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Abstract: Population monitoring and management of the Mediterranean fruit fly (medfly), Ceratitis capitata (Diptera: 
Tephritidae), are still challenging, and are tightly connected to a deep understanding of its biology and ecology. Within this 
framework, new innovative control approaches and tools are frequently proposed and developed to integrate the available 
techniques and to overcome the difficulties involved in designing effective Integrated Pest Management programs. Indeed, 
some biological, ecological, and genetic characteristics of C. capitata can limit the efficacy of classical pest management 
strategies. This article provides a comprehensive review of the currently available tools, devices and approaches used to 
monitor and control medfly populations worldwide.

Keywords: medfly; Area-Wide Integrated Pest Management; biological control; entomopathogen; lure-and-kill; pest fore-
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1 Introduction

Ceratitis capitata (Wiedemann) (Diptera: Tephritidae), 
commonly known as the Mediterranean fruit fly or med-
fly, is among the most destructive pests worldwide due to 
its high polyphagy and invasive ability (Giunti et al. 2023). 
Medfly has dispersed, from the ancestral habitats of the 
eastern sub-Saharan Africa to almost all African continent, 
Mediterranean and Middle East, north and south America, 
west Australia and islands of the Pacific, Atlantic and Indian 
ocean. The control of this tephritid pest is still challenging 
in many parts of the globe and relies mainly on application 

of synthetic pesticides. There are several innovative con-
trol approaches and tools that have been developed, tested, 
and adopted over the last decades (Boulahia-Kheder 2021; 
Dias et al. 2022a). For example, the Sterile Insect Release 
Technique (SIT) has been perfected and currently used for 
area-wide management and eradication purposes (Enkerlin 
2021). On the other hand, lure and kill systems have been 
developed and currently implemented in the framework of 
Integrated Pest Management (IPM) programs, while biologi-
cal control is also considered (El-Sayed et al. 2009). In the 
framework of invasion dynamics, the use of effective and 
selective monitoring approaches is crucial for the timely 
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detection of the medfly in non-endemic areas and, thus, to 
immediately design adequate eradication and/or contain-
ment programs. In this scenario, a detailed understanding 
of the biology, ecology and invasiveness of this species is 
needed in planning effective surveillance and IPM programs 
(Dias et al. 2022b; Giunti et al. 2023).

In the present review, we critically describe the baseline 
knowledge and challenges for medfly monitoring and exam-
ine medfly prevention and management techniques, includ-
ing trapping surveys, forecasting and decision-making, as 
well as its chemical control, insecticide resistance manage-
ment, use of green insecticides, cultural control, biological 
control, and area-wide IPM programs (e.g., including the 
Sterile Insect Technique (SIT)).

2  Monitoring, trapping surveys, forecasting 
and decision making

Population monitoring is a central aspect of true fruit flies 
(Diptera: Tephritidae) pest management. Medflies and other 
fruit flies can be monitored at the larval stage by sampling 
fruits, and at the adult stage by trapping. Fruit sampling pro-
vides an indication of fruit infestation, while trapping pro-
vides information on the presence and population density 
and dynamics of adults. In both cases, limitations to their 
performances, such as zero catches and the probability of 
capturing low numbers of adult medflies during the season 
(Clift & Meats 2004; Manoukis et al. 2014), should be taken 
into consideration. Recent guidelines for fruit sampling and 
monitoring and for trapping adults can be found in FAO/
IAEA (2018) and (2019) respectively.

There is a long list of trapping systems developed and 
tested for medfly adults (FAO/IAEA 2018) including bucket, 
McPhail type, color-sticky and Delta type traps. Male target 
trapping systems rely mainly on Jackson traps baited with 
the parapheromone trimedlure, while female trapping rely on 
bucket or McPhail type of traps baited with food attractants. 
Jackson traps with trimedlure are easy to use and quite selec-
tive on attracting only male medflies. Food lures attract both 
sexes but are rather female-specific and provide important 
information for early detection of the medfly activity in tem-
perate areas (Papadopoulos et al. 2001). The development 
of the three-component female targeted lure (ammonium 
acetate, trimethylamine and putrescine packaged in slow-
release dispensers) was a breakthrough in medfly trapping 
(Epsky et al. 1999; Katsoyannos et al. 1999). Early detec-
tion of females during the spring-summer is of importance 
in the successful management of the medfly populations and 
damage avoidance later in the season (Miranda et al. 2001). 
Detection of low populations early in the spring is challeng-
ing and the most efficient trapping systems deployed in high-
risk areas should be considered. The performance of male 
and female targeted systems may vary during the season 
and hence both should be considered for a more accurate 
depiction of the population in a specific area (Papadopoulos 

et al. 2001, 2003). In this respect, recent developments with 
smart-trapping devices (smart traps, e-traps) and automatic 
image analysis may improve the ability of early detection 
of female medflies (Diller et al. 2023), positively affecting 
area-wide management of the pest. Monitoring of females in 
SIT projects also provides an indication of the results of con-
trol efforts and allows to fine-tune releases of sterile males 
(Katsoyannos et al. 1999).

During the last decade, “smart” traps (i.e., electronic trap-
ping devices) to monitor/survey fruit flies have been devel-
oped, tested and, a few of them, commercially implemented 
(Cardim Ferreira Lima et al. 2020; Schellhorn & Jones 2021; 
Preti et al. 2021). Smart traps utilize different types of elec-
tronic and optical sensors (e.g., laser light beam, automated 
recognition of images of trapped adults) to count adult flies 
entering the trap, determining the identity of the captured 
individuals with a relatively high accuracy (Goldshtein et al. 
2017; Potamitis et al. 2018; Diller et al. 2023). Smart traps 
have not yet been implemented in routine monitoring/sur-
veillance practices due to several technical problems (e.g., 
wireless communications, quality of sensors, stability of the 
system) and costs. These issues, however, are expected to be 
solved in the future. For medfly, several smart trap models 
have been developed (Goldshtein et al. 2017; Shaked et al. 
2018; Diller et al. 2023), and some of them are in the process 
of commercialization (Goldshtein E. & Cohen Y. Personal 
Communications). Although smart traps and identification 
algorithms require further development and improvement, 
the future of monitoring/surveillance will undoubtedly use 
these devices to monitor and manage medfly and other fruit 
fly pests.

Trapping surveys have been classified into four types:  
detection, delimitation verification, and monitoring (FAO/
IAEA 2018). The aim of detection is to determine if the pest 
is present in an area. The goal of delimitation is to establish 
boundaries of a pest incursion. Concerning verification, the 
aim is to confirm the pest status, while in monitoring the goal 
is to characterize the target population and determine effi-
cacy of control measures. FAO/IAEA (2018) provides a clas-
sification of pests’ situations and the type of trapping surveys 
suggested for each pest situation.

Optimization of trapping systems requires traps to be 
deployed in space and time in such a way that the prob-
ability of capturing and detecting fruit flies is maximized, 
even with low or incipient populations, and that costs are 
kept within certain affordable limits. Optimization of trap-
ping systems to detect invasive and incipient medfly popu-
lations in the time-dimension has been recently suggested. 
Kean & Stringer (2019), for instance, modeled and simulated 
the population dynamics of the medfly using current climatic 
patterns (and expected future scenarios) in New Zealand. 
They determined optimal trapping periods, and specific dates 
to initiate trapping, to detect medfly incursions and low pop-
ulations. Climatic modeling is also being used and proposed 
to determine suitable geographic areas for medfly and other 
fruit flies, and for the optimization of detection surveys. For 
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instance, Szyniszewska & Tatem (2014) and Szyniszewska 
et al. (2020) have used several modeling approaches (e.g., 
CLIMEX, MED-FOES and MAX-ENT) that include biolog-
ical information of medfly and of the habitat (e.g., host suit-
ability, irrigation, Normalized difference vegetation index 
NDVI) to determine suitable geographic areas worldwide 
for medfly development. This type of modeling approach 
and forecasting is currently being implemented and tested in 
a Horizon 2020 project, FF-IPM (https://fruitflies-ipm.eu/), 
to track the range expansion of medfly in Europe. FF-IPM 
is also implementing smart traps to optimize surveillance in 
large geographic areas. Monitoring/surveillance optimiza-
tion also includes the “optimal” deployment of traps in space 
including large geographic areas. Fang et al. (2022) recently 
investigated current deployment schemes in delimitation 
surveys of medfly in the USA using a simulation approach. 
Their simulation proposed to further optimize the surveil-
lance schemes that are currently used with medfly incursions 
in the USA, and to reduce costs by 86% (Fang et al. 2022). 
Optimization of trap deployment in the geographic space 
is also being approached from the host-habitat suitability 
perspective by using Bayesian network to model the driv-
ers of habitat aptness as a directive to deploy traps for fruit 
fly management (van Klinken et al. 2019). Trap-deployment 
optimization for medfly surveillance can be highly achieved 
by using the recently proposed Host Reproduction Number 
(HRN) index (Dominiak & Taylor-Hukins 2022). Lux (2019) 
provided a modeling and simulation approach to evaluate 
detectability and dispersion of invasive medflies in complex 
landscapes (e.g., urban) and changing climates using insect 
behavioral data that may also guide deployment of traps in 
the geographic space for medfly management. Currently, the 
FF-IPM Horizon 2020 (https://fruitflies-ipm.eu/) project is 
deriving and testing risk-maps and trap deployment scenar-
ios and algorithms for medfly, and other invasive fruit flies 
for Europe, using experts’ information and risk-weighting 
procedures.

Trapping in time and space is also an important tool in 
the development of Decision Support Systems (DSS) for 
medfly, and in the application of precision pest manage-
ment approaches (“precision Targeting”). For instance, the 
MedCila spatial DSS for medfly uses data on a number of 
flies in neighboring traps, and the history of captures, to 
derive decisions on the application of control measures in 
area-wide projects (Cohen et al. 2008). Other uses of med-
fly population monitoring in DSS include the approach of 
Sciarretta et al. (2019) to direct intervention in relatively 
small farms.

3 Control strategies

3.1 Chemical control
The control of the Mediterranean fruit fly has been tradi-
tionally accomplished using synthetic insecticides either 
as cover sprays, targeting adults on foliage and immatures 

within fruit (systemic action), or bait sprays against adults 
(Baronio et al. 2018).

In Europe and North Africa the traditional medfly control 
has been based on cover sprays, especially using organo-
phosphates (i.e., malathion and dimethoate) (Kheder et al. 
2012). Both malathion and dimethoate are banned in Europe 
for use in open field conditions but are still used in other 
parts of the globe (https://ec.europa.eu/food/plant/pesticides/
eu-pesticides-database/start/screen/active-substances). In 
some cases (i.e., Tunisia), terrestrial or airlift malathion and 
dimethoate spray treatments are applied up to 10 times per 
season on a crop (Magaña et al. 2007; Kheder et al. 2012). 
Frequent spraying should be closely monitored for residues 
on the fruit, and special attention should be placed to avoid 
applications of insecticides close to harvest. Although the 
number of authorized active ingredients has been reduced in 
various parts of the world, organophosphates, pyrethroids, 
chitin synthesis inhibitors, Spinosad and neonicotinoids are 
still used for the control of medfly. The new EU policy tar-
gets major reduction of pesticide use, including complete 
ban of major pesticide categories such as organophospates 
(IARC 2017).

Cover sprays with appropriate/registered pesticides may 
be considered, to control medfly populations, considering the 
mode of exposure and the systemicity of the formulations. 
Indeed, some active ingredients (e.g., pyrethroids) are non-
systemic and thus present contact, ingestion and respiratory 
action only against adult medflies, while other pesticides can 
penetrate the plant tissues targeting eggs and larvae inside 
the fruits by cytotropic (e.g., spinosad, malathion) and/or 
systemic action (e.g., dimethoate, neonicotinoids).

However, the excessive use of cover sprays and the nega-
tive effects that these substances have on the environment 
and human health, as well as on the development of insec-
ticide resistance to different active ingredients, stimulated a 
targeted and selective use of pesticides. A generalized trend 
in many parts of the world has been a transition from diffuse 
aerial or ground-based treatments to localized applications 
and the reinforcement of bait spray application with new 
classes of insecticides (Boulahia-Kheder 2021).

In this scenario, baits sprays, consisting of an attractant 
(e.g., protein hydrolysate, sugarcane molasses or syrup, 
Maillard reaction of fructose, urea and others) coupled 
with appropriate insecticides, are gradually replacing the 
cover-sprays of the entire crop canopy (Baronio et al. 2019; 
Sciarretta et al. 2019; Kouloussis et al. 2022). However, bait 
sprays target only adult medflies aiming to suppress popula-
tion densities below the economic injury level, while they 
have no direct effect on eggs or larvae. Bait sprays contribute 
to reduction of both the amount of active ingredient applied 
and the residues on the fruit (El-Sayed et al. 2009. Bait spray 
products using phosmet, etofenprox, deltamethrin, lambda-
cyhalothrin, acetamiprid, etofenprox and spinosad are com-
mercially available and represent viable options for IPM 
programs, although their potential side effects towards non-
target organisms, such as the natural enemies Aphidius cole-
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mani Viereck (Hymenoptera: Braconidae), Cryptolaemus 
montrouzieri Mulsant (Coleoptera: Coccinellidae), Neoseiulus 
californicus (McGregor), should be considered (Urbaneja 
et al. 2009).

3.2  Resistance to insecticide and resistance 
management

Medfly control is undergoing a series of practical limitations 
due to the emergence of resistance phenomena to different 
active ingredients used both as sprays and in lure and kill 
approaches. As an example, strategies based on deltamethrin 
were expected to grow significantly in the coming years 
because of the high efficacy of this molecule against med-
flies. Unfortunately, resistance to deltamethrin was recently 
detected both in Spanish and Brazilian medfly populations 
(Lisi Demant et al. 2019; Castells-Sierra et al. 2022).

The potential of medfly to develop resistance to differ-
ent insecticidal classes has been demonstrated for various 
insecticides, including malathion and lambda-cyhalothrin, 
(Magaña et al. 2007; Couso-Ferrer et al. 2011; Arouri et al. 
2015). Resistance development of medfly and other pests 
to specific pesticides is related to the selection pressures of 
frequent use on a specific population. As an example, wild 
medfly populations subjected to frequent treatments with 
malathion were 2–30-fold less susceptible to this insecti-
cide than populations from non-treated fields, and about 
100 times more resistant than a laboratory susceptible strain 
(Magaña et al. 2008). Moreover, cross resistance may occur 
without a specific insecticide pressure, such as the resis-
tance to deltamethrin and etofenprox in lambda-cyhalothrin 
resistant strains (Arouri et al. 2015). In addition, several 
malathion resistant populations developed cross-resistance 
to fenthion and other insecticides (lambda-cyhalothrin, 
lufenuron, and methyl-chlorpyrifos) (Magaña et al. 2007; 
Couso-Ferrer et al. 2011; Vontas et al. 2011). The alter-
nance and integration of insecticides with different modes 
of action is considered the best strategy to avoid or delay 
the occurrence of resistant medfly strains. In this context, 
the use of mass trapping strategy could be a solution when 
the availability of different formulations is limited, since 
the poisoned specimens can be retained inside the devices 
(Kouloussis et al. 2022).

3.3 Lure and kill
From a practical point of view, there are different tactics 
to reduce insecticide treatments. Lure and kill in a broader 
sense includes mass trapping, bait dispensers or bait stations. 
In mass trapping the pest is retained by adhesive, the struc-
ture of the trapping device, killed by a pesticide or drawn 
in water, while in bait stations or bait dispensers the pest is 
killed by a pesticide or chemosterilized (El-Sayed et al. 2009 
Navarro-Llopis et al. 2013).

The lure and kill strategy has extensively adopted world-
wide and a series of attractants, traps and attract-and-kill 

devices to control medflies are available (Economopoulos 
& Haniotakis 2019; Boulahia-Kheder 2021). Lure and kill 
has been acknowledged as an alternative to the insecticide 
control approach for many fruit flies, although its efficacy is 
difficult to prove in field conditions. Usually, mass-trapping 
and bait dispenser approaches can effectively and timely sup-
press medfly populations, although low efficacy is revealed 
with high populations. However, long-term applications of 
lure and kill over wide areas may significantly reduce medfly 
populations (Navarro-Llopis et al. 2013).

Most lure and kill devices used against medfly rely on 
food attractants and mainly target the adult females before 
oviposition. Among the lure components, ammonium acetate, 
trimethylamine and putrescine are the most used (Bali et al. 
2021), but additional new-generation baits (e.g., Biodelear, 
a mixture of pyrazines, pyranones and amorphous nitrogen-
based polymers) are also available on the market (Kouloussis 
et al. 2022). The success of lure and kill approaches to sup-
press medfly populations are directly related with the density 
of deployed devices.

3.4 Cultural control
Cultural practices are commonly acknowledged to reduce 
medfly populations in Area-Wide IPM programs, although 
few studies are available on this specific topic.

Sanitation (i.e., the disposal of host fruit from the ground 
or from host trees, either from crops or hedges and borders) 
can reduce further infestation, although it cannot eliminate 
the pests (Zavala-López et al. 2021). Fruit removal and 
destruction can be particularly useful in controlling the over-
wintering medfly population. Indeed, medfly females can 
continue laying eggs in non-harvested fruits, and infested 
fruits harboring larvae may either remain on the trees or fall 
to the ground during autumn and winter. Larvae may over-
winter in such late season infested fruits and produce the first 
spring generation of adults (Papadopoulos et al. 1996, 1998). 
Sanitation of these overwintering refugia may have a large 
impact on the spring population of medfly. Infested fruit can 
be buried in the soil to impair the emergence of adult med-
flies, although newly emerged adults can reach the soil sur-
face without injuries from 40 cm deep in loose soil (Chueca 
et al. 2013). Similarly, mechanized grinding of fallen fruit 
using a wood shredder in winter can reduce medfly popu-
lations in spring by 27–46% in citrus orchards in Spain 
(Chueca et al. 2013). This technique can significantly reduce 
the cost of cultural practice compared to the traditional ones, 
which involve manual gathering or burial of the fruit.

Fruit bagging is a physical protection technique that may 
offer direct and almost full protection from medfly attacks 
by preventing oviposition inside the fruit (Raga et al. 2020). 
Pre-harvest bagging is mainly used to produce quality and 
high-value fruit and is based on the use of different types of 
fruit covers, including nets placed directly on the plants or 
over individual tree branches and bags covering single fruit.
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Lastly, the high polyphagy of this species should be con-
sidered. The presence of key or alternative (wild growing, no 
crop hosts) host plants in the surroundings of crop fields (i.e., 
abandoned orchards, backyards in suburban areas, field mar-
gins) is important for the maintenance and development of 
medfly populations, thus should also be considered in IPM 
programs, and also in effort to extripate, contain or eradicate 
medfly.

3.5 Botanicals
Although medfly is a highly polyphagous pest, it is acknowl-
edged that its development and survival is more difficult 
in Citrus fruit, mainly because of the essential oil (EO) 
rich peel (Salvatore et al. 2004; Papachristos et al. 2008). 
Furthermore, petroleum extracts from Citrus aurantium L. 
showed contact toxicity toward adult medfly (Siskos et al. 
2009), while linalool, a component of citrus EOs, showed 
oviposition deterrent properties (Papanastasiou et al. 2020). 
On this basis, several studies have investigated the insecti-
cidal effects of plant extracts against medfly, though their 
use in the field is still limited due to applicative constraints, 
such as water immiscibility and low persistence, and the 
scarce efficacy of commercial products, like neem deriva-
tives (Silva et al. 2013).

The most promising results have been produced by formu-
lating botanicals in baits for lure-and-kill programs (Benelli 
et al. 2012; Stupp et al. 2020). A recent study reported high 
toxicity of Mentha suaveolens Ehrh. EO (LD50 = 0.9 µL/mL) 
on adults following ingestion of the compound (Zerkani et al. 
2022). Furthermore, several EOs showed combined effects, 
such as ingestion toxicity and ovideterrence of Lavandula 
coronopifolia Poir. EO (LC50 = 86.34 µl/g and 94% egg 
reduction at 55 µl/g) (Ouarhach et al. 2022), or contact and 
oral toxicity of Melaleuca alternifolia (Maiden & Betche) 
Cheel EO (LC50 = 0.117 μL/cm2 and LD50 = 0.269% w/w, 
respectively) (Benelli et al. 2013). Nevertheless, EO bio-
activity can be altered by formulation with other bioactive 
botanicals, either by increasing or decreasing the whole 
insecticidal activity (Alves et al. 2019).

The oral administration of botanicals to medfly adults 
can also affect behavioral and biological traits other than 
survival, including oogenesis and fecundity (Di Ilio & 
Cristofaro 2021; Oviedo et al. 2020). Benelli et al. (2021) 
reported high ingestion toxicity for both sexes fed on Carlina 
acaulis L. EO (LC50 = 1094 ppm) and its major compound, 
carlina oxide, can substantially decrease aggressive interac-
tions, which are crucial for securing reproductive success in 
both sexes (Benelli et al. 2022). However, several botani-
cal extracts demonstrated attractive activity towards med-
fly, which can be exploited for lure-and-kill formulations 
(Ghabbari et al. 2018; Blythe et al. 2020; Luu-Dam et al. 
2021) or for aromatherapy to enhance the effectiveness of 
sterile males in SIT programs (Yuval et al. 2007; Shelly et al. 
2014; Pereira et al. 2021).

3.6  Area-wide integrated pest management 
(AW-IPM)

The concept of Area Wide-Integrated Pest Management 
(AW-IPM) differs from conventional IPM in that the total 
population or metapopulations of the target pest is consid-
ered. This means that control measures, instead of being 
applied plot by plot, are applied throughout the landscape, 
considering areas that are not cultivated, but that can be 
refuge or reproduction sites for the pest. This approach is 
required when applying control methods such as biological 
control and the SIT. The latter is an environmental-friendly 
insect pest control method involving the mass-rearing and 
sterilization, using radiation, of a target pest, followed by the 
systematic area-wide release of the sterile males by air over 
defined areas, where they mate with wild females resulting 
in no offspring and a declining pest population. AW-IPM can 
be considered as a preventive strategy whereas IPM alone is 
a rather reactive one (Hendrichs et al. 2021a). Despite the 
scale that differs between AW-IPM and classical IPM, the 
management of a pest in a broad area results in a substantial 
population suppression eliminating the farm-to-farm inter-
ventions that are part of the classical IPM. Tephritid flies are 
the pest group with the largest number of AW-IPM programs 
using SIT worldwide (Fig. 1). Among them, medfly is by far 
the species with the higher number of programs and mass 
rearing facilities (Table 1).

SIT-AW-IPM approach has been used for prevention 
(exclusion from entry into pest free area), eradication, con-
tainment, or population suppression purposes as far as med-
fly is concerned. The adopted strategy mainly depends on the 
pest and the control program goal (Enkerlin 2021; Hendrichs 
et al. 2021b).

Medfly eradication using SIT-AW-IPM was first attempted 
in pilot projects in some Mediterranean (De Murtas et al. 
1970) and South Pacific islands (Vargas 1993) with lim-
ited success. More recently, AW-IPM, combining SIT with 
cultural control, baiting and quarantine/border inspections, 
was successful to eradicate the medfly from the Dominican 
Republic (Zavala-López et al. 2021) and Colima state in 
Mexico (Pérez-Staples et al. 2021; Juárez et al. 2022). A 
common factor in these two last programs was that there 
were new invasions in pest-free areas.

Suppression has been the strategy adopted in areas where 
the pest is already present. Examples of successful SIT-AW-
IPM suppression programs are ongoing in Spain (Plá et al. 
2021) South Africa (Venter et al. 2021) and Croatia (Bjeliš 
et al. 2010). In Israel, the SIT-AW-IPM program success-
fully run for more than 20 years, was recently discontinued 
(Nestel D., personal communication).

In pest-free areas that are vulnerable to medfly introduc-
tion, either due to the frequency of events (human-assisted 
introduction) or the proximity to infested areas (natural disper-
sion), prevention or containment strategies have been applied. 
The California preventive release program is an example of a 
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preventive AW-SIT program to address incursions of medfly. 
The high frequency of medfly detections in the Los Angeles 
Basin, whether due to multiple entries or the establishment 
of the pest in the area (Papadopoulos et al. 2013; Carey et al. 
2017; McInnis et al. 2017), pushed to release sterile males 
throughout the year in a large area (Dowell et al. 2000). Up 
to date, preventive releases are kept aiming to both eliminate 
any incursion (Hendrichs et al. 2021b) and suppress possible 
existing low density populations.

The medfly presence in Central America represents 
a high risk for the Mexican fruit industry. For this reason, 
since the early 1980s a SIT-AW-IPM program (Moscamed) 
was established. Over 500 million sterile flies have been 

released every week at the border between Guatemala and 
Mexico, to prevent the spread of the pest and its introduction 
into Mexican territory. So far, this program has been success-
ful in preventing the introduction and establishment of the 
medfly in Mexico (Enkerlin et al. 2015, 2017; Liedo 2016). 
In Australia, AW-IPM have been widely applied against 
fruit flies, including the medfly, which is now established 
in Western Australia; AW-IPM involving the SIT, the male 
annihilation technique (MAT), as well as the chemical con-
trol, baiting and trapping techniques and the border inspec-
tions were used to reduce the incidence of pest damages on 
crops in this regions and to prevent its spread to pest-free 
areas (Jessup et al. 2007).

Fig. 1. Current (2022) number of SIT facilities per group of insect pests (source FAO/IAEA DIR-SIT, World-Wide Directory of SIT 
Facilities).

Table 1. Tephritid mass-rearing facilities for SIT applications and production of sterile males per week (source: FAO/IAEA DIR-SIT, 
World-Wide Directory of SIT Facilities).
Species Countries Production

(millions/week)
Anastrepha fraterculus Peru 25
Anastrepha ludens Guatemala, Mexico, USA 30
Anastrepha obliqua Mexico 30
Bactrocera correcta Thailand 10
Bactrocera dorsalis Mauritius, Thailand 21
Bactrocera latifrons Japan 0.3
Bactrocera oleae Israel 0.12*
Bactrocera tryoni Australia 30
Ceratitis capitata Argentina, Australia, Brazil, Chile, Costa Rica Guatemala, 

Israel, Mexico, Peru, South Africa, Spain, Tunisia, USA
2,683

Zeugodacus cucurbitae Japan, Mauritius 65
*: the production of sterile olive fruit flies was stopped some years ago due to the lack of funds (D. Nestel, pers. comm.)
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3.6.1 Technological developments
Since the first SIT application for medfly control, continu-
ous improvements have been sought. Among them, larval 
diets stand out, whose ingredients represent the highest cost 
of mass-rearing. These improvements include the evalua-
tion of lower-cost alternative ingredients (e.g., Vargas et al. 
1983; Silva Neto et al. 2012), diet recycling (e.g., Bruzzone 
et al. 1990), and use of symbiotic microorganisms (e.g., 
Augustinos et al. 2015, 2021; Kyritsis et al. 2019). An 
important development was the genetic sexing strain, which 
allowed the production and release of only males. Vienna 7 
and Vienna 8 genetic sexing strains are currently reared at 
almost all mass-rearing facilities (Augustinos et al. 2017). 
These strains have two sexing traits, i.e., different pupal col-
ors and lethal temperatures; the development of these strains, 
achieved through classical genetic methods is described by 
Franz et al. (2021).

Medfly mass-rearing has important effects on its behav-
ior. In its lek mating system, the male courtship affects 
female choices, and this directly influences SIT effectiveness 
(Hendrichs et al. 2002; Robinson et al. 2002). Developing 
the “filter system” to rear genetic sexing strains (Fisher & 
Cáceres 2000) opened the possibility of designing colony 
management systems that minimize adverse changes in 
sexual behavior, the ability to evade predators, and other 
attributes that affect the performance of sterile insects in the 
field. Some colony management strategies are (a) refreshing 
the strain by backcrossing with wild insects (Cáceres 2022), 
(b) hybridization (Shelly 2001) and (c) selection (McInnis 
et al. 2002).

Post-irradiation treatments have been developed with the 
aim of overcoming the issues caused by mass-rearing and 
the irradiation adverse effects (Lux et al. 2002). These treat-
ments contribute to improving the sexual competitiveness of 
sterile males and boost their field performance. Within these 
treatments, manipulating the diet of adults and exposing flies 
to aromatherapy play a major role (Yuval et al. 2007; Shelly 
et al. 2014; Pereira et al. 2021).

The AW-IPM approach with the SIT application allows 
the integration with other control methods in a synergis-
tic manner. A good example is mass-trapping using female 
attractants (Navarro-Llopis et al. 2008), since it has no effect 
on sterile males, and the wild population is affected by trap-
ping, as well as by the induction of sterility. Another example 
is the use of sterile insects as vectors of entomopathogenic 
fungi (EPF) (Flores et al. 2013). Here, EPF conidia are trans-
mitted through intraspecific interactions. A limiting factor of 
this strategy is the effect of the EPF on vectors, i.e., the ster-
ile males. During the first 5 days after release, there are no 
effects on the performance of the sterile males, but there is a 
gradual decrease after this period (Ramírez et al. 2022). An 
alternative to overcome this disadvantage is the use of auto-
inoculation devices, baited with a female attractant (Toledo 
et al. 2017).

3.7 Biological control

3.7.1 Predators and parasitoids
Biological control is among the safest, most environmen-
tally benign, and cost-effective methods for long-term and 
landscape-level management of invasive pests. Biological 
control alone may not result in the desired level of manage-
ment for tephritid pests because of an extreme low tolerance 
for damaged fruit for a marketable crop or exported fruits. 
However, it may contribute effectively to reduce fly popula-
tions that may constantly spill over treated crops from non-
crop habitats, making other management strategies more 
efficient and economical. The greatest benefits of effective 
biological control also extend to other potential insect pests 
in commercial orchards, as reduced insecticide usage leads 
to increased activity of the natural enemies of secondary 
pests. Therefore, biological control as a fundamental compo-
nent of Area-Wide pest management would provide a valu-
able ecosystem service, improves environmental quality, and 
lowers growers’ management costs.

One of the major challenges for managing extremely 
polyphagous and highly mobile pests such as medfly is that 
non-crop habitats often provide reservoirs for fly popula-
tions to reinvade crops after they have been treated (Aluja & 
Rull 2009). Although, as discussed above, various on-farm 
control methods can be effective targeting adult flies (Dias 
et al. 2018), natural enemies especially parasitoids can play 
a unique role not only because they can attack immature 
flies inside the fruit, but can reduce fly densities at the land-
scape level as well. Indeed, most efforts of biological con-
trol of medfly have made to explore, introduce, and establish 
exotic parasitoids in the fly’s invaded regions in Australia, 
Hawaii, parts of the Mediterranean areas and throughout 
Latin America (Wharton 1989; Sivinski 1996; Purcell 1998; 
Ovruski et al. 2000; Garcia et al. 2020; Clarke et al. 2022; 
Dias et al. 2022b).

3.7.1.1 Predators
Various species of predators, including ants, arachnids, 
birds, carabids, crickets, earwigs, lizards, predatory wasps, 
rodents, rove beetles, spiders and true bugs have been 
reported to prey upon tephritids (Hendrichs et al. 1994; van 
Mele & Cuc 2003; Garcia et al. 2020). However, predators 
have been rarely used in classical or augmentative biological 
control of medfly, except for a few early attempts in 1930s 
with the introduction of the rove beetles, Belonuchus rufipen-
nis F. and Thyreocephalus albertisi (Fauvel) (Coleoptera: 
Staphylinidae) from Brazil into Hawaii (Clausen 1978). 
Ground dwelling predators, which are hard to rear, target-
ing wondering larvae before pupation are the most effec-
tive against medfly. Some ground-dwelling predators such 
as beetles, earwigs and ants can play a key role in reduc-
ing medfly populations in ground cover management (Cruz-
Miralles et al. 2022). Ants is an important group of predators 
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and several studies have documented their impacts on the 
medfly in various agroecosystems (Campolo et al. 2015). 
For example, active predation was observed by Pheidole 
megacephala (Fabricius), Linepithema humile (Mayr) and 
Solenopsis geminata (Fabricius) on medfly larvae, pupae 
and teneral adults in guava orchards in Hawaii (Wong et al. 
1984a); by Tapinoma nigerrimum (Nylander) on medfly lar-
vae in citrus orchards in Spain (Urbaneja et al. 2006); and 
by Monomorium subopacum (Smith), T. simrothi Krausse, 
Cataglyphis viatica (Fabricius) and Messor picturatus 
maura Santschi on mature medfly larvae in the Argan forest 
in Morocco (El Keroumi et al. 2010). The fire ant S. geminata 
is most effective, killing 73.4% pupae and 31% teneral adults 
of medfly in guava orchards in Hawaii (Wong et al. 1984a), 
and 7–25% of mature larvae in coffee and citrus plantations 
in Guatemala (Eskafi & Kolbe 1990). The weaver ants of 
the genus Oecophylla also reduced the damage of Ceratitis 
and Bactrocera species in mango orchards in Africa, Asia, 
and Australia (van Mele et al. 2007). These studies show the 
potential of predators as conservative biocontrol agents for 
medfly (Abeijon et al. 2019; Cruz-Miralles et al. 2022).

3.7.1.2 Parasitoids
Over 60 hymenopteran species of Braconidae, Chalcididae, 
Diapriidae, Eulophidae, Figitidae, and Pteromalidae have 

been reported to attack medfly, including 26 species recorded 
from the fly’s native range in Africa, 15 species endemic to 
the Indomalayan and Australasia realms and 21 Neotropical 
native species (Table S1). Most of them are members of the 
braconid subfamily Opiinae in the genera Diachasmimorpha, 
Fopius, Opius, Psyttalia and Utetes that are of Afrotropical, 
Australasia or Indomalayan origin (Wharton 1989; Ovruski 
et al. 2000; Wharton et al. 2000). All opiine parasitoids are 
solitary koinobiont endoparasitoids, oviposit in host eggs 
or larvae, and emerge as adults from the host puparium. 
The most important parasitoids for biological control of 
medfly include three egg parasitoids, F. arisanus (Sonan), 
F. ceratitivorus Wharton and F. caudatus (Szépligeti) and six 
larvae-attacking parasitoids, D. longicaudata (Ashmead), 
D. kraussii (Fullaway), D. tryoni (Cameron), F. vanden-
boschi (Fullaway), P. concolor (Szépligeti) and P. humi-
lis (Silvestri) (Wharton 1989; Purcell 1998; Ovruski et al. 
2000; Bokonon-Ganta et al. 2005; 2019; Wang et al. 2021) 
(Fig. 2). The neotropical figitid larval parasitoid Aganaspis 
pelleranoi (Brèthes) and diapriid pupal parasitoid Coptera 
haywardi (Oglobin) are also important biological control 
agents for medfly in South America (Garcia & Corseuil 
2004; Ovruski et al. 2004), while parasitization of Coptera 
occidentalis Muesebeck in medfly pupae has been tested in 
laboratory in Europe (Fig. 2) (Kazimírová & Vallo 1999; 

Fig. 2. Several hymenopteran parasitoids of Ceratitis capitata: (a) the braconid Fopius arisanus (Sonan) ovipositing in a medfly egg, 
the larval-pupal braconid parasitoids (b) Diachasmimorpha longicaudata (Ashmead), (c) Diachasmimorpha tryoni (Cameron), and  
(d) Psyttalia concolor (Szépligeti), and (e) a detail of P. concolor mass-rearing, (f) the driapriid Coptera occidentalis Muesebeck para-
sitizing a medfly pupa (photo credit: a,c Pablo Liedo; b,d,e: Paolo Giannotti, f: Patrizia Sacchetti).
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Granchietti et al. 2012). Most chalcidids such as Dirhinus 
giffardii Silvestri and pteromalids such as Pachycrepoideus 
vindemiae (Rondani) are generalist pupal idiobiont ectopara-
sitoids and can act as hyperparasitoids of other primary para-
sitoids (Wang & Messing 2004a; 2004b).

3.7.1.2.1 Australia
The first biological control project of medfly was under-
taken in Western Australia in 1900s, where the neotropical 
larval parasitoids Doryctobracon areolatus (Szepligeti), 
Opius bellus Gahan, and Ganaspis brasiliensis Ihering 
were imported from Brazil and one eulophid larval parasit-
oid Aceratoneuromyia indica (Silvestri) was also brought 
from India, but none became established (Wharton 1989). 
Aceratoneuromyia indica was also introduced to South 
Africa from Western Australia in the 1900s without estab-
lishment (Wharton 1989; Ovruski et al. 2000). Later, more 
attempts have been made to introduce several important par-
asitoids, including F. arianus, F. vandenboschi and D. longi-
caudata from Hawaii and D. tryoni from Eastern Australia 
into Western Australia, but these efforts have resulted in no 
documented establishment (Clarke et al. 2022).

3.7.1.2.2 Hawaiian Islands
Following the invasion of medfly in Hawaii in 1910, foreign 
explorations were conducted for the first time throughout the 
fly’s aboriginal home in Africa (Silvestri 1914; Bess et al. 
1961; Gilstrap & Hart 1987; Clausen 1978; Mohamed et al. 
2016). A dozen parasitoids were introduced into Hawaii and 
five of them become established at least initially: P. humilis, 
Coptera silvestrii Kieffer, D. giffardii, Tetrastichus giffard-
ianus Silvestri and Diachasmimorpha fullaway (Silvestri) 
(Table S1). Among them, P. humilis effectively reduced 
medfly abundance in several fruit crops (Bess et al. 1961). 
However, P. humilis became rare after D. tryoni was intro-
duced from Australia, while D. tryoni contributed to the 
reduction of medfly populations (Bess et al. 1961; Wong & 
Ramadan 1987). Diachasmimorpha tryoni was later used 
successfully in augmentative release concurrently with 
sterile fly release to suppress medfly populations in Hawaii 
(Wong et al. 1991; 1992). The invasion of B. dorsalis led 
to subsequent introduction of 24 Asian opiine parasitoid 
species including D. longicaudata, F. arisanus and F. van-
denboschi (Bess et al. 1961). These three species became 
widespread and also parasitized medfly across the Hawaiian 
Islands (Wong et al. 1984b; Wong & Ramadan 1987; Vargas 
et al. 1995). Diachasmimorpha longicaudata was largely 
replaced by F. vandenboschi and subsequently both F. van-
denboschi and D. longicaudata declined following the estab-
lishment of F. arisanus (van den Bosch & Haramoto 1953; 
Bess et al. 1961; Stark et al. 1991). The medfly was also 
outcompeted by B. dorsalis but was still the dominant spe-
cies in coffee plantations (Vargas et al. 1995). The abundance 
of D. tryoni declined sharply after F. arisanus became estab-
lished on medfly populations, while D. tryoni apparently 

has shifted to higher elevation where F. arisanus is unable 
to colonize (Messing & Wang 2009). Fopius arisanus has 
replaced all early or concurrently introduced larval parasit-
oids and accounted for 70–90% of the total parasitism of the 
major fruit flies throughout the Hawaiian Islands (Stark et al. 
1991; Vargas et al. 1995; 2001). The success of F. arisanus 
in Hawaii may be attributed to its competitive superiority as 
an early-attacking parasitoid against all the larval parasitoids 
(Wang & Messing 2002, 2003; Wang et al. 2003). A recent 
analysis suggests a global pattern of the intrinsic competi-
tive superiority of the early acting species in opiine parasit-
oids through physiological suppression or physical combat 
against other parasitoids (Wang et al. 2021). Egg-attacking 
fruit fly parasitoids may also pose an ecological superiority 
as they attack hosts when the hosts are near the fruit surface 
as some larval parasitoids may be unable to locate their hosts 
especially in large fruits (e.g., Sivinski et al. 2001; Wang 
et al. 2009, 2021). This has led to a resurgence of efforts 
recently to explore, introduce, and evaluate two African egg 
parasitoids F. ceratitivorus and F. caudatus for their suit-
ability and compatibility with F. arisanus and other parasit-
oids (Wang et al. 2004; Bokonon-Ganta et al. 2005, 2007, 
2019). Laboratory tests showed that F. ceratitivorus specifi-
cally attacks medfly (Wang et al. 2004) and poses similar 
competitive superiority as F. arisanus against larval fruit fly 
parasitoids (Wang et al. 2008). These new parasitoids have 
not yet been released in Hawaii and may have the potential 
to improve overall suppression of medfly in Hawaii (Kroder 
& Messing 2010).

Early success in Hawaii triggered the introduction 
of many parasitoids from Hawaii to the Mediterranean 
Basin and Latin America for biological control of medfly 
(Table S1).

3.7.1.2.3 Mediterranean basin
In the Mediterranean areas, several important species were 
introduced into Italy (e.g., D. longicaudata and P. concolor), 
Spain (e.g., P. concolor and P. humilis) and Greece (e.g., 
D. giffardii), but only P. concolor (obtained from Tunisia 
and repeatedly released since 1900s) has established mainly 
on the olive fruit fly Bactrocera oleae (Rossi) in some 
southern regions (Greathead & Greathead 1992; Miranda 
et al. 2008). Many parasitoid species, including A. indica, 
D. longicaudata, D. kraussii, D. giffardii, D. tryoni, F. ari-
sanus, F. ceratitivorus, P. concolor and P. vindemiae have 
been introduced into Israel from 1960s to 2000s (Argov & 
Gazit 2008). Only D. giffardii, P. concolor, F. ceratitivorus 
and D. krausii apparently have become established (Argov 
& Gazit 2008). The Asian larval parasitoid Aganaspis daci 
(Weld) (Hymenoptera: Eucoilidae) has been reported para-
sitizing medfly in Greece (Papadopoulos & Katsoyannos 
2003) and Spain (de Pedro et al. 2018). This species was 
introduced and released for the control of medfly in France 
in the 1970s, but its origin in Greece and Spain is unknown. 
Both field parasitism and laboratory evaluations showed the 
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potential of A. daci as a biological control agent for medfly 
(Papadopoulos & Katsoyannos 2003, de Pedro et al. 2018).

3.7.1.2.4 Central and Southern America
In Latin America, several parasitoids such as D. tryoni, 
D. fullawayi (Silvestri), Psyttalia fletcheri (Silvestri) and 
T. giffardianus were introduced from Hawaii into Brazil 
in 1930s (Table S1) and only T. giffardianus was recov-
ered from medfly 60 years later (Garcia & Ricalde 2012). 
With the northward expansion of medfly during 1950–60s, 
most of these major parasitoids were introduced from 
Hawaii to Mexico and Costa Rica and some of them were 
re-distributed to Argentina, Bolivia, Colombia, El Salvador, 
Guatemala, Nicaragua, Panama, Perú, Trinidad and Tobago, 
and Venezuela (Table S1). Diachasmimorpha longicaudata 
is the only introduced parasitoid established throughout 
Latin America (Ovruski et al. 2000). Fopius arisanus has 
established only sporadically on medfly on coffee in Costa 
Rica with low impact on the medflies (Wharton et al. 1981). 
Fopius arisanus appears not to adapt well to Anastrepha 
(Zenil et al. 2004; Paranhos et al. 2021). Because it does not 
show a diapause, lack of alternative tephritid hosts in the 
neotropics might have affected its establishment (Ovruski 
et al. 2000). Western Australia, parts of the Mediterranean 
areas and Central and South America seem not climatically 
suitable for F. arisanus based on a climatic model (Lane 
et al. 2018). In addition, A. indica and P. vindemiae also 
became established in parts of Latin America (Ovruski et al. 
2000), though the latter species is cosmopolitan (Ovruski 
et al. 2004).

Diachasmimorpha longicaudata has well adapted to 
various Anastrepha and outcompeted common neotropi-
cal larval parasitoids (Miranda et al. 2015; Murillo et al. 
2019; Paranhos et al. 2021). In addition, the relatively long 
ovipositor of D. longicaudata enables it to attack hosts in 
various sizes of fruits (Sivinski et al. 2001; Miranda et al. 
2015). However, D. longicaudata was generally recovered 
in low numbers from medfly in various regions. Therefore, 
augmentative release of D. longicaudata has been applied 
to suppress medfly populations in coffee in Guatemala 
(Cancino et al. 2019), Southern Mexico (reaching up to 69% 
parasitism) (Montoya et al. 2005), and Peru (reaching over 
50% parasitism) (Garcia et al. 2020). In Argentina, D. longi-
caudata has been mass-reared on the larvae of a temperature-
sensitive lethal genetic sexing strain of medfly and released 
in large numbers in couple with SIT to suppress or eradi-
cate medfly in central-eastern Argentina (Albornoz Medina 
et al. 2014; Sánchez et al. 2016). Post-release showed up to 
75% and 50% of medfly mortality by D. longicaudata in figs 
and peaches, respectively (Suárez et al. 2019a; 2019b). The 
feasibility of augmentative releases of D. tryoni, D. kraus-
sii, F. arisanus, G. pelleranoi and Coptera haywardi to con-
trol medfly has also been evaluated (Núñez-Campero et al. 
2020). Both D. kraussii and F. arisanus showed significant 
suppression of medfly in field cages in Guatemala (Rendón 

et al. 2006). Augmentative releases of D. tryoni in coffee 
orchards led to 84% parasitism of medfly in Guatemala 
(Sivinski et al. 2000). As the most abundant native parasitoid 
species associated with medfly in Argentina (Ovruski et al. 
2004; Schliserman et al. 2003), G. pelleranoi can discrimi-
nate against medfly larvae previously parasitized by D. lon-
gicaudata and both species could be compatible for the 
control of medfly (Buonocore Biancheri et al. 2022).

3.7.1.2.5 Worldwide outlook
In conclusion, the biological control of medfly has achieved 
partial success in Hawaii and Latin America, mainly with 
D. longicaudata and F. arisanus. However, the majority 
of introduced parasitoids did not establish, especially in 
Western Australia and the Mediterranean Basin (Wharton 
1989; Ovruski et al. 2000). The reasons behind the failures 
may be due to introduction of unsuitable agents in early 
days or agents that were not capable to adapt to local condi-
tions, and/or to undesired interactions with other introduced 
parasitoids (Wharton 1989; Wang et al. 2021). Many envi-
ronmental factors, such as local climatic conditions or habi-
tat mismatching, might pose ecological constraints on the 
establishment of introduced parasitoids. The success of both 
D. longicaudata and F. arisanus stems from their competi-
tive superiority against other parasitoids and a high adapt-
ability of D. longicaudata (Wang et al. 2021).

3.7.2 Entomopathogens
The entomopathogenic activity of various viruses, bacteria, 
fungi, and nematodes against medfly has been documented 
in numerous studies, with the entomopathogenic fungi (EPF) 
and entomopathogenic nematodes (EPN) being the most 
promising. These biocontrol agents in some cases can be 
effectively combined with pesticides, parasitoids and preda-
tors within IPM programs (Ekesi et al. 2005; Jean-Baptiste 
et al. 2021).

3.7.2.1 Entomopathogenic fungi (EPFs)
Several fungal entomopathogens (EPFs), that are naturally 
found in agroecosystems, show positive effects against 
medfly. Among these, the most studied are Beauveria 
bassiana (Balsamo) Vuillemin and Metarhizium aniso-
pliae (Metschnikoff) Sorokin, besides some other relevant 
species belonging to the same genera, i.e., B. brongniartii 
(Sacc.), B. pseudobassiana Rehner et Humber, M. brun-
neum (Metschnikoff) Sorokin, or other genera including 
Lecanicillium, Purpureocillium, Isaria, and Paecilomyces 
(Beris et al. 2013).

With regard to the wide variety of Beauveria and 
Metarhizium strains studied on medfly, albeit with all due 
differences and specificities, their typical mechanism of 
pathogenic action occurs through the following main steps: 
a) contact with the host and adhesion of aerial conidia on 
the insect body surface; b) germination of conidia under spe-
cific environmental conditions; c) penetration of the fungus 
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through the cuticle by a combined mechanical and enzymatic 
action; d) development of infection with mycelial coloni-
zation of the insect body, evading the immune system and 
spreading via a second type of conidia (blastoconidia) into 
the host hemocoel; e) emergence from the dead insect (nor-
mally mummified and covered by the mycelium), with the 
development of conidiophores carrying new aerial conidia 
(dispersion phase) (Mascarin & Jaronski 2016). It follows 
that the efficacy of each fungal strain of Beauveria and 
Metarhizium spp. against different life stages of medfly will 
depend on its intrinsic (genomic) characteristics and environ-
mental conditions, according to a triangular pathogen-host-
environment interaction. A plethora of bioactive compounds 
are normally involved in the pathogenesis. These include 
hydrophobins covering conidia surface and involved in the 
adhesion to insect cuticle, chitinases and proteases respon-
sible for the cuticle degradation, and various secondary 
metabolites mostly produced inside the insect body during 
infection (Xiao et al. 2012; Pattemore et al. 2014).

Entomopathogenic fungal strains’ diversity translates 
into variable virulence degrees, so that continued research 
and screening of new fungal isolates for their efficacy against 
medfly larvae have led to the identification of new protein 
toxins (Ortiz-Urquiza et al. 2009) involved in the mechanism 
of action, highlighting the importance of the microbial cul-
ture method to enhance the fungus virulence by overexpress-
ing these proteins (Ortiz-Urquiza et al. 2013).

Besides the insecticidal potential of a specific EPF strain, 
environmental factors play a crucial role in pathogenic-
ity. For instance, moisture conditions are critical to favour 
conidia mobility in the soil facilitating contact with pupariat-
ing larvae and puparia, and for their germination once host 
adhesion has occurred (Garrido-Jurado et al. 2011; Gava 
et al. 2021). Conidia viability is moreover affected by pH, 
temperature, and UV-solar radiation, which stimulates the 
continuous search for EPF strains with adaptations to spe-
cific environmental conditions, such as UV-resistance or 
suitability for drier conditions (Fernández-Bravo et al. 2017; 
Gava et al. 2022).

Increasing the shelf-life and mobility of aerial conidia is 
of considerable importance in promoting horizontal trans-
mission of infections in epigeal field conditions (Dimbi et al. 
2013). Another factor significantly affecting the success of 
an EPF application against the medfly is the conidia-based 
formulation (e.g., suspension concentrate, granular) (Ekesi 
et al. 2005).

Numerous studies on autochthonous EPF highlighted 
significant mortality of different medfly stages by contact 
and ingestion, reporting also sublethal effects on adult repro-
ductive potential (Ortiz‐Urquiza et al. 2010). However, in 
compliance with legislative frameworks on pre-market 
authorization of biopesticides, only few products are avail-
able to farmers.

In the face of a wide variety of studies conducted in dif-
ferent parts of the world, employing diverse strains and dos-

ages, mostly in the laboratory, but also under semi-field and 
field conditions, the following main strategies of EPF used 
against medfly emerge: (1) Distribution in the upper soil layer 
(within 7 cm depth), preferably employing granular formula-
tions that are more persistent than aqueous or oil/aqueous 
suspensions, to target pupariating larvae and puparia (Ekesi 
et al. 2005). (2) Cover spray or protein bait applications (nor-
mally using oil-based formulations with a concentration of 
10 million conidia/ml and a dosage in the order of 1–2 l/ha), 
leveraging the direct effect on adults or indirectly protect-
ing fruits from female oviposition (Bedini et al. 2018; Falchi 
et al. 2015). (3) Conidia autodissemination by specific auto-
inoculative devices containing fungal conidia and a medfly 
food lure, which exploits the successive horizontal transmis-
sion of EPFs in the population (Navarro-Llopis et al. 2015). 
This technique has also been experimentally applied in com-
bination with SIT inoculating sterile males for a synergistic 
biocontrol effect (Toledo et al. 2017).

Various plant protection products based on EPFs are com-
mercially available and approved for use against medfly in 
orchards. Accordingly, several field trials proved the ability 
of EPF-formulations to contain fruit infestations with effi-
cacy levels comparable to chemical insecticides, although to 
achieve such result multiple applications are often needed in 
the same season (Ortu et al. 2009; Qazzaz et al. 2015).

3.7.2.2 Entomopathogenic nematodes (EPNs)
The use of EPN for biological control of medfly has been 
explored as early as the 1980s with studies indicating a 
significant potential of the nematodes in reducing medfly 
populations in some cases >80% (Poinar & Hislop 1981; 
Lindegren et al. 1990; Gazit et al. 2000). Mostly larvae and, 
to a lesser degree pupae, are the stages of medfly susceptible 
to the infective juvenile nematodes (IJs) (Gazit et al. 2000; 
Jean-Baptiste et al. 2021; Shaurub 2023). There have been 
numerous studies examining the efficacy and the potential 
of EPN for controlling not only medfly but also other fruit 
flies as well (reviewed in Shaurub 2023). Most of these stud-
ies were conducted in the laboratory, sometimes in artificial 
conditions that depart significantly from natural conditions 
(e.g., bioassays in Petri dishes or application of nematodes in 
media that does not approximate soil conditions). Moreover, 
the different experimental conditions, different strains and 
doses of nematodes, make the comparisons between stud-
ies very difficult, but nonetheless clearly demonstrate the 
potential of EPN for medfly control. Some limited field 
studies showed that the nematodes Heterorhabditis bau-
jardi Phan, Subbotin, Nguyen & Moens LPP7 and H. indica 
IBCB n5 reduced the population of medfly larvae in Guava 
by >87% and 93% respectively when applied in doses of 
25,000–100,000 infective juveniles (IJs)/m2 of soil, whereas 
a Mexican strain of Steinernema feltiae Filipjev applied at  
5 × 106 IJs/m2 resulted to 86% mortality of medflies in 
papaya trees in Hawaii (Dolinski 2016; Minas et al. 2016; 
Lindegren et al. 1990).
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Furthermore, both laboratory studies and limited field 
trials, although promising, concern species and/or strains of 
EPN such as S. riobravae Cabanillas, Raulston and Poinar, 
S. yirgalemense Mráček, Tesfamariam, Gozel, Gaugler and 
Adams, H. baujardi strain LPP7, H. noenieputensis Malan, 
Knoetze and Tiedt that are not commercially produced 
(Lindegren et al. 1990; Gazit et al. 2000; Minas et al. 2016; 
James et al. 2018; Mokrini et al. 2020). However, it has been 
shown that commercially produced S. feltiae can greatly 
suppress medflies in the laboratory and in the field (Karagoz 
et al. 2009; Kapranas et al. 2021; 2023). Even more, the 
same species is capable of actively searching and parasit-
izing medfly and other tephritid fly larvae inside fruits such 
as oranges, apples and apricots (Sirjani et al. 2009; Mokrini 
et al. 2020; Kapranas et al. 2021), thus serving as a sanitation 
measure off-season.

The current costs of commercially available EPN are 
about 0.2 €/million IJs (a price quite stable over the last years, 
Arne Peters personal communication), rendering repeated 
EPN applications for medfly control economically non-
viable especially when considering other costs (labour). An 
alternative tested tactic using a single application of S. feltiae 
at rates of 1.5–2.5x 106 IJs/m2 beneath the canopy of citrus 
trees at the end of the season or early in season reduced med-
fly emergence by 65% (Kapranas et al. 2023). Steinernema 
feltiae, a widely commercially available EPN, can infect 
medflies and other tephritid flies at cool temperatures as low 
as 8°C that are representative to temperate climates (Hazir 
et al. 2001). Cooler autumn temperatures could improve 
the residual activity and therefore the efficacy of S. feltiae 
against medfly larvae in the soil and in fruits (Kapranas et al. 
2021; 2023). EPN efficacy is greatly influenced by the soil 
characteristics such as moisture and texture. EPN mobility 
and infectivity of medfly larvae is decreased in extreme wet 
and dry conditions (Gazit et al. 2000; Rohde et al. 2010; 
Mokrini et al. 2020). Wetting the soil with adjuvants can 
increase EPN efficacy (Shapiro-Ilan et al. 2006) and remains 
to be tested in the case of medfly and given the great variabil-
ity of cultivars and practices concerning cover management 
in different orchards/cultivars. Furthermore, EPN can sur-
vive better and be more infectious in well aerated soils, and 
therefore heavy silt or clay soils with reduced pore size and 
retaining high moisture, reduce their efficacy (Barbercheck 
& Kaya 1991; Rohde et al. 2010; Mokrini et al. 2020).

Lastly EPN can be combined with EPF, sometimes with 
additive or synergistic effects, as it has been shown for con-
trol of other fruit fly species (Usman et al. 2020; Wakil et al. 
2022), but it remains to be demonstrated for medfly as well. 
Given the volume of all these studies, it is beyond doubt that 
EPN holds great potential as a biological control tool for 
medfly management. However, to fully explore this poten-
tial is essential to bring into mass production the appropri-
ate strains/species that are quite infectious even at low dose 
or use off-season and/or early-season application of com-
mercially produced EPN species. Both approaches require 

extensive field trials which are still sought after. In addition, 
there is ongoing research on EPN formulations aiming at 
increasing their residual activity and infectivity and remains 
to be determined if they hold promise for improving the bio-
logical control of medfly with EPN.

4 Conclusions and research challenges

Overall, our literature analysis highlighted many important 
research challenges for sustainable medfly management. 
Since fruit crops are often subject to a wide range of pests 
and diseases, chemical control has become an essential com-
ponent of production for decades. As the world’s population 
continues to grow, the demand for fresh fruit is also expected 
to increase, presenting new challenges for chemical control 
in this industry. One of the main challenges facing chemi-
cal control in fruit crops is the development of resistance to 
commonly used pesticides. Overuse of these chemicals can 
lead to the selection of resistant populations, making con-
trol increasingly difficult over time. This can result in the 
need for more potent and/or toxic pesticides, which can have 
negative effects on both human health and the environment. 
To address this challenge, it is important to intensify the 
adoption of IPM approaches that include a range of control 
strategies, such as biological control, cultural practices, and 
the use of resistant crop varieties. Another challenge facing 
chemical control in fruit crops is the regulatory aspect. In 
many countries, strict regulations govern the use of pesti-
cides in agriculture, including restrictions on certain active 
ingredients and application methods. This can limit the 
availability of effective chemical control options for grow-
ers and can also result in increased costs and bureaucratic 
hurdles. To address this challenge, it is important for grow-
ers, researchers, and regulatory agencies to work together to 
develop and implement sustainable pest management strate-
gies that meet both economic and environmental goals. The 
future of chemical control in fruit crops will be shaped by 
a range of challenges, including resistance development, 
regulatory constraints, climate change, and health and safety 
concerns. Addressing these challenges will require a col-
laborative effort between growers, researchers, regulators, 
and consumers, and will likely involve a range of pest man-
agement strategies tailored to specific local conditions and 
goals. In this scenario, botanical pesticides are a promising 
alternative to synthetic pesticides in citrus crop manage-
ment. While there are some challenges associated with their 
use, the benefits of botanical pesticides in terms of reduced 
impact on non-target organisms, shorter persistence, and 
reduced risk of pesticide resistance make them an attractive 
option for growers. As research in this area continues, it is 
likely that we will see increased use of botanical pesticides 
in fruit crop management in the future.

The SIT-AW-IPM approach has shown its effectiveness in 
the control of medfly. Knowledge on the biology, ecology, and 
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behavior of the target pest, as well as technological advances 
have made it possible to make the technique more effective 
and efficient. Nowadays, we have empirical evidence that the 
approach can be applied in eradication, suppression, contain-
ment, and prevention strategies. The advantages include a 
highly positive benefit:cost ratio when considering long-term 
effects (Enkerlin & Mumford 1997; Enkerlin 2021; Rendón 
& Enkerlin 2021). In the future, we can expect even a steady 
growth in the use of SIT-AW-IPM, especially considering the 
risk of new invasions, the issues connected with pesticide 
overuse, resistance development and non-target effects, and 
the growth in world demand for healthier fruits.

From a biological control perspective, future efforts 
should focus on entomophagous species, with special ref-
erence to parasitoid species or strains, with better inherent 
abilities to adapt to local climates and survive periods of 
low host density as well as the competitive risks of intro-
ducing parasitoids to extant species (Wang et al. 2021). On 
the other hand, the modern practice of classical biological 
control strongly emphasizes minimal non-target impacts 
of introduced agents, which further reduces the number of 
potential agents (Messing & Brodeur 2018). The two African 
parasitoids (F. ceratitivorus and F. caudatus) could be intro-
duced and released into areas where F. arisanus does not 
thrive. Another larval parasitoid, P. lounsburyi, is also rela-
tively host-specific to B. oleae but can readily attack medfly 
and could be a potential agent for areas where both pests 
have invaded (Wang et al. 2022). Future studies may also 
explore the potential of some indigenous parasitoids capable 
of attacking medfly such as G. pelleranoi and C. haywardi 
and augmentative biological control using these already 
established parasitoids. Lastly, the medfly is currently halted 
northward spreading in Guatemala and Mexico (Enkerlin 
et al. 2017) and poses a continued threat to the US. Some 
promising agents could be evaluated proactively to address 
the escalating threat of invasion and increase preparation to 
manage medfly in the event of the fly’s invasion.

Still in the biocontrol scenario, we would like to highlight 
the need to develop and evaluate schemes of applying in the 
field commercially available EPF and EPN in conjunction 
with improved formulation and/or adjuvants. Further key 
challenges for EPF and EPN include (1) the mass rearing and 
field evaluation of new species and/or native EPF and EPN 
strains with improved intrinsic potential and adaptations to 
environmental conditions; (2) the development of new and 
more effective ways of application, increasing the chances 
of pathogen-host contact or increasing shelf-life of EPF 
conidia and EPN infective juveniles; and (3) the enhance-
ment (protecting and creating ideal conditions) of the natu-
ral biocontrol activity of entomopathogens already present 
in the agroecosystem. It is also important to understand 
how different entomophagous insects and entomopathogens 
might interact antagonistically to reduce overall impacts on 
medfly, or synergistically to enhance medfly suppression. 
We emphasize a systematic approach towards the develop-

ment of biological control strategies that can stand alone or 
be used with other compatible control methods (e.g., SIT).

As it is explicitly stated earlier, medfly population moni-
toring is the cornerstone for any management project that 
spans from addressing invasion events (e.g. eradication or 
containment) to population suppression through structured 
IPM projects. Indeed, there is much attention on developing 
trapping systems, recently involving electronic systems for 
adult population monitoring as well. However, it seems there 
is still need for additional work as both abiotic and biotic 
factors affect efficacy and therefore seasonal performance of 
electronic trapping systems should be addressed (Bali et al. 
2021). In addition, more research should be conducted on 
developing trapping strategies that should maximize efficacy 
at a reasonable cost. Population growth models and detailed 
analyses of the structure of the landscape and the orchards 
may contribute towards establishing more efficient trapping 
networks to detect and monitor low density medfly popula-
tions (see Lux 2019).

Medfly and fruit fly monitoring is expected to dramati-
cally advance in the future by integrating the world of elec-
tronic-engineering, sensing-technology, meta-data sciences 
and artificial intelligence. This novel way of monitoring 
insect populations is still evolving, and is being integrated 
into IPM decision systems. Some challenges in the field of 
smart monitoring include its efficient integration and expan-
sion into pest control. Smart-monitoring will become more 
widely used once a more effective integration between data-
scientists, engineers and pest control people occurs. Another 
challenge for the adoption of this emerging technology is the 
need for a reduction in price, which at this stage is prohibi-
tive for most growers in the world. Regarding SIT applica-
tions, the possibility of remote-sensing and integration of 
smart-traps able to discern between released, fluorescent, 
sterile medflies and wild flies, is a challenge. This aspect, 
which has been in the agenda for a long period of time, is 
now being tackled by several scientists. The ability to intro-
duce SIT-tailored “smart-traps”, into the operation of SIT-
projects, will greatly increase the efficacy and management 
of this control strategy. Progress in the electronic trapping 
system is rapid, and several systems are reaching the market 
without proper testing that should include experimentation 
in different ecosystems and during several seasons. Also, 
more work is still required to compare the efficacy of elec-
tronic trapping systems against traditional traps.

Conceptual algorithms to support pest management of 
the Mediterranean fruit fly have been recently developed and 
tested (Sciarretta et al. 2019). Besides temporal elements, 
spatial components are included in these algorithms that con-
stitute the foundation of spatial decision support pest man-
agement systems. Further efforts to incorporate population 
growth models into above systems should be conducted both 
within farms (Lux 2019) and also at a regional level to sup-
port the area wide IPM programs against the Mediterranean 
fruit fly.

 Mediterranean fruit fly management    1253



Acknowledgments: Financial support has been partially provided 
by the European Union’s Horizon 2020 Program for Research and 
Innovation grant agreement 818184 (FF-IPM) and the European 
Union’s Horizon Europe Research and Innovation Program grant 
agreement number 101059523 (REACT). The mention of trade 
names or commercial products in this article is solely for the pur-
pose of providing specific information and does not imply recom-
mendation or endorsement by the authors’ institutions.

References

Abeijon, L. M., Kruger, A. P., Lutinski, J., & Garcia, F. R. M. 
(2019). Can ants contribute to the conservative biological con-
trol of the South American fruit fly? Bioscience Journal, 35, 
941–948. https://doi.org/10.14393/BJ-v35n3a2019-41728

Aluja, M., & Rull, J. (2009). Managing pestiferous fruit flies 
(Diptera: Tephritidae) through environmental manipulation. 
In M. Aluja, T. Leskey, & C. Vincent (Eds.), Biorational tree 
fruit pest management (pp. 171–213). Wallingford, UK: CAB 
International. https://doi.org/10.1079/9781845934842.0171

Alves, T. J., Murcia, A., Wanumen, A. C., Wanderley-Teixeira, V., 
Teixeira, Á. A. C., Ortiz, A., & Medina, P. (2019). Composition 
and toxicity of a mixture of essential oils against Mediterranean 
fruit fly, Ceratitis capitata (Wiedemann)(Diptera: Tephritidae). 
Journal of Economic Entomology, 112(1), 164–172. https://doi.
org/10.1093/jee/toy275

Argov, Y., & Gazit, Y. (2008). Biological control of the 
Mediterranean fruit fly in Israel: Introduction and establishment 
of natural enemies. Biological Control, 46(3), 502–507. https://
doi.org/10.1016/j.biocontrol.2008.04.021

Arouri, R., Le Goff, G., Hemden, H., Navarro-Llopis, V., M’saad, 
M., Castañera, P., … Ortego, F. (2015). Resistance to lambda-
cyhalothrin in Spanish field populations of Ceratitis capitata 
and metabolic resistance mediated by P450 in a resistant strain. 
Pest Management Science, 71(9), 1281–1291. https://doi.org/ 
10.1002/ps.3924

Augustinos, A. A., Kyritsis, G. A., Papadopoulos, N. T., Abd-Alla, 
A. M. M., Cáceres, C., & Bourtzis, K. (2015). Exploitation of 
the medfly gut microbiota for the enhancement of sterile insect 
technique: Use of Enterobacter sp. in larval diet-based pro-
biotic applications. PLoS One, 10(9), e0136459. https://doi.
org/10.1371/journal.pone.0136459

Augustinos, A. A., Targovska, A., Cancio‐Martinez, E., Schorn, E., 
Franz, G., Cáceres, C., … Bourtzis, K. (2017). Ceratitis capitata 
genetic sexing strains: Laboratory evaluation of strains from 
mass-rearing facilities worldwide. Entomologia Experimentalis 
et Applicata, 164(3), 305–317. https://doi.org/10.1111/eea.12612

Augustinos, A. A., Kyritsis, G. A., Caceres, C., & Bourtzis, K. (2021). 
Insect symbiosis in support of the sterile insect technique. In  
V. A. Dyck, J. Hendrichs, & A. S. Robinson (Eds.) Sterile insect 
technique. Principles and practice in area-wide integrated pest 
management. Second edition (pp. 605–630). Boca Raton, FL, 
USA: CRC Press. https://doi.org/10.1201/9781003035572-18

Bali, E. M. D., Moraiti, C. A., Ioannou, C. S., Mavraganis, V., 
& Papadopoulos, N. T. (2021). Evaluation of mass trapping 
devices for early seasonal management of Ceratitis capitata 
(Diptera: Tephritidae) populations. Agronomy, 11(6), 1101. 
https://doi.org/10.3390/agronomy11061101

Barbercheck, M. E., & Kaya, H. K. (1991). Effect of host con-
dition and soil texture on host finding by the entomopatho-

genic nematodes Heterorhabditis bacteriophora (Rhabditida: 
Heterorhabditidae) and Steinernema carpocapsae (Rhabditida: 
Steinernematidae). Environmental Entomology, 20(2), 582–589. 
https://doi.org/10.1093/ee/20.2.582

Baronio, C. A., Bernardi, D., Paranhos, B. A. J., Garcia, F. R. M., 
& Botton, M. (2018). Population suppression of Ceratitis capi-
tata (Wiedemann) on table grapes using toxic baits. Anais da 
Academia Brasileira de Ciências, 90(4), 3963–3973. https://doi.
org/10.1590/0001-3765201820180707

Baronio, C. A., Schutze, I. X., Nunes, M. Z., Bernardi, D., Machota, 
R., Jr., Bortoli, L. C., … Botton, M. (2019). Toxicities and 
Residual Effect of Spinosad and Alpha-Cypermethrin-Based 
Baits to Replace Malathion for Ceratitis capitata (Diptera: 
Tephritidae) Control. Journal of Economic Entomology, 112(4), 
1798–1804. https://doi.org/10.1093/jee/toz104

Bedini, S., Sarrocco, S., Baroncelli, R., Vannacci, G., & Conti, 
B. (2018). Pathogenic potential of Beauveria pseudobassiana 
as bioinsecticide in protein baits for the control of the medfly 
Ceratitis capitata. Bulletin of Insectology, 71(1), 31–38.

Benelli, G., Flamini, G., Canale, A., Cioni, P. L., & Conti, B. 
(2012). Toxicity of some essential oil formulations against 
the Mediterranean fruit fly Ceratitis capitata (Wiedemann)
(Diptera Tephritidae). Crop Protection, 42, 223–229. https://doi.
org/10.1016/j.cropro.2012.05.024

Benelli, G., Canale, A., Flamini, G., Cioni, P. L., Demi, F., 
Ceccarini, L., … Conti, B. (2013). Biotoxicity of Melaleuca 
alternifolia (Myrtaceae) essential oil against the Mediterranean 
fruit fly, Ceratitis capitata (Diptera: Tephritidae), and its para-
sitoid Psyttalia concolor (Hymenoptera: Braconidae). Industrial 
Crops and Products, 50, 596–603. https://doi.org/10.1016/j.
indcrop.2013.08.006

Benelli, G., Rizzo, R., Zeni, V., Govigli, A., Samková, A., Sinacori, 
M., … Canale, A. (2021). Carlina acaulis and Trachyspermum 
ammi essential oils formulated in protein baits are highly 
toxic and reduce aggressiveness in the medfly, Ceratitis capi-
tata. Industrial Crops and Products, 161, 113191. https://doi.
org/10.1016/j.indcrop.2020.113191

Benelli, G., Ceccarelli, C., Zeni, V., Rizzo, R., Lo Verde, G., 
Sinacori, M., … Canale, A. (2022). Lethal and behavioural 
effects of a green insecticide against an invasive polyphagous 
fruit fly pest and its safety to mammals. Chemosphere, 287, 
132089. https://doi.org/10.1016/j.chemosphere.2021.132089

Beris, E. I., Papachristos, D. P., Fytrou, A., Antonatos, S. A., & 
Kontodimas, D. C. (2013). Pathogenicity of three entomopatho-
genic fungi on pupae and adults of the Mediterranean fruit fly, 
Ceratitis capitata (Diptera: Tephritidae). Journal of Pest Science, 
86(2), 275–284. https://doi.org/10.1007/s10340-012-0468-4

Bess, H. A., van den Bosch, R., & Haramoto, F. H. (1961). Fruit 
fly parasites and their activities in Hawaii. Proceedings of the 
Hawaiian Entomological Society, 17, 367–378.

Bjeliš, M., Marušić, I., & Popović, L. (2010). Sit pilot project in 
Croatia: control of medfly by sit in the Neretva river valley. 
In Proceedings of the 8th International Symposium on Fruit 
Flies of Economic Importance, 26 September–1 October 2010, 
Valencia, Spain (pp. 200–205). Valéncia: Editorial Universitat 
Politécnica de Valéncia.

Blythe, E. K., Tabanca, N., Demirci, B., & Kendra, P. E. (2020). 
Chemical composition of essential oil from Tetradenia riparia and 
its attractant activity for Mediterranean fruit fly, Ceratitis capitata. 
Natural Product Communications, 15(9), 1934578X20953955. 
https://doi.org/10.1177/1934578X20953955

1254    Giulia Giunti et al.

https://doi.org/10.14393/BJ-v35n3a2019-41728
https://doi.org/10.1079/9781845934842.0171
https://doi.org/10.1093/jee/toy275
https://doi.org/10.1093/jee/toy275
https://doi.org/10.1016/j.biocontrol.2008.04.021
https://doi.org/10.1016/j.biocontrol.2008.04.021
https://doi.org/10.1002/ps.3924
https://doi.org/10.1002/ps.3924
https://doi.org/10.1371/journal.pone.0136459
https://doi.org/10.1371/journal.pone.0136459
https://doi.org/10.1111/eea.12612
https://doi.org/10.1201/9781003035572-18
https://doi.org/10.3390/agronomy11061101
https://doi.org/10.1093/ee/20.2.582
https://doi.org/10.1590/0001-3765201820180707
https://doi.org/10.1590/0001-3765201820180707
https://doi.org/10.1093/jee/toz104
https://doi.org/10.1016/j.cropro.2012.05.024
https://doi.org/10.1016/j.cropro.2012.05.024
https://doi.org/10.1016/j.indcrop.2013.08.006
https://doi.org/10.1016/j.indcrop.2013.08.006
https://doi.org/10.1016/j.indcrop.2020.113191
https://doi.org/10.1016/j.indcrop.2020.113191
https://doi.org/10.1016/j.chemosphere.2021.132089
https://doi.org/10.1007/s10340-012-0468-4
https://doi.org/10.1177/1934578X20953955


Bokonon-Ganta, A. H., Ramadan, M. M., Wang, X. G., & Messing, 
R. H. (2005). Biological performance and potential of Fopius 
ceratitivorus (Hymenoptera: Braconidae), an egg-pupal 
parasitoid of tephritid fruit flies, newly imported to Hawaii. 
Biological Control, 33(2), 238–247. https://doi.org/10.1016/j.
biocontrol.2005.02.015

Bokonon-Ganta, A. H., Ramadan, M. M., & Messing, R. H. (2007). 
Reproductive biology of Fopius ceratitivorus (Hymenoptera: 
Braconidae), an egg-larval parasitoid of the Mediterranean 
fruit fly, Ceratitis capitata (Diptera: Tephritidae). Biological 
Control, 41(3), 361–367. https://doi.org/10.1016/j.biocontrol. 
2007.02.011

Bokonon-Ganta, A. H., Ramadan, M. M., & Messing, R. H. 
(2019). Insectary production and synopsis of Fopius cauda-
tus (Hymenoptera: Braconidae), parasitoid of tephritid fruit 
flies indigenous to Africa. Journal of Asia-Pacific Entomology, 
22(1), 359–371. https://doi.org/10.1016/j.aspen.2019.01.018

Boulahia-Kheder, S. (2021). Advancements in management of 
major fruit flies (Diptera: Tephritidae) in North Africa and future 
challenges: A review. Journal of Applied Entomology, 145(10), 
939–957. https://doi.org/10.1111/jen.12938

Bruzzone, N. D., Economopoulos, A. P., & Wang, H. S. (1990). 
Mass rearing Ceratitis capitata: Reuse of the finisher larval 
diet. Entomologia Experimentalis et Applicata, 56(1), 103–106. 
https://doi.org/10.1111/j.1570-7458.1990.tb01385.x

Buonocore Biancheri, M. J., Suárez, L., Kirschbaum, D. S., & 
Ovruski, S. M. (2022). Discrimination by Ganaspis pelle-
ranoi of Ceratitis capitata larvae previously parasitized by 
Diachasmimorpha longicaudata. Biocontrol Science and 
Technology, 32(3), 341–361. https://doi.org/10.1080/09583157
.2021.2008315

Cáceres, C. (2022). New generation of genetic sexing strains 
facilitate colony refreshment for SIT applications: proof-of-
principle in medfly. 11th Symposium on Fruit Flies of Economic 
Importance. Sydney, Australia, November 14–18, 2022.

Campolo, O., Palmeri, V., Malacrinò, A., Laudani, F., Castracani, 
C., Mori, A., & Grasso, D. A. (2015). Interaction between ants 
and the Mediterranean fruit fly: New insights for biological con-
trol. Biological Control, 90, 120–127. https://doi.org/10.1016/j.
biocontrol.2015.06.004

Cancino, J., Ruiz, L., López, E., Aguilar, E., Galvez, C., Montoya, 
P., & Liedo, P. (2019). Suppression of Ceratitis capitata (Wied.) 
(Diptera: Tephritidae) populations in coffee in the Mexico-
Guatemala border region through the augmentative releases 
of Diachasmimorpha longicaudata (Ashmead) (Hymenoptera: 
Braconidae). Biocontrol Science and Technology, 29(8), 822–
826. https://doi.org/10.1080/09583157.2019.1608507

Cardim Ferreira Lima, M., Damascena de Almeida Leandro, M. 
E., Valero, C., Pereira Coronel, L. C., & Gonzalves Bazzo, C. 
O. (2020). Automatic detection and monitoring of insect pests 
– a review. Agriculture, 10(5), 161. https://doi.org/10.3390/
agriculture10050161

Carey, J. R., Papadopoulos, N., & Plant, R. (2017). The 30‐year 
debate on a multi-billion-dollar threat: Tephritid fruit fly estab-
lishment in California. American Entomologist, 63(2), 100–113. 
https://doi.org/10.1093/ae/tmx036

Castells-Sierra, J., Guillem-Amat, A., López-Errasquín, E., 
Sánchez, L., & Ortego, F. (2022). First detection of resistance to 
deltamethrin in Spanish populations of the Mediterranean fruit 
fly, Ceratitis capitata. Journal of Pest Science, 96, 1229–1242. 
https://doi.org/10.1007/s10340-022-01578-1

Chueca, P., Garcerá, C., Urbaneja, A., & Moltó, E. (2013). A new 
mechanised cultural practice to reduce Ceratitis capitata Wied. 
populations in area-wide IPM. Spanish Journal of Agricultural 
Research, 11(4), 1129–1136. https://doi.org/10.5424/sjar/ 
2013114-4585

Clarke, A. R., Harris, C., Kay, B. J., Mainali, B. P., McLay, L. K.,  
Strutt, F., & Cunningham, J. P. (2022). Opiine parasitoids 
(Hymenoptera: Braconidae) and biological control of fruit 
flies (Diptera: Tephritidae) in Australia: Past, present and 
future. Annals of Applied Biology, 180(1), 44–72. https://doi.
org/10.1111/aab.12724

Clausen, C. P. (1978). Tephritidae (Trypetidae, Trupaneidae). 
In C. P. Clausen (Ed.), Introduced parasites and predators of 
arthropod pests and weeds: A world review (pp. 320–324). 
Washington, D.C.: United States Department of Agriculture 
Handbook.

Clift, A. & Meat, A. (2004). When does zero catch in a male lure 
trap mean no tephritid flies in the area. In B. N. Barnes (Ed.), 
Proceedings of the 6th International Symposium of Fruit Flies 
of Economic Importance. Stellenbosch, South Africa, May 
6–10, 2002 (pp. 183–188). Irene, South Africa: Isteg Scientific 
Publications.

Cohen, Y., Cohen, A., Hetzroni, A., Alchanatis, V., Broday, D., 
Gazit, Y., & Timar, D. (2008). Spatial decision support sys-
tem for medfly control in citrus. Computers and Electronics in 
Agriculture, 62(2), 107–117. https://doi.org/10.1016/j.compag. 
2007.12.005

Couso-Ferrer, F., Arouri, R., Beroiz, B., Perera, N., Cervera, A., 
Navarro-Llopis, V., … Ortego, F. (2011). Cross-Resistance to 
Insecticides in a Malathion-Resistant Strain of Ceratitis capi-
tata (Diptera: Tephritidae). Journal of Economic Entomology, 
104(4), 1349–1356. https://doi.org/10.1603/EC11082

Cruz-Miralles, J., Guzzo, M., Ibáñez-Gual, M. V., Dembilio, Ó., 
& Jaques, J. A. (2022). Ground-covers affect the activity den-
sity of ground-dwelling predators and their impact on the 
Mediterranean fruit fly, Ceratitis capitata. BioControl, 67(6), 
583–592. https://doi.org/10.1007/s10526-022-10168-0

De Murtas, I. D., Cirio, U., Guerrieri, G., & Enkerlin, D. (1970). An 
experiment to control the Mediterranean fruit fly on the Island 
of Procida by the sterile-insect technique. In Joint FAO/IAEA 
Division of Atomic Energy in Food and Agriculture. Sterile-male 
technique for control of fruit flies (pp. 59–70). Vienna: IAEA.

de Pedro, L., Tormos, J., Asís, J. D., Sabater-Muñoz, B., & Beitia, 
F. (2018). Biology of Aganaspis daci (Hymenoptera: Figitidae), 
parasitoid of Ceratitis capitata (Diptera: Tephritidae): Mode 
of reproduction, biological parameters and superparasitism. 
Crop Protection, 108, 54–61. https://doi.org/10.1016/j.cropro. 
2018.02.015

Dias, N. P., Zotti, M. J., Montoya, P., Carvalho, I. R., & Nava, D. 
E. (2018). Fruit fly management research: A systematic review 
of monitoring and control tactics in the world. Crop Protection, 
112, 187–200. https://doi.org/10.1016/j.cropro.2018.05.019

Dias, N. P., Montoya, P., & Nava, D. E. (2022a). A 30-year system-
atic review reveals success in tephritid fruit fly biological con-
trol research. Entomologia Experimentalis et Applicata, 170(5), 
370–384. https://doi.org/10.1111/eea.13157

Dias, N. P., Montoya, P., & Nava, D. E. (2022b). Historical inva-
sion of Medfly in the Neotropical region and adoption of man-
agement techniques. Current Opinion in Insect Science, 50, 
100872. https://doi.org/10.1016/j.cois.2021.12.012

 Mediterranean fruit fly management    1255

https://doi.org/10.1016/j.biocontrol.2005.02.015
https://doi.org/10.1016/j.biocontrol.2005.02.015
https://doi.org/10.1016/j.biocontrol.2007.02.011
https://doi.org/10.1016/j.biocontrol.2007.02.011
https://doi.org/10.1016/j.aspen.2019.01.018
https://doi.org/10.1111/jen.12938
https://doi.org/10.1111/j.1570-7458.1990.tb01385.x
https://doi.org/10.1080/09583157.2021.2008315
https://doi.org/10.1080/09583157.2021.2008315
https://doi.org/10.1016/j.biocontrol.2015.06.004
https://doi.org/10.1016/j.biocontrol.2015.06.004
https://doi.org/10.1080/09583157.2019.1608507
https://doi.org/10.3390/agriculture10050161
https://doi.org/10.3390/agriculture10050161
https://doi.org/10.1093/ae/tmx036
https://doi.org/10.1007/s10340-022-01578-1
https://doi.org/10.5424/sjar/2013114-4585
https://doi.org/10.5424/sjar/2013114-4585
https://doi.org/10.1111/aab.12724
https://doi.org/10.1111/aab.12724
https://doi.org/10.1016/j.compag.2007.12.005
https://doi.org/10.1016/j.compag.2007.12.005
https://doi.org/10.1603/EC11082
https://doi.org/10.1007/s10526-022-10168-0
https://doi.org/10.1016/j.cropro.2018.02.015
https://doi.org/10.1016/j.cropro.2018.02.015
https://doi.org/10.1016/j.cropro.2018.05.019
https://doi.org/10.1111/eea.13157
https://doi.org/10.1016/j.cois.2021.12.012


Di Ilio, V., & Cristofaro, M. (2021). Polyphenolic extracts 
from the olive mill wastewater as a source of biopesticides 
and their effects on the life cycle of the Mediterranean fruit 
fly Ceratitis capitata (Diptera, Tephriditae). International 
Journal of Tropical Insect Science, 41(1), 359–366. https://doi.
org/10.1007/s42690-020-00224-6

Diller, Y., Shamsian, A., Shaked, B., Altman, Y., Danziger, B.-C., 
Manrakhan, A., … Nestel, D. (2023). A real-time remote surveil-
lance system for fruit flies of economic importance: Sensitivity 
and image analysis. Journal of Pest Science, 96(2), 611–622. 
https://doi.org/10.1007/s10340-022-01528-x

Dimbi, S., Maniania, N. K., & Ekesi, S. (2013). Horizontal trans-
mission of Metarhizium anisopliae in fruit flies and effect of 
fungal infection on egg laying and fertility. Insects, 4(2), 206–
216. https://doi.org/10.3390/insects4020206

Dolinski, C. (2016). Entomopathogenic nematodes against the 
main guava insect pests. BioControl, 61(3), 325–335. https://
doi.org/10.1007/s10526-015-9695-y

Dominiak, B. C., & Taylor-Hukins, R. (2022). Priority host plants 
for Ceratitis capitata, Mediterranean fruit fly, based on the host 
reproduction number for surveillance, trade and eradication pro-
grams. International Journal of Tropical Insect Science, 42(6), 
3721–3727. https://doi.org/10.1007/s42690-022-00894-4

Dowell, R. V., Siddiqu, I. A., Meyer, F., & Spaugy, E. L. (2000). 
Mediterranean fruit fly preventative release programme in 
southern California. In K.-H. Tan (Ed.), Area-wide control of 
fruit flies and other insect pests. Joint proceedings of the inter-
national conference on area-wide control of insect pests, 28 
May–2 June, 1998 and the Fifth International Symposium on 
Fruit Flies of Economic Importance, Penang, Malaysia, 1–5 
June, 1998 (pp. 369–375). Pulau Pinang, Malaysia: Penerbit 
Universiti Sains Malaysia.

Economopoulos, A. P., & Haniotakis, G. E. (2019). Advances in 
Attractant and Trapping Technologies for Tephritids. In A. P. 
Economopoulos & G. E. Haniotakis (Eds.), Fruit Flies Sterile 
Insect Technology (pp. 57–66). Boca Raton, FL, USA: CRC 
Press; https://doi.org/10.1201/9781351072168-4

Ekesi, S., Maniania, N. K., Mohamed, S. A., & Lux, S. A. 
(2005). Effect of soil application of different formulations of 
Metarhizium anisopliae on African tephritid fruit flies and their 
associated endoparasitoids. Biological Control, 35(1), 83–91. 
https://doi.org/10.1016/j.biocontrol.2005.06.010

El Keroumi, A., Naamani, K., Dahbi, A., Luque, I., Carvajal, 
A., Cerda, X., & Boulay, R. (2010). Effect of ant preda-
tion and abiotic factors on the mortality of medfly larvae, 
Ceratitis capitata, in the Argan forest or Western Morocco. 
Biocontrol Science and Technology, 20(7), 751–762. https://doi.
org/10.1080/09583151003734651

El-Sayed, A. M., Suckling, D. M., Byers, J. A., Jang, E. B., & 
Wearing, C. H. (2009). Potential of “lure and kill” in long-
term pest management and eradication of invasive species. 
Journal of Economic Entomology, 102(3), 815–835. https://doi.
org/10.1603/029.102.0301

Enkerlin, W. R. (2021). Impact of fruit fly control programmes 
using the sterile insect technique. In V. A. Dyck, J. Hendrichs, 
& A. S. Robinson (Eds.), Sterile insect technique. Principles 
and practice in area-wide integrated pest management (2nd ed., 
pp. 979–1006). Boca Raton, FL, USA: CRC Press. https://doi.
org/10.1201/9781003035572-30

Enkerlin, W., & Mumford, J. (1997). Economic evaluation of three 
alternative methods for control of the Mediterranean fruit fly 

(Diptera: Tephritidae) in Israel, Palestinian territories, and 
Jordan. Journal of Economic Entomology, 90(5), 1066–1072. 
https://doi.org/10.1093/jee/90.5.1066

Enkerlin, W., Gutiérrez-Ruelas, J. M., Cortes, A. V., Roldan, E. C.,  
Midgarden, D., Lira, E., … Arriaga, F. J. T. (2015). Area 
freedom in Mexico from Mediterranean fruit fly (Diptera: 
Tephritidae): a review of over 30 years of a successful con-
tainment program using an integrated area-wide SIT approach. 
The Florida Entomologist, 98(2), 665–681. https://doi.org/ 
10.1653/024.098.0242

Enkerlin, W. R., Gutiérrez Ruelas, J. M., Pantaleon, R., Soto Litera, 
C., Villaseñor Cortés, A., Zavala López, J. L., … Hendrichs, 
J. (2017). The Moscamed Regional Programme: Review of a 
success story of area‐wide sterile insect technique application. 
Entomologia Experimentalis et Applicata, 164(3), 188–203. 
https://doi.org/10.1111/eea.12611

Epsky, N. D., Hendrichs, J., Katsoyannos, B. I., Vásquez, L. A.,  
Ros, J. P., Zümreoglu, A., … Heath, R. R. (1999). Field evalu-
ation of female-targeted trapping systems for Ceratitis capi-
tata (Diptera: Tephritidae) in seven countries. Journal of 
Economic Entomology, 92(1), 156–164. https://doi.org/10.1093/
jee/92.1.156

Eskafi, F. M., & Kolbe, M. M. (1990). Predation on larval and pupal 
Ceratitis capitata (Diptera: Tephritidae) by the ant Solenopsis 
geminata (Hymenoptera: Formicidae) and other predators in 
Guatemala. Environmental Entomology, 19(1), 148–153. https://
doi.org/10.1093/ee/19.1.148

Falchi, G., Marche, M. G., Mura, M. E., & Ruiu, L. (2015). 
Hydrophobins from aerial conidia of Beauveria bassiana inter-
fere with Ceratitis capitata oviposition behavior. Biological  
Control, 81, 37–43. https://doi.org/10.1016/j.biocontrol.2014. 
11.005

Fang, H., Caton, B. P., Manoukis, N. C., & Pallipparambil, G. R. 
(2022). Simulation-based evaluation of two insect trapping 
grids for delimiting surveys. Scientific Reports, 12(1), 11089. 
https://doi.org/10.1038/s41598-022-14958-5

FAO/IAEA (2018). Trapping guidelines for area-wide fruit fly pro-
grammes (2nd edition, pp. 1–65) by Enkerlin, W. R. & Reyes- 
Flores, J. (Eds). Rome, Italy: FAO.

FAO/IAEA (2019). Fruit sampling guidelines for area-wide fruit 
fly programmes. by Enkerlin, W. R (J. Reyes & G. Ortiz, Eds.). 
Vienna: FAO.

Fernández-Bravo, M., Flores-León, A., Calero-Lopez, S., 
Gutiérrez-Sánchez, F., Valverde-García, P., & Quesada-Moraga, 
E. (2017). UV-B radiation-related effects on conidial inacti-
vation and virulence against Ceratitis capitata (Wiedemann)
(Diptera; Tephritidae) of phylloplane and soil Metarhizium 
sp. strains. Journal of Invertebrate Pathology, 148, 142–151. 
https://doi.org/10.1016/j.jip.2017.06.012

Fisher, K., & Cáceres, C. (2000). A filter rearing system for mass 
reared genetic sexing strains of Mediterranean fruit fly (Diptera: 
Tephritidae). In In K.-H. Tan (Ed.), Area-wide control of fruit 
flies and other insect pests. Joint proceedings of the interna-
tional conference on area-wide control of insect pests, 28 
May–2 June, 1998 and the Fifth International Symposium on 
Fruit Flies of Economic Importance, Penang, Malaysia, 1–5 
June, 1998 (pp. 543–550). Pulau Pinang, Malaysia: Penerbit 
Universiti Sains Malaysia.

Flores, S., Campos, S., Villaseñor, A., Valle, Á., Enkerlin, W., 
Toledo, J., … Montoya, P. (2013). Sterile males of Ceratitis 
capitata (Diptera: Tephritidae) as disseminators of Beauveria 

1256    Giulia Giunti et al.

https://doi.org/10.1007/s42690-020-00224-6
https://doi.org/10.1007/s42690-020-00224-6
https://doi.org/10.1007/s10340-022-01528-x
https://doi.org/10.3390/insects4020206
https://doi.org/10.1007/s10526-015-9695-y
https://doi.org/10.1007/s10526-015-9695-y
https://doi.org/10.1007/s42690-022-00894-4
https://doi.org/10.1201/9781351072168-4
https://doi.org/10.1016/j.biocontrol.2005.06.010
https://doi.org/10.1080/09583151003734651
https://doi.org/10.1080/09583151003734651
https://doi.org/10.1603/029.102.0301
https://doi.org/10.1603/029.102.0301
https://doi.org/10.1201/9781003035572-30
https://doi.org/10.1201/9781003035572-30
https://doi.org/10.1093/jee/90.5.1066
https://doi.org/10.1653/024.098.0242
https://doi.org/10.1653/024.098.0242
https://doi.org/10.1111/eea.12611
https://doi.org/10.1093/jee/92.1.156
https://doi.org/10.1093/jee/92.1.156
https://doi.org/10.1093/ee/19.1.148
https://doi.org/10.1093/ee/19.1.148
https://doi.org/10.1016/j.biocontrol.2014.11.005
https://doi.org/10.1016/j.biocontrol.2014.11.005
https://doi.org/10.1038/s41598-022-14958-5
https://doi.org/10.1016/j.jip.2017.06.012


bassiana conidia for IPM strategies. Biocontrol Science and 
Technology, 23(10), 1186–1198. https://doi.org/10.1080/09583
157.2013.822473

Franz, G., Bourtzis, K., & Cáceres, C. (2021). Practical and 
operational genetic sexing systems based on classical genetic 
approaches in fruit flies, an example for other species amena-
ble to large-scale rearing for the sterile insect technique. In V. 
A. Dyck, J. Hendrichs, & A. S. Robinson (Eds.), Sterile insect 
technique. Principles and practice in area-wide integrated pest 
management. I (2nd ed., pp. 575–604). Boca Raton, FL, USA: 
CRC Press. https://doi.org/10.1201/9781003035572-17

Garcia, F. R. M., & Corseuil, E. (2004). Native hymenopteran para-
sitoids associated with fruit flies (Diptera: Tephritidae) in Santa 
Catarina State, Brazil. The Florida Entomologist, 87(4), 517–
521. https://doi.org/10.1653/0015-4040(2004)087[0517:NHPA
WF]2.0.CO;2

Garcia, F. R. M., & Ricalde, M. P. (2012). Augmentative biologi-
cal control using parasitoids for fruit fly management in Brazil. 
Insects, 4(1), 55–70. https://doi.org/10.3390/insects4010055

Garcia, F. R. M., Ovruski, S. M., Suarez, L., Cancino, J., & 
Liburd, O. E. (2020). Biological control of tephritid fruit flies 
in the Americas and Hawaii: A review of the use of parasitoids 
and predators. Insects, 11(10), 662. https://doi.org/10.3390/
insects11100662

Garrido-Jurado, I., Torrent, J., Barrón, V., Corpas, A., & Quesada-
Moraga, E. (2011). Soil properties affect the availability, 
movement, and virulence of entomopathogenic fungi conidia 
against puparia of Ceratitis capitata (Diptera: Tephritidae). 
Biological Control, 58(3), 277–285. https://doi.org/10.1016/j.
biocontrol.2011.05.017

Gava, C. A. T., da Silva, J. C., Simões, W. L., & Paranhos, B. A. J. 
(2021). Impact of soil texture on conidia movement and residual 
effect of entomopathogenic fungi applied through irrigation to 
control fruit-fly pupae in mango orchards. Biological Control, 
163, 104559. https://doi.org/10.1016/j.biocontrol.2021.104559

Gava, C. A. T., Leal, C. M., de Sá, A. V., & Paranhos, B. A. J. 
(2022). Selecting thermal tolerant strains of entomopathogenic 
fungi to control Ceratitis capitata (Wiedeman) in tropical semi-
arid conditions. Biological Control, 176, 105062. https://doi.
org/10.1016/j.biocontrol.2022.105062

Gazit, Y., Rossler, Y., & Glazer, I. (2000). Evaluation of entomo-
pathogenic nematodes for the control of Mediterranean fruit 
fly (Diptera: Tephritidae). Biocontrol Science and Technology, 
10(2), 157–164. https://doi.org/10.1080/09583150029297

Ghabbari, M., Guarino, S., Caleca, V., Saiano, F., Sinacori, M., 
Baser, N., … Lo Verde, G. (2018). Behavior-modifying and 
insecticidal effects of plant extracts on adults of Ceratitis capi-
tata (Wiedemann)(Diptera Tephritidae). Journal of Pest Science, 
91(2), 907–917. https://doi.org/10.1007/s10340-018-0952-6

Gilstrap, F. E., & Hart, W. G. (1987). Biological control of the 
Mediterranean fruit fly in the United States and Central America. 
United States Department of Agriculture, 56, 1–64.

Giunti, G., Benelli, G., Campolo, O., Canale, A., Kapranas, A., 
Liedo, P., … Papadopoulos, N. T. (2023). Biology, ecology 
and invasiveness of the Mediterranean fruit fly, Ceratitis capi-
tata: A review. Entomologia Generalis. https://doi.org/10.1127/
entomologia/2023/2135

Goldshtein, E., Cohen, Y., Hetzroni, A., Gazit, Y., Timar, D., 
Rosenfeld, L., … Mizrach, A. (2017). Development of an auto-
matic monitoring trap for Mediterranean fruit fly (Ceratitis 
capitata) to optimize control applications frequency. Computers 

and Electronics in Agriculture, 139, 115–125. https://doi.org/ 
10.1016/j.compag.2017.04.022

Granchietti, A., Sacchetti, P., Rosi, M. C., & Belcari, A. (2012). 
Fruit fly larval trail acts as a cue in the host location process of 
the pupal parasitoid Coptera occidentalis. Biological Control, 
61(1), 7–14. https://doi.org/10.1016/j.biocontrol.2011.10.015

Greathead, D. J., & Greathead, A. H. (1992). Biological control of 
insect pests by insect parasitoids and predators: The BIOCAT 
database. BioControl, 13, 61–68.

Hazir, S., Stock, S. P., Kaya, H. K., Koppenhöfer, A. M., & 
Keskin, N. (2001). Developmental temperature effects on 
five geographic isolates of the entomopathogenic nematode 
Steinernema feltiae (Nematoda: Steinernematidae). Journal 
of Invertebrate Pathology, 77(4), 243–250. https://doi.org/ 
10.1006/jipa.2001.5029

Hendrichs, J., Katsoyannos, B. I., Wornoayporn, V., & Hendrichs, 
M. A. (1994). Odour-mediated foraging by yellowjacket wasps 
(Hymenoptera: Vespidae): predation on leks of pheromone-
calling Mediterranean fruit fly males (Diptera: Tephritidae). 
Oecologia, 99(1-2), 88–94. https://doi.org/10.1007/BF00317087

Hendrichs, J., Robinson, A. S., Cayol, J. P., & Enkerlin, W. (2002). 
Medfly areawide sterile insect technique programmes for pre-
vention, suppression or eradication: The importance of mating 
behavior studies. The Florida Entomologist, 85(1), 1–13. https://
doi.org/10.1653/0015-4040(2002)085[0001:MASITP]2.0.CO;2

Hendrichs, J., Pereira, R., & Vreysen, M. J. B. (2021a). Preface. In 
V. A. Dyck, J. Hendrichs, & A. S. Robinson (Eds.), Sterile insect 
technique. Principles and practice in area-wide integrated pest 
management. Boca Raton, FL, USA: CRC Press.

Hendrichs, J., Enkerlin, W. R., & Pereira, R. (2021b). Invasive 
insect pests: Challenges and the role of the sterile insect tech-
nique in their prevention, containment, and eradication. In  
V. A. Dyck, J. Hendrichs, & A. S. Robinson (Eds.), Sterile insect 
technique. Principles and practice in area-wide integrated pest 
management (2nd ed., pp. 885–922). Boca Raton, FL, USA: 
CRC Press. https://doi.org/10.1201/9781003035572-27

IARC. (2017). Some organophosphate insecticides and herbicides. 
In IARC Monographs on the Evaluation of Carcinogenic Risks 
to Humans; Working Group on the Evaluation of Carcinogenic 
Risks to Humans. Lyon, France: International Agency for 
Research on Cancer.

James, M., Malan, A. P., & Addison, P. (2018). Surveying and 
screening South African entomopathogenic nematodes for 
the control of the Mediterranean fruit fly, Ceratitis capitata  
(Wiedemann). Crop Protection, 105, 41–48. https://doi.org/ 
10.1016/j.cropro.2017.11.008

Jean-Baptiste, M. C., de Brida, A. L., Bernardi, D., da Costa Dias, 
S., de Bastos Pazini, J., Leite, L. G., … Garcia, F. R. M. (2021). 
Effectiveness of entomopathogenic nematodes against Ceratitis 
capitata (Diptera: Tephritidae) pupae and nematode compatibil-
ity with chemical insecticides. Journal of Economic Entomology, 
114(1), 248–256. https://doi.org/10.1093/jee/toaa301

Jessup, A. J., Dominiak, B., Woods, B., De Lima, C. P. F., Tomkins, 
A., & Smallridge, C. J. (2007). Area-Wide Management of Fruit 
Flies in Australia. In M. J. B. Vreysen, A. S. Robinson, & J. 
Hendrichs (Eds.), Area-Wide Control of Insect Pests. Dordrecht: 
Springer; https://doi.org/10.1007/978-1-4020-6059-5_63

Juárez, M., Ramírez, F., Maldonado, L., & Hernández, F. (2022). 
Eradication of the Mediterranean fruit fly, Ceratitis capi-
tata (Wiedemann) in Colima, México. In 11th International 

 Mediterranean fruit fly management    1257

https://doi.org/10.1080/09583157.2013.822473
https://doi.org/10.1080/09583157.2013.822473
https://doi.org/10.1201/9781003035572-17
https://doi.org/10.1653/0015-4040(2004)087[0517:NHPAWF]2.0.CO;2
https://doi.org/10.1653/0015-4040(2004)087[0517:NHPAWF]2.0.CO;2
https://doi.org/10.3390/insects4010055
https://doi.org/10.3390/insects11100662
https://doi.org/10.3390/insects11100662
https://doi.org/10.1016/j.biocontrol.2011.05.017
https://doi.org/10.1016/j.biocontrol.2011.05.017
https://doi.org/10.1016/j.biocontrol.2021.104559
https://doi.org/10.1016/j.biocontrol.2022.105062
https://doi.org/10.1016/j.biocontrol.2022.105062
https://doi.org/10.1080/09583150029297
https://doi.org/10.1007/s10340-018-0952-6
https://doi.org/10.1127/entomologia/2023/2135
https://doi.org/10.1127/entomologia/2023/2135
https://doi.org/10.1016/j.compag.2017.04.022
https://doi.org/10.1016/j.compag.2017.04.022
https://doi.org/10.1016/j.biocontrol.2011.10.015
https://doi.org/10.1006/jipa.2001.5029
https://doi.org/10.1006/jipa.2001.5029
https://doi.org/10.1007/BF00317087
https://doi.org/10.1653/0015-4040(2002)085[0001:MASITP]2.0.CO;2
https://doi.org/10.1653/0015-4040(2002)085[0001:MASITP]2.0.CO;2
https://doi.org/10.1201/9781003035572-27
https://doi.org/10.1016/j.cropro.2017.11.008
https://doi.org/10.1016/j.cropro.2017.11.008
https://doi.org/10.1093/jee/toaa301
https://doi.org/10.1007/978-1-4020-6059-5_63


Symposium on Fruit Flies of Economic Importance, Sydney, 
Australia.

Kapranas, A., Chronopoulou, A., Lytra, I. C., Peters, A., Milonas,  
P. G., & Papachristos, D. P. (2021). Efficacy and residual activity 
of commercially available entomopathogenic nematode strains 
for Mediterranean fruit fly control and their ability to infect 
infested fruits. Pest Management Science, 77(9), 3964–3969. 
https://doi.org/10.1002/ps.6416

Kapranas, A., Chronopoulou, A., Peters, A., Antonatos, S., Lytra, 
I., Milonas, P., & Papachristos, D. (2023). Early and off-season 
biological control of medfly with entomopathogenic nema-
todes: From laboratory experiments to successful field trials. 
Biological Control, 179, 105173. https://doi.org/10.1016/j.
biocontrol.2023.105173

Karagoz, M., Gulcu, B., Hazir, C., Kaya, H. K., & Hazir, S. (2009). 
Biological control potential of Turkish entomopathogenic 
nematodes against the Mediterranean fruit fly Ceratitis capi-
tata. Phytoparasitica, 37(2), 153–159. https://doi.org/10.1007/
s12600-008-0020-5

Katsoyannos, B. I., Papadopoulos, N. T., Heath, R. R., Hendrichs, J., 
& Koulossis, N. A. (1999). Evaluation of synthetic food-based 
attractants for female Mediterranean fruit flies (Dipt., Tephritidae) 
in McPhail type traps. Journal of Applied Entomology, 123(10), 
607–612. https://doi.org/10.1046/j.1439-0418.1999.00419.x

Kazimírová, M., & Vallo, V. (1999). Larval morphology and devel-
opment of Coptera occidentalis. BioControl, 44(3), 263–280. 
https://doi.org/10.1023/A:1009907927554

Kean, J. M., & Stringer, L. D. (2019). Optimizing the seasonal 
deployment of surveillance traps for detection of incipient pest 
invasions. Crop Protection (Guildford, Surrey), 123, 36–44. 
https://doi.org/10.1016/j.cropro.2019.05.015

Kheder, S. B., Trabelsi, I., & Aouadi, N. (2012). From Chemicals 
to IPM Against the Mediterranean Fruit Fly Ceratitis capitata 
(Diptera, Tephritidae). In M. L. Larramendy & S. Soloneski 
(Eds.), Integrated Pest Management and Pest Control – Current 
and Future Tactics. Intech Open; https://doi.org/10.5772/32686

Kouloussis, N. A., Mavraganis, V. G., Damos, P., Ioannou, C. S., 
Bempelou, E., Koveos, D. S., & Papadopoulos, N. T. (2022). 
Trapping of Ceratitis capitata Using the Low-Cost and Non-
Toxic Attractant Biodelear. Agronomy, 12(2), 525. https://doi.
org/10.3390/agronomy12020525

Kroder, S., & Messing, R. H. (2010). A new parasitoid from 
Kenya, Fopius ceratitivorus, complements the extant para-
sitoid guild attacking Mediterranean fruit fly in Hawaii. 
Biological Control, 53(2), 223–229. https://doi.org/10.1016/j.
biocontrol.2010.01.003

Kyritsis, G. A., Augustinos, A. A., Ntougias, S., Papadopoulos, 
N. T., Bourtzis, K., & Cáceres, C. (2019). Enterobacter sp. 
AA26 gut symbiont as a protein source for Mediterranean 
fruit fly mass-rearing and sterile insect technique applica-
tions. BMC Microbiology, 19(1), 288. https://doi.org/10.1186/
s12866-019-1651-z

Lane, J. M., Kumar, S., Yee, W. L., & Stark, J. D. (2018). Modeling 
the climatic suitability for Fopius arisanus (Hymenoptera: 
Braconidae) and its host fly Bactrocera dorsalis (Diptera: 
Tephritidae). Entomologist’s Monthly Magazine, 154(1), 65–78. 
https://doi.org/10.31184/M00138908.1541.3909

Liedo, P. (2016). Management of fruit flies in Mexico. In 
S. Ekesi, S. Mohamed, & M. De Meyer (Eds.), Fruit fly 
research and development in Africa – Towards a sustain-
able management strategy to improve horticulture (pp. 695–

704). Cham: Springer International Publishing. https://doi.
org/10.1007/978-3-319-43226-7_30

Lindegren, J. E., Wong, T. T., & McInnis, D. O. (1990). Response 
of mediterranean fruit fly (Diptera: Tephritidae) to the entomog-
enous nematode Steinernema feltiae in field tests in Hawaii. 
Environmental Entomology, 19(2), 383–386. https://doi.org/ 
10.1093/ee/19.2.383

Lisi Demant, L., Baldo, F. B., Sato, M. E., Raga, A., & Paranhos, 
B. A. J. (2019). Deltamethrin resistance in Ceratitis capitata 
(Diptera: Tephritidae): Selections, monitoring and effect of syn-
ergist. Crop Protection, 121, 39–44. https://doi.org/10.1016/j.
cropro.2019.03.006

Luu-Dam, N. A., Tabanca, N., Estep, A. S., Nguyen, D. H., & 
Kendra, P. E. (2021). Insecticidal and attractant activities of 
magnolia citrata leaf essential oil against two major pests 
from Diptera: Aedes aegypti (Culicidae) and Ceratitis capitata 
(Tephritidae). Molecules, 26(8), 2311. https://doi.org/10.3390/
molecules26082311

Lux, S. (2019). Individual-based modelling approach to assess-
ment of the impacts of landscape complexity and climate on 
dispersion, detectability and fate of incipient Medfly popula-
tions. Frontiers in Physiology, 8, 1121. https://doi.org/10.3389/
fphys.2017.01121

Lux, S. A., Vilardi, J. C., Liedo, P., Gaggl, K., Calcagno, G. 
E., Munyiri, F. N., … Manso, F. (2002). Effects of irra-
diation on the courtship behavior of medfly (Diptera, 
Tephritidae) mass reared for the sterile insect technique. 
The Florida Entomologist, 85(1), 102–112. https://doi.org/ 
10.1653/0015-4040(2002)085[0102:EOIOTC]2.0.CO;2

Magaña, C., Hernández-Crespo, P., Ortego, F., & Castañera, P. 
(2007). Resistance to malathion in field populations of Ceratitis 
capitata. Journal of Economic Entomology, 100(6), 1836–1843. 
https://doi.org/10.1603/0022-0493(2007)100[1836:RTMIFP]2.
0.CO;2

Magaña, C., Hernández-Crespo, P., Brun-Barale, A., Couso-Ferrer, 
F., Bride, J.-M., Castañera, P., … Ortego, F. (2008). Mechanisms 
of resistance to malathion in the medfly Ceratitis capitata. 
Insect Biochemistry and Molecular Biology, 38(8), 756–762. 
https://doi.org/10.1016/j.ibmb.2008.05.001

Manoukis, N. C., Hall, B., & Geib, S. M. (2014). A computer model 
of insect traps in a landscape. Scientific Reports, 4(1), 7015. 
https://doi.org/10.1038/srep07015

Mascarin, G. M., & Jaronski, S. T. (2016). The production and 
uses of Beauveria bassiana as a microbial insecticide. World 
Journal of Microbiology & Biotechnology, 32(11), 177. https://
doi.org/10.1007/s11274-016-2131-3

McInnis, D. O., Shelly, T. E., & Komatsu, J. (2002). Improving 
male mating competitiveness and survival in the field for medfly, 
Ceratitis capitata (Diptera: Tephritidae) SIT programs. Genetica, 
116(1), 117–124. https://doi.org/10.1023/A:1020919927542

McInnis, D. O., Hendrichs, J., Shelly, T., Barr, N., Hoffman, K., 
Rodriguez, R., … Tan, K. H. (2017). Can polyphagous inva-
sive tephritid pest populations escape detection for years under 
favorable climatic and host conditions? American Entomologist, 
63(2), 89–99. https://doi.org/10.1093/ae/tmx038

Medina, P. A., Bezdjian, L. P., Bezdjian, L. P., Schliserman, P., 
Fidelis-Marinho, C., & Ovruski, S. M. (2014). Mortality by par-
asitization in the association between Diachasmimorpha tryoni 
(Hymenoptera: Braconidae) and Ceratitis capitata (Diptera: 
Tephritidae) under field-cage conditions. Natural Science 

1258    Giulia Giunti et al.

https://doi.org/10.1002/ps.6416
https://doi.org/10.1016/j.biocontrol.2023.105173
https://doi.org/10.1016/j.biocontrol.2023.105173
https://doi.org/10.1007/s12600-008-0020-5
https://doi.org/10.1007/s12600-008-0020-5
https://doi.org/10.1046/j.1439-0418.1999.00419.x
https://doi.org/10.1023/A:1009907927554
https://doi.org/10.1016/j.cropro.2019.05.015
https://doi.org/10.5772/32686
https://doi.org/10.3390/agronomy12020525
https://doi.org/10.3390/agronomy12020525
https://doi.org/10.1016/j.biocontrol.2010.01.003
https://doi.org/10.1016/j.biocontrol.2010.01.003
https://doi.org/10.1186/s12866-019-1651-z
https://doi.org/10.1186/s12866-019-1651-z
https://doi.org/10.31184/M00138908.1541.3909
https://doi.org/10.1007/978-3-319-43226-7_30
https://doi.org/10.1007/978-3-319-43226-7_30
https://doi.org/10.1093/ee/19.2.383
https://doi.org/10.1093/ee/19.2.383
https://doi.org/10.1016/j.cropro.2019.03.006
https://doi.org/10.1016/j.cropro.2019.03.006
https://doi.org/10.3390/molecules26082311
https://doi.org/10.3390/molecules26082311
https://doi.org/10.3389/fphys.2017.01121
https://doi.org/10.3389/fphys.2017.01121
https://doi.org/10.1653/0015-4040(2002)085[0102:EOIOTC]2.0.CO;2
https://doi.org/10.1653/0015-4040(2002)085[0102:EOIOTC]2.0.CO;2
https://doi.org/10.1603/0022-0493(2007)100[1836:RTMIFP]2.0.CO;2
https://doi.org/10.1603/0022-0493(2007)100[1836:RTMIFP]2.0.CO;2
https://doi.org/10.1016/j.ibmb.2008.05.001
https://doi.org/10.1038/srep07015
https://doi.org/10.1007/s11274-016-2131-3
https://doi.org/10.1007/s11274-016-2131-3
https://doi.org/10.1023/A:1020919927542
https://doi.org/10.1093/ae/tmx038


(Irvine, Calif.), 6(17), 1267–1274. https://doi.org/10.4236/ns. 
2014.617116

Messing, R. H., & Wang, X. G. (2009). Competitor-free space 
mediates non-target impact of an introduced biological con-
trol agent. Ecological Entomology, 34(1), 107–113. https://doi.
org/10.1111/j.1365-2311.2008.01046.x

Messing, R., & Brodeur, J. (2018). Current challenges to the imple-
mentation of classical biological control. BioControl, 63(1), 
1–9. https://doi.org/10.1007/s10526-017-9862-4

Minas, R. dos S., Souza, R. M., Dolinski, C., Carvalho, R. da S., 
& Burla, R. da S. (2016). Potential of entomopathogenic nema-
todes (Rhabditida: Heterorhabditidae) to control Mediterranean 
fruit fly (Diptera: Tephritidae) soil stages. Nematoda, 3, e02016. 
https://doi.org/10.4322/nematoda.02016

Miranda, M. A., Alonso, R., & Alemany, A. (2001). Field evalu-
ation of Medfly (Dipt., Tephritidae) female attractants in 
a Mediterranean agrosystem (Balearic Islands, Spain). 
Journal of Applied Entomology, 125(6), 333–339. https://doi.
org/10.1046/j.1439-0418.2001.00548.x

Miranda, M. A., Miquel, M., Terrassa, J., Melis, N., & Monerris, M. 
(2008). Parasitism of Bactrocera oleae (Diptera, Tephritidae) by 
Psyttalia concolor (Hymenoptera, Braconidae) in the Balearic 
Islands (Spain). Journal of Applied Entomology, 132(9-10), 
798–805. https://doi.org/10.1111/j.1439-0418.2008.01358.x

Miranda, M., Sivinski, J., Rull, J., Cicero, L., & Aluja, M. 
(2015). Niche breadth and interspecific competition between 
Doryctobracon crawfordi and Diachasmimorpha longicau-
data (Hymenoptera: Braconidae), native and introduced para-
sitoids of Anastrepha spp. fruit flies (Diptera: Tephritidae). 
Biological Control, 82, 86–95. https://doi.org/10.1016/j.
biocontrol.2014.12.008

Mohamed, S. A., Ramadan, M. M., & Ekesi, S. (2016). In and 
out of Africa: parasitoids used for biological control of fruit 
flies. In S. Ekesi, S. A. Mohamed, & M. De Meyer (Eds.), 
Fruit fly research and development in Africa – towards a sus-
tainable management strategy to improve horticulture (pp. 
325–368). Cham: Springer International Publishing. https://doi.
org/10.1007/978-3-319-43226-7_16

Mokrini, F., Laasli, S.-E., Benseddik, Y., Joutei, A. B., Blenzar, 
A., Lakhal, H., … Dababat, A. A. (2020). Potential of 
Moroccan entomopathogenic nematodes for the control of 
the Mediterranean fruit fly Ceratitis capitata Wiedemann 
(Diptera:Tephritidae). Scientific Reports, 10(1), 19204. https://
doi.org/10.1038/s41598-020-76170-7

Montoya, P., Cancino, J., Zenil, M., Gómez, E., & Villaseñor, A. 
(2005). Parasitoid releases in the control of Ceratitis capitata 
(Diptera: Tephritidae) outbreaks in coffee growing zones of 
Chiapas, Mexico. Vedalia, 12, 85–89.

Murillo, F. D., Montoya, P., Cabrera-Mireles, H., Barrera, 
J. F., & Liedo, P. (2019). Intrinsic competition between 
Diachasmimorpha longicaudata and three native species of 
parasitoids (Hymenoptera: Braconidae: Opiinae) of Anastrepha 
(Diptera: Tephritidae) fruit flies under laboratory conditions. 
Biocontrol Science and Technology, 29(8), 230–240. https://doi.
org/10.1080/09583157.2019.1597333

Navarro-Llopis, V., Alfaro, F., Domínguez, J., Sanchis, J., & Primo, 
J. (2008). Evaluation of traps and lures for mass trapping of 
Mediterranean fruit fly in citrus groves. Journal of Economic 
Entomology, 101(1), 126–131. https://doi.org/10.1093/jee/101. 
1.126

Navarro-Llopis, V., Primo, J., & Vacas, S. (2013). Efficacy of 
attract-and-kill devices for the control of Ceratitis capitata. Pest 
Management Science, 69(4), 478–482. https://doi.org/10.1002/
PS.3393 https://doi.org/10.1002/ps.3393

Navarro-Llopis, V., Ayala, I., Sanchis, J., Primo, J., & Moya, P. 
(2015). Field efficacy of a Metarhizium anisopliae-based attrac-
tant–contaminant device to control Ceratitis capitata (Diptera: 
Tephritidae). Journal of Economic Entomology, 108(4), 1570–
1578. https://doi.org/10.1093/jee/tov157

Núñez-Campero, S. R., Suárez, L., Buonocore Biancheri, M. J., 
Cancino, J., Murúa, F., Molina, D., … Ovruski, S. M. (2020). 
Host suitability and fitness-related parameters in Coptera 
haywardi (Hymenoptera: Diapriidae) reared on irradiated 
Ceratitis capitata (Diptera: Tephritidae) pupae stemming from 
the tsl Vienna-8 genetic sexing strain. Journal of Economic 
Entomology, 113(4), 1666–1674. https://doi.org/10.1093/jee/
toaa109

Ortiz-Urquiza, A., Garrido‐Jurado, I., Santiago‐Álvarez, C., & 
Quesada‐Moraga, E. (2009). Purification and characterisa-
tion of proteins secreted by the entomopathogenic fungus 
Metarhizium anisopliae with insecticidal activity against adults 
of the Mediterranean fruit fly, Ceratitis capitata (Diptera: 
Tephritidae). Pest Management Science, 65(10), 1130–1139. 
https://doi.org/10.1002/ps.1803

Ortiz‐Urquiza, A., Vergara‐Ortiz, A., Santiago‐Álvarez, C., & 
Quesada‐Moraga, E. (2010). Insecticidal and sublethal repro-
ductive effects of Metarhizium anisopliae culture superna-
tant protein extract on the Mediterranean fruit fly. Journal 
of Applied Entomology, 134(7), 581–591. https://doi.org/ 
10.1111/j.1439-0418.2010.01533.x

Ortiz-Urquiza, A., Keyhani, N. O., & Quesada-Moraga, E. (2013). 
Culture conditions affect virulence and production of insect 
toxic proteins in the entomopathogenic fungus Metarhizium 
anisopliae. Biocontrol Science and Technology, 23(10), 1199–
1212. https://doi.org/10.1080/09583157.2013.822474

Ortu, S., Cocco, A., & Dau, R. (2009). Evaluation of the entomo-
pathogenic fungus Beauveria bassiana strain ATCC 74040 for 
the management of Ceratitis capitata. Bulletin of Insectology, 
62(2), 245–252.

Ouarhach, A., Ait Said, L., Aboussaid, H., Ghalbane, I., El 
Messoussi, S., & Romane, A. (2022). Evaluation of insecticidal 
activity of Lavandula coronopifolia essential oil against the 
Mediterranean fruit fly Ceratitis capitata Wiedemann (Diptera: 
Tephritidae). South African Journal of Botany, 149, 748–753. 
https://doi.org/10.1016/j.sajb.2022.05.026

Oviedo, A., Van Nieuwenhove, G., Van Nieuwenhove, C., & Rull, 
J. (2020). Exposure to essential oils and ethanol vapors affect 
fecundity and survival of two frugivorous fruit fly (Diptera: 
Tephritidae) pest species. Bulletin of Entomological Research, 
110(4), 558–565. https://doi.org/10.1017/S0007485320000085

Ovruski, S. M., Aluja, M., Sivinski, J., & Wharton, R. A. (2000). 
Hymenopteran parasitoids on fruit-infesting Tephritidae 
(Diptera) in Latin America and the southern United States: 
Diversity, distribution, taxonomic status and their use in fruit fly 
biological control. Integrated Pest Management Review, 5(2), 
81–107. https://doi.org/10.1023/A:1009652431251

Ovruski, S., Schliserman, P., & Aluja, M. (2004). Indigenous para-
sitoids (Hymenoptera) attacking Anastrepha fraterculus and 
Ceratitis capitata (Diptera: Tephritidae) in native and exotic 
host plants in Northwestern Argentina. Biological Control, 
29(1), 43–57. https://doi.org/10.1016/S1049-9644(03)00127-0

 Mediterranean fruit fly management    1259

https://doi.org/10.4236/ns.2014.617116
https://doi.org/10.4236/ns.2014.617116
https://doi.org/10.1111/j.1365-2311.2008.01046.x
https://doi.org/10.1111/j.1365-2311.2008.01046.x
https://doi.org/10.1007/s10526-017-9862-4
https://doi.org/10.4322/nematoda.02016
https://doi.org/10.1046/j.1439-0418.2001.00548.x
https://doi.org/10.1046/j.1439-0418.2001.00548.x
https://doi.org/10.1111/j.1439-0418.2008.01358.x
https://doi.org/10.1016/j.biocontrol.2014.12.008
https://doi.org/10.1016/j.biocontrol.2014.12.008
https://doi.org/10.1007/978-3-319-43226-7_16
https://doi.org/10.1007/978-3-319-43226-7_16
https://doi.org/10.1038/s41598-020-76170-7
https://doi.org/10.1038/s41598-020-76170-7
https://doi.org/10.1080/09583157.2019.1597333
https://doi.org/10.1080/09583157.2019.1597333
https://doi.org/10.1093/jee/101.1.126
https://doi.org/10.1093/jee/101.1.126
https://doi.org/10.1002/PS.3393
https://doi.org/10.1002/PS.3393
https://doi.org/10.1002/ps.3393
https://doi.org/10.1093/jee/tov157
https://doi.org/10.1093/jee/toaa109
https://doi.org/10.1093/jee/toaa109
https://doi.org/10.1002/ps.1803
https://doi.org/10.1111/j.1439-0418.2010.01533.x
https://doi.org/10.1111/j.1439-0418.2010.01533.x
https://doi.org/10.1080/09583157.2013.822474
https://doi.org/10.1016/j.sajb.2022.05.026
https://doi.org/10.1017/S0007485320000085
https://doi.org/10.1023/A:1009652431251
https://doi.org/10.1016/S1049-9644(03)00127-0


Papachristos, D. P., Papadopoulos, N. T., & Nanos, G. D. 
(2008). Survival and development of immature stages of the 
Mediterranean fruit fly (Diptera: Tephritidae) in citrus fruit. 
Journal of Economic Entomology, 101(3), 866–872. https://doi.
org/10.1093/jee/101.3.866

Papadopoulos, N., Carey, J., Katsoyannos, B., & Kouloussis, N. 
(1996). Overwintering of the Mediterranean fruit fly (Diptera: 
Tephritidae) in northern Greece. Annals of the Entomological 
Society of America, 89(4), 526–534. https://doi.org/10.1093/
aesa/89.4.526

Papadopoulos, N., Katsoyannos, B., & Carey, J. (1998). Temporal 
changes in the composition of the overwintering larval popu-
lation of the Mediterranean fruit fly (Diptera: Tephritidae) 
in northern Greece. Annals of the Entomological Society of 
America, 91(4), 430–434. https://doi.org/10.1093/aesa/91.4.430

Papadopoulos, N. T., Katsoyannos, B. I., Kouloussis, N. A., 
Hendrichs, J., Carey, J. R., & Heath, R. R. (2001). Early detec-
tion and population monitoring of Ceratitis capitata (Diptera: 
Tephritidae) in a mixed-fruit orchard in northern Greece. 
Journal of Economic Entomology, 94(4), 971–978. https://doi.
org/10.1603/0022-0493-94.4.971

Papadopoulos, N. T., & Katsoyannos, B. I. (2003). Field para-
sitism of Ceratitis capitata larvae by Aganaspis daci in 
Chios, Greece. BioControl, 48(2), 191–195. https://doi.org/ 
10.1023/A:1022651306249

Papanastasiou, S. A., Ioannou, C. S., & Papadopoulos, N. T. (2020). 
Oviposition‐deterrent effect of linalool – a compound of citrus 
essential oils – on female Mediterranean fruit flies, Ceratitis 
capitata (Diptera: Tephritidae). Pest Management Science, 
76(9), 3066–3077. https://doi.org/10.1002/ps.5858

Paranhos, B. A. G., Poncio, S., Morelli, R., Nava, D. E., de Sá, 
L. A. N., & Manoukis, N. C. (2021). Non-target effects of the 
exotic generalist parasitoid wasp Fopius arisanus (Sonan) esti-
mated via competition assays against Doryctobracon areolatus 
(Szepligeti) on both native and exotic fruit fly hosts. BioControl, 
66(1), 83–96. https://doi.org/10.1007/s10526-020-10057-4

Pattemore, J. A., Hane, J. K., Williams, A. H., Wilson, B. A. L., 
Stodart, B. J., & Ash, G. J. (2014). The genome sequence of 
the biocontrol fungus Metarhizium anisopliae and comparative 
genomics of Metarhizium species. BMC Genomics, 15(1), 660. 
https://doi.org/10.1186/1471-2164-15-660

Pereira, R., Yuval, B., Liedo, P., Teal, P. E. A., Shelly, T. E., 
McInnis, D. O., … Hendrichs, J. (2021). Improving post-
factory performance of sterile male fruit flies in support of 
the sterile insect technique. In V. A. Dyck, J. Hendrichs, & A. 
S. Robinson (Eds.), Sterile insect technique. Principles and 
practice in area-wide integrated pest management (2nd ed., 
pp. 631–656). Boca Raton, FL, USA: CRC Press; https://doi.
org/10.1201/9781003035572-19

Pérez-Staples, D., Díaz-Fleischer, F., & Montoya, P. (2021). 
The sterile insect technique: Success and perspectives in the 
Neotropics. Neotropical Entomology, 50(2), 172–185. https://
doi.org/10.1007/s13744-020-00817-3

Plá, I., García de Oteyza, J., Tur, C., Martínez, M. Á., Laurín, M. 
C., Alonso, E., … Dalmau, V. (2021). Sterile insect technique 
programme against Mediterranean fruit fly in the Valencian 
community (Spain). Insects, 12(5), 415. https://doi.org/10.3390/
insects12050415

Poinar, G. O., Jr., & Hislop, R. G. (1981). Mortality of Mediterranean 
fruit fly adults Ceratitis capitata from parasitic nematodes 
Neoaplectana and Heterorhabditis spp. International Research 

Communications System, Medical Science: Microbiology. 
Parasitology and Infectious Diseases, 9, 641.

Potamitis, I., Rigakis, I., Vidakis, N., Petousis, M., & Weber, M. 
(2018). Affordable bimodal optical sensors to spread the use 
of automated insect monitoring. Journal of Sensors, 2018, 
3949415. https://doi.org/10.1155/2018/3949415

Preti, M., Verheggen, F., & Angeli, S. (2021). Insect pest monitoring 
with camera-equipped traps: Strengths and limitations. Journal 
of Pest Science, 94(2), 203–217. https://doi.org/10.1007/
s10340-020-01309-4

Purcell, M. F. (1998). Contribution of biological control to inte-
grated pest management of tephritid fruit flies in the tropic and 
subtropics. Integrated Pest Management Review, 3(2), 63–83. 
https://doi.org/10.1023/A:1009647429498

Qazzaz, F. O., Al-Masri, M. I., & Barakat, R. M. (2015). 
Effectiveness of Beauveria bassiana native isolates in the bio-
logical control of the Mediterranean fruit fly (Ceratitis capitata). 
Advances in Entomology, 3(2), 44–55. https://doi.org/10.4236/
ae.2015.32006

Raga, A., Sousa, E. M., Silva, S. B., & Louzeiro, L. R. F. 
(2020). Susceptibility of bagged guavas to the attack of fruit 
flies (Tephritidae). Journal of Experimental Agriculture 
International, 42(4), 82–87. https://doi.org/10.9734/jeai/2020/
v42i430502

Ramírez y Ramírez, F., Salvador-Figueroa, M., Rosas-Quijano, 
R., Cruz-López, L., Toledo, J., & Quintero-Fong, L. (2022). 
Sexual performance and survival of males of Ceratitis capi-
tata VIENNA 8 (Diptera: Tephritidae) inoculated with a com-
mercial formulation of Beauveria bassiana. Journal of Applied 
Entomology, 146(1-2), 67–76. https://doi.org/10.1111/jen.12935

Rendón, P., Sivinski, J., Holler, T., Bloem, K., Lopez, M., 
Martinez, A., & Aluja, M. (2006). The effects of sterile males 
and two braconid parasitoids, Fopius arisanus (Sonan) and 
Diachasmimorpha krausii (Fullaway) (Hymenoptera), on caged 
populations of Mediterranean fruit flies, Ceratitis capitata 
(Wied.) (Diptera: Tephritidae) at various sites in Guatemala. 
Biological Control, 36(2), 224–231. https://doi.org/10.1016/j.
biocontrol.2005.10.006

Rendón, P., & Enkerlin, W. (2021). Area-wide fruit fly programmes 
in Latin America. In J. Hendrichs, R. Pereira, & M. J. B. Vreysen 
(Eds.), Area-Wide Integrated Pest Management. Development 
and Field Applications (pp. 161–195). Boca Raton, FL, USA: 
CRC Press. https://doi.org/10.1201/9781003169239-10

Robinson, A. S., Cayol, J. P., & Hendrichs, J. (2002). Recent 
findings on medfly sexual behavior: Implications for SIT. 
The Florida Entomologist, 85(1), 171–181. https://doi.org/ 
10.1653/0015-4040(2002)085[0171:RFOMSB]2.0.CO;2

Rohde, C., Moino, A., da Silva, M. A. T., Carvalho, F. D., & 
Ferreira, C. S. (2010). Influence of soil temperature and 
moisture on the infectivity of entomopathogenic nematodes 
(Rhabditida: Heterorhabditidae, Steinernematidae) against 
Larvae of Ceratitis capitata (Wiedemann) (Diptera:Tephritidae). 
Neotropical Entomology, 39(4), 608–611. https://doi.org/ 
10.1590/S1519-566X2010000400022

Salvatore, A., Borkosky, S., Willink, E., & Bardon, A. (2004). Toxic 
effects of lemon peel constituents on Ceratitis capitata. Journal 
of Chemical Ecology, 30(2), 323–333. https://doi.org/10.1023/
B:JOEC.0000017980.66124.d1

Sánchez, G., Murúa, F., Suárez, L., Van Nieuwenhove, G., Taret, G., 
Pantano, V., … Ovruski, S. M. (2016). Augmentative releases of 
Diachasmimorpha longicaudata (Hymenoptera: Braconidae) 

1260    Giulia Giunti et al.

https://doi.org/10.1093/jee/101.3.866
https://doi.org/10.1093/jee/101.3.866
https://doi.org/10.1093/aesa/89.4.526
https://doi.org/10.1093/aesa/89.4.526
https://doi.org/10.1093/aesa/91.4.430
https://doi.org/10.1603/0022-0493-94.4.971
https://doi.org/10.1603/0022-0493-94.4.971
https://doi.org/10.1023/A:1022651306249
https://doi.org/10.1023/A:1022651306249
https://doi.org/10.1002/ps.5858
https://doi.org/10.1007/s10526-020-10057-4
https://doi.org/10.1186/1471-2164-15-660
https://doi.org/10.1201/9781003035572-19
https://doi.org/10.1201/9781003035572-19
https://doi.org/10.1007/s13744-020-00817-3
https://doi.org/10.1007/s13744-020-00817-3
https://doi.org/10.3390/insects12050415
https://doi.org/10.3390/insects12050415
https://doi.org/10.1155/2018/3949415
https://doi.org/10.1007/s10340-020-01309-4
https://doi.org/10.1007/s10340-020-01309-4
https://doi.org/10.1023/A:1009647429498
https://doi.org/10.4236/ae.2015.32006
https://doi.org/10.4236/ae.2015.32006
https://doi.org/10.9734/jeai/2020/v42i430502
https://doi.org/10.9734/jeai/2020/v42i430502
https://doi.org/10.1111/jen.12935
https://doi.org/10.1016/j.biocontrol.2005.10.006
https://doi.org/10.1016/j.biocontrol.2005.10.006
https://doi.org/10.1201/9781003169239-10
https://doi.org/10.1653/0015-4040(2002)085[0171:RFOMSB]2.0.CO;2
https://doi.org/10.1653/0015-4040(2002)085[0171:RFOMSB]2.0.CO;2
https://doi.org/10.1590/S1519-566X2010000400022
https://doi.org/10.1590/S1519-566X2010000400022
https://doi.org/10.1023/B:JOEC.0000017980.66124.d1
https://doi.org/10.1023/B:JOEC.0000017980.66124.d1


for Ceratitis capitata (Diptera: Tephritidae) control in a fruit-
growing region of Argentina. Biological Control, 103, 101–107. 
https://doi.org/10.1016/j.biocontrol.2016.08.002

Schellhorn, N. A., & Jones, L. K. (2021). Real-time insect detection 
and monitoring: Breaking barriers to area-wide integrated man-
agement of insect pests. In J. Hendrichs, R. Pereira, & M. J. V. 
Vreysens (Eds.), Area-wide integrated pest management: devel-
opment and field applications (pp. 889–902). Boca Raton, FL, 
USA: CRC Press; https://doi.org/10.1201/9781003169239-51

Schliserman, P., Ovruski, S. M., & DeColl, O. R. (2003). The recov-
ery and permanent establishment of Diachasmimorpha longi-
caudata (Hymenoptera: Braconidae) in Misiones, northeastern 
Argentina. The Florida Entomologist, 86(4), 491–492. https://
doi.org/10.1653/0015-4040(2003)086[0491:TEODLH]2. 
0.CO;2

Sciarretta, A., Tabilio, M. R., Amore, A., Colacci, M., Miranda, 
M. Á., Nestel, D., … Trematerra, P. (2019). Defining and 
Evaluating a Decision Support System (DSS) for the Precise 
Pest Management of the Mediterranean Fruit Fly, Ceratitis 
capitata, at the Farm Level. Agronomy, 9(10), 608. https://doi.
org/10.3390/agronomy9100608

Shaked, B., Amore, A., Ioannou, C., Valdés, F., Alorda, B., 
Papanastasiou, S., … Nestel, D. (2018). Electronic traps for 
detection and population monitoring of adult fruit flies (Diptera: 
Tephritidae). Journal of Applied Entomology, 142(1-2), 43–51. 
https://doi.org/10.1111/jen.12422

Shapiro-Ilan, D. I., Cottrell, T. E., Brown, I., Gardner, W. A., 
Hubbard, R. K., & Wood, B. W. (2006). Effect of soil moisture 
and a surfactant on entomopathogenic nematode suppression of 
the pecan weevil, Curculio caryae. Journal of Nematology, 38, 
474–482.

Shaurub, E. S. H. (2023). Review of entomopathogenic fungi and 
nematodes as biological control agents of tephritid fruit flies: 
Current status and a future vision. Entomologia Experimentalis 
et Applicata, 171(1), 17–34. https://doi.org/10.1111/eea.13244

Shelly, T. E. (2001). Outcrossing and the mating competitiveness 
of male Mediterranean fruit flies (Diptera: Tephritidae): results 
from the world’s oldest mass-reared strain. Proceedings of the 
Hawaiian Entomological Society, 35, 49–54.

Shelly, T. E., McInnis, D. O., Rodd, C., Edu, J., & Pahio, E. (2014). 
Sterile insect technique and Mediterranean fruit fly (Diptera: 
Tephritidae): assessing the utility of aromatherapy in a Hawaiian 
coffee field. Journal of Economic Entomology, 100(2), 273–282. 
https://doi.org/10.1093/jee/100.2.273

Silva, M. A., Bezerra-Silva, G. C. D., Vendramim, J. D., 
Mastrangelo, T., & Forim, M. R. (2013). Neem derivatives 
are not effective as toxic bait for tephritid fruit flies. Journal 
of Economic Entomology, 106(4), 1772–1779. https://doi.org/ 
10.1603/EC12071

Silva Neto, A. M., Santos, T. R. O., Dias, V. S., Joachim-Bravo, 
I. S., Benevides, L. J., Benevides, C. M. J., … Nascimento, A. 
S. (2012). Mass-rearing of Mediterranean fruit fly using low-
cost yeast products produced in Brazil. Scientia Agrícola, 69(6), 
364–369. https://doi.org/10.1590/S0103-90162012000600004

Silvestri, F. (1914). Report on an expedition to Africa in search 
of the natural enemies of fruit flies (Trupaeidae) with descrip-
tions, observations and biological notes. Bulletin of the Territory 
of Hawaii, Board of Agriculture and Forestry. Division of 
Entomology, 3, 1–146.

Sirjani, F. O., Lewis, E. E., & Kaya, H. K. (2009). Evaluation of ento-
mopathogenic nematodes against the olive fruit fly, Bactrocera 

oleae (Diptera: Tephritidae). Biological Control, 48(3), 274–
280. https://doi.org/10.1016/j.biocontrol.2008.11.002

Siskos, E. P., Konstantopoulou, M. A., & Mazomenos, B. E. 
(2009). Insecticidal activity of Citrus aurantium peel extract 
against Bactrocera oleae and Ceratitis capitata adults (Diptera: 
Tephritidae). Journal of Applied Entomology, 133(2), 108–116. 
https://doi.org/10.1111/j.1439-0418.2008.01312.x

Sivinski, J. M. (1996). The past and potential of biological con-
trol of fruit flies. In B. A. McPheron & G. J. Steck (Eds.), Fruit 
fly pests: A world assessment of their biology and management  
(pp. 365–375). Delray Beach, FL, USA: St Lucie Press.

Sivinski, J., Jerónimo, F., & Holler, T. (2000). Development of aerial 
releases of Diachasmimorpha tryoni (Cameron) (Hymenoptera: 
Braconidae), a parasitoid that attacks the Mediterranean fruit 
fly, Ceratitis capitata (Weidemann) (Diptera: Tephritidae), in 
the Guatemalan highlands. Biocontrol Science and Technology, 
10(1), 15–25. https://doi.org/10.1080/09583150029341

Sivinski, J., Vulinec, K., & Aluja, M. (2001). Ovipositor length 
in a guild of parasitoids (Hymenoptera: Braconidae) attacking 
Anastrepha spp. fruit flies (Diptera: Tephritidae) in Southern  
Mexico. Annals of the Entomological Society of America, 
94(6), 886–895. https://doi.org/10.1603/0013-8746(2001)094 
[0886:OLIAGO]2.0.CO;2

Stark, J. D., Vargas, R. I., & Thalman, R. K. (1991). Diversity and 
Abundance of Oriental Fruit Fly Parasitoids (Hymenoptera: 
Braconidae) in Guava Orchards in Kauai, Hawaii. Journal of 
Economic Entomology, 84, 1460–1467. https://doi.org/10.1093/
jee/84.5.1460

Stupp, P., Rakes, M., Martins, L. N., Piovesan, B., da Costa 
Oliveira, D., Contreras Miranda, J. A., … Bernardi, D. (2020). 
Lethal and sublethal toxicities of acetogenin-based bioinsecti-
cides on Ceratitis capitata and the parasitoid Diachasmimorpha 
longicaudata. Phytoparasitica, 48(3), 477–489. https://doi.org/ 
10.1007/s12600-020-00801-y

Suárez, L., Biancheri, M. J. B., Murúa, F., Bilbao, M., García, 
M., Cancino, J., … Ovruski, S. M. (2019a). Effects of host 
age and radiation dose in Diachasmimorpha longicaudata 
(Hymenoptera: Braconidae) mass reared on Medfly larvae of 
the tsl Vienna 8 genetic sexing strain. Biological Control, 130, 
51–59. https://doi.org/10.1016/j.biocontrol.2018.12.013

Suárez, L., Biancheri, M. J. B., Sánchez, G., Murúa, F., Funes, 
C. F., Kirschbaum, D. S., … Ovruski, S. M. (2019b). Effects 
of releasing two Diachasmimorpha longicaudata population 
lines for the control of Ceratitis capitata infesting three key 
host fruit species. Biological Control, 133, 58–65. https://doi.
org/10.1016/j.biocontrol.2019.03.011

Szyniszewska, A. M., & Tatem, A. J. (2014). Global assessment 
of seasonal potential distribution of Mediterranean fruit fly 
Ceratitis capitata (Diptera: Tephritidae). PLoS One, 9(11), 
e111582. https://doi.org/10.1371/journal.pone.0111582

Szyniszewska, A. M., Leppla, N. C., Manoukis, N. C., Collier, T. 
C., Hastings, J. M., Kriticos, D. J., & Bigsby, K. M. (2020). 
CLIMEX and MED-FOES models for predicting the variability 
in growth potential and persistence of Mediterranean fruit fly 
(Diptera: Tephritidae) populations. Annals of the Entomological 
Society of America, 113(2), 114–124. https://doi.org/10.1093/
aesa/saz065

Toledo, J., Flores, S., Campos, S., Villaseñor, A., Enkerlin, W., 
Liedo, P., … Montoya, P. (2017). Pathogenicity of three formu-
lations of Beauveria bassiana and efficacy of autoinoculation 
devices and sterile fruit fly males for dissemination of conidia for 

 Mediterranean fruit fly management    1261

https://doi.org/10.1016/j.biocontrol.2016.08.002
https://doi.org/10.1201/9781003169239-51
https://doi.org/10.1653/0015-4040(2003)086[0491:TEODLH]2.0.CO;2
https://doi.org/10.1653/0015-4040(2003)086[0491:TEODLH]2.0.CO;2
https://doi.org/10.1653/0015-4040(2003)086[0491:TEODLH]2.0.CO;2
https://doi.org/10.3390/agronomy9100608
https://doi.org/10.3390/agronomy9100608
https://doi.org/10.1111/jen.12422
https://doi.org/10.1111/eea.13244
https://doi.org/10.1093/jee/100.2.273
https://doi.org/10.1603/EC12071
https://doi.org/10.1603/EC12071
https://doi.org/10.1590/S0103-90162012000600004
https://doi.org/10.1016/j.biocontrol.2008.11.002
https://doi.org/10.1111/j.1439-0418.2008.01312.x
https://doi.org/10.1080/09583150029341
https://doi.org/10.1603/0013-8746(2001)094[0886:OLIAGO]2.0.CO;2
https://doi.org/10.1603/0013-8746(2001)094[0886:OLIAGO]2.0.CO;2
https://doi.org/10.1093/jee/84.5.1460
https://doi.org/10.1093/jee/84.5.1460
https://doi.org/10.1007/s12600-020-00801-y
https://doi.org/10.1007/s12600-020-00801-y
https://doi.org/10.1016/j.biocontrol.2018.12.013
https://doi.org/10.1016/j.biocontrol.2019.03.011
https://doi.org/10.1016/j.biocontrol.2019.03.011
https://doi.org/10.1371/journal.pone.0111582
https://doi.org/10.1093/aesa/saz065
https://doi.org/10.1093/aesa/saz065


the control of Ceratitis capitata. Entomologia Experimentalis et 
Applicata, 164(3), 340–349. https://doi.org/10.1111/eea.12608

Urbaneja, A., Marí, F. G., Tortosa, D., Navarro, C., Vanaclocha, 
P., Bargues, L., & Castañera, P. (2006). Influence of ground 
predators on the survival of the Mediterranean fruit fly pupae, 
Ceratitis capitata, in Spanish citrus orchards. BioControl, 51(5), 
611–626. https://doi.org/10.1007/s10526-005-2938-6

Urbaneja, A., Chueca, P., Montón, H., Pascual-Ruiz, S., Dembilio, 
O., Vanaclocha, P., … Castañera, P. (2009). Chemical alterna-
tives to malathion for controlling Ceratitis capitata (Diptera: 
Tephritidae), and their side effects on natural enemies in Spanish 
citrus orchards. Journal of Economic Entomology, 102(1), 144–
151. https://doi.org/10.1603/029.102.0121

Usman, M., Gulzar, S., Wakil, W., Wu, S., Piñero, J. C., Leskey, 
T. C., … Shapiro-Ilan, D. (2020). Virulence of entomopatho-
genic fungi to Rhagoletis pomonella (Diptera: Tephritidae)
and interactions with entomopathogenic nematodes. Journal
of Economic Entomology, 113(6), 2627–2633. https://doi.org/
10.1093/jee/toaa209

Van den Bosch, R., & Haramoto, F. H. (1953). Competition among 
parasites of the Oriental fruit fly. Proceedings of the Hawaiian 
Entomological Society, 15, 201–206.

Van Klinken, R. D., Murray, J. V., Garcia, J. N., & Clarke, A. R. 
(2019). Scale-appropriate spatial modelling to support area-wide 
management of a polyphagous fruit fly (Diptera: Tephritidae). 
Annals of Applied Biology, 175(3), 350–362. https://doi.org/ 
10.1111/aab.12548

Van Mele, O., & Cuc, N. T. T. (2003). Ants as friends: improv-
ing your tree crops with weaver ants. Egham, UK: CAB 
International.

Van Mele, P., Vayssières, J. F., van Tellingen, E., & Vrolijks, J. 
(2007). Effects of an African weaver ant, Oecophylla longinoda, 
in controlling mango fruit flies (Diptera: Tephritidae) in Benin. 
Journal of Economic Entomology, 100(3), 695–701. https://doi.
org/10.1603/0022-0493(2007)100[695:EOAAWA]2.0.CO;2

Vargas, R. I. (1993). Fruit fly eradication research programs in 
Hawaii. In M. Aluja & P. Liedo (Eds.), Fruit Flies: Biology and 
Management (pp. 415–418). New York: Springer. https://doi.
org/10.1007/978-1-4757-2278-9_79

Vargas, R., Chang, H., & Williamson, D. L. (1983). Evaluation 
of a sugarcane bagasse larval diet for mass production of 
the Mediterranean fruit fly (Diptera: Tephritidae) in Hawaii. 
Journal of Economic Entomology, 76(6), 1360–1362. https://
doi.org/10.1093/jee/76.6.1360

Vargas, R. I., Walsh, W. A., & Nishida, T. (1995). Colonization of 
newly planted coffee fields: dominance of Mediterranean fruit 
fly over oriental fruit fly (Diptera: Tephritidae). Journal of 
Economic Entomology, 88(3), 620–627. https://doi.org/10.1093/
jee/88.3.620

Vargas, R. I., Peck, S. L., McQuate, G. T., Jackson, C. G., Stark, 
J. D., & Armstrong, J. W. (2001). Potential for areawide
integrated management of Mediterranean fruit fly (Diptera:
Tephritidae) with a braconid parasitoid and a novel bait spray.
Journal of Economic Entomology, 94(4), 817–825. https://doi.
org/10.1603/0022-0493-94.4.817

Venter, J. H., Baard, C. W. L., & Barnes, B. N. (2021). Area-
wide management of Mediterranean fruit fly with the ster-
ile insect technique in South Africa: new production and 
management techniques pay dividends. In J. Hendrichs, R. 
Pereira, & M. J. B., Vreysen (Eds.), Area-Wide Integrated 
Pest Management. Development and Field Applications (pp: 

129–141), Boca Raton, FL, USA: CRC Press. https://doi.org/ 
10.1201/9781003169239-8

Vontas, J., Hernández-Crespo, P., Margaritopoulos, J. T., Ortego, 
F., Feng, H.-T., Mathiopoulos, K. D., & Hsu, J.-C. (2011). 
Insecticide resistance in tephritid flies. Pesticide Biochemistry 
and Physiology, 100(3), 199–205. https://doi.org/10.1016/j.
pestbp.2011.04.004

Wakil, W., Usman, M., Piñero, J. C., Wu, S., Toews, M. D., & 
Shapiro-Ilan, D. I. (2022). Combined application of entomo-
pathogenic nematodes and fungi against fruit flies, Bactrocera 
zonata and B. dorsalis (Diptera: Tephritidae): laboratory cups 
to field study. Pest Management Science, 78(7), 2779–2791. 
https://doi.org/10.1002/ps.6899

Wang, X. G., & Messing, R. H. (2002). Newly imported larval par-
asitoids pose minimal competitive risk to extant egg-larval para-
sitoid of tephritid fruit flies in Hawaii. Bulletin of Entomological 
Research, 92(5), 423–429. https://doi.org/10.1079/BER2002181

Wang, X. G., & Messing, R. H. (2003). Intra- and interspecific 
competition by Fopius arisanus and Diachasmimorpha tryoni 
(Hymenoptera: Braconidae), parasitoids of tephritid fruit flies. 
Biological Control, 27(3), 251–259. https://doi.org/10.1016/
S1049-9644(03)00027-6

Wang, X. G., Messing, R. H., & Bautista, R. C. (2003). Competitive 
superiority of early acting species: A case study of opiine fruit 
fly parasitoids. Biocontrol Science and Technology, 13(4), 391–
402. https://doi.org/10.1080/0958315031000104514

Wang, X. G., Bokonon-Ganta, A. H., Ramadan, M. M., & 
Messing, R. H. (2004). Egg-larval opiine parasitoids (Hym., 
Braconidae) of tephritid fruit fly pests do not attack the flow-
erhead-feeder Trupanea dubautiae (Dip., Tephritidae). Journal 
of Applied Entomology, 128(9-10), 716–722. https://doi.org/ 
10.1111/j.1439-0418.2004.00920.x

Wang, X. G., & Messing, R. H. (2004a). The ectoparasitic pupal 
parasitoid, Pachycrepoideus vindemmiae (Hymenoptera: 
Pteromalidae), attacks other primary tephritid fruit fly para-
sitoids: host expansion and potential non-target impact. 
Biological Control, 31(2), 227–236. https://doi.org/10.1016/j.
biocontrol.2004.04.019

Wang, X. G., & Messing, R. H. (2004b). Potential interactions 
among pupal and egg- or larval-pupal parasitoids of tephritid 
fruit fly. Environmental Entomology, 33(5), 1313–1320. https://
doi.org/10.1603/0046-225X-33.5.1313

Wang, X. G., Bokonon-Ganta, A. H., & Messing, R. H. (2008). 
Intrinsic inter-specific competition in a guild of tephritid fruit 
fly parasitoids: Effect of co-evolutionary history on competi-
tive superiority. Biological Control, 44(3), 312–320. https://doi.
org/10.1016/j.biocontrol.2007.10.012

Wang, X. G., Nadel, H., Johnson, M. W., Daane, K. M., Hoelmer, 
K., Walton, V. M., … Sime, K. R. (2009). Crop domestication 
relaxes both top-down and bottom-up effects on a specialist her-
bivore. Basic and Applied Ecology, 10(3), 216–227. https://doi.
org/10.1016/j.baae.2008.06.003

Wang, X. G., Ramadan, M. M., Guerrieri, E., Messing, R. H., 
Johnson, M. W., Daane, K. M., & Hoelmer, K. A. (2021). Early-
acting competitive superiority in opiine parasitoids of fruit 
flies (Diptera: Tephritidae): implications for biological control 
of invasive tephritid pests. Biological Control, 162, 104725. 
https://doi.org/10.1016/j.biocontrol.2021.104725

Wang, X. G., Daane, K. M., Pickett, C., & Hoelmer, K. A. (2022). 
Biological control of olive fruit fly in California. In R. G. Van 
Driesche, R. L. Winston, T. M. Perring, & V. M. Lopez (Eds.), 

1262  Giulia Giunti et al.

https://doi.org/10.1111/eea.12608
https://doi.org/10.1007/s10526-005-2938-6
https://doi.org/10.1603/029.102.0121
https://doi.org/10.1093/jee/toaa209
https://doi.org/10.1093/jee/toaa209
https://doi.org/10.1111/aab.12548
https://doi.org/10.1111/aab.12548
https://doi.org/10.1603/0022-0493(2007)100[695:EOAAWA]2.0.CO;2
https://doi.org/10.1603/0022-0493(2007)100[695:EOAAWA]2.0.CO;2
https://doi.org/10.1007/978-1-4757-2278-9_79
https://doi.org/10.1007/978-1-4757-2278-9_79
https://doi.org/10.1093/jee/76.6.1360
https://doi.org/10.1093/jee/76.6.1360
https://doi.org/10.1093/jee/88.3.620
https://doi.org/10.1093/jee/88.3.620
https://doi.org/10.1603/0022-0493-94.4.817
https://doi.org/10.1603/0022-0493-94.4.817
https://doi.org/10.1201/9781003169239-8
https://doi.org/10.1201/9781003169239-8
https://doi.org/10.1016/j.pestbp.2011.04.004
https://doi.org/10.1016/j.pestbp.2011.04.004
https://doi.org/10.1002/ps.6899
https://doi.org/10.1079/BER2002181
https://doi.org/10.1016/S1049-9644(03)00027-6
https://doi.org/10.1016/S1049-9644(03)00027-6
https://doi.org/10.1080/0958315031000104514
https://doi.org/10.1111/j.1439-0418.2004.00920.x
https://doi.org/10.1111/j.1439-0418.2004.00920.x
https://doi.org/10.1016/j.biocontrol.2004.04.019
https://doi.org/10.1016/j.biocontrol.2004.04.019
https://doi.org/10.1603/0046-225X-33.5.1313
https://doi.org/10.1603/0046-225X-33.5.1313
https://doi.org/10.1016/j.biocontrol.2007.10.012
https://doi.org/10.1016/j.biocontrol.2007.10.012
https://doi.org/10.1016/j.baae.2008.06.003
https://doi.org/10.1016/j.baae.2008.06.003
https://doi.org/10.1016/j.biocontrol.2021.104725


Contributions of classical biological control to the U.S. food 
security, forestry, and biodiversity, FHAAST-2019-05 (pp. 115–
126). West Virginia, USA: USDA Forest Service, Morgantown.

Wharton, R. A. (1989). Classical biological control of fruit 
Tephritidae. In A. Robinson & G. Harper (Eds.), World crop 
pests, fruit flies: their biology, natural enemies, and control,  
Vol. 3b (pp. 303–313). Amsterdam: Elsevier Science.

Wharton, R. A., Gilstrap, F. E., Rhode, R. H., Fischel, M., & Hart, 
W. G. (1981). Hymenopterous egg-pupal and larval-pupal 
parasitoids of Ceratitis capitata and Anastrepha spp. [Dip.: 
Tephritidae] in Costa Rica. Entomophaga, 26(3), 285–290. 
https://doi.org/10.1007/BF02371878

Wharton, R. A., Trostle, M. K., Messing, R. H., Copeland, R. S.,  
Kimani-Njogu, S. W., Lux, S., … Sivinski, J. (2000). Parasitoids 
of medfly, Ceratitis capitata, and related tephritids in Kenyan 
coffee: A predominantly koinobiont assemblage. Bulletin of 
Entomological Research, 90(6), 517–526. https://doi.org/ 
10.1017/S0007485300000638

Wong, T. T. Y., McInnis, D. O., Nishimoto, J. I., Ota, A. K., & 
Chang, V. C. S. (1984a). Predation of the Mediterranean fruit 
fly (Diptera: Tephritidae) by the Argentine ant (Hymenoptera: 
Formicidae) in Hawaii. Journal of Economic Entomology, 
77(6), 1454–1458. https://doi.org/10.1093/jee/77.6.1454

Wong, T. T. Y., Mochizuki, N., & Nishimoto, J. I. (1984b). Seasonal 
abundance of parasitoids of the Mediterranean and Oriental fruit 
flies (Diptera: Tephritidae) in the Kula area of Maui, Hawaii. 
Environmental Entomology, 13(1), 140–145. https://doi.org/ 
10.1093/ee/13.1.140

Wong, T. T. Y., & Ramadan, M. M. (1987). Parasitization of the 
Mediterranean and oriental fruit flies (Diptera: Tephritidae) 
in the Kula area of Maui, Hawaii. Journal of Economic 
Entomology, 80(1), 77–80. https://doi.org/10.1093/jee/80.1.77

Wong, T. T. Y., Ramadan, M. M., McInnis, D. O., Mochizuki, N., 
Nishimoto, J. I., & Herr, J. C. (1991). Augmentative releases 
of Diachasmimorpha tryoni (Hymenoptera: Braconidae) to sup-
press a Mediterranean fruit fly (Diptera: Tephritidae) population 
in Kula, Maui, Hawaii. Biological Control, 1(1), 2–7. https://
doi.org/10.1016/1049-9644(91)90094-G

Wong, T. T. Y., Ramadan, M. M., Herr, J., & McInnis, D. O. (1992). 
Suppression of a Mediterranean fruit fly (Diptera: Tephritidae) 
population with concurrent parasitoid and sterile fly release in 

Kula, Maui, Hawaii. Journal of Economic Entomology, 85(5), 
1671–1681. https://doi.org/10.1093/jee/85.5.1671

Xiao, G., Ying, S.-H., Zheng, P., Wang, Z.-L., Zhang, S., Xie, X.-Q., 
… Feng, M.-G. (2012). Genomic perspectives on the evolution 
of fungal entomopathogenicity in Beauveria bassiana. Scientific 
Reports, 2(1), 1–10. https://doi.org/10.1038/srep00483

Yuval, B., Maor, M., Levy, K., Kaspi, R., Taylor, P., & Shelly, T. 
(2007). Breakfast of champions or kiss of death? Survival and 
sexual performance of protein-fed, sterile Mediterranean fruit 
flies (Diptera: Tephritidae). The Florida Entomologist, 90(1), 
115–122. https://doi.org/10.1653/0015-4040(2007)90[115:BOC
OKO]2.0.CO;2

Zavala-López, J. L., Marte-Diaz, G., & Martinez-Pujols, F. (2021). 
Successful area-wide eradication of the invading Mediterranean 
fruit fly in the Dominican Republic. In J. Hendrichs, R. Pereira, 
& M. J. B. Vreysen (Eds.), Area-wide integrated pest anage-
ment. Development and field applications (pp. 519–537).  
Boca Raton, FL, USA: CRC Press. https://doi.org/10.1201/ 
9781003169239-27

Zenil, M., Liedo, P., Williams, T., Valle, J., Cancino, J., & Montoya, P. 
(2004). Reproductive biology of Fopius arisanus (Hymenoptera: 
Braconidae) on Ceratitis capitata and Anastrepha spp. (Diptera: 
Tephritidae). Biological Control, 29(2), 169–178. https://doi.
org/10.1016/S1049-9644(03)00140-3

Zerkani, H., Kharchoufa, L., Tagnaout, I., Fakchich, J., Bouhrim, 
M., Amalich, S., … Zair, T. (2022). Chemical composition and 
bioinsecticidal effects of Thymus zygis L., Salvia officinalis L. 
and Mentha suaveolens Ehrh. essential oils on medfly Ceratitis 
capitata and tomato leaf miner Tuta absoluta. Plants, 11(22), 
3084. https://doi.org/10.3390/plants11223084

Manuscript received: May 29, 2023
Revisions requested: October 19, 2023
Revised version received: November 1, 2023
Manuscript accepted: November 2, 2023

The pdf version (Adobe JavaScript must be enabled) of 
this paper includes an electronic supplement:
Table S1

 Mediterranean fruit fly management    1263

https://doi.org/10.1007/BF02371878
https://doi.org/10.1017/S0007485300000638
https://doi.org/10.1017/S0007485300000638
https://doi.org/10.1093/jee/77.6.1454
https://doi.org/10.1093/ee/13.1.140
https://doi.org/10.1093/ee/13.1.140
https://doi.org/10.1093/jee/80.1.77
https://doi.org/10.1016/1049-9644(91)90094-G
https://doi.org/10.1016/1049-9644(91)90094-G
https://doi.org/10.1093/jee/85.5.1671
https://doi.org/10.1038/srep00483
https://doi.org/10.1653/0015-4040(2007)90[115:BOCOKO]2.0.CO;2
https://doi.org/10.1653/0015-4040(2007)90[115:BOCOKO]2.0.CO;2
https://doi.org/10.1201/9781003169239-27
https://doi.org/10.1201/9781003169239-27
https://doi.org/10.1016/S1049-9644(03)00140-3
https://doi.org/10.1016/S1049-9644(03)00140-3
https://doi.org/10.3390/plants11223084




Supplementary Material 


 


Management of the Mediterranean fruit fly, Ceratitis capitata: past, present, and 


future 


 


Short title: Mediterranean fruit fly management 


 


Giulia Giunti1, Giovanni Benelli2,*, Orlando Campolo3, Angelo Canale2, Apostolos 


Kapranas4, Pablo Liedo5, Marc De Meyer6, David Nestel7, Luca Ruiu8, Francesca 


Scolari9, Xingeng Wang10, Nikos T. Papadopoulos11,* 


  


1 Department of Pharmacy, University of Salerno, Via Giovanni Paolo II 132, 84084 


Fisciano (SA), Italy 


2 Department of Agriculture, Food and Environment, University of Pisa, Via del 


Borghetto 80, 56124 Pisa, Italy 


3 Department of Agriculture, Mediterranean University of Reggio Calabria, Loc. Feo di 


Vito, 89122 Reggio Calabria, Italy 


4 Laboratory of Applied Zoology and Parasitology, School of Agriculture, Aristotle 


University of Thessaloniki, 54124 Thessaloniki, Greece 


5 Department of Entomology, El Colegio de la Frontera Sur (ECOSUR), Tapachula 


Chiapas 30700, Mexico 


6 Department of Biology, Royal Museum for Central Africa, B3080 Tervuren, Belgium 


7 Department of Entomology, Institute of Plant Protection, ARO, Rishon Letzion P.O. 


Box 15159, Israel 







8 Department of Agricultural Sciences, University of Sassari, Viale Italia 39/A, Sassari, 


Italy  


9 Institute of Molecular Genetics IGM-CNR “Luigi Luca Cavalli-Sforza”, I-27100, Pavia, 


Italy 


10 USDA-ARS Beneficial Insects Introduction Research Unit, Newark, DE, USA 


11 Laboratory of Entomology and Agricultural Zoology, Department of Agriculture Crop 


Production and Rural Environment, University of Thessaly, Fytokou st., 38446 N. Ionia 


(Volos), Greece 


  


* Corresponding authors. giovanni.benelli@unipi.it (G. Benelli); nikopap@uth.gr (N. T. 


Papadopoulos). 


 







Supplementary Table S1. List of recorded, evaluated and released parasitoids of Ceratitis capitata worldwide.  


 


Biogeographical 


realms 


Name Family Mode of 


parasitism 2 


Host 


stage 


Origin Introduced 


country 


Redistributed 


from 


Year Released Established 


Afrotropical Bracon celer 


Szépligeti 1 


Braconidae Idio /sol/ecto Larva Cape Verde, Eritrea, Ethiopia, Kenya 


Namibia, South Africa 


     


Afrotropical Diachasmimorpha 


carinata (Szépligeti) 


Braconidae Koin/sol/endo Larva Cameroon, Cape Verde, Congo, Guinea, 


Kenya, Senegal, Sierra Leone, Tanzania, 


Zaire 


Hawaii  1936 no  


Afrotropical Diachasmimorpha 


fullawayi (Silvistri) 


Braconidae Koin/sol/endo Larva Cameroon, Kenya, West Africa, Reunion,  


South Africa, Togo, Uganda, Zaire 


Hawaii  1914 Yes Yes 


      Fuji  1914 ?  


      Australia  1932 ?  


      Brazil Hawaii 1932 ?  


      Costa Rica Camerron 1981-


82 


Yes No 







Afrotropical Fopius bevisi 


(Brues) 


Braconidae Koin/sol/endo Larva Kenya, South Africa Brazil Hawaii 1949 Yes No 


Afrotropical Fopius caudatus 


(Szépligeti) 


Braconidae Koin/sol/endo Egg Cameroon, Congo, Mali,  Kenya, Victoria, 


West Africa, Zaire 


Hawaii  1936 No  


      Guatemala Kenya 1936 No  


      Costa Rica Camerron 1981-


82 


Yes  


      Hawaii Kenya 1996-


2004 


No  


Afrotropical Fopius ceratitivorus 


Wharton 


Braconidae Koin/sol/endo Egg Kenya Guatemala Kenya 2003 No  


      Israel Guatemala 2003 Yes Yes 


      Hawaii Kenya 2004 No  


Afrotropical Fopius desideratus 


(Bridwell) 


Braconidae Koin/sol/endo Egg Cameroon, Congo, Nigeria, Senegal, 


Togo, Uganda 


Hawaii  1947-


52 


Yes No 


Afrotropical Fopius silvestrii 


(Wharton) 


Braconidae Koin/sol/endo Larva Cameroon, Senegal, Western Kenya Costa Rica Camerron 1981-


82 


Yes  







Afrotropical Pseudorhinoplus 


fuscipennis 


(Szépligeti) 


Braconidae Koin/sol/endo Larva 


Cameroon, Congo 


Hawaii  1947-


52 


No  


Afrotropical Psyttalia concolor 


(Szépligeti) 


Braconidae Koin/sol/endo Larva Algeria, Benin, Cape Verde, Congo, 


Eritrea, Kenya, Libya, Madagascar, 


Morocco, Senegal, South Africa, Tunisia 


Spain  1932 ?  


      Costa Rica Italy 1956 Yes Yes 


      Bolivia Costa Rica 1969 Yes Yes 


      Australia France 1962 Yes No 


      Colombia Hawaii 1970 ?  


      El Salvador Costa Rica 1971 Yes No 


      Guatemala Costa Rica 1971 ?  


      Panama Costa Rica 1971 Yes No 


      Israel Hawaii 2002 No  







      Peru Costa Rica 1978 ?  


      Hawaii Italy 1996-


2004 


No  


Afrotropical Psyttalia cosyrae 


(Wilkinson) 


Braconidae Koin/sol/endo Larva Congo, Kenya, Nigeria, North Africa, 


Reunion, Senegal, Sierra Leone, South 


Africa, Tanzania, Uganda, Zaire 


Hawaii Kenya  No  


Afrotropical Psyttalia 


distinguenda 


(Granger) 1 


Braconidae Koin/sol/endo Larva Madagascar, Mascarenes, Mauritius, 


Reunion 


     


Afrotropical Psyttalia halidayi 


Wharton 1 


Braconidae Koin/sol/endo Larva Kenya      


Afrotropical Psyttalia humilis 


(Silvestri) 


Braconidae Koin/sol/endo Larva Egypt, Kenya, Namibia, South Africa Hawaii  1913 Yes Yes 


      Bermuda Hawaii 1926 ?  


      Israel Hawaii 1926 no  


      Spain Hawaii 1932 ?  







Afrotropical Psyttalia 


insignipennis 


(Granger) 1 


Braconidae Koin/sol/endo Larva Madagascar, Mauritius, Reunion      


Afrotropical Psyttalia lounsburyi 


(Silvestri) 


Braconidae Koin/sol/endo Larva Kenya, Namibia, South Africa Hawaii Kenya 1996 No  


Afrotropical Psyttalia 


perproximus 


(Silvestri) 


Braconidae Koin/sol/endo Larva Benin, Cameroon, Ghana, Kenya, Mali, 


Nigeria, Sierra Leone, South Africa, 


Tanzania, Togo 


Hawaii  1913, 


36 


No  


      Costa Rica Camerron 1981-


82 


Yes no 


Afrotropical Psyttalia 


phaeostigma 


(Wilkinson) 1 


Braconidae Koin/sol/endo Larva Cameroon, Congo, East Africa, Kenya, 


Madagascar, Mauritius, Mayotte, 


Reunion, South Africa 


     


Afrotropical Utetes africanus 


(Szépligeti) 


Braconidae Koin/sol/endo Larva Eritrea, Ethiopia, Kenya, Namibia, 


Senegal, South Africa 


Hawaii  1996-


2004 


No  


Afrotropical Dirhinus giffardii 


Silvestri 


Chalcididae Idio /sol/ecto Pupa Cape Verde, Egypt, Kenya, Nigeria, West 


Africa 


Hawaii  1913 Yes Yes 







      Costa Rica Hawaii 1955 Yes No 


      Israel Hawaii 1956 Yes Yes 


      Peru Hawaii 1960 ?  


      Greece Israel 1962 ?  


      Colombia Hawaii 1970 ?  


      Bolivia Costa Rica 1971 Yes ? 


Afrotropical Dirhinus ehrhorni  


Silvestri 


Chalcididae Idio /sol/ecto Pupa Nigeria Hawaii  1913 ?  


Afrotropical Coptera silvestrii 


(Kieffer) 


Diapriidae Idio /sol/ecto Pupa Kenya, Mozambique, South Africa, 


Uganda, West Africa 


Hawaii West Africa 1913 Yes Yes 


Afrotropical Coptera robustior 


Silvestri 1 


Diapriidae Idio /sol/endo Pupa Guinea, Kenya, Nigeria, South Africa      


Afrotropical Trichopria capensis 


Kieffer 


Diapriidae Idio /sol/endo Pupa South Africa Hawaii  1913 Yes No 







Afrotropical Tetrastichus 


giffardianus Silvestri  


Eulophidae Koin/gre/endo Larva Benin, Cameroon, Egypt, Kenya, Nigeria, 


Reunion, Sierra Leone, Tanzania, South 


Africa 


Hawaii  1914 Yes Yes 


      Italy Hawaii 1916 ?  


      Australia Fuji 1936 Yes No 


      Brazil Hawaii 1937 Yes  


      Argentina Brazil 1947 Yes No 


      Costa Rica Hawaii 1955 ?  


      Peru Hawaii 1960 ?  


Afrotropical Pachycrepoideus 


vindemiae (Rondani) 


Pteromalidae Idio /sol/ecto Pupa Congo, Kenya, Morocco Hawaii  1947-


52 


Yes Yes 


      Costa Rica Hawaii 1955 ?  


      Nicaragua Hawaii 1955 ?  


      Argentina Hawaii 1960 Yes Yes 







      Argentina Mexico /costa 


Rico 


1961, 


1986 


Yes Yes 


      Israel Costa Rico 1966-


69 


Yes No 


Afrotropical Spalangia cameroni 


Perkins 1 


Pteromalidae Idio /sol/ecto Pupa Canary Islands, Malawi, Mauritius, 


Madagascar, Morocco, Senegal, 


Somalia, South Africa, Tanzania 


     


Indomalayan Diachasmimorpha 


albobalteata 


(Cameron) 


Braconidae Koin/sol/endo Larva India, Malaysia, Philippines, Sabah North 


Borneo 


Hawaii  1951 No  


Indomalayan Diachasmimorpha 


dacusii (Cameron) 


Braconidae Koin/sol/endo Larva Borneo, India, Sri Lanka, Philippines, 


Thailand, Papua New Guinea 


Hawaii  1950 Yes Yes 







Indomalayan Diachasmimorpha 


longicaudata 


(Ashmead) 


Braconidae Koin/sol/endo Larva Australia, Bismarck Archipelago, Borneo, 


China, Fiji, France New Caledonia, India, 


Indo-Australian region, Indonesia, Lord 


Howe Island, Malaysia, Pakistan, Papua 


New Guinea,  Philippines, Ryukyu 


Islands,  Southeast Asia, Sri Lanka, 


Taiwan, Thailand, Verde Islands 


Hawaii  1947 Yes Yes 


      Mexico Hawaii 1954-


55 


Yes Yes 


      Costa Rica Hawaii 1955 Yes Yes 


      Israel Hawaii 1955-


59, 


1966-


69 


Yes No 


      Australia Hawaii 1958-


59 


Yes No 


      Nicaragua Costa Rica 1958 Yes Yes 







      Argentina Mexico 1961, 


77, 86 


Yes Yes 


      Bolivia Costa Rica 1969 Yes Yes 


      Colombia  1969 ?  


      Egypt  1969 No  


      Greece  1969 ?  


      Guatemala El Salvador 1984 Yes Yes 


      Italy  1969 ?  


      Mauritius  1969 Yes No 


      Spain  1969 ?  


      Venezuela  1969 Yes  


      Panama Costa Rica 1971 Yes Yes 


      El Salvador  1971 Yes Yes 







      Brazil Florida 1994 Yes Yes 


      Peru Hawaii 1960 yes Yes 


      Trinidad and 


Tobago 


Hawaii 1974 Yes Yes 


Indomalayan Fopius arisanus 


(Sonan) 


Braconidae Koin/sol/endo Egg Asia, Borneo, China, India, Indo Malayan, 


Indonesia Java, Malaysia, Sri Lanka, 


Taiwan, Thailand 


Costa Rica Hawaii 1955 Yes Yes 


      Israel Hawaii 1955, 


2002 


Yes No 


      Argentina Mexico 1966 Yes No 


      Brazil Hawaii 2012 No  


      Guatemala Hawaii 2003 Yes No 


      Mexico Hawaii 1954 Yes N0 


      Puru Hawaii 1960 ?  







      Australia Hawaii 1958-


59 


Yes No 


      Bolivia Mexico 1969 Yes No 


Indomalayan Fopius carpomyiae 


(Silvestri) 


Braconidae Koin/sol/endo Larva India Hawaii  1950 No  


Indomalayan Fopius persulcatus 


(Silvestri) 


Braconidae Koin/sol/endo Larva India, Malaysia Hawaii  1950 Yes No 


Indomalayan Fopius skinneri 


(Fullaway) 


Braconidae Koin/sol/endo Larva Philippines Hawaii  1950 Yes No 


Indomalayan Fopius 


vandenboschi 


(Fullaway) 


Braconidae Koin/sol/endo Larva Asia, India, Indo Malayan, Malaysia, 


Philippines, Taiwan, Thailand 


Hawaii  1947-


48 


Yes Yes 


      Australia Hawaii 1958-


59 


Yes No 


      Costa Rica Hawaii 1955 Yes  







Indomalayan Psyttalia fletcheri 


(Silvestri) 


Braconidae Koin/sol/endo Larva Australia, Fiji, India, Indo Malayan, 


Indonesia, Indo-Pacific, Malaysia, Papua 


New Guinea, Bismarck Archipelago, 


Réunion, Seri Lanka, Singapore, Taiwan, 


Thailand 


Hawaii  1916, 


51 


Yes Yes 


      Brazil Hawaii 1937 No  


Indomalayan Psyttalia incisi 


(Silvestri) 


Braconidae Koin/sol/endo Larva Borneo, China, India, Indonesia, 


Malaysia Taiwan, Thailand 


Hawaii  1916 Yes Yes 


      Costa Rica Hawaii 1955 Yes No 


      Australia Hawaii 1958-


59 


Yes No 


      Israel  1983-


85 


Yes No 


Indomalayan Utetes manii 


(Fullaway) 


Braconidae Koin/sol/endo Larva India, Malaysia, Thailand Hawaii  1936 No  


Indomalayan Aceratoneuromyia 


indica (Silvestri) 


Eulophidae Koin/gre/endo Larva India Australia  1907 Yes No 







      South Africa Australia 1908 Yes no 


      Argentina Mexico 1961, 


77, 86 


Yes Yes 


      Costa Rica Hawaii 1955 Yes no 


      Guatemala Mexico 1957 ?  


      Israel Costa Rica 1966-


69 


Yes No 


      Mexico Hawaii 1955 ?  


      Bolivia Mexico 1969 Yes Yes 


      Nicaragua Mexico 1958 Yes Yes 


      Panama Costa Rica 1971 Yes  


      Peru Mexico 1986 ?  


      Venezuela Costa Rica ? Yes Yes 







Australasian Diachasmimorpha 


kraussii (Fullaway) 


Braconidae Koin/sol/endo Larva Australia, Bismarck Archipelago, Papua 


New Guinea, Solomon Islands, Vanuatu 


Efate 


Hawaii  1940-


50, 


1996 


Yes Yes 


      Israel Hawaii 2004 Yes Yes 


      Guatemala Hawaii 2004 No  


Australasian Diachasmimorpha 


tryoni (Cameron) 


Braconidae Koin/sol/endo Larva Australia Australia  1909, 


1989 


Yes No 


      Hawaii  1914 Yes Yes 


      Argentina Mexico 1999 Yes No 


      Brazil Hawaii 1937 ?  


      Costa Rica Hawaii 1955 Yes no 


      Guatemala Mexico 1995 Yes no 


      Mexico Hawaii 1994 No  







      Israel Hawaii 1983-


85 


Yes No 


Oceanian Diachasmimorpha 


hageni (Fullaway) 


Braconidae Koin/sol/endo Larva Fiji Hawaii  1950 No  


Neotropical Asobara 


anastrephae 


Muesebeck 1 


Braconidae Koin/sol/endo Larva Argentina, Brazil, Colombia, Panama      


Neotropical Doryctobracon 


areolatus 


(Szépligeti) 


Braconidae Koin/sol/endo Larva Argentina, Brazil, Bolivia, Colombia, 


Costa Rica, Ecudor, El Salvador, French 


Guiana, Guatemala, Mexico, Panama, 


Venezuela 


Australia  1904 Yes No 


      Hawaii  1951 Yes No 


Neotropical Doryctobracon 


brasiliensis 


(Szépligeti) 1 


Braconidae Koin/sol/endo Larva Amazon, Argentina, Bolivia, Brazil      


Neotropical Doryctobracon 


crawfordi (Viereck) 


Braconidae Koin/sol/endo Larva Argentina, Bolivia Brazil, Amazon, 


Colombia, Costa Rica, Ecuador, El 


Salvador, Guatemala, Mexico, Panama, 


Venezuela 


Hawaii  1936 No  







      Argentina Mexico 1966 Yes No 


Neotropical Opius bellus Gahan Braconidae Koin/sol/endo Larva Amazon, Argentina Belize, Bolivia, Brazil, 


Costa Rica, Mexico, Panama, Puerto 


Rico, Tobago Trinidad, Venezuela 


Hawaii  1936 Yes No 


      Australia  1904 Yes No 


      Puerto Rico     


Neotropical Opius hirtus Fischer 


1 


Braconidae Koin/sol/endo Larva Belize, Costa Rica, Dominican Republic, 


Mexico 


     


Neotropical Phaedrotoma 


trimaculata (Spinola 


Braconidae Koin/sol/endo Larva Argentina, Brazil, Chile South Africa  1905 Yes no 


Neotropical Utetes anastrephae 


(Viereck) 


Braconidae Koin/sol/endo Larva Amazon, Argentina, Bolivia, Brazil, Brazil, 


Cuba, Ecuador, El Salvador, Guatemala, 


Jamaica, Mexico, Nicaragua, Panama, 


Puerto Rico,  Venezuela 


Hawaii  1936, 


1951 


Yes No 


Neotropical Coptera haywardi 


Loiácono 1 


Diapriidae Idio /sol/endo Pupa Argentina, Brazil, Venezuela      







Neotropical Trichopria 


anastrephae Lima 1 


Diapriidae Idio /sol/endo Pupa Argentina, Brazil, Venezuela      


Indomalayan Aganaspis daci 


Weld. 


Figitidae Koin/sol/endo Larva Malaysia, Taiwan, South Asian Israel  1955 Yes Yes 


      Costa Rica Hawaii 1955 Yes  


      Colombia  1970 Yes No 


Neotropical Ganaspis 


brasiliensis Ihering 


Figitidae Koin/sol/endo Larva Brazil  Australia  1904 Yes No 


Neotropical Ganaspis pelleranoi 


(Brèthes) 1 


Figitidae Koin/sol/endo Larva Mexico, Belize, Guatemala, El Salvador, 


Costa Rica, Panama, Colombia, 


Venezuela, Brazil, Peru, Bolivia and 


Argentina  


     


Neotropical Odontosema 


anastrephae Kieffer 


1 


Figitidae Koin/sol/endo Larva Argentina, Bolivia, Brazil, 


Colombia,Costa Rica, Mexico 


     


Neotropical Odontosema 


albinerve Kieffer 1 


Figitidae Koin/sol/endo Larva Argentina      







Neotropical Rhoptromeris 


haywardi 


(Blanchard) 1 


Figitidae Koin/sol/endo Larva Argentina      


Neotropical Trybliographa 


nordlanderi 


(Wharton) 1 


Figitidae Koin/sol/endo Larva Argentina, Brazil, Costa Rica, Colombia      


Neotropical Spalangia endius 


Walker 1 


Pteromalidae Idio /sol/ecto Pupa Brazil      


Neotropical Spalangia gemina 


Boucek 1 


Pteromalidae Idio /sol/ecto Pupa Brazil      


Neotropical Spalangia 


impunctata Howard 1 


Pteromalidae Idio /sol/ecto Pupa Brazil      


Neotropical Spalangia leiopleura 


Gibson 1 


Pteromalidae Idio /sol/ecto Pupa Brazil      


Neotropical Spalangia simplex 


Perkins 1 


Pteromalidae Idio /sol/ecto Pupa Brazil      


 


Footnotes:                                                                                                                                                    


1 =recorded species                                                                                                                                              


Abbreviation: idio = idiobiont, Soi= solitary, ecto= ectoparasitoid; Endo =endoparasitoid, gre =gregarious                                                                   







There are a lot of nomenclatural changes (Wharton et al. 1981, Wharton 1989) and current place names are used.                                       


Data were compiled based on Clausen (1978), Gilstrap & Hart (1987), Wharton (1989), Greathead & Greathead (1992), Ovruski et al. (2000), Argov & Gazit (2008), Mohamed et al. (2016), Garcia et 


al. (2020), Wang et al. (2021), Clarke et al. (2022), Wharton & Yoder (2021). 
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