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have little to no fitness costs and (2) there appear to be no fitness costs associated with carrying 
the rescue.  
 

The persistence of the rescue, killer, and wildtype plots shown in section two are 
displayed together here in section three for easier visualization.  

 
Figure 3.33. Summary of figures 3.30-3.32. The DSCP-Gal4 line successfully represses the wildtype at the same 
rate as the other two gene drives (and keeps the wildtype repressed unlike the others), however the killer is 
maintained in the population at a high frequency through generation eight.  
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Compared to the Hs70-Gal4 and Hs70-Gal4-Hid lines, the DSCP-Gal4 individuals with 
the rescue (kkRr or kkRR) slowly increase because the killer is maintained in the population at a 
much higher frequency throughout the drive experiment. However, because the only flies that 
survive have at least one copy of the rescue, all the individuals that have R or K and R are 
contributing to the spread of the rescue. Maintaining some killer alleles in the population over 
time could lead to more resiliency for maintaining the rescue in the population. For example, 
when mosquitoes from another area move into the area where a release occurred, the presence of 
the killer will be able to drive down these new wildtype individuals. If the entire population is 
converted to homozygous rescue (kkRR) flies, then there will be no drive left to decrease the 
new wildtype alleles that will result from these new matings. However, a killer that is able to be 
maintained in the population for more generations may have the ability to suppress new wildtype 
flies entering the area (for a limited number of generations and flies). 

 
 
 
 

 
 
Figure 3.34. Summary of figures 3.27-3.30. These plots each display the genotypes present in each generation of the 
drive experiment for (1) DSCP-Gal4 Killer, (2) Hs70-Gal80 Rescue Control, (3) Hs70-Gal4-Hid Killer, and (4) 
Hs70-Gal4 Killer.  
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qRT-PCR of Gal4 (K) and Gal80 (R) Expression: 

The following quantitative real-time PCR experiments (qRT-PCR) were performed to 

quantify the amount of Gal4 and Gal80 expression during late embryo (18-20 hour) and mid-

pupal (48 hour) development. On average, D. melanogaster embryos take 18-24 hours from 

oviposition to hatch at room temperature. Pupae take around three days to eclose at room 

temperature once they pupate. We chose these two life stages because they are both critical and 

interesting time points in the fly where we observed lethality from the killer. In the “too-lethal” 

lines with the hsp70 promoter, we observed that first instar larvae containing only the killer 

(Kkrr) died. In all killer lines, the pupae was a life stage where death occurred, or death occurred 

shortly after when the fly attempted to emerge from the pupal case and would get stuck before 

making it out. For the Hs70-Gal4 and Hs70-Gal4-Hid killer lines, around 50% of the pupae with 

the phenotype KkRr would get stuck in the pupal case while trying to emerge. For the DSCP-

Gal4 killer line, flies with only copy of the killer, Kkrr, would die during late pupal development.  

The delta-delta Cq method ( Cq) (Haimes and Kelley 2010) was used to quantify the 

relative expression and two reference genes, Rpl32 and 18S rRNA (Ponton et al. 2011) were used 

in each qPCR experiment. Four biological replicates and four technical replicates were 

performed in each experiment and a No reverse-transcriptase (NRT) and no template control 

(NTC) were performed on each plate to confirm the absence of genomic DNA or other 

contamination. The technical replicates were considered acceptable if they fell within a half-

cycle (0.5) of each other. The Rpl32 reference gene was closer in cycle number (and thus closer 

in amount expressed) than the 18S rRNA reference gene, and was therefore used to calculate the 

relative normalized expression ( Cq). 

 

Gal80 (Rescue) qRT-PCR 

The Gal80 qPCR was performed to quantify the baseline expression of Gal80 during the 

embryo and pupal life stages. The expectation is that without the autoregulated Gal4 system 

present, Gal80 expression will be present at low levels due to basal “leaky” expression from the 

hsp70 core promoter. When the Gal4 killer is present, we expect to see an increase in the amount 

of Gal80 expressed.  
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Figure 3.35. qRT-PCR Gal80 Rescue. Relative normalized expression of Gal80 in 18-20 hour old embryos and 48-
hour pupae from the homozygous rescue (RR) engineered line. The bars shown are averaged from four biological 
replicates for each life stage. Each biological replicate was analyzed with four technical replicates. All samples are 
normalized to the reference gene Rpl32. The average relative normalized expression for Gal80 in embryos is .086 
and in pupae is 0.44. 
 

 
Figure 3.36. Amplification of Gal80 target and reference genes Rpl32 and 18S. The Rpl32 reference is closer in 
cycle number (mean Cq 19.8 for embryo and 23.8 for pupae) to the Gal80 target (mean Cq 23.3 for embryo and 25 
for pupae) than the 18S reference (mean Cq 4.6 for embryo and 4.5 for pupae). The NRT and NTC values of zero 
through cycle 35 indicate that no genomic DNA or other contamination is present. The cycle threshold is indicated 
by the red line. 
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UAS-Hsp70-Gal4 (Killer #1) qRT-PCR 

 
Figure 3.37. Hs70-Gal4 qRT-PCR. Relative normalized expression of Gal4 and Gal80 in 18-20 hour old embryos 
and 48 hour old pupae from the Hs70-Gal4 Killer-Rescue engineered line. Top: The four biological replicates shown 
are averaged from four technical replicates. Bottom: The biological group is averaged from the four separate 
biological replicates shown in the top graph. All samples are normalized to the reference gene Rpl32. Only Kk 
embryos were collected for this line because there are no genotypes that survive with KK and the Kk embryos die as 
late 1st instar larvae and not survive to the pupal stage.  
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Table 3.5. Fold difference in expression of Gal4 and Gal80 for embryo and pupae of Hs70-Gal4 killer-rescue line. 
The delta delta Cq was calculated based on the average of four biological replicates which were each analyzed with 
four technical replicates. The delta delta Cq values for each life stage (embryo and pupae) were then used to 
calculate the fold difference in expression of Gal4 and Gal80 between embryos and pupae with different genotypes 
and between life stages of the same genotype.  
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UAS-Hsp70-Gal4-UAS-Hid (Killer #2) qRT-PCR 

 

 
Figure 3.38. Embryos with the killer only produce up to 90x as much Gal4 compared to those with the Gal80 rescue 
present. Relative normalized expression of Gal4 and Gal80 in 18-20 hour old embryos and 48-hour pupae from the 
Hs70-Gal4-Hid Killer-Rescue engineered line. The four biological replicates shown are averaged from four 
technical replicates. All samples are normalized to the reference gene Rpl32. Only Kk embryos were collected for 
this line because there are no genotypes that survive with KK and the Kk embryos die as late 1st instar larvae and not 
survive to the pupal stage. The first three replicates of Kk are embryo samples and the fourth and fifth replicates 
shown are Kk 1st instar larvae.  
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Table 3.6. Fold difference in expression of Gal4 and Gal80 for embryo and pupae of Hs70-Gal4-hid killer-rescue 
line. The delta delta Cq was calculated based on the average of four biological replicates which were each analyzed 
with four technical replicates. There is a buildup of Gal4 in pupae that is not present in embryos; when comparing 
pupae and embryos of the same genotype (KkRR), 6.58x as much Gal4 is produced in pupae compared to embryos, 
but Gal80 only increases by 1.18x as much from embryo to pupae. 
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UAS-DSCP-Gal4 (Killer #3) qRT-PCR 

 

 
Figure 3.39. Gal80 is able to repress Gal4 expression when one and two copies of the killer are present in DSCP 
embryos. The four biological replicates (and mean of the four technical replicates for each biological replicate) and 
SEM are shown. Gal4 expression is shown in red and Gal80 expression in green. The biological groups are: KkRR, 
KKRR, and Kkrr. As expected Gal4 expression is, on average, three fold greater in embryos without the Gal80 
rescue compared to embryos with the rescue.  
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Figure 3.40. Gal80 appears unable to entirely repress Gal4 expression in double homozygous pupae, however 
double homozygous flies still survive and are fertile. Shown is the relative normalized expression for DSCP-Gal4 
pupae samples. The four biological replicates (and mean of the four technical replicates for each biological replicate) 
and SEM are shown. Gal4 expression is shown in red and Gal80 expression in green. The biological groups are: 
KKRR, KkRR, KKRr, and Kkrr.  
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Figure 3.41. Over 2.8x more Gal4 is produced in DSCP-Gal4 pupae than embryos. The relative normalized 
expression for DSCP-Gal4 killer only embryo and pupae samples is shown. The average of the four biological 
replicates (and mean of the four technical replicates for each biological replicate) and SEM are displayed.  
 
Table 3.7. Fold difference in expression of Gal4 and Gal80 for embryo and pupae of DSCP-Gal4 killer-rescue line. 
The delta delta Cq was calculated based on the average of four biological replicates which were each analyzed with 
four technical replicates. There is a buildup of Gal4 in double homozygous (KKRR) pupae that is not present in 
embryos.  

 



131 

 

UAS-Pgd-Gal4 (Killer #4) qRT-PCR 

 
Figure 3.42. The Pgd-Gal4 killer is not lethal to Drosophila. Relative normalized expression for Pgd-Gal4 killer 
only embryo and pupae samples. The average of the four biological replicates (and mean of the four technical 
replicates for each biological replicate) are shown. The error bars are not shown because the SEM was very large for 
these samples because the expression is so low. The very low levels of Gal4 expression indicate why this killer is 
not lethal to the flies. These flies survive as double homozygous for the killer. Even in homozygous KK pupae, the 
calculated relative normalized expression is only .005, which is over 170x less than the Gal4 expression of 
heterozygous pupae Kk calculated in DSCP-Gal4 pupae. The direct comparison between heterozygous Kk Pgd-Gal4 
and DSCP-Gal4 pupae is over 315x more Gal4 expressed in the DSCP killer compared to Pgd. This qPCR was 
performed to support the hypothesis that the Pgd-Gal4 flies were surviving with the killer alone because they are 
expressing very small amounts of Gal4. The results of the qPCR confirmed this hypothesis. 
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UAS-P-Gal4 (Killer #5) qRT-PCR 

 
Figure 3.43. P-Gal4 embryo and pupae samples. The average of the four biological replicates (and mean of the four 
technical replicates for each biological replicate) and SEM are shown. The SEM is large here as it was with Pgd-
Gal4, likely because the amounts of Gal4 and Gal80 expressed are less than the other lines tested. However, despite 
the larger standard error, the pattern is similar to the other lines. The two main patterns present are: (1) there is more 
Gal4 and Gal80 produced in pupae, compared to embryos and (2) the levels of Gal4 expression are higher when the 
rescue is not present, and higher when two copies of the killer are present, compared to only one copy. Pupae with 
the genotype Kkrr were not collected because these larvae die sometime as late first instars or early second instars.  
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Comparing Gal4 Killers qRT-PCR 

 
Figure 3.44. Comparing Gal4 expression in the different killer lines. The DSCP killer line expression is ~0.3 in 
embryos and ~0.85 in pupae. The Gal4 expression in DSCP embryos is less than the embryos of killer lines Hs70-
Gal4-Hid (~0.53) and Hs70-Gal4 (~0.5), however the expression in DSCP pupae is higher than embryos in all cases. 
Biologically this fits with observations, as the DSCP-Gal4 Kkrr flies die as late stage pupae. However the Hs70-
Gal4-Hid and Hs70-Gal4 flies die during the first instar. The Pgd-Gal4 line is not lethal which biologically makes 
sense because the expression of Gal4 in embryos is ~0.0013, which is 200-400x less Gal4 expressed than in the lines 
Hs70-Gal4-Hid, Hs70-Gal4, and DSCP-Gal4.  
 

Discussion 
The data presented here support the following conclusions: (1) the killer-rescue, 

autoregulated Gal4-Gal80, system functions well in Drosophila melanogaster with certain 

combinations of K and R; (2) the cage trial gene drive experiments demonstrate that the DSCP-

Gal4 killer can drive the rescue and transform a wildtype population; and (3) the qRT-PCR 

results indicate that Gal80 is able to repress Gal4 expression in most combinations of K and R. 

These results provide the basis for the further development of this system in the agricultural pest 

Drosophila suzukii as well as the further testing of the system in the mosquito Aedes aegypti (See 

Chapter 4). 

The qRT-PCR results indicate that Gal80 is very effective at suppressing Gal4 in 

embryos, however Gal4 builds up more in pupae. It is possible that initially in embryos Gal4 

strongly induces Gal80, which then inhibits autoregulated Gal4 expression. However, overtime 
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this feedback may reach an equilibrium in which there is nearly equal expression of Gal4 and 

Gal80. Likely, this is a very dynamic system and the qRT-PCR only captured two distinct time 

points (embryo and pupae) during the fly’s development.  The dynamic interaction between Gal4 

and Gal80 could also be the reason for the spread in Gal80 expression among the four biological 

replicates in each qRT-PCR experiment (see qRT-PCR graphs). 

The development and testing of multiple killers that contain different core promoters for 

expression of Gal4 led to valuable insights that can guide the future development of this system 

in Drosophila suzukii and Aedes aegypti. The DmHsp70 promoter was too strong and the UAS-

Gal4 lines with this promoter could not be established as double homozygous even in the 

presence of UAS-Gal80, whereas the Pgd promoter was not strong enough and flies double 

homozygous for the killer survived to adulthood. However, the synthetic DSCP promoter 

appears ideal because (1) it is lethal to flies that inherit only the killer and kills them during the 

mid-larval (if homozygous KKrr) to mid-pupal (if heterozygous Kkrr) lifestage and (2) one or 

two copies of the rescue can repress killer expression in all killer-carrying genotypes to levels 

where the flies survive to adulthood and are fertile. These nine possible and seven viable 

genotypes are shown in Fig X. 

 

Future Directions 
Testing P-Gal4 K-R system in D. melanogaster: In addition to the DSCP-Gal4 killer line, 

it appears the P-Gal4 killer is also lethal to flies that inherit one or two copies of K, and no 

copies of R. This lethality was observational; each generation the flies were screened under the 

microscope after setting up crosses to see if any that inherited K alone survived. No flies with K 

alone were found over multiple generations of screening. Double heterozygous flies were also 

crossed to the wildtype stock line and the larvae with only K were observed. Through 

observation, it appeared that larvae with only K die before they become pupae. This lethality is 

hard to explain, considering the levels of Gal4 and Gal80 in qRT-PCR are very low (see Fig 

3.43). The qRT-PCR experiment should be reconducted with new RNA preparations and 

genomic DNA should be tested to confirm the P-Gal4 insertion. Further testing should also 

include a gene drive experiment with the P-Gal4 killer line. 

Further testing of strong killers in D. melanogaster: The Hs70-Gal4 and Hs70-Gal4-Hid 

systems with the stronger killer can be tested using multiple releases of either 2:1, 1:1 or even 
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0.5:1 engineered: wildtype, rather than a single 2:1 release that I have shown here. Multiple 

releases could maintain the strong killer in the population to continue driving the rescue. 

Compare experimental data with models: The experimental data from the three gene 

drive experiments will be compared to mathematical models. Michael Vella has already assisted 

with initial comparisons, which indicate the experimental data and models agree with one 

another for both the K-R systems with the strong killers (Hsp70 promoter) as well as the DSCP-

Gal4 K-R system.  

Adapting K-R to D. suzukii: When adapting this system to D. suzukii, we expect the 

constructs to behave similarly as they have in D. melanogaster. To create D. suzukii K-R 

transgenic lines, the first step is to generate attP lines in order to use the attB constructs used in 

D. melanogaster. However, the Mos1 transposon constructs injected in Aedes aegypti could also 

be used in D. suzukii initially. If the K lines are not sufficiently lethal in D. suzukii, then 

modifications can be made to increase the lethality such as: (i) increasing the number of copies 

of the UAS binding site, (ii) add a translational booster in the 3’-UTR to enhance protein 

production (Pfeiffer et al. 2012), (iii) design a synthetic Gal4 with two or more copies of the 

activation domain (similar to what has been done with reverse tTA (rtTA) which originally had 

one VP16 domain but now can also be purchased with three domains (TakaraBio). The 

modifications described can also be made applicable to R if it is unable to repress the lethal 

effects of K.  

What cargo to drive with R?: The rescue will not drive with a high fitness cost, and some 

cargos could impart a fitness cost to the system that would weaken or prevent a successful drive. 

Likely, the best cargo options for D. suzukii are ones that will suppress the population and 

weaken in the field overtime. A few ideas for this are: (i) a cargo that increases susceptibility to a 

certain chemical or reverts a resistant population back to a susceptible population, (ii) increase 

susceptibility to parasitism (new parasitoids of D. suzukii have been described (Wang et al. 

2018)), (iii) disrupt overwintering or increase susceptibility to heat possibly by disrupting genes 

associated with the winter or summer morph phenotypes (Shearer et al. 2016).  

Underdominance gene drive: An underdominance gene drive system could be built by 

generating two K-R systems (Edgington & Alphey, 2018). A K-R underdominance system is 

essentially composed of two independent killer-rescue systems split across two transgenic 

constructs. Each construct carries a lethal gene and a repressor of the lethal gene (for the other 



136 

 

construct) and a cargo. This differs from the K-R described here, in which one construct carries 

the lethal gene and the other construct carries the repressor and cargo. With one K-R system 

already built, this would simply require building a second K-R system. This second system 

would require the identification of a transcription factor and inhibitory protein. For example, tTA 

could be used in combination with peptides that inhibit DNA binding (Goeke at al. 2012).  
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Abstract 
We report the design, construction, and partial testing of a Killer-Rescue (K-R) gene 

drive system in Aedes aegypti. The K-R system we have developed utilizes the well-

characterized Gal4/UAS binary expression system and the Gal4 inhibitor, Gal80 (See Chapter 3).  

We have established Killer and Rescue lines in Ae. aegypti that express Gal4 and Gal80, 

confirmed by qRT-PCR. Four Gal80 rescue lines and two Gal4 killer lines were made. Three 

different killer lines were initially established but one line could not be maintained, perhaps 

because it was too lethal or the Mos1 insertion was unstable. However, the main difference 

between the K-R system in mosquitoes and the one we built in Drosophila is that overexpression 

of Gal4 does not appear lethal, at least thus far, in the locations the transgenes inserted during 

embryo injections. Unlike the site-specific integrations of K and R in D. melanogaster where the 

transgenes were inserted into known chromosomal locations, insertion of K and R via the Mos1 

transposon system in mosquitoes results in random integration into the genome. I discuss how 

the K-R system could be modified to achieve drive in Aedes aegypti.  

 

Introduction 
The mosquito Aedes aegypti is a vector for multiple viruses, including Zika, dengue, and 

chikungunya; and causes global morbidity and mortality to millions of people each year. The 

proposed Killer-Rescue (K-R) gene drive system can be used to drive anti-viral/anti-pathogen 

genes through a wildtype population to reduce or eliminate its vector competencies. The K-R 

system was first conceptualized and modeled by Fred Gould and Alun Lloyd (Gould et al., 2008) 

who used population-genetic models to explore cases with independent insertions of the killer 

and rescue genes as well variance of K and R fitness costs. The modeling demonstrated that with 

a fitness cost of only 10% for each transgene, the proportion of mosquitoes expected to transmit 

a virus (i.e. lack rescue and linked anti-pathogen gene), decreases below 5% by 40 generations 

after a single 2:1 release of engineered: wild-type mosquitoes. This system is considered a self-

limiting gene drive (Refer to Chapter Three Introduction) rather than limitless drive. However, 

because many recent advances in mosquito gene drives have focused on the use of endonuclease-

based gene drive, these are mentioned below.  

The development of initial gene drive systems in mosquitoes using CRISPR/Cas9-

nuclease technology has seen breakthroughs in recent years. Just months after the initial 
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publication demonstrating the use of CRISPR/Cas9 in fruit flies (Gantz and Bier, 2015), 

CRISPR-based gene drives were developed in the malaria mosquitoes Anopheles stephensi 

(Gantz et al., 2015) and Anopheles gambiae (Hammond et al., 2016). These systems were 

successful in generating germ-line gene conversion with homology-directed repair (HDR) when 

the progeny are from transgenic males. However, the progeny of transgenic females have a high 

frequency of mutations in the targeted genome sequence, which leads to Mendelian inheritance 

ratios opposed to those expected of a gene drive. The loss of drive through these mutations are 

suspected to occur through non-homologous end joining (NHEJ) very early in development. The 

embryos of transgenic females have Cas9 nuclease in the eggs because the vasa promoter 

expresses Cas9 nuclease in the maternal germ line. The nuclease deposited in the egg then 

digests the paternal chromosome as it enters the egg. Repair by the NHEJ pathway leads to 

mutations in the paternal chromosome, the majority of which are resistant to subsequent cutting 

by Cas9 and insertion of the cargo. There are different approaches to minimize the expression of 

Cas9 in eggs derived from transgenic females, for example using a male germline specific 

promoter (such as Beta2-tubulin) to drive expression of Cas9.  

A recent CRISPR-Cas9 gene drive targeting the female isoform of doublesex in 

Anopheles gambiae mosquitoes (Kyrou et al., 2018) was successful at suppressing a cage 

population to the point of complete cage population collapse. Additionally, no selection of alleles 

resistant to the drive occurred during the cage experiments. Although these systems have seen 

recent success, the largest concern with nuclease-based drive systems is the development of 

resistant alleles that will break down the spread of the gene drive. These resistant variants occur 

through NHEJ repair rather than the desired HDR. Unlike these CRISPR-Cas9 endonuclease-

based drives that are designed to permanently spread through the target pest population, the K-R 

gene drive system can be self-limiting over time and space because the system drives through the 

suppression of organisms that do not inherit the rescue and linked effector. Refer to Chapter 

Three: Reversibility of K-R Gene Drive System for more details.  

 

Methods 
Mosquito Diet and Rearing: 

The Ae. aegypti Liverpool (LVP) strain was used as the wild-type and injection strain 

throughout all experiments. Mosquito larvae were fed Tetramin Fish food and reared in plastic 
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shoebox containers with lids. The plastic containers were filled with 400ml distilled water and up 

to 250 larvae were reared in each container. The pupae were moved from the larger shoebox 

containers to smaller plastic cups so they could emerge into the adult cages. Adult females were 

given Sheep’s Blood from Lampire Biologicals and both males and females were given sugar 

from a 10% sugar solution through a cotton wick or provided with raisins. The mosquitoes were 

kept in ThermoFisher Scientific Incubators at 27°C with 75% relative humidity. They were 

reared in 12x12 BioQuip BugDorm Cages (Cat# 1452). The blood for female mosquitoes was 

prepared by pouring up to 5ml of blood into a Petri dish and then sealing the dish tightly with 

two pieces of parafilm. The parafilm was stretched as thin as possible without tearing it in order 

to provide the females ease in taking their bloodmeal. Two pieces of parafilm were used because 

as the blood warms up and heats the parafilm it can tear. An extra strip of parafilm was wrapped 

around the edge of the petri dish to reinforce the rim where the blood may seep through. After 

the blood dish was prepared, it was placed on top of the cage and a handwarmer was placed on 

top of the blood. This set up was prepared anytime during the day and sometimes even left 

overnight, if convenient. The Petri dish, leftover blood, and hand warmer were all discarded into 

the biohazard bin. Three to four days after a bloodmeal the females laid eggs on a damp piece of 

filter paper. For embryo injections, refer to the section on Constructs and Injections: Aedes 

aegypti. However, when the eggs are stored for general maintenance, a small plastic Dixie 

Soufflé Cup © was filled three-quarters full with distilled water and four pieces of cut 1 in x 4 in 

Fisherbrand filter paper P8 (Cat # 09-802-18) were placed around the rim of the inside of the 

cup. Using this method, the filter paper soaked up the water stayed in place above the top of the 

water level. This provided a place for the female mosquitoes to lay their eggs, rather than on the 

surface of the water. Then the egg paper was easily collected, dried, and stored for three-four 

months in a small plastic bag. The filter paper with eggs on it was dried by removing excess 

water with a paper towel so it did not get moldy. Then it was put into a plastic bag and stored in a 

box. When the eggs were ready to be hatched, the egg paper was submerged under water in a 

cup, and then placed immediately inside a vacuum chamber. Within minutes of vacuum, the eggs 

began to hatch. After hatching, the eggs were transferred to the plastic shoebox containers 

described above.  
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Mosquito embryo injections: 

Collecting mosquitoes for egg lays: Ae. aegypti eggs were collected in a modified 

chamber made from a 50 ml conical Falcon Tube (Figure 4.1). A round hole 1” in diameter was 

cut in the side using a small utility knife and then a small square of diaphragm ~ 1” x 1” was 

taped over the hole and then a half inch slit was cut in the center. Using this chamber, female 

mosquitoes were collected from the BugDorm with an aspirator (Bioquip Cat# 2809C) and then 

transferred to the chamber through the slit in the diaphragm. Before the females were aspirated 

into the chamber, it was prepared with the moistened filter paper assembly described below 

(Figure 4.1).  

 
Figure 4.1 Aedes aegypti egg laying chamber and accessories. 

 

Small pieces of filter paper, sizes 10x30 mm and 30x60 mm were pre-cut and stored for 

egg lays. One larger piece of 30x60 mm filter paper and two pieces of 10x30 mm filter paper 

were used. The two smaller pieces were placed in the top one-third of the larger piece as shown. 

This assembly was used to direct the females to lay eggs on the ridges provided by the smaller 

pieces of filter paper. This made egg collections easier because the eggs were more organized in 

a line and picked up more efficiently and quickly than if laid randomly on the surface of the filter 

paper.  

Then the conical tube and filter paper assembly was placed open end down into a 30 mm 

Petri dish covered in aluminum foil. To collect embryos, 10-20 females were placed into the 
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chamber using the aspirator. Males were avoided during collection because they can interfere 

with the females egg-laying and make them less productive. 

The egg-laying chamber and females were put into a dark box. I used a cardboard box 

that fits the 50 mL conical tube tightly. The females were left in the chamber/box assembly to lay 

eggs for 20-25 minutes. After 25 minutes, if no eggs were laid, the females in the chamber were 

removed and new females from the BugDorm cage were placed into the chamber to try the 

embryo collection again.  

To collect embryos from the chamber, the female mosquitoes were removed from the egg 

laying chamber by putting the whole assembly into an empty cage specifically for females that 

have been used for egg lays. Unless otherwise necessary, (i.e. not many female mosquitoes), the 

females were only used once per bloodmeal for egg lays. The females were typically saved for a 

second bloodmeal and used to collect eggs another day.  

After the females were put back in the BugDorm, the egg-filled filter paper was placed 

into a Petri dish and moistened with a few drops of distilled water. Only a few drops of water 

were added so that the eggs do not float off the paper and into the Petri dish. The dish was 

covered and transferred to the injection room.  

Preparing Slides for mosquito injections: The following supplies were used for slide 

preparation before injections: (i) Nexcare 3M Tegaderm Waterproof Transparent Dressing, (ii) 

Fisherbrand Plastic Slides (Cat #), (iii) Double Sided Tape, (iv) Empty Pipette Tip Box, and (v) 

Scissors. The slides for mosquito injections were prepared ahead of time and stored inside an 

empty pipette tip box. To make the slides, 8 plastic slides were placed next to each other to make 

a rectangle and then a piece of double stick was placed down the center of the slides, (i.e. on the 

edge of each slide where the embryos will eventually be lined up). The slides and tape were cut 

down the center and then any excess tape was removed. Next, a cut strip of Tegaderm ~2-3 mm 

wide and ~2 in long was placed paper side facing up over the double-sided sticky tape on the end 

of each slide. The paper side, facing up, was removed during injections when the embryos were 

transferred. The sticky side of the Tegaderm dressing was revealed and the embryos lined up on 

this, instead of the double-sided tape.  

Lining up Eggs for Injections: The moist filter paper with mosquito eggs was placed onto 

a black microscope dish (or other black stage of choice). The mosquito embryos were collected 

using a very fine 0000 paintbrush. For certain paintbrushes, more bristles were removed so that 
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the embryos could be easily collected without getting stuck in the bristles. The bristles were kept 

wet at all times to assist in the process of collecting. Using the paintbrush, embryos were picked 

up 1-5 at a time and placed on one of the smaller pieces of filter paper. Up to 100 embryos were 

collected for one slide. After collecting, the embryos were pushed to one side of the small piece 

of filter paper and then forceps were used to pick up the small piece of filter paper and place it 

off to the side of the black stage. Excess water was removed, and the stage was wiped clean with 

a Kimwipe. A syringe needle was used to pipette a few drops of water onto the small piece of 

filter paper to keep it moist. A new 10x30 mm piece of filter paper was placed onto the stage 

with a plastic slide. Arrange the filter paper with eggs, plastic slide, and clean filter paper. Water 

was added, using the syringe needle, to the new piece of filter paper until there was water flow 

between the two pieces of filter paper. The water kept the embryos moist for up to 20 minutes 

and allowed for time to line up the embryos. The edge of the plastic slide was used as a straight 

edge to line up the embryos. This ensured the embryos were lined up evenly, which makes the 

injections proceed more efficiently. If the embryos slid underneath the plastic slide then excess 

water was removed from the filter paper by gently placing another dry piece next to the edge of 

the paper. The wide side of the embryos, anterior end, was lined against the plastic side and the 

posterior, narrow, end of the embryo is injected. After the embryos were lined up, all excess 

water was removed before transferring them to the Tegaderm slide. The water was removed by 

gently taking small pieces of filter paper and removing the water while being careful to not 

disturb the embryos. Once the filter paper was dry enough so that the embryos would not shift 

when the plastic slide is removed, the plastic slide was removed. Next, while looking under the 

microscope, 4-6 pieces of small filter paper were used to remove all excess water from the 

embryos. Forceps were used to push down the pieces of filter paper and remove all excess water. 

Failing to remove all water can cause the partially wet embryos to not adhere to the Tegaderm 

dressing. The embryos were picked up by placing the sticky Tegaderm dressing, paper removed, 

on top of the slide in the correct orientation so that the posterior narrow end of the embryos was 

facing the edge of the slide. The Tegaderm dressing was carefully pushed down onto the 

embryos, cautiously so as not to shift the slide in any direction which would disturb the carefully 

laid out line. A rocking motion was used to pick up any extra embryos still stuck to the paper. 

After the embryos were stuck to the Tegaderm dressing, the slide was examined quickly 

under the microscope. If any eggs were out of line or only partially stuck to the Tegaderm 
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dressing, they were either pushed into place or killed to remove them from the line. This was 

done so that during injections every embryo in the line can be injected and un-injectable ones are 

taken care of beforehand. This was done in less than a minute so that the embryos did not over-

desiccate. If the humidity in the room was below 20%, special care was taken during the 

injection process so that the embryos did not dry out too quickly and were kept moist at all 

critical points as described. Conversely, if the humidity in the room is high, above 50%, the 

embryos were dehydrated longer after transferring to the Tegaderm dressing before they were 

covered with oil. Small “wrinkles” or deformations in the eggs when appeared when they began 

to desiccate, and at this point they were immediately covered with Halocarbon Oil 27. Just 

enough oil (~1-2 drops) was used to cover the embryos and the strip of double-sided tape. After 

the embryos were covered, they were placed onto a larger glass side. Typically, the surface 

tension between the slides was enough such that the slides did not need to be taped together. This 

extra slide was used to maneuver the embryos while adjusting them on the stage and to lift them 

up off the stage. 

Mosquito Embryo Injections: The pre-beveled quartz needle (refer to drosophila 

injections for specifications) was loaded with <1ul of injection mix. Injection mixes were 

prepared using generally the same method as with drosophila described in Chapter 3. The main 

difference is that the final concentration of 750 ng/µl is comprised of 500ng/µl of donor plasmid 

and 250ng/µl of helper plasmid. 

During injections, if an egg peeled up off the tape or was unable to be injected, it was 

crushed using forceps or another small sharp tool. If the embryos were too old to inject (i.e. had 

turned almost black) they were also crushed on the slide. As long as the embryos were a white to 

a light grey color, they were considered the right age for transformation to occur.  

After finishing a slide of injections, the following information was written on the slide: 

(i) number of embryos injected, (ii) construct injected, (iii) date and time injected and (iv) room 

conditions such as humidity and temperature. Finally, the oil was rinsed off the embryos with 

distilled water and the embryos were placed into a square Petri dish with a piece of moistened 

filter paper in the bottom. The lid was immediately placed back on the Petri dish. This moist 

chamber kept the embryos from desiccating while injecting subsequent slides for the day. At the 

end of the day, the filter paper was re-moistened and then parafilm was used to seal the petri 

dish. A small hole was punctured in one side of the film so that the embryos could get oxygen 
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while they develop. The Petri dish with embryos was placed into the same incubator with the 

adult mosquitoes for three days. On the third day, the slides were removed and then stuck down 

to a piece of double stick tape in a cup or Petri dish. This ensured that the slide would stay 

submerged in the water while the eggs are stimulated to hatch rather than float to the top. Then, 

the eggs were completely submerged in distilled water and placed inside the vacuum chamber to 

hatch, as described previously. For any embryos that didn’t hatch, they were placed in the 

vacuum chamber again the following day. This process was repeated for at least three days, until 

the majority of embryos had hatched. Any embryos that had still not hatched after several days of 

using the vacuum pressure were kept in water with some Tetramin fish food to stimulate the 

hatch. Occasionally, a few embryos would emerge up to a week after injecting.  

The hatched larvae were put into a plastic container with 150 ml of distilled water (small 

container) or 400 ml of distilled water (large container). They were given a pinch of ground up 

Tetramin fish food. The injected larvae are given food twice a day in smaller amounts for the 

first 2-3 days because an excess amount of unconsumed food will begin to grow a moldy filmy 

surface on the water. 

Crosses to Establish Transgenic Lines: Typically, injected larvae were not screened 

before setting up crosses. The risk of damaging them by removing them from the water to screen 

for transient expression was considered unnecessary. However, once they had developed into 

pupae, they were separated by sex under a microscope and then placed into separate cages to 

emerge as adults. The females were identified by a smaller, more triangular shaped lobe at the 

end of the last pupal abdominal segment and the males have a wider, more squared shaped lobe 

at the end of the last abdominal segment (Figure 4.1.). Additionally, male pupae tend to be 

smaller than female pupae. 



151 

 

 
Figure 4.2. Distinguishing male and female Ae. aegypti pupae. The sexes of Ae. aegypti pupae can be distinguished 
by the differences in the genital lobes at the end of the pupal abdominal segments. The females have a smaller, more 
triangular shaped lobe and the males have a wider, more squared shaped lobe. Additionally, males are typically 
smaller than females. Taken from Carvalho et al., 2014. 
 

The injected (G0) adults were crossed to the LVP stock line in group cages. G0 females 

were set in groups of 25-30 crossed to 15-20 wildtype males. G0 males were set in groups of 15 

crossed to 90 wildtype females. The adults were allowed to mate for five days, then the females 

were given a first bloodmeal. If no positive transgenics were found after the first bloodmeal, then 

a second bloodmeal was given a day after the females laid eggs. Generation one (G1) eggs were 

collected and hatched using the same methods as described in the section: Mosquito Diet and 

Rearing. G1 fourth instar larvae were screened for presence of the DsRed or EGFP markers. 

Positive transgenics were collected and then mated once again to LVP. Occasionally, transient 

expression was still present in G1 larvae from the injections, so transgenic lines were not 

considered “positive” until generation two (G2). To establish homozygous lines, from generation 

three and on, the transgenic mosquitoes were crossed to each other and non-fluorescent larvae 

were removed during the screening process.  

 

Constructs and Injections: Ae. aegypti 

Constructs: The constructs were designed with either the artificial 3xP3 optic nerve 

promoter (Horn et al., 2000 and Kokoza et al., 2001) or the Hsp83 ubiquitous promoter for 

marker gene expression. For details on the Hsp83 promoter, see Chapter 5: Ae. aegypti Hsp83 
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promoter isolation. The 3xP3 optic nerve promoter is an artificial promoter, originally tested in 

D. melanogaster (Horn et al., 2000) that contains three binding sites for Pax-6/eyeless 

homodimers upstream of the DmHsp70 core promoter. This promoter has been successfully used 

as a marker in many different insect species including Drosophila, the housefly, beetles, 

butterflies, flatworms, and mosquitoes because it is highly evolutionarily conserved and has been 

described as the master regulator of eye development (Horn et al., 2000; Hediger et al., 2001; 

Kokoza et al., 2001; Gonzalez-Estevez et al., 2003; Lorenzen et al., 2003; and Marcus et al., 

2004). Additionally, as with the D. melanogaster constructs, ten copies of the UAS were used 

and the syn21 translational enhancer was used to increase protein production of Gal4 and Gal80. 

For additional information on the UAS or syn21 in the constructs, refer to Chapter 3.  

For the following mosquito constructs, the D. melanogaster hsp70 core promoter was 

used to express killer and rescue transgenes. These constructs also contain two promoters for 

marker gene expression: (i) Hsp83 and (ii) 3xP3 because at the time they were constructed we 

were unsure if the Hsp83 promoter would give stable expression in transgenic lines. We know 

now that Hsp83 promoter works well as promoter for ubiquitous expression as described in 

Chapter 5.  

Construct: UAS-hsp70-Gal80-Hsp83-ZsGreen-3xP3-DsRed-Mos 

Construct Nickname: UAS-Gal80 (Rescue) 

 
Figure 4.3. Construct Map: UAS-hsp70-Gal80-Hsp83-ZsGreen-Mos. 
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Construct: UAS-hsp70-Gal4-Hsp83-DsRed-3xP3-DsRed-Mos 

Construct Nickname: UAS-Gal4 (Killer) 

 
Figure 4.4. Construct Map: UAS-hsp70-Gal4-Hsp83-DsRed-Mos. 
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Additional Mosquito K-R Constructs: 

 Before creating the UAS-Gal80 and UAS-Gal4 killer and rescue constructs shown 

above, a number of other mosquito constructs were built. Some of these constructs were injected, 

and others have not yet been. A list of these constructs are given below (construct maps to be 

added). 

 

Rescue Constructs that were successful in producing transgenic lines: 

SCP2-Gal80-3xP3-dsRed-Mos 

Construct Nickname: SCP2-Gal80 Rescue 

 
Figure 4.5. Construct Map: SCP2-Gal80-3xP3-DsRed-Mos 

One transgenic line was established with the SCP2-Gal80 construct (Figure 4.4). Gal80 

expression was not tested using qRT-PCR, however RNA was isolated and cDNA synthesized to 

visualize on a gel. The gel image indicated that Gal80 was being expressed. 

SCP2 is a sterol carrier protein gene. The SCP2 promoter was isolated and its activity 

studied in the larval midgut of Ae. aegypti (Peng et al., 2012). Expression of this promoter was 

found to be spatially and temporally distinct in 3rd-4th instar larval midguts. The lack of available 

promoters (especially temporally, spatially distinct and non-sex specific) in Ae. aegypti made this 

promoter a good candidate for K-R. 
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UAS-Hsp70-Gal80-3xP3-DsRed-Mos 

Construct Nickname:UAS-Gal80 Rescue 

 
Figure 4.6. Construct Map: UAS-hsp70-Gal80-3xP3-DsRed-Mos 

 

One transgenic line was established with this construct (3xP3-DsRed marker only), and 

then the Hsp83-ZsGreen marker was put into this construct (See Chapter 5) and four more 

transgenic UAS-Gal80 lines were established.  

 

Additional completed constructs for which we do not have transgenic lines: 

(i) UAS-hsp70-michelobx-UAS-hsp70-Gal4-3xP3-EGFP-pBac Killer 

(ii) tTAoverexpression-Hsp83-DsRed-pBac Killer 

(iii) PolyUb-Gal80-3xP3-DsRed-Mos Rescue 

(iv) PolyUb-IAP1-3xP3-DsRed-Mos Rescue 

(v) SCP2-IAP1-3xP3-DsRed-Mos Rescue 

 

qRT-PCR: Aedes aegypti 

Sample collection: Fourth instar larvae and one-day-old pupae were collected in TRIzol® 

and homogenized using the same methods described in Chapter 3 for RNA sample preparation 

and cDNA synthesis. The reference genes Rps17 and qActin were used, however Rps17 was 

chosen as the reference to calculate the ∆∆Cq because it was closer in cycle threshold value than 

qActin.  
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List of Samples: At least two replicates of each sample type were collected from different 

parents. Initially, individual larvae and pupae were prepped, but this amount of tissue yielded 

<3.5ug of tissue per sample so larvae and pupae were pooled in groups of three to five for 

subsequent qRT-PCR experiments. For each of the preps in this experiment, 3.5ug RNA were 

used in each reverse transcriptase (RT) reaction. 

The brightest ZsGreen fluorescing line of the four UAS-Gal80-Hsp83-ZsGreen lines was 

used for rescue sample collection and one of the two UAS-Gal4-Hsp83-DsRed lines was used 

killer sample collection. In the future, the other rescue and killer lines will be tested for Gal80 

and Gal4 expression as well.  

For the methods on qRT-PCR see Chapter 3 (Page 98), RNA preparation see Chapter 3 

(Page 101), and cDNA synthesis Chapter 3 (Page 103).  

 

Results 

Transgenic Aedes aegypti R and KR lines: Four UAS-Gal80-Hsp83-ZsGreen rescue (R) 

lines were established and bred to homozygosity by selecting for fluorescent larvae each 

generation. However, it should be noted that these lines have not been confirmed as homozygous 

using molecular techniques. One R line, UAS-Gal80 #4 was selected for injections with the 

UAS-Gal4 killer (K) construct. This line was selected because it had the brightest marker 

fluorescence which may correspond to highest Gal80 expression as well. Two UAS-Gal4-Hsp83-

DsRed killer (K-R) lines were established. An additional K line was made but could not be 

maintained. It is possible that in this line K was too strong for R. During rearing of the other K-R 

lines, it was clear that mosquitoes with either K transgene alone were viable.  

To confirm gene expression, the UAS-Gal80 rescue line #4 alone or with UAS-Gal4 #2 

killer were selected for qRT-PCR analysis. In addition, larvae that appeared to only contain the 

UAS-Gal4 killer #2 transgene were collected for qRT-PCR. These larvae showed expression of 

the red marker from the killer, but not the green marker from the rescue. 

Additionally, while not used for K-R testing thus far, one SCP2-Gal80-3xP3-DsRed 

rescue line was also established. qRT-PCR was not performed on this line, however RNA was 

isolated and Gal80 expression was visualized using traditional gel electrophoresis.  
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qRT-PCR: The results for qRT-PCR for killer and rescue (K-R) together, killer (K) alone, 

and rescue (R) alone are shown in Figure 4.6, 4.7, and 4.8 below, respectively. There is a wide 

variation between biological replicates, especially for the replicates with killer and rescue (K-R). 

The rescue alone shows variation in larvae, but not pupae, and there is higher expression than 

expected for the hsp70 minimal promoter with Gal80. The expectation was that Gal80 expression 

would be lower than the reference gene, Rps17. Gal80 expression was lower than the other 

reference gene used, qActin (not shown). In killer only samples, Gal80 expression was clearly 

detected in two samples and very low in the other two samples. Sorting by fluorescence didn’t 

work, possibly because there are multiple insertions of UAS-Gal80 and one has very low levels 

of fluorescence.  

 
Figure 4.7. Relative normalized expression, to the Rps17 reference gene, of Gal80 and Gal4 in fourth instar larvae 
that have killer and rescue (K-R) from three biological replicates. The biological replicates shown are averaged from 
four technical replicates. The biological replicates were not averaged because the difference in expression is too 
varied. Gal80 and Gal4 expression was not plotted on the same graph because the fold difference in expression is 
too great (~10x fold). 
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Figure 4.8. Mosquito larvae that appear to have only K (DsRed marker) appear to also have R (Hsp83-ZsGreen and 
3xP3-DsRed markers). Five larvae were pooled for each replicate, so it is possible that some of the larvae only had 
K, but at least one larvae in each biological replicate also contained an R transgene that was not visible while 
screening during collections. Expression is normalized to the Rps17 reference gene. The biological replicates shown 
are averaged from four technical replicates. 
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Figure 4.9. Larvae and pupae with only R also display variation among replicates. These biological replicates were 
pooled from five 4th instar larvae and three 1-day old pupae. Mosquito larvae that appear to have only K (DsRed 
marker) appear to also have R (Hsp83-ZsGreen and 3xP3-DsRed markers). Expression is normalized to the Rps17 
reference gene. The biological replicates shown are averaged from four technical replicates. 
 

Discussion 
At this point, we are unable to confirm that the K-R Gal4-Gal80 system worked in Aedes 

aegypti. This discussion reviews the inconclusive qRT-PCR results and proposes several future 

directions to try and create a successful K-R Gal4-Gal80 system in Aedes aegypti. 

qRT-PCR: The results of the qRT-PCR confirmed that Gal80 and Gal4 are expressed in 

the rescue and killer line tested, however the biological replicates varied greatly in expression. 

There could be a number of reasons for this: (i) the cDNA synthesis reaction was stopped short 

10-15 minutes before completion during a university wide power outage, (ii) there could be more 

than one insertion present in killer and/or rescue lines, (iii) the biological replicates of larvae and 

pupae were not close enough in age (developmental hours), and (iv) the rescue lines were not 

homozygous.  
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Regardless, the qRT-PCR experiment needs to be performed again with the following 

modifications: (i) the biological replicates need to be observed when they transition from third 

instar to fourth instar or to pupae to more accurately collect replicates of the same age (+/- a few 

hours), (ii) before collection the mosquitoes need to be crossed back to LVP wildtype to ensure 

all samples are heterozygous, and (iii) inverse PCR should confirm the insertion locations and 

number of insertions present.  

Unlike in Drosophila, the UAS-Gal4 killer does not appear to be overexpressing Gal4. It 

is also unclear from the qRT-PCR if Gal80 is repressing Gal4. It is possible that in this particular 

killer line, the Gal4 autoregulatory system does not achieve high enough levels of expression due 

to negative position effects. With screwworm lines made in our lab, more than half the lines 

made with tTA overexpression were not lethal (Concha et al., 2016). Thus, it is possible that 

establishing more killer lines may achieve the needed Gal4 overexpression to observe lethal 

effects.  

Additionally, it is unclear if the killer can be separated from the rescue based on 

fluorescence because the “killer only” samples that were picked for qRT-PCR also had Gal80 

expression present. It is possible that there is more than one UAS-Gal80 transgene present in R 

line #4. One of these lines may have low levels of green fluorescence and be undetectable while 

screening. Molecular analyses  need to be conducted to confirm the copy number of insertions.  

Although both killer and rescue constructs were built in Mos1 vectors, Mos1 should not 

remobilize in Ae. aegypti (Wilson et al. 2003) and thus this should not an issue. If there is any 

evidence for remobilization, the killer could be injected in PiggyBac instead of Mos1. 

Gal80 Repression experiment: A similar Gal80 repression experiment as described in D. 

melanogaster was conducted in Aedes aegypti. A Vg-Gal4 driver and UAS-EGFP effector line 

(Kokoza and Raikhel., 2011) were donated by Alexander Raikhel for this experiment. When 

these two lines are crossed, adult females should fluoresce green in their fat body after a 

bloodmeal because the vitellogenin promoter (Vg) promotes expression in the female fat body 

after a bloodmeal. Male pupae from the Vg-Gal4-3xP3-EGFP line were crossed to females from 

my UAS-Gal80-Hsp83-ZsGreen-3xP3-DsRed line and offspring were screened for the 3xP3-

EGFP marker and Hsp83-ZsGreen/3xP3-DsRed markers. Males and females were then crossed 

to the UAS-EGFP-3xP3-DsRed line. At this point, it was not possible to screen for larvae that 

have all three constructs or those that have only Vg-Gal4 and Hsp83-ZsGreen/3xP3-DsRed. 



161 

 

Additionally, the UAS-EGFP effector line had very weak expression of the 3xP3-DsRed 

marker (unsure why) in addition to EGFP expression in the optic nerves. At this point, I 

attempted to separate larvae into their different genotypes as best I could, but also set an 

unscreened cage of adults that had a combination of all three lines for the experiment. The adults 

with both Vg-Gal4 driver and UAS-EGFP effector transgenes were the internal control. The 

females were screened 24 hours after a bloodmeal. The females that have only Gal4 driver and 

UAS-EGFP effector line should not display and repression of EGFP and EGFP in the fat body 

should be present. The females that inherited all three constructs should not display EGFP 

fluorescence, because Gal80 should inhibit Gal4 binding to UAS and in turn inhibit EGFP 

expression. Images were taken 24 hours after a bloodmeal, however it was unclear from the 

photos if Gal80 repression was present or not. It was also difficult to tell in some cases if the 

adult mosquitoes had all three constructs, or only two. One future possibility for this experiment 

is to save female mosquitoes and isolate RNA to screen for Gal80 repression and UAS-EGFP 

expression. However, if we are able to show Gal80 repression of Gal4 with the transgenic lines 

K-R lines I have established, this may not be necessary to repeat. 

 

Future Directions 
The additional constructs described in methods (killer and rescue) can be attempted again 

or for the first time, now that I am more proficient with making transgenics some of these that 

didn’t yield lines the first time may be possible now to establish.  

One of the first priorities will be to evaluate the ability of each Gal80 line (all four) to 

repress Gal4. We could make a transgenic driver line with Ubiquitin (Ubi)-Gal4 and an effector 

with UAS-luciferase. After crossing these two lines, we can cross in UAS-Gal80 and quantify 

luciferase before and after the repression cross.  

Using a transposon system like Mos1, the transgenes may insert themselves into a dense 

area of heterochromatin where they will be expressed at low levels, or they could insert into a 

location where they are accessible and will be expressed at high levels. Getting insertions in the 

right location (i.e killer is lethal and rescue is strong enough to repress the killer) is just a matter 

of injecting enough embryos, establishing enough lines, and getting lucky. Injections with the 

UAS-Gal4 killer should be attempted again to try and establish a line in which Gal4 
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overexpression is lethal. The first round of injections (one day of injecting) resulted in three lines 

(one lost) and it should not be too difficult to establish several more. 
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CHAPTER 5 
Aedes aegypti Hsp83 Promoter Isolation: 

Promoter functions as strong full body marker 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



166 

 

Introduction 
Heat shock proteins are comprised of twelve or more families of proteins that are 

prevalent in all animal and plant species. They are highly conserved among species and assist as 

chaperones in maintaining the biologically active conformation of enzymes whose tertiary 

structure has been disrupted by heat or other stressors. Insect larvae are constantly exposed to 

conditions that affect their thermotolerance and oftentimes they are unable to escape these 

conditions (e.g. fruit fly larvae inside ripening fruit or mosquito larvae inside a bucket of water) 

so they have developed mechanisms to tolerate the thermal stress that allow them to continue 

developing unharmed. Of course, there is a minimum and maximum temperature that an insect 

can tolerate; however, these heat shock proteins assist the insects during times of thermal stress 

that would otherwise impact their normal growth and development without them.  

The insect heat shock proteins Hsp70 and Hsp90 (or Hsp83) are ATP-dependent proteins 

that act with other chaperones and accessory proteins to oversee and respond to thermal (and 

other) stress experienced by the insect. The heat shock proteins have a protective role in the 

insect and are able to protect cells and other tissues from exposures that would otherwise be 

lethal such as heat, chemicals, or even disease.  

The heat shock genes hsp70 and hsp83 have been well characterized and studied in 

several fly species including Drosophila melanogaster and Lucilia cuprina. The promoters for 

these genes have been isolated and used in various gene constructs to promote the expression of 

genes of interest (GOI) in transgenic animals. When D. melanogaster is exposed to high 

temperatures, hsp70 is rapidly transcribed within seconds to protect the insect. This rapid 

transcription and protection is possible because hsp70 is normally transcribed at low levels 

through the insects lifetime. This low basal level of transcription, or “leaky expression” is 

necessary to provide the rapid response. However, while hsp70 is present at low levels 

throughout normal conditions, there are other heat shock proteins that are produced ubiquitously 

throughout an insects lifetime, regardless of the presence or absence of stressors. For example, in 

D. melanogaster the hsp83 gene is expressed at high levels during normal development and 

increases only several-fold during heat stress. It has a high level of general expression in many 

tissues and is particularly strongly expressed in ovaries. Hsp83 is present at high levels during 

normal development because it is also required for successful protein folding, oligomer 

assembly, and intracellular signaling (with steroid hormone receptors, src-like kinases, and the 
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serine/threonine kinase Raf) (Straten et al., 1997). L. cuprina are similar to D. melanogaster in 

that the basal level of Lchsp83 RNA is present at relatively high levels at all developmental 

stages and is only somewhat induced by heat shock (Concha et al., 2012).  In mosquitoes the heat 

shock proteins Hsp70 and Hsp90 are involved not only in heat stress (Sivan et al., 2017) but also 

cold survival during winter diapause (Rinehart et al., 2007) and dehydration tolerance (Benoit et 

al. 2009). The expression of heat shock proteins in larvae has also been linked to vector 

competency in adults (Muturi & Alto., 2011).  

Heat shock genes have been studied not only for their innate functions, but also for their 

promoter functions, which can be isolated and used to express functional or marker genes in 

transgenic insects. The D. melanogaster hsp70 promoter is a very commonly used basal 

promoter in constructs, and while the hsp83 is not as popular, it has been used as well. In L. 

cuprina, the Hsp83 promoter can be used to generate strong ubiquitous expression of a marker 

gene in transgenic insects. There is a need for more mosquito promoters, especially non sex-

specific ones as much of the focus has been on female promoters, especially those involved after 

a female bloodmeal and during vitellogenesis. The most commonly used mosquito promoter for 

marker visualization is 3xP3, a synthetic promoter comprised of three copies of the binding site 

for the Pax6 transcription factor and the hsp70 core promoter. In mosquito larvae and pupae, 

3xP3 is particularly active in the optic nerves. The 3xP3 promoter has a broad function and has 

been successfully used as a promoter for fluorescent protein expression in Drosophila, housefly, 

beetles, butterflies, and mosquitoes (Horn et al., 2000; Hediger et al., 2001; Kokoza et al., 2001; 

Lorenzen et al., 2003; Marcus et al., 2004). However, there are other species in which this 

marker does not produce an identifiable transgenic phenotype (Schetelig & Handler, 2013). 

Further, in species where the 3xP3-flourescent protein marker is used, screening for transgenics 

can be difficult if expression levels are low due to position effects. If screening adults, 

identification of positive individuals can be difficult due to dark eye pigmentation blocking 

fluorescence. The PolyUb promoter for Aedes aegypti is also used to express fluorescent protein 

markers; however it is also a popular choice to express genes of interest, and using the same 

promoter twice in a construct is not desirable for stability. Thus, there is a need for more 

mosquito promoters that can be used to express markers, or genes of interest in transgenic 

insects.  
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Here we describe the isolation and function of the Ae. aegypti hsp83 promoter which we 

have used to drive expression of either DsRed or ZsGreen marker genes. The promoter 

demonstrates full body ubiquitous expression through all stages of mosquito development. This 

greatly assists in mosquito screening while making new or maintaining already established 

transgenic mosquito lines. This marker is much easier to visualize than the 3xP3 optic nerve 

promoter. 

 

Methods 
Isolation of Ae. aegypti genomic DNA: The Ae. aegypti Hsp83 gene was identified from 

the Ae. aegypti published genome assembly. Ae. aegypti Hsp83 appeared to have a similar 

structure to other diptera Hsp83 genes and we amplified the sequence knowing it was similar to 

the characterized Hsp83 promoter sequences found in D. melanogaster and L. sericata. The 

NCBI Reference Sequence for D. melanogaster Heat Shock Protein 83 is NM_079175. The 

matrix figure (Figure 5.2) depicts the sequence similarities between the Ae. aegypti Hsp83 

promoter and the D. melanogaster sequence. 

Hsp83 primers (Table 5.1) were designed to isolate a ~2.4kb fragment from Aedes 

aegypti genomic DNA. The genomic DNA was prepared using Qiagen DNeasy Blood and Tissue 

Kit. Adult mosquitoes were collected in a 50mL conical tube, then put onto a CO2 pad. The adult 

mosquito heads were removed with a blade before preparing genomic DNA. If the heads were 

not removed, the eye pigment interfered with subsequent PCR reactions and no PCR products 

could be amplified. After removing the heads, the mosquitoes were immediately put into 180uL 

buffer ATL + 20uL proteinase K per sample. The tubes used were 2mL with screw caps (tubes 

used for lysis) each containing one ceramic bead. For the rest of the extraction, the Qiagen 

DNeasy Blood and Tissue Kit protocol was used according to manufacturer’s instructions. 
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Thermal Cycling: The primers in Table 5.1 were used to isolate the Aedes aegypti Hsp83 

promoter sequence. Adult mosquito genomic DNA was used as the template for PCR. 

 
Table 5.1. Hsp83 primers used to isolate the Aedes aegypti promoter sequence.  

Hsp83 Primers:  

Hsp83 For-1 5’- ACCAAAACAAACTCGCCAGC-3’ 

Hsp83 Rev-1 5’- TGAAAGAACCTCCAGCGGAC -3’ 

Hsp83 Rev-2 5’-CGACATCAGCTGAGCGATCT-3’ 

 

First, a PCR using the following conditions was performed using adult genomic DNA as the 

template.  

 
Reaction Components: 
5x Q5 reaction buffer 10uL 
10mM dNTPs 1.0uL 
10uM Hsp83 For-1 2.5uL 
10uM Hsp83 Rev-1 2.5uL 
Template: Genomic DNA (200-250ng) 
Q5 High Fidelity Polymerase 0.5uL 
dH2O to 50uL  
Total Volume: 50uL 
 
Thermocycler Conditions: 
Initial Denature 98C for 30s 
Denature 98C for 10s 
Anneal 66C for 30s 
Extend 72C for 1:05s (20-30s/kb) 
Go to 35x 
Final Extension 72C for 2 min 
Hold 4C 
 

From this initial PCR reaction, a ~2.44kb band was gel extracted and sequenced. The 

sequencing results showed a close match to the expected sequence taken from the online 

assembly of the Aedes aegypti genome. From this gel purified PCR product, a different set of 

primers was used to try and reduce the size of the isolated promoter sequence from ~2.4kb to 

~2.0kb. It is ideal to have a smaller functional promoter rather than larger because a larger 

construct size can reduce integration efficiency when making transgenic insects and also reduce 
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transformation efficiency during cloning (Ref needed?). A smaller promoter sequence that 

functions well to express the gene of interest is more desirable than a larger one.  

 
The next PCR reaction using a different reverse primer (Hsp83 Rev-2) was performed 

using the following conditions:  

Reaction Components:  
5x Q5 reaction buffer 10uL 
10mM dNTPs 1.0uL 
10uM Hsp83 For-1 2.5 uL 
10uM Hsp83 Rev-2 2.5uL 
Template: Hsp83 band from first PCR reaction ~2.44kb (20ng) 
Q5 High-Fidelity Polymerase 0.5uL 
dH2O to 50uL 
Total Volume: 50uL 
 
Thermocycler Conditions: (same as initial PCR) 
Initial Denature 98C for 30s 
Denature 98C for 10s 
Anneal 66C for 30s 
Extend 72C for 1:05s (20-30s/kb) 
Go to 35x 
Final Extension 72C for 2 min 
Hold 4C 
 

This PCR product was visualized on a gel and it produced two bands that were very close 

in size, around ~2.0kb and ~1.7kb. Both of these bands were extracted and sequenced. The 

sequences were ~95% similar. The Hsp83 For-1and Hsp83 Rev-2 were used for the subsequent 

cloning. The following sequencing primers were used to assemble the Hsp83 promoter:  

 
Table 5.2 Aedes aegypti Hsp83 sequencing assembly primers 
Ae. aegypti Hsp83 Sequencing Primers:  
F1: 5’-ACTACATTCGACCAACGGC-3’ R1: 5’-GCCGTTGGTCGAAATGTAGT-3’ 
F2: 5’-TAGATCGAGGCAAGCAACGTG R2: 5’-CACGTTGCTTGCCTCGATCTA-3’ 
F3: 5’-AGCAGTTTATTGTTCCACAG-3’ R3: 5’-CTGTGGAACAATAAACTGCT-3’ 

 
 

Aedes aegypti Hsp83 promoter assembly: The following sequence was assembled using 

MacVector Assembler. The primers used for cloning are highlighted in grey. The forward primer 

used in isolating the promoter was the same primer used for cloning (with restriction sites added 
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for cloning). The reverse primer used in isolating the promoter is highlighted in red. The ATG 

start codon in the reverse primer is bolded. 

 
5’-
TTCCACTACTATTTCACACTTTACATACTAATAATAAATTTCCACAAACAATTTATTTATGTTTATTTAT
TTATTAAAAAAAACAAAAACTCAAAATTTCTTCTATAAAGTAACAAAACTTTTATCGAATTCCTGCAG
CCCGGGACTAGTACTGACGGACACACCGAAGCCCCGGCGGCAACCCTCAGCGGATGCCCCGGGGCTT
CACGTTTTCCCAGGTCAGAAGCGGTTTTCGGGAGTAGTGCCCCAACTGGGGTAACCTTTGAGTTCTCTC
AGTTGGGGGCGTAGGGTCGCCGACATGACACAAGGGGTTGTGACCGGGGTGGACACGTACGCGGGTG
CTTACGACCGTCAGTCGCGCGAGCGCGACTAGTACAGCCCGGGGGATCTCGAGCTCAAGCTTCGACCA
AAACAAACTCGCCAGCTGTCACCTGGTATTTCAAAATGGCGAATTAAACATTCTGACACATTGAAGTA
CCTCCTTTCTAGATACCTTGCCCTGGCGTACACTCAGAAATAAAAATAGTCACAGAATTACTAAAGTTT
ATGCATTAATGACTATTTTCTATCTGCCTCTCTTTCATTCTGCTGTGAATTTCTACACTAAATGTTATTTC
GCCTACGTTGAAGCTTAGCAATGCTTCATCCCAGTCGAATTGACAAAAAATAGGAATAAAATTCCCTG
CAGAATGAAAAAGAGGCAGATAGAAAATAGTCATAAATTACTAAAATTTAGTCATTCTGTGACTAGCC
GTGTTTTTGAGTGTATACCCCCCTGGCTTAGTACTTAAGAAAAGATCGTGAGCCAAAACTACATTTCGA
CCAACGGCGCCAATCCCACTTCTCCTCCACGAAAGAGAATCAAAACAAAACTCATGAACACGCGAAA
TCCGACCGACCGGCACCCTCTCTCTCTCGTCTTTCGCCGTTTCTACCCCTTCATTCGCTACTCTTTTCTCA
ACCGGGGAAACGGTACACTCGGCGAGCGCCGCCAGCACCGAACGGCTCTCTCTGCTCTGGGCTCTGGA
ACAGTCTCGAACCTTCTGGAAGCTTCGCGAAGTTTCCACACAACGGCCGCATTCAGTTTCCGTCTTCCG
TCTCTCGCTACCCCAGCAGAGCGAAAGAAACCACAATAGCAAAGAGTGCGCGCCCGCGCTGACATCG
TTTCCGCCGTTTCTGCTAGAAGTTTCTAGCGGTTGCGAGAGAAACGTTGCGCTGTTTGATAAAAACGCG
CTCTGCGCTCCCGAGCCGGTAACAGTTAACCAAAAACCAGCAAGCGAGTTAGATCGAGGCAAGCAAC
GTGAAATATTCTGCAAGTGCAAGTGCATCATCAGTGCAAAAGTGTGATAGTTTTACAAGTGAAAAGTT
GAAAGTTTTACAACTTTGCTATTGAATTTTGTTTTTGGAGAAAAAGCAGTTAAAAACAAGCAAGGTAA
GTTAAATAATTTCTAGTGATAAATCGTGGGAAGAAAATTGTGCTTCATTGTGGTAAATTCTGGAACGA
GGTCACGGTTCGTAGAGGAAATAGATTTTCAGTTAACTCATTCATTGAAAATTGAGTTTTTATTCATCT
TTGGATAAAAACATGTTTAAAAATTATGAATAGAACATATCAATTCAAATTCCTAGAAAATCGATTTTT
CAAAAAAAAAATTCGTTTACAAGTTTTTTTTTTGTCAATTTAAAGTAGGACAAAATCGTATGAATGGGT
CGAAAATTAATGCTTTTACCCTACAAATTACATCAAAGTATTTGAATTTACAGTGATACATACCTCCAT
GACTCGATATCGACTCATGGAACCATACTAAAAACAAAATTTCATGGTTACTATGATGGTCCCTAGAA
GCAGCTTTCCATAGGATTGCTGTTCCATGACTCGATATTTCCATGAGTCGATGGTCCCTTCAATATCGA
CTCATGGAGGTTTCACTGTACAAGCATGTCAATATAATTTGATGAATCATTAGCATTACCACGTGTTCT
ATATATGATTGATGGGTATTCTGATGTAATTCTAAGCAGTTTATTGTTCCACAGTCAACTCTCCCAAAC
TCGATATCGAATTACAGAACCCATAGCTAAAGTTGGTTTTCATGGGTACCCTGATGGTCCCTGCAATAT
CGATTTTACATTTGCTTGCATTCTTAATTTTGATCCAAATAATTTTTGAGTCATTGTAAGTTCCTGTACA
ACATCGGTAATTTTTTCGAGTTAAAATCATTAAATTTATTCATTTCAAATTTCATTTTAATTTTGAAATG
GTGAACTTGGATGGGCTAGATCGGAGTTATTGATGGACCTATTTGCATGCAAATTTCGAAGCAGGTCA
GAATGCCCACCCATATGGGCACCTTATGACCTCGCCTTAAAATTACGTCATAAAATCGATACTTACCG
AGTCCCTTATTTCTCGCTCCGTTCCAGATGCCGGAAGCCGCCGCCGATGTGGAAACCTTTGCGTTCCAG
GCTGAGATCGCTCAGCTGATGTCGCTGATCATCAACACCTTCTACTCGAACAAGGAAATCTTCCTGCGT
GAGTTGATCTCCAACTCGTCCGATGCCCTGGACAAGATCCGCTACGAGTCGCTGACCGATCCCTCAAA
ATTGGACAGCGGCAAGGAGCTGTACATCAAGCTGATCCCGAACAAGGAAGCCGGCACCCTGACCATC
ATCGACACCGGTATCGGAATGACCAAGGCCGATCTGGTCAACAACCTGGGAACGATCGCCAAGTCCG
GTACCAAAGCGTTCATGGAAGCCCTGCAGGCCGGAGCCGACATCAGCATGATTGGTCAGTTCGGTGTG
GGTTTCTACTCGTCCTATCTGGTGGCCGATAAGGTCGTCGTCACGTCCAAGAGCAATCGATGAGAAAC
C -3’ 
Figure 5.1 Aedes aegypti Hsp83 promoter assembly 
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Hsp83 Marker gene cloning: After assembling the Hsp83 promoter, it was used in 

cloning to design two Hsp83-marker constructs to test if the promoter was functional and could 

express a red (DsRed) or green (Zsgreen) marker in Aedes aegypti. The constructs were designed 

and built as follows: 

Two new primers with restriction enzyme sites for cloning were designed and used to 

amplify the same Hsp83 promoter fragment, but with restriction sites on the end for cloning into 

the vector of interest. The forward primer contains a BstBI site and the reverse primer contains a 

NcoI site.  

 
Table 5.3 Aedes aegypti Hsp83 marker gene cloning primer sequences 
Hsp83-BstBI-For 5’-CCCCCTTCGAAACCAAAACAAACTCGCCAGC-3’ 
Hsp83-NcoI-Rev 5’-AAAAACCATGGCGGCGGCTTCCGGCAT-3’ 

 
The vectors pBac-PolyUb-Zsgreen-p10 and pBac-PolyUb-DsRed-p10 were both cut with 

BstBI and NcoI to remove the Polyubiquitin promoter. The Hsp83 PCR product was digested 

with BstBI and NcoI and then ligated into the ZsGreen and DsRed vectors using Quick T4 DNA 

Ligase and transformed using 10-Beta cells.  

 

Cloning Hsp83-ZsGreen marker into UAS-Gal80-3xP3-DsRed-Mos: The following 

primers were used to amplify the Hsp83-ZsGreen template with restriction enzyme site FseI on 

both ends. The reverse primer does not have the entire FseI site present because it is already 

present in the Hsp83-ZsGreen fragment. Because both ends have FseI restriction enzymes sites 

the insert (Hsp83-ZsGreen) can go into the vector in either orientation; the cloned orientation is 

shown in the map figure below. 

 
Table 5.4 Aedes aegypti Hsp83-ZsGreen marker gene cloning primer sequences 
Hsp83-ZsGreen-FseI-For 5’-AAAAGGCCGGCCGGTGCTTACGACCGTCAG -3’ 
Hsp83-NcoI-Rev 5’-CGACCTCGAGGGGGGGCC -3’ 

 
The vector UAS-Gal80-3xP3-DsRed-Mos was cut with FseI, treated with Antarctic 

Phosphatase and then ligated using Quick T4 ligase to the Hsp83-Zsgreen insert with the FseI 

sticky ends. The final constructs (Fig 5.3 and Fig 5.4) are shown below in the results.  
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Results 
The Aedes aegypti Hsp83 promoter gene sequence is highly similar to the D. 

melanogaster Hsp83 sequence. The two sequences are plotted in the matrix plot below (Figure 

5.2).  

 
Figure 5.2. Sequence similarity between D. melanogaster and Ae. aegypti Hsp83 promoter sequences. On the x-axis 
is the Ae. aegypti Hsp83 sequence and on the y-axis is the D. melanogaster sequence. The solid black line indicates 
the presence of matching nucleotide sequences. The gaps in the solid black line indicate areas where the sequence 
does not align.  
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Hsp83 constructs and transgenic lines: 

 
Figure 5.3 Construct Map: pBac-Hsp83-ZsGreen-p10 
 
 

 
 
Figure 5.4 Construct Map: pBac-Hsp83-DsRed-p10 
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After these constructs were built, they were injected into Ae. aegypti Liverpool (LVP) 

strain eggs to simply test for transient expression. Confirming the presence of transient 

expression in the larvae confirmed that the Hsp83 promoter was functioning and that it can be 

used as a marker in transgenic Ae. aegypti mosquitoes. These initial marker constructs were built 

so that functional genes could be added into them. The transient expression from both Hsp83-

ZsGreen and Hsp83-DsRed was very strong right after hatch (first instar) and was even still 

visible in some late stage larvae.  

After confirming that the Hsp83 promoter isolated was functional in strongly expressing 

two different marker genes, the promoter and marker gene were ligated into constructs with 

functional genes: Hsp83-ZsGreen was ligated into the UAS-Gal80 rescue construct and Hsp83-

DsRed was ligated into the UAS-Gal4 killer construct (Fig 5.4). Additionally, the original 3xP3-

DsRed marker was also kept in the construct in case the Hsp83 promoter was not functional after 

stable integration there would still be confirmation of integration from the 3xP3 optic nerve 

promoter.  

 
Figure 5.5 Construct Map: UAS-Gal80-Hsp83-ZsGreen-3xP3-DsRed-Mos. Final Construct: Hsp83-ZsGreen-3xP3-
DsRed-UAS-Gal80-Mos. (File: Hsp83ZsGreen-UASGal80-3xP3-DsRed-Mos) 
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This construct was injected into LVP mosquito eggs with the Mos DNA helper plasmid. 

No RNA helper was used. The injections yielded 4 successful transgenic lines from 4 different 

cages of adults. All lines were screened for both the 3xP3-DsRed optic nerve promoter as well as 

the Hsp83-ZsGreen full body marker. All lines display both markers. The fluorescence intensity 

of the Hsp83-Zsgreen marker varies among the lines but is unmistakable during screening and 

easier to screen for than the 3xP3-DsRed marker. Images below show the fluorescence in larvae 

and pupae from the Hsp83-ZsGreen marker. 

 

Conclusion 
 The Ae. aegypti Hsp83 promoter sequence was successfully isolated and cloned into two 

different constructs to express the fluorescent protein markers DsRed and ZsGreen. Out of the 

multiple lines generated (5 lines) with either the DsRed or ZsGreen marker, the Hsp83 promoter 

functioned to strongly express both markers throughout development in the full body of the 

mosquito larvae and pupae (not shown).  

 This promoter can likely be used to strongly express functional genes of interest (rather 

than just marker) and can be used in constructs where a non-sex specific and strongly expressing 

promoter is needed throughout development. Other than the Ae. aegypti PolyUb promoter, there 

are not many promoter options currently available for mosquitoes that can be used in both sexes. 
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Figure 5.6. Transgenic Aedes aegypti larvae with the Hsp83-DsRed or Hsp83-ZsGreen marker. The Hsp83-
promoter strongly expresses the marker throughout all life stages of the mosquito. Shown here are 4th instar larvae. 
The Red marker is so bright that even under the green filter the red is visible (top larvae) and the larvae appears 
yellow. 
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