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A B S T R A C T

Xylella fastidiosa Wells, a bacterial plant pathogen, represents a threat to many crops all around the word. Un-
fortunately, no effective treatments are available to reduce the infection and, to date, the most promising strategy 
relies on controlling the meadow spittlebug Philaenus spumarius L. one of the main vectors of X. fastidiosa. Among 
insecticides and repellents, botanical insecticides represent valuable candidates. Their encapsulation into stable 
formulations, like nanoemulsions (NEs), can boosts the efficacy and stability. We investigated the toxicity, re-
pellent, and antifeedant activity of carlina oxide, a polyacetylene isolated from the roots of Carlina acaulis L. 
(Asteraceae), and its NEs, against P. spumarius adults. In addition, we carried out electroantennographic (EAG) 
tests to evaluate the capability of the male and female antennae to perceive carlina oxide. EAG assays demon-
strated that P. spumarius antennal olfactory system of both sexes is capable of perceiving carlina oxide over a 
wide range of doses and that females, at the lowest doses, have significantly greater olfactory sensitivity than 
males (0.01 and 0.1 µg, respectively (p < 0.001)). In toxicity experiments, the percentage of adult survival in 
topical and fumigant trials was high, while it resulted significantly lower in ingestion trials. In olfactory tests, 
P. spumarius showed a slight preference for green beans treated with 1 % carlina oxide. However, no significant 
differences were observed between treatments when the concentration of carlina oxide was increased to 3 %. On 
the contrary, feeding tests showed a significant repellent effect of carlina oxide against P. spumarius adults up to 
24 h after the treatment and a reduction in P. spumarius presence on treated green beans ranging from 51.2 % to 
94.7 %, if compared with control green beans. Overall, this study sheds light on the possible development of 
effective and environmentally friendly formulations of carlina oxide to manage P. spumarius. Further studies are 
needed to evaluate the efficacy of this natural compound in field conditions, and to investigate its potential side 
effects on non-target species.

1. Introduction

Xylella fastidiosa Wells, Raju, Hung, Weisburg, Parl & Beemer (Xan-
thomonadaceae) is a gram-negative bacterium encompassing many 
subspecies, widespread all around the world in more than 40 countries 
(EPPO, 2024) and transported by many insect vectors (Cornara et al., 
2018). In Italy, the first report was recorded in Salento, Apulia region, in 
2013 (Saponari et al., 2013) and the bacterium was first identified 

thanks to leaf scorch exhibited in oleander, almond, and olive trees. This 
pathogen is known to cause severe direct damage to host plants until 
their death (Saponari et al., 2017). In fact, there are more than 550 plant 
species all over the world, commercial and wild, susceptible to this 
bacterium (EFSA, 2024). Due to the high severity of the plant damage it 
causes and the large number of host species, this pathogen represents a 
threat to economically important crops and to the environment (Ali 
et al., 2021; Schneider et al., 2021). Unfortunately, no treatments are 
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available against this bacterium. However, control strategies targeting 
the insect vector population can limit the insect from accessing the 
infective plants and prevent subsequent pathogen inoculation (Lago 
et al., 2022). The meadow spittlebug Philaenus spumarius L. (1758) 
(order Hemiptera, superfamily Cercopoidea, family Aphrophoridae) is 
one of the main vectors of X. fastidiosa (Cornara et al., 2018) and it is 
widely distributed all around the world, covering most of the Palearctic 
regions until Nearctic, especially in the most temperate areas (Godefroid 
et al., 2021). Medicago sativa L. (1753), Trifolium spp. L., Vicia spp. L., 
and Xanthium strumarium L. (1753) are the main host plants (Thompson 
et al., 2023). However, the meadow spittlebug has a wide range of hosts 
belonging to more than 100 families, which probably represents the 
reason why this pest has a high world distribution (Cornara et al., 2018; 
Santoiemma et al., 2019). This insect, as nymph and adult, ingests a high 
amount of xylem sap by feeding on the young parts of the plant and 
contemporarily acquires X. fastidiosa, becoming a harmful vector. Pur-
cell (1981) asserted that the probability of transmission of the bacterium 
depends on four factors: the vector infectivity, the transmission effi-
ciency, the number of vectors, and the time they spent on the host. 
Interfering and decreasing the number of vectors and the time that they 
spend on the host, represent effective strategies to control this insect 
and, consequently, the bacterium.

In this framework, the control of P. spumarius has been focused on 
synthetic insecticides. In particular, the main effective insecticides 
employed against P. spumarius belong to the pyrethroid and neon-
icotinoid classes. However, the recent restrictions on the use of neon-
icotinoids and the poor effectiveness of pyrethroids along with the 
resistance insurge make the available control methods against this pest 
extremely weak (Lago et al., 2022). Therefore, the control of this highly 
polyphagous insect requires an integrated pest management (IPM) 
strategy. The use of tools based on alternative and effective substances 
with repellent or toxic activity, for instance those based on botanical 
derivatives, is extremely encouraged for their promising effectiveness 
(Bedini et al., 2024; Dongiovanni et al., 2018). Specifically, the use of 
essential oils (EOs) or botanically derived compounds may contribute to 
the development of innovative tools and alternative approaches to the 
use of synthetic pesticides (Ganassi et al., 2020; Gondwal et al., 2024; 
Rizzo et al., 2020). However, these products usually need to be formu-
lated to be efficiently delivered and to reduce the health and environ-
mental impact (An et al., 2022; 2017). In this regard, nanoemulsions 
(NEs) play a crucial role in agriculture and they are considered the most 
promising nano-systems for pest control purposes given their particle 
nanometric size and simplicity of formulation and handling (Rizzo et al., 
2021). According, a highly promising NE is that based on the poly-
acetylene carlina oxide. This compound is extracted from Carlina acaulis 
L. (Asteraceae) plant roots, whose concentration overcomes 97 % of the 
overall chemical composition and is the primary cause of the EO efficacy 
(Benelli et al., 2021; Spinozzi et al., 2023). Carlina oxide exhibited good 
antimicrobial and antiviral potential as reported in previous studies 
(Rosato et al., 2021; Saralieva et al., 2022; Wnorowska et al., 2022). In 
addition, C. acaulis EO and extracts showed a reduced toxicity on fi-
broblasts, enterocytes, and zebrafish embryos, a limited effect on 
non-target terrestrial and aquatic organisms, and low toxicity on rats by 
oral administration (Benelli et al., 2022; Wnorowska et al., 2024). Based 
on the above, the present study was focused on the evaluation of carlina 
oxide and its formulated form (NE) as toxic, repellent, attractive and 
antifeedant against P. spumarius adults. The use of the NE was evaluated 
in the bioassays with direct toxicity (ingestion, topical and fumigant) to 
better understand the stability of encapsulated carlina oxide, exposed to 
external factors (e.g. plant and insect body contact), so that it could have 
more adaptability as potential field bioinsecticide.

2. Materials and methods

2.1. Plant laboratory rearing

The fava bean plants (Vicia faba L. var. ‘Reina mora’ (Semillas Fitó 
Italia©)) used in the ingestion, topical and fumigant experiments were 
cultivated at CREA - Research Centre for Plant Protection and Certifi-
cation (CREA-DC), Palermo, Italy. Seeds were sown and grown in 0.5 L 
pots (10 ×10 x 10 cm) with peat, topsoil (OmniaVitaflor®, VitaFlor, 
Italy), and expanded vermiculite (VIC, Italiana®) and were placed in 
fine mesh net cage (90 ×70 x 200 cm) to prevent infestations by un-
desirable insect species. The cage was placed at 25 ± 2◦C and 50 ± 10 % 
relative humidity (RH) and 15:9 (L:D) photoperiod. Water fertilization 
was done once every two weeks with Foliar Gold® (Hydro Fert, Italy) 
and no pesticides were used. Plants of about 60 cm in height and with at 
least 7 true sprouts were used for experiments and P. spumarius rearing.

2.2. Insect laboratory rearing

The insect laboratory colony for ingestion, topical and fumigant 
experiments was started with the collection of foams with young instars 
of P. spumarius from March to June in the eastern Sicilian wild field 
(Catania, Italy). The stock culture was maintained at the CREA-DC in 
screened cages with fine mesh (45 ×45 x 45 cm) and placed in a 
chamber with controlled conditions of temperature (24 ± 1◦C) and 
relative humidity (50 ± 10 %) with 16:8 (L:D) of photoperiod until adult 
emergence. Once a week, fresh new green beans and fava bean plants 
were replaced as feeding substrate. The newly emerged coetaneous 
adults were used for the experimental activities.

2.3. Extraction of carlina oxide

Carlina acaulis dry roots, obtained by Minardi & Figli S.r.l. (Bagna-
cavallo, Ravenna, Italy; https://www.minardierbe.it; batch no C- 
230223–31), were employed for the isolation of carlina oxide through 
hydrodistillation, according to a procedure already reported (Rizzo 
et al., 2024). Once extracted, carlina oxide was stored at - 20◦C until 
bioassays. Carlina oxide was obtained with a yield of 0.82 % (w/w) and 
a purity of 99.2 %, as determined by GC-MS analysis (Fig. 1). Its struc-
ture was confirmed by the combination of MS and NMR analyses that 
were in line with those previously reported (Benelli et al., 2019).

2.4. Preparation and characterization of tested carlina oxide 
nanoemulsions

Carlina oxide was encapsulated into NE by following the same pro-
cedure reported by Tortorici et al. (2024). The formulation included a 
wetting agent (Agrozoofarma S.r.l.), Polysorbate 80, as surfactant, and 
ethyl oleate, as oil-cosolvent, in the amount required to have final 
concentrations of 0.1, 2, and 1 % (w/w), respectively. The required 
amount of carlina oxide to reach the concentration of 3 % (w/w) in the 
final formulations was solubilized in ethyl oleate. Afterward, the oil 
phase was emulsified with an aqueous solution of surfactant and the 
wetting agent by high-speed stirring (Ultraturrax T25 basic purchased 
from IKA® Werke GmbH and Co.KG, Staufen, Germany) at 13,500 rpm 
for 5 min. The obtained emulsion was processed in a 2L-Ultrasound 
Extractor U2020 (170 W, 230 V, 50 Hz), purchased from Albrigi Luigi 
S.r.l. (Verona, Italy) for 40 min. The high power + homogenization 
(H + M) program was selected to reduce the droplet size of the oil phase. 
A control NE was prepared by substituting the amount of carlina oxide 
with water and following the same procedure. The particle size of the 
dispersed phases of 3 % carlina oxide and control NE was assessed 
through a dynamic light scattering device (Zetasizer nanoS, Malvern 
Instrument, Malvern, UK) by using the same procedure of Benelli et al. 
(2020). The formulations were stored at 4◦C protected from light in tight 
closed vials. The stability was evaluated by reading-through the mean 
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droplet size (Z-average) and polydispersity index (PDI) over a period of 
3 months.

2.5. Electroantennographic (EAG) recordings

The antennal chemoreceptivity of P. spumarius males and females to 
increasing concentrations of carlina oxide was evaluated using the EAG 
technique described in previous studies (Ganassi et al., 2020; Germinara 
et al., 2017). Briefly, the head of the insects was dissected and the distal 
half of the arista was removed. A glass pipette filled with Kaissling saline 
(Kaissling and Thorson, 1980) was inserted into the base of the head as 
the indifferent electrode. The tip of the amputated arista was put in 
contact with the end of a similar pipette (0.1 mm diameter) serving as 
the recording electrode. AgCl-Coated silver wires were used to maintain 
the electrical continuity between the antennal preparation and an 
AC/DC UN-6 amplifier in DC mode connected to a PC equipped with the 
EAG 2.0 program (Syntech Laboratories, Hilversum, The Netherlands). 
Stimuli were puffed by a disposable syringe into a constant stream 
(500 mL/min) of charcoal-filtered humidified air flowing in a 
stainless-steel delivery tube (1 cm diameter) with the outlet positioned 
approximately 1 cm from the adaxial surface of the antenna. During the 
experiment, 2.5 cm3 of vapor from an odour cartridge was added over 
1 sec. Stimuli were 10 µL of decimal mineral oil (Sigma-Aldrich, Milan, 
Italy) solutions of carlina oxide presented at increasing concentrations 
from 0.001 to 100 µg/µL providing the 0.01, 0.1, 1.0, 10, 100, 1000 µg 
dose, respectively. Control (10 μL of mineral oil) and standard stimuli 
(10 μL of a 1 μg/μL (Z)-3-hexenol solution) were applied at the start of 
the experiment and after every 3 carlina oxide test solutions. There was a 
30 s interval between stimuli. EAG responses were recorded from 5 
antennae of different males and females.

2.6. Two-choice behavioral response bioassay

The olfactory responses of P. spumarius adults to carlina oxide were 
evaluated in the still-air olfactometer described by Carpita et al. (2012). 
A chamber contained a segment of organic green bean (Almaverde bio 
Italia S.r.l. Cesena, Italy) (1 cm) treated with n-hexane (control) and the 
other chamber contained a similar segment of green bean treated with 
carlina oxide. The carlina oxide tested concentrations were 1 and 3 %. 
The beans were dipped for 1 s in a solution of carlina oxide dissolved in 
n-hexane or n-hexane only and let drying for 1 min. For each test, the 
beans (treated and non-treated) were placed into the olfactometer 
lateral chambers and an unsexed P. spumarius adult was gently placed on 
the floor of the release chamber using tweezers. Then, the top of the 
arena was closed. The choice was considered valid when P. spumarius 
entered one of the later chambers after at least 20 s and stayed in it for at 
least 30 s. The total observation time was 360 s. Insects that were not 
able to choose after 360 s were discarded. Each P. spumarius was tested 
only once. For each concentration of carlina oxide, 40–60 unsexed 
field-collected adults of P. spumarius were tested. The test was replicated 
until at least 30 valid choices were obtained. All experiments were 
conducted at 25 ± 2◦C and 65 % RH and lit only with a daylight fluo-
rescent tube (Philips 30 W/33, 10.000 lux) placed over the arena. After 
each tested insect, the arena was rotated 90◦ clockwise to avoid posi-
tional biases and the green beans were renewed. After four consecutive 
tests, the arena and the glass panels were wiped with hexane, washed 
with warm water and mild soap, rinsed first with hot water for about 
30 s, then with distilled water, and, eventually, dried. After the evalu-
ation, each insect specimen was placed in individual vials, stored at - 
20◦C and subsequently sexed.

Fig. 1. GC-MS chromatogram (A) and mass spectrum (B) of carlina oxide.
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2.7. Antifeeding bioassay

The antifeeding bioassay was performed into nylon net cages 
measuring 47.5 cm × 47.5 cm × 93 cm (BugDorm-4M4590 Insect 
Rearing Cage, MegaView Science Co., Ltd., Taiwan). A bunch of ten 
green beans was placed at each of the four corners of the cage about 
10 cm from the edge. The cups (two cups with treated and two with 
untreated green beans) were placed, in the corners, alternating treated 
and non-treated green beans cups. The green beans were placed in cups 
containing water-soaked cotton wool. The surface of the green beans 
was treated by immersion in a 3 % carlina oxide ethanol solution 
(treated) or ethanol only (control). The cages were arranged under 
fluorescent lamps, to provide even lighting (light intensity around 14 lux 
at the cages) and were maintained at 23◦C and approximately 65 % RH. 
To maintain humidity inside the cage, a beaker (500 mL) containing 
water-soaked cotton wool was positioned in each cage. The experiment 
was replicated five times. 40–60 unsexed adults (depending on field 
captures) were placed in each cage. Specifically, the number of insects 
was 40, 60, 55, 40, and 44 for cages 1, 2, 3, 4, and 5, respectively. The 
number of insect specimens on treated and untreated green beans was 
recorded after 1, 6, 12, and 24 h. The different number of speciments in 
the cage was normalized espressing the number of insects on the treated 
and untreated green beans as a percentage of the total number of insects 
in each cage after checking the effect of the population size (F2,30 =

2.067, p = 0.342).

2.8. Ingestion toxicity bioassay

Ingestion toxicity test was performed to assess the toxic effect of 
carlina oxide NE on P. spumarius adults. Healthy fava bean sprouts were 
dipped for 3 s in the NE at 3 % and let drying in laboratory conditions for 
30 min. The same procedure was performed for the negative control 
(distilled water) and for the control NE without carlina oxide. The 
treated sprouts were put in a 2 mL Eppendorf with distilled water and 
sealed with Parafilm® (Bemis™) to avoid desiccation. In the experi-
mental arena, composed of a ventilated plastic box (175 ×120 x 70 mm) 
and the treated sprouts, a single unsexed P. spumarius adult was placed 
inside with a mouth aspirator. The experimental arenas were in a cli-
matic chamber with controlled environmental conditions of 24 ± 1◦C, 
50 ± 10 % relative humidity (RH) and with 16:8 (L:D) of photoperiod. 
Adult survival (%) was checked at 24, 48 and 72 h after the release of the 
insects. For each treatment 30 replicates (boxes), for a total number of 
30 P. spumarius adults, were performed.

2.9. Topical toxicity bioassay

The toxic effect of carlina oxide NE was evaluated also through 
topical treatment on P. spumarius. Untreated adults were collected from 
laboratory rearing and put at - 4◦C for 80 s. A total amount of 0.2 μL of 
NE at 3 % was released on the insect pronoto with a micropipette and 
was let drying for 30 min. The same treatment was performed with the 
negative control and the control NE without carlina oxide. Subse-
quently, the treated insects were moved with a mouth aspirator and 
placed on fava bean sprouts arranged in the ventilated plastic box as 
described above. The experimental arenas were in a climatic chamber 
with controlled environmental conditions of 24±1◦C, 50±10 % RH and 
with 16:8 (L:D) of photoperiod. Adult survival (%) was recorded at 24, 
48 and 72 h after the release. For each treatment, three replicates 
(boxes), for a total number of 30 P. spumarius adults, were performed.

2.10. Fumigant activity bioassay

Fumigant effect of carlina oxide NE was assessed on P. spumarius 
adults. NE at 3 % (216 μL) was released on a filter paper square (2 
×2 cm) (Whatman® qualitative filter paper, Grade 1) and let drying for 
2 h. The same procedure was followed for the negative control and the 

control NE without carlina oxide. The experimental arena, as described 
above, was a sealed plastic box (175 × 120 × 70 mm) where the treated 
filter paper was placed inside a closed aerated petri dish, glued to the 
bottom of the plastic box, to prevent the direct contact with the insect. 
Inside the box, a fava bean sprout and a single unsexed P. spumarius 
adult were placed. Adult survival (%) was checked every 24, 48, and 
72 h after the release. The experimental arenas were in a climatic 
chamber with controlled environmental conditions of 24±1◦C, 50 
±10 % RH, and with 16:8 (L:D) of photoperiod. For each treatment 30 
replicates (boxes), for a total number of 30 P. spumarius adults, were 
performed.

2.11. Data analysis

EAG responses were evaluated by measuring the maximum ampli-
tude of negative polarity deflection (-mV) elicited by a stimulus 
(Germinara et al., 2019). The absolute value of the EAG amplitude (mV) 
to each test stimulus was adjusted to compensate for solvent and/or 
mechanosensory artifacts by subtracting the mean EAG response of the 
two nearest mineral oil controls (Pistillo et al.,. 2022). The resulting EAG 
amplitude was corrected according to the reduction of the EAG response 
to the standard, to compensate for the diminishing antennal sensitivity 
throughout the experiment (Den Otter et al., 1991).

The corrected EAG responses to each carlina oxide concentration 
were compared with a baseline value of “0” using the Wilcoxon rank 
sum test and considered measurable if significant at p = 0.05. For each 
carlina oxide concentration, the mean male and female EAG responses 
were compared using the Student’s t-test for independent samples. In 
dose-response experiments, the first dose at which the mean EAG 
response was higher than a “0” value using the Shapiro Wilk test for 
normality followed by the one-sample Student’s t test (p = 0.05) was 
considered as the activation threshold (Germinara et al., 2017); the 
saturation threshold was defined as the lowest dose at which the mean 
response was equal to or less than the preceding dose (Germinara et al., 
2016).

In the two-choice behavioural response bioassay, the proportion of 
individuals choosing the carlina oxide-treated chamber was compared 
using a likelihood chi-square test, assuming a null hypothesis of a 50:50 
chance of insects choosing the control chamber versus the carlina oxide- 
treated chamber.

Antifeeding bioassay data were analyzed by a Repeated Measure-
ment ANOVA (RM-ANOVA). The analysis aimed to assess differences in 
the abundance of P. spumarius feeding on green beans treated with the 
carlina oxide and those feeding on control beans, with time as the 
repeated measure, treatment (treated or non-treated) as the between- 
subjects factor, and percentage of insects on treated and untreated 
green beans as the dependent variable. The Greenhouse-Geisser 
correction was applied for sphericity. Differences between estimated 
marginal means for the treated and control beans were testes using 
Bonferroni pairwise comparison procedure. For each time of observa-
tion, differences between treatments were checked by Student’s t-test.

Data from ingestion, topical, and fumigant toxicity were checked 
through Levene test for homogeneity and normality of the dependent 
variables whenever needed. Data were evaluated through GLM univar-
iate followed by Tukey’s HSD post hoc tests when suitable (p ≤ 0.05) for 
multiple mean comparisons among treatments.

Statistical analyses were carried out using SPSS 25.0 software (IBM 
Corp., Armonk, NY, USA).

3. Results

3.1. Characterization of tested carlina oxide nanoemulsion

The DLS measurements of carlina oxide NE revealed that Z-average 
size of oil droplets was within the nanometric range. Specifically, 
nanodroplets showed a size distribution centred at 157.7± 4.4 nm 
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(Fig. 2).
The mean values of Z-average size and PDI obtained from the DLS 

measurements of 3 % (w/w) carlina oxide NE at different time points 
have been reported in Fig. 3. The grade of polydispersity was determined 
by checking the PDI and a value of 0.22 ± 0.01 was obtained. The 
physical stability of the formulation was determined by monitoring their 
Z-average size and PDI at 0 (T0), 15 (T1), 30 (T2), 60 (T3), and 90 (T4) 
days of storage. Z-average of 3 % (w/w) carlina oxide NE remained 
almost similar over the first 2 months of storage (around 160 nm) and 
slightly increased by only 20 nm in the T4 time point (182.3 ± 1.14 nm) 
(Fig. 3a). Regarding the PDI, values obtained at different time points 
remained almost unchanged for the formulation, bearing out its physical 
stability for at least 3 months (Fig. 3b).

3.2. EAG recordings

The EAG responses of P. spumarius males and females to increasing 
concentrations of carlina oxide are shown in Fig. 4. All the concentra-
tions elicited measurable EAG responses in both sexes (p < 0.05 in all 
Wilcoxon rank sum tests). In the range of dose tested, the mean EAG 
response varied from 0.004 ± 0.001–0.672 ± 0.032 mV in males and 
from 0.064 ± 0.009–0.632 ± 0.0729 mV in females. The mean EAG 
response of females was significantly higher than that of males at doses 
of 0.01 (t = 6.794; df = 8; p < 0.001), 0.1 (t = 14.994; df = 8; p < 0.001), 
10 (t = 2.655; df = 8; p < 0.029) and 100 μg (t = 2.772; df = 8; p <
0.024) of carlina oxide.

In dose-response curves, the antennal activation threshold was 

0.01 μg in females and 1 μg in males. The EAG responses of males and 
females at the highest dose tested (1000 μg) were higher than those at 
the previous dose (100 μg), indicating that saturation of the antennal 
olfactory receptors was not reached in the range of doses tested.

3.3. Two-choice behavioural response bioassay

At the concentration of 1 % the green beans treated with carlina 
oxide were slightly more attractive than the non-treated ones (χ2 =

3.920, p = 0.048). Analyzing the responses of males and females sepa-
rately, it appears that the attractive activity was exerted mainly toward 
females (χ2 = 4.122; p = 0.042) rather than towards males (χ2 = 0.000; p 
= 1.000). No significant difference between treatments was observed at 
3 % of carlina oxide concentration (χ2 = 0.133; p = 0.715) (Fig. 5).

3.4. Antifeeding bioassay

The RM-ANOVA indicated a significant effect of time (1, 6, 12, and 
24 h) on the number of insects feeding on the treated or control green 
beans (F2.15,6 = 7.360, p = 0.004) and a significant antifeeding effect of 
the carlina oxide treatment (F1,8 = 309.435, p < 0.001), with estimated 
marginal means of 4.2 and 25.6 % of insects feeding on treated and non- 
treated green beans, respectively (Bonferroni pairwise comparison, p <
0.001) (Fig. 6).

Fig. 2. Particle size distribution (Intensity, %) of 3 % (w/w) carlina oxide and control nanoemulsions (NEs), obtained through dynamic light scattering (DLS).

Fig. 3. Z-average and PDI of 3 % (w/w) carlina oxide nanoemulsion obtained through dynamic light scattering (DLS) at 0 (T0), 15 (T1), 30 (T2), 60 (T3), and 90 (T4) 
days of storage.
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3.5. Ingestion toxicity bioassay

Carlina oxide NE at 3 % demonstrated a toxic effect after 72 h (F2,30 
= 42.695, p < 0.001) in an ingestion toxicity experiment (Fig. 7). High 
adult mortality was observed only in carlina oxide NE treatment.

3.6. Topical toxicity bioassay

Topical toxicity results indicated that 3 % carlina oxide NE was 
scarcely effective till 72 h post-treatment if compared with positive and 

negative controls (F2,30 = 2.071, p =0.132) (Fig. 8). No significant 
reduction in adult survival was recorded after 72 h.

3.7. Fumigant toxicity bioassay

Fumigant toxicity results indicated that 3 % carlina oxide NE was 
scarcely effective till 72 h post-treatment if compared with positive and 
negative controls (F2,30 = 1.218, p =0.301) (Fig. 9). No significant 
reduction in adult survival was recorded after 72 h.

Fig. 4. EAG dose-response curves (Mean ± SE) of male and female of the meadow spittlebug Philaenus spumarius to increasing doses of carlina oxide. n = number of 
insects tested. Asterisks indicate significant differences between sexes. *, p ≤ 0.05; **, p ≤ 0.01 according to Student’s t-test.
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beans chamber (chi-square test, p < 0.05). n = number of tested insects.
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4. Discussion

Nanoemulsions represent one of the most explored encapsulation 
strategies to incorporate EOs and natural compounds for insecticidal 
formulations (Badawy et al., 2022; Jesser et al., 2020; Sharma et al., 
2020). Indeed, the effectiveness of EO NEs was assessed on many agri-
cultural and stored product pests, such as Tuta absoluta (Meyrick) 
(Lepidoptera: Gelechiidae) (Tortorici et al., 2024), Xilosandrus compac-
tus (Eichhoff) (Coleoptera: Curculionidae: Scolytinae) (Gugliuzzo et al., 
2023), Oryzaephilus surinamensis (Linnaeus) (Coleoptera: Silvanidae) 
(Gharsan et al., 2022), Ephestia kuehniella Zeller (Lepidoptera: Pyralidae) 
(Louni et al., 2018) and Aphis gossypii Glover (Homoptera: Aphididae) 
(Heydari et al., 2020) with encouraging results. The EO NEs guarantee a 
long-lasting stability and improved efficiency by overcoming the 
bottleneck of these products such as EO volatility and poor water solu-
bility, as well as favouring crop leaf diffusion and adhesiveness (Pavoni 
et al., 2020). Carlina oxide has been previously encapsulated into NE 
through two different high-energy methods, i.e., high-pressure homog-
enization and sonication (Benelli et al., 2020; Kavallieratos et al., 2022; 

Ntalli et al., 2023; Pavela et al., 2021; Tortorici et al., 2024). Both 
methodologies were demonstrated to be suitable to achieve the encap-
sulation of these compounds and to obtain a particle size of the dispersed 
phase within the nanometric range. Herein, ultrasounds were selected to 
favour the reduction of the oil droplet size of the carlina oxide NE and 
control NE. In fact, this methodology usually ensures higher stability 
and smaller size of droplets and demands for a lower energy input with 
respect to other high energy methods, such as high-pressure homoge-
nization and microfluidification (Kumar et al., 2019). Tortorici et al. 
(2024) successfully developed 0.25 and 0.50 % w/w carlina oxide NEs 
by using ultrasounds. The higher concentration of the main ingredient 
employed in this study did not affect the formation and stability of the 
NE. Moreover, in this case, a wetting agent was included to favour the 
adhesion of the formulation onto the leaves. Neither this ingredient 
negatively influenced the formation and the stability of NEs. In fact, 
values obtained for Z-average and PDI of 3 % carlina oxide NE were 
stable over time for a period at least of three months.

These excellent results obtained in terms of particle size distribution 
and long-lasting stability of the NE allowed us to evaluate its effect on 
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Fig. 7. Meadow spittlebug Philaenus spumarius adult survival (%) in ingestion toxicity bioassays after 72 h testing 3 % carlina oxide nanoemulsion (NE). n = number 
of tested insects. Vertical bars indicate SE. Different letters indicate significant differences at p < 0.05 (GLM univariate, Tukey’s HSD post hoc).
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P. spumarius in terms of direct toxicity to decrease the insect population 
and in terms of repellency/attractiveness. In this context, EAG bioassay 
showed that both male and female peripheral olfactory systems are 
capable of perceiving carlina oxide in a wide range of doses supporting 
the possibility that the compound may act as long-distance cue to 
P. spumarius adults. Moreover, a marked higher sensitivity of females 
compared with males was found mainly at the lowest doses tested. 
Sexually dimorphic EAG responses in P. spumarius have also been re-
ported in a previous study (Germinara et al., 2017) and this could be due 
to quantitative and/or to qualitative physiological differences in olfac-
tion (Raguso et al., 1996). This likely reflects differences in the role 
played by the same volatile organic compounds (VOCs) in the ecology of 
males and females. Ganassi et al. (2020) evaluated the olfactory re-
sponses of P. spumarius adults towards different EOs and related plants 
both at close (Y-tube) and long ranges (wind tunnel), observing differ-
ences between males and females to the same odour source. Moreover, 
the two-choice tests in the static-air olfactometer showed that, at close 

range, the behavioural response of P. spumarius appears to be dependent 
on the concentration with a different response between sexes. According 
to Ganassi et al. (2020), in our two-choice behavioural response 
bioassay, carlina oxide at 1 % exhibited a rather attractive activity that 
appears to be due to a differential response of the female but not of the 
male population. This agrees with the results of the EAG bioassay that 
showed a higher sensitivity of females compared with males. On the 
contrary, at 3 %, no repellency or attractiveness was observed. The lack 
of a clear effect at the higher concentration could be due to the satu-
ration of the confined environment of the olfactometer by the carlina 
oxide, resulting in a confused perception of the cue by the insect. The 
attractive effect of carlina oxide observed in the two-choice behavioural 
response bioassay was, however, in contrast with the results of the 
antifeeding experiment. In a more open environment of the cages, the 
presence of P. spumarius on green beans was significantly reduced by the 
carlina oxide treatment (3 %) for up to 24 h. Here we observed a clear 
repellent effect of carlina oxide against P. spumarius adults, with 

Fig. 8. Meadow spittlebug Philaenus spumarius adult survival (%) in topical toxicity bioassays after 72 h testing 3 % carlina oxide nanoemulsion (NE). n = number of 
tested insects. ns = not significant (GLM univariate). Vertical bars indicate SE.

Fig. 9. Meadow spittlebug Philaenus spumarius adult survival (%) in fumigant toxicity bioassays after 72 h testing 3 % carlina oxide nanoemulsion (NE). n = number 
of tested insects. ns = not significant (GLM univariate). Vertical bars indicate SE.
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repellency remaining significant for up to 24 h, and resulting in a 
reduction of the presence of P. spumarius on the green beans. The 
different effects observed in the two experiments may be due to the 
different experimental systems utilized and/or the different chemical 
compositions of the botanicals tested. The results obtained in the bio-
assays of toxicity by ingestion, topical and fumigant treatments, with a 
significant toxic effect only in ingestion trials, showed that the mode of 
action of carlina oxide towards the adults of P. spumarius is different 
depending of the treatment. Indeed, the ingestion treatment seems to be 
the most effective probably due to the ability of carlina oxide to sink in 
the leaf cuticle and entering in the lymphatic vessels (Tortorici et al., 
2024). Therefore, the high P. spumarius mortality could be due to its sup 
sucking activity (Horsfield, 1978). Unfortunately, the mechanism of 
action of carlina oxide is not already known, even if some hypotheses 
have been advanced. For example, Kavallieratos et al. (2022) supposed 
the ability of carlina oxide to damage the insect cells by forming car-
bocations. Moreover, Spinozzi et al. (2023) suggested that carlina oxide 
could contribute as an inhibitor of the acetylcholinesterase, octopamine 
receptors, and P450 cytochromes. On the other side, the results obtained 
in topical and fumigant toxicity showed no significant differences in 
adult mortality. Similarly, Tortorici et al. (2024) observed no significant 
efficacy of the compound in topical treatment towards larvae of 
T. absoluta. Therefore, our study confirms that carlina oxide does not act 
as a topical insecticide. Probably this could be due to its low ability to 
penetrate the insect exoskeleton (Tortorici et al., 2022). Furthermore, 
the scarce effectiveness of carlina oxide NE in the fumigant test could be 
due to the low choking effect of the polyacetylene. Probably the 
encapsulation of carline oxide into a nanoemulsion reduced its vola-
tility, thus also resulting in a lower intensity of the odorous source and 
consequently in a failed fumigant effect. It could also depend on the 
concentration of carlina oxide in the NE. Probably higher concentrations 
could result in a higher fumigant effect. In future research, assessing the 
interference of carlina oxide with the transmission of X. fastidiosa by 
P. spumarius after treatment would be also of crucial importance. In 
conclusion, carlina oxide could represent a useful botanical ingredient 
for the developing of new sustainable and alternative control systems to 
be used in IPM strategies aimed to reduce X. fastidiosa diffusion by 
controlling P. spumarius.
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