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Abstract: Mediterranean olive cultivation faces challenges in the global environmental change context.
Pests and diseases caused by arthropods such as Bactrocera oleae, Prays oleae, and certain vectors
of Xylella fastidiosa are expected to increase and spread in part due to this global scenario. The
control of these arthropods has relied on synthetic pesticides, the misuse of which has led to pest
population resistance and concerns about their negative impacts on biodiversity and global health.
Integrated pest management (IPM) methods have emerged through the careful consideration of all
available control techniques and the subsequent integration of appropriate measures that discourage
the development of pest populations. This paper reviews the IPM guidelines for olive cultivation,
prioritizing the use of biological control methods, and the integration of genetics and biotechnology,
which bring precision, efficacy, and safety. It evidences the importance of genetic analysis in pest
populations, pesticide resistance and in the contributions of predators to pest control. Advances in
formulations and delivery systems for pesticides such as Bacillus thuringiensis, plant-incorporated
protectants, improved SIT techniques, and the specific efficacy of biologicals pesticides are covered.
Finally, this paper explores promising tools such as RNAi and gene drive while recognizing the
ethical, environmental, and regulatory challenges associated with their use. Shortly, these innovations
have the potential to reduce the environmental impacts of pests while ensuring the long-term viability
of the olive industry.
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1. Introduction

The historical significance of the wild olive tree stretches back to the Neolithic period,
where it was recognized for its diverse applications, including the extraction of essential
oils, its use as a lamp fuel, and its use as a source of wood [1]. However, it was during its
domestication that the olive tree truly blossomed, becoming a pervasive and integral part
of human culture approximately 6000 to 5500 years ago [2–6]. Today, the olive tree (Olea
europaea L., Lamiales, Oleaceae) stands as an iconic species within the Mediterranean Basin
and represents one of the world’s most economically significant agricultural crops.

With 48.8% of the global olive crop concentrated within the Mediterranean region,
spanning over nine million hectares of olive groves, it serves as a cornerstone of socio-
economic and cultural life within this diverse geographic expanse [7]. In 2021, the olive
harvest exceeded an impressive 23 million tonnes, with a substantial 63.7% originating
from Mediterranean countries [8,9]. Spain emerges as the global leader in both olive oil
and table olive production (Figure 1), commanding 45% of the world’s output, cultivated
across more than 2.6 million hectares [10].

Beyond its economic importance, the olive tree holds a profound social significance.
It contributes significantly to job creation and plays a pivotal role in sustaining rural
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populations. Globally renowned, olive oil is recognized as a fundamental component of the
Mediterranean dietary model, acknowledged as a UNESCO Intangible Cultural Heritage
since 2013 [11]. The surge in olive oil tourism offers an immersive experience, deepening
the understanding of this essential Mediterranean staple, and fosters sustainable rural
tourism, aiding in the promotion of olive oil and related products for olive farmers [12].
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Figure 1. Charts and updated data (2021) on Mediterranean and world olive production. Europe
produced 14,701,594.88 t from 5,045,169 ha of cultivation. Worldwide, 23,054,310.6 t was obtained
from 10,338,179 ha of cultivation [8]. ha = hectare; t = tonnes.

Furthermore, olive cultivation exerts a substantial environmental impact, particularly
with regard to biodiversity, carbon sequestration, and soil conservation. With its remarkable
temporal stability, high genetic variability, and intricate biotic communities, olive cultiva-
tion creates invaluable agricultural landscapes [13]. It remains the most widely cultivated
perennial crop in the Mediterranean region, well suited to its climate, which is charac-
terized by high temperatures and hydric stress. However, amid the backdrop of global
environmental change, the Mediterranean Basin confronts mounting challenges, including
heightened temperatures, prolonged drought, and increasingly extreme environmental
conditions, all of which may disrupt the phenological cycle of the olive tree [7,14,15].

The confluence of global environmental change intensified global trade and travel,
and the introduction of new plant species to novel regions fuelled the proliferation of
economically consequential insect pests. These pests impose ecological disruptions, colos-
sal financial losses, and substantial expenditures on prevention, quarantine, and control
measures. Alarming statistics reveal that up to 40% of global crop production is annually
lost to pests, with plant diseases exacting an annual toll of over USD 220 billion on the
global economy, while invasive insects contribute a minimum of USD 70 billion and play
significant roles in biodiversity loss [16].

To mitigate these losses, international cooperation, early pest detection, and the sus-
tainable use of pesticides are imperative. Integrated pest management (IPM) emerges as a
comprehensive strategy, incorporating biological, cultural, biotechnological, or physical
methods to control pests whenever feasible, all while safeguarding crops, plant health,
and global well-being. IPM, an ecosystem approach to crop production and protection,
combines various management strategies and practices to nurture healthy crops while
minimizing pesticide reliance [17]. Endorsed by international organizations such as the
FAO and the European Union, IPM has gained further impetus through the One Health
approach, especially in the wake of the COVID-19 pandemic ([17,18] and references
therein present results from case studies that have implemented an integrated use of
different approaches).

The global challenge posed by insect pests continues to escalate in the current global
context. This review synthesizes the latest information on IPM guidelines for olive cultiva-
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tion, prioritizing the use of biological methods such as the use of predators, parasitoids,
and pathogens to control pests—including Bactrocera oleae, Prays oleae, and Cicadellidae
(vectors of Xyllela)—and the integration of genetics and biotechnology. These sciences bring
precision, efficacy, and safety in comprehending and managing olive pests with a limited
environmental impact.

2. Main Arthropod Pests/Vectors in Olive Groves

This section provides a brief description of the two most important pests of olive
trees, which are widespread in the Mediterranean and cause serious losses by reducing
the size and number of olive fruits [19–22]. The Cicadellidae vectors of the bacterium
Xylella fastidiosa have also been included. Figure 2 schematises the life cycles of these two
main olive pests and vectors of Xylella in close relation to olive fruit development and
olive phenology.
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development and olive phenology.

2.1. Bactrocera (Dacus) oleae

The family Tephritidae consists of flies commonly known as “fruit flies”. It is one of
the most numerous Diptera families (nearly 5000 species are currently recognised) and is
the most economically relevant. The larvae of most species develop in the seed-bearing
organs of plants and a large number of them attack commercial fruits [23–26].

The species Bactrocera oleae (Rossi 1790), also known as the olive fruit fly (olf ), belongs
to this family and is the most important pest of olive trees. There appear to be references to
olive infestations in the eastern part of the Mediterranean Basin from as early as the 3rd
century BC [27]. However, the first reliable reference is that of Pliny (1st century AD), who
speaks of a “vermiculatio” of olives that affected their production for many years [28].

The only natural hosts of the olive fruit fly are the fruits of plants of the genus Olea.
In general, females prefer varieties with large olives for oviposition. However, they are
capable of infesting all olive varieties, including wild varieties. Most species of invasive
Tephritidae are established in only 5 or a few countries, but Bactrocera oleae has been detected
in 34 countries [29]. This insect is distributed throughout the Mediterranean region and
the Middle East. It is also found in Southern and Eastern Africa, India, and Pakistan, and
since the end of the 20th century, the olive fly has also been reported in California and
Mexico [19].

In the Mediterranean Basin, this species has between two and five generations per
year during the summer and early autumn, in parallel with the growth and ripening of
the olives [30,31]. The damage caused by this Diptera is linked to the feeding habits of
the larvae, which are strictly monophagous and feed on the olive pulp [27]. The females
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lay eggs under the epidermis, and when they hatch, the larvae have direct access to the
fruit. If the olive tree is grown for the production of table olives, the mere presence of
the oviposition mark alone will result in the fruit being discarded. If the production is
intended for the production of olive oil, several types of damage can be considered. The
most important of these are the premature drop of the infested fruit, the destruction of the
pulp caused by the larvae developing inside the olives, and the increased acidity and other
side effects associated with the development of the larvae, including infections resulting
from the hole in the skin caused by the oviposition and the galleries resulting from the
feeding of the larvae. An infestation level of more than 1% prevents the fruits from being
used as table olives and an infestation level of more than 10% also prevents them from
being used for oil production, causing olive oil yield losses of up to 11.5% and 18% [32].

2.2. Prays oleae

The olive moth Prays oleae (Bernard 1788) is the second most economically important
pest of olive trees in the world’s olive-growing regions, after the olf [8]. This species has
three generations, phyllophagous, anthophagous, and carpophagous; therefore, it attacks
the olive trees at different levels, leaves, flowers, and fruits [33,34] (Figure 2). The first
generation, the phyllophagous, is the longest (from autumn to spring), in which the larvae
seek shelter from the harsh winters in the leaf mines. Around April, they emerge and begin
the anthophagous generation (the shortest), in which they feed on the floral buttons. It has
been estimated that one larva of this generation can destroy between 20 and 30 flowers [35].
Finally, the carpophagous generation enters the fruit during the summer period, where
the larvae feed on the olive seeds [36–38]. This is considered to be the most damaging
generation of the olive moth, causing premature fruit drop and reduced productivity.
The 28-year study by Ramos et al. conducted in southern Spain (Andalusia) showed
that this pest can reduce olive production by 50–60%, with heavy infestations occurring
approximately every three years, causing 40% premature fruit drop and consequently
significant losses [33].

2.3. Fam. Aphrophoridae

The arrival of the bacterium Xylella fastidiosa (Wells et al. 1987) in Europe in 2013 has
posed another challenge to the agricultural economies of Mediterranean countries. This
bacterium grows very slowly in microbiological culture media (fastidiosa), and it lives in
the xylem of host plants (Xylella), causing a disease that seriously damages crops of high
economic interest such as olive trees. The first outbreak of “Olive quick decline syndrome”
(OQDS) was reported in Apulia (Italy) in 2013. This is a disease that can be asymptomatic
in its early stages, but usually causes leaf scorching, extensive dieback, and eventually
the death of the entire affected plant. Since then, the Aphrophoridae species Philaenus
spumarius (L. 1758), Philaenus italosignus, and Neophilaenus campestris (Fallen 1805) have been
catalogued as vectors of the bacterium Xylella fastidiosa in the Mediterranean area [10,39–41].
P. spumarius, the meadow spittlebug, is the main vector of Xylella fastidiosa in Europe of the
above species in Europe. These xylem sap-feeding aphrophorids are ubiquitous and highly
polyphagous species that can feed on a wide variety of plant species, mainly herbs and
buses, but also olive trees [42]. The acquisition of X. fastidiosa involves its attachment to
the foregut of adults from source plants, which transmit the bacteria to other plant species
during the feeding process [43,44]. The eggs overwinter in the soil until early spring, when
nymphal stages begin to develop in suitable herbs, preferably with a basal leaf rosette
or with closely adjacent leaf and stem surfaces [45,46] (Figure 2). Between spring and
summer, these species have long relative adult life intervals, which end in autumn with the
oviposition of the females [47].

In general, the damage caused by vectors is often greater than that caused by insect
pests. The single inoculation of the vectored pathogen continues to inflict damage through-
out the plant and over time. In contrast, pest species attack an organ or structure at specific
moments [47]. Due to the lethal consequences of X. fastidiosa infection, the management of
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this bacterium is currently based on monitoring and controlling its vectors, as there are no
effective tools to combat this plant pathogen. Existing management measures are focused
on controlling the vectors at their different stages: eggs [48], juveniles, and adults [49].

In addition to the enormous direct losses caused by the attack by X. fastidiosa, there
are also the losses caused by the control measures, which include the eradication of all
plants within a 100 m radius of the infested plant and heavy treatments with phytosanitary
products throughout the eradication area [50]. It has been estimated that a full spread of X.
fastidiosa could eventually cost the EU more than EUR 5.5 billion per year in production
losses, with potential export losses of EUR 0.7 billion per year. If Xylella were to spread
across the EU, it could affect over 70% of the production value of EU olive trees over
30 years old and could affect 35% of younger trees ([51] and references therein).

3. Pest Management. EFSA Regulations in the European Context and National
Management Plans

Fly B. oleae and the lepidopteran P. oleae are currently the main olive pests in the
Mediterranean region, and both must be the main target of management. Since the middle
of the 20th century, B. oleae has been controlled by the use of synthetic insecticides such as
Dichloro-Diphenyl Trichloroethane (DTT) and Organophosphates (OPs) [52]. Currently,
pyrethroids, organophosphates, or neonicotinoids are the approved pesticides to control
these pests in olive crops [10]. The misuse and abuse of chemical products in recent decades
has led to increases in the distribution and frequency of alleles, conferring resistance to
these products in natural pest populations in this area, as has been documented [53–56].
Such occurrences are a sign of insecticide failure.

Similarly, the moth pest has traditionally been controlled with insecticides such as
pyrethroids, neonicotinoids, and organophosphates, sometimes combined with the release
of natural enemies [10]. However, effectiveness is compromised because after the eggs
hatch, carpophagous and anthophagous larvae live in the buds, flowers, and fruits [57].

The control of olive crop pests has become a growing and widespread challenge,
and all of the indicators suggest that it will increase in the coming years. Indeed, global
environmental change would affect their survival, fecundity, and dispersal, among other
aspects [20]. It is therefore expected that the number of treatments or doses of agrochemicals
will increase. Traditional methods of control have clearly proven to be inadequate, with
undesirable and worrying side effects. They have negative impacts on the environment
through pollution and the loss of biodiversity [58,59] due to their lack of specificity.

A summary of the plant protection products currently used in olive groves is shown
in Supplementary Material S1. Although the use of these phytosanitary products is
highly regulated at the European level [60] and at the national level [61,62], concerns
about the harmful effects of pesticides on the environment, human health, and wildlife
have led to research and support for integrated pest management (IPM) strategies in this
changing world.

The European Commission’s Directorate-General for Agriculture and Rural Develop-
ment has identified eight basic principles for the IMP approach. To prevent or reduce the
presence of harmful organisms, the strategies focus on biological control (natural enemies
of the pest), safeguarding the beneficial organisms, the use of semiochemicals (such as
pheromones), hygiene measures, balanced fertilisation and irrigation, appropriate culti-
vation techniques, increasing crop diversity (intercropping or mixing cultivars), cultural
control (such as crop rotation), cultivar selection, resistance/tolerance, the use of certified
plant material, and, as a last option, chemical control. Crop rotation, the practice of growing
different crops in succession on the same land, usually following a specific sequence or
pattern, can reduce pest populations by interrupting their life cycles, depriving them of
their preferred hosts, or exposing them to unfavourable conditions. It can also improve soil
fertility, suppress weeds, help control insects, and break disease cycles [63,64]. In terms of
selecting crop varieties that are best suited to local growing conditions and pest pressures,
they can affect pest avoidance by influencing the phenology, morphology, physiology, or
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chemistry of the crop [65,66]. The planting date and density can affect pest avoidance
by altering the crop’s growth stage, canopy structure, microclimate, or resource availabil-
ity. Some pests may be more active or damaging at certain stages of crop development,
such as seedling, flowering, or fruiting. The planting date and density can also affect the
synchronization or asynchronization of crop and pest phenology, which may result in
escape or the exposure to pest attack [67–69]. Fertilization and irrigation can affect pest
avoidance by influencing a crop’s vigour, quality, and stress level. Excessive or deficient
fertilization and irrigation can make the crop more susceptible to pest attack by reducing
its resistance or inducing physiological disorders. Optimal fertilization and irrigation can
enhance the crop’s health and productivity by providing adequate resources for growth
and defence [70–73]. The use of certified plant material is relevant to avoid subsequent
problems related to sucking and biting insects or pathogens producing systemic infections,
which may stay asymptomatic on the plant for several months or years after planting until
symptoms occur, as is the case with X. fastidiosa [51]

It is important to emphasise that the combination of many of them often has a greater
effect on the IPM than individual ones. Likewise, IPM can benefit the landscape by enhanc-
ing its aesthetic, functional, and ecological values. It can also improve plant health and
vigour, increase biodiversity and ecosystem resilience, reduce pollution and the contami-
nation of soil and water resources, and save money and time by avoiding unnecessary or
ineffective treatments.

The European Directive on the Sustainable Use of Pesticides established the framework
for action to achieve the sustainable use of plant protection products [60] and promoted
the creation of National Plans to develop strategies in IPM practices, according to Chapter
III of the Royal Decree 1311/2012 of 14 September in Spain; for example, the Ministry of
Agriculture, Fisheries and Food (MAPA) has developed 38 crop-specific guidelines [74],
including a specific one for olive groves, called the Integrated Guide to Olive Grove
Pests [75].

Furthermore, in 2018, the European Commission launched the Focus Group (FG) on
Olive Tree Pests and Diseases as part of the activities of the European Innovation Partner-
ship on Agricultural Productivity and Sustainability (EIP-AGRI). The question was how
to increase the sustainability of olive cultivation, taking into account the risks posed by
pests and diseases for which they produced a detailed report after a year of work. The FG
considered that for the main pests and diseases, an IPM approach should be practiced in
order to obtain a reliable level of plant protection, considering that IPM relies on knowledge,
prevention, and observation. They developed a series of recommendations. Among them
were innovation projects at the local level though operational groups: the development and
adoption of new technologies of pest/pathogen monitoring techniques, the optimisation
of cover crops, the quantification of the effect of agroecological principles/green infras-
tructure on pest and disease control, increasing the knowledge of farmers on the use of
agroecological principles oriented to pests and disease control, or the use of experimental
and demonstration farms and field networks to test biocontrol agents for disease control.
Likewise, they recommended further research on topics such as the effects of climate change
on olive pests and pathogens to assess or predict the potential effects of climatic change
on the distribution and incidence of olive pests and pathogens, the development of new
systems for pest and disease monitoring, and the use of new biotechnological phytosanitary
tools (semiochemicals, attractants, deterrents, repellents, etc.) to control olive pests [51].

A recent review of how IPM has evolved over time addressed some of the short-
comings of this approach [76]. It highlights some issues such as the modest reductions
or increases in the quantities of pesticides used; the hodgepodge of definitions and inter-
pretations of IPM; the gap between IPM concepts, practices, and policies; the insufficient
involvement of farmers in the development of IPM technologies and the frequent lack
of basic understanding of the ecological concepts underlying IPM; or pest control that
is too often based on the systematic and widespread use of synthetic pesticides. Indeed,
despite the National Plan Actions, the European normative, and the promising results of
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awareness-raising campaigns, banned insecticides such as glyphosate have been detected
in drinking water in Andalusia (Spain) during the 2020s [77].

Information dissemination at the national and European levels of all existing IPM
strategies is decisive to improve the applications of IPM strategies. The European Com-
mission has recently published a toolbox of good practices to reduce the use of chemical
pesticides. It consists of a database overview of the current available PM methods, together
with a study assessing their effectiveness and prospects for their further implementation,
including 1300 examples of practices, techniques, and technologies [18]. This overview
shows the great diversity in the implementation options of IPM across EU countries. Like-
wise, a second work looks at the current IPM practices and their potential to help reduce
the dependence on chemical pesticides, their costs for implementation, and their overall
effectiveness [78]. This survey revealed that the perceived inadequate number of viable
and affordable approaches to conventional practices remains the main barrier to reducing
our dependence on pesticides. These data underline the importance of improving the
information and promotion of IPM treatments to inform farmers of the potential benefits of
their effective uses in their olive crops.

4. Biological Control and the Three Ps: Predation, Parasitism, and Pathogens

As said, the European Directives and the National Action Plans led to the development
of different guides for IPM based on culture. Because of pesticide concerns, a special
emphasis has been put on the potential benefits of biological control. Natural enemies can
be used to regulate and reduce insect pest population levels [79]. The main objective is to
reduce pest populations in the stages where the pests are more susceptible to be predated
or parasitised [80].

Without attempting to provide an exhaustive list of possibilities, these organisms can
be divided into three different categories:

1. Predators: These organisms feed directly on pests, thereby reducing their populations.
2. Parasitoids: Parasitoids are organisms that lay their eggs inside or on the bodies of

pests. The emerging larvae feed on the pest, eventually killing it.
3. Pathogens: These are microorganisms, such as bacteria, fungi, or viruses, which infect

and cause diseases in pests. By spreading among pest populations, they significantly
reduce their numbers.

The essence of biological control is to promote the ecosystem services provided by the
natural enemies that are present in each agroecosystem. However, the olive agroecosystem
is often a complex landscape where the arthropod community of natural enemies varies
according to the environmental conditions, land uses, and agricultural practices. For
instance, soil management practices related to the agricultural intensification of the olive
groves in Mediterranean countries has greatly affected biodiversity [81]. Among other
facts, arable fields or specialization in few crops simplifies the landscape and reduces the
possibility of having a great number of species [82]. This, joined with the use of herbicides
to destroy natural vegetation, which often creates a microclimate and retains humidity,
eliminates natural niches for the arthropod community. Thus, a lower abundance of pest
species is related to landscape complexity in olive groves due to its effect on promoting
different biocontrol organisms and the general biodiversity of arthropods [83–85]. Olive
groves with lower cover crop and no heterogeneous surrounding habitats decrease the
probability of promoting the biological control of B. oleae [86]. So, preserving habitats for
natural enemies—protecting them from perturbations derived from crop cultivation, crop
harvesting, phytosanitary applications, or weather variations—will guarantee the presence
of the local arthropod species overwintering near the crop fields, preventing pest outbreaks
during early spring [87]. Indeed, habitat management often implies the manipulation of
the plant composition, increasing its diversity in order to increase the abundance of natural
enemies by providing food sources (such as nectar or pollen), mating sites, and shelter, and
as a consequence, regulating insect pest populations [79]. A table listing some potential
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biological control organisms in olive crops is shown in Supplementary Material S1 and is
commented on below.

4.1. Predation

In Mediterranean olive cultivars, the main potential groups that predate pest species
are Formicidae, Araneae, Forficulidae, Staphilinidae, Carabidae, and Scolopendromor-
pha [88–91].

Among the measures proposed in the management guides for the olf, the edaphic
predatory arthropods community could contribute to the reduction in the population levels
of the olive fly during the autumn and winter months [89]. As stated above (Figure 2), the
larvae of the late generations in the autumn pupate in the soil, where they spend the winter
buried and where they are more vulnerable to being predated; therefore, the number of
adults that reach the reproductive period in spring decreases significantly [16].

The roles of carabids and their relative abundances in Spanish groves were tested in
functional response experiments, revealing that the species Pterostichus globosus is a better
candidate than Orthomus barbarus—the most abundant carabid species in the southeast
region of Madrid—for the biological control of olf [71]. P. globosus was also suggested as a
more efficient predator than Calathus granatensis in Portuguese cultures [88]. In both cases,
the adult size of the carabid species was relevant in the predation rates. In the same line,
predation by coleoptera upon B. oleae was also assessed in carabids and staphilinids picked
up in olive groves from Tuscany (Italy) [92,93]. Many studies have also been performed
analysing the role of spiders in IPM given that they are an abundant and generalist group
in olive agroecosystems that would contribute to the regulation of olf populations [94–97].
However, its abundance can generally be affected by soil regimens (reduced in intensive
cultures), landscape effects, or prey abundance, among others [79].

Notwithstanding, the real effect of predation on the damage reduction by the olf is
still unknown. Thus, it becomes absolutely necessary to perform the study of the trophic
webs and analyse the arthropods community according to their relative abundances and
feeding preferences in the context of pest control [80,88,98]. In this line, post mortem studies
analysing the presence of preys in the predator’s gut would provide a clearer profile of the
trophic web, confirming the real role of each group in the biological control of each pest.
For instance, carabids, ants, spiders, and earwigs have already been confirmed as B. oleae
predators in molecular gut contain assays using individuals that were picked up during
the fall and spring in olive cultures in Madrid [99,100].

As previously said, several arthropod groups can predate the different olive pest
species. Chrysopidae, or green lacewings (Neuroptera), have been recognized as one of
the most effective biological control agents of many orchard pests, including the olive
moth [101]. Indeed, lacewings are currently cultivated for sale and release in different
crops. Among others, Chrysoperla carnea, whose larvae are oophagous, plays an important
role in the regulation of P. oleae populations [102]. Other Neuroptera species reported to
predate on P. oleae eggs are Mallada flavifrons, Mallada picteti, Mallada prasina, Nineta vittata,
and Rexa lordina [103]. In contrast to the voracious larvae, adults just feed upon vegetal
substances such as pollen or nectar. This fact highlights, again, the importance of the
surrounding landscape and surrounding vegetation to promote IPM [35,38,104]. Ants also
have beneficial effects in biological control because they consume large numbers of pest
insects [105]. For instance, Tapinoma complex, one of the most abundant groups in the olive
agroecosystem, is a strong candidate for olive moth control in Spanish olive groves [106].
Indeed, although IPM is certainly important to maintain ant communities and promote
their roles as pest control agents, the Tapinoma species seems to be little affected by the
landscape heterogeneity [91]. Other species referenced as predators are Camponotus sp.,
Formica subrufa, or Crematogaster scutellaris [107].

Regarding the predation upon the described Xylella fastidiosa vectors, generalist preda-
tors that are present in ground covers play major roles in their biological control. Due to
their abundance and ubiquity, spiders have been considered as potential enemies. Their
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contribution has been tested by post mortem gut content genetic assays in the southeast
of Madrid (Spain), where 6.34% of them consumed the meadow spittlebug (Philaenus
spumarius), the prey [108]. Also, through molecular protocols, the species Oxyopes sp was
confirmed as a predator of this vector [109], whereas the roles of Araniela cucurbitina and
Synema globosum were also tested using functional response assays in two groves with
herbaceus strata in Portugal [110].

4.2. Parasitism

At the end of the last century, the California Department of Food and Agriculture
(CDFA) focused on determining the efficacy of different parasitoids in order to eradicate B.
oleae populations in the USA [111]. Several species of the Psyttalia genus were identified
as olf parasitoids. For instance, P. lonsburyi is considered to be specific to B. oleae, but
its effectiveness against this pest is compromised due to its fecundity problems and its
difficulty of being reared under laboratory conditions [112]. The P. concolor or P. humilis
species are also good candidates because they have already shown their potentials in
biological control in the Mediterranean fruit fly, Ceratitis capitata, but generalist species
would compromise the efficacy of the parasitism [113]. The main problem of this genus
is that most of the species have small ovipositors compared to the fruit size in cultivated
varieties. This fact decreases the probability of parasitizing the olf larvae [114].

Regarding parasitism upon the olive moth, efforts to determine the main candidates
to perform this ecosystem service are focused on the species that are present during the
most sensitive generations, phyllopagous and antophagous. For instance, the braconid
Chelonus elaeaphilus has been pointed out as an efficient parasitoid with values of parasitism
of up to 80% [107]. A relevant role in moth control is also played by the specialist parasitoid
Ageniaspis fuscicollis or the generalist Elasmus flabellatus [115,116].

Despite the enormous impact caused by Xylella fastidiosa and its vectors, very little is
known about the biological control agents of aphroporids. Few studies have determined
the parasitism in these cercopids. For instance, Verralia aucta is a parasite of the adults but
does not have an immediate effect on Xylella transmission given that it kills the vector after
several weeks [117,118]. Recently, the species Ooctonus vulgatus has been proposed as a
good candidate to its control due to the overlapping distribution of the parasitoid and its
detection via Polymerase Chain Reaction (PCR) in different aphrophorid samples [119].

4.3. Pathogens

Bacteria, fungi, algae, protozoa, or viruses, naturally occurring or genetically engi-
neered, are pathogens of pest crops, and hence, are considered microbial pesticides [120].
The main advantages of this type of pesticide are their safety and specificity. Due to
their toxic mode of action that is specific to a single group or species of insects, they
have non-toxicity and non-pathogenic natures towards humans, wildlife, and non-target
organisms, particularly those that are unrelated to the target pest or other beneficial or-
ganisms [121–124]. Of course, there are limitations as well. New formulations and storage
methods are needed for microbial pesticides. And because of their specificity, some micro-
bial insecticides are not widely available or are relatively expensive [120,125,126]. Bacillus
thuringiensis is a naturally occurring soil bacterium and the most widely used microbial
biopesticide in IPM programs [127,128]. The bacteria and its toxins have been used for
decades to control various insect pests such as caterpillars, mosquitoes, black flies, or
beetles [121,127,129,130], although further research is needed to control B. oleae or P. oleae,
as they are approved for use in olive groves, for example, in Spain [6,131–133]. During
sporulation, B. thuringiensis produces an endotoxin called Cry protein, which, once ingested,
causes an osmotic imbalance within the cell, resulting in the loss of the integrity of the
midgut epithelium and thus killing the insect [134]. However, these toxins do not prevent
insects from attacking the roots or internal parts of the plant when used as sprays [135].
These limitations have led to an interest in the development of novel biotechnological
solutions to overcome these problems, as will be shown below.
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Symbiosis disruption in olive pests refers to the interference or alteration of the mutu-
alistic relationship between the insect and its endosymbionts [136,137]. Endosymbionts are
microorganisms that live inside the body of the olive fruit fly and play crucial roles in its
development, nutrition, and other physiological processes [138]. B. oleae has been studied
regarding its endosymbionts for over a century [139] and it has been identified as bacteria
of the genera Lactobacillus, Micrococcus, Pseudomonas, Streptococcus, Citrobacter, Proteus, Prov-
idencia, Enterobacter, Hafnia, Klebsiella, Serratia, Pantoea, and Xanthomonas through traditional
microbiological approaches [140–143]. Molecular analyses have also shown the presence
of Acetobacter tropicalis [144], Pseudomonas putida, Asaia sp. [145], Enterobacter sp. [146], or
Tatumella sp. [147], among others. However, the most notable endosymbiont associated with
this pest is Candidatus Erwinia dacicola, a non-culturable bacterial species that represents
nearly the entire symbiotic population associated with the olive fruit fly [148,149]. It is an
endosymbiotic bacterium found in the olf and is essential for its development and survival.
This bacterium produces nutrients and other compounds that are important for the growth
of fly larvae, thus influencing their abilities to complete their life cycles [150,151].

Additionally, disrupting the symbiosis between B. oleae and its endosymbionts has
the potential to impact the fly’s fitness, reproduction, and overall population dynamics.
Symbiosis disruption can be achieved through various methods, but chemical treatments
are, perhaps, the most studied ones, and Ca. Erwinia dacicola is the most evident target to
implement this approach. In this respect, several compounds have been tested such as
viridiol, propolis, or copper oxychloride [151–154]. The former is a secondary metabolite
biosynthesized by beneficial fungi belonging to the genus Trichoderma (Hendrik) [155,156],
while copper oxychloride is widely used in olive groves for disease control [157–159]. All
of them have proven to cause a reduction in fitness due to the drastic reduction in the
number of offspring after treatments, although with some drawbacks such as the lack of
specificity and, in the specific case of copper, its contaminating effects on soil and water.
On the contrary, viridiol also shows no direct negative effects on B. oleae, an interesting
finding when considering the direct toxic effect that this compound may have on non-target
arthropods [151]. The disruption of the symbiosis would therefore be a potential target for
the development of new pest control strategies. But before this approach can become a
reality, much more research is needed both “in silico” and in the field.

5. Biopesticides and Inert Materials in IPM

As already discussed above, current legislation and recommendations on IPM em-
phasises the reduction in chemical products, promoting natural products that are used in
organic agriculture and that are useful in insect control.

The first forms of control in olive groves included the anticipation of the harvest and
the use of mixtures based on copper, cobalt, potassium/sodium arsenite, or tar [160]. In
fact, some of these, although valuable [161], are not approved under the CE Nº1107/2009
regulation or are candidates for replacement in some European countries, such as Spain [10].

Among the approved substances is spinosad. It is a molecule with a potent larvici-
dal effect discovered in the 1980s that has gained popularity in the field of IPM due to
its effectiveness against a wide range of insect pests, including caterpillars, leaf miners,
thrips, fruit flies, spider mites, and certain beetles. Spinosad, produced by the bacterium
Saccharopolyspora spinose, has a similar efficacy to pyrethroid insecticides and is superior
to organophosphates [162]. It contains two active ingredients, spinosyn A and spinosyn
D, which target the nervous systems of insects. Spinosad acts on nicotinic acetylcholine
receptors in insect nerve cells, leading to the overstimulation and paralysis of the insects,
ultimately causing their deaths [163,164]. The use of spinosad (a commercial mixture of
spinosins) provides enormous benefits compared to other traditional chemicals. It is also
worth noting that spinosad has a relatively short residual activity, i.e., it degrades relatively
quickly in the environment. This property reduces the risk of long-term environmental im-
pact when used properly, and it allows for a flexible approach to IPM, including the timely
release of beneficial organisms after spinosad application. However, mutations in detoxifi-
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cation enzyme genes that confer resistance to this product have already been described in
some insect species such as Drosphila suzukii, Zeugodacus cucurbitae, Ceratitis capitata, Musca
domestica, Tribolim castaneum, or Plutella xylostella, among many others [165–170], maybe
as a consequence of treating consecutive insect generations with the same mode of action
that therefore result in the evolution of insecticide resistance [171]. Despite the fact that
spinosad’s unique mode of action makes it less prone to insect resistance compared to some
other classes of insecticides, it is still essential to practise responsible use and to avoid over-
reliance on any single pest control method to prolong its effectiveness. Until recently, one
of the most promising key advantages of spinosad in IPM is its selectivity and low toxicity
to beneficial insects and non-target organisms, such as bees, butterflies, and predators like
ladybugs and lacewings. However, spinosad has an undesirable effect on populations of
natural enemies of the olive fly, mainly on predatory arthropods inhabiting the tree canopy
but also pollinators such as Apis mellifera or natural enemies of some other pests [172–176].
Nevertheless, sustainable olive grove management holds the potential to alleviate this
adverse impact, as it distinctly enhances various soil quality parameters, encompassing the
abundance and diversity of microbial and pedofaunal communities [160,177,178].

Next, particle film technologies refer to aqueous formulations of chemically inert clay
or mineral particles specifically designed for coating purposes. These clays are widely
used to reduce damage from insects, diseases, and solar radiation [179]. Kaolin is an
aluminosilicate mineral that disperses readily in water and is chemically inert over a
wide pH range [180]. It is often applied to plants as a thin film that does not interfere
with plant respiration, and once the water evaporates, it forms a protective barrier that
acts as a physical barrier to pests [181]. When insects come into contact with the kaolin-
coated surfaces, they find it difficult to move and feed, which can help to reduce the
populations of a wide range of insect pests in a wide variety of crops, including olive
groves [160,161,182–187]. One of the main advantages of using kaolin in IPM is that it
does not leave harmful residues on the products and even mitigates the deleterious effect
of drought on some plants [188,189]. However, it contains aluminium, which has raised
concerns about how it ends up in the food chain and how it affects human health [190,191],
and even kaolin is generally considered safe for beneficial insects, pollinators, and other
non-target organisms [192]; this should be taken with caution [161,193]. Additionally,
kaolin’s effectiveness may vary depending on the pest species and the environmental
conditions [160,192].

Trials on the efficacy of spinosad-based clay baits to control the olive fruit fly showed
that spinosad-based baits were less effective than kaolin sprays in controlling B. oleae infes-
tations [194]. Similar results were found when comparing copper and kaolin treatments,
as copper treatments provided some protection that was insufficient at high infestation
levels [167]. In addition, spinosad has been shown to have a significant detrimental effect
on natural enemies in the medium term [172]. On the contrary, spinosad did not have a
significant effect on either the feeding behaviour or the survival rate of P. spumarius, and
nor did kaolin [195]. Laboratory tests with kaolin and copped-based products and some
natural enemies of the olive fruit fly and olive moth have shown that, despite some negative
effects, the negative impact on natural enemies is less than that caused by products that are
commonly used in olive crops to control these pests [196,197]. However, field trials found a
lower arthropod diversity and a significant change in the natural enemy community in the
kaolin-sprayed plots [167]. In an attempt to avoid these drawbacks, the combined use of
spinosad and kaolin was tested and proven to be an effective strategy to control this pest in
organic olive groves. The combined treatment reduces the total and damaging infestation,
but not the active infestation, without adversely affecting the natural agonists of the olive
fruit fly [160].

To continue with a group comprising a diverse range of compounds, botanical in-
secticides are formulated from plant materials with minimal processing or modifications.
Among the products that have been used for the longest periods of time are natural
pyrethrins, which are among the organic alternatives to conventional synthetic insecticides.
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They are natural insecticides derived from the flowers of certain species of chrysanthemum,
Dalmatian pyrethrum (Tanacetum cinerariifolium) [198]. Pyrethrins have certain advantages
as IPM tools such as their low toxicity to mammals, birds, and beneficial insects, such
as predators and pollinators [198–203], and their short environmental persistence as they
break down quickly in sunlight and air, leaving no residues [203,204]. However, pyrethrins
also have some limitations and challenges such as reductions in longevity and fecundity
in certain parasitoids [205], a repellent effect in some insects [206], and the emergence of
resistance [207–210]. Depending on the active ingredients and target insects, botanical
insecticides work in a variety of ways. Some of the most common modes of action are
contact toxicity or their uses as antifeedants or as repellents. The former kills the insect
via direct contact, either by disrupting its nervous system, cell membranes, or metabolic
processes. For example, pyrethrum, extracted from the flowers of Tanacetum cinerariae-
folium, is a contact toxin that affects the sodium channels of insect nerve cells [210]. As
antifeedants, they reduce or prevent the feeding behaviour of the insect, either by repelling
it or by making the plant unpalatable or toxic. For example, neem, extracted from the
seeds of Azadirachta indica, contains azadirachtin, which is an antifeedant that interferes
with an insect’s hormonal system and disrupts its growth and reproduction [211]. Finally,
repellents keep the insect away from the plant, either by emitting an unpleasant odour or
by masking the plant’s attractants. For example, garlic, obtained from the bulbs of Allium
sativum, is a repellent that produces sulphur compounds that deter many insects [212].

Essential oils can be considered botanical insecticides due to their natural origins and
abilities to control insect pests. Essential oils can therefore also play roles in IPM as they
often have natural insecticidal, antifungal, and antimicrobial properties [213–216]. They
can be used as natural insecticides given that certain ones contain compounds that can
repel or kill pests. For example, oils from celery, eucalyptus, neem, oregano, peppermint,
pepper, and lavender have insecticidal properties [217–223] and can be used to control
pests like aphids, beetles, mites, and mosquitoes [218,219,223–225]. Indeed, essential oils’
insecticidal properties have been mostly investigated against tephritid species [226–228]
including B. oleae [194,229,230]. Although citrus, piperaceae, thyme, peppermint, clove, and
eucalyptus are essential oils that have been used for integrated pest control in lepidopteran
pests [218,231,232], research is needed on Prays oleae. Studies on P. spumarius, the main
vector of X. fastidiosa in Europe, show that essential oils can be effective as either repellents
or traps. However, the results are highly dependent on the oil used, its concentration, and
the insect stage. Importantly, these are laboratory tests that need to be confirmed by field
trials [233–236].

Essential oils such as eucalyptus, neem, or peppermint, to name just a few examples of
those mentioned above, also have some drawbacks that limit their widespread applications.
They can vary in chemical composition and bioactivity depending on the plant source,
extraction method, environmental factors, and storage conditions [231,237]. Therefore, their
effects on pests may not be stable or predictable in different situations. In addition, studies
on essential oils have been used to be conducted in controlled laboratory or greenhouse
settings, which may not accurately reflect real field scenarios where pests are exposed to
a variety of biotic and abiotic influences [231,237–240]. They are also often expensive to
produce and require large amounts of plant material. Moreover, they may need special
formulations or delivery systems to enhance their stability, solubility, and penetration.
These factors may increase the costs of using essential oils for IPM compared to synthetic
pesticides [238,241,242]. In a recent work where insecticides, biopesticides, and clay were
evaluated for the management of fruit flies, specifically Bactrocera spp. infesting bottle
gourd, among the biopesticides, neem oil appeared to be superior to others in its class, but
was less effective than, for example, spinosad treatment [243]. As many other compounds,
essential oils are subject to strict regulations; they need to undergo rigorous testing and
registration processes before they can be marketed as pesticides. This may take several
years and require substantial financial resources, which may discourage the development
and commercialization of essential oils for IPM [231,237].
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In sum, much more research needs to be conducted on olive crops with these com-
pounds, especially considering the upcoming more extreme environmental conditions
and their costs compared to the synthetic insecticides that growers are already used to
employing and know what to expect.

6. Genetics and Biotechnology in the Service of IPM

The development and implementation of IPM strategies has been greatly enhanced
by genetics and biotechnology in order to apply the ever-increasing array of molecular
genetic methods. Advances in genetics and biotechnology may lead to improved pesticide
formulations and delivery systems, enabling more precise and efficient application as well
as the efficacy and safety of biological pesticides [244–246]. This will minimise the impact
on non-target organisms and the environment.

Biotechnology is supporting the production of biopesticides derived from beneficial
microorganisms (such as bacteria, fungi, and viruses) that can target pests. As already
discussed, the use of B. thuringiensis in pest control has some drawbacks. To overcome these
problems, some of the genetics and biotechnological solutions developed have consisted of
improving its stability, specificity, and delivery, as recently reviewed in Azizoglu et al. [134].
According to European and US legislation, B. thuringiensis can be applied as a spray or
as a plant-incorporated protectant or PIP. The spray formulation must be approved by
the European Commission and Member States and must comply with the requirements
of the European Commission’s Directorate-General for Health and Food Safety for the
placing of plant protection products on the market [247] or by the Environmental Protection
Agency. Also, it must comply with the requirements of the Federal Insecticide, Fungicide,
and Rodenticide Act (FIFRA) [248]. The spray formulation must also respect the maximum
residue levels (MRLs) established for B. thuringiensis on the maximum residue levels of
pesticides in or on foods and feeds of plant and animal origin [249] or those established in
the Code of Federal Regulations [250]. As a PIP, B. thuringiensis can be incorporated into
the plant genome via genetic engineering so that the plant produces the B. thuringiensis
toxin in its tissues and protects itself from pest attack. The PIP must be authorised by the
European Commission and the Member States and must comply with the requirements of
the current directive [251] on the deliberate release of genetically modified organisms into
the environment. In the USA, the PIP must be authorised by the EPA and must comply
with the requirements of the Toxic Substances Control Act and FIFRA [252]. The PIP must
also respect the MRLs established for B. thuringiensis in European and USA regulation,
as mentioned earlier. Research on spraying applications continues today, finding new
solutions and improving existing ones [253–260]. There is also an increasing amount of
research on the genetic variability of Bacillus thuringiensis and others in the genus for the
improvement of PIPs [260–264].

But the use of plant-incorporated protectants (PIPs) is not the only genetic approach
that can boost IPM. Genetic modification can enhance the effectiveness of natural enemies
used in biological control. This goal can be achieved by using conventional breeding
or genetic engineering techniques. Conventional breeding involves crossing different
strains or species of beneficial organisms, such as predators, parasitoids, or pathogens,
to produce hybrids with improved traits, such as higher virulence, specificity, stability,
or dispersal [265]. Genetic engineering involves the introduction of foreign genes or the
modification of existing genes in beneficial organisms to confer new or enhanced traits,
such as the resistance to pesticides, environmental stress, or host defence [76]. The genetic
modification of beneficial organisms can offer some advantages over conventional biologi-
cal control, such as increasing the efficacy, specificity, and persistence of these organisms,
reducing the need for mass production and release, and facilitating their integration with
other IPM tactics. However, the genetic modification of beneficial organisms also poses
some challenges and risks, such as ethical, social, environmental, and regulatory issues.
Even so, there are some genetically modified beneficial organisms that have been developed
or tested for biological control. A strain of the entomopathogenic fungus Beauveria bassiana



Appl. Sci. 2023, 13, 12078 14 of 29

has been modified to increase its virulence and stability against diverse insects [266–269].
A transgenic strain of the entomopathogenic bacterium Bacillus thuringiensis that produces
a scorpion toxin that is highly specific and lethal to the cotton bollworm has also been
tested [267,270,271]. These are just two examples of the latest benefits in the area, of which
there are many others [272].

The insect pests themselves may also be susceptible to genetic modification. The sterile
insect technique (SIT) is a pest control method where large numbers of sterile insects are
released into a target population to suppress reproduction [273]. In this respect, genetics and
biotechnology can improve the mass rearing and sterilization processes, making SIT more
efficient and cost-effective. The four main strategic options in using the SIT—suppression,
containment, prevention, and eradication—with examples of each option are described in
detail in the study by Dyck, Hendrichs, and Robinson [274]. Another approach that involves
genetic engineering and pests is the use of RNA interference (RNAi). RNAi is a method that
silences specific genes in pests by delivering double-stranded RNA molecules that trigger
a natural mechanism of gene regulation [275]. RNAi technology can be used to silence
specific genes in pests, causing them to become less viable or develop abnormally [276].
Gene drives consist of genetic elements that are efficiently transmitted among sexually
reproducing individuals. They inherit genetic traits that are passed to future generations
with a higher probability than with Mendelian inheritance, even if these elements reduce
the fitness of such individuals. Therefore, this is a method that involves spreading a desired
genetic trait through a population quickly [277]. There are several approaches to achieving
this goal, all with advantages and disadvantages [278–280], but despite all their potentials,
these products are unlikely to have an easy route to market. The applicability of these
strategies to new target pests, their efficacy in the natural environment, and their potential
safety and acceptability as control methods are surrounded by considerable controversy
and uncertainty. International agreements before the release of approved insect strains are
necessary [281].

Some of these measures are well established. They have been used for years or decades
to control some of the pests that plague olive groves. For example, the use of B. thuringiensis
has been researched and used for the control of major olive pests for at least 30 years [282].
Indeed, it is currently included in the community list of active substances approved for
use in olive groves in EU countries such as Spain. There are different substances derived
from 11 species of Bacillus that were approved for use as fungicides, insecticides, and/or
bactericides. Specifically, there are eight strains of three subspecies of B. thuringiensis that
were approved as insecticides [10].

Particularly in olive grove IPM, biotechnology and genetic engineering also play
important roles. Although genetic modifications to the tree itself may take time to prove
to be effective due to the nature of the plant, several genetic markers have been tested to
obtain modifications against, for example, drought or salinity stress [282–284]. Several
genetic and serological tests for the specific detection have been developed for main olive
pathogens, highlighting those for X. fastidiosa [285,286] that produce vascular infection
and may have an asymptomatic infection phase. But it is the genetic modification of the
olive pests themselves that is without a doubt the most studied and the most widely used
method. As mentioned above, SIT is being used to control important pests, including olive
pests [287–289]. Other genetic markers, such as olfactory receptors, have also been studied
to make genetically modified organisms more reluctant to reproduce. When released, they
interfere with the mating behaviours and reproductive potentials of the flies, helping to
control the pests [290]. Likewise, in 2012, a British company presented an initiative to
Spanish MAPA and the Autonomous Government of Catalonia to test, in a controlled
way, in 48 olive trees in Tarragona, a genetically modified strain of Bactrocera oleae whose
females died at the larvae and early pupal stages. That could help to fight against this
olive pest. In 2013, the company withdrew the application, overwhelmed by political and
social obstacles. Several scientists, most of them from the company, demonstrated that
the modified strain was effective in combating the pest [291]. As said, gene drive has



Appl. Sci. 2023, 13, 12078 15 of 29

several potential opportunities for pest control but also several uncertainties surrounding
its employment in agricultural crops [291,292].

The knowledge of the nature of the genetic variation in olive pests at the intra- and
inter- population levels is relevant for the design of IPMs and their success. The advance
and cheapening of genetic techniques are providing us with new and more sensitive tools
for genetic analysis, showing relevant data about the unequivocal species identifications,
genetic diversities, structures, and gene flows of these damaging pests.

The use of microsatellite markers (very short DNA sequences—two to seven
nucleotides—repeated many times, found in thousands of the location in the whole genome
of an organism) has allowed researchers to determine the geographical origin, relatedness,
and reproduction of B. oleae as well as to assess the impact of the sterile insect technique
(SIT) on wild populations [293,294].

The resistance to pesticides is another important area where genetics can provide
valuable information. Agricultural pest control relies mostly on synthetic insecticides, such
as organophosphates (OPs) and pyrethroids (PYs), but the effectiveness of many pesticides
is recurrently compromised by the evolution of resistances that have become major concerns.
The intensive use of OPs to control the olive fruit fly led to an increase in resistance in field
populations. Hence, a dramatic increase in the resistance to PYs such as alpha-cypermethrin
has been observed in B. oleae populations in Greece, especially in Crete [55,295]. Spanish
olive fruit fly populations also have high frequencies of alleles conferring resistance to
organophosphate insecticides, as determined by studying mutations at the ace gene [56].
All of this information helps farmers to make better decisions about when to carry out
insecticide interventions, as well as the most appropriate ones. This information is not only
used to programme chemical insecticide interventions but is also used for compounds in
IPM. For example, a resistance to spinosad has already been detected, although it remains
low in most populations [296].

The analysis via PCR and the sequencing of a fragment of the mitochondrial gene
of cytochrome oxidase subunit I (COI) have addressed the genetic diversity, population
structure, and gene flow of B. oleae in different regions of the Mediterranean. The data
revealed that olf populations, in general, hold high to moderate levels of genetic diversity
and have been long established in the Mediterranean Basin with two main genetic groups.
Gene flow seems to be the main process in shaping this genetic structure as well as the fly’s
colonisation routes that have paralleled those of the olive tree. This genetic marker was
sensitive to identify the source of origin of new infestations, making global collaboration
easier [32,297–303].

The COI mitochondrial gene is also a useful and reliable taxonomic tool since it is the
universal barcode for animal species identification. This trait makes it possible to identify
olive pests at early stages, which is essential in the prompt detection and control of pests.
The PCR analysis and sequencing of a fragment of COI lead to a reliable identification of P.
spumarius at any life stage [108,109].

Ecosystem services are ecosystem resources or processes that benefit natural pest
control. Generalist predators could provide a way of managing olive pests naturally. In
this context, the use of genetic methods to detect the target DNA in environmental samples
facilitates the monitoring and evaluation of biological control strategies. Post-mortem genetic
analyses have been developed to detect the DNA of pests in soil arthropod fauna generalist
predators’ guts. The PCR technique is employed to detect minute amounts of degraded
prey DNA inside the digestive tract of the predator. These data would help to confirm
whether these main candidates found in the olive agroecosystem predate the pest species.
In this regard, several studies have been carried out not only in the laboratory but also in
the field, helping to elucidate candidate species for the predation of B. oleae and X. fastidiosa
vectors [84,88,92,93,100,108,109,304]. This research leads to better knowledge of the trophic
chain of the olive grove and allows us to know which are the natural enemies that prey
most on the pest and which should therefore be strengthened.
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In short, biotechnology and genetics can enable the development of tools to assist in the
rapid and accurate identification and genetic characterization of pest species, pathogens,
and strains. Incorporating these advances and techniques into IPM programmes can
provide many benefits and innovative tools to raise the precision, effectiveness, and sus-
tainability of pest management practices.

7. Conclusions and Future Directions

With an ever-increasing world population and impending, if not already present, envi-
ronmental challenges such as ecosystem degradation and climate change, it is imperative
to improve the sustainability of crop production and protection. The Mediterranean Basin
accounts for 95% of the world’s olive groves and the EU produces about 67% of the world’s
olive oil. Approximately 4 million hectares, mainly in the Mediterranean countries of the
EU, are devoted to olive cultivation, combining traditional, intensive, and super-intensive
groves. This region is suffering from strong warming and water stress, which may lead
to severe environmental conditions. These conditions are likely to modify the latitudinal
and longitudinal ranges of olive pests and their attacks in ways that are still unknown
given the complexities of the ecosystem interactions along the diversity of olive crops.
Although the need to develop and implement more effective strategies for the control
of olive pests and pathogens has always been urgent, the necessity of this challenge has
increased sharply in recent years due to the globalisation of trade, the growth of the human
population, the consequent increase in the demand for food, and, more recently, due to the
social awakening in terms of health and biodiversity following the relentless COVID-19
pandemic and the increasingly extreme environmental conditions we are experiencing.

Although the use of synthetic pesticides has traditionally been, and still is, the most ef-
fective method, their misuse and prolonged use has led to serious environmental problems.
In this context, the management of olive pests and diseases must be efficient, responsible,
and environmentally friendly. The use of pesticides is now more restricted, with national
and international regulatory frameworks in place to achieve the sustainable use of pesti-
cides. One of the strategies to reduce the dependence on agrochemicals is to strengthen the
wider implementation of IPM practices. It is important to emphasise that the combination
of many IPM practices often has a greater effect than any single one. Some strategies
used to control olive pest populations are insufficient or may also have undesirable effects,
such as mass trapping or kaolin (also used against X. fastidiosa vectors (MAPA resolution
28 February 2018)). Therefore, research must focus on plant protection, soil health and
conservation practices, irrigation and fertilisation, and the provision of ecosystem services
with the enhancement of biodiversity to promote natural pest control via natural enemies.
To achieve these objectives, it is essential to involve, guide, and financially support farmers
in the knowledge and application of these good practices in their olive groves and the po-
tential benefits they bring in terms of pest and disease control and plant health. Finally, the
use and improvement of genetic and biotechnological tools, together with the development
of new technologies, are essential to increase the success of IPM and the sustainability of
this key Mediterranean crop.

Farmers, advisers, the olive industry, local and national governments, non-governmental
institutions, researchers, and civil society together have the task of raising environmental
awareness and recognizing the shared global responsibility to protect the health of people,
ecosystems, and the planet, as embodied in the One Health approach.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/app132112078/s1, Supplementary Material S1: A summary of
potential biological control organisms, pathogens and OEs.
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