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Introduction 

The impact of chemical pesticides 

The intensive use of chemical pesticides to combat harmful insects has led to several 

environmental, agronomic, and health issues that raise growing concerns (Tilman et al., 2002). 

One of the main challenges is biodiversity loss. Pesticides not only target harmful insects but 

also affect non-target species that play essential roles in agroecosystems, such as pollinators, 

natural predators, and decomposers (Carlesso et al., 2020; Brittain & Potts, 2011). This 

ecological imbalance compromises the integrity of agricultural ecosystems, making them more 

vulnerable to new infestations (Goulson, 2013; Sánchez-Bayo & Wyckhuys, 2019). 

Another significant issue is the development of resistance by pests. Prolonged exposure to 

pesticides has driven the evolution of insect populations capable of tolerating chemical 

substances, requiring the use of increasingly higher doses or the development of new 

compounds, leading to higher costs and greater environmental impact (Bass et al., 2014; Sparks 

& Nauen, 2015).  

From an environmental perspective, chemical pesticides contribute to the degradation of 

natural resources. Their dispersion through soil and water contaminated aquifers and 

surrounding ecosystems, with severe consequences for aquatic fauna and the health of natural 

habitats (Stehle & Schulz, 2015). 

Finally, pesticides pose risks to human health. Direct exposure, especially for agricultural 

workers, and the consumption of chemical residues in food have been associated with chronic 

illnesses, including neurological disorders and cancer (Mostafalou & Abdollahi, 2017; Kim et 

al., 2017). These challenges highlight the urgent need to reduce the use of chemical pesticides 

and develop safer and more sustainable alternatives. 
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The European Green Deal 

The European Green Deal, through the "Farm to Fork" strategy, aims to significantly reduce 

the use of chemical pesticides to promote a more sustainable agricultural system while 

safeguarding human health and biodiversity (European Commission, 2020). A core objective 

is a 50% reduction in chemical pesticide use by 2030, particularly focusing on the most 

hazardous substances (European Commission, 2020). To achieve this, the EU advocates for the 

adoption of biological control (biocontrol) methods, which involve the use of natural predators, 

parasitoids, and microbial biopesticides to manage pest populations effectively while 

minimizing environmental impact (Jactel et al., 2019).  

A major concern is the protection of pollinators, such as bees, butterflies, and other insects, 

which are essential for maintaining ecosystem stability and agricultural productivity (Potts et 

al., 2016). The widespread use of neonicotinoids and other neurotoxic pesticides has been 

linked to pollinator decline, threatening both food security and biodiversity (Goulson et al., 

2015). To counteract this, the EU is investing in the creation of pollinator-friendly habitats, 

stricter pesticide regulations, and research into alternative pest management strategies that do 

not harm beneficial insects (European Commission, 2021). 

Another critical goal is to expand organic farming to cover at least 25% of EU agricultural land 

by 2030, prioritizing crop rotation, intercropping, and soil health management to naturally 

reduce pest outbreaks (Willer & Lernoud, 2019). Despite these initiatives, challenges remain, 

including concerns over potential productivity losses, increased costs for farmers, and 

resistance from the agrochemical industry. Furthermore, variations in national agricultural 

policies among EU member states highlight the complexity of balancing environmental 

sustainability with economic and food security concerns (Pe'er et al., 2020). 
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Biopesticides 

Biopesticides, derived from natural materials such as plants, microorganisms, and minerals, 

represent a sustainable alternative to traditional chemical pesticides. They include bacteria such 

as Bacillus thuringiensis (Bt), an entomopathogen, and Bacillus sphaericus (Bs), both 

considered safe biological control agents that produce toxins effective against various pest 

insect species (El-Bendary, 2006); plant extracts such as azadirachtin, an active compound 

derived from the neem tree (Azadirachta indica), used to control numerous pests (Singh, 2007); 

and semiochemical compounds like pheromones, employed mainly in mating disruption 

(Anguelov et al., 2016) or alarm signaling. 

An example of a biopesticide based on alarm pheromones involves the use of chemical 

substances that, once perceived by insects, induce escape or avoidance behaviors, thereby 

reducing crop damage. However, the practical application of alarm pheromones as 

biopesticides is still under research and development, and their effectiveness varies depending 

on the target species and environmental conditions. 

The benefits of biopesticides include lower toxicity to humans and the environment, reduced 

risk of groundwater contamination, and a specificity of action that limits harm to non-target 

organisms (Sparks et al., 2021). However, these products are not without risks. Recent studies 

have highlighted that biopesticides can negatively affect pollinators, impairing the behavior 

and survival of bees even at low concentrations (Cappa et al., 2022; Carlesso et al., 2020). 

These effects are often overlooked due to outdated guidelines that fail to adequately account 

for the sensitivity of non-target insects (Cappa et al., 2022). Moreover, the efficacy of 

biopesticides can be influenced by adverse environmental conditions, and excessive or 

improper use could disrupt local ecological balances, with unforeseen consequences for 

biodiversity (Glare et al., 2012). 
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Despite these challenges, biopesticides currently represent a better solution compared to 

chemical pesticides, thanks to their lower toxicological impact on the environment and human 

health (Samada & Tambunan, 2020). To make them even more effective and safe tools, further 

investment in research is essential, focusing on innovative formulations and application 

protocols that minimize side effects on biodiversity. Only through an integrated and sustainable 

approach can the full potential of biopesticides as an eco-friendly alternative for crop protection 

be realized. 

Biocontrol: Exploring Trait-Mediated Ecological Strategies 

Biopesticides are an integral component of biological control strategies, offering a sustainable 

and environmentally friendly alternative to traditional chemical pesticides. Biological control 

(biocontrol) represents an innovative and sustainable approach that leverages natural 

interactions among organisms to manage harmful insects (Van Lenteren et al., 2018). One of 

the most promising approaches within biocontrol is the use of trait-mediated interactions 

(TMIs), which can be either direct or indirect (Schmitz et al., 2004; Werner & Peacor, 2003; 

Abrams, 2007). 

Trait-mediated interactions describe ecological processes in which an organism’s functional 

traits, behaviors, or physiological characteristics are altered in response to the presence of 

another organism, either through direct interaction or perceived risk (Ohgushi et al., 2012; 

Werner & Peacor, 2003). Traditional ecological theories have emphasized direct species 

interactions, such as predation or competition, as primary determinants of community structure. 

However, recent research highlights the critical role of indirect interactions in shaping 

ecological dynamics and influencing species distributions (Hsieh et al., 2012). 

Biocontrol strategies based on trait-mediated direct interactions where natural enemies, such 

as predators or parasitoids, directly reduce pest populations, providing indirect benefits to crops 
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(Offenberg et al., 2015; Stenberg et al., 2015; Tena et al., 2013). These interactions are well-

documented in literature (Gontijo, 2019; Van Driesche et al., 2009; Sharma, 2023). For 

example, predators like ladybirds (Coccinellidae) and lacewings (Chrysopidae) are known to 

effectively reduce aphid populations through predation, while parasitoid wasps 

(Ichneumonidae) help regulate pest populations by reducing host density (Dixon, 2000; 

Obrycki & Kring, 1998; Fei et al., 2023). 

In contrast, trait-mediated indirect interactions (TMIIs) add an additional layer of ecological 

complexity and practical potential by focusing on pest behavior rather than simply reducing 

their populations. TMIIs are triggered by changes in behavior, physiology, or morphology in 

response to indirect cues, such as chemical, visual, or acoustic signals (Schmitz et al., 2004; 

Werner & Peacor, 2003). These signals can modify pest behavior without requiring direct 

interaction with natural enemies. One example of this phenomenon is the use of predatory 

pheromones or territorial chemical signals emitted by ants, which can deter pests, reducing 

feeding and preventing settlement on crops (Hermann & Landis, 2017; Turlings et al., 1995). 

Trait-Mediated Indirect Interactions 

Trait-mediated indirect interactions (TMIIs) occur through three primary mechanisms: 

1. Behavioral Changes: The presence of a predator, for example, can induce prey to alter 

their feeding, sheltering, or movement behavior, which can have effects on other 

species in the environment. This phenomenon has been documented in several studies 

that highlight how predatory behavior can alter ecological dynamics, even without 

direct predation. The effect of predators on avoidance or refuge behaviors has been 

described by several authors (Lima, 1998; Schmitz et al., 2004). For example, Schmitz 

et al. (2004) highlighted that the presence of predators can reduce the time prey spends 

feeding, indirectly affecting plants and other herbivores. 
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2. Physiological or Morphological Changes: Some species can develop physical or 

physiological traits in response to the presence of another species. These changes can 

indirectly influence other species in the ecosystem. For example, some plants may 

develop morphological defenses (such as spines or repellent chemicals) in response to 

herbivores or predators (Agrawal et al., 2007). Such modifications can reduce the 

competitiveness of other species using the same resources, altering the structure of the 

entire plant community (Karban et al., 1997). 

3. Changes in Resource Distribution: When a species alters its behavior, it can change the 

distribution of available resources, influencing other species that depend on these 

resources. An example of this phenomenon is the changes in foraging or movement 

patterns of herbivores in response to predation, which can alter the availability of plants 

or other food resources for other species. Interactions between herbivores and predators 

can have indirect effects on primary productivity or the structure of plant communities, 

as highlighted by studies like those by Berger et al. (2001) and Ripple & Beschta 

(2004), which showed how predation on deer can influence vegetation and animal 

communities by reducing pressure on plant ecosystems. 

The ecological significance of TMIIs lies in their ability to modulate community dynamics 

without direct predation or competition. By altering trophic and competitive interactions, TMIs 

promote ecological stability and biodiversity (Schmitz et al., 2004). For instance, TMIs may 

facilitate sophisticated predator strategies or mitigate competitive imbalances, thereby 

preventing the dominance of a single species and promoting ecosystem diversification (Holt, 

1977). 

Understanding TMIs has practical implications for sustainable pest management.  
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For instance, chemical emissions from certain species may reduce prey attractiveness to 

predators, indirectly altering predator foraging patterns and precluding pest damage (de Boer 

et al., 2008). Similarly, species exhibiting enhanced avoidance behaviors may shift competitive 

hierarchies, influencing ecosystem dynamics (Werner & Peacor, 2003). 

A notable example of TMIs in biocontrol involves ants, which can influence pest populations 

both directly (via predation) and indirectly (via chemical signaling). Ants produce chemical 

compounds such as formic acid and alarm pheromones, which discourage pests from occupying 

their territory or feeding on nearby plants (Way & Khoo, 1992). Ant-derived chemical signals, 

such as alarm and territorial pheromones, could be harnessed as an innovative biocontrol 

strategy. These compounds discourage pests from settling on crops, reduce feeding activity, 

and prevent infestation without the need for chemical insecticides (Offenberg, 2015). This 

strategy not only aligns with ecological principles but also minimizes environmental impact, 

offering a viable alternative to conventional pest control methods. 

The Role of Ants in Agricultural Biocontrol 

Introduction to Ants 

Ants are one of the most widespread and diverse groups of insects on Earth. With over 14,000 

described species, ants play a crucial role in ecosystems due to their ability to modify soil, 

disperse seeds, interact with other species, and prey on a wide range of organisms (Hölldobler 

& Wilson, 1990). In agricultural contexts, these interactions become particularly significant, 

as ants can act as allies by contributing to pest control (Way & Khoo, 1992) or as potential 

antagonists by facilitating the proliferation of harmful insects such as aphids through 

mutualistic relationships (Offenberg, 2015). 

Ants as Effective Biocontrol Agents 
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Trait-mediated interactions are particularly promising because they capitalize on dynamics 

already present in natural ecosystems, reducing the need for external interventions and 

chemical substances (Schmitz et al., 2004; Preisser et al., 2005). By fostering coexistence and 

enhancing the role of antagonistic organisms in agricultural fields, such as ants, conditions can 

be created that systematically and sustainably discourage the establishment and proliferation 

of harmful insects (Offenberg, 2015; Philpott & Armbrecht, 2006). 

Ants, belonging to the family Formicidae, are among the most widespread and influential 

social insects in terrestrial ecosystems (Hölldobler & Wilson, 1990). Thanks to their complex 

social organization and ability to establish diverse ecological interactions, they play crucial 

roles as predators, mutualists, decomposers, and competitors (Del Toro et al., 2012; Lach et al., 

2010). Ant colonies are characterized by division of labor, advanced communication via 

chemical signals, and the capacity to modify their surrounding environment (Hölldobler & 

Wilson, 1990; Blüthgen & Fiedler, 2004). These ecological traits make ants particularly 

effective in shaping biological communities and influencing the population dynamics of other 

organisms, including harmful phytophagous insects (Perfecto & Vandermeer, 2015; Van Mele, 

2008). 

Despite their potential, the role of ants in pest control is sometimes controversial. A major 

criticism concerns their mutualistic association with aphids, a behavior well documented in the 

literature (Ottonetti et al., 2008). Ants protect aphids from natural predators in exchange for 

honeydew, reducing the effectiveness of predators and parasitoids in containing the aphids 

spread. This phenomenon, although beneficial to ants, can have negative effects on agricultural 

management, amplifying the damage caused by aphids to crops. 

Interactions between ants and other organisms within agroecosystems often manifest as Trait-

Mediated Interactions (TMIs), which can affect population dynamics in complex ways. A 
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recent meta-analysis by Anjos et al. (2022) confirmed that although ants can significantly 

reduce pest populations through predation, their mutualistic interaction with aphids can 

sometimes offset these benefits. Furthermore, Sankovitz et al. (2024) pointed out that the 

effectiveness of ants as biocontrol agents depends on the ecological context and the specific 

composition of the community. 

The Chemical Potential of Ants 

A key aspect of ant ecology is the use of chemical signals, particularly pheromones, to 

coordinate colony behavior and interact with the external environment. These pheromones are 

secreted for various purposes: marking paths to food sources, alerting to imminent danger, 

organizing collective defenses, or marking territory (Hölldobler & Wilson, 1990; Morgan, 

2009). Their ability to emit chemical signals has attracted research attention as a potential tool 

for biocontrol (Vandermeer et al., 2002). 

Early studies on the use of ants for managing agricultural pests focused primarily on tropical 

species, particularly those of the genus Oecophylla (Way & Khoo, 1992). These ants, known 

for their highly territorial and predatory behavior, have been observed in agricultural settings 

such as citrus and cacao plantations, where they significantly reduce populations of harmful 

insects (Van Mele, 2008). 

Insights from Tropical Ant Species in Pest Management 

Species like Oecophylla smaragdina (Fabricius, 1775) and Oecophylla longinoda (Latreille, 

1882) have shown remarkable effectiveness in controlling pests through direct predation (Van 

Mele, 2008). Pioneering studies by Van Mele et al. (2007-2009) and Adandonon et al. (2009) 

delved into the use of Oecophylla in tropical crops, highlighting their role in sustainable pest 

management. Van Mele et al. (2007-2009) demonstrated how Oecophylla could be integrated 
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into agricultural practices to reduce crop damage and increase yield, while Adandonon et al. 

(2009) explored their interactions with pests and implications for biocontrol. 

Research by Offenberg et al. (2004) further revealed that the impact of ants extends beyond 

direct predation to include trait-mediated interactions. For example, pheromones emitted by 

Oecophylla can act as chemical deterrents for phytophagous insects, inducing behavioral 

changes such as plant abandonment or reduced feeding activity (Vayssières, 2016). 

Although early research on ant biocontrol focused on tropical Oecophylla species, interest in 

Mediterranean ants has grown in recent years (Giannetti et al., 2023; Mouratidis et al., 2021). 

These ants, adapted to temperate climates, offer opportunities to apply biocontrol strategies in 

crops typical of the Mediterranean region, characterized by diverse agriculture and frequent 

threats from harmful phytophagous insects. This highlights the potential for expanding ant-

mediated biocontrol to new agricultural contexts worldwide. 

Aims 

The main objective of this study was to investigate whether indirect trait-mediated interactions 

can be effective in the control of important pest species in Mediterranean agroecosystems. In 

particular, I investigated whether the chemical substances produced by three common ants in 

several agroecosystems (namely, Crematogaster scutellaris, Tapinoma nigerrimum, and 

Lasius grandis), possess deterrent action against the fly Ceratitis capitata, one of most harmful 

pests in Mediterranean agroecosystems, and the meadow spittlebug Philenus spmumarius, the 

vector of Xylella fastidiosa in olive orchards. 

In Chapter 1, I report the first set of experiment to assess whether the release of chemical 

substances produced by Crematogaster scutellaris and Tapinoma nigerrimum modify behavior 

of the fly Ceratitis capitata during oviposition on fruits. This preliminary study was crucial to 
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prove the presence of any ant repellent effect, thereby providing a basis for the continuation of 

our research into the potential use of ant-derived compounds in pest management strategies. 

In Chapter 2, I describe the experiments carried-out to see if the scent of the ant Crematogaster 

scutellaris is effective in deterring Philaenus spumarius from feeding on olive twigs. This 

approach was designed to determine whether the deterring behavioral response would be 

consistent with a different target organism. Finally, I also identified the chemical substances 

involved in these interactions. 

In Chapter 3, I present a study examining interactions with a third Mediterranean ant species, 

dominant in citrus orchards in Spain. This study was carried-out in collaboration with the 

Instituto Valenciano de Investigaciones Agrarias (IVIA) to assess whether the release of 

chemical substances from field-based ant colonies of Lasius grandis could have an impact on 

the behavior of Ceratitis capitata. In addition, I extracted and identified the chemical 

substances produced by the ants and carried-out experiments on the effectiveness of such 

extracts on the behavior of C. capitata. 

In Chapter 4, I present the results of experiments to test the effects of the compounds identified 

and described in Chapter 2 on the behavior of the fly Ceratitis capitata. This approach 

represents our final objective: to evaluate the potential of these compounds as a natural 

repellent for invasive insect pests. 
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1.1 Abstract 

Alternative methods to achieve sustainable agricultural production while reducing the use of 

chemical pesticides, such as biological control, are increasingly needed. The exploitation of 

trait-mediated indirect interactions (TMIIs), in which pests modify their behavior in response 

to some cues (e.g pheromones and other semiochemicals) to avoid predation risk, may be a 

possible strategy. In this study, we tested the effect of TMIIs of two Mediterranean ant species, 

Crematogaster scutellaris and Tapinoma nigerrimum, on the oviposition behaviour of Ceratitis 

capitata (Diptera: Tephritidae), one of the world's most economically damaging pests attacking 

fruits. For each ant species, we performed choice experiments using ant-scented and control 

plums counting the time spent by medflies on fruits and the number of pupae emerging from 

them. Results of both ant’s species tests showed a significantly shorter time spent by 

ovipositing medflies on ant-exposed plums and a lower number of pupae, if compared to the 

control group. Our findings highlighted that the semiochemicals released by ants on plums 

triggered an avoidance behaviour by medfly females, leading to lower oviposition rates. This 

study contributes to the understanding of indirect ant-pest interactions in Mediterranean 
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agricultural settings and points out the potential of utilising ant-borne semiochemicals in 

sustainable IPM strategies. 

1.2 Introduction 

The control of insect pests in agriculture is usually achieved using chemical insecticides, but 

their widespread use has resulted in increased environmental pollution and rising costs (Peng 

& Christian, 2005). The increasing awareness of the many environmental problems generated 

by the use of agrochemicals has encouraged the development of alternative methods to make 

agricultural production ecologically and economically sustainable (García-Ruiz et al., 2022; 

Guedes et al., 2016; Kavallieratos et al., 2021), thus preserving environmental quality and 

maintaining high biodiversity levels (Gomiero et al., 2011). 

One of the possible ways to reduce the use of agrochemicals is to rely on biological control. 

This method allows for controlling pest populations by exploiting the natural relationship of 

antagonism or predation among species (Kaspari and Majer, 2000; Rosumek et al., 2009; 

Offenberg et al., 2015). The control of pest populations through direct consumptive interactions 

and reduction of pest abundance is a well-established field of research that gained attention in 

the last decades (Eubanks & Finke, 2014). The control of a pest population can also be achieved 

through non-consumptive interactions. This is the case when the pest species is able to perceive 

the predation risk, for example sensing the presence of the predator, and modify its behaviour 

in order to escape it. In this way, the effects of the pest are locally and temporarily reduced, 

with important cascade effects on the whole community (Werner and Peacor, 2003; Schmitz et 

al., 2004; Utsumi et al., 2010). These interactions are called Trait-mediated Indirect 

Interactions (TMIIs) because they are due to the modification of a prey's trait rather than a 

change in its density (Bolker et al., 2003). One of the most interesting and useful aspects of 

TMIIs is that these can occur even in the absence of the predator, as long as their indirect traces 
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are present in the environment (Rothley et al., 1997; Schmitz et al., 2004; Barbasch and 

Bernard, 2011). Chemical traces, such as odours and pheromones (compounds provoking 

favourable adaptive changes in the behaviour of a receiver but not in the giver are also called 

kairomones (Dicke & Grostal, 2001)) are examples of warning cues of its recent passage for a 

potential prey (Offenberg, 2014). 

Among insect taxa potentially useful in biological control, ants deserve a special role, as several 

empirical data suggest that the use of ants in integrated pest management can promote 

sustainable yields in agricultural systems (Offenberg et al., 2015; Kaspari and Majer, 2010; 

Vandermeer et al., 2010). Colonial recruitment behaviour, which allows the rapid occurrence 

of many individuals on a potential resource, could result in massive attacks of insect pests and 

undermine predator satiation-based defensive strategies (Despland & Lessard, 2022). 

Moreover, ants produce many different types of pheromones used for intra- and inter-specific 

communication, and during the foraging and patrolling activities (Wilson, 1971; Hölldobler, 

1978; Menzel, 2010; Adams et al., 2020), which might be detected by the pest (Offenberg et 

al., 2004). This makes this taxon a good candidate for biological control through TMIIs. One 

of the most striking examples is provided by the weaver ant Oecophylla smaragdina (Fabricius, 

1775) and O. longinoda (Latreille, 1882), the presence of which is currently known to control 

more than 50 different arthropod pests in 12 different woody crops in tropical areas, both by 

direct and indirect interactions with pests (Way and Khoo, 1992; Van Mele et al., 2007; 

Adandonon et al., 2009). In some cases, this control has led to an increase of more than 70% 

in farmers' net income by replacing the conventional pesticide regime (Peng and Christian, 

2005). Van Mele et al. (2009) found that the laying behaviour of the two important mango 

pests, the fruit flies Ceratitis cosyra (Walker) and Bactrocera invadens (Drew-Tsuruta & 

White), was influenced by the pheromones of the dominant ant O. longinoda. Flies were 

unwilling to land on fruits treated with ant secretions and, once landed, often left quickly 
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without laying eggs. Field experiments have shown that the closer the fruit is to the ant nest, 

the lower the damage of the flies (Adandonon et al., 2009). It was therefore hypothesized that 

O. longinoda releases pheromones that influence fly behaviour even when the ant is not 

physically present (Adandonon et al., 2009). Most of the available reports, however, come from 

tropical habitats, while little is known about indirect ant-pest interactions in temperate 

agroecosystems. 

The Mediterranean fruit fly Ceratitis capitata (Wiedemann, 1824), is one of the most important 

crop pests worldwide (Weldon, 2020). This polyphagous insect attacks a wide range of host 

species that include more than 350 fruits and vegetables (Elekcioğlu, 2023). The species is 

native to sub-Saharan Africa but can be found in many tropical, subtropical, and temperate 

regions worldwide due to its ability to adapt to different climates, and its high invasive potential 

(De Meyer et al., 2008; Deschepper et al., 2021). Traditionally, the control of this dipteran is 

achieved using organophosphates and pyrethroids insecticides (Lisi Demant et al., 2019). Other 

approaches such as mass trapping, the sterile insect technique and biological control are 

possible options, although they are not yet as utilised (Sciarretta et al., 2018). 

In this study, we investigated the potential role of two common ant species in the indirect 

control of C. capitata. The studied species were the acrobat ant Crematogaster scutellaris 

(Olivier, 1792) and one species belonging to the Tapinoma nigerrimum complex (see Seifert 

et al. (2017) for a complete revision of the taxonomy of this group), hereafter referred to as 

Tapinoma nigerrimum (Nylander, 1856) for simplicity. Both species are dominant and 

widespread throughout the western Mediterranean basin, occupying both natural and human-

managed ecosystems (Frizzi et al., 2015, Cerdá et al., 1998; Baroni Urbani, 1971). The large 

monogynous colonies of C. scutellaris, reaching numbers of several thousand individuals 

(Masoni et al., 2017) and their nesting habits in trees (Frizzi et al., 2014; Schatz and Hossaert-
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Mckey, 2003), make this species particularly suitable as model species for testing the role of 

ants in biological control of woody crops, being a highly efficient predator also in tree canopies 

(Masoni et al., 2020; Santini et al., 2011; Castracani et al., 2017). Tapinoma nigerrimum nests 

in the soil, but regularly visits nearby trees to tend aphids and mealybugs, even in disturbed 

contexts (Frizzi et al., 2017). Since the two species belong to two different subfamilies 

(Myrmicinae and Dolichoderinae, respectively), our aim was also to investigate whether there 

was a difference between the possible repellent effect of the semiochemicals produced by the 

two species. 

We performed multiple choice experiments to test whether the chemical traces laid by workers 

of the two ant species on fruits (plums, Prunus domestica L, 1753) deter mature females of C. 

capitata, reducing its oviposition behaviour. In particular, we evaluated i) whether the 

oviposition rate on ant-scented and control plums were different, and ii) whether the time spent 

by flies to oviposit on ant-scented and control plums differed. According to previous studies 

on Oecophylla spp., our expectations were a lower preference and a lower oviposition rate in 

treated fruits, due to a shorter period spent in ant-scented plums (Adandonon et al., 2009). 

1.3 Materials and Methods 

The experiments were conducted in July 2021 (Crematogaster scutellaris) and 2022 

(Tapinoma nigerrimum) at the Department of Biology of the University of Florence in the Sesto 

Fiorentino Science Campus (43°49'03.5 "N 11°12'14.3 "E). About 1200-1500 adult workers of 

the two ant species were collected near the campus. Ants were housed in separate plastic 

containers (15x23x15 cm, about 600-700 workers each) with Fluon-coated walls (AGC 

Chemicals Europe, Ltd.) to avoid ants escaping. 

Ceratitis capitata pupae, close to eclosion, were provided by the Entomology Section of the 

University of Pisa, where this species is routinely reared following the protocol described in 



34 

Benelli et al., (2012). The pupae were placed inside a thermostatic chamber with constant 

temperature (25 °C), and humidity (relative humidity= 80%), and exposed to natural 

illumination until eclosion. Food (brewer's yeast, powdered sugar) and water were provided ad 

libitum. Each day, the chambers were checked to collect newly eclosed flies, which were then 

moved by an insect aspirator to new flight chambers to form equally-aged cohorts of flies. 

Adult flies were maintained under the same conditions for an additional 10 days prior to the 

start of the experimental trials to allow sexual maturation and mating to occur (Arita, 1982). 

Several factors can influence the laying behaviour of Mediterranean fruit flies, such as fruit 

type, size, quality, or the presence of chemicals (Benelli et al., 2012; Arita, 1982). We used 

organic plums (cv. Stanley) purchased in a local market, from the same production batch and 

having similar sizes and degrees of ripeness. Flies had no previous experience of the fruits, 

being born in captivity. Before being used in the experiments, all plums were washed with tap 

water and blotted with absorbent paper to remove possible chemical residuals from the exocarp. 

Plums and laboratory equipment were handled wearing sterile nitrile gloves to prevent the 

transfer of chemical compounds from the hands to their surface. For each experiment, we 

randomly selected 40 plums, which were then divided into two groups for subsequent 

experimental tests (20 as ant-treatment and 20 as controls). Ant-treated plums were placed 

inside a box containing approximately 600 freshly collected workers of one of the two species. 

Ants were supplied only with water ad libitum. Control plums were housed in exactly the same 

conditions but without ants. In both groups, adhesive paste (UHU®Patafix) was put around the 

stem of the plums to prevent ants from piercing them. Plums were kept under natural light and 

room temperature for 48 hours, which is the time required for the pheromones released by the 

ants to settle on the fruit (Van Mele et al., 2009; McDonald et al., 1985). 
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 1.3.1 Experimental setup 

To assess the preference of C. capitata for treated or untreated fruits we used cylindrical 

Polyethylene terephthalate (PET) experimental chambers (diameter: 25 cm, length: 70 cm), 

having a 10 cm inlet opening on the centre-top part. Both ends of the chamber and the inlet 

opening were made of transparent chiffon fabric to ensure air flux and avoid saturation of the 

volatiles (Fig. 1.1). 20 experimental binary choice tests were set up for each ant species. 

During each test, two plums, one treated and one control, were placed at the opposite ends of 

the chamber. Treated plums were placed immediately after ants were gently removed from 

their surface with a soft drawing brush. The position of control and treated plums were 

alternated in the different chambers so as to randomize uncontrolled effects. Three C. capitata 

females (10 days old) were introduced in the centre of the chamber through the top inlet and 

left inside the chamber for three consecutive days to oviposit. 

After this period, plums were removed and placed individually inside sterile glass jars. The jars 

had 1 cm of moist sand (river sand, 0-1 mm size, Axton) (Peng & Christian, 2005) on the 

bottom to allow the eclosing larvae to metamorphose into pupae and were covered with a fine 

mesh to prevent their escape. The jars were housed at 25 °C and with 80 % relative humidity 

for 4 weeks, and once a week we counted the number of pupae found sifting the sand (Van 

Mele et al., 2009). 

In parallel with the oviposition choice test, we carried out direct observations of the flies' 

oviposition behaviour. Each day we observed the chambers four times (at 10:00 am, 12:00 pm, 

3:00 pm, and 5:00 pm hours) for 10 minutes, and measured the total time spent by the flies on 

the plums. 
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 1.3.2 Statistical analysis 

Total time spent was analysed using linear mixed-effects models (LMMs), with treatment and 

Day (1 to 3) as fixed factors and chamber ID as a random term. The number of pupae was 

analysed using mixed-effects generalised linear models (GLMMs) with a Poisson distribution, 

using treatment (ant-scented/control) as a fixed factor and test chamber ID as a random term. 

All analyses were performed in R v4.0.4 (R Core Team, 2021) using the packages “lme4” 

(Bates et al., 2015), and “lmerTest” (Kuznetsova, Brockhoff & Christensen, 2017). The 

significance threshold for all tests was set at p = 0.05. 

 

 

Figure 1.1. Experimental apparatus and set up of the test trials. 

1.4 Results 

The time spent by flies after landing on control plum fruits was significantly longer than on 

treated plums in both C. scutellaris (F1,95 = 7.030, P < 0.01) and T. nigerrimum (F1,95 = 6.311, 
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P < 0.05) tests (Fig. 1.2). Only in C. scutellaris tests, the time spent changed also over the three 

days (F2,95 = 3.417, P < 0.05). 

 

Figure 1.2. Time (average ± SE) spent by Ceratitis capitata flies on untreated (control, blue lines and circles) and 

treated (red lines and triangles) plums over the three days. Plums treated with a) Crematogaster scutellaris, b) 

Tapinoma nigerrimum. 

  

The number of pupae retrieved from treated plums was significantly lower than in control 

plums both when treated with C. scutellaris (GLMM, z = -8.641, P<0.001) and T. nigerrimum 

(GLMM, z = -7.921, P<0.001) (Fig. 1.3). From plums treated with C. scutellaris, the average 

number of pupae retrieved was 8.55 (± 2.07 SE), compared to 18.85 (± 3.47 SE) from controls, 

whereas from plums treated with T. nigerrimum, the average number of pupae was 1.3 (± 0.7 

SE), compared to 7.5 (± 2.19 SE) from controls. 
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Figure 1.3. Number of pupae of Ceratitis capitata retrieved from untreated (controls, blue) and treated (red) 

plums. Plums treated with a) Crematogaster scutellaris, b) Tapinoma nigerrimum. Asterisks represent the 

significance level (*** = P < 0.001). 

1.5 Discussion 

The results of this study provide new insights into the TMIIs of ants on the oviposition 

behaviour of the Mediterranean fruit fly C. capitata. We showed that C. capitata preferred to 

oviposit on fruits not previously visited by ants, a result highlighted by both the number of 

pupae and the behaviour of flies, which tend to avoid staying on treated fruits. This evidence 

suggests that ants deposit one or more persistent compounds on fruits that would deter C. 

capitata to visit the plums. 

Although the chemical nature of these substances is not yet known, the fact that deterrence was 

triggered by both species suggests that the compounds involved in these interactions - which 
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could be assumed to be kairomones considering Oecophylla sp. as a model (Papaj et al., 1990) 

- might be common to the different ant subfamilies (Myrmicinae and Dolichoderinae), despite 

their considerable taxonomic distance. Moreover, the similar effects described in Oecophylla 

(Adandonon et al., 2009; Van Mele et al., 2009; Jander & Jander, 1979), which belongs to the 

Formicinae subfamily, furtherly supports this idea. Among the substances involved in chemical 

communication in ants, and candidates for being the kairomones triggering the observed 

effects, Cuticular hydrocarbons (CHCs) might play a special role. CHCs are pheromones 

commonly used by ants and other insects to recognize nestmates and/or mutualists, but they 

may also be released in the environment and be involved for example in marking the home 

range (Lenoir et al., 2009; Wüst and Menzel, 2017), and can be also used as kairomones 

(Awater-Salendo et al., 2021). Unfortunately, despite the CHCs of the two studied species have 

been analyzed in previous studies (e.g. Menzel et al., 2010; Frizzi et al., 2015 for C. scutellaris, 

Berville et al., 2013 for the T. nigerrimum complex), a comparative analysis to identify the 

effective molecules on available data is difficult because of the different laboratory standards 

used. It is also known that the CHC profile of a colony can change very rapidly even under the 

effect of very local factors, such as food sources used (Frizzi et al., 2015), but our results 

suggest that the substances triggering the effect are quite stable, as they are conserved across 

subfamilies. 

In addition to CHCs, other pheromones are commonly released by ants in the substrate during 

patrolling or foraging, for example, trail pheromones (David Morgan, 2009). This family of 

pheromones includes many different compounds, and workers sometimes release a mix of them 

having different characteristics of persistence and communication meaning (Jackson and 

Ratnieks, 2006). Hence, defining a precise chemical compound that is responsible for the 

observed effects is not simple, and also in this case a targeted comparative analysis is needed. 

One important factor to consider is that the pheromones detected by flies should not be 
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extremely volatile, since the effect persists even when ants are not present, and we recorded an 

observable effect even three days after the treatment. Pheromone persistence may depend on 

external factors, such as temperature, which may lead to a higher rate of evaporation (Van 

Oudenhove et al., 2011), or the capacity of the substrate to hold the compound (Jeanson et al., 

2003). Beugnon & Dejean (1992) reported that trail pheromones released by O. longinoda were 

still identifiable after nine weeks, and anal spots persisted for up to ten months, even if they 

had been washed by rain. Tapinoma simrothi (Emery, 1925) workers use persistent tracks to 

seek aphid honeydew sources, a feature helping expand the foraging network (Simon & Hefetz, 

1991). On the other hand,  trail pheromones of the garden ant Lasius niger (Linnaeus, 1758) 

can persist for only 20-24 hours without a continuous passage of workers (Evison et al., 2008), 

but in other species some pheromones may be even less durable (e.g. 30 minutes); this is an 

adaptive trait for species that exploit ephemeral food sources because it facilitates the rapid 

abandonment of depleted sources, as it occurs in Linepithema humile (Mayr, 1868) and 

Monomorium pharaonis (Linnaeus, 1758) (Deneubourg et al., 1990; Jeanson et al., 2023). 

Here, short duration pheromones should be excluded. 

From a practical point of view, our results suggest that the presence of ants on trees might be, 

overall, useful to protect crops from the Mediterranean fruit fly. In fact, active ant colonies 

continuously release pheromones on the substrate, at least during the activity period usually 

March-October in the Mediterranean basin, depending on the species and local climate (David 

Morgan, 2009). Predation, in particular of juvenile stadia, could be an additional benefit of the 

presence of ants. Previous studies have shown that C. capitata can be directly preyed on by 

several ant species (Eksafi & Kolbe, 1990; El Keroumi et al., 2010; Campolo et al., 2015). 

Crematogaster scutellaris has been observed to predate larvae of other dipterans on olive trees 

(Frizzi et al., 2016), although the preys were not fruit flies. Moreover, C. scutellaris naturally 

nest in tree trunks, dead logs, or wooden structures, and all these nesting sites may be available 
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in cultivated fields (Schatz & Hossaert‐Mckey, 2003; Frizzi et al., 2015). Its polydomic colony 

organisation, with a colony subdivided into several satellite interconnected nests, make this 

species potentially highly diffuse in tree crops (Santini et al., 2011). Similarly, T. nigerrimum 

is widespread in different agrosystems such as olive groves (Martínez-Núñez et al., 2020) 

vineyards and citrus groves (Mansour et al., 2012). Although the nests of T. nigerrimum are 

dug in the ground, workers can visit nearby trees and plants to predate other arthropods and/or 

to exploit hemipterans’ honeydew (Cerdáet al., 1989).   

In this sense, it should be emphasized that ants can be not only a friend for plants, but even a 

foe, since they are tenders of other kind of pests, like aphids or scales, that usually increase in 

number when co-occurring with ants (Rico-Gray and Oliveira, 2007; Martínez-Núñez et al., 

2021). Crematogaster scutellaris and T. nigerrimum, in this perspective, are not an exception. 

Hence, the occurrence of ants can be a double-edged sword in protecting crops. 

Alternatively, once the substances potentially involved are identified, and once evaluated the 

possibility of industrial production of them, they might be used as a natural and low-impacting 

deterrent against C. capitata, which could provide beneficial effects to plants without using 

non-target chemical pesticides. However, as for all other chemical compounds used in 

agriculture, many parameters should be tested before the compound is employed, such as 

volatilization, runoff, drift, leaching, degradation, soil sorption, and several others, which are 

all needed to verify the efficiency and the impact on the local organisms of the compound (Tudi 

et al., 2021). Most of these parameters depend on the surrounding environment, and an in-depth 

analysis of the agroecosystem is a concern unavoidable before using chemicals, particularly 

when they are new. Finally, although natural-based, the effects of such substances on the 

communities of both animals and plants should not be underestimated, and detailed analyses 

are strongly recommended. 
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1.6 Conclusions 

This study, to our knowledge, is the first one reporting TMIIs between ants and a diffuse highly-

harmful pest like C. capitata in the Mediterranean basin. Results may open new, applied 

avenues for biological control based on TMIIs. Natural ant semiochemicals could provide great 

benefits to plants, always keeping in mind the possible double effect that the presence of ants 

might have for a crop. However, if the compounds which are responsible for this avoidance 

effect will be identified, isolated, and eventually synthesized for industrial production, and then 

they will be demonstrated to have lower impacts on the environment with respect to other 

pesticides, this might be a very important step ahead toward the biological fight against one of 

the most striking pests over the Mediterranean fruit orchards. 
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2.1 Abstract 

The meadow spittlebug Philaenus spumarius is the primary vector of the bacterium Xylella 

fastidiosa, which causes a severe vascular disease leading to significant economic losses in 

olive production in southern Italy. In this study, we investigated the potential deterrent effect 

of ant scent on the visits and activity of P. spumarius on olive twigs. Using binary choice 

experiments, we found that the compounds released by Crematogaster scutellaris ants 

significantly reduced the probability of spittlebug visits to olive twigs. 

Chemical analysis of ant cuticular composition, and of ant-scented and control olive leaves 

identified specific substances involved in this interaction. Gas chromatography coupled with 
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mass spectrometry revealed a mixture of compounds, including octadecanal, triacontane, 

nepetalactol, and pelargonic acid, which were present on treated olive leaves and in the 

cuticular extracts of the ants but absent from control leaves. These compounds are key chemical 

cues that spittlebugs might use to detect the presence of ants, leading them to avoid olive 

branches where ant scent is perceived. 

Our findings contribute to understanding trait-mediated indirect interactions in agroecosystems 

and suggest a novel approach for managing X. fastidiosa vectors. By exploiting these chemical 

cues, we can develop innovative strategies to reduce the impact of this devastating disease on 

olive crops, potentially extending the application to other insect pests of economic importance. 

2.2 Introduction 

In the last decade, in the region of Apulia (southern Italy), a devastating threat has emerged for 

olive groves: the Olive Quick Decline Syndrome (OQDS) (Scortichini, 2022; Cornara et al., 

2017; Martelli et al., 2016). The disease is characterized by significant damage to the vascular 

system of olive trees, leading to necrosis of leaf margins, progressive wilting and desiccation 

of leaves, often resulting in plant death (Cornara et al., 2019). The pernicious effects of this 

pathology have caused severe economic impacts in the affected areas (Martelli et al., 2016). 

The etiologic agent of the disease has been identified in the bacterium Xylella fastidiosa (Wells 

et al.), a gram-negative pathogen that colonizes the xylem vessels of host plants (Uceda-

Campos et al., 2022), which is essential for transporting water and nutrients from the roots to 

other parts of the plant (Trkulja et al., 2022). Once infected, plants cannot effectively resist the 

bacterial attack, leading to a progressive decline of their health, often culminating in the death 

of host plants (Martelli, 2016). 

The spread of X. fastidiosa represents a serious threat to the agricultural sector and the local 

economy, requiring joint efforts to contain its spread and develop effective control and 
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mitigation strategies (EFSA, 2016). In Apulia, the abundant presence of the meadow spittlebug 

Philaenus spumarius L. (Hemiptera: Aphrophoridae) may have favored the significant spread 

of the disease, making it one of the main vectors of the bacterium (Cornara et al., 2018). These 

polyphagous insects transmit the pathogen by feeding on the sap of infected plants. Currently, 

there are no effective and sustainable phytosanitary control measures against X. fastidiosa on 

affected plants. Thus, adopting agronomic practices is crucial to prevent plant infection and 

disease transmission (Morelli et al., 2021). The removal of ground cover is a common strategy 

to reduce populations of P. spumarius. However, despite this technique may decrease the 

number of immature instars (i.e. nymphs), the contrast in the color spectrum between the plants 

and the soil is likely to attract adult individuals (Avosani et al., 2023). An alternative 

management approach could be the exploitation of trait-mediated indirect interactions (TMIIs), 

where parasites alter their behavior in response to specific cues (e.g. pheromones) to avoid 

predation risk, even in the absence of the predator itself (Ohgushi et al., 2012). 

It is well established that communication among ants occurs through the release of chemical 

substances used in all major social activities (Angulo et al., 2024; David Morgan, 2009; 

Hölldobler & Wilson, 1990). Ants emit a wide range of semiochemicals for intra- and 

interspecific communication, eliciting behavioral or physiological responses in recipients 

(Attygalle & Morgan, 1984; Hölldobler, 1978). However, the perception of these compounds 

can be exploited by organisms that are not the primary targets of communication, deriving 

benefits from it (Adams et al., 2020). For instance, the ant-eating spiders, i.e. Habronestes 

bradleyi (O. Pickard-Cambridge) or Habrocestum pulex (Hentz), rely on alarm pheromones 

released by ants to locate and prey on them (Clark et al., 2000; Allan et al., 1997). Besides 

predators, potential prey also benefit from perceiving these substances, responding with 

avoidance behaviors. For example, recent studies have shown that species such as the fruit flies 

Ceratitis capitata (Wiedemann), Ceratitis cosyra (Walker) e Bactrocera invadens (Drew-
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Tsuruta e White) alter their behavior, reducing the time spent on fruits and avoiding deposition 

where ant presence has been detected (Smargiassi et al., 2023; Van Mele et al., 2009). A study 

conducted on the invasive ragweed beetle Xylosandrus compactus (Eichhoff) also showed a 

clear preference of choice for twigs of Castanea sativa Mill and Laurus nobilis L. that had not 

been in contact with ants, compared to those previously exposed to four different ant species 

(Giannetti et al., 2022). Noteworthy, insect-insect interactions are among the primary ways 

where semiochemicals and other substances can influence the behavior of predators and 

parasites (Kumar et al., 2024). Therefore, TMIIs represent important mechanisms through 

which ants influence other species and alter ecosystem dynamics (Bolker et al., 2003; Werner 

& Peacor, 2003), with potential applicability on the management of parasitic species (Giannetti 

et al., 2022; Verheggen et al., 2010). 

Given that previous studies have also shown that ants can be potential predators, especially for 

the juvenile stages of the spittlebugs, we wondered whether this factor could influence P. 

spumarius preference for choosing olive leaves (Balzani et al., 2023; Nachappa et al., 2006; 

Sujii, 2002). 

For this reason, in the present study, we investigated whether substrates bearing chemical 

compounds released by the Mediterranean acrobat ant Crematogaster scutellaris (Olivier) are 

avoided by P. spumarius. C. scutellaris is a tree-nesting ant species widely distributed across 

both natural and human-managed Mediterranean ecosystems, including olive orchards (Santini 

et al., 2007). These ants typically establish large colonies, comprising thousands of individuals, 

exhibiting both monogynous and polydomous nesting behaviors (Frizzi et al., 2020; Masoni et 

al., 2020). Furthermore, this ant species is known to prey on various insect pests, including P. 

spumarius (e.g., Balzani et al., 2023). Herein, we performed behavioral assays (i.e., binary 

choice tests) where spittlebugs could freely choose between olive twigs that had not been 
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previously in contact with ants and those on which ants were allowed to walk before the 

experiment. We then went on to assess whether there is perception of potential ant-borne cues 

and a subsequent avoidance response. Considering the persistence of such cues (Smargiassi et 

al., 2023; Van Mele et al., 2009), we conducted a chemical analysis of the substrate to identify 

the compounds involved in this interaction and then further compared them with the cuticular 

profile of C. scutellaris ants. 

2.3 Materials and methods 

 2.3.1 Insects and olive samples 

Fourth and fifth instar nymphs of P. spumarius were collected from the field inside the Florence 

University Science Campus (43°49′00″ N, 11°11′59″ E) in April 2022 and placed in a 

greenhouse, on pot-growing pea plants (Pisum sativum cv. dwarf pea Rainer, Blumen, Italy) 

covered by mesh cages, until adult emergence. Adults were individually reared on single 

sunflowers (Helianthus annuus cv. Giant sunflower, Blumen, Italy) seedlings for a week inside 

a climatic chamber (25 ± 0.5 °C, L16:D8, RH 75 ± 5%) before being employed in the 

experiments. C. scutellaris workers were collected from colonies inhabiting oak trees located 

in the campus area one day before the experiments. Ants were housed in plastic containers (15 

x 23 x 15 cm, about 300 workers each) previously coated with Fluon (AGC Chemicals Europe, 

Ltd.) to prevent ants’ escape, and maintained in a climatic chamber under the same conditions 

as the adult spittlebugs, providing sugar solution and water ad libitum. One hundred newly 

formed twigs with 7 leaves were cut from 20-year-old olive trees (Olea europaea cv. Frantoio) 

grown as ornamental trees and not subjected to any agronomic treatment except pruning. 
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2.3.2 Behavioral assays 

Each cut end of the sprig was placed in a plastic jar (5 cm diameter and 8 cm high) with a 

perforated cap containing tap water and sealed with Parafilm (Bemis Company, Sheboygan 

Falls, Wisconsin, U.S.A.) between the stem and the cap to prevent ants from entering the jar 

(Fig. 2.1).  

 

Figure 2.1. Set up of the experimental arena and of the test trials.  

Half of the jars were then placed into glass cages (50 x 30 x 20 cm, 10 twigs per box) together 

with 600 ant workers, which were free to move on the twigs. The other half of the twig-carrying 

jars (controls) were inserted in empty containers. After 48 h, the jars were removed from the 

containers using sterile nitrile gloves and avoiding touching the twigs. The twigs with ants were 

carefully removed from the jars without harassing the ants and left undisturbed for a few 

minutes until ants spontaneously descended. 

A treated and a control twig were placed at the opposite ends of each experimental arena (n=10, 

Fig. 2.1). The left and right sides of each arena were randomly alternated to avoid any spatial 
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bias. The arenas were cylindrical chambers (diameter: 25 cm, length: 70 cm) with transparent 

chiffon fabric at both ends to allow free air influx. An adult spittlebug was gently placed into 

the arena through a central inlet (Fig. 2.1) and observed for 10 minutes every hour for a total 

of 8 hours, starting at 10:00 am. The arenas were ideally divided into three equally sized (23 

cm) parts: the treatment side, a central “no choice” area, and the control side. At each time 

interval, we recorded the position of the spittlebug (i.e., treatment, central, and control side) 

and whether it stayed on the twig or the arena. The test was repeated 40 times with different 

adult spittlebugs and new twigs each time. 

The probability of a spittlebug moving to the treatment or control compartment was modeled 

using Generalised Linear Mixed Models (GLMM) with binomial distribution using the time 

(hours) as a predictor. Arena identity was used as a random term, to account for repeated 

observations. The significance of terms was assessed using type II ANOVA with the Wald chi-

square test. All analyses were performed using version 4.0.3 of the R software (R Core Team, 

2020), with the packages “lme4” (Bates et al., 2015) and “car” (Fox et al., 2001). 

2.3.3 Chemical analysis 

Compound extractions were performed on 20 treated (ant-scented) and 20 untreated (negative 

control) olive leaves. Each leaf was immersed in a glass vial with 3 ml of n-heptane for 60 s 

for compounds’ extraction. As a positive control, we also extracted the apolar fraction of the 

cuticular profile from ants. Each sample (n=10) was a pool of 10 freeze-killed ants collected 

from the treated leaves. Extraction was carried out by placing the pooled ants in a glass vial 

with 1 ml of heptane for 10 minutes (Cappa et al., 2013). All the extracts were then dried at 

room temperature and re-eluted in 20 μl of heptane containing n-C16OH (40 ng μl-1) as internal 

standard. 
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To identify the chemical compounds in the extracts, we injected 1 μl of the resuspended extract 

into a Hewlett Packard (Palo Alto, CA, USA) 7820A gas chromatograph (GC) coupled to an 

HP 5977B mass selective detector (using a 70-eV electronic ionization source). A fused ZB-

WAX-PLUS (Zebron) silica capillary column (60 m × 0.25 mm × 0.25 mm) was installed in 

the GC. The injector port and transfer line temperatures were set at 200 °C and the carrier gas 

was He (at 20 PSI head pressure). The run time of each sample was 48 min. The oven 

temperature was programmed to increase from 70 to 150 °C at 30 °C min-1 and from 150 to 

320 °C at a rate of 10 °C min-1, with the final temperature held for 5 min. The injector port and 

transfer line temperatures were set at 200 °C and the carrier gas was He (at 15 PSI head 

pressure). Injections were performed in splitless mode (1 min purge valve off). The output was 

recorded with the Agilent Mass Hunter Workstation program and the data acquisition was done 

using the Chem Station G1701 BA software (v. B.01.00 Hewlett-Packard©). 

The putative identities of the compounds were assigned by a comparison with synthetic 

standards taking into account their GC retention indices and with mass spectra compared via 

the Wiley mass spectra database (Wiley RegistryTM of Mass Spectra Data 2022 edition, 

Hoboken, NJ, US). Quantification was done by comparing the peak areas of the identified 

compounds with that of the internal standard, as described in Faccoli (2011). 

2.4 Results 

Philaenus spumarius’ probability of moving to the control side of the chamber was 

significantly higher than the probability of moving to the treatment side (Fig. 2.2A). This 

probability increased through time (χ2 = 26.71, df = 1, P < 0.0001) and reached its maximal 

value (~0.6) after five hours from the beginning of the experiment. On the contrary, the 

probability of occupying the treatment side of the chamber did not vary over time (χ2 = 0.24, 

df = 1, P = 0.62), remaining stable at around 0.2. A similar but less marked trend was observed 
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when considering the spittlebugs that climbed upon a twig (Fig. 2.2B). Even in this case, the 

probability of choosing the control twig was higher than the opposite. When a spittlebug 

jumped on a twig, it rapidly moved on the leaf petiole or into the lower page of the leaf, often 

feeding on it. The results of all models are shown in Online Resource 1. 

 

Figure 2.2 Probability of Philaenus spumarius presence on controls (black dots) or treatments (red dots) of A) 

side of the experimental chamber and B) olive twigs. Dots: observed frequencies; continuous lines: predicted 

values from GLMM; dashed lines: 95% confidence intervals. 

2.4.1 Chemical analysis 

Chemical analyses identified 39 compounds, of which 25 were consistently detected in the 

positive controls, 19 in the negative controls, and 22 in the treatment samples. These 39 

compounds were represented by alkanes (n. 22), aldehydes (n. 10), carboxylic acids (n. 6), and 
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monoterpenes (n. 1) (Tab. 2.1). For each substance detected, the peak area of the compound 

was calculated through integration and compared with the internal standard peak to obtain a 

quantitative result (Tab. 2.2). Octadecanal, triacontane, nepetalactol, and pelargonic acid were 

the only compounds detected in both treated leaves and positive controls (ant cuticular 

extracts), but not in negative controls (untreated olive leaves) (Tab. 2.1). 

 

Compound Formula MW Group RT 

min 

RT 

max 

delt

a 

C T A 

2,4-Nonadienal, (E,E)-  C9H14O 138,

21 

aldehydes 7,24

7 

7,25

3 

0,00

6 

    7 

2,4-Decadienal, (E,E)- C10H16

O 

152,

24 

aldehydes 8,32

9 

8,33

5 

0,00

6 

    4 

Decanal C10H20

O 

156,

26 

aldehydes 7,14

4 

7,15

6 

0,01

2 

3 1

0 

  

(7/11Z) Tetradecenal C14H26

O 

210,

36 

aldehydes 12,5

52 

12,6

32 

0,08     7 

Tetradecanal C14H28

O 

212,

37 

aldehydes 12,7

86 

12,8

72 

0,08

6 

    1

0 

Pentadecanal- C15H30

O 

226,

4 

aldehydes 14,9

09 

14,9

15 

0,00

6 

    6 

cis,cis-7,10,-

Hexadecadienal 

C16H28

O 

236,

39 

aldehydes 15,8

87 

15,8

93 

0,00

6 

    4 

cis-9-Hexadecenal C16H30

O 

238,

41 

aldehydes 16,6

08 

16,6

94 

0,08

6 

    1

0 
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(9/13Z)-Octadecenal C18H34

O 

266,

5 

aldehydes 18,8

8 

18,9

6 

0,08     8 

Octadecanal C18H36

O 

268,

5 

aldehydes 17,0

49 

17,1

23 

0,07

4 

  6 9 

Tetradecane C14 C14H30 198,

39 

alkanes 9,11

3 

9,21 0,09

7 

4 5   

Hexadecane C16 C16H34 226,

44 

alkanes 12,5

23 

12,5

4 

0,01

7 

1

1 

1

6 

  

Heptadecane C17 C17H36 240,

5 

alkanes 14,6

06 

14,6

17 

0,01

1 

2 1

0 

  

Octadecane C18 C18H38 254,

5 

alkanes 16,7

06 

16,7

34 

0,02

8 

1

6 

1

7 

  

Eicosane C20 C20H42 282,

5 

alkanes 20,7

17 

20,7

57 

0,04 1

6 

1

9 

  

Docosane C22 C22H46 310,

6 

alkanes 24,4

02 

24,4

13 

0,01

1 

1

6 

1

1 

  

Tricosane C23 C23H48 324,

6 

alkanes 26,1

3 

26,1

41 

0,01

1 

7 8   

Tetracosane C24 C24H50 338,

7 

alkanes 27,7

72 

27,8

18 

0,04

6 

1

4 

4   

Hexacosane C26 C26H54 366,

7 

alkanes 30,8

91 

30,9

82 

0,09

1 

1

6 

1

0 

1

0 

Heptacosane C27 C27H56 380,

7 

alkanes 32,3

9 

32,6

36 

0,24

6 

9 1

3 

9 
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Octacosane C28 C28H58 394,

8 

alkanes 33,8

03 

33,9

35 

0,13

2 

1

5 

1

9 

1

0 

Nonacosane C29 C29H60 408,

8 

alkanes 35,3

19 

35,5

25 

0,20

6 

1

1 

1

4 

7 

Triacontane C30 C30H62 422,

48 

alkanes 36,0

17 

36,0

63 

0,04

6 

  2 1

0 

Dotriacontane C32 C32H66 450,

51 

alkanes 38,5

29 

39,3

42 

0,81

3 

1

4 

1

7 

7 

Tritriacontane C33 C33H68 464,

9 

alkanes 40,5

09 

40,7

78 

0,26

9 

1

1 

1

5 

  

3-Tetradecene, (E)- C14H28 196,

37 

alkenes 9,06

1 

9,10

7 

0,04

6 

    8 

1-Pentadecene C15H30 210,

4 

alkenes 10,4

06 

10,4

69 

0,06

3 

    1

0 

1-Eicosene C20H40 280,

5 

alkenes 22,2

79 

22,3

02 

0,02

3 

5 6   

Pelargonic acid C9H18O

2 

158,

24 

fatty acids 7,81

4 

7,86

5 

0,05

1 

1 6 2 

Palmitoleic acid C16H30

O2 

254,

41 

fatty acids 19,6

47 

19,8

59 

0,21

2 

    7 

Palmitic acid C16H32

O2 

256,

42 

fatty acids 20,0

82 

20,1

1 

0,02

8 

    1

0 

Linoleic acid C18H32

O2 

280,

4 

fatty acids 23,2

46 

23,2

52 

0,00

6 

    1

0 
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Oleic acid C18H34

O2 

282,

5 

fatty acids 23,4

41 

23,5

95 

0,15

4 

    1

0 

Stearic acid C18H36

O2 

284,

5 

fatty acids 23,8

87 

23,9

27 

0,04     6 

Farnesane C15H32 212,

41 

Me-alkanes 10,0

23 

10,0

34 

0,01

1 

6 3   

Tetradecane, 2,6,10-

Trimethyl- 

C17H36 240,

5 

Me-alkanes 10,5

61 

10,5

72 

0,01

1 

3 7   

Octacosane, 2-methyl- C29H60 408,

8 

Me-alkanes 37,3

11 

37,3

51 

0,04     8 

Nepetalactol C10H16

O2 

168,

23 

monoterpen

es 

8,01

4 

8,02 0,00

6 

  5 9 

Table 2.1. Table of chemical compounds, including their formulas, molecular weights (MW), and retention times 

(RT). For each compound, retention times are reported with minimum (RT min), maximum (RT max), and 

difference (ΔRT) values. Additionally, the number of samples in which each compound was detected is indicated 

for the three experimental groups: positive control group (Group A – ant cuticular extracts), treated group (Group 

T – treated olive leaves), and negative control group (Group C – untreated olive leaves). 

 

Avarage quantity (ng/μl) A T C 

media st. dev. media st. dev. media st. dev. 

(7/11Z) Tetradecenal 0,351 0,187         

(9/13Z)-Octadecenal 0,330 0,095         

1-Eicosene     0,710 0,193 0,614 0,135 
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1-Pentadecene 0,441 0,212         

2,4-Decadienal, (E,E)- 0,160 0,049         

2,4-Nonadienal, (E,E)- 0,273 0,086         

3-Tetradecene, (E)- 0,154 0,059         

cis,cis-7,10,-Hexadecadienal 0,486 0,091         

cis-9-Hexadecenal 1,522 0,665         

Decanal     1,197 1,403 0,252 0,166 

Docosane C22     4,177 1,046 5,453 0,484 

Dotriacontane C32 29,791 4,771 222,029 55,065 253,362 35,954 

Eicosane C20     3,451 0,997 4,988 0,806 

Farnesane     0,322 0,037 0,387 0,077 

Heptacosane C27 196,313 21,423 60,158 23,892 50,234 15,723 

Heptadecane C17     0,759 0,524 0,866 0,208 

Hexacosane C26 6,409 0,917 6,868 2,013 8,207 4,286 

Hexadecane C16     1,707 1,263 3,509 2,970 

Linoleic acid 1,770 1,789         

Nepetalactol 0,198 0,104 0,417 0,221     

Nonacosane C29 144,107 25,515 393,367 223,102 426,769 152,219 

Octacosane C28 33,775 5,663 31,770 9,825 39,221 13,076 
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Octacosane, 2-methyl- 31,781 4,740         

Octadecanal 0,841 0,253 0,654 0,099     

Octadecane C18     4,418 1,690 5,097 0,845 

Oleic acid 8,017 7,008         

Palmitic acid 4,185 3,708         

Palmitoleic acid 2,457 1,775         

Pelargonic acid 0,201 0,056 0,826 0,529 0,879 - 

Pentadecanal- 0,227 0,081         

Stearic acid 2,590 1,406         

Tetracosane C24     4,285 1,604 6,548 1,757 

Tetradecanal 0,288 0,135         

Tetradecane C14     0,616 0,375 1,889 0,732 

Tetradecane, 2,6,10-Trimethyl-     0,312 0,138 0,497 0,410 

Triacontane C30 29,112 3,889 8,801 1,742     

Tricosane C23     0,775 0,201 0,972 0,474 

Tritriacontane C33     145,281 254,575 204,590 325,469 

Table 2.2. Average quantities (ng/μl) of chemical compounds analyzed in ant samples from group A (ant cuticular 

extracts – positive controls), group T treated samples (treated olive leaves), and group C (untreated olive leaves – 

negative controls). For each compound, mean values and standard deviations (st. dev.) are provided for each 

group, highlighting concentration variations between groups. 
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2.5 Discussion 

Our results suggest the exposure of olive twigs to C. scutellaris ants triggers avoidance 

responses in adults of P. spumarius. Despite their limited olfactory ability (Avosani et al., 

2023), spittlebugs perceived ant presence in the treated twigs and avoided them. 

The avoidance of ant-scented twigs remained for the entire duration of experimental 

observations (8 h after ant removal). Moreover, the number of spittlebugs choosing the control 

side in the test chamber gradually increased over time, as more individuals moved from the 

neutral zone towards the control side. Persistence times of semiochemicals described in 

different ant species can be highly variable; for example, for the garden black ant Lasius niger, 

the persistence of traces released upon their passage is 20-24 h (Evison et al., 2008), but in 

species such as Oecophylla longinoda it has been seen to be up to 9 weeks (Beugnon & Déjean, 

1992). Smargiassi et al. (2023) showed that C. capitata avoidance of substrates previously 

visited by C. scutellaris persisted for at least three consecutive days after the removal of ants. 

Chemical analyses revealed four interesting substances, namely octadecanal, triacontane, 

nepetalactol, and pelargonic acid, which were detected on both treated leaves and ant cuticular 

extracts, but not on untreated leaves used as negative controls. Previous research indicated that 

all these four compounds appear to have a repellent effect toward several insect species or are 

essential components of products used as repellent agents (Mukherjee, 2015; Naik et al., 2008; 

Zhu et al., 2012). 

The presence of nepetalactol in our treated samples, as well as on ant cuticles, is of particular 

interest. Indeed, this monoterpene is also produced by plants such as catnip (Nepeta cataria L.) 

and it has been shown to be an effective insect repellent (Ebrahim et al., 2015; McElvain et al., 

1941). Zhu et al. (2012) demonstrated that the application of catnip oil and its constituent 

compounds, nepetalactones, reduced the egg laying of the horse fly Stomoxys calcitrans (L.) 
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(Diptera: Muscidae) by up to 98%. Similar effects were also found in Drosophila 

melanogaster, whose larvae and adults avoided sites previously visited by Leptopilina wasps, 

their main parasitoid enemies. Interestingly, D. melanogaster adults are able to specifically 

detect nepetalactol and actinidine produced by the wasps (Ebrahim et al., 2015). Nepetalactone 

is also a sex pheromone for aphids and could potentially be attractive to other pest species that 

establish mutualistic relationships with ants (Lu et al., 2024; Stadler & Dixon, 2005). However, 

previous studies on aphids showed this substance alone to be ineffective in attracting aphids 

(Dawson et al., 1987). In fact, only a synergistic mixture of nepetalactone and nepetalactol 

produced an attractive response to male aphids on a par with an extract of the female legs. 

Furthermore, laboratory tests and field studies have found that a mixture with a high 

concentration of enantiomers is required to achieve biological efficacy (Hardie et al., 1997). 

Octadecanal belongs to the class of aldehydes, composed of a linear aliphatic chain of 18 

carbon atoms with an aldehyde functional group (-CHO) at the end. In ants, octadecanal, along 

with the other compounds secreted by the metapleural gland, plays several roles, as in trail 

marking or deterring predators (Vieira et al., 2012; Yek & Mueller, 2011). Additionally, 

octadecanal has also been found in the tarsal secretions of the bumblebees Bombus bombus 

(Linnaeus, Hymenoptera: Apidae) and, along with other substances, plays a crucial role in 

communication during the foraging of this species (Schmitt et al., 1991). 

As for triacontane, its presence was found in only two of the treated samples, but it was detected 

in all the ant cuticular samples and never in the negative controls. The amount released and/or 

the persistence of this substance may therefore not be extremely high, although it could still 

contribute to the repellent effect. Previous studies suggested that triacontane could also be one 

of the compounds emitted by plants of Momordica cochinchinensis Spreng, that could affect 

the behavior of some insects (Mukherjee, 2015; Singh et al., 2019). Specifically, Mukherjee 

(2015) showed that triacontane triggered a repellent response in the parasitic insect 
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Aulacophora foveicollis Lucas (Coleoptera: Chrysomelidae), unlike the other 12 alkanes that 

had been identified. 

Nonanoic acid has been found in extracts of the gasters and thoraxes, in pheromone trails, in 

the Dufour's or the mandibular gland of several ant species belonging to different genera 

(Attygalle et al., 1987; Fales et al., 1984; Hogan et al., 2017; Huwyler et al., 1975). The 

consistent presence of this compound in different species across several genera may suggest 

that it is a conserved trait with specific functions. Nonanoic acid is currently used as a 

component in some mosquito repellents, and it has also the characteristic to reduce egg laying 

by these insects. Schultz et al. (1982) revealed that several aliphatic carboxylic acids can help 

prevent egg-laying and, among these, the one with the most promising effect was nonanoic 

acid. Nonanoic acid has also an antifeedant effect on adults of the large pine weevil, Hylobius 

abietis (L.) (Coleoptera: Curculionidae) (Månsson et al., 2006). The widely documented 

repellent properties of this substance is promising, and the possibility of its effective use against 

some pests may be concrete, potentially extending these benefits also to the treatment of olive 

trees. 

In conclusion, in the present study we demonstrated an effective release of chemicals on the 

substrate by a common species of Mediterranean ant, causing a deterrent effect against 

Philaenus spumarius, the main vector of the bacterium Xylella fastidiosa in olive groves. The 

results suggest that spittlebugs can sense the presence of predatory ants through specific 

chemical compounds released by the ants themselves. The identification of these substances 

and the results of behavioral observations, broaden our understanding of chemical interactions 

between ants and other species and underscore the importance of further research to explore 

the application potential of these compounds in Integrated Pest Management. The use of 

chemical signals to deter disease vectors such as P. spumarius offers an innovative and 
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sustainable approach to mitigate the impact of the devastating Olive Quick Decline Syndrome, 

with the prospect of being able to extend application to other insect pests of economic 

importance. 
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Chapter 3. Chemical warfare in citrus orchards: The role of Lasius grandis in 

controlling Ceratitis capitata 

3.1 Abstract 

This study explores the role of the ant Lasius grandis as a natural pest control agent against 

Ceratitis capitata (Mediterranean fruit fly), a major pest in Mediterranean citrus orchards. 

Laboratory and field experiments demonstrated that fruits exposed to L. grandis, or their 

chemical cues, significantly reduced the time spent by C. capitata on treated fruits, though the 

number of landings was unaffected. Chemical analyses revealed that L. grandis cuticular 

hydrocarbons, including long-chain saturated hydrocarbons and methyl-branched alkanes, are 

likely responsible for these behavioral changes. These findings suggest that L. grandis 

chemical cues act as natural repellents, providing an eco-friendly alternative to conventional 

pesticides. The study highlights the potential of integrating native ant species into sustainable 

pest management strategies in agricultural ecosystems, particularly for organic citrus orchards, 

and recommends further research into synthetic applications of these chemical compounds and 

their long-term field efficacy. 

3.2 Introduction 

Ants are one of the most abundant and diverse groups of insects in terrestrial ecosystems, 

playing key ecological roles in numerous habitats (Hölldobler & Wilson, 1990). They are 

among the most abundant and diverse insects on the planet, with over 14,000 species described, 

although it is estimated that many more exist (Guénard, 2013). These social insects are found 

in virtually all terrestrial ecosystems, from the tropics to temperate regions, from rainforests to 

savannas, and even in deserts, urban environments, and agroecosystems (Andersen, 2021; 

Hölldobler & Wilson, 1990). 
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To date, the role of ants in agroecosystems remains a debated topic. On one hand, they provide 

significant benefits to crops due to their ability to directly prey on numerous pests, both in the 

canopy and in the soil (Schifani et al., 2024; Anjos et al., 2021; Delabie, 2001). Additionally, 

they improve soil structure by constructing nests, which enhance aeration and permeability, 

thereby facilitating root growth (Folgarait, 1998). Some species also contribute to seed 

dispersal and the redistribution of organic matter, improving soil fertility (Magalhães, 2018; 

Warren & Giladi, 2014). On the other hand, ants can also pose challenges, such as supporting 

the proliferation of hemipterans through mutualistic relationships (Anjos et al., 2022; Way & 

Khoo, 1992) and consuming beneficial insects, such us pollinators, which are essential for the 

health of agroecosystems (Sankovitz et al., 2024; Vandermeer, 2010). 

In citrus orchards, for example, ants represent the most abundant group of arthropods, and up 

to 295 different species have been reported across 50 countries (Anjos et al., 2021). The first 

recorded attempt to use ants for biological in citrus orchards dates back to 1915 in China, where 

the ant Oecophylla smaragdina Fabr. (Wheeler) was employed to protect orange trees from 

phytophagous insects (Huang & Yang, 1987). Today, several studies have demonstrated that 

Oecophylla ants can affect pest populations and this task is accomplished both through direct 

interactions, like predation, and indirectly, such as by releasing pheromones that trigger evasive 

responses in pests in different types of orchards (Priya & Nalini, 2024; Van Mele, 2007). 

However, as this genus is only found in tropical areas, it would be important to investigate 

which species in Mediterranean regions could provide similar ecosystem services to those 

offered by Oecophylla species. 

Species such as Crematogaster scutellaris (Olivier), Tapinoma nigerrimum (Nylander), Lasius 

grandis (Forel), and Pheidole pallidula (Nylander) have been observed to be effective in 

controlling certain pests in agrosystems, both through direct predation and by releasing odours 

that signal their presence (Smargiassi et al., 2023; Schifani et al., 2024; Frizzi et al., 2020; 
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Campolo et al., 2015). In Eastern Spain, where citrus orchards represent a significant economic 

resource, the most abundant and widespread ant species are the native Lasius grandis and 

Pheidole pallidula (Nylander). Their high abundance and dominant trophic role make them 

key taxa in the structure and composition of arthropod communities, particularly in agricultural 

ecosystems such as fruit crops (Del Toro et al., 2012; Miñarro et al., 2010; Parker & Kronauer, 

2021). In these crops, the Mediterranean fruit fly Ceratitis capitata (Wiedemann, 1824) 

(Diptera: Tephritidae) is one of the main pests responsible for significant damage to citrus 

orchards in the Mediterranean region (Lo Verde et al., 2011; Lopes et al., 2006; Martinez-

Ferrer et al., 2012). In addition to orange groves, this fly is capable of damaging various types 

of Mediterranean orchards and laying its larvae in different fruit varieties such as apples, 

nectarines, persimmons, apricots, prickly pears, and many others (Zanoni et al., 2019; Campolo 

et al., 2015). Previous studies have shown that the scent of ants from Mediterranean regions 

can reduce the activity of this pest (Smargiassi et al., 2023). Additionally, recent research 

suggests that Lasius grandis can release hydrocarbons that may have deterrent effects on other 

organisms, including agricultural pests such as the parasitic wasp Anagyrus vladimiri 

(Mouratidis et al., 2020). In light of these factors, this study aims to test whether Lasius grandis, 

through the release of produced chemicals, can reduce the activity of this dipteran and help 

preserve the different types of affected orchards. 

 

3.3 Material and methods 

3.3.1 Fruits 

Organic Gala apples (Malus domestica, var. "Gala") with approximately the same ripening 

stage, size, and weight were used. Gala apples were chosen because they are susceptible to the 

attack by C. capitata (Zanoni et al., 2017). For experiments performed only in the laboratory, 
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we used organic plums (cv. Stanley), using the same methodology described in Smargiassi et 

al. (2023). 

All fruits were washed with running water and blot dry with absorbent paper before the 

treatment. Fruit and laboratory equipment were handled while wearing sterile nitrile gloves to 

prevent the potential transfer of chemical compounds from hands to their surface. 

3.3.2 Ants 

Three colony entrances with high activity of Lasius grandis ants were selected near 18-year-

old organic citrus trees [Citrus sinensis (L.) Osbeck (Var. Navelate)] located at the Instituto 

Valenciano de Investigaciones Agrarias (39°35'17 ‘N 0°23'42 ’W - Moncada, Spain). The fruits 

were exposed to L. grandis in June and July 2023.  

3.3.3 Ceratitis capitata 

The breeding of Mediterranean fruit flies started at IVIA following the methodology developed 

by Quesada-Moraga (2006). The chambers were regularly checked to collect freshly emerged 

flies, which were then transferred with an insect aspirator to new chambers to form cohorts of 

flies of the same age. Adult flies were kept under the same conditions for another 8 days before 

the start of experimental trials to allow for sexual maturation and mating. Once ready, only the 

females were selected with the aspirator on the same day as the laboratory experiment. Before 

being introduced into the flight chambers, each individual was marked on the back with 

tempera paint for identification during the experiment (Papaj et al.,1996). 

3.3.4 Fruit exposed to ants in the field 

To obtain apple fruit that had been in contact with L. grandis ants in the field and to collect ant 

infochemicals, we used a similar method to Mouratidis et al. (2021). A plastic box was used to 

expose the fruit to foraging ants. Boxes were 38.5 × 32 × 25 cm and had one hole on the top 

(15 × 10 cm) covered with mesh for ventilation and four small holes (0.5 cm diameter) on one 
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side to allow ant entrance. Boxes were placed at the base of citrus trees, and the four entrance 

holes positioned next to foraging trails of L. grandis. In the middle of each box, we placed one 

apple. To attract ants to the apple, an Eppendorf™ (1.5 ml) with a solution of water (50%) and 

organic honey (50%) was placed close to the apple petiole. To collect the ant infochemicals we 

forced ants to crawl on the apple through a single passage. To do this the apple was surrounded 

with glue (TAD ALL Weather – Biagro) circle of 5 cm approx. at the base of the box, and ants 

could only access the apples through a bridge made of metal wire (25 × 0.5 cm diameter). The 

bridge was previously washed with ethanol and coated with Teflon tape (Daane, 2004). Teflon 

was needed to collect chemicals released by ants. Ants had access to the apple fruits for 70 h. 

After this period, the apples and Teflon bridges were taken from the boxes with sterile 

disposable nitrile gloves and individually placed inside plastic boxes (15x15x15) previously 

sterilized with absolute ethanol. If ants were still on the surface of the apples, they were 

removed with an insect aspirator. Additionally, ten ants from each box were collected with an 

aspirator and stored in the freezer to carry out the extraction of their cuticular hydrocarbons 

(see " Chemical analysis"). Immediately after collection, apples, ants and Teflon bridges were 

transported back to the laboratory for the behavioural experiment and chemical analyses. The 

same procedure was followed to obtain apple fruits and Teflon bridges non-exposed to ants, 

but the holes were sealed to prevent the entry of ants (hereinafter non-exposed fruit). 

3.3.5 Effect of previous ant exposure on C. capitata behavior 

To assess the preference of C. capitata for ant-exposed and non-exposed fruits, rectangular 

Bugdorm boxes (63 × 24.5 × 24.5 cm and weighed 300 g; Entomopraxis) were used as arena. 

The top and sides were made of 160-micron nylon mesh. An access sleeve with a diameter of 

18 cm and provided with a zipper (160-micron mesh) was positioned at the top-center of the 

box. One ant-exposed and one non-exposed apple were placed at the opposite sides of the arena. 

The flight chambers were ideally divided into 3 equal parts: the one where the treated apple 
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was present (T zone), the central one called the neutral zone (N zone), and the one where the 

control apple was present (C zone). Three C. capitata females were then introduced into the 

center of the arena and let to acclimatize for 30 minutes before the beginning of the observation. 

The behavior of the flies was recorded for ten minutes, three times per day (at 10:00, 12:00, 

and 14:00) during two consecutive days. For each fly, we recorded: i) the number of landings 

on each apple, and ii) the total time spent by the flies on the apples. The position of the ant-

exposed and non-exposed apples were alternated in the replicates (boxes) to randomize 

uncontrolled effects. A glass vial (volume 2 mL) with water soaked cotton placed in the center. 

3.3.6 Effect of ant cue infochemicals on C. capitata behavior 

The effect of L. grandis extracts on C. capitata behavior was further investigated in a second 

bioassay. In this experiment, we observed the choice of C. capitata on plum fruits (Prunus 

domestica, cv. Stanley) treated with and without ant cues, obtained from the extraction of the 

infochemicals laid by ants on the Teflon bridges obtained in the previous experiment (see below 

Chemical analysis). Teflon samples were diluted in 50 μl of pentane, vortexed, and collected 

with a pipette. 50 μl of the experimental or control solutions were released and evenly 

distributed over the entire surface of the plum through the use of the pipette tip. The plum fruits 

were then placed in the arenas and we used the same protocol as above to record the behavior 

of C. capitata.  

3.3.7 Chemical analysis 

To collect the chemical trails left by L. grandis, Teflon-coated wires were used. This procedure 

aimed to extract the chemical compounds present on the Teflon bridges that the ants used to 

reach the fruits, as well as from control Teflon bridges where the ants had not transited. Once 

in the laboratory, the Teflon from the bridges was individually placed in 1.5 ml glass vials (32.0 

x 11.6). To extract the infochemicals, 1 ml of pentane per sample was added for 5 minutes. 
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After this period, the Teflon samples were removed, and the vials containing only pentane were 

placed under a fume hood to allow evaporation. Finally, the vials were sealed and stored in the 

freezer. The same procedure was also used to extract the cuticular infochemicals of the ants. 

To avoid the release of possible additional substances due to stress, ants were immediately 

killed in the freezer before the extraction.  

Both the bridges and ant samples were resuspended in 100 μl of pentane, vortexed for 30 

seconds, and then collected and transferred into the conical insert. The samples were then 

evaporated using nitrogen. For the qualitative and quantitative analysis with gas 

chromatography coupled with mass spectrometry (GC-MS), the samples were diluted in 20 μl 

of heptane with a standard of C16OH at a concentration of 40 ng/μl. Before the injection, the 

samples were concentrated to approximately 10 μl under gentle helium flow, and 2 μl were 

analysed by GC/MS. All injections were performed on a Clarus 600 GC/MS apparatus (Perkin 

Elmer Inc., Wellesley, PA, USA) equipped with a 30 m × 0.25 × 0.25 fused-silica capillary 

column (Zebron ZB5MS, Phenomenex Inc., Torrance, CA, USA). Extracts were injected in 

splitless mode with the oven programmed at 100°C for 1 min, raised at 10°C min−1 up to 

180°C, maintained for 1 min and then 5°C min−1 up to 280°C with 20-min hold. Injector 

temperature was set at 250°C and helium at 1 ml min−1 was used as carrier gas. The detection 

was performed in EI mode at 70 eV with ionization source and the transfer line set at 180°C 

and 250°C, respectively. Scan mode was employed (m/z 35–500), and tentative identification 

was based on retention indices according to alkane standards, with mass spectral electronic 

library NIST 2.0 and diagnostic ions reported in the literature. 

3.3.8 Statistical Analysis 

The data were analysed using linear mixed models. The time spent on the fruit or the different 

parts of the flight chambers was modelled using treatment type (ant-exposed/non-exposed) and 

observations as predictors and the id of the flight chamber as a random term to account for 
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repeated observations. The total number of landings was modelled as a function of the 

treatment type, taking into account the random effects among different flight chambers. 

The model was fitted using Restricted Maximum Likelihood (REML) with Satterthwaite's 

method for t-tests. 

All the analyses were performed using the R freeware statistical package (Ihaka & Gentleman, 

1996; http://www.R-project.org/), and the 'lmer' library (Kuznetsova et al., 2017). 

The compounds' putative identities were determined by comparing them with synthetic 

standards, considering their GC retention indices, and analyzing their mass spectra using the 

Wiley mass spectra database (Wiley Registry™ of Mass Spectra Data, 2022 edition, Hoboken, 

NJ, US). 

3.4 Results 

3.4.1 Effect of fruit exposure to Lasius grandis on Ceratitis capitata behavior  

Ceratitis capitata spent more than twice the time on apples non-exposed to Lasius grandis ants 

than on apples exposed to ants (t = -4.3, P < 0.001) (Fig. 3.1). The time spent on apples 

significantly increased during observations (t = 2.6, P < 0.05). The interaction between 

exposure to ants and observation time was not significant (t = -0.98, P = 0.33). 

The mean total number of C. capitata landings observed throughout the assay (Fig. 3.2) was 

similar on exposed and non-exposed apples (t = -1.4, P = 0.17). 
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Figure 3.1.T Total time (average ± SE) spent (minutes) by Ceratitis capitata flies on apples previously exposed 

and non-exposed to Lasius grandis ants. Ceratitis capitata were observed between one and 29 hours after the 

exposure of the apples to the ants.  

 

 

Figure 3.2. Total number of Ceratitis capitata landings on apples exposed (T) and non-exposed (C) to Lasius 

grandis ants. 
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The time spent by C. capitata in the control area (Fig. 3.3) was significantly greater than in the 

neutral and treated areas (t = -6.770, P < 0.001, and t = -5.258, P < 0.001, respectively).  

 

 

Figure 3.3. Time spent (average ± SE) by Ceratitis capitata in the three different zones of the flight chamber 

(ZONE C: area occupied by the control fruit; ZONE N: neutral area between the two fruits; ZONE T: area with 

the treated fruit). Observations were made at different times since the start of the experiment. 

 

3.4.2 Effect of Lasius grandis cues on Ceratitis capitata behavior 

Ceratitis capitata spent less time on treated plums than on untreated plums (t = -2.204, P < 

0.05) (Fig. 3.4). In this case too, the time spent on fruits showed a significant increase during 

observations (t = 3.3, P < 0.001).  The interaction between exposition to ants and time of the 

observation was not significant (t = -0.85, P = 0.4). 

The mean total number of C. capitata landings observed throughout the assay was lower on 

plums treated with L. grandis cues than in untreated plums (t = -2.2, P = 0.029) (Fig. 3.5). 
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Figure 3.4. Time spent (minutes) by Ceratitis capitata flies on plums with and without extracts of the ant Lasius 

grandis. Ceratitis capitata were observed between one and 29 hours after applying the ant cue extracts. 

 

 

 

 

Figure 3.5. Total number of fly landings on untreated (C) and treated (T) control plums. 

 

The time spent by flies, in this case, was greater in both areas where the control and treated 

fruits were present (AREA C and T) compared to the neutral area (t = -3.307, P < 0.001) (Figure 

3.6). 



92 

 

 

 

 

Figure 3.6. Time spent by Ceratitis capitata in the three different zones of the flight chamber (ZONE C: area 

occupied by the control fruit; ZONE N: neutral area between the two fruits; ZONE T: area with the treated fruit). 

Observations were made at different times since the start of the experiment. 

 

3.4.3 Identification of infochemicals 

GC/MS analysis of the ant cuticular pentane extracts showed the presence of long-chain 

saturated hydrocarbons. These have been tentatively identified as monomethyl- and dimethyl-

branched alkanes, ranging from 27 to 33 carbon atoms, according to the diagnostic ions 

reported in the literature (Tab. 3.1). All of them have been consistently identified in all samples. 

The control and treated samples revealed no significant differences. It is likely that the 

molecular concentration was too low and the analytes were below the detection threshold.  
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rt 

(min) 
compounda lrib diagnostic ions (m/z) 

quantification 

(ng) 

mean ± sec 

Lit.d 

32,52 hexacosane* 2600    

32,96 3,13-dimethylpentacosane 2631 196,210,365 273.83 ± 68.56 a 

33,96 heptacosane* 2700    

34,40 13-methylheptacosane 2731 196,224 2388.87 ± 655.44 a 

34,82 9,13-dimethylheptacosane 2761 210,224,295,393 99.26 ± 36.45 a 

35,00 3-methylheptacosane 2774 365 626.81 ± 127.38 a,b 

35,37 octacosane* 2800    

35,76 3,13-dimethylheptacosane 2829 210,224,394 248.84 ± 83.80 a 

36,12 2-methyloctacosane 2856 267,365,394 68.75 ± 16.03 a 

36,34 4,x-dimethyloctacosane 2872 379 40.76 ± 20.49 a 

36,72 nonacosane* 2900    

37,13 13-methylnonacosane 2932 224,252,365,394 1529.60 ± 424.27 a 

37,44 11,15-dimethylnonacosane 2955 239,267,295,408 307.70 ± 93.59 a 

37,67 3-methylnonacosane 2973 393 397.47 ± 48.22 a 

38,02 triacontane* 3000    

38,38 15-methyltriacontane 3028 210,224,323,351,422 229.89 ± 68.02 b,c 

38,70 2-methyltriacontane 3053 224,295,365,393 372.77 ± 109.02 d 

39,30 hentriacontane* 3100    

39,63 
x-methylhentriacontane? 

(11,13) 
3124 

224,252,422,435 791.18 ± 240.20 b 

39,99 
x-methylhentriacontane? 

(9,11,13) 
3151 

224,267,295,351,436,450 1423.67 ± 490.87 e 

40,26 3-methylhentriacontane 3171 421,435 64.34 ± 7.76 b 

40,47 7-methylhentriacontane 3187 225,281,295,365,393 49.31 ± 18.05 e 

40,65 dotriacontane* 3200    

41,45 14-methyldotriacontane 3250 224,281,295,365,464 124.66 ± 42.24 f 

42,25 tritriacontane* 3300    

42,75 12-methyldotriacontane 3326 196,281,309,450,464 195.59 ± 71.35 f 

43,17 
13,17-

dimethylhentriacontane 
3347 

267,295,323,464,478 583.72 ± 218.32 f 

44,20 tetratriacontane* 3400    

Table 3.1. List of compounds detected in L. grandis cuticular extracts: identification and quantification. 

a Compounds noted with (*) were also present in control (solvent) samples. 
b Linear retention index of each compound calculated according to: 

lri = 100 × (n + (tcompound – tn)/(tn+1/tn)), being n the number of carbon atoms of the n-alkane eluting 

before the compound, tcompound the retention time (min) of the compound, tn the retention time (min) of the n-

alkane eluting before, and tn+1 the retention time (min) of the n-alkane eluting after the compound. 

c Mean ± standard error of the quantity (ng) of each compound. Mean of 7 replicates. 
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d Literature references for some diagnostic ions: (a) Steinmetz et al. 2003, (b) Akino 2006, (c) Akino and 

Yamaoka 1998, (d) Brown et al. 1990, (e) Krasnec and Breed 2013, (f) Monnin et al. 1998 

 

3.5 Discussion 

Ants can release semiochemical trails on a substrate both actively, by touching the surface with 

their exocrine glands, and passively, through the dispersion of cuticular hydrocarbons 

(Yamoaka & Akino 1994; Depickière et al. 2004). Chemically deposited trails are often used 

to recruit nestmates to profitable food sources (Hölldobler & Wilson 1990). Moreover, recent 

studies have shown that other insects, such as herbivores and aphid predators, can detect these 

chemical signals associated with the presence of ants, even though they are not the intended 

recipients of the message (Offenberg 2004). 

The results of this study provide compelling evidence for the role of Lasius grandis and its 

chemical cues in modifying the behavior of Ceratitis capitata, a significant pest in 

Mediterranean citrus orchards. These findings contribute to a growing body of research on the 

potential use of native ant species in sustainable pest management strategies. 

3.5.1 Behavioral Effects of Lasius grandis on C. capitata 

Our experiments revealed that C. capitata spent significantly less time on fruits exposed to L. 

grandis or its chemical cues compared to untreated controls. The lack of any significant 

difference in the number of landings on ant-exposed and control apples, suggests that there was 

an initial scouting by C. capitata to then choose between the two fruits the more convenient 

one. 

Interestingly, similar behavioral changes have been reported for C. capitata in the presence of 

chemical substances released by other Mediterranean ant Tapinoma nigerrimum and 

Crematogaster scutellaris (Smargiassi et al., 2023). These species also reduced the time spent 
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by the pest on treated fruits, supporting the idea that chemical deterrence is shared among 

Mediterranean ants.  

3.5.2 Chemical Composition of L. grandis Cues 

The GC/MS analysis confirmed the presence of long-chain saturated hydrocarbons, including 

monomethyl- and dimethyl-branched alkanes, as key constituents of L. grandis cuticular 

extracts. The chemical compounds found in the cuticular extracts of L. grandis are the same as 

those obtained in the work of Mouratidis et al (2021), which highlighted their role in repelling 

other pests like Anagyrus vladimiri. Although quantitative differences between treated and 

control samples were not observed, likely due to low molecular concentrations, the qualitative 

match suggests that these hydrocarbons play a central role in mediating pest behavior. 

To further support this, in the work of Smargiassi et al. (2025) (submitted - Chapter 2), among 

the four compounds identified as being responsible for the repellent effect of the chemicals 

released by C. scutellaris towards C. capitata, was triacontane, also found in the extracts of 

this work. 

The presence of hydrocarbons such as triacontane further emphasizes the consistency of these 

findings with prior studies. These compounds appear to function as semiochemicals, 

influencing the behavior of pests without requiring direct interaction, which could have 

significant for field applications. 

3.6 Conclusions 

This study reinforces the potential of L. grandis as a biological tool in IPM programs targeting 

C. capitata. The use of ant-derived chemical cues could provide a sustainable and eco-friendly 

alternative to chemical pesticides, especially in organic citrus orchards. Given the increase in 

organic citrus cultivation across Mediterranean regions, developing methods to harness these 
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natural deterrents could address both economic and ecological challenges associated with pest 

management. 

The development of synthetic or semi-synthetic formulations of compounds derived from ants 

could be useful for conducting new experiments aimed at precisely identifying the substances 

involved in the interaction that triggers the repellent effect. The practical use of these natural 

deterrents could enable their application across a wider range of agricultural contexts. To 

maximize the practical application of these findings, large-scale field trials could be conducted 

to assess the long-term effectiveness and feasibility of employing these substances in citrus 

orchards. These trials would help determine how environmental variables and orchard 

management practices influence the effectiveness of this approach. 

Furthermore, investigating the specific mechanisms through which Lasius grandis 

hydrocarbons influence pest behavior would be crucial to understanding the underlying 

biological processes, such as the interaction between chemical compounds and the sensory 

receptors of pests. By addressing these research areas, it will be possible to refine and expand 

the indirect use of native ants as a potential system for managing invasive insect pests. 

The study highlights the ecological significance of Lasius grandis in Mediterranean citrus 

orchards and its potential as a natural ally in controlling Ceratitis capitata. By leveraging the 

chemical cues of this native ant species, growers could enhance the sustainability and resilience 

of their agricultural practices while reducing reliance on chemical pesticides. These findings 

pave the way for integrating native biodiversity into innovative pest management strategies, 

promoting both ecological balance and economic sustainability. 
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Chapter 4. Chemical mimicry of ant semiochemicals: an eco-friendly approach to pest 

management 

4.1 Abstract 

The increasing environmental and economic impact of synthetic chemical insecticides has 

prompted the search for sustainable alternatives in pest management. This study explores the 

potential of semiochemical-based control of the invasive fruit fly Ceratitis capitata, by 

evaluating the repellent effects on this fly of a mixture of compounds derived from ant chemical 

markings. The compound mix of pelargonic acid, triacontane, octadecanal, and nepetalactol, 

was applied to plums to assess its effect on fly behavior. Results showed a significant reduction 

in fruit visitation, oviposition, and pupal development on treated fruits compared to controls, 

demonstrating the effectiveness of the mix in modifying pest behavior. 

These findings align with previous research highlighting the ecological role of ant 

semiochemicals in deterring herbivorous insects. By mimicking natural ant-derived signals, 

this approach offers a targeted and environmentally friendly alternative to conventional 

insecticides, minimizing off-target effects and preserving beneficial insect populations. 

Despite the promising results, challenges remain regarding the scalability of compound 

synthesis, specificity across pest species, and potential impacts on non-target organisms. Field 

trials under diverse agricultural conditions are necessary to optimize application methods and 

validate laboratory findings. This study emphasizes the potential of semiochemical-based pest 

control as a key component of Integrated Pest Management (IPM), contributing to more 

sustainable agricultural practices. 

4.2 Introduction 

Using chemical insecticides is a widespread practice for controlling harmful insects in 

agriculture. However, their intensive use has led to significant negative consequences, such as 
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increased environmental pollution, biodiversity loss, and higher costs associated with crop 

management (Pimentel, 2005; Aktar et al., 2009). Growing awareness of agrochemical use's 

environmental and health impacts has driven the search for alternative methods to achieve more 

sustainable agricultural production. These methods aim to preserve environmental quality 

while maintaining high levels of productivity and biodiversity (Gurr et al., 2003; Geiger et al., 

2010). 

Among emerging strategies, biological control represents a promising approach. It leverages 

natural predation or antagonism relationships between species to regulate pest populations, 

thereby reducing the need for synthetic chemical products (Van Lenteren et al., 2018). Ants, in 

particular, have garnered attention for their potential as biological control agents. However, 

their role in agricultural systems remains controversial: on one hand, they can exert repellent 

or predatory effects on harmful insects; on the other, they form mutualistic relationships with 

species such as aphids, which are crop pests (Way & Khoo, 1992; Offenberg, 2015). One of 

the most intriguing aspects of using ants for biological control lies in their release of specific 

chemical compounds. These substances can act as natural deterrents against invasive insects, 

capitalizing on the complex interactions occurring in nature, known as Trait-Mediated Indirect 

Interactions (TMIIs) (Hsieh et al., 2012). 

Various types of TMIIs are triggered by chemical substances, including plant volatiles released 

in response to herbivory (Agrawal, 2005; Kessler & Halitschke, 2007; Dicke et al., 2009) or 

chemical signals from predators that can be detected by prey, resulting in behavioral changes 

(Schmitz et al., 2004; Relyea, 2003; Barbasch & Bernard, 2011). 

In recent years, scientific interest has grown in studies exploring how chemical compounds 

produced by different ant species can influence the behavior of individuals from other species. 

Several studies have demonstrated that ant-based biocontrol can match the effectiveness of 
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synthetic pesticides across diverse agricultural systems, highlighting the potential of ant 

management to achieve sustainable pest control solutions (Offenberg, 2015). 

Since ants chemically mark their territories and communicate through pheromones, these 

substances could provide an opportunity to reduce pest presence, assuming that pests can detect 

and respond to them. A review revealed that chemical substances released by four of the five 

analyzed ant species were effective in repelling phytophagous insects. Furthermore, three of 

these ant species (Oecophylla smaragdina (Fabricius, 1775) and Oecophylla longinoda 

(Latreille, 1882) and Azteca instabilis (Smith, F., 1862) are known to control pests in a number 

of crops, including fruit flies associated with mangoes (Offenberg, 2014). Identifying and 

characterizing the chemical compounds involved in this action is a key step to develop new 

biological control methods, offering a tangible and sustainable alternative to chemical 

pesticides (Offenberg, 2015). 

Based on the substances identified on substrates in contact with the ants Crematogaster 

scutellaris (see Chapter 2) - a dominant species in European agricultural settings - we created 

a mix of chemical compounds potentially involved in these interactions, with the aim of 

evaluating their effectiveness in biocontrol. In particular, the experiments were conducted to 

evaluate the repellent effect against the invasive species Ceratitis capitata, which has been 

observed to respond to substances released by ants on substrates, showing a preference for 

those lacking indirect ant presence. The results obtained could provide innovative tools to 

enhance integrated pest management, contributing to more eco-friendly and sustainable 

agricultural practices. 
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4.3 Material and methods 

4.3.1 Ceratitis capitata  

The pupae of Ceratitis capitata close to eclosion were provided by the Entomology Section of 

the University of Pisa, where this species is routinely reared following the protocol described 

by Benelli et al. (2012). The pupae were placed in a thermostatic chamber with a constant 

temperature of 25 °C and relative humidity of 80%, and they were exposed to natural light until 

eclosion. Food (brewer's yeast and powdered sugar) and water were supplied ad libitum. The 

chambers were inspected daily to collect newly emerged flies, which were then transferred with 

an insect aspirator to new flight chambers, forming cohorts of flies of the same age. Adult flies 

were maintained under the same conditions for 10 additional days before starting the 

experimental trials, to allow for sexual maturation and mating. 

4.3.2 Compound Mix 

For the experiments, we used a mixture of the main components identified by Smargiassi et al. 

(2025; submitted - Chapter 2) as candidates for triggering the repellent action on flies, namely 

pelargonic acid, triacontane, octadecanal, and nepetalactol. Pelargonic acid (N5502-25G), 

triacontane (263842-1G), and octadecanal (APO517335708-1G) were purchased from Merck 

Life Science S.r.l., while nepetalactol (sc-506178B) was obtained from Santa Cruz 

Biotechnology, Inc. The mixture of these four compounds was prepared by dissolving them in 

pentane, following the amounts reported by Smargiassi et al. (2025; submitted). These were 

Pelargonic acid (0.826 ng/μl), Triacontane (8.081 ng/μl), Octadecanal (0.654 ng/μl), and 

Nepetalactol (0.417 ng/μl). The mixture was vortexed for 1 minute, and stored in a freezer at -

20 °C. As control, we used pure pentane (≥99%) (60489-1L-R). 
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4.3.3 Plums 

Organic plums (cv. Stanley) were purchased from a local market from the same production 

batch and selected for similar size and ripeness levels. Prior to use in experiments, all plums 

were washed with tap water and blotted dry with absorbent paper to remove any chemical 

residues from the exocarp. Both the plums and laboratory equipment were handled wearing 

sterile nitrile gloves to prevent any chemical contamination. A total of 112 plums were used in 

the experiments. At the start of each test, we randomly chose the plums; half were assigned to 

treatment and half were used as controls. The experimental solutions were taken from the 

freezer, vortexed for 30 seconds, and dispensed using a micropipette. 50 μl of the experimental 

or control solutions were released and evenly distributed over the entire surface of the plum 

through the use of the pipette tip. Plums were immediately placed in experimental arenas and 

the C. capitata choice experiment was carried out. 

4.3.4 Experimental Setup 

The experiments were conducted between September and October 2024 at the Department of 

Biology, University of Florence, within the Science Campus of Sesto Fiorentino 

(43°49'03.5"N, 11°12'14.3"E). 

To assess the preference of Ceratitis capitata for treated versus untreated fruits, we utilized 

cylindrical experimental chambers made of polyethylene terephthalate (PET) (25 cm diameter, 

70 cm length) with a 10 cm top-central opening for fly introduction. Both ends of the chambers 

and the central opening were covered with transparent chiffon fabric to ensure proper airflow 

and prevent the saturation of volatile compounds. A total of 56 binary-choice tests were 

conducted. 
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During each test, two plums (one treated with the compound mix and one of control) were 

placed at the opposite ends of the chamber. The positions of treated and control plums were 

alternated between chambers to randomize uncontrolled positional effects. Three 10-day-old 

female C. capitata flies were introduced into the chamber through the top-central opening and 

allowed to oviposit for two consecutive days. 

After this period, the plums were removed and individually placed in sterile glass jars. Each jar 

contained 1 cm of moist river sand (grain size 0–1 mm, Axton) at the bottom to facilitate larval 

pupation. The jars were covered with fine mesh to prevent the escape of flies. They were 

maintained at 25 °C and 80% relative humidity for four weeks. Once a week, the sand was 

sifted to count the number of pupae present. 

In addition to the oviposition preference tests, direct observations of oviposition behavior were 

conducted. Each day, the chambers were observed four times (at 10:00, 12:00, 14:00, and 

16:00) for 10 minutes per session. During these observations, we recorded the time the flies 

spent on the plums. 

4.3.5 Statistical analysis 

The analysis of total time spent was conducted using linear mixed-effects models (LMMs), 

with treatment and Day included as fixed factors and chamber ID treated as a random factor. 

To examine the number of pupae of C. capitata, mixed-effects generalized linear models 

(GLMMs) with a Poisson distribution were used, incorporating treatment (compound 

mix/control) as a fixed factor and test chamber ID as a random factor. All statistical analyses 

were carried out in R version 4.0.4 (R Core Team, 2021) utilizing the “lme4” package (Bates 

et al., 2015) and the “lmerTest” package (Kuznetsova, Brockhoff & Christensen, 2017). A 

significance level of p = 0.05 was used for all tests. 
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4.4 Results 

The analysis revealed that the treatment significantly reduced the time C. capitata spent on 

treated fruits compared to control fruits (F = 33.55, P < 0.001) (Fig. 4.1). In contrast, the effect 

of the day of observation was not significant (F = 0.33, P = 0.565), nor was the effect of the 

hour of observation (F = 0.735, P = 0.531). The treatment also had a highly significant effect 

on the number of landings (F = 26.23, P < 0.001). The estimated means show that treated fruits 

(T) received fewer landings (mean = 0.355) compared to control fruits (C) (mean = 0.605). 

 

 

Figure 4.1. Time spent (minutes) by Ceratitis capitata flies on plums treated with the compound mix (fuchsia) 

compared to control plums (green) on the two days of observation. The bars represent the standard error. 

The treatment also had a highly significant effect on depositions (z = -4.04, P < 0.0001). 

Specifically, the number of depositions on treated fruits was significantly lower compared to 

control fruits (Fig. 4.2). The estimated coefficient for the treatment variable was -0.5256 (SE 

= 0.1301), indicating a reduction of approximately 41% in deposition rates on treated fruits.  
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Figure 4.2. Number of Ceratitis capitata pupae recovered from control (green) and treated (fuchsia) plums. 

4.5 Discussion 

This study provides new insights into the potential of chemically mediated biological control 

strategies, focusing on the repellent effect of a mixture of compounds derived from ant 

chemical markings on the invasive fruit fly Ceratitis capitata. The results demonstrated 

significant behavioral modifications in C. capitata, with treated fruits receiving fewer visits, 

reduced oviposition, and fewer pupae compared to untreated controls. These findings highlight 

the potential application of ant-derived semiochemicals as an alternative pest management tool. 

Previous research has emphasized the ecological role of ant chemical compounds in repelling 

herbivorous insects and altering pest behavior (Offenberg, 2015). For instance, studies in 

mango orchards have shown that ant semiochemicals reduced the presence of fruit flies and 

other phytophagous insects by marking territories and emitting chemical signals (Adandonon 

et al., 2009; Van Mele et al., 2009). Building on this, our study demonstrates the controlled 

application of a synthetic mixture inspired by natural ant semiochemicals, effectively 

replicating the natural deterrent effects observed in our studies. 
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The efficacy of the compound mix, comprising pelargonic acid, triacontane, octadecanal, and 

nepetalactol, aligns with the established understanding of the chemical ecology of ant 

interactions. Each of these compounds has individually demonstrated repellent activity in 

various contexts (Mukherjee, 2015; Naik et al., 2008; Zhu et al., 2012). For example, 

pelargonic acid, also known as nonanoic acid, is recognized for its antimicrobial and repellent 

properties, commonly applied in agricultural settings (Smargiassi et al., 2025; submitted). This 

compound has been detected in various ant body structures, including gasters, thoraxes, 

pheromone trails, as well as in the Dufour and mandibular glands of numerous species across 

distinct genera (Attygalle et al., 1987; Hogan et al., 2017; Huwyler et al., 1975). 

Triacontane, on the other hand, has been identified in extracts of Crematogaster scutellaris and 

Lasius grandis, confirming its presence in several ant species (Smargiassi et al., 2023; 

Mouratidis et al., 2021). Similarly, octadecanal, known for its involvement in trail marking and 

predator deterrence, is secreted by the metapleural gland along with other ecologically 

significant compounds (Vieira et al., 2012; Yek & Mueller, 2011). The recurrence of these 

compounds across species from different genera suggests they represent a conserved trait with 

specific functions in the chemical ecology of ants. 

Nepetalactol has also proven to be an effective insect repellent. For instance, Zhu et al. (2012) 

showed that the application of catnip oil and its main constituents, nepetalactones, reduced 

oviposition by up to 98% in the stable fly Stomoxys calcitrans (Diptera: Muscidae). 

A synergistic effect among these compounds could potentially enhance their repellent action 

against a broad spectrum of species, suggesting promising prospects for future applications in 

ecological and pest control contexts. The avoidance of directly utilizing the presence of ants 

can be advantageous in achieving greater control and circumventing mutualistic relationships, 

such as those with aphids, which can be counterproductive (Way & Khoo, 1992; Stadler & 
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Dixon, 2005). These relationships often lead to the protection and proliferation of pests, 

undermining pest control objectives. 

The findings reinforce the growing body of evidence supporting the use of semiochemicals in 

Integrated Pest Management (IPM) strategies. Unlike traditional chemical insecticides, which 

contribute to environmental pollution, biodiversity loss, and pest resistance (Pimentel, 2005; 

Aktar et al., 2009), semiochemical-based approaches offer a targeted and ecological alternative. 

By mimicking natural ecological interactions, this method minimizes off-target effects and 

preserves beneficial insect populations, aligning with global goals for sustainable agriculture. 

Despite the promising results, several challenges must be addressed to translate this approach 

into practical applications. First, the feasibility of producing these compounds and the cost-

effectiveness of synthesizing such mixtures require further evaluation. Second, the specificity 

of the compound mixture for different pest species needs additional investigation. While the 

behavioral responses of C. capitata were evident, the effect on non-target species, including 

pollinators and beneficial predators, must be assessed to avoid unintended ecological 

consequences. Finally, field trials are essential to validate laboratory findings under real 

agricultural conditions. Environmental factors such as temperature, humidity, and crop type 

could influence treatment efficacy. Future studies should focus on optimizing application 

methods, such as microencapsulation or slow-release formulations, to ensure sustained activity 

in field settings. 

4.6 Conclusion 

This study underscores the potential of ant-derived chemical compounds in developing 

sustainable pest control strategies. By harnessing the natural ecological dynamics of ant-pest 

interactions, semiochemical-based approaches can provide an innovative alternative to 

synthetic pesticides. The use of chemically mediated biological control strategies, such as the 
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application of ant-derived semiochemicals, presents numerous potential benefits for 

agriculture, particularly in terms of biodiversity conservation, food quality, and human health. 

From a biodiversity perspective, this approach can reduce the reliance on conventional 

chemical pesticides, which are known to negatively impact non-target species, including 

pollinators and beneficial predators (Pimentel, 2005; Aktar et al., 2009). By mimicking natural 

ecological interactions, semiochemical-based methods preserve beneficial insect populations, 

thus supporting ecosystem stability and promoting more sustainable pest management practices 

(Smargiassi et al., 2023). 

In terms of food quality, these alternative pest control methods are likely to result in fewer 

pesticide residues on crops, enhancing the safety and quality of the food produced. This is 

crucial for both consumer health and the environment, as reducing synthetic pesticide use 

minimizes the risks associated with pesticide exposure, such as carcinogenic effects or 

endocrine disruption (Aktar et al., 2009). Moreover, by targeting specific pests without 

harming non-target organisms, these methods contribute to the overall health of 

agroecosystems, fostering soil fertility, plant health, and crop resilience (Offenberg, 2015). 

From a human health perspective, minimizing the use of toxic pesticides not only reduces 

potential direct exposure to harmful chemicals but also mitigates long-term health risks 

associated with pesticide accumulation in the food chain (Pimentel, 2005). Ultimately, the 

integration of semiochemical-based pest control could play a significant role in developing 

more sustainable agricultural systems that balance the need for pest management with the 

conservation of biodiversity, the enhancement of food quality, and the protection of human 

health. 
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General discussion 

Trait-Mediated Indirect Interactions (TMIIs) as an innovative approach for pest 

biocontrol in mediterranean agroecosystems 

This doctoral research focused on exploring the use of trait-mediated indirect interactions 

(TMIIs) as an innovative approach to controlling agricultural pest insects. Specifically, I 

analyzed the role of chemical compounds released by some Mediterranean ant species, which 

demonstrated repellent effects on harmful species. The study concentrated on three ant species 

dominant in Mediterranean agroecosystems (Crematogaster scutellaris, Tapinoma 

nigerrimum, and Lasius grandis) to evaluate their effects on phytophagous pests such as the 

Mediterranean fruit fly (Ceratitis capitata) and the spittlebug (Philaenus spumarius), a vector 

of the bacterium Xylella fastidiosa. 

The project achieved significant results in line with its objectives. First, trait-mediated (TM) 

effects were identified, thus showing that indirect interactions mediated by ant-produced 

semiochemicals could alter the behavior of pest insects widespread in Mediterranean and 

temperate agroecosystems. Subsequent analyses focused on cuticular hydrocarbons and 

chemical traces deposited during experiments to isolate and characterize the compounds 

responsible for these interactions. Finally, a mix of these compounds was formulated and tested 

in behavioral experiments, demonstrating their effectiveness in repelling pests. 

The findings reveal that chemical signals produced by ants can significantly modify the 

behavior of phytophagous insects, reducing their activity on fruits and plants. Furthermore, the 

results confirm the potential of these compounds as natural repellents for biological pest 

control, offering an ecologically sustainable alternative to conventional chemical pesticides 

(Schoonhoven et al., 2005). 
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Results by chapter 

Chapter 1: Experiments conducted with C. scutellaris and T. nigerrimum highlighted a 

pronounced repellent effect on the oviposition behavior of the Mediterranean fruit fly (C. 

capitata). Flies spent less time on fruits treated with ant chemical traces, and the number of 

pupae recovered from treated fruits was significantly lower than from controls. These results 

indicate that semiochemicals released during ant activity act as deterrent signals, reducing 

oviposition propensities. 

Chapter 2: The effect of C. scutellaris chemical traces was analyzed on the spittlebug (P. 

spumarius), a vector of Xylella fastidiosa. Experiments revealed that spittlebugs avoided olive 

branches treated with ant-derived compounds. Chemical analyses identified specific 

compounds responsible for the repellent effect. These findings suggest a potential application 

in reducing P. spumarius presence in olive groves, thereby mitigating the spread of Xylella 

fastidiosa. 

Chapter 3: Investigations in citrus orchards confirmed that ant chemical traces significantly 

reduced the oviposition behavior of C. capitata. Observations in Spanish citrus groves showed 

that fruits exposed to L. grandis colonies experienced less damage. Chemical analyses 

identified bioactive compounds with potential for pest control applications. 

Chapter 4: The effectiveness of isolated chemical compounds was evaluated in controlled 

experiments, demonstrating significant repellent effects on C. capitata. A laboratory-

formulated mix of these compounds showed promise as a natural repellent. 

Future directions 

The use of ant cues and exploitation of TMIIs presents an interesting opportunity to integrate 

sustainable agricultural practices with innovative biological control strategies. Ant 
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communication, based on chemical signals, can be intercepted by potential prey, which may 

have developed the ability to interpret them as warning signals of their presence (Hsieh et al., 

2012; Offenberg, 2004). The mere presence of ant pheromones serves as a reliable signal for 

potential prey, which may then avoid areas where these signals have been released (Adandonon 

et al., 2020; Offenberg, 2015) 

Ants do not only deposit volatile pheromones but also release more persistent chemical signals. 

While some species, such as Lasius niger (Linnaeus, 1758), release trail pheromones that 

persist for only 20-24 hours without continuous passage of workers (Evison et al., 2008), 

others, such as weaving ants, release anal patches that remain detectable for up to 11 months, 

even after rainfall (Beugnon and Dejean, 1992). By exploiting these semiochemical properties, 

ant pheromones could prove to be a promising tool in integrated pest management (IPM). 

The persistence of chemical compounds, however, is a critical factor, as their environmental 

stability and duration depend on various factors, such as temperature, which can increase 

evaporation rates (Van Oudenhove et al., 2011), or the substrate's ability to retain the compound 

(Jeanson et al., 2003). To improve the practical applicability of the results obtained, it is 

necessary to develop commercial formulations for isolating and synthesizing these chemical 

compounds, as well as conducting further studies to assess how long these products can persist 

over time and whether they are indeed usable. 

Additionally, while the use of isolated compounds avoids introducing ant colonies, which could 

foster mutualistic relationships with aphids and scale insects, the ecological balance 

implications of using chemical signals alone are not yet fully understood (Hölldobler & Wilson, 

1990). 

Ecotoxicological assessments are therefore essential to minimize impacts on non-target 

organisms. Furthermore, it should be tested whether the production and quality of the fruit are 
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affected. Changes in the ecological network of interactions could indirectly impact fruit 

development through various factors, such as damage to flowers, reduced visits by other 

insects, or even the indirect impact of pheromones on the plant's hormonal pathways. For this 

reason, predictive models are needed to assess the efficacy of large-scale applications. Finally, 

exploring new ant species and testing identified compounds in different agroecological 

contexts represent promising directions for future research. 

Conclusion 

The results of this research highlight the central role of ants as crucial allies in agricultural 

ecosystems. Ants' ability to produce natural and persistent semiochemicals that influence pest 

behavior makes them an invaluable ecological resource. Harnessing the indirect interactions 

mediated by these distinctive traits represents not only a sustainable and low-impact alternative 

to chemical insecticides but also an approach rooted in natural processes inherent to 

agroecosystems. 

In a context of growing emphasis on sustainable agriculture, the contribution of ants could 

represent a decisive step toward integrating innovative and advanced ecological strategies into 

crop protection. This approach not only promotes the reduction of harmful chemical use but 

also enhances biodiversity and the natural functioning of ecosystems, positioning ants as key 

players in achieving more balanced and sustainable agriculture. 
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