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CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional Application 62/166,281 filed on May 26,

2015, which is hereby incorporated by reference in its entirety.

STATEMENT REGARDING FEDERALLY SPONSORED R&D

This invention was made with government support under Grant No. OD003878 awarded by

the National Institutes of Health, as well as grants under the USDA and DARPA. The

government has certain rights in the invention.

REFERENCE TO SEQUENCE LISTING

The present application is being filed along with a sequence listing in electronic format. The

sequence listing is provided as a file entitled CALTE116ASEQLIST.txt which is 14,384 bytes in

size, created on May 25, 2016. The information in the electronic format of the Sequence

Listing is incorporated herein by reference in its entirety.
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The present disclosure generally relates to methods and systems for control of insects by

population replacement.

BACKGROUND

Insect vector-borne diseases, such as malaria and dengue fever, continue to significantly

impact health worldwide, despite the efforts put forth to eradicate them. Suppression

strategies utilizing genetically modified disease refractory insects have surfaced as a means of

disease control, and progress has been made on engineering disease-resistant vector insects.

SUMMARY

In some embodiments, a method of distributing one or more genes of interest into a

population of insects is provided. The method comprises providing an insect population. One

or more individuals in the insect population comprises a translocation mediated gene drive

system. The method further comprises inducing a chromosomal translocation in the one or

more individuals in the insect population. The chromosomal translocation generates a

translocation-bearing altered insect population, the translocation-bearing altered insect

population comprises translocation-bearing individuals that are translocation heterozygotes

and translocation-bearing individuals that are translocation homozygotes for the

chromosomal translocation, and the translocation-bearing individuals display a fitness that is

greater than that of the wildtype (non-translocation-bearing) individuals when challenged in a

condition in which a translocation-based drive occurs.

In some embodiments, one or more genes of interest in the translocation-bearing altered

insect population encodes for a disease prevention protein/disease refractory protein, or a

gene conferring conditional lethality, inability to undergo diapause, sterility, inability to fly. In

some embodiments, the fitness is defined as a population genetic behavior, over multiple

generations, of translocation chromosomes in populations comprising both translocation-

bearing individuals and non-translocation-bearing individuals. A chromosomal translocation

is defined as having a higher fitness than wildtype under conditions that result in

translocation-bearing chromosomes increasing in frequency over multiple generations, a

translocation is defined as having a lower fitness than wildtype under conditions that result in

translocation-bearing chromosomes decreasing in frequency over multiple generations, and

fitness is frequency dependent such that a higher frequency of a first genotype results in an

increase in relative fitness of the first genotype with respect to alternative genotypes. In some

embodiments, the high frequency is defined as when translocation-bearing versions of

chromosomes make up greater than about 90% of the total chromosomes in a population as



compared to wild type versions of the chromosomes involved in generating the translocation.

In some embodiments, the rapid rate is defined as replacement of at least 90% of the wild

type population chromosomes by the translocation-bearing altered insect population

(translocation) after at most 5 generations. In some embodiments, the translocation-bearing

altered insect population replaces 90% of the target wild type population after 30

generations. In some embodiments, the insect is a mosquito. In some embodiments, the

condition in which translocation-based drive occurs comprises one or more of a population

cage, a field cage, or an open environment. In some embodiments, the chromosomal

translocation spreads to a high frequency within the wild population. In some embodiments,

the translocation-bearing altered insect population is capable of replacing the wild type

population at a rapid rate. In some embodiments, the insect is a psyllid. In some

embodiments, a translocation mediated gene drive system is provided. The gene drive system

comprises a first construct, configured to be positionable at a first insertion site in a first

chromosome. The first construct comprises: a) a first location to insert a first gene of interest;

b) a first promoter; c) a first fragment of foreign stuffer DNA; d) a second fragment of foreign

stuffer DNA; e) a first target site and, in some cases, a second target site for an endonuclease

positioned between the first and second fragments of foreign stuffer DNA; f) a first splice

acceptor site, positioned downstream from a-e; and g) a first splice donor site, positioned

between b and c. The system includes a second construct, configured to be positionable at a

second insertion site in a second chromosome. The second construct comprises: h) a second

location to insert a second gene of interest; i) a second promoter; j) a third fragment of

foreign stuffer DNA, wherein the third fragment is homologous to the second fragment; k) a

fourth fragment of foreign stuffer DNA, wherein the fourth fragment is homologous to the

first fragment; l) a second target site, in the case where two target sites are used, and a fourth

target site, in the case where four cleavage sites are used, for an endonuclease positioned

between the third and fourth fragments of foreign stuffer DNA; m) a second splice acceptor

site, positioned downstream from h-l, and n) a second splice donor site, positioned between i

and j. The first and second chromosomes are non-homologous chromosomes, the first

fragment of foreign stuffer DNA is homologous to the fourth fragment of foreign stuffer DNA

and the second fragment of foreign stuffer DNA is homologous to the third fragment of

foreign stuffer DNA, a double stranded break created at the first, second, third and fourth

target sites allows for homologous recombination between the first and fourth fragments,

and between the second and third fragments upon a repair of the double stranded break,

and wherein the repair of the DSB induces a chromosomal translocation and generates a first

translocation chromosome and a second translocation chromosome.

In some embodiments, the size of the first fragment of foreign stuffer DNA is about 50 bp to



about 10 kb. In some embodiments, the size of the second fragment of foreign stuffer DNA is

about 50 bp to about 10 kb. In some embodiments, the size of the third fragment of foreign

stuffer DNA is about 50 bp to about 10 kb. In some embodiments, the size of the fourth

fragment of foreign stuffer DNA is about 50 bp to about 10 kb. In some embodiments, the

first insertion site and second insertion site comprise an insertion site combination. In some

embodiments, the first and second insertion sites are located in a gene desert, wherein the

gene desert has no genes in a region encompassing at least 10 kb. In some embodiments, the

transgene insertion is located at least 5 kb from a gene. In some embodiments, the first and

second constructs inserted in the first and second insertion sites, respectively are oriented in

the same direction with respect to the centromere of the first and second chromosomes. In

some embodiments, the construct is transferable to a mosquito. In some embodiments, the

system is self-perpetuating/self-propagating when present at a high frequency. In some

embodiments, the system can be eliminated from the population by introducing a high

frequency of wildtype individuals. In some embodiments, creation of a translocation can

occur through the repair of the DSB by a simple non-homologous end joining of broken DNA

ends instead of by homologous recombination.

In some embodiments, a population of translocation bearing insects is provided that

comprising the system provided herein. In some embodiments, the insects are mosquitos. In

some embodiments, the insects are psyllids.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A-FIG. 1B show illustrations of the conceptual framework of reciprocal chromosomal

translocation.

FIG. 2 shows a schematic illustration of chromosomal translocations including pairing during

meiosis and fate of progeny.

FIG. 3 shows an illustration of general characteristics of two translocation constructs.

FIG. 4 shows an illustration of an engineered reciprocal translocation.

FIG. 5 shows an illustration of the directionality of insertion of translocation constructs.

FIG. 6A-FIG. 6E show schematic illustrations of the synthetic biology approach used to

generate reciprocal chromosomal translocations.

FIG. 7A-FIG. 7D shows a plot illustrating the relationship between fitness cost associated with

a reciprocal chromosomal translocation and introduction frequency.



FIG. 8A shows an embodiment of a translocation drive experiment.

FIG. 8B shows an embodiment of a translocation drive experiment.

FIG. 9 shows an illustration of an embodiment of reciprocal chromosomal translocation in

Drosophila.

FIG. 10 shows an illustration of an embodiment of reciprocal chromosomal translocation in

Aedes.

FIG. 11 shows an illustration of an embodiment of reciprocal chromosomal translocation in

Aedes.

FIG. 12 shows an illustration of an embodiment of reciprocal chromosomal translocation in

Aedes.

FIG. 13 shows an illustration of an embodiment of reciprocal chromosomal translocation in

Aedes.

FIG. 14 shows an illustration of an embodiment of reciprocal chromosomal translocation in

Aedes.

FIG. 15 shows an illustration of an embodiment of reciprocal chromosomal translocation in

Aedes.

FIG. 16. shows results of reciprocal translocation experiments in flies.

FIG. 17 provides a set of sequences used herein.

FIG. 18 provides a set of sequences used herein.

FIG. 19 provides a set of sequences used herein.

DETAILED DESCRIPTION

Provided herein is a portable synthetic biology technique to generate reciprocal chromosomal

translocations at specific sites in the genome in a manner that allows for easy detection of

translocation-bearing individuals, and for facile inexorable linkage of genes of interest to the

translocation breakpoints. Importantly, it is demonstrated herein, in a model organism, that

the translocation strains have high fitness and are capable of rapidly replacing wild type

populations of Drosophila melanogaster in a threshold-dependent manner.



Introduction

Insects act as vectors for a number of important diseases of humans, animals, and plants.

Examples include dengue, yellow fever, lymphatic filariasis, chikungunya, and Chagas disease

(humans), malaria and West Nile (humans and birds), Rift valley fever and trypanosomyasis

(humans and livestock), and plant diseases such as Huanglongbing (citrus), almond leaf

scorch, Pierces disease (grapes), and zebra chip disease (potato) (reviewed in (Nicholson,

2007)). And, increased global movement of commodities, people, and animals is leading to

the spread of disease vectors and pathogens into new environments (de La Rocque et al.,

2011; Randolph and Rogers, 2010; Tatem et al., 2006). Vector control is always an important

component of disease prevention. However, it is often expensive, with the degree of

protection provided being proportional, on an on-going basis, to the effort and money put

into control. Additionally, specific methods of vector control, such as environment

modification or use of insecticides, may be impractical or have undesirable side effects in

certain contexts. A complementary strategy for disease prevention, first articulated many

decades ago (Curtis, 1968), involves replacement of wild, disease-transmitting insect

populations with individuals that are engineered to be refractory to disease transmission, but

that are still subject to vector control (reviewed in (Hay et al., 2010)). A central appeal of this

strategy is that in contrast to vector suppression alone, population replacement is species-

specific and potentially self-perpetuating.

Several of the above-mentioned gene drive systems, including Medea, HEGs, transposable

elements, male meiotic drive, intracellular symbiotic Wolbachia, and CRISPR/Cas, are predicted

to be invasive drive mechanisms with a low release threshold, capable of spreading to high

frequency even when introduced into an area in only a few individuals (Deredec et al., 2008;

Esvelt et al., 2014; Jansen et al., 2008; Marshall, 2009; Marshall et al., 2011). Invasive gene

drive mechanisms are ideal when the goal is to spread genes over a large area, particularly

when migration rates between the release site and surrounding areas of interest are low.

However, because such systems have a low release threshold, once introduced, the

pretransgenic state cannot easily be restored by diluting the replaced population with wild-

type individuals such that the frequency of the gene drive chromosome falls below the

threshold frequency required for spread. Therefore, given their potency and difficulty of

removal, developing regulations for invasive gene drive systems should be a high priority

issue (Oye et al., 2014). In contrast to invasive gene drive mechanisms, several other

proposed drive mechanisms have significant (27%-67%) introduction thresholds that must be

surpassed in order for gene drive to occur. Examples include a large number of novel single

locus gene drive mechanisms (Marshall and Hay, 2012b), as well as chromosome

translocations, inversions, compound chromosomes, and various forms of engineered



underdominance (Akbari et al., 2013; Curtis, 1968; Davis et al., 2001; Magori and Gould, 2006).

In all of these latter systems, gene drive relies on the phenomenon of underdominance, in

which heterozygotes (or their progeny) have a lower fitness than either parental homozygote

(or trans-heterozygote, in some three allele cases).

Underdominance-based systems have the features of a bi-stable switch: if the frequency of

one allele or chromosome type is above a critical threshold frequency, it will spread to

genotype or allele fixation, while if the frequency is below the threshold, it will be lost in favor

of the other allele or chromosome type. Consequently, transgenes introduced into

populations using underdominance-based gene drive mechanisms can easily be removed

from the wild population through dilution of the replaced population with wild type

individuals. A relatively high introduction threshold also has the effect of preventing

transgene spread to high frequency in neighboring populations linked to the release site by

low levels of migration, because the frequency of the drive chromosome never crosses the

required threshold (Altrock et al., 2011; Altrock et al., 2010). Gene drive mechanisms with a

high introduction threshold are ideal when the goal is to bring about reversible, and local,

population replacement. Scenarios in which this is likely to be important include during field

tests of the efficacy of genes that mediate disease refractoriness, and in social and regulatory

environments in which approval of transgenic organisms is limited to specific regions (Knols

et al., 2007; Marshall, 2010).

While synthetic underdominance based systems have been engineered, these systems

typically require multiple toxins and antidotes, making them difficult to develop in disease

vectors (Akbari et al., 2013). Reciprocal chromosomal translocations, defined as the mutual

exchange between terminal segments of two non-homologous chromosomes, are predicted

to display underdominant dynamics (Curtis 1968; Marshall and Hay 2012) (FIG. 2). However,

this area of research was ultimately abandoned. The reasons for this were at least twofold:

first, translocation individuals had lower fitness than their wild type counterparts (Gould and

Schliekelman, 2004), in part because they were generated using X-rays or gamma-ray

mutagens (Kaiser et al., 1982; Willis et al., 1981) which can reduce robustness, survival, and

mating competitiveness, thus reducing the overall fitness of the organism. Second, due to the

random nature of the above methods for creating chromosomal rearrangements, it was not

possible to link a gene of interest to the translocation breakpoint (reviewed in Gould and

Schliekelman, 2004). Finally, more recently it has become clear that the arrangement of

chromosomes in the nucleus can have large effects on gene expression, which may alter

organismal fitness {Harewood, 2010 #5754} {Harewood, 2014 #5755}. Thus, while evidence

from evolution tells us that translocations and other genome rearrangements can, on

occasion, over geological time, replace other versions of chromosomes in a population, these



events may have nothing to do with fitness. They may result from stochastic effects

associated with small populations and local extinctions. It is in fact remarkable that no human

synthesized translocation-bearing chromosomes have been shown to be able to bring about

population replacement. These observations call into question the idea that translocation-

bearing chromosomes with fitness comparable to wildtype can be generated easily, or at all.

Therefore, while underdominance systems have several attractive features, none have been

implemented in ways that are straightforwardly portable across species, and that allow for

the coupling of the drive vehicle with cargo genes of interest. The results described herein

provide the first implementation, in any organism, of a translocation-based gene drive

system.

While reciprocal chromosomal translocations have traditionally been developed randomly by

using random chromosome-breaking reagents such as X-rays, new techniques capable of

engineering translocations with sequence-specific breakpoints have been developed. For

example, techniques based on FLP/FRT recombination (Beumer et al., 1998), Cre/loxP

recombination (Egli et al., 2004; Yu and Bradley, 2001), or homologous recombination

following double-stranded breaks (Egli et al., 2004; Forster et al., 2005; Uemura et al., 2010)

can all be used to generate breakpoint-specific translocations. No translocations generated

using these methods have been characterized in terms of organismal fitness of carriers.

Genetic Approaches to Controlling Insect Vectors

The inability of current strategies to successfully control insect vector-borne diseases has led

to increased interest in disease control methods that involve release of genetically modified

mosquitoes refractory to pathogen transmission (Gould et al. 2006; Sinkins and Gould 2006;

Marshall and Taylor 2009; Hay et al. 2010). The idea of replacing wild insect populations with

those engineered to be incapable of disease transmission was first discussed decades ago

(Curtis 1968; Whitten 1971; Foster et al. 1972); however, at that time, such research was

limited by lack of genetic manipulation techniques (Gould and Schliekelman 2006). Since then,

advances in molecular biology have generated a wealth of new tools for precise genetic

manipulation (Groth et al., 2004; Gould and Schliekelman 2006; Ran et at 2013), and a number

of genes that confer refractoriness to malaria and dengue have been identified or engineered

(de Lara Capurro et al. 2000; Ito et al. 2002; Moreira et al. 2002; Kim et al. 2004; Franz at al.

2006; Riehle et at 2008; Corby-Harris et al. 2010). However, disease refractory genes are not

expected to confer a fitness benefit to carrier mosquitoes (Schmid-Hempel 2005; Gould et al.

2006), and a large proportion of a mosquito population must be disease-refractive to achieve

meaningful levels of disease control (Boete and Koella 2002). Thus, effective disease control

via population replacement is generally thought to require the linkage of disease refractory



genes to a mechanism capable of driving them into a wild population (Braig and Yan 2001;

James 2005; Gould et al. 2006; Sinkins and Gould 2006).

Several naturally occurring selfish genetic elements, including transposons, meiotic drive, B-

chromosomes, homing endonuclease genes (HEGs), Medea elements, and the intracellular

bacterium Wolbachia, have been proposed as potential gene drive mechanisms (reviewed in

Sinkins and Gould 2006), along with approaches relying on linking genes of interest to

engineered chromosomes, such as translocations or compound chromosomes (Curtis 1968;

Gould and Schliekelman 2004). Another approach, known as engineered underdominance,

has also been discussed (Davis et al. 2001; Magori and Gould 2006). Some of these strategies,

including Medea (Chen et al. 2007), Wolbachia (Walker et al. 2011), UD , a high threshold

gene drive system with features of Medea and underdominance {Akbari, 2013 #4379}, and

HEGs (Windbichler et al. 2011), have been shown to have some capacity to drive gene

introgression in laboratory populations, and translocations have been used to effect insect

population suppression (Asman et al. 1981; Baker 1984). However, a robust mechanism of

gene drive capable of spreading chosen disease refractory genes into wild populations has

not yet been developed in any disease vector species.

High-Threshold Drive Systems

Some drive systems, like Medea and HEGs, are predicted to have low release thresholds, and

therefore be invasive, spreading to high frequency even if initially introduced at very low

frequency (Marshall 2009; Marshall and Hay 2011; Deredec et al. 2008). On one hand, this is

desirable, since disease-refractory genes must spread to high levels to achieve disease control

(Boete and Koella 2002). However, it also comes with regulatory and social concerns, concerns

since insects don't respect international borders, and forceful drive systems can spread

genetically modified organisms (GMOs) into communities or countries before they've agreed

to welcome their introduction (Knols et al. 2007). The Cartagena Protocol (the United Nations'

set of regulations governing movement of GMOs) allows countries to decide for themselves

whether to allow import of GMOs, and prohibits release of GMOs capable of invasively

spreading across borders without prior international agreements (Marshall 2010).

Furthermore, people have been shown to prefer that transgene spread be tested in isolated

locations before releases occur in their own community (Marshall et al. 2010a; Marshall et al.

2010b), and public distrust of GMOs may be considerable (Alphey et al, 2002; Bohannon 2002;

Gould et al, 2006). In light of these regulatory guidelines and societal views, it is generally

thought that initial releases of transgenic insects must be confinable to the isolated areas

where they are being tested (Marshall and Hay 2012).

Gene drive systems based on the phenomenon of underdominance may offer a way to

MEL



spread transgenes to high frequencies locally without risk of spread into neighboring

populations (Altrock et al. 2010; Marshall and Hay 2012). The simplest form of

underdominance, or heterozygote disadvantage, occurs when the average fitness of a

heterozygote is lower than that of either parental homozygote (Hartl and Clark 1997).

Although a single-allele underdominant scheme may be difficult to engineer (Marshall and

Hay 2012), several genetic systems based on the underdominant principle—including

chromosome translocations (Curtis 1968), inversions (Foster et al, 1972; Robinson 1975)

compound chromosomes (Foster et al. 1972; Gould and Schliekelman 2004), and engineered

underdominance (Davis et al. 2001; Magori and Gould 2006; Akbari et al. 2013)—have been

proposed (and, in the case of Akbari et al., engineered). These systems all have high

introduction thresholds (27%-67%), and act as a bi-stable switch: if the frequency of one allele

or chromosome is above a crucial threshold, that allele will spread to fixation at the expense

of the other allele, while if it is below the threshold, it will be lost from the population and the

other allele type will be fixed (Davis et al, 2001; Sinkins and Gould 2006; Altrock et al, 2010;

Altrock et al, 2011).

This type of system is inherently removable, since the frequency of underdominant

individuals can be diluted below the critical threshold by the addition of wild types, which in

some cases may be preceded by a round of insecticide application to decrease total

population numbers. A high threshold gene drive mechanism is also unlikely to spread to

high levels in neighboring populations linked to the source population by low levels of

migration, as the frequency of underdominant alleles is not likely to reach the needed

threshold, and so confined releases are possible (Altrock et al. 2010; Altrock et al, 2011;

Marshall 2009; Marshall and Hay 2012). Indeed, some analyses suggest that engineered

underdominance is the safest gene drive mechanism in contexts in which transgenic

containment in initial field cage experiments is likely to be critical (Marshall 2009), Finally,

since underdominant schemes are based on two alleles, and since each allele can be

engineered to carry a different disease refractory gene, such systems offer additional

insurance against breakdown of the system due to mutation or loss of the disease resistance

gene (Sinkins and Gould 2006).

The high threshold required for spread of underdominant mechanisms (as compared with

other systems) will necessitate significant releases of transgenic individuals to achieve allele

or genotype fixation, and considerable releases of wild types if transgene removal is required.

However, necessary release ratios are still appreciably lower than those utilized with many SIT

or RIDL programs (Krafsur 1998; Gould and Schiekelman 2004; Alphey et al, 2010), which in

the case of the Mediterranean fruit fly involves the release of billions of insects into the wild

each week (Mumford 2012). In addition, unlike SIT, underdominant systems are self-



perpetuating (Baker 1984; Robinson 1976a), while sterile males must be released on a regular

basis. Thus, creation of underdominant systems capable of gene drive would be a valuable

addition to the emerging field of using genetically modified insects to control vector-borne

diseases.

A potential caveat of underdominance systems is that they can break down after release.

Even with utilization of evolutionarily robust shRNA toxins, failure of the system can occur in

several ways: the protein or shRNA toxin may mutate and cease to function, which will result

in selection against the intact underdominance allele, because the mutant version of the

chromosome will always survive; the rescue may also become unlinked from the toxin, which

would also cause the drive mechanism to break down for similar reasons; finally, the genes of

interest (e.g., disease refractory genes) could become unlinked from the drive mechanism,

and any achieved strain replacement would be of no practical use. Since any large-scale insect

release is a time and resource-intensive undertaking, it would be desirable to engineer a drive

system with very little chance of breakdown, so that future releases to replace or eradicate

nonfunctioning alleles can be minimized.

Translocation-mediated gene drive systems have been proposed as potential mechanisms for

spreading disease refractory genes. Such systems are threshold-dependent and thus have

certain advantages over other potential gene drive mechanisms, such as localization of gene

drive and removability. Proof-of-principle establishment of such drive mechanisms in a well-

understood and studied insect, such as Drosophila melanogaster, is essential before more

applied systems can be developed for less characterized vector species of interest, such as

mosquitoes. In some embodiments, the present disclosure details the development of a

synthetic biology-inspired translocation-mediated gene drive system in Drosophila

melanogaster as a proof of concept study that can inform efforts to develop such systems in

insect disease vectors. In some embodiments, the present disclosure details our development

of an underdominance-like drive mechanism that is inherently robust on evolutionary time

scales.

Drive Characteristics

Unlike the underdominant schemes described above, the basis of translocation-mediated

gene drive is not lethality of the heterozygotes themselves, but rather death of some of their

progeny (FIG. 2). The system is similar to classical underdominance, however, because it

functions like a bi-stable switch: translocations either spread to fixation or disappear from the

population depending on their initial frequency and associated fitness costs (as compared to

wild type).



When the frequency of translocation-bearing individuals (T1/+; T2/+ and T1/T1; T2/T2) is low,

they are more likely to mate with wild types (+/+; +/+) than with each other, and many of the

translocation chromosomes end up being lost in inviable progeny or grandchildren (ones with

an unbalanced chromosome set, such as T1/+; +/+). Wild type chromosomes are lost in these

progeny, too, but since wild type individuals are more abundant, they mostly mate with each

other, producing more viable wild types (+/+; +/+), and eventually T chromosomes are lost

from the population. Conversely, if TT animals are more abundant, they largely mate with

each other, producing a high frequency of T1/T1;/T2/T2 offspring, while wild type

chromosomes are regularly lost in inviable individuals with unbalanced chromosome sets

(such as +/T1; +/+), In this scenario, T alleles become fixed in the population, while +alleles are

lost.

For a translocation with no fitness cost, a 50% population frequency represents an unstable

equilibrium (Curtis 1968) (FIG. 2); if the translocation's frequency is greater than 50%, it will

spread to fixation, and if it's less than 50%, it will disappear from the population (Curtis 1968).

Thus, releases of high fitness translocation homozygotes (with fitness ˜1) at frequencies above

50% should lead to gene drive, while releases below that threshold should lead to loss of

translocation alleles. If there is a fitness cost associated with the translocation, the release

frequency will be higher (Curtis 1968).

Conceptual Framework of Reciprocal Chromosomal Translocation

A reciprocal chromosomal translocation is an exchange of chromosome pieces between two

non-homologous chromosomes (Foster et al. 1972; Robinson 1976). A balanced translocation

simply means that the exchange is even and mutual, with no excess or missing genes.

Reciprocal translocations can occur naturally (for example, their incidence is ˜ 1/625 in the

general human population; Van Dyke et al, 1983) or can be induced by mutagens (e.g., Lyon et

al. 1972).

FIG. 1A shows a set of wild type (left), translocation heterozygous (center), and translocation

homozygous (right) chromosomes. Although translocation-bearing individuals will have

rearranged chromosomes, they will have equal gene copy number and thus be viable. A

heterozygote for a reciprocal translocation could theoretically be normal, since it has a

balanced chromosome set (FIG. 1A), Of course, translocations that disrupt gene function can

impose fitness costs on their carriers). However, when out crossed to wild type, only 50% of

the translocation heterozygote's progeny will be viable (FIG. 1B). Thus, when a translocation

heterozygote mates with a wild type, 50% of the resulting offspring will be aneuploid and

inviable, 25% will be wild type, and 25% will be translocation heterozygotes (FIG. 1B). Thus,

50% of the progeny are inviable, 25% of the progeny are translocation heterozygotes and 25%



of the progeny are wild type (FIG. 1B), These calculations assume that the act of translocation,

even when it occurs between genes, does not result in more global changes in gene

expression that compromise fitness. As discussed above, it is unclear if or when this will be

the case.

In some embodiments, this can be visualized as shown in FIG. 1B and FIG. 2. Thus, in some

embodiments, if the genotype of a given translocation heterozygote is T1/+; T2/+(where “+”
denotes wild type), it will produce four kinds of gametes in equal proportion—(T1,+), (T1, T2),

(+,+), and (+,T2). When combined with wild type gametes—(+,+)—only the (T1, T2) and (+,+)

will give rise to viable progeny (translocation heterozygotes and wild types, respectively). The

other gamete types will perish in progeny that have unbalanced chromosome sets. If the

starting translocation individual is homozygous (T1/T1; T2/T2), all first-generation progeny in a

wild type outcross will survive, but further mating of these progeny to wild type would result

in F2 generation lethality.

The present disclosure provides methods of distributing one or more genes of interest into a

population of insects through association with a reciprocal chromosomal translocation. In

some embodiments, distributing the one or more genes of interest into a population of

insects generates an altered insect population. In some embodiments, translocation-bearing

individuals demonstrate a frequency-dependent fitness that provides the altered insect

population (those bearing translocations) an ability to increase in frequency as compared with

pre-existing wild type insect population (those individuals carrying wildtype or other

chromosome forms), over multiple generations when maintained over multiple generations

with the wild type population. Thus, in some embodiments, translocation-bearing

chromosomes can replace their wildtype counterparts in a wild population, resulting in a

population that is said to have undergone population replacement.

In some embodiments, a method of distributing one or more genes of interest into a

population of insects is provided. The method comprises providing an insect population. One

or more individuals in the insect population comprises a translocation mediated gene drive

system. The method further comprises inducing a chromosomal translocation in the one or

more individuals in the insect population. The chromosomal translocation generates a

translocation-bearing altered insect population, the translocation-bearing altered insect

population comprises translocation-bearing individuals that are translocation heterozygotes

and translocation-bearing individuals that are translocation homozygotes for the

chromosomal translocation, and the translocation-bearing individuals display a fitness that is

greater than that of the wildtype (non-translocation-bearing) individuals when challenged in a

condition in which a translocation-based drive occurs.



In some embodiments, a translocation mediated gene drive system is provided. The gene

drive system comprises a first construct, configured to be positionable at a first insertion site

in a first chromosome. The first construct comprises: a) a first location to insert a first gene of

interest; b) a first promoter; c) a first fragment of foreign stuffer DNA; d) a second fragment of

foreign stuffer DNA; e) a first target site and, in some cases, a second target site for an

endonuclease positioned between the first and second fragments of foreign stuffer DNA; f) a

first splice acceptor site, positioned downstream from a-e; and g) a first splice donor site,

positioned between b and c. The system includes a second construct, configured to be

positionable at a second insertion site in a second chromosome. The second construct

comprises: h) a second location to insert a second gene of interest; i) a second promoter; j) a

third fragment of foreign stuffer DNA, wherein the third fragment is homologous to the

second fragment; k) a fourth fragment of foreign stuffer DNA, wherein the fourth fragment is

homologous to the first fragment; l) a second target site, in the case where two target sites

are used, and a fourth target site, in the case where four cleavage sites are used, for an

endonuclease positioned between the third and fourth fragments of foreign stuffer DNA; m) a

second splice acceptor site, positioned downstream from h-l, and n) a second splice donor

site, positioned between I and j. The first and second chromosomes are non-homologous

chromosomes, the first fragment of foreign stuffer DNA is homologous to the fourth

fragment of foreign stuffer DNA and the second fragment of foreign stuffer DNA is

homologous to the third fragment of foreign stuffer DNA, a double stranded break created at

the first, second, third and fourth target sites allows for homologous recombination between

the first and fourth fragments, and between the second and third fragments upon a repair of

the double stranded break, and wherein the repair of the DSB induces a chromosomal

translocation and generates a first translocation chromosome and a second translocation

chromosome.

In some embodiments, a population of translocation bearing insects is provided that

comprising the system provided herein. In some embodiments, the insects are mosquitos. In

some embodiments, the insects are psyllids.

DEFINITIONS

As used herein, the section headings are for organizational purposes only and are not to be

construed as limiting the described subject matter in any way. All literature and similar

materials cited in this application, including but not limited to, patents, patent applications,

articles, books, treatises, and internet web pages are expressly incorporated by reference in

their entirety for any purpose. When definitions of terms in incorporated references appear

to differ from the definitions provided in the present teachings, the definition provided in the



present teachings shall control. It will be appreciated that there is an implied “about” prior to

the temperatures, concentrations, times, etc discussed in the present teachings, such that

slight and insubstantial deviations are within the scope of the present teachings herein.

In this application, the use of the singular includes the plural unless specifically stated

otherwise. Also, the use of “comprise”, “comprises”, “comprising”, “contain”, “contains”,
“containing”, “include”, “includes”, and “including” are not intended to be limiting. It is to be

understood that both the foregoing general description and the following detailed description

are exemplary and explanatory only and are not restrictive. Unless defined otherwise,

technical and scientific terms used herein have the same meaning as commonly understood

by one of ordinary skill in the art to which this invention belongs. See, for example Singleton

et al., Dictionary of Microbiology and Molecular Biology 2nd ed., J. Wiley & Sons (New York,

N.Y. 1994); Sambrook et al., Molecular Cloning, A Laboratory Manual, Cold Springs Harbor

Press (Cold Springs Harbor, N.Y. 1989). For purposes of the present invention, the following

terms are defined below. It is to be understood that both the foregoing general description

and the following detailed description are exemplary and explanatory only and are not

restrictive of the invention as claimed. In this application, the use of the singular includes the

plural unless specifically stated otherwise. In this application, the use of “or” means “and/or”
unless stated otherwise. Furthermore, the use of the term “including”, as well as other forms,

such as “includes” and “included”, is not limiting.

As used in this specification and claims, the singular forms “a,” “an” and “the” include plural

references unless the content clearly dictates otherwise.

As used herein, “about” means a quantity, level, value, number, frequency, percentage,

dimension, size, amount, weight or length that varies by as much as 30, 25, 20, 15, 10, 9, 8, 7,

6, 5, 4, 3, 2 or 1% to a reference quantity, level, value, number, frequency, percentage,

dimension, size, amount, weight or length.

As used herein, “regulatory element” refers to nucleic acid elements that can influence the

expression of a coding sequence (for example, a gene) in a particular host organism. These

terms are used broadly and encompass all elements that promote or regulate transcription,

including promoters, core elements required for basic interaction of RNA polymerase and

transcription factors, upstream elements, enhancers, and response elements (see, for

example, Lewin, “Genes V” (Oxford University Press, Oxford) pages 847-873).

As used herein, the term “insertion site” refers a nucleic acid sequence that allows for

insertion of the constructs as provided herein into a genome of a multicellular organism (for

example, an insect genome). In some embodiments, a construct as provided herein can



comprise a “insertion sequence” that allows for insertion of the construct into a genome of

the host organism. Some embodiments that can be employed include the piggybac

transposable element, mariner type transposable elements, and the P-element. Also,

plasmids can be site specifically integrated into the genome using attb/attp or even by using

CRISPR/Cas9, TALEN, MegaTAL and homologous recombination.

In some embodiments, the construct as provided herein comprise a regulatory element.

Exemplary regulatory elements in prokaryotes include promoters, operators and ribosome

binding sites. Regulatory elements that are used in eukaryotic cells can include, without

limitation, transcriptional and translational control sequences, such as promoters,

terminators, enhancers, insulators, splicing signals, polyadenylation signals, terminators,

protein degradation signals, internal ribosome-entry element (IRES), 2A sequences, and the

like, that provide for and/or regulate expression of a coding sequence and/or production of

an encoded polypeptide in a host cell. For example, a promoter is a nucleotide sequence that

permits binding of RNA polymerase and directs the transcription of a gene. Typically, a

promoter is located in the 5′ non-coding region of a gene, proximal to the transcriptional start

site of the gene. Sequence elements within promoters that function in the initiation of

transcription are often characterized by consensus nucleotide sequences. Examples of

promoters include, but are not limited to, promoters from bacteria, yeast, plants, viruses, and

mammals (including humans). A promoter can be inducible, repressible, and/or constitutive.

Inducible promoters initiate increased levels of transcription from DNA under their control in

response to some change in culture conditions (for example, a change in temperature).

In some embodiments, the vector comprises a transformation marker, for example, a

fluorescent protein marker such as dsRed (SEQ ID NO: 48 and SEQ ID NO: 49) or GFP (SEQ ID

NO: 46 and SEQ ID NO: 47) that can be expressed under the control of suitable regulatory

elements. Fluorescent protein can be visualized by illuminating with a suitable excitatory

wavelength (for example blue) and observing the fluorescence. Such a marker would allow

easy identification of transformants. Other suitable markers for transformation are known in

the art of such as EGFP, CFP, ECFP, BFP, EBFP, mHoneydew, mBanana, mOrange, tdTomato,

mTangering, mStrawberry, mCherry, mGrape1, mGrape2, mRaspberry, mPlum, YFP or EYFP,

and can be chosen by one of skilled in the art according to need.

As used herein, “reciprocal chromosomal translocation” refers to exchange of segments

between a first chromosome and a second chromosome. Thus, a first segment of the first

chromosome replaces a first segment of the second chromosome, and reciprocally, the first

segment of the second chromosome replaces the first segment of the first chromosome.

Reciprocal chromosomal translocation between the first and second chromosomes occurs by

recombination between homologous regions in the first and second chromosomes.



Alternatively, reciprocal chromosomal translocations may occur through direct ligation of the

relevant ends of two broken chromosomes, through a process of non-homologous end

joining or microhomology-mediated end joining.

As used herein, “homologous recombination” refers to exchange of nucleotide sequences

between two identical nucleic acid sequences. Homologous recombination also refers to

exchange of nucleotide sequences between two similar nucleic acid sequences. In some

embodiments, when the two nucleic acid sequences are similar, a similarity between the two

nucleic acid sequences can be about 90% to about 99.9%. In some embodiments, the

similarity between the two nucleic acid sequences can be about 90, 91, 92, 93, 94, 95, 96, 97,

98, 99, 99.1, 99.2, 99.3, 99.4, 99.5, 99.6, 99.7, 99.8 or 99.9%.

As used herein, “nucleic acid” refers to deoxyribonucleic acid (DNA). In some embodiments,

nucleic acid may refer to ribonucleic acid (RNA).

As used herein, “self-perpetuating” or “self-propagating” refers to perpetuation or propagation

without the need for additional external intervention or influence. In some embodiment, self-

perpetuating or self-propagating may refer to perpetuation or propagation with a small

number of instances of additional external intervention or influence. In some embodiments, a

small number can be at most 1, 2, 3, 4 or up to 10.

As provided herein, a “rare-cutting restriction endonuclease” is a restriction enzyme that

recognizes and cuts a nucleic acid sequence which occurs rarely or not at all in a genome. For

example, I-SceI is rare-cutting endonuclease. It recognizes an 18 base pair sequence, which

will occur in a genome with a frequency of 1 in 4 base pairs.

It is to be understood that a rare-cutting restriction endonuclease can be, without being

limiting, one or more the following: F-EcoT5I, F-EcoT5II, F-EcoT5IV, F-SceI, F-TevI, F-TevII, I-

AchMI, I-AniI, I-BasI, I-BmoI, I-Bth0305I, I-BthII, I-BthORFAP, I-CeuI, I-ChuI, I-CpaI, I-CpaII, I-CreI,

I-CsmI, I-CvuI, I-DdiI, I-DmoI, I-GpiI, I-GzeI, I-HjeMI, I-HmuI, I-HmuII, I-LlaI, I-LtrI, I-LtrWI, I-

MpeMI, I-MsoI, I-NanI, I-NitI, I-NjaI, I-OnuI, I-PakI, I-PanMI, I-PnoMI, I-PogTE7I, I-PorI, I-PpoI, I-

ScaI, I-SceI, I-SceII, I-SceIII, I-SceVI, I-SpomI, I-SscMI, I-Ssp6803I, I-TevI, I-TevII, I-TevIII, I-TslI, I-

TslWI.AY76, I-Vdi141I, PI-AvaI, PI-BciPI, PI-HvoWI, PI-MleSI, PI-MtuI, PI-PkoI, PI-PkoII, PI-PspI, PI-

SceI, PI-TfuI, PI-TfuII, PI-TliI, PI-TliII, PI-TmaI, PI-TmaKI, Cas9, MegaTAL, TALEN.

Methods

In some embodiments, a method of distributing one or more genes of interest into a

population of insects is provided. In some embodiments, the method comprises providing an

insect population. In some embodiments, one or more individuals in the insect population
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comprise a reciprocal translocation mediated gene drive system. In some embodiments, the

one or more individuals in the insect population comprise an embodiment of a translocation

mediated gene drive system as provided herein. In some embodiments, reciprocal

translocation is induced in one or more individuals in the insect population.

In some embodiments, a homologous recombination technique is employed for generating

translocations as described in Egli et al. 2004. Such an approach can be more efficient than

other approaches involving the use of site-specific recombinases such as Cre or FLP. In some

embodiments, Cre or FLP can be used. In some embodiments non-homologous end joining,

following cleavage at sites on two different chromosomes, can be used, as in {Pacher, 2007

#5756}

In some embodiments, the method involves generating double-strand breaks (DSB) in

transgenes on two different chromosomes. The created broken ends i.e. the ends of the

chromosomes at the DSB are designed so that they that have homology with each other,

facilitating the formation of a translocation chromosome through homology-directed repair.

In some embodiments, one or more individuals in the insect population carrying recombinant

chromosomes with reciprocal translocations are then identified based on recombination-

dependent creation of a visible marker or loss of a visible marker.

In some embodiments the method involves generating double-strand breaks (DSB) in

transgenes on two different chromosomes. The created broken ends i.e. the ends of the

chromosomes at the DSB are designed so that when direct ligation occurs a dominant marker

gene is expressed. In some embodiments, one or more individuals in the insect population

carrying recombinant chromosomes with reciprocal translocations are then identified based

on ligation-dependent creation of a visible marker or loss of a visible marker.

In some embodiments, the reciprocal chromosomal translocation generates a reciprocal

translocation-bearing altered insect population. In some embodiments, the reciprocal

translocation-bearing altered population comprises reciprocal translocation heterozygotes

and reciprocal translocation homozygotes (FIG. 2).

In some embodiments, the translocation-bearing individuals display a fitness of at least 60%

as compared to a wild type when challenged in population cages or other environments.

Because translocations, like other forms of under dominance, show frequency-dependent

fitness, even translocations that make their carriers significantly less fit than wildtype can

spread into a population, if released in high numbers (See, FIG. 7A). As a result, in some

embodiments, the reciprocal chromosomal translocation spreads to a high frequency within

the wild population. Thus, in some embodiments, the reciprocal translocation-bearing insect



population is capable of replacing the wild type population at a rapid rate.

In some embodiments, providing an insect population denotes making available an insect

population based on certain needs and/or making available an insect population having

certain attributes.

In some embodiments, an insect can be a direct pest or indirect pest. A “direct pest” refers to

insects that can cause damage at one or more stage of their life cycle by, for example, eating

crops or damaging animals. The New World screw-worm fly Cochliomyia hominivorax, for

example, is a direct pest of cattle, and the spotted wing Drosophila, Drosophila suzukii is pest

of many fruit crops. An “indirect pest” refers to insects that transmit human diseases, for

example, mosquitoes which carry malaria. Indirect pests of organisms other than humans,

such as livestock or plants are also known.

In some embodiments, insect refers to, without limitations, one or more of Drosophila,

mosquitoes, bumblebees, hoverflies, grasshoppers, dragonfly, dancefly, weevil, cricket, wasp,

moth, beetles, honey bee, robberfly or butterfly. Additional examples of insects include, but

are not limited to, Asian citrus psyllid (diaphorini citriii, Australian sheep blowfly (Lucilia

cuprina, Asian tiger mosquito (Aedes albopictus); Japanese beetle (Popilla japonica), White-

fringed beetle (Graphognatus spp.), Citrus blackfly (Aleurocanthus woglumi), Oriental fruit fly

(Dacus dorsalis), Olive fruit fly (Dacus oleae), tropical fruit fly (Dacus cucurbitae, Dacus zonatus),

Mediterranean fruit fly (Ceratitis capitata), Natal fruit fly (Ceratitis rosa), Chemy fruit fly

(Rhagoletis cerasi), Queensland fruit fly (Bactrocera tryoni), Caribbean fruit fly (Anastrepha

suspensa), imported fire ants (Solenopis richteri, Solenopis invictai, Gypsy moth (Lyman tria

dispar), Codling moth (Cydia pomonella), Brown tail moth (Euproctis chrysorrhoea), yellow fever

mosquito (Aedes aegypti), malaria mosquitoes (Anopheles gambiae, Anopheles stephansi), New

world screwworm (Cochliomyia hominivorax), Old World Screwworm (Chrysomya bezziana),

Tsetse fly (Glossina spp), Boll weevil (Anthonomous grandis), Damsel fly (Enallagma hageni),

Dragonfly (Libellula luctuosa), and rice stem borer (Tryporyza incertulas). In some

embodiments, the insect either transmits human disease or are agricultural pests. In some

embodiments, the insects are wild insect populations.

In some embodiments, the insects are mosquitoes or flies (for example fruit flies). The

mosquitoes can be, for example, Aedes sp. or Anopheles sp. In some embodiments, the

mosquito is yellow fever mosquito (Aedes aegypti), malaria mosquito (Anopheles gambiae,

Anopheles stephensi), Asian tiger mosquito (Aedes albopictus) or Culex mosquitoes. In some

embodiments, the insect is one that transmits a disease of a mammal. The disease can be any

disease, for example, malaria and/or yellow fever. In some embodiments, the insect is a

Spotted wing Drosophila (Drosophila Suzukii).



In some embodiments, insect refers to an insect that spreads a disease of humans. In some

embodiments, insect refers to an insect that spreads a disease of commercially important

animals. In some embodiments, insect refers to an insect that spreads a disease of

companion animals.

In some embodiments, mosquitoes can be, without limitations, of Aedes, Anopheles, Culex,

Coquillettidia, Haemagogus, Mansonia, Ochlerotatus, Psorophora or other genera that transmit

diseases. In some embodiments, the diseases transmitted by mosquitoes can be one or more

of Malaria, Chikungunya, Dog Heartworm, Dengue, Yellow Fever, Eastern Equine Encephalitis,

St. Louis Encephalitis, LaCrosse Encephalitis, Western Equine Encephalitis, West Nile Virus, or

Zika Virus.

In some embodiments, the insect population has about 10,000 to about 100,000,000,000

insects. In some embodiments, the insect population has about 500, 1000, 1500, 2000, 2500,

3000, 3500, 4000, 4500, 5000, 5500, 6000, 6500, 7000, 7500, 8000, 8500, 9000, 9500, 10,000,

100,000, 500,000, 1,000,000, 100,000,000, 1,000,000,000, 100,000,000,000 or

1,000,000,000,000 insects or within a range defined by any two of the aforementioned values.

Reciprocal Chromosomal Translocation

In some embodiments, inducing a reciprocal chromosomal translocation involves generating

double-strand breaks (DSB) on two different chromosomes. In some embodiments, the ends

of the chromosomes at the DSB are designed so that they that have homology with each

other, facilitating the formation of translocation chromosomes through homology-directed

repair. In some embodiments, one or more individuals in the insect population carrying

recombinant chromosomes are then identified based on recombination-dependent creation

of a visible selection marker. In some embodiments, the visible selection marker can be,

without limitations, one or more of GFP (SEQ ID NO: 46 and SEQ ID NO: 47), EGFP, CFP, ECFP,

BFP, EBFP, mHoneydew, mBanana, mOrange, tdTomato, mTangering, mStrawberry, mCherry,

mGrape1, mGrape2, mRaspberry, mPlum, YFP, EYFP or dsRed (SEQ ID NO: 48 and SEQ ID NO:

49). An embodiment of the adaptation of the reciprocal translocation method is provided

below and shown in FIG. 4.

In some embodiments, non-homologous end joining of broken chromosome ends can also,

by linking two components of a dominant marker on a single piece of DNA, result in creation

of a dominant marker.

Translocation-Bearing Altered Insect Population



In some embodiments, reciprocal translocations result from the mutual exchange between

terminal segments of two nonhomologous chromosomes (FIG. 2). In some embodiments, the

reciprocal chromosomal translocation generates a translocation-bearing altered insect

population. In some embodiments, the translocation-bearing altered population comprises

translocation heterozygotes and translocation homozygotes.

In some embodiments, reciprocal translocation is present in about 25% to about 95% of the

insects in the population. In some embodiments, reciprocal translocation is present in about

15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80 or 95% of the insects in the population or

within a range defined by any two of the aforementioned values.

The results of mating of wild type (non-translocation-bearing), reciprocal translocation

heterozygotes and reciprocal translocation homozygotes with each other are provided in FIG.

2. When translocation heterozygotes mate with each other, there are several patterns of

disjunction resulting from independent meiotic assortment. For example, if the two normal

chromosomes (N .N ) or the reciprocally translocated chromosomes (T .T ) segregate

together (e.g. T .N ; T .N ), the meiotic products will be balanced and these progeny will be

viable. Conversely, if the disjunction event leads to only one type of translocation

chromosome (e.g., T .N ; N .N ) or too many translocated chromosomes (e.g., T .N ; T .T ),

then the resulting meiotic products will be either aneuploid or orthoploid (duplicated and/or

deficient for different chromosomal segments), and consequently the progeny resulting from

these meiotic products will be nonviable (FIG. 2).

Therefore, in some embodiments, given that half of the gametes are unbalanced and many

combinations of gametes produce unviable offspring, reciprocal chromosomal translocations

display underdominant dynamics (FIG. 2).

“Fitness” is defined as the ability of translocation bearing chromosomes to increase or

decrease in frequency when introduced at some frequency, in heterozygoous and/or

homozygous individuals, into a population of wild types (or an insect population in which no

reciprocal translocation has occurred). This ability to spread or to be lost is frequency-

dependent, as detailed in (Marshall and Hay 2012). It is understood, therefore, that fitness will

vary with frequency of the chromosome type in the population. We define fitness as the fate

of a chromosome or chromosome type, when introduced into a population of other types

(wildtype), over generations. Low fitness of a translocation (lower than wildtype) is defined as

the state of being at a frequency that results in loss of the translocation over subsequent

generations, in a challenge experiment, which may occur in the lab, in field cages, or in the

wild. Conversely, a translocation is said to have high fitness (higher than wildtype) when

translocation-bearing individuals are present at frequencies that result in their spread to
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higher frequency through the mixed population, over multiple subsequent generations, as

compared with the non-translocation-bearing counterpart chromosomes. In some

embodiments, fitness is a frequency-dependent ability of different chromosomal types to

spread into or be eliminated from a population.

Thus, in some embodiments, when the translocation-bearing individuals display a fitness that

is greater than that of the wildtype (non-translocation-bearing) individuals when challenged in

a condition, translocation-based drive occurs.

In some embodiments, if the different chromosomal types spread into a population, they

display a high fitness. In some embodiments, if the different chromosomal types are

eliminated from a population, they display a low fitness.

In some embodiments, a condition or environment in which translocation-based drive occurs

can be within, without limitation, population cages, field cages, or open environments.

In some embodiments, a wild type insect population is defined as a population of insects

whose chromosomes carry neither heterozygous reciprocal chromosomal translocations nor

homozygous reciprocal chromosomal translocations of the type that has been created

through the techniques described herein. Thus, in some embodiments, a wild type insect

population possesses a normal (wild type) set of chromosomes without the specific

chromosomal rearrangements produced by reciprocal chromosomal translocation as

provided herein. Wildtype populations may contain at some frequency other chromosome

rearrangements, as compared with the canonical wildtype chromosome, By wildtype it is

primarily meant that the organism is not carrying the specific translocations being used.

In some embodiments, translocation-bearing individuals display, on average, a fitness greater

than that of the average non-translocation-bearing chromosome. This occurs in a frequency-

dependent manner, since the fraction of wildtype and translocation-bearing chromosomes

that are eliminated each generation is a function of their relative levels in the population, in

addition to other traits of carriers such as fertility, longevity, and ability to find food. When it is

denoted that translocation-bearing individuals show greater fitness than wildtype it is a

functional definition, in which the given frequency of translocation-bearing individuals

(translocation-bearing chromosomes) is such that the frequency of the translocation

increases in the population, with respect to other chromosome types, over subsequent

generations.

Conversely, when it is stated that translocation-bearing individuals show lower fitness than

wildtype it means that they are at a frequency such that, over subsequent generations, the

frequency of the translocation falls, typically (but not necessarily) to zero. FIG. 7A-FIG. 7D



provide examples of these points. It illustrates modeling data in which translocations spread

(have high fitness with respect to wildtype) when present at high frequency, but are lost (have

ow fitness with respect to wildtype) when present at low frequency. FIG. 8A and FIG. 8B

provide examples of actual translocation behavior, for two different translocations, in

Drosophila melanogaster. Translocations spread when present initially at high frequency (60%

or higher), and are lost from the population when present initially in the population at low

frequency (40% or lower).

In some embodiments, the increase in frequency of translocations in a population occurs

over multiple generations. In some embodiments, the increase in frequency occurs over

multiple generations when the reciprocal translocation-bearing individuals are maintained

over multiple generations with the wild type population. Thus, in some embodiments, the

translocation-bearing chromosomes in the altered insect population are able to increase in

frequency as compared to the frequency of wild type chromosomes in the wild type

population.

In some embodiments, fitness of translocation-bearing individuals is determined in the

context of a population challenge, in which translocation-bearing individuals and wildtypes (or

other genotypes) are raised for multiple generations in a common environment, with the

frequency of the chromosomes types being determined each generation, or at other time

points throughout the experiment. This environment may be a laboratory cage, a field cage,

or an open field release

In some embodiments, fitness is defined as the population genetic behavior, over multiple

generations, of translocation chromosomes in populations consisting of both translocation-

bearing individuals and non-translocation-bearing (wild type) individuals.

In some embodiments, a translocation is defined as having a higher fitness than wildtype

under conditions that result in translocation-bearing chromosomes increasing in frequency

over multiple generations.

In some embodiments, a translocation is defined as having a lower fitness than wildtype

under conditions that result in translocation-bearing chromosomes decreasing in frequency

over multiple generations.

In some embodiments, it is understood that fitness is frequency dependent, with higher

frequencies of a genotype (the translocation or wildtype) generally resulting in an increase in

relative fitness with respect to alternative genotypes (wildtype or the translocation).

In some embodiments, if the population of translocation-bearing individuals and the



population of wild type individuals are equal in size, then the translocation is less fit and most

likely will always fall out of population. The population of translocation-bearing individuals

only spreads when translocation makes up a higher fraction of the total population; how high

a fraction of the total population the translocation needs to make up depends on how unfit

the translocation(s) are. There are two kinds of fitness—intrinsic fitness and population level

fitness, and therefore, fitness, as the ability to spread, involves a certain population frequency

as well as a certain level of intrinsic fitness, and translocation only spreads when intrinsic

fitness is of certain level and the population frequency is high enough for the translocation to

spread at that fitness level.

In some embodiments, fitness of translocation-bearing individuals is determined in the

context of a population challenge, in which translocation-bearing individuals and wildtypes (or

other genotypes) are raised for multiple generations in a common environment, with the

frequency of the chromosomes types being determined each generation, or at other time

points throughout the experiment.

Environments, such open environments, can include, without limitations, one or more of

tropical, wet, monsoon, wet and dry, dry, arid, semi-arid, mild, Mediterranean, humid, humid

subtropical, marine, continental, warm summer or cool summer.

In some embodiments, the reciprocal chromosomal translocation can spread to a high

frequency within the wild population. In some embodiments, a high frequency may be

defined as when translocation-bearing versions of chromosomes make up greater than about

80% of the total chromosomes in a population as compared to wild type or other non-

translocation-bearing genotypes. In some embodiments, a low frequency may be defined as

when translocation-bearing versions of chromosomes make up about 50% or less of the total

chromosomes in a population as compared to wild type versions of the chromosomes

involved in generating the translocation. In some embodiments, a medium frequency may be

defined as when translocation-bearing versions of chromosomes make up about 70% of the

total chromosomes in a population as compared to wild type versions of the chromosomes

involved in generating the translocation. In some embodiments, a very high frequency may be

defined as when translocation-bearing versions of chromosomes make up greater than about

90% of the total chromosomes in a population as compared to wild type versions of the

chromosomes involved in generating the translocation.

In some embodiments, the frequency of translocation-bearing versions of chromosomes can

range from a low % to a very high % of the total chromosomes in a population as compared

to wild type versions of the chromosomes. In some embodiments, the frequency of

translocation-bearing versions of chromosomes can be about 0, 5%, 10%, 20%, 30%, or 40%



when the translocation frequency is, or falls below, a critical frequency needed for spread. In

populations in which replacement is occurring the frequency can be about 60, 65, 70, 75, 80,

85, 90, 95, 98, 99, or 100% of the total chromosomes in a population as compared to wild type

versions of the chromosomes within a range defined by any two of the aforementioned

values.

In some embodiments, the translocation-bearing altered insect population is capable of

replacing the wild type population. In some embodiments, replacing means replacement of

non-translocation-bearing versions of chromosomes involved in the reciprocal translocation,

found in the wild population, with individuals carrying translocation-bearing chromosomes. In

some embodiments, replacing means replacement of about 80 to about 100% of the wild type

population by the translocation-bearing altered insect population. In some embodiments,

replacing means replacement of about 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94,

95, 96, 97, 98, 99 or 100% or within a range defined by any two of the aforementioned values

of the wild type population by the translocation-bearing altered insect population.

In some embodiments, the translocation-bearing altered insect population is capable of

replacing the wild type population permanently. In some embodiments, permanently means

for all subsequent generations. In some permanently means that in subsequent generations

only translocation-bearing individuals are present, and no wild type insect are present. In

some embodiments various levels of wildtypes are present, ranging from 0.1% to 40%. This

may be due to migration of wildtypes into the target area, or they may arise as progeny of

crosses involving heterozygote translocation carriers. In some embodiments, the

translocation-bearing altered insect population is capable of replacing the wild type

population temporarily. In some embodiments, temporarily means for the 10 generations. In

some embodiments, temporarily means for 5 to 20 generations. In some embodiments,

temporarily means for 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16 17, 18, 19 or 20 generations.

In some embodiments, the translocation-bearing altered insect population is capable of

replacing the wild type population at a rapid rate. In some embodiments, rapid rate is defined

as replacement of at least 95% of the wild type population by the altered insect population

after at most 4 generations.

The unstable equilibrium frequency for a translocation with no fitness cost is 50% (FIG. 7A). In

some embodiments, translocations with higher fitness costs require higher introduction

frequencies (FIG. 7A-D). The introduction frequency will also be dependent on the number of

introductions made into the population of interest. In general, as the number of introductions

increases, the fraction of individuals that must be transloction-bearing in order for spread to

occur, will decrease, as illustrated in FIG. 7B.



Threshold introduction frequency or threshold frequency is the frequency above which a

translocation based drive system spreads into a population and below which it is eliminated

from the population. For example, the threshold frequency for a translocation-bearing altered

insect population with zero fitness cost or zero fitness benefit is 50%.

In some embodiments, translocation chromosomes rapidly spread and replace existing

replace populations. In some embodiments, translocations can spread to fixation in a

threshold dependent manner as shown in FIG. 8A and FIG. 8B (Example 3). Importantly, in

some embodiments, translocations can spread even if they carry a fitness cost. In some

embodiments, the fitness cost may be due to the presence of a gene of interest (see below).

In some embodiments, the altered insect population can replace 80% of the target wild type

population after 30 generations. In some embodiments, the altered insect population

replaces about 60% to about 100% of the target wild type population after about 20 to about

40 generations. In some embodiments, the altered insect population replaces about 60, 65,

70, 75, 80, 85, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99 or 100% of the target wild type population or

within a range defined by any two of the aforementioned values after about 20, 22, 24, 26, 28,

30, 32, 34, 36, 38 or 40 generations or within a range defined by any two of the

aforementioned values. In some embodiments, the altered insect population replaces about

80-100% of the target wild type population after about 5 to about 40 generations. In some

embodiments, the altered insect population replaces about 90-100% of the target wild type

population after about 5 to about 40 generations. In some embodiments, the altered insect

population replaces about 95-100% of the target wild type population after about 5 to about

40 generations. In some embodiments, the altered insect population replaces about 90% of

the target wild type population after about 5 to about 40 generations. In some embodiments,

any of these replacement rates can occur when the alter population is at least 50% of the size

of the wild type population to be replaced, for example, the altered population can be 60%,

70%, 80%, 90%, 100%, 150%, 200%, 300%, 400%, 500%, or more the size of the wild type

population to be replaced.

In some embodiments translocation-based population replacement is reversible. This can be

achieved by diluting the replaced population with numbers of wildtypes (non-translocation-

bearing individuals) such that the frequency of translocation-bearing individuals falls below

the threshold for gene drive. This represents a point, defined functionally, at which the

average fitness of translocation-bearing chromosomes has fallen below that of wildtype.

These translocations will be lost from the population over subsequent generations.

Genes of Interest



In some embodiments, the one or more gene of interest in the altered insect population

encodes for one or more of a disease prevention protein, a disease refractory protein, a

protein conferring conditional lethality, an inability to undergo diapause, a protein conferring

sterility, a protein conferring conditional inability to fly.

In some embodiments, a disease prevention effector can be one or more of the following: an

antibody, a small RNA, other proteins whose expression results in the insect being unable to

pick up, replicate, or transmit a pathogen. In other embodiments the disease prevention

protein can be a protein or small RNA that is expressed conditionally, resulting in condition-

dependent lethality, inability to diapause, or produce progeny. Condition-dependent lethality

etc can result in periodic population suppression, which indirectly results in a decrease in

disease frequency.

In some embodiments, a disease refractory effector can be one or more of the following: a

small RNA, an antibody, a protein that inhibits pathogen binding, entry, replication, or

dissemination.

In some embodiments, a protein conferring conditional lethality can be one or more of the

following: a toxin protein, a toxin small RNA, a toxin long RNA, wherein by the word toxin is

meant any molecule whose expression has the effect of bringing about organismal lethality.

In some embodiments, a protein conferring sterility can be one or more of the following: a

toxin protein, a toxin small non-coding RNA, a toxin long non-coding RNA, wherein by the

word toxin is meant any molecule whose expression has the effect of bringing about

organismal infertility.

In some embodiments, a molecule conferring inability to fly can be one or more of the

following: a protein or a small noncoding RNA, a long non-coding RNA.

In some embodiments, diseases can include, without limitations, one or more of Malaria,

Chikungunya, Dog Heartworm, Dengue, Yellow Fever, Eastern Equine Encephalitis, St. Louis

Encephalitis, LaCrosse Encephalitis, Western Equine Encephalitis, West Nile Virus or Zika Virus.

In other embodiments diseases can include those of plants, including citrus greening, which is

transmitted to citrus trees by the citrus psyllid diaphorina citrii.

In some embodiments, genes of interest, for example, genes that mediate disease

refractoriness are unlikely to confer an overall fitness benefit on insects that carry them

(Lambrechts et al., 2008; Schmid-Hempel, 2005; Tripet et al., 2008). Genes that confer

condition-dependent lethality, sterility, or inability to fly are similarly unlikely to confer a

fitness benefit to carriers. Therefore, an essential component of any population replacement



strategy is the presence of a gene drive mechanism that will ensure the spread of linked

disease refractory transgenes to genotype or allele fixation in a modest number of

generations following release.

Several naturally occurring selfish genetic elements, including transposons, meiotic drive, B-

chromosomes, homing endonuclease genes (HEGs), the bacterial CRISPR/Cas system (Esvelt

et al., 2014), Medea elements, and the intracellular bacterium Wolbachia, have been proposed

as potential gene drive mechanisms (reviewed in Sinkins and Gould, 2006), along with

approaches relying on linking genes of interest to engineered chromosomes, such as

translocations or compound chromosomes (Curtis, 1968; Gould and Schlielcelman, 2004) or

engineered underdominance (Davis et al., 2001; Magori and Gould, 2006). Some of these

strategies, including Medea (Akbari et al., 2014; Chen et al., 2007) Wolbachia (Walker et al.

2011), engineered underdominance (Akbari et al., 2013), HEGs (Windbichler et al., 2011) and

recently CRISPR/Cas (Bier, 2015), have been shown to have some capacity to mediate gene

introgression in laboratory populations, and translocations have been used to suppress insect

populations (Asman et al., 1981).

However, a robust gene drive mechanism capable of spreading chosen disease refractory

genes into wild populations has not yet been developed in any vector species. Thus, in some

embodiments a gene drive system capable of spreading one or more genes of interest into

one or more wild populations is provided

Reciprocal Chromosomal Translocation Mediated Gene Drive System

In some embodiments, a translocation mediated gene drive system to generate a

translocation-bearing altered insect population is provided. FIG. 3 shows an embodiment of

the general architecture of the two reciprocal translocation constructs used in some

embodiments of a translocation mediated gene drive system provided herein. In some

embodiments, the use of the two translocation constructs of FIG. 3 in a translocation

mediated gene drive system to generate a translocation-bearing altered insect population is

shown in FIG. 4.

Construct Architecture

The basic structure of the two alleles used to generate translocations is shown in FIG. 3. In

some embodiments, each allele has a promoter driving a reporter, with an intronic stuffer

region of homology (XYZ (for example, and not to be limited to: SEQ ID NO: 42 and for

example, and not to be limited to: SEQ ID NO: 43)-UVW (for example, and not to be limited to:

SEQ ID NO: 44 and for example, and not to be limited to: SEQ ID NO: 45)) with a restriction site



for an endonuclease in the middle. Each allele or construct has a promoter driving a

fluorescent and/or selection marker. In some embodiments, Construct A has the ubiquitous

baculovirus Opie2 (SEQ ID NO: 34 and SEQ ID NO: 35) promoter driving dsRed (SEQ ID NO: 48

and SEQ ID NO: 49) expression, while Construct B has the oenocyte-specific svp enhancer

(SEQ ID NO: 36 and SEQ ID NO: 37) (Gutierrez et al. 2007) driving GFP (SEQ ID NO: 46 and SEQ

ID NO: 47). In between each promoter and fluorescent marker is a large intronic stuffer

containing a piece of DNA—fragments of the IgG variable sequence and the mouse IgG heavy

chain constant region that are foreign to the insect of interest-surrounded by splice donor

and acceptor sites. In some embodiments, the stuffer regions are identical between the two

constructs, except that their arms are switched sides. The stuffer region is broken up into two

fragments of equal length (randomly labeled UVW (for example, and not to be limited to: SEQ

ID NO: 44 and for example, and not to be limited to: SEQ ID NO: 45) and XYZ (for example, and

not to be limited to: SEQ ID NO: 42 and for example, and not to be limited to: SEQ ID NO: 43),

for clarity), and has two sites recognized by the rare-cutting restriction endonuclease

positioned in the middle. In some embodiments, the rare-cutting endonuclease is I-SceI. The

intronic stuffer is the same in both constructs, except that in Construct A, fragment XYZ (SEQ

ID NO: 42 and SEQ ID NO: 43) is on the left and UVW (SEQ ID NO: 44 and. SEQ ID NO: 45) is on

the right, and in Construct B this order is reversed.

Thus, in some embodiments, a translocation mediated gene drive system is provided, which

comprises a first construct (Construct A; FIG. 3), configured to be positionable at a first

insertion site in a first chromosome. In some embodiments, the first construct comprises a

first location to insert a first gene of interest, a first promoter, a first fragment of foreign

stuffer DNA (XYZ (for example, and not to be limited to: SEQ ID NO: 42 and for example, and

not to be limited to: SEQ ID NO: 43) in Construct A; FIG. 3), a second fragment of foreign

stuffer DNA; (UVW (for example, and not to be limited to: SEQ ID NO: 4 and for example, and

not to be limited to: 4 SEQ ID NO: 45) in Construct A; FIG. 3), a first target site for an

endonuclease positioned between the first and second fragments of foreign stuffer DNA, and

a first splice donor site positioned upstream from the first fragment of foreign stuffer DNA

and a first splice acceptor site positioned downstream from the second fragment of foreign

stuffer DNA. In some embodiments, a third target site for an endonuclease is positioned

between the first and second fragments of foreign stuffer DNA.

In some embodiments, the translocation mediated gene drive system comprises a second

construct (Construct B; FIG. 3), configured to be positionable at a second insertion site in a

second chromosome. In some embodiments, the second construct comprises a second

location to insert a second gene of interest, a second promoter, a third fragment of foreign

stuffer DNA (UVW (SEQ ID NO: 44 and SEQ ID NO: 45) in Construct B; FIG. 3), a fourth fragment



of foreign stuffer DNA (XYZ (SEQ ID NO: 42 and SEQ ID NO: 43) in Construct B; FIG. 3), a

second target site for an endonuclease positioned between the third and fourth fragments of

foreign stuffer DNA, and a second splice donor site positioned upstream from the third

fragment of foreign stuffer DNA and a second splice acceptor site positioned downstream

from the fourth fragment of foreign stuffer DNA. In some embodiments, a fourth target site

for an endonuclease is positioned between the first and second fragments of foreign stuffer

DNA.

In some embodiments, the second foreign stuffer fragment is homologous to the third

foreign stuffer fragment. In some embodiments, the first foreign stuffer fragment is

homologous to the fourth foreign stuffer fragment. In some embodiments, the first and

second chromosomes are non-homologous chromosomes.

Stuffer DNA

Foreign stuffer DNA is a fragment of DNA that is foreign to the target insect species. In some

embodiments, the first construct comprises a first fragment of foreign stuffer DNA. In some

embodiments, the size of the first fragment of foreign stuffer DNA is about 50 bp to about 10

kb. In some embodiments, the size of the first fragment of foreign stuffer DNA is about 50,

100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 800, 850, 900, 950 bp, 1, 2,

3, 4, 5, 6, 7, 8, 9 or 10 kb.

In some embodiments, the first construct comprises a second fragment of foreign stuffer

DNA. In some embodiments, the size of the second fragment of foreign stuffer DNA is about

50 bp to about 10 kb. In some embodiments, the size of the second fragment of foreign

stuffer DNA is about 50, 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750,

800, 850, 900, 950 bp, 1, 2, 3, 4, 5, 6, 7, 8, 9 or 10 kb.

In some embodiments, the second construct comprises a third fragment of foreign stuffer

DNA. In some embodiments, the size of the third fragment of foreign stuffer DNA is about 50

bp to about 10 kb. In some embodiments, the size of the third fragment of foreign stuffer

DNA is about 50, 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 800, 850,

900, 950 bp, 1, 2, 3, 4, 5, 6, 7, 8, 9 or 10 kb.

In some embodiments, the second construct comprises a fourth fragment of foreign stuffer

DNA. In some embodiments, the size of the fourth fragment of foreign stuffer DNA is about

50 bp to about 10 kb. In some embodiments, the size of the fourth fragment of foreign stuffer

DNA is about 50, 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 800, 850,

900, 950 bp, 1, 2, 3, 4, 5, 6, 7, 8, 9 or 10 kb.



Splice Sites

In some embodiments, the first splice donor site and first splice acceptor site in the first

construct (Construct A; FIG. 3) can be from any intron as long as the first splice donor and first

splice acceptor sites can splice out a fragment of nucleic acid flanked by the first splice donor

and first splice acceptor sites. In some embodiments, the second splice donor site and second

splice acceptor site in the second construct (Construct B; FIG. 3) can be from any intron as

long as the second splice donor and second splice acceptor sites can splice out a fragment of

nucleic acid flanked by the second splice donor and second splice acceptor sites.

In some embodiments, the splice sites can be from Drosophila Rpl35a gene intron (SEQ ID NO:

30 and SEQ ID NO: 31). In some embodiments, the splice sites can be from Drosophila MHC16

gene intron (SEQ ID NO: 32 and SEQ ID NO: 33). In some embodiments splice sites can be

derived from any gene in the species of interest, wherein the sequences chosen are able to

direct expression of a reporter protein whose function is dependent on splicing. See the

examples below for illustrations.

Endonuclease Sites

In some embodiments, at least one target site for an endonuclease is positioned between the

first and second foreign stuffer fragments in the first construct. In some embodiments, the

number of target sites for an endonuclease positioned between the first and second foreign

stuffer fragments in the first construct can be 1 to 4. In some embodiments, the number of

target site for an endonuclease in positioned between the first and second foreign stuffer

fragments in the first construct can be 1, 2, 3 or 4.

In some embodiments, at least one target site for an endonuclease in positioned between the

third and fourth foreign stuffer fragments in the second construct. In some embodiments, the

number of target sites for an endonuclease positioned between the third and fourth foreign

stuffer fragments in the second construct can be 1 to 4. In some embodiments, the number

of target site for an endonuclease in positioned between the third and fourth foreign stuffer

fragments in the second construct can be 1, 2, 3 or 4.

In some embodiments, the target site for an endonuclease positioned between the first and

second foreign stuffer fragments in the first construct and the third and fourth foreign stuffer

fragments in the second construct is a rare and/or a specific endonuclease cleavage site. For

example, in some embodiments, the target site can be a cleavage site, without limitations, for

one or more of I-SceI, IcreI, Cas9, TALEN or MegaTAL. In some embodiments, the sites should

be configured and selected such that they allow the desired fitness in the organism.



Promoters

In some embodiments, the first promoter is a ubiquitous promoter and the second promoter

is a non-ubiquitous promoter. In some embodiments, the first promoter is a non-ubiquitous

promoter and the second promoter is a ubiquitous promoter. In some embodiments, both

first and second promoters are ubiquitous promoters. In some embodiments, both first and

second promoters are non-ubiquitous promoters.

As shown in FIG. 3, the red body of the fly with Construct A represents ubiquitous Opie2 (SEQ

ID NO: 34 and SEQ ID NO: 35)-driven expression of dsRed (SEQ ID NO: 48 and SEQ ID NO: 49),

while the green dots on the torso of the fly bearing Construct B represent svp (SEQ ID NO: 36

and SEQ ID NO: 37)-driven expression of GFP (SEQ ID NO: 46 and SEQ ID NO: 47) in the

oenocytes.

Examples, without limitations, of ubiquitous promoters include Opie2 promoter (SEQ ID NO:

34 and SEQ ID NO: 35), Actin5 promoter (SEQ ID NO: 40 and SEQ ID NO: 41). Other ubiquitous

promoters can be identified by those with knowledge of the art through examination of

transcriptional profiling data from the species of interest, in conjunction with generation of

transgenics carrying promoter enhancer fragments linked to a reporter gene such as GFP.

Examples, without limitations, of non-ubiquitous promoters include oenocyte-specific SVP

enhancer (SEQ ID NO: 36 and SEQ ID NO: 37), Aedes Exu promoter. Other promoters with the

desired expression pattern can be identified by those with knowledge of the art through

examination of transcriptional profiling data from the species of interest, in conjunction with

generation of transgenics carrying promoter enhancer fragments linked to a reporter gene

such as GFP.

In some embodiments, a third promoter is operably linked to the endonuclease. In some

embodiments, the third promoter, without limitations, can be heat shock promoter, (e.g.,

dmeHS promoter). It can also be any germline-specific or germline predominant promoter.

Examples include, but are not limited to, vasa, exu, nanos, zpg. Other promoters with the

desired expression pattern can be identified by those with knowledge of the art through

examination of transcriptional profiling data from the species of interest, in conjunction with

generation of transgenics carrying promoter enhancer fragments linked to a reporter gene

such as GFP.

DSB Repair by Homologous Recombination and by Non-Homologous End Joining

In some embodiments, the first and second chromosomes are non-homologous

chromosomes. In some embodiments, if both the first construct (Construct A; FIG. 3) and



second construct (Construct B; FIG. 3) are introduced into the same fly on non-homologous

chromosomes, the animal should have ubiquitous expression of dsRed (SEQ ID NO: 48 and

SEQ ID NO: 49) and oenocyte-specific expression of GFP (SEQ ID NO: 46 and SEQ ID NO: 47)

(FIG. 4).

In insects without translocation chromosomes, splicing between the splice acceptor site and

splice donor site in the first construct brings the ubiquitous promoter in the proximity of a

first selection marker (e.g., dsRed (SEQ ID NO: 48 and SEQ ID NO: 49); FIG. 3) thus operably

linking the ubiquitous promoter to the first selection marker, and splicing between the splice

acceptor site and splice donor site in the second construct brings the non-ubiquitous in the

proximity of a second selection marker (e.g., GFP (SEQ ID NO: 46 and SEQ ID NO: 47); FIG. 3)

thus operably linking the non-ubiquitous promoter to the second selection marker. Thus, in

insects without translocation chromosomes, splicing within the first construct results in

ubiquitous expression of dsRed (SEQ ID NO: 48 and SEQ ID NO: 49) and splicing within the

second construct results in non-ubiquitous expression of GFP (SEQ ID NO: 46 and SEQ ID NO:

47).

Adding a source of I-SceI should produce double-stranded breaks in both transgenes on both

chromosomes. Thus, when a source of I-SceI is introduced, it will cleave in the center on the

region of homology, creating a double-stranded break (DSB). Cells seek to quickly repair DSBs,

as they pose a threat to the integrity of genetic information, and often do so by finding

regions of homology to use as a template, so that the original sequence is preserved (Egli et

al. 2004). Thus, in a small percentage of cases, the DSB will be repaired by homologous

recombination between stuffer fragments on different chromosomes.

In some embodiments, the first fragment of foreign stuffer DNA is homologous to the fourth

fragment of foreign stuffer DNA and the second fragment of foreign stuffer DNA is

homologous to the third fragment of foreign stuffer DNA. In some embodiments, a double

stranded break (DSB) created in first construct at one or more of the target sites for the

endonuclease and a DSB created in second construct at one or more of the target sites for

the endonuclease allows for homologous recombination between the first and fourth

fragments, and between the second and third fragments upon a repair of the double

stranded break.

In some embodiments, the repair of the DSB by homologous recombination induces a

reciprocal chromosomal translocation and generates a first translocation chromosome and a

second translocation chromosome (FIG. 4). Thus, in some embodiments, I-SceI-induced

cleavage will, in a small percentage of cases, lead to recombination between the UVW (e.g., as

a non-limiting example: SEQ ID NO: 44 and e.g., as a non-limiting example: SEQ ID NO: 45)-



bearing fragments to generate one translocation chromosome, and between the XYZ (e.g., as

a non-limiting example: SEQ ID NO: 42 and e.g., as a non-limiting example: SEQ ID NO: 43)-

bearing fragments to generate another translocation chromosome (FIG. 4). In some

embodiments, the small percentage is about 15% to about 65%. In some embodiments, the

small percentage is about 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65 or 70% or within a range

defined by any two of the aforementioned values.

In some embodiments repair of the DSB occurs through non-homologous end joining,

resulting in linkage between fragments of the two chromosome types, resulting in the

creation of a translocation, as above. The only difference from the outcomes discussed above

is that the DNA fragments present at the joins between the two different chromosomes

represent all or part of the DNA sequences lying at the border of the cleavage sites.

Thus, in some embodiments, creation of a translocation can also occur through the repair of

the DSB by simple non-homologous end joining of broken DNA ends instead of by

homologous recombination.

In Drosophila, the sister chromatid and the homologous chromosome are the favored

templates for repair (Rong and Golic 2003); however, ectopic sources are also sometimes

used, as DSBs are capable of finding repair templates anywhere in the genome (Gong and

Golic 2003; Egli et al. 2004). Translocation-bearing individuals can be recognized by virtue of a

color switch, since each promoter will now drive a novel reporter: they will have ubiquitous

expression of GFP (SEQ ID NO: 46 and SEQ ID NO: 47) and oenocyte-specific expression of

dsRed (SEQ ID NO: 48 and SEQ ID NO: 49) (FIG. 4). Thus, following repair of DSB by

homologous recombination and generation of translocation chromosomes, flies bearing the

translocation chromosomes will now have ubiquitous GFP (SEQ ID NO: 46 and SEQ ID NO: 47)

expression and oenocyte-specific dsRed (SEQ ID NO: 48 and SEQ ID NO: 49) expression.

Isolated individual translocation heterozygotes can then be crossed out to wild type to

generate more translocation heterozygotes, and these can be further crossed to produce

homozygous translocation stocks. It will be understood by those with skill in the art that any

number of different markers could be used to identify translocation-bearing individuals. A

variety of different ways of linking either gain or loss of expression could be used to identify

translocation-bearing individuals. These may include gain or loss of a promoter, gain or loss

of a coding region, gain or loss of other regulatory region. Intron splicing may or may not be

required for these elements to report the occurrence of a translocation.

In insects with translocation chromosomes, in some embodiments. splicing between the

splice acceptor site and splice donor site in the first construct now brings the ubiquitous

promoter in the proximity of the second selection marker (e.g., GFP (e.g., as a non-limiting



example: SEQ ID NO: 46 and e.g., as a non-limiting example: SEQ ID NO: 47); FIG. 4) thus

operably linking the ubiquitous promoter to the second selection marker, and splicing

between the splice acceptor site and splice donor site in the second construct brings the non-

ubiquitous in the proximity of the first selection marker (e.g., dsRed (e.g., as a non-limiting

example: SEQ ID NO: 48 and e.g., as a non-limiting example: SEQ ID NO: 49); FIG. 4) thus

operably linking the non-ubiquitous promoter to the first selection marker. Thus, in contrast

to insects without translocation chromosomes, in insects with translocation chromosomes,

splicing within the first construct results in ubiquitous expression of GFP (e.g., as a non-

limiting example: SEQ ID NO: 46 and e.g., as a non-limiting example: SEQ ID NO: 47) and

splicing within the second construct results in non-ubiquitous expression of dsRed (e.g., as a

non-limiting example: SEQ ID NO: 48 and e.g., as a non-limiting example: SEQ ID NO: 49).

In some embodiments, both constructs are flanked by artificial insulators to minimize

opportunities for the local genomic environment to influence gene expression within the

translocation constructs. In some embodiments, the artificial insulators are CTCF (e.g., as a

non-limiting example: SEQ ID NO: 52 and e.g., as a non-limiting example: SEQ ID NO: 53)

insulators (FIG. 3; black bars). Thus, in some embodiments, both alleles are flanked by

artificial CTCF (e.g., as a non-limiting example: SEQ ID NO: 52 and e.g., as a non-limiting

example: SEQ ID NO: 53) insulators (Kyrchanova et al. 2008) to minimize opportunities for the

local genomic environment to influence gene expression.

Selection of Insertion Sites

Selecting appropriate genomic insertion sites for the described translocation alleles is crucial,

as not all site combinations will permit generation of translocation individuals. Besides

producing reliable transformation efficiencies and robust expression levels, selected sites

have to meet two criteria: they should be located in gene deserts, and oriented in a specific

direction with respect to each other. Ideally, insertion sites will be located as far away from

genes as possible so that the translocation event will not disrupt any gene expression or

function (if essential gene function is perturbed, translocation-bearing individuals may be

unfit or even inviable).

Thus, in some embodiments, the first and second insertion sites are located in a gene desert.

In some embodiments, the gene desert has no genes in a region encompassing at least 10 kb

in either direction. In some embodiments, the gene desert has no genes in a region

encompassing at least 10, 11, 12, 13, 14 or 15 kb in either direction.

In some embodiments, the transgene insertion is located at least 5 kb from a gene. In some

embodiments, the transgene insertion is located at least 5, 6, 7, 8, 9 or 10 kb from a gene.



In some embodiments, the first insertion site and second insertion site comprise an insertion

site combination. In some embodiments, an insertion site combination can comprise a

previously available insertion within the genome such as attP sites, insertion sites for

transposons (e.g., piggyBac), cutting sites for endonucleases (e.g., CRISPR, TALEN, MegaTAL).

In some embodiments, the insertion site combination can comprise two attP sites 51C and

68E or 51C and 9741 as shown in FIG. 6A. In some embodiments the insertion site will be

created by using random integration of DNA into the genome of the organism of interest,

using mobile elements such as transposons. In other embodiments insertion sites can be

created using homologous recombination to insert a transgene into a specific sequence of the

chromosome of interest. This approach is understood by those with skill in the art, as in

(Gratz et al, 2015; Chen, H. M. et al 2015).

An embodiment of the system according to the present disclosure comprising the use of two

attP sites for generating reciprocal translocation-bearing altered insects is provided in FIG. 6A-

FIG. 6E. Example 1, Example 2, Example 5 and Example 6 provide embodiments of systems

and methods according to the present disclosure comprising the use of two attP sites for

generating reciprocal translocation-bearing altered insects and drive experiments using attP

lines with reciprocal translocations. The results of some embodiments of drive experiments

involving release of male and female translocation flies at various frequencies are shown in

FIG. 8A and FIG. 8B (Example 6). The results of translocation drive experiments using

translocation-bearing altered insects generated using the attp site combination 52C-70A2

(9741) are shown in FIG. 8A. The results of translocation drive experiments using

translocation-bearing altered insects generated using the attp site combination 52C-68E are

shown in FIG. 8B.

Directionality of Insertion

The directionality of insertion of the first and second constructs in the first and second

chromosomes is critical for the generation of reciprocal translocation. As far as their

directionality, the two translocation alleles or constructs have to be oriented in the same

direction (with respect to their centromeres) if they are on the same arms of the (non-

homologous) insertion chromosomes. The two translocation alleles or constructs have to be

oriented in opposite directions (with respect to their centromeres) if they are on different

arms of the (non-homologous) insertion chromosomes.

These construct orientations will allow for the creation of balanced translocations (FIG. 5). In

the other two possible orientations, homologous recombination would produce one acentric

chromosome and one with two centromeres, both of which would result in the creation of

inviable individuals.



Thus, in some embodiments, the first and second constructs inserted in the first and second

insertion sites, respectively are oriented in the same direction with respect to the centromere

of the first and second chromosomes. In some embodiments, when the first and second

constructs are inserted on the same side of centromere, the first and second constructs are in

the same orientation. In some embodiments, when the first and second constructs are

inserted on opposite sides of centromere, the first and second constructs are in opposite

orientations.

In some embodiments, the insertion site combination can comprise two attP sites 51C and

68E or 51C and 70A2 as shown in FIG. 6A. In some embodiments, when the two attp sites are

located on different arms of the (non-homologous) insertion chromosomes, the attP sites are

oriented in opposite directions (FIG. 6A). Thus, the insertion of the first and second constructs

the two attP sites will result in the two constructs being oriented in opposite directions (with

respect to their centromeres).

Self-Perpetuating System

In some embodiments, the system is self-perpetuating/self-propagating. In some

embodiments, the system is self-perpetuating/self-propagating when present at a high

frequency. In some embodiments, frequency of the system can range from a low % to a very

high % relative to wild type versions of the chromosomes. In some embodiments, the

frequency of the system can be about 60, 65, 70, 75, 80, 85, 90, 95, 98, 99, 100% or within a

range defined by any two of the aforementioned values. In some embodiments, high

frequency is defined as at least 85%.

In some embodiments, the system is self-perpetuating/self-propagating after a single release

of the altered insect population. In some embodiments, the system is self-perpetuating/self-

propagating after multiple releases of the altered insect population. In some embodiments,

multiple releases are at most 50. In some embodiments, multiple releases are 2, 3, 4 or 5, 10,

20, 30, 40, 50.

Transferable System

In some embodiments, the gene drive systems and/or methods for generating reciprocal

chromosomal translocations provided herein are adapted for Drosophila (Example 8; FIG. 9).

However, the embodiments of the gene drive systems and/or methods for generating

reciprocal chromosomal translocations provided herein can be transferred by one of ordinary

skill in the art to other insects. For examples, the embodiments of the gene drive systems

and/or methods for generating reciprocal chromosomal translocations provided herein are



transferable by one of ordinary skill in the art without undue experimentation to Aedes

mosquitoes as provided in Example 9-Example 14.

In some embodiments, Crisper/Cas9 technology, or other site-specific nucleases can be used

to generate translocations in Aedes based on the system design provided in Example 14. In

some embodiments, piggyBac transposons can be used to generate translocations in Aedes

based on the system design provided in Example 14.

In some embodiments, without limitations, the constructs, insertion sites, promoters, other

regulatory regions, splice acceptor and donor sites, stuffer fragments, restriction

endonuclease sites, selection markers and artificial insulators provided herein are

transferable to other insects. In some embodiments, other insects include, without

limitations, one or more of Drosophila, mosquitoes, bumblebees, hoverflies, grasshoppers,

dragonfly, dancefly, weevil, cricket, wasp, moth, beetles, psyllids, honey bee, robberfly or

butterfly.

Elimination of System

In some embodiments, translocations can be confined to one or more local populations

(Marshall and Hay, 2012a) (FIG. 7B). Because reciprocal translocations require a high

introduction threshold to spread, in some embodiments, they can be removed from a

population simply through dilution of the population with non-transgenic individuals carrying

a normal chromosome configuration. Thus, in some embodiments, translocation-bearing

individuals can be eliminated from a population by introducing a high frequency of wild type

individuals. In some embodiments, high frequency of wild type individuals is 70% of the total

individuals in the populations. In some embodiments, the frequency can range from about

60% to about 90%. In some embodiments, the frequency can be about 60, 65, 70, 75, 80, 85,

90, 95, 98, 99, or 100%.

In addition, it should be understood that, just as translocations can be introduced into a

population through multiple introductions, as discussed above, they can also be eliminated

from populations through multiple introductions of wildtypes. In general, as discussed above

in the context of population replacement with translocations, the number of individuals in

each of the multiple introductions may represent a smaller fraction of the population than if

the releases were done as a single release.

For this same reason, in some embodiments, translocation-dependent drive system can also

be contained to one or more local environments (FIG. 7B; Example 4). This occurs because the

low levels of translocation-bearing individuals into surrounding areas are insufficient to bring



the frequency of translocation-bearing individuals above the frequency needed for spread

(Marshall and Hay 2012) (FIG. 7C,D). Thus, in some embodiments, the gene drive system of

the present disclosure can be maintained at high level in a local population, but not in the

surrounding region, wherein by local population we mean a population connected to that into

which translocation-bearing individuals are introduced by a frequency of migration of less

than 8% per generation.

Advantages

Any of the embodiments of the methods and/or systems provided herein can offer one or

more of the advantages provided below. Translocation-mediated gene drive offers several

advantages over some other types of gene drive mechanisms.

Firstly, in some embodiments, it is threshold-dependent, which can be of considerable

advantage in initial tests of insect population replacement or when public approval of

transgenic releases is limited (Marshall, 2010; Marshall and Hay, 2012a), A system with a

substantial introduction threshold is easier to confine to targeted release areas—for example,

theoretical analyses of translocation containment (Marshall and Hay, 2012a) suggests that

even as a translocation with a modest fitness cost spreads to fixation in one population, it

would not rise to greater than 4% frequency in a neighboring population given a 1% migration

rate. It is also removable, since diluting translocation allele frequency below the release

threshold through continued release of wild type individuals will cause the allele to be lost

from the population (Marshall and Hay, 2012a). The release threshold for translocations,

while high, is still much lower than some of the release frequencies required by sterile insect

technique (SIT) (Gould and Schliekelman, 2004; Krafsur, 1998). And, unlike SIT, translocations

are self-propagating from generation to generation, while SIT is an inundative approach that

must be repeated on a regular basis (Baker, 1984). In short, while the initial costs associated

with release of a high threshold gene drive mechanism are greater than those associated with

low-threshold gene drive mechanisms (such as, for example, Medea), the increased level of

control over population fate and spread are likely to make it attractive in many real world

settings.

In some embodiments, another benefit of translocation-dependent drive is its tremendous

robustness in the face of mutation. Unlike the “toxin”-“antidote” schemes underlying some

proposed gene drive mechanisms, such as Medea, UDMeI, and engineered underdominance,

a translocation is itself both the toxin and the antidote, since the presence of one copy results

in lethality for some progeny, while the presence of two copies in transhomozygotes

guarantees survival of all progeny (FIG. 16; Example 7). Therefore, toxin and rescue functions

cannot be unlinked, and so breakdown of the system through mutation of the toxins function



to inactivity is not possible, as can happen with other drive mechanisms; and in any case,

reversion of the translocation chromosome to its original arrangement is exceedingly

improbable. Even if reversion did occur (which would necessarily be in one individual), this

chromosome would find itself in a sea of translocation homozygotes and would rapidly be

eliminated from the population.

Additionally, in some embodiments, since the cargo gene of interest (GOI) can be inserted at

the translocation breakpoints, where meiotic recombination is inhibited (Sherizen et al.,

2005), it is not likely to become unlinked from the translocation (the drive mechanism). If

extra protections are desired, the translocation (and the cargo gene of interest) can be

created so that one of the breakpoints is in an inversion, essentially eliminating the possibility

of recombination with a wild type chromosome (Curtis, 1968; Egli et al., 2004). Furthermore,

each translocation chromosome can contain a different cargo GOI, and carrying multiple

copies of two different transgenes will enhance robustness to mutation and facilitate

“combination therapy”: individuals would need to inherit four mutant copies of the GOIs in

order to have lost all disease refractoriness activity, while the use of two different transgenes

targeting different aspects of pathogen biology should decrease the possibility of pathogens

becoming resistant to the transgenes being expressed.

Furthermore, in some embodiments, translocation-dependent drive is likely to be more

portable across various species, including disease vectors of interest, than some other

proposed gene drive systems, such as Medea, UDMel, and engineered underdominance. This

is because a translocation-based gene drive system is simple and does not rely on complex

components that may not be characterized in many species, such as well-studied tissue-

specific promoters or small silencing RNAs. It simply relies on a general feature of the

behavior of chromosomes at meiosis in many organisms: the fact that meiotic segregation in

a translocation heterozygote creates a high frequency (roughly 50%) of gametes with an

unbalanced chromosome complement, consisting of both widltype and translocation-bearing

chromosomes (FIG. 1B, FIG. 2). This is noteworthy, as species to species transfer of gene

regulatory sequences and other elements of significance to gene drive mechanisms has been

fraught with difficulties (Hammond and Nolan, 2014).

Finally, in some embodiments, it may be easier to achieve public acceptance of gene drive

based on translocations than with previously discussed mechanisms. The considerable public

discomfort with genetically engineered organisms is likely to extend to any planned releases

of genetically modified insects, and even those most likely to benefit from disease eradication

will likely have concerns and hesitations (Marshall, 2010), A translocation-based approach

may be more likely to win general approval as a drive system for several reasons:

translocations are a naturally occurring genetic aberration present at significant frequencies



in populations of many different organisms; the words “toxin” and “antidote” need not be

used; they are species specific with minimal horizontal transfer across species; and finally,

they can be removed from the population, restoring the pre-transgenic state, through dilution

of the replaced population with wild type males.

EXAMPLES

Example 1

Synthetic Biology Approach Used to Generate Reciprocal Chromosomal Translocations

The genomic position and orientation of the attP docking sites used to generate translocation-

bearing flies are shown in FIG. 6A. Docking sites were used as pairs (51C.68E and 51C.9741

(70A2)), and were selected based on both their non-homologous chromosomal positions and

orientations with respect to their chromosomal centromeres. The approach we utilized to

generate translocations involves two transgenes, and each transgenic construct contains: a

white plus transformation marker; an attB site; a promoter driving a reporter (an oenocyte-

specific reporter driving eGFP expression for the top construct, inserted on the second

chromosome, and the ubiquitous baculovirus promoter Opie2 (SEQ ID NO: 34 and SEQ ID NO:

35) driving dsRed (SEQ ID NO: 48 and SEQ ID NO: 49) for the bottom construct, inserted on

the third chromosome); and an intronic region of homology (either UVW (SEQ ID NO: 44 and

SEQ ID NO: 45)-XYZ (SEQ ID NO: 42 and SEQ ID NO: 43) or XYZ (SEQ ID NO: 42 and SEQ ID NO:

43)-UVW (SEQ ID NO: 44 and SEQ ID NO: 45), identical except that their arms are reversed)

flanked by a 5′ splice donor and 3′ splice acceptor, with I-SceI restriction endonuclease sites in

the middle (FIG. 6B). When both translocation transgenes are present in the same fly, it will

express ubiquitous dsRed (SEQ ID NO: 48 and SEQ ID NO: 49) and oenocyte-specific GFP (SEQ

ID NO: 46 and SEQ ID NO: 47). When a germline source of I-SceI is introduced, I-SceI will cleave

in the center of the region of homology, creating a doublestranded break (DSB) (FIG. 6C). In a

small percentage of cases, the DSB will be repaired during meiosis by homologous

recombination between the homology fragments on the non-homologous chromosomes,

creating a reciprocal translocation (FIG. 6D). Flies bearing the reciprocal translocation

chromosomes are readily detected, as they now have ubiquitous GFP (SEQ ID NO: 46 and SEQ

ID NO: 47) and oenocyte-specific dsRed (SEQ ID NO: 48 and SEQ ID NO: 49) expression (FIG.

6E).

Example 2

Site Specific Engineering of Reciprocal Translocations



To site-specifically engineer reciprocal chromosomal translocations, two independent

transgenes (FIG. 6A and FIG. 6B) were generated and positioned on non-homologous

chromosomes (FIG. 6A and FIG. 6B). Each transgene contained several components, including

—reading from left to right—a transformation marker (white gene); a location to insert a gene

of interest (GOI) responsible for disease prevention; a promoter Opie2 (SEQ ID NO: 34 and

SEQ ID NO: 35) (Theilmann and Stewart, 1992) or oenocyte (Gutierrez et al., 2007); a splice

donor site; and two stretches of DNA (annotated as UVW (SEQ ID NO: 44 and SEQ ID NO: 45)

and XYZ (SEQ ID NO: 42 and SEQ ID NO: 43)), each roughly 670 bp in length, derived from a

species other than the one being targeted, each with a target site for the very rare cutting I-

SceI homing endonuclease positioned in the middle. Downstream of these elements, we

positioned a splice acceptor, a reporter gene (GFP (SEQ ID NO: 46 and SEQ ID NO: 47) or

dsRed (SEQ ID NO: 48 and SEQ ID NO: 49)), and a phiC31 recombination attB site.

These transgenes were introduced into flies independently at three separate attP locations

(chromosome 2-51C, chromosome 3-68E and 9741) (FIG. 6A). Importantly, the attP insertion

sites were specifically chosen to allow the transgenes to be oriented in the same direction

with respect to their centromeres. Furthermore, the transgenes were designed so that flies

bearing the transgenes should express the Opie2 (SEQ ID NO: 34 and SEQ ID NO: 35)-driven

dsRed (SEQ ID NO: 48 and SEQ ID NO: 49) marker and the oenocyte-driven GFP (SEQ ID NO:

46 and SEQ ID NO: 47) marker via intron splicing (FIG. 6B). The Opie2 (SEQ ID NO: 34 and SEQ

ID NO: 35)-driven dsRed (SEQ ID NO: 48 and SEQ ID NO: 49) was readily detectable; however,

the oenocyte driven GFP (SEQ ID NO: 46 and SEQ ID NO: 47) reporter produced no detectable

GFP (SEQ ID NO: 46 and SEQ ID NO: 47) signal in the fly oenocytes, presumably due to

improper splicing (data not shown).

To induce chromosomal translocations, flies were generated that were trans-heterozygous for

each transgene (FIG. 6A and FIG. 6B), and then balancer lines were used to establish stable

lines that were double homozygous for both transgenes at chromosomal positions

(51C/9741) and (51C/68E), These stable lines were then mated with a fly stock containing a

transgene that expressed a rare-cutting homing endonuclease I-SceI upon heat shock (Rong

and Golic, 2003), Adult flies containing all three transgenes were repeatedly heat shocked as

they were mating and producing eggs, and progeny also received numerous heat shocks

during early larval development. Given the construct configuration, I-SceI-induced cleavage

resulted in double-stranded breaks in each transgene on both chromosomes (Chr 2 and Chr

3) (FIG. 6C). In a small percentage of cases (roughly ˜ 1/1000), this led to recombination via the

endogenous homology-directed repair machinery (FIG. 6D). This repair resulted in the UVW

(SEQ ID NO: 44 and SEQ ID NO: 45)-bearing fragments generating one translocation

chromosome (b.d), and the XYZ (SEQ ID NO: 42 and SEQ ID NO: 43)-bearing fragments



generating another translocation chromosome (c.a) (FIG. 6E).

The translocation-bearing individuals were easily recognized by virtue of a fluorescent color

switch, since each promoter was now positioned to drive expression of a different reporter

(FIG. 6E). In fact, a number of offspring were found that exhibited Opie2 (SEQ ID NO: 34 and

SEQ ID NO: 35)-driven GFP (SEQ ID NO: 46 and SEQ ID NO: 47) expression; however, due to

the presumed improper splicing described above, oenocyte-driven dsRed (SEQ ID NO: 48 and

SEQ ID NO: 49) expression was not observed. Isolated individual translocation heterozygotes

were then mated to wild type flies (WT: +/+; +/+) to generate more translocation

heterozygotes, and eventually homozygous translocation stocks were obtained by repeated

crossing of heterozygotes. To conclusively confirm the presence of reciprocal translocations,

genomic PCRs and subsequent DNA sequencing was performed to verify that each promoter

was now associated with a different reporter, and that flies had insertions at both non-

homologous attP sites.

Outcrosses of translocation trans-homozygotes showed high levels of embryo survival

(ranging from 90.1+/−1.6% to 98.2+/−2.6%). Furthermore, outcrosses of trans-heterozygotes

to WT (+/+) showed that roughly half of the resulting embryos perished (ranging from 48.3+/

−2.8% to 51.2+/−1.6%), and roughly 50% of the progeny were transgene-bearing (ranging

from 48.5+/−3.4% to 49.5+/−2.4%), which would be expected from a translocation

heterozygote (FIG. 16; Example 7). Most importantly, no segregation between the white

marker and the Opie2 (SEQ ID NO: 34 and SEQ ID NO: 35)-GFP (SEQ ID NO: 46 and SEQ ID NO:

47) marker was observed, indicating the extremely tight linkage between these translocation

chromosomes.

Example 3

Engineered Reciprocal Translocations

Engineered reciprocal translocations are predicted to show threshold-dependent gene drive

and bring about local population replacement.

A discrete generation, deterministic population frequency model of translocation spread

through a single population for varying introduction frequencies and fitness costs for one

(FIG. 7A) or three (FIG. 7B) introductions at the specified frequency is illustrated. The heatmap

indicates the number of generations required for the translocation to reach fixation (i.e.,

>99% of the total population) for all combinations of fitness cost and introduction frequency.

A variation of this model uses the same framework but incorporates two populations, where

translocation-bearing individuals are released into only one population and migration is



allowed between the two populations. The heatmap indicates the number of generations

required for the translocation to reach fixation in the released population for combinations of

all fitness costs and up to a 10% migration rate (per generation) given two (FIG. 7C) or three

(FIG. 7D) releases at 50% of the total population.

A plot illustrating the number of generations required for an engineered translocation to be

present in >99% of individuals for a reciprocal translocation with different levels of a

multiplicative fitness cost is shown in FIG. 7A. Homozygous translocation individual:wildtype

individual (both 50 male:50 female) introduction ratios are indicated on the Y axis, and fitness

cost on the X axis. Area between lines indicates regions of parameter space within which a

specific number of generations (indicated by numbers on the heat map) are required for the

frequency of translocation individuals to reach a frequency of 99% or greater. Line color,

shown in the heat map at right, provides a rough measure of how many generations are

required for the frequency of translocation individuals to reach a frequency of 99% or greater.

The red line (40+) indicates that forty or more generations are required. The border between

the red-lined region and the lower unlined region defines the critical translocation:wildtype

ratio, below which translocation-bearing individuals will be eliminated from the population.

The threshold frequency, above which a translocation based drive system spreads into a

population and below which it is eliminated from the population, was calculated using a

deterministic model and graphed in FIG. 7A. Introduction ratios of half male-half female

homozygous translocation individuals:wildtype individuals are indicated on the Y axis, and the

number of generations until fixation or loss of the translocation allele occurs on the X axis.

Release thresholds are calculated for elements with a variety of fitness costs. The model

assumes an infinite population size, discrete, non-overlapping generations, and random

mating. It also assumes a single release.

Example 4

Containment of Translocation-Dependent Drive to Local Environments

Translocation-dependent drive can be contained to local environments. This is illustrated in

Marhsall and Hay 2012, for a translocation carrying a 5% fitness cost (s=0.05) introduced into

population A. The translocation rapidly spreads to fixation in this population, but, assuming a

default migration rate of 1% (μ=0.01), never rises to greater than 4% in population B. More

detailed modeling indicates that there is only a very restrictive set of conditions under which

translocations fixed in population A can spread to fixation in population B (Marshall and Hay,

2012). Thus, translocations are highly confinable to local environments.



Example 5

Using attP Lines to Generate Translocation Bearing Altered Population

To find suitable insertion sites (insertion site combination), the available attP lines reported to

give acceptable transformation rates were surveyed to find ones located in gene deserts.

After five potential candidate lines were identified, fly stocks were obtained for each line and

extracted genomic DNA so that the orientation of the attP sites (and thus the orientation our

constructs would be inserted) could be ascertained. Ultimately, three attP lines were chosen

for transformant generation—one with the insertion site on the second chromosome and two

with the site on the third chromosome—so that two distinct types of translocation individuals

could be produced.

The results of experiments with Drosophila are as follows. In the initial set of translocation

constructs, 5′ and 3′ splice sites were utilized from an intron of Rp135a (SEQ ID NO: 30 and

SEQ ID NO: 31), as this gene was readily available, it was highly expressed, and the chosen

splice sites were empirically predicted to be quite strong. However, transformants for these

constructs at all three chosen attP sites showed no visible GFP (SEQ ID NO: 46 and SEQ ID NO:

47) or dsRed (SEQ ID NO: 48 and SEQ ID NO: 49) expression. As previous results for at least

one of these had indicated that expression of fluorescent reporters was typically visible,

inefficient splicing was suspected as being responsible for lack of marker expression. To verify

this, the translocation constructs were tested (with the Actin5 promoter (SEQ ID NO: 40 and

SEQ ID NO: 41) replacing the tissue-specific ones) in Drosophila S2 cell culture, and found that

there was, indeed, no expression of the fluorescent markers. The Rp135a intron (SEQ ID NO:

30 and SEQ ID NO: 31) was replaced with an MHC16 intron (SEQ ID NO: 32 and SEQ ID NO:

33), which was reported to function well in Drosophila (Pfeiffer et al. 2010) and which was

tested successfully in S2 cell culture, to produce a second generation of translocation

constructs.

Transformants bearing the second-generation Opie2 (SEQ ID NO: 34 and SEQ ID NO: 35)-

driven dsRed (SEQ ID NO: 48 and SEQ ID NO: 49) translocation allele did show ubiquitous

expression of red fluorescence, as expected. However, the svp (SEQ ID NO: 36 and SEQ ID NO:

37)-GFP (SEQ ID NO: 46 and SEQ ID NO: 47) allele still produced no detectable GFP (SEQ ID

NO: 46 and SEQ ID NO: 47) signal in the fly oenocytes. It was conjectured that, although the

splice sites were now functional, something about the particular orientation of the UVW (SEQ

ID NO: 44 and SEQ ID NO: 45)-XYZ (SEQ ID NO: 42 and SEQ ID NO: 43) stuffer fragments in the

svp (SEQ ID NO: 36 and SEQ ID NO: 37) construct (since that orientation differed from the

orientation in the Opie2 (SEQ ID NO: 34 and SEQ ID NO: 35) construct) still prevented proper

splicing. (Our suspicions were later largely confirmed when, during post-ISceI cleavage, we



found a fly line that expressed both Opie2 (SEQ ID NO: 34 and SEQ ID NO: 35)-dsRed (SEQ ID

NO: 48 and SEQ ID NO: 49) and svp (SEQ ID NO: 36 and SEQ ID NO: 37)-GFP (SEQ ID NO: 46

and SEQ ID NO: 47); the cleavage must have led to removal of part or all of the stuffer

fragment, which permitted for proper splicing.) Nevertheless, since only one reporter was

needed—because in principle, individuals with one translocation chromosome must carry the

other one to survive—it was decided to proceed with fly experiments. Transformants bearing

each of the translocation alleles were crossed with each other and with a heat shock driven I-

SceI line from the Bloomington Stock Center (Bloomington, Ill.) to create a stock with both

translocation alleles and a source of ISceI. Adult flies from this stock were then heat shocked

repeatedly as they were mating and producing eggs, and progeny received numerous heat

shocks during early larval development. These progeny, a number of which had clonal groups

of cells that showed the translocation phenotype (i.e., spots of GFP (SEQ ID NO: 46 and SEQ ID

NO: 47) expression), were further out crossed to each other, and their offspring were

screened for ubiquitous GFP (SEQ ID NO: 46 and SEQ ID NO: 47) expression.

For the first combination of insertion sites, numerous suspected translocation-bearing

individuals were identified by Opie2 (SEQ ID NO: 34 and SEQ ID NO: 35)-GFP (SEQ ID NO: 46

and SEQ ID NO: 47) expression (as expected, they did not have svp (SEQ ID NO: 36 and SEQ ID

NO: 37)-driven dsRed (SEQ ID NO: 48 and SEQ ID NO: 49) expression, since svp (SEQ ID NO: 36

and SEQ ID NO: 37)-GFP (SEQ ID NO: 46 and SEQ ID NO: 47) was not visible in parent flies).

These individuals were first outcrossed to white minus flies for several generations, and then

balanced and crossed to each other to generate homozygous translocation individuals.

Homozygotes were obtained at expected ratios and appeared quite healthy and robust, and a

homozygous stock was established. The type of genomic PCR confirmation that could be used

to verify that reciprocal translocations were actually present in these flies was limited: both

translocation constructs had large areas of sequence flanking the specific allele components

in such a way that PCR amplifying across the entire insertion, or even from a specific

promoter to its novel 3′ chromosome end, was not possible. However, it was confirmed that

each promoter was now associated with a different reporter, and that flies had insertions at

both non-homologous attP sites (which wasn't visually clear, since only one of the

translocation allele reporters was visible) via PCR. Outcrosses of translocation heterozygotes

to white minus also showed that roughly half of the resulting embryos died, which would be

expected from a true translocation heterozygote.

For the second combination of sites, numerous Opie2 (SEQ ID NO: 34 and SEQ ID NO: 35)-GFP

(SEQ ID NO: 46 and SEQ ID NO: 47) expressing individuals were also found, and the presence

of translocation chromosomes confirmed by PCR analysis and heterozygous outcrosses as

above. In the interest of time, outcrosses were performed of all of these to balancer lines



without carrying out multiple generations of outcrossing to white minus (which was done for

the translocation discussed previously), and then to each other to obtain translocation

homozygotes.

Example 6

Drive Experiments Using attP Lines with Reciprocal Translocations

Drive experiments were set against wildtype at different introduction ratios. Each line

represents a biological replicate in which releases of homozygous male and female

translocation individuals occurred at various frequencies (from 30%-80%) (FIG. 8A and FIG.

8B). Each line represents a biological replicate. Translocations show threshold-dependent

drive behavior, with those introduced at greater than 50% spreading to high frequency. In

contrast, those translocations introduced at low frequency were rapidly eliminated from the

population, demonstrating the reversibility of translocation-based gene drive. These low

frequency releases can be considered s examples in which a high frequency of wildtypes was

introduced into a translocation-bearing replaced population, thereby driving the elimination

of translocations from the population.

Example 7

Reciprocal Drive Experiments

Reciprocal translocation flies display expected lethality and viability patterns in embryos and

adults (FIG. 16). Crosses between parents of specific genotypes—wild-type (+/+; +/+),

translocation heterozygotes (T1/+; T2/+), and translocation homozygotes (T1/T1; T2/T2),—

were carried out, and embryo survival (fifth column from right) and percentage of

translocation-bearing adults (rightmost column) were independently quantified. The top

number in each column shows results for the 51C/68E translocation; the bottom number

shows the results for the 51C/9741(70A2) translocation (FIG. 16).

Example 8

Drosophila Translocation

In some embodiments, translocations can be generated in Drosophila based on the system

design provided in FIG. 9. The baclovirus Opie2 (SEQ ID NO: 34 and SEQ ID NO: 35) promoter

in Construct A properly expresses dsRed (SEQ ID NO: 48 and SEQ ID NO: 49) in the absence of

recombination and in the presence of recombination expresses eGFP. This is likely due to the



fact that this promoter is strongly expressing and works at many places in the genome as

tested by me. Construct B does not express the eGFP marker from the SVP promoter (SEQ ID

NO: 36 and SEQ ID NO: 37) in the absence of recombination. Also, the SVP promoter (SEQ ID

NO: 36 and SEQ ID NO: 37) does not express dsRed (SEQ ID NO: 48 and SEQ ID NO: 49) in the

presence of recombination. It is likely that the intron is not being spliced properly. The w+

marker is used to characterize in a w-background and then these transformant lines are

balanced on separate chromosomes using balancers. In Drosophila this is fine due to the help

of balancers, however in Aedes this will be challenging. Therefore, each construct should be

marked by a unique marker to make genetics possible.

Example 9

Aedes Translocation A

Translocations can be generated in Aedes mosquitoes based on the system design provided in

FIG. 10. An embodiment of a gene drive system for Aedes is provided in FIG. 10. The system

comprises a first construct (construct A). The first construct is inserted in chromosome 2. Cas9

nuclease and a first guide RNA are provided for the insertion of the first construct in

chromosome 2. The system comprises a second construct (construct B). The second construct

is inserted in chromosome 3. Cas9 nuclease and a second guide RNA are provided for the

insertion of the second construct in chromosome 3. The first and second constructs have a

Cas9 nuclease cutting site. DSBs are generated in the first and second constructs by Cas9

nuclease which cuts at Cas9 cleavage sites in the first and second constructs. A sequence

encoding a third guide RNA is provided in the first construct. The third guide RNA directs the

Cas9 nuclease to the Cas9 cleavage sites in the first and second constructs. The first and

second constructs are also provided with a 3xP3 marker, which is a universal marker used to

screen and identify transgenic individuals. The first construct has a 3xP3-eGFP marker which

can be used to screen and identify transgenic individuals in which the first construct has been

inserted in chromosome 2. The second construct has a 3xP3-dsRed (SEQ ID NO: 48 and SEQ

ID NO: 49) marker which can be used to screen and identify transgenic individuals in which

the second construct has been inserted in chromosome 3. The ubiquitous promoter Opie2

(SEQ ID NO: 34 and SEQ ID NO: 35) is provided on the first construct. The non-ubiquitous

promoter Aedes Exu is provided on the second construct. Generation of DSB by Cas9 cleave of

the Cas9 cleave on the first and second construct would result in homologous recombination

between chromosomes 2 and 3 and result in the generation of reciprocal translocation

chromosomes.

Example 10



Aedes Translocation B

Translocations can be generated in Aedes mosquitoes based on the system design provided in

FIG. 11. An embodiment of a gene drive system for Aedes is provided in FIG. 11. The system of

FIG. 11 comprises a first construct (construct A). The first construct is inserted in chromosome

2. The system comprises a second construct (construct B), The second construct is inserted in

chromosome 3. CRISPR/Cas9 is employed for the insertion of the first and second constructs

in chromosomes 2 and 3, respectively. In the system of FIG. 11, the first and second

constructs have a SceI nuclease cutting sites instead of Cas9 nuclease cutting sites. DSBs are

generated in the first and second constructs by SceI nuclease which cuts at SceI cleavage sites

in the first and second constructs. The first and second constructs are also provided with a

3xP3 marker, which is a universal marker used to screen and identify transgenic individuals.

The first construct has a 3xP3-eGFP marker which can be used to screen and identify

transgenic individuals in which the first construct has been inserted in chromosome 2. The

second construct has a 3xP3-dsRed (SEQ ID NO: 48 and SEQ ID NO: 49) marker which can be

used to screen and identify transgenic individuals in which the second construct has been

inserted in chromosome 3, The ubiquitous promoter Opie2 (SEQ ID NO: 34 and SEQ ID NO:

35) is provided on the first construct. The non-ubiquitous promoter Aedes Exu is provided on

the second construct. Generation of DSB by SceI on the first and second constructs would

result in homologous recombination between chromosomes 2 and 3 and result in the

generation of reciprocal translocation chromosomes.

Example 11

Aedes Translocation C

Translocations can be generated in Aedes mosquitoes based on the system design provided in

FIG. 12, An embodiment of a gene drive system for Aedes is provided in FIG. 12. The system

comprises a first construct (construct A) and a second construct (construct B). The first and

second constructs are inserted in a first chromosome and a second chromosome,

respectively, by employing the piggyBac transposon. Insertion sites PB-R and PB-L of the

piggyBac transposon are provided in the first and second constructs, PB-L and PB-R allow the

first and second constructs are to be inserted in a first chromosome and a second

chromosome, respectively. The first and second constructs are also provided with a 3xP3

marker, which is a universal marker used to screen and identify transgenic individuals. The

first and second constructs have a 3xP3-CFP marker which can be used to screen and identify

transgenic individuals in which the first and second constructs have been inserted the first

and second chromosomes. The coding sequence for SceI is provided on the first construct.



The coding sequence for SceI is operably linked to, and therefore under the regulation of, a

heat shock promoter. The coding sequence for IcreI is provided on the second construct. The

coding sequence for IcreI is operably linked to, and therefore under the regulation of, a heat

shock promoter. In the system of FIG. 12, the first construct has two cutting sites for a first

nuclease and the second construct has two cutting sites for a second nuclease. For example,

the first construct has two IcreI nuclease cutting sites and the second construct has two SceI

nuclease cutting sites (FIG. 12), DSB is generated in the first construct by the IcreI nuclease

which cuts at the two IcreI cleavage sites in the first construct. DSB is generated in the second

construct by SceI nuclease which cuts at the two SceI cleavage site in the second construct. By

providing the first construct with a first nuclease cutting site and the coding sequence of the

first nuclease on the second construct, and the second construct with a second nuclease

cutting site and the coding sequence of the second nuclease on the first construct, the system

is made operational only in those insects in which both constructs are present. The two

cutting sites for the first nuclease on the first construct are provided flanking the sequence

encoding the second nuclease and the two cutting sites for the second nuclease on the

second construct are provided flanking the sequence encoding the first nuclease. By proving

the two cutting sites for the first nuclease on the first construct flanking the sequence

encoding the second nuclease and the two cutting sites for the second nuclease on the

second construct flanking the sequence encoding the first nuclease, generation of DSB when

the first and second nucleases cut at both of their cutting sites results in the elimination of the

sequences encoding the two nucleases and therefore eliminates any lingering effect of the

nucleases. The ubiquitous promoter Opie2 (SEQ ID NO: 34 and SEQ ID NO: 35) is provided on

the first construct. The non-ubiquitous promoter 3xP3 is provided on the second construct.

Generation of DSB by IcreI and SceI on the first and second constructs, respectively, would

result in homologous recombination between the first and second chromosomes and result

in the generation of reciprocal translocation chromosomes. Ubiquitous and non-ubiquitous

expression of CFP and dsRed (SEQ ID NO: 48 and SEQ ID NO: 49) are shown in FIG. 12

(bottom).

Example 12

Aedes Translocation Conservative A

Translocations can be generated in Aedes mosquitoes based on the system design provided in

FIG. 13, An embodiment of a gene drive system for Aedes is provided in FIG. 13. The system

comprises a first construct (construct A) and a second construct (construct B). The first and

second constructs are inserted in a first chromosome and a second chromosome,

respectively, by employing the piggyBac transposon. Insertion sites PB-R and PB-L of the



piggyBac transposon are provided in the first and second constructs. PB-L and PB-R allow the

first and second constructs are to be inserted in a first chromosome and a second

chromosome, respectively. The first and second constructs are also provided with a 3xP3

marker, which is a universal marker used to screen and identify transgenic individuals. The

first and second constructs have a 3xP3-CFP marker which can be used to screen and identify

transgenic individuals in which the first and second constructs have been inserted the first

and second chromosomes. The coding sequence for SceI is provided on the first construct.

The coding sequence for SceI is operably linked to, and therefore under the regulation of, a

heat shock promoter. The coding sequence for IcreI is provided on the second construct. The

coding sequence for IcreI is operably linked to, and therefore under the regulation of, a heat

shock promoter. In the system of FIG. 13, the first construct has two cutting sites for a first

nuclease and the second construct has two cutting sites for a second nuclease. For example,

in some embodiments, the first construct has two IcreI nuclease cutting sites and the second

construct has two SceI nuclease cutting sites (FIG. 13). DSB is generated in the first construct

by the IcreI nuclease which cuts at the two IcreI cleavage sites in the first construct. DSB is

generated in the second construct by SceI nuclease which cuts at the two SceI cleavage site in

the second construct. By providing the first construct with a first nuclease cutting site and the

coding sequence of the first nuclease on the second construct, and the second construct with

a second nuclease cutting site and the coding sequence of the second nuclease on the first

construct, the system is made operational only in those insects in which both constructs are

present. The two cutting sites for the first nuclease on the first construct are provided flanking

the sequence encoding the second nuclease and the two cutting sites for the second nuclease

on the second construct are provided flanking the sequence encoding the first nuclease. By

proving the two cutting sites for the first nuclease on the first construct flanking the sequence

encoding the second nuclease and the two cutting sites for the second nuclease on the

second construct flanking the sequence encoding the first nuclease, generation of DSB when

the first and second nucleases cut at both of their cutting sites results in the elimination of the

sequences encoding the two nucleases and therefore eliminates any lingering effect of the

nucleases. The ubiquitous promoter Opie2 (SEQ ID NO: 34 and SEQ ID NO: 35) is provided on

the first construct The non-ubiquitous promoter 3xP3 is provided on the second construct.

Generation of DSB by IcreI and SceI on the first and second constructs, respectively would

result in homologous recombination between the first and second chromosomes and result

in the generation of reciprocal translocation chromosomes. Ubiquitous and non-ubiquitous

expression of CFP and dsRed (SEQ ID NO: 48 and SEQ ID NO: 49) are shown in FIG. 13

(bottom).

In some embodiments, two-transgene translocation approaches can be used by using two

different rare enconucleases from lists: Anopheles.homingsites.summary,



Drosophila_GCA_000001215,homingsites.summary and following the system design Aedes

Translocation Conservative-A provided in Example 12.

Example 13

Aedes Translocation D

Translocations can be generated in Aedes mosquitoes based on the system design provided in

FIG. 14. An embodiment of a gene drive system for Aedes is provided in FIG. 14. The system

comprises a first construct (construct A) and a second construct (construct B). The first

construct is inserted in a first chromosome. Cas9 nuclease and a first guide RNA are provided

for the insertion of the first construct in the first chromosome. The second construct is

inserted in a second chromosome. Cas9 nuclease and a second guide RNA are provided for

the insertion of the second construct in the second chromosome. The first and second

constructs each have two Cas9 nuclease cutting sites. In some embodiments, the coding

sequence for Cas9 nuclease is provided on the first construct. The coding sequence for SceI is

operably linked to, and therefore under the regulation of, the Exu promoter. The coding

sequence for RGR is provided on the second construct. The coding sequence for RGR is

operably linked to, and therefore under the regulation of, the Exu promoter. In the system of

FIG. 14, the first and second constructs each have two cutting sites for Cas9 nuclease. DSB is

generated in the first and second constructs by Cas9 nuclease which cuts at the two Cas9

cleave sites in the first and second constructs. The two cutting sites for Cas9 nuclease on the

first and second constructs are provided flanking the sequence encoding the Cas9 nuclease

on the first construct and flanking the sequence encoding RGR. By proving the two cutting

sites for Cas9 nuclease on the first and second constructs flanking the sequence encoding

Cas9 nuclease on the first construct and flanking the sequence encoding RGR on the second

construct, generation of DSB when Cas9 cuts the first and second constructs results in the

elimination of the sequences encoding Cas9 nuclease and RGR and therefore eliminates any

lingering effect of Cas9 nuclease and RGR. The ubiquitous promoter Opie2 (SEQ ID NO: 34

and SEQ ID NO: 35) is provided on the first construct. The non-ubiquitous promoter 3xP3 is

provided on the second construct. In some embodiments, generation of DSB by Cas9

nuclease on the first and second constructs would result in homologous recombination

between the first and second chromosomes and result in the generation of reciprocal

translocation chromosomes.

Example 14

Aedes Translocation E



Translocations can be generated in Aedes mosquitoes based on the system design provided in

FIG. 15. An embodiment of a gene drive system for Aedes is provided in FIG. 15. The system

comprises a first construct (construct A) and a second construct (construct B). The first

construct is inserted in a first chromosome. Cas9 nuclease and a first guide RNA are provided

for the insertion of the first construct in the first chromosome. The second construct is

inserted in a second chromosome. Cas9 nuclease and a second guide RNA are provided for

the insertion of the second construct in the second chromosome. The coding sequence for

SceI is provided on the first construct. The coding sequence for SceI is operably linked to, and

therefore under the regulation of, a heat shock promoter. The coding sequence for IcreI is

provided on the second construct. The coding sequence for IcreI is operably linked to, and

therefore under the regulation of, a heat shock promoter. In some embodiments of the

system of FIG. 15, the first construct has two cutting sites for a first nuclease and the second

construct has two cutting sites for a second nuclease. For example, the first construct has two

IcreI nuclease cutting sites and the second construct has two SceI nuclease cutting sites (FIG.

15). DSB is generated in the first construct by the IcreI nuclease which cuts at the two IcreI

cleavage sites in the first construct. DSB is generated in the second construct by SceI nuclease

which cuts at the two SceI cleavage site in the second construct. By providing the first

construct with a first nuclease cutting site and the coding sequence of the first nuclease on

the second construct, and the second construct with a second nuclease cutting site and the

coding sequence of the second nuclease on the first construct, the system is made

operational only in those insects in which both constructs are present. The two cutting sites

for the first nuclease on the first construct are provided flanking the sequence encoding the

second nuclease and the two cutting sites for the second nuclease on the second construct

are provided flanking the sequence encoding the first nuclease. By proving the two cutting

sites for the first nuclease on the first construct flanking the sequence encoding the second

nuclease and the two cutting sites for the second nuclease on the second construct flanking

the sequence encoding the first nuclease, generation of DSB when the first and second

nucleases cut at both of their cutting sites results in the elimination of the sequences

encoding the two nucleases and therefore eliminates any lingering effect of the nucleases.

The ubiquitous promoter Opie2 (SEQ ID NO: 34 and SEQ ID NO: 35) is provided on the first

construct. The non-ubiquitous promoter 3xP3 is provided on the second construct. In some

embodiments, generation of DSB by IcreI and SceI on the first and second constructs,

respectively, would result in homologous recombination between the first and second

chromosomes and result in the generation of reciprocal translocation chromosomes.

Example 15

Methods



Example 15.1

Construct Assembly

Gibson enzymatic assembly (EA) cloning method was used for all cloning (Gibson et al., 2009).

For both constructs (A and B), translocation allele components were cloned into the multiple

cloning site (MCS) of a commonly used plasmid in the lab for Drosophila melanogaster

transformation that contains the white gene as a marker and an attB-docking site. For

construct A (FIG. 5, the oenocyte-specific svp enhancer fragments (SEQ ID NO: 36 and SEQ ID

NO: 37) (Gutierrez et al. 2007) and hsp70 basal promoter fragments (SEQ ID NO: 38 and SEQ

ID NO: 39) were amplified from Drosophila melanogaster genomic DNA using primers P16 (SEQ

ID NO: 16) and P17 (SEQ ID NO: 17) (svp (SEQ ID NO: 36 and SEQ ID NO: 37)) and P18 (SEQ ID

NO: 18) and P19 (SEQ ID NO: 19) (hsp70 (SEQ ID NO: 38 and SEQ ID NO: 39)). The GFP (SEQ ID

NO: 46 and SEQ ID NO: 47) fragment was amplified from template pAAV-GFP (SEQ ID NO: 46

and SEQ ID NO: 47) (addgene plasmid #32395) using primers P26 (SEQ ID NO: 26) and P27

(SEQ ID NO: 27), with a Kozak sequence (CAACAAA (SEQ ID NO: 73)) directly 5′ of the GFP (SEQ

ID NO: 46 and SEQ ID NO: 47) start codon added with primer P26 (SEQ ID NO: 26), and the

SV40 3′UTR fragment (SEQ ID NO: 50 and SEQ ID NO: 51) was amplified from template pMos-

3xP3-DsRed-attp (addgene plasmid #52904) using primers P28 (SEQ ID NO: 28) and P10 (SEQ

ID NO: 10). The 5′ and 3′ CTCF insulator fragments (SEQ ID NO: 52 and SEQ ID NO: 53) were

amplified from Drosophila melanogaster genomic DNA using primers P11 (SEQ ID NO: 11) and

P15 (SEQ ID NO: 15) (for the 5′ CTCF (SEQ ID NO: 52 and SEQ ID NO: 53) fragment) and P13

(SEQ ID NO: 13) and P14 (SEQ ID NO: 14) (for the 3′ CTCF (SEQ ID NO: 52 and SEQ ID NO: 53)

fragment). The XYZ (SEQ ID NO: 42 and SEQ ID NO: 43) and UVW (SEQ ID NO: 44 and SEQ ID

NO: 45) fragments were amplified as above with primers P22 (SEQ ID NO: 22) and P23 (SEQ ID

NO: 23) (XYZ (SEQ ID NO: 42 and SEQ ID NO: 43)) and P20 (SEQ ID NO: 20) and P21 (SEQ ID

NO: 21) (UVW (SEQ ID NO: 44 and SEQ ID NO: 45)). The 5′ and 3′ splice sites utilized were the

same as above; the 5′ splice site was added to the 5′ end of the UVW (SEQ ID NO: 44 and SEQ

ID NO: 45) fragment via PCR with primer P24 (SEQ ID NO: 24), and the 3′ splice site was added

to the 3′ end of fragment XYZ (SEQ ID NO: 42 and SEQ ID NO: 43) via PCR with primer P25

(SEQ ID NO: 25). Two I-SceI recognition sequences, arranged as described above, were added

to the 3′ end of the UVW (SEQ ID NO: 44 and SEQ ID NO: 45) fragment with primer P21 (SEQ

ID NO: 21) and the 5′ end of the XYZ (SEQ ID NO: 42 and SEQ ID NO: 43) fragment with primer

P22 (SEQ ID NO: 22). The construct was assembled in two steps, as above, with the first (5′)
CTCF (SEQ ID NO: 52 and SEQ ID NO: 53), the svp (SEQ ID NO: 36 and SEQ ID NO: 37) and

hsp70 fragments (SEQ ID NO: 38 and SEQ ID NO: 39), the UVW (SEQ ID NO: 44 and SEQ ID NO:

45) fragment, and the XYZ (SEQ ID NO: 42 and SEQ ID NO: 43) fragment cloned in via a first EA

cloning step, and the GFP (SEQ ID NO: 46 and SEQ ID NO: 47) fragment, the SV40 3′UTR



fragment (SEQ ID NO: 50 and SEQ ID NO: 51), and the second (3′) CTCF (SEQ ID NO: 52 and

SEQ ID NO: 53) cloned in via a second EA cloning step. For construct B (FIG. 5, the Opie2 (SEQ

ID NO: 34 and SEQ ID NO: 35) promoter fragment was amplified from plasmid pIZ/V5-His/CAT

(Invitrogen) using primers P1 (SEQ ID NO: 1) and P2 (SEQ ID NO: 2). The 667 bp XYZ (SEQ ID

NO: 42 and SEQ ID NO: 43) and 668 bp UVW (SEQ ID NO: 44 and SEQ ID NO: 45) translocation

fragments (labeled XYZ (SEQ ID NO: 42 and SEQ ID NO: 43) and UVW (SEQ ID NO: 44 and SEQ

ID NO: 45), for clarity), were amplified from plasmid pFUSEss-CHIg-mG1 (Invivogen, San Diego,

Calif.) using primers P3 (SEQ ID NO: 3) and P4 (SEQ ID NO: 4) (XYZ (SEQ ID NO: 42 and SEQ ID

NO: 43)) and P5 (SEQ ID NO: 5) and P6 (SEQ ID NO: 6) (UVW (SEQ ID NO: 44 and SEQ ID NO:

45)). The 18 bp I-SceI recognition sequence is ATTACCCTGTTATCCCTA (SEQ ID NO: 29). Two 18

bp I-SceI recognition sequences (ATTACCCTGTTATCCCTA-CTAG-TAGGGATAACAGGGTAAT (SEQ

ID NO: 74)) were added to the 3′ end of the XYZ (SEQ ID NO: 42 and SEQ ID NO: 43) fragment

and the 5′ end of the UVW (SEQ ID NO: 44 and SEQ ID NO: 45) fragment in inverse orientation

to each other separated by a 4 bp linker sequence (CTAG (SEQ ID NO: 75)) by aforementioned

primers P4 (SEQ ID NO: 4) (for XYZ (SEQ ID NO: 42 and SEQ ID NO: 43)) and P5 (SEQ ID NO: 5)

(for UVW (SEQ ID NO: 44 and SEQ ID NO: 45)). The 5′ and 3′ splice sites utilized were from a 67

bp intron located in the Drosophila melanogaster Myosin Heavy Chain (Mhc) gene ID CG17927;

the 5′ splice site was added to the 5′ end of the XYZ (SEQ ID NO: 42 and SEQ ID NO: 43)

fragment via PCR with primer P7 (SEQ ID NO: 7), and the 3′ splice site was added to the 3′ end

of fragment UVW (SEQ ID NO: 44 and SEQ. ID NO: 45) via PCR with primer P8 (SEQ ID NO: 8).

The dsRed (SEQ ID NO: 48 and SEQ ID NO: 49) fragment, together with the SV40 3′UTR (SEQ ID

NO: 50 and SEQ ID NO: 51), were amplified from template pMos-3xP3-DsRed-attp (addgene

plasmid #52904) using primers P9 (SEQ ID NO: 9) and P10 (SEQ ID NO: 10), with a Kozak

sequence (CAACAAA (SEQ ID NO: 73)) directly 5′ of the DsRed (SEQ ID NO: 48 and SEQ ID NO:

49) start codon added with primer P9. The 5′ and 3′ CTCF (SEQ ID NO: 52 and SEQ ID NO: 53)

insulator fragments (Kyrchanova et al., 2008) were amplified from Drosophila melanogaster

genomic DNA using primers P11 (SEQ ID NO: 11) and P12 (SEQ ID NO: 12) (for the 5′ CTCF

(SEQ ID NO: 52 and SEQ ID NO: 53) fragment) and P13 (SEQ ID NO: 13) and P14 (SEQ ID NO:

14) (for the 3′ CTCF (SEQ ID NO: 52 and SEQ ID NO: 53) fragment). The construct was

assembled in two steps. First, the Drosophila melanogaster attB stock plasmid was digested

with AscI and XbaI, and the first (5′) CTCF (SEQ ID NO: 52 and SEQ ID NO: 53), the Opie2 (SEQ

ID NO: 34 and SEQ ID NO: 35) promoter, the XYZ (SEQ ID NO: 42 and SEQ ID NO: 43) fragment,

and the UVW (SEQ ID NO: 44 and SEQ ID NO: 45) fragments were cloned in via EA cloning.

Then, the resulting plasmid was digested with XhoI, and the dsRed (SEQ ID NO: 48 and SEQ ID

NO: 49)-SV40 3′UTR (SEQ ID NO: 50 and SEQ ID NO: 51) fragment and the second (3′) CTCF

(SEQ ID NO: 52 and SEQ ID NO: 53) were cloned in via EA cloning. All sequences were analyzed

with NNSPLICE 0.9 (available at fruitfly.org/seq_tools/splice.html to confirm strength of splice

signals and to check for cryptic splice sites. A list of primer sequences used in the above



construct assembly can be found in FIG. 17-FIG. 19.

Example 15.2

Construct Assembly

Translocation allele components were cloned into a multiple cloning site (MCS)-containing

Drosophila attB backbone using the enzymatic assembly (EA) cloning method described by

Gibson et al. 2009. For construct A (FIG. 3), the Opie2 (SEQ ID NO: 34 and SEQ ID NO: 35)

promoter fragment was PCR amplified from plasmid OA791 (provided by O. Akbari), and

dsRed (SEQ ID NO: 48 and SEQ ID NO: 49) and SV40 3′UTR (SEQ ID NO: 50 and SEQ ID NO: 51)

were amplified from various constructs (AB Buchman Thesis) The UVW (SEQ ID NO: 44 and

SEQ ID NO: 45) and XYZ (SEQ ID NO: 42 and SEQ ID NO: 43) stuffer fragments were PCR

amplified from a plasmid provided by J. Li, which she generated by cloning an IgG variable

region (Nath 2003) upstream of the mouse IgG heavy chain constant region contained in

plasmid pFUSEss-CHIg-mG1 (Invivogen, San Diego, Calif.). Two I-SceI recognition sites were

added between the fragments via PCR, 5′ and 3′ splice sites from an Rpl35a intron (SEQ ID

NO: 30 and SEQ ID NO: 31) were also PCR amplified onto the fragment ends, and the resulting

stuffer region was then inserted between Opie2 (SEQ ID NO: 34 and SEQ ID NO: 35) and

dsRed (SEQ ID NO: 48 and SEQ ID NO: 49). For construct B, this process was identical except

that the UVW (SEQ ID NO: 44 and SEQ ID NO: 45) and XYZ (SEQ ID NO: 42 and SEQ ID NO: 43)

fragments were arranged on opposite sides (UVW (SEQ ID NO: 44 and SEQ ID NO: 45) on the

left, XYZ (SEQ ID NO: 42 and SEQ ID NO: 43) on the right). The svp enhancer (SEQ ID NO: 36

and SEQ ID NO: 37) plus hsp70 basal promoter (SEQ ID NO: 38 and SEQ ID NO: 39), GFP (SEQ

ID NO: 46 and SEQ ID NO: 47), and SV40 3′UTR (SEQ ID NO: 50 and SEQ ID NO: 51) for

construct B were PCR amplified from plasmids described in Chapter (AB Buchman thesis)

Both GFP (SEQ ID NO: 46 and SEQ ID NO: 47) and dsRed (SEQ ID NO: 48 and SEQ ID NO: 49)

had a Kozak sequence (CAACAAA (SEQ ID NO: 73)) directly 5′ of the start codon. Both

translocation alleles were flanked by CTCF (SEQ ID NO: 52 and SEQ ID NO: 53) insulators,

which were PCR amplified from constructs described in Chapter 3. (AB Buchman thesis)

To test splicing of the above constructs in S2 culture, the tissue-specific promoters were

replaced by Actin5 (SEQ ID NO: 40 and SEQ ID NO: 41), which was PCR amplified from pAc5.1-

HisB. To replace the Rp135a splicing signals, 5′ and 3′ splice sites from the MHC16 intron (SEQ

ID NO: 32 and SEQ ID NO: 33) (Pfeiffer et al, 2010) were PCR amplified onto each stuffer

region, and these regions were inserted in place of the original ones by EA. After these were

shown to splice properly in S2 culture, the Actin5 promoter (SEQ ID NO: 40 and SEQ ID NO:

41) was replaced by the original tissue-specific promoters. All sequences were analyzed with



NNSPLICE 0.9 (available at fruitfly.org/seq_tools/splice.html) to confirm strength of splice

signals and to check for cryptic splice sites.

The full sequences of the I-SceI recognition site, Rp135a intron 5′ and 3′ splice signals (SEQ ID

NO: 30 and SEQ ID NO: 31), and MHC16 intron 5′ and 3′ signals (SEQ ID NO: 32 and SEQ ID

NO: 33), along with the first and last 30 base pairs (bps) of all longer DNA fragments used in

the described constructs, are listed in FIG. 17-FIG. 19.

Example 15.3

Fly Culture and Strains

Fly husbandry and crosses were performed under standard conditions at 25° C., Rainbow

Transgenics (Camarillo, Calif.) carried out all of the fly injections. Bloomington Stock Center

(BSC) fly strains utilized to generate translocations were attP lines 68E (BSC #24485: yl M{vas-

int.Dm}ZH-2A w*; M{3xP3-RFP.attP′}ZH-68E), 51C (BSC #24482; y[1] M{vas-int.Dm}ZH-2A w[*];

M{3xP3-RFP.attP′}ZH-51C), and 9741 (BSC #9741: y[1] w[1118]; PBac {y[+]-attP-9A}VK00023).

Fly Stock BSC#6935 (y[1] w[*]; P{ry[+t7.2]=70FLP}23 P{v[+t1.8]-70I-SceI}4A/TM) was used as

the source of heat shock induced I-SceI. For balancing chromosomes, fly stocks BSC#39631

(w[*]; wg[Sp-1]/CyO; P{ry[+t7.2]=neoFRT}82B lsn[SS6]/TM6C, Sb[1]) BSC#2555 (CyO/sna[Sco])

were used. For introgression into wildtype background we used the Canton-S stock BSC#1.

Both translocation transgenes (A and B) were inserted into three sites-51C, 68E and 9741

(genotypes described above) using phiC31 mediated attP/attB integration. These site

combinations allowed for the generation of two distinct translocation types (51C/68E and

51C/9741 combinations). Homozygous stocks were first generated for both 51C/68E and

51C/9741 site combinations to determine whether the translocations would be viable in the

homozygous state by crossing translocation heterozygotes and identifying homozygous

progeny by eye color (light orange eyes for homozygotes versus yellow for heterozygotes for

the 51C/68E site combination; light red eyes for homozygotes versus orange for

heterozygotes for the 51C/9741 site combination). After confirming homozygous viability,

introgressed stocks were generated for both site combinations (to remove any background

deleterious alleles) by outcrossing crossing heterozygous translocation males to Canton-S

virgin females for eight consecutive generations, and then crossing heterozygous males and

virgin females five times consecutively to generate a homozygous stock in the Canton-S

background for each site combination. Homozygosity was confirmed by outcrossing. Drive

experiments for these stocks were set up against the wild type Canton-S stock. Heat shocks

were conducted by submerging fly vials in a water bath set to 38° C. for one hour. Larvae

were heat shocked at minimum five times during development. Offspring of heat-shocked



larvae were screened for translocation specific marker expression.

Example 15.4

Fly Culture and Strains

Fly husbandry and crosses were performed under standard conditions at 25° C. BestGene

(Chino Hills, Calif.) and Rainbow Transgenics (Camarillo, Calif.) carried out all of the fly

injections, with Rainbow Transgenics performing the vast majority of them with consistent

reliability.

Additional fly strains utilized in this study were attP lines 22A (Bloomington Stock Center

#24481), 68E (#24485), 96E (#24487), 51C (#24482), and #9741. Stock #6935 was used as the

source of heat shock I-SceI. Stocks #39631 #2555 were used for all balancing.

The translocation constructs were inserted into three sites—51C on the second chromosome

and 68E and 70A2 on the third chromosome—so that two distinct translocation types could

be generated (one from the 51C/68E combination, the other from the 51C/9741(70A2)

combination). Healthy homozygous stocks were generated for both target site combinations.

Heat shocks were initially carried out by placing fly vials in a fly incubator set at 38° C. for one

hour. However, after only one translocation individual was recovered, heat shocks were

subsequently performed by placing fly vials in a 38° C. water bath for one hour, in hopes of

increasing the efficiency of heat shock. Larvae were heat shocked ˜five times during early

development. Offspring of heat-shocked larvae were screened for ubiquitous expression of

GFP (SEQ ID NO: 46 and SEQ ID NO: 47).

The crossing scheme used to bring both translocation alleles and the I-SceI source into a

single fly line is detailed in Appendix C (AB Buchman thesis). The process of setting up drive

experiments is also described in Appendix C (AB Buchman thesis).

Example 15.5

Cell Culture

Drosophila S2 cells were maintained in Schneider's medium with 10% FBS, 1% penicillin and

streptomycin at 27.5° C., and passaged every ˜four days. Transfections were performed with

the FuGENE6 reagent (Promega, Madison, Wis.), using a ratio of 2.5 μl: 1 μg of FuGENE to

DNA. A GFP (SEQ ID NO: 46 and SEQ ID NO: 47) or RFP marker was always used as a

transfection control, and usually made up 20% of the DNA transfected, DNA used for



transfection was typically prepared using Zyppy™ Plasmid Miniprep Kit (Zymo Research,

Irvine, Calif.) and eluted in endotoxin-free TE buffer.

Example 15.6

Embryo and Adult Viability Determination

For embryo viability counts (FIG. 16; Example 7), 2-4 day old adult virgin females were mated

with males of the relevant genotypes for 2-3 days in egg collection chambers, supplemented

with yeast paste. On the following day, a 3 hr egg collection was carried out, after first having

cleared old eggs from the females through a pre-collection period on a separate plate for 3

hrs. Embryos were isolated into groups and kept on an agar surface at 25° C. for 48-72 hrs.

The % survival was then determined by counting the number of unhatched embryos. One

group of 100-200 embryos per cross was scored in each experiment, and each experiment

was carried out in biological triplicate. The results presented are averages from these three

experiments. Embryo survival was normalized with respect to the % survival observed in

parallel experiments carried out with the Canton-S wild-type strain, which was 93.00% sd.

1.82%. For adult fly counts (FIG. 16; Example 7), individual flies for each genotype cross were

singly mated. For each genotype cross, we set up 10-15 individual fly crosses, and the results

presented are averages from all these experiments.

Example 15.7

Population Cage Experiments

All fly experiments were carried out at 25° C., 12 hour-12 hour day night cycle, with ambient

humidity in 250 ml bottles containing Lewis medium supplemented with live, dry yeast.

Starting populations for above threshold were as follows: 60%, 70%, 80% (T /T ; T /T ) for

above threshold, and 20%, 30%, 40% (T /T ; T /T ) for below threshold, with the remainder of

all these populations composed of wild type Canton-S (+/+; +/+). The total number of flies for

each starting population was 100. All experiments were conducted in triplicate. All

populations were initiated as half male and half female, with all females being virgins. After

being placed together, adult flies were removed after exactly seven days. After another seven

days, progeny were collected and separated in half arbitrarily. One half was counted, while

the other half was placed in a new bottle to continue the simulation, and this process

continued throughout the duration of the experiment.

Example 15.8

1 1 2 2

1 1 2 2



Genomic PCR

Genomic DNA was extracted from whole flies using Qiagen's DNeasy Blood and Tissue Kit

(Qiagen, Valencia, Calif.). To determine the orientation of attP landing sites in each insertion

line, a forward or reverse oligonucleotide primer inside the attP site (SEQ ID NO: 54, SEQ ID

NO: 55, SEQ ID NO: 56 and SEQ ID NO: 57) was paired with a forward or reverse primer from

the genomic region surrounding the insertion site (for a total of four PCR reactions per site),

and PCR products from successful reactions were sequenced to confirm site orientation. As

mentioned previously, three sites—51C on the second chromosome and 68E and 9741 (70A2)

on the third chromosome—were chosen for generating transformants. Sequences of the

forward and reversed primers used above for 51C (SEQ ID NO: 60 and SEQ ID NO: 61), 68E

(SEQ ID NO: 62 and SEQ ID NO: 63) and 9741 (SEQ ID NO: 66 and SEQ ID NO: 67) are listed in

FIG. 17-FIG. 19. Sequences of the forward and reversed primers used for 22A (SEQ ID NO: 58

and SEQ ID NO: 59) and 96E (SEQ ID NO: 64 and SEQ ID NO: 65) are listed in FIG. 17-FIG. 19.

To verify that isolated translocation-bearing individuals had expected construct architecture, a

forward primer from each promoter was tested with reverse primers from both fluorescent

reporters to check whether the promoters were now associated with novel reporters (i.e.,

Opie2 (SEQ ID NO: 34 and SEQ ID NO: 35) with GFP (SEQ ID NO: 46 and SEQ ID NO: 47), svp

(SEQ ID NO: 36 and SEQ ID NO: 37) with dsRed (SEQ ID NO: 48 and SEQ ID NO: 49) and hsp70

(SEQ ID NO: 38 and SEQ ID NO: 39) with dsRed (SEQ ID NO: 48 and SEQ ID NO: 49)), and

obtained PCR products were sequenced to confirm the expected loss of one stuffer fragment

(XYZ (SEQ ID NO: 42 and SEQ ID NO: 43) or UVW (SEQ ID NO: 44 and SEQ ID NO: 45)). A

forward primer at the very 3′ end of the constructs was used with a reverse primer from the

neighboring genomic region to confirm that translocation individuals had insertions at both

attP sites, since only one of the translocation-associated markers (Opie2 (SEQ ID NO: 34 and

SEQ ID NO: 35)-GFP (SEQ ID NO: 46 and SEQ ID NO: 47)) could be seen. Sequences of the

primers used above (Opie2-F (SEQ ID NO: 68), GFP-R (SEQ ID NO: 69), Hsp70-F (SEQ ID NO: 70),

dsRed-R (SEQ ID NO: 71) and SV40-F (SEQ ID NO: 72)) are listed in FIG. 17-FIG. 19.

Example 15.9

Theoretical Framework

The model of Curtis and Robinson (1971) was applied to describe the spread of reciprocal

translocations through a population. This is a discrete-generation, deterministic population

frequency model assuming random mating and an infinite population size. The first

chromosome was denoted with a translocated segment by “T” and the wild-type version of



this chromosome by “t.” Similarly, the second chromosome was denoted with a translocated

segment by “R” and the wild-type version of this chromosome by “r.” As a two-locus system,

there are nine possible genotypes; however, only individuals carrying the full chromosome

complement are viable, which corresponds to the genotypes TTRR, TtRr and ttrr, the

proportion of the kth generation of which are denoted by p , p and p . The four

haplotypes that determine the genotype frequencies in the next generation—TR, tR, Tr and tr

—are described by the following frequencies:

f =p (1−s)+0.25p (1−hs)

f =f =0.25p (1−hs)

f =p +0.25p (1−hs)

Here, s denotes the reduced fecundity of TTRR individuals and hs denotes the reduced

fecundity of TtRr individuals relative to wild-type individuals, where hε[0,1] By considering all

possible mating pairs, the genotype frequencies in the next generation are:

p =(f ) /σ

p =2(f f +f f )/σ

p =(f ) /σ

where σ is a normalizing term given by,

σ =(f ) +2(f f +f f )+(f )

A number of different fitness cost models were investigated and the one that provided the

best fit to the data was selected. The simplest model is one in which the fitness of each

genotype stays constant over time. Another model considers fitness costs that depend on the

population frequency of the genotype. For linear frequency-dependence, this is given by,
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s=(s −s )p +s

Here, s represents the fitness cost of a translocation homozygote in an almost fully wild-type

population, and s represents the fitness cost in an almost fully transgenic population. An

alternative model is that fitness is time-dependent, as could be explained by introgression of

introduced genotypes. For linear time-dependence, this is given by,

𝑠 = #
𝑠1 − 𝑠0
𝑡𝑓 ) 𝑡 + 𝑠0

Here, s represents the fitness cost in the first generation and s represents the fitness cost in

the final generation, denoted by t . For sigmoidal time-dependence, it is given by,

𝑠 = +𝑠0 − 𝑠1, -1 −
1

1 + − 𝛼 +1 − 𝑟,0 + 𝑠1

Here, s and s are as before, τ denotes the time of intermediate fitness cost, and α denotes

the speed of transition between the two fitness costs. For step-function time-dependence, it is

given by,

𝑠 = 1
𝑠0, 𝑡 ≤ 𝑡𝐶
𝑠1, 𝑡 > 𝑡𝐶

Here, s and s are as before, and t denotes the time of transition between the two fitness

costs. And for exponential time-dependence, it is given by,

s=α2 +(s −α)

Here, s represents the fitness cost in the first generation, S represents the fitness cost after

many generations, t denotes the time at which the fitness cost is halfway between the two,

and α is given by,

𝑎 =
𝑠0 − 𝑠1

1 − 2− 𝑡𝑓 / 𝑡1 / 2

The fitness parameters were estimated for each model and compared models according to

their Akaike Information Criterion (AIC) values. This was done using population count data for

the 18 drive experiments conducted for each translocation system (three for each of the 80%,

70%, 60%, 40%, 30% and 20% release frequencies). AIC is calculated as 2 k−2 log L, where k

denotes the number of model parameters, and the preferred model is the one with the

smallest AIC value. The likelihood of this data was calculated, given fitness costs s and hs,
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assuming a binomial distribution of the two phenotypes (individuals homozygous or

heterozygous for the translocation were considered as the same phenotype to match the

experimental counts). Model predictions were used to generate expected genotype

proportions over time for each fitness cost, and the log likelihood had the form,

log 𝐿 +ℎ, 𝑠, = ∑𝑖 = 1
18 ∑𝑘 = 1

14 log C
TTRR𝑖, 𝑘 + TtRr𝑖, 𝑘 + ttrr𝑖, 𝑘

TTRR𝑖, 𝑘 + TtRr𝑖, 𝑘
H + ttrr𝑖, 𝑘 log I𝑝𝑖, 𝑘

ttrr +ℎ, 𝑠,K

Here, TTRR , TtRr and ttrr represent the number of TTRR, TtRr and ttrr individuals at

generation k in experiment i, and the corresponding expected genotype frequencies are

fitness cost-dependent. The best estimate of the fitness cost is that having the highest log-

likelihood. A 95% credible interval was estimated using a Markov Chain Monte Carlo sampling

procedure. Matlab and R code implementing these equations is available upon request. The

AIC values for each of the fitness cost models are shown in Table 1.

TABLE 1 AIC AIC (Translocation (Translocation Fitness cost model: system 1): system 2):

Constant fitness costs 6317.6 7225.0 Linear, frequency-dependent 6011.2 6808.6 fitness costs

Linear, time-dependent fitness 4399.3 4388.6 costs Sigmoidal, time-dependent fitness 3518.1

3643.8 costs Step function, time-dependent 3515.71 3641.7 fitness costs Exponential, time-

dependent 3515.72 3641.7 fitness costs

In summary, the best fitting model for the translocation dynamics is one in which fitness costs

are time-dependent, varying according to a step function. This could be consistent with a

change in relative fitness once the introduced chromosomes have introgressed into the

population. Calculations of fitness parameters for translocation system 1 suggest equal

relative fitness for translocation homozygotes and heterozygotes with an initial relative fitness

of transgenic individuals of 0.29 (95% CrI: 0.28-0.30) relative to wild-type individuals, rising to

a relative fitness of 1.44 (95% CrI: 1.42-1.46) after the first generation. Calculations for

translocation system 2 also suggest equal relative fitness for translocation homozygotes and

heterozygotes with an initial relative fitness of transgenic individuals of 0.27 (95% CrI: 0.26-

0.28) relative to wild-type individuals, rising to a relative fitness of 1.47 (95% CrI: 1.45-1.48)

after the first generation.

The examples set forth above are provided to give those of ordinary skill in the art a complete

disclosure and description of how to make and use the embodiments of translocation gene

drive systems, methods and systems of the disclosure, and are not intended to limit the scope

of what the inventors regard as their disclosure. Modifications of the above-described modes

for carrying out the disclosure that are obvious to persons of skill in the art are intended to be

l,k i,k i,k 



within the scope of the disclosure. All publications mentioned in the specification are

indicative of the levels of skill of those skilled in the art to which the disclosure pertains.

Additional Embodiments

The present disclosure demonstrates, as proof of concept, that translocations can be

specifically generated and used as modulators of gene drive in insects.

The present disclosure clearly shows that choice of insertion sites is crucial to generating

utilizable translocation individuals. In Drosophila, it can be worthwhile to attempt to create

translocation stocks using completely fit insertion sites, so that drive experiments can be

conducted against wild types in an unambiguous proof of principle experiment that conforms

to predicted thresholds. If there is a dearth of existing fit insertion lines, in some

embodiments, such lines can be created using one of the emerging genome editing

technologies, such as the CRISPR-Cas9 system (reviewed in Ran et al. 2013). In fact, in some

embodiments, this might be preferable to using pre-existing lines, as insertion sites can be

specifically created in locations deemed optimal in terms of minimizing effects on local gene

expression.

Many of the fragments used here, including the Opie2 (SEQ ID NO: 34 and SEQ ID NO: 35)

promoter and fluorescent markers, are directly transferable to Aedes aegypti, for example).

In some embodiments, insertion sites must be chosen carefully, the various components

(promoters, introns, etc.) must be tested empirically to make sure they function properly, and

extensive crossing and screening must be done to isolate translocation individuals, since

many vector species do not have balancer chromosomes to simplify crossing schemes.

However, if the appropriate components are generated, it should be possible to build

transgenic translocation-bearing vector populations capable of driving genes of interest into

wild populations.

It is to be understood that the disclosures are not limited to particular compositions or

biological systems, which can, of course, vary. It is also to be understood that the terminology

used herein is for the purpose of describing particular embodiments only, and is not intended

to be limiting. As used in this specification, the singular forms “a,” “an,” and “the” include plural

referents unless the content clearly dictates otherwise. Unless defined otherwise, all technical

and scientific terms used herein have the same meaning as commonly understood by one of

ordinary skill in the art to which the disclosure pertains. Any methods and materials similar or

equivalent to those described herein can be used in the practice for testing of the specific

examples of appropriate materials and methods are described herein. A number of



embodiments of the disclosure have been described. Nevertheless, it will be understood that

various modifications may be made without departing from the spirit and scope of the

present disclosure. Accordingly, other embodiments are within the scope of the following

disclosure.
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Claims

1. A method of distributing one or more genes of interest into a population of insects, the

method comprising:

providing an insect population, wherein one or more individuals in the insect population

comprises a translocation mediated gene drive system; and

inducing a chromosomal translocation in the one or more individuals in the insect



population,

wherein the chromosomal translocation generates a translocation-bearing altered insect

population, wherein the translocation-bearing altered insect population comprises

translocation-bearing individuals that are translocation heterozygotes and translocation-

bearing individuals that are translocation homozygotes for the chromosomal

translocation, and

wherein the translocation-bearing individuals display a fitness that is greater than that

of the wildtype (non-translocation-bearing) individuals when challenged in a condition in

which a translocation-based drive occurs.

2. The method of claim 1, wherein one or more genes of interest in the translocation-bearing

altered insect population encodes for a disease prevention protein/disease refractory protein,

or a gene conferring conditional lethality, inability to undergo diapause, sterility, inability to

fly.

3. The method of claim 1, wherein the fitness is defined as a population genetic behavior,

over multiple generations, of translocation chromosomes in populations comprising both

translocation-bearing individuals and non-translocation-bearing individuals,

wherein a chromosomal translocation is defined as having a higher fitness than wildtype

under conditions that result in translocation-bearing chromosomes increasing in

frequency over multiple generations,

wherein a translocation is defined as having a lower fitness than wildtype under

conditions that result in translocation-bearing chromosomes decreasing in frequency

over multiple generations, and

wherein fitness is frequency dependent such that a higher frequency of a first genotype

results in an increase in relative fitness of the first genotype with respect to alternative

genotypes.

4. The method of claim 1, wherein the high frequency is defined as when translocation-

bearing versions of chromosomes make up greater than about 90% of the total

chromosomes in a population as compared to wild type versions of the chromosomes

involved in generating the translocation.

5. The method of claim 1, wherein the rapid rate is defined as replacement of at least 90% of

the wild type population chromosomes by the translocation-bearing altered insect population

(translocation) after at most 5 generations.



6. The method of claim 1, wherein the translocation-bearing altered insect population

replaces 90% of the target wild type population after 30 generations.

7. The method of claim 1, wherein the insect is a mosquito.

8. A translocation mediated gene drive system, the gene drive system comprising:

a first construct, configured to be positionable at a first insertion site in a first

chromosome, wherein the first construct comprises:

a) a first location to insert a first gene of interest;

b) a first promoter;

c) a first fragment of foreign stuffer DNA;

d) a second fragment of foreign stuffer DNA;

e) a first target site and, in some cases, a second target site for an endonuclease

positioned between the first and second fragments of foreign stuffer DNA;

f) a first splice acceptor site, positioned downstream from a-e; and

g) a first splice donor site, positioned between b and c, and

a second construct, configured to be positionable at a second insertion site in a second

chromosome, wherein the second construct comprises:

h) a second location to insert a second gene of interest;

i) a second promoter;

j) a third fragment of foreign stuffer DNA, wherein the third fragment is homologous to

the second fragment;

k) a fourth fragment of foreign stuffer DNA, wherein the fourth fragment is homologous

to the first fragment;

l) a second target site, in the case where two target sites are used, and a fourth target

site, in the case where four cleavage sites are used, for an endonuclease positioned

between the third and fourth fragments of foreign stuffer DNA;

m) a second splice acceptor site, positioned downstream from h-l, and



n) a second splice donor site, positioned between I and j,

wherein the first and second chromosomes are non-homologous chromosomes,

wherein the first fragment of foreign stuffer DNA is homologous to the fourth fragment

of foreign stuffer DNA and the second fragment of foreign stuffer DNA is homologous to

the third fragment of foreign stuffer DNA,

wherein a double stranded break created at the first, second, third and fourth target

sites allows for homologous recombination between the first and fourth fragments, and

between the second and third fragments upon a repair of the double stranded break,

wherein the repair of the DSB induces a chromosomal translocation and generates a

first translocation chromosome and a second translocation chromosome.

9. The system of claim 8, wherein the size of the first fragment of foreign stuffer DNA is about

50 bp to about 10 kb.

10. The system of claim 8, wherein the size of the second fragment of foreign stuffer DNA is

about 50 bp to about 10 kb.

11. The system of claim 8, wherein the size of the third fragment of foreign stuffer DNA is

about 50 bp to about 10 kb.

12. The system of claim 8, wherein the size of the fourth fragment of foreign stuffer DNA is

about 50 bp to about 10 kb.

13. The system of claim 8, wherein the first insertion site and second insertion site comprise

an insertion site combination.

14. The system of claim 8, wherein the first and second insertion sites are located in a gene

desert, wherein the gene desert has no genes in a region encompassing at least 10 kb.

15. The system of claim 8, wherein the transgene insertion is located at least 5 kb from a

gene.

16. The system of claim 8, wherein the first and second constructs inserted in the first and

second insertion sites, respectively are oriented in the same direction with respect to the

centromere of the first and second chromosomes.

17. The system of claim 8, wherein the construct is transferable to a mosquito.



18. The system of claim 8, wherein the system is self-perpetuating/self-propagating when

present at a high frequency.

19. The system of claim 8, wherein the system can be eliminated from the population by

introducing a high frequency of wildtype individuals.

20. The system of claim 8, wherein creation of a translocation can occur through the repair of

the DSB by a simple non-homologous end joining of broken DNA ends instead of by

homologous recombination.

21. The method of claim 1, wherein the condition in which translocation-based drive occurs

comprises one or more of a population cage, a field cage, or an open environment.

22. The method of claim 1, wherein the chromosomal translocation spreads to a high

frequency within the wild population.

23. The method of claim 1, wherein the translocation-bearing altered insect population is

capable of replacing the wild type population at a rapid rate.

24. The method of claim 1, wherein the insect is a psyllid.

25. A population of translocation bearing insects comprising the system of claim 8.

26. The population of translocation bearing insects of claim 25, wherein the insects are

mosquitos.

27. The population of translocation bearing insects of claim 25, wherein the insects are

psyllids.
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