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Abstract

Background: The olive fruit fly, Bactrocera oleae, is the major arthropod pest of commercial olive production,
causing extensive damage to olive crops worldwide. Current control techniques rely on spraying of chemical
insecticides. The sterile insect technique (SIT) presents an alternative, environmentally friendly and species-specific
method of population control. Although SIT has been very successful against other tephritid pests, previous SIT
trials on olive fly have produced disappointing results. Key problems included altered diurnal mating rhythms of
the laboratory-reared insects, resulting in asynchronous mating activity between the wild and released sterile
populations, and low competitiveness of the radiation-sterilised mass-reared flies. Consequently, the production of
competitive, male-only release cohorts is considered an essential prerequisite for successful olive fly SIT.

Results: We developed a set of conditional female-lethal strains of olive fly (named Release of Insects carrying a
Dominant Lethal; RIDL®), providing highly penetrant female-specific lethality, dominant fluorescent marking, and
genetic sterility. We found that males of the lead strain, OX3097D-Bol, 1) are strongly sexually competitive with
wild olive flies, 2) display synchronous mating activity with wild females, and 3) induce appropriate refractoriness to
wild female re-mating. Furthermore, we showed, through a large proof-of-principle experiment, that weekly
releases of OX3097D-Bol males into stable populations of caged wild-type olive fly could cause rapid population
collapse and eventual eradication.

Conclusions: The observed mating characteristics strongly suggest that an approach based on the release of
OX3097D-Bol males will overcome the key difficulties encountered in previous olive fly SIT attempts. Although field
confirmation is required, the proof-of-principle suppression and elimination of caged wild-type olive fly populations
through OX3097D-Bol male releases provides evidence for the female-specific RIDL approach as a viable method of
olive fly control. We conclude that the promising characteristics of OX3097D-Bol may finally enable effective SIT-

based control of the olive fly.
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Background

The olive fly, Bactrocera oleae (Rossi) (Diptera: Tephriti-
dae), is the major insect pest of olives. Females typically
lay a single egg per olive [1], injected into the fruit through
the female’s ovipositor. The developing larva tunnels
through the olive, feeding on the fleshy mesocarp. Heavy
olive fly infestation can reduce the quality and therefore
the value of the olive oil by up to 80%, and cause the
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rejection of entire harvests of table olives [2]. Control cur-
rently relies overwhelmingly on the use of chemical insec-
ticides, and because of the high economic and
environmental costs of chemical control, together with the
appearance of insecticide-resistant populations [3], there is
an urgent need for improved control methods.

The sterile insect technique (SIT) is an environmentally
friendly and species-specific method of pest control based
on the release of large numbers of sterilised insects [4].
Competition for mating between wild and sterile males
results in a decrease in the number of fertile matings, and
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a decline in the overall population size. SIT has been suc-
cessfully implemented against various pest insect species
including several Tephritidae. However, despite decades of
research aimed at developing an olive fly SIT programme
using radiation-sterilised flies [5], the consistently poor
results led to eventual abandonment of the trials. Key
issues included low quality of the radiation-sterilised
mass-reared flies, economical production of sufficient
numbers of sterilised flies, and assortative mating of
released and wild populations because of different pre-
ferred mating times [5-7]. Laboratory-reared wild-type
flies were found to mate several hours earlier than wild
flies [7] (presumably due to differential selective pressures
in the artificial laboratory-rearing environment). The pro-
posed solution was male-only release [6]. Male-only
release using a genetic sexing strain has also been shown
to give a threefold to fivefold improvement in the perfor-
mance of released radiation-sterilised Ceratitis capitata
(Medfly) males used for SIT [8].

The RIDL® (Release of Insects carrying a Dominant
Lethal) system is a transgene-based derivative of SIT
[9-14], one version of which involves the mass release of
insects carrying a female-specific lethal transgene (fsRIDL)
[15-17]. Encouraged by work advancing olive fly mass
rearing by the International Atomic Energy Agency
(IAEA) and others, we set out to develop fsRIDL strains of
olive fly to overcome the remaining historic limitations of
olive fly SIT. We therefore transformed the olive fly with
construct OX3097, an fsRIDL system that had previously
provided suitable fsRIDL strains for Medfly, incorporating
genetic sexing, genetic sterilisation, and a heritable fluores-
cent marker [15].

We report the development of the first transgenic con-
trol strains for the olive fly. The lead strain, OX3097D-Bol,
provides highly penetrant, dominant, female-specific leth-
ality when reared in the absence of a transgene repressor.
Using a series of behavioral studies, we found that
0X3097D-Bol males show fully synchronous and strongly
competitive mating behavior with wild olive flies, and dis-
play no reduction in their ability to induce refractoriness
to wild female re-mating. This is a more stringent test
than using laboratory wild-type flies, which may have co-
adapted to laboratory rearing conditions. Furthermore, we
describe results from experiments showing the ability of
periodic releases of OX3097D-Bol males to suppress large
caged wild-type olive fly populations.

Results

Olive fly transformation with 0X3097 and phenotypic
analysis

Six transgenic lines were generated carrying the OX3097
transgene (Figure 1A). Of the five lines with single inser-
tions, two showed female-specific lethality that was fully
penetrant and efficiently repressed by dietary tetracycline
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(Figure 1C, D). Of these, line OX3097D-Bol (Figure 1E),
which also showed the brightest expression of the
DsRed?2 fluorescent marker, was selected for further ana-
lysis. Consistent with previous observations of the
0X3097 construct in Medfly [15] and Mexfly (Stainton et
al., unpublished data), female lethality occurred at the
early pupal stage. Analysis of transgene-derived tran-
scripts indicated that the alternative splicing pattern of
the Cctra intron in OX3097D-Bol olive fly is equivalent
to that in its native context [15,18,19] (Figure 1B). The
0X3097D-Bol strain was selected for further develop-
ment, and made homozygous for the transgene.

Mating tests with 0X3097D-Bol and wild olive flies
Caged mating competitiveness tests challenging homozy-
gous OX3097D-Bol males to compete with wild males for
copulations with wild females were performed based on
established guidelines [20], using wild olive flies from
infested olives collected in Crete. In total, 15 experiments
were performed, each with 50 OX3097D-Bol males,
50 wild males, and 50 wild females, thus more than 400
total couples were assessed. Wild males outperformed
0X3097D-Bol males, gaining an average of 56% of total
mates (P = 0.01, degrees of freedom (d.f.) = 1, likelihood
ratio test for goodness of fit, n = 406). Nonetheless, this
near-equal outcome far exceeds established thresholds for
SIT [20]. Copulation initiation times were also recorded
(Figure 2A). No significant difference was seen in mating
initiation times for each type of male (P = 0.44, d.f. = 1,
circular statistics F-test), suggesting synchronicity in mat-
ing activity between OX3097D-Bol males and wild flies.
Olive fly females typically only mate once [21]; males
transfer more sperm than the female needs to fertilise all
her eggs, and mating induces long-lasting refractoriness to
re-mating, although if the females are held in close proxi-
mity to males some re-mating occurs. For Medfly, radia-
tion sterilisation not only reduces the ability of male flies
to compete for mates but also increases the likelihood that
mated females will subsequently re-mate; that is, radiation
reduces the ability of the males to induce refractoriness to
re-mating in females [22]. Furthermore, the second mate
taken is also preferentially wild rather than sterile. These
effects of reduced male mating success, increased female
re-mating, and preferential mating to wild (fertile) males
on re-mating each reduce the efficiency of SIT. We there-
fore investigated the effect of first-male genotype on wild
female re-mating propensity and second-mate genotype.
Wild females who had initially mated either an OX3097D-
Bol male (n = 188) or a wild male (n = 296) were caged
with and allowed to mate with equal proportions of
0X3097D-Bol and wild males over 15 days. No significant
differences in re-mating rate (P = 0.7, d.f. = 1, 2 test), or
second-mate genotype were seen (P = 0.38, d.f. = 1, 3>
test) (Figure 2B).
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Figure 1 The 0X3097 transposon and induced phenotypes in olive fly. (A) Diagrammatic representation of the OX3097 transposon. OX3097
comprises a fluorescent marker (hr5-IE1-DsRed?2), and the female-specific tTAV expression system (tetO-Dmhsp70 minimal promoter - Cctra:tTAV)
[15]. Sex-specific alternative splicing of the Cctra intron leads to production of tTAV and the initiation of a lethal tTAV positive-feedback loop in
females only [14,15,34]. (b) Products of alternative splicing of CctratTAV in (lane 1) male and (lane 2) female OX3097D-Bol olive flies. Three splice
variants were detected, corresponding to Cctra transcripts M1, M2 and F1 [18] (identity confirmed by sequencing). Only females produce the F1
splice variant, corresponding to the reconstitution of the tTAV open reading frame and leading to production of functional tTAV. Lane M shows
DNA size standards: 200-1,000 bp in 200-bp increments (Eurogentec Smartladder). (C) Penetrance and (D) tetracycline repressibility of female
lethality in five OX3097 olive fly lines. Strains OX3097A-D-Bol &F-Bol are five insertion lines of OX3097 in olive fly. Penetrance and repressibility of
female-specific lethality was assessed by crossing heterozygous males of each strain to virgin wild-type (WT) females, and collecting eggs on
filter paper saturated with water containing either 0 ug/ml tetracycline or 100 pg/ml tetracycline. The sex ratio of adult progeny expressing the
DsRed?2 fluorescent marker is shown for each strain compared with wild-type (WT) progeny. Lines A, C and D showed fully penetrant female-
specific lethality when reared in the absence of tetracycline (off-tet); that is, they produced no female progeny off-tet in this assay. In lines C and
D, female-specific lethality was also efficiently repressed on-tet. (E) Fluorescence microscopy allows discrimination of OX3097D-Bol from wild
type at larval, pupal, and adult stages. Photomicrographs of OX3097D-Bol and wild-type olive flies under (upper panels) fluorescence and (lower
panels) bright-field illumination. Each panel shows OX3097D-Bol to the left and wild-type to the right: OX3097D-Bol and wild-type (1,2) larvae,
(3/4) pupae, and (5,6) adults are shown. Expression of DsRed?2 is clearly visible all over the OX3097D-Bol larvae and pupae, and in areas of less
opaque cuticle (for example, the labellum, upper thorax, leg joints, and anus) of OX3097D-Bol adults.
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Figure 2 Mating initiation times and re-mating propensity of 0X3097D-Bol with wild olive flies. (A) Copulation initiation times were similar for
0OX3097D-Bol males and wild males. Copulation initiation times were recorded for all mating pairs; each pair contained a wild female and either an
OX3097D-Bol male (left circle, n = 216) or a wild male (right circle, n = 161). Scotophase is the dark phase of a light/dark cycle. Each ‘wedge’ on the
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Elimination of caged olive fly populations

We tested the ability of periodic release of OX3097D-Bol
males to suppress target populations of wild-type olive fly,
as published previously [17]. Wild-type populations totaling
approximately 400 male and female olive flies were estab-
lished in each of four large (8 m®) cages in a greenhouse at
the University of Crete. At week 13 from first establish-
ment, approximately 1,600 OX3097D-Bol male pupae were
introduced per week. Population density was monitored by
measuring egg production (Figure 3A) and female mortality
(Figure 3B). To track mating outcomes, pupae taken from
the cage were scored for fluorescence (Figure 3C). Fluores-
cent pupae were detected at three weeks post-first release
(PR) and the proportion increased rapidly thereafter to
100% by week 10 PR. Death of fluorescent (transgenic)
female pupae as a result of expression of the lethal pheno-
type would reduce the number of egg-laying adult females;
based on the fluorescence data, no wild-type females
emerged (eclosed) in the treatment cages from week 10 PR.
Egg production was lower in the treatment than in the con-
trol cages in week 6 PR, and declined rapidly thereafter.
The numbers of dead females recovered from treatment
cages started to decrease from around week 6 to 7 PR, pre-
sumably due to a decline in overall female numbers. Defin-
ing extinction as 2 weeks of zero egg production [17], both
treatment cage populations were extinct by week 12 PR.

Discussion
An effective non-chemical approach to olive fly manage-
ment is highly desirable, and SIT could provide this if

specific technical issues can be overcome. Considerable
progress has been made by others in respect of olive fly
mass-rearing and release, and we set out to overcome
the key remaining issues through genetics.

The use of genetic technology in food production has
been controversial in some countries, notably within the
European Union (EU). It is possible that the use of
genetically modified arthropods to protect the crop in a
sustainable way, which leaves little or no residue in the
food product (here olives or olive oil) might be more
acceptable in the EU than food products that are pro-
duced directly from genetically modified organisms. For
comparison, the Standing Committee on the Food Chain
and Animal Health stated that foods and feeds produced
by fermentation with genetically modified microorgan-
isms that are not present in the final product are
“excluded from the scope of regulations” [23]. Addition-
ally, it is recognized in EU legislation that the presence of
technically unavoidable traces of genetically modified
organisms in food and feed products should not trigger
labeling requirements (Regulation 1830/2003/EC), as
long as appropriate steps to avoid the presence of the
materials have been taken. This is also analogous to the
situation regarding the presence of wild-type insect parts
as contaminants in food products [24].

Using modern genetic engineering techniques, we have
developed OX3097D-Bol, an fsRIDL olive fly strain that
incorporates engineered phenotypes, directly addressing
problems encountered in previous unsuccessful olive fly
SIT trials [5]. OX3097D-Bol is able to provide 100%
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Figure 3 Population elimination by periodic release of 0X3097D-Bol males. (A) The average daily egg production for each cage. Weeks 1
to 12 was the population stabilization period with 250 pupae added in the first week, and 200 pupae added to each cage per week thereafter.
From week 13, 1,600 OX3097D-Bol pupae were added weekly into cages A and B. After week 13, weekly pupal return to the treatment cages
was made proportional to the weekly egg production in the cage relative to the control cages. From 5 weeks after initiation of RIDL
introductions, egg production in each treatment cage was consistently lower than in either control cage; the difference increased until eventual
extinction of the wild-type population in both treatment cages by week 24 (12 weeks after the first RIDL release). Extinction was defined as 2
weeks of zero egg production. Egg numbers in control cages remained relatively stable. (B) Dead flies were removed from the cages weekly,
and the numbers of dead females are shown. From 7 weeks after the initiation of RIDL release, increasingly fewer such females were recovered
from the treatment cages than from the control cages. (C) Frequency of DsRed2 in treatment cages. Larvae selected for return were screened
for presence of DsRed2 marker by fluorescence microscopy before being returned to the treatment cage (see Methods). The proportion of
returning pupae carrying the OX3097D-Bol transgene reached 100% in both treatment cages by week 23 (10 weeks post-RIDL release). Olive fly
females typically mate only once [21] (Figure 2B). Females start to lay eggs approximately 2 days after mating, and lay most of their eggs within
the next 10 days. Egg to pupa development time was approximately 12 days. These pupae therefore indicate female mating choice of
approximately 3 weeks before each measurement.

male-only release generations when reared in the absence  released sterile populations, providing established perfor-
of a dietary transgene repressor. Genetic sexing mance benefits [8]. Female lethality renders redundant
encourages random mating between the wild and the the requirement of performance-reducing and costly
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sterilisation using ionising radiation. Furthermore, the
dominant fluorescent marker has the potential to
improve field monitoring, and the requirement of tetra-
cycline for female development mitigates risks of acci-
dentally released transgenic populations establishing in
the wild. Introgression of susceptibility alleles through
the female line provides a resistance management option
for other control methods used with fsRIDL in an inte-
grated pest-management programme [25-27].

Conclusions

The good mating characteristics of OX3097D-Bol males
seen in this study, including high sexual competitiveness,
photo-period compatibility, and efficient induction of re-
mating refractoriness in wild females, suggest a strong
potential for application in a SIT control programme.
Although the results presented here need field confirma-
tion, the proof-of-principle suppression and elimination
of caged wild-type olive fly populations through
0X3097D-Bol male releases provides evidence for the
fsRIDL approach as a viable method for olive fly control.
Independently, significant advances have been achieved
in olive fly mass-rearing [28,29] and release [30] techni-
ques. We therefore propose that the development of
0X3097D-Bol will help form the basis of more effective
and more sustainable control of this ancient and destruc-
tive olive pest.

Methods

Olive fly strains, rearing, and transformation

Olive fly rearing was carried out using standard methods.
Approximately 4,500 pre-blastoderm stage olive fly
embryos of the Democritus laboratory (Greece) B. oleae
strain were micro-injected with the OX3097 plasmid and
piggyBac mRNA. as described by Koukidou et al. [31].
This resulted in 138 surviving G, adults. After back-
crossing pools of five male survivors with ten wild-type
females, and five female survivors with five wild-type
males, six OX3097 lines were isolated (transformation
efficiency ~4%). Transgenics were outcrossed for five
generations to the Argov wild-type strain (Israel), and
these outcrossed Argov derivatives were used for all
experiments. The Argov strain was derived from field
collections of wild male olive fly in Israel, outcrossed to
Democritus females. To develop a homozygous strain, a
pool of homozygous and heterozygous OX3097D-Bol
adults was generated by crossing OX3097D-Bol heterozy-
gotes. DNA from these parents was analysed by PCR
using primers (5-CCTGCGTTTGGAGATGACGAAA
TC-3" and 5-CTTACATATAGAGCAGTGCGCTCA-
CATG-3’) that anneal to genomic sites flanking the inser-
tion site producing a WT (no insertion) amplicon were
discarded. Homozygotes were thereby identified, and a
homozygous line was developed from 15 female and
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13 male founder flies. The key phenotypic properties
identified in OX3097D-Bol heterozygotes (Figure 1, 2)
were also found in the homozygous line.

Reverse transcriptase PCR

Male and female tTAV [14,34] transcripts were ampli-
fied by reverse transcriptase (RT)-PCR using cDNA
synthesized using a commercial kit (Superscript II; Life
Technologies, Grand Island, NY, USA) on RNA extracts
prepared using TRI reagent (Life Technologies). The
major RT-PCR products were sequenced (GATC Bio-
tech, Konstanz, Germany) and analysed using VectorNTi
(Life Technologies).

Mate competition and re-mating tests

Mating competitiveness tests were carried out in accor-
dance with the United Nations Food and Agriculture
Organization (FAO)/IAEA/United States Department of
Agriculture (USDA) guidelines [20] in semi-natural
caged conditions (cages were 1.25 m high with a base of
0.25 m” and contained a large olive branch) in green-
house facilities at the University of Crete under natural
light. Adult male OX3097D-Bol flies were obtained from
larvae reared in the absence of tetracycline (“off-tet”) at
low density (1 larva/0.8 g larval medium). Wild pupae
were recovered from infested olives gathered from olive
orchards near to the University of Crete. Each mating
test used 50 OX3097D-Bol males, 50 wild males, and 50
wild females. Mated males were scored for the presence
of the DsRed2 fluorescent marker by epifluorescence
microscopy [32,33] (Clontech Laboratories, Inc, Moun-
tain View, CA, USA). OX3097D-Bol mating competition
tests were performed in 15 replicates with more than 400
couples assessed in total. Each experiment yielded a mat-
ing propensity of greater than 0.2 [20]. Mating cages for
the first step of re-mating tests contained either wild
females and OX3097D-Bol males or wild females and
wild males. Mating couples were removed from cages.
Mated females were grouped in accordance with the gen-
otype of the first mate (OX3097D-Bol, n = 188 or wild-
type, n = 296) and were transferred the following day to
new cages with sufficient fresh wild and OX3097D-Bol
males to give a 1:1:1 ratio of mated females, wild males,
and OX3097D-Bol males. Cages were checked daily for
re-mating events over the following 15 days. Re-mating
couples were removed, and the male genotype assessed
by epifluorescence microscopy.

Caged suppression of stable wild-type populations

The protocol for the caged suppression experiment was
based on that of Wise de Valdez et al. [17]. Stable popula-
tions of wild-type (Argov) olive flies were established in
four field cages (each 8 m® and containing an olive tree
1.5 m tall; all the cages were contained within a single
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large glasshouse) over a 12-week period by introducing a
fixed number of pupae to each cage weekly (250 in week
1, and 200 from weeks 2 to 12). To assess egg production
rates and to sustain caged olive fly populations, four cere-
sin-wax cones (combined surface area approximately 550
cm®) were added to each cage daily for female oviposition.
Pupal additions for the first 4 weeks during population
establishment originated from a wild-type stock colony;
thereafter, experimental cages were self-sufficient. Eggs
were collected from the cages and counted daily. On week
12, the experimental cages were randomly divided into
two RIDL-treatment and two no-treatment (control)
cages. From week 13 onwards, RIDL-treatment cages
received weekly additions of 1,600 OX3097D-Bol male
pupae reared off-tet (an initial recruitment rate ratio of
approximately 16 OX3097D-Bol males to 1 wild-type
male). Once the OX3097D-Bol introductions began, pupal
introductions to the RIDL-treatment cages were propor-
tional to the cage’s respective rate of egg production, with
the control cages providing a coefficient of weekly egg
production to pupal return. Numbers of females in a cage
were monitored by collecting and counting dead females.
The ratio of RIDL heterozygous to wild-type pupae
returning to RIDL-treatment cages was monitored by
fluorescence microscopy (OX3097D-Bol heterozygous
females reared off-tet pupate but fail to eclose). Larvae
were screened only after the returning population was
separated, to remove the possibility of bias in selecting
individual flies for reintroduction to the cage populations.

Statistical analysis

Comparison of mating competitiveness between
0X3097D-Bol and wild males was performed using a
likelihood ratio test for goodness of fit with numbers of
successfully mated males from both genotypes pooled
across experiments, and compared against a theoretical
1:1 genotype ratio expected in random mating. Differ-
ences in copulation initiation time between the two pos-
sible mating combinations (OX3097D-Bol/wild female
and wild male/wild female) were analysed using a circu-
lar statistics F-test with the statistical software Oriana
for Windows (Kovach Computing Services, Anglesey,
UK). The Pearson’s y” test was used to compare num-
bers of re-mated to non-re-mated females for both
initial mating combinations. The same test was used to
compare initial and second-mate choice. Unless other-
wise stated, all statistical tests were performed using
SPSS for Windows (version 10.0; SPSS Inc., Chicago IL
USA), with significance set at P < 0.05.

Abbreviations

CcTra intron: Ceratitis capitata transformer intron; fsRIDL: female-specific
Release of Insects carrying a Dominant Lethal; PR: post-first-release; RIDL:
Release of Insects carrying a Dominant Lethal; SIT: Sterile Insect Technique.
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