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Abstract 

Pest insects can impose strains on public health and food security and these are predicted 

to intensify as a consequence of population growth and climate change.  In the 20th 

century, organosynthetic insecticides were considered the panacea for insect control.  

However, insecticides have become less effective, as pest species have evolved 

mechanisms of behavioural and genetic resistance.  It imperative therefore, that novel 

modes of control are developed to eradicate or suppress wild, pest insect populations.  In 

this thesis I tested various novel genetic tools and approaches for control of the 

Mediterranean Fruit Fly (Ceratitis capitata; medfly) and evaluated the Fall Armyworm 

(Spodoptera frugiperda; FAW) as a candidate species for Oxitec’s established “self-

limiting” control.  I investigated environmental RNA interference (eRNAi) as a mode of 

control for the medfly and showed that neither medfly adults or eggs can easily be 

induced to become eRNAi competent via feeding or by exposure to electric current, 

respectively.  I then sequenced and analysed the genome of a bacterium, aiming to 

modify it, for control of the medfly through paratransgenesis.  The Klebsiella bacterium 

identified did not exhibit obvious signatures of transition to an obligate relationship with 

its medfly host.  However, it was capable of degrading pectate and may provide essential 

nutrients to medfly larvae, which consume a large amount of fruit.  Next, I manipulated 

medfly eggs to test whether vertical transmission of Klebsiella bacteria could occur by 

maternal ‘egg smearing’.  There was no clear evidence for this, though Klebsiella bacteria 

hold some potential for control of the medfly through paratransgenesis.  Finally, I studied 

the mating and sperm precedence behaviours of the FAW and showed that this species 

has potential utility as an agent of self-limiting control.  Overall, the thesis research gives 

novel insights in the context of genetic insect control and tactical suggestions for future 

investigations. 
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Chapter 1 – General introduction 

1.1) The requirement for insect control  

Insects are the most abundant and species rich group of animals on Earth (Chapman, 

2009; Mora et al., 2011).  They are essential members of food webs (Boonpha et al., 2019; 

Damien et al., 2019; Menon et al., 2019) and provide critical ecosystem services, such as 

pollination (Eeraerts et al., 2019; Powney et al., 2019), decomposition of plant and animal 

matter (Beleza et al., 2019; Castro et al., 2019) and regulation of pest species (Ali et al., 

2019; Zhang, Zhang, Liu, et al., 2019).  However, some insect species are detrimental to 

the health of humans, animals and ecosystems, and are considered pests.  Such pest 

insects vector pathogens to humans (Berté et al., 2019; Marklewitz et al., 2019; 

Matetovici et al., 2019; Mori et al., 2019; Mulatier et al., 2019) livestock (Kasozi et al., 

2019; Muhanguzi et al., 2017; Rodríguez-Hidalgo et al., 2019) and crops (Hoh et al., 2010; 

Martinière et al., 2013; Willsey et al., 2019), while others decimate crops (Costa et al., 

2019; D'Ambrosio et al., 2019) and forestry (Aukema et al., 2010) through herbivory. 

The need for insect control is perhaps felt most keenly if one considers the cost to human 

health.  The mosquitoes represent some of the world’s most pernicious pest insects.  Each 

year, Anopheles mosquitos infect ≈200 million people with malaria, which results in the 

death of one child every two minutes (WHO, 2018) and Aedes mosquitos vector dengue 

fever to ≈390 people resulting in ≈96 million clinical illnesses (Bhatt et al., 2013).  The 

need for insect control can also be expressed in economic terms.  For example, Bradshaw 

et al. (2016) estimate the global cost of invasive insects to be at least $77 billion a year, 

while Oliveira et al. (2014) estimate that in Brazil alone, the cost of pest insects is $17.7 

billion per annum and Zalucki et al. (2012) estimate annual international losses of $4-5 

billion due to damage caused by the diamondback moth (Plutella xylostella).   

1.2) 20th Century developments in insect control 

In the early 20th century, pest insects were controlled almost exclusively with broad 

spectrum organosynthetic insecticides (organochlorines, organophosphates, carbamates 

and pyrethroids) (Garcia et al., 2012; Horowitz et al., 2004).  However, the use of such 
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organosynthetic insecticides is now becoming restricted for both practical and ethical 

reasons (Commission, 2019; NPIC, 2019).   

In some cases, overuse of insecticides has selected for resistance in pest insects and this 

has diminished the effectiveness of those chemicals in the field (Aïzoun et al., 2013; 

Amelia-Yap et al., 2018; Busvine et al., 1969; Oduola et al., 2012; Osta et al., 2012; Reyes 

et al., 2015; Smith et al., 2016).  Common mechanisms of insecticide resistance are: 1) 

Upregulation of enzymes which metabolise xenobiotic/insecticidal compounds, such as 

glutathione S-transferases (GST) (Chen et al., 2019; Safi et al., 2019; Zhang, Zhang, Shao, 

et al., 2019) and cytochrome P-450s (Uchibori-Asano et al., 2019; Wang et al., 2019; Zou 

et al., 2019), 2) Mutation of proteins that are targeted by insecticides (Fournier-Level et 

al., 2019; Grant et al., 2019; Ureña et al., 2019), 3) Behavioural modification of insects to 

avoid exposure (He et al., 2019; Kamau et al., 2018; Nansen et al., 2016).  Some insects 

have been so overexposed to insecticides that they have evolved mechanisms of both 

behavioural and genetic resistance.  For example, Nansen et al. (2016) found that a strain 

of the diamondback moth had evolved resistance to  gamma-cyhalothrin and spinetoram 

insecticides, via two independent genetic processes.  Furthermore, resistant DBM 

individuals had modified their egg laying behaviour and laid significantly fewer eggs on 

leaves that had been treated with insecticides than on untreated controls (Nansen et al., 

2016). 

Broad spectrum insecticides also inflict toxic, off-target effects on animal, bird and marine 

life.  Off-target effects occur when organisms that are not targeted for control suffer the 

harmful effect of insecticides through direct contact (Baier et al., 2016; Carson, 1962; 

Řezáč et al., 2019; Sánchez-Bayo et al., 2019; Sarkar et al., 2017), or through secondary 

contact with insecticides that have persisted in the environment/food chain (Carson, 

1962; Craddock et al., 2019; Furihata et al., 2019).  For example, in the 1950s and 1960s 

the Global Malaria Eradication Programme (GMEP) exclusively controlled Anopheles 

mosquitos with dichloro-diphenyl-trichloroethane (DDT), which drastically reduced 

instances of malaria in certain territories (Cohn, 1973; Gray, 1974).  However, DDT was 

linked with several off-target effects on other species (Carson, 1962), e.g. it can be 

detected in human breast milk (Hernández et al., 1993) and diminishes the quality of 
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peregrine falcon eggs (Ratcliffe, 1970).  Hence, DDT has been globally banned for 

agricultural use since 2001 (POP, 2019).   

In the 1960s, seeking to limit the environmental damage caused by insect control, 

Californian entomologists developed a novel system termed Integrated Pest 

Management (IPM) (Stern et al., 1959).  IPM promotes the combined use of biological 

insect controls with organosynthetic insecticides.  Biological controls include pheromone 

bait traps (Fan et al., 2019; Manoukis, 2016; Meagher et al., 2013; Park et al., 2019; 

Viklund et al., 2019) natural enemies (Ali et al., 2019; Zhang, Zhang, Liu, et al., 2019), 

habitat management (Ennis et al., 2019; Hassanali et al., 2008; Li et al., 2019) and the 

Sterile Insect Technique (SIT) (Knipling, 1955).  

1.3) The Sterile Insect Technique  

The Sterile Insect Technique (SIT) was conceived by E.F Knipling of the United States 

Department of Agriculture, while working with the New World Screwworm (Cochliomyia 

hominivorax; NWS) (Klassen et al., 2005).  Knipling had observed that: 1) NWS matings 

are almost always initiated by males, 2) female NWS are monogamous.  These 

observations led Knipling to form the fundamental hypothesis which underpins SIT; that 

mass release of sterile male insects into areas that contain wild-type females will cause 

the wild-type population to crash – provided the sterile males mate with wild-type 

females and those matings do not produce viable offspring (Knipling, 1955).  Initially 

however, Knipling lacked the means to sterilise insects and could not test this hypothesis. 

Subsequently, having read how sterility could be induced in Drosophila with irradiation 

(Muller, 1950), Knipling was inspired to investigate irradiation induced sterility in NWS 

(Klassen et al., 2005).  Shortly after, R. C Bushland and D. E Hopkins found that 6 day old 

NWS pupae that had been treated with irradiation, gave rise to superficially normal, 

sexually competitive males (Bushland et al., 1953).  Most importantly however, Bushland 

et al. (1953) were able to demonstrate that irradiated NWS males were sterile and did 

not produce viable offspring when mated with unirradiated females.  These experiments 

provided the first empirical evidence in support of Knipling’s SIT hypothesis. 
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The first successful SIT field trials were conducted in Curaçao, where the wild NWS 

population was eradicated in just 14 weeks with irradiated, sterile males (Baumhover et 

al., 1955).  The Curaçao field trials led to field releases of irradiated NWS in the USA in 

May 1958 (Baumhover et al., 1959) and eventually the NWS became the first major 

success story for SIT control.  Through international cooperation and the establishment 

of large mass-rearing facility in Mexico, the NWS was eradicated from the USA in 1982, 

then progressively south to Panama by 2001 (Klassen et al., 2005).   

1.4) Shortcomings of the conventional Sterile Insect Technique 

Irradiation-induced sterility has now been documented in a variety of insect species 

(Bond et al., 2019; Bushland et al., 1953; Lanouette et al., 2017; Limohpasmanee et al., 

2017; Schwarz et al., 1985; Toledo et al., 2004).  However, irradiation impairs locomotion, 

mate location and courtship behaviours and thus imposes significant performance costs 

on insects that can diminish the effectiveness of SIT control (Guerfali et al., 2011; Toledo 

et al., 2004).  Irradiation dose and insect quality are inversely proportional but the 

relationship between irradiation dose and sterility is linear (Guerfali et al., 2011; Toledo 

et al., 2004).  This paradox forces researchers to find an optimum dose of radiation that 

sterilises male insects but maintains their ability to locate, court and mate with females 

in the field (Bond et al., 2019; Guerfali et al., 2011; Lanouette et al., 2017; 

Limohpasmanee et al., 2017; Toledo et al., 2004).   

In addition to the fitness costs that are associated with irradiation, conventional SIT can 

be hindered by any assortative mating which occurs when irradiated female insects mate 

with irradiated males in the field.  Such assortative mating prevents irradiated males from 

mating with, and thus sterilising, wild, unirradiated females (Marec et al., 2005; Rendon 

et al., 2004).  Assortative mating can however be mitigated if female insects are removed 

from SIT cohorts.  Rendon et al. (2004) report that removal of irradiated females from a 

cohort of Mediterranean fruit flies (Ceratitis capitata; medfly) enhanced suppression of 

the wild population by nearly 600%.  Furthermore, if females are removed in early 

development, then rearing costs are significantly reduced (Lutrat et al., 2019).  However, 

sex-sorting of irradiated insects can be time consuming and expensive (Lutrat et al., 

2019). 
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1.5) Genetic Sexing Strain (GSS) technology and The Moscamed Programme 

In 1975 the USA, Mexico and Guatemala collaborated to establish the Moscamed 

programme, for control of the medfly (Enkerlin et al., 2017).  The Moscamed programme 

applies IPM, relying heavily on the SIT (Knipling, 1955) but also employs surveillance 

(IAEA, 2003b) and chemical insecticides (Piñero et al., 2014).  The Moscamed programme 

utilises Genetic Sexing Strain (GSS) Vienna 7 and Vienna 8 medflies (Caceres et al., 2004; 

Robinson, 2002), that are produced in a mass-rearing facility in Mexico (Schwarz et al., 

1985).   

Female Vienna7/8 medflies carry two closely linked mutations which facilitate their 

removal from SIT cohorts.  During production, nearly 100% of female Vienna 7/8 eggs are 

killed with a 35⁰C heat shock, due to a temperature sex lethal (tsl) mutation (Augustinos 

et al., 2017).  The small number of females that survive the heat shock can be 

distinguished at the pupal stage, as a wp mutation confers them with characteristic white 

pupae (Augustinos et al., 2017).  Remaining brown, male pupae are then sterilised with 

irradiation prior to release (Caceres et al., 2004).   

The GSS (tsl and wp) loci occasionally recombine, which can hinder the removal of 

Vienna7/8 females from SIT cohorts.  The Moscamed programme mitigates the 

recombination of tsl/wp with systematic colony filtration (Caceres, 2002).  Moscamed 

Vienna7/8 SIT cohorts are generated from a small progenitor colony through two rounds 

of amplification (Caceres, 2002).  During round one of amplification, heterozygous, 

recombinant females that survive heat shock and emerge from brown pupae are filtered 

from the population (Caceres, 2002).  Homozygous recombinants are identified by a 

prolonged developmental period (Fisher et al., 2000) and are filtered from the  population 

during round two (Caceres, 2002).   

Moscamed GSS control is therefore impeded both by the negative effects of irradiation 

discussed above (Guerfali et al., 2011; Toledo et al., 2004) and the input of resources 

required for colony filtration (Caceres, 2002).  However, the limitations of GSS technology 

can be circumvented to some extent by modern systems of genetic insect control.  
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1.6) Oxitec’s self-limiting technology  

Oxitec’s “self-limiting” technology (previously known as RIDL) is a transgenic mode of 

insect control, that circumvents the fitness costs of irradiation and the financial costs of 

colony filtration that are associated with GSS.  The self-limiting system induces female-

specific mortality, by utilising tetracycline-repressible, female-specific genetic elements, 

to drive the expression of insecticidal proteins (Thomas et al., 2000).  Self-limiting females 

die during early development if not provided with dietary tetracycline (Thomas et al., 

2000).  Hence, male-only cohorts of self-limiting insects are produced by subjecting larvae 

to a tetracycline deficient feeding regime (Thomas et al., 2000).  However, the self-

limiting model of control differs from conventional SIT, as self-limiting male/wild-type 

female matings produce fertile, male offspring. 

In the absence of tetracycline, the dominant lethal effect of self-limiting technology kills 

female but not male heterozygotes.  Hence, heterozygous male offspring that develop 

from self-limiting male/wild-type female matings in the field, survive in the absence of 

tetracycline and remain fertile, while heterozygous female offspring die if not supplied 

with dietary tetracycline (Thomas et al., 2000).  However, the survival of male 

heterozygotes does not hinder control of pest populations, as self-limiting technology 

provides control at a rate equivalent to, or superior than, conventional SIT and GSS (Asadi 

et al., 2019; Gorman et al., 2016; Harvey-Samuel et al., 2015). 

The self-limiting system was first tested in Drosophila, when Thomas et al. (2000) fused a 

tetracycline-repressible, toxic Ras-64B protein to the enhancer of the female-specific yolk 

protein 3.  Thomas et al. (2000) reared self-limiting Drosophila on a tetracycline deficient 

diet and found that 0 females and >5000 males progressed to adulthood under those 

conditions (Thomas et al., 2000).  As predicted, heterozygous female progeny of self-

limiting male/wild-type female matings did not survive to adulthood unless provided with 

dietary tetracycline (Thomas et al., 2000).   

Gong et al. (2005) refined the self-limiting system, utilising tetracycline-repressible 

transactivator protein (tTAV) as both toxic effector and transactivator.  Under the Gong 

et al. (2005) system, prohibition of dietary tetracycline induces expression of tTAV, which 
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binds the tTAV regulatory element, inducing further tTAV expression.  tTAV accumulates 

and reaches a toxic threshold due to the “squelching” of transcriptional apparatus, the 

acquisition of proteins required for ubiquitin-dependent proteolysis or a combination of 

those mechanisms (Gong et al., 2005).  The Gong et al. (2005) construct induced up to 

99% mortality in the medfly but the mechanism was not sex specific. 

Fu et al. (2007) developed Gong et al.’s (2005) tTAV mechanism, placing it in an intron of 

the female-specific transformer (tra) gene.  Prohibition of tetracycline completely 

eliminated females from a population of medflies carrying the Fu et al. (2007) tTAV-tra 

insert.  Fu et al.’s (2007) self-limiting system has now been implemented in several insects 

and induces close to 100% female mortality for Aedes aegypti (Phuc et al., 2007), the olive 

fruit fly (Ant et al., 2012) and the diamondback moth (Harvey-Samuel et al., 2015).       

Like conventional SIT, self-limiting control hinges on the ability of transgenic males to 

locate wild-type females and mate with them in the field.  However, if self-limiting 

constructs insert at an unfavourable locus, this can negatively impact male fitness 

(Haghighat-Khah et al., 2015; Meza et al., 2014).  To evaluate the costs of such “insertion 

effects”, a Relative Sterility Index (RSI) (IAEA, 2003a) is calculated by forcing self-limiting 

males to compete with wild-type males for mating opportunities.  An RSI is calculated 

based on the proportion of matings that occur between self-limiting males and wild-type 

females, in comparison to matings between wild-type males and wild-type females (IAEA, 

2003a).  An RSI score of 0.5 indicates equivalent mating competitivity between strains but 

SIT control can still be effectively applied when insects have RSI scores as low as 0.2 (IAEA, 

2003a).  All of Oxitec’s self-limiting products score well above IAEA’s (2003a) suggested 

RSI threshold of 0.2.  For example, RSIs of 0.44, 0.47 and 0.42 have been recorded for self-

limiting olive fruit fly, Aedes aegypti and medfly respectively (Ant et al., 2012; Asadi et al., 

2019; Patil et al., 2015).   

Field trials of self-limiting technology in Panama (Gorman et al., 2016) and Brazil (Oxitec, 

2019) have documented efficient suppression of wild, Aedes aegypti populations.  In 

addition, field-cage studies report efficient self-limiting control of the diamondback moth 

(Harvey-Samuel et al., 2015), medfly (Asadi et al., 2019; Leftwich et al., 2014) and olive 

fly (Ant et al., 2012).  Unsurprisingly, several novel self-limiting strains such as the Fall 
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Armyworm (Spodoptera frugiperda; FAW), Spotted Wing Drosophila (Drosophila suzukii) 

and Anopheles albimanus/Anopheles stephensi mosquitos are currently under 

development (Oxitec, 2019).  However, as self-limiting technology is classified as Genetic 

Modification (GM), its application is precluded  in certain regions and countries. 

1.7) RNA interference as a mode of insect control  

RNA interference (RNAi) (Fire et al., 1998) is a gene silencing technique, that has the 

potential to be applied for insect control (Reviewed in:(Baum et al., 2014; Darrington et 

al., 2017; Huvenne et al., 2010).  The chief interest in RNAi in the context of insect control 

stems from its technical classification, in that it is not currently classified as a GM 

technology and can therefore be applied in regions where GM is restricted.   

Transmission of double-stranded RNA (dsRNA) into a eukaryotic cell simulates viral 

infection and initiates RNAi (Ding, 2010).  Dicer RNAse III enzymes (Bernstein et al., 2001) 

bind and cleave cytoplasmic dsRNA, producing 21bp small interfering RNA (siRNA) 

duplexes (Elbashir, Harborth, et al., 2001).  siRNAs are then captured by a RISC-loading 

complex (RLC) (Liang et al., 2015) and presented to an Argonaut protein (Ago) (Carmell et 

al., 2002).  The Ago degrades a single “passenger” strand of the siRNA but retains the 

complementary 21bp “guide” strand (Matranga et al., 2005).  The Ago and guide strand 

then coalesce, forming the functional component of RNAi, an RNA-Induced Silencing 

Complex (RISC) (Filipowicz, 2005).  mRNAs that share homologous nucleotide sequences 

with the internalised guide strand are degraded by the RISC (Elbashir, Martinez, et al., 

2001).  Endogenously expressed genes can therefore be silenced with dsRNAs, if those 

dsRNAs exhibit cognate nucleotide sequence with target genes and can be efficiently 

transmitted into host cells.  

dsRNAs have been demonstrated to induce mortality in pest insects (Shen et al., 2019; 

Tariq et al., 2019; Xu et al., 2019) and phenotypes beneficial to control, such as elevated 

sensitivity to insecticides (Liao et al., 2019; Ma et al., 2019) and environmental stressors 

(Gu et al., 2019).  In addition, RNAi can induce sex-reversal (Liu et al., 2015; Pane et al., 

2002; Peng et al., 2015; Salvemini et al., 2009; Shukla et al., 2012) making pest insects 

amenable to the SIT (Darrington et al., 2017).  However, as control programs typically 
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require the simultaneous treatment of huge insect populations (Alphey et al., 2010) an 

RNAi based system of insect control would require a high-throughput, reliable method 

for distributing dsRNA into insect cells.   

Exposure to environmental dsRNA is sufficient to induce RNAi (eRNAi) in some insects 

(Reviewed in: (Baum et al., 2014; Darrington et al., 2017)) and offers a simple and scalable 

method for delivery of effector molecules.  Several insect species have been reported to 

express eRNAi when dsRNAs have been administered topically (Killiny et al., 2017; Niu et 

al., 2019; Whyard et al., 2015) or in food (Shen et al., 2019; Tariq et al., 2019; Xu et al., 

2019).  However, some insects are recalcitrant eRNAi, meaning that not all pest species 

can be controlled with this technique.   

The genetic basis of eRNAi has been elucidated in the Caenorhabditis elegans  nematode 

model.  In C. elegans, eRNAi is facilitated by five Systemic Interference Defective (SID) 

genes (Jose et al., 2007), but is primarily regulated by SID2 (McEwan et al., 2012; Winston 

et al., 2007).  McEwan et al. (2012) propose that SID2 codes for an intestinal 

transmembrane protein that endocytoses ingested dsRNA from the gut lumen.  In 

support of the McEwan et al. (2012) hypothesis, Winston et al. (2007) demonstrated that 

SID2 deficient C. elegans mutants were recalcitrant to eRNAi of a GFP reporter.  The 

presence or absence of SIDs has been used by some researchers to predict the capacity 

of different insect species to effect gene silencing via eRNAi (Tian et al., 2009; Tomoyasu 

et al., 2008).  However, the presence of SIDs is not fully predictive of eRNAi potential – 

several studies have demonstrated that dipterans, which lack SIDs (Huvenne et al., 2010) 

are eRNAi competent (Gu et al., 2019; Whyard et al., 2015).  In contrast, Bombyx 

mori possesses three SID orthologues, yet is not competent for eRNAi (Li, Zeng, et al., 

2015). 

In addition to the SID genes, clathrin mediated endocytosis appears to influence the 

ability of some insects to express eRNAi (Cappelle et al., 2016; Li, Dong, et al., 2015; 

Pinheiro et al., 2018; Xiao et al., 2015).  Cappelle et al. (2016) report that inhibition of 

clathrin-mediated endocytosis with chlorpromazine hydrochloride severely diminished 

dsRNA uptake by the Colorado Potato Beetle (CPB).  However, Cappelle et al. (2016) also 

report that eRNAi was mitigated in the CPB when SID genes were targeted for knockdown 
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with dsRNA.  It therefore seems likely that eRNAi is regulated in the CPB by a suite of 

SID/endocytic genes.  This is consistent with a study by Pinheiro et al. (2018) which 

suggests that both SIDs and endocytic genes mediate eRNAi in the Western Corn 

Rootworm. 

Based on available data, eRNAi appears to be a viable mode of control for some pest 

insects.  Several researchers have demonstrated that “naked” environmental molecules 

(which are unmodified when fed to the target insect) are sufficient to elicit eRNAi (Liao 

et al., 2019; Ma et al., 2019; Shen et al., 2019; Tariq et al., 2019; Xu et al., 2019).  However, 

others have opted to vector dsRNAs within genetically modified bacteria, to elicit RNAi 

from their intended target insect (Bento et al., 2019; Caccia et al., 2019; Ganbaatar et al., 

2017; Whitten et al., 2015).   

1.8) Implementing RNAi mediated insect control with modified bacteria 

When fed to certain pest insects, transgenic HT115 Escherichia coli (Kamath et al., 2001) 

elicit robust eRNAi (Bento et al., 2019; Caccia et al., 2019; Ganbaatar et al., 2017).  For 

example, Bento et al. (2019) report that HT115 mediated eRNAi of juvenile hormone 

inducible protein, chitin synthase A, carboxylesterase and arginine kinase, all significantly 

increased rates of larval mortality in The South American Pinworm (Tuta absoluta). 

The HT115 genome has been modified to be RNase deficient and to contain a T7 RNA 

polymerase (that is both promoter-specific and highly efficient), under the control of 

lactose regulatory elements (Kamath et al., 2001).  The nucleotide sequence of a targeted 

host gene flanked by T7 promoters at each side, is transformed into HT115 bacteria on 

an L4440 expression vector.  Induced by the allolactose mimic IPTG, T7 polymerases 

transcribe complementary strands of the target DNA sequence encoded by the L4440 

vector.  The complementary RNA strands base pair and form dsRNAs within the bacteria, 

which are then consumed by pest insects, inducing eRNAi (Bento et al., 2019; Caccia et 

al., 2019; Ganbaatar et al., 2017).   

Synthesis of dsRNA by HT115 bacteria (Bento et al., 2019; Caccia et al., 2019; Ganbaatar 

et al., 2017) is inexpensive when compared to methods of in vitro synthesis (Liao et al., 

2019; Ma et al., 2019; Shen et al., 2019; Tariq et al., 2019; Xu et al., 2019).  HT115 bacteria 
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may therefore provide a cost-effective platform for control of large insect populations.  

However, the gene silencing effect of HT115 bacteria is likely to be transient as these 

bacteria are expected to fail to colonize the insect gut. The potential for engineering 

resident members of the gut microbiomes for dsRNA delivery (i.e. paratransgenesis) is 

also a potentially useful option. 

Whitten et al. (2015) utilised modified, symbiotic Rhodococcus rhodnii bacteria to elicit 

eRNAi of vitellogenin in Rhodnius prolixus.  Rh. rhodnii were reprogrammed to have 

similar properties to HT115 bacteria (in that they were RNAse‐deficient), but RNA 

synthesis was constitutively active rather than being inducible.  The fecundity of fifth 

instar nymphs that had been exposed to transgenic Rh. rhodnii was reduced 73% over a 

period of 200 days (Whitten et al., 2015).  These results suggest that modification of 

symbiotic bacteria offers great potential for persistent control of pest species.  However, 

it is important to note that modified bacteria, symbiotic or otherwise, will be subject to 

the same GM regulations as self-limiting technology.   

1.9) Thesis overview 

Throughout this thesis I utilise the medfly model system to investigate applied control 

techniques.  I then interrogate the genome of a medfly associated microbe to discover if 

it has the potential to be modified for control purposes.  Finally, I study the behaviours of 

the Fall Armyworm (Spodoptera frugiperda; FAW) and appraise its compatibility with self-

limiting control.  Although my studies focused on the medfly and FAW, it was my aim to 

develop technologies that could be applied for the control of all insects. 

In chapter 2, I evaluated eRNAi as a means of control for the medfly.  Self-limiting 

OX3864A strain medflies express a fluorescent dsRED2 marker gene (Asadi et al., 2019; 

Gong et al., 2005; Leftwich et al., 2014) which I targeted for knockdown with dsRNA.  

OX3864A adults and larvae were fed with HT115 bacteria (Kamath et al., 2001), naked 

(unmodified) dsRED2 dsRNA and dsRED2 dsRNA vectored in liposomes.  I measured the 

effect of eRNAi both with biochemically with RT-qPCR and phenotypically, by quantifying 

the fluorescence of OX3864A flies that had been exposed to dsRNA.  
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In chapter 3, I investigated whether medfly eggs can be induced to become eRNAi 

competent by electroporation.  As for chapter 2, I targeted the dsRED2 gene expressed 

by OX3864A medflies for knockdown and measured the effect of eRNAi with RT-qPCR.  In 

a related set of experiments, I electroporated eggs with dsRNA targeting the transformer 

2 (Cctra2) gene, to induce the “pseudomale” phenotype from genetically female flies 

(Salvemini et al., 2009).  eRNAi of Cctra2 was measured via the sex-ratio of fly populations 

that developed from eggs that had been treated with electric current.  To determine the 

presence of cryptic pseudomales, phenotypically male flies were subjected to PCR 

targeting a male-specific gene. 

In chapter 4 I assessed whether a Klebsiella bacterium resident in the medfly gut 

microbiome (hereafter “Medkleb”) could be genetically modified for control of the 

medfly.  Bacteria that have evolved physiological interdependence with pest insects can 

be manipulated to provide a stable platform for control (Whitten et al., 2015).  I 

sequenced and annotated the Medkleb genome, then performed comparative 

bioinformatics and phenotypic assays to identify whether it exhibited characteristics that 

are frequently associated with bacterial symbionts of insects.  Based on those data I 

evaluated whether Medkleb has evolved a co-dependent life history with the medfly that 

could be exploited for control purposes. 

In Chapter 5, I conducted experiments to evaluate if K. oxytoca bacteria are maternally 

transmitted to medfly larvae via the egg chorion.  I hypothesised that K. oxytoca are 

vertically transmitted by the medfly and that they offer a potential platform for control 

through paratransgenesis.  I dechorionated medfly eggs and reared them in a sterile 

environment before analysing the microbiome of adult flies qualitatively with 16S 

metagenomics and quantitatively with qPCR. 

In chapter 6, I evaluated the FAW as a candidate species for self-limiting control.  I 

investigated traits that are predicted to affect the rate at which self-limiting FAW males 

will fertilise/sterilise the eggs of wild-type females in the field.  First, I developed a system 

of spermatophore marking which enabled me to elucidate whether female FAW practice 

polyandry.  Next, I employed a fluorescent marker gene and a system of sequential 

mating to clarify the sperm precedence phenotype in this species.   
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1.10) Attribution statement 

Sections 1.8 and 1.9 of the general introduction and the introduction of Chapter 2 contain 

material published as Darrington et al. (2017) (Appendix).  Darrington et al. (2017) is a 

review paper that I researched and wrote with three co-authors. 

The fluorescence quantification experiment in Chapter 2 (protocol 2.10) was carried out 

using an ImageJ macro written by Dr. Paul Thomas (https://people.uea.ac.uk/p_thomas). 

In Chapter 4, I analyse the DNA of a Klebsiella bacterium. This bacterium was isolated 

from a medfly gut and its DNA was extracted (protocol 4.1) by Dr. Philip Leftwich 

(https://people.uea.ac.uk/p_leftwich).  The DNA was sequenced by the Earlham Institute 

(Norwich Research Park, UK) (protocol 4.2) and I received the data in fasta format.   

The Morocco flies used for microbiome analyses in Chapter 5 were captured from Argan 

fruit, by Elani Rachid on behalf of Oxitec Ltd in March 2014. 

The experiment described in section 6.8.2 was carried out by Dr. Rodrigo Soares Ramos 

and myself.  I wrote the experimental protocol with Dr. Neil Morrison and Dr. Catherine 

Reavey of Oxitec Ltd.  Rodrigo and I carried out the assay and did the analysis together.  

Rodrigo had generated moths for the experiment prior to my arrival in Brazil. 
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Chapter 2 –  Investigating methods for implementing environmental RNA 

interference (eRNAi) in the Mediterranean Fruit Fly (Ceratitis capitata)  

2.1) Abstract 

The Mediterranean Fruit Fly is a highly invasive, destructive pest of over 300 plant species, 

many of which are of global economic importance.  The Sterile Insect Technique (SIT) has 

proved to be an effective mode of medfly control but conventional methods for 

producing SIT insects diminish their fitness and vigour, which limits their performance in 

the field.  Oxitec Ltd developed “self-limiting” technology to overcome the performance 

issues associated with conventionally produced SIT insects.  However, self-limiting 

technology requires genetic modification (GM) of pest species and is therefore restricted 

from use in certain countries and regions.  Here I investigated whether non-GM, 

environmental RNA interference (eRNAi) methods, which are starting to be tested in 

various insect models, could provide control of the medfly in regions where GM is 

restricted.  I subjected self-limiting OX3864A strain medflies to various eRNAi treatments, 

to knock down expression of a fluorescent reporter gene.  My results showed that the 

medfly may be sensitive to liposomally-vectored environmental dsRNA, but not to 

unmodified dsRNA or dsRNA vectored in modified bacteria.  Further investigations are 

required to definitively validate this potentially promising technique. 
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2.2) Introduction 

The Mediterranean Fruit Fly (Ceratitis capitata; medfly) is a member of the Tephritidae 

family of “true fruit flies” (White et al., 1992).  The medfly is native to West Africa (Gasperi 

et al., 1991) but is particularly invasive (Malacrida et al., 2006) and has spread to over 100 

countries on 7 continents (CABI, 2019).  Countries invaded by the medfly have suffered 

significant agricultural and economic impacts (Enkerlin et al., 1997; Lysandrou, 2009; 

Siebert et al., 1995). 

Female medflies oviposit through the tough outer layer of ripening fruit, placing eggs 

within the fleshy mesocarp.  As larvae develop, they damage plants actively by consuming 

the mesocarp (Liquido et al., 1991), and passively via the transmission of microbial 

phytopathogens (Behar et al., 2008; Ordax et al., 2015).  Medfly larvae can successfully 

utilise over 300 plant species (Liquido et al., 1991) but are particularly renowned pests of 

economically important citrus and stone fruits (Ahmed, 2015; Mazih et al., 2016).  Current 

programs for medfly control rely on the use of broad-spectrum insecticides (Couso-Ferrer 

et al., 2011; Mangan et al., 2014), pheromone bait traps (Manoukis, 2016), natural 

enemies (Argov et al., 2008) and the Sterile Insect Technique (SIT) (Barry et al., 2004; 

Enkerlin et al., 2017; Gonzalez et al., 2007).   

The SIT approach (Knipling, 1955) has been effective for controlling the medfly in both 

North and South America (Enkerlin et al., 2017).  The SIT is applied via the strategic mass 

release of sterile, male insects (Marec et al., 2005; Rendon et al., 2004) into the field.  The 

released males subsequently engage in sterile matings with wild females, causing the wild 

population to crash (Knipling, 1955).  Conventionally, insects for SIT release have been 

sterilised with gamma radiation but this has well documented negative impacts on insect 

performance (Guerfali et al., 2011; Hooper, 1972; Toledo et al., 2004).   

OX3864A medflies are a next-generation SIT technology that circumvent the fitness costs 

associated with sterilising irradiation (Fu et al., 2007; Gong et al., 2005).  The OX3864A 

medflies belong to Oxitec’s “self-limiting” product line (Thomas et al., 2000) and have 

been engineered to exhibit female-specific, tetracycline repressible lethality and 

ubiquitous expression of a fluorescent dsRED2 marker (Fu et al., 2007; Gong et al., 2005).  



 
 

 

52 
 

When provided with tetracycline, OX3864A medflies can be reared effectively in the lab, 

but removal of dietary tetracycline results in almost 100% mortality of females and the 

production of male-only OX3864A cohorts (Fu et al., 2007).  Release of OX3864A males 

into the field is predicted to be an effective mode of population suppression.  In field cage 

trials, OX3864A male/wild-type female matings produce non-viable female offspring, 

leading to rapid population extinction (Asadi et al., 2019; Leftwich et al., 2014).  

Furthermore, field trials of self-limiting technology implemented in the Aedes aegypti 

system demonstrate up to 96% suppression of target populations (Oxitec, 2019).   

A drawback of the self-limiting technology is that it is classified as GM and hence not 

permitted for use in certain countries or regions of the world.  In regions where GM 

technology is not permitted, an alternative, innovative approach such as RNA 

interference (RNAi) (Fire et al., 1998) could be used to produce medflies for use with SIT 

programmes (Darrington et al., 2017).   

RNAi is systematic manipulation of the canonical small interfering RNA (siRNA) pathway.  

The siRNA pathway is a conserved anti-viral gene silencing mechanism (Ding, 2010) 

initiated via the introduction, by various means, of double‐stranded RNA (dsRNA) into 

target cells.  Eukaryotic cells recognise intracellular molecules of double-stranded RNA 

(dsRNA) as a signal of viral infection, and process them into 21bp small interfering RNAs 

(siRNA) with Dicer enzymes (Elbashir et al., 2001).  siRNAs are subsequently bound to an 

Argonaut protein (Carmell et al., 2002), forming an RNA-induced silencing complex (RISC).  

Finally, RISCs degrade cellular mRNAs that have nucleotide sequence homologous to the 

siRNA component (Maniataki et al., 2005; Rand et al., 2005), which prevents the 

translation of mRNAs encoded by parasitic viral dsRNA.  However, if dsRNAs with specific 

homology to host genes are transmitted into insect cells, then the siRNA pathway is 

hijacked and RNAi is initiated.   

The interest of effecting RNAi in pest species is to silence target genes that could be useful 

for achieving insect control.  RNAi is a potentially valuable tool for insect control 

(Reviewed in: (Baum et al., 2014; Darrington et al., 2017; Huvenne et al., 2010)) as genes 

that induce mortality (Shen et al., 2019; Tariq et al., 2019; Xu et al., 2019) or induce 
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beneficial phenotypes (Gu, Zhao, et al., 2019; Zhang et al., 2019) can be specifically 

targeted for knockdown. 

The overarching objective of this study was to utilise RNAi to produce medflies that could 

be used in SIT programmes (Darrington et al., 2017).  The principles by which RNAi might 

offer an alternative route for the induction of sterility, as well as other potentially useful 

manipulations for insect control, were explored in a study using Aedes aegypti (Whyard 

et al., 2015).  The scenario envisaged by Whyard et al. (2015) requires knockdown of at 

least two genes in the target insects.  First, females would be targeted through silencing 

of a gene in the sexual differentiation cascade to turn them into pseudomales, i.e., 

genetic females which are phenotypically male (Pane et al., 2002; Salvemini et al., 2009).  

Next, genes that could induce male (and pseudomale) sterility would be targeted in order 

to produce a 100% sterile male release cohort (Whyard et al., 2015).  However, two 

equally important conditions must be met before this technique can be applied in the 

field.  The primary condition of RNAi‐based SIT is that the sex reversal target must reliably 

produce a male‐only cohort (Marec et al., 2005; Rendon et al., 2004).  The second 

condition is to ensure that silencing of neither the sex reversal nor the sterility target 

unduly reduces insect performance.  Evidence is so far scant, but does suggests that these 

conditions can be met, in principle. 

Salvemini et al. (2009) were able to produce a medfly cohort which was 95.6% 

phenotypically male, by inducing eggs to express RNAi of transformer-2 (Cctra2). 

Karyotypic analysis of phenotypically male flies (n = 20) demonstrated that they were 

55% genetically female.  Most importantly, XX pseudomales expressed male‐specific 

courtship rituals, which should allow them to attract and copulate with females (Briceño 

et al., 2003).  In addition, Gabrieli et al. (2016) report that RNAi of innexin‐5 

in medflies produced spermless, sterile males.  Spermless males remained sexually 

competitive with wild‐type rivals and were able to induce similar post‐mating responses.  

It is plausible therefore that simultaneous RNAi of Cctra2 and innexin‐5 could produce a 

male‐only, sterile cohort of medflies that could be used for SIT.  It is important to note 

however that Salvemini et al. (2009) and Gabrieli et al. (2016) microinjected insect eggs 

with dsRNA, a technique that is incompatible with the large‐scale required by SIT.  
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If RNAi is to produce insects in sufficient numbers for SIT, effector dsRNA molecules need 

to be administered environmentally (eRNAi).  However, for reasons that are as yet not 

entirely clear, the capacity of insects to express eRNAi varies both within and between 

species (Baum et al., 2014; Darrington et al., 2017; Li et al., 2015).  Therefore, a primary 

objective of this study was to discover methods of environmental dsRNA delivery that 

would induce efficient eRNAi in the medfly system.   

Initially, I investigated if eRNAi could be induced in OX3864A flies via feeding them with 

HT115 strain E. coli bacteria, that had been engineered to express dsRNA homologous to 

the dsRED2 gene.  HT115 bacteria are RNAse deficient and their genome has been 

transformed to include the highly specific and prolific T7 RNA polymerase (Kamath et al., 

2001).  Although originally developed for eRNAi of C. elegans (Kamath et al., 2001), the 

HT115 strain has since been utilised to implement eRNAi in several insects (Bento et al., 

2019; Caccia et al., 2019; Ganbaatar et al., 2017).  I predicted that successful eRNAi of 

dsRED2 in OX3864A medflies would be simple to quantify via: 1) the reduction or loss of 

the dsRED2 fluorescent phenotype measured as fluorophore intensity with ImageJ 

(Schindelin et al., 2012; Waters, 2009), and 2) a reduction in level of dsRED2 gene 

expression, measured with RT-qPCR (Gu, Zhao, et al., 2019; Kyre et al., 2019; Shen et al., 

2019; Tariq et al., 2019; Zhang et al., 2019).   

Next, I supplied discrete populations of larvae and adults with diets that had been 

supplemented with dsRED2 dsRNA either in an unmodified (naked) form or vectored 

within liposomes.  Naked dsRNA is reported to elicit eRNAi in many eRNAi competent 

insects (Gu, Zhao, et al., 2019; Kyre et al., 2019; Shen et al., 2019; Tariq et al., 2019; Zhang 

et al., 2019).  Liposomally vectored dsRNA can elicit a gene silencing response from 

insects that are recalcitrant to eRNAi implemented with naked molecules (Taning et al., 

2016; Whyard et al., 2009).  As for the HT115 assay I predicted that I would be able to 

detect knockdown of dsRED2 via RT-qPCR.   
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2.3) Methods 

2.1) Medfly strains used for eRNAi investigations 

eRNAi experiments were conducted using OX3864A medflies supplied by Oxitec Ltd (Fu 

et al., 2007; Gong et al., 2005).  Control experiments to assess if dsRNA effector molecules 

had introduced noise to RT-qPCR analyses (see supplementary materials 2.2) were 

performed on the Toliman wild-type medfly strain.  Toliman was originally collected in 

Guatemala in 1990 and was obtained from a lab reared population, maintained by Oxitec 

(Oxitec, 2019) since 2004. 

2.2) OX3864A medfly husbandry 

OX3864A medflies were reared in a controlled environment: 25⁰C temperature, 51% 

relative humidity and 12L: 12D photoperiod.  Day 1: approximately 500 eggs (<24 hrs old) 

were collected by pipette from adult cages and transferred to 100ml of larval diet (Agar 

12.5g/L; Sucrose 73.5g/L; Maize 67g/L; Brewer’s yeast 47.5g/L; 10% Nipagin 25ml/L; 

Propionic acid 2ml/L; Tetracycline 0.1g/L) in a plastic bottle.  Day 7: the bottle was laid 

down in 2cm of childrens’ play-sand in a plastic pupation box (170mm x 130mm x 50mm) 

that had a mesh breathing hole (50mm Ø) cut in the lid.  From Day 8 to Day 15: L3 stage 

larvae naturally dispersed from the bottles to pupate in the sand.  Day 16: 100 pupae 

were collected from the sand and transferred to a plastic cage (120mm x 120mm x 

135mm) which had a 90mm (Ø) opening cut into the side enclosed with fine nylon mesh.  

In the cage, flies had ad libitum access to ddH2O that contained 0.1g/l of tetracycline 

(Sigma) and standard artificial diet (3:1 sucrose: hydrolysed yeast).  Day 24: caged females 

laid eggs through the nylon mesh which dropped into a reservoir of ddH2O to be collected 

for infestation onto larval diet for the next generation.    

2.3) Strains of HT115 E. coli that were fed to OX3864A medflies to elicit eRNAi  

Two strains (treatment and +ve-control) of HT115 (DE3) E. coli (Timmons et al., 2001) 

were fed to OX3864A medflies to elicit eRNAi.  Both the treatment and +ve-control HT115 

strains were supplied by Oxitec Ltd (Oxitec, 2019).  Treatment bacteria were modified to 

synthesise a 612bp dsRNA construct with 100% homology to bases 1-612 of the deRED2 
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gene sequence (Gong et al., 2005).  +ve-control bacteria were modified to express a 

710bp dsRNA construct homologous to bases 5406-6116 of the GFP protein (Shimomura, 

2005) (see supplementary materials 2.5/2.6). 

2.4) Propagation of HT115 bacteria with selective media 

Tetracycline and ampicillin antibiotics were employed as selective agents in HT115 media, 

as the HT115 chromosome and L4440 expression vector confer resistance to these 

compounds (Timmons et al., 2001).  Bacteria were cultured in LB broth (5g/L NaCl; 5g/L 

yeast extract; 1.5g/L glucose; 10g/L tryptone) or on LB agar plates (5g/L NaCl; 5g/L yeast 

extract; 1.5g/L glucose; 10g/L tryptone; 15g/L agar) that had been supplemented with 

12.5µg/µl tetracycline and 10µg/µl ampicillin.   

2.5) Labelling of HT115 bacteria with Brilliant Blue FCF to determine if medflies would 

consume bacterial cells contained within the diet  

Two feeding regimes (treatment and control) were established in discrete, caged fly 

populations (n=100).  The treatment and control regimes had immediate ad libitum 

access to ddH2O (0.1g/l tetracycline) (Sigma) but diets were not introduced to cages until 

48hrs after the first fly had eclosed.  To prepare diet for the treatment feeding regime, 

2ml of HT115 treatment broth culture (OD600 ≈1) was pelleted by centrifuge (5000RPM 

for 10 mins) and supernatant was removed.  The bacterial pellet was re-suspended by 

vortex in 500µl of 0.1% w/v Brilliant Blue FCF (BFCF) in glacial acetic acid (ThermoFisher), 

then centrifuged at 5000RPM for a further 10 mins.  The blue pellet was re-suspended in 

400µl of molecular water (ThermoFisher) and 300µl of the suspension was pipetted onto 

3g of artificial diet (3:1 sucrose: hydrolysed yeast).  Diet for the control regime was 

prepared by centrifugation of 2ml of sterile LB broth (5000RPM for 10 mins).  Supernatant 

was removed and 500µl of 0.1% w/v BFCF in 100% acetic acid was added to the tube 

which was then vortexed and centrifuged (5000RPM for 10 mins).  The supernatant was 

removed and 400µl of molecular water (ThermoFisher) was added.  300µl of the 

suspension was then pipetted onto 3g of artificial diet (3:1 sucrose: hydrolysed yeast).  

Treatment and control diets were air dried for 1.5hrs before being transferred to regime 

cages.  Flies were left to feed undisturbed for 24 hrs before being euthanised by cold 
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exposure (-20⁰C).  Guts were then dissected from these flies and visualised for blue 

staining (see below).   

2.6) Preparation and administration of diet infected with HT115 bacteria to elicit eRNAi in 

OX3864A medflies 

Caged fly populations (n=100) were subjected to one of three dietary regimes: 1) -ve 

control – standard artificial diet, 2) treatment - artificial diet infected with treatment 

bacteria, 3) +ve control - artificial diet infected with +ve-control bacteria.  Feeding 

regimes had immediate ad libitum access to ddH2O (0.1g/l tetracycline) (Sigma).  Diets 

were not introduced to cages until 48hrs after the first fly had eclosed, then fresh food 

was provided every 24hrs.  Cultures of treatment and +ve-control broth (feeding broth 

inoculums; FEEB) were prepared at the beginning of the experiment to provide a 

continuous pool of bacteria to those regimes.  To prepare a FEEB, 20ml of broth was 

inoculated with a loop of HT115 bacteria then placed in an orbital incubator set at 37⁰C 

and 200 RPM.  When the FEEB had reached a late-log phase (OD600 between 1.0 – 1.2) 

it was stored at 4⁰C for the duration of the feeding assay.  Each day during the 

experiment, daily feeding broths (DAILY) to be administered to the treatment and +ve-

control regimes were prepared by inoculating 10ml of broth with a volume of the stored 

FEEBs.  The volume of FEEB added to DAILY varied (according to equation 1), to provide 

each regime with a standardised dose of bacteria over the course of the experiment (see 

supplementary materials 2.4). 

Equation 1 

(OD600 of treatment FEEB on day 1/OD600 of FEEB at time of DAILY preparation) X 100 

When inoculated with a FEEB, DAILYs were incubated at 37⁰C and 200 RPM for 3 hrs in 

an orbital incubator (New Brunswick Scientific Innova 44) to reach an OD600 ≈ 0.8.  

0.4mM of Isopropyl β-D-1-thiogalactopyranoside (IPTG) (Sigma) was then added to 

induce the synthesis of dsRNA effector molecules and DAILYs were further incubated at 

37⁰C for a 2.5hrs at 200 RPM.  Bacteria were pelleted from 2ml aliquots of DAILY 

(5000RPM for 10 mins), the supernatant was removed, and pellets were re-suspended in 

400µl of molecular water (ThermoFisher) by vortex.  300µl of the bacterial suspension 
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was pipetted onto 3g of artificial diet (3:1 sucrose: hydrolysed yeast) and the mixture was 

air dried for 1.5hrs.  Once diets were completely dry, they were supplied to the 

appropriate feeding regime.  Every 24hrs, 9 individuals were extracted from each regime 

and transferred to 2ml Eppendorf tubes in groups of three.  Eppendorfs were immediately 

dropped into liquid nitrogen and flies were stored at -80⁰C. 

2.7) Feeding OX3864A larvae with dsRED2 dsRNA to induce eRNAi of the dsRED2 gene 

dsRED2 dsRNAs were in vitro synthesised by Genolution, Korea (Genolution, 2019) and 

supplied by Oxitec Ltd (Oxitec, 2019) (see supplementary materials 2.5).  OX3864A larvae 

were subjected to three feeding treatment regimes to elicit eRNAi of the dsRED2 gene: 

1) naked – larval diet supplemented with unmodified dsRED2 dsRNA, 2) Lipo 10 – larval 

diet supplemented with dsRED2 dsRNA that had been conjugated to Lipofectamine™ 

2000 liposomes (ThermoFisher).  Liposomes had been diluted 10:1 with molecular water 

(ThermoFisher) and 3) Lipo 20 – larval diet supplemented with dsRED2 dsRNA that had 

been conjugated to Lipofectamine™ 2000 liposomes (ThermoFisher).  Liposomes had 

been diluted 20:1 with molecular water (ThermoFisher).  For the Lipo 10 and Lipo 20 

feeding regimes, dsRNA was conjugated to liposomes according to the manufacturer’s 

instructions.  Diets for each regime were prepared by mixing 556.75µg of appropriately 

conditioned dsRED2 dsRNA with 5ml of larval diet in a 35mm petri dish.  To initiate 

feeding, L2 larvae (<72hrs old) were transferred to the diets with a stainless-steel 

dissection needle that had been sterilised with 70% ethanol then RNAseZap 

(ThermoFisher).  Every 24hrs, nine larvae were extracted from feeding regimes with a 

sterile, stainless-steel dissection needle and transferred in groups of three to sterile 2ml 

Eppendorf tubes.  Eppendorfs were immediately dropped into liquid nitrogen and stored 

at -80⁰C. 

2.8) Feeding of adult OX3864A medflies with dsRED2 dsRNA to induce eRNAi of the dsRED2 

gene 

dsRED2 dsRNAs were in vitro synthesised by Genolution, Korea (Genolution, 2019) and 

supplied by Oxitec Ltd (Oxitec, 2019).  Individual OX3864A adults were subjected to three 

distinct feeding regimes to elicit eRNAi of the dsRED2 gene: 1) naked – larval diet 
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supplemented with naked dsRED2 dsRNA, 2) Lipo 10 – larval diet supplemented with 

dsRED2 dsRNA that had been conjugated to Lipofectamine™ 2000 liposomes 

(ThermoFisher).  Liposomes had been diluted 10:1 with molecular water (ThermoFisher) 

and 3) Lipo 20 – larval diet supplemented with dsRED2 dsRNA that had been conjugated 

to Lipofectamine™ 2000 liposomes (ThermoFisher).  Liposomes had been diluted 20:1 

with molecular water (ThermoFisher).  For the Lipo 10 and Lipo 20 feeding regimes, 

dsRNA was conjugated to liposomes according to the manufacturer’s instructions.  For 

each regime, diets were prepared by overlaying 556.75µg of appropriately conditioned 

dsRED2 dsRNA on 0.5g of artificial diet with a pipette.  Diets were air dried for 1.5hrs then 

administered to flies (48 hrs post eclosion) that had been isolated in plastic pots (50mm 

x 50mm x 50mm).  Every 24 hrs diets were replenished, and three flies were extracted 

from each regime for subsequent RT-qPCR analysis.  Extracted flies were placed 

individually in 2ml Eppendorf tubes and immediately dropped into liquid nitrogen, then 

stored at -80⁰C. 

2.9) Quantifying dsRED2 expression in OX3864A adults and larvae with RT-qPCR 

2.9.1) Extraction and purification of RNA from fly matter 

Adult flies and larvae that had been extracted from eRNAi experiments were stored at -

80⁰C in 2ml Eppendorf tubes.  To render fly material brittle, Eppendorfs were placed in 

liquid nitrogen.  The brittle fly matter was then pulverised inside Eppendorfs using a 

micropestle that had been sterilised with 10 mins exposure to UV radiation (Labcaire PCR 

workstation) and wiped with RNAseZap (ThermoFisher).  RNA extraction was carried out 

on pulverised fly material using a mirVana kit (ThermoFisher) according to the 

manufacturer’s instructions.  To digest all residual genomic DNA contained in the mirVana 

solution, the suspension was treated with Turbo DNAase (ThermoFisher) according to the 

manufacturer’s instructions. 

2.9.2) Synthesis of first strand cDNA from RNA templates 

CDNA was synthesised using a Revertaid first strand synthesis kit (ThermoFisher).  0.5µg 

of mRNA was incubated with 1µl of OligodT (10µM) in molecular water (ThermoFisher) 

(11.5µl total volume) at 65˚C for 5 mins.  The remaining Revertaid components (4µl 5X 
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reaction buffer; 0.5µl Ribolock; 2µl 10mM dNTP mix; 1µl Revertaid) were then added to 

the incubated suspension and incubated for 60 mins at 42˚C, then 5 mins at 70˚C. 

2.9.3) Quantitative reverse transcriptase PCR (RT-qPCR) 

RT-qPCR was carried out on a StepOnePlus thermocycler (Applied Biosystems) using 

Taqman gene expression mastermix (Applied Biosystems).  Primers and probes for the 

dsRED2 target and two reference genes (Rpl13a and L27) (Nash et al., 2018) were 

purchased from Eurofins Genomics (see supplementary materials 2.1).  Each RT-qPCR 

well contained 1µl of CDNA (25ng total CDNA assuming 100% recovery during reverse 

transcription), 10µl of primers (1.6̇µl of each primer at 15.63µM), 12.5µl of 2X reaction 

mix and 1.25µl of fluorescent probes (0.416̇µl of each probe at 15.63µM).   

2.9.4) Analysis of RT-qPCR data 

Relative dsRED2 expression was calculated using the 2–∆∆Ct method (Pfaffl, 2001) for all 

assays other than the HT115 feeding assay.  For the HT115 feeding assay, relative dsRED2 

expression was calculated with qBASE+ software (Hellemans et al., 2007).  All relative 

expression data were analysed with the tidyverse packages (Wickham, 2017) in R Studio 

(Team, 2016). 

2.10) Quantifying fluorescence emitted by OX3864A medflies as a proxy for dsRED2 

expression  

OX3864A medflies were subjected to the treatment and -ve-control HT115 feeding 

regimes described in section 2.6 for five days.  Every 24hrs, approximately 30 flies were 

individually transferred from each feeding regime to 2ml Eppendorf tubes and flash 

frozen in liquid nitrogen.  Before being analysed for fluorescence, flies were thawed for 

ten minutes at room temperature and legs were removed.  Remaining fly sections were 

assessed for fluorescence under a Leica MZ75 stereo microscope with a 100W mercury 

lamp adapter and imaged with a GXCAM HiChrome-S camera (Vision, 2019) using GX 

capture software (version 8.5).  The GC capture settings were as follows: exposure = 1sec 

420ms; gain = 0; gamma = 11; contrast = 8; saturation = 8; red = 0.44; green = 0; blue = 0; 

denoise = 5; sharpen = 5.  Images were analysed with ImageJ version 1.48S (Schindelin et 
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al., 2012).  For each image, a region of interest (ROI) was drawn around the fly and three 

(100 pixels X 100 pixels) regions of non-fluorescent background.  To enhance the 

fluorescent signal-to-noise ratio, the mean background fluorescence of each image was 

subtracted from the mean ROI fluorescence (Waters, 2009) according to equation 2. 

Equation 2 

Corrected pixel intensity = mean pixel intensity of ROI – mean background pixel intensity 
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2.4) Results  

2.1) Verifying consumption of HT115 bacteria by OX3864A medflies  

OX3864A medflies were supplied with diet supplemented with HT115 bacteria that had 

been labelled with Brilliant Blue FCF (BFCF) for 24hrs.  Consumption of HT115 cells by flies 

was then verified by the presence of blue labelling in the gut (Li et al., 2011).  Internal 

blue colouration of the anterior, ventral abdomen was observed for flies that had been 

exposed to labelled bacteria (n=30) (Figure 2.1).  Blue dye was also visible throughout the 

dissected guts of flies that had been exposed to labelled diet.  Blue colouration verified 

that OX3864A medflies were consuming HT115 bacteria, as flies that had been exposed 

to a control feeding condition (n=30) did not exhibit any blue staining of the abdomen or 

gut.   
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Figure 2.1 Images of adult medflies and guts captured following exposure to brilliant blue-

labelled bacteria vs a standard diet control.  A) A medf ly that was reared on standard artif icial 

diet for 24hrs.  The anterior abdomen exhibits the yellow/brown phenotype that is typical of  this 

species. B) A medf ly that was reared on diet infested with blue labelled bacteria for 24hrs.  The 

anterior abdomen exhibits obvious blue colouring.  C) A gut extracted f rom a medf ly that had been 

reared on standard diet.  The gut exhibits yellow staining in the crop, anterior midgut (peritrophic 

matrix) and rectum which is likely to be caused by residual yeast.  D) A medf ly gut extracted f rom 

an individual that had been reared on diet infected with brilliant blue labelled bacteria.  The gut 

exhibits blue staining in the crop, anterior midgut (peritrophic matrix) and rectum.  Blue staining in 

the gut lumen provided evidence that dietary bacteria had been consumed.  
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2.2) Quantifying fluorescence emmitted by OX3864A medflies as an estimate of dsRED2 

expression   

OX3864A medflies were supplied with diet that had been infected with treatment strain 

HT115 bacteria or a -ve-control diet for five days.  It was hypothesised that flies that had 

been exposed to treatment bacteria would initiate eRNAi of the dsRED2 gene (Ganbaatar 

et al., 2017; Lopez et al., 2019; Taracena et al., 2015; Whyard et al., 2015) and exhibit 

reduced fluorescence in comparison to -ve-controls (Waters, 2009).  Flies were extracted 

from feeding regimes every 24hrs and 8bit fluorescent images (n≈30) were captured with 

a HiChrome-S camera (Vision, 2019) (Figure 2.2).  The mean corrected pixel intensity of 

fly images served as a proxy for fluorophore concentration (Waters, 2009) and thus 

dsRED2 expression.  From a possible 8-bit range of 255 intensity values, the pixel intensity 

values captured from all images varied from 30 to 147 (Figure 2.3).  The distribution of 

pixel intensities was not normal (Shap.Wilk, W=0.97, p<0.0001) and could not be 

transformed to normality.  Therefore, the fluorescence data were analysed with a non-

parametric ANCOVA model using the fANCOVA package (Wang et al., 2010) in R Studio 

(Team, 2016).  Controlling for time as a covariate, the fluorescence exhibited by flies that 

consumed HT115 treatment bacteria was not significantly different from flies that 

consumed -ve-control diet (fANCOVA, T =297.6, p>0.5).
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Figure 2.2 Fluorescent images of two OX3864A medflies demonstrating the upper lower range of mean pixel intensity captured wi th the 

HiChrome-S camera. Yellow/green outlines represent a region of  interest (ROI) that was designated for analysis using ImageJ (Schindelin et al., 

2012).  The ROI surrounding f ly A exhibited a mean pixel intensity of  49.6 and the ROI surrounding f ly B exhibited a mean pix el intensity of  125.5. 
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Figure 2.3 The pixel intensities of OX3864A flies that were exposed to either HT115 treatment or -ve-control feeding conditions over a period 

of five days.  Control (light blue boxes) and treatment (dark blue boxes) feeding conditions are represented on the x -axis.  The x-axis is faceted 

according to the period that f lies were exposed to a given feeding condition.  Mean corrected pixel intensities exhibited by f lies are represented on the 

y-axis.  The upper and lower hinges of  boxplots represent the f irst and third quartiles of  pixel intensity exhibited by groups of  f lies (n≈30) extracted 

f rom a feeding regime at a particular time point.  Median pixel intensity is represented by a horizontal line and mean signal  is represented by a circle.  

Unique data points included in boxplots are represented by small black dots.  Controlling for the ef fect of time as a covariate, there was no signif icant 

dif ference in the pixel intensities exhibited by f lies subjected to the treatment or -ve-control feeding regimes (fANCOVA, T = 297.6, p>0.5). 
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2.3) Quantication of dsRED2 expression by OX3864A medflies subsequent to feeding 

with HT115 bacteria 

OX3864A medflies were exposed to HT115 treatment, HT115 +ve-control and -ve-

control feeding conditions for four days.  It had been predicted that exposure to 

treatment bacteria would suppress expression of dsRED2 by OX3864A medflies 

relative to the controls (Ganbaatar et al., 2017; Lopez et al., 2019; Taracena et al., 

2015; Whyard et al., 2015).  Every 24hrs, three groups of flies (n=3) were extracted 

from each feeding environment and subjected to RT-qPCR of dsRED2 and two 

reference genes (L27 and Rpl13a) (Nash et al., 2018).  This procedure generated a 

total of 45 specimens for RT-qPCR analysis, that were processed over three RT-qPCR 

runs.  Relative expression of dsRED2 between all 45 specimens collected over the 

three RT-qPCR runs was calculated with qBASE+ software (Hellemans et al., 2007).  

qBASE+ consolidates data accumulated from multiple RT-qPCR runs via “inter-run 

calibration” and is MIQE (Bustin et al., 2009) compliant.  The relative expression of 

dsRED2 calculated by qBASE+ was log10 transformed to create a normal distribution 

(Shap.Wilk, W=0.96, p>0.05) with homogenous variance (Bartlett’s K2= 2.4, df = 3, p-

value>0.05) for parametric analysis (Figure 2.4).  Data were analysed with an 

ANCOVA model that included an interaction between feeding condition and time as 

this was found to be superior to a model that controlled for additive effects of feeding 

condition and time (Akaike Information Criterion = 161 vs 171).  There were 

significant differences in the expression of dsRED2 between groups of flies that were 

reared on distinct diets (ANCOVA, F (2,39) =5.92, p<0.05), but dsRED2 expression was 

not significantly different due to time (ANCOVA, F (1,39) =3.15, p>0.05).  However, a 

post-hoc Tukey test revealed that dsRED2 expression was not significantly between 

the treatment and control groups as had been predicted (Figure 2.5).
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Figure 2.4 Relative expression of dsRED2 by OX3864A flies that had been exposed to either HT115 treatment, HT115 +ve-control or -ve-

control feeding conditions over a period of four days.  Discrete feeding conditions are represented on the x-axis.  The x-axis is faceted according 

to the period that f lies were exposed to a given feeding condition.  Log10 relative expression of  the dsRED2 gene is represented on the y-axis.  The 

upper and lower hinges of  boxplots represent the f irst and third quartiles of  gene expression exhibited by three groups of  f lies (n=3) ext racted f rom a 

feeding regime at a particular time point.  Median gene expression is represented by a horizontal line and mean signal is represented by a dot. 

Controlling for the interacting covariate ef fects of  time, f lies subjected to different feeding regimes exhibited signif icant  difference in dsRED2 expression 

(ANCOVA, F (2,39) =5.92, p<0.05). 
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Figure 2.5 Post-hoc Tukey comparison of the mean dsRED2 expression exhibited by flies reared on either HT115 treatment, HT115 +ve-

control or -ve-control diets.  Calculated at a 95% conf idence interval there was a signif icant dif ference in dsRED2 expression between f lies subjected 

to the -ve-control and +ve-control feeding regimes.  Contrary to the predicted trend, dsRED2 expression was not signif icantly different between the 

treatment regime and controls.   
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2.4) Silencing of dsRED2 via liposomally vectored and naked dsRNA    

2.4.1) eRNAi of dsRED2 in OX3864A larvae via liposomally vectored and naked dsRNA  

Second instar (L2) OX3864A larvae were supplied with diet that had been 

supplemented with dsRED2 dsRNA either as naked molecules or vectored in 

liposomes diluted at 10:1 or 20:1 in molecular water.  It was predicted that exposure 

to environmental dsRNA would provoke eRNAi in medfly larvae and that this effect 

could be measured via RT-qPCR of the dsRED2 gene (Shen et al., 2019; Xu et al., 2019; 

Zhang et al., 2019).  Every 24hrs, three groups of larvae (n=3) were extracted from 

the discrete feeding regimes and flash frozen in liquid nitrogen for subsequent RT-

qPCR analysis.  Relative dsRED2 expression was not normally distributed between 

groups of larvae and was therefore transformed using the cube root function (x^1/3).  

The transformed data were normally distributed (Shap.Wilk, W=0.96, p>0.05) with 

homogenous variance (Bartlett’s K2= 2.4, df = 3, p-value>0.05) and were utilised for 

parametric analysis (Figure 2.6).  RT-qPCR data were analysed with an ANCOVA 

model that included an interaction between feeding condition and time as this was 

judged to be superior to a model that controlled for additive effects of feeding 

condition and time (Akaike Information Criterion = 66.3 vs 69.1).  Correcting for the 

interactive covariate effects of time, there was no evidence that dsRED2 expression 

varied significantly between larval groups subjected to the different feeding 

conditions (ANCOVA, F (3,16) =0.256, p<0.05)
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Figure 2.6 Relative expression of dsRED2 by OX3864A larvae that were exposed to a standard control diet or a treatment diet supplemented 

with either naked dsRED2 dsRNA or dsRNA vectored in liposomes (‘Lipo’) that had been diluted 10:1 or 20:1 in molecular water.   Discrete 

feeding conditions are represented on the x-axis.  The x-axis is faceted according to the period that f lies were exposed to a given feeding condition.  

Cube root (x^1/3) relative expression of  the dsRED2 gene is represented on the y-axis.  The upper and lower hinges of  boxplots represent the f irst 

and third quartiles of  gene expression exhibited by three groups of  larvae (n=3) extracted f rom feeding regimes at a particular time point. Median gene 

expression is represented by a horizontal line and mean signal is represented by a dot.  Controlling for the interacting covariate ef fects of time, there 

was no signif icant dif ference in dsRED2 expression between larvae reared on the dif ferent diet treatments (ANCOVA, F (3,16) =0.256, p<0.05).  
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2.4.2) eRNAi of dsRED2 in OX3864A adults via liposomally-vectored and naked dsRNA  

Individual medflies were supplied with diet that had been supplemented with 

dsRED2 dsRNA either as naked molecules or vectored in liposomes diluted 10:1 or 

20:1 with molecular water.  It was predicted that exposure to environmental dsRED2 

dsRNA would provoke eRNAi in adult medflies and that this effect could be measured 

via RT-qPCR of the dsRED2 gene (Gu, Li, et al., 2019; Kyre et al., 2019; Tariq et al., 

2019).  Every 24hrs, three flies were extracted from the discrete feeding regimes and 

flash frozen in liquid nitrogen for subsequent RT-qPCR analysis.  Relative dsRED2 

expression was not normally distributed among flies and was therefore transformed 

(transformation = -1 * x ̂  -1) using the rcompanion package (Mangiafico, 2016).  The 

transformed data were normally distributed (Shap.Wilk, W=0.93, p>0.05) with 

homogenous variance (Bartlett’s K2= 6.69, df = 3, p>0.05) and were utilised for 

parametric analysis (Figure 2.7).  RT-qPCR data were analysed with an ANCOVA 

model that included an interaction between feeding condition and time as this was 

judged to be superior to a model that controlled for additive effects of feeding 

condition and time (Akaike Information Criterion = 14.4 vs 17.7)  Correcting for the 

interacting covariate effects of time, there were significant differences in dsRED2 

expression between adults that were subjected to discrete feeding conditions 

(ANCOVA, F(3,16) =5.29, p<0.01), but dsRED2 expression did not differ significantly 

due to time (ANCOVA, F(1,16) =2.77, p>0.05).  A post-hoc Tukey test revealed that 

dsRED2 expression was significantly different in flies reared on dsRNA vectored in 

liposomes (diluted 10:1) relative to flies reared on standard diet (Figure 2.8).
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Figure 2.7 Relative expression of dsRED2 by OX3864A medflies that were individually exposed to a standard control diet or a treatment diet 

supplemented with naked dsRED2 dsRNA or dsRNA vectored in liposomes (‘Lipo’) that had been diluted 10:1 or 20:1 in molecular water.   

Discrete feeding conditions are represented on the x-axis.  The x-axis is faceted according to the period that f lies were exposed to a given feeding 

condition.  Transformed relative expression of  the dsRED2 gene is represented on the y -axis.  The upper and lower hinges of  boxplots represent the 

f irst and third quartiles of  gene expression exhibited by three f lies extracted f rom feeding regimes at a particular time point.  Median gene expression 

is represented by a horizontal line and mean signal is represented by a dot.  Controlling for the interacting covariate ef fects of time, there were 

signif icant dif ferences in dsRED2 expression between f lies reared on the dif ferent diet treatments (ANCOVA, F (3,16) =5.29, p <0.01). 
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Figure 2.8 Post-hoc Tukey pairwise comparisons of mean dsRED2 expression exhibited by flies reared on diet supplemented either with 

naked dsRED2 dsRNA, dsRNA vectored in liposomes that had been diluted 10:1 or 20:1 in molecular water and flies reared on a standard 

control diet.  Calculated at a 95% conf idence interval, there was a signif icant dif ference in dsRED2 expression between f lies reared on diet  

supplemented with dsRNA conjugated to liposomes that had been diluted 10:1 and f lies reared on control diet.  There were no signif icant dif ferences 

in dsRED2 expression between f lies reared on any of  the remaining dietary regimes.  
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2.5) Discussion 

Having reviewed studies that had implemented environmental RNA interference 

(eRNAi) in various insect models, I hypothesised that medflies suitable for use with 

the SIT could be produced with eRNAi technology (Darrington et al., 2017).  My 

primary goal was to elucidate methods of dsRNA delivery that would provoke an 

eRNAi response from the medfly, which I investigated by subjecting OX3864A (Fu et 

al., 2007; Gong et al., 2005) medflies to various feeding regimes designed to elicit 

eRNAi of the fluorescent dsRED2 gene.   

I fed OX3864A medflies (Fu et al., 2007; Gong et al., 2005) with HT115 E. coli bacteria 

(Kamath et al., 2001) that had been engineered to express dsRED2 dsRNA.  I had 

predicted that consumption of dsRED expressing bacteria would silence expression 

of dsRED2 (Ganbaatar et al., 2017; Lopez et al., 2019; Taracena et al., 2015; Whyard 

et al., 2015), which I measured via fluorescence quantification (Waters, 2009) and 

RT-qPCR (Gu, Zhao, et al., 2019; Kyre et al., 2019; Shen et al., 2019; Tariq et al., 2019; 

Zhang et al., 2019).  However, flies exposed to dsRED2 expressing HT115 bacteria did 

not exhibit a reduction in dsRED2 expression or fluorescence, despite evidence that 

they had been consuming the effector cells.  Dissections of medfly guts revealed that 

consumed bacteria frequently accumulated in the anterior midgut within the 

peritrophic matrix.  The peritrophic matrix is a lattice of protein, carbohydrate and 

chitin that protects the absorptive epithelial layer of the gut (Terra, 1990).  There is 

evidence from several insect models, that invading microbes are contained by the 

peritrophic matrix limiting their potential for infection (Kuraishi et al., 2011; Rodgers 

et al., 2017; Weiss et al., 2014).  It is plausible therefore that the medfly is eRNAi 

competent but that HT115 bacteria had been contained by the peritrophic matrix 

preventing access of dsRNA to the epithelium.  To test this, one could produce 

peritrophic matrix-deficient flies as in Kuraishi et al. (2011), which should, if the 

peritrophic matrix is obviating eRNAi, be sensitive to environmental HT115 bacteria.   

There is evidence that: 1) the response of insects to eRNAi can vary within species at 

different stages of life history (Coleman et al., 2015; Tian et al., 2015), and 2) eRNAi 
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recalcitrant species can be rendered competent if dsRNA effectors are vectored 

within liposomes (Taning et al., 2016; Whyard et al., 2009).  To investigate this in the 

medfly, I exposed OX3864A adults and larvae to naked dsRED2 dsRNA molecules and 

to molecules that had been vectored in liposomes.  As for the HT115 assay, I 

predicted that consumption of dsRED2 dsRNA would silence expression of the 

dsRED2 gene and I measured this potential effect with RT-qPCR (Gu, Zhao, et al., 

2019; Kyre et al., 2019; Shen et al., 2019; Tariq et al., 2019; Zhang et al., 2019). 

There was no evidence that consumption of either naked or liposomally-vectored 

dsRNA by OX3864A larvae, had effectively silenced expression of the dsRED2 gene.  

However, in these tests, the concentration of dsRED2 dsRNA within OX3864A diet 

was lower than had been fed to Drosophila larvae by Taning et al. (2016).  It is 

possible therefore that medfly larvae could initiate eRNAi if dsRNA was supplied at a 

higher concentration, although this possibility is reduced by the finding that similar 

and lower concentrations of dsRNA to those used here in my experiments have 

elicited eRNAi from insect larvae of various other species (Sharath Chandra et al., 

2018; Whyard et al., 2015).  In addition, it is possible that residual RNAses contained 

in the larval diet had digested dsRNA, neutralising eRNAi.  However, this seems 

unlikely as the diet had been boiled before effector molecules were added and no 

special measures were taken to ensure the absence of RNAses in diet that 

successfully elicited eRNAi from Drosophila larvae (Taning et al., 2016).  Ideally, 

samples of diet from each regime could have been run on a gel to demonstrate that 

they contained constructs of the expected length, as it should be possible to extract 

and purify dsRNA from larval food with a gel extraction kit.  Future repeats of this 

experiment could investigate whether larval diet could be melted in an autoclave, 

and if so, then dsRNAs could be added to the mixture as it cooled.   

As larvae had not initiated eRNAi in response to dietary dsRNA, I increased the 

concentration of dsRNA fed to adults by a factor of ten.  Adult flies fed dsRED2 dsRNA 

vectored in liposomes that had been diluted 10:1 in molecular water exhibited 

significantly lower expression of dsRED2 than flies that had been reared on standard 

diet.  Flies did not exhibit reduced levels of dsRED2 expression subsequent to 
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exposure to naked dsRNA or dsRNA vectored in liposomes that had been diluted 20:1 

in molecular water.  I investigated various liposomal dilutions as it has been 

suggested that dilution factor can drastically affect dsRNA delivery (Dr. Wim Reidt, 

ThermoFisher, pers. comm.).   It is plausible therefore that a 10:1 liposomal dilution 

can effectively elicit eRNAi from the medfly while a 20:1 dilution is ineffective.  Future 

work should focus on liposomes that have been diluted 10:1 but perhaps focusing on 

a different target gene.  dsRED2 was selected as the eRNAi target for these tests as it 

had been hypothesised that knockdown could be easily quantified via loss of the 

fluorescent phenotype.  However, the ultimate goal of this study was to develop 

genetic tools for insect control, so follow up experiments should target genes that 

are predicted to cause mortality (Knorr et al., 2018; Niu et al., 2019; Shen et al., 2019; 

Tariq et al., 2019).  Not only would such a system be directly applicable for insect 

control but mortality provides a more easily quantifiable phenotype for such tests.    

In conclusion, I demonstrated that OX3864A adults did not express eRNAi when fed 

HT115 bacteria.  Furthermore, OX3864A larvae did not express eRNAi when fed 

naked dsRNA or dsRNA vectored within liposomes, although these results may have 

been overturned if the concentration of dsRNA within the larval diet had been 

increased.  However, adults appeared to express eRNAi when fed dsRNA vectored in 

liposomes that had been diluted 10:1.  Further investigations into eRNAi of the 

medfly should focus on this technique and upon logistical and operational 

considerations of this potential method for medfly control. 
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2.6) Supplementary materials 

2.1) RT-qPCR probes and primers  

1) dsRED2f (5’-gctccaaggtgtacgtgaacg-3’), dsRED2r-(5’-tgcaagttcatcacgcgc-3’), 

dsRED2 probe (5’ HEX–agaagctgtccttccccgagggct-BHQ1 3’).  

2) L27f (5’-ccgttattgatttggtgcaa-3’), L27r (5’-gctgtttaggcaaatgtcca-3’), L27 probe (5’ 

TAMRA-cggcccaacaacttgtagtaaccga-BHQ2 3’). 

3) Rpl13af (5’-acgtttgtccagtgaagtcg-3’), Rpl13ar (5’-tagccttacgtttccgttcc-3’), Rpl13a 

probe (5’ FAM-tcttaacgacatcctggtaatgccagc-BHQ2 3’).   

2.2) Estimating noise introduced to eRNAi gene expression analyses by dsRNA effector 

molecules  

It was expected that samples of OX3864A RNA collected during eRNAi experiments 

would contain some residual dsRED2 dsRNA effectors.  Although the Revertaid CDNA 

synthesis kit (ThermoFisher) utilises oligo(dT)18 primers designed to bind only the 

poly-A tail of mRNA, this system may not be 100% efficient (Professor Saskia 

Hogenhout, pers. comm.).  It was therefore hypothesised that residual dsRED2 

dsRNA contained in eRNAi samples had been reverse transcribed, introducing noise 

to the subsequent RT-qPCR analyses.  To test if dsRNA was susceptible to reverse 

transcription, samples of in vitro synthesised dsRNA and RNA extracted from HT115 

bacteria were subjected to RT-qPCR.  The Revertaid protocol includes a 65˚C 

relaxation step during which the complementary strands of dsRNA would separate, 

making them susceptible to reverse transcription.  CDNA synthesis was therefore 

performed both with and without a 65˚C relaxing step, to elucidate whether this 

stage of the protocol was a potential source of noise in gene expression data.   

2.2.1) Testing i f dsRNA extracted from HT115 bacteria was susceptible to reverse 

transcription with a Revertaid CDNA kit  

HT115 bacteria were cultured, induced and nucleic acids were extracted, according 

to the HT115 eRNAi protocol.  As for the eRNAi assay, 500ng of RNA extracted from 
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HT115 bacteria was processed with a Revertaid kit (ThermoFisher).  RT-qPCR of 

bacterial CDNA that had been generated both with and without a 65˚C relaxing step 

was carried out according to the standard eRNAi protocol.  HT115 RNA produced a 

measurable dsRED2 signal, both when reverse transcribed at 42˚C and 65˚C but the 

medfly reference genes (Rpl13a and L27) did not amplify (Figure 2.9).  CDNA 

generated without a 65˚C relaxing step transmitted a stronger dsRED2 signal (a lower 

cycling threshold (Ct)) than CDNA treated at 65˚C.  However, there was less variation 

in the dsRED2 signal transmitted by replicates of CDNA produced with a 65˚C relaxing 

step.  These data serve as evidence that the relative expression of dsRED2 measured 

from OX3864A RNA may have been confounded by an aberrant dsRED2 signal 

originating from residual HT115 RNA.  It is noteworthy however that the quantity of 

HT115 RNA analysed here was far greater than would have been present in the 

OX3864A eRNAi samples, meaning that the RT-qPCR analyses may not have been 

confounded by noise.    
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Figure 2.9 The dsRED2 signal that was detected via RT-qPCR of RNA extracted from HT115 bacteria.  The cycling threshold (Ct) at which a 

dsRED2 signal was detected is represented on the y-axis.  Samples of  HT115 RNA treated with distinct versions of  the Revertaid protocol are 

represented on the x-axis.  The upper and lower hinges of  boxplots represent the f irst and third quartiles of  gene expression exhibited by three s amples 

of  HT115 RNA.  Median dsRED2 signal is represented by a horizontal line and mean signal is represented by a dot.  HT115 RNA is susceptible to 

reverse transcription with a Revertaid kit even in the absence of  a 65˚C relaxing step. There was less variation in dsRED2 signal obtained f rom 

biological replicates of  HT115 RNA that were treated with a 65˚C relaxing step, than RNA that was not exposed to this step.    
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2.2.2) Testing if in vitro synthesised dsRNA was susceptible to reverse transcription 

with a Revertaid CDNA kit 

Serial dilutions of in vitro synthesised dsRNA (20ng, 4ng, 0.8ng and 0.16ng) were 

processed with a Revertaid kit, both with and without a 65˚C relaxing step.  RT-qPCR 

of CDNA that had been generated both with and without a 65˚C relaxing step was 

carried out according to the standard eRNAi protocol.  dsRED2 dsRNA produced a 

measurable signal both when treated at 42˚C and 65˚C but the medfly reference 

genes (Rpl13a and L27) did not amplify (Figure 2.10).  When dsRNA had been treated 

with a 65˚C relaxing step, cycling threshold (Ct) and dsRNA quantity exhibited a 

consistent, inverse linear relationship.  dsRNA that had not been treated with a 65˚C 

relaxing step produced a detectable dsRED2 signal but the relationship between 

dsRNA quantity and Ct was not absolutely linear.  These data serve as evidence that 

the relative expression of dsRED2 measured from OX3864A RNA may have been 

confounded by a dsRED2 signal that originated from dsRNA effectors.  
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Figure 2.10 The dsRED2 signal that was detected via RT-qPCR of dsRED2 dsRNA.  The cycling threshold (Ct) at which a dsRED2 signal was 

detected is represented on the y-axis.  Discrete Revertaid protocols are represented on the x-axis.  The x-axis is faceted according to the quantity of  

dsRNA that was subjected to reverse transcription.  The upper and lower hinges of  boxplots represent the f irst and third quartiles of  gene expression 

exhibited by three samples of  dsRNA.  Median dsRED2 signal is represented by a horizontal line and mean signal is represented  by a dot.  dsRNA is 

susceptible to reverse transcription with a Revertaid kit even in the absence of  a 65˚C relaxing step.  The dsRED2 signal is more consistent when 

dsRNA is treated with a 65˚C relaxing step . 
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2.3) Feeding wild-type Toliman flies with dsRED2 dsRNA to estimate noise introduced 

to eRNAi gene expression analyses 

When analysed according to the eRNAi gene expression protocol, it was established 

that a dsRED2 signal could be detected from both in vitro synthesised dsRED2 dsRNA 

and from RNA extracted from HT115 bacteria.  Although these materials were 

capable of generating noise it was possible that this had not confounded the eRNAi 

gene expression data, as they had only been present in OX3864A RNA in trace 

amounts.  It was hypotheised that any erroneous dsRED2 signalling introduced to 

OX3864A RNA by ingested dsRED2 dsRNA could be quantified if the eRNAi assays 

were repeated in wild-type Toliman medflies.  This hypothesis relied on the 

fundamental assumption that a dsRED2 signal detected in Toliman RNA must be 

emanating from ingested dsRNA, as Toliman flies do not possess an endogenous 

dsRED2 gene.  The HT115 and larval eRNAi assays were therefore repeated in both 

OX3864A and Toliman flies to gain an estimate of noise caused by dsRRED2 dsRNA 

effectors. 

2.3.1) Feeding wild-type medflies with HT115 bacteria to quantify dsRED2 noise 

generated by effector molecules during eRNAi experiments 

Wild-type Toliman flies and OX3864A strain medflies were supplied with dsRED2 

expressing HT115 bacteria according to the HT115 eRNAi feeding protocol.  After 96 

hours of feeding, three groups of flies (n=3) representing each medfly strain were 

subjected to RT-qPCR analysis of the dsRED2 gene.  It was predicted that residual 

dsRNA contained in HT115 RNA would generate a measurable signal of dsRED2 

expression in the Toliman samples.  After four days of feeding, RNA extracted from 

Toliman flies did not generate a detectable dsRED2 signal.  Therefore, the quantities 

of residual dsRNA present in OX3864A RNA subsequent to the HT115 eRNAi assay, 

were not likely to have been sufficient to transmit a dsRED2 signal that confounded 

the overall gene expression analysis.   
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Figure 2.11 Relative expression of dsRED2 exhibited by OX3864A and Toliman medflies 

that had been supplied with diet supplemented with HT115 bacteria for four days.   

Medf ly strains are represented on the x-axis.  Relative dsRED2 expression (2–∆∆Ct) is 

represented on the y-axis.  The upper and lower hinges of  boxplots represent the f irst and 

third quartiles of  dsRED2 expression exhibited by three groups of  f lies (n=3).  Median dsRED2 

signal is represented by a horizontal line and mean signal is represented by a dot.  Wild -type 

Toliman medf lies that had been exposed to dsRED2 expressing HT115 bacteria for four days 

did not transmit a detectable signal of  dsRED2 expression 

2.3.2) Feeding wild-type larvae with naked dsRED2 dsRNA and dsRNA vectored in 

l iposomes to quantify noise generated during eRNAi experiments 

Both wild-type and transgenic OX3864A medfly larvae were exposed to diet 

containing dsRED2 dsRNA for two days.  As for the eRNAi assay, larvae were supplied 

with either naked dsRNA or dsRNA that had been vectored in two discrete dilutions 

of lipofectamine liposomes (ThermoFisher).  After 48 hours of feeding, three groups 

of larvae (n=3) representing each medfly strain were subjected to RT-qPCR analysis 

of the dsRED2 gene.  It was predicted that residual dsRNA contained in Toliman RNA 

would generate a measurable signal of dsRED2 expression.  However, Toliman RNA 

did not generate a detectable dsRED2 signal.  Therefore, dsRNA effectors present in 

OX3864A RNA subsequent to the larval eRNAi assay, were not likely to have been 

sufficient to transmit a confounding dsRED2 signal.
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Figure 2.12 Relative expression of dsRED2 exhibited by OX3864A and Toliman medflies that had been supplied with diet supplemented with 

naked dsRNA and dsRNA vectored in discrete dilutions of liposomes.  Medf ly strains are represented on the x-axis.  Relative dsRED2 expression 

(2–∆∆Ct) is represented on the y-axis.  The upper and lower hinges of  boxplots represent the f irst and third quartiles of  dsRED2 expression exhibited 

by three groups of  larvae (n=3).  Median dsRED2 signal is represented by a horizontal line and mean signal is represented by a dot.  Wild-type Toliman 

medf lies that had been exposed to naked or liposomally vectored dsRED2 dsRNA for 48hrs did not transmit a detectable signal o f  dsRED2 expression.
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2.4) The corrected volumes of FEEBs added to DAILYs over the course of HT115 eRNAi 

experiments 

Cultures of treatment (dsRED2) and +ve-control (GFP) broth (feeding broth inoculums; 

FEEBs) were prepared at the beginning of the experiment to provide a continuous pool 

of bacteria to those regimes.  Each day during the experiment, daily feeding broths 

(DAILYs) to be administered to the treatment and +ve-control regimes were prepared by 

inoculating 10ml of broth with a volume of the stored FEEBs.  The OD600 of dsRED2 

expressing bacteria on day 1 of the RT-qPCR assay was used to standardise the volumes 

of FEEBs added to remaining DAILYs in all feeding regimes and experimental conditions. 

Table 2.1) The volumes of HT115 FBIs added to DFBs in eRNAi experiments.  

 

 

 

 

 

 

FBI Experiment Day OD600 Volume FBI added to DFB (µl)

dsRED2 RT-qPCR 1 1.144 100

dsRED2 RT-qPCR 2 1.224 93.46

dsRED2 RT-qPCR 3 1.193 95.89

dsRED2 RT-qPCR 4 1.171 97.69

GFP RT-qPCR 1 1.204 95.02

GFP RT-qPCR 2 1.19 96.13

GFP RT-qPCR 3 1.183 96.7

GFP RT-qPCR 4 1.184 96.62

dsRED2 Fluorescence quantification 1 1.128 101.42

dsRED2 Fluorescence quantification 2 1.155 99.05

dsRED2 Fluorescence quantification 3 1.158 98.79

dsRED2 Fluorescence quantification 4 1.064 107.52
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2.5) Nucleotide sequences of in vitro synthesised dsRNAs used for eRNAi experiments 

dsRED2 (612bp) - 

atggcctcctccgagaacgtcatcaccgagttcatgcgcttcaaggtgcgcatggagggcaccgtgaacggccacgagttcg

agatcgagggcgagggcgagggccgcccctacgagggccacaacaccgtgaagctgaaggtgaccaagggcggccccctg

cccttcgcctgggacatcctgtccccccagttccagtacggctccaaggtgtacgtgaagcaccccgccgacatccccgacta

caagaagctgtccttccccgagggcttcaagtgggagcgcgtgatgaacttcgaggacggcggcgtggcgaccgtgacccag

gactcctccctgcaggacggctgcttcatctacaaggtgaagttcatcggcgtgaacttcccctccgacggccccgtgatgcag

aagaagaccatgggctgggaggcctccaccgagcgcctgtacccccgcgacggcgtgctgaagggcgagacccacaaggc

cctgaagctgaaggacggcggccactacctggtggagttcaagtccatctacatggccaagaagcccgtgcagctgcccggc

tactactacgtggacgccaagctggacatcacctcccacaacgaggactacaccatcgtggagcagtacgagcgcaccgag

ggccgccaccacctgttcctg 

GFP (710bp) – 

atgagtaaaggagaagaacttttcactggagttgtcccaattcttgttgaattagatggtgatgttaatgggcacaaattttctg

tcagtggagagggtgaaggtgatgcaacatacggaaaacttacccttaaatttatttgcactactggaaaactacctgttccat

ggccaacacttgtcactactttctcttatggtgttcaatgcttttcccgttatccggatcatatgaaacggcatgactttttcaag

agtgccatgcccgaaggttatgtacaggaacgcactatatctttcaaagatgacgggaactacaagacgcgtgctgaagtca

agtttgaaggtgatacccttgttaatcgtatcgagttaaaaggtattgattttaaagaagatggaaacattctcggacacaaac

tcgagtacaactataactcacacaatgtatacatcacggcagacaaacaaaagaatggaatcaaagctaacttcaaaattcg

ccacaacattgaagatggatccgttcaactagcagaccattatcaacaaaatactccaattggcgatggccctgtccttttacc

agacaaccattacctgtcgacacaatctgccctttcgaaagatcccaacgaaaagcgtgaccacatggtccttcttgagtttgt

aactgctgctgggattacacatggcatggatgagctctacaaataa 
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2.6) HT115 expression vectors 

HT115 bacteria were engineered at the Caenorhabditis Genetics Centre, Minnesota 

University and transformed with appropriate expression vectors at Oxitec Ltd. 

 

Figure 2.13 Map of the dsRED2 expression vector.  The pET2xT7 dsRED2 expression vector 

was constructed in house at Oxitec Ltd.   
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Figure 2.14 Map of the GFP expression vector.  The pET6xHN GFP expression vector was 

purchased f rom Takara Clontech (Clontech, 2019).  
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Chapter 3 –  Electroporation of Mediterranean Fruit Fly (Ceratitis capitata) 

eggs with double stranded RNA to establish pseudomale populations for 

application of the Sterile Insect Technique 

3.1) Abstract 

The Sterile Insect Technique (SIT) relies upon the production of large numbers of sterile 

male insects for release.  RNA interference (RNAi) targeting the transformer-2 gene (tra2) 

in early-stage Mediterranean Fruit Fly embryos induces a “pseudomale” phenotype in 

genetically female XX individuals.  As pseudomales are phenotypically male, perform 

male-specific mating rituals and remain fertile, I hypothesised that they could assist in SIT 

control by allowing the production of 100% ‘male’ cohorts for subsequent sterilisation.  

However, successful targeting of genes by RNAi in medfly embryos has only been 

reported via microinjection, which is low throughput and would not support production 

of insects in the numbers required for SIT.  The aim here was to investigate whether 

electrical transfection (electroporation) of double stranded RNA could provide an 

alternative method for successful RNAi in medfly eggs.  If successful, such electroporation 

could facilitate high throughput treatment of eggs at population sizes suitable for SIT.  I 

electroporated both chorionated and dechorionated eggs, using three different 

electroporation systems.  None of the treatments or conditions tested demonstrated 

successful RNAi induction via electroporation.  However, given its success in other insects, 

this method still offers the potential for medfly control, if electroporation treatment 

conditions can be tested further and optimised. 
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3.2) Introduction  

RNA interference (RNAi) (Fire et al., 1998) is a conserved eukaryotic anti-viral response 

(Ding, 2010).  Eukaryotic cells recognise intracellular molecules of double-stranded RNA 

(dsRNA) as a signal of viral infection, and process them into 21bp small interfering RNAs 

(siRNA) by using Dicer enzymes (Elbashir et al., 2001).  siRNAs are subsequently bound to 

an Argonaut protein (Carmell et al., 2002), forming an RNA-induced silencing complex 

(RISC).  In the final step of the RNAi pathway, RISCs degrade cellular mRNAs that have 

nucleotide sequence homologous to the siRNA component (Maniataki et al., 2005; Rand 

et al., 2005).  This process prevents the translation of mRNAs that have been encoded by 

parasitic viral dsRNA, protecting the cell from the effects of viral infection. 

The RNAi pathway has been used extensively for genetic research, due to two 

fundamental traits: 1) The RNAi pathway can be artificially induced if dsRNA is 

deliberately introduced into a eukaryotic cell (Fire et al., 1998),  2) Once initiated, the 

RNAi pathway can be employed to silence endogenous genes (Fire et al., 1998).  The 

combination of these two factors has facilitated quick and definitive loss of function 

analyses in a wide range of eukaryotes (Kleinhammer et al., 2010; Lu et al., 2004; Yan et 

al., 2012), including insects (Cao et al., 2015; Hu et al., 2016; Yang et al., 2014).   

RNAi has been employed to induce mortality in insects (Cao et al., 2015; Hu et al., 2016; 

Yang et al., 2014), create beneficial phenotypes for insect control (Liu et al., 2015; 

Salvemini et al., 2009) and prevent pesticide resistance in insect pests (Bona et al., 2016; 

Figueira-Mansur et al., 2013; Sandoval-Mojica et al., 2016).  RNAi has therefore been 

widely viewed as a potentially important means of insect pest control (Reviewed in: 

(Baum et al., 2014; Darrington et al., 2017; Huvenne et al., 2010; Yu et al., 2013)).   

Many insect species will initiate RNAi in response to dsRNA encountered in their 

environment (eRNAi) (Baum et al., 2014; Darrington et al., 2017).  Such eRNAi 

‘competent’ insects are good candidates for control, as dsRNA designed to elicit a desired 

response can be administered topically (Toprak et al., 2013; Whyard et al., 2015) or in 

food (Coleman et al., 2015; Li et al., 2015).  However, some insects (including important 
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pest species) are recalcitrant to eRNAi (Baum et al., 2014; Darrington et al., 2017) for 

reasons that are not yet fully known.  

In chapter 2, I attempted to induce eRNAi in adults and larvae of the agricultural pest 

Ceratitis capitata (Mediterranean Fruit Fly; medfly) by using various feeding techniques.  

The medfly was refractory to eRNAi by this method, which may indicate it lacks the genes 

that are required for transport of environmental dsRNAs to the cytoplasm (Darrington et 

al., 2017).  However, as RNAi can be induced in medfly eggs via direct microinjection of 

dsRNA (Pane et al., 2002; Salvemini et al., 2009), I hypothesised that RNAi remains a 

viable method of control for the medfly if eggs can be made competent for eRNAi. 

Electroporation is the application of precise electrical pulses to cell membranes (Chen et 

al., 2006) and is considered one of the more reliable systems of transfection for animal 

embryos (reviewed in (Gosse et al., 2017)).  Electroporation of cell membranes causes 

local polarisation which in turn causes phospholipids to rapidly change conformation 

(Weaver, 2003).   As the phospholipids are rearranged, aqueous pores are formed that 

allow passage of charged molecules such as dsRNA to the cytoplasm (Weaver, 2003).  In 

the context of electroporation, the cell membrane can be thought of as a barrier 

separating two conducting solutions that is made permeable through polarisation with 

electric current (Tien et al., 2003).  When electroporation is successfully applied, the 

membrane potential returns to its resting state when electrical pulsing has ceased and 

the pores close (Weaver, 2003).     

Several studies have demonstrated that Dipteran and Lepidopteran embryos can be 

successfully electroporated with plasmid vectors (Kamdar et al., 1995; Leopold et al., 

1996; Thomas, 2003).  Currently, transfection of insect embryos with dsRNA by 

electroporation (Elec-eRNAi) has not been reported.  However, Ando et al. (2013) have 

reported successful Elec-eRNAi of adult Lepidopterans and both Karim et al. (2010) and 

Ruiz et al. (2015) report successful Elec-eRNAi of arachnid embryos.  In the following 

study, I tested three different systems of electroporation to evaluate whether medfly 

eggs could be made eRNAi competent via Elec-eRNAi and thus whether this technique 

had potential application for control of adult flies. 
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Investigations into Elec-eRNAi were carried out using BTX830, Intracel TSS20 and 

Nucleofector 2b devices.  The Nucleofector 2b device operates by means of pre-set 

nucleofection programs about which pulsing parameters are not known, while the 

BTX830 and Intracel TSS20 devices allow pulsing parameters to be set manually.  Hence 

BTX830 and Intracel devices were utilised to establish the specific pulsing parameters that 

induce eggs to become transfectable.   

OX3864A medflies are genetically modified having been developed for use with Oxitec’s 

self-limiting pest control (Asadi et al., 2019; Thomas et al., 2000) and ubiquitously express 

a fluorescent dsRED2 marker (Gong et al., 2005).  In a preliminary experiment, I treated 

the eggs of OX3864A medflies with Elec-eRNAi targeting the dsRED2 gene that is carried 

by this strain.  I assessed the effect of Elec-eRNAi in OX3864A eggs via quantification of 

dsRED2 expression in L1 larvae.  The hypothesis tested was that successful induction 

would lead to a reduction in dsRED2 expression. 

I then carried out a set of Elec-eRNAi experiments targeting the transformer-2 (tra2) gene 

in eggs of wild type Toliman strain medflies.  When RNAi of tra2 is applied to early stage 

medfly (Salvemini et al., 2009), oriental fruit fly (Liu et al., 2015) or red flour beetle 

embryos (Shukla et al., 2012), genetic females become XX pseudomales.  Pseudomale 

medflies are indistinguishable from genetic males and perform typical male behaviours, 

including mating rituals (Salvemini et al., 2009).  I hypothesised that Elec-eRNAi of tra2 

targeting groups of medfly eggs would produce large, male only populations, that if 

sterilised would be amenable to the Sterile Insect Technique (SIT) (Knipling, 1955).  The 

effect of Elec-eRNAi of tra2 in eggs was measured via the sex ratio of adult flies that 

developed from treatment.  The expectation was that cohorts would become severely 

male biased if the transfection of tra2 was highly effective.  However, if the effect of Elec-

eRNAi was weak, sex-ratio would be less skewed.  Therefore, in populations that 

exhibited a slight male bias, the DNA of phenotypic males was subjected to PCR targeting 

the Y-chromosome to elucidate the presence of cryptic pseudomales (Salvemini et al., 

2009).   

Medfly eggs are encased in a proteinaceous outer chorion (Mouzaki et al., 1991) (Figure 

3.1) that protects them against environmental insults such as microbial invasion 
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(Marchini et al., 1997).  I therefore tested a second hypothesis, that the egg chorion might 

act as a barrier to dsRNA effectors which would attenuate Elec-eRNAi even if the egg 

membrane had been successfully permeabilised.  To test this, medfly eggs were 

electroporated with dsRNA in both chorionated and dechorionated conditions.   

 

 

Figure 3.1 Chorionated and dechorionated medfly eggs: Two medf ly eggs are positioned with 

anterior poles at the top of  the image. 1) dechorionated egg - visibly clear tips on anterior and 

posterior poles of  membrane, 2) chorionated egg – egg is covered with opaque chorion obscuring 

the clear membrane at the anterior and posterior poles. 
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3.3) Methods 

3.1) Medfly strains treated with Elec-eRNAi 

The tests of Elec-eRNAi were conducted using the eggs of OX3864A medflies (supplied by 

Oxitec Ltd) and eggs of the Toliman wild type medfly strain.  The OX3864A strain has been 

genetically modified to ubiquitously express a dsRED2 fluorescent marker (Gong et al., 

2005). 

3.2.1) Fly husbandry - larvae 

OX3864A and Toliman larvae were reared on equivalent diet, but OX3864A diet  

contained tetracycline (Sigma) to block expression of toxic tetracycline-repressible 

activator variant (tTAV) protein (Gong et al., 2005).  Larvae were reared in a controlled 

environment: 25⁰C ambient temperature, 51% relative humidity and 12L: 12D 

photoperiod.  Approximately 500 eggs which had been laid within a 24hr period, were 

placed on 100ml of larval diet (Agar 12.5g/L; Sucrose 73.5g/L; Maize 67g/L; Brewer’s yeast 

47.5g/L; 10% Nipagin 25ml/L; Propionic acid 2ml/L; (Tetracycline 0.1g/L in OX3864A diet)) 

in 300ml plastic bottles.  Seven days after egg collection when larvae had reached the L3 

stage, bottles were laid in 2cm of play-sand in plastic containers (170mm x 130mm x 

50mm), with a mesh lid.  L3 stage larvae dispersed naturally from the bottles to pupate 

in the sand.  16 days after egg collection, pupae were collected from sand to be placed in 

adult cages.   

3.2.2) Fly husbandry - adults 

Adults were reared in a controlled environment: 25⁰C ambient temperature, 51% relative 

humidity and 12L: 12D photoperiod.  For both Toliman and OX3864A medfly strains, 100 

pupae were placed in plastic cages (120mm x 120mm x 135mm) with 3g of solid diet (3:1, 

sucrose: hydrolysed yeast) and allowed to eclose.  Flies were supplied with ddH2O ad 

libitum.  0.1g/l of tetracycline (Sigma) was added the ddH2O of OX3864A flies to block 

expression of toxic tetracycline-repressible activator variant (tTAV) protein (Gong et al., 

2005).   
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3.3.1) Assaying the effect of transfection buffer on medfly eggs development 

Groups of <1hr old Toliman eggs (n = 300) were placed in either ddH2O or transfection 

buffer (200mM HEPES; 137mM NaCl; 5mM KCl; 6mM D-Glucose; 7mM Na2HPO4) for 30 

mins, then washed with ddH2O for 30 secs.  Eggs were transferred to filter paper and 

hatched eggs were counted after 44 hrs. 

3.3.2) Assaying the toxic effect of electricity to medfly eggs 

The following procedure was carried out with groups of eggs at 6, 8 and 9 days post-

eclosion (DPE), commencing when the first fly within the cage eclosed.  OX3864A eggs 

<1hr old were collected from a single adult cage and transferred to a 2ml Eppendorf tube 

containing 1ml of molecular H2O (ThermoFisher).  Once the eggs settled, a 100µl pipette 

that had 5mm cut from the end was used to draw up 12.5µl from the settled aggregate.  

The 12.5µl egg aliquot was transferred to an aluminium cuvette (Lonza) containing 80ul 

of transfection buffer (200mM HEPES; 137mM NaCl; 5mM KCl; 6mM D-Glucose; 7mM 

Na2HPO4) and placed in a Nucleofector 2b device (Lonza).  Eggs were exposed to one of 

seven nucleofection programs that were selected by Lonza for use with the Lonza cell line 

optimisation protocol (COP), or a no-pulse control.  The COP was designed to optimise 

electrical transfection of novel cell types (i.e. cells for which conditions for successful 

transfection are not yet known) and includes nucleofection programs which encompass 

a wide range of pulsing parameters.  Electroporated eggs were transferred to larval diet 

(agar 12.5g/L; sucrose 73.5g/L; maize 67g/L; brewer’s yeast 47.5g/L; 10% nipagin 25ml/L; 

propionic acid 2ml/L; tetracycline 0.1g/L) and the number of hatched vs unhatched eggs 

was assessed after 96 hours.   

3.4) Resuspension of dsRNAs in transfection buffer for Elec-eRNAi  

In vitro synthesised dsRED2 and Cctra2 dsRNA suspended in H2O were purchased from 

Genolution, Korea (Genolution, 2019) and supplied by Oxitec Ltd (Oxitec, 2019)  (see 

supplementary materials 3.2).  To precipitate dsRNA from H2O, 750µl aliquots of dsRNA 

solution were added to 2ml Eppendorf tubes.  750µl of 100% isopropanol was added to 

the tube, then 150µl of 3M sodium acetate.  The solution was briefly mixed, before being 

centrifuged at 10000 RPM for 5 mins.  The supernatant was removed, then 1.5ml of 
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transfection buffer (200mM HEPES; 137mM NaCl; 5mM KCl; 6mM D-Glucose; 7mM 

Na2HPO4) was added to the tube and the pellet was resuspended by vortex.  RNA 

concentration and purity were measured by Nanodrop (ThermoFisher). 

3.5) Transfection of chorionated OX3864A strain medfly eggs with dsRED2 dsRNA using a 

Nucleofector 2b device 

Prior to use, embryo collection cages and brushes were sterilised with 10 mins exposure 

to UV radiation (Labcaire PCR workstation) and wiped down with RNAseZap 

(ThermoFisher).  OX3864A eggs no more than one hour old, laid at 6 days post eclosion, 

were washed for 30 secs with molecular H2O (ThermoFisher) in an embryo collection 

cage.  A brush was then used to transfer eggs to a 2ml Eppendorf tube containing 

molecular H2O (ThermoFisher).  A 100µl pipette that had 5mm cut from the end was used 

to draw a volume of 12.5µl of eggs which were transferred to an aluminium cuvette 

(Lonza) containing 80ul of dsRED2 transfection buffer (3.2mg/ml dsRED2 dsRNA in 

200mM HEPES; 137mM NaCl; 5mM KCl; 6mM D-Glucose; 7mM Na2HPO4).  Prior to use 

the cuvette had been cleaned with 800µl of 0.2M HCl.  The cuvette was placed in a 

Nucleofector 2b device (Lonza) and exposed to one of six nucleofection programs or a 

no-pulse control.  Specific nucleofection programs used in this study were informed by a 

previous assay of the toxicity of electrical pulses to medfly eggs (protocol 3.3.2).  Eggs 

were washed from the cuvette onto filter paper and allowed to progress to the larval 

stage when expression of the target gene was measured with RT-qPCR. 

3.6) Quantification of dsRED2 expression by OX3864A larvae that developed from eggs 

which had been electroporated with dsRED2 dsRNA 

3.6.1) Extraction of nucleic acids and digestion of genomic DNA 

Larvae began to emerge on the third day after electroporation and were collected over a 

24hr period.  Upon emergence, groups of five larvae were placed in 2ml Eppendorf tubes 

and flash frozen in liquid nitrogen.  Larvae were pulverised using a micropestle that had 

been sterilised with 10 mins exposure to UV radiation (Labcaire PCR workstation) and 

wiped down with RNAseZap (ThermoFisher).  Eppendorfs were returned to liquid 

nitrogen and fly matter was re-pulverised three times.  RNA extraction was carried out 
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on pulverised fly material using a mirVana kit (ThermoFisher) according to the 

manufacturer’s instructions.  To digest residual genomic DNA, samples were treated with 

Turbo DNAase (ThermoFisher) according to the manufacturer’s instructions. 

3.6.2) CDNA synthesis 

CDNA was synthesised using a Revertaid first strand synthesis kit (ThermoFisher).  0.5µg 

of RNA was incubated with 1µl of OligodT (10µM) in molecular water (ThermoFisher) 

(11.5µl total volume) at 65˚C for 5 mins.  The remaining Revertaid components (4µl 5X 

reaction buffer; 0.5µl Ribolock; 2µl 10mM dNTP mix; 1µl Revertaid) were then added to 

the suspension and incubated for a further 60 mins at 42˚C, then 5 mins at 70˚C.  

3.6.3) Quantitative reverse transcriptase PCR (RT-qPCR) 

RT-qPCR was carried out on a StepOnePlus thermocycler (Applied Biosystems) with 

Taqman gene expression mastermix (Applied Biosystems).  Primers and probes for the 

dsRED2 target and two reference genes (Rpl13a and L27) (Nash et al., 2018) were 

purchased from Eurofins Genomics (see supplementary materials 3.1).  Each RT-qPCR 

well contained 1µl of CDNA (25ng total CDNA assuming 100% recovery during reverse 

transcription), 10µl of primers (1.6̇µl of each primer at 15.63µM), 12.5µl of 2X reaction 

mix and 1.25µl of fluorescent probes (0.416̇µl of each probe at 15.63µM).  Gene 

expression was calculated using the 2–∆∆Ct method (Pfaffl, 2001) and analysed using the 

tidyverse packages in R (Team, 2016). 

3.7) Transfection of chorionated wild-type medfly eggs with Cctra2 using a Nucleofector 

2b device 

Prior to use, embryo collection cages and brushes were sterilised with 10 mins exposure 

to UV radiation (Labcaire PCR workstation) and wiped down with RNAseZap 

(ThermoFisher).  Toliman eggs no more than one hour old, laid at 6 days post eclosion, 

were washed with molecular H2O (ThermoFisher) for 30 secs in an embryo collection 

cage.  A brush was then used to transfer eggs to a 2ml Eppendorf tube containing 

molecular H2O (ThermoFisher).  A 100µl pipette that had 5mm cut from the end was used 

to draw a volume of 12.5µl of eggs which were transferred to an aluminium cuvette 
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(Lonza) containing 80µl of Cctra2 transfection buffer (3.8mg/ml Cctra2 dsRNA in 200mM 

HEPES; 137mM NaCl; 5mM KCl; 6mM D-Glucose; 7mM Na2HPO4).  Prior to use the cuvette 

had been cleaned with 800µl of 0.2M HCl.  The cuvette was placed in a Nucleofector 2b 

device (Lonza) and exposed to one of eight nucleofection programs or a no-pulse control.  

Specific nucleofection programs used in this experiment were defined following 

communication with Lonza nucleofection specialists, regarding results from an earlier 

assay that targeted dsRED2 with Elec-eRNAi.  Eggs were washed from cuvettes onto filter 

paper and reared to adulthood. 

3.8) Transfection of chorionated wild-type medfly eggs with Cctra2 dsRNA using a BTX 830 

square wave electroporator 

Prior to use, embryo collection cages, microslides (BTX) and brushes were sterilised with 

10 mins exposure to UV radiation (Labcaire PCR workstation) and wiped down with 

RNAseZap (ThermoFisher).  Eggs no more than one hour old laid at 6 days post eclosion, 

were washed with molecular H2O (ThermoFisher) for 30 secs in an embryo collection 

cage.  A brush was then used to transfer eggs to a 2ml Eppendorf tube containing 

molecular H2O (ThermoFisher).  A 100µl pipette that had 5mm cut from the end was used 

to draw 12.5µl of eggs, which were transferred to a 450-1 microslide (BTX) (Figure 3.5).  

Excess water was absorbed with filter paper.  Microslides were attached to a BTX830 

device (BTX) and the electroporation reservoir was flooded with 40μl of Cctra2 

transfection buffer (3.8mg/ml dsRED2 dsRNA in 200mM HEPES; 137mM NaCl; 5mM KCl; 

6mM D-Glucose; 7mM Na2HPO4).  Eggs were electroporated with standardised pulsing 

parameters (10 pulses of 50ms width at 1 second intervals) at either 0, 100, 125 or 150V.  

Following electroporation, eggs were washed into filter paper and reared to adulthood. 

3.9.1) Dechorionation of wild-type medfly eggs for transfection with Cctra2 

Prior to use, embryo collection cages, cover slips, and brushes were sterilised with 10 

mins exposure to UV radiation (Labcaire PCR workstation) and wiped down with 

RNAseZap (ThermoFisher).  Toliman eggs no more than one hour old, laid at 6 days post 

eclosion were collected in an embryo collection cage for treatment.  Eggs were 

dechorionated in the cage, by vigorous washing in 1% sodium hypochlorite for 1.5 mins.  
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Dechorionated eggs were immediately washed under a continuous flow of ddH2O for 30 

secs to remove residual sodium hypochlorite, then blotted on filter paper and placed in a 

reservoir of clean ddH2O.  A group of dechorionated eggs was inspected with a Leica M80 

stereo microscope to assess if the procedure had been successful (Figure 3.1).   

3.9.2) Transfection of dechorionated Toliman medfly eggs with Cctra2 and dsRED2 dsRNA 

using an Intracel TSS20 ovodyne electroporator 

Groups of dechorionated eggs were transferred from embryo collection cages to a 22mm 

cover slip using a sterile brush.  Egg groups were electroporated on the cover slip with 

platinum electrodes at 0, 5, 12.5 or 20V, in a 15µl drop of Cctra2 transfection buffer 

(3.8mg/ml dsRED2 dsRNA in 200mM HEPES; 137mM NaCl; 5mM KCl; 6mM D-Glucose; 

7mM Na2HPO4) or dsRED2 transfection buffer (3.2mg/ml dsRED2 dsRNA in 200mM 

HEPES; 137mM NaCl; 5mM KCl; 6mM D-Glucose; 7mM Na2HPO4).  At all voltages, pulsing 

parameters were consistently 10 pulses of 50ms width at 1 second intervals.  Post 

electroporation, excess fluid was absorbed with filter paper and the eggs were covered 

with a drop of blended oil (7:1, halocarbon oil 700 (Sigma): paraffin oil (Sigma)) to prevent 

desiccation.  Cover slips were moved to petri dish containing larval diet (Agar 12.5g/L; 

Sucrose 73.5g/L; Maize 67g/L; Brewer’s yeast 47.5g/L; 10% Nipagin 25ml/L; Propionic acid 

2ml/L).  As larvae hatched, they dispersed from cover slips to larval diet and were reared 

to adulthood. 

3.10) Extraction of DNA for identification of pseudomale flies by multiplex PCR   

Single adult files were placed in 2ml Eppendorf tubes and placed in liquid nitrogen.  Fly 

matter was pulverised inside Eppendorf tubes with a micropestle that had been sterilised 

with 10 mins exposure to UV radiation (Labcaire PCR workstation) and wiped down with 

1% sodium hypochlorite (Sigma).  Eppendorfs were returned to liquid nitrogen and fly 

matter was re-pulverised three times.  50µl of DNA extraction buffer (10mM Tris-HCL (pH 

8.2); 1mM EDTA; 25mM NaCl; 200μg/ml proteinase K) was added to the pulverised 

material and incubated at room temperature for 25mins, then 95˚C for two mins.  The 

sample was centrifuged at 12000 RPM for 3 mins and the supernatant was used for PCR 

analysis.  DNA purity and concentration were measured by Nanodrop (ThermoFisher). 
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3.11) Multiplex PCR for identification of pseudomale medflies  

Multiplex PCR with Y-chromosome specific primers and Rpl13a control primers was 

carried out to detect the presence of cryptic pseudomales within populations of 

phenotypically male flies (Salvemini et al., 2009).  Y-chromosome specific (CcY) primers 

were designed to amplify only male DNA as in Gabrieli et al. (2010), and Rpl13a acted as 

a positive control that would amplify both male and pseudomale DNA (Nash et al., 2018).  

50μl PCR reaction mixtures were set up as follows: 5μl of TopTaq PCR buffer (Qiagen), 1μl 

of 10mM DNTP mix, 5μl of 10X CoralLoad (Qiagen), 1μl of each primer (0.5μM), 0.25μl of 

TopTaq enzyme (Qiagen), 1μl of medfly DNA (30ng/μl), 33.75μl of molecular water 

(ThermoFisher).  Cycling parameters were: 1) 94⁰C for 2 mins, 2) 35 cycles of 94⁰C for 30 

secs, 55⁰C for 1 min and 72⁰C for 45 secs, 3)72⁰C for 5 mins. 
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3.4) Results 

3.1) Evaluating the base line effect of transfection buffer on medfly eggs in preparation for 

subsequent Elec-eRNAi analyses 

Groups of Toliman medfly eggs (n=300) were submerged in either transfection buffer or 

ddH2O for 30 mins to assess if exposure to transfection buffer itself would inhibit medfly 

egg development.  ddH2O exposure served as a negative control in this assay, as medfly 

eggs are regularly exposed to ddH2O as part of the typical rearing process without 

consequences for development.  Three replicates of eggs were exposed to both solutions 

and the number of hatched eggs in each group was assessed after 44 hours.  The mean 

number of hatched eggs was 100 following exposure to ddH2O and 102 following 

exposure to transfection buffer.  As the mean hatch rates of eggs treated with both 

solutions were comparable, transfection buffer was considered non-toxic and used in 

subsequent Elec-eRNAi analyses. 

3.2) Evaluating the base l ine effect of electricity on medfly eggs in preparation for 

subsequent Elec-eRNAi analyses 

To test the hypothesis that electricity would inhibit medfly egg development, groups of 

eggs collected from a single cage of OX3864A medflies were electroporated with a 

Nucleofector 2b device (Lonza).  Eggs <1hr old were collected on three separate days 

(DPE) and treated with one of seven nucleofection programs in compliance with the 

Lonza cell optimisation protocol (COP).  The COP was designed to optimise electrical 

transfection of novel cell types (i.e. cells for which reports of successful transfection do 

not exist) and includes nucleofection programs which encompass a wide range of pulsing 

parameters.  Each nucleofection program included in the COP represents a unique set of 

electrical treatment conditions but the specific pulsing parameters associated with each 

program are undisclosed by Lonza.  The percentage of hatched eggs vs unhatched eggs 

was quantified 96 hours after treatment and compared to a no-pulse control (Figure 3.2).  

The rate of egg survival was not normally distributed between electrical treatment groups 

(Shap.Wilk, W=0.82, p<0.0001) and could not be transformed to normality.  The data 

were therefore analysed using non-parametric Kruskal-Wallis tests.  Egg survival was not 
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significantly different between groups of eggs treated with discrete nucleofection 

programs (Kruskal-Wallis chi-squared = 8.72, df = 7, p>0.05).  However, egg survival was 

low for all groups of eggs that were treated with nucleofection program D-023, which was 

excluded from subsequent Elec-eRNAi analyses.  Survival following electrical treatment 

was significantly different between groups of eggs that were collected on different DPE’s 

(Kruskal-Wallis chi-squared = 6.66, df = 2, p<0.05).  Eggs collected at 8 and 9DPE were less 

viable for electroporation than eggs collected at 6DPE.  Therefore, all subsequent Elec-

eRNAi experiments were carried out using eggs that were collected at 6DPE.
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Figure 3.2 Survival rates of OX3864A eggs that were electrically treated with seven discrete nucleofection programs or a no-pulse control: 

The percentage of  hatched eggs 96hrs af ter electrical treatment is represented on the Y-axis. Specif ic nucleofection programs and a no-pulse control 

are represented on the x-axis.  Eggs were collected f rom a single cage of  OX3864A medf lies at 6, 8 and 9 days post-eclosion (DPE) (commencing 

when the f irst f ly in the population had eclosed).  DPE signif icantly af fected egg survival (Kruskal -Wallis chi-squared = 6.66, df  = 2, p<0.05), but 

nucleofection treatment program did not signif icantly af fect egg survival (Kruskal-Wallis chi-squared = 8.72, df  = 7, p>0.05).
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3.3) Transfection of chorionated OX3864A eggs with dsRED2 dsRNA for Elec-eRNAi of 

the dsRED2 gene 

OX3864A eggs were electroporated in dsRED2 transfection buffer with a 

Nucleofector 2b device (Lonza) to induce Elec-eRNAi of the dsRED2 gene.  The effect 

of Elec-eRNAi on eggs was measured in resulting larvae, via relative expression of the 

dsRED2 gene using the 2–∆∆Ct method (Pfaffl, 2001).  Elec-eRNAi of eggs was tested 

with six nucleofection programs that each represented a unique set of electrical 

treatment conditions.  Nucleofection programs were selected according to the Lonza 

cell optimisation protocol (COP).  However, program D-023 which forms part of the 

standard COP was omitted, as the initial investigation described above showed that 

this setting resulted in high egg mortality.  64 hours after electroporation, larvae from 

each electrical treatment group began to hatch and were flash frozen in groups of 

five.  Three replicates of larvae from each electrical treatment group were assessed 

for relative dsRED2 expression.  Larvae treated with program X-005 appeared to 

express less dsRED2 than larvae treated with other nucleofection programs (Figure 

3.3) but dsRED2 expression was not significantly different between treatment groups 

(ANOVA, F (6,14) =0.96, p>0.05).  



 
 
 

115 
 

 

Figure 3.3 The relative expression of dsRED2 in larvae that developed from eggs electroporated with dsRED2 dsRNA:  Relative dsRED2 

expression (2–∆∆Ct (Pfaf f l, 2001)) is represented on the y-axis.  Six nucleofection programs and a no-pulse control (CTRL) are represented on the x-

axis.  The upper and lower hinges of  boxplots represent the f irst and third quartiles of  dsRED2 expression calculated f rom three replicates of  larvae 

(n=5) 64 hours af ter egg treatment.  Horizontal boxplot lines represent median dsRED2 expression and mean expression is represented by a dot.  The 

specif ic electroporation treatment conditions imposed on eggs did not signif icantly af fect the expression of  dsRED2 in developing larvae (ANOVA, F 

(6,14) =0.96, p>0.05). 
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3.3.1) Transfection of chorionated Toliman eggs with Cctra2 dsRNA using a 

Nucleofector 2b device for induction of the pseudomale phenotype 

The results of the Elec-eRNAi experiment which targeted the dsRED2 gene in medfly 

eggs were shared with Lonza nucleofection specialists.  Based on those data, Lonza 

recommended eight nucleofection programs for use in subsequent Elec-eRNAi 

experiments.  To induce the pseudomale phenotype in genetically female flies, 

medfly eggs were submerged in Cctra2 transfection buffer and treated with 

electricity using a Nucleofector 2b device.  The sex ratio of adult populations that 

developed from treated eggs was measured to assess whether Elec-eRNAi of Cctra2 

had been effective at the egg stage (Salvemini et al., 2009).  All nucleofection 

programs were tested with four replicates of eggs, other than X-007 and L029 which 

were tested with three replicates due to low egg availability (Figure 3.4).  The sex 

ratio of adult flies was normally distributed between treatment groups (Shap.Wilk, 

W=0.96, p>0.05) but the variance between groups was heteroscedastic (Bartlett’s 

K2= 21.4, df = 8, p-value<0.01).  As the data could not be transformed to create 

homogenous variances, differences in sex ratio were assessed with a non-parametric 

Kruskal-Wallis model.  The sex ratios of groups of flies that were treated with 

different nucleofection programs were not significantly different (Kruskal-Wallis chi-

squared = 9.22, df = 8, p>0.05).  However, three of the four populations of flies that 

developed from eggs which had been treated with program X-005 had a slight male 

bias (Table 3.2).  Although not statistically significant this was an interesting tend, as 

in an earlier Elec-eRNAi experiment, program X-005 had produced larvae with slightly 

reduced expression of a target gene (Figure 3.3).  To investigate whether populations 

of flies treated as eggs with program X-005 contained any pseudomales, DNA 

extracted from phenotypically male flies was tested for the presence of a Y- 

chromosome (Figure 3.8).
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Figure 3.4 The percentage of phenotypically male adult flies in populations that developed from eggs which were electroporated with Cctra2 

dsRNA using a Nucleofector 2b device:  The percentage of  male f lies in adult populations treated with Elec-eRNAi of  Cctra2 as eggs is represented 

on the y-axis.  Specif ic nucleofection programs and a no-pulse control are represented on the x-axis.  The f irst and third quartiles of  male ratio in 

analysed populations are represented by upper and lower boxplot hinges. All but two boxplots represent four treatment groups of  f lies (X-007 and L-

029 represent three treatment groups).  Horizontal boxplot lines represent the median male percentage in treated populations and mean male 

percentage is represented by a dot.  50% male phenotype is def ined by a red line.  Treatment of  eggs with dif ferent nucleofection programs did not 

signif icantly af fect the sex ratio of  adult f lies (Kruskal-Wallis chi-squared = 9.22, df  = 8, p>0.05). 
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3.3.2 Transfection of chorionated Toliman eggs with Cctra2 dsRNA using a BTX830 

electroporator for induction of the pseudomale phenotype 

Successful Elec-eRNAi of Cctra2 in medfly eggs is expected to produce a male biased 

sex ratio in adult fly populations (Salvemini et al., 2009).  To test this hypothesis, 

chorionated Toliman eggs were electroporated in Cctra2 transfection buffer using a 

BTX830 device (BTX).  The advantage of the BTX830 system over the Nucleofector 2b 

is that it allows manual specification of electrical pulsing parameters, whereas the 

Nucleofector 2b is operated by means of pre-set nucleofection programs in which 

pulsing parameters are not known.  Therefore, successful transfection of eggs with a 

BTX830 device would establish if eggs were transfectable in response to specific 

pulsing parameters, while the Nucleofector 2b could only establish if eggs were 

transfectable per se.  Electroporation of eggs was carried out at 0, 100, 125 or 150 V.  

Four discrete BTX microslides (Figure 3.5) were used to treat a single group of eggs 

at each voltage.  Universal pulsing parameters of 10 pulses of 50ms width at 1 second 

intervals were used for all voltage conditions.  The sex ratios of fly populations that 

developed from different electroporation groups were normally distributed 

(Shap.Wilk, W=0.97, p>0.05) and the variance between groups was homoscedastic 

(Bartlett’s K2= 14.8, df = 15, p-value>0.05).  The effect of different voltages on the sex 

ratios fly populations were analysed with ANCOVA models that included both 

additive and interactive slide effects, but an ANOVA model which removed slide 

effects completely was found to be a better fit (Akaike Information Criterion = 51.47 

Vs 53.42).  The sex ratios of groups of adult flies that were electroporated at the egg 

stage with Cctra2 at different voltages were not significantly different from 50:50 

(ANOVA, F (3,12) =2.75, p>0.05).   
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Figure 3.5 BTX microslide (model 450-1) used in conjunction with a BTX830 

electroporator for transfection of medfly eggs with Cctra2 dsRNA.   Model 450-1 

microslides are composed of two 0.5mm stainless steel wire electrodes (marked by an arrow) 

set at a gap of  1mm.  The space between the electrodes creates a 40μl electroporation 

reservoir.
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Figure 3.6 The percentage of phenotypically male adult flies in populations that developed from chorionated eggs that were electroporated 

with Cctra2 dsRNA using a BTX830 device:  The percentage of  male f lies in adult populations electroporated with Cctra2 as eggs is represented  

on the y-axis.  Voltage conditions are represented on the x-axis.  The upper and lower hinges of  boxplots represent the f irst and third quartiles of  the 

male ratio in analysed populations.  All boxplots represent four populations of flies treated with discrete microslides.  Horizontal boxplot lines represent 

median male percentage and mean male percentage is represented by a dot.  50% male sex ratio is def ined by a red line.  The sex ratio of  adult fly 

populations was not signif icantly different between groups that were electroporated with Cctra2 at dif ferent voltages as eggs  (ANOVA, F (3,12) =2.75, 

p>0.05).
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3.3.3 The base line effect of different electrical voltages on medfly eggs  

In a preliminary experiment the base line effect of electricity per se on medfly eggs 

was tested with a Nucleofector 2b device.  Egg survival was not found to differ 

significantly between groups of eggs exposed to various nucleofection programs 

(Figure 3.2).  When eggs were subsequently treated with a BTX830 at different 

voltages, it was noted that treatment of eggs at 150V produced with fewer 

individuals than treatment at lower voltages (Table 3.1).  The number of individuals 

surviving treatment was normally distributed between all treatment groups 

(Shap.Wilk, W=0.94, p>0.05) and the variance between groups was homoscedastic 

(Bartlett’s K2= 7.33, df = 3, p-value>0.05).  The effect of different voltages on the 

survival of fly populations were analysed with ANCOVA models that included both 

additive and interactive slide effects, but an ANOVA model which removed slide 

effects completely was found to be a better fit (Akaike Information Criterion = 75.99 

Vs 78.29).  The survival of eggs was found to be significantly different between groups 

treated at different voltages (ANOVA, F (1,14) =39.6, p<0.001).   

Table 3.1 The number of surviving adult flies in populations that were treated with 

different voltages at the egg stage:  Eggs were treated at either 0, 100, 125 or 150V and 

allowed to progress to the adult stage.  There were fewer surviving adults in the 150V 

treatment than at lower voltages.  There was a signif icant dif ference in egg survival between 

voltage treatment groups (ANOVA, F (1,14) =39.6, p<0.001).   

Voltage  Slide 1 Slide 2 Slide 3 Slide 4 Mean  

0 48 59 56 64 56.75 

100 27 30 33 41 32.75 

125 28 43 43 25 34.75 

150 10 7 6 9 8 
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3.3.4 Transfection of dechorionated Toliman eggs with Cctra2 dsRNA using a an 

Intracel TSS20 ovodyne electroporator for induction of the pseudomale phenotype 

Successful Elec-eRNAi of medfly eggs with Cctra2 dsRNA should produce a 

phenotypically male biased sex ratio in adult fly populations.  However, the medfly 

egg chorion presents a physical barrier to dsRNA effectors (Mouzaki et al., 1991) that 

may prohibit access to the egg membrane and could therefore attenuate Elec-eRNAi.  

To test this hypothesis, dechorionated Toliman eggs were electroporated in Cctra2 

transfection buffer and dsRED2 transfection buffer using an Intracel TSS20 ovodyne 

electroporator (Figure 3.7).  Eggs were treated with dsRED2 dsRNA as a positive 

control in this assay as it was plausible that Elec-eRNAi of medfly eggs per se might 

cause adult populations to become male biased.  Electroporation of dechorionated 

eggs was carried out at 0, 5, 12.5 and 20V with standardised pulsing parameters (10 

pulses of 50ms width at 1 second intervals).  Dechorionated eggs were treated with 

lower voltages than chorionated eggs as the Intracel system did not support 

treatment with voltages greater than 20V, and at this point the BTX830 system was 

no longer available.  Electroporation of dechorionated eggs with Cctra2 dsRNA at 

different voltages did not produce significant differences in the sex ratio of adult 

populations (ANOVA, F (1,10) =0.05, p>0.05).  Electroporation of dechorionated eggs 

with dsRED2 dsRNA did not produce adult populations with significantly different sex 

ratios (ANOVA, F (1,10) = 0.18, p>0.05).
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Figure 3.7 The percentage of phenotypically male adult flies in populations that developed from dechorionated eggs that were 

electroporated with Cctra2 or dsRED2 dsRNA using a BTX830 device:  The percentage of  male f lies in adult populations that were treated with 

Elec-eRNAi of  two discrete genes as eggs is represented on the y-axis.  Voltage conditions are represented on the x-axis.  The upper and lower 

hinges of  boxplots represent the f irst and third quartiles of  the male ratio in analysed populations.  Horizontal boxplot lines represent median male 

percentage and mean male percentage is represented by a dot.  50% male sex ratio is def ined by a red line.  Electroporation of  dechorionated eggs 

with Cctra2 dsRNA (ANOVA, F (1,10) =0.05, p>0.05), or dsRED2 dsRNA (ANOVA, F (1,10) = 0.18, p>0.05) at dif ferent voltages did not produce 

signif icantly male biased f ly populations.
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3.4) Y-Specific PCR to elucidate cryptic pseudomales in populations of phenotypically male 

fl ies that were treated with nucleofection program X-005 as eggs 

Three of four replicates of eggs that were electroporated with Cctra2 dsRNA using 

nucleofection program X-005 produced adult populations with a slight male skew (Table 

3.2).  To elucidate if these populations contained cryptic pseudomales, ten phenotypically 

male flies from each population were analysed with multiplex PCR.  The PCR targets were 

a 727bp Y-chromosome specific amplicon (Gabrieli et al., 2010) and a 51bp amplicon 

targeting a medfly ribosomal gene (Rpl13a) (Nash et al., 2018).  Pseudomale/female DNA 

analysed in this manner is Y-chromosome negative and Rpl13a positive, while male DNA 

is both Y-positive and Rpl13a positive (Figure 3.8).  All DNA extracted from phenotypically 

male flies from replicates one and two amplified both regions of DNA, indicating that 

there were no pseudomales present in those populations.  However, individuals 25 and 

29 from replicate 3 amplified Rpl13a but not the Y-specific amplicon, indicating that they 

might be pseudomales (Figure 3.8A).  The DNA of individuals 25 and 29 was therefore 

subjected to a further round of PCR, during which they both amplified the Y-specific 

region (Figure 3.8B), demonstrating that they were in fact genetic males.  It seems 

therefore that this assay was not 100% consistent as it produced some type 1 errors, but 

these errors were detected with repeated rounds of PCR.  To be certain that replicate 

three did not contain any pseudomales, DNA extracted from all 18 phenotypic males was 

subjected to Y-specific PCR analysis.  All 18 individuals amplified the 727bp Y-specific 

region which established their status as genetic males. 
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Table 3.2 The sex ratios of populations of adult flies that developed from eggs 

electroporated with Cctra2 dsRNA using nucleofection program X-005:  Four replicates of  

eggs were electroporated with nucleofection program X-005 in Cctra2 transfection buf fer.  The sex-

ratio skews male in replicates 1-3 but skews drastically female in replicate 4. 

Replicate Males Females Total Males (%) 

1 30 21 51 58.8 

2 27 23 50 54.0 

3 18 13 31 58.1 

4 10 23 33 30.3 

 

 

Figure 3.8 Gel images of PCR reactions performed of the DNA of flies that developed from 

eggs electroporated with Cctra2 dsRNA using nucleofection program X-005:  PCR reactions 

were multiplexed targeting a 727bp Y-specif ic region (Gabrieli et al., 2010) and a 51bp Rpl13a 

positive control (Nash et al., 2018).  All gels contain six lanes of  DNA extracted f rom phenotypically 

male f lies (M’s) and a single lane of  female DNA (F).  Pseudomale/female DNA analysed in this 

manner should be Y-chromosome negative and Rpl13a positive, while genetic males should be Y 

positive and Rpl13a positive.  A) Males 25 and 29 both failed to amplify Y-specif ic DNA but did 

amplify Rpl13a indicating that they might be pseudomales.  All remaining male f lies amplif ied both 

regions of  DNA which is typical of  genetic males.  As predicted the single female f ly only amplified 

Rpl13a and not Y-specif ic DNA.  B) PCR of  M25 and M29 was repeated and produced both Y-

specif ic and Rpl13a amplicons, suggesting that the f irst PCR runs had produced false positives. 

All remaining male f lies amplif ied both regions of  DNA indicating that they were genetic males.  As 

predicted the single female f ly only amplif ied Rpl13a and not Y-specif ic DNA. 
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3.5) Discussion 

In this study, I demonstrated that medfly eggs are capable of surviving exposure to 

electric current and may therefore be amenable to Elec-eRNAi if conditions are 

optimised.  Seven discrete electrical treatment conditions applied with a Nucleofector 2b 

device did not significantly affected egg survival, although one set of treatment 

conditions (program D-023) did appear to be detrimental to egg development.  However, 

this analysis did little to inform about the specific electrical limits at which eggs can 

survive, as the pulsing parameters associated with nucleofection program D-023 are not 

publicly available.  However, in a subsequent experiment in which I was able to manually 

set pulsing parameters and voltages imposed on eggs, I found that adult populations that 

developed from eggs treated with 150V contained roughly 80% fewer individuals than 

populations treated with 125V or 100V.  Therefore, it seems that 150V represents an 

upper limit for trials investigating Elec-eRNAi of medfly eggs. 

I then electroporated the eggs of OX3864A medflies (Gong et al., 2005) with dsRNA 

designed to silence an endogenously expressed dsRED2 marker gene.  Eggs were treated 

with the Nucleofector 2b system then allowed to progress for 64 hours to the L1 larval 

stage.  After 64 hours, dsRED2 expression was assessed with RT-qPCR using the 2–∆∆Ct 

method (Pfaffl, 2001).  Nucleofection of eggs with dsRED2 dsRNA did not significantly 

affect the expression of dsRED2 in larvae but one treatment group (nucleofection 

program X-005) did exhibit a slight reduction in dsRED2 expression.  As the effect of RNAi 

is transient (Ding, 2010), it was plausible that dsRED2 expression had been significantly 

reduced in eggs at the time of treatment but had almost returned to typical levels when 

tested 64 hours later.  It is difficult to be certain whether Elec-eRNAi of dsRED2 in medfly 

eggs would be detectable after 64 hours, as the latency of RNAi induced gene knockdown 

varies greatly between insect species (Darrington et al., 2017).  Therefore, if the effect of 

Elec-eRNAi in medfly eggs is to be measured with RT-qPCR then it is recommended that 

the eggs themselves are subjected to analysis (Lü et al., 2018).  Alternatively, eggs could 

be transfected with expression vectors designed to continuously synthesise siRNA, 

inducing a permanent gene knockdown effect (Katahira et al., 2003). 
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I attempted to transfect medfly eggs with dsRNA designed to silence the transformer 2 

gene (tra2), as this would produce pseudomale flies that could be used for the sterile 

insect technique (SIT) (Darrington et al., 2017).  RNAi of tra2 in oocytes has been 

demonstrated to induce the pseudomale phenotype in the medfly (Salvemini et al., 

2009), oriental fruit fly (Liu et al., 2015) and the red flour beetle (Shukla et al., 2012).  I 

quantified the sex ratio of fly populations that developed from eggs treated with eight 

nucleofection programs in buffer containing Cctra2 dsRNA.  The electrical treatment 

conditions imposed on eggs did not significantly affect the sex ratio of adult fly 

populations.  However, three of four groups of eggs that were treated with program X-

005 developed into medfly populations that exhibited a slight male bias (Figure 3.4).  This 

was an interesting result, as Elec-eRNAi of eggs with program X-005 had produced larvae 

that exhibited a noticeable but insignificant reduction in the expression of dsRED2.  To 

definitively elucidate whether phenotypic males in the X-005 Cctra2 treatment groups 

were in fact cryptic pseudomales, I analysed the DNA of individuals in those groups with 

PCR (Salvemini et al., 2009).  I found that all phenotypic males in the X-005 treatment 

groups amplified a Y-specific DNA sequence, which identified them as genetic males and 

indicated that Elec-eRNAi of Cctra2 with the Nucleofector 2b had been ineffective. 

I subsequently electroporated chorionated eggs with a BTX830 device, to transfect Cctra2 

dsRNA and induce the pseudomale phenotype (Salvemini et al., 2009).  I used identical 

pulsing parameters in this experiment to those reported in Ruiz et al. (2015), as those 

authors were able to successfully transfect tick eggs with dsRNA but I varied voltage 

conditions from 0 to 150V.  There was no difference in the sex ratio of adult populations 

that developed from different electrical treatment groups, but survival was significantly 

lower for eggs treated with 150V than eggs treated at lower voltages.   

Finally, I tested whether the egg chorion (Mouzaki et al., 1991) was attenuating Elec-

eRNAi in the Nucleofector 2b and BTX830 systems, by electroporating dechorionated 

eggs with an Intracel device.  As with the previous two experiments I attempted to 

transfect eggs with Cctra2 to induce the pseudomale phenotype, and the effect was 

measured via the sex ratios of adult populations (Salvemini et al., 2009).  The limitations 

of the Intracel machine meant that I was not able to treat dechorionated eggs at the same 
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voltages as in the BTX830 trials.  However, the voltages used here have been reported to 

efficiently electroporate chick (Kinal et al., 2017; Naito et al., 2000) and mouse (Miao et 

al., 2019; Qin et al., 2015) embryos.  Electroporation of dechorionated eggs with the 

Intracel device did not produce adult populations with the predicted male skew, 

indicating that Elec-eRNAi of Cctra2 had also been ineffective. 

In conclusion, I tested Elec-eRNAi of two gene targets in the eggs of two medfly strains 

using Nucleofector 2b, BTX830 and Intracel electroporators.  My primary goal was to 

transfect medfly eggs with Cctra2 dsRNA, as this would produce pseudomale flies 

(Salvemini et al., 2009) that would be amenable to the Sterile Insect Technique 

(Darrington et al., 2017).  I was not able to demonstrate effective Elec-eRNAi using any 

electroporation device but Elec-eRNAi remains a viable system of control for the medfly, 

as my trials were not exhaustive.  The pulsing parameters and buffers used in my 

experiments were chosen based on examples from the literature (Ruiz et al., 2015; 

Zeitelhofer et al., 2007) and applied consistently.  However, these variables can greatly 

affect the effect of electroporation (Gosse et al., 2017).  It is known that medfly eggs are 

RNAi competent when microinjected with dsRNA (Salvemini et al., 2009), so further tests 

of Elec-eRNAi on medfly eggs may provide positive results if transfection buffers and 

pulsing parameters are varied. 
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3.6) Supplementary materials 

3.1) Probes and primers used for dsRED2 RT-qPCR analyses 

1) dsRED2f (5’-gctccaaggtgtacgtgaacg-3’), dsRED2r-(5’-tgcaagttcatcacgcgc-3’), dsRED2 

probe (5’ HEX–agaagctgtccttccccgagggct-BHQ1 3’).  

2) L27f (5’-ccgttattgatttggtgcaa-3’), L27r (5’-gctgtttaggcaaatgtcca-3’), L27 probe (5’ 

TAMRA-cggcccaacaacttgtagtaaccga-BHQ2 3’). 

3) Rpl13af (5’-acgtttgtccagtgaagtcg-3’), Rpl13ar (5’-tagccttacgtttccgttcc-3’), Rpl13a probe 

(5’ FAM-tcttaacgacatcctggtaatgccagc-BHQ2 3’).   

3.2) dsRNA nucleotide sequences  

dsRED(612bp) - 

atggcctcctccgagaacgtcatcaccgagttcatgcgcttcaaggtgcgcatggagggcaccgtgaacggccacgagttcg

agatcgagggcgagggcgagggccgcccctacgagggccacaacaccgtgaagctgaaggtgaccaagggcggccccctg

cccttcgcctgggacatcctgtccccccagttccagtacggctccaaggtgtacgtgaagcaccccgccgacatccccgacta

caagaagctgtccttccccgagggcttcaagtgggagcgcgtgatgaacttcgaggacggcggcgtggcgaccgtgacccag

gactcctccctgcaggacggctgcttcatctacaaggtgaagttcatcggcgtgaacttcccctccgacggccccgtgatgcag

aagaagaccatgggctgggaggcctccaccgagcgcctgtacccccgcgacggcgtgctgaagggcgagacccac aaggc

cctgaagctgaaggacggcggccactacctggtggagttcaagtccatctacatggccaagaagcccgtgcagctgcccggc

tactactacgtggacgccaagctggacatcacctcccacaacgaggactacaccatcgtggagcagtacgagcgcaccgag

ggccgccaccacctgttcctg 

GFP(710bp) – 

atgagtaaaggagaagaacttttcactggagttgtcccaattcttgttgaattagatggtgatgttaatgggcacaaattttctg

tcagtggagagggtgaaggtgatgcaacatacggaaaacttacccttaaatttatttgcactactggaaaactacctgttccat

ggccaacacttgtcactactttctcttatggtgttcaatgcttttcccgttatccggatcatatgaaacggcatgactttttcaag

agtgccatgcccgaaggttatgtacaggaacgcactatatctttcaaagatgacgggaactacaagacgcgtgctgaagtca

agtttgaaggtgatacccttgttaatcgtatcgagttaaaaggtattgattttaaagaagatggaaacattctcggacacaaac

tcgagtacaactataactcacacaatgtatacatcacggcagacaaacaaaagaatggaatcaaagctaacttcaaaattcg

ccacaacattgaagatggatccgttcaactagcagaccattatcaacaaaatactccaattg gcgatggccctgtccttttacc
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agacaaccattacctgtcgacacaatctgccctttcgaaagatcccaacgaaaagcgtgaccacatggtccttcttgagtttgt

aactgctgctgggattacacatggcatggatgagctctacaaataa 
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Chapter 4 –  Genome sequencing, characterisation and control potential of a 

Klebsiella bacterium isolated from the gut of the Mediterranean Fruit Fly 

(Ceratitis capitata; medfly)  

4.1) Abstract 

Symbioses between bacteria and their insect hosts can range from very loose associations 

through to obligate interdependence.  Strong mutualistic relationships between 

microbes and hosts offer the potential for exploitation for insect control via 

paratransgenesis.  For example, bacteria that have co-evolved interdependence can be 

modified to negatively affect the fitness of their host through paratransgenesis.  In this 

chapter I characterised the ‘Medkleb’ bacterium to assess whether it might offer an 

appropriate platform for paratransgenic control.  I first confirmed the taxonomic 

placement of Medkleb and then tested the hypothesis that it had developed a co-

evolutionary relationship with the medfly.  I did this by sequencing the Medkleb genome 

and interrogating it for signals of nascent interdependence with the medfly host.  I 

confirmed that Medkleb was a strain Klebsiella bacteria which has been suggested to be 

a facultative mutualist of the medfly, with the capacity to exhibit vertical transmission.  

The Medkleb genome did exhibit some features consistent with a mutualistic 

relationship, like small genome size and the synthesis of pectinolytic enzymes.  However, 

there is as yet no evidence that metabolites synthesised by Medkleb are directly 

transferred to the medfly host.  I conclude that, though Medkleb’s evolutionary 

relationship with the medfly requires further investigation, it does nevertheless offer a 

realistic platform for paratransgenic control of the medfly. 
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4.2) Introduction 

All Eukaryotic organisms host bacteria, which can be located both internally and 

externally (McFall-Ngai et al., 2013).  Some of the best studied associations between 

microbes and Eukaryotes are those that occur between insects and bacteria (McCutcheon 

et al., 2011; Moran et al., 2014; Moran et al., 2008).  The majority of microbe-insect 

interactions occur at random through ecological chance and result in temporary 

associations.  However, in some cases, bacteria and insects have remained persistently 

associated and have evolved to become co-dependent (Moran et al., 2008).    

In the most extreme cases, associations between bacteria and their insect hosts can 

persist for hundreds of millions of years (Moran et al., 2005).  In cases where the 

association between bacteria and insects has stabilised, various types of co-evolutionary 

relationships can develop (Moran et al., 2008).  Heritable symbioses are one category of 

such co-evolutionary relationship and are defined by direct passage of bacteria from 

insects to progeny, usually via maternal transmission (Moran et al., 2008).   

Heritable symbioses are subcategorised as either facultative or obligate, based on the 

ability of the bacteria to survive when separated from their host.  Facultative symbionts 

can survive when isolated from their host, but obligate symbionts are host-dependent 

and die when separated from the host-niche (Moran et al., 2008).  Over evolutionary 

time, facultative symbionts may lose genes that facilitate life in varied environments 

through purifying selection and Muller’s ratchet (Moran et al., 2014).  Progressive gene-

loss can limit the bacteria’s environmental range, eventually preventing survival outside 

the host-niche and the facultative symbiosis becomes obligate (Moran et al., 2008).   

Host insects provide heritable symbionts with a fitness benefit in the form of a safe, stable 

niche but if the microbe provides the host with a fitness benefit in return, then the 

relationship is described as mutualistic (Moran et al., 2008).  Mutualistic traits provided 

to insects by bacteria can include synthesis of: 1) nutrients (Sabree et al., 2013; Sinotte 

et al., 2018; Storelli et al., 2018), carotenoids (Sloan et al., 2012) and 3) molecules that 

provide protection from predators (Oliver et al., 2003; Sinotte et al., 2018).  Hence a 
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facultative mutualist is a bacterium that is heritable but not obligate and provides its 

insect host with a fitness benefit (Moran et al., 2008).   

The heritable symbiont group includes the “reproductive parasite” subgroup.  

Reproductive parasites enhance their own fitness by distorting the sex ratio of the host’s 

offspring, an action that diminishes the fitness of the host themselves (Hurst et al., 2015).  

For example, via manipulation of epigenetic markers, male Zyginidia pullulan leafhopper 

embryos are feminised by maternally inherited Wolbachia bacteria (Negri et al., 2009).   

A female biased F1 generation benefits Wolbachia, which preferentially resides within  

the cells of the ovaries, and hence, is found in densities four orders of magnitude higher 

in female insects over males (Negri et al., 2009).  However, facultative mutualists and 

reproductive parasites are not mutually exclusive categories, as symbionts can, 

simultaneously, selfishly manipulate host reproduction whilst providing them with a 

fitness benefit (Ballinger et al., 2017).   

The 21st century has seen an explosion in research relating to bacterial symbionts of 

insects.  The Buchnera symbionts of aphids are probably the most extensively studied and 

represent an example of an advanced obligate mutualism (Shigenobu et al., 2000; Tamas 

et al., 2002; van Ham et al., 2003).  However, there is a burgeoning body of research into 

an ever increasing variety of symbionts of various phyla (Anbutsu et al., 2017; Ballinger 

et al., 2017; de Souza et al., 2009; Heine et al., 2018; Holmes et al., 2016; Weiss et al., 

2016; Whitten et al., 2015).   

Typically, Diptera host a diverse bacterial microbiome which they obtain primarily from 

their diet (Chandler et al., 2011; Woruba et al., 2019).  However, it is common for the 

gut microbiomes of Diptera to include only a small, consistent group of bacteria 

(Chandler et al., 2011; Deguenon et al., 2019; Gould et al., 2018).  For example, the gut 

microbiome of Drosophila melanogaster is consistently formed by a core of five species, 

Lactobacillus plantarum, Lactobacillus brevis, Acetobacter pasteurianus, Acetobacter 

tropicalis and Acetobacter orientalis (Gould et al., 2018).  Furthermore, the gut 

microbiomes of Diptera are often consistent, regardless of the host’s ecology or 

geographic origin (Ben Ami et al., 2010; Chandler et al., 2011; Liu et al., 2016).  That 

certain bacteria reliably colonise the gut while others do not, suggests that the host may 
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select and retain potentially mutualistic species, which is supported by evidence that 

Drosophila melanogaster can actively regulate its gut microbiome (Bosco-Drayon et al., 

2012; Lhocine et al., 2008; Lindberg et al., 2018). 

Selection by a host of specific, beneficial gut bacteria is classic co-evolution between 

two organisms.  However, bacteria within the gut microbiome can form part of a 

functional community by supporting the growth of different species.  Hence, it may be a 

viable evolutionary strategy for a host to acquire a gut bacterium that provides only a 

slight fitness benefit, or no benefit at all, if that species supports the growth of another 

more beneficial species.  Such higher order interactions frame the gut microbiome as a 

network of co-evolved of organisms, where evolutionary quid pro quo can be difficult to 

ascertain.  For example, Gould et al. (2018) report that the five core members of 

Drosophila melanogaster’s gut microbiome interact with one another to enhance the 

fecundity of the host.  Fecundity increased when Gould et al. (2018) fed germ-free flies 

with any of these five bacteria in isolation but in some cases combining bacteria had as 

large an effect on fecundity as feeding any individual species.   

The gut microbiomes of pest and non-pest fruit flies reflect the distinct life-history 

strategies of their hosts.  As discussed above, the gut microbiome of Drosophila 

melanogaster is formed by five core species which metabolise lactic acid and acetic acid.   

The metabolic capacity of Drosophila’s gut microbiome benefits larvae which hatch into 

rotten fruit.  However, the Tephritidae family of “true fruit-fly” pests hatch in unripe fruit, 

and hence, the gut microbiomes of Tephritidae frequently contain pectinolytic bacteria 

that can assist the host in breaking down plant cell walls (Behar et al., 2008; Ben-Yosef et 

al., 2014; Liu et al., 2016). 

In addition to host selection, gut bacteria will often exhibit traits that facilitate the 

colonisation of their target species.  For example, Abraham et al. (2017) report that 

Anaplasma phagocytophilum induces its host (Ixodes scapularis) to produce an antifreeze 

protein that alters the composition of its pre-existing gut flora and that this facilitates the 

bacteria’s passage across the gut barrier.  This type of co-evolved intimacy between 

microbes and insects has the potential to be manipulated for novel modes of control.  

Paratransgenesis, which is the genetic manipulation of heritable bacteria for transfer of 
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desired traits to host organisms, is one such manipulation (Durvasula et al., 1997).  For 

example, Whitten et al. (2015) genetically manipulated Rhodococcus rhodnii bacteria to 

deliver effector molecules that had been designed to reduce expression of the vitellin 

gene by its host Rhodnius prolixus, resulting in reduced fecundity for the insect.   

To be applicable for insect control, bacteria that have co-evolved with insects may not 

even require genetic modification.  For example, the Sterile Insect Technique (SIT) 

generally requires the irradiation of insects (Knipling, 1955) which has well documented 

fitness costs (Guerfali et al., 2011; Toledo et al., 2004).  The reduced fitness of irradiated 

insects is a weakness of SIT, which requires the release of large numbers of competitive 

males to be effective.  Potentially, a rejuvenating probiotic diet containing mutualistic 

bacteria can be fed to irradiated males to compensate for the fitness costs inflicted by 

irradiation (Jurkevitch, 2011).  For example, Gavriel et al. (2011) found that irradiated 

male Mediterranean Fruit Flies (Ceratitis capitata; medfly) fed Klebsiella oxytoca bacteria 

were longer lived than flies fed a sterile diet.   

Several studies have identified Klebsiella bacteria as a major component of the medfly 

microbiome (Aharon et al., 2013; Behar et al., 2008a; Ben Ami et al., 2010).  Behar et al. 

(2008a) were able to demonstrate that Klebsiella oxytoca dominate the microbiome of 

medfly larvae, pupae and adult guts, in both wild populations and lab specimens.  Behar 

et al. (2008a) suggest that during oviposition, medfly transmit K. oxytoca to fruit, the fruit 

is then degraded due to the pectinolytic activity of the bacteria, and both fruit and 

bacteria are subsequently consumed by developing larvae.  Furthermore, they report that 

the nitrogen fixing nifH gene is expressed in larvae and that this signal is probably of 

bacterial origin (Behar et al., 2008a).  In a later study, Ben Ami et al. (2010) used Amplified 

rDNA restriction analysis (ARDRA) to demonstrate that Klebsiella bacteria compose 

between 20-30% of the medfly gut microbiome.  Consistent with Ben Ami et al. (2010), a 

study by Leftwich et al. (unpublished) also found that K. oxytoca forms between 20-30% 

of the medfly microbiome, regardless of the flies’ geographical origin or diet.  Ben Ami et 

al. (2010) irradiated medfly pupae then 16S sequenced the guts of adult flies and 

demonstrated that irradiation causes the bacterial community to shrink drastically in 

absolute size, being particularly toxic to Klebsiella bacteria.  Reintroduction of K. oxytoca 
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to irradiated flies significantly reduced mating latency in comparison to males fed sterile 

diet (Ben Ami et al., 2010).   

Although K. oxytoca has been demonstrated by several groups to be a core component 

of the medfly microbiome, the nature of the relationship between host and microbe is 

yet to be properly defined.  Based on available literature, it is unclear whether K. oxytoca 

confers fitness to the  medfly, or if it is heritable.  Behar et al. (2008a) suggest that K. 

oxytoca is heritable and transmitted during oviposition.  In support of this, these authors 

provide evidence that K. oxytoca is present on medfly eggs via denaturing gradient gel 

electrophoresis of 16S rDNA products.  However, the data are equivocal as K. oxytoca was 

only found in 1 of 4 egg replicates and there was no treatment to prevent transmission 

of K. oxytoca during oviposition, to provide a negative control.  There is as yet no direct 

evidence of the fitness benefits that might be conferred to the medfly by K. oxytoca, or 

indeed what K. oxytoca gains from its association with the medfly host.  Behar et al. 

(2008a) report that K. oxytoca has the capacity for pectinolysis and possibly for nitrogen 

fixation, but there is currently no direct evidence of whether the medfly derives any 

resulting benefit.  The best evidence of mutualism comes from Behar et al. (2008b), Ben 

Ami et al. (2010) and Gavriel et al. (2011).  The Gavriel et al. (2011) study, for example, 

experimentally depleted the microbiome of male medflies with irradiation, then fed them 

either a diet either containing K. oxytoca (pro) or a sterile diet (ster).  Gavriel et al. (2011) 

found that pro flies outcompeted ster flies for mating opportunities, and that females 

mated to pro flies were less inclined to re-mate than females mated to ster flies.  

However, the initial depletion of the microbiome in the Gavriel et al. (2011) study and 

related studies (Behar et al., 2008b; Ben Ami et al., 2010) was achieved by a toxic insult 

to the flies in the form of irradiation and antibiotics.  Therefore, whether any fitness 

benefit experienced by the flies in these studies is representative of natural populations 

is yet to be determined.   

The aim of this study was to sequence and analyse the genome of the putative K. oxytoca 

(hereafter “Medkleb”) extracted from the gut of medflies from the Toliman wild type 

strain of medfly.  Analysis of the full genome sequence allowed me to confirm the 

phylogenetic placement of Medkleb within other sequenced free-living and host-



 
 

 

143 
 

associated K. oxytoca, as well as other Klebsiella species.  Importantly, it allowed me to 

test the key hypothesis that Medkleb exhibits genomic features characteristic of a 

nascent evolutionary interdependence with its medfly host.  To do this, I assembled and 

annotated the Medkleb genome sequence, then interrogated it for signatures of 

facultative transition.  Initially, I investigated whether there had been a reduction in 

Medkleb’s genome size or GC content (McCutcheon et al., 2011; Moran et al., 2014; 

Moran et al., 2008).  I then conducted functional comparisons between Medkleb and 

conspecifics to reveal phenotypes that might potentially facilitate a mutualistic 

relationship with the medfly host, or alternatively indicate a restriction to the 

environments in which Medkleb can live.  My analyses of the Medkleb genome sequence 

were complemented with a functional test for pectinolysis.  Medkleb’s pectinolytic ability 

was investigated to both uncover a potential function that might benefit its medfly host 

and also to confirm Medkleb’s identify.  The applied importance of this work is that 

evidence for an incipient mutualistic association could offer the potential for 

manipulation of Medkleb for control (Behar et al., 2008b; Behar et al., 2008b; Ben Ami et 

al., 2010; Gavriel et al., 2011). 
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4.3) Methods 

4.1) DNA preparation for Medkleb genome sequencing 

Medkleb clones were first streaked onto LB media (15g/L Agar; 5g/L NaCl; 5g/L yeast 

extract; 1.5g/L glucose; 10g/L tryptone) and incubated overnight at 25°C.  All resulting 

bacteria were scraped into a 1.5ml microcentrifuge tube containing 1ml of 10% glycerol.  

The sample was vortexed for 30 secs then centrifuged at 12000 RPM for 10 mins.  Glycerol 

was removed, and the pelleted bacteria were re-suspended in 2ml of SET buffer (65% v/v 

molecular grade H2O (ThermoFisher); 20% v/v Tris (pH8); 5% v/v 5M NaCl; 5% v/v 10% 

SDS; 5% v/v 0.5M EDTA) before transfer to a 15ml falcon tube.  20μg of lysozyme (Sigma) 

and 0.4μg achromopeptidase (Sigma) suspended in 40µl of molecular grade water 

(ThermoFisher) and 0.02μg of RNase (Fermentas) were added.  The sample was mixed 

gently then incubated at 37°C for 2hrs.  240µL of 10% sodium dodecyl sulphate and 56µL 

of proteinase K (20mg/ml) were added, before a second incubation at 56°C for 2hrs, with 

manual mixing every 30 mins.  800µL of 5M NaCl and 2ml of chloroform were added and 

the sample was mixed by hand for 10 mins, before centrifugation at 4000 RPM for 12 

mins.  The aqueous phase was then carefully transferred to a fresh tube.  DNA was 

precipitated in 0.6 volume isopropanol, then transferred to a 1.5ml Eppendorf tube by 

pipette.  DNA was washed once with 70% ethanol.  Ethanol was removed, then 1ml of 

70% ethanol was added, and DNA was left to incubate overnight at 4°C.  Ethanol was 

removed again, and DNA was re-suspended in 200µL of molecular grade water 

(ThermoFisher). 

4.2) Single molecule real time (SMRT/PacBio) Medkleb genome sequencing  

DNA purity, concentration, and average fragment size were analysed using Nanodrop 

(ThermoFisher), Qubit v2.0 (Invitrogen) and Agilent Tapestation 4200 (Agilent) 

respectively.  DNA was fragmented using a G-tube (Covaris), and SMRTbell library 

construction was carried out using a Template Prep Kit 1.0 (PacBio).  The library was then 

size selected to >7kb using the BluePippin system (Sage Science).  The library was 

quantified by Qubit (Invitrogen) and the average size of the library was analysed using 

the Agilent Tapestation 4200 (Agilent).  Sequencing was carried out on a Pacific 
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Biosciences RSII instrument, using two RSII SMRTcells v3 (PacBio) and P6-C4 chemistry 

(PacBio).  Each cell was sequenced using a 240-minute movie, using the Magbead OCPW 

v1 protocol (PacBio).  

4.2.1) Medkleb genome assembly  

The Medkleb genome was assembled according to the Hierarchical Genome-Assembly 

Process (HGAP.3) protocol (Chin et al., 2013) as follows. 1) Mapping – BLASR (Chaisson et 

al., 2012) was used to map reads >500bp with a read quality >0.8 to seed reads      

>6000bp.  2) Pre-assembly - The Directed Acyclic Graph Consensus (DAGCon) algorithm 

(Lee et al., 2002) was used to produce a consensus sequence based on BLASR mapping.  

DAGCon then trimmed the consensus, producing an error-corrected pre-assembled read. 

3) de novo genome assembly - The overlap-layout-consensus assembler Celera Assembler 

v8.1 was used to process the pre-assembled read into a draft assembly.  4) Final 

consensus -  the draft assembly was polished using the Quiver multiread consensus 

algorithm (Chin et al., 2013). 5) The final consensus sequence was then manually trimmed 

to circularise the genome and place the stop codon (TGA) of the dnaA gene at the 5’ 

terminus.   

4.3) Medkleb genome quality control 

An estimated Quiver quality value (QV) for the Medkleb final consensus genome was 

provided by the Earlham Institute.  Genome completeness was estimated with both 

benchmarking universal single copy orthologues (BUSCO) software 3.0.0 (Simao et al., 

2015), and CheckM (Parks et al., 2015).  The Enterobacteriales order and 

Enterobacteriaceae family were used as reference datasets for BUSCO and CheckM 

analyses respectively.  Genome contamination was estimated with CheckM (Parks et al., 

2015). 

4.4) Medkleb contig classification 

mlplasmids (Arredondo-Alonso et al., 2018) was used to classify contigs as either 

chromosomal or plasmid DNA.  The Klebsiella pneumoniae support-vector machine (SVM) 

model was utilised for the analysis, with minimum posterior probability specified at 0.7 

and minimum contig length at 1,000nt. 
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4.5) Medkleb gene calls, annotation and genome mapping 

Coding sequences within the Medkleb chromosomal DNA and plasmids, were called with 

the Prodigal algorithm (Hyatt et al., 2010).  Gene calls were then annotated with Classic-

RAST (Overbeek et al., 2014).  Ribosomal RNAs (rRNAS) and transfer RNAs (tRNAs) were 

called and annotated with Classic-RAST.  Circular maps were created for the Medkleb 

chromosomal DNA and plasmids using DNAplotter (Carver et al., 2009).  

4.6) Prediction of Medkleb’s higher order metabolic functions and secondary metabolites 

The higher order metabolic functions of genes were predicted using the Kyoto 

Encyclopaedia of Genes and Genomes (KEGG) (Kanehisa et al., 2016).  Secondary 

metabolites were predicted using antiSMASH 3.0 (Weber et al., 2015). 

4.7) Identification of Medkleb’s 16S sequence 

The Medkleb genome was searched for regions homologous to the 16S sequence of K. 

oxytoca strain ATCC 13182 (NR_118853.1) with BLASTn (Altschul et al., 1997).  The region 

with greatest homology to NR_118853.1 (nts 341370-342821) was then parsed  with 

RNAmmer 1.2 (Lagesen et al., 2007) which predicts ribosomal genes.   

4.8) Phylogenetic analyses of Medkleb sequences 

4.8.1) Phylogenetic tree construction using 16S sequence data 

Sixty-one 16S nucleotide sequences representing 60 Klebsiella strains, Pseudomonas 

aeruginosa strain JB2 and a putative Medkleb 16S sequence were used to create a 

phylogeny with the SILVA ACT web app (Pruesse et al., 2012).  Where possible, non-

redundant sequences were extracted from the SILVA rRNA database (Quast et al., 2013).  

All sequences were almost complete (>1400bp) and met the standard operating 

procedure for phylogenetic inference (SOPPI) quality criteria set out by Peplies et al. 

(2008).  The tree was aligned and bootstraps were computed with the FastTree2 

maximum likelihood program (Price et al., 2010) using the GTR evolutionary model and 

gamma distribution parameters (Yang, 1994).  The resulting phylogeny was constructed 

with FigTree 1.4.3 (Rambaut et al., 2009).   
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4.8.2) Phylogenetic tree construction using Average Nucleotide Identity (ANI) 

35 RefSeq whole genome entries extracted from the NCBI database (Marchler-Bauer et 

al., 2009), representing four Klebsiella species were used to calculate a phylogeny based 

on Average Nucleotide Identity (Konstantinidis et al., 2005).  The ANI Calculator (Figueras 

et al., 2014) was used to compute the phylogeny using the BIONJ algorithm (Gascuel, 

1997).  The tree was constructed with FigTree 1.4.3 (Rambaut et al., 2009).   

4.9) Analysis of synteny between Medkleb and closely related bacteria  

To predict recently acquired Medkleb traits, the genome was aligned with three closely 

related bacteria.  Genomes were manually re-ordered to place the dnaA stop codon at 

the 5’ terminus.  Synteny was then predicted with progressiveMauve (Darling et al., 

2010). 

4.10) Culture of bacteria for pectinolytic analyses  

Bacteria were cultured in LB broth (5g/L NaCl; 5g/L yeast extract; 1.5g/L glucose; 10g/L 

tryptone) which had been stored in 50ml glass bottles and autoclaved prior to use.  Each 

bottle was inoculated with a “loop” of bacteria and incubated in an orbital incubator (New 

Brunswick Scientific Innova 44) at 200RPM.  Medkleb and Erwinia carotovora were 

incubated at 37°C and Rhizobium leguminosarum was incubated at 28̊C until optical 

density was greater than 1.0 at 600nm. 

4.11) DNA preparation for PCR of pehX and 16S 

Bacterial DNA was extracted using a DNeasy blood and tissue kit (Qiagen) and microbe 

lysis buffer (MLB) (20 mg/ml of lysozyme (Sigma) and 5mg/ml of achromopeptidase 

(Sigma) in 20 mM Tris-HCl, 2 mM EDTA, 1.2% Triton X (pH 8.0)).  2ml of Medkleb, Erwinia 

carotovora and Rhizobium leguminosarum cultures were centrifuged at 13K RPM for 5 

mins, before the supernatants were removed.  Pellets were then homogenised with a 

clean pestle in liquid nitrogen.  180μl of MLB was added before the sample was vortexed 

and incubated at 37°C for two hours.  Samples were vortexed every 30 mins during the 

two-hour incubation.  Buffer AL and ethanol were mixed 1:1 (Buffer ALE) and warmed to 

55°C.  Each sample had 400μl of warm Buffer ALE added before being immediately 
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vortexed for 10-15 secs.  Samples were transferred to a spin column and centrifuged at 

8000RPM for 60 secs.  500μl of Buffer AW1 was added and the sample was centrifuged 

again at 8000RPM for 60 secs.  500μl of Buffer AW2 was added and the samples were 

centrifuged at 13 000 RPM for 4 mins.  35μl of warm Buffer AE (60°C) was added to the 

centre of the spin membrane and the samples were centrifuged at 6000RPM for 60 secs.  

DNA purity and concentration were measured using a Nanodrop (ThermoFisher). 

4.12) Bioinformatic analysis of pehX and pectinolytic enzymes to distinguish K. oxytoca 

from K. michiganensis  

The K. oxytoca polygalacturonase gene pehX (AY065648.1) was aligned to genomes of 

Klebsiella bacteria using BLAST (Altschul et al., 1997).  The presence of polygalacturonases 

in genomes of Klebsiella bacteria was assessed using the Carbohydrate-Active enZymes 

database (CAZy) (Lombard et al., 2010). 

4.13) PCR analysis of pehX and 16S genes 

As in Kovtunovych et al. (2003) the pehX gene was amplified using PEH primers and the 

16S gene was amplified using 541F/806R primers (Caporaso et al., 2011) (see 

supplementary materials 4.1).  PCR parameters were the same for both assays: 20μl PCR 

reactions were set up with 10μl of Ultramix PCR buffer (PCR biosystems), 1μl of forward 

primer (5μM), 1μl of reverse primer (5μM), 1μl of DNA (10ng/μl) and 5μl of molecular 

water (ThermoFisher).  Cycling parameters were: 1) 95°C for 15 mins, 2) 35 cycles of 95°C 

for 30 secs, 55°C for 30 secs and 72°C for 30 secs, 3)72°C for 10 mins. 

4.14) Polygalacturonase enzyme assay 

Polygalacturonase production of Medkleb, Erwinia carotovora and Rhizobium 

leguminosarum was measured using a DNS colorimetric method (Miller, 1959) with a 

protocol adapted from Sohail et al. (2016) and Sigma Aldrich protocol EC 3.2.1.1.  Cultures 

were diluted with LB broth (5g/L NaCl; 5g/L yeast extract; 1.5g/L glucose; 10g/L tryptone) 

to an optical density of 1.0 at 600nm.  Bacteria were then filtered from culture media 

with 0.2μm PES syringe filters (ThermoFisher).  Treatment reactions (which were run in 

triplicate) were set up with 1ml of appropriate filtrate and 1ml of polysaccharide solution 
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(PS) (0.9% polygalacturonic acid (ThermoFisher) in 0.1M sodium acetate (ThermoFisher) 

(pH 4.5)), a blank reaction was set up with 1ml of PS only.  All reactions were incubated 

at 45°C for 30mins before 1ml of colour reagent solution (20% 5.3M potassium sodium 

tartrate, tetrahydrate in 2M sodium hydroxide solution; 50% 96 mM 3,5-Dinitrosalicylic 

acid solution; 30% molecular water (ThermoFisher)) was added.  All reactions were 

incubated at 100°C for 15 mins, then placed on ice to cool to room temperature.  Once 

cooled, 12ml of molecular water (ThermoFisher) was added to each reaction, followed by 

hand mixing.  Absorbance at 530nm (ΔA530) was measured using a spectrophotometer 

(Biochrom) which had been blanked for air, with the corrected ΔA530 for treatment 

reactions being calculated as: 

ΔA530 (Treatment reaction) = ΔA530 (Treatment reaction) – ΔA530 (Blank reaction) 

Units of polygalacturonase in filtrate were calculated via comparison to a standard curve 

of galacturonic acid (Sigma).  Standards were made with between 50μl and 1 ml of 

monosaccharide solution (MS) (1.8% galacturonic acid (ThermoFisher) in 0.1M sodium 

acetate (ThermoFisher) (pH 4.5)) and topped up to 2ml total volume with molecular 

water (ThermoFisher).  A standard blank was set up containing 2ml of molecular water 

only.  1ml of colour reagent solution was then added before incubation at 100°C for 15 

mins.  Standards were placed on ice to cool to room temperature before 12ml of 

molecular water was added and ΔA530 was measured using a spectrophotometer 

(Biochrom) which had been blanked for air.  The corrected ΔA530 for standards was 

calculated as: 

ΔA530 (Standard) = A530 (Standard) – A530 (Blank) 

The standard curve was used to estimate mg of galactose released in treatment reactions 

with linear regression, and units of polygalacturonase per ml of filtrate were then 

calculated using the formula: 

Units/ml enzyme = (mg of galactose released)/ml of filtrate 
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4.4) Results 

4.1) Classification of Medkleb sequencing contigs 

Total Medkleb DNA was sequenced on a PacBio RSII module and assembled using the 

HGAP.3 algorithm and Quiver (Chin et al., 2013).  This process detected one large contig 

that sequestered 94% of total gene space (Figure 4.2) and four small contigs (mkp1-4; 

Figure 4.3).  Plasmid genomes are generally much smaller than bacterial chromosomes 

(Shintani et al., 2015), which supports the hypothesis that the total Medkleb DNA 

complement is formed of one chromosome and four plasmids.  Consistent with this, the 

mlplasmids software (Arredondo-Alonso et al., 2018) classified the large Medkleb contig 

as chromosomal and the four smaller contigs as plasmids (Table 4.1).  In addition, mkp2, 

mkp3 and mkp4 were sequenced with relatively high coverage depth (Figure 4.1) which 

indicated high copy number, a common plasmid trait (Providenti et al., 2006).  Finally, 

mkp3 and mkp5 were demonstrated to have low GC content relative to the putative 

chromosome (Table 4.1), which is characteristic of plasmid DNA (Nishida, 2012).  

Although mkp2 and mkp4 both exhibited GC content roughly equivalent to that of the 

chromosome this does not automatically disqualify them from classification as plasmids, 

as they are likely to be recently acquired, and hence may not yet exhibit the characteristic 

lower GC content (Rocha et al., 2002).   
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Table 4.1 Contig derivation and GC content.  mlplasmids (Arredondo-Alonso et al., 2018) 

predicted that the largest of  the f ive Medkleb contigs was chromosomal, with a posterior probability 

(p(θ\X)) of  0.991.  mkp2 and mkp5 were predicted to be plasmid -derived, with posterior probabilities 

of  0.962 and 0.977 respectively.  The posterior probabilities of  mkp3 and mkp4 being plasmid -

derived were less powerful but still robust, at 0.864 and 0.882 respectively.  mkp2 and mkp4 both 

had GC content comparable to that of  the putative chromosomal contig, suggesting they had arisen 

as a result of  a recent horizontal transfer. 

contig length p(θ\X) 

plasmid 

Prediction GC(%) 

1 5825435 0.009 Chromosome 56.03 

2 136402 0.962 Plasmid (mkp1) 55.18 

3 122124 0.864 Plasmid (mkp2) 50.4 

4 78046 0.882 Plasmid (mkp3) 56.68 

5 63257 0.977 Plasmid (mkp4) 50.65 

 

4.2.1) Quality control – resolution of Medkleb sequencing contigs 

PacBio coverage depth >100X is considered sufficient for resolving nucleotide sequences 

(Rhoads et al., 2015), a threshold met by all contigs other than mkp4 (Figure 4.1).  

Sequencing resolution >99.999% which equates to a QV of 50 (Chin et al., 2013) is the 

gold standard for finished bacterial genomes (Bowers et al., 2017; Chain et al., 2009).  

With a QV of 48.9 (an average error rate of 1 base in every 80100), the resolution of the 

Medkleb chromosome can be considered very high quality (Figure 4.1).  The plasmid QV’s 

were: mkp1) 48, mkp2) 47.3, mkp3) 45.3 and mkp4) 44.8 (Figure 4.1).  Although the 

plasmid sequences had lower resolution than the chromosome, they were robust, with 

accuracy >99.994% in all cases.   
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Figure 4.1 Contig coverage Vs quality value for Medkleb sequencing contigs.   The mean 

coverage depth for the Medkleb chromosome (purple dot) was 138.7 reads per base, and mean 

QV was estimated at 48.9.  The four plasmids (yellow dots) had mean coverage depths and QV’s 

of : mkp1) 279.6 and 48; mkp2) 366.4 and 47.3; mkp3) 310.8 and 45.3; mkp4) 53.6 and 44.8.  

Coverage was relatively high in the cases of  mkp1-3, which was as predicted, as plasmids are 

of ten retained in high copy number. 
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4.2.2) Quality control – Medkleb chromosome completeness and contamination 

Bowers et al. (2017) state that high quality bacterial genomes have been achieved if 

assemblies are >90% complete and <5% contaminated.  The completeness of the 

Medkleb genome was measured with BUSCO (Simao et al., 2015), which was used to 

search the assembly for 781 marker genes associated with bacteria of the 

Enterobacteriales order.  BUSCO estimated that the Medkleb chromosomal sequence was 

99.5% complete (777 of 781 genes complete and single copy), far surpassing the quality 

threshold set by Bowers et al. (2017).  Furthermore, 3 genes that were predicted by 

BUSCO to be fragmented were likely heterozygous alleles that failed to collapse during 

the annotation, and a single missing gene is an acceptable level of gene loss (Wyder et 

al., 2007).  In addition to BUSCO (Simao et al., 2015), CheckM (Parks et al., 2015) was used 

to assess the Medkleb chromosome for completeness and contamination.  Via reference 

to 1162 marker genes associated with the family Enterobacteriaceae, CheckM estimated 

that the Medkleb genome was 99.7% complete and 0.212% contaminated, which again 

far exceeded the Bowers et al. (2017) quality threshold. 

4.3.1) Medkleb genome synopsis – chromosomal DNA 

Gross features of the Medkleb sequence were consistent with genomes published as 

Klebsiella oxytoca (Bao et al., 2013; Shin et al., 2012).  The Medkleb genome was found 

to be 5867451nt in length, with 5388 coding sequences and a GC content of 56.03% 

(Figure 4.2; Table 4.2).  At 87.8%, overall coding sequence was within the expected range 

(Kuo et al., 2009), and, as predicted by Reva et al. (2004), genes were distributed 

symmetrically between the two DNA strands.  There were 2542 coding sequences on the 

positive strand, which were predicted to code for 2474 proteins, 50 tRNAs and 18 rRNAs.  

On the negative strand there were 2847 coding sequences which coded for 2805 proteins, 

35 tRNAs and 7 rRNAs.  16 (64%) ribosomal RNAs (rRNA) clustered between nts 62435-

700701 near the origin of replication (oriC), a feature which has been suggested to 

support fast growth through multi-fork replication (Rocha, 2004b; Vieira-Silva et al., 

2010).  However, Medkleb traits were not all consistent with fast growth.  Medkleb was 

predicted to code for a wide variety of tRNAs in low copy number (see supplementary 

materials – Table 4.1), but Rocha (2004a) suggests that fast growth is associated with a 
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low diversity of tRNAs retained in high copy number.  Medkleb’s GC content was 57.28% 

for protein coding genes, 53.83% for rRNA and 58.93% for tRNA.  Consistent with Lobry 

(1996) GC skew was asymmetric, with an overrepresentation of G’s on the leading strand 

and C’s on the lagging strand.  GC skew was inverted (>50% C’s) between bases 654265-

677695 (GI1), which is indicative of a recent introgression that has resulted in the 

acquisition of a new gene island (Lawrence et al., 1997; Wixon, 2001).   

Table 4.2 Synopsis of the Medkleb genome.   The Medkleb genome was 5867451 nt in length 

and coded for a total of  5388 genes, at a coding density of  0.941 genes per kb. 

Length (nt) 5867451 

GC content (%) 56.03 

CDS (+ve strand) 2542 

CDS (-ve strand) 2847 

Overall coding sequence (%)  87.8 

Gene density (per kb) 0.941 
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Figure 4.2 Circular summary map of the Medkleb chromosome. The Medkleb chromosome is 

represented with the stop codon (TGA) of  the dnaA gene at position 0.  Track one; 2474 red ticks 

represent gene coding sequences on the positive strand.  Track two; 2847 light blue ticks 

represent gene coding sequences on the negative strand.  Track three; 50 dark blue ticks above 

the grey line represent tRNAs on the positive strand, and 35 ticks below the line represent tRNAs 

on the negative strand.  Track four; 18 green ticks above the grey line represent rRNAs on the 

positive strand, and 7 ticks below the line represent rRNAs on the negative strand.  64% of  

rRNAs are found close to oriC.  Track f ive – GC content; regions containing >50% GC content 

are mustard and regions containing <50% GC content are purple.  Track six – GC skew; regions 

containing >50% Gs are mustard and regions containing <50% Gs are purple.  GC skew was 

asymmetric between leading and lagging strands, with the purple spike between bases 654265-

677695 representing recent horizontal gene transfer (Lawrence et al., 1997).  
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4.3.2) Medkleb genome synopsis – plasmids 

The lengths and GC contents of mkps 1-4 (Table 4.3) were all within expected range for 

plasmids associated with Klebsiella oxytoca (see supplementary materials – Table 4.2).  

mkps 1-4 devote 14-22% of gene space to plasmid associated genes and mobile element 

coding sequences, which is substantial in comparison to the chromosome which only 

allocated 0.02% to such features.  mkps 1, 3 and 4 exhibited asymmetric gene distribution 

between DNA strands (coding bias), which is common for plasmid genomes (Reva et al., 

2004).  The coding bias of mkp3 was particularly apparent, with ~90% of the total gene 

complement located on the positive strand.  mkp4 was the only plasmid predicted by 

antiSMASH (Weber et al., 2015) to code for secondary metabolites, which included 

cloacin (de Graaf et al., 1969) and colicin bacteriocins (Cascales et al., 2007).   

Table 4.3 Comparison of plasmid genomes.  mkps 1-4 varied in length by over 100%, and GC 

content varied by 6.3%.  Plasmid 4 was relatively small but had the greatest gene density, utilising 

approximately 4% more nucleotide sequence for protein coding than other plasmids.    

  mkp1  mkp2  mkp3  mkp4 

Length (nt) 136402 122124 78046 63257 

GC content (%) 55.2 50.4 56.7 50.7 

CDS (+ve strand) 105 95 76 62 

CDS (-ve strand) 70 65 8 42 

Overall coding sequence (%) 80.3 81.1 81.2 85.3 

Gene density (per kb) 1.28 1.31 1.06 1.64 

Annotated plasmid CDS (n) 12 3 18 12 

Mobile element protein CDS (n) 21 21 1 5 

 



 
 

 

157 
 

 

Figure 4.3 Circular maps of mkps 1-4.  For all maps: 1) red sectors on track one represent gene 

coding sequences on the positive strand, 2) light blue sectors on track two represent gene coding 

sequences on the negative strand, 3) track three represents GC content; regions with >50% GC 

content are mustard and regions with <50% GC content are purple, 4) track four represents GC 

skew; regions with a >50% G’s are mustard and regions with <50% G’s are purple.  Interesting  

individual plasmid features include: 1) mkp4 contains two secondary metabolite clusters indicated 

by grey arrows, 2) mkps 1,3 and 4 exhibit clear coding bias.  
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4.4) Isolation of Medkleb’s 16S sequence  

Medkleb was predicted to be a strain of K. oxytoca, which has previously been identified 

as a major component of the medfly microbiome (Behar, Jurkevitch, et al., 2008).  The 

16S sequence of K. oxytoca strain ATCC 13182 (NR_118853.1) was therefore used to 

locate homologous sequences in the Medkleb genome using the BLASTn algorithm 

(Altschul et al., 1997).  This analysis revealed that the Medkleb genome contains eight 

sequences >99% related to NR_118853.1, which were all predicted to code for 16S by 

RNAmmer 1.2 (Lagesen et al., 2007).  Nucleotides 341370-342821 (mk16S) which had the 

greatest homology with NR_118853.1 were therefore used to represent Medkleb in 

subsequent taxonomic analyses. 

4.5.1) Taxonomic identification of Medkleb - 16S pairwise analysis  

As a first approximation to confirm Medkleb to species, the EZBioCloud (Yoon et al., 2017) 

was searched for sequences homologous to nucleotides 341370-342821 (mk16S).  The 

16S sequence with greatest homology to mk16S belonged to the W14 strain, which had 

been classified as K. michiganensis.  Medkleb’s predicted species classification was K. 

oxytoca, hence near identical 16S homology with K. michiganensis was unexpected, 

although it is recognised that 16S sequence similarity alone does not confirm species 

identification (Tindall et al., 2010).  As recommended by Tindall et al. (2010), homology 

between mk16S and 16S sequences that had been classified as either K. oxytoca or K. 

michiganensis was calculated using EZBioCloud (Yoon et al., 2017) but this also failed to 

distinguish Medkleb as either species.  mk16S was compared with forty 16S sequences 

classified as either K. oxytoca or K. michiganensis and was between 98.5 and 99.93% 

related to all strains analysed.  Stackebrandt (2006) suggest that >98.7% similarity should 

be the threshold at which 16S sequences are considered to be conspecific but some 

authors have suggested thresholds need to be as high as 99.5% (Janda et al., 2007).  In 

conclusion, Medkleb could not be specifically characterised as either K. oxytoca or K. 

michiganensis via pairwise analysis of its 16S sequence, as according to current taxonomic 

standards (Janda et al., 2007; Stackebrandt, 2006), the K. oxytoca and K. michiganensis 

strains analysed here were themselves conspecific.   
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4.5.2) Taxonomic identification of Medkleb - 16S phylogenetic analysis 

To classify Medkleb’s species with improved resolution, a comprehensive 16S 

phylogenetic analysis (Figure 4.4) was carried out.  RefSeq 16S sequences used in the 

analysis had been classified as either K. oxytoca, K. michiganensis or K. pneumoniae 

(Quast et al., 2013), and a single strain of Pseudomonas aeruginosa was used as an 

ancestral root for the phylogeny.  K. pneumoniae sequences were included as a control, 

as this species is closely related to K. oxytoca (Kovtunovych et al., 2003) but distant 

enough to be distinguished phylogenetically.  Medkleb, K. oxytoca and K. michiganensis 

sequences formed one homogenous group and K. pneumoniae formed an outgroup, 

suggesting that Medkleb is both K. oxytoca and K. michiganensis and hence that the 

species dichotomy is artificial, as suggested above.  However, even though 16S 

phylogenetic and pairwise analyses failed to delineate K. oxytoca from K. michiganensis, 

these species should be considered distinct, as DNA-DNA hybridisation between them is 

<70% (Saha et al., 2013).   
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Figure 4.4 Phylogeny showing the evolutionary relationship of 16S genes belonging to Medkleb and three species of the Klebsiella genus.  The 

phylogeny was created with the Silva ACT service (Pruesse et al., 2012), using the FastTree2 program (Price et al., 2010) to compute alignments with bootstrap 

values.  Pseudomonas aeruginosa strain JB2 was used as an ancestral root.  The scale bar represents substitutions per site.  Bootstrap values are represented 

at all nodes and are colour coded according to conf idence level (blue = 1 and red = 0).   16S sequences of  strains that had been identif ied as K. pneumoniae 

demonstrated clear evolutionary divergence and segregated def initively f rom K. oxytoca and K. michiganensis strains.  16S sequences identif ied as K. oxytoca 

and K. michiganensis formed one homogenous group, with some species level clustering but no reliable pattern of  distribution.  Species identif ication of Medkleb 

was not possible based on this phylogeny, as it segregated within the K. oxytoca, K. michiganensis group.   
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4.6) Taxonomic identification of Medkleb – ANI analysis 

Medkleb’s 16S sequence was too similar to both K. oxytoca and K. michiganensis for it to 

be characterised as either species on this basis alone.  A more stringent comparative 

genetic analysis such as Average Nucleotide Identity (ANI) (Konstantinidis et al., 2005) 

was therefore required.  ANI is more powerful than single locus techniques such as 16S-

based approaches, as the evolutionary relationship of entire genomes is calculated via 

pairwise comparisons of all coding sequences, using conservation thresholds of similarity 

and alignability (Konstantinidis et al., 2005).  To determine if Medkleb’s species could be 

resolved by ANI, its genome was positioned in an ANI phylogeny with 35 RefSeq Klebsiella 

genomes that were extracted from the NCBI database (Marchler-Bauer et al., 2009) 

(Figure 4.5).  This analysis placed Medkleb in a lineage with 13 strains of bacteria that had 

been classified as both K. oxytoca and K. michiganensis.  ANI scores >95% are required to 

classify bacteria as the same species (Kim et al., 2014; Richter et al., 2009).  This 95% 

similarity threshold was met by all thirteen members of Medkleb’s ANI clade (henceforth 

referred to as the Medkleb group) (Figure 4.6).  Therefore, as for the 16S analysis, ANI 

failed to differentiate between the current named K. oxytoca and K. michiganensis 

bacterial species.  
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Figure 4.5 ANI phylogeny showing the evolutionary relationship of environmentally derived 

and host derived Klebsiella bacteria.  The phylogeny was created using the ANI calculator 

(Figueras et al., 2014), with Pseudomonas aeruginosa strain JB2 selected as the outgroup.  

Bacteria derived f rom animal hosts (red and black), and environmentally derived bacteria (blue), 

generally fell into three clades: 1) K. pneumoniae, 2) K. variicola and 3) K. oxytoca/michiganensis.  

With one exception in each group (YH43 and HKUOPLA), all K. pneumoniae are host derived and 

all K. variicola are environmentally derived.  K. oxytoca/K. michiganensis have been isolated f rom 

both environmental and animal sources, but their sequences did not cluster according to source 

status.  According to the ANI species threshold set by Kim et al. (2014), Medkleb is conspecific 

with twelve strains which have been classif ied as both K. oxytoca and K. michiganensis. 
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Figure 4.6 Average nucleotide identity matrix for 35 strains of Klebsiella bacteria.  The matrix was created using the ANI calculator (Figueras et al., 

2014), with Pseudomonas aeruginosa strain JB2 selected as the outgroup.  Not including the Pseudomonas outgroup, six distinct Klebsiella species were 

identif ied by the ANI analysis.  Isolates with >95% ANI identity are considered conspecif ic and are highlighted pink.  The “Medkleb group” is located at the top 

lef t of  the matrix. 
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4.7.1) Bioinformatic analyses of pectic lyases for classification of Medkleb 

The polygalacturonase gene pehX of K. oxytoca (AY065648.1) is thought to confer the 

ability to degrade pectate, which is considered a defining phenotype of K. oxytoca 

(Kovtunovych et al., 2003).  Furthermore, positive PCR amplification of pehX has 

previously been used to distinguish K. oxytoca from K. michiganensis and K. pneumoniae, 

with the latter 2 species both being pehX negative (Kovtunovych et al., 2003; Saha et al., 

2013).  As pehX can be PCR amplified from K. oxytoca but not K. michiganensis, this led 

to the hypothesis that K. oxytoca and K. michiganensis within the Medkleb group might 

be distinguished via their homology with the known K. oxytoca pehX sequence 

(AY065648.1).  This analysis did demonstrate significant differences in the respective 

homology of pehX AY065648.1 between the Medkleb group K. oxytoca and K. 

michiganensis strains (analysed with BLAST (Altschul et al., 1997)) (t-test, t = 2.65, df = 

6.61, p<0.05).  However, unexpectedly, K. michiganensis shared greater homology with 

AY065648.1 than did K. oxytoca (Table 4.4), despite the fact that K. michiganensis does 

not degrade pectate (Saha et al., 2013).  Technically, bioinformatic analysis of pehX did 

facilitate discrimination between K. oxytoca and K. michiganensis in the Medkleb group, 

but the result contradicted the hypothesised pattern.  The CAZy database (Lombard et 

al., 2010) did not aid in discrimination of K. oxytoca and K. michiganensis in the Medkleb 

group, as it identified two pectate lyases (one from family 2 and one from family 9) in all 

Medkleb group genomes available on the database (Table 4.3).   
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Table 4.4 Genomic features of the ‘Medkleb group’ of bacteria.   pehX sequence identity 

(calculated with BLAST (Altschul et al., 1997)) was signif icantly dif ferent between species (t-test, t 

= 2.65, df  = 6.61, p<0.05).  K. michiganensis genomes contained sequences more closely related 

to AY065648.1 than was found for K. oxytoca genomes (mean relatedness = 88.4% vs 87.9%).  All 

genomes available on the CAZy database (Lombard et al., 2010) are predicted to code for 2 pectate 

lyases.  Medkleb had the second smallest genome in the group, and the second highest GC 

content.   

Species Strain 

Genome size 

(nt) 

GC 

(%) 

pehX identity 

(%) 

CAZy 

lyases 

michiganensis M1 5865090 56.13 88.47 2 

oxytoca Medkleb 5867541 56.03 87.43 NA 

michiganensis HKOPL1 5914407 55.92 88.56 2 

oxytoca CAV1752 5992008 55.16 88.47 2 

michiganensis FDAARGOS_66 6071464 55.94 88.39 NA 

michiganensis E718 6097032 56.02 88.31 2 

michiganensis K518 6138996 55.95 88.39 2 

michiganensis K516 6139574 55.96 88.31 2 

oxytoca KONIH1 6152190 55.91 88.61 2 

oxytoca KONIH5 6179177 55.81 87.82 2 

oxytoca KONIH2 6190364 55.77 87.43 2 

oxytoca CAV1374 6257473 55.75 87.87 2 

oxytoca AR_0147 6350620 55.57 87.89 2 
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4.7.2) PCR amplification of pehX as a means of characterising Medkleb 

Medkleb was pehX positive (Figure 4.7), which is reported to be a defining feature of K. 

oxytoca (Kovtunovych et al., 2003) over K. michiganensis (Saha et al., 2013).   

 

Figure 4.7 PCR amplifications of pehX and 16S genes.   Both gels were run with three samples 

of  DNA and a water control.  A) PCR amplif ication of  the pehX gene produced the expected 343bp 

product f rom Medkleb (mk).  Neither Erwinia carotovora (Ec) nor Rhizobium leguminosarum (Rl) 

amplif ied this product, but both (Ec in particular) appeared to amplify products larger than 343bp.  

B) Control reactions: all three species of  bacteria produced the expected 292bp 541F-806R 

amplicon following PCR amplif ication of  16S, which verif ied the quality of  DNA and reagents used 

in the PCR assays.   
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4.8) Polygalacturonase enzyme assay 

The capacity of bacteria to produce polygalacturonic acid-degrading polygalacturonases 

was quantified using a DNS colorimetric method (Miller, 1959).  A standard curve of 

galacturonic acid that had been incubated with DNS (Figure 4.8A), demonstrated a 

positive relationship between galacturonic acid concentration and colour change, when 

the OD of the resulting reaction was measured at 530nm (linear model, F (1,4) = 176.4, 

p<0.001, R2=0.98).  Filtrate of Medkleb and Erwinia carotovora culture media both 

contained pectinolytic enzymes, producing measurable colour change when incubated 

with polygalacturonic acid and DNS (Figure 4.7B) (Sohail et al., 2016).  Medkleb filtrate 

reduced polygalacturonic acid with around 65% the efficiency of the Erwinia carotovora 

filtrate, but Rhizobium leguminosarum filtrate did not demonstrate any measurable 

pectinolytic activity (Figure 4.8).  These phenotypic data suggest that Medkleb should be 

classified as K. oxytoca, as the ability to degrade pectate is a key phenotype associated 

with this species (Kovtunovych et al., 2003), and is reported to be lacking from K. 

michiganensis (Saha et al., 2013).  
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Figure 4.8 Poly/monosaccharide colorimetric reaction mixtures.  A) Standard curve – The 

quantity of  sugar in standards ranged f rom 0.9mg (mono 1) to 18mg (mono 6).  Mono blank 

contained no sugar.  When incubated with DNS, colour change (measured at ΔA530) occurred for 

all reactions relative to the blank.  The relationship between sugar quantity and colour change was 

signif icant (linear model, F (1,4) = 176.4, p<0.001, R2=0.98).  B) Bacteria reaction mixtures – 

Polygalacturonase production of  three bacteria, Erwinia carotovora (Er), Medkleb (Med) and 

Rhizobium leguminosarum (Rhiz) was measured via the quantity of  reduced sugar in solution, 

following incubation of  culture f iltrate with polygalacturonic acid.  Units of  polygalacturonase were 

quantif ied in terms of  colour change via extrapolation f rom the standard curve.  Med and Er f iltrate 

contained 30 and 46 units of  polygalacturonase per ml respectively.  Rhiz f iltrate did not contain 

any polygalacturonase. 
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Figure 4.9 Units of polygalacturonase contained in bacterial filtrate.  Units of  polygalacturonase per ml are represented on the y-axis.  1000ul aliquots of  

bacterial f iltrate processed f rom three dif ferent species of  bacteria are represented of  the x-axis.  Bacteria were assessed for the presence of  polygalacturonases 

using a standard curve of  galacturonic acid (linear model, F (1,4) = 176.4, p<0.001, R2=0.98).  The upper and lower hinges of  boxplots represent the f irst and 

third quartiles of  enzyme concentrations in f iltrate, calculated f rom three technical replicates.  Erwinia carotovora was the highest producer, with an average of  

45.7 units/ml and Medkleb produced polygalacturonase with an average of  29.7 units/ml.  Rhizobium leguminosarum did not produce any polygalacturonase.   
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4.9) Genomic features associated with symbiotic bacteria 

4.9.1) Medkleb’s genome size and GC content in comparison to the Medkleb group 

Bacterial symbionts undergoing a transition to evolutionary interdependence with their 

hosts can often be identified by the size and GC content of their genomes, which are 

reduced relative to purely free-living species (Bennett et al., 2013; Hansen et al., 2011; 

Husnik et al., 2013; Shigenobu et al., 2000; van Ham et al., 2003; Wu et al., 2006).  The 

Medkleb genome was compared to other members of the Medkleb group in this context 

(Table 4.4), to evaluate if it were undergoing transition to a host-associated lifestyle.  At 

5867541bp, the Medkleb genome was 1.5 standard deviations smaller than the mean 

genome size of bacteria in the ‘Medkleb group’ (n=13) (ẋ = 6093534bp ± 148172 s.d.).  

However, this is unlikely to be a diagnostic signal of symbiotic transition in this case, as 

the K. michiganensis strain M1 was even smaller than Medkleb (5865090bp) and is a free-

living strain isolated from soil on a Korean beach.  Medkleb’s GC content (56.03%) also 

conflicted with prediction of a nascent mutualism, being higher than expected, even for 

bacteria with a free-living life history (Moran et al., 2008).  In conclusion, the analysis of 

the Medkleb genome did not reveal any obvious diagnostic signatures of strongly host-

associated bacteria.  However, a deeper resolution analysis of the genome might still hold 

further information required to uncover signatures of a nascent mutualism

4.9.2) Local genomic rearrangement as a signature of nascent mutualism 

The Medkleb genome was aligned with progressiveMauve (Darling et al., 2010) to three 

very closely related strains of K. oxytoca (Figure 4.5).  This aim of this analysis was to 

locate any novel loci acquired via lateral gene transfer (Ochman et al., 2000) or loci 

deleted through genome reduction (Ochman et al., 2006) as these regions are likely to 

contain signatures of symbiotic transition.  Mauve recognised 21 local colinear blocks 

(LCBs) of conserved DNA in all four genomes (Figure 4.10).  These 21 blocks were not 

uniformly distributed between the genomes.  K. oxytoca strains AR0147 and CAV1374 

both contained inversions between LCBs 11-16 and strain KONIH2 contained several 

instances of translocation and inversion.  However, despite inversion and translocation 

events, nucleotide sequence in all LBSs other than 18 was very highly conserved.  

Medkleb LCB18 (≈nts 4973000-5000000) was unique and contained genes associated 
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with horizontal transfer (an integrase, a mobile element protein and a prophage protein), 

indicating that this block could have been recently acquired.  The annotation of block 18 

predicts 25 coding sequences in total, including 13 “hypothetical proteins”, 2 DNA 

helicases, 2 methyltransferases and an anti-restriction protein.
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Figure 4.10 Synteny plot of Medkleb and three closely related bacteria.  Medkleb was positioned phylogenetically in a clade with three K. oxytoca bacteria 

(Figure 4.5) (strains AR0147, CAV1374 and KONIH2) with ANI analysis (Konstantinidis et al., 2005).  progressiveMauve (Darling et al., 2010) was then used 

to assess synteny between Medkleb, AR0147, CAV1374 and KONIH2.  This analysis, which is represented graphically above, uncovered 21 conserved local 

colinear blocks (LCBs) (Darling et al., 2010) of  nucleotide sequence that were shared between all genomes analysed.  Block height corresponds the degree of  

regional sequence conservation.  When compared to Medkleb, sequence conservation in block 18 was low for strains AR0147, CAV1374 and KONIH2.  There 

were several instances of  LCB inversion between strains but inverted LCBs were not low in height, which indicated that nucleotide sequence was conserved. 
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4.9.3) Comparative analysis of the higher-level metabolic functions of genes coded by 

Medkleb and other K. oxytoca bacteria 

KEGG (Kanehisa et al., 2016) was used to produce a list of gene functions for 

chromosomes and plasmids associated with all K. oxytoca bacteria in the Medkleb group 

(Table 4.5).  The dataset was filtered with R (Team, 2016) to produce two smaller lists: 1) 

Atypical  - gene functions unique to each strain,  2) Absent - gene functions present in all 

genomes analysed other than the strain in question.  The Medkleb genome contained 21 

atypical functional orthologues (Figure 4.11).  Of Medkleb’s 21 atypical genes, 16 were 

chromosomally derived and 5 located on plasmids.  The atypical genes included two 

putative transposases, 8 enzymes involved in various modes of metabolism and 4 

transport proteins.  Medkleb has 35 absent gene functions (Figure 4.12).  When Medkleb 

was compared to conspecifics, the largest cluster of absent genes was associated with 

copper resistance, but several genes associated with the metabolism of amino sugars and 

genes that sense toxic chemicals in the environment were also missing. 

Table 4.5 Comparison of gene functionality for K. oxytoca bacteria in the Medkleb group.   

The total number of  gene functions was fairly consistent in this group, at approximately 2900 per 

strain.  In terms of  atypical functions, Medkleb had a relatively large complement, but fewer than 

CAV1752.  The Medkleb genome had more absent gene functions than was found for conspecifics.   

 
Total gene functions  Atypical functions  Absent functions  

Medkleb 2857 21 35 

AR0147 2904 12 4 

CAV1752 2882 24 5 

CAV1374 2944 11 6 

KONIH1 2917 18 3 

KONIH2 2912 13 10 

KONIH5 2882 11 5 
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Figure 4.11 The functions of genes present in the Medkleb genome but absent from all other K. oxytoca bacteria in the Medkleb group.  The functions 

of  atypical genes that were present in the Medkleb genome but absent f rom all remaining K. oxytoca genomes analysed are represented on the y-axis.  Each 

atypical function is denoted by a discrete colour.  The number of  atypical genes providing each function is represented on the x-axis.  Medkleb codes for 21 

atypical genes with 20 dif ferent functions.  Broadly, these genes were predicted to be involved in metabolism, transport and gene transposition. 
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Figure 4.12 The functions of genes that are absent from the Medkleb genome but present in all other K. oxytoca bacteria in the Medkleb group.  

The functions of genes that were absent from the Medkleb genome but present in all other K. oxytoca genomes analysed are represented on 

the y-axis.  Each absent function is denoted by a discrete colour.  The number of absent genes associated with each function is represented on 

the x-axis.  Medkleb did not code for 35 genes that were present in every other genome analysed and these were associated with 17 discrete 

functions.  Loss of function occurred in clusters of genes relating to the detoxification of xenobiotic compounds.   
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4.9.4) Secondary metabolites encoded by K. oxytoca bacteria  

Secondary metabolites may provide no obvious function for bacteria that produce them 

(Malik, 1980), but can benefit their host (Barke et al., 2011; Holmes et al., 2016).  A gene 

set recently acquired by a microbe that produces secondary metabolites that benefit an 

insect host, could therefore be the basis of nascent mutualism.  Following this premise, 

the Medkleb chromosome and plasmids were assessed with antiSMASH 3.0 (Weber et 

al., 2015) for the presence of novel secondary metabolites.  Chromosomes of all K. 

oxytoca members of the Medkleb group (other than KONIH2) coded for four common 

secondary metabolite clusters:  1) non-ribosomal polypeptide synthetase, 2) thiopeptide 

antibiotic, 3) polyketide-synthase, non-ribosomal polypeptide synthetase, 4) bacteriocin.  

The Medkleb chromosome did contain two unique secondary metabolite clusters 

predicted to code for γ-butyrolactone and N-acyl amides.  γ-butyrolactone is utilised by 

Streptomyces bacteria as a signalling molecule to regulate antibiotic production and cell 

cycle processes (Kitani et al., 2011; Takano, 2006) but the function of N-acyl amides is 

unclear (Craig et al., 2011).  mkp4 was also predicted to code for cloacin and colicin 

bacteriocins that were not coded by any other K. oxytoca strain in the Medkleb group.  

Interestingly, the cloacin bacteriocin encoded on mkp4 is generally considered to be toxic 

for Klebsiella bacteria (de Graaf et al., 1969). 
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4.5) Discussion 

When a bacterium evolves to become consistently associated with a host species, its 

genome typically exhibits signatures of this transition.  For example, long term association 

between bacteria and insect hosts often results in reduced genome size and GC content 

for the bacterium (Bennett et al., 2013; McCutcheon et al., 2011; Moran et al., 2014; 

Moran et al., 2008).  I hypotheised that the Medkleb bacterium that had been isolated 

from the gut of Toliman medfly, was a strain of K. oxytoca and that its genome would 

exhibit features consistent with transition to a host-associated lifestyle.  These 

hypotheses were based on several studies that have suggested that K. oxytoca bacteria 

are facultative mutualists of the medfly (Behar, Jurkevitch, et al., 2008; Ben Ami et al., 

2010).  To resolve Medkleb’s natural history I first taxonomically characterised its 

genome, then evaluated it for features of symbiotic transition.   

I obtained a fully sequenced Medkleb genome composed of five sequencing contigs that 

I used for subsequent analyses.  Initially, the quality of the Medkleb genome sequence 

was assessed based on criteria set by Bowers et al. (2017).  The Quiver algorithm (Chin et 

al., 2013) estimated that the sequencing resolution of the five Medkleb contigs was very 

good and BUSCO (Simao et al., 2015) and CheckM (Parks et al., 2015) software packages 

both determined that the genome was complete.  The Medkleb genome sequence 

therefore met the Bowers et al. (2017) quality thresholds which allowed me to use it for 

taxonomic analyses. 

For taxonomic characterisation of Medkleb I positioned it in 16S and ANI phylogenies with 

bacteria of the Klebsiella genus.  I found that, according to current 16S and ANI standards 

(Kim et al., 2014; Stackebrandt, 2006), Medkleb could be characterized as either K. 

oxytoca or K. michiganensis.  Although genomes currently published as K. oxytoca and K. 

michiganensis were not distinguished phylogenetically with 16S or ANI these species 

should be considered distinct, as they are less than 70% similar when analysed with DNA-

DNA hybridization (Saha et al., 2013).  The final taxonomic analyses of Medkleb were 

carried out by PCR and an enzyme assay.  Medkleb was pehX positive when analysed with 

PCR, a trait associated with K. oxytoca and not K. michiganensis (Kovtunovych et al., 2003; 
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Saha et al., 2013).  In addition, Medkleb was demonstrated to be a producer of 

pectinolytic enzymes which is diagnostic of K. oxytoca (Kovtunovych et al., 2003; Saha et 

al., 2013).  Therefore, the Medkleb genome cannot be definitively characterised as K. 

oxytoca as available reference genomes are do no support this claim but it does exhibit a 

phenotype that is characteristic of the species.    

I then used differences in GC content and sequence homology with the K. oxytoca pehX 

gene, to distinguish the genomes of K. oxytoca and K. michiganensis bacteria in the 

Medkleb group.  Of the 15 RefSeq K. oxytoca/K. michiganensis genomes that were 

available at the time of analysis, three were demonstrated by ANI to be mischaracterised.  

This reduced the study to a population of thirteen K. oxytoca/K. michiganensis genomes 

(including Medkleb).  GC content, and pehX sequence identity were both significantly 

lower in K. oxytoca than K. michiganensis genomes.  Therefore, future attempts to 

distinguish these species might be guided by comparing the GC content and pehX 

homology of representative genomes, which will become progressively more reliable as 

more genomes become available. 

Characterisation of Medkleb represents a positive first step towards selecting it as a 

platform for paratransgenic control, as Klebsiella bacteria are known to co-occur with the 

medfly at a frequency that suggests an incipient facultative mutualism may be developing 

(Behar et al., 2008a; Ben Ami et al., 2010; Leftwich et al., unpublished).  However, 

facultative mutualism is not defined simply by co-occurrence, so I then further 

investigated the nature of the Medkleb/medfly relationship by analysing Medkleb’s 

genome. 

Both size and GC content are generally reduced when a bacterium adopts a facultative 

lifestyle (McCutcheon et al., 2011).  The Medkleb genome was the second smallest of all 

Klebsiella bacteria in the Medkleb group (n=13).  However, this did not represent a signal 

of facultative transition, as Medkleb was larger than the free-living K. michiganensis strain 

M1.  If Medkleb was compared only with strains of K. oxytoca, then its genome was the 

smallest in the group (n=7) by 124Kb.  However, a size differential of 124Kb is not 

substantial, as the smallest reported symbiont genome is only 112Kb in total (Bennett et 

al., 2013).  Medkleb’s GC content was also the second highest for any bacteria in the 
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Medkleb group, counter to the prediction of facultative mutualism.  In addition to 

genome reduction and reduced GC content, a strongly symbiotic transition is generally 

associated with an increased mutation rate, which causes facultative symbionts to occupy 

extended branches of phylogenetic trees (McCutcheon et al., 2011).  Phylogenetically, 

Medkleb was slightly distinct from the three bacteria most closely related to it, but not 

markedly so.  In conclusion, the Medkleb genome did not exhibit three of the key features 

associated with the genomes of facultative mutualists.   

High resolution comparative genetic techniques were also used to test for signals of a 

putative mutualistic transition.  These analyses were designed to test two key 

hypotheses. 1) That mutualism would be evident if Medkleb possessed genetic 

loci/functions that were absent from closely related Klebsiella bacteria, if these 

loci/functions had an obvious mutualistic capacity for the fly.  2) That a facultative 

mutualistic transition might be evident if Medkleb was lacking genetic loci/functions 

found in all closely related Klebsiella bacteria , if these loci/functions were necessary for 

life in varied environments.  Set against this is that gene loss may be unpredictable in the 

early stages of facultative mutualistic transitions (Moran et al., 2014).   

According to synteny predicted with progressiveMauve (Darling et al., 2010), a single 

region of the Medkleb genome (LCB18 ; ≈nts 4973000-5000000) was unique in 

comparison to conspecifics (Figure 4.10).  LCB18 contained several genes that facilitate 

horizontal gene transfer and may have been recently acquired.  However, it is not yet 

evident whether LCB18 contains genes that might confer fitness to the medfly.  LCB18 

contains 25 predicted coding sequences.  None of the coding sequences are obviously 

‘mutualistic’, though this conclusion is hampered as thirteen sequences are annotated as 

“hypothetical proteins”.  

When a circular map of the Medkleb genome was created an inversion of GC skew 

highlighted a region of putative horizontal gene transfer (nts 654265-677695; GI1).  GI1 

was therefore assessed for genes with putative mutualistic signatures.  GI1 is thought to 

have transferred from a plasmid, as it codes for TraY which facilitates plasmid conjugal 

transfer (Nelson et al., 1995).  Although plasmid integration into host chromosomes is 

not uncommon (Bire et al., 2012; Dobrindt et al., 2004), GI1 did not appear to have 
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integrated from mkps 1-4, as it did not contain homologous nucleotide sequence with 

those elements.  GI1 is predicted to code for 25 proteins including Bll0873.  Bll0873 was 

first sequenced in Bradyrhizobium diazoefficiens, a bacterium that is a known nitrogen 

fixing symbiont of legumes (Kaneko et al., 2002).  However, the specific function of 

Bll0873 is unknown, so there is as yet no evidence that it provides a mutualistic benefit 

the medfly.  Interestingly, both GI1 and LCB18 code for genes that facilitate 

molybdopterin biosynthesis, a group of co-factors that are known to aid nitrogen 

reduction (Moreno-Vivian et al., 1999).  As for LCB18, GI1 is predicted to code for thirteen 

hypothetical proteins. 

In summary, the Medkleb genome contained two loci (LCB18 and GI1) that were unique 

when compared to other closely related Klebsiella bacteria in the Medkleb group.  Both 

LCB18 and GI1 appear to have been horizontally acquired, but there is no evidence yet 

that either confer a mutualistic benefit to the medfly.  Further analyses of LCB18 and GI1 

would be extremely useful to elucidate the functions of the hypothetical proteins 

encoded. 

According to KEGG analysis (Kanehisa et al., 2016), Medkleb contains coding sequences 

for 21 genes that were not coded by any other closely related Klebsiella bacteria in the 

Medkleb group.  Some of these genes encode potentially mutualistic functions such as 

sugar metabolism and nitrogen fixation and it is plausible that the medfly is benefitting 

from these traits.  Medkleb is also missing clusters of genes that are present in all other 

bacteria analysed.  It is possible that these missing genes may have been deleted due to 

incipient mutualism with the medfly.  Medkleb was the only bacteria analysed that does 

not code for specific enzymes related to copper resistance and phosphonate transport.  

At high concentrations copper can become toxic to bacteria (Grey et al., 2001), and 

phosphonate transport proteins provide feedback to bacteria regarding toxicity in their  

local environment (Rizk et al., 2006).  Medkleb could have lost these abilities as they are 

not required in the medfly gut.  To test this hypothesis, one could compare the 

concentrations of copper and phosphonate in the medfly gut with the concentrations of 

those materials in locations where Klebsiella bacteria are commonly found.  However, as 

Klebsiella are ubiquitous in nature (Brisse et al., 2006) a full test of this hypothesis would 
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require a comprehensive survey of environmental concentrations of copper and 

phosphonate. 

Finally, Medkleb’s ability to synthesise secondary metabolites was compared to 

conspecifics with antiSMASH 3.0 (Weber et al., 2015), as secondary metabolites can 

provide insect hosts with a fitness benefit (Barke et al., 2011; Holmes et al., 2016).  

Medkleb was found to synthesise two clusters of secondary metabolites not produced by 

conspecifics.  1) Medkleb synthesises a butyrolactone, a signalling molecule utilised by 

Streptomyces bacteria to elicit the transcription of antibiotics (Kitani et al., 2011; Takano, 

2006). 2) Medkleb synthesises an N-acyl amino acid cluster.  N-acyl amino acids are 

common in soil dwelling bacteria but their function is unclear (Craig et al., 2011).  It is not 

yet evident how either of these compounds might confer a mutualistic benefit to the 

medfly. 

Table 4.5 Unique features of the Medkleb genome in comparison to conspecifics  

Unique feature  Identified via  Possible mutualistic function 

LCB18 progressiveMauve 

(Darling et al., 2010) 

analysis of Medkleb 

and three 

conspecifics  

Codes for genes related to 

molybdopterin biosynthesis and several 

proteins with unknown function.  These 

genes may confer fitness to the medfly. 

GI1 Inversion of GC 

skew 

Codes for genes related to 

molybdopterin biosynthesis and several 

proteins with unknown function.  These 

genes may confer fitness to the medfly. 



 
 

 

182 
 

Atypical 

metabolic 

genes 

Comparison of 

KEGG (Kanehisa et 

al., 2016) gene 

functions between  

Medkleb group 

members. 

Expands the range of nutrients available 

to the medfly. 

Absent sensory 

genes 

Comparison of 

KEGG (Kanehisa et 

al., 2016) gene 

functions between  

Medkleb group 

members. 

The medfly gut may be relatively non-

toxic allowing Medkleb to survive 

without genes that detect and 

metabolise certain chemical threats in its 

environment. 

Butyrolactone 

biosynthesis 

antiSMASH 3.0 

(Weber et al., 2015) 

Unknown 

N-acyl amino 

acid 

biosynthesis  

antiSMASH 3.0 

(Weber et al., 2015) 

Unknown 

In conclusion, if K. oxytoca is a facultative mutualist of the medfly as suggested (Behar et 

al., 2008a; Behar et al., 2008b; Ben Ami et al., 2010), then this relationship could be 

exploited for paratransgenic control.  The Medkleb bacterium that was isolated from 

medfly guts was not definitively characterised as a strain of K. oxytoca although this may 

be rectified as more reliable reference genomes become available.  Medkleb was 

demonstrated to be pectinolytic and comparative genomics highlighted that the genome 

contained two discrete loci (GI1 and LCB18) with mutualistic potential.  Global analyses 

of Medkleb’s gene functions in comparison to conspecifics highlighted that several genes 

were encoded exclusively by Medkleb.  Some exclusive genes were metabolic enzymes 
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that could allow the medfly to utilise otherwise unattainable nutrients.  However, as 

potentially mutualistic traits are not evidence of mutualism itself and many signals that 

are commonly associated with facultative mutualism are not captured by the Medkleb 

genome, there is insufficient evidence, so far, to definitively classify Medkleb as a 

facultative mutualist of the medfly.  What has been established is that Klebsiella bacteria 

and the medfly appear to co-occur almost universally (Behar et al., 2008a; Leftwich et al., 

unpublished).  Therefore, Medkleb might provide a platform for paratransgenic control 

of the medfly even if Klebsiella are not technically facultative or mutualistic.  To establish 

whether Medkleb is a mutualist, medflies that are Medkleb deficient (aMed) would be 

extremely useful.  In this scenario fitness parameters such as longevity and mating 

success could be compared between aMed and wild type flies to definitively evaluate if 

the medfly benefits from its association with Klebsiella.   
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4.6 Supplementary material 

Table 4.1 Composition of tRNAs encoded by the Medkleb genome.   An abundance of  tRNA 

genes >61 is predictive of  fast growth when anticodon diversity is <34 (Rocha, 2004a).  The 

Medkleb tRNA complement is not predictive of  fast or slow growth as the genome exhibits a total 

of  39 anticodons encoded by 85 tRNA genes. 

Amino Codon Copy number Amino Codon Copy number 

Isoleucine GAT 3 Glycine TTG 2 

Alanine TGC 3 Leucine TAG 1 

Aspartatic acid GTC 3 Lysine TTT 5 

Tryptophan CCA 3 Valine TAC 4 

Arginine CCG 3 Asparagine GTT 4 

Histidine GTG 1 Serine CGA 1 

Leucine GAG 1 Cystine GCA 1 

Proline TGG 1 Leucine TAA 1 

Threonine TGT 1 Valine GAC 3 

Tyrosine GTA 4 Serine GGA 2 

Glycine TCC 1 Serine TGA 1 

Threonine GGT 2 Proline GGG 1 

Glutamic acid TTC 4 Argenine CCT 1 

Phenylalanine GAA 2 Alanine GGC 2 

Glycine GCC 4 Argenine AGC 4 

Leucine CAA 1 Serine GCT 1 

Threonine CGT 1 Glycine CCC 1 

Argenine TCT 1 Leucine GAG 1 

Glycine CTG 2 Proline CGG 1 

Methionine CAT 7 
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Table 4.2 The length and GC content of 30 plasmids associated with K. oxytoca bacteria.   

The lengths of  the four Medkleb associated plasmids (63257-136402 nt) fall within the expected 

range of  plasmids associated with K. oxytoca (Mean = 124973nt ± s.d. 88432).  Medkleb 

associated plasmids fall within the range of  expected GC content for K. oxytoca associated 

plasmids (Mean = 52.95% ± s.d. 3.21). 

Host bacteria Length (nt) GC content (%) NCBI Accession 

AR-0147 110705 54.09 CP020359.1 

CAV1015 76186 52.68 CP017932 

CAV1015 113105 54.17 CP009466.1 

CAV1015 114139 51.49 CP017930.1 

CAV1015 111395 48.86 CP017931.1 

CAV1015 11638 58.08 CP017933.1 

CAV1374 332956 51.46 CP011635.1 

CAV1374 227680 53.83 CP011634.1 

CAV1374 150318 53.67 CP011633.1 

CAV1374 83652 53.17 CP011632.1 

CAV1374 16069 59.34 CP011628.1 

KONIH1 205586 53.9 CP008791.1 

KONIH1 133397 52.12 CP008789.1 

KONIH5 282476 51.34 CP026276.1 

KONIH5 56561 53.39 CP026277.1 

TJ11 275300 46.42 MG845200.1 

CAV1752 277616 53.16 CP018361.1 

ATCC51983 89977 54.41 KJ541681.1 

pKOX3 61680 52.23 KY913900.1 

KONIH4 235655 52.4 CP026274.1 

CAV1335 113105 54.18 CP011615.1 

7121 42461 51.69 KX784502.1 

AR_0028 91175 50.64 CP026718.1 

AR_0028 189585 51.14 CP026716.1 

pKOX3 55246 49.08 KY913899.1 

pKOI-34 87343 53.25 AB715422.2 

pKLox-45574cz 46161 46.66 MG833406.1 
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97_38 68763 53.13 KY128483.1 

AR_0028 80970 56.88 CP026717.1 

H146340707 8300 61.6 KX946994.1 

Medkleb (Mkp1) 136402 55.2   

Medkleb (Mkp2) 122124 50.4   

Medkleb (Mkp3) 78046 56.7  

Medkleb (Mkp4) 63257 50.7  

4.1) Primers used for PCR analysis of pehX and 16S  

As in Kovtunovych et al. (2003) the pehX gene was amplified using PEH-C forward primer 

(5’GATACGGAGTATGCCTTTACGGTG-3’) and PEH-D reverse primer 

(5’TAGCCTTTATCAAGCGG ATACTGG-3’).  The 16S gene was amplified using 541F forward 

primer (5’GTGCCAGCMGCCGCGGTAA-3’) and 806R reverse primer 

(5’GGACTACHVGGGTWTCTAAT-3’) as in Caporaso et al. (2011). 
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Chapter 5 -  Assessing egg smearing as a mechanism for vertical transmission 

of Klebsiella oxytoca bacteria by the Mediterranean Fruit Fly 

5.1) Abstract 

The Mediterranean fruit fly (Ceratitis capitata; medfly) is a highly invasive, economically 

important agricultural pest.  Klebsiella oxytoca bacteria have frequently been detected in 

the guts of medfly adults and larvae and it has been suggested that they may be 

transmitted vertically between medfly generations.  The relevance of this association in 

the context of pest control is that heritable bacteria can be manipulated for the control 

of insect hosts through paratransgenesis.  I hypothesised that K. oxytoca were being 

passed vertically by medflies on the egg surface and tested this idea by dechorionating 

eggs to disrupt the process.  I analysed the gut microbiomes of flies with 16S 

metagenomics and found no evidence that vertical transmission of K. oxytoca had been 

obstructed by egg dechorionation.  However, there was good evidence that K. oxytoca 

can be introduced to medfly guts via the diet, reinforcing the premise that K. oxytoca 

offer a potential platform for paratransgenic control of the medfly.   
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5.2) Introduction 

The Mediterranean fruit fly (Ceratitis capitata; medfly) is a pest of over 300 plants 

(Liquido et al., 1991).  It is native to West Africa (Gasperi et al., 1991) but is highly invasive 

and has spread to over 100 countries on 7 continents (CABI, 2019).  The medfly gut 

microbiome has consistently been reported to be numerically dominated by Klebsiella 

oxytoca bacteria (Aharon et al., 2013; Behar et al., 2008; Ben Ami et al., 2010; Leftwich et 

al., unpublished).  Leftwich et al. (unpublished) detected large quantities of K. oxytoca in 

the guts of medflies that were reared both in distinct environments and on distinct diets, 

which suggests that medflies may acquire K. oxytoca by a conserved mechanism and not 

via ecological drift.  

Behar et al. (2008) suggest that K. oxytoca is transmitted transovarially (on the egg 

surface) (Salem et al., 2015) by female medflies to their offspring, based on the 

observation that fruit rots at an accelerated rate when exposed to medfly eggs.  They 

infer that fruit rots when it comes into contact with medfly eggs, due to secondary 

infection with transovarial K. oxytoca.  Consistent with this, Aharon et al. (2013) identified 

bacteria on the exterior of medfly eggs with Fluorescence In Situ Hybridisation (FISH).  

However, Behar et al. (2008) did not include a negative control (such as surface sterilised 

eggs (Heys et al., 2018; Kaltenpoth et al., 2009; Koyle et al., 2016) to confirm that fruit rot 

is caused by transovarial K. oxytoca.   

If K. oxytoca is transovarially transmitted by the medfly, then the K. oxytoca/medfly 

relationship could be defined as facultative (Moran et al., 2008).  Facultative bacteria are 

vertically transmitted by hosts to their offspring but are able to survive when separated 

from the host (Moran et al., 2008).  As such, K. oxytoca could offer a potential platform 

for control of the medfly, as facultative bacteria can be manipulated for control purposes 

through paratransgenesis. 

Paratransgenesis is the genetic manipulation of heritable bacteria for transfer of desired 

traits to host organisms (Durvasula et al., 1997).  It can be applied for control purposes, 

either of the host (Whitten et al., 2015), or for control of organisms that are host-

associated (Arora et al., 2018).  For example, Arora et al. (2018) modified Pantoea 
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agglomerans bacteria, a symbiont of the glassy-winged sharpshooter (Homalodisca 

vitripennis; GWSS) to synthesise (AMP)-melittin and scorpine-like molecule (SLM), 

antimicrobial peptides.  Modified P. agglomerans were unaffected by melittin and SLM 

proteins but the agricultural pathogen Xylella fastidiosa (which is vectored by GWSS) was 

unable to grow in their presence (Arora et al., 2018).  Arora et al. (2018) suggest that wild 

GWSS populations infected with modified P. agglomerans could be used to control X. 

fastidiosa, as GWSS infected with modified P. agglomerans exhibited a reduced X. 

fastidiosa burden of at least 96%.    

Despite the consistent association between K. oxytoca and the medfly (Aharon et al., 

2013; Behar 2008; Ben Ami et al., 2010; Leftwich et al., unpublished), the findings to date 

are not sufficient to definitively categorise the relationship as facultative.  Paratransgenic 

control of the medfly with K. oxytoca will not be a tenable proposition unless the precise 

mechanism by which the medfly is acquiring K. oxytoca can be uncovered, as until this 

mechanism has been described in detail, it is possible that it could spontaneously fail.  

Hence, the mechanism that facilitates the K. oxytoca/medfly relationship requires further 

scrutiny, if K. oxytoca is to be developed as a platform for paratransgenic control.   

If Behar et al. (2008) are correct and K. oxytoca is transovarially transmitted by the 

medfly, then the medfly egg chorion (Figure 5.1) must be infected with K. oxytoca.  Heys 

et al. (2018) and Koyle et al. (2016) describe bleaching protocols for dechorionation of 

Drosophila eggs.  Furthermore, Koyle et al. (2016) report that dechorionation facilitates 

the generation of axenic Drosophila (flies that are free of all microorganisms) and that 

gnotobiotic flies (flies that have a defined microbiome) are generated if specific bacteria 

are added to the diet of axenic flies.  Therefore, I hypotheised that, if K. oxytoca is 

transovarially transmitted by the medfly, then dechorionation of medfly eggs should 

produce K.oxytoca deficient/axenic flies.  Furthermore, I hypothesised that K. oxytoca 

could be reintroduced to the gut microbiome of axenic medflies, if administered in the 

diet. This would offer the potential to infect adults with engineered K. oxytoca to effect 

control. 
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Figure 5.1 Chorionated and dechorionated medfly eggs: Two medf ly eggs are positioned with 

anterior poles at the top of  the image. 1) dechorionated egg - visibly clear tips on anterior and 

posterior poles of  membrane, 2) chorionated egg – egg is covered with opaque chorion obscuring 

the clear membrane at the anterior and posterior poles. 

To test my hypotheses, I reared both dechorionated and chorionated medfly eggs in a 

sterile environment.  Flies that developed from dechorionated eggs were either supplied 

with sterile food (dechorionated treatment) or diet that had been supplemented with K. 

oxytoca (+Kleb treatment).  Flies that developed from chorionated eggs were supplied 

with sterile diet as a negative control.  I predicted that the gut microbiome of 

dechorionated flies would be small and K. oxytoca deficient, in comparison to the gut 

microbiome of both +Kleb flies and chorionated controls.  Gut DNA was analysed with 

qPCR targeting the 16S gene to provide an absolute quantification of the microbiome 

(Glassing et al., 2016; Jimeno et al., 2018).  To provide a relative estimation of the 

different species present in the gut, DNA was analysed with 16S metagenomics (Di Salvo 

et al., 2019; Suenami et al., 2019).  To complement this analysis, I analysed DNA extracted 

from the guts of wild-caught medflies (isolated from Morocco) and compared them to 

my treatments and controls.  I predicted that the microbiomes of Morocco flies would be 

similar to the chorionated controls, both in terms of size and community structure but 

exhibit a smaller proportion of K. oxytoca and be reduced in comparison to +Kleb flies. 
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However, the 16S metagenomic data appeared to contain a highly abundant 

contaminating bacterial species of unknown origin.  Therefore, I developed a proprietary 

qPCR protocol to quantify a K. oxytoca-specific DNA sequence within medfly gut DNA, 

which would allow me to answer my original research questions.  In a study by 

Kovtunovych et al. (2003), K. oxytoca bacteria were specifically identified via PCR 

amplification of the pehX gene (Kovtunovych et al., 2003).  I hypothesised that the 

primers used by Kovtunovych et al. (2003) to identify K. oxytoca DNA, could be utilised to 

quantify K. oxytoca DNA in medfly guts via qPCR.  In this way, despite the lack of clean 

16S metagenomic data, I could nevertheless test whether the guts of dechorionated flies 

contained fewer K. oxytoca bacteria than the guts of +Kleb, wild type Morocco or 

chorionated control flies. 
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5.3) Methods 

5.1) Medfly strains used for microbiome investigations 

Gut bacterial DNA was obtained from both lab-reared Toliman medflies and a wild medfly 

strain collected from the field in Morocco.  The Toliman strain was originally captured in 

Guatemala in 1990 and has been reared in the lab by Oxitec (Oxitec, 2019) since 2004.  

The wild Morocco strain was collected from Argan fruit in March 2014, by Elani Rachid on 

behalf of Oxitec ltd. 

5.2.1) Toliman husbandry – lab conditions 

Medflies were reared in a controlled environment: 25⁰C temperature, approximately 50% 

relative humidity and 12L: 12D photoperiod.  Day 1: approximately 500 eggs (<24 hrs old) 

were collected by pipette from adult cages and transferred to 100ml of larval diet (Agar 

12.5g/L; Sucrose 73.5g/L; Maize 67g/L; Brewer’s yeast 47.5g/L; 10% Nipagin 25ml/L; 

Propionic acid 2ml/L) in a plastic bottle.  Day 7: the bottle was laid down in 2cm of 

childrens’ play-sand in a plastic pupation box (170mm x 130mm x 50mm) that had a mesh 

breathing hole (50mm Ø) cut in the lid.  From Day 8 to Day 15: L3 stage larvae naturally 

dispersed from the bottles to pupate in the sand.  Day 16: 100 pupae were collected from 

the sand and transferred to a plastic rearing enclosure (120mm x 120mm x 135mm) which 

had a 90mm (Ø) opening cut into the side enclosed with fine nylon mesh.  In the cage, 

flies had ad libitum access to ddH2O and artificial diet (3:1 sucrose: hydrolysed yeast).  

Day 24: caged females laid eggs through the nylon mesh which dropped into a reservoir 

of ddH2O to be collected for infestation onto larval diet for the next generation.   

5.2) Dechorionation protocol 

Prior to use, embryo collection cages, cover slips and brushes were sterilised with ethanol 

and 10 mins exposure to UV radiation in a class 2 microbial fume hood (Herasafe).  Eggs 

were dechorionated in a collection cage by vigorous washing in 1% sodium hypochlorite 

for 1.5 mins.  The dechorionated eggs were held under a continuous flow of autoclaved 

ddH2O for 30 secs to remove residual sodium hypochlorite then placed in a reservoir of 

clean, autoclaved ddH2O in a 90mm petri dish.  A group of dechorionated eggs was 
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inspected with a Leica M80 stereo microscope to assess if the procedure had been 

successful (Figure 5.1).   

5.3.1) Culture of Klebsiella oxytoca bacteria  

K. oxytoca bacteria were cultured in 10ml LB broth (5g/L NaCl; 5g/L yeast extract; 1.5g/L 

glucose; 10g/L tryptone) which had been stored in 50ml glass bottles and autoclaved prior 

to use.  Each bottle was inoculated with a “loop” of bacteria then incubated in an orbital 

incubator (New Brunswick Scientific Innova 44) at 200RPM and 37⁰C. 

5.3.2) Preparation of Klebsiella oxytoca bacteria for +Kleb treatment   

6ml of culture broth (OD600 ≈ 0.7) was centrifuged at 5K RPM for 10 mins in 2ml 

Eppendorf tubes.  The supernatants were removed from the tubes and 2ml of autoclaved 

sugar water (20% w/v) was added under a Bunsen burner.  The bacterial pellet was re-

suspended by vortex and the outside of tubes were wiped with ethanol.  The tubes were 

then transferred to a sterile, class 2 microbial fume hood (Herasafe). 

5.4.1) Larval husbandry – microbial fume hood 

Prior to use, embryo collection cages, cover slips and brushes were sterilised with ethanol 

and 10 mins exposure to UV radiation in a class 2 microbial fume hood (Herasafe).  Day 0 

– 7 days after the first fly in an enclosure had eclosed, Toliman eggs were collected and 

moved to a class 2 microbial fume hood (Herasafe).  Once in the hood, eggs were 

separated into three treatment groups: 1) Dechorionated, 2) Chorionated +oil, 3) 

Chorionated -oil.  The Dechorionated group were treated with protocol 5.2 and the 

remaining two groups were placed in a reservoir of autoclaved ddH2O.  Eggs were moved 

with a brush onto 22mm cover slips, then placed on 250ml of autoclaved larval diet (agar 

12.5g/L; sucrose 73.5g/L; maize 67g/L; brewer’s yeast 47.5g/L; 10% nipagin 25ml/L; 

propionic acid 2ml/L) in 1275cm3 glass butter dishes.  Each treatment group occupied a 

discrete butter dish that contained 8 cover slips of eggs.  Eggs from the Dechorionated 

and Chorionated +oil treatment groups were covered with a drop of blended oil (7:1, 

halocarbon oil 700 (Sigma): paraffin oil (Sigma)) but oil was not added to the Chorionated 

-oil group.  To maintain humidity in the dish, three 10x10cm sterile gauze swabs (LCH 
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medical) were moistened with molecular H2O (ThermoFisher) and fastened on the 

underside of the dish lid with electrical tape, that had been wiped with ethanol.  The lid 

was placed on the dish and the gap was sealed with electrical tape.  Gauzes were re-

moistened with molecular H2O (ThermoFisher) every day, for two days.  Day 3 - cover 

slips were placed in the larval diet at a 90⁰ angle with sterile tweezers to guide larvae 

onto the food.   

5.4.2) Pupal husbandry – microbial fume hood  

Prior to use, pupation boxes and butter knives were wiped with ethanol and exposed to 

10 mins UV radiation in a class 2 microbial fume hood (Herasafe).  Day 7 - larvae from the 

Chorionated +oil and Chorionated -oil groups were moved to 2cm of autoclaved 

childrens’ play-sand in a plastic pupation box (170mm x 130mm x 50mm), that had a mesh 

breathing hole (50mm Ø) cut in the lid.  Larval food was cut around the edge of the butter 

dishes with a butter knife and the dish was turned, to allow the food and larvae to drop 

into the pupation box.  Day 10 - larvae from the Dechorionated group were moved to a 

pupation box as described above.   

5.4.3 Adult rearing enclosure – microbial fume hood  

Prior to use, rearing enclosures, dental rolls and fine tweezers were sterilised with 

ethanol and 10 mins exposure to UV radiation in a class 2 microbial fume hood (Herasafe).  

Day 16 - 50 pupae from the Chorionated +oil and Chorionated -oil treatment groups were 

picked from the pupation boxes with fine tweezers and placed in discrete plastic rearing 

enclosures (100mm x 100mm x 100mm).  Each rearing enclosure was supplied with 6ml 

of autoclaved sugar water (20% w/v), which had been soaked into two 10mm dental rolls.  

The rearing enclosure was then placed inside a larger rearing enclosure (120mm x 120mm 

x 135mm) to prevent cross-contamination between treatment groups.  Day 18 - pupae 

from the Dechorionated group were picked from pupation boxes and split into two 

subgroups: 1) Dechorionated, 2) +Kleb.  Dechorionated and +Kleb pupae were placed in 

two discrete rearing enclosures (100mm x 100mm x 100mm).  The Dechorionated 

enclosure was set up with sterile sugar water as described above but the +Kleb group was 

supplied with 6ml of sugar water that had been infected with K. oxytoca bacteria 
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according to protocol 5.3.2.  Rearing enclosures were moved to -80⁰C for storage, 7 days 

after the first fly in the enclosure had eclosed. 

5.5) DNA extractions from medfly guts for qPCR and 16S metagenomic analyses  

DNA was extracted from medfly guts with a DNeasy blood and tissue kit (Qiagen) and 

microbe lysis buffer (MLB) (20 mg/ml of lysozyme (Sigma) and 5mg/ml of 

achromopeptidase (Sigma) in 20 mM Tris-HCl, 2 mM EDTA, 1.2% Triton X (pH 8.0)).  For 

each DNA sample, 5 guts were dissected and pooled in 2ml of 0.2 μm filtered PBS 

(ThermoFisher).  Samples were centrifuged at 13K RPM for 5 mins, before the 

supernatants were removed.  Gut pellets were homogenised with a clean pestle in liquid 

nitrogen.  180μl of Buffer ATL and 20μl of proteinase K were added to each sample before 

they were vortexed and incubated at 56⁰C.  Every thirty minutes for three hours, the 

samples were vortexed then incubated at 56⁰C.  The samples were then incubated for 12 

hours overnight at 56⁰C.  In the morning, 180μl of MLB was added to each sample before 

they were vortexed and incubated at 37°C for two hours.  Samples were vortexed every 

30 mins during the two-hour incubation.  Buffer AL and ethanol were mixed 1:1 (Buffer 

ALE) and warmed to 55°C.  Each sample had 400μl of warm Buffer ALE added before being 

immediately vortexed for 10-15 secs.  Samples were transferred to a spin column and 

centrifuged at 8000RPM for 60 secs.  500μl of Buffer AW1 was added and the sample was 

centrifuged again at 8000RPM for 60 secs.  500μl of Buffer AW2 was added and the 

samples were centrifuged at 13 000 RPM for 4 mins.  35μl of warm Buffer AE (60°C) was 

added to the centre of the spin membrane and the samples were centrifuged at 6000RPM 

for 60 secs.  DNA purity and concentration were measured using a Nanodrop 

(ThermoFisher). 

5.6.) DNA extraction from Klebsiella oxytoca bacteria in broth culture to estimate the 

absolute quantity of bacteria in medfly guts 

DNA was extracted from K. oxytoca culture media produced according to protocol 5.3.1.  

1ml of K. oxytoca culture was centrifuged at 13K RPM for 5 mins, before the supernatant 

was removed.  The pellet was homogenised with a clean pestle in liquid nitrogen.  

Bacterial DNA was extracted using a DNeasy blood and tissue kit (Qiagen) and microbe 
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lysis buffer (MLB) (20 mg/ml of lysozyme (Sigma) and 5mg/ml of achromopeptidase 

(Sigma) in 20 mM Tris-HCl, 2 mM EDTA, 1.2% Triton X (pH 8.0)).  180μl of MLB was added 

before the sample was vortexed and incubated at 37°C for two hours.  The samples were 

vortexed every 30 mins during the two-hour incubation.  Buffer AL and ethanol were 

mixed 1:1 (Buffer ALE) and warmed to 55°C.  The sample had 400μl of warm Buffer ALE 

added before being immediately vortexed for 10-15 secs.  The sample was transferred to 

a spin column and centrifuged at 8000RPM for 60 secs.  500μl of Buffer AW1 was added 

and the sample was centrifuged again at 8000RPM for 60 secs.  500μl of Buffer AW2 was 

added and the sample was centrifuged at 13 000 RPM for 4 mins.  35μl of warm Buffer 

AE (60°C) was added to the centre of the spin membrane and the sample were 

centrifuged at 6000RPM for 60 secs.  DNA purity and concentration were measured using 

a Nanodrop (ThermoFisher). 

5.7) qPCR of 16S and pehX genes in medfly gut DNA and Klebsiella oxytoca DNA  

Copies of 16S and pehX were quantified in medfly gut DNA via extrapolation from a 

standard curve of K. oxytoca DNA.  DNA extracted from medfly guts and K. oxytoca 

bacteria was analysed for on a StepOnePlus thermocycler (Applied Biosystems) with iTaq 

Universal SYBR Green Supermix (BioRad).  Primers for 16S and pehX were purchased from 

Eurofins Genomics (see supplementary materials 5.1).  Each qPCR well contained either 

7.5ng of medfly gut DNA or a specified quantity of K. oxytoca DNA, 2µl of each primer at 

a concentration of 5μM, 10µl of iTaq and 5µl of molecular H2O (ThermoFisher).  The PCR 

cycling parameters were: 95⁰C for ten minutes, then 40 cycles of 95⁰C for 15 seconds and 

60⁰C for 1 min. 

5.8) Amplification, gel extraction and 16S metagenomic sequencing of medfly gut DNA 

5.8.1) 16S PCR amplification and gel extraction of medfly gut DNA  

The 16S gene was amplified from medfly gut DNA with PCRBIO Ultra Mix 

(PCRbiosystems).  Two PCR reactions were run for each DNA sample and these were 

pooled for gel extraction.  Each PCR reaction mixture contained 12.5μl  of mastermix, 

100ng of DNA and 1μl of each 541F/806R primer (5μM) (see supplementary materials 

5.1).  PCR reactions were topped up to total volume of 25μl with molecular H2O 

(ThermoFisher).  The PCR cycling parameters were: 95⁰C for two minutes, then 40 cycles 
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of 95⁰C for 15 seconds, 55⁰C for 15 seconds, then 72⁰C  for 10 minutes.  Gel extractions 

were carried out with a QIAquick gel extraction kit (Qiagen) according to the 

manufacturer’s instructions but DNA was extracted in 30μl  molecular H2O rather than 

buffer EB (ThermoFisher). 

5.8.2) 16S metagenomic sequencing of gel extracted DNA 

16S metagenomic sequencing of medfly gut DNA was carried out by a secondary provider 

(Mr DNA, 2019).  Samples were PCR amplified with barcoded 515F/806R 16S PCR primers 

(Caporaso et al., 2011) using HotStarTaq Plus Master Mix Kit (Qiagen, USA).  PCR cycling 

parameters were: 94⁰C for 3 minutes, followed by 30 cycles of 94⁰C for 30 seconds, 53⁰C 

for 40 seconds and 72⁰C for 1 minute, then 72⁰C for 5 minutes.  The PCR products were 

then used to prepare an Illumina DNA library and sequencing was performed on a MiSeq 

platform (Illumina).   

5.8.3) Processing of 16S sequence data 

Sequence data were processed with Mr DNA’s analysis pipeline (Mr DNA, 2019).  

Sequences were joined and barcodes were removed, then sequences with ambiguous 

bases and sequences <150bp were deleted.  Operational taxonomic units (OTUs) were 

generated and defined by clustering at 97% similarity.  BLASTn (Altschul et al., 1997) was 

used to assign OTUs to specific taxa via analysis against the RDPII (RDP, 2019) and NCBI 

(Marchler-Bauer et al., 2009) databases.  Data supplied by Mr DNA was analysed in R 

Studio (Team, 2016). 
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5.4) Results 

5.1) DNA samples used for qPCR and 16S metagenomic analyses 

DNA was extracted from the guts of medflies that had been reared according to the five 

distinct sterile / non sterile, chorionated / dechorionated experimental treatments listed 

in Table 5.1.  A total of 5 biological replicates of DNA were produced for the 

Dechorionated, +Kleb and Chorionated +oil conditions and three biological replicates of 

DNA were produced for the Morocco, Chorionated -oil and Toliman conditions.  High 

quality DNA (measured by Nanodrop), suitable for analysis with both qPCR and 16S 

metagenomic sequencing was collected for all samples.  The reservoir of H2O (hereafter 

‘Wash’) in which dechorionated eggs had been bathed immediately prior to being placed 

on larval diet, was also analysed with 16S metagenomic sequencing, to evaluate whether 

it contained bacteria that could have contaminated the dechorionated eggs.  As the 

concentration of Wash DNA was low, Wash PCR reactions contained less than 100ng of 

DNA as had been prescribed but amplification did occur, and Wash DNA was gel extracted 

then sequenced. 

Table 5.1 Medfly rearing treatment conditions.  Medf ly gut DNA was extracted f rom f lies that 

had been reared according to f ive distinct conditions.  Flies reared in the Dechorionated and +Kleb 

treatments developed f rom dechorionated eggs that were covered in oil then reared in a microbial 

fume hood.  Dechorionated f lies were reared in a sterile environment but +Kleb f lies had K. oxytoca 

administered to them in their diet.  The Chorionated +oil and Chorionated -oil control f lies 

developed f rom chorionated eggs and were reared under sterile conditions in a microbial fume 

hood.  Chorionated +oil eggs were covered in oil but Chorionated -oil eggs were not.  Morocco flies 

were captured in the f ield in Morocco and were subject to naturally occurring conditions.   

Treatment  Dechorionated Oil Location Microbe exposure  

Dechorionated Yes Yes Fume hood Sterile environment 

+Kleb Yes Yes Fume hood Sterile environment + K. oxytoca 

Chorionated +oil No Yes Fume hood Sterile environment  

Chorionated -oil No No Fume hood Sterile environment  

Morocco No No Morocco Natural conditions  
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5.2) Estimating microbe abundance in medfly guts via quantification of the 16S gene  

5.2.1) Calculating a standard curve for copies of 16S with serial dilutions of DNA extracted 

from Klebsiella oxytoca bacteria  

Serial dilutions of K. oxytoca DNA were analysed with qPCR targeting the 16S gene and 

the data were utilised to calculate a standard curve.  At the highest concentration on the 

standard curve, K. oxytoca DNA was diluted 1:10 with molecular water.  Each successive 

datapoint on the standard curve represented a 1:1 dilution of K. oxytoca DNA in 

molecular water.  16S copy number was therefore estimated to drop by 50% at each 

dilution on the standard curve.  The relationship between DNA dilution factor and qPCR 

cycling threshold was highly significant (linear model, F (1,4) = 1768, p<0.001, R2=0.99). 

5.2.2) Quantifying 16S copy number in medfly gut DNA via extrapolation from a standard 

curve of K. oxytoca DNA 

DNA was extracted from the guts of medlfies that had been reared according to five 

distinct conditions.  Copies of the microbial 16S gene in 7.5ng of DNA were quantified 

based on a standard curve of K. oxytoca DNA.  Thus, the relative load of bacteria in medfly 

guts was calculated based on the quantity of 16S genes in 7.5ng of gut DNA.  It was 

predicted that egg dechorionation would block maternal transmission of K. oxytoca to 

larvae and that DNA extracted from Dechorionated fly guts would contain fewer copies 

of 16S than DNA extracted from flies reared according to the remaining four conditions.  

DNA extracted from the guts of Morocco and +Kleb flies (HighCOP group) contained 

approximately 25-fold more copies of 16S (and thus approximately 25 times more 

bacteria) than DNA extracted from the guts of Dechorionated, Chorionated +oil and 

Chorionated -oil flies (LowCOP group) (Figure 5.2).  Contrary to the prediction, there was 

no significant difference in 16S copy numbers in gut DNA extracted from Dechorionated 

flies, relative to Chorionated +oil or Chorionated -oil flies (ANOVA, F (2,6) =0.17, p>0.05).  

Therefore, it appears that Dechorionated flies exhibited a diminished microbiome but 

that this was a function of having been reared in a sterile environment, rather than due 

to the egg dechorionation treatment.  16S copy numbers were not significantly different 

in DNA extracted from +Kleb and Morocco fly guts (t-test, t = 1.76, df = 2, p<0.05).   
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Figure 5.2 The relative quantity of 16S genes in 7.5ng of DNA extracted from medfly guts.  The x axis represents qPCR cycling threshold.  The y axis 

represents the relative quantity of  16S genes in 7.5ng of  medf ly gut DNA, based on a standard curve of  K. oxytoca DNA.  The standard curve of  K. oxytoca 

DNA is represented by a grey line.  Datapoint colours represent the dif ferent rearing treatment conditions.  Flies were reared in either a sterile fume hood 

(circles), a sterile fume hood + K. oxytoca (triangles) or in a natural environment (squares).  Based on the standard curve there was a signif icant relationship 

between 16S copy number and qPCR cycling threshold (linear model, F (1,4) = 1768, p<0.001, R2=0.99).  DNA extracted f rom the guts of  f lies reared in a fume 

hood contained approximately 25 times fewer copies of  16S than f lies reared in a fume hood +Kleb or f lies reared under natural conditions.     
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5.3) 16S metagenomic sequencing of medfly gut DNA and a Wash control 

The gut microbiomes of the different treatments of medflies were characterised with 16S 

metagenomic sequencing (Di Salvo et al., 2019; Suenami et al., 2019).  Wash DNA was 

sequenced to evaluate whether it contained bacteria that could have contaminated eggs 

during the dechorionation process.  It was predicted that dechorionation would prevent 

maternal transmission of K. oxytoca and that Dechorionated flies would be K. oxytoca 

deficient.  K. oxytoca and Lysobacter enzymogenes were by far the most abundant 

bacteria in all gut samples and Wash DNA (Table 5.2; Figure 5.3).  At 11.5%, 8.8%, and 

12.2% respectively, the mean relative abundance of K. oxytoca in the microbiomes of 

Dechorionated, Chorionated -oil, and Chorionated +oil flies was fairly consistent.  There 

was no evidence that dechorionation prevented maternal transmission of K. oxytoca.  

However, as Wash contained K. oxytoca, it is possible that dechorionation did prevent 

maternal transmission of K. oxytoca but dechorionated eggs had been subsequently 

contaminated with bacteria when bathed in Wash.  The mean percentage of K.oxytoca in 

the gut microbiomes of Morrocan flies and +Kleb flies was 31.4% and 54.4% respectively.  

+Kleb flies had K. oxytoca administered to them and Morocco flies were caught in the 

field, so it was unsurprising that they harboured a large amount of K. oxytoca in their gut 

microbiomes. Surprisingly, L. enzymogenes represented a substantial proportion of 

bacteria in all samples, a species that has not been described in any previous investigation 

of the medfly gut microbiome (Ben Ami et al., 2010; Leftwich et al., unpublished) .  

Furthermore, L. enzymogenes does not appear to have been described in the gut 

microbiome of any insect to date.  It appears that L. enzymogenes was detected in these 

DNA samples due to a contamination that occurred during dissection, extraction or 

sequencing. 
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Table 5.2 The mean relative abundance of K. oxytoca and L. enzymogenes in medfly gut 

DNA samples and Wash.  The mean relative abundance of  K. oxytoca and L. enzymogenes for 

all biological replicates of  DNA are represented below.  K. oxytoca and L. enzymogenes 

represented approximately 10% and 40% respectively of  bacteria in the Wash control and DNA 

extracted f rom the guts of  LowCOP f lies.  K. oxytoca formed 31.4% of  the microbiome of  Morocco 

f lies and L. enzymogenes formed 15.6%.  K. oxytoca formed a greater proportion of  the gut 

microbiome of  +Kleb f lies (54.4%) than in f lies f rom any other treatment.  

Treatment  Sterile/non-sterile K. oxytoca (%) L. enzymogenes (%) 

Chorionated -oil Sterile 8.8 40.3 

Dechorionated Sterile 11.5 43.6 

Chorionated +oil Sterile 12.2 45.3 

Morocco Non-sterile 31.4 15.6 

+Kleb Sterile 54.4 12.6 

Wash N/A 10.9 44.3 
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Figure 5.3 The relative abundance of bacterial genera in medfly gut samples and a Wash control.   Relative abundance as a percentage of  the overall 

microbiome is represented on the x-axis.  Specif ic rearing treatment conditions and a Wash control are represented on the y axis.  Bacteria that formed less 

than 2% of  the total microbiome were deleted f rom the analysis.  Klebsiella and Lysobacter formed the vast majority of  bacteria in the gut microbiomes of  all 

f lies and the Wash control.  The microbiomes of  Dechorionated, Chorionated +oil and Chorionated -oil f lies contained a smaller proportion of  Klebsiella than 

Lysobacter.  The microbiomes of  Morocco and +Kleb f lies contained a greater proportion of  Klebsiella than Lysobacter.  The wash control contained a greater 

proportion of  Lysobacter than Klebsiella.
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5.4) 16S metagenomic sequencing of Chorionated +oil DNA and pure DNA extraction 

reagents to assess if previously sequenced DNA samples had been contaminated during 

the extraction process  

The gut microbiomes of medflies analysed in a preliminary round of 16S metagenomic 

sequencing (section 5.3) all contained a large proportion of L. enzymogenes bacteria.  L. 

enzymogenes detected in those samples appeared to arise due to a contamination that 

occurred during either gut dissection, DNA extraction or sequencing.  Therefore, a second 

round of 16S metagenomic sequencing was performed using pure DNA extraction 

reagents to identify potential sources of L. enzymogenes contamination.  Three 

Chorionated +oil DNA samples analysed during round 1 were re-analysed to act as a 

control between sequencing runs.  Bacteria of the Klebsiella genus represented 8% of the 

total bacterial load in DNA extracted from reagents and K. oxytoca represented 5.7% of 

that total.  L. enzymogenes represented a large proportion of bacteria (mean = 28.9%) in 

DNA extracted exclusively from DNA extraction reagents.  The microbial community of 

Chorionated +oil guts was reasonably consistent between sequencing runs 1 and 2.  The 

mean relative abundance of Klebsiella bacteria and L. enzymogenes in Chorionated +oil 

DNA had been 14.6% and 45.3% during run 1, which dropped to 9% and 33% respectively 

in round 2 (Figure 5.4).  It is possible therefore that L. enzymogenes bacteria detected in 

medfly guts during round 1 of sequencing, arose due contamination from the reagents 

used during extraction or sequencing.  However, as the reagents also contained K. 

oxytoca it is also possible that the K. oxytoca signal detected in medfly gut DNA arose due 

to a cross-contamination.   
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Figure 5.4 The relative abundance of bacterial genera in chemical reagents and Chorionated +oil gut samples.  Relative abundance of  bacteria as a 

percentage of  the microbiome is represented on the x-axis.  Chorionated +oil and reagent DNA samples are represented on the y axis.  Bacteria that formed 

less than 2% of  the total microbiome were deleted f rom the analysis.  Bacteria of  the Klebsiella and Lysobacter genera formed the vast majority of  bacteria in 

both Chorionated +oil medf ly gut and reagent DNA samples.  
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5.5) Estimating the relative abundance of Klebsiella oxytoca bacteria in medfly guts via 

qPCR of the pehX gene 

5.5.1) Evaluation of pehX primers for quantification of K. oxytoca bacteria in medfly gut 

DNA 

All RefSeq Proteobacteria genomes in the NCBI database (Marchler-Bauer et al., 2009) 

and a medfly genome (GCA_000347755.4) were analysed with Primer-BLAST (Ye et al., 

2012), to identify DNA sequences amenable to amplification with the PEHC/PEHD primers 

used by Kovtunovych et al. (2003) to amplify pehX.  The only genomes predicted by this 

analysis to contain DNA that would be prone to amplification with the Kovtunovych et al. 

(2003) primers, were characterised as K. oxytoca and K. michiganensis bacteria.  It was 

plausible therefore that the Kovtunovych et al. (2003) primers could be used to quantify 

K. oxytoca in DNA extracted from medfly guts. 

5.5.2) qPCR of pehX and 16S to quantify the relative abundance of Klebsiella oxytoca 

bacteria in medfly guts 

In my earlier assay, the absolute abundance of bacteria in medfly guts was quantified via 

qPCR of the 16S gene (section 5.2).  However, the relative quantity of K. oxytoca in those 

gut samples was not convincingly described with 16S metagenomic sequencing, due to 

the presence of a contaminating bacterial species (sections 5.3/5.4).  To avoid a 

potentially lengthy search for the source of the contamination, I developed the following 

alternative approach to quantify K. oxytoca in medfly gut DNA.  It was hypothesised that 

K. oxytoca itself could be quantified within gut samples with qPCR targeting a K. oxytoca 

specific DNA sequence (pehX).  Morocco and Chorionated -oil DNA had been depleted 

during the original analyses.  Therefore, qPCR of pehX was carried out for Chorionated 

+oil, Dechorionated and +Kleb samples, as well novel DNA extracted from Morocco flies 

and lab-reared Toliman flies.  DNA extraction was attempted for pure extraction reagents 

as a negative control, but this did not produce DNA in high enough concentration to be 

used for qPCR.  As for the previous qPCR analysis, 7.5ng samples of medfly gut DNA were 

subjected to qPCR targeting the 16S gene and compared to a standard curve of K. oxytoca 

DNA.  As for the first analysis, there was no significant difference in bacterial load 
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between the guts of Chorionated +oil and Dechorionated flies (ANOVA, F (1,4) =0.76, 

p>0.05) (Figure 5.5).  Bacterial load was significantly different between the guts of +Kleb, 

Morocco and Toliman flies (ANOVA, F (2,6) = 11.99, p<0.05) (Figure 5.6).  Equivalent DNA 

samples were then analysed with qPCR targeting the pehX gene (Figure 5.7).  As for 16S, 

pehX was quantified via comparison to a standard curve of K. oxytoca DNA.  Serial 

dilutions of K. oxytoca DNA were analysed with qPCR targeting the pehX and the 

relationship between DNA dilution factor and qPCR cycling threshold was highly 

significant (linear model, F (1,4) = 2210, p<0.001, R2=0.99).  qPCR of pehX produced a 

signal for the +Kleb DNA samples and a sample of Morocco DNA.  This suggests that the 

guts of +Kleb flies contained a large amount of K. oxytoca bacteria which was supported 

by 16S metagenomic analysis (section 5.4).  Toliman flies harboured more bacteria overall 

than +Kleb flies but did produce a pehX signal, which suggests that lab reared Toliman 

flies host a large gut microbiome but that the proportion of it formed by K. oxytoca was 

not detectable by this assay. 
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Figure 5.5 The relative quantity of 16S in 7.5ng of DNA extracted from medfly guts.  The x axis represents qPCR cycling threshold.  The y axis represents  

the quantity of  16S genes in 7.5ng of  medf ly gut DNA based on a standard curve of  K. oxytoca DNA.  The standard curve of  K.oxytoca DNA is represented by 

a grey line.  Datapoint colours represent rearing conditions.  Flies were reared in either a sterile fume hood (circles), a sterile fume hood + K. oxytoca (triangles), 

in a lab (squares) or in a natural environment (crosses).  Based on the standard curve there was a signif icant relationship between 16S copy number and qPCR 

cycling threshold (linear model, F (1,4) = 418.9, p<0.001, R2=0.99).  There was no signif icant dif ference in bacterial load between the guts of  Chorionated +oil 

and Dechorionated f lies (ANOVA, F (1,4) =0.76, p>0.05). 
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Figure 5.6 Post-hoc Tukey comparison of the bacterial load in the guts of +Kleb, Toliman and Morocco flies.  Calculated at a 95% conf idence interval 

the guts of  Morocco f lies contained signif icantly less bacteria than the guts of  Toliman f lies.    
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Figure 5.7 The relative quantity of pehX in 7.5ng of DNA extracted from medfly guts.  The x axis represents qPCR cycling threshold.  The y axis represents  

the quantity of  pehX genes in 7.5ng of  medf ly gut DNA based on a standard curve of  K. oxytoca DNA.  The standard curve of  K.oxytoca DNA is represented 

by a grey line.  Datapoint colours represent rearing conditions.  Flies were reared in either a sterile fume hood + K. oxytoca (circles) or in a natural environment 

(triangles).  Based on the standard curve there was a signif icant relationship between pehX copy number and qPCR cycling threshold (linear model, F (1,4) = 

2210, p<0.001, R2=0.99).  The guts of  f lies +Kleb f lies contained signif icantly more pehX genes and thus more Klebsiella bacteria than the guts of  Morocco f lies 

(ANOVA, F (1,2) = 39.11, p<0.05).  DNA extracted f rom the guts of  Toliman f lies and chorionated controls did not amplify pehX via qPCR.
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5.5) Discussion 

Klebsiella oxytoca have frequently been reported to form a large proportion of bacteria 

in the medfly gut microbiome (Aharon et al., 2013; Behar et al., 2008; Ben Ami et al., 

2010).  Furthermore, K. oxytoca appear to dominate the medfly gut microbiome, 

regardless of which environments or diets flies have been exposed to (Leftwich et al., 

unpublished).  This apparently constant association between K. oxytoca and the medfly, 

indicates that the relationship is stable, and it has been suggested that K. oxytoca are 

transmitted by medflies to their offspring on the egg chorion (Behar et al., 2008).   

I hypothesised that dechorionation of medfly embryos would disrupt vertical 

transmission of K. oxytoca.  Following from this premise, I hypothesised that medflies 

reared from dechorionated eggs would exhibit a gut microbiome that was K. oxytoca 

deficient and thus, reduced in size.  To test my hypotheses, I reared dechorionated eggs 

in a sterile environment then analysed the gut microbiome of flies that developed from 

those eggs quantitatively with qPCR (Glassing et al., 2016; Jimeno et al., 2018) and 

qualitatively with 16S metagenomics (Di Salvo et al., 2019; Suenami et al., 2019). 

Contrary to the prediction, when analysed with qPCR, flies reared from dechorionated 

eggs did not exhibit a reduced microbiome relative to chorionated controls.  These data 

appear to be robust, because as predicted, +Kleb flies (that had bacteria administered to 

them in their diet) and Morocco flies (that were captured in the field) both harboured a 

large quantity of gut bacteria.  Therefore, it seems that the reduced microbiome of 

dechorionated flies was a consequence of being reared in a sterile environment, rather 

than egg dechorionation.   

I predicted that the gut microbiomes of dechorionated medflies would contain a smaller 

proportion of K. oxytoca bacteria than the microbiomes of chorionated controls, an idea 

that I tested by using 16S metagenomics.  Although the fraction of K. oxytoca in gut 

microbiomes varied between samples, K. oxytoca was not significantly reduced in the 

microbiome of dechorionated flies.  This could suggest that K. oxytoca are not 
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transovarially transmitted by the medfly, though these experiments would need to be 

repeated without the contaminating bacterial species present. 

The majority of analysed gut microbiomes were dominated by Lysobacter enzymogenes 

bacteria.  L. enzymogenes has never previously been detected in the medfly gut (Aharon 

et al., 2013; Behar et al., 2008; Ben Ami et al., 2010).  Furthermore, Leftwich et al. 

(unpublished) (see supplementary materials Figure 5.1) did not detect L. enzymogenes in 

the guts of Morocco flies, despite the fact that those flies were extracted from the same 

population as analysed here.  It seems likely that L. enzymogenes had contaminated: 1) 

the fly guts during dissection, 2) the extraction reagents at UEA, 3) the sequencing 

reagents used by the provider (Mr DNA, 2019). 

A possible source of contamination were the reagents and associated consumables used 

for DNA extraction and sequencing (Glassing et al., 2016).  However, it was also possible 

that L. enzymogenes contamination occurred during gut dissection.  To elucidate 

potential contamination sources, a second round of 16S metagenomic sequencing was 

carried out on DNA that was extracted from pure chemical reagents.  Chorionated +oil 

DNA was also re-sequenced to act as a control between sequencing runs.  The data 

produced during round 2 of sequencing were fairly consistent with those produced during 

round 1, in that all samples analysed (other than reagent sample 5) contained a large 

proportion of K. oxytoca and L. enzymogenes.  These data did not pinpoint a source of L. 

enzymogenes contamination but excluded the dissection process, as the reagents did not 

contain guts.  As L. enzymogenes was detected in Chorionated +oil DNA during in both 

sequencing rounds, DNA samples could not have been contaminated by an irregular 

phenomenon during round 1 at the provider (Mr DNA, 2019).  Equally, DNA could not 

have been contaminated by an irregular phenomenon at UEA during round 1, as the 

reagents were not sequenced during round 1, yet they contained L. enzymogenes.  

Therefore, the contamination source was constant between sequencing rounds and did 

not occur during rearing or dissection. 

L. enzymogenes contamination could have arisen from at least two sources that are yet 

to be eliminated from this analysis: 1) DNA extraction reagents and buffers used in the 

UEA labs, 2) sequencing reagents and buffers used in the labs of the sequencing provder 
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(Mr DNA, 2019).  DNA extraction reagents should be filter sterilised in future 

investigations.  It is of note that L. enzymogenes is used commercially to produce 

achromopeptidase (Takami et al., 2017), which was integral to the microbe lysis buffer 

(MLB) used in protocol 5.5.  MLB was passed through a 0.2um filter and hence, should 

have been microbe free.  However, it is possible that the achromopeptidase component 

of MLB (Sigma - product A3457) was contaminated with L. enzymogenes DNA that passed 

through the 0.2um filters (Mueller et al., 2014) and confounded the subsequent analysis.  

Therefore, all buffers and reagents should be passed through 0.1um filters in future 

investigations, to eliminate contaminating DNA with improved efficiency and 

achromopeptidase should be treated with DNase prior to being added to MLB.  

Furthermore, 16S metagenomic sequencing should be carried out a different lab, to 

eliminate Mr DNA’s reagents as a source of contamination. 

Finally, I quantified the microbe specific 16S gene and the K. oxytoca specific pehX gene, 

in equivalent samples of medfly gut DNA with qPCR.  I hypotheised that this analysis 

should provide a general microbe signal and a K. oxytoca specific signal for each sample, 

which could then be compared to reveal which of the microbiomes contained the 

greatest proportion of K. oxytoca relative to their overall size.  Three new Morocco DNA 

samples and three samples of DNA extracted from the Toliman lab strain were used for 

this analysis, along with the +Kleb, Dechorionated and Chorionated +oil DNA from the 

earlier analysis.   

As for the first round, qPCR of 16S revealed that the guts of Dechorionated and 

Chorionated +oil flies contained significantly less bacteria than +Kleb, Morocco or 

Toliman flies.  The guts of Toliman flies contained significantly more bacteria than the 

guts of Morocco flies.  However, only the +Kleb samples and a single Morocco sample  

amplified pehX.  This analysis suggests that a the +Kleb samples contained a large quantity 

of K. oxytoca, which is consistent with the 16S metagenomic data.  Overall, this analysis 

requires further optimisation.  Currently, the assay lacks the sensitivity required to 

quantify small amounts of K. oxytoca as seen by the lack of amplification in the Toliman 

and several of the Morocco samples.  Future studies should refine the pehX assay by 

optimising qPCR cycling parameters or using the more sensitive TaqMan mastermix.  
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Alternatively, qPCR of gut DNA with 16S primers that target different taxa should reveal 

the relative abundance of different genera in the microbiome (Yang et al., 2015). 

5.6) Supplementary material 

5.1) Primers used for qPCR of pehX and 16S and PCR of 16S 

As in Kovtunovych et al. (2003) the pehX gene was amplified using PEH-C forward primer 

(5’GATACGGAGTATGCCTTTACGGTG-3’) and PEH-D reverse primer 

(5’TAGCCTTTATCAAGCGG ATACTGG-3’).  The 16S gene was amplified using 541F forward 

primer (5’GTGCCAGCMGCCGCGGTAA-3’) and 806R reverse primer 

(5’GGACTACHVGGGTWTCTAAT-3’) as in Caporaso et al. (2011).   

5.2) Overview of the Leftwich et al. (unpublished) study 

Dr Philip Leftwich analysed the guts of adult Toliman medflies, untreated Toliman larvae 

and Toliman larvae that had been exposed to antibiotics (100 μg/ml kanamycin, 200 

μg/ml ampicillin, 200 μg/ml streptomycin, 50 μg/ml chloramphenicol,100μg/ml 

apramycin, 100 μg/ml hygromycin and 200 μg/ml tetracycline) with 16S metagenomics.  

To complement this, Dr. Leftwich also analysed the guts of medflies collected from the 

field in Crete and Morocco.  I subsequently analysed the guts of Morrocan medlfies, from 

the same population as had been analysed by Dr Leftwich.  Both Dr Leftwich (Figure 5.8) 

and I (Figure 5.3) detected a large proportion of Klebsiella bacteria in the guts of 

Morrocan flies but my analysis detected Lysobacter enzymogenes bacteria, which had 

been absent from Dr Leftwich’s analysis.
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Figure 5.8 The relative abundance of bacterial genera in medfly gut samples analysed by Dr Philip Leftwich.   Relative abundance as a f raction of  the 

overall microbiome is represented on the y-axis.  Specif ic rearing treatment conditions represented on the x axis – f lies collected f rom Morocco are circled.  

Bacteria that formed less than 2% of  the total microbiome were deleted f rom the analysis.   The guts of  f lies collected from Morocco all contained a large 

proportion of  Klebsiella bacteria (blue bars), but none contained Lysobacter bacteria.
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Chapter 6 –  Evaluating the Fall Armyworm (Spodoptera frugiperda) as a 

candidate for control with Oxitec’s self-limiting technology  

6.1) Abstract 

The polyphagous, migratory Fall Armyworm (Spodoptera frugiperda; FAW) is a significant 

agricultural pest, which has been endemic to the Western Hemisphere for at least 100 

years.  Currently FAW is progressively invading new territories in the Eastern Hemisphere, 

and novel methods of control are urgently required to mitigate its damaging effects.  I 

performed several preliminary investigations to evaluate whether the FAW is an 

appropriate candidate species for control with Oxitec’s self-limiting technology.  I 

hypothesised that optimal self-limiting control would be delivered in the FAW model if: 

1) females exhibited polyandry during dispersal 2) females exhibited last-male sperm-

precedence.  Initially, I developed a system for marking FAW spermatophores with 

fluorescent dye that facilitated their identification once they had been transferred to 

female moths.  Using the labelled spermatophores I was then able to demonstrate that 

FAW females practiced polyandrous behaviour both in the lab and in cage trials.  Finally, 

I investigated whether FAW females exhibited last-male sperm precedence by 

consecutively mating females with a wild-type male and then a transgenic male.  By 

recording the frequency of transgenics in the F1 generation I was able to show that last-

male sperm precedence does appear to be typical of FAW.  Therefore, the results support 

the idea that FAW is a suitable candidate for self-limiting control. 
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6.2) Introduction 

The Fall Armyworm (Spodoptera frugiperda; FAW) is a polyphagous, migratory noctuid 

moth (Luginbill, 1928).  Adult FAW can live for several weeks (Ashley et al., 1989; Hardke 

et al., 2015; Luginbill, 1928) and may disperse over hundreds of miles (Nagoshi et al., 

2012; Westbrook et al., 2016).  Females can lay up to 1000 eggs, which are laid on the 

underside (Hardke et al., 2015) of the leaves of over 80 plant species (Luginbill, 1928; 

Pashley, 1988).  FAW larvae consume host plants (Day et al., 2017; Luginbill, 1928; Sparks, 

1979) and can reduce crop yields by up to 57% (Cruz et al., 1999).  The FAW is therefore 

considered to be a significant agricultural pest (Day et al., 2017; Luginbill, 1928; Sparks, 

1986). 

The FAW species group comprises two discrete strains (FAWC and FAWR) that are 

morphologically identical and live in sympatry but favour different habitats (Pashley, 

1986; Pashley et al., 1985).  The C strain (FAWC) preferentially inhabits corn while the R 

stain (FAWR) preferentially inhabits rice and grasses (Pashley, 1988).  The FAWC/FAWR 

strains produce distinct pheromone blends (Groot et al., 2008) and preferentially mate at 

different times of the night (Schofl et al., 2009) but remain conspecifics and can naturally 

hybridise in the field (Machado et al., 2008; Nagoshi et al., 2012).  However, the 

FAWC/FAWR strain dichotomy may represent incipient speciation, as FAWC male/FAWR 

female interstrain matings result in reduced fertility (Kost et al., 2016) and Gouin et al. 

(2017) report interstrain variation in genes associated with chemosensation, digestion 

and detoxification. 

Historically, the FAW has been a pest of the Western Hemisphere, where it has been 

endemic throughout North and South America from Southern Canada to Argentina 

(Ashley et al., 1989; Johnson, 1987).  However, the FAW cannot survive the extreme 

winters in North America and is restricted to two annual overwintering sites in Texas and 

Florida (Ashley et al., 1989; Luginbill, 1928).  Analysis of the FAW’s Cytochrome Oxidase I 

(COI) gene reveals four discrete, non-randomly distributed haplotypes (h1-h4) that are 

associated with the FAWC populations in Texas and Florida (Nagoshi et al., 2012; Nagoshi 

et al., 2007).  The majority of Texan FAWC express the h2 haplotype and the majority of 
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Floridian FAWC express the h4 haplotype, which may indicate that these groups show 

some genetic differentiation that could be a precursor to incipient reproductive isolation 

(Nagoshi et al., 2012).  Each year at the beginning of summer, FAWC moths that express 

the h2 haplotype disperse north from Texas to Canada and moths that express the h4 

haplotype disperse north-east from Florida along the eastern seaboard (Nagoshi et al., 

2012).   

In the Western Hemisphere, FAW is usually controlled with insecticides and GM crops, 

that express insecticidal toxins extracted from Bacillus thuringiensis (Bt) microbes (Burtet 

et al., 2017; Huang et al., 2014).  However, resistance has evolved rapidly, as these modes 

of control have frequently been intensively applied as a monotherapy (Burtet et al., 

2017).  Hence, the FAW has developed field resistance to at least four chemical 

insecticides (Burtet et al., 2017; Carvalho et al., 2013; Nascimento et al., 2016) and 

resistance to Bt corn has been documented in Brazil (Farias et al., 2014; Omoto et al., 

2016), Puerto Rico (Storer et al., 2010) and the USA (Huang et al., 2014).   

The first reports of FAWC in the Eastern Hemisphere occurred in São Tomé and Príncipe 

in 2016 (Goergen et al., 2016) and unrestricted by climate, FAWC quickly spread across 

sub-Saharan Africa (Day et al., 2017) and has since invaded India (Deshmukh et al., 2018), 

South-East Asia (CABI, 2019), and China (Liu et al., 2019).  It appears that the invasive 

FAWC in the Eastern Hemisphere are descendants of the Floridian (h4) FAWC strain 

(Nagoshi et al., 2018) and that the FAWR lineage remains isolated in the Western 

hemisphere at this time (Nagoshi, 2019), although there is some evidence of FAWR in 

China (Liu et al., 2019).  

FAWC’s invasion of the Eastern Hemisphere will inevitably have consequences for 

agriculture and food security (Day et al., 2017; Health et al., 2018).  In Africa alone, FAWC 

is predicted to reduce corn yields by up to 20.6M tonnes per annum (Day et al., 2017).  

The European Food Safety Authority advise that FAWC could invade Europe from North 

Africa and establish year-round populations in Spain, Italy and Greece (Health et al., 

2018).  Health et al. (2018) recommend Integrated Pest Management (IPM) and broad 

spectrum insecticides as a means of FAWC control in Europe.  However, it is acknowledged 

that current EU legislation regarding GM organisms may need to be relaxed, to allow for 
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control of FAWC with crops that express insecticidal Bt toxins (Health et al., 2018).  If 

Health et al.’s (2018) prediction is correct and EU legislation is relaxed to allow control of 

FAWC with genetically modified organisms, then a useful approach for control could 

include Oxitec’s self-limiting system (Thomas et al., 2000). 

Oxitec’s self-limiting technology (Thomas et al., 2000) is a method of GM pest control that 

adheres to the same basic principles as the conventional Sterile Insect Technique (SIT) 

(Knipling, 1955).  Conventional SIT utilises gamma radiation to generate large numbers of 

sterile male insects for release in the field which subsequently mate with wild females 

(Knipling, 1998; Krafsur, 1998).  These sterile matings produce non-viable offspring which 

leads to the collapse of the wild pest population (Knipling, 1998; Krafsur, 1998).  However, 

irradiation has negative consequences for male performance and virility, which reduces 

the effectiveness of SIT males, both in the field and in cage trials (Guerfali et al., 2011; 

Helinski et al., 2008; Hooper, 1972).  The benefit of Oxitec’s technology over conventional 

SIT is that released males carry “self-limiting” genetic constructs rather than being 

irradiated (Asadi et al., 2019; Gorman et al., 2016; Harvey-Samuel et al., 2015), obviating 

the negative effects of irradiation.   

Once a self-limiting strain has been developed, a suite of mating competitiveness and 

fitness trials are undertaken in cage trials (Asadi et al., 2019; Leftwich et al., 2014).  

Verified self-limiting males are then released to the field to mate with wild females and 

the dominant lethality transmitted to offspring by the transgenic males result in non-

viable female offspring, which leads to the collapse of the wild pest population (Asadi et 

al., 2019; Gorman et al., 2016; Harvey-Samuel et al., 2015). 

Here I investigated whether the FAW practiced polyandry and last-male sperm 

precedence, to evaluate this species’ compatibility with Oxitec’s self-limiting technology.  

I hypothesised that these characteristics would impact the effect of self-limiting control 

in the field.  My rationale was thus: 1) If FAW were monogamous, non-virgin females 

spreading into control target areas would be refractory to re-mating with self-limiting 

males, and the pest population would be propagated by residual, viable sperm obtained 

from wild-type males, 2) If females exhibited polyandry but did not exhibit last-male 

sperm-precedence, then secondary matings with self-limiting males would not provide 
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control, as females would fertilise their eggs with sperm from previous matings.  

However, it is important to note that, self-limiting technology is predicted to deliver 

efficient control of the FAW even if wild-type females did not exhibit polyandry or last-

male sperm precedence.  Under those circumstances the self-limiting population would 

need to be augmented to provide a sufficient overflooding ratio of transgenics across the 

landscape. 

Investigations into FAW polyandry and last-male sperm precedence were needed 

because the available data is scant and ambiguous.  Simmons et al. (1992) report that 

FAW females practice polyandry (Simmons et al., 1992) but reports of sperm-precedence 

have been conflicting (Martin et al., 1989; Snow et al., 1970).   

I evaluated the polyandrous behaviour of female FAW by labelling the spermatophores 

of male FAW with fluorescent rhodamine B dye (Blanco et al., 2006; Johnson et al., 2017; 

van der Reijden et al., 1997).  To mimic the effects of dispersal, females were sequentially 

mated, first with a labelled male in a primary location then an unlabelled male in a 

secondary location.  I predicted that if females mated with labelled and then unlabelled 

males in discrete locations, then the bursa copulatrix would contain both stained and 

unstained spermatophores.  

To test last-male sperm precedence, I employed a system of sequential mating in which 

wild-type females were first mated to a wild-type male, then to a genetically modified 

OX5382G self-limiting male.  OX5382G males used in this study were in the early stages 

of product development and were therefore hemizygous for a dsRED2 marker gene (Gong 

et al., 2005).  Sperm precedence was calculated via the percentage of offspring in the F1 

generation that exhibited fluorescence subsequent to sequential matings (Boorman et 

al., 1976).  According to hemizygous inheritance (Charlesworth et al., 1987), 100% last-

male precedence would result in an F1 generation that exhibited 50% fluorescence.  
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6.3) Methods 

6.1) FAW strains utilised for investigations into polyandry and sperm precedence 

The experiments to investigate polyandry and sperm precedence were conducted using 

OX5382G FAW and a wild-type FAW strain, both of which were supplied by Oxitec Ltd.  

The OX5382G strain had been genetically modified to ubiquitously express a dsRED2 

fluorescent marker (Gong et al., 2005). 

6.2) Infestation and rearing protocol – Fall Armyworm larvae 

OX5382G and wild-type larvae were both reared on equivalent diet (Agar 19.8g/L; Beet 

Armyworm diet (Frontier, 2019) 161.6g/L), but the diet supplied to OX5382G larvae was 

supplemented with 0.02 g/L of doxycycline (Sigma) to block expression of the toxic 

tetracycline-repressible activator variant (tTAV) protein (Gong et al., 2005).  

Approximately 2ml of larval diet was dispensed to each cell of a 32 well plastic rearing 

tray (Frontier, 2019) before that cell was “infested” with a single larva (< 24hr old) and 

enclosed with a clear rearing tray lid (Frontier, 2019).  After approximately 16 days the 

larvae had pupated and were collected with fine forceps to be sexed under a microscope 

(Figure 6.1) 

 

Figure 6.1 The genitals of male and female FAW pupae.  The male (lef t) exhibits two rounded 

protrusions and a central genital pore on the second segment f rom the base of  the abdomen.   The 

female (right) exhibits a genital pore at the top of  the third segment at the end of  the abdomen.  
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6.3) Fall Armyworm adult rearing protocol  

Adults were reared in a controlled environment: 25°C ambient temperature, 50% relative 

humidity and 12L: 12D photoperiod.  Twenty-three days after larval infestation, 125 male 

and 125 female pupae were picked from larval feeding trays and placed in a plastic 

“bugdorm” (30 X 30 x 30cm) that had netted sides for ventilation.  Strips of filter paper 

were added to the bugdorm to serve as an egg laying substrate.  Wild-type insects were 

provided with sugar water which was prepared by mixing 7.5g of granulated sugar (Tate 

and Lyle) with 100ml of Milli-Q water (Sigma).  OX5382G sugar water was supplemented 

with 0.2g/L of doxycycline (Sigma) as described above.  Both OX5382G and wild-type 

moths had ad libitum access to their respective sugar water which was aliquoted onto 

two pieces of cotton wool, then placed in separate plastic weigh boats and positioned in 

the bugdorm.  Female moths began to eclose twenty-four days after infestation and male 

moths began to eclose twenty-five days after infestation.  As eggs were laid, filter paper 

was removed and placed in 600ml deli pots with moistened cotton wool. 

6.4) Fluorescence microscopy 

The fluorescence of spermatophores and larvae was detected and analysed by using a 

Leica MSV269 fluorescence stereo-microscope, attached to a pE-300WHITE LED illuminator 

(CoolLED) with a single-channel, green light filter (520-560 nm).  Images were captured 

with a GXCAM HiChrome-S camera (Vision, 2019) using GX capture software (version 8.5).  

The GC capture settings were as follows: exposure = 1sec 420ms; gain = 0; gamma = 11; 

contrast = 8; saturation = 8; red = 0.44; green = 0; blue = 0; denoise = 5; sharpen = 5.  

Images were analysed with ImageJ version 1.48S (Schindelin et al., 2012).   

6.5) Quantification and fluorescence analysis of spermatophores contained in the bursa 

copulatrix of once-mated and virgin wild-type FAW  

Moths were reared in a controlled environment: 25°C ambient temperature, 50% relative 

humidity and 12L: 12D photoperiod.  Day 0 - A recently hatched egg raft was extracted 

from a wild-type Fall Armyworm bugdorm.  Day 23 – Male and female pupae were 

separated.  125 female pupae were placed in a bugdorm with ad libitum access to sugar 

water (7.5% w/v) and 125 male pupae were placed in a 10-inch gateau dome with ad 
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libitum access to sugar water (7.5% w/v).  Day 27 - Numerous male and female moths had 

eclosed in their respective enclosures.  30 mins before the 12hr dark cycle commenced, 

male moths were tranquilised with cold exposure (-20° for 3 mins) then transferred to 

the bugdorm with female moths to begin mating.  To efficiently detect all matings, the 

bugdorm was observed every 30 mins from the beginning of the dark cycle.  Thirty mating 

pairs and thirty unmated females were extracted from the bugdorm on filter paper and 

transferred to 30ml deli pots.  When the matings had ceased, the moths were dissected 

and spermatophores in the bursa copulatrix of mated and unmated females were 

quantified and assessed for fluorescence under a microscope. 

6.6) Feeding Fall Armyworm larvae with rhodamine B to stain germ cells and generate 

stained spermatophores in adult males 

Moths were reared in a controlled environment: 25°C ambient temperature, 50% relative 

humidity and 12L: 12D photoperiod.  One recently hatched wild-type FAW egg raft was 

collected on day 0 and another was collected on day 10.  Larvae from the day 0 collection 

(Treatment) were reared on standard larval diet (Agar 19.8g/L; Beet Armyworm diet 

(Frontier, 2019) 161.6g/L) that had been supplemented with 0.1% w/v fluorescent 

rhodamine B dye (Sigma).  Larvae that were collected on day 10 (Control) were reared on 

standard larval diet (Agar 19.8g/L; Beet Armyworm diet (Frontier, 2019) 161.6g/L).  Day 

34 - 125 female pupae from the control feeding regime were placed in a bugdorm and 

given ad libitum access to sugar water (7.5% w/v) and 125 male pupae from the treatment 

feeding condition were placed in a 10-inch gateau dome with no access to sugar water.  

Day 35 – Male and female moths began to eclose in their respective enclosures.  Day 36 

- 30 mins before the 12hr dark cycle commenced, male treatment moths were 

tranquilised with cold exposure (-20° for 3 mins) then transferred to the bugdorm with 

female control moths to begin mating.  When the dark cycle commenced, the bugdorm 

was observed every 30 mins and mating pairs were extracted on filter paper, then 

transferred to 30ml deli pots.  When mating had ceased, the bursa copulatrix of mated 

females were dissected and spermatophores were assessed for fluorescence under a 

microscope. 
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6.7.1) Feeding adult male Fall Armyworm moths with rhodamine B to generate labelled 

spermatophores - 24hr feeding time  

Moths were reared in a controlled environment: 25°C ambient temperature, 50% relative 

humidity and 12L: 12D photoperiod.  Day 0 - Two recently hatched egg rafts were 

extracted from a wild type bugdorm and reared according to standard protocols.  Day 23 

- Pupae were separated into sex specific cohorts (n=125) and placed in four discrete 10-

inch gateau domes (2x female and 2x male gateau domes).  Day 25 - Females that had 

eclosed were subjected to cold shock (-20° for 3 mins) and transferred to individual 600ml 

deli pots with ad libitum access to 7.5% sugar water.  Day 26 – The two gateau domes 

that contained male moths were exposed to -20° for 3 mins to subdue individuals that 

had eclosed while uneclosed pupae were removed.  One male gateau dome (control) was 

supplied with standard 7.5% w/v sugar water and the other (treatment) was supplied 

with 7.5% w/v sugar water that had been supplemented with 0.1% w/v fluorescent 

rhodamine B dye (Sigma).  Day 27 – Treatment and control males were tranquilised with 

cold exposure (-20° for 3 mins) then transferred to individual deli pots with an unstained 

female.  Sugar water was removed from deli-pots to prevent rhodamine B stain from 

being diluted and intersex pairs were allowed to co-habit for 24hrs.  After 24 hrs the bursa 

copulatrix of females were dissected and spermatophores were quantified and assessed 

for fluorescence under a microscope. 

6.7.2) Feeding adult male Fall Armyworm moths with rhodamine B to generate labelled 

spermatophores - 48hr feeding time 

Moths were reared in a controlled environment: 25°C ambient temperature, 50% relative 

humidity and 12L: 12D photoperiod.  Day 0 - Two recently hatched egg rafts were 

extracted from a wild type bugdorm and reared according to standard protocols.  Day 23 

- Pupae were separated into sex specific cohorts (n=125) and placed in four discrete 10-

inch gateau domes (2x female and 2x male gateau domes).  Day 25 - Females that had 

eclosed were subjected to cold shock (-20° for 3 mins) and transferred to individual 600ml 

deli pots with ad libitum access to 7.5% sugar water.  Day 26 – The two gateau domes 

containing males were exposed to -20° for 3 mins to subdue individuals that had eclosed 

males while uneclosed pupae were removed.  One male gateau dome (control) was 
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supplied with standard 7.5% w/v sugar water and the other (treatment) was supplied 

with 7.5% w/v sugar water that had been supplemented with 0.1% w/v fluorescent 

rhodamine B dye (Sigma).  Day 28 – Treatment and control males were tranquilised with 

cold exposure (-20° for 3 mins) then transferred to individual deli pots with an unstained 

female.  Sugar water was removed from deli-pots to prevent rhodamine B stain from 

being diluted and intersex pairs were allowed to co-habit for 48 hrs.  After 48 hrs the 

bursa copulatrix of females were dissected and spermatophores were quantified and 

assessed for fluorescence under a microscope. 

6.8) Using labelled spermatophores to evaluate i f Fall Armyworm females exhibit 

polyandry during dispersal  

6.8.1) Assessing whether FAW females exhibit polyandrous behaviour when dispersing 

under lab conditions 

Moths were reared in a controlled environment: 25°C ambient temperature, 50% relative 

humidity and 12L: 12D photoperiod.  Day 0 – A large, recently hatched egg raft was 

extracted from a bugdorm that contained wild-type Fall Armyworm.  Day 23 - Male and 

female pupae were separated, and 125 female pupae were placed in bugdorm (location 

1) with ad libitum access to sugar water (7.5% w/v).  Two cohorts of male pupae (n =125) 

were placed in separate 10-inch gateau domes.  Day 25 - Eclosed males in gateau domes 

were tranquilised with cold exposure (-20° for 3 mins) then transferred to 600ml deli pots 

in groups of 10 (pot-males).  Pot-males had ad libitum access to sugar water (7.5% w/v) 

for 48 hrs, that had been supplemented with 0.1% w/v fluorescent rhodamine B dye 

(Sigma).  Day 26/27, eclosed males in in gateau domes were tranquilised with cold 

exposure (-20°C for 3 mins) and transferred to a second bugdorm (location 2) where they 

had ad libitum access to sugar water (7.5% w/v).  Day 27 – Five minutes before the 12hr 

dark cycle commenced, pot-males had been feeding on rhodamine B for 48 hrs and were 

transferred to location 1 with unstained females.  Location 1 was observed every 30 mins 

from the beginning of the dark cycle and mating pairs were extracted on filter paper, then 

transferred to 30ml deli pots.  When mating had ceased, males were removed from deli 

pots.  Day 28 - Mated females were split into two groups.  One group of mated females 

were transferred to location 2 with unstained males, and the other group were frozen to 
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serve as a positive control.  The sugar water reservoirs in location 2 were replenished with 

7.5% w/v sugar water, and moths were left undisturbed for 96 hours.  Day 32 – The bursa 

copulatrix of female moths were dissected and spermatophores were quantified and 

assessed for fluorescence under a microscope. 

6.8.2) Assessing whether FAW females exhibit polyandrous behaviour when dispersing 

under semi-natural conditions 

This experiment was carried out in Conchal, Brazil in February of 2017 and moths were 

provided by PROMIP (PROMIP, 2019).  Day 0 - Approximately 180 recently eclosed male 

FAW were placed in three separate bugdorms (Figure 6.2) with ad libitum access to 7.5% 

w/v sugar water that had been supplemented with 0.1% w/v rhodamine B (Sigma).  Day 

1 - 375 recently eclosed females were placed in three separate bugdorms (location 1) 

with ad libitum access to sugar water (7.5% w/v).  Day 2 - Shortly before dusk, males had 

been feeding on rhodamine B for 48hrs and were tranquilised with cold exposure (-20°C 

for 3 mins), then transferred to location 1 with unstained females.  The bugdorms were 

continuously observed and eighty mating pairs were removed on filter paper, then 

transferred to 30ml deli pots.  Once mating had ceased, the male moth was removed and 

fifty of the mated females were transferred to a bugdorm with ad libitum access to 7.5% 

w/v sugar water.  Two more bugdorms were set up containing recently eclosed, virgin 

male FAW (n=125).  Day 3 – 50 once mated females and 250 virgin males were released 

to a screenhouse (Figure 6.3) where they had ad libitum access to sugar water (7.5% w/v).  

Moths were left undisturbed in the screenhouse for 96 hours.  Day 7- Females were 

recaptured and the bursa copulatrix was dissected so that spermatophores could be 

quantified and analysed for fluorescence. 
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Figure 6.2 Budorms containing male moths and rhodamine B labelled sugar water.  Three 

bugdorms were used to supply 180 virgin male moths with f luorescent rhodamine B dye for 48 hrs. 
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Figure 6.3 The screenhouse used for investigations into the polyandrous behaviours of 

FAW females.  The screenhouse was subject to naturally occurring temperature and humidity 

conditions but provided an enclosed space and protected moths f rom wind and rain.  Virgin females 

were mated once with a male that had been labelled with f luorescent rhodamine B dye.  Fif ty once 

mated females and 250 virgin, unlabelled males were then brought to the screenhouse in 

bugdorms (B) and released for 96 hrs before being recaptured.  During containment in the 

screenhouse moths had ad libitum access to 7.5% sugar water (A) and corn plants (C/D). 

6.9) Analysing the sperm precedence patterns of the FAW 

Moths were reared in a controlled environment: 25°C ambient temperature, 50% relative 

humidity and 12L: 12D photoperiod.  Day 0 - Recently hatched wild-type and OX5382G 

egg rafts were infested on larval diet.  Day 23 - Male and female wild-type pupae were 

separated.  125 wild-type female pupae were transferred to a bugdorm with ad libitum 

access to sugar water (7.5% w/v) and 250 male wild type pupae were placed in two gateau 

domes with ad libitum access to sugar water (7.5% w/v).  OX5382G pupae were assessed 

for fluorescence under a microscope and 125 male pupae that exhibited the fluorescent 

phenotype were placed in a gateau dome with ad libitum access to sugar water (7.5% 
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w/v) that had been supplemented with 0.2g/L of doxycycline (Sigma).  Day 26- Five 

minutes before the 12hr dark cycle commenced, wild-type male moths were tranquilised 

with cold exposure (-20°C for 3 mins) and transferred to the bugdorm with female moths.  

The bugdorm was observed every 30 mins and mating pairs of wild-type moths were 

removed on filter paper then transferred to 30ml deli pots.  When mating ceased the 

wild-type male was removed.  OX5382G moths were tranquilised by cold shock (-20°C for 

3 mins) and transferred to 600ml deli pots (3 moths per pot) that with ad libitum access 

to sugar water (7.5% w/v) that had been supplemented with 0.2g/L of doxycycline 

(Sigma).  Day 27 - Mated females that had not laid any eggs subsequent to the first mating 

were placed individually in deli pots with three OX5382G males.  Deli pots were observed 

every 30 mins and matings that occurred were allowed to progress to completion.  When 

the second mating had finished all three OX5382G males were removed from the pot and 

females were left undisturbed to lay eggs for six days with ad libitum access to sugar 

water (7.5% w/v).  Day 28 to Day 34 - As eggs rafts appeared, they were placed in 

individual petri dishes that contained larval diet and moistened cotton wool and observed 

daily until they began to hatch.  As egg rafts hatched, groups of larvae (n=30) were 

assessed for fluorescence under a microscope.  To permit accurate detection of the 

fluorescent phenotype, larvae were allowed to develop for 24 hours so that fluorescent 

protein could accumulate, then tranquilised with cold shock (-20°C for 2 hrs) and thawed 

at room temperature for an hour before being assessed for fluorescence.   
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6.4) Results 

6.1) Quantification and fluorescence analysis of spermatophores contained in the bursa 

copulatrix of once mated and virgin Fall Armyworm 

It was hypothesised that a typical wild-type/wild-type FAW cross would produce a single 

non-fluorescent spermatophore.  To investigate this, the bursa copulatrix (Figure 6.4) of 

virgin and once-mated females were dissected.  100% of the bursas extracted from once-

mated females (n=30) contained a single non-fluorescent spermatophore.  The bursas of 

virgin females (n=30) did not contain any spermatophores.   

 

Figure 6.4 Bursa copulatrix of once mated Fall Armyworm.   A) Intact bursa copulatrix of  once 

mated female moth.  The spine and bulb of  a single spermatophore are visible through the bursa 

membrane, B) A spermatophore that was extracted f rom the bursa copulatrix in panel A. 
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6.2) Feeding Fall Armyworm larvae with r hodamine B to fluorescently label the 

spermatophores of adult males 

It was predicted that fluorescent rhodamine B consumed by male FAW larvae would 

persist throughout all developmental stages and be detectable in the spermatophores of 

adult moths (Blanco et al., 2006; Johnson et al., 2017; van der Reijden et al., 1997).  To 

test this hypothesis, male larvae were reared on diet containing fluorescent rhodamine B 

(0.1% w/v) then mated to unstained females as adults.  Larvae that consumed rhodamine 

B exhibited global staining, confirmed by a pink phenotype under white light and 

fluorescence under green light (Figure 6.5).  However, spermatophores that were 

generated by males reared on rhodamine B as larvae (n=20) did not fluoresce under green 

light.   

 

Figure 6.5 Phenotypic variation exhibited by seven-day old Fall Armyworm larvae that were 

reared on standard or rhodamine B diets.  A) Larva reared on standard diet – af ter 7 days a 

larva reared on standard diet had an anterior/posterior axis of  ≈19mm and green/b rown phenotype, 

B) Larva reared on rhodamine B – af ter 7 days a larva reared on rhodamine B diet had an 

anterior/posterior axis of  ≈14mm and pink phenotype, C) When viewed under green light the larva 

reared on rhodamine B (panel B) exhibited obvious f luorescence but this signal was not transmitted 

to the spermatophores of  adult moths. 

6.3) Feeding adult male Fall Armyworm moths with rhodamine B to generate stained 

spermatophores  

It was predicted that if rhodamine B were consumed by adult male moths, then it would 

permeate and fluorescently label their spermatophores (Blanco et al., 2006; Johnson et 

al., 2017; van der Reijden et al., 1997).  To investigate this, virgin male FAW (<24hrs post 

eclosion) were subjected to two discrete feeding conditions (labelled and unlabelled).  

Unlabelled moths were given ad libitum access to 7.5% sugar water, and labelled males 
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were given ad libitum access to 7.5% w/v sugar infused with rhodamine B dye (0.1% w/v).  

Males were exposed to a specific feeding condition for either 24 or 48 hrs before being 

placed in an enclosure with a virgin, unlabelled female.  After 24hrs of cohabitation with 

male moths, the bursa copulatrix of females were dissected and spermatophores were 

analysed for fluorescence.  All bursas dissected in this study contained either 0 or 1 

spermatophores, indicating that the FAW mated at a maximum frequency of one mating 

a night.  Fluorescent rhodamine B dye was present in spermatophores that had been 

transferred by labelled males but not unlabelled males (Figure 5.6).  However, rhodamine 

B labelling of spermatophores did not exhibit 100% penetrance unless males were 

exposed to the dye for 48 hrs (Table 6.1).    

Table 6.1 Quantification and fluorescence analysis of spermatophores in the bursa 

copulatrix of FAW females subsequent to mating with either labelled or unlabelled males.   

Virgin females were conf ined in a deli-pot for 24hrs with a male that had previously been exposed 

to either sugar water (unlabelled), or sugar water that contained rhodamine B (labelled).  Males 

were subjected to a specif ic feeding conditions for either for 24 or 48 hours prior to cohabitation 

with females.  Approximately thirty male/female pairs of  moths were generated for all four feeding 

treatment conditions.  Af ter 24 hours of  cohab itation, female moths were dissected and 

spermatophores were quantif ied and analysed for f luorescence under a microscope.  All females 

either contained 0 or 1 spermatophores.  Fluorescent spermatophores were only observed in 

females subsequent to a mating with a labelled male.  Males that had been labelled with rhodamine 

B for 24hrs produced labelled spermatophores at a rate of  50%.  100% of  spermatophores passed 

to females were f luorescent when males were exposed to rhodamine B for 48 hrs.  

Feeding condition 
 

Mating pairs (n) 
 

 Spermatophores (n) 
 

Fluorescent (%) 
 

labelled (24hrs) 28 8 50 

unlabelled (24hrs) 29 7 0 

labelled (48hrs) 29 10 100 

unlabelled (48hrs) 27 8 0 
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Figure 6.6 Two spermatophores that were transferred to discrete females during 

independent matings with unlabelled and labelled males. A) Spermatophores viewed under 

white light – a spermatophore that was extracted f rom the bursa of  a female that mated with an 

unlabelled male (lef t) and a spermatophore extracted f rom the bursa of  a f emale that mated with a 

labelled male (right).  The phenotypes of  the labelled and unlabelled spermatophores were similar 

when observed under white light. B) Spermatophores viewed under green light – the two 

spermatophores presented in panel A are displayed identically in this image but only the labelled 

spermatophore was visible under green light due to the presence of  f luorescent rhodamine B dye.    

6.4) Using fluorescently labelled spermatophores to track the polyandrous behaviour of 

FAW females in discrete locations – lab trials 

Female moths were subjected to a sequential mating assay to test the hypothesis that 

they practice polyandry when dispersing in the field.  In a primary location, virgin females 

were mated with FAW males that had been exposed to rhodamine B for 48 hrs, with a 

prediction that this mating would produce a single fluorescent spermatophore (Blanco et 

al., 2006; Johnson et al., 2017; van der Reijden et al., 1997).  Females that had mated with 

rhodamine B labelled males were split into two treatment groups (re-mating and once 

mated).  The re-mating group was transferred to a second location with unlabelled males 

and the once mated group was frozen.  Females from the re-mating treatment were left 

undisturbed in the second location with the population of unlabelled males for 96hrs, 

then recaptured and the bursa copulatrix was dissected.  It was predicted that any 

matings that occurred in the second location would produce a single spermatophore, but, 

spermatophores obtained by females in the second location would not fluoresce as males 

in that location had not been labelled with rhodamine B.  Therefore, the presence of 
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multiple spermatophores of both fluorescent and non-fluorescent phenotypes would 

serve as evidence that females had mated with at least two males in discrete locations.  

Twenty-five females were recaptured, and all contained a single fluorescent 

spermatophore and between one and three unlabelled spermatophores, supporting the 

hypothesis that, in principle, FAW practice polyandry while dispersing (Table 6.2).  The 

majority of the rhodamine B dye had drained from the labelled spermatophores, but a 

small amount was retained in the lower spine and was easily detected (Figure 6.7).   

Table 6.2 Quantification and fluorescence analysis of spermatophores contained in the 

bursa copulatrix of FAW females subsequent to mating with labelled then unlabelled males 

in the lab.  Virgin females were mated with a male that had been f luorescently labelled with 

rhodamine B.  Once the mating had concluded, females were either f rozen (once mated) or 

introduced to a second location that contained unlabelled males (re-mating).  Af ter 96 hrs in the re-

mating location, females were recaptured and the contents of  the bursa copulatrix was examined.  

A total of  25 females were recaptured f rom the re-mating location and all contained at least two 

spermatophores of  distinct f luorescent and non-f luorescent phenotypes, demonstrating that female 

moths had successfully mated in both locations.  Assuming that all matings had resulted in 

successful passage of  a single spermatophore to the female, ten females had re-mated once, 

twelve females had re-mated twice and three females had re-mated three times.  30, once mated 

females were dissected and 29 contained a single f luorescent spermatophore.  A single once 

mated female did not contain any spermatophores, demonstrating that the observed mating had 

been unsuccessful.  

Treatment 
 

Fluorescent 

spermatophores 

Non-fluorescent 

spermatophores Total matings 
 

Incidence 
 

re-mating 1 1 2 10 

re-mating 1 2 3 12 

re-mating 1 3 4 3 

once mated 1 0 1 29 
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Figure 6.7 Spermatophores extracted from a single female moth subsequent to mating with labelled and unlabelled males in discrete locations.  A) 

Three spermatophores viewed under white light – The labelled spermatophore obtained during the initial mating is located on the lef t and exhibits a slight pink 

stain on the spine.  Two spermatophores obtained during unstained matings are located in the centre and to the right of  the image.  B) Spermatophores viewed 

under green light – The spermatophores presented in panel A are displayed identically in this image but under green light. The labelled spermatop hore 

f luoresced in the lower part of  the spine (indicated by an arrow) where some rhodamine B had become trapped.   
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6.5) Using fluorescently labelled spermatophores to track the polyandrous behaviour of 

FAW during dispersal - cage trials 

A second investigation into the polyandrous behaviours of FAW females during dispersal, 

was carried out in a screenhouse (Figure 6.3) in Conchal, Brazil.  The experiment took 

place in February when the FAW naturally occurs in Conchal.  The screenhouse setup 

made it possible to model field conditions experienced by FAW more realistically than 

had been possible in the lab, for three reasons: 1) The size of the screenhouse (≈270 m3) 

meant that the population density was reduced, giving females the opportunity to avoid 

male contact if desired, 2) The experiment took place within the FAW’s natural 

geographical range and the key environmental variables of temperature and humidity 

were not manipulated and 3) Corn plants were added to the screenhouse to provide the 

FAW with natural refugia/breeding substrates.  Fifty female moths that had mated once 

with a fluorescently labelled male were released to the screenhouse with approximately 

250 unlabelled males and left undisturbed for 96 hours before being recaptured.  A total 

of twenty-eight females were recaptured for dissection.  Nineteen recaptured females 

contained two or more spermatophores of distinct fluorescent and non-fluorescent 

phenotypes, demonstrating that they had mated in both locations (Table 6.3).  Nine 

females contained a single fluorescent spermatophore, demonstrating that they did not 

re-mate in the screenhouse.  One female contained a single non-fluorescent 

spermatophore, indicating that the first labelled mating must have been unsuccessful for 

that individual but that she had successfully mated in the screenhouse. 
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Table 6.3 Quantification and fluorescence analysis of spermatophores contained in the 

bursa copulatrix of FAW females subsequent to mating with labelled males in the lab and 

unlabelled males in a screenhouse.  Virgin females were mated with a f luorescently labelled 

male in the lab.  Once the mating had concluded, females were either f rozen (once mated) or 

introduced to a 270 m3 screenhouse that contained unlabelled males (re-mating).  Af ter 96 hrs in 

the screenhouse, females were recaptured and the contents of  the bursa copulatrix was examined.  

A total of  28 females were recaptured f rom the screenhouse and 19 contained at least two 

spermatophores of  distinct f luorescent and non-f luorescent phenotypes, demonstrating that those 

moths had successfully mated in both locations.  Nine females contained a single f luorescent 

spermatophore indicating that those individuals had not re-mated in the screenhouse.  One female 

contained a single non-f luorescent spermatophore, demonstrating that the initial labelled mating 

had not been successful but that she had successfully mated in the screenhouse. Thirty once 

mated females were dissected, and all contained a single f luorescent spermatophore.  

Treatment  
 

Fluorescent 

spermatophores  

Non-fluorescent 

spermatophores  Total matings 
 

Incidence 

  

re-mating 0 1 1 1 

re-mating 1 0 1 9 

re-mating 1 1 2 14 

re-mating 1 2 3 4 

re-mating 1 3 4 1 

once mated 1 0 1 30 

 

6.6) Sperm precedence patterns exhibited by FAW females that had been sequentially 

mated to wild-type then hemizygous OX5382G males 

A sequential mating assay was implemented to verify the rate at which females exhibit 

last-male sperm precedence, as previous studies had drawn opposing conclusions on this 

topic (Martin et al., 1989; Snow et al., 1970).  Wild-type females were first mated to a 

wild-type male, then subsequently to a transgenic male.  The transgenic OX5382G moths 

used in this study were a prototype self-limiting strain (Asadi et al., 2019; Gorman et al., 

2016; Harvey-Samuel et al., 2015) and were hemizygous for a fluorescent dsRED2 marker 

gene (Gong et al., 2005).  According to hemizygous inheritance (Charlesworth et al., 

1987), it was predicted that if the FAW exhibited 100% last-male sperm precedence 

(Snow et al., 1970) then 50% of the F1 generation would be fluorescent.  20 females 
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(FEMs) mated to both a wild-type male, then a transgenic male and subsequently laid 

viable eggs that gave rise to larvae for analysis (Table 6.4).  When eggs laid by a FEM 

began to hatch (Day 0) they were monitored for four days.  FEMs produced viable egg 

rafts at a mean rate of 4.65 (± 0.49 s.e) per individual over the four day observation 

period, with a maximum capacity of five egg rafts in a single day.  Each day, a group of 

larvae (n=30) was extracted from every raft that had hatched to be assessed for 

fluorescence under a microscope (Figure 5.8).  The rate of fluorescence exhibited by these 

groups of larvae served as a proxy for the rate of fluorescence of the egg raft population, 

and thus the F1 generation.  If a FEM laid multiple egg rafts that hatched on the same 

day, the rate of fluorescence for that day was judged to be equal to the mean rate of 

fluorescence for all hatched egg rafts.  Over the four day observation period, the F1 

generation inherited the fluorescent gene from FEMs at a mean rate of 49.17% (± 0.73 

s.e) which supported the hypothesis that FAW exhibit robust last-male sperm precedence 

(Figure 6.9).  However, the mean rate of fluorescence exhibited by larvae dropped from 

51% on Day 0 to 43% on Day 3 indicating that females may have reverted to stored wild-

type sperm once transgenic sperm had become depleted.  Therefore, a one-way ANOVA 

was performed to test if the rate of fluorescence in the F1 generation varied significantly 

over time.  The rate of fluorescence was not normally distributed throughout the F1 

generation across all four observation days (Shap.Wilk, W=0.89, p<0.0001), so a 

transformation (Transformation = x ^ 2.9) was performed to produce a normalised 

dataset for parametric analysis.  The variance of fluorescence was homogenous over all 

four days of observation (Bartlett’s K2= 2.39, df = 3, p-value>0.05) but no significant 

differences were detected in the rate of fluorescence exhibited by groups of larvae on 

different days (ANOVA, F (3,50) =1.05, p>0.05).
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Figure 6.8 The phenotypes of six L1 FAW larvae that emerged from a single egg raft that had been laid by a wild-type female subsequent to sequential  

matings with a wild-type male then a hemizygous transgenic male.  A)  Larvae visualised under white light - Under these conditions the larvae exhibit very  

similar light green phenotype. B) larvae visualised under green light – the same larvae are displayed here as in panel A, in the same conf iguration.   Individuals 

1, 2 and 4 f luoresce under these conditions (shown by white arrows) but individuals 3, 5 and 6 do not.  Therefore, half  of  this group of  six larvae had inherited 

the transgenic, f luorescent gene which supported the hypothesis that the FAW exhibits last -male sperm precedence.
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Table 6.4 The phenotypes of FAW larvae that developed from egg rafts laid by wild type female moths following sequential matings with a wild-type 

then a transgenic male.  Twenty females (FEMs) laid viable eggs following sequential matings with a wild -type male and then a transgenic male (the transgenic  

male was hemizygous for a f luorescent marker gene).  When eggs laid by FEMs began to hatch (Day 0), all eggs that had been laid by that female were 

monitored for four days and developing larvae were assessed for f luorescence.  When multiple egg raf ts that had been laid by the same FEM hatched on the 

same day, the rate of  f luorescence for that day was judged to be equal to the mean rate of  f luorescence for all hatched egg raf ts.  FEMs laid a mean total of  

4.65 (± 0.49 s.e) egg raf ts that hatched during the observation period and larvae that developed f rom those raf ts f luoresced at a mean rate of  49.17% (± 0.73 

s.e).  20 FEMs produced larvae on Day 0, 16 FEMs produced larvae on Day 1, 10 FEMs produced larvae on Day 2 and 7 FEMs produc ed larvae on Day 3.  

Only four FEMs laid eggs that produced larvae on four consecutive days. 

FEM Day 0 rafts (n) Day 0 Fluorescence (%) Day 1 rafts (n) Day 1 Fluorescence (%) Day 2 rafts (n) Day 2 fluorescence (%) Day 3 rafts (n) Day 3 fluorescence (%) Total egg rafts Mean fluorescent phenotype of F1 gen (%)

1 4 43.33 2 53.33 1 50.00 0 n/a 7 48.90

2 2 50.00 2 51.67 1 36.67 0 n/a 5 46.11

3 2 61.67 2 50.00 2 48.28 1 50 7 52.49

4 1 50.00 0 n/a 0 n/a 0 n/a 1 50.00

5 3 50.00 1 48.67 1 50.00 1 36.67 6 46.33

6 5 48.67 2 50.00 1 50.00 0 n/a 8 49.56

7 3 54.44 1 50.00 0 n/a 0 n/a 4 52.22

8 3 46.67 2 55.00 2 42.86 0 n/a 7 48.17

9 3 47.78 2 56.67 0 n/a 0 n/a 5 52.22

10 1 53.33 1 53.33 0 n/a 0 n/a 2 53.33

11 2 51.67 2 40.32 0 n/a 0 n/a 4 45.99

12 1 46.67 1 50.00 0 n/a 0 n/a 2 48.33

13 2 56.67 1 53.33 0 n/a 1 43.33 4 55.00

14 1 46.67 1 56.67 1 66.67 1 46.67 4 54.17

15 2 61.67 1 40.00 3 62.22 1 25.00 7 47.22

16 2 46.67 1 46.67 0 n/a 0 n/a 3 46.67

17 2 45.00 0 n/a 0 n/a 0 n/a 2 45.00

18 2 53.33 0 n/a 1 50.00 2 51.67 5 51.67

19 1 50.00 3 48.89 0 n/a 2 45.00 6 45.00

20 2 56.67 0 n/a 2 33.33 0 n/a 4 45.00
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Figure 6.9 The percentage of fluorescent larvae in populations of FAW that developed from eggs laid by wild-type females following sequential  

matings with a wild-type male and then a transgenic male.  The rate of  f luorescence exhibited by 93 groups of  larvae (n=30) that developed f rom 20 discrete 

maternal lineages are represented on the y-axis.  Each discrete group of  30 larvae is represented by a red star.  50% f luorescence is represented by a horizontal 

red line.  The x-axis represents a time series that began when eggs f rom each specif ic lineage began to hatch (Day 0).  The mean rate of  f luorescence was 

lower on Day 3 than on Day 0 (51 vs 43%) but no signif icant dif ferences were detected in the rate of  f luorescence ex hibited by groups of  larvae on dif ferent 

days (ANOVA, F (3,50) =1.05, p>0.05).
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6.5) Discussion 

The FAW is a destructive agricultural pest (Cruz et al., 1999; Luginbill, 1928; Sparks, 1979) 

that can reduce crop yields by up to 57% (Cruz et al., 1999).  Historically the FAW had 

been restricted to the Western Hemisphere (Ashley et al., 1989; Luginbill, 1928) but a 

recent introgression into Western Africa (Goergen et al., 2016) has facilitated its spread 

throughout the sub-Saharan continent (Day et al., 2017) and into India (Deshmukh et al., 

2018), South-East Asia (CABI, 2019) and China (Liu et al., 2019).  In the Western 

Hemisphere the FAW has developed resistance to insecticides (Burtet et al., 2017; 

Carvalho et al., 2013; Nascimento et al., 2016) and Bt crops (Farias et al., 2014; Omoto et 

al., 2016 Huang et al., 2014; Storer et al., 2010).  Therefore, novel modes of control such 

as Oxitec’s self-limiting technology (Thomas et al., 2000) are required to prevent the FAW 

from dispersing further and to limit the damage it causes in areas that it already occupies.  

I hypothesised that self-limiting control would be optimised if the FAW practiced both 

polyandry and last-male sperm precedence when dispersing in the field.  These 

hypotheses were based on the premise that non-virgin females would be able to 

transport fertilised eggs to control sites while dispersing and propagate pest populations 

at those locations, unless they subsequently re-mated with Oxitec males.   

To test if the FAW practiced polyandry while dispersing I labelled the spermatophores of 

male moths with fluorescent rhodamine B (Blanco et al., 2006; van der Reijden et al., 

1997). My goal was to mate females with a labelled male in a primary location and then 

with an unlabelled male in a secondary location, as spermatophores contained in the 

bursa copulatrix could then be traced back to discrete environments via the presence or 

absence of the fluorescent dye.  Two fundamental assumptions of this system were that 

typical wild-type X wild-type matings would result in the transfer of a single non-

fluorescent spermatophore and also that virgin females would not contain any 

spermatophores.  These assumptions were verified, as I set-up 30 wild-type X wild-type 

crosses which all resulted in the transfer of a single non-fluorescent spermatophore and 

I collected 30 virgin females did not contain any spermatophores at all.   
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Although rhodamine B had previously been used to stain the spermatophores of 

Lepidoptera and Coleoptera (Blanco et al., 2006; van der Reijden et al., 1997) and the 

seminal fluid proteins of Diptera (Johnson et al., 2017) this was the first time that this 

compound had been used to stain the spermatophores of the FAW.  Therefore, different 

feeding treatment conditions were initially imposed on male FAW to optimise transfer of 

rhodamine B into the spermatophore.   

van der Reijden et al. (1997) report that consumption of rhodamine B reduced the mean 

lifespan of Photinius fireflies from 11 to 7 days.  It was critical therefore that the feeding 

conditions imposed on male FAW were selected and administered in a manner that 

avoided deleterious side effects.  As Blanco et al. (2006) had labelled the spermatophores 

of Heliothis virescens with 0.1% w/v rhodamine B and had found that this did not affect 

the lifespan, fecundity or mating competitiveness of that model, I began my 

investigations by feeding FAW larvae with the dye at 0.1% w/v.  I found that FAW males 

did not produce fluorescent spermatophores if larvae were reared on standard diet that 

had been supplemented with 0.1% rhodamine B.  Supplementation of larval diet with 

rhodamine B slowed the larva to adult development time of FAW males from 25 to 35 

days, indicating that the compound was toxic but not lethal for larvae at this 

concentration.  I subsequently supplied FAW adults with sugar water that had been 

supplemented with 0.1% w/v rhodamine B.  I found that 100% of spermatophores that 

were transferred to females were fluorescently labelled, if males were given ad libitum 

access to sugar water that had been supplemented with 0.1% w/v rhodamine B for 48 

hours.  This established a reliable method for labelling FAW spermatophores that I 

continued to use in subsequent investigations into polyandry. 

Simmons et al. (1992) report that female FAW exhibit polyandry.  I performed two 

experiments to confirm the original Simmons et al. (1992) report.  These experiments 

followed a common procedure; I first mated females with a labelled male in one location, 

then transferred the mated female to a second location with unlabelled males for a 

period of 96 hrs.  Initially the experiment was performed in the lab, where a group of 25 

females were successfully recaptured from the second mating location.  The bursa 

copulatrix of the 25 recaptured females were dissected and all contained between two 
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and four spermatophores, indicating that all females had all mated at least twice.  

Critically, spermatophores in the bursa copulatrix of the 25 recaptured females exhibited 

both fluorescent and non-fluorescent phenotypes which demonstrated that matings had 

occurred with discrete males in both locations.  These data served as evidence that 

females practiced polyandry in the lab but did not necessarily model the behaviours of 

females in the field.  Therefore, in a second experiment, the labelled/unlabelled mating 

method was used to investigate polyandry in cage trials in Brazil, where population 

densities and environmental conditions better mimicked those experienced by FAW in 

the field.  As for the lab experiment, females did practice polyandry in cage trials.  

However, polyandry occurred at reduced frequency in cage trials relative to the lab.  31% 

of females did not re-mate in the cage trials which may be more representative of 

behaviours in the field.   

Finally, I investigated whether females exhibited last-male sperm precedence.  I 

employed a system of sequential mating in which females were first mated to a wild-type 

male, then to a transgenic male that hemizygously carried a fluorescent dsRED2 marker 

gene (Gong et al., 2005).  I predicted that if the FAW exhibited last-male sperm 

precedence as reported in Snow et al. (1970), then the F1 generation would exhibit 

fluorescence at a rate of 50% (Boorman et al., 1976; Charlesworth et al., 1987).  The data 

gathered during this experiment supported the hypothesis that FAW practice last-male 

sperm precedence, as the F1 generation exhibited fluorescence at a rate of 49.17% (± 

0.73 s.e).  However, it was possible that some wild-type F1 larvae had been fertilised with 

sperm stored from the initial wild-type X wild-type mating and that last-male sperm 

precedence was not as robust as it appeared.  To validate these data, a reciprocal 

experiment should be carried out in which females are first mated to a transgenic and 

then to a wild-type male, with a prediction that 100% of the F1 generation will be non-

fluorescent if the FAW practices last-male sperm precedence.   

In conclusion, I developed a method for labelling spermatophores with fluorescent dye 

and was able to use that method to track female matings.  Those data demonstrated that 

females exhibit polyandry in the lab.  Furthermore, I was able to provide evidence that 

females had practiced polyandry in cage trials, demonstrating that multiple matings in 
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the lab had not simply been a consequence of elevated population density.  In addition, I 

performed a sequential mating assay which indicated that FAW practice last-male sperm 

precedence.  These data will serve as preliminary evidence that the FAW is a suitable 

candidate for control with Oxitec’s self-limiting technology, as non-virgin females would 

be susceptible to matings with self-limiting males when dispersing in the field. 
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Chapter 7 – General discussion 

Pest insects can inflict immense social, environmental and economic harm (Aukema et 

al., 2010; Berté et al., 2019; Bradshaw et al., 2016; Costa et al., 2019; D'Ambrosio et al., 

2019; Marklewitz et al., 2019; Matetovici et al., 2019).  Conventional approaches to insect 

control that rely on chemical insecticides can result in considerable damage to off-target 

organisms and the environment (Carson, 1962; Karmakar et al., 2016; Řezáč et al., 2019; 

Sánchez-Bayo et al., 2019; Sarkar et al., 2017) and irradiation of insects for the SIT has 

significant cost for insect fitness (Guerfali et al., 2011; Lutrat et al., 2019; Toledo et al., 

2004).  Hence, there is a continuing demand for novel, complementary, environmentally 

friendly, yet reliable modes of insect control. 

In this thesis I investigated novel genetic tools for insect control by using two serious 

agricultural pests.  In Chapter 2 I administered dsRNAs to OX3864A Mediterranean fruit 

flies (medflies) within their diet, to elicit environmental RNA interference (eRNAi) of a 

fluorescent dsRED2 marker gene (Fu et al., 2007).  The results showed that medfly adults 

did not express eRNAi of dsRED2 when fed dsRNA vectored within transgenic HT115 E. 

coli bacteria or naked (unmodified) dsRNA.  Larvae did not express eRNAi when fed naked 

dsRNA or dsRNA that had been vectored within liposomes.  However, there was evidence 

that adult flies expressed eRNAi when fed with dsRNA vectored in liposomes.   

HT115 bacteria aggregated in the anterior medfly midgut but did not elicit eRNAi.  The 

anterior medfly midgut is lined by a type 2 peritrophic matrix (PM) (Lehane, 1997) that 

forms a barrier between the epithelia and the gut lumen.  The PM contains a series of 

pores which sequester microbes and large food particles but permit the passage of small 

molecules, enzymes and digested food (Edwards et al., 2000).  Therefore, it is possible 

that consumed HT115 cells are sequestered by the PM, while naked and liposomally 

vectored dsRNAs traverse the PM and contact the gut epithelia (Edwards et al., 2000).  If 

HT115 bacteria and naked/liposomally vectored dsRNA disperse to discrete locations 

within the gut, it is plausible that eRNAi is neutralised by distinct mechanisms at those 

locations. 
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It is possible that the HT115 bacteria need to contact the epithelium in order to transmit 

eRNAi but that this interaction is obviated by the PM.  This is consistent with the fact that 

a type 2 PM is continually replaced (Lehane, 1997), as bacteria sequestered at the interior 

lumen might be excreted as the PM is renewed.  In addition, numerous Coleoptera 

express eRNAi when fed HT115 bacteria (Baum et al., 2014; Darrington et al., 2017) and 

several species belonging to that taxa do not produce a PM (Lehane, 1997). This supports 

the hypothesis that the PM interferes with the ability of insects to express eRNAi. 

To investigate further whether the PM attenuates HT115 mediated eRNAi, one could 

engineer HT115 bacteria which target PM proteins for knockdown.  Depletion of the PM 

via RNAi has been reported in several systems (Abraham et al., 2017; Kelkenberg et al., 

2015; Rodgers et al., 2017) and the technique has the potential to be applied for control, 

as several plants directly target the PM to inhibit insect growth (Fescemyer et al., 2013; 

Konno et al., 2018).  If some HT115 cells contacted the epithelia and silenced PM genes, 

then the PM integrity could be compromised, making the anterior midgut epithelium 

more accessible to a second dose of administered bacteria or dsRNA.  However, this 

system would be dependent on some HT115 cells coming into contact with the midgut 

epithelium and it is not yet clear whether this can occur within the medfly gut.   

The mechanisms that facilitate transport of eRNAi effectors across the gut epithelia are 

yet to be fully resolved (Darrington et al., 2017; Vélez et al., 2018).  It is possible that 

HT115 cells, naked dsRNA and liposomally vectored dsRNA all come into contact with the 

midgut epithelium when fed to medflies, but that only liposomally vectored molecules 

are able to penetrate the cell wall to induce eRNAi.  To investigate this further, it would 

be useful to fluorescently label dsRNAs and track their dispersal within the medfly (Shukla 

et al., 2016).  Assuming that liposomal vectoring does facilitate the uptake of dsRNA 

across the adult midgut epithelium, then liposomally vectored molecules would be 

located within epithelial cells, while naked molecules would be located at the epithelial 

margin.  Equally, HT115 cells could be located within the gut with Fluorescence In Situ 

Hybridisation (FISH) (Aharon et al., 2013) to elucidate if they are sequestered by the PM 

or if they come into contact with the epithelium.   
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In Chapter 3, I attempted to permeabilise medfly eggs with electroporation, to transfect 

them with dsRNA and induce eRNAi.  I did not find any evidence that eggs had been made 

permeable to dsRNA by different electroporation devices, nor did I find that eggs were 

transfectable if the chorion had been removed.  I was able to demonstrate, however, that 

medfly eggs can withstand electric treatment up to a maximum of 150V, if those eggs are 

laid by flies that are no more than 6 days old.  Future investigations should subject eggs 

to a greater range of pulsing parameters and electroporation buffers, as those variables 

can influence transfection (Gosse et al., 2017) and were not investigated in my studies 

described here.   

In Chapter 4, I sequenced and annotated the genome of a Klebsiella bacterium (Medkleb) 

that is a resident of the gut microbiome of the medfly.  My goal was to test whether 

features of the Medkleb genome were diagnostic of a co-dependent life-history of 

Medkleb and its host.  I had hypothesised that Medkleb was a strain of K. oxytoca, a 

species previously suggested to be facultative mutualist of the medfly (Behar et al., 2008).  

I was able to definitively characterise Medkleb as a strain of K. oxytoca, but my data 

provided no evidence that the Medkleb genome exhibited traits associated with 

facultative mutualism.  However, I uncovered two Medkleb loci (GI1 and LCB18) that 

appear to be recently acquired and may contain genes that provide the medfly host with 

a fitness benefit.  As many genes encoded by GI1 and LCB18 were characterised by 

Classic-RAST (Overbeek et al., 2014) as “hypothetical proteins”, it is difficult as yet to 

predict with any certainty that they perform functions that benefit the medfly host.  

Further investigations could use pipelines other than Classic-RAST, such as PGAP 

(Tatusova et al., 2016) or DFAST (Tanizawa et al., 2017) to annotate GI1 and LCB18, as 

those programs may call genes that were missed during the original annotation and 

elucidate potentially mutualistic functions.   

In Chapter 5, I dechorionated medfly eggs to prevent vertical transmission of K. oxytoca. 

However, there was no evidence that dechorionation produced K. oxytoca deficient 

(aKox) medflies, so this hypothesis could not be tested with the current set up.   

aKox flies would nevertheless be useful, should it be possible to obtain them, to provide 

a platform to investigate the putative fitness benefits conferred to the medfly by K. 
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oxytoca.  Behar et al. (2008) suggest that K. oxytoca is pectinolytic and diazotrophic and 

that the medfly benefits from these traits.  As the pehX gene is thought to facilitate K. 

oxytoca’s ability to degrade pectin (Kovtunovych et al., 2003), modified pehX-  K. oxytoca 

would not be able to provide the medfly with this benefit.  pehX-  K. oxytoca could be 

produced using the λ red knockout system (Bachman et al., 2015; Huang et al., 2014), 

then subjected to a polygalacturonase enzyme assay (Chapter 4 – protocol 4.14) to 

quantify their ability to degrade pectin.  Assuming that pehX-  K. oxytoca had lost the 

ability to degrade pectin (or if it had been significantly diminished) then pehX- and pehX+ 

bacteria could then be fed to aKox flies.  Hypothetically, if medflies benefit from K. 

oxytoca’s ability to degrade pectin, then aKox flies fed pehX+ bacteria should exhibit 

improved fitness in comparison to flies fed pehX- bacteria. 

K. oxytoca’s capacity to fix nitrogen in the medfly gut could be tested with Stable Isotope 

Probing (SIP) (Neufeld et al., 2007).  SIP requires that flies are reared in an airtight 

chamber, filled with air that has been supplemented with a heavy nitrogen isotope (15N).  

After a designated period, DNA and RNA is extracted from fly guts and spun in an 

ultracentrifuge, to separate the heavy (15N) and light (14N) fractions.  The fractions are 

individually 16S sequenced (Di Salvo et al., 2019; Suenami et al., 2019) and OTUs enriched 

in the 15N fraction are characterised as diazotrophic.  This analysis should elucidate not 

only if K. oxytoca is fixing nitrogen in the medfly gut but also if the gut hosts any organisms 

other than K. oxytoca that are diazotrophic.   

In Chapter 6, I performed behavioural assays to assess whether the Fall Armyworm (FAW) 

could be a useful agent for self-limiting control.  I found that the FAW is a good candidate 

species for self-limiting control, as it practices polyandry and last-male sperm 

precedence.  My experiments were designed to elucidate the mating behaviours of 

female FAW when they disperse in the field.  However, insects were subjected to 

enforced dispersal, being manually extracted from mating enclosures and moved to new 

locations.  It is possible that females dispersing in the field exhibit a particular phenotype 

which affects their mating behaviour.  For example, Jones et al. (2015) found that 

Helicoverpa armigera upregulate a suite of genes related to long distance flight when 

dispersing.  If the FAW undergoes a similar physiological transition to Helicoverpa 
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armigera when dispersing, then it is unclear how precisely enforced dispersal would 

capture the behaviour of naturally dispersing females.  To resolve this, dispersing females 

could be collected in the lab from a “phenotyping platform” (Jones et al., 2015), or wild, 

dispersing females could be caught in nets.  However, both the Jones et al. (2015) 

phenotyping platform and wild capture would subject females to unnatural conditions 

that could affect their mating behaviour, thus negating the entire operation. 

In summary, I have demonstrated that the medfly is refractory to eRNAi when fed naked 

dsRNA or dsRNA vectored within HT115 bacteria but that it may become sensitive when 

dsRNA is vectored within liposomes.  I have shown that medfly eggs can withstand 

electrical insult up to a maximum of 150V and may be amenable to electroporation if 

treatment variables are optimised.  I have characterised a bacterium that appears to have 

developed a co-dependent life-history with the medfly and elucidated certain traits 

expressed by that bacteria that may confer the medfly with a fitness benefit.  Finally, I 

assessed the mating behaviours of the FAW and found that it is a suitable candidate for 

self-limiting control as it practices polyandry and last-male sperm precedence.  I believe 

that these studies will serve as a basis for further investigations into the control of insect 

pests.    
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Appendix – Darrington et al. (2017) literature review 

I have attached a review (Darrington et al., (2017) that I co-authored and cited frequently 

in Chapters 2 and 3.  The review evaluates RNA interference as a mode of  insect control, 

focusing on dsRNA uptake and methods of dsRNA delivery.  Although I covered these 

topics in my thesis, I was able to provide more detail in the review and decided to attach 

it, as it may provide some beneficial context to the reader.   
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