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Introduction

The olive fly (OLF), Bactrocera oleae (Rossi) (Diptera:

Tephritidae), is the primary insect pest of the olive

fruit, costing around 800 million US dollars annually

(Montiel Bueno and Jones 2002) in countries

around the world where olives are grown (Manousis

and Moore 1987; Tzanakakis 2003). Larvae are

monophagous on all varieties and conditions (ripe

and unripe) of olive fruit. Developing OLF larvae

consume the olive fruit mesocarp, thereby deterio-

rating the quality of olive oil and table olives (Levin-

son and Levinson 1984; Manousis and Moore 1987;

Burrack and Zalom 2008). Under favourable

weather, OLF will produce several generations per

year, and reach extremely high population densities.

Insecticidal sprays and food or pheromone-based

baits are the primary methods of OLF control

(Manousis and Moore 1987; Haniotakis 2005). Given

the significant economic burden of the OLF and high

use of insecticides to control it, sterile insect tech-

nique (SIT) was proposed as a control method for

this pest (Greek Ministry of Agriculture 1961). SIT

had been used successfully against the screwworm

(Cochliomyia hominivorax) in the U.S. (Baumhover

et al. 1955) and seemed ideal for OLF. From the

1950s to the 198’s research focused on the biology

of OLF, artificial rearing, sterilization, quality control

and pilot field testing for application of the SIT to

control OLF populations. Gamma-sterilized, labora-

tory reared male OLF were released to mate with

wild females, yet no effective application of SIT was

achieved and SIT was abandoned because of mass-

rearing difficulties (high cost and labour-intensive),
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Abstract

The olive fly (OLF), Bactrocera oleae (Rossi), is an invasive tephritid fruit

fly that causes extensive damage to olive crops around the world (espe-

cially in the Mediterranean basin and North America). Previous attempts

to use the Sterile Insect Technique (SIT) for the OLF were not successful

because of the inability to rear high quality OLF in the laboratory on an

artificial diet. New improvements in rearing methods and additional

understanding of the basic biology of the OLF have led to a renewal of

interest in using SIT for OLF. This review discusses the history, difficul-

ties, improvements and future directions of OLF mass-rearing. Issues

include: the design of cages and oviposition substrates, cost and quality

of artificial diets, maintenance of endosymbiotic microbiota, control of

pathogenic microbes, collection of pupae, the fitness of adults, and the

competitiveness of sterilized laboratory males released to the field.
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and the low quality of mass-reared flies (Economo-

poulos 1972; Economopoulos et al. 1978, 1982;

reviewed in Economopoulos 2002). Essential aspects

of the fly’s basic biology, including its interactions

with bacteria as both a food source and as symbio-

nts, and information on wild OLF population

changes were lacking (Economopoulos 2002). Dur-

ing the last 5 years, a Coordinated Research Project

on mass-rearing of Dacus and Bactrocera supported by

the Joint Division of the Food and Agricultural Orga-

nization and the International Atomic Energy

Agency (FAO/IAEA) has intensified research on OLF

to rejuvenate the SIT programme. This review details

current knowledge of OLF biology, including the

interactions between OLF and bacteria and quality

issues with mass reared flies, and how this knowl-

edge informs improvements to mass rearing for OLF

SIT. The review then steps through the process of

mass rearing from establishing the colony to collect-

ing eggs, rearing larvae through adulthood, and

finally sterilization and release. Older and new

methods for each stage are discussed and recommen-

dations for future research are given.

Importance of Bacteria for Olive Fly SIT and

Mass Rearing

The importance of bacteria to the survival and repro-

duction of their insect hosts is increasingly becoming

apparent in both basic and applied disciplines (Doug-

las 2007; Hosokawa et al. 2007). The interaction

between OLF and bacteria has been studied using

culture dependent techniques for over 100 years

(Petri 1909; Hellmuth 1956; Yamvrias et al. 1970;

Tzanakakis and Stavrinides 1973; Lüthy et al. 1983;

Tsiropoulos 1983; Manousis and Ellar 1988; Stamo-

poulos and Tzanetakis 1988). Recent culture-inde-

pendent techniques have identified two types of

bacteria – transiently associated and persistent, resi-

dent endosymbionts- that compose the OLF microbi-

ota (Capuzzo et al. 2005; Sacchetti et al. 2008; Estes

et al. 2009; Estes 2009; Ben-Yosef et al. 2010).

Understanding the biology of OLF–bacterial interac-

tions and differences in the OLF microbiota in labo-

ratory and wild populations are a first step towards

using microbes to improve the quality of mass-

reared flies. For example, bacteria that wild OLF feed

on could be used to supplement laboratory artificial

diets, while determining how endosymbionts inter-

act with the fly may identify nutrients that are lack-

ing in artificial diets and future host control points.

These OLF–bacterial interactions are discussed below

in the context of improving OLF control.

Transiently associated facultative bacteria

Transiently associated bacteria are acquired either

incidentally during ingestion of other food sources

or actively on the phylloplane (Drew et al. 1983;

Lloyd et al. 1986; Drew and Lloyd 1987, 1991; Vijay-

segaran et al. 1997; Drew and Yuval 2000; Sacchetti

et al. 2008) and may compose a significant portion

of the adult tephritid’s diet (Lloyd et al. 1986). Tran-

siently associated bacteria are rarely vertically trans-

mitted to offspring, can survive outside of the insect

for extended periods of time, and are easily cultured

using standard microbial culturing techniques. As

they are environmentally acquired, a diversity of

species is found in hosts from different locations and

in individuals within a population. Over 40 species

of transiently associated bacteria have been found in

wild adults and pupal OLF. In larvae, transiently

associated bacteria diversity varies across season,

olive variety and ripeness (Chrysargyris 2008). These

include both Gram) and Gram+ bacteria, but the

majority of species are Enterobacteriaceae (Tsiropou-

los 1983, 1989; Belcari et al. 2003; Konstantopoulou

et al. 2005; Chrysargyris 2008; Sacchetti et al. 2008;

Kounatidis et al. 2009) (see table 1). Only nine spe-

cies were present in more than one study (Tsiropou-

los 1983, 1989; Ercolani 1991; Konstantopoulou

et al. 2005; Chrysargyris 2008; Kounatidis et al.

2009). Among these shared species, Pseudomonas

putida and Serratia marcescens are often found in wild

and laboratory flies (Belcari et al. 2003; Sacchetti

et al. 2008; Estes 2009) and have been isolated

several times from the olive leaf phylloplane (Belcari

et al. 2003; Sacchetti et al. 2008).

The adult OLF resides primarily in the olive tree

canopy where it obtains bacteria during feeding.

Multi-year studies of the twigs, leaves and fruit of

olive trees at two different sites identified 19 species

of bacteria on the olive tree throughout the year

(Ercolani 1991; Sacchetti et al. 2008), and 12 of

those bacterial species also are found in wild OLF

(Tsiropoulos 1983; Ercolani 1991; Belcari et al.

2003; Sacchetti et al. 2008) (see table 1). Morpho-

logical studies of the OLF labellum suggest that bac-

teria are brought into the pseudotracheae midline

and transferred to the midgut where they are

digested as a source of protein and amino acids

(Sacchetti et al. 2008). Some bacterial cells remain

on the labellum and are spread to new locations

within the tree, the olive grove and surrounding

environments during OLF foraging (Sacchetti et al.

2008). For example, bacterial densities increased on

the olive drupes in the presence of OLF, but were
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Table 1 Culturable and non-culturable bacterial species associated with life stages of olive flies from laboratory and wild populations and the

phylloplane of the olive tree. Wild adults had the highest diversity of bacterial taxa sampled

Bacterial species

Laboratory

pupae

Laboratory

adults

Wild

larvae

Wild

pupae

Wild

adults Phylloplane

Acetobacter aceti c

Acetobacter tropicalis k k k k

Agrobacterium luteum d

Agrobacterium radiobacter b b

Alcaligenes denitrificans b

Alcaligenes fecalis b

Alcaligenes sp. g

Arthrobacter globiformis c

Bacillus cereus e a

Bacillus licheniformis g

Bacillus megaterium a f c

Bacillus pumilus g

Bacillus sp. a

Bacillus subtilis j a, j f, g c

Brevundimonas vesicularis b

Brucella sp. b

‘‘Candidatus Erwinia dacicola’’ i (olive reared) i (olive reared) i i k, i

Citrobacter freundii f. i

Enterobacter sp. j,i i i i i

Enterobacter cloacae g

Enterobacter hafniae f

Enterococcus faecalis k

Erwinia herbicola i f c

Flavimonas oryzihabitans b

Hafnia alvei f,i f

Klebsiella pneumoniae j f,i j f c

Kocuria rosea b

Kurthia sp. g

Lactobacillus plantarum j j f c

Lactococcus lactis j

Leuconostoc dextranicum c

Micrococcus luteus j j f c

Micrococcus roseus g

Moraxella nonliquefasciens g

Morganella morganii b, i

Paenibacillus glucanolyticus k

Pantoea agglomerans i i b

Pasteurella sp. b

Proteus mirabilis f

Providencia alcafaciens a a

Providencia rettgeri a a

Providencia sp. a a

Providencia stuartii a, f a f

Pseudomonas aeruginosa j f j f

Pseudomonas delafieldii c

Pseudomonas fluorescens a f b, c

Pseudomonas mendocina g

Pseudomonas putida j a, b, e, f j b, f b

Pseudomonas savastanoi d b, c

Pseudomonas sp. i a f

Serratia marcescens j b, e, f, i j f b, c

Shigella sp. b

Sphingomonas multivorum b
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more abundant on twigs if OLF was absent (Sacch-

etti et al. 2008).

In contrast to the 40 transiently associated bacteria

species found in wild OLF, only 25 species of bacte-

ria have been reported to be transiently associated

with laboratory-reared flies and seven of those 25

are found in laboratory flies, but not in wild flies

(Chrysargyris 2008; Sacchetti et al. 2008; Estes 2009;

Estes et al. 2009). The species found and the lower

bacterial diversity in laboratory flies is most likely

the result of the laboratory environment, antibiotics

and preservatives used in artificial diets, and con-

tamination from human caregivers. For example, the

opportunistic pathogen Morganella morganii is repeat-

edly identified in laboratory flies (Estes 2009). The

disparity between wild and laboratory-reared OLF

microbiota is concerning. If transiently associated

bacteria that are important nutritional sources in

wild flies are replaced by pathogenic bacteria in the

laboratory, then mass-reared flies may be less fit

than wild flies.

Probiotic diets have successfully supplemented the

artificial diet of other laboratory-reared SIT insects

(Niyazi et al. 2004; Kazimierczak-Baryczko and

Szymaoe 2006). Medfly probiotic diets demonstrated

significant increases in mating performance, calling

activity and life expectancy of sterile males (Niyazi

et al. 2004; Ben Ami et al. 2010). Probiotic diets

with Ps. putida have been developed for OLF, since

P. putida has been found in wild and laboratory OLF

and on the olive phylloplane (Ghiardi 2009). In a

preliminary study, a yeast and sugar diet supple-

mented with Ps. putida lowered male survivorship.

However, the concentration of Ps. putida used was

higher than what is found in wild flies (Ghiardi

2009). These observations are similar to what was

reported for medflies fed high concentrations of a

probiotic bacterium (Behar et al. 2008). In contrast,

Ps. putida was beneficial to OLF laboratory-reared

females fed sugar-only diets, but not yeast and sugar

diets (Ghiardi 2009). To our knowledge, this is the

first time that a transiently associated bacterium has

been shown to be beneficial to OLF. Ps. putida in the

sugar diet may enhance egg production by releasing

different metabolites, such as essential amino acids,

required by OLF females for egg maturation (Ghiardi

2009). Fletcher et al. (1978) first proposed that olive

juice may provide vital nutrients promoting the pro-

liferation of bacteria harboured in the fly’s gut, in

turn contributing to ovarian development and egg

maturation. Alternatively, as these experiments were

conducted on laboratory colonies that had been

reared on artificial diets with antimicrobials and pre-

servatives for more than 30 years, the probiotic diet

may have supplemented metabolic pathways impor-

tant for egg production that were lost during domes-

tication. The effects of probiotic diets need to be

tested further on the quality of old laboratory colony

offspring and during the establishment of new colo-

nies. Finally, isolating and testing of additional bac-

terial species found in previous surveys (table 1)

should be conducted because they may prove useful

as probiotics in OLF mass rearing.

Role of persistent, resident endosymbiotic bacteria in

OLF SIT

The OLF endosymbiont, ‘Candidatus Erwinia dacicola’,

is an unculturable bacterium frequently found in

wild olive flies. ‘Ca. Er. Dacicola’ has been detected

in all wild OLF populations surveyed to date (Italy,

Greece, Israel, USA). In all cases, the majority of sur-

veyed individuals (Sacchetti et al. 2008; Estes 2009;

Estes et al. 2009; Kounatidis et al. 2009) of all life

stages and sexes of OLF (Estes et al. 2009) were col-

onized. Within the fly, the endosymbiont is found in

evaginations of the larval midgut and adult foregut

(Estes et al. 2009). During pupation, endosymbiont

numbers decrease significantly and remain low in

recently eclosed adults (<24 h) (Estes 2009). How-

ever, once the fly begins feeding, the bacterial popu-

lation increases and fills the oesophageal bulb in

males and females and the ovipositor diverticula of

females (Estes et al. 2009). These endosymbionts are

Table 1 (Continued)

Bacterial species

Laboratory

pupae

Laboratory

adults

Wild

larvae

Wild

pupae

Wild

adults Phylloplane

Sphingomonas paucimobilis b

Staphylococcus sp. g

Xanthomonas campestris f c

a: Chrysargyris 2008; b: Belcari et al. 2003; c: Ercolani 1991; d: Hellmuth 1956; e: Haniotakis and Avtzis 1977; f: Tsiropoulos 1983; g: Stamopoulos

and Tzanetakis 1988; h: Capuzzo et al. 2005; I: Estes et al. 2009; j: Konstantopoulou et al. 2005; k: Kounatidis et al. 2009;.
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thought to be vertically transmitted via egg smear-

ing, because (i) ovaries lack the endosymbiont (Estes

et al. 2009), (ii) the diverticula housing the endo-

symbiont opens into the oviposition canal (Sacchetti

et al. 2008; Estes et al. 2009), and (iii) bacteria are

seen on the outside of the egg (Sacchetti et al.

2008). Whether the bacterium colonizes the egg via

the micropyle (Petri 1909), or the larva consumes

the bacterium during eclosion, is unknown (Sacch-

etti et al. 2008).

Whether the endosymbiont ‘Ca. Er. dacicola’ is

obligate (essential) and mutualistic (beneficial) for

both host and symbiont remains to be exhaustively

examined; however, this relationship seems to be

beneficial. In the presence of ‘Ca. Er. dacicola’ OLF

fitness increases if OLF are fed a diet containing only

non-essential amino acids (Ben-Yosef et al. 2010).

Laboratory and some wild OLF are found without

‘Ca. Er. dacicola’, but larvae of aposymbiotic OLF do

not survive in unripe olives (Fytizas and Tzanakakis

1966; Hagen 1966). Thus the bacterium may be

important for both adult and larval nutrition. ‘Ca. Er.

dacicola’ has been found in the rot tunnels formed

by larvae feeding on olives, but whether the bacte-

rium is viable and replicating inside the olive tissue

or can only replicate inside the OLF is unknown

(Estes et al. 2009). Erwinia amylovora and Pectobacte-

ria spp., close relatives of ‘Ca. Er. dacicola’ (Estes

et al. 2009), cause necrosis of plant tissues and pec-

tin degrading enzymes, respectively (Paulin 2000).

‘Ca. Er. dacicola’ might assist with the degradation of

secondary chemicals in the olive (Sacchetti et al.

2008; Estes et al. 2009) or its benefits may include

fixing nitrogen to supplement the host diet (Behar

et al. 2003, 2008; Lauzon 2003; Ben-Yosef et al.

2008b) and synthesizing components of host phero-

mones (Ben-Yosef et al. 2008a; Estes 2009) as other

tephritid endosymbionts do. Future research on the

fitness effects of ‘Ca. Er. dacicola’ on OLF are

needed.

In contrast to wild OLF, laboratory flies reared on

artificial diet for several decades have had either a

very low frequency of ‘Ca. Er. dacicola’ (£2%) or

none at all (Estes 2009). Laboratory fly populations

reared on olives for approximately 2 years retain the

endosymbiont (90–100%) (Estes 2009). Whether

length of time in culture, handling technique, or diet

influences the differences in microbiota diversity in

laboratory and wild OLF has yet to be determined.

For SIT mass-rearing purposes, it is impractical to

rear millions of flies on olives and ‘Ca. Er. dacicola’

cannot be grown separately from OLF and added

into the diet, so it is essential to determine points

during OLF egg collection and mass rearing when

the endosymbiont may be lost or removed.

A second bacterium, Acetobacter tropicalis, has been

proposed to be a persistent, resident endosymbiont

of OLF. This bacterium resides extracellularly in the

digestive system of all life stages of wild and labora-

tory OLF and can be cultured independent of OLF,

but the role of Ac. tropicalis in OLF has yet to be

examined (Kounatidis et al. 2009). In the surveys of

wild OLF for Ac. tropicalis, ‘Ca. Er. dacicola’ was con-

sistently found (Kounatidis et al. 2009). What inter-

action these bacteria might have and how they

influence OLF will be interesting to examine.

Many questions remain concerning the basic biol-

ogy of interactions between OLF and both tran-

siently associated microbiota and persistent, resident

endosymbionts. The primary questions include: (i)

are these different bacterial species beneficial to OLF

and if so, what benefits do they provide? (ii) how

are beneficial bacteria vertically transmitted? (iii) do

current egg collection methods used for mass rearing

in the laboratory remove the endosymbionts? (iv)

can beneficial bacteria be horizontally transmitted in

the laboratory or in nature? (v) what alternatives to

antibiotics and antimicrobials can be used in larval

and adult artificial diets in the laboratory that would

restrict pathogen growth, but not harm beneficial

microbes? (vi) is the presence and maintenance of

beneficial microbes enough to restrict pathogen

growth in laboratory reared OLF? (vii) are endos-

ymbionts affected by gamma radiation? (viii) can

released flies acquire natural bacteria fast enough (if

at all) following release? (ix) if not, is this inability a

major cause of the low survival rate of SIT adults

released into nature?

Quality of Mass-Reared Olive Flies

Following six decades of SIT development and prac-

tical application, there is a common agreement that

the ‘quality’ of the released sterile insects (i.e. their

ability to survive, search, find, and mate effectively

with the wild population) is essential for SIT success

(Calkins and Parker 2005). SIT mass rearing nega-

tively affects the quality of insects produced and

selects for insects whose behaviour differs from that

of wild insects (Calkins and Parker 2005). These

problems were detected during early field studies

that found low recaptures of released laboratory

flies, due partly to the inability of laboratory flies to

discern trap colours (Prokopy and Economopoulos

1975; Prokopy et al. 1975). Additionally, the repro-

ductive behaviour of laboratory OLF differed from

A. M. Estes et al. Olive Fly SIT
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that of wild OLF. In laboratory cages, an increased

number of matings occur with intermittent periods

recorded for wild females at 6–10 days and for labo-

ratory reared females at 12–18 days (Economopoulos

1972). In other experiments, laboratory-sterilized

flies in laboratory, semi-field conditions, and large

field cages (2 · 2 · 2.5 m) mated several hours

earlier than wild flies (i.e. mating asynchrony)

(Economopoulos and Zervas 1982; Zervas and

Economopoulos 1982). Mating asynchrony may be

the result of forced matings, caused by high den-

sity and the ability of OLF males to mate daily

(Tsiropoulos and Tzanakakis 1970) or adaptation to

the laboratory photoperiod regime (Zervas and

Economopoulos 1982). Additionally, the two types

of females tended to mate with their own males.

When laboratory females were not included in the

field cage, lab males were more effective in mating

with wild females before the end of natural photo-

phase (Zervas and Economopoulos 1982). In the

field, the situation might be even worse, as flies are

dispersed and females can easily escape repetitive

mating. Thus, the development of an effective

genetic sexing OLF strain so that only males will be

released is crucial to SIT success.

Genetic variations underlying behavioural differ-

ences between wild and laboratory reared OLF have

been linked to the selection pressure imposed by

antimicrobials, such as nipigin, in the larval artificial

diet (Economopoulos and Loukas 1986; Zouros et al.

1986; Konstantopoulou et al. 1999). Over 23

enzymes were examined in two wild and one labora-

tory populations and substantial differences in alleles

were detected in four of five polymorphic loci (Bush

and Kitto 1979). Alcohol dehydrogenase and 6-phos-

phogluconate dehydrogenase had striking allele fre-

quency changes following colonization. An adh allele

rarely found in nature increased in frequency from

1% in wild to 40% in laboratory populations (Zouros

et al. 1982) and remained after 30 generations of

artificial rearing (Zouros et al. 1986). The most fre-

quent allele in nature decreased from 65% to 30%

(Zouros et al. 1982). A 10 allozyme systems showed

significant allele frequency changes in three enzymes

(alcohol dehydrogenase, 6-phosphogluconate dehy-

drogenase and hexokinase) within six generations of

artificial rearing (Loukas et al. 1985). Other pheno-

types of the adh alleles were seen. The homozygous

line of the adh allele selected under artificial rearing

produced significantly heavier pupae than the other

2-allele homozygous lines (Konstantopoulou et al.

1996). Significant differences were observed among

genotypes in the viability and developmental speed

of immature stages, with clear evidence for a hetero-

zygote advantage during artificial rearing (Cosmides

et al. 1997).

To resolve issues of OLF laboratory colony quality,

hybridizations between laboratory strains and wild

material have been attempted. Females from the

‘Democritus’ laboratory colony held in Crete and

Seibersdorf were back-crossed with wild OLF males

(i) to improve mating synchronization between

laboratory strains and wild OLF and (ii) to create a

laboratory strain for the current Israel SIT pilot pro-

ject that will bear a large Israeli genetic makeup (up

to 95%) and maintains the ability to be reared under

artificial conditions. Competitiveness and compatibil-

ity tests under semi-field conditions in field cages

and in large laboratory Perspex arenas of the new

hybrid strain with Israeli wild flies showed synchro-

nous onset of copulation and mating of the two pop-

ulations (Rempoulakis et al. 2008). The average rate

of mating pairs formed by laboratory males and wild

females in semi-field conditions was close to 30%,

which did not differ greatly from the wild–wild com-

bination (35%). Similar results were obtained under

laboratory conditions suggesting a good compatibility

between the two strains. All compatibility indices

(Cayol et al. 1999) showed complete sexual assort-

ment between strains. Competitiveness tests also

suggest good competition traits of the hybrid OLF.

These results and further studies on field dispersal

capability suggest that the hybrid strain and colony

refreshment is a promising strategy to overcome

quality problems resulting from long-term laboratory

populations.

Olive Fly Artificial Rearing

For SIT to be implemented successfully, a laboratory

population must be established that can mate and

produce viable offspring in the laboratory. These

offspring are sterilized and released into the field to

mate with wild females. One of the biggest chal-

lenges for OLF SIT is the rearing of high quality OLF

in the laboratory on an artificial diet. Small-scale

(Sacantanis 1953; Moore 1959; Tzanakakis 1989)

and large-scale rearing attempts (Moore 1962; Hagen

et al. 1963; Lopez 1965; Tzanakakis et al. 1966b,

1967, 1970; Cavalloro 1967; Orphanidis et al. 1969;

Pelekassis and Santas 1969; Rey 1970; Manoukas

1975, 1977; Tsitsipis 1975; Tsitsipis and Kontos

1983) have provided the foundation for OLF

nutrition and rearing on artificial diets in the labora-

tory. Several comprehensive reviews of tephritid

nutrition, OLF artificial diets, and OLF-rearing

Olive Fly SIT A. M. Estes et al.
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methods exist (Tzanakakis 1971, 1989; Tsitsipis

1989; Tsiropoulos 1992), so their findings will not be

repeated here. Instead, we focus on new develop-

ments that may be applied to mass-rearing the OLF

in future SIT programmes.

Establishing a laboratory colony of olive fly

The first step in mass-rearing an insect species is to

obtain flies from either a previously established labo-

ratory colony or from field-collected insects to found

the new laboratory colony. Most of the OLF research

laboratory colonies have been established from a

strain developed at the Democritus Nuclear Research

Center, Athens, Greece. The ‘Democritus strain’ was

finally established as a growing, standardized colony

in mid-1965. The wild flies from infested olives,

were collected and brought in the laboratory from

Marathon, Attiki, about 40 km north-east of Athens

(the site of the famous battle in 490 BC) (Tzanakakis

et al. 1966b, 1967; Economopoulos and Tzanakakis

1967; Tzanakakis and Economopoulos 1967). After

several decades of selection and in-breeding, these

laboratory strains possess attributes that differ from

wild flies (Economopoulos and Loukas 1986; Kon-

stantopoulou et al. 1996; Dimou et al. 2009). For

example, laboratory flies mate earlier in the day

than wild flies, which could disadvantage an SIT

programme if sterile laboratory insects mate with

each other leaving the later-mating wild flies

unmated by sterile flies. One solution being cur-

rently investigated is hybridization of long-estab-

lished laboratory strains and strains obtained from

other countries with local OLF populations to over-

come incompatibility issues (see ‘Quality of mass

reared flies’ in this review). Adapting field-collected

insects to the laboratory also presents difficulties.

Wild pupae are often collected from infested olives

and the eclosed adults reared under controlled envi-

ronmental conditions in the laboratory. Yet these

female flies reared from wild pupae often will not

oviposit in artificial rearing devices. In contrast, live

adults from traps baited with sponges soaked in

attractant without toxicant have shown to better

acclimate to laboratory conditions than wild-col-

lected larvae (Dimou et al. 2009).

Caging-egging system

The ideal situation for mass-reared insects is to rear

the greatest number of adults in holding cages that

will produce the maximum number of fertile eggs

for as long as possible. Reduced egg production,

infertility, and early adult mortality result from over-

crowding (Tzanakakis 1989). Factors such as access

to food, water, oviposition sites, interactions

between flies (fighting and mating), and resting

space have high impact on both acquisition and

consumption of food. Additionally, the cleanliness of

the cages, food and water, and density of the flies

is essential to maintain a healthy OLF colony

(Tzanakakis 1989).

Two primary concerns with cage design are (i) opti-

mizing cage size for a large number of adults to be

held at an optimal density and (ii) collecting viable

eggs without the adults escaping. Cages first devel-

oped at the ‘Democritus’ research centre for mass-

rearing purposes had dimensions of 100 · 40 · 30 cm

and housed 1800–2400 adults (Tsitsipis 1977b). Food

was provided in an elongated diet container with rest-

ing and oviposition surfaces provided by several large

ceresin-coated nylon gauze oviposition cones. Over

the years, OLF have been reared in a variety of cages

ranging in volume and fly density from small

(131 cm3 with 5–20 pupae per cage) to large (4 m3

with about 16 000 pupae per cage) and probably lar-

ger with varying adult densities and different oviposi-

tion devices and substrates (Tsitsipis 1975, 1977b;

Tzanakakis 1989; Burrack and Zalom 2008; Genc

2008; Genc and Nation 2008). Research is currently

under way to determine the most optimal adult densi-

ties for different cage types and sizes.

Egg collection

The collection of OLF eggs for mass rearing is com-

plicated by the oviposition behaviour of the female

and the low desiccation tolerance of the eggs. In nat-

ure, OLF prefers to oviposit into uninfested fruits

(Cirio 1971). After oviposition, OLF ingests and

regurgitates the olive juice from the oviposition site

onto the drupe, a behaviour that is thought to repel

other flies from ovipositing into that olive (Cirio

1971). Female OLF only oviposit in holes she makes

and are hesitant to oviposit in artificial oviposition

devices in the laboratory(Hagen et al. 1963). To

overcome these oviposition issues, wild-collected

females can be provided freshly harvested olives and

the colony established and grown using olives for

several generations until the flies will lay eggs into

artificial oviposition devices. These eggs can then be

collected and successfully seeded onto artificial larval

diet (Tzanakakis 1989).

In nature, the oily flesh of olives protects OLF eggs

against desiccation. Thus, successful oviposition sub-

strate must be both attractive and usable by females

while maintaining a relatively high humidity for the

eggs to remain viable. Finally, an automatic or
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effortless method for collecting eggs from the ovipo-

sition substrate is essential. Several different oviposi-

tion substrates (egging devices) have been used in

the laboratory, including: olive fruits (Genc and

Nation 2008; Estes et al. 2009), agar (Genc 2008;

Estes et al. 2009), and wax-coated oviposition domes

and cones (Moore 1959; Hagen et al. 1963; Tsitsipis

1977b). Currently most laboratories construct several

‘cones’ of ceresin-coated finely woven nylon cloth

and suspend them pointed end down through circu-

lar ports through the ceiling of the cage (Tsitsipis

1977b,c). A length of damp sponge placed in the

centre of each cone reduces egg desiccation. The

caged flies can oviposit through the waxed cloth

onto the inside surface of the cone. Eggs are rinsed

from the top inside surface of the cone and into a

receptacle placed at the bottom of the cone (Tsitsipis

1977b,c). A mixture of paraffin wax and beeswax

(Hagen et al. 1963) or only paraffin (Moore 1959)

also are successful. All of these wax-coated oviposi-

tion substrates are difficult, time-consuming and,

therefore, costly to construct.

Alternatives to time-consuming oviposition sub-

strates have been and are being tested. Panels of

parafilm stretched along one or two sides of the

adult fly cage have been successful (de Magalhaes

Silva 1970), as have plastic bottles with panels

of wax-coated cloth that can be changed out daily

(Jessup AJ, Ahmad S & Orozco D, unpublished

results). Finally, a vertical panel oviposition wall is

being tested in two different facilities, Bio-Fly in

Israel (Schouster I, personal communication) and

IAEA-Seibersdorf (Jessup AJ, personal communica-

tion). In both facilities, one wall of an adult cage is

composed of wax-covered cloth covered with plas-

tic’’ to reduce post-oviposition egg-desiccation and

allow for eggs to be rinsed from the wall. In contrast

to an oviposition substrate, a cage with a mesh floor

has also been developed so that flies, under pressure

to oviposit, deposit eggs onto the floor, through the

mesh and into water trays underneath (Cavalloro

and Girolami 1968; Tzanakakis 1989).

Future research and development concerning cag-

ing-egging systems should target ideal OLF popula-

tion size, with simple procedures for fly feeding,

cage cleaning, and egg collection. Cage design, there-

fore, is an issue that needs addressing in future

research and should address not only cage shape and

volume but also size and types of resting surfaces,

water feeders, and adult diet dispensers. Addition-

ally, optimal adult fly density that ensures a long

adult cage-life and fertile egg production needs to be

determined. In addition, the impacts of adverse

male–male and male–female interactions caused by

high adult densities could be reduced by increasing

the ratio of females to males (Economopoulos 1993;

Prokopy and Reynolds 1998; Aluja et al. 2001; Dı́az-

Fleischer et al. 2009). Finally, egg desiccation and

fungal contamination are also problems that need to

be overcome.

Egg handling

Oviposited eggs can be collected with a small brush,

sieved through fine cloth or other filter, or rinsed off

into a receptacle with still or aerated water. Once

eggs are collected, they are either incubated in anti-

microbials or seeded directly onto the diet. Two dif-

ferent incubation methods are currently used. In the

first method, eggs are incubated in a Petri dish at

25�C for 24 or 48 hrs on filter paper soaked in 0.3%

propionic acid (Manoukas and Mazomenos 1977).

These Petri dishes, with filter paper and eggs, are

then placed in a sealed plastic container (1 l) con-

taining 2 mm of water to maintain high humidity

and prevent desiccation (Tsitsipis and Abatzis 1980).

The second method surface sterilizes eggs for 10 min

with 2% Clorox (0.11% sodium hypochlorite) and

then washes them into the diet using a 0.3% solu-

tion of propionic acid (Tsitsipis 1975). Whether incu-

bation steps are necessary is debated. Preservatives

and the acidity of the diet have been found to be

toxic to newly laid eggs, thus direct seeding of eggs

into artificial diet has been discouraged (Tzanakakis

1989). As the native microbiota seems to be verti-

cally transmitted via egg smearing during oviposi-

tion, these methods of egg collection may remove or

destroy the bacteria and should be investigated fur-

ther. Fully automated egg collection and handling is

another aspect of egg handling needing future

research.

Larval diet

Larval OLF in the wild feed exclusively on the nutri-

tionally complex and chemically defended olive

drupe, which poses a challenge to replicate using

artificial diets. The first OLF larval diets supplied lar-

vae with casein, Brewer’s yeast, powdered cellulose,

agar, sugar mixture (glucose, fructose and mannitol),

sitosterol, Tween 40, choline chloride and water

(Moore 1962). Since then, analysis of the olive fruit

mesocarp and the amino-acid composition of differ-

ent olive varieties (Manoukas et al. 1973) helped

produce an effective mass-rearing larval diet. The

larval artificial diet presently used (for 1 kg of diet

yielding approximately 2000 pupae) consists of tap
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8 ª 2011 Blackwell Verlag, GmbH



water (550 ml), extra virgin olive oil (20 ml), Tween

80 (7.5 ml), potassium sorbate (0.5 g), Nipagin (2 g),

sugar (20 g), brewer’s yeast (75 g), soy hydrolysate

(30 g), hydrochloric acid 2 n (30 mL) and cellulose

powder (275 g) and is modified from diets developed

by Moore (1962), Hagen et al. (1963), Lopez (1964),

Orphanidis et al. (1970),Tzanakakis et al. (1967,

1970), Tzanakakis 1971, Tsitsipis (1975, 1977a) and

Tzanakakis (1989).

Improving larval diet continues to be a top priority

for OLF rearing (Rey 1970 and references therein)

since current OLF larval diet are still expensive,

laborious, not sufficiently efficient to be used for

mass-rearing for SIT and the antimicrobials used

may be toxic to OLF and OLF microbiota.

Liquid-based diets are one alternative that have

been investigated. A liquid-sponge cloth diet has

been used successfully for rearing at least 11 species

of tephritid flies (Chang 2009). Initial attempts to

rear OLF larvae in the standard liquid-sponge cloth

diet were unsuccessful because of either prolonged

larval development or bacterial and fungal contami-

nation (Konsolaki 2005). However, pupal production

is increased if two layers of sponge material are used

instead of one (Rempoulakis P, Dimou I, Chrysar-

gyris A & Economopoulos AP, unpublished data) or

if filter paper and sponge are used (Konsolaki 2005).

A third successful adaptation of the liquid-sponge

diet involved seeding eggs to the standard solid, cel-

lulosic diet and then changing to the liquid-sponge

cloth diet 3 days later (Konsolaki 2005; Rempoulakis

P, Dimou I, Chrysargyris A & Economopoulos AP,

unpublished).

The use of antibiotics and nipagin may affect the

OLF microbiota and provide an unnatural selection

pressure on the frequency of some OLF alleles

(Konstantopoulou et al. 1999; Konstantopoulou and

Raptopoulos 2003). During the establishment of OLF

laboratory colonies on artificial diet, the nipagin was

implicated in an allele of alcohol dehydrogenate that

shifted from the adh-S allele which dominates wild

populations to the adh-I allele found in laboratory

populations (Economopoulos and Loukas 1986;

Konstantopoulou et al. 1996, 2005). Furthermore,

the antimicrobials affected the composition of the

culturable OLF microbiota (Konstantopoulou et al.

1999, 2005). Finally, removing streptomycin from

the larval diet did not have a detrimental effect on

egg laying, survival from egg to pupal stage, adult

emergence or adult survival on wild flies brought

into the laboratory and reared for several genera-

tions on artificial diet (Dimou et al. 2009). In

one experiment, females that were not exposed to

antibiotics laid higher numbers of eggs. Thus, anti-

biotics may not be necessary and may even be

detrimental to mass-rearing (Dimou et al. 2009).

Antibiotic-free diets are a reversion to the first OLF

diets where flies were reared under aseptic condi-

tions instead of antimicrobials (Moore 1959).

It remains the target of future research to produce

a larval diet that is cheaper, high yielding, and that

does not affect OLF microbiota or fly allele frequen-

cies. Further refining the solid starter/liquid finisher

diet for OLF may be one solution. However, it

remains to be seen if a liquid-type diet will reduce

the costs of labour and time in making up the

diet, cleaning equipment and disposing of waste.

Secondly, either the elimination of currently used

antimicrobials or replacement by milder ones should

be examined further.

Handling of mature larvae and pupation

In nature, the wild OLF larva either pupates inside

the green, unripe olives it infests in summer and the

beginning of autumn or crawls out of the black, ripe

drupes later in the year and into the leaf litter or soil

beneath the tree (Levinson and Levinson 1984). For

laboratory flies, two issues arise with artificial diets:

(i) damage caused by prolonged crawling over diet

and (ii) in-diet pupation. Unlike many other Tephri-

tidae larvae, third instar olive flies have a prolonged

wandering stage and this crawling over the diet may

reduce a larva’s ability to pupate or the adult to

eclose correctly. If the artificial diet surface is humid,

most larvae will crawl out of the diet tray and drop

into the pupation medium underneath the diet tray.

However, isolating those individuals that do pupate

in the diet is difficult. Pupae are very delicate and

manual handling can damage the pupae resulting in

no or incomplete adult eclosion or adult wing dam-

age. Three methods are currently used to separate

pupae from the diet: (i) sieving the diet, (ii) collect-

ing floating pupae on water and then drying on

absorbent material (Cavalloro 1967; Tsitsipis 1975),

and (iii) manually picking pupae out using soft

tweezers. None of these methods are ideal for use in

mass-rearing systems because of their time-consum-

ing nature and the potential damage to pupae. Some

researchers have simply turned the diet trays upside

down either uncovered (Orphanidis et al. 1970) or

covered with mesh prior to inverting (Steiner 1964)

so that mature larvae drop into trays of pupation

medium. Sprinkling the diet surface with water also

stimulates most mature larvae to leave the diet

(Tsitsipis 1977c). Shallow troughs filled to the edge

of the tray with larval diet are another method being
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currently investigated in response to in-diet pupa-

tion. No matter what larval diet and containers used,

for successful SIT mass rearing, larval diet containers

need to be stackable and allow for adequate air

movement around the trays of developing larvae.

Adult diet

The laboratory diet for OLF adults is relatively sim-

ple as compared to the larval diet. Adult OLF in the

wild are thought to feed on a range of food sources,

including homopteran honeydew, bird feces, (Tsiro-

poulos 1977; Opp et al. 2007) and bacteria (Sacch-

etti et al. 2008). Laboratory OLF have successfully

fed on pollen (Tsiropoulos 1977). Laboratory adult

diets contain protein hydrolysate, sucrose, and

water, and are sometimes supplemented with strep-

tomycin to reduce microbial contamination (Hagen

et al. 1963), and fresh chicken egg yolk to increase

egg yield by adding cholesterol, linolenic acid, tryp-

tophan and vitamins A and carotenoids (Economo-

poulos and Tzanakakis 1967). The adult diet has

alternated between liquid (Moore 1959; Economo-

poulos and Tzanakakis 1967) and solid (Tzanakakis

et al. 1967; Tsitsipis and Kontos 1983). Solid is most

frequently used as liquid diets are more labour and

time intensive and adult mortality is higher because

of the stickiness of the diet (Tzanakakis et al. 1967).

Solid diets used for other laboratory reared tephrit-

ids (Mitchell et al. 1965) were initially found to be

deleterious to OLF (Hagen et al. 1963; Lopez 1964),

although these results were not supported by later

research (Tzanakakis et al. 1967; Cavalloro and

Girolami 1968; Tsitsipis and Kontos 1983). Recent

developments on adult diets have focused on elimi-

nating antibiotics that may be detrimental to OLF

and its microbiota. Similar to what was found in the

larval diet, removing antibiotics from the adult diet

did not affect larval or adult survival and adult

fecundity, percent egg-pupa recovery or percent

adult emergence (Dimou et al. 2009). An antibiotic-

free strain of OLF has been successfully maintained

for over eight generations without any apparent

pathogen-induced mortality. These results suggest

that removing the antibiotic will not have any nega-

tive effects on colony survival and growth (Dimou

et al. 2009). Future research needs to investigate

why fresh egg yolk, an unnatural addition to the

adult diet of OLF, is beneficial for their performance.

By doing so, it is hoped that a more convenient and

cost-effective alternative may be identified. Addi-

tionally, a probiotic diet should be investigated,

especially if OLF loses beneficial microbes after

gamma sterilization.

Olive Fly Sterilization

Following mass-rearing and prior to release, flies

must be effectively sterilized without damaging fly

vigour, dispersal and behaviour. Research on OLF

sterilization has included chemosterilants, fast neu-

trons, and gamma rays from a Co60 source. Chemo-

sterilants such as aziridine apholate initially showed

promising results with a considerable reduction of

female fecundity and fertility observed in the wild

population (Orphanidis et al. 1966). However, fur-

ther research was halted because of the carcinogenic

properties of these sterilants (Orphanidis and Patsa-

kos 1963; Fytizas 1967; Haniotakis and Galachtiou

1973). Attempts to sterilize OLF with fast neutrons

were also conducted (Cavalloro and Delrio 1974;

Smith and Economopoulos 1974); however, the

technical difficulties of the method (e.g. need for

Van de Graaf or reactor facility) halted further use of

this technique. Finally, gamma-ray irradiation was

the method established for the sterilization of artifi-

cially reared OLF. Advanced pupae exposed to

12 krads (120 Gy) of Co60 gamma-irradiation

induced permanent sterility in both sexes (Melis and

Baccetti 1960; Baccetti and Cappellini 1961; Tsiropo-

ulos and Tzanakakis 1970). In addition, a dose of

8 krad (80 Gy) applied on pupae one day before

adult emergence was found to cause complete and

permanent sterility in both sexes (Tzanakakis et al.

1966a) without negatively effecting male mating

ability and competitiveness (Tzanakakis et al. 1968;

Tsiropoulos and Tzanakakis 1970; Economopoulos

1972). Economopoulos (1972) found that male irra-

diation of 8 krad (80 Gy) at a young adult stage

improved sexual competitiveness. Finally, irradiation

with 11 krad (110 Gy) in late pupal stage in N2

atmosphere, as well as with 11 krad (110 Gy) on

young adults in air, produced almost complete steril-

ization in both sexes. N2 irradiation improved sexual

competitiveness, as compared with irradiation of late

pupa with 8 krad (80 Gy) in air (Economopoulos

1977). A single successful mating of female OLF fer-

tilizes all eggs for the whole female life (Tzanakakis

1967; Economopoulos et al. 1976a). However, if

released sterile males succeed to mate in nature with

fertilized wild females, they could interrupt the fer-

tilization of eggs oviposited thereafter (Economopou-

los et al. 1976b).

SIT Pilot Field Testing

Following the development of a reliable artificial

mass-rearing system, a 2-year SIT pilot field test was
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organized during the early 1970’s in an olive planta-

tion (of about 600 trees) in the Kassandra peninsula

of Halkidiki near Thessaloniki, Northern Greece

(Economopoulos et al. 1977). Two other olive plan-

tations of 800 and 300 trees, respectively, were used

as controls. All three olive plantations were treated

with organophosphate bait spray prior to release.

Approximately 150 000 artificially reared OLF (both

sexes) were sterilized as 1- to 5-day-old adults with

9.5 krad (95 Gy) of radiation, or as late pupae in

nitrogen atmosphere with 11 krad (110 Gy) and

released weekly. Yeast hydrolysate, syrup and solid

sucrose were provided to flies before release. Olive

fruits were not yet suitable for larval development

when releases started and sterilized flies succeeded

in delaying high infestation levels by a month. How-

ever, when environmental conditions became

favourable for reproduction, the sterilized OLF were

not able to reduce infestation of olives and both

treated and control plots showed high levels of infes-

tation by the end of the seasons. These results could

be due to poor competition and poor mating due to

asynchronous mating times between laboratory

reared and wild flies (Economopoulos and Zervas

1982) or due to an inappropriate isolation of the

treated plantation.

A second pilot SIT application was conducted from

1979 to 1981 on a small Greek island with about

400 medium-sized olive trees, located 2–2.5 km off-

shore Eretria, Evia. Flies were irradiated as late

pupae in nitrogen at 11 krad (110 Gy), fed a pro-

tein/sucrose syrup before release, and weekly

releases were applied between late-July until the

end of November. The overall conclusion was that

although sterile flies may have delayed a rapid

increase of wild population until the beginning of

autumn, they could not protect the olive fruits from

infestation in late autumn or the beginning of winter

(Economopoulos AP, Haniotakis G, Manoukas A,

Mazomenos V, Tsiropoulos G, Tsitsipis J & Zervas G,

unpublished results, Economopoulos and Zervas

1982; Economopoulos 2002).

Conclusions

Better understanding of OLF biology, often because

of comparisons of wild and laboratory reared OLF

populations, have led to two key findings that influ-

ence mass rearing for OLF SIT: (i) OLF associates

with transiently acquired and endosymbiotic bacteria

which may benefit OLF health, and (ii) changes in

genotype and phenotype because of artificial diet

components, artificial selection and inbreeding occur

in laboratory colonies. These findings have led to

improvements in OLF mass-rearing. First, removing

antibiotics from both larval and adult diets enhanced

fly quality. Second, both transient and endosymbi-

otic bacteria improve the fitness of OLF fed diets

lacking proteins or essential amino acids. Third, to

counteract the effects of long term rearing on artifi-

cial diet, crosses between long-term laboratory colo-

nies and wild individuals show potential for

increased fitness of mass-reared flies. Finally, wild

trapped adults have been found to adapt better to

laboratory conditions than flies reared from infested

olives. These wild trapped adults are useful for both

establishing new laboratory populations or to

‘refresh’ long-term laboratory colonies.

Despite these advances, more research is needed

for OLF mass rearing to be successful for SIT. First,

what role the microbiota plays in the life of OLF,

how these bacteria are transmitted, and how they are

influenced by the antimicrobials in artificial diets and

other aspects of laboratory rearing practices has great

potential for developing probiotics to increase fly fit-

ness. Second, further research is needed on cage

design and determination of the ideal densities of

adult OLF that will maximize egg collection while

reducing adverse OLF interactions. Third, cheaper

and less labor-intensive alternatives to the solid larval

diet will decrease production costs. Fourth, determin-

ing which components of egg yolk are beneficial to

the adult diet may decrease time, cost and labour of

preparing this diet. Fifth, a stacking system for multi-

ple larval rearing trays, pupation and automated col-

lection of pupae would optimize the labour and

space needed for rearing; however, these trays must

also be well ventilated to decrease fungal growth.

Finally, if mating time of laboratory flies remains

asynchronous with wild flies, genetic sexing must be

developed so that only sterile males are released.

Following several years of intensive research and a

wealth of information, OLF SIT was practically aban-

doned in the 1980’s because funding was cut

because of the unsuccessful field pilot applications.

However, better understanding of the basic biology

of this tephritid has identified aspects of the SIT mass

rearing procedure that can be optimized to increase

rearing quality and SIT effectiveness. With these

changes to mass rearing focused on improving fly

quality, SIT for the OLF is positioned for a rebirth.
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