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Summary
Medfly (Ceratitis capitatd is an invasive Tephritid fruifly that severely

disrupts global agricultural productivitesticidesrethe primary contromethod
despitegeneticresistance, questionable efficacy, and negatifexts upon the
environment The sterile insect techniq@®IT) is an ecofriendly alteative, that
suppresses thepmduction of wild Medfly by the mass release of sterilised males.
Currently, males are sterilised by irradiation, which frequently reduces the ability of

males to court females and thereby suppress reproduction.

To addresshese undesirable effects, we developed a novel sterilisation strategy,
based on the tetracyclimepressible expression of a nuclease effector in the male
germline. Strains expressing these effectors werg08% sterile in the absence of
tetracycline, bufertile in the presence of tetracycline. Male mating competitiveness was
not detectably reduced in one strain expressing the effector, indicating that these
expression systems are suitable for field use. Subsequently, a fluorescent marking
system to ladesperm was developed, which provided a useful tool to assess the mating
competitiveness of sterile males: it was possible to accurately differentiate whether

females had mated wild or transgenic males, undergieddilated conditions.

These componentaay be merged with a tetracyclinepressible genetic switch
to remove females from the rearing population, to improve the efficacy of the strategy
by releasing sterile males alone. Thereafter, a full assessment of the life history traits of
the strain ad its mating competitiveness under fidikke conditions will be performed,
to confirm that the release of these sterile males is capable of suppressing wild
populations of Medfly.

Finally, an efficient expression system for CRISPR effectors in theligermas
developed. This will facilitate the characterisation of novel transgenic systems for the
reproductive control of Medfly, and expedite the development of commercial products,

by the targeted integration of transgenic effectors.
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Chapter 171 Introduction

1.1 Pest insects can damage crops and spread disease

The insect class is diverse, comprising over half of all described lespeces
(Mayhew, 2007) The majority of species (> 99%) do not negatively impact humanity,
and perform important roles such as nutrient cycling, pollination, and the prodofction
useful compounds including si{sallam, 2013)However pest species are associated
with crop destructioiiBardner and Fleher, 1974)disease transmissig¢bhounibos,
2002) and architectural damag®u, 2002) It is estimatd that 14% of food production
is lost to insect pes{Strickland, 1969)(Pimentel, 2007)Furthermore, seven neglected
tropical diseases transmitted by insects (malaria, trypanosomiasis, lymphatgidiliari
dengue fever, leishmaniasis, Chagas disease and onchocerciasis) were responsible for
1.23 million deaths, in 2001 alof@/orld Health Organisation, 200Zyonsequently, an
effective strategy to selectively limit the populations of pest insect species would
improve quality of life by reducing the incidence of illness and improving the
efficiency of food production. This study concerns the development of a novel control
strategy for Medfly, based upon the masiease omales sterilisd by the targeted
localisationof protamineFokl nuclease ithe male germlineHowever, several aspects
of themethodology and genetic engineering practices could be readily adapted to other

pest species, such as disease ve{idphey et al., 2010)

Most insect pests are Dipterans (true fliesliverse order of insects with more
than 124000 species descril{éterritt et al., 2009) The order includes a variety of
important species such as the model orgarilstmelanogasterthe dengue vector
Aedes aegypfiyellow fever mosquitoand the agricultural pe§eratitis capitata
(Medfly). Theprimary characteristics of this order are a single pair of wings with
balancing ogans (halteres), compound eyes, vadaleloped antennae, and a
holometabolic life cycle (complete metamorphosis). Two suborders of Diptera are
recognised, Nematocera and Brachycera, which are primarily differentiated by the size
of the antennae and the lygolan(Yeates and Wiegmann, 1999)ematoceran insects
(such as gnats, mosquitoes and midges) are more delicate, with multisegime
antennae. Brachyceran insects, such as Medfly, are smaller, thicker and possess

antennae that aeomparativeljless segmente@ranston and Gullan, 2009)



CONFIDENTIAL Chapter I- Introduction 7

1.2 Medfly is a pest of economically important crops

1.2.1 Taxonomy, economic impact and global distribution

Medfly (Ceratitis capitatd is a pest fruit fly of the Tephritid family (true fruit
flies). This group incldes about 4200 species, of which 1400 species lay eggs in fruit
(Gesmallah and Abdellah, 201Bemales puncture the skin of the fruit during-egg
laying (oviposition), damaging it and increasing susceptibility to infettzaris et al.,
1980). Thereafter, hahing larvae consume the frivimmer, 2005) Medfly is a
globally established pest with the ability to severely reduce agricultural productivity.
The species is strongly invasive due to high fecundity, a short life cycle, and the ability
to store spernfSakai et al 2001) Furthermoreit tolerates a variety of climates and can
oviposit in more than 250 species of fritenters for Disease Control and Prevention
1999) (Malacrida et al., 2006)r'his high degree of adaptability and invasivermaakes
it one of the most serious Tephritid pedd® Meyer et al., 2007 Medfly continues to
impose severe economic consequences, despite successful control programmes in some
regions(La Brecque, 1982)Ehler et al., 1984)De Longo et al., 2000Y he species
originated in suiSaharan Africa, but as a consequence of trade, has spread to have
established populations in a variety of equatorial climates in Central America, South
America, Birope, Asia, Africa and Austral{@teck et al., 1996]Centre for
Agriculture and Bioscience Internation2D15) A map of its current distribution is

provided inFigure 1.1-D.

1.2.2Life history

Medfly is a holometabolous insect, progressing throwgin life stages: egg,
larva, pupa and adulFigure 1.1-B). As with most arthropods, development is
temperature sensitive, proceeding more slowly at lower temperéBiriese et al.,
1999) (Duyck and Quilici, 2002)Under optimal conditiong8° C), the entire life
cycle is approximately 25 dayaPHIS, 2015) However, at the lowest permissive
temperaturdor growth and developmef@boutl15°® C), the life cycle may take more
than 100 days to completBepartment of Agriculture and Food, Western Australia
2015) Embryos hatch-3 days after oviposition. The highly motile larvae burrow
through the fruit, and complete three moults (instars), each lasdrdp$s. Third instar
larvae evacuate the fruit, and pupate on the soil surface or slightly beresathftice.

Approximately ten days later, adults eclose and disperse.



CONFIDENTIAL Chapter I- Introduction

clubs

12-14 days 14-16 days 25-50 days 25-45days

8 mm

Fig 1.1. The appearance, life cycle and present range of Medfly. (A) Sexually dimorphic male and
female adult Medfly. Key features for rapid sex identification are highlighted. (B) The holometabolous
life cycle of Medfly progresses through four life stages: eggs, three larval instars, pupae, and
adulthood. Development may take 20-100 days, depending on climate. (C) Fruit infested by Medfly
larvae. (D) Countries reporting Medfly. Note that infestations may be low-level; not all regions of a
given country (eg. China) are infested; and that data is missing from some countries. Data from CABI,
2015: http://www.cabi.org/isc/datasheet/12367. Images from Department of Agriculture and Food,
Western Australia (A-B) and FDACS-DPI [Florida Department of Agriculture and Consumer Services
Division of Plant Industry] (C).
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1.2.3 Sexual dimorphism

Males and females are highly dimorpf&aul, 1982h)Males possess an extra
pair of antennae; a white frons (grey in females); black setae; lighter femoral bristles;
lighter labial palp bristles; and iridescent eyes. Furthermore, females possess a large
ovipositor, dsent from males. Males and females begin to accept mates after about
three day¢Papadopoulos et al., 1998) terms of sexual anatomkigure 1.2), males
possess a large pair of testes, long tubular accessoysglshort accessory glands, and
an ejaculatory dudMarchini et al., 2003)The male medflyhas an intromittent organ
with threeejaculatorytracts which transfer spernmto both spermathecand the
fertilisationchamber of female@archini et al., 2001)Large ovaries, accessory
glands, a fertiBationchamber and spermathecae comprise the female reproduatte
(Marchini et al., 2001)The longterm storage of sperm in the spermathecae allows the
utilisationof sperm from multiple partne(8ertin et al., 2010)These reproductive
adaptations make it a highly fecund species; under ideal conditions, a single female can

produce hundms of progeny in her lifetimgNovoseltsev et al., 2004)
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Fig 1.2. Electron micrographs of the male and female reproductive tracts of Medfly. (A) Male
reproductive tract. Abbreviations: T: testes; d: deferent ducts; tg: long tubular accessory glands
(proximal tract); sg: short accessory glands; ej: ejaculatory duct. Scale bars: 250 um. From Marchini
et al (2003). (B) Female reproductive tract of Medfly. Abbreviations: ov: ovaries; ag: accessory
glands; sp: spermatchae. Scale bars: 250 um. From Marchini et al (2001).
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1.2.4 Mating behaviour

The mating behaviour of Medfly is highly complex and involves a strong
element of female selectigiraaijeveld et al., 2005)t is a polygamous species: males
and females can mate several tirfidg/atake et al., 1999)Bonizzoni et al., 2002)
(Kraaijeveld and Chapman, 200&emales are more likely to-neate when transferred
insufficient sperm or seminal fludMossinson and Yuval, 2003Kraaijeveld and
Chapman, 2004Remated females store sperm from both méBestin et al., 2010)
However, a lastnate precedence is observed for several days afteatieg: a greater
proportion of progeny are sired from the most recent (&elari et al., 2014)n
Drosophila,sperm may incapacitate one anot{fernce et al., 1999 nd females are
able to dump sperigBnook and Hosken, 2004However, these mechanisms do not

seem to be present in MedflBertin et al., 2010)

Femalegespond to cuesf malefitnessat several stages. Prior to mating
females respond positively to large symmetrical malasate wekfed (Orozco and
Lopez, 1993)(Taylor and Yuval, 1999)Hunt et al., 2004)Furthermore, malesngage
in thecourtship behavior of lekking. This is a competitive display distablities
dominancewithin a group and involves physicahheromonabnd acoustical
presentationo femaleqField et al., 2002)in this process, the male emits pheromone,
bends the abdomen and vibrates his wings in repetitive bursts. Subsequently, the
pheromone pouch is closed and a pattern of wing movenigatad. The head is
rapidly revolved in patterned movements, prior to attempted copulation. Finally, the
male leaps atop the female, repeatedly rubbing with the hind legs and nipping at the
ovipositor(Arita and Kaneshiro, 1985)Itimately, the female commands reproduction,
and frequently dilodges males attempting copulat{@ricefio and Eberhard, 1998)

The process is energetically expensive, and ontynarity of lekkingMedfly males are
able to secure the majtyriof females for reproductioffrita and Kaneshiro, 1985)
Therefore, it appears that the behaviour is an adaptive mechanism, applying sexual
conflict to allow the selection of weHldapted male@aspi et al., 2000)After mating,
femalesshift behavioufrom mateseeking to ovipositiorin a process thought to be
mediatedoy chemicals in seminal fluilang, 1995)Gomulski et al., 2012)

Mating behaviour has been observed in the laboratory and in the wild. It is
appaent that colonisation and massaring negatively affect the ability of Medfly to

engage in wiletype mating behaviour. Several aspects of mating behaviour are reduced
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in duration, or removed completely, in colonised Medllymatainen et al., 1997)

(Bricefio and Eberhard, 1998)herefore, it appears that the artificial conditions of
rearing limit the highly selective process of mate selection observed in the wild. This is
thought to alter the facultative palgdry of wild Medfly (females are highly sexually
selective, but occasionally remate) to a condition of scramble polygyny, where males
able to quickly secure females are rewar@dssinson and Yuval, 2003As the pest
control mechanism described in this thesis applies sterile males to reduce the
reproductie capacity of wild populations, the effects of sterilisation and +ressig

on mating behaviours is of paramount importance.

1.2.5 Spermatogenesi

Spermatogenesis describes the differentiation of prirabgéirm cells into
mature spernmhighly elongted, motile cells capable of fersitition(Fuller, 1993) To
achieve thistightly regulated and highly specific patterns of gene expression are
required in the male germlir{ferezgasga et al, 200Zhis is relevant to the work
performedn this thesis, because we attempted to engineer the expression of effectors
for male sterility and fluorescent marking of sperm nuclei, in the male germline.
Therefore, the patterns of gene expression in these cells must be considered. The
process is welunderstood in the model organi$dn melanogaste(Fuller, 1993)
(White-Cooper, Doggett & Ellis, 2008jWhite-Cooper, 2009)Fabian and Birill,
2012) Spermatogenesis in Medfly has been studied, but to a lesser(&ttahfahan et
al., 2006) (Scolari et al., 2008]Intra et al., 2011)YPapanastasu et al., 2011)
(IAEA/FAO,2016) To t he aut hor 0snglkpublivatioatiltag e, t her
directly compares spermatogenesis in the two organisms. Therefore, the current
knowledge of spermatogenesidinmelanogasteand Medfly are comparedrigure
1.3.
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Figure 1.3. Spermatogenesis in D. melanogaster and Medfly. (A) Diagram of spermatogenesis in D.
melanogaster, showing differentiating cells in spermatogenesis. Image from Fuller (1993). (B) Phase
contrast microscopy of Medfly testes showing primary spermatocytes, elongating spermatids and
mature sperm. Scale bars: 100 um.



CONFIDENTIAL Chapter I- Introduction 14

In D. melanogastera niche of hub cells mediates the cellulgnailing required
to renew two populations of stem cell essential for spermatogenesis: cyst stem cells
(CySC) and germline stem cells (GSQ#)hite-Cooper, 2009)Yamashita, 2010)
When CPCs divide, they regenerate and also produce a cyst celdiGSan
regenerates a GSC, but also yields a spermatogonium, which is enveloped by a pair of
cyst cells(Leatherman and Di&rdo, 2008) The spermatogonium undergoes four
mitotic divisions to produce 16 primary spermatocytadler, 1993) These cells are
highly transcriptionally active, in contrast to poseiotic cells, which demonstrate
highly reduced transcriptiofChen, 2005)(Vibranovski et al., 2010)The importance
of the meiotic transcriptional arrest is discussed in the context of this Seadtyan
1.4.2.3, when thedinctional components of teale sterilityexpression system
applied in this thesis are considered. Thereafter, two meiotic divisions yield 64
spermatids, which do not immediately separate but remain interconnected via
cytoplasmic bridgeéFabian and Brill, 2012)Finally, the spermatid tails elongate, fully
differentiated spermatids individualise, and mature sperm migrate to the seminal vesicle
(White-Cooper, 2009)

The high @gree of differentiation observed in spermatogenesis is reflected by
complex patterns of gene expression. At least 1317 genes are uniquely expressed, and at
least 2079 are predominantly expressed).imelanogastetestegChintapalli et al.,

2007) Transcription of testispecific genes occurs mostly in primary spermatocytes
(Chen, 2005)(Vibranovski et al., 2010Many transcripts are directly translated in
spermatocytes, for exampke,Zubulin (Michiels et al., 189) andaly (White-Cooper et
al., 2000) Interestingly, tle translation of many genes is repressed thespermatid
stage for example the sperm tail protein Don juan and the protalik@genes
Mst35Ba and Mst35BfSantel et al., 1997]Jayaramaiah Raja and Renkaw#ahl,
2005) (White-Cooper, 2009)

Testisspecific transcriptioin D. melan@gasteris frequently, but not always,
regulated by the meiotic arrest genes. Mal#gk nomozygous loss of function
mutationsfor the meiotic arrest genes are not fertile, and accumulate primary
spermatocytesvith no subsequent differentiation into spetissor mature
spermatozodlLin et al., 1996) The first chss of mutants are gengkose protein
products are associatedth the testisspecific meiotic arrest complex (tMAClhe

protein products adly, comr, mip4ptombandtopi are subunits of tMAC, whereas
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those ofachilis andwucassociate with tMAC subuts (Perezgasga et al, 2004Beall
et al., 2007)(Jiang et al., 2007]Doggett et al., 2011)n the testes adly mutants,
1000 genes are underexpressed by a factor of 16 or more, relative to wilDagoett
et al., 2011)Therefore, tMAC is a master regulator of transcription in the male

germline.

The second clagd mutants are genes paralogous to TAGIAding protein
associated facte(TAFs): can, mia nht, ryeandsa It is hypthesised that these
comprisetestisspecific versionof the basal transcription factor TFIID, termed tTAF
(Hiller et al., 2001)(Hiller et al., 2004) Like tMAC mutant testes, tTAF mutants
demonstrate aeduction in the expression of tessigecifically transcribed genes, but
the effect is less pronounc@d/hite-Cooper, Schafer et al. 1998Poggett et al., 2011)
From a comparison of the genes underexpressed in tMAC or tTAF mutants, two
observations followed. First, F-dependent genes are a subset of tMigpendent
genes. Secondly, thess oft MAC subunits or their associated factahost
completely removes transcription of the dependemniesthe loss of tTAFss less

severe, reducingxpressiorof dependent gesdo basal levels.

It is not yet understood how tMAC and tTAFs activate the transcription of target
genes. DNAbinding domains are present in several tMAC subunits or their associated
protans, including Achi/vis, comr, tomb andgi (Attrill, Falls et al. 2016)

Furthermore, tMAC subunits and tTAFs are enriched on chrort@lien, 2005)(Jiang
et al., 2007)(Metcalf and Wassarman, 2007 variety of testisspecific promoters are
known inD. melanogasterand in several instances, the elements responsible for testis
specific expression have been characterised by reporter botis that are well
characterised include the bp region upstream @R-tubulin (b2UE1), essential for
testisspecific expression and conferring tTAEnsitivity(Michiels et al., 1989)Hiller
et al., 2001) Two additional elements, one within th@moter p2UE2)and one within
t h e 5 @B2DHELRenKance expressi@hlichiels et al., 1993)Santel, 200Q)
Homologues of these elements exist in the Mebllyubulin homologugScolari et al.,
2008) though theirbility to confer testispecific transcription hasot been confirmed
directly. Similarly, a 10bp trarslational control sequer (TCE)is present in certain
testisspecifically expressed genes, and responds to {(R&mpe, Muhs et al. 1993)
(Katzenberger et al., 201apterestingly, replacement of theUE1sequence witla
TCE retains the stis-specific transcription ob Zzubulin (Kempe, Muhs et al. 1993)
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Therefore, although the elemeateregulated at the transcriptional levela similar
manner theunderlying sequence motifisat mediate thiare not easily defined, despite
the evidence that tMAC and tTAF associate with themdeed, efforts to determine a
consensus sequence for mgemline specific transcription have been relatively

inconclusive(Honeycutt and Gibson, 2004)

Comparatively little isunderstood regardingedfly spermatogenesis;
essentially none dhekey genetic regulatotsave been experimentally confirmed
However, the overall proceappears to beelatively similar, at least in terms of cellular
organisation and the progression of divisi@insra et al., 2011YIAEA/FAO, 2016)
despite the striking edrast in the morphology of the tes{@&archini et al., 2003)As
in D. melanogasterspermatogonia are associated with cysts and mitotically divide to
form primary sperntacytes; there are two subsequewiotic divisions without full
individualisation of the spermatidand finally the tails of spermatids elongate prior to
individualisation and migration to the deferent di@hahjahan et al., 20Q§5colari et
al., 2008, (Intra et al., 2011)However, relative t®. melanogastethere isone
additional mitotic division that occurs prior to spermatid formation. 32 primary
spermatocytes divide twice to form 128 spermd(idiga et al., 2011)Homologues of
b2-tubulin, the protamindike genedMst35BaandMst35B, and the majority of tMAC
and tTAFgenesare presenfNCBI, 2016) The Medflyb2-tubulinand protamindike
homologues were used as regulators of transgenic effectors, and are discussed routinely
throughout this studyGhapters 3-5). Alignmentsof the tMAC and tTAF homologues
areprovided in the AppendixHgure 8.1). Although these genes were not investigated
in this study, itwould be interesting to generate mutant strains for these géthes
CRISPR(clustered regularly interspersed palindromic repeats) techn@Qiwpter 6).

In terms of reproductive biology, it woulekbinteresting to experimentally confirm their
role in regulating spermatogenesis. In practical terms, their regulatory elements might
be useful for the targeted localisation of transgenic sterilants. Alternathoehe may
provide useful targets for thedelopment of Medflypopulationcontrol strategies, for

by blocking their expressidmy RNA interferencer synthetic repressorsor instance,
targeted repression of tingisfire gene could theoretically be applied to prevent fusion

of the sperm and egg,ithout an effect on the quantity or morphology of sperm

transferred to females upon matii@hsako et al., 2003)
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1.2.6 Genetic engineering

Expression conaticts with genetically engineered effectors can be readily
integrated into tb Medfly genome by transpositiggong et al., 2005Medfly has
been transformed with several transposons, includiggyBac(Handler et al., 1998)
minos(Loukeris et al., 1995andhermeqMichel et al., 2001)piggyBacvectors are
easy to generate, efficiently transformed, and effective in a variety of insect species
(Handler, 2002)Therefore, all transformation experiments in this thesis have utilised
piggyBac The natve piggyBacsequence is an autonomous 2475 bp element that
encodes the transposase required for mobilisation, within the transposofiitstHl.,
2001a) The transposon terminates in palindromic inverted terminal repeats (ITRs),
which are essential for transpositi(ilick et al., 1997)The transposon can integrate
via a cutandpaste mechanism at any TTAA seque(idest al., 2001b) However,
integration is heavily biased to particular chromosomal regions, and frequently occurs
within or nearby transcribed sequences (the first intron and first exon, especially the
56UTR, were particularl y ddag/hanan®elgD.i n s e
melanogasteandP. falciparum(Thibault et al., 2004)YBalu et al., 2009) Galvan et
al., 2009) Furthermore, there is a significant preference for TTAA rich sequéBeaés
et al., 2009)(Galvan et al., 2009)Therefore, it appears that insertion is most likely to
occur in TTAArich, transcriptionally open chromatin. In most genetic engineering
systems, thpiggyBactransposase is removed from the native transposon and regulated
by apprriate sequences for the target species in a helper plédamdier and i,
1999) For instance, the Medfly hadpplasmidappliesCchsp7@eregulatedoiggyBac
transposaséd.hereafter, a transposalgggyBacvector is generated by cloning a
sequence of interest between the ITRs required for transposition. Microinjection of this
vector with the helper plasmid facilitates germline transformation of Mé@ibng et
al., 2005)
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A typical piggyBacvector includes a screenable transformation marker, often a
fluorescent proteinwhich allows transformants to be efficiently selectegyre 1.4).
In Medfly, the baculovirusierived HR5IE1 promotegnhancer or a fragment from the
Mexfly muscle actin gene (comprising the
efficientfluorescentmarkerexpression in transgenic individugiu et al., 2007)
(Koukidou et al., 2016)After microinjection of he piggyBacvector and a helper
plasmid into preblastodermal embryos, minority ofgermline cells are transformed.
Subsequent backcrossing to wilge allows the selection of stable transgenic

individuals, which have thpiggyBacintegration in all ce8.

An additional system for the targeted engineering of MedftyR$SPR(Figure
1.4). This system was originally adapted fr@npyogeneswhere itfunctions as an
adaptive immune systethat specifically cleaves target DNBrouns et al., 2008)
However, a variety of CRISPR systems with alternate specificity and modes of action
are known(Fonfara et al., 2014A simplified version of the Class Il CRISPR system
was applied, which uses a single targeting guide RMRNA)to direct the Cas9
nuclease to a target sequefdieek et al., 2012)(Bassett et al., 2013} his facilitates
the engineeredleavageof target sequenc@simediately upstream of the protospacer
adjacent motif (PAM)to a variety of end@VNiedenheft et al., 2012For instance,
genes can be mutageal to study functior{fShalem et al., 2014 lternatively, Cas9
induced dould-stranded breaks can be introduced, to then facitdegeted
recombinationfor efficient sequence replacement or dele{®aintigny, 2001)
Therefore, previous transgenic lines could be engineered to express novel features, or a
transgaic insertion could be directly targeted to a genomic site with a desirable
expression profile. A full introduction of CRISPR systems and their functional

applications is provided in Chapter 6, whereglsform was validated in Medfly
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Figure 1.4. Genetic engineering in Medfly (continued on next page). (A) Stable germline
transformation of Medfly can be mediated by the microinjection of a piggyBac vector containing a
fluorescent transformation marker and a helper plasmid encoding transposase. (B) The process of
microinjection and backcrossing to generate germline transformants. A minority of microinjection
survivors will have germline cells with piggyBac vector integrations. Backcrossing these individuals
to WT will allow for the selection of stable germline transformants, clonally derived from the
germline cell with the integration event.
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Figure 1.4. Genetic engineering in Medfly. (C) Stable germline transformants (OX5173) expressing
the HRSIE1-dsRed2 marker. (D) Schematic diagram of the CRISPR system for targeted genetic
engineering. The engineered sgRNA binds to a complementary genomic site, and is cleaved by the
Cas9 effector near the nGG protoadjacent spacer motif (PAM). This facilitates mutagenesis or targeted
sequence replacement. Embryo microinjection image adapted from Asadi (2013).

1.3 Methods fa the control of pest insects

1.3.1 Preventing the introduction of pest species

The costs associated with crop loss and the control of accidentally introduced
insect species are estimated at $14.4 billion, in the United StateqRiomentel et al.,
2002) The broad host raegand climate tolerance of Medfly allows it to invade novel
habitats, with devastating consequen@égers et al.2000) Therefore, vigilant
monitoring is required to prevent establishment in new territories. The import of fresh
fruit from infested zones to nenfested zones is carefully regulated. Several nations
will not import fruit from infested areas unless pessedJackson, 197]1)Hallman,
2000) (Mansour and Mohamad, 2004or instance, fruit exported from Hawaii to the
mainland UnitedStates is routinely irradiated, to destroy viable embryos and larvae
(Follett and Lower, 2000YMoy and Wong, 2002)Other potential treatments include
heating, chilling, and fumigatiofLurie, 1998) Furthemore, routine physical and-vay
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screening checks are made in susceptible areas, to detect the presence of potentially
infested fruit in passenger luggadeebhold et al., 2006)Further effective measures
include the release of sterile male flies as a cautionary measure, to prevent the
establishment of an invasive species if accidentally impg¢Kada et al., 1996)The

use of sterile males to control insect populations is the central objettivie thesis,

and is discussed lateséctiors 1.3.7 and 1.5 Prophylactic measures to prevent the
establishment of Medfly are of paramount importance, because in the absence of an
established population, active forms of population control are not eefjuir

1.3.2 Chemical insecticides

Chemical insecticides are substances that are toxic to any insect life stage. They
can be differentiated by chemical structure, mode of action, environmental persistence,
off-target toxicity and origin (natural or syntretiChemical control of pest insect
populations emerged in the 1940s as the most common control method, following the
practical success dlichlorodiphenyltrichloroethan@DT) in controlling vectors of
malaria(Casida and Quistad, 1998Jlost insecticides interfere with neurotransmission
(Vontas et al., 2011)rhe most common types az@bamates, organophospés
organochlorinesand pyrethroidsHowever, an emerging class of insecticides have
hormonal effects that inhibit juvenile developm@nhadialla et al., 1998fWu et al.,
2006) (Mains et al., 2015)Naturally-derived insecticides, for instance spinosad, are
promising in terms of limiting sideffects to nortarge species, but they have not been
widely applied(Salgado, 1998)Isman, 2006)From each class aisecticide, the

chemical structure and mode of action of a representative member is preBayuesl (

1.5.
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A O

Figure 1.5. Representative examples of the chemical structures and modes of action of six
common classes of chemical insecticide. (A) Aldicarb, a carbamate. Inhibits acetylcholinesterase;
acetylcholine accumulates at synapses. (B) Malathion, an organophosphate. Inhibits
acetylcholinesterase; acetylcholine accumulates at synapses. (C) DDT, an organochloride.
Constiuitively activates signalling at sodium channels. (D) Permethrin, a pyrethroid. Constiuitively
activates signalling at sodium channels. (E) Pyriproxyfen, a juvenille hormone analogue. Prevents
larval development. (F) Spinosyn A, a natural insecticide derived from bacteria. Prevents nicotinic
acetycholine and GABA signalling.
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Though effective, the widespread application of insecticides is controversial.
Many insecticidal compounds are directly toxic to ftargetinsect species, and may
impact ecology or remove natural enemies that control pest popul¢dioey, 2004)
Furthermore, they may be toxic to mammals and kiFd&uto, 1990)(Mineau et al.,
2001) (Mineau and Whiteside, 2013)hey can also accumulate in the food chain
(Walker, 1990) a particularly severe problem for compounds withtaffet toxicity
and ability topersistin the environmenbr biological tissue, such as dieldrin and DDT
(Beyer and Krynitsky, 1989Modern insecticidesuch as neonicotionoids, are often
selectively toxic to insectgCasida and Quistk 1998) (Tomizawa and Casida, 2003)

However, they rarely discriminate betwegests and ecologically important insects.

Insecticide misuse selects for genetic resistance, for which three primary
mechanisms are known: reduced uptake of the compound, enhanced detoxification, and
mutation of the binding sit(Soderlund and Bloomquist, 1990hsecticides remain
largely effective fo Medfly, with the exception of malathion, for which field resistance
is known(Magafia et al., 2008However, resistance to organophosphate, dieldrin and
DDT have been induced in labtway populations of Medfly, indicating that such
resistance is possible, and thus may occur in the(fdadrghiou, 1986)Cross
resistance may present a further issue, because many insecticides have similar effects
(Casida and Quistad, 1998Yontas et al., 2011Furthermore, spraying does not
effectively eradicate pests capable of lsagge dispersal, like MedfliMeats and
Smallridge, 2007)Therefore it appears that insecticides are not adequate as a single

solution to control Medfly, without the application of further control strategies.

1.3.3 Predator introduction

Pests are frequently controlled by competition with other insect species, or direct
predation. Natural parasite wasps suppress wild populdtfakoyama et al., 2008)
(Wang et al., 2010CarabidsP. rufipesandH. distinguendugrey upon Spanish
populations of Medfly pupa@rbaneja et al., 2006)n the Argan forest (Morocco),
four species of ants were associated with about half of larval mortality under favourable
temperature condition&!l Keroumi et al., 2010)n Regio Calabria (Italy), about 27%
of larvae were preyed upon by af@ampolo et al., 2015Further studies have
demonstrated that spider and ant species cartieéigclimit wild populations of fruit

flies (Monzo etal., 2009) (Fernandes et al., 2012) has beesuggested that
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intentionallyintroducedcompetitors could suppress pest spe@iggers et al., 2000)
However,these predators are not always species specific, and may therefore affect the
population of other insects or croffafiol et al., 2012)Therefore, their introduction

must be carefully considered avoid disrupting the ecosystem.

1.3.4 Pheromone spraying, oviposition deterrence and trappin

Medfly respond to a variety of chemicals which alter behaviour, and therefore
couldpotentiallybe used as a means of pest cor{tiahg et al., 1989jPapadopoulos
et al., 1998)Medfly faeces contain pheromones which discouragedudtiposition to
fruit; these could be applied to discourage-&ying (Arredondo and DiaFEleischer,
2006) Alternatively, a pheromone deposited during oviposition is known to discourage
further egg layindProkopy et al., 1978)Papaj et al., 1992)-oreign chemicals, such
as neem extracts, are known to possess the same oviposition deteechdiia et
al., 2012) Disrupting the reproductive capacity of a wild population by applying
volatile compounds to discourage oviposition, would be expected to reduce the
population. Despite validation of this strategy iinadl-scale field studieArredondo
and DiazFleischer, 2006)o our knowledge, it has not been applied on anaida

scale to control wild Medfly populations.

A related strategy applies pheromones to disrupt the incidence of matioh, wh
has been successful in reducing crop damage associated with the mothRpecies
gossypiellaandG. molestgMinks and Cardé, 1995)n Medfly, males are known to
produce at least 56 volatile compouridang et al., 1989A synthetic blend of five of
these compounds was effectiveaitacting females within a flight tunnel, though to a
lesser extent than the natural emissions of live n{dkesgy et al., 1994 his indicates
that wide dispersion of these compounds could potentially disrupt mating in wild
populations of Medfly. To date, this has not been evaluated as awidesaontrol
strategy for Medflyprobably forpractical reasons.he ability of malederived
pheromones to lure females in the field was frequently unimpressive, though it is
possible that an effective formulation has yet to be desc(iadet al., 2014)
Furthermorea wide variety of plant compounds highly attractive to Medfly exist,
which lack the chemical complexity of the male pheromone hleigtht et al., 1988)
(Witzgall et al., 201Q)Interestingly, some of these compds (parapheromones) elicit
responses similar to pheromor{dkavarro-Llopis et al., 2011)and can be applied to

effectively trap and kill adult populations of Medfly. Sticky traps baited with the
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parapheromone Trimedlure are effective at capturing aghéisis et al., 1971)as are
proteinbaited traps with pheromon@satsoyannos, 1994 herefore, baited traps
would prove useful in an integted pest management strateiypugh further measures

would be necessary to achieve full suppression.

1.3.5 Agricultural practices and engineered crops repellant to insect pests

Agricultural practices can reduce crop susceptibility. fhehpull strategy
applies factors that pushgects away from the target crop and pull them towards an
alternative factorPush factors include visual cues, repellant chemicals, alarm
pheromones, and oviposition deterrents. Pull factors include visual cues, attractive
chemicals or pheromones, and¢astimulant§Cook et al., 2007)A pushpull strategy
suitable for Medfly would, for instance, involve discouraging oviposition with
pheromonesral thereafter attracting adults to traps. However, these strategies are less
effective for species with lsigh population growth rate and wide disper&bok et al.,
2007) (Meats and Smallridge, 20Q7herefore, they may not be optimal to control
Medfly.

An alternative gategy involves the genetic engineering of commercially
important crops for pest tolerance. For instance, RouRBguly® soybeans express a
transgene from\. tumefaciensonferring tolerance to glyphosphate, a common
herbicide used in agricultu{®aim and Traxler, 2005Bacillusspecies produce a
variety of crystalline toxins, some of which are highly species spéddidaagd et al.,
2003. This faciliates the development of transgenic crops that will demonstrate
minimal or no toxicity to otheinsectspecies. Commercial crop strains have been
developed to express a variety of these toxins, including Cry1Ab, Cry3B, CrylF and
Cry9C (Arpaia et al., 2000YReed and Halliday, 2001(Nguyen and Jehle, 20Q7)
(Buntin, 2008) Transgenic maize and cotton strains expressing these Cry proteins
effectivdy control pestsand can improve yields and reduce costs associatied w
insecticide sprayin@James, 2003]Wu et al., 2008)Certain strains d8. thuringiensis
(eg.Bt13.4)are toxic to Medfly larvae and adults, thougk majority are not highly
effective(Vidal-Quist et al., 2009YAboussaid, 2010)Toxins active against Medfly
have been identified fromlwér species, for instance frddacillus pumilusstrain 15.1
(Molina et al., 201Q)However, arengineered crop expressing an insecticide active
against Medfly remains to be developed. This does not, however, preclude the direct

spraying ofBacillus-derived insecticidal residues on crops. In some respects, direct
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application would be politically fawoable, as it circumvents the controversies

associated wittraditionalinsecticides and genetic engineering.

Although GM crops have been widely grown in certain countries (eg.
Argentina), they remain highly controversial, particularly evidenced by psotes/
approval in opinion polls, and sabotage of GM tr{@askell, 1999)(Rowe, 2004)

(Qaim and Traxler, 2005§Kuntz, 20R), (Mielby et al., 2013)(Hilbeck et al., 2015)

The argiments against GM crops include moral concerns about interfering with nature,
unanticipated effects on the ecosystem, potential risks to humans and other animals,
escape of the engineered genes into the wild, lack of transparency in labelling GM
foods, andhe ethical tenability of patenting fogBerber, 1999)Gaskell, 1999)

(Shaw, 2002)(Gaskell et al., 2004A further issue is the potential fevolved

resistance to GM crops, which has been observed in the field-BxpBéssingultivars
(Heckel et al., 2007)Fabrick et al., 2014)Gassmann et al., 2014Jowever, the
application of GM crops is frequently associated with greater y{€dgpenter, 2010)

and reduced pesticide inpiJiames, 2003)Finger et al., 2011)urthermore, a lack of
appreciable risk has been demonstrated for many common concerns cited against GM
crops, including allergenicity to huma(B®eachy et al., 2002})he risk of horizontal

gene transfefKeese, 2008)and toxicity to butterflie§Sears et al., 2001However,
approval of the platform remains low in Eurg@&'S Opinion & Social, 2010)

Therefore, substantial increases in pubfiproval are required to facilitate their

adoption in all regions affected ibjedfly.

1.3.6Wolbachia

Over half of insect species are estimated to be infectedMotbhachia a group
of maternallytransmitted intracellular bacterieliigenboecker et al., 2008y he type
species idV. pipientis first isolated from the mosquit. pipiens(Hertig, 1936) Four
main effects are attributed Wolbachiaspecies: makkilling, feminisation
parthenognesisand gtoplasmic incompatibilitfHurst et al., 1999)The latter is most
relevant to the control of insect pestytoplasmic incompatibility is a phenomenon in
which the viability of a mating event is directly attributed to the infection status of the
parentdWerren et al.2008) Mating events between infected males and uninfected
females lead to zygotic arrest, because chromosomes fail to partition appropriately
during cellular division(Tram et al., 2006)All other combinations of mating are fertile.

This enhances the transmissibility of Wolbachia, by increasing the rate of female
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infection and therefore the rate of vertical transmission to progeny. This effect may be
unidirectional or bidirectional: requiring infection of males and females with one or two

strains, respectivel{Blagrove et al., 2012)

Virulent infections olWolbachiacan reduce the ability of insect peststovive,
indicating that they can be applied to weaken wild populatibeseira et al., 2008)
(Moreira et al., 2009 Kambris et al., 2010)A second potential application of
Wolbachia is for the direct reproductive control of pest insects (the incompatible insect
technique). In this method, the cytoplasmic inpatibility of mating between infected
males and uninfected females is applied to reduce field populéBonstzis, 2008)
(Saridaki and Bourtzis, 2010for particular strains of Wolbachia, the geay of these
mating events are completely or almost completely inviébliegrove et al., 2012)
Therefore, the mas®lease of males infected with a strain of Wolbachia absent in the
wild, would be expected to severely reduce the reproductive capacity of wild insects.
Strains of Medfly with Wolbadh-induced cytoplasmic incompatibility have been
generatedZabalou et al., 2004§Zabalou et al., 2009 his strategy has also been
applied in the field for mosquito contrplO6 Co n n o r , thoughadncerns abdutl 2 )

its biosafety and effiogy are recognise@Popovici et al., 2010)

Notably, the success of this strategy is contingent upon aongleelease and
complete absence of natural infection with the Wolbachia strain. If naturally infected
females were msent, the technique would be substantially less effective, because
crosses of infected males and infected females are fertile. Similarly, the release of a
single Wolbachia infected female from rearing facilities would allow the infection to
potentiallysweep through the population (by vertical transmission) and would therefore
block cytoplasmic incompatibility. The seseparation strategies employed in prior wild
releases of Wolbachiafected males were imperfect, and it has been conceded that
release oinfected females would be expected at low frequency with current non
genetic separation technigu@alestrino et al., 2014§Calvitti et al., 2015)This could
be avoided by the application of highly effective geneticssparating strains to yield
male only populations, but such strains would need to be 100% effEcslalou et al.,
2009)

Another concern associated with Wolbachia technologies is lateral gene transfer,
which can occur between the host and the introduced Wolbachia species. This has

resuled in the transfer of fragments ranging from gsized cassettes to nearly
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complete Wolbachia genom@sondo et al., 2002 Hotopp et al., 2007 (Hou et al.,
2014) This could potentially permanently alter the genetic composiiavild species
with unknown effects, posing a substantial ethical concern. A further issue concerns the
wild release of Wolbachia into the environment, which is not easily recalled; novel
infections can sweep through the wild population in less thatadd(Kriesner et al.,
2013) Therdore, the strategy may prove effective in future application, if several
conditions are met: releases of infected insects are exclusively male; the effect of
Wolbachia infection on vectorial capacity is fully understood; and the penetrance of
cytoplasmic ompatibility is complete. However, as cytoplasmic incompatibility is
rarely entirely penetrant, the strategy must be approached with utmost ¢Zatiatou

et al., 2004)

1.3.7The sterile insect technique (SIT)

The ST (Figure 1.6) is a strategydr the chemicafree reproductive control of
pest insect speci€Knipling, 1955) The population control strategy devised in this
thesis is a modification of SIT, to engineer improved male competitiveness and
enhancd field traceability. In the SITreproduction of wild pests inhibited by the
mass release of sterilised males, which dilutes the reproductive ability of the population
(Baumhover et al., 1959(Takken, 1987)(Alphey, 2006) Prolonged release of sterile
males in sufficient number has substantially reduced or eradicated wild populations.
Successful programmes have been applied for several species and several age ongoin
(Table 11). Thesuccess of the strateggdependent upon several factadiable male
sterilisationthatminimally affects competitiveness, reliable sex separation to yield
maleonly release populationappropriatescaleof releaseand diligent moitoring in
the field(Alphey, 2002) (Rendon etl., 2004) (Black et al., 2011)
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Figure 1.6.The gerile insect technique (continued on next page). (A) Irradiation sterilises males
by introdudng doninant lethd mutationsinto sperm. This leadsto chromosomal aberrations
preventing the formation of viable zygotes when mated to wild females. (B) The temperature-senstive
lethd (tsl) VIENNA-8 genetic sexing grain, commonly applied in ST progranmes. Left: A
trandocation provides male-speciyc linkage of the selectable tsl trait and avisud marker. Right Male
(brown) and female (white) pupae.
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C TSL[Rad]  TSL[Norad]

Figure 1.6. The sterile insect technique. (C) Effects of irradiation on testes of tsl males at 10 days.
Left: irradiated (145 Gy); Right: not irradiated. Abbreviations: El = Free sperm; epg = Spermatogonia;
Est = Spermatids; Ft = Testicular sheath; Msp = Sperm bundles; Vd = Vas deferens; Zcr = Growth
area. (D) Dusting males with a traceable fluorescent powder (indicated by white arrowheads). (E)
Mass-release of sterile males from a drone. Image credits: A: FAO (http://www .fao.org/docrep/u4220t/
u4220T0j.htm); B: Morrison et al (2010); C-D: IAEA/FAO (2016); E: IAEA (http://www-
naweb.iaea.org/nafa/ipc/drones-romeo-mosquitoes.html)
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Species Region Date Outcome Notes Ref
C. USA & 1956 Eradication (Wyss, 2006)
hominivorax | Mexico 1991
Guatemala | 1986 Eradiation (Wyss and Galvin,
& Belize 1994 1996)
Libya 199G Eradication (Lindquist et al.,
1991 1993)
El Salvador | 1991 Eradication (Galvin and Wyss,
1995 1996)
G. austeni Unguja, 1994 Eradication (Vreysen et al.,
Zanzibar 1997 2000)
G. p. palpalis| Central 1986 Eradication (Takken et al.,
Nigeria 1986)
Medfly Western 1978 Suppression | Eradication not (Department of
Australia present achieved, sterile Agriculture and
releases continue as g Food, Western
preventative measure | Australia, 2015)
California, | 1980s | Suppression | Routine outbreaks (Jackson and Lee,
USA present since 1980s, 1985) (Headrick
preventative releases | and Goeden, 1996
of sterile males
continued
Guatemala | 1983 Suppression | Suppression achieved| (Linares and
present preventative releases | Valenzuela, 1993)
continued (Moscamed, 2016)
Chile 1988 Eradication (Lobos and
1995 Machuca, 1998)
Argentina 1996 Suppession Preventative releases | (De Longo et al.,
present to reduce population | 2000)
Israel 1997 Suppression (Rossler et al.,
present 2000) (IAEA,
2016)
South 1997- No literature available| (IAEA, 2016)
Africa present regarding efficacy
Melon Fly Okinawa, 1972 Eradication Preventative sterile (Kubaet al., 1996)
Japan 1993 releases continue
Sweet potato| Japan 1999 Suppressed (Kohama et al.,
weevil 2002 2003)
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Massreleasedsterile males must remain costipive and able to engage in the
normal mating behavior of the target species, becauserthstgisplace the mating
attempts of fertilewild males(Alphey, 2006) The mode of sterility is ideallyaternal
effectembryo lethal, because Medfly primarily damage crops in thallatage
(Wimmer, 2005) Currently,almost allmassrelease progimmes sterise males by
irradiation(IAEA, 2016) This reliably introducegominant lethal mutations into sperm
(Bakri et al., 2005)but undesirably reduces maberformance in thedld (Shelly et al.,
1994) (Alphey, 2006) For instanceability to produce sperns reducedafter
irradiation(IAEA/FAQO, 2016) Furthermore, the mating competitiveness of males is
reduced by massearing and sterilisation, which reduces their ability to court females
and thereby reduce the popidga (Shelly et al., 1994)Shelly and Whittier, 1996)

(Lance et al., 2000YMclInnis et al., 2002)Poor competitiveness has been implicated in
the failure of certain SIT programmes, including attempts to cotrghmbiaen

Burkina Faso an€. tritaeniorhynchusn PakistanBenedict, 2003)This can be

attenuated by releasing more matbsughthis incurs a greater economic c{Barry et

al., 2003) and it is expected that severe deficits in male competitiveness would require
an unéasible scale of releagdowever, it should be noted that if the wild population is
suppressed, even at saptimal levels, then the scale of release required to achieve
suppression will be gradually reduced, as the wild population declines.

To furthercomplicate matters, female fruit flies have complex behavioural
regponses to matindgvlales must be appropriately sized and nourished to optimally
attract femaleg¢Taylor and Yuval, 1999)urthermore, males must successfully engage
in leks; this ability is reduced in massared malefLiimatainen et al., 1997)Bricefo
and Eberhard, 1998)Lance et al., 2000)emales also respond toesuin seminal fluid
and to the presence of sperm in the sperncatf®lossinson and Yuval, 2003)
(Gomulski et al., 2012)t has been demonstratttht sterilisatiorby irradiationreduces
the ability of Medfly males to induce female refractoriness 1maéing(Kraaijeveld
and Chapman, 2004yradiation can reduce sperm co8eo et al., 1990which is
concerning because females that receive less sperm have been shomat® a@
higher frequencyMossinson and Yuval, 2003)herefore, to effectivelynediate the
desired population suppressjdhe sperm of stdd males should be incapable of

allowing development of the zygote, but otherwise equivalent totyilel.
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The requirement for malenly releasess multifactorial.Sterlie females can still
sting fruit, reducing its valuélating behaviour islao aprimary consideration. Males
mate as often as possiblepfaledrequentlymate more than once, but are more
conservative in their choice of mgt@onizzoni et al., 2002)Consequently, releasing
exclusivelysterile males achieves greater suppression, as they will attempt to mate with
several wild femaleg=ield studies demonstrated timaitxed sexsterile releases are less
effective than malenly release¢Rendon et al., 2B1). This is becausmating events
between sterile males asterilefemaleswvould not reduce the wild population, and
would expend resources of sterile males that could be used to court wild féfnales.
achieve a matenly population, several seseparabn strategiegxist Manual or
mechanical separatiospossible, buerrorprone and expensi&lassen and Curtis,
2005) For this reasomgenetic strategiedeveloped teelect against femaldsave
vastly improved the practicality of SIT. For instance, mailked translocations of an
insecticide resistancdlele have been applied.ines and Curtis, 1985However, the
application of insecticideould potentlly introduce fitness penaltieven at sulbethal
dosesit is also difficult to justify the release génes conferring insecticide resistance
into the field

The VIENNA-8 temperature sensitive lethal (tiggnetic sexing siin (GSS)
was a major innaation. In this linea translocation between the Y and fifth
chromosomes provides madpecific linkage of the wildype alleles for a selectable
trait (temperature specific lethaljtgnd avisual markerwhite pupae males have the
normal brown coloyr Females are homozygous for the recessivedé$snction
alleles. Therefore, they can be removed by heat treatmentrasthetivetemperature
andarevisually distinguishablérom males by whiteolour, a maleonly population is
derivedwith 99.9% acuracy(Cacees, 2002)(Franz, 2005)(Morrison et al., 2010)
However, there arpracticalissuesDuring mass rearing, thgenetic sexing mechanism
can bedisabled byarerecombination eventsemovng its ability to provide a male
only populationKerremans and Franz, 1998aceres, 2002Althoughthis risk has
beensubstantiallyaddressed byeriodicallyre-establishing massearing colonies from
small, independently maintained filter colonies, it would be preferable to develop a
sexing mechanism that wasorestable(Robinson et al., 2002{Shelly, 2012) Such a
transgenic lindnas been developed at Oxi{€xX30970X3864) and is discussed later
(Fu et al., 2007)Leftwich et al., 2014)



CONFIDENTIAL Chapter I- Introduction 34

Additionally, it is extremely important tmonitor the competitiveness of
released males, and to understanddpeoductive biology and dishution of the wild
population, as a successful strategy will require that sterile males mate wild females at
an acceptable frequen¢inipling et al., 1968)(Calkins and Ashley, 198, (Dyck et
al., 2005) Field data suggests thatT programmes Medfly have been affected by
poor competitiveness; in trials Guatemala and Hawargleass of males in
hundredfotl excess of the wild population failed to achieve a net egg sterility target of
77% (Shelly and Mclnnis, 2016 5pecies with complex courtshipuch as Medflymay
require higher release ratios, because the likelihood of rejestgyeatei(Shelly and
Mclnnis, 2016) Thescale ofsterile malerelease athits effect on the population can be
performedoy comparingthe ratio of réeased to wild insects on trafidendrichs et al.,
1995) (Rendon et al., 2004Furthermore, the matirapility of sterilemalesin the field
can beassessed, by scoring the female reproductive tractdgrttssence ofild-type
sperm, as well asradiatedspermor transgenicallynmarked sperniMcinnis, 1993)
(Zimowska et al., 2009)
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1.4 The Oxitecstrategy isa malesterility platform improved by genetic

engineering

1.41 Summary of the method

This study is primarily concerned with devising an enhanced strategy for the
reproductive control of Medfly, by addressing the fundamental issues with traditional,
radiationbased SITAlphey, 2006) The requirements to effectively control pest
populations with sterile male release, as described in the previous section, are well
understood. However, they have proven difficult to achieve in practice, primarily due to
the negative effects of irradiation, laboratory cadaion and massearingon male
fitness In certain respects, the Oxitec solution is similaraditionalSIT, because it
inhibits male fertility(Ant et al., 2012)However, the primary difference is the extent of
targeting. Tghtly regulated transgenic effectors medstterility, potentiallyavoiding
the substantial offarget effects of radiatiofBlack et al., 2011)

We describe the development of an engineered platform to control Medfly, with
repressible male sterility mediated by nuclease expressgpermatids and spergiin,
2011) This is expected to reduce nspecific effects upon male fitness, by limiting
translationof the steitising effector tomale germline tissue. To facilitate effective
massrearing, efficient female removal is engineered by genetic sékingt al., 2007)
Finally, field traceability is engineered by expression of fluorescent markers expressed
in the body andgperm(Scolari et al., 2008)The initial characteraion of most of these
components was performed by staff at Oxitec and three priosRiu@ntgJin, 2011)

(Bilski, 2012) (Asadi, 2013)

1.4.2Male sterility by repressible nuclease expressiongtO-protamine-Fokl)
1.4.2.1 Requirements of the system

As previously discussed, theale sterilitysystem must bpaternal effect
embryo lethal, to prevent fruit destruction by hatching lafVdienmer, 2005)
Furthemore, expression of the steriligffector in males should remove the viability of
all progeny, to ensure effective suppression of the population, and prextes@l ve
transmission of the transgene to the wild populatB®iective expression of the

nuclease effector would ideally allow males to retagh mating competitivenesand
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the abilityto transfer morphologically normébut sterile)sperm and seminal
compounddo females during mating

1.4.2.2 ProtamineFokl is a male sterility effector that cleaves sperm DNA

Themale sterilityeffector is a chimeriDNA endonuclease~{gure 1.7), a
protaminelike proteinfused to the nosequencapecificDNA cleavag@ domain of
Fokl nuclease (protaminieokl). This facilitates DNA binding and cleavage in
spermatids and sperrfAsadi, 2013) The function of both coponents is discussed
below. Protamine family genes are small, basic, positiglérged proteinthattightly
package sperm DNA in a manner comparahléu structurally very different to
histonegQueralt et al., 1995)Braun, 2001)(Balhorn, 2007)In Drosophilg the genes
are termed protaminliike because they hawedifferent evolutionary origin
demonstrating clear homology to somatic histone KBirin-Lopez, 2006)(White-
Cooper, Doggett & Ellis, 2008They are transcribed in primary spermatocytes but
translated irspermatidsand the proteins are components of masperm(Barckmann
et al., 2013)During spermiogenesisistones are removed from speaitid DNA and
replaced by protaminkke proteins which bind DNA through positivetgharged
domaing(Jayaramaiah Rajand RenkawitzPohl, 2005) ProtamineDNA complexes
associate with one another by the formation of disulphide bonds between cysteine
residues of adjacent protamines, facilitatingreater extent of DNA compaction
compared to histongBalhorn, 2007) Three protamindike genes have been identified
in D. melanogater: Mst35Ba(Dmprotl),Mst35Bb(Dmprot2) andvist77F. Curiously,
Mst77F is essential for male fertility, but Mst35Ba andmBltants are partially fertile
(White-Cooper, Doggett & Ellis, 2008fTirmarche et al., 2014)n Drosophilg
Mst77Fis thought to bindDNA by electrostatic interactiomithout sequence
specificity. Thereafter, multimerisation of several DNWst77Fcomplexedightly
compacs DNA (Kost et al., 2015)Two protaminelike genes (Ccprotl and Ccprot2)
were identified in Medfly by homogy searchingSection4.2). Dmprotl, Dmprot2,
Ccprotl and Ccprot2 were applied in this study.
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Figure 1.7. Male sterility mediated by protamine-FokI induced double-stranded breaks
(continued on next page). (A-B) Protamine packages DNA in sperm. (A) Packaging of somatic and
sperm DNA with histones and protamines. (B) Fluorescence microscopy of Mst35Bb (Dmprot2)-
EGFP translation in testes. Spermatids indicated with white arrowheads.
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Figure 1.7. Male sterility mediated by protamine-FokI induced double-stranded breaks. (C)
Structure of the Fokl restriction enzyme bound to DNA. (D) The protamine-Fokl cleavage domain
fusion induces double-stranded breaks in sperm DNA when adjacent molecules dimerise tail-to-tail.
(E) Expression of the tetracycline-repressible transcriptional activator tTAV with a male-germline
specific promoter, allows repressible expression of protamine-FoklI in sperm. Image credits: A: Braun
(2001); B: Jayaramaiah Raja & Renkawitz-Pohl (2005); C: PDB; D: Adapted from Helen White-
Cooper. E: Adapted from Alphey (2002).
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Fokl is a restriction enzyme isolated frdffavobacterium okeanokoit€ki et
al., 1992) It is a type IIS restriction enzyme, cleaving DISAS-13 nucleotide$rom
the asymmetric recognition site GGATBingoud and Jeltsch, 200T)he structure of
Fokl is unusual, with independertrdains for DNA recognition and cleava@@ah et
al., 1997) This property has made Fokl incredibly useful for genetic engineering,
because the cleavagerdain does not demonstrate sequence specificity
(Chandrasegaran, 199@)herefore, chimeric restriction enzymes with novel specificity
can be generat, by fusing a DNAinding element to the nespecific Fokl cleavage
domain, as we have done with protamirekl (Smith et al., 1999)Gaj et al., 2013)
The native enzyme exists as a monomer in solution, but magnrdsip@mdent
dimerisationof two adjacent Fokl molecules is required to cut D{\VAnamee et al.,
2001) In the unbound state, associations between the two domains prevent the cutting
domain from engaging in nespecific activity(Wah et al., 1998 However, DNA
binding induces a conformational chanfat frees the cutting domain, allowing it to
dimerise with aradjacent Fokl moleculend cleave target DNA. Because removed
the Nterminal recognition domaiim the chimeric protaminr€okl enzymethis

conformational change is not expected to occur

1.4.2.3 tetOprotamine-Fo k|l 1 s repressibly-tFTA¥mthé at ed |
male germline

To minimise offtarget dfects, protamind-okl should be expressegatusively
in the male germlineThis is mediated by a twgart expression systedin, 2011)
(Alphey, 2015) The first component is a tetracyclrepressible transcriptional
activator (tTAV) transcribed and translatedhe male germlinet¢tO-Cc b 2t ub ul i n
promoter5 6 U T R [ -Gchsp83 mihipromote€ ¢ h s p 8 3-tTAVGIWIOR 6 UTR) .
In the absence of tetracycline, tTAV protein accumulates in the primary spermatocytes
of individuals with thisexpressiorconstruct. ThereaftetTAV, bound to its
transcriptional target site tetO, activatemscription of a protamirEokl fusion
protein. AdditionallytTAV is expected to increase its own expressiecaus¢he tetO
sequence is hiirectionally active, and located between the tianscriptioml units,
which arecloned in heado-head orientation. In the presence of tetracyclimere
should baninimal or no activation of expression of the tTAV target gd@ssen,
1992) (Schonig et al., 2011Yhe expression of these two components (tTAV and tetO
protamineFokl) within a singlegpiggyBacvector (OX4353 has prevously been shown

to mediate penetrant and repressible male steriliyive fly and Medfly(Jin, 2011)
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(Asadi, 2013)However, leaky expression has been demonstrated: bda#iranycline
and in somatic tissue, for at least some strghsadi, 2013) Therefore, it is essential to
assess transgenic strains for leakiness and investigate the potential effects on

competitiveness or longevity.

Importantly, thissystem provides a mechanisonrepress the engineerethle
sterility, allowing the strain to be propagated in the(fphey, 2002) Furthermore,
the requirement of tetracycline for fertility prevents both the accidental release-of non
sterile males, as well as the persistenf transgenes in the wi{@lphey et al., 2008)
However engineering these features has proven difficult becau$e ohusual
dynamics 6 gene expression in the male germliAéhough primary spermatocytes are
highly transcriptionally active, there is very little poseiotic transcriptionn D.
melanogaste(Barreau et al., 2008(Vibranovski et al., 2010 herefore, genes that
are required for posneiotic development in the male germline are stored as mMRNAs
and translationally repr es s(Eanpeeba. 1393) by
(Jayaramaiah Raja and Renkawitahl, 2005)(White-Cooper, 2009)(Barckmann et
al., 2013)

Adequate praneiotic translation of tTAV is therefore requiredaictivate
transcription oprotamineFokl to sufficient levels, in advance of the transcriptional
arrest. Althaigh early trascription ofprotamineFokl is desirable, it should be noted
that ealy translation is not. ThprotamineFokl transcript must therefore incorporate
appropriate signals for translational delay. If this is not achieved, translationmatbe
sterility effector will not occur in all speratidsat the apprpriate time. If translation of
protamineFokl is too late, sperm are likely to retain an intact genome, and will
therefore remain fertile. In contrast, early translation of protaifote would be
anticipded to disrupt the meiotic divisions, or cause significant defects in spermatid
nuclear shaping, leading to failure of spermatid indivicadion Either outcome would
be extremely problematic, because the primary objective of this study is to engineer
sterile sperm that are capable of fertilisation, thereby inducing a paternal effect lethal
phenotypeThis is expected to improve upon radiatisased SIT, for which negative
impacts on sperm morphology and number have been demonstrated, in certain instances
(Mclnnis, 1993) (Helinski and Knols, 2009)
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1.42 .4 Development of the twecomponent system for repressible male sterility
A functioning system for the regssible expression of the malerdity effector
was described prior to the initiation of this stydin, 2011) Substantial
experimentation was reqed, because of the difficulty of engineering appropriate
transcription and translatiaf transgenic effectons the male germling~igure 1.8).

The most important experiments are summarised here.

The tetracyclingepressible transcriptional actieatwas developed first,
primarily from componen (Fgurelfd. CbBR2ubbbll hni
highly conserved genthat is transcribed specifically the testes of aariety of insect
speciegMichiels et al., 1989 White-Cooper, Doggett & Ellis, 2008]Nielsen et al.,

2010) InD. melanogaster a 14 bp promoter element (b2
specific transcriptiofiMichiels et al., 1989)Two additonal downstream elements, one
within the promoter (b2UE2) and one withi
but are dispensible for tespecific expressio(Michiels et al., 1993)Santel, 200D

Sequence motifs with homologyfo2 UE1 and b 2 ptatbnaly edendgfiedc o m
intheMedfly homol ogue (Ccb2tubulin), but in
put at i v(8col&i@tlall, R08)t is notable that their functionality in Medflg

inferred by homology, and not yet experimentally confirntediasanticipated that the
Ccbhb2tubul 5®mUgmRomotagment coul d medi ate ea

translation of tTAV, suitable for activating early transcription of tgp@tamineFokil.

A fragment based on the Ccb2tubulin p
3 6 U TFRure 1.8 wasable to facilitate preneiotic transcription and translation of a
dsRed?2 reprter, in spermatocytes (OX367C¢:c b2t ubul iCt bRiinebat er
50 U-0dRed2SV40 306UTR) . However, visible repog
in all spermatocytes, indicating that the system would not mediate sufficiently early
translation of tTAV(Jin,2011) To sol ve this issue, 233 b
were truncated, to remoyitatives i gnal s wTRthat dalayeéd translabian.U
The resulting CChOR2tuubhudliinn p5 @utbDR[eshort] f
797 bp) retained the majority o-bpedfihe b2 U]
transcription, b u (Scolaricesal., 260 BN, WPLUE 2 el e me n |
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Figure 1.8. Development of the tetO-protamine-FokI system to mediate repressible male sterility
(continued on the next page). (A-B) Validation of a suitable expression system for tTAV, to engineer
repressible male sterility in Medfly. (A) OX4282 applied a truncated Cc[32tubulin 5’UTR with a
chimeric Cchsp83 minipromoter-5"UTR, to enhance early translation. (B-C) This Ccf32tubulin-hsp83
fragment mediated penetrant-repressible male sterility by activation of a tetO-protamine-FokI effector.

(B) OX4353 diagram.
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Figure 1.8. Development of the tetO-protamine-FokI system to mediate repressible male sterility.
(C) Penetrant-repressible male sterility was confirmed by a reduced hatch rate in males reared off-
tetracycline in several OX4353 strains (this assessment was performed by Romisa Asadi [Asadi,
2013].

To enhance early expression, a mini mal
Cchsp83 (a gene with earlier transcription and translation), was added d@ammsfr

t he Cc b 2omaoter@d G Nt pb u IfragmengDing &t &., 1993)This

chimeric fragmentvas found to fatitate appropriately early transcription and

translation of a fluorescent reporter in spermatociies 2011) Subsequentlythe

chi mer i c -Cchép@3tdrivér wds iabte to appropriately promote expression of
tTAV, and this was able to activateedO-driven Dmprot2Fokl effectorin the male
germline(OX4353:tet0O14-Dmhsp70 minipromoteDmprot2Fokl). This resultd in
penetrantrepressible male sterilitydin, 2011) (Asadi, 2013) Therefore, it appeared

that the truncation of Ccb2tubuli-n 586UTR
Cchsp83 506UTR h a dboth m@eading tsanscriptibn levél dnd c t o f
enhancing early translation of tTAV.
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1.4.3 Genetic removal of femalefacilitates a maleonly release

A functionalprotamineFokl male sterilitysystem would be combined with a
previously described tetracyclimepressible femaiiethal system (OX3864igure
1.9), which serves as an effective Medfly sexing sttaeftwich et al., 2014)This
system applies an autoregulatory, positive feedback loop to fatally overexpress tTAV in
femalesalone(Fu et al., 2007)This specificity is engineerdal/ the inclusion ofntrons
fromtra, whicharespliced to remove a stop codorf@males, but nanales(Pane et
al., 2002) Therefore, femalgpecific expression of tTAV may be engineered by
inclusionof femalespecifictra introns within the coding sequence. Theftea, tTAV
positively regulates its own expression at an array of tetO operator seq(tbadasget
site)immediately upstrearfGossen, 1992YTAV accumulates to fatal levels at the
larval stage(Gong et al., 2005)stensibly due to sequestration of the dcauptional
machinery(Morrison et al., 2009)Tetracyclinanhibits this feedback loop, when
supplied in larval diet. This disables the madédection system and allows the strain to

be propagated for massaring(Fu et al., 2007)

The OX3864 sexing systecan beapplied as a population coakisystem in its
own right(Leftwich et al., 2014)All female progeny of released OX3864 homozygous
males would d# (half of all progeny)only heterozygousiFnale offspring would
survive. However, an issue with this strategy is thaFthmogeny otheterozygous
males and wild females would be 75% viable. This is because 25% of th@sedeny
are heterozygouemales, which die; all other progeny are viable. This incomplete
sterility means that transgenes would propagate vertically in the field, through the viable
male progeny of crosses between wild females and transgenic makkermorethe
0OX3864sexingsystenkills females asarvag and allows all males to survive.
Therefore progenyresultingfrom the mating of a wild female to a released matayld
still damage cropsubstantiallyFor these reasonan engineered system for complete
sterility (protanine-Fokl expression) is superior, assuming it can mediate highly

penetrant sterility and retain a fitness profile similar to wild males.
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Figure 1.9. Engineered systems for repressible male sterility and genetic sexing (female
removal). (A) First component: a transformation marker, repressible male sterility system expressing
protamine-Fokl in the male germline, and a fluorescent marking system for sperm nuclei (developed
in Chapter 4). (B) Second component: tetracycline-repressible sexing strain that kills females. Two
copies of tTAV are expressed specifically in females. A fatal positive feedback loop is generated by
overexpression of tTAV. A double homozygous line would be generated by crossing both lines (A &
B) together, to merge repressible male sterility and female removal. Note that both systems lack
transposable ends in the final product. (C) Structure of the four ended piggyBac transposon system,
which allows for the removal of transposable ends, after crossing to a transgenic line expressing
transposase.
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1.4.4Fluorescent marking in the body and sperm

An effective population control strategy requires monitoring énfigld, to
determine theatio of wild to released mal€¥reysen, 2005)Releasednalescan be
markedwith fluorescent dyg¢Hagler and Jackson, 200However, these marked males
may be misscoreifl the dye dissipate@Robinson et al., 20047 his hasbeen addressed
by the constitutive expression thie fluorescent marke&lsRed2 in muscle, using
components of the Mexfly muscle actingenenamel vy t he pr OTRot er |,
(Koukidou et al., 2016)This facilitates highly accurate scoring of transgenic
individuals, in some instances by theked eye. These transgesitairs could be
further improved by engineering fluorescent marker expression in sperm nuclei, to
monitor mating competitiveness in the fi¢fstolari et al., 2014)The frequency at
which females mate releasethlescan bescored by transfer afdhesivechemicaldo
femalesthe presence of irradiated sperm in the spermati{@aaerphologically
different); or by PCR for sequences specifidie masseared straifMclInnis, 1993)
(San Andres et al., 20QQ{Armsworth et al., 2008 However, e scoring of

fluorescently marked spemmould be expected to improve upon these methods.

A fluorescent sperm marking systewould remove the necessityr an
adhesivechemicaland the risk of its dissipation in the field. It would be substantially
easier to score fluorescent sperm than morphological variations induced in sperm,
which are not present in all species, and which would be variable betwaaduats
(Helinski and Knols, 2009¥Finally, it would preclude the use of PCR screens and allow
for a quantitative estimate of mating, possiWith greater accuracthan PCR. A series
of fluorescent sperm ankers linked to the male steriligffector (tetGprotamine
mCherry -Fokl) or tetracyclineepressible transcriptional activator (teBc b 2t ubul i n
promoterCc b 2k u b u 5déRed2RBV 4 0 3 bHad BeR previously tested, but
these did not reliably mark the nuclei of all spédam, 2011) (Asadi, 2013) The
molecular components of these systems and their performance are fully detailed in the
next chapter, where the development of a novel fluorescent sperm gnsykitem is

considered.

1.4.5piggyBacexpression constructsan be genomicallymmobil ised

The components of this system have been engineemdg@dBacexpression
constructs integrated into the insect genome by transpo€iiienal., 2005) The
expression profile of these features could berett by retransposition to a novel
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insertion sitg Wimmer, 2003) For instancesnobilisationof the transposon to
transcriptionally silent heterochromatin could prevent the expression of the sterilant or
thefluorescent marker@Markstein et al., 2008potentially allowing the vertical
transmission of transgenic sequences théowild population. An additional concern is
horizontal gene transfaemhich couldpotentiallyintroduce the transposdo other wild
insect specie_ohe et al., 1995)Silva et al., 2004)Therefore, the ability to fully

immobilisethe transgeis insertion would potentially enhance biosafety.

To achieve this end)xitec has developedpmggyBacvector systencapable of
complete egision of the transposable end$is system applied composite transposon
with two pairs ofpiggyBacends A certral element flanked by these two pairs contains
the transgenic effectors required for the nsdzility expression system. Nén crossed
to a transgenic line expressipggyBactransposase in the germljrtee ends
containing the transposable elementsrapbiised away from the central element. This
stabilises the transgenic effectors within the genome, because they are no longer
associated with any transposon sequeficBsa f a 6 a | | aExasionofthe ends 2 0 0 6 |
can be screenddr the absence of transposon sequences by PCR. Additionally, it is
possible to design expression constructs with matiexgeereachpiggyBacendpair.

This allows loss of ends to be screemmstialy (by the absence of fluoseent marker
expression). Therefore, the application of the fendedpiggyBacsystem with a
repressible protamirEokl male sterility effector and fluorescent markers expressed in
the body and sperm, could potentially provide an effective, novel anty liigbeable
method for the population control of Medfly, a pest which remains problematic despite

decades of research.
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Chapter 217 Materials and methods

2.1 Molecular biology

2.11 Genomic DNA (gDNA) extraction

Two methods were applied. Generatlye PureLink Genomic DNA kit (Life
TechnologiekK18200Q was usedwitma nuf act ur er 6s i nstructi c
extractionwas performed by high temperature, sodium hydroxide extraction in a
thermocycler. Within a 96vell PCR plate, samples were placed 00 mM NaOH (50
el for adults and third instar larvae; 26for a leg) and heated in a PCR thermocycler
(99° C, 30 minutes). To neutralise, Solutiond® ("M HCI, 250mM Tris-HCI [pH
8.5], 0.04% phenol redyas added2 forllegs,5 forllarvae anddults. The second
method was used where a large number of reactions needed to be performed quickly
and in parallel.

2.1.2 RNA extraction

Total RNA of whole adult Medfly or the reproductive tract were extracted with
the Total RNA kit(Norgen #£720Q withma nuf act ur er 6 s i nstruct.i
useiINnRTFPCRgRT-PCR, and 506 RACE.

2.1.3 Polymerase chain reaction (PCR)
All primers used in the studyrable 8.1) and thdist of amplicons generated
(Tables 8.2-8.3) are provided irthe Appendix

2.1.31 General PCR
The sandardprocedure watouchdown PCR witl35-40 cycles (10 cycles &0°
C annealingemperaturgthe remainder at 35C). The annealing temperatures were
adjusted where this did not provide adequate amplificatiorpdBsneras€ NEB
MO49 1) was used f andseglemcing ohGRJSHRWCE]MGtations.
BioTaq polymeraseRCR Biosystem8l0-2104Q was used for all other applications.
I n both instances, PCR was pelhefgeneraned by |

thermocycling ppgrammads provided(Table 2.1).
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Table 2.1 General PCR thermocycling programme

Step Cycles Description Temp (° C) Time (seconds)
1 1 Denaturation 95 120

2 10 Denaturation 95 15

3 Annealing 55-65 30

4 Extension 72 15 per kb

5 2530 Denaturation 95 15

6 Annealing 55-65 30

7 Extension 72 1590

8 1 Final extension 72 300

9 1 Holding 4 b

2.1.3.2 Cloning and sequencing of PCR products

PCR products without nespecific bandsverepurified with theQiaQuick PCR
purification kit(Qiager#281049 by ma n in$tractiona)\fthere ndrspecific
products were present, target bands wrotsed with a scalpel and purified with the
QiaQuickgel extraction kit Qiagen#28704) Where possible, PCR reactions were
directly sequenced with an internal primer at Eurofins MWG Operon (Germany).
Where this did not provide clean sequences, the predwaate blunt ended and cloned
into the pJET vector with thel@eJET kit (Life Technologiek1231) and transformed
into E. coliXL10 (Agilent Technologies) by heat shecklcium chloride
transformation, wusing manuf am®@sceenedbp s i ns:
colony PCR in 1@I reactions by standard methods, usually with pJET specific forward
and reverse primers (TD1156 and TD1157). Cultures with the target insegnoene
in in LB-ampicilin medium ¢ 0 0 &) with shiaking incubation overnig250 rpm,
37° C). Plasmids were mirmprepped with th&eneJET Plasmid Miniprep K(Life
TechnologiekK0502) byma n u f a dnstuatians and sent for sequencing, as

previously described.

2.1.3.3 Reverse transcription PCR (RIPCR)

cDNA was synthdsed from total RNA extractions with thRevertAid First
Strand cDNA SynthesisKit Ther moFi sher K1621) by manuf
1.1 ratio ofrandom hexamer primers and poly(A) annealing primers was applied.
Thereafter, RTPCR was performed in 20 reactionswith 1 €l of cDNA template,
generally under the standard conditions previously described for genotyping RCR (35
40 cycles10 at60° C the remainder at 35C). For semiquantitative RTPCR, amples
werealiquoted at 25, 30, 35 and 40 cycldse(first 10 cycles were performedeit’ C

annealing temperaturand all subsequent cycles af £5annealing temperatuye
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Constitutively expressed control genes (internal standards) were ampliédtly
alcohol dehydrogenagadh) or ribosomal protei PO(Cc-RpPQ.

2.1.3.4Quantitative RT-PCR (QRT-PCR)

The SuperScript Il Platinum SYBSreen OneStep qRTPCR Kit
(ThermoFished2574030)was used with mantdlheact urer 6s i
thermocyclingprogrammas provided Table 22). Rox was used asraferencedye,
andthe G values were first normalised to Rox. Dissociation curves from the melt curve
analysis were monitored to identify primer dimersionspecificproduct. Relative
gene expression waslculated with thep 3: method(Yuan et al., 2006)}or each
sample C; values for théransgeneampliconwere normalised to those of the
endogenous contraimpliconCc-Rpl17Sby subtraction of the @Qor the transgene from
the G for the control gene to derive thegdC:. Thereafter, aeferenceexperimental
groupwas chosen as a calibrator (a transgenic stvainminimal or no expression).

The averageC: for each experimental growpasnormalised tdhe averaged: of the
reference groufby subtractiorof theqC; of each experimental grodpm the giC; of

the controlgroup to derive thep (8. To expresdold-change, the measurements were
log transformed: Z**< To express uncertainty, standard deviation or standard error
(fs0) were calculated from th@ values of each experimental group, antisequently

log transformed2' ®®Cs

Table 2.2gRT-PCR thermocycling programme

Step Cycles Description Temp (° C) Time (seconds)
1 1 cDNA synthesis 50 180

2 Denaturation 95 300

3 40 Denaturation 95 15

4 Annealing 60 30

5 Extension 40 60

6 1 Melt curve analysis | 95 60

7 55 30

8 95 (collections at| 30

every 0.5° ¢

2.1.3.5Inverse PCRand adapter ligation PCR
To isolate gDNA flanking transposon insertions, inverse PCR was performed
with a modfied protocol fromBuckholz et alTwo sets of PCR reactiomgere
performedat each endp isolate gDNA upstrearf 56 ) and downstream
transgenic insertion site. Digestions were performed with SauAl, HpyCh4ty/] aad
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Hael I | (56 end) or Hhal, Avall, Hael | | a |
spanning the genomic DNA amnsgert expression construct. The restriction

fragments were circulaesl by bluntending and ligatiomvith theCloneJH kit (Life
TechnologieK1231), followingma nuf act ur e rP&R reactiosstwerel ct i ons
performed i20 €l volumes with BioTaq polymerasaftier, 0.5¢M primers, BSA (.1

mg/ml), BioTaq polymerase, and template (first reactiogt &f the ligated restriction
fragments; second reaction: @5of the first PCR) The thermocycling programme is
provided(Table 2.3. Thedominant band of the sead (nested) reaction from each end

(56 and 30) blwdendedclned istxtieip3EE dector and transformed

into E. coliXL-10; all as previously describé8ection 2.1.3.2 Colonies were

screened, grown overnigim LB-ampicillin culture and plasmids were miniprepped

and sequenced as previously described, to identify the flanking sequences upstream an
downstream of the insertion.

Table 23 Inverse PCR thermocycling programme

Step Cycles Description Temp (° C) Time (seconds)
1 1 Denaturabn 95 300

2 34 Denaturation 95 30

3 Annealing 55 60

4 Extension 72 60

5 1 Final extension 72 120

6 1 Holding 4 b

Alternatively, it is possible to restriction digest gDNA and ligateadapter
fragment to the 506 an chvdtlhaneaedamespecifihande e ne s
transposorspecific primer) are thereafter performed, ptmsequencing across the
adapter, flanking @NA, and transgenic expression constrddtis was used by a
colleague (Caroline Phillips, Oxitec) to isolate the OX4X-k8solved flanking

sequence.

2.1.3.6Rapid amplification of cDNA ends (RACE)

560 RACE was performed to i ({dS5ptMedfly t he
protaminelike genes. Th&EMARTer RACE 5'/3' Kit(Clontech634859 was used with
ma n u f airstuctiens. BDNA is synthesised with poly(A) annealing primers and a
proprietary adapter sequence i s added to
transferase activity of the enzyme, labelling the putafis& The cDNA of the target
gene was apilified by two nested PCRs with Q5 polymerase, each with a-gaafic

reverse primer and the proprietary universal forward primer (UFP) mix. The standard
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touchdownthermocyclingconditions were applied. The dominant band of the first PCR
reaction (prenesting) wagrocesseas previously described: gel purified, cloned into
the pJET vector, transformed irfo coli XL-10; thereaftercolonies were screened for
the presence of the insert by colony PCR with ggreific primers. Colonies with the
correctinsert were grown overnigim LB-ampicillin mediumand the plasmids
miniprepped. Multipleelones weresequencevith a genespecific reverse primer.
Sequences were aligned and trimmed taeh@inus of the proprietary adaptar,

identify the putativel SS Thereafter, the results were compared to tobsained via

high throughput transcript sequenciiNCBI, 2016)

2.1.3.7 ynthesis of CRISPR sgRNAs

All CRISPR experimentatilisedthe Cas9 nuclease froBipyogenegSp
Cas9).In theory, any site can be targeted as long as an nGG protospacer adjacent motif
(PAM) follows the target sequence (Brouns et al., 2008). To clahnéytarget genomic
sequence is sense, relative to the sgRNA. It is possible to target other motifs, but the
efficiency of cutting is typically reduced (Zhang et al., 20T4ygetspecificCRISPR
sgRNAs were synthesed byno-template PCRin vitro transcrption, and phenel
chloroform extractionessentially apreviouslyreported(Bassett et al., 2013Jhe no
template PCRpliesa forward primespecific to the targetnd a common reverse
primer(SS1713); the product is a primer dimene degenerate forward primer:

GAAATTAATACGACTCACTATA[N]oGTTTTAGAGCTAGAAATAGC compriseshe T7

promoter (bold)a 20 nucleotidseed sequeethat is identicabr nearly identicato the
genomic target (italics), and a complementarity region for the reverse primer
(underlined)To facilitate efficient in vitro transcription from the T7 promotée two

56 nucl e oseedsdgaence wérchanged to G@uzmine et al., 2003)n
mostcases, thiglid notmatchthe genomictargeHo we ver , mi smad ches
are welttolerated in CRISPR platfornf{€radick et al., 2013}hese slightly oftarget
sgRNAswere shown to mediate efficient mutagene€isapter 6). Reactions were
comprised of: Q5 buffer, target specific forward primer €.M, common reverse

primer SS17130Q.4¢ N, dNTPs (0.2 mM) and Q5 polymerase. Reactions were
amplified for 35 cycles with the standard touchdown PCR method described previously
(Table 2.1).

The product was directly purified withe Fermentas GeneJeCR Purification
Kit (ThermoScientifidc0701) and 500 ngf this DNA intermediatevasconverted to
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sgRNADby in vitro transcriptionfrom the T7 promotenyith the Ambion

Megashortscript T7 kit (ThermoScienti#dM1354). The sgRNAs wereurified by
phenoichloroform extractionTo eachreat i on, 1 ElBlorofotmwas addedo |

prior to centrifugation (14600 rpm, 5 min). The aqueous phase was transfasredl 5 0 ¢ |
chloroform and cemifuged (14600 rpm, 5 min). Thegueous phase was transferred to

300 ¢l et hanol a-200C) prior to wdntafgation (14008 rpm il ,

min, 4°C). The supernatant was removed tmpellewasr e suspended to 1
RNA, and stored at80° C. A list of sgRNAsequences provided in the Appendix

(Table 8.4.

To prevalidate the cutting actity of SgRNAs, an assay was perfornveith
manufacturerds i nstruct ietweecdniprised of 5O0ng e ¢ h |
Cas9 protein, 250 ng sgRNA, 200 ng of target PCR product or linearised plasmid, NEB
Buffer 3 and BSA (0.1 mg/ml). The reactiomsvincubated at 3T for 30-60 minutes
and the reaction stopped witred RNaseA (10 min37° C) prior to addition ofl €l
stop solution (30% glycerol, 1.2% SDS, 250 mM EDTA pH 8) and incubation (10 min,
37° C). Cleavage of the target fragment was visedlby gel electrophoresis.

2.1.4 Computational and statistical analysis
DNA and protein sequences were aligned for sequence homology-Witiffde
or M-Coffee Multiple Sequence Alignme(¥ISA). Protein sequences were assessed with
EMBL Interpro. The TSSof genes of interest werdentified from highthroughput
transcript sequencimjat a ( Fl yBase or NCBI) or 56RACE
performed with the standard R package (version 3Ma2 OS X. Sequence alignment
and expression construésignwereperformed with SnapGene software (GSL Biotech
v2.6.2, Mac OS X To comparénomologous proteins, a similarity index was calculated,
as the ratio of conserved residues (identical or conservative substitutions) to the mean

number of residues:

*100

7
A: ldentical residues or conservative substitutions
B: Residues in first sequence

C: Residues in second sequence

2.2 Medfly rearing
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Rearing was generally @seviously describefSaul, 1982a)Typically,
conditions wer@6° + 2° C and 50% 10% relative humidity with @hotoperiod of 12
hours light (07:0€09:00) and 12 hours dark (19:00:00). Rearing wascgasionally
performed at 18° £ 1° C, 20° £ 1° C or 30° %+ to alterthe rate of development,
which isincreased by higher tempereta and dcreased by lower temperatu(Bsiyck
and Quilici, 2002) TheWT culture was th& olimanstrain fromGuatemé&a (Lance et
al., 2000) It has been in continuous culture at Oxsawe 2004 (about 175
generations)All transgenic lines were derived IpyggyBac transformation of this

background.

Adults were cultured in plastic cages widlmeshcoated surface for oviposition
and separate vessels for water and adult diet (80% sucrose [Tate & Lyle] and 20%
autolysed yeagFisher10255159). Flies requiring taacycline to repress transcription
of transgenic elements regulated by tetidimal promote(Gossen, 1992)ere
suppliedwatewi t h 100 ¢lige/(3gmaAidech T7660)yFve types of cages
were usedor culturing. Four were developed at Oxi{emall, medium, large and extra
large) and ongvascommercidly obtained (BugDorm cages, Megaview Science).
Images of the cagd&igure 2.1) and theirpropertiegTable 24) are providedWT flies
and homozygous linesere rearedt a 1:1 sex ratio, in exttarge cages and
medium/large cages, respectivdljon-homozygous transgenic lineere usually
maintained by backcrossing trgesic males to WT femaled a 1:2 ratiol( :l ), in
small cages. Mating wadlowedfor at leasfour daysBugDorm cages were used for
competition assaySmall cages were usddr all other experimentsiless noted

otherwise.

Table 2.4 Properties of cages for adult rearing

Cage Dimensions (en, length x width x height) Adult population
Small 10 x10x 10 1-40

Medium 15 x 13 x13 30-150

Large 18 x 17 x 17 100-300

Extra large 24 x50 x 26 500-1500
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Figure 2.1. Laboratory rearing of Medfly. (A) Culturing at each life stage. Eggs fall into a vessel
with water (1). A QL12S5 filter paper with eggs is added to a bottle with larval diet (2). A cone of
QL135 filter paper is added to bottles with third instar larvae, then enclosed in a box with sand (3).
Pupae are separated from sand with a coarse sieve and screened for fluorescent marker expression (4).
Adults are crossed to repeat the cycle (5). (B) Cages for Medfly rearing in small (1), medium (2), large
(3), and extra large (4) sizes; and the commercially obtained BugDorm cage (5). In the small, medium
and large cages food is provided in half-cylindrical feeders; water is provided in cylindrical tubes
stuffed with cotton. In the extra large and Bugdorm cages, water is supplied in bowls with a sponge
and food in Petri dishes. Mesh-coated surfaces allow oviposition, in all cages except Bugdorms. Scale
bars: 10 cm.

Females of the Oxitec Toliman strain accept mates from the second or third day
postecloson, and begin to lay eggs on the third daggs are brushed from the
oviposition mesh into a collectidray filled with distilled water. Eggsvere collected
between days-40,filtered through Fisherbrand QL12&per (Fisherbrantl1754233
and folded tdit in 250 mlplasticbottles F L Plastics, UK) with larval diet (66 &
maizemealHo |l | and & Barr et t ] A3AmapSe [Tate &Myle],z e Me
46.59 autolysed yea$Fisher10255153, 10 g agafBTP Drewitt], 2.5g methyt4-
hydroxybenzoatgSigmaAldrich W271004, with dH2O to 1 L). The sucrose content
was 7.3% and the protein content 3%, cal
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of the maize meal and an average 56% protein content of yeast ®aglarjargal et
al., 2014) Tetracyclinewa added at 100 eg/ ml, -where re

minimal promoter regulated transgenic elem¢@tsssen, 1992)

Five days after seeding, bottles were enclosed within sealed plastic(b8>as
x 11 cm x 7 cm), wih a meshkcovered airholeSand (Argos 365/0574terilised by dry
heating in an oven (12XLC, 4 hours), was added to 1 cm depth as a substrate for
pupation(Vargas et al., 1986 cone wagormedfrom five sheets of QL13#blter
paper Fisherl1704213 and pressetb the bottom of the bott|¢o absorb excess
moisture and aid larval exit. Pupae werdemted througla coarse sieve-T0 days
later. Transgenic lines wesereened by microscopyr the presence of the fluorescent
transformation markglOlympus SZX12 microscope and OlympusRBL-T
fluorescent burngr Adult flies wereanaesthetised on iemdcollected no later than 24

hours (26° C) o048 hours (20° C) postclosion, to ensure virginity.
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2.3 Microinjection and transgenesis
2.3.1 Expression constructs used in the study

A list of expression consictsevaluated in the study and the phigpes
observedafter transgenesigs provided in the Appendiiable 85). Diagrams of the
constructs are provided Kigure 2.2, thesearerepeated in the results section where
phenotypic assessment was perfornfethose copy of this figure is providefbr

reference throughout the thesis.

2.3.1.1piggyBacvectors

All genomically integrated expression constructs vpeggyBacvectors.
Generally, standard twended vectors were appli@idandler et al., 1998)or product
candidates, fouended vectors that alloemoval of the sequences required for
transposition werased Remobilisation of the two pairs pfggyBacendseffectively
locks the construct at the genomic insertionci@a f a6 al | aOxém0,al ., 20
OX5150, OX5182, OX5184, OX5186, and OXE were synthesised by the author by
standard methods (PCR, restriction digest and ligation; or Gibson Assembly). All other
constructs were kindly synthesised by the Oxitec Molecular T€amoline Phillips,
Tari g Dafaodall a, Sa rahildenknspaforiner studehtglddine a Mi |
Michal Bilski & Romisa Asadi)Lines of OX31330X3671, OX40140X4282,
0X4353, OX4705, OX4718 and OX4801 werssessegrior to the initiation of this
studentship. All other lines were obtairmtd assessdi/ theauthor.Assistance from
colleagues was generally provided for microinjection, usually one or two persons
(Romisa Asadi, Thea Marubbi, Dylan Noone, Christsté&pfennig Charilaos Megas
or Carlos Pedraz) to line up eggs in an appropriate orientation dovimection.This
was the case for microinjectionsaif piggyBac constructs and CRISPR sgRNAs in this
study, with the exception of 0X5182, 0X5184, OX5186, OX5134, OX5154 and
OX5173.

2.3.1.2 CRISPR expression constructs and materials

RecombinanCas9proteinfrom S. pyogenewaspurchasedrom PNA Biotech
(CP01). OX5173ransgenic lines, which express nanegulated Cas9 in the germline,
were obtained bpiggyBactransgenesislargetspecificCRISPRsgRNAs were
synthessed as previously describg&ecton 2.1.3.7; the genomic targets of all
sgRNAs are providenh the AppendixTable 8.4 and referenced in the relevant
Results sectionQhapter 6).



CONFIDENTIAL Chapter 2 Materials and methods 58

0X3671

CcB2T pro + 5’UTR full
(1030 bp)

dsRed2 HR5IE1 promoter

pB 5’ CcB2T partial scraps intron
’
3UTR nls-zsGreen-nls
Sv40 3’ UTR pB 3’
CcB2T full-reporter Body marker
SV40 3'UTR
o , DmHsp70 mini-pro [+89 bp 5’UTR] HRSIEL promoter
pB 5’ CcHsp83 minipro + 5'UTR Adh intron scraps intron
CcB2T pro + 5'UTR NIs-turboGFP-nls  nls-AmCyan-nls

short (797 bp)

Sv40 3’ UTR pB 3’

Tet-repressible enhancer Reporter Body marker

0X4353

SV40 3’UTR

TAV2 DmHsp70 mini-pro [+89 bp 5'UTR]

Dmprot2 5’UTR HRSIE1 promoter

pB 5’ CcHsp83 minipro + 5’'UTR i
Dmprot2 ORF scraps intron
Cf:BZT pro + nls-AmCyan-nls
5’ UTR short SV40 3’ UTR pB 3
Tet-repressible enhancer Male sterile effector Body marker
0X4705 5403 FgLR (teto) attP220
a Partial PB 3’

loxP  AIMAct promoter
pB5 FRT3 &5 UTR

FRT dsRed2
attP58

AIMAct 3'UTR
Figure 2.2 (Part 1). Expression constructs used in the study. All diagrams are repeated in the
relevant results section with a full description of their contents. 0X3671 & OX4282 were reporter
constructs to test Ccf2tubulin-derived expression systems. Pre-meiotic transcription and translation of
tTAV in the male germline was required to activate sufficient pre-meiotic transcription of a protamine-
FokI male sterility effector. The Cc32tubulin-Cchsp83-tTAV element from OX4282, was used in all
subsequent constructs. 0X4353 & OX4705 were constructs for tetracycline-repressible male sterility.
The OX4705 male sterility effector has a fused fluorescent sperm marking system (without SG4
linkers). Dashes indicate promoter-5"UTR boundary.

Dmprot2 ORF CcB2T pro + 5’UTR short
Dmprot2 5'UTR CcHsp83 minipro + 5’UTR
DmHsp70 mini-pro tTAV2
[+89 bp S'UTR] CcHsp83 3UTR|  pB 3’

Body marker Male sterility & sperm marking Tet-repressible enhancer
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