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Chapter 1 

Chemical ecology of herbivore Heteroptera with focus on Bagrada hilaris 

(Burmeister) (Heteroptera: Pentatomidae) 

 

Abstract 

The chemical ecology of Heteroptera insects is determined by a wide array of chemical signals 

(semiochemicals) that drive their behavior at intra- and inter-specific level. Intraspecific 

semiochemicals are called pheromones, interspecific chemicals are named allelochemicals. In 

the case of stink bugs, sex-pheromones and aggregation pheromone are produced by adult 

males. Furthermore, phytophagous stink bugs exploit chemical cues emitted from plants to find 

a suitable food and oviposition source. The semiochemicals involved in this process are named 

kairomones and are generally formed by specific blend or key odorants emitted from host plant. 

The chemical ecology of the phytophagous Pentatomid species Bagrada hilaris, or Painted bug, 

native from Asia and invasive in the Americas is characterized by similarities and differences with 

the other stink bugs. In particular at intraspecific level is been observed that males volatiles 

attract females, and chemicals analyses showed that both adults produced a similar pattern of 

chemicals, with the only quantitative difference related to (E)-2-octenyl acetate, produced in 

higher amounts from males. However, the possible attractant role of this compound at 

intraspecific level is still to be assessed. Moreover at interspecific level, although B. hilaris is 

reported to be highly attracted to brassicas, few studies have attempted to elucidate the 

chemicals cues exploited in its host location process. In the specific, the chemicals cues exploited 

from this pest in the location of host plant at seedling stage, the stage more vulnerable and 

subjected to the attack from B. hilaris have still never been investigated.  

Key words: Semiochemicals, Pheromones, Kairomones, Pentatomids, VOCs,  
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1.1 Introduction 

Insects use chemical signals named infochemicals or semiochemicals (from the ancient Greek 

semeion = signal) for communication at intra- and interspecific level (Law and Regnier, 1971). 

Semiochemicals are classified, based on their function or effect, into two broad groups named 

pheromones and allelochemicals. Pheromones mediate interactions among individuals of the 

same species (intraspecific interaction) eliciting a short-term or immediate behavioral response 

and are divided into different categories such as sex pheromones, aggregation pheromones, 

alarm pheromones and trail pheromones (Law and Regnier, 1971; Howse et al. 2013; El-Shafie 

and Faleiro, 2017). Allelochemicals mediate interactions among different species individuals 

(interspecific interaction); they are classified into, 1) kairomones, cues that mediate interactions 

favoring the perceiver, 2) allomones, which are favorable for the emitter, 3) synomones, favoring 

both the emitter and the perceiver (Mizutani, 1999; Suckling et al. 2000; Howse et al. 2013; El-

Shafie and Faleiro, 2017). 

This chapter focuses on the semiochemicals involved in the chemical ecology of Heteropteran 

species also known as true bugs. For these species the intraspecific interactions are driven by 

aggregation, sex and alarm pheromones (Fucarino et al. 2004; Millar, 2005).   

The identification of the sex and aggregation pheromones has particular importance in applied 

entomology for those Heteroptera species that are herbivore. Once identified and synthetized, 

these semiochemicals can in fact be used for monitoring and mass trapping purposes of these 

dangerous species. Several herbivore heteropteran species are in fact serious pests of a wide 

variety of crops and growers often rely on the use of insecticides to control them (Schaefer and 

Panizzi, 2000; Greene et al.2006; Leskey et al. 2012). The damages determined on the plants by 

these species are caused by their feeding habits with their characteristic piercing-sucking 

mouthparts and increased by their typical aggregation behavior.  

Herbivorous Heteroptera exploit plant volatile organic compounds in the processes of host 

location and acceptance (see Chapter 3). The identification of such cues exploited by these 

dangerous pests is not only of great importance to better understand the chemical ecology of 
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these species but can be also relevant in consideration that characteristic host plant odors can 

be also exploited for field application as attractants. 

 

1.2  Pheromones 

Mating behavior of Heteroptera is divided into two distinct main phases: 1) long-range mate 

location that is mediated mainly by sex and/or aggregation pheromones, which consist of 

chemical volatiles such as alcohols, esters, and terpenoids (Borges et al. 1987; Aldrich, 1988), 

and 2) close range courtship behavior, mediated by short-range or contact pheromones as well 

as visual and/or acoustic stimuli (Borges et al. 1987; Lu et al. 2007).  

Semiochemicals that act as sex or aggregation pheromones of true bugs can be produced by 

male, female or nymphs. Pheromone compounds have been identified in several species of 

Heteroptera. They can be emitted by females or males. For example, in some Miridae species, 

females release a pheromone that attracts males, such as the Mullein bug Campylomma verbasci 

(Meyer) whose females emit butyl butyrate and (E)-crotyl butyrate attracting males (Smith et al. 

1991). Similarly, females of the plant bug Phytocoris californicus (Knight) emit a blend of hexyl 

acetate and (E-)2-octenyl acetate (Millar and Rice, 1998). In other Heteroptera families, males 

produce sex pheromones to attract females, for example the adult male of Phthia picta (Drury) 

(Coreidae) releases 5,9,17-trimethylheneicosane, which is strongly attractive to females (Soldi et 

al. 2012). In some cases, male bugs release an aggregation pheromone that attract both sexes 

such in the case of the Leaffooted bug Leptoglossus clypealis (Coreidae) (Wang and Millar, 2000). 

Moreover, nymphs also produce sex pheromone attracting females as in the case Sehirus cinctus 

(Palisot de Beauvois) (Cydnidae) (Kölliker et al. 2006, Weber et al. 2018). 

In the Pentatomidae family, also known as stink bugs, male adults produce aggregation 

pheromones that induce aggregation behavior of adults and nymphs stages. In the case of 

herbivorous species, these aggregations on host plant of hundreds or thousands of individuals 

increase their dangerousness as often lead plant to death (Ludwig and Kok, 2001). This 

aggregation behavior has different advantages that Wertheim et al. (2005) summarize in four 
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general categories: (a) increasing the efficiency of resource use, (b) finding mates, (c) protection 

from natural enemies, and (d) protection from environmental conditions. Aggregation 

pheromones that have been identified in stink bug species are reported in Table 1.  

Aggregation pheromones produced by adults and nymphs of stink bugs are observed in 

Halyomorpha halys (Stål) (Khrimian et al. 2014b), Eysarcoris lewisi (Distant) (Takita et al. 2008) 

and Plautia stali (Scott) (Moritya and Shiga, 1984). In the latter case for example, was observed 

that males and females responded to an aggregation pheromone produced by males, however 

no sexual behavior was observed after that aggregation is formed. 

Aggregation behavior is particularly visible in young stink bug nymphs, as is advantageous for 

such vulnerable stages in the protection-avoidance from predators (Wertheim et al. 2005). For 

example, in Nezara viridula (L.) active defense by aggregated nymphs significantly can lower the 

per capita risk of predation (Lockwood and Story, 1986).  

Several authors have proposed the presence of 4-oxo-(E)-2-decenal might be involved in the 

aggregation behavior of the first instars nymphs (Borges and Aldrich, 1992, Pavis et al. 1994, 

Fucarino et al. 2004). This compound has been identified from the dorsal abdominal glands 

(DAGs) of first instar nymphs for Euschistus heros (F.), E. conspersus (Uhler), E. tristigmus (Say), 

Thyanta perditor (F.), T. pallidovirens (Stål), N. viridula (L.), and Chinavia aseada (Rolston), and its 

potential role as an aggregation pheromone has been demonstrated for N. viridula L. (Pavis et al. 

1994; Fucarino et al. 2004; Weber et al. 2018). Interestingly 4-oxo-(E)-2-alkenals have only been 

reported from the Heteroptera among insects (Weber et al. 2018).  

In other cases, Pentatomids species are characterized by a sex pheromone emitted from males 

that attract females such as Chinavia hilaris (Say) and Eysarcoris parvus (Uhler) (Mcbrien et al. 

2001; Alizadeh et al. 2002) (table 1).  

 

1.2.1 Challenges in the identification of Heteroptera pheromones 

Overall, pheromone chemistry of true bugs could be in many cases is very complex, and include 

several molecules structures (Staddon et al. 1994; Khrimian et al. 2014b). This complexity 
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makes the pheromone more difficult in the analysis and in its chemical synthesis. In spite of the 

difficulties in analytical and synthetic chemistry, many species are attracted to the mixtures 

containing unnatural ratios of active pheromone components and/or unnatural isomers of the 

pheromone components, thus giving the opportunity to synthesize less expensive mixtures of 

pheromone stereoisomers for use in the various management programs (Weber et al. 2018). 

 

Table 1. List of Pentatomid species pheromone compounds.  

Pentatomidae species Pheromones (male produced) Gender/stage 
Responders 

Reference 

Agroecus griseus (Dallas) methyl 2,6,10-trimethyltridecanoate f (Fávaro et al. 2012) 

Bagrada hilaris (Burmeister) (E)-2-octenyl acetate f (Guarino et al. 2008) 

Biprorulus bibax (Breddin) 3R,4S,1′E-3,4-bis(1′-butenyl) tetrahydro-
2-furanol, linalool, farnesol, and 
nerolidol 

m, f (James, 1994; James et 
al. 1996) 

Chinavia hilaris (Say) (4S)-cis-Z-BAE and (4S)-trans-Z-BAE f (Mcbrien et al. 2001) 

Chinavia impicticornis (Stål) cis-(Z) –(4 S)-BE and trans-(Z) –(4 S)-BE f (Blassioli-Moraes et al. 
2012) 

Chinavia ubica (Rolston) cis-(Z) –(4 S)-BE and trans-(Z) –(4 S)-BE f (Blassioli-Moraes et al. 
2012) 

Chlorochroa ligata (Say) methyl (R)-3-(E)-6-2,3-
dihydrofarnesoate, methyl (2E,6E)-
farnesoate, and methyl (E)-5-2,6,10-
trimethyl-5,9-undecadienoate 

f (Ho and Millar, 2001) 

Chlorochroa sayi (Stål) methyl geranate, methyl citronellate, 
and methyl (E)-6-2,3-dihydrofarnesoate 

m, f (Ho and Millar, 2001; 
Millar et al. 2010) 

Chlorochroa uhleri (Stål) methyl (E)-6-2,3-dihydrofarnesoate m, f (Ho and Millar, 2001; 
Millar et al. 2010) 

Edessa meditabunda (Fabr) methyl 4,8,12-trimethylpentadecanoate 
and methyl 4,8,12-
trimethyltetradecanoate 

f (Zarbin et al. 2012) 

Euschistus conspersus (Uhler) methyl (2 E, 4 Z)-decadienoate m, f, n (Aldrich et al. 1991; 
Millar 2005) 

Euschistus heros (Uhler) Methyl 2,6,10-Trimethyldodecanoate 
and Methyl 2,6,10-
Trimethyltridecanoate 

f (Zarbin et al. 2000; 
Millar 2005) 

Euschistus servus (Say) methyl (2 E, 4 Z)-decadienoate m, f, n (Aldrich et al. 1991; 
Millar 2005) 

Euschistus tristigmus (Say) methyl (2 E, 4 Z)-decadienoate m, f, n (Aldrich et al. 1991; 
Millar 2005) 

Eysarcoris lewisi (Distant) (Z)-2-methyl-6-(4-methylenebicyclo 
[3.1.0] hex-1-yl) hept-2-en-1-ol. 

m, f, n (Takita et al. 2008) 

Eysarcoris parvus (Uhler) (Z)-exo-α-bergamotenal f (Alizadeh et al. 2002) 

Halyomorpha halys (Stål) (3S,6S,7R,10S)-10,11-epoxy-1-
bisabolen-3-ol (3) and (3R,6S,7R,10S)-
10,11-epoxy-1-bisabolen-3-ol 

m, f, n (Khrimian et al. 2014b) 
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Murgantia histrionica (Hahn) (3S,6S,7R,10S)-10,11-epoxy-1-
bisabolen-3-ol and (3S,6S,7R,10R)-
10,11-epoxy-1-bisabolen-3-ol 

m, f, n (Khrimian et al. 2014a; 
Weber et al. 2014) 

Nezara antennata (Scott) (Z)-α-bisabolene (1-methyl-4-(1,5-dim 
ethyl-(Z)-1,4- hexadienyl)-cyclohexene), 
and trans- and cis-1,2-epoxides of (Z)-α-
bisabolene 

m, f (Aldrich et al. 1993) 

Nezara viridula (L.) (Z)‐α‐bisabolene, trans‐ 
and cis‐1,2‐epoxides of 
(Z)‐α‐bisabolene, (E)‐nerolidol, 
and n‐nonadecane. 

m, f, n (Aldrich et al. 1987) 

Oebalus poecilus (Dallas) Zingiberenol, (1S,4R,1′S)-4-(1′,5′-
Dimethylhex-4′-enyl)-1-methylcyclohex-
2-en-1-ol 

f (de Oliveira et al. 
2013) 

Pallantia macunaima (Grazia) (6R,10S)-Pallantione f (Fávaro et al. 2013) 

Piezodorus guildinii 
(Westwood) 

(7R)- (+)-β-sesquiphellandrene f (Borges et al. 2007) 

Piezodorus hybneri (Gmelin) β-sesquiphellandrene, (R)-15-
hexadecanolide, and methyl 8-(Z)-
hexadecenoate 

m, f, n (Leal et al. 1998; Endo 
et al. 2010) 

Plautia stali (Scott) methyl (E, E, Z)-2, 4, 6-decatrienoate m, f (Sugie et al. 1996) 

Podisus maculiventris (Say) (E)-2-Hexenal, a-terpineol, and benzyl 
alcohol 

m, f, n (Aldrich et al. 1984; 
Weber et al. 2018) 

Thyanta pallidovirens (Stål) methyl (E2, Z4, Z6)-decatrienoate (E2, 
Z4, Z6–10: COOMe), and the 
sesquiterpenes (+) α-curcumene, (−)-
zingiberene, and (−) -β-
sesquiphellandrene 

f (McBrien et al. 2002) 

Thyanta perditor (F.) methyl (2E,4Z,6Z)-decatrienoate 
(2E,4Z,6Z-10:COOMe) 

f (Moraes et al. 2005) 

Tibraca limbativentris (Stål) isomers of 1′S-zingiberenol f (Borges et al. 2006) 

 

 

1.3 Kairomones 

In order to locate a suitable host plant, phytophagous true bugs exploit several visual and 

olfactory stimuli that can bring the insect in the proximity of the plant where the herbivore feed 

and oviposit. Host searching behavior consists of several sequential steps that orientate the 

herbivorous bugs from a random dispersal movement to an orientate movement to the plant by 

walking, flying or crawling (Schoonhoven et al. 2005). This host searching behavior is influenced 

by several internal factors, such as insect feeding range (polyphagy/monophagy), developmental 

stage and oviposition behavior, and also influenced by external factor as plant stage and 

environmental conditions (Guarino et al. 2017a). As mentioned above, this process is mediated 

by visual and chemical stimuli, the latter having an important role in the long-range attraction 
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behavior. In specific, chemical volatiles emitted from the host plant can play a crucial role in this 

process acting as kairomones for the herbivore (Schoonhoven et al. 2005). Generally, the ability 

to find a suitable host plant and its acceptance can be determined by the perception from the 

insect of plant-specific volatiles or of specific blend of selected ubiquitous volatiles (Bruce et al. 

2005). Polyphagous insects tend to exploit a great range of plant volatiles, while specialist insect 

herbivores should show more efficient forms of adaptation, since they are expected to use 

specific cues. 

The majority of Heteropteran herbivores are polyphagous (Backus, 1988, Holopainen and Varis, 

1991), some species exhibit narrower host plant ranges and very few of them are monophagous; 

as a consequence, it is likely that they might respond to a blend of plant volatiles rather than a 

plant-specific compound. The responses of Heteropteran herbivorous insects to volatiles 

released by their host plants have been shown in several species as described in table 2. For 

example, a study carried out by Rather et al. (2010) by using olfactometer bioassays techniques 

evidenced the positive response of the Pentatomid bug, Eurydema pulchrum (Westwood) to 

volatiles from different plant species such as Brassica oleracea L., Raphanus sativus L. and 

Solanum lycopersium L., in different forms (intact plant/macerated). Overall, in phytophagous 

Heteroptera the responsiveness of females to plant volatiles seem to be higher than to males 

and nymphs, probably as several of them lay the eggs on the host plant. For example, 

electroantennographic (EAG) analyses on the Miridae species, Lygus lineolaris (Palisot de 

Beauvois) and Lygocoris pabulinus L. showed that the responses of female bug antenna to green 

leaf volatiles and monoterpenes were more marked than the antennal responses of males 

(Chinta et al. 1994; Groot et al. 1999). Similarly, in other behavioral studies on L. hesperus 

(Knight) was evidenced that female bugs are more sensitive to volatiles from alfalfa, Medicago 

sativa L., than males (Williams III et al. 2010). However, in L. hesperus, nymphs show more 

responsiveness to odors emanating from a plant than adults (Blackmer et al. 2004); in addition, 

the response of this species to these volatiles can be increased when supported by visual cues 

such as specific light frequencies (Blackmer and Canas, 2005). Ecological habits of herbivorous 

Heteroptera such as the sites of feeding, oviposition and mating behavior also adapt the host 

selection process, since the majority of them lays their eggs directly on the host plant (Martínez 
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et al. 2013; Guarino et al. 2017a). This process follow the “mother know best” principle, as 

ovipositing directly on host plant allows young nymphs to have ready food and shelter after 

emergence (Wennström et al. 2010). Consequently, females have evolved a behavior that 

maximizes offspring performance and thus positively affects female fitness. For example, many 

species of Heteropteran herbivore are attracted to the plants especially in the stage of growing 

shoots and from the developing seeds or fruits. These stages are nutrient-rich and are 

consequently the favorite sites for feeding and oviposition activity (McPherson and McPherson, 

2000; Olson et al. 2011). For example, the western boxelder bug, Boisea rubrolineata Barber 

(Rhopalidae) is attracted by phenyl acetonitrile, a compound produced by pollen-bearing 

staminate trees and pistillate trees with maturing seeds of its host Acer negundo L., suggesting 

that this pest can track and exploit the availability of nutrient- rich food sources by adapting its 

reproductive ecology to the phenology of its host (Schwarz et al. 2009).  

 

Table 2. Heteroptera species responding to different plant volatiles (Kairomones). 

 Insect sp. Family Kairomone from Ref 

5 Apolygus lucorum. (Meyer-

Dür)  

Miridae m-xylene, butyl 
acrylate, butyl 
propionate and 
butyl butyrate 

18 flowering host 
plants ex: 
Polygonum 
orientale L. and 
Ricinus 
communis (L.) 

(Pan et al. 
2015) 

6 Lygus rugulipennis 
(Poppius) 
 

Miridae y- terpinene, 1,8-
cineole, sabinene, 
α-terpinene, β-
phellandrene, p-
cymene, α-pinene, 
β-pinene 

Flowering sunflower 
Helianthus annuus 
(L.) 

(Ondiaka et 
al. 2016) 

2 Lygus spp. 
 

Miridae phenylacetaldehyde Flowering plant in 
the mustard family 
Lesquerella fendleri 
(Gray) 

(Blackmer and 
Byers, 2009) 

1 Macrolophus caliginosus. 
(Wagner) 

Miridae α-zingiberene and 
dodecyl acetate 

 Sweet pepper 
Capsicum annuum 
(L.) infested with 
two-spotted spider 
mites, Tetranychus 
urticae (C. L. Koch), 
and green peach 
aphid, Myzus 
persicae (Sulzer) 

(Moayeri et 
al. 2007) 

3 Stenotus rubrovittatus  
 (Matsumura) 

Miridae β-caryophyllene and 
β-elemene  

Flowering rice 
panicles Scirpus 

(Hori and 
Namatame, 
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juncoides (Roxb).  2013) 

7 Trigonotylus caelestialium  
(Kirkaldy) 
 

Miridae β-caryophyllene Flowering Rice 
Panicles of Oryza 
sativa (L.) 

(Fujii et al. 
2010) 

4 Trigonotylus 
caelestialium (Kirkaldy) 
 

Miridae β-caryophyllene, n-
decanal, n-
tridecene, methyl 
salicylate, geranyl 
acetone, methyl 
benzoate and β-
elemene 

Flowering Rice 
Panicles of Oryza 
sativa (L.) 
 

(Hori and 
Enya, 2013) 

8 Antestiopsis thunbergii 
(Gmelin). 

Pentatomidae  anisole, methyl 3-
ethyl-4-
methylpentanoate 
and (5S,7S)-
conophthorin 

Mature green 
berries volatiles of 
Coffea arabica (L.) 

(Njihia et al. 
2017) 

10 Bagrada hilaris 
(Burmeister) 

Pentatomidae benzaldehyde, 
octanal, nonanal, 
and acetic acid 

Cauliflower Brassica 
oleracea var botrytis 
(L.) 

(Guarino et al. 
2017b) 

9 Podisus maculiventris. (Say) Pentatomidae hexan-1-ol, (E)-2-
hexenal, and α-
terpineol 

Plant volatile (Sant'Ana et 
al. 1999) 

11 Boisea rubrolineata. 
(Barber) 
 

Rhopalidae phenylacetonitrile pistillate trees Acer 
saccharinum (L.) 
and Acer negundo 
(L)  

(Schwarz et 
al. 2009) 

12 Thaumastocoris 
peregrinus, (Carpintero and 
Dellapé) 

Thaumastocoridae  p-cymene Leaves of Eucalyptus 
spp. 

(Santadino et 
al. 2017) 

 

 
 

1.4 Bagrada hilaris chemical ecology 

Bagrada hilaris (Burmeister) also known as Painted bug, is a stink bug belonging to the family 

Pentatomidae. The Painted bug is a phytophagous insect, with a broad host range of 74 plants in 

23 families (Anwar et al. 1973; Boopathi and Pathak, 2012; Huang et al. 2014; Palumbo et al. 

2016). Although polyphagous, B. hilaris is mainly a pest of important crops belonging to the 

family of Brassicaceae. This pest is native to Asia and Africa (Ahuja et al. 2008; Reed et al. 2013; 

Palumbo et al. 2016). Around 40 years ago was reported in Europe, in the specific in the islands 

of Malta and Pantelleria (Italy), where it feeds on the caper bush Capparis spinosa L. (Carapezza, 

1981, Colazza et al. 2004). 

Starting from 2008 B. hilaris was accidentally introduced in the United States, Mexico, and more 

recently, South America (Palumbo et al. 2016) (Fig. 1). A recent study of Carvajal et al. (2019) 
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evidenced that B. hilaris has a high environmental adaptability to a wide array of climates 

ranging from the Mediterranean to the arid regions. Therefore, this pest might be potentially 

very dangerous in the new invading areas as it might take advantage of the rising temperature 

determined by global warming. 

 

 

 Figure 1. Distribution map of Painted bug from 2008 -2019 in the United States, Mexico and Chile. 
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1.5 Intraspecific interactions 

Among the intraspecific interaction occurring in this species, the sexual behavior in terms of 

long-range mate location and close-range courtship of B. hilaris was studied from Guarino et al. 

(2008). In particular, long range mate location of B. hilaris seems to be mediated by a male-

produced pheromone. In the specific, in the laboratory bioassays with vertical Y-shaped 

olfactometer, female bugs were attracted to odors from sexually mature males, while males 

were not attracted to odors from females. Moreover, males were not attracted to odors from 

other males nor females to odors from females. In addition, females were also attracted to 

extracts of odors from male bugs, indicating that the pheromone was not masked by defensive 

compounds. Chemical analyses by GC/MS of the odors from bugs showed that both males and 

females produced nonanal, decanal and (E)-2-octenyl acetate, with the last being more 

abundant in extracts from males (Guarino et al. 2008). This might suggest that females locate 

males from a distance partly or wholly by responding to (E)-2-octenyl acetate. This compound is 

also used as a sex and/or aggregation pheromone by other Heteropteran species for example, in 

the lygaeid Geocoris punctipes (Say), (E)-2-octenyl acetate is produced mainly from females and 

plays a role as sex pheromone (Marques et al. 2000). Furthermore, in the alydid Leptocorisa 

chinensis (Dallas), a blend of (E)-2-octenyl acetate and octanol is produced by both sexes, but it is 

only attractive to males (Leal et al. 1996). Moreover, nonanal and decanal, present in the Painted 

bug air collections, are commonly produced by other true bugs species such as T. limbativentris 

(Stal) and Euschistus spp., with defensive roles (Aldrich et al. 1995; Borges et al. 2006). To date 

attempts to develop this compound into a reliable monitoring tool have not yet been successful 

(Bundy et al. 2018), and need further studies on the real role of this compound in the chemical 

ecology of this species.  

Once the two sexes of Painted bug are in proximity, before mating they display a unique close-

range courtship behavior take place. This can be divided into three sequential steps: (a) the 

contact phase, in which male first contacts and antennates female; (b) the mount-antennation 

phase, in which the male mounts the female and antennates her antennae and genitalia; and (c) 
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the engagement phase, in which the male dismounts and couples his genitalia to those of the 

female in end-to-end fashion (Fig. 2) (Guarino et al. 2008; Palumbo et al. 2016). 

This behavior might be mediated by contact chemical cues. In a study conducted by De Pasquale 

et al. (2007) on the B. hilaris male and female cuticular surfaces, were identified thirteen 

homologous cuticular n-alkanes (nC17-nC29) from both sex of Painted bug, however 

hydrocarbon profiles of both gender are qualitatively equal, but marked quantitative differences 

in sex-specific of some components, which were suggested to be involved in short- range 

courtship behavior (De Pasquale et al. 2007).  
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Figure 2. Intraspecific interaction of Bagrada hilaris. 

 

1.6 Interspecific interactions 

Although host plant VOCs are known to be exploited by phytophagous Pentatomid species as 

host location cues (Rather et al. 2010), information about the VOCs that might serve as host cues 

for B. hilaris are limited (Guarino et al. 2017a). Recent electroantennographic studies showed 

that adults of this species perceive several plant VOCs, including octanal, nonanal, acetic acid, 

benzaldehyde, 3-butenyl isothiocyanate, and 4-pentenyl isothiocyanate (Fig. 3 and Fig. 4) 

(Palumbo et al. 2016; Arif, 2016; Guarino et al. 2017a). Among these chemicals, only 
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isothiocyanates are characteristic to Brassica spp., however, they are produced mainly upon 

damage to tissues rather than by undamaged plants (Mccormick et al. 2014; Chabaane et al. 

2015; Guarino et al. 2017a). In field bioassays, B. hilaris were not consistently attracted by traps 

baited with various isothiocyanates, either singly or in blends (Palumbo et al. 2016), and to date, 

no consistently effective plant-derived attractants have been identified for this species (Bundy et 

al. 2018). Any search for candidate attractants for herbivore pests should consider not only the 

preferred host plant species and their main VOCs, but also other plant traits, which may be 

indicators of host quality as food and/or shelter. These characteristics may change during plant 

development, and as a consequence, the attraction of B. hilaris may change with the 

development of its hosts (Boege, 2005).  

The Painted bug appears to strongly prefer host plants at the stage of newly emerged seedlings 

(Huang et al. 2014; Joseph et al. 2017), differently to other stink bug specialists of Brassicaceae, 

such as Murgantia histrionica (Hahn), which prefers to feed on plants with at least 4-5 pairs of 

true leaves (White and Brannon, 1933; Ludwig and Kok, 2001). The feeding damage of B. hilaris 

on cotyledons and young tissues results in significant reductions in leaf area, chlorophyll content, 

and dry weight, if it does not kill the seedling outright (Huang et al. 2014; Sánchez-Peña 2014). 

This suggests that VOCs produced by seedlings of preferred B. hilaris host plants are likely to be 

particularly attractive for this species. The identities of host-produced attractants can be 

obtained by comparing the profiles of VOCs produced by more or less susceptible brassicaceous 

species and varieties. The identification of these VOCs could have several major benefits. First, it 

will lead to a better understanding of the ecology of this species, and the factors mediating its 

host selection behaviors. Second, given the demonstrated strong attraction of B. hilaris to 

Brassica seedlings, the attractant chemicals would be excellent candidates for development into 

tools for monitoring and attract-and-kill strategies. 
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Figure 3. EAG dose–response curves of B. hilaris adults to VOC of B. oleracea var botrytis leaves. EAG 
amplitudes were adjusted to a control stimulus (hexane). Different letters indicate that values differ 
statistically at P < 0.05 (Repeated measures ANOVA, followed by Fisher LSD test) (Guarino et al. 2017b). 

 

 

Figure 4. Analysis of volatiles from chopped sweet alyssum by coupled gas chromatography (GC)-

electroantennography, using an antenna from a Bagrada hilaris female. The upper trace is the flame 

ionization detector (FID) response from the GC detector, and the lower, inverted trace is the antennal 

response. Peak 1: 3-butenyl isothiocyanate; peak 2: 4-pentenyl isothiocyanate; peak 3: isomer of peak 1 

(Palumbo et al. 2016). 
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1.7 Objectives of the thesis 

Overall, this thesis aims to investigate the chemical ecology of B. hilaris at intra- and interspecific 

level, with the aim to identify the main attractant semiochemicals that drive the behavior of this 

species. Specific objectives were: 

1. To investigate in laboratory bioassays the role of (E)-2 octenyl acetate in the B. hilaris 

intraspecific chemical ecology, described in chapter 2. 

2. Among possible host plants in the Brassica genus, to identify species that are more attractive 

at the seedling stage to B. hilaris nymphs and adults; to prepare active extracts of one or more 

attractive species and use bioassay-driven fractionation to characterize the attractant(s) present 

in extracts from the attractive species, described in chapter 3.   

3. To investigate in laboratory and field bioassays, the possibility to use Brassicaceous seedlings 

of one or more attractive species as candidates for trap cropping B. hilaris individuals in caper 

field in the Pantelleria Island, described in chapter 4.  
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Chapter 2 

The role of (E)-2-octenyl acetate as an intraspecific semiochemical of 

Bagrada hilaris (Burmeister): laboratory and field evaluation 

 

Abstract 

Bagrada hilaris is a pest of cruciferous crop native to Asia and Africa and invasive in Europe and 

the Americas. Previous studies suggest that mate location and aggregation behavior of this 

species is mediated by volatile chemicals among which the main compound is (E)-2-octenyl 

acetate. Males emit larger amounts of this compound but its possible role as an aggregation or 

sex pheromone is still to be defined. In this study the response of B. hilaris females, males and 

nymphs to (E)-2-octenyl acetate using electroantennogram (EAG), olfactometer and field trap 

bioassays was evaluated. EAG recordings showed that this compound evokes greater antennal 

responses in B. hilaris females. Olfactometer behavioral responses showed that females and 

nymphs were attracted to (E)-2-octenyl acetate, while males showed no attraction. In field trap 

bioassays experiments captures were obtained in traps baited with the doses of 5 and 10 mg of 

(E)-2-octenyl acetate, while in traps loaded with 2 mg and control traps were not recorded 

catches. These results suggest the involvement of (E)-2-octenyl acetate in intraspecific 

interactions of this species. 

Key words: Painted bug, olfactometer, EAG, Traps.  
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2.1 Introduction 

The Painted bug, Bagrada hilaris (Burmeister), is an invasive stink bug which feeds mainly on 

brassicaceous hosts, and it is particularly detrimental to crops in recently invaded areas (Huang 

et al. 2014). This species is widely distributed across Africa, southern and central Europe, 

Pakistan, India, China, and parts of southeast Asia (Reed et al. 2013; Bundy et al. 2018). In 2008, 

the Painted bug was reported in California, probably introduced by commercial trade, and it 

rapidly expanded its range to the brassicaceous crops of coastal California and central Arizona 

(Palumbo and Natwick 2010), and then to Nevada, New Mexico, and Utah (Bundy et al. 2012). 

More recently, B. hilaris has been reported in Mexico (Sánchez-Peña 2014), Hawaii (Palumbo et 

al. 2016), and in Chile (Torres-Acosta et al. 2017). Bagrada hilaris has had a remarkable impact 

on agriculture in the Americas; it has been estimated that about 90 % of the broccoli acreage 

planted in the USA has been infested by the Painted bug, with yield losses often exceeding 10 % 

of production (Huang et al. 2014). A recent study by Guarino et al. (2017) showed that Painted 

bug infestation of cauliflower plant reduced leaf photosynthesis by about 40%. To date, there 

are no effective detection strategies or monitoring tools for the pest (Bundy et al. 2018; Guarino 

et al. 2018).  

Several studies have focused on chemical communication in stink bugs, including the 

identification of sex pheromones (Baker et al. 1987; Aldrich et al. 1987, 1993; Borges and Aldrich 

1994; Borges 1995; Borges et al. 2006). The great majority of pheromones described for these 

species are produced by adult males (Weber et al. 2018; Millar 2005), although nymphs are 

known to produce aggregation compounds (Fucarino et al. 2004). 

In the case of B. hilaris, (E)-2-octenyl acetate, the main compound produced by adults, with 

significantly higher amounts emitted by males, was reported as a possible pheromone, as it 

might be involved the attraction process of females to males (Guarino et al. 2008). Although 

Bundy et al. (2018) report that attempts to use this compound as a monitoring were not 

successful, the attraction response of B. hilaris individuals to (E)-2-octenyl acetate has yet to be 

tested. 
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In this study the electroantennographic and behavioral response of B. hilaris to (E)-2-octenyl 

acetate was assessed in order to establish its suitability for further trials. 

The study objectives study were to  

1. Assess antennal response of B. hilaris females, males and nymphs to (E)-2-octenyl acetate 

using electrophysiological techniques, 

2. Evaluate the attraction response elicited from (E)-2-octenyl acetate alone or in presence of a 

food source (host plant), using a two choice olfactometer, 

3. Evaluate in field trials in caper orchards (Capparis spinosa L.) located in Pantelleria (Italy), the 

attraction response of B. hilaris to (E)-2-octenyl acetate.  
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2.2 Material and methods  

2.2.1 Insects and plants 

A colony of B. hilaris was established and restocked regularly with individuals collected from 

caper (Capparis spinosa L.) fields on the island of Pantelleria (Trapani, Italy). Insects were reared 

in an environmentally controlled room (30 ± 2 °C, 70 ± 10% RH, photoperiod 16L:8D), in wooden 

cages (25 × 25 × 40 cm) with two 5-cm diameter mesh-covered holes for ventilation. The colony 

was fed with cauliflower and cabbage plants, depending on seasonal availability. As B. hilaris 

females lay their eggs in the soil, dishes (6-cm Ø) with a mixture of sand, silt, and clay (33% for 

each soil component) were placed in the cages as oviposition sites. Dishes were changed weekly, 

and those with eggs were kept in separate cages until the emergence of nymphs. Adults and 

nymphs were used separately in experiments.  

Seeds of B. oleracea var. botrytis (cauliflower) obtained from a local market (Palermo – Italy), were placed 

on cotton wool (5 g) soaked with distilled water and held in glass containers with a distance of circa 0.5 

cm between seeds. The containers were placed in an environmentally controlled growth chamber (25 ± 1 

°C, 70 ± 10% RH, photoperiod 16L: 8D). After 7 days, newly emerged seedling clusters were used in 

behavioral experiments.  

 

2.2.2 Electroantennography 

Dose-response experiments using (E)-2-octenyl acetate were carried out. Electroantennograms 

(EAG) were conducted using aliquots of 2μl of acetone control or test solution of (E)-2-octenyl 

acetate (Bedoukian Research, Danbury, CT) dissolved in acetone, pipetted onto a piece of filter 

paper (Whatman, grade 1). Tested doses of (E)-2-octenyl acetate were 0.02, 0.2, 2, 20 and 200 

µg. The loaded paper was exposed to the air for 40s to allow the solvent to fade away, and then 

placed inside a glass Pasteur pipette. Puff stimuli were blown into an airstream that passed over 

the antennal preparation using a flow controller (model CS-05; Syntech, Hilversum, the 

Netherlands) to generate a 1.5-s stimulus at 1-min intervals, with a flow rate of 1.5 l min−1. The 

signals generated by the antennae were passed through a high-impedance amplifier (model 
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IDAC-4, Syntech) and recorded with custom software (Syntech). For the EAG preparations, adult 

and nymphs B. hilaris were anesthetized by refrigeration at −4°C for 40s, the head was excised 

and mounted on a glass capillary tube reference electrode (1.5 mm diameter) filled with 0.1 M 

KCl solution and connected with silver wire to the amplifier. The recording electrode was a 

similar glass capillary in contact with the tip of an antenna. The capillary tubes were drawn to a 

fine point using a microelectrode puller (Narishige PC-10, Tokio, Japan) to achieve a diameter 

enabling insertion into the antennal tip (Fig. 1). 

 

Figure 1. Electroantennography (EAG) device and preparation with bug’s head excised and 

mounted on reference electrode and recording electrode touching the tip of the antenna 

 

2.2.3 Open Vertical Y-shaped olfactometer    

Bioassays were conducted with an open vertical Y-shaped olfactometer consisting of a brass rod 

(left and right arms 20 cm long, central arm 25 cm long, 1.00 cm diameter) (Fig. 2). 

The behavioral bioassays were conducted testing the (E)-2-octenyl acetate alone or in presence 

of the host plant in two separate experiments. In the first experiment (E)-2-octenyl acetate was 

tested alone versus air used as control. In the second experiment (E)-2-octenyl acetate was 

tested in presence of a 7-days old seedling clusters (N=50) of B. oleracea var botrytis versus a 

seedling cluster alone used as control. The choice of this host plant species at seedling stage was 
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suggested by a recent study that evidenced its attractiveness to B. hilaris (Guarino et al. 2018). 

(E)-2-octenyl acetate was applied using 2 µl of a 10% acetone solution (200µg) on a filter paper 

disk (Whatman N. 1) and left 5 minutes for evaporation of the solvent before being placed in the 

test jar. The test stimuli were changed after 15 minutes. The left and right arms were covered 

with two glass tubes (18 cm long, 5 cm diameter) terminating in hose nipples connected by 

Tygon tubes to a high–purity air source, and air flow was controlled with a flow-meter at a rate 

of 0.2 l/min. The air flowed through two glass chambers (125 ml each), which held the test 

stimuli. Light was provided with a halogen lamp (Osram, 12V–35W, Münich, Germany) hanging 

30 cm above the olfactometer. Experiments were carried out under ambient laboratory 

temperature and humidity conditions (25 ± 3 °C, and 50± 15% RH). For each replicate, a single 

adult or nymph was gently placed at the bottom of the central arm of the olfactometer with a 

paint brush and allowed 10 min to respond. The bugs moved from the bottom upward toward 

the light source and upon arriving at the Y junction, chose between the two different volatile 

stimuli. The criterion for a response was that the test bug walked in the test arm or the control 

arm for at least 5 cm past the Y junction (first choice). Bugs that did not move into one of the 

two arms during the 10 min trial were scored as non-responders and were not included in the 

analysis. After 8 replicates, the glass parts of the apparatus were washed with water and 

detergent, and then wiped with acetone and the brass rod was cleaned with distilled water and 

acetone and baked at 200°C for 60 min. Experiments were carried out from 2.00pm to 7.00pm.  
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Figure 2. Open Vertical Y-shaped olfactometer. 

2.2.4 (E)-2-octenyl acetate dispenser emission rate 

The emission rate estimation of (E)-2-octenyl acetate was carried out in order to support the 

successive field trap experiment. In this chemical analysis was assessed the amount of this 

compound emitted with time from a commercial dispenser. As releaser was used a 0.5 ml 

polyethylene tube, chosen as one of the most commonly used for highly volatile semiochemicals 

as (E)-2-octenyl acetate. The polyethylene tubes were loaded with the same dose successively 

tested in the field, in the specific 2, 5 or 10 mg of (E)-2-octenyl acetate (N = 3 per each dose). 

The collection of (E)-2-octenyl acetate from polyethylene tubes was conducted in airstream by 

placing the dispensers in a cylindrical glass chamber (25 ml volume) and pumping through the air 

at 300 ml/min. A glass tube containing a plug of 100 mg of Porapak Q (80–100 mesh; Sigma-

Aldrich) was used to collect the (E)-2-octenyl acetate emitted at different days from the releaser 

loading (Fig. 3). After collecting for 15 min, the traps were eluted with 1 ml of acetone. All 

replicates were carried out in a temperature-controlled room (25 ± 1°C). Extracts were stored at 

4 °C in glass vials with Teflon cap liners until used for (GC/MS) analyses. GC-MS analyses were 

performed on an Agilent 6890 GC system interfaced with an MS5973 quadruple mass 

spectrometer. One μl of extract was injected onto a DB5-MS column in splitless mode. Injector 
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and detector temperatures were 260°C and 280°C respectively. Helium was used as the carrier 

gas. The GC oven temperature was set at 40°C for 5 min, and then increased by 10°C/min to 

250°C. Electron impact ionization spectra were obtained at 70 eV, recording mass spectra from 

40 to 550 amu.  

In order to estimate the quantitative amounts of (E)-2-octenyl acetate emitted from 

polyethylene tube, the integrated GC peaks were compared with a calibration curve carried out 

with standard solutions. Linearity was determined for this compound injecting in the GC 

concentrations of 6, 12, 25, 50 and 100 ng μl −1, determining a calibration curve that had 

regression coefficients (R2) of 0.9976 (Fig 4 ).  

 

 

Figure 3. (E)-2-octenyl acetate collection system in air stream. 
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Figure 4. Calibration curve of (E)-2-octenyl acetate carried out by injecting doses of 6, 12, 25, 50 and 100 
ng μl −1. 

 

2.2.5 Field bioassays  

Field bioassays using (E)-2-octenyl acetate were conducted in a caper orchard in Pantelleria 

island (Italy) (36°46'15.2"N 11°57'44.1"E), infested with B. hilaris. Horizontal, dual funnel-sided 

plastic traps (25 x 15 x 15 cm) furnished by GEA S.r.L., (Settimo Milanese Milan – Italy) were used 

(Fig. 5). Paraffin oil was applied on the board of the inner part of the funnels to prevent insect 

escape. Traps were placed in the proximity of the caper plant and partially buried in order to 

facilitate insect entrance and to prevent wind damage (Fig. 6). Each trap was baited with a 

polyethylene tube containing either 2 mg, 5 mg or 10 mg of (E)-2-octenyl acetate dissolved in 

100 µl of acetone. Distance among traps was approximately 8m. Three traps per dose and three 

acetone-only bait control traps were placed in the field using a Latin square design. Traps were 

inspected every 3 days and the number of trapped individuals (males, females or nymphs) 

recorded. 
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Figure 5. Horizontal trap furnished by GEA, (Settimo Milanese Milan – Italy). 

 

 

Figure 6. Placement of the trap in the caper field.  
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2.2.6 Statistical analysis 

EAG data, given as means of antennal responses in mV after subtraction of the responses to the 

solvent were root square transformed and analyzed by using one-way measure ANOVA followed 

by LSD pair-wise comparisons to evidence different response for each dose tested on for males, 

females and nymphs. Vertical Y-shaped olfactometer choice experiments were analyzed using χ2 

tests. Data of the emission curve of (E)-octenyl acetate from releasers loaded with different 

doses were compared for each day of sampling by one-way ANOVA, followed by Tukey test. For 

field experiments, the numbers of caught adults and nymphs were compared by one-way 

ANOVA, followed by Fisher’s LSD test. All statistical analyses were performed using Statistica 10.0 

for Window (Statsoft 2001, Vigonza, PD, Italy).  
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2.3 Results 

2.3.1 Electroantennography             

The results of EAG experiments are shown in Fig. 7. Overall antennae of females, males and 

nymphs showed dose-dependent responses to (E)-2-octenyl acetate but with a different 

sensitivity. In particular, females’ antennae showed significant electroantennographic response 

already at 0.2 µg (P < 0.05; ANOVA followed by LSD test) and similar responses were observed at 

doses of 2 and 20 µg. In males the only significative response was observed at the dose of 2 µg (P 

< 0.05; ANOVA followed by LSD test). Nymphs showed significant response at the doses of 2 µg 

and 20 µg (P < 0.05; ANOVA followed by LSD test). All males, females and nymphs antennae 

reached saturation with the increasing doses and showed a decreasing response at the highest 

dose used (200µg).  
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Figure 7. EAG dose–response curves of B. hilaris individuals (Female N=7; Male N= 7; Nymphs N= 6) to (E)-
2-octenyl acetate at different doses. EAG amplitudes were adjusted to a control stimulus (acetone). 
Different letters indicate that values differ statistically at P <0.05 (ANOVA, followed by LSD test). 
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2.3.2 Open Vertical Y-shaped olfactometer  

Responses of B. hilaris adults and nymphs in open vertical Y-shaped olfactometer bioassays are 

shown in Fig. 8 and Fig 9. In the first experiment adult B. hilaris females were strongly attracted 

by (E)-2-octenyl acetate rather than from air (χ2 = 10.52, df = 1, P < 0.001, N = 46) while males 

and nymphs were not attracted (χ2 = 0.71, df = 1, P = NS, N = 36), nor nymphs (χ2 = 0.64, df = 1, P 

= NS, N = 56) (Fig. 8). In the second experiment, conducted in presence of B. oleracea seedlings 

in both test and control arms, was evidenced a significant attraction response to the (E)-2-

octenyl acetate rather to seedlings alone from both female (χ2 = 5.22, df = 1, P = 0.02, N = 62) 

and nymphs (χ2 = 7.22, df = 1, P = 0.07, N = 61). Differently, males were not attracted to (E)-2-

octenyl acetate (χ2 = 0.96, df = 1, P = 0.3, N = 66) (Fig. 9). 

 

 

Figure 8. Response of B. hilaris individuals to (E)-2-octenyl acetate, (females N= 46; males N= 36; nymphs 
N= 56); * = P < 0.05. 
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Figure 9. Response of B. hilaris individuals to (E)-2-octenyl acetate in presence of B oleracea 
seedlings (test) versus B. oleracea seedlings alone (control) (females N= 62; males N= 66; 
nymphs N= 61); * = P < 0.05. 

 

2.3.3 (E)-2-octenyl acetate dispenser emission rate 

The emission rate (ng/hr) of the polyethylene dispensers loaded with different doses of (E)-2-

octenyl acetate is reported in Fig. 10. After one day from releaser preparation, the emission of 

(E)-2-octenyl acetate was similar in the different treatments. However, the dispensers loaded 

with 10 mg emitted a higher amount of (E)-2-octenyl acetate rather than 2 and 5 mg at the 

fourth day after from releaser loading (P < 0.01; Tukey test). Successively, at the days seven and 

ten, the dispensers loaded with 10 mg emitted a higher amount of (E)-2-octenyl acetate rather 

than dispensers loaded with 2 mg (P < 0.01; Tukey test) and similar to the ones loaded with 5 mg 

(P = NS). At the day thirteen the amount emitted was higher in 10 mg dispenser than to the 

others (P < 0.01; Tukey test), however the amount emitted from 5 mg dispenser was higher than 

the one emitted from 2 mg dispensers (P < 0.01; Tukey test). 
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Figure 10. Emission rate of (E)-2-octenyl acetate from polyethylene tube dispensers loaded with doses of 
2, 5, 10 mg. Different letters within the same day of sampling indicate statistical differences for P < 0.01 
(ANOVA, followed by Tukey test). 

 

2.3.4 Field bioassays  

Results of field bioassays to (E)-2-octenyl acetate are reported in Fig. 11. The number of B. hilaris 

individuals captured during the field experiment was significantly different among treatments (F 

= 2.90; df = 3; P < 0.05, ANOVA). In the traps baited with 5 mg of (E)-2-octenyl acetate captured a 

mean (+SE) of 0.2+ 0.1  nymphs and with trap baited with 10 mg captured female and nymphs 

mean (+SE) 0.13 + 0.15 and 0.2 + 0.15 respectively per trap per 3 days. No captures were 

observed in the traps baited with 2 mg of (E)-2-octenyl acetate and control traps.  
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Figure 11. Mean (+SE) captured of B. hilaris individual by traps baited with (E)-2-octenyl acetate at 
different doses and control test (acetone). Different letters indicate that values differ statistically at P 
<0.05 (ANOVA, followed by LSD test). 
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2.4 Discussion  

The results suggest that (E)-2-octenyl acetate is a semiochemical involved in the intraspecific 

communication of B. hilaris.  

The data obtained from EAG experiments indicated a higher sensitivity of B. hilaris female’s 

antenna to (E)-2-octenyl acetate in comparison with males and nymphs. Similar strong sensitivity 

of female’s antenna has been reported in other stink bug species EAG experiments testing the 

sex pheromone as in the case of Thyanta pallidovirens (Stål) (Millar 1997), Chinavia ubica 

(Rolston) and C. impicticornis (Stål) (Blassioli-Moraes et al. 2012). Insects generally perceive 

odors by means of specially adapted sensillae on the antennae (Cork et al. 1990; Brézot et al. 

1996; Innocenzi et al, 2004; Ventura and Panizzi, 2005; Silva et al. 2010; Ruschioni et al. 2015), so 

it is likely that, the females’ antennae possess specific receptors for this compound in higher 

amount than males and nymphs. In other pentatomid bugs species, EAG recording evidenced 

females’ responses to the sex pheromone such as in Nezara viridula (L.) (Brézot et al. 1994) and 

in Chinavia spp. (Blassioli-Moraes et al. 2012).  

The results EAG bioassays were confirmed by the bioassays carried out in vertical Y-shaped 

olfactometer that indicated attraction response of females toward (E)-2-octenyl acetate and not 

response from males of B. hilaris testing the compound in presence or not of the host plant odor. 

In the same experiment, nymphs were attracted to (E)-2-octenyl acetate only in presence of the 

host plant, suggesting that host plant volatile can augment the response to the intraspecific 

semiochemical, as observed in other stink bugs as Euschistus conspersus Uhler (Krupke et al. 

2001) and Halyomorpha halys Stål (Morrison III et al. 2018). 

The release rate from the polyethylene dispensers loaded with different doses of (E)-2-octenyl 

acetate, evidenced in the specific a rapid exhaustion from the 2 mg dispenser in comparison with 

the 5 and 10 mg dispensers. This factor probably determined the different number of captures 

recorded in the field, suggesting that the attraction of B. hilaris females and nymphs to (E)-2-

octenyl acetate is strictly linked with the amount perceived. Furthermore, the dispenser loaded 
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with 10 mg evidenced a high emission of the chemical in particular at day four from their 

preparation.  

The overall low number of individuals captured in the traps in our experiments, limited to the 

two highest doses of (E)-2-octenyl acetate tested, could also be influenced by the complex 

behavior of stink bugs, that often lead to disappoint results in field test. In fact, similar difficulties 

have been observed during trials to bioassay possible pheromone components for other 

phytophagous bug species (Ho and Millar, 2001). For example, although the N. viridula 

pheromone determines strong attraction of females in laboratory bioassays (Aldrich et al. 1987; 

Baker et al. 1987), the field tests results have often not been confirmatory (Aldrich et al. 1993; 

Panizzi 1997). In several cases stink bug pheromone attracts the insect in the proximity of the 

traps but the number of the individual entering inside it is poor (Millar et al. 2002; Morrison et al. 

2018). Moreover, several papers suggest that the commonly used insect trap designs are not 

effective for phytophagous stink bugs (Aldrich et al. 1991; Sugie et al. 1996). The tendency of B. 

hilaris habits to aggregate on the host plant and oviposit in the soil, provoked our use of a novel 

two-entrance trap, designed to be placed on the ground and in the proximity of the host plant.  

Overall, our laboratory and field bioassays support the previous studies of Guarino et al. (2008) 

that first suggested a possible pheromonal role for (E)-2-octenyl acetate in this species. It is then 

likely that, similarly to all the other pentatomid bugs, B. hilaris female adults respond to a 

semiochemical that can bring in close proximity the two sexes where then other close-range 

courtship behavior can take place, including contact cues, as observed by Guarino et al. (2008). 

However, unlike other pentatomid bugs, the attraction is not determined by a specific 

compound emitted by mature males, but by a compound produced by both sexes (Guarino et al. 

2008). Moreover, in other pentatomid bugs, male-produced compounds act as sex pheromones 

attracting only females, as in Piezodorus guildinii (Westwood) (Borges et al. 2007), T. 

pallidovirens (McBrien et al. 2002), Oebalus poecilus (Dallas) (de Oliveira et al. 2013), Eysarcoris 

parvus (Uhler) (Alizadeh et al. 2002), Pallantia macunaima (Grazia) (Fávaro et al. 2013). In other 

cases, the male produced compounds act as aggregation pheromones, attracting females, males, 
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and even nymphs as in Murgantia histrionica (Hahn) (Weber et al. 2014; Khrimian et al. 2014a), 

N. viridula  (Aldrich et al. 1987), Eysarcoris lewisi (Distant) (Takita et al. 2008), Euschistus 

tristigmus (Say) (Aldrich et al. 1991; Millar 2005), H. halys (Stål) (Khrimian et al. 2014b).   

However, as described in Guarino et al. (2008) in the case of B. hilaris the putative attractant 

semiochemical is produced by both sexes, albeit in different amounts. The lack of distinct 

differences in compounds produced by the two sexes is similar to results obtained with other 

Heteroptera species such as Lygus lineolaris (Palisot de Beauvois) (Aldrich 1988). (E)-2-alkenals 

are ubiquitous in Heteroptera, and are known to function as intra-specific signals such as 

aggregation and sex pheromones (Aldrich 1988; Millar 2005). For example, in the lygaeid 

Geocoris punctipes (Say), (E)-2-octenyl acetate is produced mainly by females and it plays a role 

as sex pheromone (Marques et al. 2000). Furthermore, in the alydid Leptocorisa chinensis 

(Dallas), a blend of (E)-2-octenyl acetate and octenol is produced by both sexes, but it is only 

attractive to males (Leal et al. 1996). Moreover, (E)-2-octenyl acetate together with other 

compounds, was found in the metathoracic gland contents and in aeration extracts of other stink 

bugs as T. pallidovirens and E. heros (F.) (McBrien et al. 2002; Pareja et al. 2007). In fact, in several 

cases, (E)-2-octenyl acetate is considered part of the defensive blend of Heteroptera species, 

having repellent effect toward predators (Noge et al. 2012). Defensive compounds have been 

found to function as alarm pheromones (Lockwood and Story, 1987) or even more specifically as 

sex pheromones (Ruther et al. 2001; Geiselhardt et al. 2008; Weiss et al. 2013). The use of a 

chemical substance for two or more functions is well-known and has been referred to as 

“semiochemical parsimony” (Blum 1996). 

To conclude, the results obtained suggest that (E)-2-octenyl acetate is involved in intraspecific 

communication of B. hilaris. The weak attraction observed in the field tests can suggest that this 

semiochemical is probably not the only cues involved, as most phytophagous stink bugs are not 

strongly attracted into close proximity to pheromone sources where other sensory cues, such as 

visual and/or vibrational signals occur similarly to what observed in other stink bugs (Ota and 

Cokl, 1991; Ryan and Walter, 1992). 
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Our future efforts to develop an effective lure for this species, will focus on testing (E)-2-octenyl 

acetate together with plant derived attractant compounds recently identified in host plant such 

as the novel identified diterpene hydrocarbon found in seedling stages of Brassica spp. (Guarino 

at al. 2018). 
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Chapter 3 

Novel diterpene hydrocarbons emitted by seedlings of Brassica species 

provide host location cues to Bagrada hilaris 

Abstract 

Bagrada hilaris Burmeister, is a stink bug native to Asia and Africa and invasive in the United 

States, Mexico, and more recently, South America. This species can cause serious damage to 

various vegetable crops in the genus Brassica, with seedlings being particularly susceptible to B. 

hilaris feeding activity. In this study, the role of volatile organic compounds (VOCs) emitted by 

seedlings of three Brassica species on the host preference of B. hilaris was evaluated. In dual 

choice arena and olfactometer bioassays, adult Painted bugs preferred B. oleracea var. botrytis 

and B. napus over B. carinata. Volatiles from B. oleracea seedlings were collected and 

bioassayed with B. hilaris adults and late stage nymphs, using electroantennographic (EAG) and 

behavioral (olfactometer) techniques. When crude extracts of the VOCs from B. oleracea var. 

botrytis seedlings and liquid chromatography fractions thereof were bioassayed, B. hilaris adults 

and nymphs were attracted to the crude extract, and to a non-polar fraction containing 

hydrocarbons, whereas there were no responses to the more polar fractions. GC-MS analysis 

indicated that the main constituents of the non-polar fraction was an as yet unidentified 

diterpene hydrocarbon, with trace amounts of few other diterpene hydrocarbons. The major 

diterpene occurred in VOCs from both of the preferred host plants B. oleracea and B. napus, but 

not in VOCs of B. carinata. Using a combination of mass spectrometry, microchemical tests, and 

analysis of NMR spectra, the compound was identified as a novel tricyclic diterpene hydrocarbon 

and named brassicadiene. The results reported suggest that brassicadiene, alone or in 

combination with one or more of the minor compounds, is a key mediator in this insect-plant 

interaction, and could be a candidate for its use in lures for trapping B. hilaris in the field. 

Key words: Painted bug; olfactometer; dual choice arena; EAG; diterpene hydrocarbon 
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3.1 Introduction 

The Painted bug, Bagrada hilaris Burmeister, is an invasive stink bug which feeds mainly on 

brassicaceous hosts, and it seems particularly damaging to crops in recently invaded areas 

(Huang et al. 2014a). This species is widely distributed across Africa and southern Europe, and 

east through Pakistan, India, China, and parts of southeast Asia (Reed et al. 2013; Bundy et al. 

2018). In 2008, the Painted bug was first reported in California, probably introduced by 

commercial trade, and it rapidly expanded its range to the brassicaceous crops of coastal 

California and central Arizona (Palumbo and Natwick, 2010), and then to Nevada, New Mexico, 

and Utah (Bundy et al. 2018). More recently, B. hilaris has been reported from Mexico (Sánchez-

Peña, 2014), from the island of Maui in Hawaii (Palumbo et al. 2016), and in Chile (Torres-Acosta 

et al. 2017). Bagrada hilaris has had a major impact on agriculture in the Americas; it has been 

estimated that about 90% of the broccoli acreage planted in the USA has been infested by the 

Painted bug, with yield losses often exceeding 10% of production (Huang et al. 2014a). A recent 

study by Guarino et al. (2017a) showed that infestation of a cauliflower plant, Brassica oleracea 

var. botrytis L., by 40 adult Painted bugs reduces leaf photosynthesis by about 40%. To date, 

effective sampling strategies and good monitoring tools for this pest, for example based on 

semiochemicals, have not yet been developed (Bundy et al. 2018). Other stink bug species are 

currently monitored with traps baited with sex or aggregation pheromones (Cullen and Zalom, 

2006; Leskey et al. 2015). In the case of B. hilaris, (E)-2-octenyl acetate was reported as a 

possible pheromone for this species (Guarino et al. 2008), but attempts to develop this 

compound into a reliable monitoring tool have not yet been successful (Bundy et al. 2018). 

Consequently, alternative lures based on host plant volatile organic compounds (VOCs) may be 

good candidates for use in monitoring traps. Host plant VOCs are known to be exploited by 

phytophagous pentatomid species as host location cues (Rather et al. 2010; Guarino et al. 

2017b). However, information about the VOCs that might serve as host attractants for B. hilaris 

is limited (Guarino et al. 2017b). Recent electroantennographic studies showed that adults of 

this species perceive several plant VOCs, including octanal, nonanal, acetic acid, benzaldehyde, 

3-butenyl isothiocyanate, and 4-pentenyl isothiocyanate (Palumbo et al. 2016; Guarino et al. 
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2017a). Among these chemicals, only isothiocyanates are characteristic to Brassica spp., and 

they are produced mainly upon damage to tissues rather than by undamaged plants (Guarino et 

al. 2017a; Mccormick et al. 2014; Chabaane et al. 2015). In field bioassays, B. hilaris were not 

consistently attracted to traps baited with various isothiocyanates, either singly or in blends 

(Palumbo et al. 2016), and to date, no consistently effective plant-derived attractants have been 

identified for this species (Bundy et al. 2018). Any search for candidate attractants for 

herbivorous pests should consider not only the preferred host plant species and their main 

VOCs, but also other plant traits, which may be indicators of host quality as food and/or shelter. 

These characteristics may change during plant development, and as a consequence, the 

attraction of B. hilaris may change with the development of its hosts (Boege, 2005). 

In contrast to other stink bug specialists of Brassicaceae, such as Murgantia histrionica (Hahn), 

which prefers to feed on plants with at least 4-5 pairs of true leaves (White et al. 1933; Ludwig 

and Kok, 2001), the Painted bug appears to strongly prefer host plants at the stage of newly 

emerged seedlings (Huang et al. 2014b; Joseph et al. 2017). The feeding damage of B. hilaris on 

cotyledons and young tissues results in significant reductions in leaf area, chlorophyll content, 

and dry weight, if it does not kill the seedling outright (Fig. 1) (Huang et al. 2014a; Sánchez-Peña, 

2014). This suggests that VOCs produced by seedlings of preferred B. hilaris host plants are likely 

to be particularly attractive to the bugs. Further clues as to the identities of host-produced 

attractants can be obtained by comparing the profiles of VOCs produced by more or less 

susceptible brassicaceous species and varieties. The identification of these VOCs could have 

several major benefits. First, it will lead to a better understanding of the ecology of B. hilaris, and 

the factors mediating its host selection behaviors. Second, given the demonstrated strong 

attraction of B. hilaris to Brassica seedlings, the attractant chemicals would be excellent 

candidates for development into tools for monitoring and attract-and-kill strategies. Third, 

identification of the attractants could inform traditional or molecular biological plant breeding 

efforts to eliminate the attractants from the host plant VOCs. Thus, the goal of this study was to 

characterize the volatile cue(s) exploited during host location by B. hilaris. Our specific objectives 

were: 
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1. Among possible host plants in the Brassica genus, to identify species that differed in 

attractiveness at the seedling stage to B. hilaris nymphs and adults; 

2. To prepare active extracts of one or more attractive species;  

3. To use bioassay-driven fractionation to individuate the attractant(s) present in extracts from 

the attractive species;  

4. To purify and characterize the molecules of the active fraction(s). 
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Figure 1. Feeding damage of B. hilaris on young seedlings (A = in the field, B= in the laboratory). 

3.2 Material and methods 

3.2.1 Insects  

The colony of B. hilaris was established and restocked regularly with individuals collected from 

caper (Capparis spinosa L.) fields on the island of Pantelleria (Italy), with permission from the 

owner of the land. Insects were reared in an environmentally controlled room (30 ± 2 °C, 70 ± 

10% RH, photoperiod 16L:8D), in wooden cages (40 x 25 × 25 × 40 cm) with two 5-cm diameter 
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mesh-covered holes for ventilation. The colony was fed with cauliflower and cabbage plants, 

depending on seasonal availability. Because B. hilaris lays eggs in the soil, dishes (6-cm Ø) with a 

mixture of sand, silt, and clay (33% for each soil component) were placed in the cages as 

oviposition sites. Dishes were changed weekly, and those with eggs were kept in separate cages 

until the emergence of nymphs. The nymphs were then kept in separate cages until the final 

molt to adults. Adults and 4th-5th instar nymphs were used separately in experiments. 

 

 

3.2.2 Seedlings  

Seeds of B. oleracea var. botrytis (cauliflower), B. napus (rapeseed), and B. carinata (Abyssinian 

cabbage), all obtained from a local market (Palermo – Italy), were placed on cotton wool (10 g) 

soaked with distilled water and held in glass containers with a distance of circa 0.5 cm between 

seeds. The containers were placed in an environmentally controlled growth chamber (25 ± 1 °C, 

70 ± 10% RH, photoperiod 16L:8D) equipped with lights with a photosynthetic flux density 

(PPFD) of 600 mol photons m-2 s-1 placed above the foliage. To avoid desiccation, soaked seeds 

were covered with a Petri dish for 3 d until they germinated (Fig. 2). After 7 d, newly emerged 

seedling clusters at the cotyledon stage were wrapped around the base with aluminum foil for 

use in host preference bioassays, VOC collection, or behavioral experiments.  
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Figure 2. Seedlings 7 days old. 

 

3.2.3 Dual choice arena  

The dual choice arena consisted of a Plexiglas cage 50 cm wide, 30 cm high, and 30 cm deep with 

mesh for ventilation on opposing sides. Inside the cage, two clusters of 7-d old seedlings of the 

different plant varieties (N = 20) were placed 20 cm apart (Fig. 3). All three possible 

combinations of pairs of the three plant species were tested. Bioassays were carried out in static 

air, using in parallel 6 cages for each session of experiments. Adult bugs were released 

individually into each cage at 2:00 PM for each replicate and as a response the presence of the 

bug in one of the seedlings cluster was recorded after 20h, at 10:00 AM the next day (final 

choice). The position of the treatments was alternated between replicates. After each replicate, 

the Plexiglas cage was cleaned with water and dried. Bioassays were conducted under ambient 

laboratory temperature and humidity conditions (25 ± 3 °C, and 50 ± 15% RH). 
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Figure 3. Plexigas cages used in dual choice arena bioassay. 

 

3.2.4 Open Vertical Y-shaped olfactometer 

Further bioassays were carried out with an open vertical Y-shaped olfactometer consisting of 

three connected brass rods (left and right arms 20 cm long, central arm 25 cm long, 1 cm 

diameter). The left and right arms were covered with two glass tubes (18 cm long, 5 cm 

diameter) terminating in hose nipples. Charcoal-purified air (0.2 l/min per chamber) was directed 

through two glass chambers (125 ml each), which held the test stimuli, consisting of seedling 

clusters (N=50), or extracts of headspace volatiles released by seedlings (see below). The outlets 

of the stimulus chambers were connected to the hose nipples on the respective arms of the 

olfactometer with Tygon tubing. Light was provided with a halogen lamp (Osram, 12V–35W, 

Münich, Germany) hanging 30 cm above the olfactometer (Fig. 4). Experiments were carried out 

under ambient laboratory temperature and humidity conditions (25 ± 3 °C, and 50± 15% RH). For 

each replicate, a single adult or nymph was gently placed at the bottom of the central arm of the 
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olfactometer with a paintbrush and allowed 10 min to respond. The bugs moved from the 

bottom upward toward the light source and upon arriving at the Y junction, choose between the 

two different volatile stimuli. The criterion for a response was that the test bug walked onto the 

test arm or the control arm at least 5 cm past the Y junction (first choice). Bugs that did not 

move onto one of the two arms during the 10 min trial were scored as non-responders and were 

not included in the analysis. After 8 replicates, the glass parts of the apparatus were washed with 

water and detergent, and then wiped with acetone and the brass rods were cleaned with 

distilled water and acetone and baked at 200°C for 60 min. 

 

 

 

Figure 4. Open Vertical Y-shaped olfactometer. 
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3.2.5 Electroantennography 

Electroantennograms (EAG) were conducted using an aliquot of 2 μl of each test or control 

stimulus solution pipetted onto a piece of filter paper (Whatman, grade 1). The loaded paper 

was exposed to the air for 30s to allow the solvent to evaporate, and then inserted into a glass 

Pasteur pipette. Puff stimuli were blown into an airstream that passed over the antennal 

preparation using a flow controller (model CS-05; Syntech, Hilversum, the Netherlands) to 

generate a 1.5-s stimulus at 1-min intervals, with a flow rate of 1.5 l min−1. The signals generated 

by the antennae were passed through a high-impedance amplifier (model IDAC-4, Syntech) and 

recorded with custom software (Syntech). For the EAG preparations, adult and nymphs B. hilaris 

were anesthetized by refrigerating them at about −4°C for 40s, the head was excised and 

mounted on a glass capillary reference electrode (1.5 mm diameter) filled with 0.1 M KCl 

solution and connected with silver wire to the amplifier. The recording electrode was a similar 

glass capillary in contact with the tip of an antenna. The capillary tubes were drawn to a fine 

point using a microelectrode puller (Narishige PC-10, Tokyo, Japan) to achieve a diameter 

enabling insertion into the antennal tip. 

 

3.2.6 VOC collection and fractionation 

VOC collections were carried out using clusters of 7-d-old seedlings (N = 500) of B. oleracea var. 

botritys, B. carinata, and B. napus. Seedling clusters were placed in a cylindrical glass chamber (3 

l volume) and a stream of air purified by passing through a filter of activated charcoal (0.5-1.0 

mm, 18-35 mesh, Merck, Darmstadt, Germany), was pumped through the chamber at 400 

ml/min. A glass tube containing a plug of 100 mg of Porapak Q (80–100 mesh; Sigma-Aldrich) 

was used to collect the VOCs (Fig. 5). After collecting for 20 h, the traps were eluted with 1 ml of 

hexane, and the resulting extracts were concentrated to ~100 μl under a gentle nitrogen stream. 

Extracts were stored at −20 °C in glass vials with Teflon cap liners until used for (GC/MS) analyses 

and bioassay experiments. All replicates were carried out in a temperature-controlled room (25 

± 3°C, 60 ± 5% RH and photoperiod 16L: 8D). After each collection, the chamber was washed 
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with water and fragrance-free detergent, rinsed with acetone, and baked overnight at 150 °C. 

Blank aerations were carried out as controls to identify possible system contaminants. 

Aliquots of 1 ml of VOC extracts from seedlings (ten aerations pooled together) were 

fractionated by liquid chromatography into non-polar and polar fractions by using a solid phase 

extraction cartridge (SPE, silica column DSC-SI 52652-U, 1 ml tube, Supelco) (Fig. 6). The silica gel 

cartridge was conditioned by rinsing with 1 ml of hexane. The extract was loaded onto the 

cartridge as a hexane solution, followed by elution with 1 ml of hexane to obtain a non-polar 

hydrocarbons fraction. The cartridge then was eluted with 1 ml of dichloromethane and 1 ml of 

ethyl alcohol to extract the medium and high polarity compounds respectively. The fractions 

were kept at -20 C° until used for GC/MS analyses or electrophysiological and behavioral 

bioassays. 

 

 

 

Figure 5. VOCs collection system. 

 

 



 

73 
 

 

 

Figure 6. Solid phase extraction cartridge (SPE, silica column DSC-SI 52652-U, 1 ml tube, Supelco). 

 

 

3.2.7 Behavioral bioassays 

Host preference bioassays. This experiment was carried out to assess the host preference of B. 

hilaris adults (sex ratio 1:1) to different potential host plants in two-choice tests using both the 

dual choice arena and the open vertical Y-shaped olfactometer. The experimental design was: B. 

oleracea var. botritys vs B. carinata, B. napus vs B. carinata, B. oleracea var. botritys vs B. napus. 

The number of replicates for each experiment was respectively 88, 85 and 106 in the dual choice 

arena and 120 in the open vertical Y-shaped olfactometer. 

Bioassays with B. oleracea var. botrytis VOCs. In this experiment, volatiles from B. oleracea var. 

botrytis were bioassayed with adults and nymphs using EAG recording and open vertical Y-

shaped olfactometer tests. EAG experiments tested 2 µl of the VOC crude extract, corresponding 

to approximately 200 seedling-hours, as a stimulus, versus solvent controls (hexane) (N = 20 
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nymphs; N = 15 adults). In a second experiment, responses elicited by the non-polar, medium 

polarity, and high polarity fractions were compared, with values normalized by subtracting the 

response elicited from the respective solvent control (hexane, dichloromethane, or ethyl 

alcohol) (N = 20 nymphs; N = 18 adults).  

In the Y-shaped olfactometer, VOCs emitted from B. oleracea var. botrytis were tested according 

to the following design: 1) seedlings of B. oleracea var. botrytis (test) vs air (control) (N = 116 

nymphs; N = 133 adults); 2) VOC extracts, corresponding to 200 seedling-hours, (test) vs hexane 

(control) (N = 188 nymphs; N = 200 adults); 3) Non-polar fraction (test) vs hexane (control) (N = 

159 nymphs; N = 164 adults; 4) Medium polarity fraction (test) vs dichloromethane (control) (N = 

161 nymphs; N = 169 adults); 5) Highly polar fraction (test) vs ethyl alcohol (control) (N = 160 

nymphs; N = 160 adults). 

 

3.2.8 Chemical analysis 

Coupled gas chromatography-mass spectrometry (GC-MS) analyses of the headspace extracts 

from B. oleracea var. botrytis, B. napus, and B. carinata were performed on an Agilent 6890 GC 

system interfaced with an MS5973 quadruple mass spectrometer (Fig. 7). One μl of extract was 

injected onto a DB5-MS column in splitless mode. Injector and detector temperatures were 

260°C and 280°C respectively. Helium was used as the carrier gas. The GC oven temperature was 

set at 40°C for 5 min, then increased by 10°C/min to 250°C. Electron impact ionization spectra 

were obtained at 70 eV, recording mass spectra from 40 to 550 amu. Four replicates were 

carried out for each plant species. 

An aliquot of a VOC extract in hexane was reduced by stirring with 5% Pd on charcoal catalyst 

under a hydrogen atmosphere for 1 h. After filtration through a plug of celite to remove the 

catalyst, the solution was analyzed by GC-MS as described above. 



 

75 
 

 

 

Figure 7. Gas chromatography-mass spectrometry (GC-MS). 

 

3.2.9 Chemical identification  

As the main compound found in the extract was a diterpene not matching with NIST11 spectra. A 

set of analysis was developed to identify this putative new compound. In order to have a larger 

sample of the compound, indispensable for identification operations, the diterpene compound 

was isolated from a composite crude extract, obtained by combining multiple VOC collections 

from B. oleracea var botrytis seedlings (Fig. 8). 

In the specific, to isolate the diterpene, a composite sample from 200 VOC collections was 

concentrated to ~0.2 ml under a stream of nitrogen. A 12 mm diameter sintered glass funnel was 

loaded with 3 g of 230-400 mesh silica gel, oven dried at 120°C overnight and cooled in a sealed 

tube. The cooled silica gel was wetted with pentane, and the concentrated composite sample of 

VOC collections was loaded onto the column, rinsing it 3 times with 0.2 ml pentane. The column 

was then eluted with 18-1 ml aliquots of pentane, pulling the solvent through the bed with mild 

suction. The diterpene began eluting in the 8th fraction, with fractions 9-14 being >90% pure, and 

residual amounts eluting in fractions 15 and 16. Fractions 9-14 were combined and concentrated 

just to dryness under a gentle stream of nitrogen, and 0.2 ml of deuterated methylene chloride 
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(99.96% D, Aldrich Chem. Co., Minneapolis WI, USA) was added and blown down just to dryness. 

The process was repeated, and the residue was then dissolved in 20 µl CD2Cl2 and transferred to 

a 1 mm diameter microbore NMR tube (Bruker Biospin Corp., Fallenden, Germany). NMR spectra 

(1H, 13C, 1H-1H gCOSY, 1H-1H DQFCOSY, 1H-1H gHMBC, 1H-13C gHSQC, gNOESY, TOCSY) were taken 

on a Bruker Avance III 700 MHz spectrometer. Mass spectra were taken with a Hewlett-Packard 

5890 GC interfaced to a 5973 mass selective detector, with electron impact ionization (70 eV). 

For further details about all the steps that were used during the identification process see Arriola 

et al. (2019). 

 

Figure 8. Multiple VOC collections from B. oleracea var botrytis seedlings. 

 

 

3.2.10 Statistical analysis 

Mean values of the antennal depolarization responses elicited by the various test stimuli in EAG 

trials with B. hilaris antennae were prior examined for normality distribution by Shapiro-Wilk test 

and then analyzed by one-way ANOVA followed by Tukey’s test. Data from dual choice arena and 

open vertical Y-shaped olfactometer experiments, respectively, comparing the final and the first 

choice between the test and control, were analyzed with χ2 tests. All the statistical analyses were 

performed using Statistica 7.0 for Window (Statsoft 2001, Vigonza, PD, Italy).  
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3.3 Results 

3.3.1 Host preference bioassays 

In dual choice arena bioassays (Fig. 9), B. hilaris adults preferred B. oleracea var. botrytis over B. 

carinata (χ2 = 11.63, df = 1, P < 0.01, N = 88), and B. napus over B. carinata (χ2 = 6.22, df = 1, P < 

0.01, N = 85). Adults exhibited no significant preference between B. oleracea var. botrytis and B. 

napus (χ2 = 1.84, df = 1, P = NS, N = 106). 

In open vertical Y-shaped olfactometer bioassays (Fig. 10), B. hilaris adults also were more 

strongly attracted to B. oleracea var. botrytis than B. carinata VOC (χ2 = 8.53, df = 1, P < 0.01 N = 

120), and to B. napus than to B. carinata (χ2 = 10.80, df = 1, P < 0.01, N = 120). However, adult 

bugs were equally attracted to volatiles from B. oleracea var. botrytis and B. napus (χ2 = 2.27, df 

= 1, P = NS, N = 120). 

 

 

Figure 9. Dual choice arena bioassays: Host preference responses (% final choice) in of B. hilaris adults to 
seedlings of B. oleracea var. botrytis, B. carinata, and B. napus. N = number of replicates; ** = P < 0.01. 
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Figure 10. Y-shaped olfactometer bioassays: Host preference responses (% first choice) in of B. hilaris 
adults to seedlings of B. oleracea var. botrytis, B. carinata, and B. napus. N = number of replicates; ** = P 
< 0.01. 

 

3.3.2 Bioassays with B. oleracea var. botrytis VOCs 

The crude VOC extract of B. oleracea var. botrytis elicited significantly higher EAG responses 

from the antennae of B. hilaris nymphs (F =12.61, df = 1, P < 0.001, N = 20, ANOVA) (Fig. 11A) 

and adults (F =35.91, df= 1, P < 0.0001, N = 15, ANOVA) (Fig. 11B) than the controls. Significantly 

different responses were also recorded from the different fractions of the VOC extract: the non-

polar fraction elicited stronger responses than the intermediate and highly polar fractions from 

the antennae of 4th and 5th instar nymphs (F = 21.05, df = 2, P < 0.05, N = 20, ANOVA) (Fig. 12A) 

and adults (F = 14.39, df = 2, P < 0.0001, N = 18, ANOVA) (Fig. 12B). 

Responses of B. hilaris adults and nymphs in open vertical Y-shaped olfactometer bioassays are 

shown in Figs. 13-14. Seedlings of B. oleracea var. botrytis were significantly more attractive than 

controls (clean air) for 4th and 5th instar nymphs (χ2 = 8.82, df = 1, P < 0.05, N = 116) and for 

adults (χ2 = 9.21, df = 1, P < 0.01, N = 133). Similarly, the crude extract of VOCs from B. oleracea 

var. botrytis seedlings attracted both nymphs (χ2 = 11.25, df = 1, P = 0.01, N= 188) and adults (χ2 

= 4.50, df = 1, P < 0.05, N = 200) in comparison to controls. When fractions of the crude extract 
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were tested, bugs were significantly attracted only to the non-polar fraction eluted with hexane 

(hexane fraction versus solvent control, nymphs, χ2 = 3.93, df = 1, P < 0.05, N= 159, adults, χ2 = 

6.24, df = 1, P < 0.01, N = 164). Neither of the more polar fractions was significantly more 

attractive than the solvent controls to nymphs (dichloromethane fraction, χ2 = 0.05, df = 1, P = 

NS, N = 161; ethyl alcohol fraction, χ2 = 0.90, df = 1, P = NS, N = 160) or adults (dichloromethane 

fraction, χ2 = 1, df = 1, P = NS, N = 169; ethyl alcohol fraction, χ2 = 0.62, df = 1, P = NS, N = 160). 

 

Figure 11. Electroantennogram responses (mV) (mean + SE) of B. hilaris 4th and 5th instar nymphs (N = 
20) (A) and adults (N = 15) (B), to crude extracts of VOCs from B. oleracea var. botrytis seedlings; ** = P < 
0.01; one-way ANOVA followed by Tukey’s test. 

 

 

Figure 12. Electroantennogram responses (mV) (mean + SE) of B. hilaris 4th and 5th instar nymphs (N = 
20) (A) and adults (N = 18) (B), to fractions of crude extracts of VOCs from B. oleracea var. botrytis 
seedlings; Different letters indicate that values differ statistically at P < 0.05; one-way ANOVA followed by 
Tukey’s test. 
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Figure 13. Responses (% first choice) B. hilaris 4th and 5th instar nymphs to B. oleracea var. botrytis 
seedlings, to crude extracts of seedling VOCs, and to fractions therein, versus controls, in open vertical Y-
shaped olfactometer bioassays. N = number of replicates; * = P < 0.05. 

 

 

 

 

Figure 14. Responses (% first choice) B. hilaris adults to B. oleracea var. botrytis seedlings, to crude 
extracts of seedling VOCs, and to fractions of the VOC extract, versus controls, in vertical Y-shaped 
olfactometer bioassays. N = number of replicates; * = P < 0.05, ** = P < 0.01. 
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3.3.3 Chemical analysis 

Representative chromatograms of VOCs collected from B. oleracea var. botrytis, B. carinata, and 

B. napus seedlings are shown in Fig. 15. One major and four minor compounds were observed in 

the VOCs of B. oleracea var. botrytis and B. napus that were not detected in VOCs of B. carinata. 

A crude VOC extract of B. oleracea var. botrytis was fractionated by liquid chromatography on 

silica gel, eluting sequentially with hexane, dichloromethane, and ethanol, providing fractions of 

low, medium, and high polarity. The five compounds all eluted in the hexane fraction, indicating 

that they were hydrocarbons. The compounds were tentatively identified as diterpene 

hydrocarbons based on their molecular weights of 272 daltons, corresponding to molecular 

formulae of C20H32. The most abundant compound had a Kovats retention index of 1989 (DB5). 

Catalytic reduction with Pd on carbon produced a single compound with molecular weight 276, 

indicating the parent compound likely had two C=C double bonds, and hence, three rings to 

account for the three remaining sites of unsaturation. The mass spectra of the parent compound 

(Fig. 16) and the product from catalytic reduction (Fig. 17) were both dominated by a base peak 

from loss of 43 mass units, indicating the presence of an isopropyl group that was readily lost 

during fragmentation. The mass spectrum of the parent compound produced no reasonable 

matches with any structures in the NIST 11 Mass Spectral Database. Similarly, a search of all 996 

structures in Chemical Abstracts with a molecular formula of C20H32, two double bonds, three 

rings, and an isopropyl group, failed to turn up any candidate structures whose mass spectra 

were a reasonable match to that of the major compound. The major component has now been 

isolated in microgram quantities by a combination of liquid and preparative gas chromatography 

and subjected to microbore NMR spectrometry. 
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Figure 15. Representative gas chromatograms of VOCs from B. oleracea var. botrytis. (A), B. napus (B), B. 
carinata (C), and B. oleracea var. botrytis non-polar fraction (D). The peak numbers indicate the diterpene 
hydrocarbons detected in the analysis. 

 

 

 

 



 

83 
 

 

 

Figure 16. Electron ionization mass spectrum of the major compound in VOC extracts from B. oleracea 
var. botrytis. 

 

 

 

Figure 17. Electron ionization mass spectrum of the product from catalytic reduction of the major 
compound in VOC extracts from B. oleracea var. botrytis. 
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3.3.4 Chemical identification  

The major component, isolated in microgram quantities by a combination of liquid and 

preparative gas chromatography and subjected a combination of mass spectrometry, 

microchemical tests, and analysis of NMR spectra the compound, was identified as a novel 

tricyclic diterpene hydrocarbon. This novel compound was named brassicadiene as was isolated 

from seedings of B. oleracea (Fig. 18).  

 

 

Figure 18. Model of Brassicadiene. 
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3.4 Discussion 

The results described above provide strong evidence that host plant VOCs are exploited by both 

nymphs and adults of B. hilaris in location and possibly acceptance of their host plants. The dual 

choice arena bioassay results indicated that some Brassica species are preferred over others, 

with B. hilaris adults preferentially orientating toward seedlings of B. oleracea var. botrytis and B. 

napus rather than B. carinata. These results were confirmed by the olfactometer bioassays, 

which suggested that attraction to preferred hosts is primarily mediated by olfactory rather than 

visual cues. Other recent studies with B. hilaris had demonstrated that this species was attracted 

to seedlings of several brassicaceous species, including arugula (Eruca sativa L.), turnip (B. rapa L. 

var. rapa), mizuna (B. rapa L. nipposinica), kale (B. oleracea L. acephala), choi (Brassica rapa L. 

var. chinensis), broccoli (B. oleracea L. var. italica), cauliflower (B. oleracea L. var. botrytis), and 

to a lesser extent sweet alyssum (Lobularia maritima L.), as well as non-brassicaceous seedlings 

of species such as lettuce (Lactuca sativa L.) (Joseph et al. 2017; Huang et al. 2014b).  

However, the present study is the first to show a direct relationship between host plant VOCs 

and Painted bug host preference via the demonstrated attraction of Painted bugs to extracts of 

VOCs. Analogous results have been observed with other pests of Brassica spp. plants (Himanen 

et al. 2017). Bioassays with fractions of the crude extract of B. oleracea var. botrytis VOCs then 

showed that the attraction of B. hilaris was mediated by one or more compounds contained in 

the non-polar fraction of the extract, consisting only of hydrocarbons. 

In parallel with the behavioral trials, EAG recordings showed that the crude extract of volatiles 

from B. oleracea var. botrytis seedlings elicited significant responses from the antennae of B. 

hilaris adults and 4th-5th instar nymphs. Further EAG recordings then localized the activity to the 

non-polar fraction of the VOC extract, with no significant responses being elicited by either of 

the more polar fractions.  

GC-MS analyses of the crude VOC extracts showed that the VOCs emitted by B. oleracea and B. 

napus seedlings were quite similar, whereas the VOCs of B. carinata seedlings were markedly 

different. Surprisingly, the common green leaf volatiles and monoterpenes observed in other 
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studies of B. oleracea var. botrytis volatiles using plants 4-5 weeks old or older (Guarino et al. 

2017a; Conti et al. 2008; Bruinsma et al. 2009) were not observed in the VOCs from seedlings. 

This result suggests that plants at the seedling stage, with only cotyledon leaves, emit VOCs quite 

different from older plants with true leaves. Rather, the VOCs from seedlings of B. oleracea var. 

botrytis and B. napus were dominated by a single diterpene hydrocarbon, with lesser amounts of 

several analogs. The mass spectra of these diterpenes did not match any spectra in the NIST 11 

mass spectral database or any published spectra of diterpenes with three rings, two double 

bonds, and an isopropyl group, all these information suggested that the diterpenes represented 

novel compounds. The main efforts were than focused on the characterization of the main 

diterpene through a combination of techniques that lead to describe a new compound, named 

brassicadiene to recall the plants where it was observed for the first time.   

Several diterpenes recently have been reported from the roots of the brassicaceous plant 

Arabidopsis thaliana L., but because of the difficulty in identifying the complex, often multicyclic 

structures of these types of compounds, only a few of these compounds were fully characterized 

(Vaughan et al. 2013; Wang et al. 2016). Because the brassicadiene detected in this study 

constitute > 95% of the non-polar fraction of the VOCs of B. oleracea var. botrytis seedlings that 

attracted and elicited EAG responses from B. hilaris in our study, it seems likely that this may be 

the key compound exploited by B. hilaris in its strong attraction to seedlings of its host plants. 

However, at present, it is not possible to exclude the possibility that other hydrocarbons present 

in minor amounts in the non-polar fraction may be partly or wholly responsible for the activity 

seen. 

The possibility that B. hilaris may exploit brassicadiene for host location is interesting, given that 

these diterpenes are generally thought to contribute to plant chemical defenses (Vaughan et al. 

2013; Gershenzon and Dudareva, 2007). For example, the protective role of plant diterpenes in 

defense against biotic factors has been demonstrated by their antifeedant activity against Pieris 

brassicae L. (Chen et al. 2017) and Heliothis armigera Hübner, (Hua J et al. 2017), and for 

antifungal properties toward several phytopathogenic fungi (Koga et al. 1997; Salah et al. 2003; 

Bi and Yu, 2016). The presence of these defensive compounds in cotyledons, together with non-
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volatile compounds such as glucosinolates, may be explainable based on the importance of such 

tissues for the future development of the plant; according to optimal defense theory, the most 

valuable parts of a plant should also be the most heavily defended (Rhoades, 1979; Badenes-

Perez et al. 2014). 

However, insect specialists on brassicaceous plant species, such as B. hilaris, may have evolved 

adaptations to excrete or detoxify such defensive plant compounds (Blight et al. 1995; Gols and 

Harvey, 2009). Taken one step further, this pest may have evolved to actually exploit this 

chemical defense as a cue to locate Brassica seedlings, analogous to other specialist herbivores 

which exploit their hosts’ defensive chemistry rather than being deterred by it, such as lygaeid 

bugs which sequester toxic cardenolides from their milkweed hosts (Isman et al. 1977), or flea 

beetles which sequester glucosinolates from their brassicaceous hosts (Beran et al. 2014). In 

fact, B. hilaris may have further refined this strategy by evolving to find and exploit the 

particularly susceptible and nutrient-rich seedling stage of its hosts.  

Several other studies on herbivore-plant interactions have elucidated the crucial role of such 

volatile secondary plant compounds that act as host location kairomones for herbivores (Metcalf 

and Kogan, 1987; Schoonhoven et al. 2005; Carrasco et al. 2015). In fact, the importance of 

these secondary plant substances as cues exploited for host plant selection was emphasized 

several decades ago by Fraenkel (Fraenkel, 1969) as “the very heart of agricultural entomology”. 

However, in most cases, host plant location by phytophagous insects is likely determined by the 

perception of ubiquitous phytochemicals such as green leaf volatiles and monoterpenes which 

may be emitted from particular plant species in specific ratios (Bruce et al. 2005; Bruce and 

Pickett, 2011). In contrast, in interactions between herbivores and brassicaceous host plants, 

including the B. hilaris – B. oleracea system, attraction to hosts is often mediated by the 

perception of relatively uncommon compounds which are specific to one or a small group of 

closely related host species (Blight et al., 1995; Bartlet et al. 1993; Barker et al. 2006; Csonka et 

al. 2007). 
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From an ecological viewpoint, the work described here provides fundamental knowledge about 

the chemical cues exploited by B. hilaris for host location. For practical purposes, this work may 

also represent an important step in the discovery of useful attractants for monitoring this pest, 

particularly because no effective attractants are currently available for this species.  

Moreover, as alternative IPM tool, seedlings of highly attractive varieties could possibly be used 

as a trap crop, attracting B. hilaris away from the cash crop, and/or to specific areas for 

treatment with pesticides. Furthermore, the fact that some Brassica species, such as B. carinata, 

apparently lack brassicadiene may provide opportunities for developing hybrids that do not emit 

these compounds, either by traditional plant breeding methods, or by genetic manipulation of 

the plants. 
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Chapter 4 

Attractiveness of volatile Brassica spp. seedling components to Bagrada 

hilaris and potential implications for developing future control strategies 

Abstract 

Caper bush (Capparis spinosa) is an important cultivation of marginal lands and arid 

environments as such those of Mediterranean islands. In particular in Pantelleria Island (Italy), 

caper is appointed with the protected geographical indication by EU. In this island, the caper 

crop is damaged by Bagrada hilaris (Burmeister), a stink bug native from Asia. Recent studies 

evidenced strong attraction of this species toward plants at the seedlings stage. Objective of this 

study was to evaluate different seedlings of brassicaceous plants as candidate trap crops for B. 

hilaris, to protect caper bush. The tested seedlings were Brassica oleracea var. botrytis, Eruca 

sativa and Brassica carinata. In laboratory bioassays, carried out using dual choice arena and 

olfactometer, adults of B. hilaris preferred to orient toward seedlings of B. oleracea var. 

botrytis and E. sativa L. over B. carinata. Seedlings of B. oleracea and E. sativa were then 

tested in the caper fields as attractant lures in traps, determining a substantial number of 

captures of individuals, respectively 6.29 and 9.54 per trap per inspection (3d). Finally, 

seedlings were also tested in trap cropping trials, by sawing them in artificial pots and placed in 

caper field infested by B. hilaris. The observations evidenced that hundreds of B. hilaris 

individuals were diverted from capers and attracted to pots of E. sativa and B. oleracea with a 

lesser extent to B. carinata. Overall, these results indicated that B. oleracea and E. sativa 

seedlings used as lure or as trap crop may be a useful tool in the management of B. hilaris 

populations.  

Key words: Painted bug, olfactometer, dual choice arena, Capparis spinosa, trap crop 
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4.1 Introduction 

Caper bush (Capparis spinosa L.) is a perennial shrub belonging to the family of Capparaceae, 

cultivated mainly for the flower buds known as capers, widely acknowledged for their pungent 

and strong aromatic properties (Sozzi 2001; Rivera et al. 2003). Caper plants have strong rusticity 

that allows them to survive in environments with dry summer climate typical of the islands of the 

Mediterranean Basin (Simoglou and Dioli 2017). For these reasons in Italy the caper cultivation is 

positively exploited in Sicily and its minor islands for several factors as the exploitation of 

marginal lands, its low initial cost and higher profit margins compared to other local crops 

(Infantino et al. 2007). In particular the caper grown in the island of Pantelleria (Italy) have been 

appointed with the protected geographical indication (PGI) for Commission Regulation No. 

1107/96 (Infantino et al. 2007) and reach productions of 300/400 tons per year (Colazza et al. 

2004). Caper plants are attacked by a large group of phytophagous insects as the dipterean 

Capparimya savastanoi (Martelli), Asphondylia gennadii (Marchal) and several pentatomid bugs 

as Bagrada hilaris (Burmeister), Antheminia lunulata (Goeze), Eurydema ornata L., Eurydema 

ventralis Kol., Holcostethus punctatus (Lindberg) and Nezara viridula L. (Infantino et al. 2007) etc 

as reported in table 1.  

Table 1. Heteroptera: Pentatomidae species reported feeding of wild and cultivated capers 

(Capparis spp., Capparidaceae). 

 

Species Reference 
Acrosternum millierei (Gozuacik 2018) 

Antheminia lunulata (Infantino et al.2007) 

Bagrada abeillei (Gozuacik 2018) 

Bagrada amoenula (Gozuacik 2018) 

Bagrada hilaris (Colazza et al. 2004) 

Carpocoris fuscispinus (Gozuacik 2018) 

Codophila varia (Gozuacik 2018) 

Dolycoris baccarum (Gozuacik 2018) 

Eurydema eckerleini (Simoglou and Dioli, 2017) 

Eurydema ornata (Fernández et al. 1986) 

Eurydema ventralis (Infantino et al. 2007) 

Holcostethus punctatus (Infantino et al. 2007) 

Nezara viridula (Infantino et al. 2007) 

Stenozygum coloratum (Sarmra et al. 2015) 
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Among these pentatomids, the Painted bug B. hilaris, can be considered the key pest of caper 

plants in the island of Pantelleria. This species, after its unintentional introduction in 1978 

(Carapezza 1981), extended progressively its area of diffusion in the island and caused increasing 

damages to the growers. The plant damage is determined by the feeding activity of adults and 

nymphs that with their pierce-sucking mouthparts, cause necrotic spots, that compromise the 

plant photosynthetic activity and deformations that negatively affect the marketability of flower 

buds (Colazza et al. 2004; Infantino et al. 2007). Furthermore, B. hilaris can form large 

aggregation of individuals on host plants, determining in some case the death of the plant itself 

(Colazza et al. 2004). To keep populations of B. hilaris below the level of economic threshold 

damage caper growers of Pantelleria have in the past relying on the use of chemical insecticides 

from four to five applications per year, sprayed after each harvest (Colazza et al. 2004). 

Moreover, the limited number of insecticide registered on caper plant and the increasing insects 

resistance suggest the use of alternative control methods for this pest. Finally, the management 

of this species is also compromised by the lack of effective sampling strategies and appropriate 

monitoring tools, for example based on semiochemicals that still haven’t been developed (Bundy 

et al. 2018). 

In this context, new tools for control B. hilaris population are urgent to reduce treatments, have 

pesticide-free products and give the opportunity to caper growers to switch to organic 

agriculture. 

Among the possible alternative strategies for managing invasive insect pests, in recent years trap 

cropping has been receiving attention as having low environmental impact and useful in organic 

farming contexts (Shelton and Badenes-Perez, 2006). Trap cropping is technique based on the 

use of plant stands that are, by themselves deployed to attract, divert, intercept, and/or retain 

targeted insects in order to reduce damage to the main crop (Hokkanen 1991). This technique 

showed interesting results in the control of several stink bugs in both conventional and organic 

crop production systems (Mathews et al. 2017; Mizell III et al. 2008; Rea et al. 2002). For 

example, to manage N. viridula in organic sweet corn Zea mays (L.), were successfully used 

Sinapis alba (L.), Pisium sativum (L.) and Brassica nigra (L.) as trap crops (Rea et al. 2002). 
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Moreover, N. viridula and Euschistus servus (Say) in cotton orchards, were controlled using 

Sorghum bicolor (L.) exploited as a trap crop (Tillman et al. 2015). 

A successful trap cropping relies on the fact that pests often show marked host plant 

preferences and strongly depend on how can the trap crop can divert the insect pest from the 

crop to protect. Consequently, the high attractiveness of the source used i.e. a preferred host in 

a specific stage, is of crucial importance (Hokkanen 1991; Cook et al. 2006). 

In the case of B. hilaris, in the territories where this bug is widespread, as Africa and Pakistan, 

India, China and more recently in the Americas, this pest is feeding mainly on brassicaceous 

plants (Palumbo and Natwick 2010; Bundy et al. 2012; Reed et al. 2013; Torres-Acosta et al. 

2017; Bundy et al. 2018). Among the Brassicaceae B. hilaris shows distinct preferences for 

different species and varieties such as B. oleracea var botrytis (Guarino et al. 2017), Raphanus 

sativus L. (Huang et al. 2014), and E. sativa L. (Joseph et al. 2017). Moreover, differently to other 

phytophagous stink bug of Brassicaceae, B. hilaris showed preference for the plants at seedling 

stage (Huang et al. 2014) as evidenced by Guarino et al. (2018) whom suggested that the B. 

hilaris attraction toward Brassica seedlings is determined by the emission of a few diterpene 

hydrocarbons, the main one recently identified and named brassicadiene (Arriola et al. in 

preparation). This attraction behavior suggests that young seedlings of brassicaceous species can 

be exploited as candidates for trap cropping of B. hilaris, also in consideration that they are 

readily available and cheap, as can be self-produced by the farmers (Ronoh et al. 2018). 

In this study we investigated, in laboratory and field bioassays, the possibility to use 

brassicaceous seedlings as candidates for trap cropping B. hilaris individuals.  

Our specific objectives were: 

1. Evaluate different brassicaceae seedlings in laboratory behavioral bioassays, to identify the 

ones more attractive to B. hilaris, 

2. Use attractant seedlings as lure in traps to verify if their volatile emitted can drive B. hilaris 

inside traps, 

3. To bioassays the candidate seedlings in B. hilaris-infested caper fields to evaluate the ability of 

such seedlings to divert the bugs from the plant to protect to these attractive sources. 
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4.2 Material and methods  

4.2.1 Insects  

The colony of B. hilaris was established and restocked regularly with individuals collected from 

caper (C. spinosa L.) fields on the island of Pantelleria (Italy). Insects were reared in an 

environmentally controlled room (30 ± 2 °C, 70 ± 10% RH, photoperiod 16L:8D), in wooden cages 

(25 × 25 × 40 cm) with two 5-cm diameter mesh-covered holes for ventilation. The colony was 

fed with cauliflower and cabbage plants, depending on seasonal availability. Because B. hilaris 

lays eggs in the soil, paper dishes (6-cm Ø) with a mixture of sand, silt, and clay (33% for each soil 

component) were placed in the cages as oviposition sites. Dishes were changed weekly, and 

those with eggs were kept in separate cages until the emergence of nymphs. The nymphs were 

then kept in separate cages until the final molt to adults. Newly emerging adults were used 

separately in experiments. 

 

4.2.2 Seedlings  

Seeds of Brassica oleracea var. botrytis (cauliflower) L., Eruca sativa Mill. (rocket), and Brassica 

carinata Braun (Abyssinian cabbage), all obtained from a local market (Palermo – Italy), were 

placed on cotton wool (10 g) soaked with distilled water and held in glass containers with a 

density of circa 0.5 cm seeds/cm2. The choice of B. oleracea var botrytis and B. carinata was 

determined by the previous experiments (Chapter 3), E. sativa was chosen because of the 

attractiveness toward B. hilaris reported in previous studies (Joseph et al. 2017). The containers 

were placed in an environmentally controlled growth chamber (25 ± 1 °C, 70 ± 10% RH, 

photoperiod 16L:8D) equipped with lights with a photosynthetic flux density (PPFD) of 600 mol 

photons m-2 s-1 placed above the foliage. Cotyledon stage seedling clusters were collected; the 

substrate was wrapped in aluminum foil to avoid substrate desiccation and then used for 

laboratory bioassays.  
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4.2.3 Laboratory bioassays  

In order to evaluate a host preference response, seedlings clusters of B. oleracea var botrytis, B. 

carinata and E. sativa, were used as stimuli in two-choice test, carried out in both dual choice 

arena and open vertical Y-shaped olfactometer. In order to assess the response of the insect to 

seedlings at different age, the experiments were carried out separately using seedlings of 3 and 

9 days old.  

 

4.2.3.1 Dual choice arena 

The arena consisted in a Plexiglas cage 50 cm wide, 30 cm high and 30 cm deep. The two 

opposite sides of the cage were made by with net for ventilation. Inside the arena, two clusters 

of 3 or 9 days old seedlings (N = 50) were placed 20 cm apart. Adult bugs were starved for 24h 

before the experiments. Individuals (N = 6 per replicate) were released into the cage at 2:00 PM 

and the total number of insects on each seedlings cluster was recorded after 20h, at 10:00 AM 

the next day (final choice). The position of the treatments inside the arena was alternated after 

each replicate. After each bioassay, the Plexiglas cage was cleaned with water and dried. 

Observations were conducted in static air, under ambient laboratory temperature and humidity 

conditions (25 ± 3 °C, and 50 ± 15% RH). 

 

4.2.3.2  Open Vertical Y-shaped olfactometer 

 The open vertical Y-shaped olfactometer consisted of a brass rod (left and right arms 20 cm 

long, central arm 25 cm long, 1.00 cm diameter). The left and right arms were partially covered 

with two glass tubes (18 cm long, 5 cm diameter) terminating in hose nipples connected by 

Tygon tubes to a high–purity air source, and air flow was controlled with a flow-meter at a rate 

of 0.2 l/min. The air flowed through two glass chambers (500 ml each), which held the test 

stimuli (seedling clusters N = 50). Light was provided with a halogen lamp (Osram, 12V–35W, 

Münich, Germany) hanging 30 cm above the olfactometer. Experiments were carried out under 

ambient laboratory temperature and humidity conditions (25 ± 3 °C, and 50± 15% RH). For each 
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replicate, a single adult was gently placed at the bottom of the central arm of the olfactometer 

with a paintbrush and allowed 10 min to respond. The bugs moved from the bottom upward 

toward the light source and upon arriving at the Y junction, having the possibility to choose 

between the two different volatile stimuli. The criterion for a response was that the test bug 

walked in the test arm or the control arm for at least 5 cm past the Y junction (first choice). Bugs 

that did not move into one of the two arms during the 10 min trial were scored as non-

responders and were not included in the analysis. After 8 replicates, the glass parts of the 

apparatus were washed with water and detergent, and then wiped with acetone and the brass 

rod was cleaned with distilled water and acetone and baked at 200°C for 60 min. 

 

4.2.4 Field tests 

4.2.4.1 Trap bioassays  

Seedlings of B. oleracea var botrytis and E. sativa were tested in a caper field infested by B. 

hilaris as attractant lures in traps. A cluster of 50 seedlings (7 days old) with soaked cotton used 

as growing substrate, were placed inside the traps. For this experiment were used a new design 

of horizontal plastic trap (25 x 15 x 15 cm) furnished by GEA S.r.L., (Settimo Milanese Milan – 

Italy), with shaped-like funnel from both sides to allow insect entrance (Fig. 1). The trap used was 

specifically thought and designed for this experiment in consideration of B. hilaris behavior. 

Traps were placed in the proximity of the caper plant and partially buried in order to facilitate 

insect entrance and to prevent wind damages (Fig. 2). On the board of the inner part of the 

funnels was applied paraffin oil to avoid insects escape. Four traps per each seedling species and 

control (unloaded traps) were used by putting them in a Pantelleria caper field (36°46'15.5"N 

11°57'43.9"E) infested by B. hilaris, using Latin square design. Distance between traps was 

approximately 8m. Traps were inspected every 3 days from emergence and the number of 

trapped individuals was counted. 
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Figure 1. Trap lured by B. oleracea or E. sativa seedlings before being closed. 

 

 

Figure 2. Placement of the trap in the caper field lured by B. oleracea 
or E. sativa seedlings after closure. 
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4.2.4.2 Host preference bioassays  

Host preference bioassays using B. oleracea var botrytis, E. sativa and B. carinata were carried 

out in a caper field in Pantelleria Island (Italy) (36°46’21.7” N 11°57’38.1” E). The caper field 

chosen for the experiment was 40 m long and 80 m wide and presented a heavy infestation from 

B. hilaris. The experiment carried out using pots made from aluminum (40 x 30 x 10) containing 

cotton soaked with water used as growing substrate each treatment was replicated three times 

for a total amount of twelve experimental pots. For each species were sown using 5 g of seeds 

per pot (Fig. 3). 

The seeds were sown in July 2019, and irrigated every two days (Fig. 4). To assess the 

attractiveness of each seedling species, the number of total B. hilaris individuals present on each 

seedling pot, was counted and removed using paint brush at the 3rd, 6th, 9th, 11th, 13th, and 15th 

days after seedlings emergence.  

 

 

          Figure 3. Preparation of B. oleracea, E. sativa and B. carinata seedling pots. 
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Figure 4. Placement of the seedling pots of B. oleracea, E. sativa and B. carinata 
in the caper field. 

 

 

 

 

4.2.5 Statistical analysis 

Data obtained from dual choice arena and open vertical Y-shaped olfactometer experiments 

were analyzed using χ2 tests. Data obtained from field trap bioassays were analyzed by using a 

one-way ANOVA followed by Tukey test. Finally, a descriptive analysis of host preference B. 

hilaris toward the different seedlings tested in the field was conducted. All the statistical 

analyses were performed using Statistica 7.0 for Window (Statsoft 2001, Vigonza, PD, Italy).  
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4.3 Results 

4.3.1 Laboratory bioassays 

4.3.1.1 Dual choice arena  

The response of B. hilaris adults to the different seedling clusters at 3 and 9 days old tested in 

dual choice arena is reported in Fig. 5. 

Overall the seedling species that attracted the higher number of B. hilaris adults were B. oleracea 

var. botrytis and E. sativa, with B. carinata resulting the less preferred. 

In the specific, using 3 days old seedlings, B. hilaris adults showed similar attraction response 

toward B. oleracea var. botrytis and E. sativa (χ2 = 0.36, df = 1, P < 0.54, N = 44), while B. hilaris 

adults preferred B. oleracea over B. carinata (χ2 = 6.75, df = 1, P < 0.009, N = 48), and E. sativa 

over B. carinata (χ2 = 8.69 df = 1 P < 0.003, N = 46).  

Furthermore, using 9 days old seedlings, B. hilaris adults preferred B. oleracea var. botrytis over 

E. sativa (χ2 = 9.25, df = 1, P < 0.002, N = 39), and over B. carinata (χ2 = 11.63, df = 1, P < 0.006, N 

= 50), as well as B. hilaris preferred E. sativa over B. carinata (χ2 = 6.08, df = 1 P < 0.01, N = 37). 
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Figure 5. Dual choice arena bioassays: Host preference responses (% final choice) of B. hilaris 

adults to seedlings 3 and 9 days old of B. oleracea var. botrytis, B. carinata and E. sativa. N = 

number of replicates; * = P < 0.05; ** = P < 0.01. 

 

4.3.1.2  Open Vertical Y-shaped olfactometer 

 The response of B. hilaris adults to the volatiles of the different seedling clusters 3 or 9 days old 

tested in open vertical Y-shaped olfactometer is reported in Fig. 6.  

In experiments using 3 days old seedlings, B. hilaris adults oriented toward E. sativa over B. 

carinata volatiles (χ2 = 6.52, df = 1 P < 0.01, N = 64), while B. hilaris adults did not show a 

significant responses between volatiles of B. oleracea var. botrytis and E. sativa (χ2 = 0.40, df = 1, 

P < 0.52, N = 61), as well as B. hilaris did not show different among B. oleracea var. botrytis and 

B. carinata (χ2 = 2.25, df = 1, P < 0.13, N = 64). 
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In experiments with seedlings of 9 days old, B. hilaris adults also were more strongly attracted to 

volatiles from B. oleracea var. botrytis than to volatiles of B. carinata VOC (χ2 = 8.53, df = 1, P < 

0.03, N = 120), and to E. sativa volatiles than to B. carinata volatiles (χ2 = 7.71 df = 1 p < 0.005, N 

= 109). However, adult bugs were equally attracted to volatiles from B. oleracea var. botrytis and 

E. sativa (χ2 = 2, 61 df = 1 P < 0.1, N = 98). 

 

 

Figure 6. Y-shaped olfactometer bioassays: Responses (% first choice) of B. hilaris adults in to 
seedlings 3 and 9 days old of B. oleracea var. botrytis, B. carinata and E. sativa in. N = number of 
replicates; * = P < 0.05; ** = P < 0.01. 
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4.3.2 Field test 

4.3.2.1 Trap bioassays 

Results of trap bioassays, using living seedlings as lures are reported in Fig. 7. Overall, the traps 

lured with B. oleracea var botrytis and E. sativa seedlings captured more individuals than control 

(F = 16.03, df = 2, P < 0.0001). In the specific, traps loaded with B. oleracea and E. sativa 

seedlings captured respectively a mean (± SE) of 6.29 ± 1.2 and 9.54 ± 1.65 individuals per trap 

per 3 days, while no captures were recorded in control traps. However, the number of captures 

determined by B. oleracea and E. sativa seedlings did not differ statistically (P = 0.14; Tukey test).  

 

 

 

Figure 7. Mean (+ SE) B. hilaris individuals captured in horizontal trap lured by B. oleracea and E. 
sativa seedling or control traps. Different letters indicate that values differ statistically at P < 0.05 
(One-way ANOVA, followed by Tukey test).   
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4.3.2.2 Host preference bioassays  

Results of host preference bioassays with different brassicaceous seedlings are reported in Fig. 8. 

The pots with seedlings of E. sativa attracted a higher number of individuals of B. hilaris rather 

than B. oleracea var botrytis and B. carinata at the 5th and 7th day from emergence (Fig. 9). 

Differently, B. oleracea var botrytis young seedlings pots attracted a higher number of individuals 

at day 9th, 11th and at 13thfrom emergence. These latter results were also determined by the 

progressive decline and death of the majority of the E. sativa seedlings observed from day 

9th. The attraction of B. oleracea and E. sativa seedlings decreased progressively after the 11th 

days from emergence. This was in part determined by strong damage by B. hilaris individuals 

that lead to the death of the majority of the seedlings. Differently, B. carinata, although showed 

to be less attractive in the first samplings, evidenced a stronger resistance to B. hilaris 

individuals. 
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Figure 8. Mean (+ SE) B. hilaris individuals’ attracted to the seedlings pots of E. sativa, B. oleracea and B. 
carinata in Pantelleria caper field.  

 

 

Figure 9. Bagrada hilaris individuals attracted to the seedlings of E. sativa in Pantelleria caper field. 
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4.4  Discussion 

The results described above provide evidences that seedlings of B. oleracea and E. sativa are 

good candidates as attractant plants for B. hilaris and may find application as lure for traps or in 

trap cropping techniques.  

Attraction of B. hilaris toward these seedling is strictly related to the specific volatile organic 

compounds (VOCs) emitted from the seedlings species tested. In fact, the olfactometer bioassays 

firstly evidenced that the attraction to preferred hosts is mediated by olfactory rather than visual 

cues. In particular testing the seedlings at 3 and 9 days from emergence, B. hilaris adults oriented 

toward VOCs from E. sativa rather than from the ones of B. carinata.  

As described by Guarino et al. (2018) B. hilaris is attracted to the seedlings VOCs of B. oleracea 

var. botrytis and B. napus which contained uncommon volatile diterpene hydrocarbons of novel 

identification (> 95%) and named brassicadiene, while were less attracted from the VOCs of B. 

carinata, which have a different chemical profile (see Chapter 3). Remarkably, the attraction in 

this case seem to be determined by few key odorant molecules rather than from blend of 

ubiquitary compounds as observed in the majorities of the phytophagous-plant interactions 

cases (Bruce and Pickett, 2011). Similarly, it is than possible that the attraction of B. hilaris adults 

toward E. sativa seedlings, already observed also from Joseph et al (2017), can be determined by 

few key odorant molecules, however yet not investigated.  

Field bioassays carried out using living seedlings inside the traps as attractant lure, not only 

confirmed the high attraction of B. hilaris toward the seedlings of B. oleracea and E. sativa, but 

also pose the basis for the use a new type of attractant lure for monitoring this species. From 

these results was evidenced also the possibility to use living germinating seeds as lure. Even if 

the use of vegetal material as attractant lure for trapping insects has been already exploited for 

other pests as the read palm weevil (Giblin-Davis et al. 1994; Peri et al. 2017), the use of such 

seedlings as attractant is novel to our knowledge. One step forward, the use of such lures tested 

in our experiment combined with the particular type of trap used in the trials is particularly 

interesting. In fact, differently to other stink bug traps that are placed in vertical way, the trap 
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used in our trials is placed horizontally and partially buried and is more useful to catch a bug such 

B. hilaris whom oviposit in the soil, differently to other stink bugs (Taylor at al. 2014), and often 

mate on the ground at the host plant basis. Moreover, the placement of this trap can also 

protect it from wind, one of the climatic factors that mainly influence the efficiency of the trap 

(Rummel and Bottrell, 1976; Carroll and Rummel, 1985; Jones et al. 1992) and that in Pantelleria 

is particularly intense (Bivona et al. 2003). 

Finally, the data obtained from host preference field experiments showed that both E. sativa and 

B. oleracea var botrytis seedlings can attract a large number of B. hilaris individuals with a lesser 

extent to B. carinata, diverting them from the surrounding caper plants. These results are 

encouraging in order to more in depth explore the possibility use such seedlings for trap 

cropping purposes to protect caper bush plants. Furthermore, in accordance with the laboratory 

bioassays results, B. oleracea and E. sativa elicited a different attraction on B. hilaris individuals 

with time, probably related to the seedling grown rate and the relative volatiles emitted. In the 

specific, while E. sativa seedlings attracted the highest number of individuals at the 5th and 7th 

day after emergence, B. oleracea var botrytis resulted more attractive in the following 

observations at the 9th ,11th and at 13thday respectively. It is also to be pointed out that the 

decrease in seedling cluster attraction in the latest observations could be partially determined by 

the rapid mortality caused by the large aggregations of B. hilaris individuals on seedlings after 

the 7th day from emergence and particularly evident in E. sativa seedling clusters. This may entail 

that, once E. sativa trap plants are rapidly dying, they need to be quickly destroyed or treated to 

avoid that B. hilaris individuals re-infest the caper bush plants. Differently, the B. oleracea var 

botrytis seedlings showed the higher attraction to the pest at day 9th after emergence, 

evidencing increasing efficacy and higher endurance to the B. hilaris feeding damage.  

Overall, these results suggest that the seedlings used might have potential use as trap crops to 

manage this pest also encouraged by the strong needs from Pantelleria caper growers to have 

alternative and reliable methods to control Painted bug populations. In our experiment we 

decided to carry out the experiment in the summer, when the B. hilaris population is at the 

highest level in order to attract the highest number of individuals, however due to the high 
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temperature it was necessary to irrigate periodically the young seedlings. In order to exploit the 

trap cropping technique successfully, and in consideration of the well-known water shortage in 

the island of Pantelleria (Manenti et al. 2013), it could be alternatively recommendable that 

brassiceous seeds are sown in occurrence of rainfall periods. This tactic was also suggested by 

Ludwig and Kok (1998) as to apply the trap crops during fall could limit the size of the population 

entering in winter diapause. However, alternatively or simultaneously, trap crop could be used in 

spring to catch the newly emerging colonizers before they infest the caper bush. In consideration 

of the fact that B. hilaris generally overwinter in the stone walls surrounding the caper fields 

(Colazza et al. 2004), this last technique, could be useful if the trap crop is planted around the 

border of the main crop, in order to apply the so-called “perimeter trap cropping method” 

(Boucher at al. 2003). In fact, as suggested from Shelton and Badenes-Perez (2006) “the 

potential success of a trap cropping system depends on the interaction of the characteristics of 

the trap crop and its deployment with the ecology and behavior of the targeted insect pest”. To 

our knowledge, very few cases have been reported of commercially successful trap cropping 

application (Shelton and Badenes-Perez, 2006 and references therein). On the other hand, it is 

encouraging that the use of trap crops using Brassica plants to reduce infestation was reported 

successfully for other pest as Psylliodes chrysocephala (L.) (Coleoptera: Chrysomelidae) (Cabbage 

stem flea beetle) and Ceutorhynchus pallidactylus (Marsh.) (Coleoptera: Curculionidae) (Cabbage 

stem weevil) (Barari et al. 2005) and for Plutella xylostella (L.) (Lepidoptera: Plutellidae) 

(Charleston and Kfir, 2000). 

In conclusion, the results present in this study evidence the high attraction of B. oleracea var 

botrytis and E. sativa seedlings in both laboratory and field. These results have not only 

ecological value but also can be exploited to both use these as attractant lure in the traps for 

monitoring purposes that can be used in integrated management programs (IPM) to reduce the 

insecticide at the strong necessity. Finally, the demonstrated ability of these seedling to divert 

the B. hilaris from caper to the such attractant sources give the opportunity to explore them as 

tools for trap cropping, particularly needful for those caper growers that would approach organic 

farming methods. 
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Chapter 5 

Concluding remarks 

Many Heteroptera Pentatomidae species (Stink bugs) are economically important pests to 

several crops around the world. The chemical ecology of these species is driven by intraspecific 

and interspecific semiochemicals that act like cues and lead them to find conspecifics or bring 

them in proximity of a suitable host plant. The use of such semiochemicals can be exploited for 

manipulate the behavior of these phytophagous insects. In particular pheromones and host plant 

volatiles can be used for in monitoring and control the Heteropteran herbivores in the programs 

of the integrated pest management aimed to reduce the use of insecticides.  

In this dissertation, we focused on the chemical ecology of the pentatomid species Bagrada 

hilaris also know as Painted bug, to evidence the chemical cues exploited at intra / inter-specific 

level in order to develop new tools for monitoring and control this dangerous species.  

In detail, on the first chapter is presented a general introduction on the strategy used by 

Heteroptera herbivore for mating and host searching behavior with emphasis on the role of the 

chemical compounds involved in the stink bugs chemical ecology. The chapter introduce also the 

chemical ecology of B. hilaris, the subject of this thesis. 

The second chapter focuses on the role of (E)-2-octenyl acetate, the main volatile produced by 

adult Painted bugs, on the behavior of this species. In our experiments, in olfactometer was 

shown that females and nymphs are attracted to (E)-2-octenyl acetate, while males showed no 

attraction. Moreover, in field bioassays experiments was evidenced an overall small but 

significant number of captures of individuals (females and nymphs) in the traps baited with the 

higher doses of (E)-2-octenyl acetate. These results prove that (E)-2-octenyl acetate is involved in 

chemical ecology of insect species eliciting the attraction of females and nymphs. Further trials 

are advisable to investigate the optimal dose to use in the field trap test to assess the reliability 

of these chemical as attractant for monitoring purposes. 
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In the third chapter, we examined the volatile organic compounds determining the host 

preference behavior of B. hilaris individuals to three Brassica species at seedling stage. The 

observations showed that adult of Painted bugs preferred B. oleracea var. botrytis and B. napus 

over B. carinata and that this preference is strongly influenced by the difference in the 

bouquet of volatile organic compounds (VOCs) emitted. In the specific, chemical analysis of the 

VOCs of the three species collected in airstream, indicated a high amount of a diterpene 

(chemical formula C20H32) of novel identification present in VOCs from both of the preferred host 

plants B. oleracea and B. napus and not in VOCs of B. carinata. Furthermore, bioassays carried 

out after chemical fractionation of the VOC indicated that the non-polar fraction largely made by 

this novel diterpene was the responsible of this attraction behavior. The results reported suggest 

that this diterpene, alone or in combination with one or more of the minor compounds, is a key 

mediator in this interaction. Finally, the structure of this novel diterpene was characterized by 

using nuclear magnetic resonance techniques and the compound was named brassicadiene to 

recall the plants where it was observed for the first time.  

The fourth chapter was focused to evaluate the possible use of different seedlings of 

brassicaceous plants as candidate for trap cropping B. hilaris in order to protect the caper bush 

(Capparis spinosa L.) in Pantelleria plantations. In a first step to evaluate in laboratory the 

brassicaeous seedling most attractive to B. hilaris laboratory, the results indicated Painted bugs 

prefer to orient toward to seedlings of E. sativa L. and to B. oleracea var. botrytis then in less 

degree to B. carinata. Field experiment were then carried out to test these seedlings as lure 

inside traps and also in pots placed in infested field to test their ability and to divert Painted 

bugs from caper plants. The results indicated that traps lured with living seedlings of E. sativa 

and B. oleracea can attract a consistent number of individuals inside the trap, suggesting the 

possibility to use this combination of lure and trap for monitoring B. hilaris. Finally, the pots 

with seedlings placed in the field determined the attraction of hundreds of individuals and 

suggest the possibility to explore this tool as trap crop, in particular for those caper growers 

who want to switch to organic farming in Pantelleria. 
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5.1 Future perspective 

The introduction of semiochemical-based products as control methods the IPM of B. hilaris is 

highly recommendable. One important first step could be to optimize the use of (E)-2-octenyl 

acetate by testing different doses and different releaser type. Furthermore the synthesis of 

brassicadiene could give an opportunity to have a new attractant that could synergize the use of 

(E)-2-octenyl acetate to increase the trap efficacy.  

In addition, in consideration that plant diterpenes have often defensive role against 

microorganism, the possibility to test the bioactivity properties of brassicadiene versus fungi and 

nematodes could be of particular interest. 

In parallel, in order to have at short-term new tools for B. hilaris management in Pantelleria 

caper orchards, studies could focus in optimizing the use of seedlings as lure in traps, enlarging 

their life by using an optimal grown substrate and including the use of a systemic insecticide to 

avoid that B. hilaris could kill them once entered in the traps. 

Finally, the seedlings have to be assessed as trap crop in Pantelleria, evaluating their 

sustainability in term of costs and benefits. 

 

 

 

 

 

 


