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Wasps, from the genus Trissolcus, are egg parasitoids that are commonly used in biological control programs targeting stink bugs. They navigate a complex environment, relying on a diverse array of biochemical and ecological cues to locate their hosts. Through this endeavour, these parasitoid wasps have to discriminate between young and old eggs as development is only achieved in the latter. In this study, we evaluated the ability of two parasitoid wasps, Trissolcus japonicus and Trissolcus basalis, on utilising short-range cues and, more specifically, volatile organic compounds emitted by stink bug egg masses to locate their hosts. We hypothesised that (1) stink bug eggs (i.e., Halyomorpha halys and Nezara viridula) emit short-range cues that are exploited by egg parasitoids (i.e., T. japonicus and T. basalis) to locate their hosts in addition to insect chemical footprints; (2) Trissolcus spp. Have the ability to differentiate young eggs from older ones to increase their fitness (3) based on changes in the chemical profiles of the egg masses according to their age. Our behavioural assays suggested that T. japonicus did not respond to stink bug footprints, whereas T. basalis was significantly oriented toward the footprints of gravid host females. Both parasitoids preferentially oriented towards young eggs rather than footprints. The parasitism rate of T. japonicus was not significantly different between young and old eggs unlike T. basalis which preferred parasitising on young eggs. We identified γ-butyrolactone and β-funebrene in the headspace of N. viridula eggs and we discussed the putative role of these secondary metabolites on T. basalis locating their host. Behavioural, performance and VOCs collection of this study contribute to a nuanced understanding of host–parasitoid dynamics along with implications for developing effective pest management strategies.
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INTRODUCTION
Herbivorous stink bugs (Hemiptera: Pentatomidae) are pervasive pests threatening diverse agricultural crops, orchards, and wild plants globally (Tillman et al., 2010; Rice et al., 2014; Conti et al., 2021). The primary damage that they cause comes from their piercing and sucking feeding behaviour on fruits and seeds, leading to deformities and discolorations, rendering the final products unsuitable for the market (Leskey et al., 2012). Among this pest complex, Halyomorpha halys (Stål) (Hemiptera: Pentatomidae) (brown marmorated stink bug, BMSB) has recently drawn attention from researchers worldwide. Halyomorpha halys is a polyphagous species native to Asia (Lee et al., 2013) that has been introduced to the United States (Hoebeke and Carter, 2003), South America (Faúndez and Rider, 2017), and Europe (Wermelinger et al., 2008; Maistrello et al., 2016), where it has become a significant pest (Leskey et al., 2012; Haye and Weber, 2017). Nezara viridula (L.) (Hemiptera: Pentatomidae) is native to East Africa and has spread worldwide to become a cosmopolitan polyphagous pest (Todd, 1989; Panizzi and Lucini, 2016).
Currently, management of both species heavily relies on synthetic insecticides, which have significant environmental impacts (Nielsen et al., 2008), including detrimental effects on natural enemies and pollinators (Salerno et al., 2002; Desneux et al., 2007). Therefore, alternative strategies are of utmost importance for the effective and sustainable management of stink bug populations. Among differing alternatives, biological control has shown great potential (Lee, 2015; Conti et al., 2021). In particular, biological control strategies offer a nature-positive alternative to chemical pest control methods. In order to reduce our reliance on pesticides, which are increasingly being withdrawn from the market, it is crucial to bolster biological control measures by fostering the growth of natural enemy communities. This approach can help to restore ecological balance and enhance resilience against pest invasions (Díaz et al., 2019). Among the array of natural enemies of stink bugs, egg parasitoids stand out as particularly effective. Their use in stink bug pest management have thereby prevented nymph and adult damage (Conti and Colazza, 2012).
In the native habitats of H. halys, the samurai wasp Trissolcus japonicus (Ashmead) (Hymenoptera: Scelionidae) has been identified as the predominant species parasitizing H. halys eggs (Kamiyama et al., 2022). Trissolcus japonicus can complete multiple generations per year (Qiu et al., 2007; Yang, 2009) and achieve high parasitism rates on H. halys eggs in China up to 90%, greater longevity and a higher net reproductive rate than related parasitoid species like Trissolcus mitsukurii (Mele et al., 2024). A second parasitoid wasp from the same genus, T. basalis (Wollaston) (Hymenoptera: Scelionidae), is frequently used as a biological control agent against N. viridula (Jones, 1995; Esquivel et al., 2018). Parasitic wasps navigate a complex environment, relying on a diverse array of biochemical and ecological cues to locate and identify their hosts (Godfray, 1994; Colazza et al., 2004). In addition to visual signals, parasitoid wasps use semiochemicals (Vinson, 1998) to facilitate host location and acceptance. More specifically, egg parasitoid wasps initially exploit herbivore-induced plant volatiles (Vet and Dicke, 1992) pheromones (Fatouros et al., 2008) and kairomones as long-distance cues (Mattiacci et al., 1993). Subsequently, they rely on short-range cues released by host eggs, adding a layer of complexity to the host location process (Vet and Dicke, 1992).
Research on host recognition in Trissolcus species highlights the key role of chemical cues emitted by stink bug eggs (Michereff et al., 2016; Tognon et al., 2016; Tognon et al., 2017). However, these cues do not precisely indicate egg location; instead, they attract female parasitoids nearby (Colazza et al., 2007). This nuance adds depth to our understanding of host–parasitoid interaction dynamics. Once the host is located, females of T. japonicus and T. basalis both probe the eggs with the ovipositor before and after parasitisation (Botch and Delfosse, 2018; Salerno et al., 2006). Furthermore, T. japonicus and T. basalis must discriminate between young and old host eggs as parasitism rates decrease with increasing host egg age (Sabbatini-Peverieri et al., 2020). They have, therefore, evolved the ability to distinguish between freshly laid and older stink bug eggs, as is the case with another species of the family Scelionidae, Telenomus remus. This optimises their parasitic behaviour for reproductive success. (Peñaflor et al., 2012).
Egg compounds are indeed an important host-recognition indicator, providing cues of host quality and previous parasitisation (Li et al., 2020). To our knowledge, the chemical mechanisms leading to T. japonicus and T. basalis oviposition still remain unknown. For these reasons, we assumed that T. japonicus and T. basalis may rely on short-range cues derived from host egg surfaces to optimize oviposition site selection. We expected that these cues enable parasitoids to discriminate between viable and non-viable eggs, enhancing reproductive success and biocontrol efficiency by minimizing energy expenditure on unsuitable hosts.
In an effort to unravel aspects of these mechanisms, we hypothesised that.
	(1) Trissolcus japonicus and T. basalis utilize chemical cues from footprints and/or eggs of their respective hosts, H. halys and N. viridula;
	(2) Trissolcus spp. Have the ability to discriminate young eggs from older ones to increase their fitness;
	(3) VOCs from H. halys and N. viridula egg masses change over their development time.

MATERIALS AND METHODS
Stink bug rearing and handling
Halyomorpha halys and N. viridula adults were collected in apple orchards around Nyon, Switzerland. The two species were reared separately. In the laboratory, the adults were maintained in a plastic box (32.5 × 21.5 × 9 cm). Insects were offered water and a diet—mixture of 3 g (1:1:1) of peeled sunflower seeds, chopped peanuts (Vita-Balance, Landi, Switzerland), and green beans (var. Coco, Migros, Suisse)—as needed. To promote oviposition, three tissue sheets were arranged in a fan-like configuration at the bottom of the box, serving as the oviposition substrate. The use of tissue sheets was selected to prevent the influence of plant odour on the egg masses. Adults were maintained in a climate chamber (Schaub, Geneva, Switzerland) at 24°C, 65% RH, and under a photoperiod of 16:8 h L:D. Eggs were collected daily directly from the rearing cage. Based on the oviposition date and egg development (Rice et al., 2014), eggs were classified as young (1–3 days old) and old (4–6 days old). The collected eggs were placed in plastic boxes (19.5 × 13.5 × 5 cm) and stored in a climate chamber at 20°C and 70% RH with a photoperiod of 16:8 h L:D.
Parasitoid rearing
Laboratory colonies of T. japonicus and T. basalis (Andermatt, Switzerland) were established on freshly laid H. halys and N. viridula eggs, respectively. Emphasis was placed on utilising fresh eggs; however, if this resource was depleted, frozen eggs (kept at −80°C) of the respective host species were substituted (McIntosh et al., 2019). The parasitoids were reared in cages (61 × 33 × 41 cm, Nhbs, Bonn, Germany). In addition to water, three blotting papers coated with honey and sprinkled with pollen provided a suitable nutritional source for the parasitoids. Egg masses for parasitism were strategically placed at the centre of the cage to facilitate natural behaviour. All cages were maintained under controlled conditions in a climatised room (24°C ± 1°C, 70% RH, and a photoperiod of 16:8 h L:D). The rearing cages were distinguished according to the use of parasitoids. In all behavioral bioassays, native parasitoids no older than 7 days were used. These individuals were considered naïve, as they had not been previously exposed to host eggs. Parasitoids emerged directly from host eggs under controlled rearing conditions, ensuring they had no prior parasitic experience.
Behaviour–Footprint assay
Gravid females of H. halys and N. viridula were introduced into a 60 × 15 mm Petri dish containing a 50 mm diameter filter paper disc. Dishes were then set aside for 1 h at room temperature allowing insects to deposit footprints onto the filter paper disc. Control discs were prepared following the same procedure but without exposure to insects. The assay comprised of two distinct combinations for each parasitoid species: (a) young egg masses versus gravid female footprints (b) gravid female footprints versus control (Figure 1). In this assay, parasitoids were exposed exclusively to the footprints or eggs of their respective host species. Naïve T. japonicus and T. basalis of 7 days old, were then individually placed in the centre of glass Petri dishes (120 × 20 mm). The parasitoid behaviour was observed after 15 min, 30 min, and 1 h. Choices were confirmed if females oviposited on young eggs or were located on the filter paper; otherwise, individuals were considered non-responding. After 1 h, the females and egg masses were removed from the arenas and excluded from subsequent tests. A total of 40 replicates per combination were conducted at room temperature. Petri dishes were cleaned after each replicate with acetone and pentane prior to being sterilized for 2 h at 200°C.
[image: Illustration of five petri dishes labeled a to e, each containing a fly at the center. Dish a shows a pink and a gray circle. Dish b has a pink circle and blue circles cluster. Dish c has a tan circles cluster. Dish d shows a blue circles cluster. Dish e contains clusters of blue and tan circles.]FIGURE 1 | Schematic representation of the footprint-assay and performance assays: (a) choice test of Trissolcus females between footprint and control (filter paper only); (b) choice test of Trissolcus females between footprint and young eggs; (c) performance with old eggs only; dperformance with young eggs; (e) performance with young versus old eggs).Behaviour–Y-olfactometer assays
Behavioural responses of T. japonicus and T. basalis were observed in a Y-olfactometer (Figure 2, stem: 100 mm, arms: 100 mm at a 30° angle between arms, internal diameter: 20 mm, outside diameter: 22 mm). The olfactometer was positioned at a 40° angle in relation to the substrate for optimal parasitoid response. Airflow (0.25 L min-1) was maintained constant through the olfactometer arms with an air delivery system (Clean Air Supply System CASS6, VAS, NY, United States) with charcoal filters (Figure 2). The reared parasitoids were at most 7 days old, and defined as naïves, as they had never been exposed to the eggs before the behavioural tests. The wasps were given a choice between the young and old eggs of their respective hosts, with equal egg numbers in each mass. Responses were observed after 15 min, 30 min, and 1 h. The time intervals of 15 and 30 min were added to help determine whether the parasitoid changed its choice before making a final decision. All time intervals were considered in the data analysis for each parasitoid. The stem of the olfactometer was considered the neutral zone, and parasitoids retrieved from this zone were classified as non-responding. Two olfactometers were used simultaneously. Females entering at least 4 cm into the test arm was counted as a choice. After 1 h, the females and egg masses were removed, and the olfactometer was cleaned with acetone and pentane and oven-sterilized at 200°C for 2 h between replicates. A total of 40 replicates per species were conducted.
[image: Diagram showing an experimental setup for measuring an ant's path on a Y-shaped structure with sections labeled 'a', 'b', and 'c'. The structure is tilted at a forty-degree angle. The main path measures one hundred millimeters, leading from point 'a' to 'b', and branches into two paths labeled 'c'. An ant is at the beginning of the path. A machine is connected to the structure via a black wire.]FIGURE 2 | Schematic representation of an olfactometer assay at 40° angle, connected to a vacuum pump: (a) parasitoid entrance; (b) neutral zone; (c) choice zone with egg masses.Performance–No choice assays
Mated females of T. japonicus and T. basalis were individually placed in the centre of 60 × 15 mm Petri dishes. Each arena contained either a young or an old egg mass (Figure 1). The position of the tested parasitoid in the experimental area was recorded after 15 min, 1 h, and 24 h. A choice was confirmed when the female oviposited in the eggs (visual check on a microscope); otherwise, it was considered non-responding. After 24 h, the females and egg masses were removed, and the number of emerging nymphs, unhatched eggs, parasitism rate, and sex ratio of emerged parasitoids were recorded. A total of 40 replicates for both young and old egg masses were conducted in a climatised room (24°C ± 1°C, 70% RH, and a photoperiod of 16:8 h L:D).
Performance–Dual-choice assays
In the dual-choice behavioural experiment, a 7 day old single-mated T. japonicus or T. basalis female was placed in a small arena (90 mm Petri dish) with two egg clusters, with each egg cluster having an equal number of 26 eggs, of both ages (young and old) of their respective host (Figure 1). The position of the parasitoid in the arena was observed after 15 min, 1 h, and 24 h, considering oviposition as the confirmation of host selection. After 24 h, the female and egg masses were removed, and the number of emerging nymphs, unhatched eggs, parasitism rate, and sex ratio of the emerged parasitoids were recorded. A total of 40 replicates were conducted in a climatised room (24°C ± 1°C, 70% RH, and a photoperiod of 16:8 h L:D).
Egg volatile organic compounds collection and analysis
Given the difficulty of collecting egg-emitted volatile organic compounds (VOCs) without sample destruction, we opted to extract VOCs from grounded frozen eggs with solid-phase microextraction (SPME) fibres. This step aimed to enhance the efficiency of VOC extraction by providing better access to compounds in the headspace and by exploring the internal compounds of the egg masses. Additionally, increased surface area resulting from sample fragmentation improved adsorption onto the SPME fibre (Curran et al., 2016; Gaikwad et al., 2022). Notably, our study avoided the use of solvents during the collection of egg-emitted VOCs, as described in Michereff et al. (2016) and Tognon et al. (2016). Young and old egg masses of N. viridula and H. halys were individually deep-frozen in liquid nitrogen and cryo-grounded into a fine powder. The number of eggs per mass for N. viridula was standardised to 70–100 eggs, while those of H. halys were standardised to 20–28 eggs. Aliquots of the resulting powder (approx. 300 mg for N. viridula; approx. 100 mg for H. halys) were placed in glass vials (20 mL, Gerstel, Germany) and sealed with a PTFE septum. The exact weight of each sample was recorded for further standardisation. Samples were stored at −80°C prior to analysis.
Vials were submerged in a water bath maintained at 30 ± 1°C for 3 h to optimise the release of VOCs during sampling. VOCs were then collected on a 50/30 μm DVB/CAR/PDMS fibre (Supelco, Bellefonte, PA, United States) previously prepared at 250°C for 1 h. Six replicates per insect species were performed along with two control samples (empty glass vials). Six control samples were prepared by conducting SPME collections on empty vials.
VOC analyses were conducted in a 7890B gas chromatograph (GC) (Agilent Technologies, United States) coupled with a 7,010 triple quadrupole mass spectrometer (MS) (Agilent Technologies, United States). The SPME fibre was conditioned for 30 min at 250°C before use. VOCs were then injected (splitless mode) on a DB-5 capillary column (30 m × 0.25 mm I.D, 0.25 μm film thickness, Agilent J&W, Santa Clara, CA, United States) using helium as the carrier gas at a constant flow of 1.2 mL min−1. The GC oven temperature was kept at 50°C for 3 min and then ramped up to 180°C at 5°C min−1 This was then followed by a final ramp up of temperature at 8°C min−1 to achieve 250°C. This final temperature was held for 3 min. The MS analyses were performed with electron impact ionisation at 70 eV and the ion source was set at 230°C. Data acquisition was conducted in scan mode in the mass range of 35–350 amu. Mass spectra were compared with the Nist14.L library and pure standards were injected for confirmation. The Kovats retention index was calculated for each compound using linear alkanes (C4–C24) and semi-quantitative analysis of butyrolactone was based on the injection of a standard diluted in hexane. The relative concentrations of the isolated volatiles were standardised by the individual sample weight.
Statistical analyses
All statistical analyses were conducted using R (version 2025.05.0-496).
The evaluation of parasitoid choices, in double choice, footprint and olfactometer assays, was analysed by a generalized linear model (GLM) with a binomial distribution and a logit link function and was used to assess the effect of the interaction between observation time (15 min, 30 min, 1 h or 24 h) and modality (control or footprints; eggs or footprints; young or old eggs) on the choice behavior of T. japonicus and T. basalis (binary response: 1 = choice, 0 = no choice). A combined factor variable (timemodality) was created from the “time” and “modality” factors to model their interaction. A post hoc comparison was conducted using the emmeans package, with a significance threshold of p ≤ 0.05. The model was fitted with 239 degrees of freedom for the null model and 234 residual degrees of freedom for residuals.
In the performance tests conducted in Petri dishes (no choice and double choice tests), generalized linear models (GLMs) with a Poisson distribution and a log link function were used to analyze the effect of egg age on three response variables: the number of emerged nymphs, the number of emerged parasitoids, and unhatched egg. An offset term based on the total number of eggs (log (tot_eggs)) was included in each model to correct for differences in sample size. The predictor variable “age” was treated as a factor. A post hoc comparison was conducted using the emmeans package, with a significance threshold of p ≤ 0.05. The model was fitted with 79 degrees of freedom for the null model and 78 residual degrees of freedom for residuals.
VOC peak areas were compared between old and young eggs for each stink bug species using one-way ANOVA and the Kruskal–Wallis test (p ≤ 0.05).
RESULTS
Behaviour–Footprint assay
The response of T. japonicus and T. basalis to the footprints of gravid stink bug females was investigated. Interestingly, T. japonicus females did not exhibit attraction towards H. halys footprints (15 min: Z = −0.459; p = 0.65; 30 min: Z = −0.006; p = 0.99; 1 h: Z = −0.006; p = 0.99), with only 15% of individuals responding to the cues at least once across the three-time intervals and 85% showing no response (Figure 3). Conversely, T. basalis females displayed significant chemotaxis towards the footprints of gravid N. viridula females at 1 h and nearly had as much preference for the footprints at 15 min (15 min: Z = −1.930; p = 0.054; 30 min: Z = --0.016; p = 0.99; 1 h: Z = −2.087; p = 0.04), with 50% of individuals responding positively at least once across the three-time intervals (Figure 3).
[image: Two figures, (a) and (b), compare the mean of choice between Footprint and Control groups over 1 hour, 30 minutes, and 15 minutes. Part (a) shows bar graphs indicating negligible differences, deemed not significant, and three donut charts showing high choice percentages (93.8 to 98.8 percent) with minimal footprint selection. Part (b) shows larger bars for the Footprint group, significant at 1 hour, and corresponding donut charts displaying a gradual increase in footprint choice and a decrease in no-choice as time increases.]FIGURE 3 | Choice of (a) T. japonicus and (b) T. basalis between the filter paper with the footprints of a gravid female of its host and the control filter paper in a glass Petri dish at 15 min, 30 min and 1 h (40 replicates for each species). Stars *** indicate statistical difference (p ≤ 0.001) and ° marginally significant difference (0.08 ≤ p < 0.05). n.s states for non-significant difference.In the double-choice assay, where parasitoids were presented with a choice between young eggs and footprints, a significant orientation towards young eggs was observed for T. japonicus for all three-time intervals (15 min: Z = −3.828; p < 0.001; 30 min: Z = −3.828; p < 0.001; 24 h: Z = −4.095; p < 0.001), with 77.5% of individuals responding at least once across the three time intervals and 22.5% showing no response (Figure 4). Similarly, T. basalis exhibited a significant preference for young eggs for all three-time intervals (15 min: Z = −3.849; p < 0.001; 30 min: Z = −3.244; p < 0.01; 24 h: Z = −3.554; p < 0.001), with 67.5% of individuals responding at least once across the three-time intervals (Figure 4).
[image: Two panels labeled (a) and (b) each feature bar and pie charts. Panel (a) shows mean choices for "Footprint" and "Eggs" over varying times (15 minutes, 30 minutes, 1 hour) with consistently high preference for "Eggs." Pie charts indicate around 30% for "Footprint," 68.8% for "Eggs," and a minimal "No Choice." Panel (b) shows a slight shift favoring "Eggs," with bar charts showing lower means for "Eggs" compared to (a). Pie charts display over 70% preference for "Eggs," with "Footprint" and "No Choice" ranging below 26.2%.]FIGURE 4 | Choice of (a) T. japonicus and (b) T. basalis between young eggs from their host and the filter paper with the footprints of a gravid female of its host in a glass Petri dish at 15 min, 30 min and 1 h (40 replicates for each species). *** indicate a statistical difference (p ≤ 0.001).Behaviour–Y-olfactometer assays
In the Y-olfactometer, T. japonicus showed significant choice preference between young and old eggs of H. halys at 30 min but showed no discrimination at 15 min and 1 h (15 min: Z = −0.273; p = 0.79; 30 min: Z = −2.017; p = 0.04; 1 h: Z = −1.115; p = 0.27), with all individuals (100%) responding positively to the stimuli at least once across the three time intervals (Figure 5). Trissolcus basalis exhibited a significant preference for young eggs over old eggs at 30 min and nearly had as much preference for young eggs at 15 min and 1 h (15 min: Z = −1.922; p = 0.055; 30 min: Z = −2.251; p = 0.02; 1 h: Z = −1.777; p = 0.08), with all individuals (100%) responding positively at least once across the three time intervals and highlighting their preference for the olfactory cues associated with young eggs (Figure 5).
[image: Two sets of graphs show choices between old and young eggs over time. In (a), bar graphs indicate preference means after 1 hour, 30 minutes, and 15 minutes, with young eggs generally favored. Donut charts show the distribution of choices, with the largest portion consistently showing "No choice". In (b), bar graphs also display choices over time, with varied preference between old and young eggs. Donut charts again depict choice distributions, similarly dominated by "No choice". Statistical significance is noted using symbols.]FIGURE 5 | Choice of (a) T. japonicus and (b) T. basalis between young and old eggs of their host in olfactometer tests at 15 min, 30 min and 1 h (40 replicates for each species). Stars * indicate statistical difference (p ≤ 0.05) and ° marginally significant difference (0.08 ≤ p < 0.05). n.s states for non-significant difference.Performance–No choice assays
Regarding the performance of T. japonicus on young and old H. halys eggs, the emergence rate of nymphs was nearly 9% in both cases. The parasitism rate for young eggs was 75%, contrasting with 71% for old eggs. Furthermore, the rate of unhatched eggs was 16% for young eggs, whereas it rose to 20% for old eggs (Figure 6; Table 1). There was no significant difference in the emergence rate of nymphs after parasitisation (Z = 0.132; p = 0.89) and in the parasitism rate (Z = 0.906; p = 0.365). However, egg age had a marginal impact on the rate of unhatched eggs (Z = −1.919; p = 0.055) (Figure 6; Table 1).
[image: Bar graphs labeled (a) and (b) compare mean rates of parasitism, unhatched eggs, and nymph emergence between old and young eggs. Graph (a) shows parasitism highest in young eggs at 75.8%, with old eggs at 72.1%. Unhatched rates and nymph emergence are slightly lower for young eggs. Graph (b) shows parasitism higher in young eggs at 56.41%, versus 40.72% in old eggs. Unhatched and nymph emergence rates vary similarly, with young eggs having higher nymph emergence. Significance is denoted with asterisks.]FIGURE 6 | The rate of emergence of stink bugs nymphs, the rate of parasitism and the rate of unhatched eggs for (a) Halyomorpha halys eggs (parasitised by T. japonicus) and for (b) Nezara viridula eggs (parasitised by T. basalis) in the no choice arena trials (40 replicates for each species). Stars *** indicate statistical difference (p ≤ 0.001) and stars * indicate statistical difference (p ≤ 0.05) and marginally significant difference (0.08 ≤ p < 0.05). n.s. Indicates non-significant difference.TABLE 1 | Summary of mean values (±SE) for total eggs used, emerged nymphs, emerged parasitoids (with sex-ratio), and unhatched eggs by age and species in no-choice arena tests (40 egg masses for each species and age).		Halyomorpha halys	Nezara viridula
	Young eggs	Old eggs	Young eggs	Old eggs
	Eggs	23.7 ± 0.651	24.2 ± 0.697	70.1 ± 3.17	82.6 ± 2.7
	Emerged nymphes	2.22 ± 0.795	2.22 ± 0.755	25 ± 5.4	37.1 ± 6.15
	Emerged parasitoids	17.7 ± 1.13	17.2 ± 1.22	35.4 ± 4.22	32.7 ± 5.38
	Parasitoids sex-ratio (females: male)	7.22:1	10.08:1	10.08:1	7.77:1
	Unhatched eggs	3.8 ± 0.523	4.78 ± 0.722	9.6 ± 1.85	12.8 ± 2.38


Conversely, the performance of T. basalis on N. viridula eggs revealed notable differences. For young N. viridula eggs, the hatching rate of nymphs stood at 36%, while increasing to 45% for old eggs. The parasitism rate for young eggs was 50%, in contrast to 40% for old eggs. Additionally, the rate of unhatched eggs was 14% for young eggs, whereas it rose slightly to 15% for old eggs (Figure 6). The statistical analysis of N. viridula data indicated a highly significant difference in the emergency rate of nymphs (Z = −5.599; p < 0.001) and the overall rate of parasitism (Z = 6.422; p < 0.001). Moreover, the rate of unhatched eggs showed a marginal difference (Z = −1.88; p = 0.06) (Figure 6; Table 2).
TABLE 2 | Summary of mean values (±SE) for total eggs used, emerged nymphs, emerged parasitoids (with sex-ratio), and unhatched eggs by age and speciesin double-choice arena tests (40 egg masses for each species and age).		Halyomorpha halys	Nezara viridula
	Young eggs	Old eggs	Young eggs	Old eggs
	Eggs	23.9 ± 1.06	24.4 ± 0.976	81.2 ± 2.62	81 ± 2.99
	Emerged nymphs	8.38 ± 1.29	9.57 ± 1.35	34.4 ± 5.72	39.6 ± 5.04
	Emerged parasitoids	7.58 ± 1.31	7.32 ± 1.37	30.5 ± 4.32	24 ± 4.76
	Parasitoids sex-ratio (females: male)	5.73:1	3.13:1	7.58:1	5.67:1
	Unhatched eggs	7.92 ± 1.01	7.55 ± 0.98	16.3 ± 2.47	17.4 ± 2.18


Performance–Double-choice assays
The preference of T. japonicus between young and old eggs of its host species also showed a non-significant difference for all three-time intervals (15 min: Z = 0.708; p = 0.48; 30 min: Z = −0.456; p = 0.65; 24 h: Z = 0.224; p = 0.82), with 97.5% of individuals making a choice at least once across the three-time intervals (Figure 7). The performance of T. japonicus on H. halys eggs exhibited no significant difference in the rate of nymph emergence (Z = −1.472; p = 0.1), in parasitism rate (Z = 0.7; p = 0.4) and rate of unhatched eggs (Z = 0.899; p = 0.4) (Figure 8; Table 2).
[image: Bar charts and pie charts comparing choices between old and young eggs at different time intervals: (a) 24 hours, 30 minutes, and 15 minutes; (b) 15 minutes, 30 minutes, and 1 hour. Mean choices for old and young eggs are shown, with choice percentages indicated for each time frame. Color legend distinguishes between no choice, old, and young selections.]FIGURE 7 | Choice of (a) T. japonicus and (b) T. basalis between young and old eggs of their host in the double-choice arena trials at 15 min, 30 min and 24 h (40 replicates for each species). n.s states for non-significant difference.[image: Bar charts showing parasitism, unhatched eggs, and nymph emergence rates for old and young eggs. Chart (a) shows no significant differences. Chart (b) shows significant differences in parasitism and nymph emergence for young eggs, indicated by asterisks.]FIGURE 8 | The rate of emergence of stink bugs nymphs, the rate of parasitism and the rate of unhatched eggs for (a) Halyomorpha halys eggs (parasitised by T. japonicus) and (b) Nezara viridula eggs (parasitised by T. basalis) in the double-choice arena trials (40 replicates for each species). Stars *** indicate statistical difference (p ≤ 0.001) and ° marginally significant differences. n.s. Indicates non-significant difference.Similar to the H. halys-T. japonicus performance, the choice made by T. basalis between the young and old eggs of its host demonstrated a non-significant difference for all three-time intervals (15 min: Z = −1.124; p = 0.3; 30 min: Z = −0.675; p = 0.5; 24 h: Z = −1.561; p = 0.1), with 97.5% of individuals responding positively at least once across the three time intervals (Figure 7). However, the emergence rate of N. viridula nymphs was affected by the age of the egg mass exposed to T. basalis revealing a highly significant difference between young and old eggs in the emergence rate of stink bug nymphs (Z = 3.884; p < 0.001) and for the parasitism rate (Z = −5.478; p < 0.001), while the rate of unhatched eggs showed a non-significant difference (Z = 1.217; p = 0.2) (Figure 8).
Identification of VOCs
We identified α-cedrene (mean RI = 1,271), β-cedrene (mean RI = 1,372.5), β-funebrene (mean RI = 1,346.5), and γ-butyrolactone (RI = 1,401) in N. viridula egg masses. A C13 alkane (mean RI = 1,102.8) was found in both H. halys and N. viridula eggs but could not be identified based on available libraries. Except for the C13 alkane, no other compound was isolated from H. halys egg masses. No significant differences were observed between old and young N. viridula eggs due to high variability (Figure 9), where N. viridula old egg masses tended to release more γ-butyrolactone. The semi-quantitative assessment showed that γ-butyrolactone is present in young N. viridula eggs at levels of 10.14 ng/g fresh tissue, as determined by the molecular ion (m/z = 86), and 18.69 ng/g fresh tissue, based on the base peak (m/z = 42).
[image: Boxplot illustrating the surface concentrations of different chemical compounds across age groups of eggs. Compounds include alkane, α-cedrene, β-cedrene, β-funebrene, and γ-butyrolactone. Old and young groups are distinguished by light and dark gray boxes. The highest concentration is seen in the γ-butyrolactone for young eggs. Chemical structures and clustered circles symbolize the compounds.]FIGURE 9 | Peak area of each compound identified in old or young eggs of Halyomorpha halys (blue eggs) and Nezara viridula (yellow eggs). Absence of letters means no statistical difference.DISCUSSION
Parasitoid behaviour
Our findings reveal that both parasitoid species, T. japonicus and T. basalis, exhibited a preference for young over older eggs. From an ecological perspective, younger eggs are more susceptible to successful parasitisation as they provide an opportunity for a longer development time for the parasitoid and as parasitoids do not compete with stink bug nymphs that are already in the development stage. This increases the parasitoids’ chances of survival and successful emergence. Based on our results, we can conclude that parasitoids showed a stronger preference for young eggs when only volatile cues were available suggesting that olfaction plays a major role in this foraging behaviour.
In the arena experiments, when both footprints and young eggs were simultaneously offered, T. basalis strongly preferred eggs. The parasitoids selected the egg masses within an hour and did not change their choice (Figures 3 and 4). This suggests that eggs have an olfactory importance in the parasitoids’ host-seeking behaviour. However, we cannot exclude the possibility that clear host-foraging behaviours were not observed (e.g., brief motionless periods with full antennal contact with the substrate, decreased walking velocity, and increased turning velocity) (Colazza et al., 1999; Colazza et al., 2007; Peri et al., 2016).
Confirming this behavioural preference, the parasitism rate of young eggs was higher and the respective emergence rate of parasitoid wasps followed the same trend. In line with the preference–performance hypothesis, these results suggest that T. japonicus and T. basalis employ short-range cues from eggs to locate their oviposition sites. Moreover, following the mother knows best theory (Scheirs et al., 2000; Mayhew, 2001), T. japonicus and T. basalis assess the quality of their hosts to ensure optimal conditions for their progeny. A recent study from Tian et al. (2025) showed that Trichogramma japonicum (Hymenoptera: Trichogrammatidae) females were attracted to the best quality host eggs exploiting their odours. Our findings may offer mechanistic insights that complement a previous study by Qiu et al. (2007), which demonstrated a preference for young eggs without exploring the role of VOCs. The outcomes of our choice tests align with the behaviour of other Trissolcus species, such as Trissolcus semistriatus (Nees) and Trissolcus megallocephalus (Ashmead), both of which exhibited a preference for young eggs of their hosts over old ones (Awadalla, 1996; Kivan and Kilic, 2004). All female parasitoids used in our behavioural tests were naïve, with no prior parasitism experience. Experience is an important factor of egg parasitoids with indirect host-related cues being able to lead to behavioural responses (Salerno et al., 2009; Peri et al., 2016). However, the oviposition experience is also an important factor to consider in VOCs blend recognition. For example, D’Alessandro and Turlings (2005) showed that compared to naïve wasps, experienced wasps of Cotesia marginiventris (Hymenoptera: Braconidae) were more strongly attracted to a specific blend of maize seedlings after the blend was discerned while ovipositing. Oviposition experience plays a critical role in shaping the behaviour and reproductive strategies of naïve parasitoids. For example, in Anastatus japonicus (Hymenoptera: Eupelmidae) experienced females lay more eggs per clutch and exhibit enhanced reproductive efficiency (Wang et al., 2023).
It is essential to note that our experiments were conducted with eggs on artificial substrates. Previous studies on T. basalis indicated that attraction to eggs was more effective when the plant had been damaged by stink bugs (Colazza et al., 2004), underscoring the importance of additional cues and more complex VOC blends in the oviposition behaviour of Trissolcus species. Consequently, two hypotheses can be derived from these data: (a) T. japonicus may need more specific stimuli to recognise its host which,for example, may require more natural interactions (e.g., eggs laid directly on the leaf) to distinguish its host more specifically and consequently enhance parasitism, or (b) the olfactory profile of H. halys eggs is less diversified, making host recognition more challenging for T. japonicus.
Eggs-emitted VOCs
In this study, our comprehensive VOC collection facilitated the detection of compounds encompassing alkanes, sesquiterpenes, and lactones in the eggs of H. halys and N. viridula. Although a C13 alkane was isolated in both species, its identification remains elusive, whereas other alkanes have already been identified in H. halys and have been found to be often used as a defence metabolite (Weber et al., 2017). Malek et al. (2021) reported the presence of (E)-2-decenal and n-tridecane in H. halys nymphal instars and adults with a higher abundance in male H. halys extracts. Behavioural tests conducted on female T. japonicus revealed that n-tridecane led to a longer residence time on the filter paper compared to (E)-2-decenal. The blend of both compounds produced similar results to n-tridecane alone. Zhong et al. (2017) supported these findings by indicating that T. japonicus females were attracted to n-tridecane and repelled by (E)-2-decenal. These defensive compounds are typically emitted by the dorsal abdominal glands of nymphs and the metathoracic glands of adults (Lopes et al., 2015). To the best of our knowledge, this is the first time that alkanes have been isolated from Pentatomidae egg masses suggesting that this chemical defence is conserved at this developmental stage. Understanding whether these alkanes, likely transmitted by the mother, play a defensive role against natural egg enemies remains to be elucidated. No significant difference was observed between young and old eggs’ constitutive alkane profiles and further analyses should be conducted to characterise the actual release of these VOCs in the egg vicinity and potential age-dependent bioactivity.
In addition to alkanes, we identified sesquiterpenes in the egg masses, although exclusively in N. viridula. Similarly to alkanes, sesquiterpenes can also play a defensive role against pathogens and natural enemies. The sesquiterpene β-funebrene is not extensively discussed in entomological studies. In addition, sesquiterpenes play a role in parasitoid attraction (Hoballah and Turlings, 2005; D’Alessandro and Turlings, 2005; Ayelo et al., 2022). In our study, the sesquiterpenes α-cedrene, β-cedrene, and β-funebrene have not been individually tested and, to our knowledge, there is no available study related to their role as attractive compounds for parasitoids. However, the isomer α-funebrene is recognised as an oviposition-induced plant volatile produced by Brassica nigra L. during oviposition by Pieris brassicae L. (Lepidoptera: Pieridae) (Fatouros et al., 2012; Reymond, 2022), and the emission of α-funebrene increases with time. Our data suggests that β-funebrene could also be present on the eggs of certain pentatomids, potentially resulting in the attraction of parasitoids. Further research on these compounds is yet needed to draw conclusions.
The lactone γ-butyrolactone has been detected in N. viridula eggs but with significant variability between samples. Further analysis is necessary to identify and quantify all the compounds present in the eggs. This lactone has also been identified in the metathoracic glands of Aethus indicus (Westwood) (Hemiptera: Pentatomidae). Lactones in insects often play a defensive role as demonstrated in beetles (e.g., dodecalactone) and bees (e.g., decalactone, decalactone) (Olagbemiro et al., 1984). Since the development of parasitoid offspring decreases as egg age increases (Godfray, 1994), γ-butyrolactone may serve as an indicator of egg quality for females, enabling them to choose eggs that offer the best conditions for successful oviposition. Consequently, γ-butyrolactone may function as a cue that helps females identify and select eggs most suitable for optimal progeny development.
Overall, the collection resulted in a narrow spectrum of compounds. Notably, the eggs were laid on an artificial substrate exclusive of plant influence. However, the development of the embryo in the egg is influenced by the plants’ secondary metabolites, which are incorporated into the eggs and serve as protection from parasitoids and predation (Blum and Hilker, 2003). We also hypothesise that for a survival strategy, there is no ecological interest for the eggs to have a particularly attractive odour, as discretion might be one of the few defence mechanisms. Physiological interactions with the plant could certainly result in the release of more complex compound blends. Therefore, we expect a greater presence of external and internal egg compounds in cases where the egg was laid directly on the plant. The aim of this study was to detect the egg’s odour in the absence of the plant’s influence. Future experiments are necessary to compare the rate of parasitisation between the two types of oviposition.
Based on the literature describing the defensive effect of some compounds herein isolated, we hypothesise that these compounds may defend egg mass from external microbial infections. Despite the low complexity of the blends released by egg masses, parasitoids could still use these VOCs as cues to locate the eggs of their insect hosts. Trissolcus japonicus and T. basalis can discriminate between young and old eggs, thereby increasing their fitness. Our data supports the hypothesis that chemical cues released by egg masses are used by parasitoids to precisely locate oviposition sites. Nevertheless, this mechanism still needs to be demonstrated through further behavioural tests.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The manuscript presents research on animals that do not require ethical approval for their study.
AUTHOR CONTRIBUTIONS
AS: Data curation, Investigation, Methodology, Writing – original draft, Writing – review and editing. IH: Conceptualization, Investigation, Methodology, Writing – review and editing. MC: Data curation, Resources, Writing – review and editing. FV: Conceptualization, Data curation, Resources, Supervision, Writing – review and editing. DL: Conceptualization, Investigation, Methodology, Supervision, Writing – original draft, Writing – review and editing.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. The current study was funded by ordinary funds from Agroscope. AS was awarded a Fund for research training in industry and agriculture (FRIA number: FC058135) grant from Belgium to achieve her PhD thesis. Open access funding by Agroscope.
ACKNOWLEDGMENTS
We would like to thank and recognise the contributions of Romain Chablais and Julie Laurent and their support in the rearing facilities and assistance. We are also grateful to the reviewers who helped improve the current contribution with constructive comments and corrections. Figures 1, 2 were realized with BioRender.com.
CONFLICT OF INTEREST
The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
REFERENCES
	Awadalla S. S. (1996). Influence of temperature and age of Nezara viridula L. eggs on the scelionid egg parasitoid, trissolcus megallocephalus (ashm.) (hym., scelionidae). J. Appl. Entomol. 120 (1–5), 445–448. doi:10.1111/j.1439-0418.1996.tb01634.x

	Ayelo P. M., Mohamed S. A., Chailleux A., Yusuf A. A., Pirk C. W., Deletre E. (2022). The parasitoid Dolichogenidea gelechiidivoris eavesdrops on semiochemicals from its host tuta Absoluta and tomato. J. Pest Sci. 95 (2), 633–652. doi:10.1007/s10340-021-01424-w

	Blum M. S., Hilker M. (2003). Chemical protection of insect eggs. In: M. Hilker, T. Meiners, editors. Chemoecology of insect eggs and egg deposition . New York, NY: Wiley. p. 61–90. doi:10.1002/9780470760253.ch3

	Botch P. S., Delfosse E. S. (2018). Host-acceptance behavior of Trissolcus japonicus (hymenoptera: scelionidae) reared on the invasive halyomorpha Halys (heteroptera: pentatomidae) and nontarget species. Environ. Entomol. 47 (2), 403–411. doi:10.1093/ee/nvy014

	Colazza S., Aquila G., Pasquale C., Peri E., Millar J. (2007). The egg parasitoid Trissolcus basalis uses n-nonadecane, a cuticular hydrocarbon from its stink bug host Nezara viridula, to discriminate between female and Male hosts. J. Chem. Ecol. 33 (7), 1405–1420. doi:10.1007/s10886-007-9300-7

	Colazza S., Fucarino A., Peri E., Salerno G., Conti E., Bin F. (2004). Insect oviposition induces volatile emission in herbaceous plants that attracts egg parasitoids. J. Exp. Biol. 207 (Pt 1), 47–53. doi:10.1242/jeb.00732

	Colazza S., Salerno G., Wajnberg E. (1999). Volatile and contact chemicals released by Nezara viridula (heteroptera: pentatomidae) have a kairomonal effect on the egg parasitoid Trissolcus basalis (hymenoptera: scelionidae). Biol. Control. 16 (3), 310–317. doi:10.1006/bcon.1999.0763

	Conti E., Avila G., Barratt B., Cingolani F., Colazza S. Guarino S., et al. (2021). Biological control of invasive stink bugs: review of global state and future prospects. Entomol. Exp. Appl. 169 (1), 28–51. doi:10.1111/eea.12967

	Conti E., Colazza S. (2012). Chemical ecology of egg parasitoids associated with true bugs. Psyche 2012, 1–11. doi:10.1155/2012/651015

	Curran K., Underhill M., Gibson L. T., Strlic M. (2016). The development of a SPME-GC/MS method for the analysis of VOC emissions from historic plastic and rubber materials. Microchem. J. 124, 909–918. doi:10.1016/j.microc.2015.08.027

	D’Alessandro M., Turlings T. C. (2005). In situ modification of herbivore-induced plant odors: a novel approach to study the attractiveness of volatile organic compounds to parasitic wasps. Chem. Senses 30 (9), 739–753. doi:10.1093/chemse/bji066

	Desneux N., Decourtye A., Delpuech J. M. (2007). The sublethal effects of pesticides on beneficial arthropods. Annu. Rev. Entomol. 52 (1), 81–106. doi:10.1146/annurev.ento.52.110405.091440

	Díaz S., Settele J., Brondízio E. S., Ngo H. T., Agard J. Arneth A., et al. (2019). Pervasive human-driven decline of life on Earth points to the need for transformative change. Science 366, eaax3100. doi:10.1126/science.aax3100

	Esquivel J., Musolin D., Jones W., Rabitsch W., Greene J. Toews M., et al. (2018). Nezara viridula (L.). In: J. E. McPherson, editor. Invasive stink bugs and related species (pentatomoidae): biology, higher systematics, semiochemestry, and management . Boca Raton: CRC Press. Taylor and Francis Group. p. 351–423. doi:10.1201/9781315371221-7

	Fatouros N. E., Dicke M., Mumm R., Meiners T., Hilker M. (2008). Foraging behavior of egg parasitoids exploiting chemical information. Behav. Ecol. 19 (3), 677–689. doi:10.1093/beheco/arn011

	Fatouros N. E., Lucas-Barbosa D., Weldegergis B. T., Pashalidou F. G., van Loon J. J. A. Dicke M., et al. (2012). Plant volatiles induced by herbivore egg deposition affect insects of different trophic levels. PloS One 7 (8), e43607–e43613. doi:10.1371/journal.pone.0043607

	Faúndez E., Rider D. (2017). The brown marmorated stink bug halyomorpha Halys (stål, 1855) (heteroptera: pentatomidae) in Chile. Arq. Entomolóx. 17, 305–307. 

	Gaikwad S., Kim Y., Gaikwad R., Han S. (2022). Enhanced VOC adsorption capacity on MOF thin layer with reduced particle size by cryogrinding and microwave method. J. Environ. Chem. Eng. 10 (3), 107567. doi:10.1016/j.jece.2022.107567

	Godfray H. C. J. (1994). Parasitoids: behavioural and evolutionary ecology. Princeton, NJ: Princeton University Press, Vol. 60. doi:10.2307/j.ctvs32rmp

	Haye T., Weber D. C. (2017). Special issue on the brown marmorated stink bug, halyomorpha Halys: an emerging Pest of global concern. J. Pest Sci. 90 (4), 987–988. doi:10.1007/s10340-017-0897-1

	Hoballah M. E., Turlings T. C. (2005). The role of fresh versus old leaf damage in the attraction of parasitic wasps to herbivore-induced maize volatiles. J. Chem. Ecol. 31 (9), 2003–2018. doi:10.1007/s10886-005-6074-7

	Hoebeke E., Carter M. E. (2003). Halyomorpha Halys (stål) (heteroptera: pentatomidae): a polyphagous plant Pest from Asia newly detected in North America. Proc. Entomol. Soc. Wash. 105 (1), 225–237. 

	Jones V. P. (1995). Reassessment of the role of predators and Trissolcus basalis in biological control of southern green stink bug (hemiptera: pentatomidae) in Hawaii. Biol. Control 5 (4), 566–572. doi:10.1006/bcon.1995.1067

	Kamiyama M., Matsuura K., Hata T., Yoshimura T., Yang C.-C. (2022). Seasonal parasitism of native egg parasitoids of brown marmorated stink bug (halyomorpha Halys) in Japan. J. Pest Sci. 95 (3), 1067–1079. doi:10.1007/s10340-021-01455-3

	Kivan M., Kilic N. (2004). Influence of host species and age on host preference of Trissolcus semistriatus. BioControl 49 (5), 553–562. doi:10.1023/B:BICO.0000036436.06260.19

	Lee D.-H. (2015). Current status of research progress on the biology and management of halyomorpha Halys (hemiptera: pentatomidae) as an invasive species. Appl. Entomol. Zool. 50 (3), 277–290. doi:10.1007/s13355-015-0350-y

	Lee D.-H., Short B. D., Joseph S. V., Bergh J. C., Leskey T. C. (2013). Review of the biology, ecology, and management of halyomorpha Halys (hemiptera: pentatomidae) in China, Japan, and the Republic of Korea. Environ. Entomol. 42 (4), 627–641. doi:10.1603/EN13006

	Leskey T., Hamilton G., Nielsen A., Polk D., Rodriguez-Saona C. Bergh J., et al. (2012). Pest status of the brown marmorated stink bug, halyomorpha Halys in the USA. Outlooks Pest Manag. 23 (5), 218–226. doi:10.1564/23oct07

	Li C. Z., Sun H., Gao Q., Bian F. Y., Noman A. Xiao W. H., et al. (2020). Host plants alter their volatiles to help a solitary egg parasitoid distinguish habitats with parasitized hosts from those without. Plant Cell. Environ. 43 (7), 1740–1750. doi:10.1111/pce.13747

	Lopes R. B., Laumann R. A., Blassioli-Moraes M. C., Borges M., Faria M. (2015). The fungistatic and fungicidal effects of volatiles from metathoracic glands of soybean-attacking stink bugs (heteroptera: pentatomidae) on the entomopathogen Beauveria bassiana. J. Invertebr. Pathol. 132, 77–85. doi:10.1016/j.jip.2015.08.011

	Maistrello L., Dioli P., Bariselli M., Mazzoli G. L., Giacalone-Forini I. (2016). Citizen science and early detection of invasive species: phenology of first occurrences of halyomorpha Halys in southern Europe. Biol. Invasions 18 (11), 3109–3116. doi:10.1007/s10530-016-1217-z

	Malek R., Kaser J. M., Anfora G., Ciolli M., Khrimian A. Weber D. C., et al. (2021). Trissolcus japonicus foraging behavior: implications for host preference and classical biological control. Biol. Control 161 (7), 104700. doi:10.1016/j.biocontrol.2021.104700

	Mattiacci L., Vinson S. B., Williams H. J., Aldrich J. R., Bin F. (1993). A long-range attractant kairomone for the egg parasitoid Trissolcus basalis, isolated from defensive secretion of its host, Nezara viridula. J. Chem. Ecol. 19, 1167–1181. doi:10.1007/BF00987378

	Mayhew P. J. (2001). Herbivore host choice and optimal bad motherhood. Trends Ecol. Evol. 16 (4), 165–167. doi:10.1016/s0169-5347(00)02099-1

	McIntosh H., Lowenstein D., Wiman N., Wong J., Lee J. (2019). Parasitism of frozen halyomorpha Halys eggs by trissolcus Japonicus: applications for rearing and experimentation. Biocontrol Sci. Technol. 29, 478–493. doi:10.1080/09583157.2019.1566439

	Mele A., Avanigadda D. S., Ceccato E., Olawuyi G. B., Simoni F. Duso C., et al. (2024). Comparative life tables of Trissolcus japonicus and Trissolcus mitsukurii, egg parasitoids of halyomorpha Halys. Biol. Control 195, 105548. doi:10.1016/j.biocontrol.2024.105548

	Michereff M. F. F., Borges M., Aquino M. F. S., Laumann R. A., Mendes Gomes A. C. M., Blassioli-Moraes M. C. (2016). The influence of volatile semiochemicals from stink bug eggs and oviposition-damaged plants on the foraging behaviour of the egg parasitoid Telenomus podisi. Bull. Entomol. Res. 106 (5), 663–671. doi:10.1017/S0007485316000419

	Nielsen A. L., Shearer P. W., Hamilton G. C. (2008). Toxicity of insecticides to halyomorpha Halys (hemiptera: pentatomidae) using glass-vial bioassays. J. Econ. Entomol. 101 (4), 1439–1442. doi:10.1603/0022-0493(2008)101[1439:toithh]2.0.co;2

	Olagbemiro T. O., Khan M. N., Mohammed A. (1984). γ-butyrolactone from the Black stink bug: aethus indicus westwood (hemiptera: pentatomidae). Z. Naturforsch. C 39 (3–4), 313–314. doi:10.1515/znc-1984-3-422

	Panizzi A. R., Lucini T. (2016). What happened to Nezara viridula (L.) in the americas? Possible reasons to explain populations decline. Neotrop. Entomol. 45 (6), 619–628. doi:10.1007/s13744-016-0446-2

	Peñaflor M. F. G. V., de Moraes Sarmento M. M., Da Silva C. S. B., Werneburg A. G., Bento J. M. S. (2012). Effect of host egg age on preference, development and arrestment of telenomus Remus (hymenoptera: scelionidae). Eur. J. Entomol. 109 (1), 15–20. doi:10.14411/eje.2012.003

	Peri E., Salerno G., Slimani T., Frati F., Conti E. Colazza S., et al. (2016). The response of an egg parasitoid to substrate-borne semiochemicals is affected by previous experience. Sci. Rep. 6 (1), 27098. doi:10.1038/srep27098

	Qiu L. F., Yang Z., Tao W. (2007). Biology and population dynamics of Trissolcus halyomorphae. Sci. Silvae Sin. 43, 62–65. doi:10.11707/j.1001-7488.20071111

	Reymond P. (2022). The chemistry of plant-insect egg interactions. Chimia 76 (11), 914–921. doi:10.2533/chimia.2022.914

	Rice K., Bergh J., Bergmann E., Biddinger D., Dively G. Fraser H., et al. (2014). Biology, ecology, and management of brown marmorated stink bug (hemiptera: pentatomidae). J. Integr. Pest Manag. 5, 1–13. doi:10.1603/IPM14002

	Sabbatini-Peverieri G., Dieckhoff C., Giovannini L., Marianelli L., Roversi P. F., Hoelmer K. (2020). Rearing Trissolcus japonicus and Trissolcus mitsukurii for biological control of halyomorpha Halys. Insects 11 (11), 787. doi:10.3390/insects11110787

	Salerno G., Colazza S., Conti E. (2002). Sub-lethal effects of deltamethrin on walking behaviour and response to host kairomone of the egg parasitoid Trissolcus basalis. Pest Manag. Sci. 58 (7), 663–668. doi:10.1002/ps.492

	Salerno G., Conti E., Peri E., Colazza S., Bin F. (2006). Kairomone involvement in the host specificity of the egg parasitoid Trissolcus basalis (hymenoptera: scelionidae). Eur. J. Entomol. 103 (2), 311–318. doi:10.14411/eje.2006.040

	Salerno G., Frati F., Conti E., De Pasquale C., Peri E., Colazza S. (2009). A finely tuned strategy adopted by an egg parasitoid to exploit chemical traces from host adults. J. Exp. Biol. 212 (12), 1825–1831. doi:10.1242/jeb.028308

	Scheirs J., De Bruyn L., Verhagen R. (2000). Optimization of adult performance determines host choice in a grass miner. Proc. R. Soc. B Biol. Sci. 267 (1457), 2065–2069. doi:10.1098/rspb.2000.1250

	Tian Z., Wang Y., Sun T., Hu X., Hao W. Zhao T., et al. (2025). An egg parasitoid assesses host egg quality from Afar using oviposition-induced plant volatiles. Curr. Biol. S0960–S09822. doi:10.1016/j.cub.2025.04.066

	Tillman P. G., Aldrich J. R., Khrimian A., Cottrel T. E. (2010). Pheromone attraction and cross-attraction of nezara, acrosternum, and euschistus spp. stink bugs (heteroptera: pentatomidae) in the field. Environ. Entomol. 39 (2), 610–617. doi:10.1603/EN09114

	Todd J. W. (1989). Ecology and behavior of Nezara viridula. Annu. Rev. Entomol. 34, 273–292. doi:10.1146/annurev.en.34.010189.001421

	Tognon R., Aldrich J. R., Buffington M. L., Talamas E. J., Sant’Ana J., Zalom F. G. (2017). Halyomorpha Halys (heteroptera: pentatomidae) egg surface chemicals inhibit north American telenomus and trissolcus (hymenoptera: scelionidae) parasitism. Biol. Control 114, 39–44. doi:10.1016/j.biocontrol.2017.07.014

	Tognon R., Sant’Ana J., Zhang Q.-H., Millar J. G., Aldrich J. R., Zalom F. G. (2016). Volatiles mediating parasitism of Euschistus conspersus and halyomorpha Halys eggs by Telenomus podisi and Trissolcus erugatus. J. Chem. Ecol. 42 (10), 1016–1027. doi:10.1007/s10886-016-0754-3

	Vet L., Dicke M. (1992). Ecology of infochemical use by natural enemies in a tritrophic context. Annu. Rev. Entomol. 37, 141–172. doi:10.1146/annurev.en.37.010192.001041

	Vinson S. B. (1998). The general host selection behavior of parasitoid Hymenoptera and a comparison of initial strategies utilized by larvaphagous and oophagous species. Biol. Control 11 (2), 79–96. doi:10.1006/bcon.1997.0601

	Wang Z. Y., Wang Y. F., Yin S. Y., Liu P. C., Hu H. Y. (2023). Oviposition experience promotes active reproductive behaviour in a synovigenic parasitoid. J. Hymenopt. Res. 95, 1–12. doi:10.3897/jhr.95.96631

	Weber D. C., Morrison W. R., Khrimian A., Rice K. B., Leskey T. C. Rodriguez-Saona C., et al. (2017). Chemical ecology of halyomorpha Halys: discoveries and applications. J. Pest Sci. 90 (4), 989–1008. doi:10.1007/s10340-017-0876-6

	Wermelinger B., Wyniger D., Forster B. (2008). First records of an invasive bug in Europe: halyomorpha Halys stål (heteroptera: pentatomidae), a new Pest on woody ornamentals and fruit trees?Bull. Soc. Entomol. Suisse 81, 1–8. 

	Yang Z.-Q., Yao Y. X., Qiu L. F., Li Z. X. (2009). A new species of trissolcus (hymenoptera: scelionidae) parasitizing eggs of halyomorpha halys (heteroptera: pentatomidae) in China with comments on its biology. Ann. Entomol. Soc. Am. 102, 39–47. doi:10.1603/008.102.0104

	Zhong Y.-Z., Zhang J.-P., Ren L.-L., Tang R., Zhan H.-X. Chen G.-H., et al. (2017). Behavioral responses of the egg parasitoid Trissolcus japonicus to volatiles from adults of its stink bug host, halyomorpha Halys. J. Pest Sci. 90 (4), 1097–1105. doi:10.1007/s10340-017-0884-6


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2025 Sion, Hiltpold, Cléroux, Verheggen and la Forgia. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphys-16-1588946-g005.jpg
Old eggs

Young eggs

1h 425 — 55 n.s
30 min 15 *
15 min 20 n.s

100 75 50 25 0 25 50 75 100
Mean of choice
15min 30min 1h
51.2%
78.8% 75%
Choice | No_choice [Jlj o [l Young
(a)
Oldeggs . Youngeggs
1h — I 0
30 min 275 —— I o .
15 min o — s o .
100 75 50 25 0 25 50 75 100
Mean of choice
15min 30min 1h
50%
60%
70%
Choice No_choice . Old . Young

(b)





OPS/images/fphys-16-1588946-g006.jpg
Old eggs +Young eggs
Parasitism 721 — _ 758 n.s
Unhatched eggs 19— g 54 °
Nymphes emergence 89 — [ 88 ns
100 75 50 25 0 25 50 75 100

Mean of rate [%)]

@)

Oldeggs ' Youngeggs
Parasitism 4072 —— _—' 56.41 b
Unhatched eggs 1540 — B 1288 0
Nymphes Emergence 4379 —— S o o
100 75 50 25 0 25 50 75
Mean of rate [%)]

(b)





OPS/images/fphys-16-1588946-g003.jpg
Footprint . Control
1h 25 0 n.s
30 min 25 '—i 0 n.s
15 min 75 — E 5 n.s
100 75 50 25 0 25 50 75 100

Mean of choice
15min 30min 1h

5%
1.2% 1.280

93.8% 98.8% 98.8%

Choice . Control . Footprint No_choice

(a)
Footprint : Control
1h 25 —— B4 5 "
30 min 15— 0 n.s
15 min 75 — | 25 i
100 75 50 25 0 25 50 75 100

Mean of choice

15min 30min 1h

\ L n

90% 92.5% 86.2%

Choice . Control . Footprint No_choice

(b)





OPS/images/fphys-16-1588946-g004.jpg
1h

30 min

15 min
100

15min

1h

30 min

15 min
100

15min

75

75

ofe

Footprint Eggs

s — IS 5

25 S <

25 60
50 25 0 25 50 75

Mean of choice

30min

000

choice [ eqos [l Footprint ~ No_choice

(a)
Footprint . Eggs
75 [
10
75
50 25
Mean of choice

choice Il gos [l Footorint | No_choice

(b)

CRE IR I






OPS/images/fphys-16-1588946-g009.jpg
Surface

1.5e+08

1.0e+08

5.0e+07

0.0e+00

a-cedrene B-cedrene
Compound x Species

gn

B-funebrene

(o
&

y-butyrolactone

Age of eggs
B3 o
. Young





OPS/images/fphys-16-1588946-g007.jpg
Young eggs

24h
30 min
15 min

100 75 50 25 0 25 50 75 100
Mean of choice

15min 30min 1h

53.8%
60%
66.2%
Choice No_choice [l o [l Young
(a)
Old eggs Young eggs

24h 75— IS — s ns
30 min 40— I 475 n.s

15 min 375 +—— 50 n.s

100 75 50 25 0 25 50 75 100
Mean of choice

15min 30min 1h

56.2% 56.2% 53.8%

Choice No_choice . old . Young

(b)





OPS/images/fphys-16-1588946-g008.jpg
Old eggs Young eggs
Parasitism 203 — = a2 n.s
Unhatched eggs 304 — - a2 n.s
Nymphes Emergence 402 — s 34 n.s
100 75 50 25 0 25 50 75 100
Mean of rate [%]
(a)
Oldeggs . Youngeggs
Parasitism 289 —— = i o
Unhatched eggs 214 - s n.s
Nymphes Emergence 497 —— - 38.1 o
100 75 50 25 0 25 50 75 100
Mean of rate [%)]

(b)





OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		What’s my age again? Assessing the impact of stink bug egg mass age on host recognition by egg parasitoids Trissolcus basalis and Trissolcus japonicus (Hymenoptera: Scelionidae)		INTRODUCTION

		MATERIALS AND METHODS		Stink bug rearing and handling

		Parasitoid rearing

		Behaviour–Footprint assay

		Behaviour–Y-olfactometer assays

		Performance–No choice assays

		Performance–Dual-choice assays

		Egg volatile organic compounds collection and analysis

		Statistical analyses





		RESULTS		Behaviour–Footprint assay

		Behaviour–Y-olfactometer assays

		Performance–No choice assays

		Performance–Double-choice assays

		Identification of VOCs





		DISCUSSION		Parasitoid behaviour

		Eggs-emitted VOCs





		DATA AVAILABILITY STATEMENT

		ETHICS STATEMENT

		AUTHOR CONTRIBUTIONS

		FUNDING

		ACKNOWLEDGMENTS

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		REFERENCES









OPS/images/cover.jpg
, frontiers ‘ Frontiers in Physiology

What's my age again? Assessing
the impact of stink bug egg
mass age on host recognition
by egg parasitoids Trissolcus
basalis and Trissolcus japonicus
(Hymenoptera: Scelionidae)





OPS/images/fphys-16-1588946-g001.jpg





OPS/images/fphys-16-1588946-g002.jpg









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
¥ frontiers | Frontiers in Physiology





