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Abstract

One strategy for controlling transmission of insect-borne disease involves replacing the
native insect population with transgenic animals unable to transmit disease. Population
replacement requires a drive mechanism to ensure the rapid spread of linked transgenes
conferring disease refractoriness. Medea selfish genetic elements have the feature that
when present in a female, only offspring that inherit the element survive, a behavior that
can lead to spread. We validate our model against a synthetic Medea element created in
Drosophila and find that the model fits the data without parameter fitting. We use
modeling to identify conditions under which Medea elements spread. We derive
equations describing the allele frequencies required for spread of Medea elements with a
fitness cost, and the equilibrium allele frequencies attained. We show that when Medea
spreads, it drives the non-Medea genotype out of the population, and we provide
estimates of the number of generations required to achieve this goal. We also characterize
two contexts in which Medea elements with fitness costs drive the non-Medea allele from
the population: an autosomal element in which zygotic rescue is incomplete and an X-
linked element in species in which X/Y individuals are male. We explore costs and

benefits associated with the introduction of multiple Medea elements.
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Chapter 1: Introduction

Some insects and arthropods act as vectors for important human, animal and agricultural
diseases ranging from Lyme’s Disease to Chagas’ Disease to viral plant pathogens.
Insect-borne diseases sicken and kill millions of people annually (WHO 2009, WHO
2010). The two most devastating are malaria, a Plasmodium, and dengue, a virus.
Currently about half of the world’s population is at risk for these diseases (WHO 2009,
2010). In 2008, there were 247 million cases of malaria resulting in about 1 million
deaths. About 20% of childhood mortality is related to malaria in Africa (WHO 2010).
Annually, dengue sickens about 50 million people, killing about 15,000 (WHO 2009).
Both diseases have been expanding their ranges with dengue transmission reported in

Florida in 2010 (CDC 2010).

By definition, these insect-borne diseases have a complex life cycle. They have at least
two hosts, often humans and mosquitoes and the pathogen must cycle between the two
hosts. That is, a person with malaria will not transmit malaria to another person without
the Plasmodium first infecting a mosquito host. Therefore, there are currently two
strategies to fight these diseases: (1) treat an infected human with pharmaceuticals and
(2) prevent mosquitoes from biting humans. There are no effective drugs to target
dengue (WHO 2009). While there are agents to treat malaria, they are often expensive
and pathogen-resistance is an increasing problem (Hyde 2005, Greenwold et al. 2008).
Strategies to prevent mosquito bites include spraying insecticides and repellants, wearing
protective clothing or bed nets, using screen doors and air conditioning, and making

alternations to the environment such that there is less standing water and fewer breeding



sites (Kitron and Spielman 1989; Trape et al. 2002; Gould and Schliekelman 2004).
While these methods have shown limited locally efficacy, in many parts of the world
mosquito population densities are extremely high and most pathogen control efforts have
not seen clinical results (WHO 2010). Additionally, some methods such as air
conditioning are extremely expensive while others such as draining fields or spraying

large quantities of insecticides have huge ecological consequences.

Finally, as illustrated by the WHO 2010 clinical results, the incidence of disease is not
linearly related with the size or the mosquito population, or number of bites a human
receives (MacDonald 1957; Boete and Koella 2002, 2003). In many parts of Africa, each
person receives hundreds of potentially infections bites annually. To effectively reduce
the number of cases of malaria, the number of infectious bites would have to be reduced
by more than 90 (and in many cases more than 99%). Even in by optimistic estimates,
bed nets, screened doors and protective clothing alone cannot achieve this result. Heavy
use of insecticides can dramatically reduce mosquito populations. However, once
applications cease, the population will rapidly reestablish, leading to a potentially

devastating disease epidemic (Roberts et al. 1997).

A new strategy is to modify the insect population such that is refractory to pathogens.
That is, insert a gene into the insect’s genome that makes that organism either immune or
unable to transmit a particular pathogen. There has been success with disease inhibition
(de Lara Capurro et al. 2000; Ito et al. 2002; Moreira et al. 2002; Franz et al. 2006;

Corby-Harris, et al. 2010). However, creating a genetically resistant only solves one part



of the problem. In order for the strategy to work, this new genetically modified (GM)
insect strain must be able to outcompete the native population such that all the
mosquitoes in the population carry this particular gene of interest. Selfish genetic
elements are a particular class of genes that have transmit themselves at greater than
Mendelian frequencies through a genome without any apparent phenotypic benefit to that
organism. If a selfish genetic element and a gene for disease refractoriness are linked in a
genome, the disease refractory gene should be able to hitchhike with the selfish genetic

element (Braig and Yan 2001; Gould and Schliekelman 2004; Sinkins and Gould 2006).

There are a multitude of naturally occurring selfish genetic elements including sterile
male release, transposable elements, homing endonucleases, meotic drive mechanisms,
underdominance, Medea, an intracellular bacterium Wolbachia and killer-rescue (Burt
and Trivers 2006, Sinkins and Gould 2006, Wade and Beeman 1994, Huang et al. 2009).
In order to choose which strategy to examine more closely, we need to describe important
features of the drive system. While it is possible to release large numbers of insects,
smaller releases of insects will be preferred from a financial standpoint. Additionally,
because we can assume that there is a fitness cost on the insect for the inability to
transmit disease (in the form of a reduced lifespan or decreased fecundity), the drive
system should be able to drive even in the presence of a fitness cost (Schmid-Hempel
2005; Tripet et al. 2008; Vernick et al. 2005). The drive system should be relative stable
in the face of evolution. That is, a drive systems that are vulnerable to rapid evolutionary
change are probably not viable. Finally, the ability to physically create the drive system

in a lab is critical for success.



Sterile male strategies have been effective in eliminating populations of screwworms
(Cochliomyia hominivorax)and Mediterranean fruit flies (Ceratis capitata) (Knipling
1955; Hendrichs et al. 1995; Benedict and Robinson 2003). This strategy works by
releasing large numbers of irradiated male insects over a target area. These insects are
rendered sterile from the radiation and compete with native males to mate with any
females in the area. If males are released whenever females are present, the population
will crash. A strain of mosquitoes that is genetically sterile when raised in the absence of
tetracycline has been developed in England (Thomas et al. 2000). This strategy has 2
major disadvantages. 1) Insects must be released continuously or the native insects will
reemerge and 2) large numbers of insects must be released (larger if there is a fitness cost

on the genetically modified insects).

Transposable elements and homing endonucleases have very high transmission rates even
in the presence of large fitness costs. However, efforts to engineer them have been
largely unsuccessful. Recently, an intriguing proof of principle system has been
developed using homing endonucleases in mosquito. Homing endonucleases function by
cutting a specific sequence of DNA and hijack the cellular machinery to repair the break
by inserting itself into the break point. In this case, the I-Scel element is able to cleave
mosquito chromosomes in a site-specific manner. Most of the time, it inserts itself (and a
marker gene) into broken chromosome. Occasionally, the chromosome repairs itself

through blunt end ligation and the site is destroyed (Windbichler et al. 2011). While the



strategy is highly successful initially, this rapid creation of chromosomes which do not
contain the gene of interest and are not vulnerable to the endonuclease may cause the

strategy to be unviable.

Meotic drive mechanisms cause population crashes by forcing the population to become
entirely male or entirely female. This strategy has not been engineered in the lab. If a
chromosome evolved resistance to this mechanism, it would rapidly take over the

population.

Underdominance and Killer-rescue are strategies that involved creating an element that
kills the organism and a second element that acts as an antidote. In the case of killer-
rescue strategies, the two elements are unlinked. They killer gene must be introduced a t
a relatively high level. The both the killer and rescue gene will remain at intermediate to
high levels for a transient period of time (Huang 2009). Underdominance takes the
strategy one step further allowing 2 killer genes and 2 rescue genes to act. In this case,
killer 1 is linked to rescue 2 and killer 2 is linked to rescue 1. Both sets of genes must be
passed on for the organism to be viable. Underdominance requires a relatively high
release threshold and is vulnerable to fitness effects, but will drive to completion (that is

no native alleles will remain in the population) (Davis et al. 2001).

Maternal-effect lethal selfish genetic elements are members of a class of selfish genetic

elements that enhance their transmission by causing the death of offspring that lack the element
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(BURT and Trivers 2006). These elements were first described in the flour beetle Tribolium
castaneum and are known by the acronym Medea (maternal-effect dominant embryonic arrest).
Medea elements in Tribolium are chromosomally located and gametes are generated and
transmitted in a strictly Mendelian manner. Tribolium Medea drives because when present in
females, only progeny that inherit the element-containing chromosome from either the
maternal and/or paternal genome survive (BEEMAN et al. 1992). Therefore, Medea enhances its
transmission relative to competing non-Medea-bearing homologous chromosomes (hereafter
referred to as the non-Medea allele) by causing the death of progeny that do not carry a copy of
Medea found in the mother. One Tribolium Medea, Medea™*, has been mapped and is
associated with a composite Tcl transposon insertion that includes a number of genes
(LorENZEN et al. 2008). How this insertion confers maternal-effect lethal selfish behavior is
unknown, but genetic analysis suggests a model in which Medea consists of two tightly linked
loci: one that encodes a maternal-effect lethal activity (a toxin) inherited by all progeny of
Medea-bearing mothers, and a second that encodes a zygotic rescue activity (an antidote) that
can be inherited from either the maternal or paternal genome (BEEMAN et al. 1992). Loci with
genetic characteristics similar to those of Tribolium Medea have also been described in mice,
but little is known about their molecular basis (HURST 1993; PETERS and BARKER 1993;
WEICHENHAN et al. 1996; WEICHENHAN et al. 1998). Synthetic Medea elements that drive
population replacement in Drosophila have been generated (CHEN et al. 2007). The genetic
and cell biological principals utilized to generate Medea in Drosophila involve maternal-
specific silencing of a gene whose product is synthesized maternally and deposited into the
developing oocyte, but only required during embryogenesis (the toxin), coupled with zygotic

expression of a rescuing transgene (the antidote). These principles are straightforward and
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conserved across the animal kingdom, and therefore should be applicable to the generation of

similar elements in agricultural pest and human disease vector species.

The dynamics of Medea spread have been modeled by several groups. Wade and Beeman first
considered this problem, focusing on several situations in which Medea was introduced into
populations at very low frequency (WADE and BEEMAN 1994). They showed that if the
presence of Medea does not result in a fitness (fecundity) cost to carriers, independent of
maternal-effect killing, Medea spreads to fixation for all degrees of maternal effect lethality,
though the rate of Medea increase is very slow when it is introduced at low frequency. They
also showed that if the presence of Medea results in a decrease in fecundity independent of
maternal-effect killing, the frequency of the Medea allele could still increase to a stable internal
equilibrium. Whether Medea increased in frequency or was lost from the population was found
to depend critically on the degree of dominance of the fitness costs: high levels of completely
recessive fecundity costs were well tolerated, but when Medea was present at low frequency,
even modest degrees of dominance led to loss of Medea from the population. Population
genetic models of HASTINGS (1994), SMITH (1998) and CHEN et al. (2007) show that, Medea
elements with significant dominant fitness costs can still spread, provided they are introduced
above a critical introduction frequency. Previous work has focused on the fate of the Medea
allele. However, it is the fate of Medea-bearing genotypes that is important for population
replacement. CHEN et al. (2007) showed that, at least under some conditions, when Medea
elements with fitness costs are introduced at frequencies that result in spread to an internal

equilibrium allele frequency, non-Medea individuals are nonetheless rapidly eliminated from



the population. However, it has not been clear to what extent this conclusion can be

generalized.

In summary, Medea elements are attractive candidates to drive population replacement for
several reasons. First, they can spread (provided certain conditions detailed below are met)
even if they confer a fitness cost to carriers (CHEN et al. 2007; HASTINGS 1994; SMITH 1998;
WADE and BEEMAN 1994). Second, under at least some conditions when Medea spreads it
eliminates the non-Medea genotype from the population (CHEN et al. 2007). Third, the
synthetic form of Medea is the only gene drive mechanism that is both well understood at the
molecular level, because it was designed with components of known behavior, and that has
been demonstrated to drive population replacement. Finally, design considerations discussed
by CHEN et al. (2007) regarding ways to prevent recombinational separation of drive and
disease refractoriness functions, to prevent selfish element spread in non-target species, and to
carry out multiple cycles of population replacement, provide reasons to believe that the
population genetic behavior of synthetic Medea elements can to some extent be controlled.

Therefore, Medea is a logical target for concerted development efforts.

My work focuses both on questions surrounding the practical aspects of the release of
Medea and the some of the interesting mathematics behind the equilibria. We want to
answer the question of how many insects must be relased given a variety of
circumstances including fitness costs, location of the element, and imperfect transmission

of the element as well as how long population replacement takes. In chapter 2 of this



theis, we examine how well our model behaves in comparison to our lab created Medea
drive system. This chapter is a reproduction of Chen’s 2007 paper with my contribution
showing that our real Medea element behaves as predicted by our models. Chapter 3
looks properties of a Medea element in a large single population and is an expanded
version of our Evolution paper (Ward et al., 2011). Chapter 4 is a short discussion of
work | did examining the extent to which Medea produced in our one lab strain of
Drosophilia can act as a driver in various other Drosophila populations. Chapter 5

contains overall conclusions.
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Chapter 2: A Synthetic Maternal-Effect Selfish Genetic Element Drives Population

Replacement in Drosophila

First reported in 2007 in Science. Volume 316.

Chun-Hong Chen, Haixia Huang, Catherine M. Ward, Jessica T. Su, Lorian V. Schaeffer,

Ming Guo, Bruce A. Hay

Abstract

One proposed strategy for controlling the transmission of insect-borne pathogens uses a
drive mechanism to ensure the rapid spread of transgenes conferring disease
refractoriness throughout wild populations. Here, we report the creation of maternal-
effect selfish genetic elements in Drosophila that drive population replacement and are
resistant to recombination-mediated dissociation of drive and disease refractoriness
functions. These selfish elements use microRNA mediated silencing of a maternally
expressed gene essential for embryogenesis, which is coupled with early zygotic

expression of a rescuing transgene.

Body text:
Mosquitoes with a diminished capacity to transmit malaria or dengue have been
identified in the wild and/or created in the laboratory, demonstrating that endogenous or

engineered mosquito immunity can be harnessed to attack these pathogens (1-5).
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However, it will be necessary to replace a large percentage of the wild mosquito
population with refractory insects to achieve substantial levels of disease control
(6-8). Mosquitoes carrying genes that confer disease refractoriness are not expected to
have a higher fitness than native mosquitoes, implying that Mendelian transmission is
unlikely to result in an increase in the frequency of transgene-bearing individuals after
their initial release into the wild (4, 9). Thus, effective population replacement will
require the coupling of genes conferring disease refractoriness with a genetic mechanism
for driving these genes through the wild population at greater than Mendelian frequencies

(10, 11).

Maternal-effect selfish genetic elements [first described in the flour beetle Tribolium
castaneum and known by the acronym Medea (maternal effect dominant embryonic
arrest)] select for their own survival by inducing maternal-effect lethality of all offspring
not inheriting the element bearing chromosome from the maternal and/or paternal
genome (12) (Fig. 1A). Current models predict that if Medea elements are introduced into
a population above a threshold frequency, determined by any associated fitness cost, they
will spread within the population (12-14) (Fig. 1, C and D). When introduced into a
population at relatively high frequencies, Medea elements are predicted to rapidly convert
the entire population into element-bearing heterozygotes and homozygotes (Fig. 1C).
Medea in Tribolium is hypothesized to consist of a maternal lethal activity (a toxin) that
kills non-Medea—bearing progeny and a zygotic rescue activity (an antidote) that protects

Medea-bearing progeny from this maternal lethal effect (12, 15) (Fig. 1A).
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Fig. 1. Characteristics of a maternal-effect selfish genetic element (Medea) and a
synthetic Medea element in Drosophila. (A) It is postulated that females heterozygous for
Medea (Medea/+) deposit a protoxin or toxin (red dots) into all oocytes. Embryos that do
not inherit a Medea-bearing chromosome die because toxin activation or activity is
unimpeded (bottom left square). Embryos that inherit Medea from the maternal genome
(top left square), the paternal genome (bottom right square), or both (top right square)
survive because zygotic expression of a Medea-associated antidote (green background)
neutralizes toxin activity. (B) (Top) Schematic of a simple molecular model that accounts
for Medea behavior postulates the existence of two tightly linked loci. One locus consists
of a maternal germline—specific promoter that drives the expression of RNA or protein
that is toxic to the embryo. The second locus consists of a zygotic promoter that drives
the expression of an antidote. (Bottom) Schematic of Medea™"® is shown. ORF, open
reading frame; Mir 6.1-Myd88-1+2, transcript encoding two copies of Drosophila
miRNA 6.1 modified to target the myd88 5’ untranslated region. (C) Frequency of
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genotypes lacking Medea for an element carrying the additive fitness costs indicated,
over generations, with Medea introduced at a 1:1:2 ratio of homozygous

Medea-bearing males, non-Medea—bearing males, and females lacking Medea.
Generation zero refers to the wild population (non-Medea/non-Medea = 1) before
population seeding. Generation one refers to the progeny of crosses between these
individuals and homozygous Medea-bearing males. (D) Frequency of the non-Medea—
bearing chromosome for the populations described in (C). (E and F) Medea™%*®* drives
population replacement in Drosophila. Medea™®" was introduced into seven population
cages at an allele frequency of ~25% (16). (E) The frequency of genotypes lacking
Medea (+/+) over generations is indicated for two separate sets of population cage
experiments, involving three (green lines; 20 generations) or four (blue lines; 15
generations) population cages each. The predicted frequency of genotypes lacking
Medea, for a Medea element with zero fitness cost (introduced at an allele frequency of
25%) is indicated by the red line. (F) The frequency of the non-Medea™*®—bearing
chromosome (+/Medea and +/+) over generations from the population cage experiments
in (E) is indicated as above, as is the predicted frequency for an element with zero fitness
cost.

To create a Medea-like maternal-effect selfish genetic element in Drosophila, we
generated a P transposable element vector in which the maternal germline—specific bicoid
(bic) promoter drives the expression of a polycistronic transcript encoding two
microRNAs (miRNAs) designed to silence expression of myd88 (the gene producing the
toxin) [Fig. 1B and (16)]. Maternal Myd88 is required for dorsal-ventral pattern formation
in early embryo development. Females with germline loss-of-function mutations for
myd88 give rise to embryos that lack ventral structures and thus fail to hatch, even when

a wild-type (WT) paternal allele is present (17). This vector (known as Medea™"¢®

) also
carries a maternal miRNA-insensitive myd88 transgene expressed under the control of
the early embryo—specific bottleneck (bnk) promoter (the gene producing the zygotic
antidote) (Fig. 1B). Our analysis focused on flies carrying a single autosomal insertion of

this element, Medea™%8*,
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Matings between heterozygous Medea™®/+males (where + indicates a chromosome

myd8s-1

that does not carry Medea ) and homozygous +/+ females resulted in high levels of

1118

embryo viability, similar to those for the w™ strain used for transformation (Table 1). In

addition, 50% of the adult progeny carried Medeamyd88-1, as expected for Mendelian
segregation without dominance. Matings among homozygous Medea™%* flies also
resulted in high levels of egg viability. In contrast, when heterozygous Medeamyd88-1/+
females were mated with homozygous +/+ males, ~50% of progeny embryos had ventral

patterning defects (fig. S1) and did not hatch (Table 1). All adult progeny (n >12,000

myd88-1

flies) carried Medea (Table 1). On the basis of these data and the results of several

other crosses (Table 1), we inferred that a single copy of bic-driven miRNAs targeting
maternal myd88 expression was sufficient to induce maternal-effect lethality and a single
copy of zygotic bnk-driven myd88 expression was sufficient for rescue. The above

observations, in conjunction with the lack of any obvious fitness effects (lethality) in

mydss-1 mydss-1

individuals carrying one or two copies of Medea , suggested that Medea

should be able to drive population replacement.

Table 1. Medea™®* shows maternal-effect selfish behavior. Progeny of crosses between
parents of several different genotypes (M refers to the Medea™“®—bearing
chromosome; + refers to the non—element-bearing homolog) are shown. The maternal
copy number (0 to 2) of bic-driven miRNAs targeting the endogenous myd88 transcript
(maternal toxin) and zygote copy number (0 to 2) and percentage of embryos inheriting
bnk-driven myd88 (zygotic antidote) are indicated, as are the adult progeny genotypes
predicted for Mendelian inheritance of Medea™?®* and the percent embryo survival. -,
not measured. The asterisk denotes that embryo survival was normalized with respect to
percent survival (+ SD) observed in the w'® stock used for transgenesis (97.1 + 0.7%).

Parental genotype Inherited by the Adult M progeny (%)
Male Female Oocyte Embryo | Predicted | Observed Embroy
(Maternal (Zygotic survival
toxin) antidote (n, (%)
%))
M/+ +/+ 0 0,50 50 50 99.6 +1
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1,50 (n>7000)

M/M M/M 2 2, 100 100 - 98.1+ 0.4

H+ M/+ 1 0, 50 50 100 48.3 %2
1, 50 (n>12000)

M/M M/+ 1 1,50 100 - 98+ 1
2,50

M/+ M/+ ) 0, 25 75 - 743£05
1,50
2,25

M/+ M/M 2 1,50 100 - 98.3 1
2,50

++ M/M 2 1, 100 100 - 99.1+0.4

M/M ++ 0 1,100 100 - 98.8+05

To test this prediction, we mated equal numbers of WT (+/+) and Medea™?¢®-
/Medea™"®* males with homozygous +/+ females, giving rise to a progeny population
with Medea™®3? present at an allele frequency of ~25% (16). This level of introduction,
although high, is not unreasonable, given previous insect population suppression
programs (18). Replicate population cage experiments, carried out in a darkened
incubator to prevent Medea™®®—bearing flies (which are P"* and thus red-eyed) from
obtaining any vision-dependent advantage over their +/+ counterparts (which are w'**®
and white-eyed) (19), followed three replicates for 20 generations. A second set of four
replicates, which were initiated by crossing heterozygous Medea™®%/+ males with
homozygous +/+ females, was followed for 15 generations. In both experiments,
non-Medea™®®*_bearing flies permanently disappeared from the population between
generations 10 and 12 (Fig. 1E), without a loss of non-Medea—bearing + chromosomes
(in Medea™"®/+individuals) in the population (Fig. 1F). The observed changes in

Medeamyd88-1 were not significantly different from the null hypothesis that the element

had no fitness cost [(16) and fig. S2], although we cannot exclude the possibility that a
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Medea™®_associated cost is counterbalanced by an unknown negative effect

1118

associated with the w™=" mutation in +/+ individuals. Finally, we carried out three further

myd8s-1

replicate population cage experiments in which the Medea transgene was

introduced at a frequency of 25% into the Oregon-R strain, which is WT with respect to
the endogenous w locus (and thus members of which are red-eyed). Evidence for
population replacement by generation 12 was observed in this context as well (16),

myd88-1

suggesting that Medea —associated Pw+ expression is unlikely to be a major

contributor to the ability of Medeamyd®®™*

to drive population replacement.

For any gene-drive mechanism to be successful in reducing parasite transmission, there
must be tight linkage between the genes that mediate drive and effector functions (10). If
the driver becomes separated from the effector gene through chromosome breakage and
nonhomologous end joining (as in a reciprocal translocation) (Fig. 2A), and the effector
gene carries a fitness cost, selection will favor and promote the spread of individuals
carrying Medea elements that lack the effector (Medea™. Locating the effector gene
between the toxin and antidote prevents a single chromosome breakage and end joining
event from creating a Medea™*Zbearing chromosome(Fig. 2B). However, it does not

ins

prevent the creation of Medea ™-bearing chromosomes that carry the antidote, and

perhaps the effector, but not the toxin (Fig. 2B). Medea™-bearing chromosomes

are insensitive to Medea-dependent killing. If the presence of the toxin and/or the
effector results in a fitness cost, then Medea™-bearing chromosomes gain a fitness

advantage with respect to those carrying the complete Medea element, thereby promoting
spread of the former. This outcome can lead to the reappearance of pathogen-transmitting

insects (14).
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One way to prevent chromosome breakage and end joining—mediated formation of
Medea™"and Medea™ elements is to put the toxin and effector genes into an intron of
the antidote (Fig. 2C). To test this approach, we generated flies carrying P**Medea™?¢®-
" 'in which the toxin, a transcript generating maternally expressed miRNAs targeting
myd88, was placed in an intron of the zygotically expressed antidote, bnk-driven myd88,
in the opposite orientation (Fig. 2D). We characterized the behavior of one autosomal

insertion of this element Medea™""! which behaved as a maternal effect selfish

A_:—':*E
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Fig. 2. A strategy for enhancing the functional lifetime of Medea elements in the wild
and for carrying out cycles of population replacement. (A to D) Locating Medea toxin
and effector genes in an intron of the antidote prevents chromosome breakage and end
joining—mediated separation of drive and effector genes and creation of Medea'™-bearing
chromosomes. [(A) to (C)] Medea constructs with different gene arrangements are
shown. Sites of chromosome breakage and end joining with a second nonhomologous
chromosome are indicated by the crossed lines. Recombinant products referred to in the
text are indicated by thick lines, the color of which indicates the centromere (solid
circles) involved. (A) Recombination at site 1 generates a Medea"*-bearing chromosome
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that carries the effector. Recombination at site 2 generates a Medean_f-bearing
chromosome. (B) Recombination at site 1 or site 2 generates a Medea"*-bearing
chromosome. (C) Recombination at sites 1 to 3 generates benign chromosomes that
cannot show Medea™ or Medea™”behavior. (D) Schematic of Medeamyd88-int. Splice
donor and acceptor sites are indicated in large red letters, with the branchpoint and
polypyrimidine stretch in small red letters. (E and F) A strategy for carrying out cycles of
population replacement with Medea. (E) A first-generation Medea element (Medea"),
driven by Toxinn and Antidoten, is integrated into the chromosome [thick black line with
centromere (solid circle) at the right] at a specific position (triangle). A second-

generation Medea element (Medea™?), driven by Toxin"** and Antidote™*, can be
integrated at the same position using site-specific recombination (24). Locating both
elements at the same position limits the possibility of homologous recombination creating
chromosomes that carry both elements. (F) Because progeny carrying Medea" are
sensitive to Toxin™**, the only progeny of females heterozygous for Medean+1 that
survive are those that inherit Medea™", regardless of their status with respect to Medea".
In contrast, the progeny of Medea" females that fail to inherit Medea" survive if they

inherit Antidote" as a part of Medea
genetic element (Table 2). Females heterozygous for Medea

frequency of Medea

myd88-int-1

n+1

myd88-int-1

gave rise to a high

—carrying progeny (>99%), and the maternal-effect lethality

associated with a single copy of P"*Medea™®®""* was rescued by zygotic expression of

the antidote from either the maternal or paternal genome (Table 2). However, when

Table 2. Medea™®8" shows maternal-effect selfish behavior. Progeny of crosses
between parents of several different genotypes notations are the same as those in Table 1.

Parental genotype Inherited by the Adult M progeny (%)
Male Female Oocyte Embryo Predicted | Observed Embroy
(Maternal (Zygotic survival
toxin) antidote (n, (%)

%))

M/+ +/+ 0 0,50 50 51 98.4+0.6
1,50 (n=5000)

M/M M/M 2 2,100 100 - 98.6 £ 0.8

+/+ M/+ 1 0,50 50 99.5 48.7 £ 0.6
1,50 (n=5000)

M/M M/+ 1 1,50 100 - 98.4+0.7
2,50

M/+ M/+ 0,25 75 - 73.6%1.2
1,50
2,25
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M/+ M/M 2 1,50 100 - 57.2%+15
2,50

+/+ M/M 2 1,100 100 - 202+1.1

M/M +/+ 0 1, 100 100 - 98.5+0.7

homozygous element bearing females were crossed with non—element bearing males,
progeny embryo survival was very poor (~20%), suggesting an inefficient zygotic rescue,
perhaps resulting from inefficient splicing of the myd88 artificial intron. Population
replacement for an element with these fitness characteristics is still expected to occur,
though with some delay (fig. S3) as compared to that for an element in which the fitness
costs are a simple function of copy number in either sex (Fig. 1, C and D). Medea™™-
bearing chromosomes can also arise if the toxin mutates to inactivity. Although toxin
mutation cannot be prevented, the use of mMiRNAs as toxins can provide a degree of
redundant protection because multiple miRNAs, each processed and functioning as an
independent unit, can be linked in a polycistronic transcript [(Fig. 1B and (16)]. The use
of mMiRNAs as toxins also provides a basis by which selfish genetic element drive can be
limited to the target species. Medea elements only show drive when maternal-effect
lethality creates an opportunity for zygotic rescue of progeny that inherit the element.
Therefore, drive can be limited to a single species by the use of mMiRNAs that are species-

specific in their ability to target the maternally expressed gene of interest.

Perhaps the most likely point of failure in any population-replacement strategy involves
the effector. Effector genes can mutate to inactivity, creating Medea™bearing
chromosomes. In addition, parasites may undergo selection for resistance to these

ins

effectors. These events, as well as the possible appearance of Medea™-bearing

chromosomes discussed above, will lead to the reappearance of permissive conditions for
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disease transmission. Therefore, it is important that strategies be available for removal of
an element from the population, followed by its replacement with a new element. One
potential strategy for achieving this goal, in which different Medea elements located at a
common site in the genome compete with each other for germline transmission in

transheterozygous females, is illustrated in Fig. 2, E and F.

Our data show de novo synthesis of a selfish genetic element able to drive itself into a
population. This laboratory demonstration notwithstanding, several obstacles remain to
the implementation of Medea-based population replacement in the wild. First, for pests
such as mosquito species, there is little genetic or molecular information regarding genes
and promoters used during oogenesis and early embryogenesis. This information is
straightforward to generate, with the use of transcriptional profiling to identify
appropriately expressed genes and transgenesis and RNA interference in adult females to
identify those required for embryonic development, but it remains to be acquired. In
addition, current models of the spread of Medea do not take into account important real-
world variables, such as migration, nonrandom mating, and the fact that important
disease vectors such as Anopheles gambiae consist of multiple partially reproductively
isolated strains (20, 21). Although an understanding of the above issues is critical for the
success of any population-replacement strategy, the problems are not intractable, as
evidenced by past successes in controlling pests by means of sterile-male release (18) and
as implied by our growing understanding of mosquito population genetics, immunity, and

ecology (20-23).
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Supporting Material

Materials and methods

Construction of a modified bicoid promoter:

A bicoid promoter fragment was amplified from genomic DNA with primers Bic-
55-GGC CTC GAG TTAGAT CTC AAT TGT GCC ATC TCT ACATCT CTT CGC
TCA TCC CTA AAT AAA AGA ATG AAC ATC GAG GGA GG and Bic-35” GGC
CAA TTG GGC GGC GGT TGC GCC GTT TTC C, cut with Xhol and EcoRl [all
restriction enzymes provided by New England Biolabs (NEB), Beverly MA], and ligated
into pPGMR (1) cut with the same enzymes. Two Serendipity (Sry) binding sites [CGC
TCATCC CTA AAT and GTG CCA TCT CTA CA (2)] were placed 5’ to the bicoid
promoter in order to enhance maternal expression levels. Primers 4bic-1 5’- GGC CTC
GAG TTA GAT CTC AAT TGT GCC ATC TCT ACATCT CTT CGC TCATCC CTA
AAT AAA AGA ATG AAC ATC GAG GGA GG and Bic-3 were annealed with the
bicoid promoter fragment generated above and PCR carried out (Fig. S4A). This product

was cloned into pPGMR as above, generating pSry-Bic-GMR.

Construction of miRNAs targeting myd88.

The Drosophila miRNA mir6.1 is illustrated in Fig. S4B. The Drosophila miRNA mir6.1
stem-loop precursor and surrounding sequences is illustrated to the left, with the mature
miRNA indicated in red. Processing sites for Drosha and Dicer are indicated (arrows).
22bp sequences corresponding to mature mir6.1 were replaced with sequences perfectly
complementary to sequences from the myd88 5’UTR, generating two new miRNAsS,

mir6.1-myd88-1 and mir6.1-myd88-2. Two sites in the myd88 transcript were targeted to
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minimize the possibility that MRNA secondary structure would prevent the miRNA.-
RISC complex from being able to bind and cleave the mRNA. The use of multiple
miRNAs targeting a common transcript, but at distinct positions, also provides a method
for limiting the possibility that a single mutational event (in either the miRNA or the
target sequence) will lead to a loss of toxin efficacy. Myd88 mRNA sequences are
indicated in black. The sites in myd88 that are targeted are Myd88-1 CGA TCG GAA
AAC TCG AAA AAA T and Myd88-2 TCA CGC GCT TCATCG TTT TAT T (Fig.
S4C). To generate a mir6.1 stem-loop backbone that generates a mature miRNA
complementary to one or the other of these target sites we annealed pairs of primers. For
example, to make a miRNA that targets myd88-1, primers Myd881-1 and Myd881- 2
(DdMyd881- 1: 5'-GGC AGC TTACTT AAACTT AAT CAC AGC CTT TAATGT
CGA TCG GAA AAC TCG AAAACATTAAGT TAATAT ACCATATC and
DdMyd881- 2: 5-AAT AAT GAT GTT AGG CAC TTT AGG TAC CGATCG GAA
AAC TCG AAA AAA TTA GAT ATG GTA TAT TAA CTT AAT GT) were annealed
and filled in using PCR (Fig. S4C). This product was then amplified using primers Mir6
5’ EcoRI/Bglll (5'-GGC GAATTC CGC CAG ATC TTT TAAAGT CCA CAACTC
ATC AAG GAA AAT GAA AGT CAAAGT TGG CAG CTT ACT TAAACT TA) and
Mir6 3’ BamHI/Notl (5 GGC CGC GGC CGC ACG GAT CCA AAA CGG CAT GGT
TAT TCG TGT GCC AAA AAA AAA AAA AAT TAAATAATGATG TTA GGC
AC). These primers add mir6.1 flanking sequences that are thought to promote miRNA
processing, as well as several restriction sites (Fig. S4C). A miRNA that targets myd88-2
was generated similarly, beginning with primers Myd882-1 GGC AGC TTACTT AAA

CTT AAT CACAGCCTT TAATGT TCACGCGCT TCATCGTTT TCT TTA AGT
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TAA TAT ACC ATA TC and Myd882-2 AAT AAT GAT GTT AGG CAC TTT AGG
TACTCACGC GCTTCATCGTTT TAT TTA GAT ATG GTATAT TAACTT AAA
GA. PCR products were purified with Qiagen (Valencia, CA) PCR purification columns,
and then digested with enzymes. For dMyd88-1 these were EcoRI and BamHl, for
dMyd88-2 Bglll and Notl. Digested products were then ligated into sry-bic-GMR cut
with EcoRI and Notl, generating pBic-mir6.1-myd88. The structure of this construct is

shown in Fig. S4D.

Zygotic promoter and myd88 antidote rescue construct:

A 500 bp fragment of DNA containing the transient, early zygotic bnk promoter

(3) was amplified from genomic DNA using primers Bnk 5” Xhol (5'-GGC CTC GAG
TAT TTC ACA AAT TCAATT TTAATATTT AAG) and Bnk3’ EcoRI (5'-GGC GAA
TTC GTT GAC GGT TGA AGT ACG AAT GTG CTG T), cut with Xhol and EcoRI
and inserted into similarly cut pGMR, generating P-BNK. The myd88 coding region was
amplified from a cDNA library using primers myd88-5 (5’- GGC GAA TTC ATG CGC
CCT CGATTT GTATGC CAT C and myd88-3 (5’- GGC GCG GCC GCT CAG CCC
GGC GTC TGC AGC TTC), cut with EcoRI and Notl, and ligated into similarly cut
PBNK, generating P-BNK-dMYD88 (Fig. S5A). Note that because this myd88 transcript
lacks a 5" UTR present in the endogenous myd88 transcript, it is not silenced by mir6.1-

myd88-1 or mir6.1-myd88-2, which target the myd88 5' UTR.

Generation of MedeaMyd88:
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P-BNK-dMYD88 (Fig. S5A) was cut with Xhol and 5’ ends were dephospholated with
Calf Intestinal Alkaline Phosphatase (NEB, Beverly MA). A gypsy insulatorcontaining
DNA fragment was amplified from genomic DNA using a 5’ primer (gypsy
5%) that contained a number of restriction enzyme target sites (Sall, Hpal, Avrll, Nhel,
Spel, Kpnl, Bglll) (5’- GGC GTC GAC GTT AAC CTA GGC TAG CAC TAG TGG
TAA CCC CGA GAT CTT CAC GTAATA AGT GTG CGT TGA ATT TAT TCG C)
and a second primer (gypsy 3’), which contains an Xhol site, (5’- GGC CTC GAG AAT
TGA TCG GCT AAA TGG TAT GGC AAG AAA AG). This PCR fragment was cut
with Sall and Xhol and ligated into Xhol cut P-BNK-dMYD88. This created Pgypsy-
BNK-dMYD88 (Fig. S5B), which was cut with Avrll and dephosphorylated with Calf
Intestinal Alkaline Phosphatase. The modified bicoid promoter and myd88-targeting
mMiRNAS in pBic-mir6.1-myd88 (Fig. S4D) were amplified using primers 4 BIC Myd 1+2
5" Avrll- 5" GGC CCT AGG GTC GAG TTA GAT CTC AAT T and 4 BIC Myd 1+2 3’
Hpal /Spel/ Nhe- 5 GGC GTT AAC ACT AGT GCT AGG GCC TTC TAG ACC CCG
GCC GC. The PCR product was cut with Avrll and Nhel and ligated into Avrll cut
Pgypsy- BNK-dMYD88. One plasmid product, designated P-bicoid-myd88RNAI-gypsy-
BNK-dMYD88, was selected in which the bicoid and myd88 promoters were oriented so

as to transcribe in opposite directions (Fig. S5C).

Generation of Medeamyd88-int:
The plasmid P-Bnk-dMyd88 was cut was cut with EcoRI and Notl, the vector purified

and then ligated with PCR fragments dMyd88 exon 1/intron 1(EcoRI, Spel) and intron 1/
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exon2 (Spel, Notl), generating P-Bnk-dMyd88-intron. PCR fragment dMyd88 exon
1/intron contains dMyd88 exon land a 5’ splice site. This fragment was amplified
by PCR with primer Myd88 EcoRI 5’ (5-GGC GAA TTC ATG CGC CCT CGATTT
GTA TGC C) and Myd 88 exon 1 /intron Spel /Nhel 3’ (5'- GGC ACT AGT GGC CGC
TAG CAG CGACTA CCATAA GTA AAA AAT AGT TAATGC CTA CCC AGA
TTC TCC TGG ATA TCG TCG CAG). The second PCR fragment, dMyd88 intron 1/
exon2, contains intron 1, a pyrimidine-rich trait and 3’ splice site as well as the 3' exons
of dMyd88 derived from the cDNA. This fragment was amplified by PCR with primers
myd88-EXON2—intron-Spel-5 (5'- GGC ACT AGT TAG TAAAAC TGT TTT AAT
TTT GCT CTC CTC AAA AGC CAA GGA CACCCAGCGCTT CATCATG) and
myd88-Notl-3 (5'- GGC GCG GCC GCT CAG CCC GGC GTC TGC AGC TTG C).
PBnk-dMyd88-intron was cut with Spel, which cuts within the intron. The product was
dephosphorylated with Calf Intestinal Alkaline Phosphatase according to the
manufacturers instructions (NEB, Beverley MA) and ligated with a PCR product
containing the modified bic promoter and the Myd88- targeting miRNASs. Primers used
were 4 BIC Myd 1+2 5’ Spel, which also contains a consensuses branch point site GAT
TAG ATG, (5' GGC ACT AGT TAT TGA TTA GAT GTC GAG TTA GAT CTC AAT
T) and 4 BIC Myd 1+2 3’ Nhel (5- GGC GCT AGC GGC CTT CTA GAC CCC GGC

CGC). The final product was designated as Pw+Medeamyd88-int.

Transgenesis and Population cage experiments:
Germline transformants were generated in a w**® background using standard techniques,

by Rainbow Transgenic Flies, Inc (www.rainbowgene.com, Newbury Park,
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1118 strain used for

CA). The exact origin of the chromosomes present in the w
transgenesis and population replacement experiments, and the relationship of these
chromosomes to those present in the OR strain, is unknown. The second and third
chromosomes were isogenized in a w1118 background in the early 1990s as a prelude to
a large mutagenesis screen for regulators of Ras pathway signaling (6). The stock has
been maintained continuously in the laboratory since then. All fly experiments were
carried out at 25C, ambient humidity in 250 ml bottles containing Lewis medium (4)
supplemented with live dry yeast. Fly rearing was carried out in a light tight chamber
placed in an incubator or in a darkened incubator. In a first set of experiments (three
green lines in Fig. 1E,F), three populations of 50 males heterozygous for Medeamyd88-1
(WHB7Y; Pw+Medea™"?/+) were each crossed with 50 w''* females in separate
bottles. In a second set of experiments (four blue lines in Fig. 1E, F) 25 wildtype (+/+)
males and 25 homozygous Medeamyd88-1/ Medeamyd88-1 males were crossed with 50
w8 females in separate bottles. For both sets of experiments flies were allowed to lay
eggs for four days, after which adults were removed. Progeny were allowed to develop,
eclose and mate for another 10 days. All adult progeny were collected at this single
timepoint and their genotypes determined using eye color as a marker (no Medea, w'*® =
white eyed; Medea™?®?/+ = yellow/orange eyed; Medea™*%/ Medea™"* = darker
red eyed). Note that adult progeny continued to eclose after the time of collection. These
were not counted or transferred into the subsequent generation population. Numbers of
adults scored per population per generation ranged between 102 and 601 (mean 333;

s.d.105). Following counting, progeny were transferred to fresh bottles and allowed to lay

eggs for four days, and the cycle repeated. In a second set of population cage
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experiments, Medea™®*"*

was first introduced into a w+ background in order to decrease
the possibility that P"* expression from the vector carrying Medeamyd88 was providing
these animals with an unknown (vision independent) fitness advantage. Females

homozygous for Medea™%%*

were mated with Oregon R (OR) males, which carry a
wildtype copy of the w gene at the endogenous locus on the X chromosome. Progeny
males, which are w+/Y; Medeamyd88-1 were then mated as above to OR virgin females
to initiate the population cage experiments. The presence of the endogenous w+ gene
completely prevents direct identification of Medeamyd88-1-bearing individuals based on
eye color, since the endogenous w+ gene is expressed at very high levels compared with
the Pw+ in our transformed strain. We determined genotypes at the end of the 12th
generation in the following way. 200 males from each population were mated singly in
vials with w1118 females. All male progeny inherit the w1118 chromosome from their
mothers (making them w1118 with respect to the endogenous locus on the X

mydss-1

chromosome). However, those males that carry one copy of Medea give rise to 50%

red-eyed progeny, while those homozygous for Medea™"%*

give rise to all red-eyed
progeny. In each of the three populations the % of non-element-bearing males was less
than 1%: population #1 = 0/200 +/+, 30/200 Medea™¢®/+, 170/200 Medea™¢&/
Medea™€&: population #2 = 1/200 +/+, 67/200 Medea™"/+, 132/200 Mede®™€&-/
Medea™&: population #3 = 0/200 +/+, 58/200 Medea™"Y/+, 142/200 Medea™8/
Medeamyd88-1. Note that the OR genetic background into which Medea™"#" was

1118 strain used for

introduced should be assumed to be distinct from that of the w
transgenesis and the population replacement experiments described above. Thus, while

evidence for population replacement was obtained in both sets of experiments they are
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not strictly comparable in the sense that more variables have been changed than just the

118 versus w).

status of the w gene (w
Embryo and adult viability determination:

Adult viability for the crosses presented in Table 1 and Table 2 was determined as
follows. 50 adult males of the indicated genotype were allowed to mate with 50 virgin
females in bottles supplemented with dry yeast for three days. 10 bottles were established
for each cross. Adults were then removed. Adult progeny from each bottle were

collected, genotyped and counted (either directly or by weighing and comparing with a
standard) for 10 days following eclosion of the first progeny. For embryo viability
counts, 2-4 day old adult virgin females were allowed to mate with males of the relevant
genotypes for 2-3 days in egg collection chambers supplemented with wet 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 three hrs.
Embryos were isolated into groups of 100 and kept on an agar surface at 250C for 48-72
hrs. The % survival was then determined by counting the number of unhatched embryos.
Four groups of 100 embryos per cross were scored in each experiment, and each
experiment was carried out three times. 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 w1118 strain used for transgenesis.

Modeling Medea population spread
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In order to model the spread of Medea and compare this with our experimental
observations, a deterministic model was created. In this model, we used as our initial
conditions 25% non-element-bearing (wildtype; WT) males, 25% homozygous Medea
bearing males, and 50% WT females for Medea. These initial conditions, which mimic
those of the first set of population cage experiments (green lines in Fig. 1E, F) are
mathematically equivalent to the second set of crosses carried out, involving
heterozygous Medeamyd88/+ males crossed to wildtype (+/+) females) (blue lines in Fig.
1E, F),. Genotypes for each generation were calculated beginning with genotype
frequencies from the previous generation. We assumed random mating, nonoverlapping
generations, and interfamily competition. We assume that maternal effect lethality for
progeny of Medea that fail to inherit the element is 100%, as observed for Medeamyd88

(Table 1).

We kept track of the frequency of homozygous, heterozygous, and WT male and female
flies in each generation. For this model, aside from the first generation, the frequency of
WT males and females are equal, the frequency of heterozygous males and females are
equal, and the frequency of homozygous males and females are equal. From the
frequency of each type of fly, we calculated the frequency of each allele type. For
example, in order to calculate the frequency of WT females in generation n+1 we begin
with the frequency of WT females in generation n. We calculate the percent of the next
generation that will be wild type by finding the frequency of viable WT female embryos
normalized (divided by) the total viable population (WT, heterozygotes and

homozygotes). WT female flies can arise from (%2 WT males x WT females) + (1/4 of
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WT female x heterozygous males). WT embryos derived from crosses between
heterozygous females x WT males will die as embryos and not contribute to the
population. We calculate the total viable population by summing the WT females, WT
males, heterozygous females, heterozygous males, homozygous females and homozygous

males.

When we assessed a fitness cost (as in Fig. 1C, D and Fig. S3), this cost was assumed to
be an additive fitness cost. The fitness cost was expressed as a fraction of the embryos
that die. That is, for a 5 percent fitness cost, 95 percent of the heterozygous embryos are
viable, while 90 percent of the homozygous embryos were viable. For the model
presented in Fig. S3, a specific additional fitness cost of 80% was incurred by progeny of
homozygous Medeamyd88-int mothers that inherited only one copy of the element (the
fathers being either Medeamyd88-int/+ or +/+). The formulas used are shown below.
WTT, Hetf, Homof, WTm, Hetm, and Homom refer to the fraction of the adult population
that is WT female, heterozygous female, homozygous female, WT male, heterozygous
male, homozygous male, respectively. FitCost is the fitness cost,
TotalViablePopulation=the total viable population, WTembryo, Hetembryo,
HomoembryoWT embryo, and Hetembryo refer to the number of WT, heterozygous, and
homozygous embryos produced before the effects of the medea element are included and
without normalization. All subscripts refer to the generation.

.SWTembryo, ;1

wT =WT =
fass Mt TotalViablePopulation,,,,
.5Hetembryo, ., (1 — FitCost)

Het = Het =
etfni1 el + TotalViablePopulation, 4
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.5Homoembryo,,,(1 — 2FitCost)

H =H =
0MOfn iy OmMOMy+ TotalViablePopulation,, .,

where,
TotalViablePopulation,
= WTembryo,,, + Hetembryo, ,,(1 — FitCost)
+ Homoembryo, ,1(1 — 2FitCost)
WTembryo,,, = WTf,WTm, + 0.5WTf,Hetm,
Hetembryo, .1

= WTm,Homof,, + 0.5WTm,Hetf, + 0.5Hetm,WTf,

+ 0.5Hetmy,Hetf, + 0.5Hetm,,Homof,, + Homom,WTf,

+ 0.5Homom,Hetf,

Homombryo, ;1

= 0.5Homom,Hetf, + 0.5Hetm,Homof, + 0.25Hetm,Hetf,

+ Homom, Homof,

All model calculations were carried out in Excel for Windows XP. Matrix manipulation
calculations were carried out in Maple 9.01 (Maplesoft, a division of

Waterloo Maple Inc, 2003).

To determine if the experimental population data presented in Fig. 1 conformed to the
model, the methods of Wilson (5) were used. Briefly, these methods are based on a Chi-
square analysis of allele frequency corrected for the non-independence of generations

(the frequency of allele p at generation 3 is dependent on the frequency of allele p (the
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Medea allele) in generation 2). Because of the non-independence of generations, a
covariation matrix is used. The covariation matrix for a particular category (experimental

trial), c, is denoted W, and is calculated as

W) = 1 + (1 1 1+ 1 ﬁ 1 1
cltt = et ( nc’t) (we )j=1 N,

and

MW eerr = W)ppsr =1+ (W, — 1) 1_[ (1 _ 1 >

-1
N.:
j=1 “l

where

Nc; is the number of genes (twice the number of individuals) taken at generation j to be
parents of the next generation. n.; is the number of genes (twice the number of
individuals) used for genetic analysis. To be conservative (that is, to make the assumption
that our population has the largest possible variation), wc was calculated as

(Ve)o,ofmc o(l-mtc0), where V¢ is the sample variance of the initial population and nc is the

theoretical variance of the initial population.

The difference vector, y.", for any particular model, n, is calculated as the difference
between the normalized gene frequencies observed experimentally and the normalized

gene frequencies expected from our model using a particular fitness cost. Each of these

frequencies are normalized using the arcsin transformation: 2 sin~*,/p, modified such
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that if p=0, the transform equals2 sin™? \/% where n is the number of individuals in a

particular generation, t. We calculate the Chi-square test statistic for a particular model,
m, as (x™)? = X .(y™T W 1y™. The degrees of freedom in each category are calculated
as the number of generations observed less the number of fitted parameters in the model.
To find the total degrees of freedom, the degrees of freedom in each category are
summed. The values of p range from 0 (all individuals are homozygous for the construct)
to 1 (all individuals are homozygous wildtype). When all 7 experimental trials were
considered as a group, the Chi-square test statistic for no fitness cost was 88.3. There are
122 degrees of freedom, leading to a critical y2=148.8, with a probability error threshold
(P value) of 0.05. Our Chi-square value is less than the critical value, indicating the data
from our experiments is not significantly different from the theoretical model. The
minimal Chi-square value to the nearest percent occurs at 0 fitness cost. Due to the
conservative nature of this test, the confidence interval is large. To the nearest 0.01, the
fitness cost can range from -0.23 to 0.10 and be consistent with our observations at a P
value of .05. This range is calculated by finding the first value resulting in a Chi square

value falling outside the critical value, 147.7 (d.f=121).
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Fig. S1. Embryos of Medeamyd88 mothers that fail to inherit Medeamyd88 have dorsal
ventral patterning defects. (A) Cuticle preparation of an embryo from wildtype parents.
Anterior is to the left, and dorsal is up. Rows of denticle belts are visible on the ventral
side of the embryo. (B-D) Embryos from Medeamyd88/+ mothers. Ventral denticle belts
are decreased in size (B) or largely absent (C,D), consistent with the dorsalization
expected on loss of maternal Toll signaling.
1 -
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Figure S2. The population replacement behavior of Medea™"®® is consistent with that
of a Medea carrying little or no fitness cost. The frequency of the non-Medea-bearing
chromosome (the + allele) is plotted over generations, from Fig. 1F. The black lines
identify boundary conditions for a Medea with a fitness gain of 23% or a fitness cost of

10%, values at which we would reject the hypothesis that Medeamyd88-1 conforms to
the model. See SOM methods for details.
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Figure S3. Drive characteristics of a Medea elements with the fitness characteristics of
Medeamyd88-int. Medea is modeled as being introduced into the population at an allele
frequency of 25%, representing a scenario in which equal numbers of wildtype and
homozygous Medea-bearing males are mated with wild, non-element- bearing females, as
in Fig. 1C, D. (A) Frequency of individuals lacking Medea for an element in which
progeny of homozygous Medea females that inherit only one copy of the Medea suffer an
80% fitness cost (embryo mortality), in addition to either no fitness cost (red line), a five
percent additive fitness cost (yellow line), a 10 percent additive fitness cost (green line),
a 15% additive fitness cost (blue line), or a 20% additive fitness cost (black line) over
generations. (B) Frequency of the + allele (non-element bearing chromosome) for the
populations described in (A). For a Medea that has a fixed, additive fitness cost (such as
described in Fig. 1C, D), the frequency of non-Medea bearing chromosomes initially
decreases rapidly, but slows and eventually reaches a stable equilibrium value. This is
due to Medea-dependent selection against the non element-bearing chromosome, which
is balanced by its increased fitness relative to that of Medea-bearing counterparts, as
detailed by Wade and Beeman (13). In contrast, when the progeny of homozygous
Medea-bearing females cannot be rescued by a single Medea, then the non-element
bearing homolog comes under selective pressure that increases with the frequency of
homozygous Medea-bearing females in the population. For situations in which the fixed
additive fitness costs are modest (0-10%) this results in a more dramatic reduction of the
non-Medea-bearing chromosome from the population. Medea elements with this
characteristic may be useful for population replacement since the presence of two effector
copies in each individual should also delay the re-appearance of disease carriers when the
effector mutates to inactivity.
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Figure S4. Scheme for the generation of a stronger version of the bic promoter, and for
the generation of a transcript carrying two miRNAs designed to silence maternal myd88.
See SOM methods for details. (A) Generation of a stronger bic promoter. (A, top)
PrimersBic 5'Xhol and Bic 3' EcoR1 were used to amplify the bicoid promoter. (A,
middle) This fragment was re-amplified with Bic 3' ECOR1 and a second 5' primer (4 Bic
5' Xhol) which included a dimer of Sry binding sites. (A, bottom) The final product,
which carries an Xho1 site at the 5' end, and an EcoR1 site at the 3' end, constitutes the
modified bicoid promoter. (B) The Drosophila miRNA mir6.1 stem-loop precursor and
surrounding sequences is illustrated to the left, with the mature miRNA indicated in red.
Processing sites for Drosha and Dicer are indicated (arrows). 22bp sequences
corresponding to mature mir6.1 were replaced with sequences perfectly complementary
to sequences from the myd88 5’UTR, generating two new miRNAS, mir6.1-myd88-1
(shown) and mir6.1-myd88-2. Mature mir6.1-myd88-1 and mir6.1-myd88-2 are indicate
in red, and complementary Myd88 mRNA sequences targeted by these miRNAs are
indicated in black. (C) Strategy for the synthesis of mir6.1-myd88-1 using two rounds of
PCR. The first round of PCR amplifies the miRNA stem loop (miRNA and
miRNA*strand indicated in pink and yellow, respectively). This product was amplified in
a second round of PCR using oligonucleotides that provide mir6.1 flanking sequences
(not shown) and restriction sites for cloning. (D, upper) Schematic of the sequences that
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make up the bic-driven miRNAs that target myd88. Cloning sites are indicated. (D,
lower) Stem loop regions and surrounding sequences of bic-mir6.1-myd88-1 + myd88-2.
The bic promoter is located to the left.
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Figure S5. Schematic depicting key intermediates in the generation of a P element
expressing myd88-silencing miRNAs under the control of the maternal bic promoter, and
a miRNA-insensitive version of myd88 under the control of the transient, early bnk
promoter. See SOM methods for details.
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Chapter 3: Medea selfish genetic elements as tools for altering traits of wild
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Abstract

One strategy for controlling transmission of insect-borne disease involves replacing the
native insect population with transgenic animals unable to transmit disease. Population
replacement requires a drive mechanism to ensure the rapid spread of linked transgenes
conferring disease refractoriness. Medea selfish genetic elements have the feature that
when present in a female, only offspring that inherit the element survive, a behavior that
can lead to spread. Here we use modeling to identify conditions under which Medea
elements spread. We derive equations describing the allele frequencies required for
spread of Medea elements with a fitness cost, and the equilibrium allele frequencies
attained. We show that when Medea spreads, it drives the non-Medea genotype out of the
population, and we provide estimates of the number of generations required to achieve
this goal. We also characterize two contexts in which Medea elements with fitness costs
drive the non-Medea allele from the population: an autosomal element in which zygotic
rescue is incomplete and an X-linked element in species in which X/Y individuals are
male. Finally, we explore costs and benefits associated with the introduction of multiple
Medea elements. Our results suggest that Medea elements can drive population

replacement under a wide range of conditions.
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Introduction

Insects act as vectors for many human, animal and agricultural diseases. Mosquitoes are
particularly important vectors for a number of important human diseases, including malaria and
dengue fever. Effective vaccines against these pathogens do not exist, and in the case of
malaria the appearance and spread of drug-resistant Plasmodium is a constant source of
concern (Hyde 2005; Greenwood et al. 2008). Vector suppression through the release of sterile
males, the use of insecticides, or modification of the environment, provides an important
approach for limiting mosquito-borne disease (Kitron and Spielman 1989; Trape et al. 2002;
Gould and Schliekelman 2004). However, each method has limitations. Release of sterile
males and the use of insecticides provide only transient population suppression. Insecticides
affect many non-target species and mosquitoes often evolve resistance to these compounds.
Wholesale modification of the environment may not be feasible or desirable in some situations

based on ecological concerns.

Replacement of insect disease vectors with modified counterparts refractory to pathogen
transmission is a long-established concept for disease prevention (reviewed in Braig and Yan
2001; Gould and Schliekelman 2004; Sinkins and Gould 2006). Mosquitoes with a diminished
capacity to transmit Plasmodium or dengue have been identified in the wild and/or created in
the laboratory (de Lara Capurro et al. 2000; Ito et al. 2002; Moreira et al. 2002; Franz et al.
2006), demonstrating that the insect immune system can be harnessed to attack these
pathogens. However, insect disease vectors are spread over wide areas, and in order to achieve

significant levels of disease control it will be necessary to replace a large percentage of the



49
wild mosquito population with refractory insects (Macdonald 1957; Boete and Koella 2002;
Boete and Koella 2003). In addition, enhancement of immune function in insects is generally
thought to be costly, requiring tradeoffs with other life history traits such as longevity and
fecundity. This fitness cost is likely to result in a decreased ability to pass on alleles conferring
pathogen resistance to future generations relative to alternative, disease transmission-
permissive alleles (Schmid-Hempel 2005; Vernick et al. 2005; Tripet et al. 2008). Therefore,
simple mass release of transgene-bearing insects is unlikely to result in a high enough
frequency of disease refractory individuals to prevent disease transmission. Together, these
observations imply effective population replacement will require that genes conferring disease
refractoriness be linked with a genetic mechanism for driving them through the wild population

at greater than Mendelian frequencies.

Selfish genetic elements have increased rates of transmission relative to the rest of the genome
of the individual in which they appear. This can result in their spread within a population even
if they are neutral or lead to fitness costs in the organisms in which they reside (Burt and
Trivers 2006). Such elements are said to "drive" themselves into a population. Many people
have proposed linking genes for disease refractoriness with a selfish genetic element. The hope
is that these beneficial genes will hitchhike with the selfish genetic element as it drives itself
through the native insect population, thereby replacing the wild, disease-permissive population
with one that is refractory to disease transmission. A number of selfish genetic elements have
been considered as vehicles for driving genes into populations. These include transposons,
male post meiotic segregation distorters, homing endonucleases, B-chromosomes, Medea

elements, and the intracellular bacterial symbiont Wolbachia. Translocations, compound
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chromosomes, or pairs of unlinked lethal genes, each of which is associated with a repressor of
the lethality induced by expression of the other lethal gene - a system known as engineered
underdominance, have also been proposed as ways of driving linked genes into populations

(reviewed in Braig and Yan 2001; Gould and Schliekelman 2004; Sinkins and Gould 2006).

Maternal-effect lethal selfish genetic elements are members of a class of selfish genetic
elements that enhance their transmission by causing the death of offspring that lack the element
(Burt and Trivers 2006). These elements were first described in the flour beetle Tribolium
castaneum and are known by the acronym Medea (maternal-effect dominant embryonic arrest).
Medea elements in Tribolium are chromosomally located and gametes are generated and
transmitted in a strictly Mendelian manner. Tribolium Medea has the feature that when present
in females, only progeny that inherit the element-containing chromosome from either the
maternal and/or paternal genome survive (Fig. 1A) (Beeman et al. 1992). In contrast, Medea-
bearing males give rise to wildtype and Medea-bearing progeny with equal frequency when
mated to wildtype females. Therefore, Medea enhances its transmission relative to competing
non-Medea-bearing homologous chromosomes (hereafter referred to as the non-Medea allele)
by causing the death of progeny that do not carry a copy of Medea found in the mother (Fig.
1A). One Tribolium Medea, Medea™™, has been mapped and is associated with a composite
Tcl transposon insertion that includes a number of genes (Lorenzen et al. 2008). How this
insertion confers maternal-effect lethal selfish behavior is unknown, but genetic analysis
suggests a model in which Medea consists of two tightly linked loci: one that encodes a
maternal-effect lethal activity (a toxin) inherited by all progeny of Medea-bearing mothers, and

a second that encodes a zygotic rescue activity (an antidote) that can be inherited from either
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the maternal or paternal genome (Beeman et al. 1992; Beeman and Friesen 1999) (Fig. 1B).
Loci with genetic characteristics similar to those of Tribolium Medea have also been described
in mice, but little is known about their molecular basis (Hurst 1993; Peters and Barker 1993;
Weichenhan et al. 1996). Synthetic Medea elements that drive population replacement in
Drosophila have been generated (Chen et al. 2007). The genetic and cell biological principles
utilized to generate these elements involve maternal-specific silencing of a gene whose product
is synthesized maternally and deposited into the developing oocyte, but only required during
embryogenesis (the toxin), coupled with zygotic expression of a rescuing transgene (the
antidote). These principles are straightforward and conserved across the animal kingdom, and
therefore should be applicable to the generation of similar elements in agricultural pest and

human disease vector species.

A d@ %lernaltn}(in Zygotic antidote O' @

e
B S

9@1\ .

P,
o GRS

OlN

Figure 1.

Genetic behavior of Medea, and the molecular logic underlying synthetic Medea elements in
Drosophila. See text for details.
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The dynamics of Medea spread have been modeled by several groups. Wade and Beeman first
considered this problem, focusing on several situations in which Medea was introduced into
populations at very low frequency (Wade and Beeman 1994). They showed that if the presence
of Medea does not result in a fitness (fecundity) cost to carriers, independent of maternal-effect
killing, Medea spreads to fixation for all degrees of maternal effect lethality, though the rate of
Medea increase is very slow when it is introduced at low frequency. They also showed that if
the presence of Medea results in a decrease in fecundity independent of maternal-effect killing,
the frequency of the Medea allele could still increase to a stable internal equilibrium. Whether
Medea increased in frequency or was lost from the population was found to depend critically
on the degree of dominance of the fitness costs: high levels of completely recessive fecundity
costs were well tolerated, but when Medea was present at low frequency, even modest degrees
of dominance led to loss of Medea from the population. These authors, and Smith (Smith
1998), showed that Medea's ability to spread in the face of fitness costs could be enhanced if
progeny of a Medea-bearing mother compete with each other for resources. In this context,
known as family-level, or soft selection (Wade, 1985; Kelly 1992), the death of non-Medea
offspring within the family of a Medea-bearing mother frees limited resources for sibling
Medea-bearing progeny, providing them with a real fitness benefit that increases their
likelihood of survival. Any level of family-level selection promotes the spread of Medea. In the
work below we assume no family-level selection because this assumption provides a more
conservative estimate of Medea's potential as a population replacement drive mechanism and
because there is no evidence that mosquitoes show family-level selection. That said, some
mosquitoes, such as Aedes aegypti, an important vector of dengue, breed in small containers

that may often be resource-limited for larval growth (Clements 1999), suggesting that family-
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level selection could be important in some contexts, a topic that should be further explored.
Population genetic models of Hastings (1994), Smith (1998) and Chen et al. (2007) show that,
in the absence of family-level selection, Medea elements with significant dominant fitness
costs can still spread, provided they are introduced above a critical introduction frequency.
Previous work has focused on the fate of the Medea allele. However, it is the fate of Medea-
bearing genotypes that is important for population replacement. Chen et al. (2007) showed
that, at least under some conditions, when Medea elements with fitness costs are introduced at
frequencies that result in spread to an internal equilibrium allele frequency, non-Medea
individuals are nonetheless rapidly eliminated from the population. However, it has not been

clear to what extent this conclusion can be generalized.

In summary, Medea elements are attractive candidates to drive population replacement for
several reasons. First, they can spread (provided certain conditions detailed below are met)
even if they confer a fitness cost to carriers (Hastings 1994; Wade and Beeman 1994; Smith
1998; Chen et al. 2007). Second, under at least some conditions when Medea spreads it
eliminates the non-Medea genotype from the population (Chen et al. 2007). Third, the
synthetic form of Medea is the only gene drive mechanism that is both well understood at the
molecular level, because it was designed with components of known behavior, and that has
been demonstrated to drive population replacement. Finally, design considerations discussed
by Chen et al. (Chen et al. 2007) regarding ways to prevent recombinational separation of
drive and disease refractoriness functions, to prevent selfish element spread in non-target
species, and to carry out multiple cycles of population replacement, provide reasons to believe

that the population genetic behavior of synthetic Medea elements can to some extent be
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controlled. Therefore, Medea is a logical target for concerted development efforts (reviewed in
Hay et al. 2010). The aim of this paper is to describe the conditions under which Medea
elements are predicted to succeed as drivers of population replacement in large, unstructured

populations.

The model.

We use a deterministic model to examine the invasion of synthetic Medea elements into
populations. Terms are defined in Table 1. Table 2 presents the frequencies of parental
genotypes in the population, and offspring frequencies and genotypes produced by each
mating. The deterministic model assumes an infinite population with random mating and
discrete, non-overlapping generations. Expression of the toxin/antidote genes that make up
Medea, and/or the cargo genes linked to Medea (genes conferring resistance to pathogen
transmission), may result in a fitness cost to carriers. Fitness costs may also arise through tight
linkage between Medea and a nearby deleterious allele or insertion-dependent effects on the
expression of nearby genes. These are fitness costs not associated with the Medea-killing itself.
We consider three types of fitness cost: an embryonic fitness cost (Cg Het and Cg Homo), @
maternal fecundity 10ss (Cp net aNd Cp Homo), and a paternal fertility 10SS (Cs Het and Cs Homo)-
CD,Hets Cs,Het» CD.Homo, @Nd Cs Homo aCt ON the genotypes of the parents, causing a fecundity loss in
females and a fertility loss in males. For example, if wildtypes have a fertility/fecundity of 1,
then in heterozygous females this cost can be interpreted as meaning heterozygous females lay
only (1-cp net) fertile eggs, while heterozygous males only successfully fertilize (1-Cs pet) €99S.

An embryonic cost refers to the fraction of Medea-bearing embryos dying as juveniles. Since
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costs are likely to be borne by both parents (e.g. insertion site-dependent effects; consequences
of toxin/antidote expression) or by the female alone (e.g. costs associated with expression of
maternal toxin or disease resistance effector), we do not consider paternal fitness costs in
isolation. In some of what follows, it is more convenient to frame the discussion in terms of
fitness (V) rather than the fitness costs induced by the construct. For example, the fitness of a
homozygous female is Vp Homo=1-Cp Homo- 1N OUr simulations, all fitness costs are assumed to
be multiplicative both at a single locus and between loci, and are restricted to values of no
more than 20% per copy. At these levels of fitness costs, additive and multiplicative fitness
costs behave qualitatively similarly. In addition, the use of multiplicative fitness costs allows
us to analyze the behavior of multiple elements without a hard limit on the number of copies
per organism. We briefly consider recessive fitness costs but find, following Wade and
Beeman, that when costs are completely recessive, Medea spreads following any finite
introduction, regardless of the cost to homozygotes (Wade and Beeman 1994). Instead, we
focus on the more conservative scenario, in which heterozygotes experience a fitness cost.
This is likely to be more relevant to population replacement since many of the costs associated
with synthetic Medea elements, including costs associated with the expression of toxin and
antidote, as well as costs associated with expression of transgene effectors, are likely to be

dominant.
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Table 1: A list of abbreviations.

All abbreviations in the text are listed here.

Smm
S+
Sis
Dmm
D
(D
Gmm
Gm+
(G

Cs,genotype
Cp,genotype
CE,genotype

P

q
w

VS,genotype

VD,genotype

VE,genotype

to
ty

Fraction of the male population homozygous for Medea

Fraction of the male population heterozygous for Medea

Fraction of the male population homozygous for the non-Medea allele
Fraction of the female population homozygous for Medea

Fraction of the female population heterozygous for Medea

Fraction of the female population homozygous for the non-Medea allele
Fraction of the population homozygous for Medea

Fraction of the population heterozygous for Medea

Fraction of the population homozygous for the non-Medea allele

A prime in all above refers to the next generation

Male fertility loss at a given genotype

Female fecundity loss at a given genotype

Rate of embryonic death at a given genotype, independent of the maternal
effect Medea killing

Allele frequency of the Medea element

Allele frequency of the WT element

Mean fitness

Male fertility retained at a given genotype(1-Cs genotype). VWhen homozygous
fitness is equal to the square of heterozygous fitness, the fitness cost is said to
be multiplicative.

Female fecundity retained at a given genotype(1-Cp,genotype). VWhen
homozygous fitness is equal to the square of heterozygous fitness, the fitness
cost is said to be multiplicative.

Embryonic viability retained at a given genotype(1-Ce genotype). VWhen
homozygous fitness is equal to the square of heterozygous fitness, the fitness
cost is said to be multiplicative.

Fraction of WT offspring of a Medea-bearing mother that die.

Fraction of heterozygous offspring of a homozygous Medea mother that live.
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Table 2: Parental genotype frequency, fitness effects, and offspring frequency.

Mating frequencies are the product of the genotype frequencies of the male and female parents.
A reduction of fertility, fecundity or embryonic viability leads to a reduction in the frequency
of viable offspring of some genotypes. When my=1, all non-Medea offspring of Medea
heterozygous mothers will live. When m;=1, all heterozygous Medea offspring of Medea
homozygous mothers will live. By summing all the families and dividing by the mean fitness
of the population, we find the genotype frequencies of the offspring. This is explicitly done in
the text.

Parental Genotype Fitness/Fecundity/Fertili | Offspring Frequency
Frequency ty

Famil | Mal | Femal | Mating | Male Female Homo | Het WT

y e e

1 Svm | Dmm | SMMDwM | Vs, Homo | VD, Homo VE,

M Homo

2 Sm+ | Dmm | Sm+Dwmm | Vs, Het Vb, Homo Y% Ve | YVEpeM’
Homo 1

3 S+ | Dum | S+ 1 Vb, Homo VE, Het M1

Dmm

4 Svm | Dm+ SmMmDwm+ | Vs Homo | VD, Het Y2 VE, | Y2 VE Het
Homo

5 Sm+ | Dm+ Sm+Dm+ | Vs, Het VD. Het Ya YaVE Het | Yam
VE,Hom 0
0

6 S+ | Dm+ S+Dm+ |1 VD, Het Yo VE Het | %2

Mo

7 Svm | D4+ SvmD++ | Vs Homo | 1 VE. Het

8 Sm+ | D++ Sm+D++ | Vs Het 1 YoVE Het | %2

9 St (D) S++ Dy 1 1 1

We consider two types of Medea-dependent lethality. The term t, refers to the fraction of

non-Medea progeny from heterozygous Medea mothers that die. Typically, we will
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consider t;=1, meaning that embryos from Medea-bearing mothers that fail to inherit
Medea always die. We also consider situations in which heterozygous offspring of
homozygous Medea mothers have a probability of dying. This death, also considered by
Smith (Smith 1998), and observed by Beeman et al. (Beeman et al. 1992) in Tribolium,
and by Chen et al. (Chen et al. 2007) in Drosophila, may represent incomplete zygotic
rescue of maternal-effect lethality associated with two maternal copies of the toxin gene
and one copy of the zygotic antidote. The fraction that die by this mechanism is modeled
as t3, with t;=1 meaning that all heterozygous progeny die. Except where noted
specifically, t;=0. It is sometimes useful to consider the fraction of progeny that live (u):

Ho:].-to and lel'tl-

Given the assumptions above, the equations for the genotype frequencies in generation n + 1

from those in generation n are

GI’\/IM = SI:/IM = Dl,\/IM =
Zerono (Syum DumV

w

%SM +DM +VS,HetVD,Het)

1
VD,Homo + ESM +DMMVS,HetV

1
S,Homo +5SMM DM+V VD,Het +

D,Homo S,Homo

Y YA Y A
GM+ _SM+ - DM+_

VE,Hel

W (%SM +DMMVS,HetVD,H0mo/ul + 3., DumVo Homoth + %SMM Dy +VS,H0moVD,Het +
%SM+DM+VS,HetVD,Het +35S Dy Vo et + Sym D,V +%S D VS,Het)

2 Y4+ +§,Homo M+ ++
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G, =S,=D], =
WL(%SMJrDMJrVS,HetVD,Het/uO +3S,, D Vo het o +%SM+D++VS,Het +3,, D++)

where the mean fitness, W, equals the sum of the right sides of these three equations multiplied

by W,

W :VE,Homo (SMM DumV
% SM + DM +VS,HetVD,Het) +
V Het (%SMJrDMMVS,HetVD,Homo:ul + S++ DMMVD,Homo:ul +%SMM DM +VS,Hom0VD,Het +

E,

1 1
SM+DM +VS,HetVD,Het +ES++ DM +VD,Het + SMM D++Vs,Homo +ESM+D++V5,Het) +
S

1
VD,Homo +37 SM + DMMVS,HetV

1
S,Homo D,Homo + ?SMM DM +VS,Hom0VD,Het +

I N

1 1
M+DM +VS,HetVD,Hetlu0 +3 S-¢—+ DM +VD,Hetlu0 + ?SM+D++VS,Het + S+-¢— D++

In all generations after the introduction, male and female genotype distributions are the same.

Understanding the relationship between genotype frequency, fitness, and Medea allele

frequency.

Throughout the text we follow allele fitness as a way understanding the fate of Medea in
populations. By allele fitness we mean the probability that a given allele in a zygote that has
survived possible Medea-dependent killing will be passed in the next generation to a zygote
that also survives Medea-dependent killing, given a specific set of population genotype

frequencies. This term incorporates fitness losses associated with Medea-dependent maternal-
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effect killing, as well as killing-independent fitness costs associated with Medea. In order to
understand the dynamics of Medea spread, and how this depends on allele frequency and
fitness, we need to be able to describe Medea allele and genotype frequencies, and allele and
genotype fitnesses, over generations. In a Medea-bearing population the fate of an individual
depends on the genotype of its mother as well as its own genotype. Thus, knowledge of one
genotype frequency after a single round of random mating is not sufficient to characterize the

population, as it would be if the population was in Hardy-Weinberg equilibrium.

We approach this problem first by presenting an example, a Medea with a 20% multiplicative
embryonic fitness cost. We plot, on a DeFinetti diagram, the trajectories of genotype
frequencies over 1000 generations when present in a population initially composed of different
proportions of Medea homozygotes and non-Medea individuals (points along the horizontal
axis), non-Medea individuals and Medea heterozygotes (points along the left axis), or Medea
homozygotes and heterozygotes (points along the right axis) (Fig. 2A). For this set of
parameters, all populations converge to one of two stable equilibrium points, composed of
either non-Medea individuals, or of two thirds Medea homozygotes and one third Medea
heterozygotes, the stable internal equilibrium allele frequency (SIEAF) (Fig. 2A). The regions
of initial conditions that converge to each stable equilibrium are separated by a set of gamete
frequencies, known as a separatrix, that define a threshold between Medea allele loss and
fixation. The separatrix is the stable manifold of the unstable equilibrium (a saddle). This
family of points includes one, the unstable internal equilibrium allele frequency (the UIEAF),
discussed further below. Importantly, all populations initiating on either side of the separatrix

approach and ultimately follow a common trajectory in moving towards one or the other stable
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equilibrium (the common trajectory is the unstable manifold of the unstable equilibrium). This
observation implies that one can calculate genotype frequencies, and thus allele fitness, as a
function of Medea allele frequency, by calculating the approximate positions of points on this
common trajectory. To do this we take a number of starting parental genotypes distributed
throughout the parameter space of all possible parental genotypes, indicated by the black dots
in the DeFinetti diagrams in Fig. 2B. Each genotype in the distribution is advanced one
generation and all possible genotype distributions for that generation, indicated by the green
region, are plotted. The procedure is repeated for a second generation, resulting in the region of
possible genotypes indicated in red; for a third generation, resulting in the region of possible
genotypes indicated in yellow; and for a fourth generation, resulting in the region of possible
genotypes indicated in blue. After four generations the genotype space distribution is very tight
(the blue region that resembles a line in Fig. 2B). Throughout the remainder of the text we use
the constrained values of genotype space during the fourth generation to calculate genotype
frequencies and fitness values with respect to Medea allele frequency. Plots of genotype or
fitness as a function of Medea allele frequency (as in Fig. 3A,C) which appear line-like, are not
one-dimensional lines, but narrow two-dimensional bands around a line. Places where the

bands cross are not points but small areas.
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non-Medea Homozygous Medea non-Medea Homozygous Medea
Figure 2.

DeFinetti diagrams showing genotype trajectories for a Medea with a fitness cost. (A) The
DeFinetti diagram plots the change in genotype frequencies over generations for a Medea with
a 20% embryonic, multiplicative fitness cost, and values of t;=0 and t;=1. Population
trajectories start with different ratios of two of the three genotypes (genotypes corresponding to
points along each of the sides of the triangle). Green lines show trajectories that end at 2/3
Medea homozygotes, 1/3 Medea heterozygotes and no non-Medea individuals, the SIEAF (the
stable internal equilibrium allele frequency). Red lines indicate population trajectories that end
with loss of Medea individuals from the population. The unstable internal equilibrium
frequency (UIEAF) is a point on the common trajectory taken by Medea-bearing populations
that separates populations in which Medea spreads from those in which Medea is lost. (B) Plot
of genotype frequencies over four generations for the Medea allele in (A), introduced into a
population at a number of different starting genotype frequencies (black circles). When adults
from within the G, genotype distributions (each of the black circles) mate randomly with each
other, a range of possible G; genotype distributions, indicated by the green region, is obtained.
When adults from G; genotype distributions mate randomly, a set of possible G, offspring
genotype distributions defined by the red region is obtained; matings within each G, genotype
distribution result in the set of possible G3 offspring distributions defined by the yellow region;
and G3 matings result in the G4 (blue) distribution. The G4 distribution, which is highly
constrained, can be used to approximate genotype frequencies and allele fitness for specific
Medea allele frequencies.



63

=
=

A B
08 0.8 08
o8 08 oal
07 0.7 oxt

ot
M I O A M M- 15 i
— g ——
0s —————MEL 0s —a
T orsis 120
0.2 {02 02 ol
(%] Jo.1 o4 — |
! L ___B NI
o o L
o] 4] ;| 40 . 1] B0 100 120

-

]

o
7
|8
:

S e8¢
-
|
/-
e

B
8
g

Genctype Frequency

: £ &

&

RRL

M L L i m
i
03 03 o e e | 108
o i
o2l 02 {02
0 air 101
0 /] 1 1 (i ]
] 02 04 08 [T 1

Figure 3.

Characteristics of Medea allele and genotype spread as a function of introduction frequency,
and of allele fitness as a function of Medea allele frequency. (A) The frequency of individuals
lacking Medea (Non-Medea), heterozygotes (Heterozygous), and homozygotes for Medea
(Homozygous Medea), are plotted with respect to Medea allele frequency. The fitness of the
Medea allele, the non-Medea allele, and the population is also shown. The presence of Medea
in the female is assumed to result in 100% death of non-Medea-bearing progeny, with all
heterozygous Medea progeny of homozygous Medea mothers being viable. (B) Medea allele
frequency is plotted as a function of the number of generations for different introduction ratios
of homozygous Medea/non-Medea males into a population of non-Medea females. (C) The
population frequency of individuals with Medea (Medea Genotype Frequency) is plotted as a
function of generations for different introduction ratios of homozygous Medea/non-Medea
males into a population of non-Medea females. (D) Plot of allele and genotype fitness, and
genotype frequency, as a function of Medea allele frequency, for a Medea that carries a 10%
embryonic fitness cost. The unstable internal equilibrium allele frequency (UIEAF) and stable
internal equilibrium allele frequency (SIEAF) are indicated. Thin arrows indicate the directions
in which the Medea allele frequency moves on either side of the UIEAF and SIEAF.
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An autosomal Medea increases to an equilibrium allele frequency when introduced above
a threshold frequency determined by fitness costs, and this increase is accompanied by

the elimination of non-Medea individuals from the population.

Medea increases in frequency by killing alternative non-Medea alleles, thereby causing a
relative increase in the population frequency of the Medea allele. Medea-bearing individuals
and alleles experience no direct benefit from this Kkilling, but non-Medea alleles experience
Medea-dependent death (a fitness loss) in each generation that is dependent on the Medea
allele frequency. The relationship between genotype and Medea allele frequency, and between
allele and population fitness and Medea allele frequency, for a Medea with no fitness cost, is
illustrated in Figure 3A. The Medea allele spreads to fixation because its fitness is always
greater than that of the non-Medea allele. This result agrees with that of earlier works
(Hastings 1994; Wade and Beeman 1994; Smith 1998). The rate of Medea spread depends
dramatically on the introduction frequency. If Medea is released into a population at low
frequencies there is a long lag phase during which the frequency of Medea alleles and
individuals increases only slowly because the frequency of Medea-dependent killing is low
(Fig. 3B, C) (Wade and Beeman 1994). This lag phase is followed by roughly 15 generations
that accounts for a dramatic loss of non-Medea alleles and individuals (Fig. 3B, C). If Medea is
released at higher frequencies the lag phase is shortened, but in other respects the population

trajectories are very similar (Fig. 3B, C).
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We now consider the fate of autosomal Medea alleles that have a fitness cost not associated
with Medea-dependent killing. As an example, we begin by considering the fate of a Medea
carrying a 10% embryonic fitness cost (Fig. 3D). Recall that fitness costs are multiplicative, so
homozygotes carry a 19% fitness cost. Note that the fitness curves for the Medea and non-
Medea allele cross at two positions. These define small regions that include the unstable
internal equilibrium allele frequency (UIEAF), a point on the separatrix of Fig. 2A, and the
stable internal equilibrium allele frequency (SIEAF) (the stable internal equilibrium of Wade
and Beeman (1994), and Smith (1998)), the point to which all gamete frequencies converge in
Fig. 2A when Medea spreads. At these two points Medea-dependent killing of non-Medea
alleles is balanced by natural selection-dependent loss of Medea alleles. If Medea is present at
a frequency below the UIEAF, the Medea-dependent cost to the non-Medea allele is less than
that associated with carrying the Medea allele (the non-Medea allele has a higher average
fitness than the Medea allele), and Medea is driven out of the population. In contrast, if the
Medea allele frequency is just above the UIAEF but below the SIAEF, the non-Medea allele
has a lower fitness (due to increased Medea-dependent killing) than the Medea allele, and the
frequency of Medea increases over the generations towards the SIEAF, even though this is
associated with a decrease in overall population fitness. The SIEAF represents a stable upper
limit on the Medea allele frequency since when the Medea allele frequency is higher than the
SIEAF, non-Medea alleles have, on average, a higher relative fitness; they lack the fitness costs
associated with being in Medea homozygotes (they are in heterozygotes), and because Medea
is now common they only rarely suffer the cost of death due to maternal-effect lethality in non-
Medea progeny. As a result, fitness costs associated with carrying Medea cause the Medea

allele frequency to decrease through natural selection, back towards the SIEAF (Fig. 3D). In
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consequence, the SIEAF also represents a local population fitness maximum. If the fitness cost
associated with Medea is increased, the UIEAF will increase, and the SIEAF (discussed further

below) will decrease.

In order to solve for the equilibrium values of this system, we set G;,,, =G,,, and G', =G,

Recalling that genotype frequencies must sum to one, G,,, +G,,, + G,, =1, and assuming that
all fitness values are greater than 0, we find 4 biologically possible equilibria. Two of these
equilibria, a population that contains only non-Medea individuals and a population that
contains only homozygous Medea individuals, are trivial. The third contains all three
genotypes. This is an unstable equilibrium and is the UIEAF. The final equilibrium includes a
mix of heterozygous and homozygous Medea individuals and is the SIEAF. The general forms
of the equations corresponding to these equilibria are too complicated to be useful. The general
forms of the expressions that describe the equilibria and the corresponding Maple code are left

to the supplemental materials.

In order to analyze the stability of these equilibria, we use the standard linear stability analysis

for difference equations. We calculate the eigenvalues of the Jacobian matrix,

G G um
ac;MM 8G++
oG, 3G,

6G,, 0G

++
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which are evaluated at each equilibrium in turn. The equilibrium is stable if both eigenvalues
have modulus less than one. If the eigenvalue with the largest modulus lies on the unit circle
(e.g. equals 1 or —1) then linear stability analysis is inconclusive. If either eigenvalue has

modulus larger than one then the equilibrium is unstable.

For the trivial equilibrium where there are no Medea individuals in the population, we can find

the general stability criteria. The eigenvalues of the Jacobian are 0 and V¢ ., (Vs pet + Vo 1et) -

Notice that the stability does not depend on the fitness of homozygotes. This equilibrium is
stable except when heterozygotes have no fitness cost, in which case the analysis is
inconclusive. In the case where the population consists of only homozygous Medea

individuals, the eigenvalues are 0 and

VE,Het (VD,HetVS,Homo +VS,HetVD,Homo _VS,HetVD,Homotl)
V VD,HomoV

E,Homo

S,Homo

If t1=0, VE Het>VE Homo, VD,Het=VD,Homos Vs.Het™Vs Homo, @Nd at least one homozygous fitness is less
than 1, this equilibrium is unstable. These results imply that for a Medea with a dominant
fitness cost, for which heterozygotes are more fit than homozygotes, and heterozygous

offspring of homozygous Medea females always survive, Medea will not spread from very low
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frequency; if it is present at a frequency from which it does spread, the population will always

contain some non-Medea alleles.

The general expressions for the equilibrium values for the three genotype (G++, Gy+, Gvm) Or
two genotype (G++=0, Gu+, Gum) scenarios in which all parameters vary are too cumbersome
to be useful. Here we consider a simpler case, in which t;=1, t;=0, and there is an embryonic
fitness cost associated with Medea. We have also considered maternal and parental fitness
costs with tp=1, t;=0. Explicit expressions for equilibria and stability conditions incorporating
these costs are shown in the Supplementary Materials. For each of the three fitness scenarios a
maximum of 4 biologically relevant equilibria exist. These are (1) the equilibrium with no
Medea, which is stable if heterozygotes have a fitness cost; (2) an unstable equilibrium with all
genotypes; (3) an equilibrium with heterozygous and homozygous Medea individuals (no non-
Medea individuals) that is stable if the fitness cost to homozygotes is higher than that to
heterozygotes, and homozygotes have a fitness of at least 0.3 (situations in which fitness values
are below 0.3 and/or homozygotes are more fit than heterozygotes are likely not biologically
relevant); and (4) an equilibrium with only homozygous Medea that is unstable if the fitness

cost to homozygotes is greater than that to heterozygotes.

To simplify the analysis of the model we limit our analysis to cases where there are 2
independent variables (homozygous and heterozygous fitness, or t; and fitness). We plot these

variables against each other to create a parameter space diagram in which regions of feasibility
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and stability or instability are indicated. In the current case, which incorporates an embryonic

fitness cost, our equations simplify to:

GIIVIM = EHomo(G + Gy, Gym +%G|\2;|+)/\N

GIIVI+ :VE,Het (ZGMM G++ +GMMGM+ +%G|€/I+ +GM+ ++)/W

= (l GM+ ++ + Gi—)/w

where the mean fitness, W, equals

W = EHomo(GzM+GM+GMM+1GM+)+VEHet(ZGMMG +Gyw Gy, +3Gn, +G.G,,)
+1G,,.G,, +G2,

M+~ 4+

We find 4 equilibria. Regions of stability and feasibility are indicated in Fig. 4A, which plots

homozygous fitness versus heterozygous fitness.
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(1) All non-Medea individuals:
G++ = 1, GM+ = GMM: 0,

As noted above for the general case, this equilibrium is always stable (Figure 4A, regions
A, B, and C) unless Vg ner=1 (Fig. 4A, line a), at which value the linear stability analysis
is inconclusive. In other words, if the presence of Medea results in a fitness cost to
heterozygotes, very low-level introductions of Medea will result in loss of the Medea

allele. Numerical results indicate that when fitness costs are purely recessive (V¢ =1;

\Y <1), this equilibrium is unstable, implying that low-frequency introductions of

E,Homo
such a Medea can result in spread, even if the fitness of homozygotes is close to zero.
Throughout the text we consider the more realistic case in which heterozygotes

experience a fitness cost (Ve pet<l1).

(2) All three genotypes present in population:

G, = _VEZ,Het _VE,Het +VE,Hom0 : GMM __ 1+VE2,Het _2VE,Het ' G,.=1-G,,
-V +VE,Het -1 -V +VE,Het -1

_GMM

E,Homo E,Homo

Equilibrium 2 is only biologically feasible if Ve jomo=>Ve ret (1-Ve rer) (Fig. 4A, regions A and
B). By linear stability analysis this equilibrium is unstable when Vg <1 and Ve Homo™>VE Het(1-

Venet) (Fig. 4A, regions A and B). At Ve pe=1 (Fig. 4A, line a), this equilibrium is coincident
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with equilibrium 1 (G++=1, Gu+=0 and Gum=0) and unstable as determined through numerical

simulations.
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Figure 4.

Diagrams partitioning (Viet, VHomo) fitness parameter space into regions in which linear
stability analysis indicates qualitatively similar behaviors are observed. (A) Parameter space
diagram of (Ve net, Ve Homo) SPace (this diagram is identical for a Medea with parental fitness
cost) . Qualitative behavior changes as each curve is crossed, with the occurrence of a
bifurcation. Equilibrium 1, which consists of only the non-Medea genotype, is stable in all
regions except at line a where the analysis is inconclusive. Equilibrium 2, which consists of all
genotypes, is unstable in regions A and B and infeasible in C. Equilibrium 3, which consists of
heterozygous and homozygous Medea, is infeasible in A, stable in B and unstable in C.
Equilibrium 4, which consists of only the homozygous Medea genotype, is stable in A and
unstable in B and C. Line a corresponds to a region in which Equilibrium 1 and 2 are
coincident. Line b separates regions A and B. On this line, Equilibrium 3 and 4 are coincident.
Transcritical bifurcation occurs as Equilibrium 3 moves through Equilibrium 4 (i.e. the two
collide), with the two equilibria exchanging stability. Curve c separates regions B and C. On
this curve, Equilibrium 2 and 3 are coincident. Transcritical bifurcation occurs as the two
equilibria collide, with the two equilibria exchanging stability. (B) Parameter space diagram of
(Vb Het» Vb,Homo) SpPace. Explanations are as in (A).

(3) No non-Medea individuals in the population:
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++

This equilibrium is biologically feasible if Ve nomo<VE net (Fig. 4A, regions B and C). By linear
stability analysis, this equilibrium is unstable for Ve qomo<VE Het(1-VE Het) (Fig. 4A, region C),
and stable for Ve pomo>VEe rHet(1-Ve Het) (Fig. 4A, region B). For parameter sets with values in
region B, there is an equilibrium which we define as the SIEAF, at which non-Medea
individuals, but not non-Medea alleles, have been eliminated from the population. When

VE Homo=VE Het (Fig. 4A, line b) this equilibrium is coincident with equilibrium 4. When

VE Homo=VE Het(1-VE net) (Fig. 4A, line ¢), this equilibrium is coincident with equilibrium 2.

(4) All Medea homozygous individuals in the population:

Gty = 0, GM+ = O, GMM: 1|

By linear analysis, this equilibrium is stable if Ve qomo>VE net (Fig. 4A, region A), and unstable
if Ve Homo<VE net (Fig. 4A, regions B and C). When Ve nomo=VE Het, this equilibrium is coincident
with equilibrium 3 (Fig. 4A, line b) and stable. Therefore, when a Medea carries a fitness cost,
and homozygotes are less fit than heterozygotes, unless a population begins with no wildtype

alleles, the population will always contain wildtype alleles.
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A Medea with parental fitness costs has identical regions of stability to a Medea with an

. vl . V
embryonic cost. Equilibrium 2is G, =0, G,,, = Dt , Gy, =1-G,,,
3\/D,Het - 2VD,Homo )
Equilibrium 3is G++ S Z(VPZ,Het _VP,Het +VD,Homo)VP,H0mo . ,
VP,Homo +VP,Hom0VV,Het _3\/P,HomoVP,Het + 2VP,Homo +VP,Het - 2VP,Het +1
G _ VPZ,Het - 2VP,Het +1
MM T l
VP:Z,Homo +VP,H0moVV2,Het _3\/D,H0moVD,Het + 2VD,Homo +VDZ,Het - 2VD,Het +1
Gy, =1-G,,, —G,, Inthe case of a maternal only fitness cost, there are again four

equilibria. Equilibrium 1 has only non-Medea individuals and is stable if Vg pet <1 (Fig. 4B,
regions A,B, and C, but not line a). Equilibrium 2 has all three genotypes in an analytically
tractable ratio, but the formula is complicated and therefore not reproduced here (see
Supplemental Materials for details). Equilibrium 2 is feasible, except at extremely low fitness
values (Fig. 4B, regions A and B, but not C). When it is feasible, it is unstable. Equilibrium 3

has no non-Medea individuals,

V -V +4V2 AN +2V72
G++ :0’ GMM _ D,Homo D,Het \/ D,Homo D,Het ¥ D,Homo D,Het ' GM+ :1—GMM

VD,Het

and is only biologically feasible when Vg 1omo<VE Het (Figure 4B, regions B and C). The

equilibrium is stable in region B. Equilibrium 4 contains only homozygous Medea individuals

and is only stable when heterozygotes are more fit than homozygotes (Figure 4B, region A).
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The above observations suggest that if an autosomal Medea with a fitness cost is present above
a critical frequency, it will spread, ultimately reaching the SIEAF, at which point non-Medea
individuals will no longer be present in the population. This feature of Medea, that if spread
occurs non-Medea individuals are driven from the population, is important because the
epidemiology of insect-borne diseases such as malaria indicates that disease prevention
through population replacement will require that most insects be refractory to disease
transmission (Macdonald 1957; Boete and Koella 2002; Boete and Koella 2003). In this
context the quantity of most interest is not the allele frequency of the transgene, but the

frequency of transgene-bearing individuals.

The rate at which Medea spreads and eliminates non-Medea individuals is a function of its
introduction frequency and the nature and size of the fitness cost. This point is illustrated for
the relationship between a parental fertility/fecundity cost, an embryonic fitness cost, or
maternal fecundity cost, on the X axis, the ratio of homozygous Medea/non-Medea males
introduced into a population of non-Medea females, indicated on the Y axis, and number of
generations required to bring non-Medea individuals below a specific frequency (1%) in Fig.
5A, 5B and 5C, respectively. The lower bound on these graphs (the black border) defines for
any given fitness cost, the critical homozygous Medea/non-Medea male introduction ratio
(CMIR), below which Medea will not spread. This number is of practical interest because the
release of Medea-bearing males is most appropriate for population replacement in mosquito

populations since it is technically feasible to release only males (Knipling et al. 1968; Asman
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et al. 1981; Catteruccia et al. 2005; Smith et al. 2007), and females bite and transmit disease
while males do not. In addition, the release of homozygous males only is likely to maximize
spread since it forces all Medea-bearing individuals to mate with non-Medea-bearing
individuals, maximizing drive in the next, heterozygous, generation. A sex-independent
parental fitness cost (Fig. 5A) requires the highest introduction frequency. In the first
generation two copies of the fitness cost are born by homozygous Medea fathers used to
initiate population replacement, leading to a decrease in their reproductive output and the
effective introduction frequency. In the second generation each heterozygous parent bears one
copy of the cost. In future generations the costs are born in a dose-dependent manner by
Medea-bearing individuals of both sexes. Medeas carrying an embryonic fitness cost (Fig. 5B)
require a somewhat lower introduction frequency because there is no cost in the first, parental
generation. In subsequent generations the costs are born in a dose-dependent manner by all
Medea carriers, as with a parental cost. A female-specific fitness cost (Fig. 5C) requires the
lowest introduction frequency because no fitness cost is incurred in the first, parental

generation, while in subsequent generations the costs are limited to females.
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Figure 5.

When an autosomal Medea with a fitness cost and t;=0 spreads, it drives the elimination of
non-Medea individuals, but not non-Medea alleles, from the population. (A) Plot describing the
number of generations required for Medea to be present in 99% of individuals, for a Medea
element with a parental fertility/fecundity cost. Homozygous Medea male:non-Medea male
introduction ratios are indicated on the Y axis, and parental fertility/fecundity cost on the X
axis. Area between lines indicates regions of parameter space within which a specific number
of generations (indicated by numbers and arrows) are required for the frequency of Medea
individuals to reach 99% or greater. Line color, shown in the heat map at the bottom, provides
a measure of how many generations are required. Black lines (50+) indicate that fifty or more
generations are required. The border between the black-lined region and the lower unlined
region defines the critical male introduction ratio (CMIR). (B) Plot describing the number of
generations required for Medea to be present in 99% of individuals, for a Medea element with
an embryonic fitness cost. (C) Plot describing the number of generations required for Medea to
be present in 99% of individuals, for a Medea element with a maternal fecundity cost. (D)



77

Stable internal equilibrium values of the non-Medea allele are plotted as a function of fitness
cost/fecundity loss for embryonic, sex-independent parental, or maternal costs.

The fate of the autosomal non-Medea allele

As discussed above, when an autosomal Medea allele carrying a fitness cost is introduced
above a critical value and complete zygotic rescue requires only one copy of the antidote, the
frequency of the Medea allele increases and approaches an equilibrium, the SIEAF, with the
non-Medea allele. Equilibrium allele frequency values can be algebraically derived. Since we
are focused on the equilibrium conditions when there are no non-Medea individuals in the
population, G++=0, and the proportion of heterozygotes is directly related to g, the fraction of

non-Medea alleles in the adult population, Gy+=2q, and Gyw=1-20.
For the parental (two parent) fitness cost the stable equilibrium occurs at

_ 1_VP,Het _ CP,Het
3- 2VP,Het 2CP,Het +1

q*

For the embryonic fitness cost the stable equilibrium occurs at

CE,Het

2_VE,Het CE,Het +1

For the maternal fitness cost the stable equilibrium occurs at
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q* = %(2 _VD,Het - \/VDZ,Het - 2VD,Het + 2)

These equilibrium values, for Medea elements carrying parental, embryonic, or maternal

fitness costs, are plotted as a function of fitness cost in Fig. 5D.

We now relax the assumption that heterozygous Medea offspring of homozygous Medea
mothers always survive. Such a situation could easily arise if progeny of homozygous Medea-
bearing mothers (which inherit two dosages of the toxin) cannot, or can only imperfectly be
rescued from death by a single copy of Medea (a single copy of the antidote) in the zygote
(0<t;<1) (see also Fig. S3 in (Chen et al. 2007)). Smith makes a related point, though details of
his model differ from ours with respect to the fate of homozygous Medea progeny of
homozygous Medea mothers (Smith 1998): we assume that homozygous progeny of
homozygous Medea mothers show 100% survival, as observed in (Chen et al. 2007), while he
does not. We calculate the equilibrium values assuming that Vs net=Vs Homo=VD,Het=VD,Homo=1,
VE,HOmo:VE,Het2 and tp=1. Again there are four possible equilibria. We plot the feasibility and

stability of equilibria within t;, embryonic fitness parameter space in Fig. 6A.

(1) No Medea-bearing individuals in the population:

G++:1, GMMZO, GM+:O.
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This equilibrium is stable (Fig. 6A, regions A, B, and C) except when Vg =1 (Fig. 6A, line
a), where the stability analysis is inconclusive. Simulations indicate that at this latter point the
equilibrium is unstable. This equilibrium implies that if there is a fitness cost, regardless of t;,

with very low introduction frequencies Medea will be lost.

(2) All three genotypes in the population:

_ (VES,Hettlz - 4VE2,Hett1 - 2VE,Hettl + 8\/E,Het + 2t1 - 4)‘/E,Het
o 4VE2,Het - 4VE,Het +VE4,Hett12 + 2VEZ,Hett1 - 4VI53,Hettl - 2VE,Hett1 +4

_ 4(\/i£2,Het - 2VE,Het + 1)
4VE2,Het - 4VE,Het +VE4,Hett12 + 2VI52,Hettl - 4VI53,Hettl - 2VE,Hett1 +4

GMM

GM+ zl_GMM _G++

This equilibrium is not feasible for low fitness values (Figure 6A, region C), and is biologically

feasible, but unstable when

> 2VE2,Het +VE,Het +1_\/_ 4VE4,Het +8\/I53,Het _3\/E2,Het - 2VE,Het +1

3
VE,Het

b



(Fig. 6A, regions A and B).
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o ©1 02 03 04 05 06 07

Figure 6. When Medea is located on an autosome, and heterozygous Medea offspring of
homozygous Medea mothers do not always survive, the Medea allele achieves a lower
equilibrium frequency or is eliminated from the population. (A) Diagram partitioning (t1, Viet)
parameter space into regions in which linear stability analysis indicates qualitatively similar
behaviors are observed. Qualitative behavior changes as we cross each of these curves, with
the occurrence of a bifurcation. Black lines partition parameter space for Medea elements with
an embryonic or parental fitness costs, while red lines partition parameter space for Medea
elements with a maternal fitness cost. Equilibrium 1, which consists of only the non-Medea
genotype, is stable in all regions. Equilibrium 2, which consists of all genotypes, is unstable in
regions A and B and infeasible in C. Equilibrium 3, which consists of heterozygous and
homozygous Medea genotypes, is infeasible in C, stable in A and unstable in B. Equilibrium
4, which consists of only the homozygous Medea genotype, is stable in B and unstable in A
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and C. Line a corresponds to a Medea with no fitness cost. At line a, the stability of
equilibrium 1, the all non-Medea equilibrium, is inconclusive. Line b separates regions A and
B. On this line, Equilibrium 3 and 4 are coincident. Transcritical bifurcation occurs as
Equilibrium 3 moves through Equilibrium 4 (i.e. the two collide), with the two equilibria
exchanging stability. Curve c separates regions A and C. On this curve, the Equilibrium 2 and
3 are coincident. (B) Plot of allele fitness, and genotype frequency, as a function of Medea
allele frequency, for a Medea that carries a 10% embryonic fitness cost and has t;=0.5.
Compare with the Medea shown in Fig. 3D, in which t;=0. (C) Medea-bearing genotype
frequency is plotted as a function of the number of generations for Medea elements with zero
fitness cost and different levels of heterozygous offspring lethality (t;), introduced into a
population of non-Medea females using a fixed 1:1 ratio of Medea:non-Medea males. (D) Plot
of Medea allele frequency as a function of the number of generations for the zero fitness cost
Medea elements in (C). (E) Plot as in (C) for Medea elements with a 10% embryonic fitness
cost. (F) Plot of Medea allele frequency as a function of the number of generations for Medea
elements with a 10% embryonic fitness cost. Note that the Medea allele frequency increases to
higher equilibrium values as t; increases.

(3) No non-Medea individuals in the population:

1-Ve por = 41— Ve it
G, =0; Gyy =——— ~ Gy, =1-Gyy —G

) VE,Het +2t -2 o

++

The equilibrium population consists only of Medea-bearing genotypes and is only feasible
when t;<2 (1-VE et), and is stable in Fig. 6A region A but unstable in Fig. 6A region C. The
algebraic expression describing curve c is the equality shown in equilibrium 2. This
equilibrium indicates that there are situations in which the death of heterozygous progeny of
homozygous mothers causes a decrease in the equilibrium non-Medea allele frequency as
compared to the case in which such heterozygous progeny never die. There is an additional

curve where the linear stability analysis is inconclusive,
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2(1+Ve 1er)

e ,0.481<V, ., <+2. The stability does not change when this curve is
4VE,Het + 4VE,Het + 1 '

crossed, and therefore it is not plotted.

(4) All Medea homozygous individuals in the population:

G++:0, GM+:O, and GMM:]..

The population is entirely homozygous Medea. This equilibrium is stable when t;>2(1-Vg pet)
(Figure 6A, region B) and unstable when t;<2(1-Ve net) (Figure 6A, regions A and C). At the
equality, the analysis is inconclusive but the equilibrium is coincident with equilibrium 3. This
equilibrium indicates that there are biologically relevant situations (high Medea fitness and

high t;) in which the non-Medea allele is driven from the population.

Figs. 6B-F illustrate the behavior of Medea elements with t;>0. In Figs. 6C-F homozygous
Medea and non-Medea males are introduced at a 1:1 ratio into a population of non-Medea
females. Figs. 6C, D show the behavior of Medea elements with no fitness cost, in which
heterozygous progeny of homozygous mothers do not die (t;=0), sometimes die, (t;=0.25;
t;=0.5; t,=0.75), or always die (t;=1.0). Figs. 6E, F show the behavior of Medea elements that
carry a 10% embryonic fitness cost, with t; values as above. In both cases non-Medea
individuals are eliminated from the population, though values of t;>0 result in modest delays.

The fate of the non-Medea alleles is more complicated. As illustrated in Fig. 3, and noted by
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previously by others (HASTINGS 1994; WADE and BEEMAN 1994), a Medea with no fitness
cost, and with t;=0, will ultimately spread to fixation. Values of t;>0 speed this process, with
greater t; values leading to more rapid loss of the non-Medea allele (Fig. 6D) (with t; values of
0, 0.25, and 1 resulting in non-Medea allele frequencies of 0.0279, 0.00161, and 1.03x10™,
respectively after 40 generations). When a Medea carries a fitness cost, values of t;>0 result in
a decrease in the non-Medea equilibrium allele frequency, which can go to O for high values of
t;, resulting in loss of the non-Medea allele (Fig. 6F). For example, for the Medea shown in
Fig. 6F, which has a 10% embryonic fitness cost and t;=0, the non-Medea equilibrium allele
frequency is 9.09%. In contrast, t; values of 0.25, 0.5, 0.75, or 1 result in non-Medea allele
frequencies of 0.0220, 8.74x10™, 9.24x10°®, or 3.65x107, respectively, after only 40
generations. The curves shown in Fig. 6A demarcate regions of fitness, t; space within which
non-Medea alleles are lost (region B) or retained (region A) in the population, for different

kinds of fitness costs.

The mechanism by which values of t;>0 can lead to loss of the non-Medea allele from the
population can be understood by considering the changing fitness of the non-Medea allele for
t;=0 and t,>0, as the frequency of Medea increases. Fig. 6B provides an example, for a Medea
with a 10% embryonic fitness cost and t;= 0.5. When such a Medea allele is present at
frequencies just above the UIAEF, most Medea alleles are in heterozygotes, and non-Medea
alleles experience a Medea-dependent fitness cost similar to that for a Medea with a 10%
embryonic fitness cost and t;=0 (Fig. 6B, compare with Fig. 3D). For the element with t;=0,
the fitness of the non-Medea allele decreases initially as Medea spreads, but then recovers

significantly as the frequency of males homozygous for Medea (which protect non-Medea
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alleles in heterozygous female parents from death in non-Medea progeny) increases (Fig. 3D).
Homozygous Medea females always allow survival of non-Medea alleles in progeny. In
contrast, for a Medea with a 10% fitness cost and t;=0.5, the fitness of the non-Medea allele
continues to remain low, never becoming greater than that of the Medea allele (Fig. 6B).
Homozygous male parents continue to protect non-Medea alleles in heterozygous mothers
from death in progeny, as above. However, for Medea elements with t;=0.5, non-Medea alleles
from heterozygous males face a new, 50% risk of death in heterozygous progeny when female
parents are homozygous for Medea. As the frequency of homozygotes increases, so does the
frequency of killing through this mechanism: 0% killing when non-Medea alleles are in
females; 50% killing when they are in males, resulting in up to 25% killing as the Medea allele
frequency approaches fixation. Medea alleles in heterozygous progeny are also killed through
this mechanism. But as Medea spreads, the frequency of heterozygotes becomes rare with
respect to the frequency of Medea-bearing individuals (which are mostly homozygotes), while
heterozygotes make up the majority of individuals carrying the non-Medea allele. Therefore,
the fitness costs from this form of death are born primarily by the non-Medea allele. In
summary, when t;>0, non-Medea alleles experience a novel Medea-dependent fitness cost that
increases as Medea spreads and homozygous females become common. If t; is large this can
have a dramatic effect on non-Medea allele fitness. In particular, high t; values can result in the
fitness of the Medea allele (when present at frequencies above the UIAEF) being always
greater than that of the non-Medea allele (Fig. 6B). This results in the non-Medea allele being
eliminated from the population, an outcome also reflected in population fitness, which -
following an initial decrease resulting from high levels of Medea-dependent killing - increases

continuously as Medea spreads to fixation.
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When a Medea located on the X chromosome in a X/Y male heterogametic species

spreads, it always drives the non-Medea chromosome to extinction.

The spread of a Medea on the X, in a X/Y male heterogametic species, also results in non-
Medea alleles experiencing a novel cost that leads to their loss from the population. Sy
represents the fraction of the total population that is male of genotype x and Dy the fraction of
the total population that is female of genotype x. For a Medea on the X, the standard iterative

Medea equations are modified as follows:

Sllvw :$(%SMY DMM +%SMY DM+ +%S+Y DMM +%S+Y DM+)

[EEN

S-:—Y = W(%SMY D++ +%S+Y D++)

2 V2 e
DMM :%(%SMY DMM +%SMY DM+)

’ V €
DM+ = \EA}-'t (%SMYDM++%SMYD++ +%S+YDM+ +%S+YDMM)
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where the mean fitness, W, equals

W =VEZ,Het(%SMY DMM +%SMY DM+)+

VE,HEI(%SMY DMM +%SMY DM+ +%SMY D++ + S+Y DMM +%S+Y DM+)+%SMY D++ + S+Y D++

Recalling S+yv+Syy+D+++Dp++Dum =1, and setting S’+v=S+v, D’Mm=Dmm, D’m+=Dwm-+, and

D’;++=D++, we find 4 equilibria.

(1) DMM:O; DM+:O; D++:1/2; SMY:O; S+Y:1/2

Equilibrium (1) is stable for all values of Vg pet except Ve pei=1. At Vg ne=1 the linear stability
analysis is inconclusive, but simulations indicate that the equilibrium is unstable. In other
words, as with the case of an autosomal element carrying a fitness cost, if the presence of
Medea results in a fitness cost to carriers, very low-level introductions of Medea will result in

loss of the Medea allele.
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Equilibrium (2) is a mixture of all genotypes. The equilibrium expressions are cumbersome
and can be found in Supplementary Materials. There is a cumbersome analytical solution for
when the equilibrium is biologically feasible. Numerically the equilibrium is feasible, but
unstable, when VE ¢ is less than about 0.54. In other words, when the fitness of Medea is low
there is an equilibrium at which non-Medea individuals exist with Medea-bearing individuals,
but it is unstable. This equilibrium is unlikely to be biologically relevant since we are primarily

interested in elements with fitness greater than 0.54.

Vv 1-2V
E,Het . . EHet - =0: SMY Z;;Sw =0

3) Dy =—————; =—=,D,_
() . 2_VE,Het . Z_VE,Het 2_VE,Het

Equilibrium (3) is stable for Vg ye<0.5, unstable for Ve 4>0.5, and the analysis is inconclusive
at Ve net=0.5. In other words, when the fitness of Medea is below 0.5 (probably of little
biological relevance), there are conditions under which Medea can still spread, such that at
equilibrium all individuals carry Medea, and some females carry non-Medea alleles. Wildtype
alleles cannot exist in males because, as discussed further below, X/Y males cannot be rescued

from death when they inherit a non-Medea X chromosome from a Medea-bearing mother.

V e . . . . .
(4) Dy, :ﬁ . D,,.=0;D,, =0;D,,=0;S,,=————; S, =0
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This equilibrium is stable for Vg pet>1/2, unstable for Ve ye<1/2, and the analysis is
inconclusive at Ve pe=1/2. This equilibrium is particularly interesting because it suggests that if
Medea becomes established, there is a broad range of physiologically relevant conditions

(Ve Her>1/2) under which the non-Medea allele is eliminated from the population.

Loss of the non-Medea allele occurs under the conditions of equilibrium (4) because this allele
experiences a unique cost. In each generation X-linked non-Medea alleles present in
heterozygous Medea female parents have a 50% probability of ending up in a male progeny,
which, as noted above, are doomed to death because they cannot be rescued by a paternally
derived Medea allele. Thus, the non-Medea X allele experiences a minimum 50% probability
of death in the subsequent generation each time it finds itself in a heterozygous Medea female,
and the probability of finding itself in a heterozygous Medea female (as opposed to a non-
Medea female) increases as the frequency of Medea increases. This stands in contrast to the
case of an autosomal Medea with t;=0, in which the spread of Medea serves to protect the non-
Medea allele from death (see discussion of Fig. 3D). As a result of this X-linkage effect, the
fitness costs associated with the non-Medea allele remain higher than those associated with the
Medea allele for all Medea allele frequencies above the UIEAF. This forces the non-Medea
allele out of the population, and is also reflected in changes in population fitness as Medea
spreads. Population fitness initially decreases as a result of Medea-dependent killing of non-
Medea alleles; it then increases continuously as Medea spreads and the Killing of non-Medea

male progeny declines. These features of an X-linked Medea are illustrated in Fig. 7A, which
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plots allele fitness versus Medea allele frequency for a X-linked Medea with a 10% embryonic
fitness cost. The dynamics of Medea spread for representative elements located on the X
carrying an embryonic fitness cost are illustrated in Figs. 7B-D. Non-Medea individuals are
rapidly eliminated from the population, though the times required are somewhat longer, and
CMIRs somewhat higher than those required for an autosomal element with a similar fitness

cost, since introduced males carry only one copy of Medea.

— Medea Allele
— NON-Medea Allele

—
=

Figure 7.

When Medea is located on the X chromosome in a male heterogametic species, and Medea
spreads, the non-Medea allele is eliminated from the population. (A) Plot of allele and
population fitness as a function of Medea allele frequency, for a Medea that carries a 10%
embryonic fitness cost, located on the X chromosome. Lines and labels and other conditions
are as in Fig. 3D. (B) Medea genotype frequency is plotted as a function of the number of
generations for Medea elements on the X with different levels of an embryonic fitness cost,
introduced into a population of non-Medea females using a fixed 1:1 ratio of Medea:non-
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Medea males. (C) Plot describing the number of generations required for Medea to be present
in 99% of individuals, for a Medea element on the X with an embryonic fitness cost. Compare

with Fig. 4B. (D) Medea allele frequency is plotted as a function of the number of generations
for the elements shown in (B).

Population replacement with multiple Medea elements

Insects used for population replacement may carry multiple, unlinked, versions of a single
Medea element as a way of increasing the introduction frequency of the element given a
particular organism introduction frequency, assuming that a single copy of the element in
progeny guarantees their survival regardless of how many copies of Medea (and thus the toxin)
the mother carries. Because the number of possible genotypes scales as 3", where n is the
number of copies of the construct, it is not convenient to examine high copy number
deterministically. However, up to 3 copies is practical deterministically, and probably realistic
in practice. Details of this model are provided in Supplementary Materials. The invasion
dynamics for three unlinked autosomal elements, with each element bearing the same
embryonic fitness cost, are shown in Fig. 8A (compare with Fig. 5B). For elements with low
fitness costs a major effect of introducing multiple elements is to increase the rate of Medea
spread, while at high fitness costs a primary effect is to lower the critical introduction
frequency. Both of these effects occur because with multiple unlinked elements more Medea
heterozygotes are generated during early generations, leading to increased killing of non-

Medea alleles.

In reality it is likely that individual elements will have distinct fitness costs as a result of

insertion site-dependent effects. Transgene insertions may have effects on neighboring genes,
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and neighboring genes or local chromatin structure may have effects on the expression of
toxins, antidotes, or genes conferring disease refractoriness. We consider the simple case of a
Medea element located at two different positions in the genome, in which the two elements
have different fitness costs. For details see Supplementary Materials. As illustrated in Fig. 8B,
while both Medea elements initially increase in frequency, ultimately the Medea with the
lowest fitness cost spreads through the population, while the other element is eventually lost.
Loss of the element(s) with the higher fitness cost occurs because once population replacement
has gone to completion all viable genotypes (individuals) must inherit Medea. In this situation
Medea's selfish behavior is not relevant, since all Medea elements in an individual are
proposed to function equally well in terms of Medea-dependent killing (to=1) and rescue (t;=0).
Instead, those genotypes carrying the Medea element with the lowest fitness cost will have a
selective advantage over those carrying Medea elements with higher fitness costs, resulting in a
generation-by-generation increase in the frequency of the former. An important implication of
this is that while the introduction of multiple copies of a single Medea element can facilitate
population replacement, one Medea is ultimately likely to predominate. Since a low fitness cost
associated with a specific Medea insertion could reflect decreased expression of genes
conferring disease refractoriness, it will be important to be confident that the presence of each

Medea in isolation is sufficient to confer disease refractoriness.

Population replacement may also utilize individuals that carry several different Medea
elements that fail to rescue each other (because they utilize different toxins and antidotes). In
one possible arrangement, two such Medea elements may be inserted next to each other (two

Medea - one insertion), creating a composite element. Such an arrangement could be used as a
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way of generating redundancy that prevents the appearance of antidote-only alleles. Antidote-
only alleles are resistant to Medea-dependent Kkilling, and can lead to the reappearance of non-
Medea individuals since a female carrying such an allele and a non-Medea allele can give rise
to non-Medea progeny (Smith 1998). Antidote-only alleles can arise through mutational
inactivation of the maternal toxin. They can also be created if unlinked copies of the antidote
gene, perhaps generated through retrotransposition, come under the control of an early zygotic
promoter. However, with the two Medea - one insertion arrangement, both toxins, or both
antidotes would need to undergo such alterations in order for antidote-only alleles to appear.
To the extent that such alterations result from independent mutational events, the probability of
two such events occurring in a single genome becomes quite low. The dynamics of a two
Medea - one insertion composite element are the same as those for one Medea at a single locus.
All individuals gain the benefits of Medea, but each Medea-bearing individual also incurs all

fitness costs.
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Figure 8. Population replacement with multiple Medea elements can serve to enhance or retard
the spread of Medea, depending on how the elements are organized. (A) Plot describing the
number of generations required for Medea to be present in 99% of individuals, when three,
unlinked Medea elements carrying identical embryonic fitness costs are introduced into the
population. Compare with Fig. 4B. (B) Plot of the population frequency of individuals with
Medea as a function of generations, when two identical Medea elements with different levels
of an embryonic fitness cost are introduced into a population. (C) Plot of the population
frequency of individuals with Medea as a function of generations. Examples in which two
different Medea elements are located at a common position, creating a composite element (2
Medeas 1 Insertion), are indicated by dotted lines. Examples in which two different Medea
elements are unlinked (2 Medeas 2 Insertion), are indicated by solid lines. When both Medea
elements are located at the same position spread occurs more rapidly than with two unlinked
elements, and under fitness cost conditions (cg=0.10) in which two unlinked Medea elements
fail to spread.

In a second possible arrangement, known as two Medea - two insertions, Medea elements that
fail to rescue each other are unlinked. Both Medea elements, if introduced above a critical

value, will spread. Redundancy is still preserved since inactivation of both toxins, creation of
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two new antidotes, or inactivation of both copies of the disease resistance gene would be
necessary for the appearance of individuals potentially able to transmit disease. We compared
the dynamics of Medea spread for the two-Medea one insertion and two-Medea two insertion
strategies. We consider the case in which fitness costs are embryonic. Interestingly, the two-
Medea-two insertion strategy consistently results in Medea entering the population more
slowly and requiring a higher introduction frequency, than with the two-Medea one insertion
strategy. This occurs even though the two-Medea one insertion strategy requires that each
Medea-bearing individual bear the full costs associated with two or four copies of the disease
resistance transgene, while the two-Medea two insertion strategy does not (Fig. 8C). The
reason the two-Medea two insertion strategy performs poorly reflects the fact that females
heterozygous for both elements experience a unique cost - a significant probability that
offspring will inherit one, but not the other element, resulting in progeny death. In contrast, in a
two Medea - one insertion strategy, inheritance of Medea guarantees progeny survival. In
short, a requirement that some individuals inherit several different unlinked Medeas in order to
survive results in an increased frequency of progeny genotypes in which rescue fails, while

decreasing the number in which rescue succeeds, thereby slowing Medea spread.

Discussion

Here we use a deterministic model to show that Medea selfish genetic elements can drive rapid
population replacement under a wide range of conditions, provided that they are introduced
above a critical introduction frequency (or critical male introduction ratio), determined by the
fitness costs associated with Medea. Stochastic effects (drift, founder effects) will soften this
transition such that Medea will sometimes spread when introduced below the CMIR, and

sometimes fail to spread when introduced above it, as recently modeled for the case of the
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Wolbachia drive system (Jansen et al. 2008). A detailed analysis of Medea behavior in finite
populations remains to be carried out. A critical feature of Medea's potential as a drive
mechanism, highlighted throughout this work, is that under all conditions in which spread
occurs, even when Medea carries a fitness cost and non-Medea alleles remain in the
population, non-Medea individuals are permanently eliminated from the population. In some
cases, when autosomal Medea elements have a t;>0, or when Medea is located on the X, the
non-Medea allele can also be eliminated from the population. The rate of Medea spread is a
function of introduction ratio, fitness costs, and number of elements. Low fitness costs allow
rapid spread at relatively low Medea/non-Medea male introduction ratios, while high fitness
costs require higher introduction ratios in order for spread to occur quickly, or at all. The use of
introduction strains that carry multiple copies of a particular element can further increase the
rate of spread and allow the use of lower introduction ratios, though one element is likely to
ultimately predominate within the population. In summary, the key to rapid population
replacement with Medea is to have a high enough introduction ratio so that Medea-dependent
killing of non-Medea alleles on a generation-by-generation basis, particularly for the early
generations, is substantially greater than the coincident loss of fitness-compromised Medea

alleles through natural selection.

Practical population replacement requires that transgenic individuals be refractory to disease
transmission for many generations. Medea elements that are autosomally linked with t;>0, or
that are X-linked in a male heterogametic species (such as the malaria vector, Anopheles
gambiae) could be useful in this regard since having no non-Medea alleles in the population

serves to maximize the number of genes for disease refractoriness in individual females in the
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population. These genes, because they are proposed not to confer a fitness benefit to carriers,
will eventually undergo mutational decay. If such mutations result in a fitness increase to
carriers (a loss of a fitness cost associated with their anti-disease function), and the non-Medea
allele has a significant equilibrium frequency in the population, then insects permissive for
disease transmission will appear. This appearance is delayed if each individual necessarily

carries two Medea elements.

The ability to eliminate a specific allele from the population also provides a basis from which
to carry out modifications of a transgenic population. For example, the toxin component of the
drive mechanism also does not provide a fitness benefit to the organisms in whose genomes it
resides. Therefore, it too will eventually undergo mutational decay to inactivity, resulting in the
appearance of antidote-only alleles. Pre-existing diversity and mutation within the pathogen
population may also contribute to the emergence of pathogen populations resistant to first
generation effectors. It is also possible, though probably unlikely, that the presence of specific
effectors will facilitate the emergence of new pathogens and forms of disease. For all of these
reasons, it is essential that strategies be available to remove first-generation elements from the
population, replacing them with second-generation elements, if desired (Braig and Yan 2001;
Christophides 2005; James 2005; Hay et al. 2010). As discussed in Chen et al. (2007), second
generation Medea elements can be generated that will spread at the expense of first generation
elements, when both elements are located at the same chromosomal position. If second
generation autosomal elements having t;>0 are used, or the elements are X-linked, first
generation elements can be eliminated from the population during this process. The use of such

second generation elements carries a price in that somewhat higher introduction frequencies
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are needed than with an autosomal Medea element having t;=0 (Chen et al. 2007, Fig. S3; and
compare Fig. 5B with Fig. 7C). But given the importance that control over the fate of released
transgenes is likely to have for the acceptance of population replacement as a viable strategy
for disease prevention, this may be a small price to pay. This strategy does not restore the
population to its pre-transgenic state, but it does provide a method for removing specific

transgenes from the population.

What are the contexts in which area-wide population replacement with Medea can realistically
be carried out? Our results suggest that in order for Medea to drive rapid population
replacement within 10-20 generations (roughly 1-2 years), Medea/non-Medea male
introduction ratios of between 1:10 and 1:1 are needed, depending on the nature and size of
fitness costs, and the number of elements carried in the introduction strain. These numbers
represent optimistic estimates because they assume that Medea males are competitive with
wild males. However, Medea male mating competitiveness may be decreased (thereby
lowering the effective Medea/non-Medea male introduction ratio) through several mechanisms.
For example, factory rearing can select for distinct mating and other life history traits that are
maladaptive in the wild. The factory strain may also be partially reproductively isolated from
the wild population of interest. It should be possible to remove some of these genetic barriers
to male mating competitiveness and offspring fitness by introgressing Medea into the wild
genetic background prior to, or during factory rearing. However, non-genetic fitness costs
associated with factory rearing (food, stress associated with handling and distribution to sites
of release) may still result in loss of male mating competitiveness (reviewed in Dyck et al.

2005). The importance of each of these variables will need to be evaluated, ideally in field
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tests, before accurate estimates of Medea's ability to penetrate a specific population can be

obtained.

Wild populations of Aedes aegypti and some Anopheles species have been estimated to range
from 10,000-20,000 adults per village (Scott et al. 2000; Taylor et al. 2001). These sizes are
small compared with those associated with classical sterile male release in other insects;
68,000 per week in the case of the screw worm fly, and ~10° in the case of ongoing
Mediterranean fruit fly suppression programs (Dyck et al. 2005). With respect to mosquitoes,
weekly factory production of 1,000,000 Aedes aegypti could be achieved routinely in the
1960s. Large numbers of Anopheles males have also been produced in factory environments
using mid-twentieth century technologies (Knipling et al. 1968). In some contexts it may also
be possible to take advantage of naturally-occurring changes in mosquito population size to
provide an environment in which Medea can more easily gain a foothold within a population.
For example, while wet season populations of Anopheles adults per village in Mali can reach
~15,000, in the dry season these populations consist of only 1,000-3,000 adults (Taylor et al.
2001). These encouraging points notwithstanding, it is important to emphasize that area-wide
population replacement remains a daunting task. Disease-endemic regions can be very large
(thousands of square miles), and consist of many villages, requiring that the number of Medea
males to be released be scaled accordingly. Modest migration rates can result in rapid spread of
Medea in space (J. M. Marshall, C. M. Ward and J. T. Su, unpublished observations).
However, if inter-village distances and other environmental obstacles are such that mosquito
migration between villages is minimal, Medea will need to be introduced at many sites in order

to create area-wide protection within a reasonable timeframe. These facts, coupled with the



100
issues associated with factory rearing and distribution noted above, argue that a detailed
analysis of the local mosquito population, the environment, and the amount of resources
available to raise and distribute Medea-bearing insects will need to be carried out before
population replacement is attempted in any given area. Finally, we note that the models
examined here make a number of assumptions: infinite population size, non-overlapping
generations, no age structure within the population, random mating, and no migration. This
kind of model is often used to gain basic insights into population genetic processes. However,
it provides only a qualitative snapshot of the conditions under which Medea can succeed in
driving population replacement. It will be important to carry out more detailed modeling that
takes account of the biology of specific pest species, as well as other variables that can

influence rate of spread and functional lifetime in the wild.
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Supplementary Material

The supplementary material is intended to provide mathematical details the text leaves
out for clarity. We begin with a section describing how we calculate fitness for the
autosomal case. We then repeat the calculations for an X-linked allele. We give the
equations for 2 kinds of Medea and 3 copies of a single Medea. Finally, we attach the

Maple code for the equilibria calculations.

Fitness Calculations
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By fitness of a particular genotype we mean the average number of progeny a zygote of
that genotype will have, given a particular zygote genotype distribution. A zygote with a
fitness of 1 exactly replaces itself (has one progeny). Fitness of a particular allele refers
to the average number of progeny an individual with that allele will have, given a
particular genotype distribution. Fitness has three components. 1) The ability of an
organism to survive to reproductive maturity, lgenotype. This is the embryonic fitness. 2)
The ability of an organism to make gametes (a parental fertility or fecundity loss),
Mgenotype- 3) A component specific to Medea, the ability of the gametes to survive fusion
to form a viable zygote, Ngametetype. 1N Order to calculate fitness we must track the fate of
the 8 types of gametes. Gametes have 3 essential attributes, 1) whether they are sperm or
egg, 2) whether they carry the Medea or non-Medea allele and 3) the genotype of the

gamete’s parent.

To find fitnesses, we begin by finding the distribution of gametes given a distribution of
zygotes. We start by introducing the following terminology. A zygote has already
undergone death by the Medea mechanism but has not experienced any fitness costs.
Zygotes can be zygote.., zygotew+, or zygotemm for the fraction of zygotes that are
homozygous non-Medea, heterozygous for Medea, or homozygous Medea, respectively.
Egg/sperm sub gamete genotype, gamete’s parent’s genotype. Gamete genotype can be p
or g for Medea and non Medea respectively. Gamete’s parent’s genotype can be MM,
M+, or ++ for homozygous Medea, heterozygous Medea and homozygous non-Medea,
respectively. For example, we define spmg++ as the the fraction of male gametes that are

non-Medea from a non-Medea parent. Vp is the parental fitness cost. In the case of an
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egg, itis Vp and in the case of a sperm it is Vs. We do not consider the case where Vp is

not equal to Vs. Mathematically,

zygote. ,
zygote, . + zygote,, V.V, + zygote,,,VEVy

eggq++ = Spmq++ =

32ygote,, ,VeVp
zygote, , + zygote,, V.V, + zygote,,, VS V7

egng+ = egg pM + = Spqu+ = Spran+ =

zygote,,,VEVe
zygote, . + zygote,, V.V, + zygote,,, VIV

€99 jum =SPMyum =

Now we examine the fitness of each type of gamete (part 3). To find fitness, we examine
the fate of the gamete when it joins with all other possible gametes. For example, a non-
Medea sperm from a non-Medea parent will always survive when it joins a non-Medea
egg from a non-Medea parent, will die a fraction (1-tp) of the time when it joins a non-
Medea egg from a heterozygous parent, will always survive when it joins a Medea egg
from a heterozygous parent, and will die a fraction (1-t;) of the time when it joins a
Medea egg from a homozygous Medea female. To find the fitness of the genotype, we

find the mean of the fitness of sperm and egg of the same genotype.
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nspermq++ = eggq++ + egng +(1_t0) + €99 pM + +€gg pMM (1_t1)

neggq++ = Spmq++ + Spqu+ + SpmpM+ + SpmpMM

+N

—1
r]q++ -2 (nspermq++ eggq++)

nsperqu+ = eggq++ + egng +(1_t0) + €99 pM + + €99 pMM (1_t1)

Neggqm+ = SPMy,, (L=1;) +spmyy, , (L—1,) +spm,, , +Spm

—1
on + 72 (nsperqu + + negng +)

nspermpM + = eggq++ + egng + €99 pM + +€gg pMM

neggpM + = Spmq++ + Spqu + + SpmpM + + SpmpMM

—1
on + 72 (nsperqu + + negng +)

r]spermpMM = eggq++ + egng + + egg pM + + egg pMM
neggpMM = Spmq++ (1_t'1) + Spqu+(1_t1) + SpmpM+ + SpmpMM

—1
onM 2 (nsperquM + negngM)
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Genotype fitness

The genotype fitness is calculated by multiplying each component of fitness.

fltnesshom ozygousMedea = IMM mMM anM

H 1
fltnessheterozygousMedea -2 IM +mM + (n pM + + on + )

fltnesshomozygousnonMedea =l.m._n

+4+ T pt

Allele fitness

The Medea allele fitness is calculated by finding the fitness of the heterozygote
multiplied by the fraction of Medea alleles in heterozygotes and adding the fitness of
homozygous Medea multiplied by the fraction of Medea alleles in homozygotes. Fitness

of the non-Medea allele is calculated similarly.
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. zygote,, 2zygote,,,
fltneSSMedeaAllele = IM+mM +an+ >

+ 1y My N
zygote,, , +2zygote,,, - "™ zygote,, , + 2zygote,,,,

2zygote,, . m 2zygote, ,
zygote,,, +2zygote,, " " P zygote,,, + 2zygote, ,

fltnessnonMedeaAllele = IM +mM +an +

Population fitness

The population fitness is the sum of the products of each genotype and the fraction of

zygotes with that genotype.

fltneSS population = ZyQOteMM fltnesshomozygousMedea + ZyQOteM+ fltnessheterozygousMedea +

Zyg()te++ fltness hom ozgousnonMedea
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X chromosome

An X-linked Medea is different from autosomal Medea in that the ratio of males to

females isnot 1 to 1. There are only 2 male genotypes Medea Y and non-Medea Y.

Parental Genotype Male Offspring Female Offspring
Frequency Frequency Frequency
Family | Male | Female | Mating Medea | non- Homo | Het WT
Medea
1 Smy BIVIV Smy*Dwmm | VE Ve
2 Siy Dmm Siy Ve Ve
*Dmm
3 Swy | Dwm+ | Swy*Dwms | % Ve | % AAREAL
4 S+Y DM+ S+Y*DM+ ]/2 VE ]/2 ]/2 VE 1/2
5 SMY D++ SMY*D++ l VE
6 Sy Di+ S+v*Ds+ 1 1

Equations are shown in the text.

Fitness:
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We use the same definitions of fitness and symbols as defined in the autosomal fitness

cost case.

femalezygote, ,
femalezygote, , + femalezygote,, V. + femalezygote,,,V¢

eggq++ =

1 femalezygote,, V¢
femalezygote, , + femalezygote,, .V, + femalezygote,,,, V¢

egng+ = egg pM + =

femalezygote,,,, VeV
femalezygote, . + femalezygote,, V. + femalezygote, V¢

€99 omm =SPM iy =

1 malezygote,,

spm, ., =
Pl malezygote,, + malezygote,, V¢
spm, ., = 1 malezygote,,
" malezygote,, + malezygote,, V¢
spm... = 1malezygote,,, Ve
P malezygote,, + malezygote,,, V.
2 malezygote,,,V,
spm,,,, = 2 ygotey Ve

malezygote,, + malezygote,, V¢

Now we examine the fitness of each type of gamete (part 3). To find fitness, we examine

the fate of the gamete when it joins with all other possible gametes.



r]spermq+Y = eggq++ + egg pM + + egg pMM

neggq+Y = Spmqﬁ-Y + Sme +Y + SpmpMY + SmeMY

nspermYM+ = eggq++ + egg pM + + egg pMM

n

eggqM + — SpmpMY

r‘lspermpM + eggq++ + egng + + egg pM + + egg pMM

Neggom + = SPMy,y +SPMyyy +SPM . +SPMy .y

nspermpMY = eggq++ + egng + + egg pM + + egg pMM

neggpMM = Spmq+Y + SpquY + SpmpMY + SpmpMY

Allele fitness
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The Medea allele fitness is calculated by finding the fitness of the heterozygous females
multiplied by the fraction of Medea alleles in heterozygous, adding the fitness of
homozygous Medea females multiplied by the fraction of Medea alleles in a homozygous
female Medea background and adding the fitness of male Medea individuals and
multiplying by the fraction of Medea alleles in a male Medea background. Fitness of the

non-Medea allele and Y are calculated similarly.

Population fitness

The population fitness is the sum of the fitness of each genotype multiplied by the

fraction of zygotes with that genotype.
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Two Medea, Two Insertions

We begin by defining variables. We do not define all possible genotypes, but explain

how the naming scheme works.

Saags  Fraction of the male population homozygous for Medea” and Medea®, a + in the

subscript refers to being non-Medea at that locus.

Sasgg is the fraction of the male population heterozygous for Medea” and homozygous

for Medea®.

Daags Fraction of the female population homozygous for Medea” and Medea®, a + in the

subscript refers to being non-Medea at that locus.

Da-gs is the fraction of the female population heterozygous for Medea” and homozygous

for Medea®.

Sa Fraction of embryos that die per copy of the Medea” construct
S Fraction of embryos that die per copy of the Medea® construct
W Mean fitness

Va Fraction of embryos that live per copy of the A construct; (1-sa)
Vg Fraction of embryos that live per copy of the B construct; (1-Sg)

Mar Male gamete with Medea” and non-Medea®
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Far  Female gamete with Medea” and non-Medea®

Tables of multiple families are extremely large. Instead, we find the probability of each
type of gamete. For male gametes, the genotype of the father is unimportant. However,
for female gametes, if the gamete is non-Medea, the genotype of the female parent is

critical.

We find the gamete population:

Mag=SaaeetY2SaaB+TY2Sp+BB+Y4SA+B+
Ma+=Y2Sang++San++1Y4Sp+B++HY2S A ++
M.+g=Y2Sa+BB+YaSa+B++S++BBH 2S48+

M++:1/4SA+B++1/ZSA++++1/ZS++B++S++++

Fag=Daase+¥2Dang++¥2Da+ee+¥4Da+a+
F A+:1/2 DAAB++ DAA+++1/4DA+B++1/2 DA+++
F+s=2Da+gpt74Da+B++D++88172D 15+

F++:1/4DA+B++1/2 DA++++1/2 D++B++ (D F-
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We allow the gametes to combine and Medea to kill. Recall that Medea mothers kill any
wildtype offspring. Medea A and Medea B act independently. An embryo with a mother

that has Medea A will not be rescued by a Medea B allele.

Gange’=Va Ve (FaeMag)/W

Gang+'= VA’V (MagFas*+MasFag) /W

Ganr+'= Va2 (Mar(Dans++Y5Dprss))/W

Gare’= VaVe® (MagF+g+M.gFag) /W

Ga+s+ = VaVe(M++FagtMasrFig +MigFa++MagF+4)/W
Ga+++'= VAMa+(%2Da++++Dss44)+ Mt (¥2Das+++Disr) )W
Gi+88’= VA (Msg(Drrpat¥2Darps))/W

Ga+g+'= VB(M+g(¥2D++8++D+4+4)+Mii(D++ge+¥2D+184))/W

Gasrt = MiiDiss /W

Where,

W=Va2VE? (FasMag)+Va2Ve(MasFa++Ma+Fag) Va2 (Ma+(Daas+++72Das+4)) +VaVE (MasF 15

+M+BFAB)+
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VaVe(M++FagtMasFigtMgFa+ tMpagF 1) +VA(Ma+ (Y2Dp s+ +1Dssrt) F Mo (Y2Dar+++D s

++))F

VBZ(M+B(D++BB+1/2D++B+))+VB(M+B(1/2 Ds+g+tDrvss)tMit( Dt t¥oDssp+)) Mo Dorrs
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Three copies of Medea

We begin by defining variables. We do not define all possible genotypes, but explain

how the naming scheme works.

Saasecc Fraction of the male population homozygous for Medea” and Medea®, a +

in the subscript refers to being non-Medea at that locus.

Sa+BBC+ Fraction of the male population heterozygous at for Medea”, homozygous

for Medea®, and heterozygous for Medea®.

Daassce Fraction of the female population homozygous for Medea” and Medea®, a

+ in the subscript refers to being non-Medea at that locus.

Sa+BB++ Fraction of the female population heterozygous at for Medea”,

homozygous for Medea® and homozygous non-Medea for Medea®.

Sa Fraction of embryos that die per copy of the Medea” construct
S Fraction of embryos that die copy of the Medea® construct

W Mean fitness

Va Fraction of embryos that live per copy of the A construct; (1-sa)
Vg Fraction of embryos that live per copy of the B construct; (1-Sg)

Mas++ Male gamete with Medea”, non-Medea® and non-Medea®
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F.gc Female gamete with non-Medea”, Medea® and Medea®

Tables of multiple families are extremely large. Instead, we make find the probability of
each type of gamete. For male gametes, the genotype of the father is unimportant.
However, for female gametes, if the gamete is non-Medea, the genotype of the female

parent is critical.

We find the gamete population:

Masc=Saasecct¥2Sansac+H2Spas+cctYaSaas+c+H2SareBcctY4Sa+BBC+HY4SA+B+CCt 8SA+BC

Mag+="25paBBC+1SAABB++ 145 AnB+C+ 725 AR +++ Y aSp+BBC+TY2S A+BB++ 1 /8SA+B+C+H/aSA4B++

Ma+c=Sansacct2Sansac++Y2Sans+cct¥aSans+c+¥2Sa+BBCCHY4SA+BBC+HY4SA+B+CCH/8SA+B+C

Ma++=YaSang+c+HY2SpaB+++

+1/ZSAA++C++SAA+++++ 1ABSA+B+C+‘|'1/4SA+B+++'*'1/4SA+++C+'*'1/ZSA+++++

M.sc=Y2Sa+BBCCH 4Sa+BBC+TY4SA+B+CCtV8SA+B+C+TS++BBCCHY2S ++BBC+HY2S+4B+CCHYaS 44+

C+
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Mig+=

1/4SA+BBC+"'1/ZSA+BB+++ 1AZSA+B+C+"'1/4SA+B+++"'1/28++BBC+"'S++BB++"'1/48++B+C++1/28++B+++

M++C:1/4SA+B+CC+ 1AZSA+B+C+"':L/ZSA+++CC"'1/4SA+++C+"'1/ZS++B+CC"'1/4S++B+C+"'S++++CC"'1/ZS+++

+C+

M=

1A?SA+B+C+"'1/4SA+B+++"'1/4SA+++C+"':L/ZSA+++++"'1/48++B+C+"'1/28++B+++"'1/28++++C+"'S++++++

Fasc=Dpaasscct¥2Dansec++¥2Dans+cct¥4Dang+c++¥2Dassecct¥4Darsec++¥4Da+s+cctsDa

+B+C+

Fag+=%2Dansec+tDanps+++71Daag+c++72Dpng++++Y4Dargec++72Da+ee++1/8DA+B+c++74DA

+B+++

Fa+c=Dansecct¥2Daagsc+t¥2Dang+cct¥4Daag+c++¥2Dareecct¥4Daseec+ 4D +cct2Da

+B+C+

Fa++=YaDapp+c+tv2Dang+++

+Y2 DAA++C++ DAA+++++%DA+B+C++1/4DA+B++++1/4DA+++C++1/2 DA+++++

F+sc="2Da+gecct¥sDa+ec+tYaDa++cct/sDa+g+c++D++pacct2D+ 4o+ 2D +++cc %D

++B+C+

Fig+=

1/4DA+BBC++1/2DA+BB+++%DA+B+C++1/4DA+B++++1/2D++BBC++ D++BB+++1/4D++B+C++1/2 D++B+++
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F++C:1/4DA+B+CC+%DA+B+C++1/2DA+++CC+1/4DA+++C++1/2 D++B+CC+1/4D++B+C++ D++++CC+1/2D

++++C+

Firi=

1/8DA+B+C+"'1/4DA+B+++"'1/4DA+++C+"'1/2DA+++++"'1/4D++B+C+"'1/2D++B+++"'1/2 D++++C++ D+++++

We allow the gametes to combine and Medea to kill. Recall that Medea mothers kill any
wildtype offspring. Medea A and Medea B are the same type of Medea. An embryo

with a mother that has Medea A will be rescued by a Medea B allele.

Ganssce’=Va VeV (MascFagc)/W

Gangsc+'= Va'Ve*Ve(MascFag++Mag+ Fagc)/W

Gangs++'= Va'Ve’ (Mag+Fag+)/W

Gangrcc’= Va' VeV’ (MagcFa+c+MarcFasc)/W

Gan+c+’= Va?VeVe(MagcFas++Mag+FarctMascFag+ +Mas+Fasc)/W
Gaag+++"= Va?Ve (Mag+FarstMarFag.)/W

Ganrsce’= Va2V (MarcFasc)/W

Gaarsct'= VaVe(MarcFas++MarsFarc)/W

Gpat+++ = VAZ(MA++FA++)/W
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Ga+sece’= VaVe Ve’ (MagcF+ac+MipcFasc)/W

Gassac+ = VaVe*Ve(MagcF g+ +Mag+ FrsctMarsFigc+Map: Fagc)/W
Garp++’= VaVe?(Mag+F+p++MpsFap+)/W

Gasercc’= VaVeVe (MagcFs+c+MascFractMaps Farc Mo scFagc)/W

Ga++c+ =VaVeVc(MagcF++++Mag+FiictMarcF+g+tMas+ FipctMagcFas+tMyps Fatct

MiicFag+t
M. ++Fasc)/W
Gasg+++ = VaVe (Mag+F+++tMarsFipstMupiFar st Mot Fags)/W
Gas++0c’= VAVE (MascFasctMaicFarc)/W
Gat+++c+’= VaVe(MascF s+t Mar s FrsctMascFas et My s Fasc)/W
Gasrsss’= Va (MassFarstMarsFars)/W
Gsgeec’= VB Ve (MagcFasc)/W
Gaitppcs’= VBZVC(M+BCF+B++M+B+F+BC)/W
Garpr+’= Vg (Mup+Fup)/W
Garprcc’= VBV (MagcFrscMarcFaac)/W
Gai+p+c+ = VeVe(MapcFrrstMupi FasctMauicFag t Mo Fapc)/W

Gi+B+++ = VB (M+B+ FrretMiss F+B+)/W
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Gastr+cc’= VCZ(M++C F++C)/W
Git+ice = VC(M++C FrostMoss F++C)/W

G++++++ = (M+++ D++++++)/W

W=Va Ve Ve (MascFagc) +Va Ve Ve(MagcF ag+ Mag+Fagc)+Va Ve’ (Mag+ Fag+)+Va?VeVc?
(MascFa+c+MascFasc)+Va’VeVe(MascFas+ +MagFarc+MarcFag+MarsFagc)+V
A Ve(Mag+Fas++MarsFags) HVa Ve (MascFasc)+Va?Ve(MascFas+ +MarsFarc) +Va
2(Ma++Fas+)+VaVe?Vc?(MagcF+ac+MapcFasc) +VaVe?Ve(MagcF s+ Mg+ FosctM
pv+FapctMapFasc)+VaVe’ (Mag+Frg++MagsFag+) +VaVeVc (MagcFasc+MascFas
ctMig+FarctMiicFagc)tVaVeVe(MascF++++Mag+FrictMascFig+tMas+Fapct
MacFass+MageFarctMascFags *MarsFagc) *VaVe(Mags Fss+Mars Frge-Mas
Fas++MassFags) HVaVei (MarcFasctMascFasc) *VaVe(MascFarstMass FarctMy
+cF s+ Mt sFasc) PVa(Mass Fors M s Far ) #VE2Ve2(MapcF sac) Ve Ve(Magc
Figs+Mig:Figc)+VE*(Mig:Figs) VeV (MagcFsictMircFige) *VEVe(MapcFat s

+|V|+B+F++c+M++cF+B++|V|+++F+Bc)+VB(|V|+B+F++++|V|+++F+B+)+Vc2(|V|++cF++c)

+VC(M++C FeostMoss F++C)+ \V/ Y D NI
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Equilibria Calculations (Maple Code)

The attached code calculates equilibrium values and stability for both autosomal and X-
linked Medea. The code contains much of the output. Some of the equilibria take many
pages to output; therefore that output has been suppressed. Some calculations take
minutes to days to run on a PC with 2 gigabytes of RAM with and an Intel® Core2™

CPU . We provide appropriate warnings.

Here we provide a summary of the calculations with more details than the text. Some

cumbersome equations are not reproduced. Equilibria are calculated by simultaneously
solving G,, =G, and G,,, =G,,,. To find stability, the modulus of the eigenvalues of

the Jacobian must be less than 1.

Recall the Jacobian matrix is defined as

G,y G
aG MM 6G++
8G,. &G,

0G,y 0G

++
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Embrynoic Fitness Costs

Vb, Het=VD,Homo=Vs Het=Vs Homo=1, 11=0, to=1

There are 4 equilibria.
1. Gie = 1, GM+ = GMM: 0

The eigenvalues are

VE,H(-}t

V2 o —V._. +V

E,Het ~ YV E,Het E,Homo
2. G, =-

o -V +V 1

E,Homo E,Het

1+V.2 2V

G _ E,Het ~ <V E Het
MM T

-V +Ve e —1

E,Homo

Feasibility:

Using G,, =0

V2

E,Het

\ >V

E,Homo — " E,Het

Using other genotype boundaries, no additional feasibility conditions are found.
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Stability: the eigenvalues are cumbersome expressions (see expression 22 in the maple code).

In the biologically feasible realm, the modulus of each eigenvalue is equal to 1 when V¢ ., =1

and V =V¢ e —Vewe- These boundaries are coincident with feasibility. Except at

E,Homo E,Het

boundaries, all feasible solutions are unstable.

Biological feasibility:

VE,Het 2V

E,Homo
The eigenvalues are

-V +VE,Het

E,Homo

2
VE,Het

VE,Homo

VE,Het

The second eigenvalue shows a change in stability that is coincident with feasibility.

Therefore, no examination Vg, >V IS necessary.

E,Homo

The modulus of the first eigenvalue equals 1 when
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+VZ2_  and V

E,Het

2
VE,Homo =V _VE,Het _VE,Het

E,Het E,Homo

The first solution is never biologically feasible. The second solution is stable when

2
v >VE,Het _VE,Het'

E,Homo

4. G++ = 0, GM+ = O, GMM: 1
The eigenvalues are

0
VE het

\Y

E,Homo

The stability boundary is

Vv =V

E,Het E,Homo

Stability occurs when

V <V

E,Het E,Homo
Parental Fitness Costs
Vb Het=Vs Het, VD,Homo=Vs,Homos VEHomo=VEHet=1, t1=0, to=1

Stability and feasibility analysis yields the same boundaries as embryonic. Detailed analysis is

shown in Maple Code. As noted in the text, the equilibrium values are different.
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Maternal Fitness Costs

VE Het=Vs Het=VE,Homo=Vs,Homo =1, 11=0, to=1

1. G++ = 1, GM+ = GMM: 0

The eigenvalues are

2.G,, =0

2 2
VD, Homo _VD, Het + \/VD Homo — 2VD HetVD, Homo T 2V D, Het
Guw =

VD, Het

Only the (+) solution is relevant, when V .. =2V oo

Stability:

The only boundary condition other than feasibility is

v _ VDZ,Het _VD,Het +1_\/4\/D3,Het _7VDZ,Het + 2VD,Het +1
D.Homo Vi e — 2 . This equilibrium is stable when

homozygous fitness is greater than the expression.

3. The all genotypes equilibrium is a very cumbersome expression. However, by solving for

no non-Medea individuals in the population, we find that the biological feasibility boundary is
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the same as the stability boundary for equilibrium 2. There are no other stability boundaries.

The equilibrium is always unstable when feasible.

4. G++ = 0, GMM: 1

The eigenvalues are

0
VD,Homo +VD,Het

2vD,Homo

This equilibrium is stable when V.. >V oo

Embryonic Fitness Costs and t;

Vb Het=V,Homo=Vs,Het=Vs Homo=1, 11=0, to=1

There are 4 equilibria.
1. G++ = l, GM+ = GMM: O

The eigenvalues are

VE,H(-}t
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2. G = VE3,Hett12 B 4VEZ,Hett1 B 2VE,Hett1 + 8\/E,Het -4+ Ztl

" t12VE4,Het - 4VES,Hett1 + 4VE2,Het + 2VE2,Hett1 - 4VE,Het - 2VE,Hett1 +4

4(_2VE,Het ) +1+ VEz,Het

e t12VE4,Het - 4VE3,Hettl + 4VI52,Het + 2VI52,Hettl - 4VE,Het - 2VE,Hett1 +4
Feasibility:
Using G,, =0

_ 2VEZ,Het +VE,Het +1i\/_ 4VI;,Het +8VE3,Het _3\/E2,Het o 2VE,Het +1

3
VE,Het

[

Only the (-) solution is relevant.

Stability: No eigenvalues are less than or equal to 1 within the biologically feasible region.

Therefore the equilibrium is unstable.

3.G,, =0

++

G _ VE,Het _1i\/1_2VE,Hett1
MM

) VE,Het +2t -2

Only the (+) solution is biologically relevant.

Biological feasibility:
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VE,Het 51_%t1

The eigenvalues are cumbersome functions that are not reproduced here — see Maple code.

The modulus of the first eigenvalue equals 1 when
() VE,Het :1_%t1'

1
(b) VE,Het = E'

1

-1 J1+4t +t,

t, ,

(C) VE,Het ==

t = 2VE2,Het +VE,Het _1+\/_ 4VE4,Het +8v|53,Het _3\/E2,Het _2VE,Het +1
1= 3
\Y

E,Het

(d)

In case (a), this is the feasibility boundary.

In case (b), this solution is entirely outside the range of biological feasibility.

In case (c), no change of stability is found after passing this curve.

In case (d), solutions are stable above the curve and unstable below it.

No additional boundaries are found with solutions of the second eigenvalue.
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4. G++ = 0, GM+ = O, GMM: 1

The eigenvalues are

0
t,—2

2VE,Het

The stability boundary is

X-linked Element

1. Dum=0; Dnm+=0; D++:l/2; Swy=0; S+Y:l/2

The eigenvalues are 0, -.5V and V. This equilibrium is always stable except when the fitness

equals 1.

2. All genotypes. See Maple Code for expressions for the genotype fractions at equilibrium.
This equilibrium is unstable. The Maple code shows this by plotting the modulus of the

eigenvalues for all possible fitnesses.
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3. No non-Medea individuals

D, =0
S,, =0

This equilibrium only exists for fitness values greater than or equal to 0.5. The eigenvalues are

0 and 2V . This equilibrium is stable when it exists, except at the boundaries where the

analysis is inconclusive.

4. No non-Medea alleles.

D, = VVE,Het
E,Het +1

D,,, =0

D,, =0

S =

. Therefore this equilibrium is stable for fitnesses greater

The eigenvalues are 0 and
E,Het

than 0.5, and unstable for lower fitnesses; stability at the equality is inconclusive.
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Chapter 4:

Some strains of Drosophila show resistance to synthetic Medea

Introduction:

1118

Medea successfully drives in the Hay lab stock (w=""") Drosophila melanogaster. There is

at least one line (Medeamydss-l

) that drives perfectly. That is, in over 12,000 progeny, a
heterozygous female has never produced a fly without Medea (Chen, et al, 2007).
However, the identical construct inserted at other locations in the genome is not as
successful. A large fraction of the offspring are Medea-bearing, but the drive is not
100%. Here we use 2 such lines (CC and FF). Finally, the Hay lab has generated other

versions of Medea with different miRNA toxins including dah (discontinuous actin

hexagons) (unpublished data).

While Medea elements do not have to have the property that heterozygous females
produce only Medea offspring. In the absence of fitness costs, if the Medea
heterozygotes kill even a small fraction of their non-Medea progeny, Medea will spread
(Wade and Beeman 1994, Ward and Su, unpublished). However, fitness costs lead to
introduction thresholds (Wade and Beeman 1994) and residual non-Medea individuals in
the population (Ward and Su, unpublished). Genes that confer resistance to Medea, these
will be selected for, and if fitness costs are high and/or resistance is high, Medea can be

lost from the population (Ward and Su, unpublished).
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If Medea elements are going to be used in mosquitoes, they will need to function in a
variety of genetic backgrounds. Because we have synthetic Medea in Drosophila, we can
test whether our Medea lines can convert other drosophila strains. This can give us
confidence that the Medea elements are not specific to a particular genome. However if
our Medea lines do not drive in other genetic backgrounds, we need to revise our toxin-

antidote strategy.

Materials and Methods.

We obtained 20 strains of Drosophila from the Tucson Stock Center (now at UCSD).
These are listed in Table 1. These strains are globally diverse and hopefully represent
geographic diversity. We then crossed 6 individual male flies from these lines to our
Medea lines and backcrossed 10 hybrid females individually into the wild strain. Male
progeny from this cross were scored by eye color. Because the white gene (causes eyes
to be red) is located on the X chromosome, and males get their X chromosome from their
mother, half the males should get an X chromosome without the white gene. The Medea
element is marked with a white gene that does not express as strongly as the endogenous
white gene, leading to orange eyes. Because the Medea element is not on the X
chromosome, it segregates independently the endogenous white gene. If Medea
functions, all progeny should have red or orange eyes. If Medea does not drive, half the
progeny will have red eyes, one quarter will have white and one quarter will have orange.

See Figure 1 for a schematic.
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Table 1: Location and time of collection for each fly line. The number refers to the UCSD stock center
number of the form 14021-0231.xx where xx is the number in the stock column. Collection location is
where the stock was taken and the date of collection, if known, is noted.

Stock Collection Location Date
0 Hawaii 1955
1 Peru 1956
2 Micronesia
3 Australia
4 Malaysia 1962
5 Guam 1968
6 India 1968
7 Taiwan

14 Florida

15 Brazil

22 Mexico 2002
23 Greece (Crete) 2002
24 Congo 2003
34 St. Kitts (Caribbean) 2005
37 Arizona 2005
47 Catalina Island 2006
51 South Africa 2007
53 Mauritius (East of 2006

Madagascar)

55 Arkansas 2007
56 Connecticut 2007

X AnyLine Male
[ XV /X X =[5 XY
— Choose Female progeny:
* Assuming Medea works, they should all be:
/- X+ X% and cross to AnyLine Male (-/-; X**/Y)
+ All female progeny of this cross will be red
* Male genotypes
/- XY /-3 X% /Y
-/ XV Y -/ X¥ /Y

Figure 1: Medea crosses. This figure shows the crossing scheme to determine if Medea Medea works
other strains. Notice that if Medea fails to drive, the males will be at 2:1:1 red to orange to white ratio, but
if it drives, the males will be at a 1:1 ratio.
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Results and discussion:
Several lines had to be excluded from our study. Lines 0, 2 and 56 did not grow well in
my hands. Line 5 displayed evidence of hybrid digenesis and did not survive crosses.
Line 23 died whenever it was placed on the carbon dioxide pad, possibly as a result of a

sigma virus.

Between ~300 and ~2500 flies were counted for each Medea and strain combination.

The distribution of eye colors in the males is shown in Figure 2. In dah, nearly all the
lines show high levels of Medea drive, however, several show at least some resistance.
Most of the wild strains show some resistance to myd88 based Medeas. However, the
position of the construct is important. The myd88-1 has less resistance than the other two
positions. This is not surprising as CC and FF are known to not drive completely in
w8 Some strains (such as 24) show relatively high levels of resistance in all lines.

Others show resistance to cc and FF but not myd88-1.
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Figure 2. Medea’s ability to drive in various genetic backgrounds. If Medea works perfectly, the expected
ratio of eye color (red:orange:white) is 1:1:0, if it fails, it will be at 2:1:1. The data that are missing simply
mean those crosses were not set up due to time.

Because all crosses were set up with single females, we looked for variation in resistance
to Medea within strains. If the resistance mechanism was not fixed in a strain, we would
expect to see some crosses showing resistance to the Medea allele and other showing no
resistance in a single strain. Uniform low level resistance will often allow Medea to
spread. However, the presence, even at low levels of highly resistant alleles may cause
Medea to be driven from a population. Because of the large number of crosses, finding
statistically significant variation is difficult. However, in several cases one cross from

line 34 would show no resistance and in other cases it showed resistance. However, the



143
number of flies that did not show resistance was not high enough to exclude 1)

contamination of the sample or 2) statistical chance.

Only one mechanism of resistance was determined. The target sites for the miRNAs
were sequenced and, in line 34, there is a single base pair deletion in the first target site.
The loss of that base seems to confer resistance even with a second functioning target
site. As the target sites are in the 5’UTR, it is not surprising that some polymorphisms

occur. Other lines did not show mutations in the target sites.

Attempts to find other dominant resistant alleles were unsuccessful. We used balancer
chromosomes to move a single chromosomes from the wild strains into w***®. We then
tested the resistance to Medea of these flies repeated the Medea crosses. The only
chromosome that we isolated for Medea resistance was chromosome 2 of line 34, the

target site mutation.

Resistance to Medea is common in wild strains of flies. However, these were first
generation elements, containing only 2 miRNAs. Simply altering the gene that miRNA
targets reduced the amount of natural resistance substantially; in fact in about 2/3 of the

myd88 resistance did not

trials no resistance to Medea®" was noted. Knowledge of Medea
correlate with Medea®" resistance, indicating that use both dah and myd88 could be an
effective strategy. Resistance can be due to mutations in target sites, but other

mechanisms must also be at work. Both genomic position and identity of the target play

roles in amount of resistance to Medea. When releasing Medeas in the field, ensuring
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that all miRNAs can function independently can help decrease resistance. It will also be

important to test Medea elements in local populations before releasing them into the wild.

Literature cited
Chen, C. H., H. Huang, C. M. Ward, J. T. Su, L. V. Schaeffer, M. Guo, and B. A. Hay.
2007. A synthetic maternal-effect selfish genetic element drives population

replacement in Drosophila. Science 316:597-600.

Wade, M. J., and R. W. Beeman. 1994. The population dynamics of maternal-effect

selfish genes. Genetics 138:1309-1314.
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Chapter 5: Conclusions

Medea is a maternal effect selfish genetic element with attractive properties for use as a
synthetic gene drive system for the control of insect-borne illness. First, Medea elements can
spread even if they confer a fitness cost to carriers. Second, under at least some conditions
when Medea spreads it eliminates the non-Medea genotype from the population. Third, the
synthetic form of Medea is the only gene drive mechanism that is both well understood at the
molecular level, because it was designed with components of known behavior, and that has
been demonstrated to drive population replacement. Finally, design considerations discussed
by regarding ways to prevent recombinational separation of drive and disease refractoriness
functions, to prevent selfish element spread in non-target species, and to carry out multiple
cycles of population replacement, provide reasons to believe that the population genetic
behavior of synthetic Medea elements can to some extent be controlled. Therefore, Medea is a

logical target for concerted development efforts.

Our data show de novo synthesis of a selfish genetic element able to drive itself into a
population in a manner consistant with our modeling efforts without need for any data
correction. We extend out anaylsis with a deterministic model to show that Medea
selfish genetic elements can drive rapid population replacement under a wide range of
conditions, provided that they are introduced above a critical introduction frequency (or
critical male introduction ratio), determined by the fitness costs associated with Medea.
Our analysis highlights the importance of examining genotype frequencies as well as

allele frequencies — an important point when working in systems that violate assumptions
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of Hardy-Weinberg. In this case, the eggs retain a “memory” of their maternal genotype.

Other gene drive systems will have unique challenges in their models.

A critical feature of Medea's potential as a drive mechanism, highlighted throughout this
work, is that under all conditions in which spread occurs, even when Medea carries a
fitness cost and non-Medea alleles remain in the population, non-Medea individuals are
permanently eliminated from the population. In some cases, when autosomal Medea
elements have a t;>0, or when Medea is located on the X, the non-Medea allele can also
be eliminated from the population. The rate of Medea spread is a function of introduction
ratio, fitness costs, and number of elements. Low fitness costs allow rapid spread at
relatively low Medea/non-Medea male introduction ratios, while high fitness costs
require higher introduction ratios in order for spread to occur quickly, or at all. The use of
introduction strains that carry multiple copies of a particular element can further increase
the rate of spread and allow the use of lower introduction ratios, though one element is
likely to ultimately predominate within the population. In summary, the key to rapid
population replacement with Medea is to have a high enough introduction ratio so that
Medea-dependent killing of non-Medea alleles on a generation-by-generation basis,
particularly for the early generations, is substantially greater than the coincident loss of

fitness-compromised Medea alleles through natural selection.

Practical population replacement requires that transgenic individuals be refractory to disease
transmission for many generations. Medea elements that are autosomally linked with t;>0, or

that are X-linked in a male heterogametic species (such as the malaria vector, Anopheles
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gambiae) could be useful in this regard since having no non-Medea alleles in the population
serves to maximize the number of genes for disease refractoriness in individual females in the
population. These genes, because they are proposed not to confer a fitness benefit to carriers,
will eventually undergo mutational decay. If such mutations result in a fitness increase to
carriers (a loss of a fitness cost associated with their anti-disease function), and the non-Medea
allele has a significant equilibrium frequency in the population, then insects permissive for
disease transmission will appear. This appearance is delayed if each individual necessarily

carries two Medea elements.

The ability to eliminate a specific allele from the population also provides a basis from which
to carry out modifications of a transgenic population. For example, the toxin component of the
drive mechanism also does not provide a fitness benefit to the organisms in whose genomes it
resides. Therefore, it too will eventually undergo mutational decay to inactivity, resulting in the
appearance of antidote-only alleles. Pre-existing diversity and mutation within the pathogen
population may also contribute to the emergence of pathogen populations resistant to first
generation effectors. It is also possible, though probably unlikely, that the presence of specific
effectors will facilitate the emergence of new pathogens and forms of disease. For all of these
reasons, it is essential that strategies be available to remove first-generation elements from the
population, replacing them with second-generation elements, if desired. As discussed in Chen
et al. (2007), second generation Medea elements can be generated that will spread at the
expense of first generation elements, when both elements are located at the same chromosomal
position. If second generation autosomal elements having t;>0 are used, or the elements are X-

linked, first generation elements can be eliminated from the population during this process. The
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use of such second generation elements carries a price in that somewhat higher introduction
frequencies are needed than with an autosomal Medea element having t;=0. But given the
importance that control over the fate of released transgenes is likely to have for the acceptance
of population replacement as a viable strategy for disease prevention, this may be a small price
to pay. This strategy does not restore the population to its pre-transgenic state, but it does

provide a method for removing specific transgenes from the population.

What are the contexts in which area-wide population replacement with Medea can realistically
be carried out? Our results suggest that in order for Medea to drive rapid population
replacement within 10-20 generations (roughly 1-2 years), Medea/non-Medea male
introduction ratios of between 1:10 and 1:1 are needed, depending on the nature and size of
fitness costs, and the number of elements carried in the introduction strain. These numbers
represent optimistic estimates because they assume that Medea males are competitive with
wild males. However, Medea male mating competitiveness may be decreased (thereby
lowering the effective Medea/non-Medea male introduction ratio) through several mechanisms.
For example, factory rearing can select for distinct mating and other life history traits that are
maladaptive in the wild. The factory strain may also be partially reproductively isolated from
the wild population of interest. It should be possible to remove some of these genetic barriers
to male mating competitiveness and offspring fitness by introgressing Medea into the wild
genetic background prior to, or during factory rearing. However, non-genetic fitness costs
associated with factory rearing (food, stress associated with handling and distribution to sites

of release) may still result in loss of male mating competitiveness. The importance of each of
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these variables will need to be evaluated, ideally in field tests, before accurate estimates of

Medea's ability to penetrate a specific population can be obtained.

Wild populations of Aedes aegypti and some Anopheles species have been estimated to range
from 10,000-20,000 adults per village. These sizes are small compared with those associated
with classical sterile male release in other insects; 68,000 per week in the case of the screw
worm fly, and ~10° in the case of ongoing Mediterranean fruit fly suppression programs. With
respect to mosquitoes, weekly factory production of 1,000,000 Aedes aegypti could be
achieved routinely in the 1960s. Large numbers of Anopheles males have also been produced
in factory environments using mid-twentieth century technologies. In some contexts it may
also be possible to take advantage of naturally-occurring changes in mosquito population size
to provide an environment in which Medea can more easily gain a foothold within a
population. For example, while wet season populations of Anopheles adults per village in Mali
can reach ~15,000, in the dry season these populations consist of only 1,000-3,000 adults.
These encouraging points notwithstanding, it is important to emphasize that area-wide
population replacement remains a daunting task. Disease-endemic regions can be very large
(thousands of square miles), and consist of many villages, requiring that the number of Medea
males to be released be scaled accordingly. Modest migration rates can result in rapid spread of
Medea in space (J. M. Marshall, C. M. Ward and J. T. Su, unpublished observations).
However, if inter-village distances and other environmental obstacles are such that mosquito
migration between villages is minimal, Medea will need to be introduced at many sites in order
to create area-wide protection within a reasonable timeframe. These facts, coupled with the

issues associated with factory rearing and distribution noted above, argue that a detailed
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analysis of the local mosquito population, the environment, and the amount of resources
available to raise and distribute Medea-bearing insects will need to be carried out before
population replacement is attempted in any given area. Finally, we note that the models
examined here make a number of assumptions: infinite population size, non-overlapping
generations, no age structure within the population, random mating, and no migration. This
kind of model is often used to gain basic insights into population genetic processes. However,
it provides only a qualitative snapshot of the conditions under which Medea can succeed in
driving population replacement. It will be important to carry out more detailed modeling that
takes account of the biology of specific pest species, stochasticity, as well as other variables

that can influence rate of spread and functional lifetime in the wild.

Finally, we note that while models are critical for understanding the dynamics of spread
and estimating population sizes, they are not a substitute ofr laboratory efforts. First, for
pests such as mosquito species, there is little genetic or molecular information regarding
genes and promoters used during oogenesis and early embryogenesis. This information is
necessary for the creation of Medea elements and straightforward to generate, with the
use of transcriptional profiling to identify appropriately expressed genes and transgenesis
and RNA interference in adult females to identify those required for embryonic
development, but it remains to be acquired. Finally, we must test any strains we develop
in the lab with a variety of insects from the wild populations to ensure that those
populations are not pre-adapted to be resistant to our engineered elements. From rapid
screening it appears that populations will have variable amounts of resistance to alleles.
Encouragingly, even our first generation elements drove in many, mnay populations. By

increasing the number of target sites and selecting those targets to be in conserved
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regions, we can create better candidate elements. Ulitmately, field tests will be required.
Although an understanding of the above issues is critical for the success of any
population-replacement strategy, the problems are not intractable, as evidenced by past
successes in controlling pests by means of sterile-male release and as implied by our

growing understanding of mosquito population genetics, immunity, and ecology.





