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Abstract: Oriental fruit fly, Bactrocera dorsalis (Diptera: Tephritidae), is an infamous invasive pest species with a broad
host range. The pest has spread to most territories worldwide in the last decades, posing an increasing threat to global fruit
and vegetable production. Here, we reviewed the current knowledge, control methods and prospects of Integrated Pest
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Management (IPM) strategies against B. dorsalis based on a survey on the pest status, damages and current practices con-
ducted in the Asia region. The outcome of the survey pointed to B. dorsalis as a major concern as it causes heavy damage
in most of the participating countries. Current IPM strategies involve multiple control tactics, but often with over reliance
on chemical pesticides. Behaviour-based monitoring and control measures are commonly employed in this region because
of ease-of-use and cost-effectiveness, which serve as the key component of the IPM strategies. The sterile insect technique
application, though environmental-friendly, sustainable and compatible with IPM, is limited because of high operational
cost, ineffective government policy and low social acceptance. Public knowledge and technology transfer, training and
hands-on guidance, relevant stakeholder community participation, acceptance and cooperation, are the key levers for sus-
tainable and successful IPM against B. dorsalis. More initiatives and research efforts for developing non-chemical control
tactics and biopesticides will optimize the existing IPM strategies. Lastly, effective quarantine and phytosanitary measures
towards better border biosecurity should be taken to intercept and curtail the risk of B. dorsalis expanding its current geo-
graphical boundary in the face of global climate change.

Keywords: Tephritidae; oriental fruit fly; male annihilation technique (MAT); sterile insect technique (SIT); IPM; control

tactics

1 Introduction

The oriental fruit fly, Bactrocera dorsalis (Hendel) (Diptera:
Tephritidae), is one of the most destructive and polyphagous
agricultural pests, posing significant threats to international
trade and agriculture industry worldwide (Clarke et al. 2005;
Zhao et al. 2024). The species belongs to a large species com-
plex, the B. dorsalis complex, which currently contains close
to 90 sibling species. The B. dorsalis complex, first described
by Drew and Hancock in 1994 with just 52 species, sepa-
rated the B. dorsalis sensu stricto from B. papayae Drew and
Hancock and B. philippinensis Drew and Hancock (both of
which are regarded as endemic species to Malaysia and the
Philippines, respectively) as different biological units based
on the differences of allozymes, geographical distribution
and slight morphological variations. Later, B. invadens, a
new species detected in Kenya in 2003, was also added to
the B. dorsalis complex (Drew et al. 2005). It was not until
a concerted effort using integrative taxonomy approaches by
close to 50 researchers from at least 20 countries under the
FAO/IAEA’s coordinated research project that a significant
breakthrough was made in synonymizing the four putative
species, B. dorsalis, B. invadens, B. papayae and B. philippi-
nensis, as one single biological species, B. dorsalis (Schutze
et al. 2015a, 2015b).

Bactrocera dorsalis attacks more than 250 fruit species
belonging to 57 plant families, some of which are commer-
cially important crops, such as mango, carambola, papaya,
pineapple, guava, orange, dragon fruit, stone fruit, banana,
passion fruit, grape, etc. (Orankanok et al. 2007; Affandi
et al. 2023). It causes serious economic damage to horti-
cultural fruit and vegetable production and consequently, a
major biosecurity concern to many countries (Li et al. 2023;
EPPO 2024).

Tropical regions in South and Southeast Asia are the lead-
ing production area of tropical fresh fruits and vegetables
in the world, where the horticultural production has been
expanded in the past years (Statista database www.statista.

com). With high host availability and climatic suitability in
this region, B. dorsalis could breed continuously, synchro-
nizing with fruiting seasons, and thus precipitate quarantines
and trade embargoes.

To better understand the current control situation of B.
dorsalis in Asia countries, a survey was conducted on local
farming practices from 48 local researchers, extension work-
ers and farmers belonging to 16 countries in Asia. The ques-
tionnaires enquired the farmers about the pest status of B.
dorsalis and the estimated vegetable and fruit damage in
their farms (survey form is available online in the supple-
mentary file). The survey also acquired information on the
biotic and abiotic factors that caused heavy damage and
rapid spread of B. dorsalis in their respective countries. The
farmers were required to (a) scale the relative relevance of
the five components of an IPM package (Chemical control,
Biological control, Behaviour-based control, Agronomic
control and Monitoring and early pest detection) practiced
on their farms from 0 to 10, with the total sum of score at
10, and (b) provide the products or methods most used in
each of the IPM components. Similarly, the farmers were
also asked to rate the challenges (Knowledge on biology
and its presence, Cost of insecticide applications, Control
failure by insecticides, Cost associated with non-chemical
control) faced in managing the pest species. Lastly, we col-
lected the information on farmers’ expectation on the types
of assistance received from researchers, extension specialists
and the government to provide useful inputs in managing B.
dorsalis.

Based on the summary of the survey on the pest status,
damages and current practices conducted in the regions, we
then provide a timely and updated review of the knowledge,
control methods and prospects of IPM on the invasive B.
dorsalis in different scenarios in Asia. We also addressed
potential challenges and gaps, and identified new and novel
concepts and approaches for a better pest control solution,
with the hope to empower regional cooperation on integrated
and sustainable control strategies in the future.
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2 Origin, expansion and current
geographical distribution

The origin and global spread routes of B. dorsalis were a
highly debated topic and a few routes have been proposed. It
was first proposed based on the record of its presence in 1912
that B. dorsalis originated from Taiwan (Hardy 1973) and
subsequently spread through Southeast Asia and South Asia
during the 20% century (Aketarawong et al. 2007; Qin et al.
2018; Zhang et al. 2023). However, based on the taxonomic
history, Clarke et al. (2019) has clarified that the pest was
already present in East India since late 18t century under the
synonym name of Musca ferruginea by Fabricius in 1794.

Recent large-scale SNP dataset analysis of 487 B. dor-
salis genomes by Zhang et al. (2023) corroborated with the
claim by Clarke et al. (2019). It was shown that B. dorsa-
lis originates from the southern India and independently
spread through three invasion routes worldwide (Zhang et al.
2023). Owing to human-assisted carriage and high disper-
sal capability, B. dorsalis has now spread to most territories
worldwide (at least 75 countries), including tropical and
subtropical regions of Asia, Pacific, Africa, Europe, America
and Oceania (Hardy & Adachi 1956; Hendel 1912; Drew &
Hancock 1994; Chailleux et al. 2021; Sookar et al. 2021,
Grechi et al. 2022; Deschepper et al. 2023).

The invasive potential of B. dorsalis to a new habitat is
greatly facilitated by the increasing international trade and
climatic changes, together with several biotic advantages,
e.g., high reproductive potential, short life cycle, high dis-
persal ability and broad host range (Gutierrez et al. 2021;
Wang et al. 2023; Zhang et al. 2023; Zhao et al. 2023). B.
dorsalis has exhibited a rapid range expansion in recent
decades, particularly in the face of global climate change,
and it is disastrous if this pest continues extending to high
latitude areas and acquire high cold hardiness from cold-
hardening or acclimation. Although the magnitude of this
plasticity appears low (Pieterse et al. 2017), recently, this
species has extended its Asian range northward into regions
previously thought unsuitable, e.g., central areas of China
(Jaffar et al. 2023). The risk areas of B. dorsalis in the north-
ern and southern hemisphere have expanded along with
global climate change and the distribution range is predicted
to extend poleward (Cai et al. 2023a). Few cases showed that
the early detection of incipient populations and the adoption
of strict interception programmes could result in successful
eradication, but once established, it seemed very hard to pre-
vent its rapid spread.

In the case of Africa, the delayed incursion response
to eradicate the invasive B. dorsalis from the African con-
tinent due to initial inaccurate identification as a new spe-
cies, B. invadens, has caused the species’ expansion across
most tropical parts of Africa within less than 10 years (Lux
et al. 2003; Ekesi et al. 2006). Among tephritid fruit flies,
species displacement or exclusion often occurs when an
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invader encroaches in the territory occupied by a different
species, either native or pre-established in a previous inva-
sion (Moquet et al. 2021). Most examples of interspecific
competition have demonstrated that invasive B. dorsalis was
highly competitive and outcompete the other native species
where they invaded (see a summarized list in Duyck et al.
2004; Moquet et al. 2021).

Heavy damage, economic losses and environmental
issues from pesticide misuse practices have been witnessed
in some regions. Due to its efficient dispersion and estab-
lishment of adventive populations in various tropical and
subtropical regions, the threat of rapid spread underscores
the urgent need for more in-depth studies on effective IPM
solutions and establishing a regional collaborative network
among agricultural and research agencies. Its persistent dis-
persal, expansion and damage pose immense challenges for
researchers and farmers seeking to mitigate its impacts to
agricultural products and international trade.

3 Biology, ecology and behaviour

3.1 Biology

Bactrocera dorsalis, a holometabolus insect, undergoes four
life stages from eggs, larvae, pupac and adult for a com-
plete life cycle. All dacine fruit flies, including B. dorsalis
are diurnal insects and spend most of the daytime in food
foraging, feeding and oviposition (Clarke 2019). The flies
feed on various carbohydrate sources such as floral nectar,
fruit juice and honey dew for energy provision. Like other
frugivorous Bactrocera spp., gravid female B. dorsalis lay
eggs beneath the skin of ripened or ripening fruits where the
subsequent larvae emerge and feed before leaving the fruit
to pupate in the soil (Han et al. 2011; Li et al. 2024). Upon
adult emergence, protein foraging and feeding is essential for
male and female flies to realize their reproductive potential.
Females are autogenous and need protein for ovarian devel-
opment (Drew & Yuval 2000), while males require protein
for sperm maturation, sex pheromone biosynthesis and other
mating related traits, e.g., sexual behaviours and copulatory
success (Gui et al. 2023). In nature, protein resources come
from leaf-surface leachates (which contain amino acids,
organic acids and sugars) and bird feces (Clarke 2019). Post-
emerging flies perform extensive flights for food and protein
prior to mating, while the mature fruit flies often search for
mating sites and host fruits for oviposition (Fletcher 1989).
Localised movement and non-dispersive behaviour are often
observed when hosts are plentiful (Fletcher 1987). However,
when food resources are declining, the flies may move out in
search for resources.

3.2 Seasonal population dynamics
The species is multivoltine and generally completes four to
ten generations per year with considerable overlaps across
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generations depending on the temperature around its native
range and host availability (Han et al. 2011; Wei et al. 2017,
Li et al. 2019; Clarke 2019; Clarke et al. 2022; Cai et al.
2023b). The population dynamics of fruit flies are greatly
influenced by temperature, rainfall and host availability
(Clarke 2019). An appropriate amount of monthly rainfall
(100200 mm) is necessary to provide suitable soil and
atmospheric moisture content to facilitate pupation, mating
and oviposition activities (Liu et al. 2019). The optimum
development temperature of B. dorsalis ranges between
25°C to 30°C (Li et al. 2013). Hence, the temperatures and
moisture range within the South and Southeast Asian regions
offered an ideal climatic condition for fruit fly population
growth. Under these optimum conditions, the abundance
of Bactrocera spp., including B. dorsalis is strongly corre-
lated with host plant availability, abundance and phenology
(Clarke 2019). The presence of primary and secondary crops
in an agroecosystem, as well as non-crop plants, contribute
to sustain the population dynamics of polyphagous B. dorsa-
lis (Clarke 2019).

3.3 Mating behaviour
The dacine flies are dusk-mating insects. B. dorsalis males
initiate courtship behaviour during sunset when light inten-
sity decreases to below 1000 Ix (Wee & Tan 2000). Males
perform active wing fanning (for sex pheromone dispersal)
to attract conspecific females. When the attracted females
arrive in vicinity, males mount on the back of the approach-
ing females by inserting the male aedeagus into female
ovipositor. Once successful, the mating pair remained in
copulatory posture from dusk to dawn, ca. 9 to 10 hours
(Wee & Tan 2000).

Unlike the monophagous species, B. dorsalis employ
a non-resource-based mating system, i.e. the leks, which
is the congregation of males at a communal display area
to attract and court potential mates leading to copulation,
is common in polyphagous tephritid species (Benelli et al.
2014). At leks, male flies perform male-male competition
(intrasexual selection) while the female flies are making
active choices of mates (intersexual selection) (Benelli
et al. 2014). The males of B. dorsalis are polyandrous
while multiple mating is also common among the female
flies, with 1-3 days of refractory period (Wee & Tan 2000).
The knowledge of mating, sexual communication and the
traits indicating male fitness and sexual competitiveness
involved in sexual selection may contribute to the improve-
ment of sterile insect technique (SIT) and IPM programs
(Benelli et al. 2014).

3.4 Behaviour attraction to methyl eugenol

Males of certain Bactrocera spp., including B. dorsalis, are
highly attracted to and feed upon methyl eugenol (ME),
a plant-derived semiochemical discovered by Howlett in
1912 (see also review by Tan & Nishida 2012). The attrac-

tion of B. dorsalis males to ME is concomitant with early
sexual development (Wong et al. 1989) and effective at low
quantity (Wee et al. 2002; Hee et al. 2015). This sex- and
age-related attraction to ME was then manipulated to suc-
cessfully eradicate and suppress B. dorsalis in isolated
populations (Koyama et al. 1984; Steiner et al. 1970). It
was not until more than 80 years later the reason behind the
strong interaction between fruit fly and ME was revealed.
The ingestion of ME is highly linked with the production
of highly competitive sex pheromones that enhance male
courtship activities, render them mating advantages and
ultimately promote reproductive success (Tan & Nishida
1996). The knowledge of sexual competitiveness enhance-
ment by ME treatment has contributed to SIT by improving
sterile males’ mating competitiveness and having mating
advantage when competing with feral males (Shelly et al.
2010).

A systematic ablation of the chemosensory organs
showed, that B. dorsalis males rely on their antennae for
long range (> 100 m) foraging of ME while the maxillary
palps are responsible for locating ME source at short range
(< 40 m) prior to feeding (Chieng et al. 2018, Ono et al.
2021). For a long time, the underlying molecular mecha-
nism of olfactory detection of ME by B. dorsalis males
remain unclear and has been a popular research exploration
by many researchers (Chen et al. 2022). The ME odour mol-
ecules passed through the pores of chemosensilla and bind
to the odorant binding protein (OBP) present in the sensilla
lymph. Thyese odorant-ligands then bind to the olfactory
receptors (OR) on the surface of olfactory receptor neurons
(ORNSs), resulting in signal transduction. The ME recep-
tor is an OR as a highly conserved co-receptor (ORCO)
is required for ME detection in B. dorsalis (Zheng et al.
2012). There are 49 OBPs annotated in B. dorsalis (Chen
et al. 2019). Amongst these, BdorOBP56f-2 (BdorOBP2)
was found to be involved in ME perception in B. dorsa-
lis, with significant ME-induced transcriptional expression
(Liu et al. 2017). By silencing BdorOBP56f-2 (BdorOBP2)
using RNAI, the sensitivity of B. dorsalis to ME was reduced
significantly. Recent analyses RNA-Seq and qRT-PCR
have shown that ME detection involves odorant receptors
OR88a and OR94b1 in mature B. dorsalis males’ antennae
(Liu et al. 2018; Zhang et al. 2024). ME elicited consistent
responses in the BdorOR88a- and BdorORCO-expressing
Xenopus oocytes, and RNAi knocking down resulted in a
significant reduction (Liu et al. 2018). These studies have
shown that reduced expression of OR or ORCO leads to
a decrease, but not entirely, in the attraction of male flies
to ME.

Apart from ME, B. dorsalis males are also attracted to
other plant-derived chemicals such as B-caryophyllene and
zingerone (Tan & Nishida 2000; Ranaweeera & Hee 2024)
but their potential use in control and management of B. dor-
salis has not been explored.



4 Outcome of survey of current control
measures of B. dorsalis in Asia

From the survey response of the 16 participating Asian coun-
tries (indicated in Fig. 1A), B. dorsalis was the major pest
of concern where the average estimated fruit damage was
between 40% to 60%. It was apparent that heavy damage
and rapid spread of B. dorsalis is common in all the coun-
tries surveyed, which is largely attributed to the following
aspects: diverse host availability and alternative hosts, favor-
able climatic conditions, ineffective quarantine measures,
poor sanitation measures, increasing transboundary trade
and transportation, lack of technical knowledge and public
awareness on pest management with no action plan or only
implement control during fruiting season.

The IPM pyramid was constructed based on the propor-
tionate scores given by the interviewee for each of the cur-
rent control measures they adopted (Fig. 1B). The survey
feedback showed that one-third of the farmers used chemical
pesticide sprays (32.5%) to manage B. dorsalis, followed by
behaviour-based control (21.2%) and agronomic practices
(21.0%). Fewer farmers used monitoring and early detection
techniques (14.8%), and biological control agents was the
least adopted method (10.6%). A wide range of insecticide
classes and families were used, which included anthranilic
diamides (e.g. chlorantraniliprole), organophosphate (e.g.
malathion), spinosyn (e.g. spinosad), phenylpyrazole (e.g.
fipronil) and neonicotinoids (e.g. thiamethoxam and imida-
cloprid), which resulted in high levels of insecticide resis-
tance (Jin et al. 2011; Wei et al. 2017; Jaffar et al. 2023).

Behaviour-based control, such as male lure-baited traps,
yellow sticky traps and protein bait traps, was commonly
used by the farmers in monitoring and controlling teph-
ritid fruit flies. This strategy manipulated the olfactory and
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visual sensory of B. dorsalis, as the species is known to be
highly attracted to ME, a powerful male lure that is effec-
tive at nanogram level (Wee et al. 2002; Hee et al. 2015),
and yellow hue (wavelength of 570-580 nm) of the visible
light spectrum (Wang et al. 2022). Other behaviour-based
methods used included protein bait spray/traps, targeting the
virgin females and males that need protein food for sexual
maturation (Cornelius et al. 2000).

Agronomic measures such as orchard sanitation, fruit
bagging, destruction of infested fruits have been some of
the most effective pre-harvest population control strategies
(Hossain et al. 2020), but were acknowledged by the farmers
to be time-consuming and labour-intensive with high opera-
tion cost.

The use of male lures in monitoring and early detection
is effective in managing existing populations, expansion and
invasion of B. dorsalis. For instance, for countries with large
geographical areas and a long north-south extent (latitudes)
such as China, early detection and monitoring of B. dorsa-
lis expansion following global climate change is an impor-
tant preventive control against this species (Liu et al. 2019).
Conservation and field release of arthropod natural enemies
are rarely employed due to the lack of knowledge and mass-
rearing facilities which are unaffordable by smallholders.
Few farmers employed biological control applications such
as entomopathogens and biopesticides such as Bacillus
thuringiensis (Bt) insecticides.

The survey revealed the top three challenges for local
farmers in controlling this destructive fruit pest: (1) lack
of knowledge on the presence and biology of B. dorsalis;
(2) high cost associated with alternative non-chemical con-
trol measures; and (3) high cost associated with multiple
spraying of insecticides and labour costs. The expectation of
the local farmers includes more effective and environment-

Chemical control
Behavior-based control
Agronomic control

Monitoring and early detection
Biological control

Fig. 1. (A) Survey responses on the current IPM adoption against Bactrocera dorsalis from researchers, extension workers and farm-
ers (n = 48, indicated with stars) in Asia region, and (B) an IPM pyramid showing the proportions of different control strategies adopted

by the local farmers from the survey.
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friendly products (biopesticides, green technology, etc) and
knowledge sharing on pest management skills and experi-
ences from researchers and extension specialists. Future
initiatives need to improve farmers’ education to raise aware-
ness and knowledge of control techniques and the environ-
mentally sustainable management of this pest. With the rise
of international trade, global tourism and climate change,
regional cooperation and collaboration is necessary to pre-
vent the spread and expansion of the highly mobile and high
temperature-tolerant B. dorsalis.

5 Current IPM strategies employed against
B. dorsalis

5.1 Quarantine

Quarantine interception programmes are required during
cross-border exchange for countries with suitable climates
to curtail the entry of invasive B. dorsalis (Fig. 2). Typically,

strict quarantine measures or phytosanitary treatments are
adopted to treat the agricultural commodities. These include
inspection at the entry point and fumigation, hot-water
immersion, vapor heat or cold treatment in the exporting
countries (Lin et al. 2020; Srimartpirom et al. 2023). Strict
quarantine interception and combinations of monitoring for
early detection and eradication are the best way to prevent
and restrict the spread of B. dorsalis in a new area.

5.2 Chemical control and insecticide resistance

Insecticides play an important role in fruit fly control and
management (Fig. 2). Application of insecticide includes
baiting (bait spray or station) and cover spray (insecticide
pulverization) (Navarro-Llopis et al. 2015). Bait spray to
plants that used as a shelter is considered as an important
tool for the perimeter control of fruit flies. In addition, bait
spray laced with insecticide can play a role in luring and kill-
ing (Navarro-Llopis et al. 2013). Currently, insecticides such
as imidacloprid, chlorpyrifos, thiacloprid, malathion, zeta-
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cypermethrin and fipronil were used against more than 21
fruit fly species, including B. dorsalis and Ceratitis capitata
(Dias et al. 2018). The use of chemical insecticides is a pri-
mary method in fruit fly control, however, increasing studies
suggested that fruit flies have evolved high levels of insec-
ticide resistance due to the long term and high frequency of
insecticide applications (Jiang et al. 2014). The high insecti-
cide resistance in fruit flies may contribute to pest outbreaks.
In this case, chemical pesticides are recommended to be used
in conjunction with other trapping or bag-sterilising mea-
sures, but pesticide spraying should only be employed as an
emergency treatment.

5.3 Behaviour-based management and control

5.3.1 Detection, delimitation, survey and monitoring
There are four types of trapping surveys that are used in fruit
fly monitoring: (1) Detection surveys determine whether a
pest is present in an area; (2) Delimiting surveys are used to
establish the boundaries of a pest incursion; (3) Monitoring
surveys designed to determine how successfully a program is
progressing. This could be for fruit fly suppression in estab-
lished areas or to determine the efficacy of an eradication
campaign and (4) Verification surveys are used to confirm
the pest status after an eradication has been implemented
(FAO 2018).

ME has been used for monitoring and control of several
fruit fly species. Bactrocera dorsalis and other ME attracted
species are captured in traps containing the lure and a toxi-
cant to kill the male flies. ME is generally dispensed as a
liquid or polymeric plug (FAO 2018). Solid dispensers, aged
up to 10 weeks were equally as efficacious at trapping flies
as fresh liquid lures presented on cotton wicks. The solid lure
dispensers are easier to handle and safer to the operator than
the liquid lures (Shelly et al. 2022). There are various types
of traps available for male fruit fly monitoring including but
not limited to Steiner, Lynfield and multilure and variations
of these (FAO 2018).

Female and male flies are trapped using a diluted liquid
protein in traps such as the McPhail trap that attracts pro-
tein-deprived flies and lure them into the trap where the fly
drowns. There are also multiple variations of these traps.
However, these traps and the lure used attract flies at very
short distances, typically within the canopy (De Faveri et al.
2024).

5.3.2 Male annihilation technique (MAT)

MAT, a ME-based lure-and-kill control strategy (Fig. 2),
is widely applied for successful management and eradica-
tion (Steiner et al. 1970; Koyama et al. 1984; Chang et al.
2013). This technique carried out using MAT devices such
as fibreboard blocks soaked in ME and a toxicant which
were successfully deployed in the Australian eradication of
B. papayae (now B. dorsalis) (Hancock et al. 2000; Meats
et al. 2008). The California eradication programs spot
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apply SPLAT-MAT-ME (Specialized Pheromone and Lure
Application Technology) to power poles (Manoukis et al.
2019) and other programs apply MAT in a mass trapping
program (Mau et al. 2007; Vargas et al. 2008).

Devices or traps are dispensed in the orchard in a stan-
dard transect and the densities vary between programs. The
most used density of MAT devices is one device/trap every
50 m or 400/km? (Hancock et al. 2000; Affandi et al. 2023).
Ndlela et al. (2016) applied MAT in Lynfield traps at den-
sities of 5 traps/ha, equivalent to 500/km2. Manoukis et al.
(2019), however determined that higher density rates of
SPLAT-MAT-ME resulted in decreasing effectiveness. They
found that densities of 110/km? were more effective than the
higher densities such as 220/km? and 440/km?. Adopting
MAT using lower densities results in higher efficacy and sav-
ings in products and labour. De Faveri et al. (2024) reduced
MAT densities from 4/ha (400/km?) as reported by Affandi
et al. (2023) down to 2/ha (200/km?) with no reduction in
efficacy. This resulted in halving the cost of materials in the
MAT program.

5.3.3 Protein bait application technique (BAT)

Fruit flies require protein to realize reproductive potential
and forage leaf and fruit surfaces to attain sufficient protein
(De Faveri et al. 2024). Steiner (1952) first used protein baits
laced with an insecticide to lure and kill immature adult flies.
Since then protein baits have been adopted in eradication
programs (Hancock et al. 2000; Meats et al. 2008), Area-
wide Management (AWM) systems programs (Lloyd et al.
2010; Affandi et al. 2023; De Faveri et al. 2024) and farm
level systems approaches (De Faveri et al. 2018). The bait
is usually applied to foliage as a spot or band spray (Fig. 2),
thus attracting the immature or protein-deprived adults and
killing them after feeding (Lloyd et al. 2010; De Faveri et al.
2024). Attraction to protein baits is at short distance, there-
fore spot sprays are applied to every tree or as a band spray
in alternate rows (Lloyd et al. 2010; De Faveri et al. 2024).
However, the placement of protein bait can influence the for-
aging behaviours of fruit flies (Senior et al. 2017). The origi-
nal protein baits were developed from protein hydrolysates
and various formulations have since been developed with
improved attraction to fruit flies. The successful Australian
eradication program of B. papayae (now B. dorsalis) in the
late 1990s used an autolyzed yeast formulation mixed with
malathion (Hancock et al. 2000). A low-cost protein bait
was developed from beer yeast waste which is used in sev-
eral Asian countries (Zhou et al. 2012; Vijaysegaran 2016).
Wang et al. (2021) tried to improve the bait with the addition
of preservatives, antibiotics and the addition of substances
e.g., guava essence, to increase attraction. In the early 2000s,
GF-120, a mixture of protein combined with a reduced risk
toxicant called Spinosad which is derived from fermentation
products of soil actinomycete Saccharopolyspora spinosa
Mertz & Yao (Stark et al. 2004), was developed, tested in the
USA and became commercially available in 2002.
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Protein baits have been known to cause a phytotoxic
effect on fruit upon contact. Several products were shown
to cause damage to varying degrees. De Faveri et al. (2013)
examined the effects of several products and determined
that they all caused different levels of phytotoxic blemish
to mango fruits. The authors trialled the application of pro-
tein baits to tree trunks, thus avoiding contact with fruit.
The application method was successful in reducing fruit
fly populations, however, was labour intensive. Manrakhan
et al. (2015) reported the phytotoxic effects of GF-120 NF
on green Nadorcott mandarins in South Africa and recom-
mended development of other application methods than
ground sprays.

5.4 Cultural control practices

Cultural control methods such as orchard sanitation and
crop hygiene involve measures to prevent fruit fly life cycle
completion and subsequent reinfestation (Fig. 2). These are
labour intensive, but effective and environmentally friendly
measures that involve regular collecting, removal, destroy-
ing (e.g., crushing in a grinder), sterilising (e.g., exposing
to the heat of the sun for a few days within plastic bags),
or burying (> 50 cm depth) infested, damaged or fallen
fruits (Benjamin et al. 2015; Manrakhan 2020; Viswanath
Reddy et al. 2020). In some cases, infestation of the fruits
on the ground by B. dorsalis can be higher than those on
the trees and if left untreated, become breeding sources of
pest flies within the orchards (Theron et al. 2017). Instead,
these infested fruits are recommended to be placed in aug-
mentorium in orchards (tent-like structures) (Fig. 2) that
trap adult flies but increase parasitoid population in orchards
(Benjamin et al. 2015; Manrakhan 2020). Although orchards
with sanitation measures were shown to have a lower B.
dorsalis infestation compared to those without sanitation
(Pinero et al. 2009), combining sanitation with other mea-
sures, such as bait sprays or soil mechanical treatment is
recommended as integrated approaches because sanitation
alone is insufficient to remove the entire fruit fly population
(e.g., Pinero et al. 2009; Adhikari et al. 2020). Sanitation has
also been included in eradication programs of B. dorsalis
in Indonesia, Mauritius and Thailand (Seewooruthun et al.
2000; Orankanok et al. 2007; Affandi et al. 2023).

Other methods involve soil treatment to destroy pupae
(e.g., tillage), removal of host plants, crop rotation, early
harvesting, pruning, weeding, netting whole plant or bag-
ging individual fruit (Fig. 2). Netting and bagging fruit
can give full protection against B. dorsalis, but depending
on the material used for bagging, fruit quality may change,
with paper bags generally recommended (Sarker et al. 2009;
Chen et al. 2011; Nasruddin et al. 2020). The timing of these
management actions may be critical for their success. Fruit
should be bagged at least one month prior to harvest or before
fruit colour change (Chen et al. 2011; Benjamin et al. 2015;
Secretaria et al. 2022). In chilies, Nasruddin et al. (2020) set
up nets when plants started blooming due to potential early

infestation of young fruits. In guava, Choudhary et al. (2022)
emphasised the importance of timing of pruning for the
reduction of fruit fly populations. The measures of host plant
removal and soil tillage/treatment can be perceived as safe
and effective but less practical and in the case of host plant
removal, uneconomic, as in Nepal (Adhikari et al. 2020).
Furthermore, in his review focused on Queensland fruit fly
(B. tryoni), Clarke et al. (2011) argued that calls for removal
of feral crop plants may be premature if a high percentage
of fruit and fruit fly larvae within are removed by vertebrate
frugivores, which remains poorly known for B. dorsalis.

Resistance of plants to fruit fly infestation may differ
among species, the choice of varieties with different resis-
tance or fruit ripening stage can substantially affect yield
loss. Yang et al. (2023) found B. dorsalis eggs in 89.23% of
exotic passion fruits (Passiflora sp.), but only few developed
into larvae due to arrestment during embryonic development
caused by hydrogen cyanide. This indicates that exotic pas-
sion fruit can act as a powerful eco-trap to supress B. dorsa-
lis populations.

Syamsudin et al. (2022) showed that chilli varieties with
large fruit, high water and carbohydrate content, low fibre
and produce volatiles such as B-cis-ocimene were more sus-
ceptible to B. dorsalis infestation. In mangoes, flesh flavo-
noid content, physico-biochemical properties of the peel,
such as firmness, phenolic content, acidity and tannins are
shown to affect the degree of resistance of varieties to B.
dorsalis (Sison et al. 2020), while in avocados, fruit firm-
ness plays an important role in preventing oviposition punc-
ture and ovulation (Follett 2009). Furthermore, since fruit
flies generally prefer to lay eggs in ripe fruits, early harvest
reduces fruit fly infestation and some fruits can be considered
conditional non-hosts depending on fruit ripeness (Benjamin
et al. 2015; Viswanath Reddy et al. 2020). However, this is
not the case in all fruit types, and oriental fruit fly is able to
infest immature fruits in some cases (Ekesi & Billah 2006).
To reduce crop damage, varieties with preferred characteris-
tics or those that mature at the time of low B. dorsalis popu-
lation density can be chosen or new resistant varieties can
be developed (Chen et al. 2011). Furthermore, other man-
agement measures, such as nitrogen fertilisation can affect
plant defence response to fruit fly infestation and should be
considered (Li et al. 2023).

5.5 Sterile insect technique (SIT)

SIT is a strategy of insect birth control originally conceived
by Knipling in 1955. The process involves breeding large
numbers of the target insect pest species, exposing the male
insects to irradiation to make them sterile yet sexually com-
petitive, and then releasing the sterile males en masse across
to the target area in an area-wide manner (Fig. 2) (Dyck et al.
2021). In an appropriate overflooding ratio, the mass release
of sterile males is expected to outnumber fertile males in the
field and have a higher chance to mate with fertile females,
thus producing non-viable offspring and gradually leading



to the eradication of the natural population (Klassen et al.
2021).

The implementation of SIT is most effective when the
population density of the target species is low (McCombs
& Saul 1995). This is particularly useful as a preventative
measure during the early detection of the invasive pest spe-
cies, the initial stage of establishment of a newly invaded
species in a new environment, or when the existing popula-
tion has been brought down to a low density by other con-
trol tactics, as suggested by Suckling et al. (2014). Due to
the growing interest in sustainable pest control technology
that aims to reduce insecticidal use and fruit damage, there is
now a greater push to integrate SIT in fruit fly AW-IPM pro-
grams to suppress fruit fly populations instead of eradicat-
ing them. This approach has been implemented successfully
for B. dorsalis and the guava fruit fly, B. correcta (Bezzi) in
Thailand (Sutantawong et al. 2004; Orankanok et al. 2007).

The success of SIT eradication and suppression of the
fruit fly population necessitate the combination of IPM tac-
tics and an efficient surveillance network on an area-wide
basis. Key IPM tactics often used synergistically in fruit fly
suppression programs are MAT, destruction of infested fruits,
and protein bait application (Suckling et al. 2014, 2016).

The fruit fly SIT program usually involves the develop-
ment of a genetic sexing strain based on sex-linked pupal
colour, such as in B. dorsalis (McCombs & Saul 1995), to
facilitate sex separation in SIT mass rearing. The sterile-
male-only releases increase the induced sterility level and
higher relative mating success with fertile females, enabling
a lower overflooding ratio of sterile to fertile male releases
in the absence of sterile females (Rendon et al. 2004; Shelly
& Manoukis 2022). The B. tryoni SIT program in Australia
may be one of the very few countries that release bisexual
sterile males and females due to the lack of genetic sex-
ing strain for the species. The effectiveness of the bisexual
release of B. tryoni was not known. However, it was recom-
mended for commercial stone-fruit orchards as there was no
evidence to support the claim that the released sterile females
would sting and cause damage, leading to fruit downgrade
and reduced marketability (Reynolds et al. 2022). Hence, the
bisexual release of B. dorsalis could be explored in the future
if it could help lower the operational cost, at the same time
increase the efficiency of the SIT programs.

lonizing radiation is commonly used in SIT programs.
Gamma radiation from radioisotopes such as cobalt-60 or
caesium-137 is often used but there is a growing interest in
using X-rays in Lepidopteran and Dipteran SIT, including
tephritid fruit flies due to its practicality (Chang et al. 2015;
Zhao et al. 2022). However, there are fewer studies on X-ray
irradiation on the radiation biology and physiological and
molecular genetics of the target pest insects in comparison
to gamma irradiation, which is well-developed and docu-
mented. Recent studies have shown that X-ray irradiation
can induce undesirable changes in protein expression and
main energy-generating pathways in B. dorsalis at larval and
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pupal stages, which could impact biological performance
such as pheromone signalling and mating competitiveness
(Chang et al. 2015).

Chemosterilant is a simpler, more economical method
for insect sterilization and does not require genetic modifica-
tion or regulatory licenses before implementation (Bouyer
& Vreysen 2019; Li et al. 2022). However, its use for insect
sterilization poses potential health and environmental risks
due to their carcinogenic and mutagenic properties (Hayes
1968). Recent advancement on insect genetics and molecu-
lar analysis in the past 15 years has made development of a
safer, effective and specific chemosterilant possible for use
in SIT and reducing insecticide applications (Baxter 2016).
In tephritid fruit flies, hexamethylphosphoramide (HMPA)
has been shown to be a promising chemosterilant that has
a negative impact on male and female reproductive devel-
opment by altering the levels of acid phosphatase, alkaline
phosphatase and vitellogenin. Application of 0.03% HMPA
on Zeugodacus tau induced high efficacy of male sterility,
resulting in less than 10% offspring egg hatch (Li et al. 2022).
Future research should focus on the search of a chemosteril-
ant that would be available at low cost, minimal impact on
survival and competitiveness of treated males, low toxicity
to humans and biodegradable for minimizing environmental
hazard and occupational safety concerns.

5.6 Biocontrol

5.6.1 Parasitoids

Parasitoids (Braconidae, Pteromalidac and Figitidae) are
among the most studied biocontrol agents for control of fruit
flies (Fig. 2) (Dias et al. 2022). Parasitism rates can depend
on host fruit and fly species and densities, fruit size (fruit
fly larvae can hide deeper into larger fruit), fruit damage,
insecticide treatments, as well as parasitoid species and asso-
ciated traits (age, learning, density), intra- and inter-specific
interactions (competition, superparasitism, kleptoparasitism,
hyperparasitism) and their interaction with other biocontrol
agents (Wang et al. 2004; Montoya et al. 2012; Cai et al. 2020;
Dias et al. 2022; Hossain et al. 2023). The life stage attacked
may also indirectly play a role in parasitism efficiency, and
high parasitism rate of Fopius arisanus is hypothesized to be
due its attack of host eggs which are exposed closer to the
fruit skin compared to larvae (Vargas et al. 2012).

Classical biocontrol is conducted through intentional
introduction of an exotic biocontrol agent (Dias et al. 2022).
Between 1947 and 1952, the first classical biocontrol pro-
gram to control B. dorsalis was successfully completed in
Hawaii. Three parasitoid species F. arisanus, F. vandenbos-
chi and Diachasmimorpha longicaudata were successfully
established by 2012 (out of 32 natural enemies introduced)
(Clausen et al. 1965; Vargas et al. 2012). Fopius arisanus
became dominant and caused 95% decrease in B. dorsa-
lis populations (Vargas et al. 2012). Garcia et al. (2020)
reported several other parasitoid species that are now suc-
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cessfully established on B. dorsalis in Hawaii. Starting in the
1950s, parasitoids from Hawaii have been used for introduc-
tion in multiple islands in the Pacific (Vargas et al. 2012).
Classical biological control of B. dorsalis was also success-
fully conducted in Africa using F. arisanus and to the lesser
extent D. longicaudata (Gnanvossou et al. 2016; Mohamed
et al. 2016). Fopius arisanus was found to prefer B. dorsa-
lis over some indigenous species in Africa (Mohamed et al.
2010) and to spread up to 8 km from the release point over
a four-years period (Gnanvossou et al. 2016). Heve et al.
(2021) recommended that combined releases of F. caudatus,
D. longicaudata, F. arisanus and Psyttalia cosyrae in Africa
should provide better control of several fruit fly species,
including B. dorsalis, because negative interspecific inter-
actions are rare and wasps have the ability to discriminate
between parasitised and unparasitised hosts.

Augmentative biocontrol is conducted through release of
commercially reared biocontrol agents and largely depends
on the ability of the parasitoids to survive, disperse and
find hosts (Dias et al. 2022). Moreover, rearing methods
and costs, shipping, handling, field exposure, and types of
release vessels may have substantial influence on the efficacy
and adoption of this method (Messing et al. 1993). Several
programs that started as classical biocontrol programs of B.
dorsalis followed up as augmentative control, as in Hawaii
(Garcia et al. 2020). Currently, D. longicaudata is a mass-
reared species worldwide (Dias et al. 2022), but despite aug-
mentative releases of large numbers of this species against B.
dorsalis, it may not become dominant (Purcell et al. 1998).
In China, the pupal parasitoid Spalangia endius (Walker)
(Hymenoptera: Pteromalidae) is commercially produced on
Musca domestica and can be used for B. dorsalis control at
low population density (Zheng et al. 2021).

Conservation biocontrol approaches aim to enhance
natural enemy population in the environment by providing
resources and shelter. Native parasitoids are shown to be
able to parasitize up to 40% of fruit flies (Dias et al. 2022.)
However, not all native species are effective as biological
agents. A native parasitoid in Africa, Psyttalia cosyrae gets
encapsulated within B. dorsalis, although it successfully
controls several other fruit fly species (Heve et al. 2021).
Conservation biocontrol has rarely been investigated in fruit
flies, although it shows substantial effects on numerous other
insect pest species and benefits for crop production (Dainese
et al. 2019). Fruit flies and their parasitoids are likely to fre-
quently move between crops and between crop and non-crop
areas, especially in vegetable crops, and better understand-
ing of these movements, locations of fly mating and roosting
sites and general habitat-use would facilitate landscape level
pest suppression in all three biocontrol approaches.

Bacterial symbionts in B. dorsalis may affect host-par-
asitoid interactions and parasitoid-oriented management
strategies, with some positively affecting parasitoids and can
be considered for use as probiotics in parasitoid mass rear-
ing (Gwokyalya et al. 2023a). In another study, Gwokyalya

et al. (2023b) demonstrated parasitism-induced gut perturba-
tions of microbial communities of B. dorsalis. Furthermore,
viruses injected by parasitoids, such as D. longicaudata can
alter the host immune defences and may benefit mass-rearing
programs by ensuring successful development of parasitoids
(Montoya et al. 2012).

5.6.2 Entomopathogenic fungi (EPF)

Most investigated EPFs for the control of B. dorsalis are
Metarhizium anisopliae Metchnikoff Sorokin (Hypocreales:
Clavicipitaceae) and Beauveria bassiana (Sordariomycetes:
Clavicipitaceae). EPFs typically penetrate insects through
the cuticle via mechanical damage (except when spores are
orally ingested together with bait spray) and proliferate in
the hemolymph to produce blastospores. EPFs can reduce
flies’ fertility and fecundity, affect their nutrient content by
reducing activity of digestive enzymes, while EPFs second-
ary metabolites, such as destruxins are toxic to fruit flies, or
can have antimicrobial properties and affect insects’ immune
system (Benjamin et al. 2015; Shaurub 2023). Metarhizium
anisopliae can cause high mortality of fruit fly larvae, pupae
and adults, with younger life stages more susceptible, while
it generally has no effect on parasitoids, humans or the envi-
ronment (Heve et al. 2021; Wang et al. 2021). Moreover, it is
casily mass-produced and stored and can last in the soil for
over one year (Ouna 2010). On the contrary, Be. bassiana,
although highly effective for control of B. dorsalis (Marri
etal. 2016; Wang et al. 2021), can cause dermal sensitivity in
people who are repeatedly exposed (Shaurub 2023).

Since EPFs cannot search for their hosts, application
methods are through foliar sprays, protein baits and auto-
dissemination for adult control and soil inoculation (gran-
ular, aqueous or oil/aqueous) for pupae control (Benjamin
et al. 2015; Viswanath Reddy et al. 2020). In auto-dissemi-
nation method, the insect is attracted visually, chemically or
by food to the auto-inoculators where they get infected by
EPFs. They can spread EPFs through the population mainly
through mating and lek formation by males, although the
effectiveness of this method can be reduced if it affects their
mating behaviour or competitiveness (females can prefer
healthy males) (Sookar et al. 2014; Shaurub 2023). Spore
concentration, as well as environmental variables, such as
climate elements and their interaction (temperature, humid-
ity, solar radiation (UV-A and UV-B)), soil physicochemi-
cal properties, texture and microbiota can affect efficacy of
EPFs for fruit fly control (Manrakhan 2020; Shaurub 2023).
Shaurub (2023) recommends applying EPFs under fruit trees
at the onset of fruiting to control fruit fly pupae.

Compatibility of using soil inoculation by M. anisopliae
and GF-120 spinosad bait spray for control of B. dorsalis
has been shown in mangoes in Kenya where combined treat-
ment had substantially lowered fruit infestation compared to
individual treatments or control (Heve et al. 2021). Using
EPFs also appears compatible with parasitoid biocontrol
methods, although this is poorly investigated in B. dorsa-



lis (Manrakhan 2020). Metarhizium anisopilae spores may
reduce predatory formicide fauna by killing or interfering in
predation by Oecophylla longinoda, but the effect of EPFs
on other arthropods is poorly investigated (Heve et al. 2021).
The usefulness of inoculation of sterile males with EPFs as
vectors is still unknown in B. dorsalis, while research on
other species showed high effectiveness in transmitting the
conidia to the wild population although there may be negative
effects on quality control parameters of sterile insects (Dias
et al. 2018; Manrakhan 2020; Shaurub 2023). Wakil et al.
(2022) has demonstrated additive and synergistic effects of
combined application of EPNs and EPFs (Be. bassiana and
Heterorhabditis bacteriophora) on B. dorsalis under labo-
ratory, glasshouse and field cage conditions. However, both
synergistic and antagonistic effects between EPNs and EPFs
have been found in other fruit fly species (Heve et al. 2021;
Shaurub 2023; Toledo et al. 2023).

5.6.3 Entomopathogenic nematodes (EPNs)

Most investigated EPNs for control of fruit flies are
Steinernema  (Steinernematidae) and  Heterorhabditis
(Heterorhabditidae) (Heve et al. 2021). They are obligate
parasites and the only free-living stage are infective juve-
niles. They are attracted by CO, release by the host and
can actively search for hosts (cruiser strategist — effective
for larvae and pupae control) or sit and wait (more effec-
tive for fruit fly larvae control). The Heterorhabditis species
which have cruiser strategists can kill B. dorsalis larvae at
up to 20 cm distance Godjo et al. (2018). EPNs enter the
host through natural openings or Heterorhabditis species
can use tooth-like structures to penetrate the cuticle. They
form mutualistic relationships with bacteria Xenorhabdus
spp. and Photorhabdus spp. (family Morganellaceae) which
produce toxin that can kill the host in one or two days after
they are released in the host’s hemocoel (Shaurub 2023).
EPNs can also cause suppression of host’s immune system,
enzyme inhibition and nutrient depletion (Shaurub 2023).
Experiments on fruit fly suppression in field conditions using
EPNs have to date provided promising results and showed
that EPNs can even infest fruit fly larvae within the fruit and
thus be used as a sanitation method (Shaurub 2023; Toledo
et al. 2023). Some EPNs can be reared in vivo or in vitro
or obtained from commercial products and mass rearing is
already developed in several countries (Heve et al. 2021;
Toledo et al. 2023). However, the short shelf-life of the com-
mercial products is one of the major limitations for commer-
cial use (Toledo et al. 2023).

When deciding on EPN use for fruit fly control, factors
that should be considered are density (due to potential intra-
specific competition at high densities), EPN species (high
interspecific competition), origin (exotic species may be less
effective due to lack of adaptation to local conditions), fly’s
species and developmental stage (younger life stages are
more susceptible), abiotic factors (temperature, humidity,
solar UV radiation, soil texture, pH and depth) (Godjo et al.
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2018; Shaurub 2023; Aatif et al. 2023; Toledo et al. 2023).
Other organisms, such as fungi, bacteria, mites, insects and
earthworms can also affect EPN efficiency for fruit fly con-
trol (Toledo et al. 2023). Solenopsis ants may kill developing
EPNs in cadavers in soil, while they might also be suscepti-
ble to EPNs in soil, but these types of interactions are poorly
studied (Heve et al. 2021).

In Pakistan, Aatif et al. (2023) found that for control of B.
dorsalis larvae, Steinernema asiaticum was more effective
than other EPNs (94.97% mortality) and was most effective
at high concentrations, 12% soil moisture, 36 °C tempera-
ture and in sandy loam soil. However, other nematodes such
as, H. bacteriophora, H. indica and S. carpocapsae can also
show high effectiveness against B. dorsalis larvae and pupae
(Aatif et al. 2023). In another study in Pakistan, Usman et al.
(2021) showed in laboratory, greenhouse and field trials
that H. bacteriophora was the most efficacious and virulent
against B. dorsalis although S. carpocapsae, S. riobrave and
S. feltiae showed high virulence. In China, S. carpocapsae
can cause up to 86.3% B. dorsalis larvae and pupae mortality
at 300 1Js/cm? density and under field conditions (Lin et al.
2005).

It is recommended to apply EPNs under fruit trees as
infected cadavers (rather than in water suspension), in the
fructification stage and using species that actively search
for hosts in soil (Godjo et al. 2021; Shaurub 2023). Using
EPNs together with parasitoid biocontrol appears compat-
ible, given that no negative effects on parasitoids have been
found to date, although the effects on progeny of parasitoids
have not been studied (Heve et al. 2021). EPNs can also be
used in combination with insecticides (e.g., spinosad, mala-
thion, spinetoram, acetamiprid, phosmet, and novaluron)
and other biocontrol agents as mostly synergistic results
were found in control of fruit flies, while some plant extracts
(garlic, ginger, ruf leaf, chinaberry fruits) reduced viability
and infectivity of EPNs (Shaurub 2023; Toledo et al. 2023).
Multiple species of EPNs can produce synergistic, additive
or antagonistic effects, but this remains to be investigated in
B. dorsalis (Heve et al. 2021).

5.6.4 Predators

Predators have not been widely investigated for control of
fruit flies (Dias et al. 2022). The main predators that did
attract researchers’ attention for control of fruit flies are ants
(Hymenoptera: Formicidae) which control fruit flies by ovi-
position deterrence and by predation (Vayssieres et al. 2016).
Two Oecophylla species are typically investigated, the
African weaver ant (O. longinoda) and the predatory Asian
weaver ant (O. smaragdina), common in Australia and Asia,
although other ant species such as Solenopsis spp. are abun-
dant and can be important for control of fruit flies (Van Mele
et al. 2007; Heve et al. 2021). Oecophylla longinoda may
reduce the number of B. dorsalis 1aid eggs by 75% and cause
80% larval mortality (Wong & Wong1988; Van Mele et al.
2007; Cao et al. 2012). Abdulla et al. (2017) showed that O.
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longinoda can be as effective as imidacloprid insecticide in
controlling B. dorsalis. The predation rate of B. dorsalis by
S. invicta can also be substantial (70%), although the authors
showed that the soil depth (no predation at 6 cm depth) and
moisture should be considered (Cao et al. 2012). Pheidole
megacephala is reported to attack B. dorsalis larvae causing
36% mortality (Newell & Haramoto 1968).

The approach in biocontrol of fruit flies by predators
is typically through conservation biocontrol. Aggressive
behaviour, emission of semiochemicals, intraguild predation
and deterrence of other natural enemies by O. longinoda may
limit its use with augmentative releases (Appiah et al. 2014;
Vayssiéres et al. 2016). Similarly, some Solenopsis spe-
cies are shown to be aggressive, cut plant leaves, buds and
seeds, cause pain and discomfort and are typically managed
in areas near human activities (Heve et al. 2021). However,
conservation biocontrol practices that use sugar solution to
attract Solenopsis ants for use in B. dorsalis control have
been recommended (Heve et al. 2021). There are numer-
ous other natural enemy species that remain to be investi-
gated for control of B. dorsalis (Liu et al. 2019; Garcia et al.
2020). High larval mortality may be caused by birds, bats
and rodents by consuming infested fruits, spiders can predate
on fruit fly adults, while other insects (e.g., green mantises,
crickets, beetles, earwigs, true bugs) are shown to attack late
instar larvae and pupae of B. dorsalis (Garcia et al. 2020;
Dias et al. 2022).

Generally, compatibility of using predator biocontrol
with other management actions is poorly investigated and
should be carefully considered given potential for both posi-
tive and negative effects. Behavior-modifying chemicals
produced by predators can be used in a blend as a pre-har-
vest spray to prevent B. dorsalis oviposition in fruits. Mutual
negative effects may happen in the use of Solenopsis spp.
and EPNs, but this is poorly understood (Heve et al. 2021).
Negative effects of ME on predation of B. dorsalis by Gekko
monarchus has been found (Wee & Tan 2001). Irradiated
fruit flies may have lower ability to escape from predators as
shown for A. ludens, but this remains to be investigated in B.
dorsalis (Dias et al. 2022).

5.6.5 Pathogenic microorganisms

Bacteria and viruses have been poorly researched for con-
trol of fruit flies. In the review by Dias et al. (2022) the
entomopathogenic bacterium Bacillus thuringiensis is the
most studied bacteria for control of fruit flies, out of 11
reported (Klebsiella, Candidatus, Lactobacillus, Pantoea,
Providencia, Serratia, Streptomyces, Wolbachia, and
Zygosaccharomyces), while viruses were investigated in
only one study on medfly. Jaffar et al. (2023) reported that
baculoviruses, and in particular nuclear polyhedrosis virus
(NPV) has potential to control B. dorsalis, but more research
is needed before it can be integrated into pest management
programs. Protozoa (Nosema tephritidae) has been found
infecting B. dorsalis (Fujii & Tamashiro 1972).

5.7 Integrated Pest Management
The above programs when delivered alone provide limited
levels of control. For example, BAT when solely applied will
suppress B. dorsalis populations to low levels, but will not
achieve the same level of control as a program that includes
several approaches aimed at suppressing the population
(Vijaysegaran 2016). However, when several approaches are
applied there can be a cumulative effect on the population
suppression. Fruit fly population suppression is most effec-
tive when implemented on an area-wide basis (Carlson &
Wetzstein 1993) because of the high dispersal capability of
the tephritid fruit flies that can disperse between adjacent
agroecosystems. The implementation of such programs over
much smaller areas is reportedly less likely to be successful
against such a mobile pest as shown for other fruit fly species
(De Faveri 2018). Affandi et al. (2023) reported on a suc-
cessful IPM program based at the orchard scale (20—40 ha),
but which included interventions in nearby villages. All the
programs take a similar approach, with slight differences
in technology applications and scale of programs. The SIT
programs discussed in 5.5 utilise similar tactics to suppress
populations and implement SIT to suppress or eradicate pop-
ulations (Suckling et al. 2014, 2016). One of the critical com-
ponents of all programs is the engagement of stakeholders.
The Hawaii AWM program consisted of six components
including population monitoring, field sanitation, BAT,
MAT, SIT and parasitoid releases. This program targeted
B. dorsalis, melon fly, Z. cucurbitae and the Mediterranean
fruit fly, C. capitata and was implemented in four farming
areas ranging from 400 ha to 3800 ha (Mau et al. 2007;
Vargas et al. 2008). In Australia, the incursion of B. papayae
(now B. dorsalis) was eradicated over an area of 78 000 km?
using monitoring, MAT and protein baiting. The incursion
was eradicated within four years (Hancock et al. 2000). The
three programs used different levels of techniques, but they
were all implemented over large areas, thereby increasing
the probability of success. Here, we list two specific cases
of IPM against B. dorsalis in Southeast Asian countries,
including the control methods or options employed for the
management in practice and their final outcomes, to better
understand the key points of [PM system.

A specific case 1: IPM of B. dorsalis in mangoes or other
firuits in Indonesia

This case study describes the area-wide systems approach
that has been implemented on smallholder mango farms in
Indonesia. Mango is one of the most cultivated fruits in
Indonesia. Most of the production is consumed domesti-
cally with a small proportion being exported. It is the main
or supplementary source of income for many resources poor
smallholder farmers. Indonesia is one of the largest produc-
ers of mango, typically around 5" in world production. The
main fruit fly pests of mango in Indonesia are B. dorsalis and
B. carambolae. Infestation rates as high as 70% are com-
mon. Mango farmers in Indonesia typically apply insecti-



cide cover sprays on individual farms to control the pests.
An Australian Centre for international Agricultural Research
(ACIAR) funded projects trialled an area-wide systems
approach to control fruit flies in smallholder mango farms.

The AWM system has been reported by Affandi et al.
(2023) and the results were based on the first two years of
the program which continued for six years. De Faveri et al.
(2024) outline the program and its implementation in a train-
ing manual. Results for research between 2021 and 2024
and reported here are based on De Faveri et al. (unpublished
data).

Two sites located in East Java, including the villages of
Krasak (40 ha) and Sedong Lor (24 ha) were selected to dem-
onstrate the effectiveness of the program. An untreated con-
trol site was established at Putat village (45 ha). The Krasak
site included mixed farming, with mango the main cash crop.
The Sedong Lor site was predominantly mango with some
mixed farming which consisted mainly of rice. The Putat site
was predominantly mango. All three sites were located adja-
cent to villages which contained alternate hosts. The compo-
nents of the program included:

a)  Stakeholder engagement

b)  Population monitoring with 4 traps/ha

c¢) MAT based on a grid of MAT wooden blocks every
50 m, but was reduced to 1 every 100 m

d) BAT applied weekly from fruit development stage
of approximately golf ball size until all fruit were
harvested

e) Sanitation to collect and destroy all fallen and residual
fruit including mango and alternate hosts

The goal of the program was to reduce and maintain popula-
tions at the suppression level of < 1 fly/ trap/day (FTD) (FAO
2018). The monitoring program included trapping of flies
using ME and toxicant baited traps and a fruit damage moni-
toring program where fruits were collected, held for 5-7 days
and cut to determine the infestation levels. The results indi-
cated that the populations were suppressed to < 1 FTD within
six months and were maintained at the level. Population
levels at the untreated control site peaked at 450 FTD. The
infestation levels were maintained below 1% from year 2
onwards, compared to levels up to 67% in the untreated con-
trol village. After two years, a further site of 70 ha has been
added as well as an extra untreated site at Pawidean, just two
kilometres away from the Krasak site. Similar to other IPM
sites, population levels were reduced to below 1 FTD within
six months and infestation rates maintained below 1%. In
contrast, populations at the Pawidean site peaked at 860 FTD
and were regularly at levels of > 100 FTD during the fruit-
ing period. The MAT densities and protein bait concentra-
tion have been halved, resulting in increased profits, but no
adverse effect on efficacy.

The program has been highlighted to be effective in areas
as small as 24 ha and adjacent to hotspots such as villages
that contain alternate hosts. All components can be imple-

IPM against Bactrocera dorsalis 13

mented by farmers at reasonable costs. Goals can be achieved
within months and maintained on an ongoing program. The
program uses very small quantities of insecticide in the MAT
devices and small amounts in the protein bait that is applied
in spot sprays to foliage. The case study demonstrates the
application of a highly effective, inexpensive and environ-
mentally sustainable program that can be implemented in
areas at least as small as 24 ha in size.

A specific case 2: IPM of B. dorsalis in Thailand and
Malaysia

Thailand is one of the world’s largest producers and
exporters of fruits. Its tropical climate, including tropical
rainforest, tropical monsoon and tropical savannah, as well
as its unique geography with varying terrain conditions in
different regions, allows a high diversification in tropical and
subtropical fruit production. B. dorsalis and B. correcta are
the major fruit fly pests affecting fruit and vegetable produc-
tion and trade in Thailand. Both species are highly polypha-
gous, with B. dorsalis infesting more than 100 species and
B. correcta infesting at least 62 species of fruits. The major
economic important fruits attacked by the two species are
mango, rose apple, guava, jujube, sugar apple, jackfruit and
sapodilla.

Thailand was the first country within the South and
Southeast Asia regions to implement an AW-IPM program
to suppress fruit fly population in mango production areas.
Prior to the 1980s, fruit fly control in Thailand relied heavily
on the use of broad-spectrum insecticides. Mango growers
would carry out calendar insecticide cover sprays 7—10 times
during the fruiting season. Despite the heavy use of insec-
ticides, growers still lost 30% of their crops. This method
was not only expensive but also limited export opportunities
due to insecticide residue and the production of low-quality
fruits. Moreover, it caused serious environmental pollution,
chemical residues, and had a negative impact on biological
diversity (Sutantawong et al. 2004). Realizing that insecti-
cidal control is not a sustainable solution for fruit fly pest
control, the Department of Agriculture Extension (DOAE)
adopted a pilot IPM program with a component of SIT
against B. dorsalis in a mango production area in the north-
ern Ratchaburi Province in 1987, with technical cooperation
from the International Atomic Energy Agency (IAEA).

In 1987, a pilot project was carried out in Paktor District,
Ratchaburi Province to combat B. dorsalis on a 7.2 km?
mango production area. The project involved a group of
farmer organizations to implement an AW-IPM with SIT
component, along with a ME-based surveillance network.
This technique was successfully applied in conjunction with
other IPM strategies such as MAT, orchard sanitation, and
selective protein bait spray to control the population of B.
dorsalis together with community participation and deci-
sion making (Chinviniijkul et al. 2016). Over a period of six
years (1988—1993), the fruit fly infestation was reduced from
over 82% to 9% (Sutantawong et al. 2004). The same pilot
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project was extended from 2000 to 2004 and expanded to
cover 34 km?. The fruit fly infestation was further reduced
to 3.6% (Sutantawong et al. 2004; Orankanok et al. 2007),
demonstrating the effectiveness of AW-IPM integrated with
a SIT component.

Encouraged by the success of the pilot project, a second
fruit fly AW-IPM program integrated with SIT component
was launched in Pitchit Province. This program, target-
ing both B. dorsalis and B. correcta since both species are
attracted to ME, covered an area of 36 km?. The program
reduced fruit fly infestation from over 40% to 15.5% in
just two years (2003-2004) (Orankanok et al. 2007). The
AW-IPM program integrated with a SIT component has been
successful in suppressing fruit fly populations since then.
The trend of fruit production and export from Thailand has
continued to increase, reaching USD 7.8 billion in 2023.

The success of AW-IPM against fruit fly pests requires
close cooperation and commitment from small-scale growers
and grower organizations. Unfortunately, in Malaysia, there
is no proper fruit fly IPM or AW-IPM in place. Most fruit
orchards are small-scale and privately owned, and growers
commonly practice broad-spectrum insecticide spraying and
installation of ME-baited traps for fruit fly trapping, which
is done on an orchard basis and not collectively or concur-
rently. These practices, together with the lack of integration
with other IPM tactics, have proven to be ineffective in sup-
pressing fruit fly populations.

While fruit bagging is the most effective pre-harvest strat-
egy for reducing fruit fly infestation, it is often labour-inten-
sive and expensive. Additionally, most Malaysian growers
have poor knowledge on the modes of action of insecticides
and the ability to identify insect pest species, similar to the
findings of Chang et al. (2021). They also lack fundamen-
tal biology and ecology knowledge of fruit fly pests, and do
not practice orchard sanitation to remove or destroy infested
fruits, which would help eliminate breeding grounds for fruit
flies. As a result, fruit fly populations continue to increase
despite insecticide application and fruit fly trapping.

6 Limitation and challenges of current IPM
strategies

Global climate warming significantly shifts the geographi-
cal distribution, behaviour, and management of agricultural
pests, including B. dorsalis (Zeng et al. 2019). Therefore,
IPM strategies designed to control B. dorsalis should adapt to
climate changes to remain effective. Rising temperatures and
changing precipitation patterns enable the fruit fly to expand
its range into previously unsuitable areas. This geographical
shift poses a challenge to current IPM strategies, which are
often region-specific (Wang et al. 2023). As a result, moni-
toring and surveillance need to be intensified and expanded
to new potential habitats to detect and manage infestations
carly (Zhao et al. 2024).

Climate change also affects the life cycle and population
dynamics of B. dorsalis. Warmer temperatures can acceler-
ate the development and reproduction rates of the fruit flies,
leading to increased pest pressure and more frequent out-
breaks (Zeng et al. 2019). This necessitates a revision of [IPM
strategies to include more frequent monitoring and poten-
tially more aggressive control measures. Moreover, climate
change can impact the effectiveness of biological control
agents used in IPM. Natural enemies of B. dorsalis, such as
parasitoids and predators, may also be affected by changing
climates, potentially reducing their efficacy. Thus, IPM strat-
egies need to incorporate climate-resilient biological control
agents or develop new strategies that can withstand changing
environmental conditions (Wang et al. 2023).

Changes in temperature and humidity can alter the per-
sistence and activity of pesticides, necessitating adjustments
in application rates and schedules. Developing climate-smart
pest control technologies and practices becomes crucial to
maintain the effectiveness of chemical interventions (Zhao
et al. 2024). In a nut shell, climate change presents signifi-
cant challenges to current IPM strategies against B. dorsa-
lis. Continuous research and innovation in pest management
practices will be crucial to sustainably manage B. dorsalis
under changing climatic conditions (Zhao et al. 2023).

7 New concepts and approaches for
pest control

7.1 Novel devices in monitoring and control
Monitoring of fruit flies has typically been based on set-
ting traps and checking and servicing them regularly (FAO
2018). Various approaches such as trapping densities, arrays
and automation have been researched to minimise these
costs without impacting efficiency. For example, Caton
et al. (2023) tested several models of novel transect designs
compared to the regularly spaced grids for delimitation
surveys to reduce the servicing distances. The models indi-
cated that trap-sect designs for single site reduced service
distances for mobile insects by 65-89% compared to regular
grid designs, resulting in similar detection probabilities to
regular grids.

The development of smart traps is another area that has
been increasingly researched, and can be employed for
population monitoring (Fig. 2). Jiang et al. (2008) and Jiang
et al. (2013) developed agro-ecological based systems moni-
toring. The trap, baited with ME, is equipped with infrared
diodes that are paired with photoelectric sensors. The traps
provide trap counts but not identification of species. Tariq
et al. (2022) designed a smart trap with image capture capa-
bility designed to distinguish species. Results are alerted
through a mobile telephone app. The trap and monitoring
app provide real-time monitoring with 85% diagnostic accu-
racy. The review by Lello et al. (2023) highlighted the devel-
opment of smart traps over the last ten years, suggesting the



potential of automatic detection and monitoring techniques
in pest management.

7.2 Simultaneous MAT-SIT applications
Traditionally, the fruit fly SIT program is often integrated
after MAT application to decrease pest population density.
This allows for a lower overflooding ratio in sterile male
release while avoiding a large proportion of sterile males
being trapped in the male lure-based surveillance network.
A mathematical model by Barclay et al. (2014) suggests that
simultaneous MAT and SIT applications can be beneficial
for ME-responding tephritid fruit fly pests if the sterile males
are treated with ME prior to release. This pre-release treat-
ment renders them less responsive to the toxic MAT baits.
Wee & Rosli (2024) showed that treating immature B. dor-
salis males with ME-incorporated yeast-sugar hydrolysate
diet for just two days can reduce males’ responsiveness to
ME for a relatively high percentage and for a more extended
period than allowing immature males feeding on ME source
(Shelly 2020). Depending on the ME doses administered,
feeding ME-incorporated diet to males also enhances mating
competitiveness for a certain duration compared to untreated
control males without compromising the longevity of the
treated males for a significant portion of their lifetime. The
simultaneous application of MAT and SIT could be a use-
ful strategy to reduce operational costs such as insect hold-
ing time, and shorten the time to eradication (Barclay et al.
2014).

7.3 New insect sterility technologies

Genetic regulation of insect populations is a developing tech-
nology for insect control. It is considered a new generation
of insect sterility technology based on the concept of tradi-
tional technology, which is developed by combining genet-
ics, molecular biology and genetic engineering. To date,
the development of insect sterility technology has mainly
experienced two stages: SIT in the last century and genetic
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regulation technique based on genetic transformation estab-
lished in the early part of this century. Current researches
have focused on sex determination pathways and spermato-
genesis genes, as well as some genes involved in copulation.

7.3.1 Sex determination genes mediated lethal strain

The application of sex-determining pathway genes in insect
population genetic regulation is mainly based on the char-
acteristics of sex-specific splicing, combining tetracycline
regulatory system and insect genetic transformation technol-
ogy to obtain transgenic insects carrying sex-specific lethal
complex. At present, the most widely used genes of sex
determination pathway are fra and dsx genes.

In 2007, a female-specific intron of the sex-determining
gene tra was firstly exploited to engineer female-specific
autocidal genetic systems in C. capitata. These rely on the
insertion of cassette exons from the C. capitata tra gene
into a heterologous tetracycline-repressible transactivator
such that the transactivator transcript is disrupted in male
splice variants, but not in the female-specific one (Fu et al.
2007) (Fig. 3A). Ant et al. (2012) used the same system to
obtain the OX3097D-Bol transgenic strain in the olive fly,
providing highly penetrant female-specific lethality, domi-
nant fluorescent marking, and genetic sterility. Meanwhile,
Schetelig et al. (2012) reported that reproductive sterility
system for the tephritid fruit fly pest, Anastrepha suspensa,
is presented, based on lethality primarily limited to embryos
heterozygous for a conditional lethal transgene combination.
Ogaugwu et al. (2013) combined the female-specific splice
system, the embryonic-specific promoter and the tetracy-
cline system to obtain a female-specific embryonal lethal
strain in the Mediterranean fruit fly. A sex-specific splicing
of dsx and the single-component Tet-off system was suc-
cessfully constructed in silkworm to obtain a female larva
lethal strain (Tan et al. 2013), that can be developed in B.
dorsalis in the future. In addition, the strain is very stable
in laboratory breeding, and is expected to be rapidly popu-
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Fig. 3. Genetic regulation of insect populations using molecular technology. (A) Diagram of insect carrying a dominant lethal construct
based on “tet-off’ system for mass rearing. Expression of tTA is regulated by sex-specific alternative splicing in insects. (B) Global
gene drive based on CRISPR/Cas9. (C) Super-Mendelian inheritance for global gene drive (mutant individuals are indicated in blue

while wild types are in yellow).
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larized in sericulture production and improve the economic
value of sericulture. In terms of applied research, the more
advanced are mainly disease-carrier insects, such as flies and
mosquitoes, and some studies have been put into the field
for population control. Cage experiments in olive fruit flies
have shown that genetically modified male insects are highly
competitive and can effectively control wild population den-
sity (Ant et al. 2012). Following the release of the OX513A
strain of Aedes aegypti in the Cayman Islands, it was found
that after a period of time, the number of wild Aedes aegypti
populations on the islands decreased significantly (Harris
etal. 2011). These reports should prove advantageous for the
implementation of SIT against B. dorsalis.

7.3.2 Sex-biased genes mediated sterility
Sex-specific sterility gene, in the genetic regulation of an
insect population, is mainly based on the use of its sex-
specific sterility phenotype combined with insect genetic
transformation technology to obtain transgenic insects car-
rying sex-specific sterility complex. This sex-specific infer-
tility gene is mainly involved in spermatogenesis and ovum
development, mating behaviour and other reproductive
genes, once these genes are mutated, they will produce steril-
ity related phenotypes. The sex-specific sterility phenotype
is transferred to the population by transgene, thus achieving
population control. However, the function of many genes is
not unilateral, so there aren’t many genes that can be applied
to population genetic regulation. In C. capitata, the research-
ers developed a dominant lethal genetic system containing
a tetracycline-repressible transactivator (tTA) that causes
lethality in early developmental stages of the heterozygous
progeny (Gong et al. 2005). Subsequently, Schetelig et al.
(2009) present a first alternative reproductive sterility sys-
tem for medfly based on transgenic embryonic lethality. This
system is dependent on newly isolated medfly promoter/
enhancer elements of cellularization-specifically-expressed
genes. In addition, Ogaugwu et al. (2013) effectively estab-
lish an early-acting transgenic sexing system in the medfly
by using the sex-specifically spliced transformer intron to
restrict ectopic mRNA translation of the pro-apoptotic gene
hidAla5 to females only.

In Lepidoptera, CRISPR/Cas9-mediated serine protease
2 transgene mutation of silkworm and diamondback moth
both result in male individual sterility phenotype, which can
be inherited by female individuals. Moreover, the mutation
does not affect the mating behaviour of the mutants, and the
male sterility phenotype can be well transmitted to the off-
springs, which is of great significance for the genetic control
of the moth (Xu et al. 2020b). The knockout mutation of the
ovarian serine protease gene caused abnormal female eggs of
silkworm, the eggs produced were sterile, and the mutation
did not affect the mating behaviour of the mutant, provid-
ing a new method for genetic control of the pest (Xu et al.
2020a). Sx/ gene is a key upstream gene for sex determina-
tion in Drosophila, but not in silkworms (Bell et al. 1988;

Saccone et al. 2002; Xu et al. 2017). Mutant sx/ was obtained
by CRISPR/Cas9 gene knockout, and it was found that sx/
mutation caused male mutant sterility, and further studies
showed that this phenotype is through affecting spermato-
genesis of silkworm, especially the growth and development
of non-nucleated sperm (Sakai et al. 2019). Mael gene has
been reported to be involved in PIWI-mediated inhibition
of gonadal transposons in Drosophila and Bactrocera, but
not in silkworms, where it is important for spermatogenesis
(Chenetal.2019). In 2021, Meccariello et al. (2021) enabled
X-chromosome-specific sequence repeats knock out line by
CRISPR/Cas9 and CRISPR/Cas12a during spermatogenesis
of the Mediterranean fruit fly, this yielded a significant and
consistent distortion of the sex ratio towards males. Taken
together, sex-specific expression genes or sex-biased genes
were used for developing transgenic sexing strains, pro-
vided potential new target gene selection for the control of
Bactrocera pests.

7.3.3 Gene drive in insects

Recently, genome editing has been applied efficiently
as a loss-of-function approach to explore gene function.
As a newly emerged genome editing tool, CRISPR/Cas9
has been widely applied to create genetic modification in
diverse tephritid species including C. capitata (Aumann
et al. 2018), 4. suspensa (Li et al. 2019), B. dorsalis
(Wang et al. 2020), B. tryoni (Choo et al. 2020), B. oleae
(Meccariello et al. 2020) and Z. cucurbitae (Ward et al.
2021). Due to the powerful and convenient gene editing
capabilities of CRSPR/Cas9 technology, Esvelt et al. (2014)
proposed a theoretical model of a gene drive system based
on this technology. Gene drive refers to the phenomenon
that certain genotypes or specific traits in a population are
passed on to offspring favourably, this process is also known
as ultra-Mendelian inheritance. The sex-determining gene
dsx combined with CRISPR/Cas9 has resulted in gene-drive
strains in Anopheles gambiae that can transmit sex-specific
sterility phenotypes to offspring to a greater extent and thus
achieve better population control (Kyrou et al. 2018), In C.
capitata, Meccariello et al. (2024) and Carrami et al. (2018)
presented a Cas9-based homing gene-drive element target-
ing the transformer gene and showed its high efficiency for
sex conversion from females to males. CRISPR/Cas9 medi-
ated gene drives only need to edit single guide RNAs to bind
and cut any site with PAM structure. This greatly expands
the scope of application of this system (Fig. 3B and 3C). If
the selected target site is a gene that plays an important role
in female reproduction or growth and development, it can
specifically kill female offspring or make them sterile, and
eventually lead to the extinction of the population due to
the imbalance of the sex ratio. However, due to its powerful
genetic transformation ability and the lack of control mea-
sures, this homing strategy is quite invasive and irrevers-
ible, which may lead to the extensive spread of transgenic
insects in the target species, and even cause the replacement



or extinction of the entire species, resulting in a series of
safety and moral problems.

Both the sterile insect technology and gene drive tech-
nology mentioned above use transgenic methods to inte-
grate synthetic expression boxes into the insect genome. To
be sure, genetically modified insects still need to undergo a
rigorous and comprehensive risk assessment, as well as the
understanding and support of governments and the public,
before they are finally released into the wild. Although the
relevant policies and public attitudes vary greatly between
countries, the positive interaction between national policies,
public attitudes and scientific research and development,
based on the research foundation already carried out, will
provide unlimited possibilities for the use of mature genetic
control technology to control wild pest populations in the
future.

7.3.4 RNA interference (RNAI)

Recent advancements in molecular technology have opened
up new possibilities for insect sterility in SIT programs by
using RNA interference (RNAIi) as an alternative to radia-
tion (Darrington et al. 2017). Studies have shown that the
ingestion of double-stranded RNA materials (dsRNAs) can
silence sequence-specific genes that significantly affect male
fertility in B. dorsalis and B. tryoni. This results in a decrease
in the number and viability of spermatozoa produced by the
male insects, without affecting their mating ability (Li et al.
2011; Dong et al. 2016; Cruz et al. 2018). The RNAi-based
approach has several advantages as it does not require any
irradiation or functional foreign protein and only targets
sequence-specific genes in the target organisms, which could
be a promising strategy for insect management in the future.

8 Conclusion and future outlooks

Bactrocera dorsalis is a highly invasive species, and in recent
decades, its geographical distribution has been expanding
poleward to temperate regions with the aid of globalization
and climate change, posing significant threats to fruit and
vegetable production as well as cross-border trade. Targeted
to its biological invasion processes, multiple preventative
and eradication tactics were adopted and integrated to pre-
vent its spread, outbreak and heavy damage. Our survey
feedback highlights the current pest management tends to be
biased to chemical spray, and the expectation of local grow-
ers emphasizes the demand for more efficient and environ-
mental-friendly programs. Thus, in-depth basic research to
improve IPM strategies is urgently needed to develop novel
non-chemical control techniques. Lack of knowledge and
experience on this pest is the key barrier leading to the failure
of IPM, appealing for future initiatives to strengthen grow-
ers’ education from extension advisors to raise their aware-
ness and cooperation. More efforts are needed for optimizing
and integrating the existing IPM strategies. Natural control,
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i.e., releases and conservation of natural enemies, serves as
better alternatives to reduce chemical application. The AWM
programs that have been highlighted in this review offer
environmentally sustainable solutions, some being more
expensive than others. Regional collaboration to implement
these programs would reduce the overall risk from this pest.
New sterility technologies such as genetic modification offer
alternative and possibly cheaper solutions to sterility than the
typical SIT programs based on irradiation. This is a quick
developing field, with success for other insect pests has the
potential to provide lasting solutions to this and other fruit
fly pests. Lastly, quarantine interception and phytosanitary
treatment are important to curtail the potential entry risk of
invasive species.
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Questionnaire Form on IPM of Bactrocera dorsalis

Integrated Pest Management (IPM)

Biological control
(arthropod BCAs,
microbial agents etc.)

ior-based physi ical control
(chemical-cue-based mass-trapping,
repellents, sterile insect technique etc. )

For the IPM of Bactrocera dorsalis, we need to figure out how much the relevant weight is given
to each component within the IPM package by local farmers IN YOUR COUNTRY.

For example, in your country for the management of Bactrocera dorsalis in general, chemical
insecticide is the mostly used (e.g. the largest contribution to prevent the damage) by farmers,
followed by behavior-based physicochemical control (e.g. sex-pheromone based mass trapping;
bait traps; SIT etc.) and agronomic control measures (e.g. sanitation practices), with biological
control (e.g. inundative/inoculative release of macro-organisms; spray of microorganisms etc.)
being the least used. Monitoring & Early detection network is supposed to be established
nationwide, but not covering all the risky areas so far (OR it does not work as efficiently as we have
expected). If we have the score criteria: “3” means it is very widely used, “2” means it is used but
not so widely, “1” means it is seldom used; “0” means it is never used, then we can give the score
for each component as below:

Chemical control: 3

Biological control: 1
Behavior-based control: 2
Agronomic control: 2
Monitoring & Early detection: 2

PLEASE NOTE that this is merely a general estimation based on your knowledge. If you are unsure
with the answer, you can discuss and interview (by phone) with local extension services and
farmers.





Oriental fruit fly - Bactrocera dorsalis

1. Is this species a major concern for local farmers in your country?

[ Very important, 1 Important, [ Present but not important so far, 1 Not present

2. How much is the estimated growing area of fruits, and vegetables in your province,

respectively? (FTAEEIE “xxx iE” )

Fruits: Vegetables:

3. How is the estimated damage level to local fruits and vegetables if there is no management
practices taken in your country?

[1>60%(very heavy) [140-60%(heavy) [120-40%(medium) [1 <20%(slight) [1 0 (no damage)

4. What are the reasons for the heavy damage and rapid spread in your country (list the reasons
using keywords as much as you can)?

Biotic factors (e.g. high host availability):
Abiotic factors (e.g. climate suitability):
Others (e.g. ineffective quarantine):

5. Please give your score as below for the IPM component/tool used by growers:

Chemical control:

Biological control:
Behavior-based control:
Agronomic control:
Monitoring & Early detection:





6. Please show the most used products/techniques/measures for each component by local
farmers (for example: chlorantraniliprole for CC, spraying Bt insecticide and release of parasitoids
for BC, use of pheromone-based mass trapping or repellent compounds for BBC):

Chemical control (CC):

Biological control (BC):
Behavior-based control (BBC):
Agronomic control (AC):

Monitoring & Early detection (MED):

7. What are the challenges for local farmers in the management of B. dorsalis?

No or little knowledge on the presence/biology of the pest:

[ Strongly disagree; [ Somewhat disagree; [ Notsure; []Somewhat agree; [ Strongly agree
High cost associated with multiple spraying of insecticides:

[ Strongly disagree; [ Somewhat disagree; [J Notsure; [JSomewhat agree; [ Strongly agree

Control failure by insecticides (owing to insecticide resistance):

[ Strongly disagree; [ Somewhat disagree; [J Notsure; [JSomewhat agree; [ Strongly agree

|ll

Alternative non-chemical “green” products are NOT available:

[ Strongly disagree; [ Somewhat disagree; [J Notsure; [JSomewhat agree; [ Strongly agree

"Green” products are available (promoted by companies), but too expensive:

[ Strongly disagree; [ Somewhat disagree; [J Notsure; [JSomewhat agree; [ Strongly agree

Any other major challenges (open statements)?

8. What do local farmers expect from the researchers, extension specialists and the government?
(open questions, no word limits, but no less than 100 words)





