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Female egg parasitoids must optimize their ability to find a suitable host for reproduction in a limited foraging time. Odorant cues associated with the plant–host complex play an essential role in guiding females toward the host. However, parasitoid response is not always identical within the same genotype, and it could be influenced by the environment. This phenotypic plasticity affects parasitoid behavior and morphology and is directly linked to rearing conditions. Yet, how plasticity influences olfactory responses of egg parasitoids toward plant–host odors is largely unexplored. Trissolcus japonicus (Ashmead) (Hymenoptera: Scelionidae) is an effective biocontrol agent of the invasive brown marmorated stink bug, Halyomorpha halys (Stål) (Hemiptera: Pentatomidae). Laboratory no-choice and choice tests showed T. japonicus potential to develop in eggs of non-target Pentatomidae. In Y-tube olfactometer we evaluated the olfactory responses of T. japonicus reared on different hosts toward plant–host derived volatiles associated with H. halys and two other stink bug species. Parasitoids reared on the main host H. halys positively responded only to odors from V. faba–H. halys complex. When reared on alternative hosts, T. japonicus was smaller and did not exhibit attraction to any stimuli, although egg load was only partially affected. Host-induced phenotypic plasticity should be considered when evaluating parasitoids for classical biological control.
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1 Introduction

Entomophagous insects, such as egg parasitoids, rely on odor cues for finding a suitable oviposition site (Fatouros et al., 2008; Greenberg et al., 2023). Therefore, for optimal foraging behavior, it is fundamental that host associated cues are easily detectable and reliable (Vet and Dicke, 1992; Steidle and van Loon, 2002). Plants attacked by herbivorous insects emit volatile compounds that attract parasitoids in a very specific way (de Moraes et al., 1998; Dicke, 1999; Chiappini et al., 2012). In addition, odors from the herbivore itself can be informative, for foraging parasitoid females, of the presence of suitable host stages (Afsheen et al., 2008; Ayelo et al., 2022). One key aspect of parasitoid behavior is that it is influenced by exogenous factors (Boivin, 2010). Parasitoids have the capacity to adapt to changes in the environmental conditions to maximize their fitness (Whitman and Agrawal, 2009; Boivin, 2010). The ability of a single genotype to produce distinct phenotypes when exposed to different environments is referred as phenotypic plasticity (West-Eberhard, 1989). Morphological, physiological, and behavioral traits have been well documented to be affected by phenotypic plasticity in parasitoids (Harvey, 2005; Boivin, 2010). For instance, adult size depends on host size, and, when in relation with other parameters such as egg load, longevity, and fecundity, it can be used as a proxy for parasitoid fitness (Roitberg et al., 2001). Indeed, differences in body size can determine parasitoid behavior, such as dispersal ability and searching efficiency within patches, with consequences on the parasitoid foraging activity (Visser, 1994; Ellers et al., 1998). Unexpectedly, the effect of phenotypic plasticity induced by parasitoid rearing conditions to the olfactory responses of foraging egg parasitoids is largely unexplored.

The brown marmorated stink bug, Halyomorpha halys (Stål) (Hemiptera: Pentatomidae), is native to northeastern Asia, and it was accidentally introduced in several areas of the US, Canada, Europe, and Chile, where it established and now is considered a serious agricultural pest (Lee et al., 2013; Leskey and Nielsen, 2018). The egg parasitoid Trissolcus japonicus (Ashmead) (Hymenoptera: Scelionidae) is the most promising biocontrol agent of H. halys. In 2020, a biocontrol program utilizing T. japonicus was started in Italian regions invaded by the stink bug (Zapponi et al., 2021). No-choice and choice laboratory tests and analysis of field collected egg masses have revealed, however, that T. japonicus can successfully develop also in stink bug species other than H. halys (Zhang et al., 2017; Lara et al., 2019; Haye et al., 2020; Sabbatini-Peverieri et al., 2021). Interestingly, such parasitization on alternative hosts eventually resulted in the emergence of different phenotypes of the parasitoid (Botch and Delfosse, 2018). Here, we conducted a series of Y-tube olfactomer bioassays to evaluate behavioral responses of T. japonicus phenotypes, reared on the main host, H. halys, or on alternative non-target stink bug hosts, toward odors from plant–host complexes. Previous research has revealed that T. japonicus originating from H. halys positively responds to olfactory cues from Solanum lycopersicum L.–H. halys complex (Bertoldi et al., 2019). Here, we hypothesized that behavioral changes toward host-associated cues may occur because of the species of parasitoid rearing host.




2 Materials and methods



2.1 Stink bugs

Adult H. halys, Dolycoris baccarum L. (both herbivorous species), and Arma custos (F.) (a predatory species) (all Hemiptera: Pentatomidae) were initially collected in natural and agricultural ecosystems located in north and central Italy. These non-target stink bugs are present both in Europe and Asia (Panizzi, 2013; Zhao et al., 2018) and were selected because of the higher rates of parasitization by T. japonicus displayed in no-choice host suitability tests (Haye et al., 2020; Sabbatini-Peverieri et al., 2021). Moreover, A. custos is a well-known predator of several herbivorous pests within Lepidoptera, Coleoptera, Hymenoptera, and Hemiptera (Fan et al., 2020). Laboratory colonies of the stink bugs were reared in a climatic chamber maintained in controlled environmental conditions (25 ± 1°C, 60 ± 5% relative humidity, 16/8-h light/dark). Approximatively, 60 males and females of H. halys, D. baccarum, and A. custos were reared in mesh cages (Kweekkooi, 40 cm × 40 cm × 60 cm, Vermandel, Hulst, The Netherlands). A diet consisting of carrots (Daucus carota L.), apples (Malus domestica Borkh), pears (Pyrus communis L.), hazelnuts (Corylus avellana L.), and sunflower seeds (Helianthus annus L.) was supplied three times a week to H. halys and D. baccarum, whereas Tenebrio molitor (L.) (Coleoptera: Tenebrionidae) pupae were offered to A. custos adults. Water was provided with an upside-down cotton jar sealed on a Petri dish. On the bottom of all the cages, a paper towel served as substrate for food and as supplementary oviposition substrate. Egg masses were daily collected and used for stink bug rearing maintenance or frozen at −20°C for parasitoid rearing. Four physogastric females (about 2 weeks old) of each stink bug species were taken from the colonies and used for the bioassays.




2.2 Parasitoids

Adult T. japonicus were reared in 50ml Falcon plastic tubes and maintained in a climatic chamber (Corning, Italy) at controlled conditions (25 ± 1°C, 85 ± 5 relative humidity, 16/8-h light/dark). A diet consisting of droplets of pure honey was provided on a piece (2 cm × 2 cm) of laboratory film (Parafilm®, Bemis, USA). The original strain of T. japonicus was provided by United States Department of Agriculture (USDA) with kind permission of K.A. Hoelmer (USDA-ARS Beneficial Insects Introductions Research Unit, in Newark, DE, USA) (Sabbatini-Peverieri et al., 2021). Three different colonies of the parasitoid were established and maintained on eggs of H. halys, D. baccarum, and A. custos. Each colony was reared in separate tubes. In each parasitoid tube, a stink bug egg mass of a given species was offered to one mated T. japonicus female (approximately 1 week old), which originated from the same colony. Newly emerged parasitoids were allowed to mate before being used in bioassays. Tested females belonged to the fourth to eighth generation and were approximatively 8 days old. In addition, for each parasitoid colony, 30 females were randomly collected for body size assessment. Females were killed at −20°C, and their head width and height as well as right hind femur and tibia length were measured by microscopic inspection and analyzed using ImageJ (Rasband, 1997). Furthermore, the egg load of T. japonicus reared on all the three host species was specifically recorded at 4, 8, 12, and 20 days after emergence. For each combination of timing and host species, 9–10 females were killed in 96% ethanol, and, then, they were individually transferred in a drop of water on a glass slide placed under a stereo microscope (Gaudreau et al., 2022). Female head and thorax were removed, and the abdomen was gently opened using two fine tweezers. Mature eggs were stained with 0.025% Evan’s Blue and counted (similarly to Rondoni et al., 2017; Sabbatini-Peverieri et al., 2021; Gaudreau et al., 2022; Giovannini et al., 2022). Egg pictures were taken with a digital camera mounted on the top of the microscope. The dimension of 200 mature eggs for each host species was measured using ImageJ (Rasband, 1997).




2.3 Plants

Broad bean seeds (Vicia faba L. cv Aguadulce Supersimonia, Fabaceae) were allowed to soak for 24 h before being sown in plastic pots (9 cm × 9 cm × 13 cm) filled with peat (Traysubstrat, Klasmann-Deilmann GmbH). Plants were grown and maintained in a climatic chamber (24 ± 2°C, 70 ± 5% relative humidity, 12/12-h light/dark) and irrigated three times per week. Vicia faba plants with seven to eight fully expanded leaves were caged in a sleeve cage of 25 cm × 55 cm made of a 4-mm-diameter mesh net. Single potted plants were exposed, for a maximum of 3 days, to two mated females of each species of stink bug, allowing them to feed and eventually oviposit on the plants (as in Rondoni et al., 2018). Approximately, 10 mg of sunflower seeds (for H. halys and D. baccarum) or six T. molitor pupae (for A. custos) were added in the cage as additional nourishment. Plants were checked daily at 8:00 am for the presence of egg masses. In case of oviposition, plants were removed from the cage and used for bioassays on the following day. Plants with an egg mass with lower than 10 elements were eventually discarded and not used for the bioassays.




2.4 Treatments

Behavioral responses of T. japonicus females toward plant–host complex volatile cues associated to stink bug species were tested in a Y-tube olfactometer. According to the species of parasitoid rearing host, T. japonicus from H. halys was tested against odors from attacked plants or from females of all the three stink bug species (Rondoni et al., 2022), Trissolcus japonicus from D. baccarum was tested against odors from H. halys or D. baccarum, whereas T. japonicus from A. custos was assayed against odors from H. halys or A. custos. Two different treatments were tested as odor sources:

	a) Plant with eggs: a V. faba plant bearing an egg mass of H. halys, D. baccarum, or A. custos;

	b) Females: odor from four physogastric females of H. halys, D. baccarum, or A. custos.



A clean plant, i.e., a V. faba plant not exposed to insects (CLEAN PLANT) or clean air (AIR), was used as control for treatments a) and b), respectively.




2.5 Olfactometer

The olfactometer consisted in a Y-tube carved in a plexiglass plate (200 mm (length) × 190 mm (width) × 10 mm (depth)) and sandwiched between two glass plates (each: 200 mm (length) × 150 mm (width) × 5 mm (depth)). The common stem of the Y-tube was 90 mm in length. Each arm was 80 mm long, and a 100° angle separated the two arms. The internal section of the Y-tube was 15 mm × 10 mm. Four identical olfactometers were simultaneously used to test the behavior of four parasitoids at the same time. An airstream, consisting in medical-grade clean air (N2:O2 = 80:20), was provided from a pressurized tank. The airstream was conveyed in two routes, each consisting of a Dreschel bottle (250 ml) containing distilled water to humidify the air, a flowmeter, and a glass chamber [52 cm (height) × 12 cm (internal diameter)] containing the odor source (treatment or control). The airflow exiting the glass chamber was subsequently divided into four streams and directed to one of the two arms of each olfactometer. Silicone tubes (6 mm internal diameter) conveyed the airflow from the tank to the glass chambers and to each olfactometer (Rondoni et al., 2022). Plastic opened screw caps and “Y” tubing connectors (Kartell Spa, Noviglo, Italy) were used to connect the different parts. The flow rate entering each arm of the olfactometer (~ 0.2 L/min) was measured using a digital flowmeter (model GFM17, Aalborg, New York, USA). All the setup was surrounded by a black fabric curtain to prevent external visual cues, and two 36-W cool white fluorescent tubes were placed above to illuminate the device. The bioassay room was maintained at 25°C. Stink bugs, plants, and parasitoids were moved to the experimental room 30 min before bioassays for acclimatization. A single female parasitoid was introduced in the central stem of the Y-tube and allowed to freely move for 10 min. After four bioassays, the positions of the treatment and control were switched. Glass plates and plexiglass parts were cleaned with a laboratory detergent (2% solution of Cleanilab LM1; Kartell Spa, Noviglo, Italy) and rinsed with tap water. Glass parts were eventually rinsed with acetone and placed in a drying oven at 180°C for few hours. The presence of each parasitoid in the control or test arm and in the central stem of the olfactometer was recorded using JWatcher 1.0 (Blumstein et al., 2006). Each egg parasitoid female was tested once. In total, for each stimulus (plant with an egg mass or stink bug females), three to four different sets of the odor source were tested (Supplementary Tables 1, 2).




2.6 Statistical analyses

For each treatment, the residence time, i.e., the time spent by the female in each arm of the olfactometer, was used to describe the parasitoid behavior. Those females that, during the 10 min of bioassay, did not choose either arm were considered not responding and were discarded from the analysis (similar to Rondoni et al., 2022). Depending on the T. japonicus origin, 50 to 55 females were eventually evaluated for each treatment involving plants, whereas 49 to 55 T. japonicus females were evaluated against stink bug females. For the analysis, data were transformed to ensure that only one measurement per individual parasitoid was later analyzed. In details, the adopted transformation foresaw the calculation of the log ratio of the residence time in the test arm versus the control arm. For each combination of odor sources, linear models (LMs) were fitted to test differences of treatment versus control. Egg volume was calculated assuming a fusiform shape and was estimated as 2/3 × π × r2 × h, where r = egg width/2 and h = egg length/2 (Ameri et al., 2014). Parasitoid dimension, egg volume, and egg load, i.e., the number of mature eggs at each timing, were analyzed by means of LMs followed by multiple comparisons procedure. For egg load, the timing since parasitoid emergence (log transformed) was included as covariate. Analyses were conducted in the R statistical environment, version 4.3.0 (R Core Team, 2023), packages “MASS” (Venables and Ripley, 2002) and “emmeans” (Lenth, 2022).





3 Results

Trissolcus japonicus females originating from H. halys exhibited a positive response toward volatiles emitted by V. faba plants with H. halys eggs, as demonstrated by the higher residence time in treatment vs. control (LM, P = 0.01) (Figure 1). Conversely, when exposed to odors from D. baccarum or A. custos, parasitoid females did not exhibit any preference (LM, P > 0.05 for all the tested comparisons). When reared on the two alternative hosts, D. baccarum or A. custos, T. japonicus females were not attracted to any of the odor stimuli (LM, P > 0.05 for all the tested comparisons). When parasitoids were exposed to odors from female stink bugs, regardless of the nature of the rearing host, they did not exhibit any response toward the different stimuli (LM, P > 0.05 for all the tested comparisons) (Figure 2).




Figure 1 | Residence time (mean % ± SE) of Trissolcus japonicus (TJ) females in the test and control arms of a Y-tube olfactometer. Bioassayed parasitoids were reared on Halyomorpha halys (TJ from HH), Dolycoris baccarum (TJ from DB), or Arma custos (TJ from AC). Treatments consisted in a Vicia faba plant bearing an egg mass of H. halys (HH), D. baccarum (DB), or A. custos (AC). Control consisted of a clean V. faba plant. Data were analyzed by means of linear models.






Figure 2 | Residence time (mean % ± SE) of Trissolcus japonicus (TJ) females in the test and control arms of a Y-tube olfactometer. Bioassayed parasitoids were reared on Halyomorpha halys (TJ from HH), Dolycoris baccarum (TJ from DB), or Arma custos (TJ from AC). Treatments consisted in four physogastric females of H. halys (HH), D. baccarum (DB), or A. custos (AC). Control consisted of clean air. Data were analyzed by means of linear models.



Parasitoid size varied depending on the rearing host (Table 1). Trissolcus japonicus reared on D. baccarum exhibited shorter head length, head width, femur length, and tibia length compared with A. custos or H. halys. Parasitoids from A. custos were smaller compared with those from H. halys. The egg load increased with the time since parasitoid emergence (regression coefficient in LM = 6.15, t-value = 6.15, P < 0.0001) and was higher for T. japonicus reared on A. custos or H. halys compared with those on D. baccarum (Figure 3A). The egg volume differed among T. japonicus reared on the three host species, as it showed a reduction from H. halys, A. custos, and D. baccarum used as rearing host, respectively (Figure 3B).


Table 1 | Morphological variation (mean ± SE) of 30 Trissolcus japonicus females reared on Halyomorpha halys (TJ from HH), Dolycoris baccarum (TJ from DB), or Arma custos (TJ from AC).






Figure 3 | Egg load (n) (A) and egg volume (mm3) (B) from Trissolcus japonicus (TJ) females reared on Halyomorpha halys (TJ from HH), Dolycoris baccarum (TJ from DB), or Arma custos (TJ from AC). Different letters are significantly different according to linear model followed by multiple comparisons procedure (significance level α = 0.05). In addition, egg load increased with time (days) since parasitoid emergence (regression coefficient = 6.15, t-value = 6.15, P < 0.0001).






4 Discussion

Our results showed, for the first time, that T. japonicus females emerging from H. halys eggs were attracted to V. faba plants bearing an egg mass of the main host, H. halys, and not to plants with eggs of the native stink bug species. In addition, parasitoids that were reared on the alternative hosts, D. baccarum and A. custos, did not respond to plant volatiles induced by H. halys. This change in the parasitoid behavior is also linked to a smaller parasitoid size, suggesting the existence of a phenotypic plasticity in T. japonicus.

Plants bearing naturally laid stink bug eggs emit oviposition-induced volatiles that can be exploited by egg parasitoids in the host searching behavior (Colazza et al., 2004; Manzano et al., 2022). For example, T. japonicus is attracted to tomato plants exposed to oviposition by H. halys and not to odors emitted directly by eggs or by plants exposed only to stink bug feeding (Bertoldi et al., 2019). The stink bug Nezara viridula L., when feeds and oviposits on plants, elicits specific compounds attracting the co-evolved egg parasitoid Trissolcus basalis Woll (Hymenoptera: Scelionidae) (Colazza et al., 2004). The scelionid parasitoid Trissolcus mitsukurii (Ashmead) exploits plant chemical cues associated with the co-evolved H. halys (Rondoni et al., 2022; Scala et al., 2022). In stink bugs, oviposition is always associated with feeding punctures on the plant (Peiffer and Felton, 2014). Consistently, although there are exceptions (Blassioli Moraes et al., 2005; Michereff et al., 2011), several studies underlined that feeding alone does not attract egg parasitoids, but oviposition is also needed (Conti and Colazza, 2012; Hilker and Fatouros, 2015). Indeed, the blend of volatile compounds emitted by plants was shown to differ after exposure to feeding alone or to feeding and oviposition by H. halys and such difference may explain parasitoid attraction (Akotsen-Mensah et al., 2021; Peterson et al., 2022). Although a chemical analysis of the volatile profiles emitted by attacked plants would be needed, we can deduce that the positive response of T. japonicus toward plants with eggs of H. halys is a further confirmation that the parasitoid is capable to exploit long-range cues associated with the target host. This is consistent with the remarkable levels of parasitism shown in the field both in native and non-native areas (Yang et al., 2009; Zhang et al., 2017; Zapponi et al., 2021; Haye et al., 2023). Remarkably, we found that, when T. japonicus was provided with a different rearing host, this induced a phenotypic plasticity in behavioral and morphological traits of the parasitoid progeny. Recognition of essential semiochemicals, such as host plant cues, can be impaired when natural enemies emerge from alternative hosts (van Lenteren and Bigler, 2009). Boyle et al. (2020) noticed a different behavior of T. japonicus when this was reared on its main host, H. halys, or on the alternative host, Podisus maculiventris (Say) (Hemiptera: Pentatomidae). Notably, T. japonicus positively responded to H. halys contact kairomones only when the parasitoid was reared on that specific host species and not when reared on the alternative host (Boyle et al., 2020). In a different system, when the generalist parasitoid Aphidius ervi Haliday (Hymenoptera: Braconidae) was reared on the suitable host Acyrthosiphon pisum (Harris) (Hemiptera: Aphididae), it exhibited an improved host recognition for this aphid, compared with the less suitable Sitobion avenae F. In contrast, when the parasitoid was reared on S. avenae, the preference for A. pisum disappeared (Daza-Bustamante et al., 2003). Similarly, in our case, the observed reduced preference by T. japonicus, reared on alternative hosts, toward H. halys could be related to the low suitability of the rearing eggs. In fact, females reared on alternative hosts exhibited not only a small body size but also a lower egg dimension and egg load (but only with D. baccarum) compared with individuals reared on H. halys (Sabbatini-Peverieri et al., 2021). Parasitoid size and plasticity in egg load are a proxy for fitness and may determine the foraging behavior of parasitoids (Pak et al., 1985; Collins and Dixon, 1986; Fletcher et al., 1994). It is expected that smaller parasitoids are more time-limited because they are more likely to be affected by environmental conditions compared with the larger ones (e.g., Olson and Andow, 1998; Jervis et al., 2008). In this sense, synovigenic parasitoids, as T. japonicus (Haye et al., 2020; Bittau et al., 2021), in case of sub-optimal ovarian development may opt to search for food, rather than for host (Jervis et al., 2008). Hence, it can be hypothesized that the altered olfactory response of T. japonicus strains emerging from D. baccarum may lead to a lower specificity in oviposition decision. Some examples in the literature have shown a strict link between egg load or parasitoid size with foraging behavior, although general conclusions have yet to be drawn (Jervis et al., 2008). The intensity of searching behavior and walking speed are positively correlated with the egg load in several parasitoid species (reviewed by Minkenberg et al., 1992). For instance, in Telenomus podisi Ashmead (Hymenoptera: Scelionidae), body size, oviposition, and marking rates were all positively correlated (Abram et al., 2016). In Dirhinus giffardii Silvestri (Hymenoptera: Chalcididae), female body size was positively correlated with foraging ability (Wang and Messing, 2004). Contrary to expectations, the egg load produced by T. japonicus reared on A. custos did not differ from that of parasitoids reared on H. halys, despite the significantly smaller egg dimensions. Because parasitoids reared on A. custos were of intermediate dimension between H. halys and D. baccarum, we can hypothesize that the negative effect of alternative host for parasitoid rearing on the egg load only occurs below a certain parasitoid body size. However, egg load is a complex trait that is also under the influence of the quality of the environment, parasitoid life expectancy, and the perceived possibility to further disperse and explore new habitats (Ellers et al., 2000; Ellers and Jervis, 2003). Additional investigation is, therefore, needed to understand the trade-off between reproduction and survival during adult life span and its effect on the parasitoid behavior.

The parasitoid did not respond to plants with an egg mass of the non-target species: D. baccarum or A. custos. Such results agree with previous laboratory studies (Haye et al., 2020; Sabbatini-Peverieri et al., 2021). In a no-choice test, the host acceptance by T. japonicus was significantly lower for D. baccarum compared with that for H. halys (Haye et al., 2020). In the same study, host acceptance was similar for A. custos and H. halys, but, in a two-choice test, parasitization was remarkably higher in the latter species (Haye et al., 2020). We, therefore, hypothesize that T. japonicus is not naturally able to locate eggs of these stink bugs at distance. However, in those habitats where H. halys is present at a high density, the parasitoid can be attracted from distance by cues from the main host and fortuitously oviposit on alternative species that may encounter (Zhang et al., 2017). Recent surveys conducted in northern Italian ecosystems did not reveal emergence of T. japonicus from naturally laid eggs of A. custos or D. baccarum (Falagiarda et al., 2023; Haye et al., 2023).

Furthermore, our research demonstrated that the parasitoids do not respond in the olfactometer to female stink bugs regardless of the rearing host. Similarly, other studies failed to demonstrate attractiveness of H. halys females for T. japonicus or other parasitoids when tested in a standard setting of Y-tube olfactometer (Bertoldi et al., 2019; Rondoni et al., 2022). In fact, such cues can essentially be exploited only when they are provided at very short distance (Bertoldi et al., 2019; Malek et al., 2021).

The demonstrated phenotypic plasticity of T. japonicus behavior may have implications on the preservation of parasitoid populations in the nature. It can be expected that, in case of reduction of H. halys population in invaded areas, more individuals of T. japonicus can switch hosts, because of higher random encounters with native stink bugs. Theoretically, this would lead to an increase in abundance of low fitness parasitoids, which are characterized by low foraging abilities, hence low probability to produce progeny (Robertson et al., 2013). Hence, the presence of the parasitoid strictly depends on its main host, with positive implications for preventing the spread of the exotic biocontrol agent in areas where H. halys is not present. A better understanding of how the reduced body size influences the parasitoid fitness is, therefore, essential. Long-term adaptation of the parasitoid on the alternative hosts must be also investigated. For instance, although the generalist parasitoid A. ervi exhibited an initial reduction in fitness due to rearing on an alternative (less suitable) host, this was followed by an adaptive recovery after many continuous generations (Henry et al., 2008).

Some aspects of our study must be considered at parasitoid, plant, and herbivore levels for future investigations. Using the olfactometer, we simulated the long-range diffusion of plant volatiles (Vet and Dicke, 1992). Although the active volatile compounds were not identified in this study, we provided evidence that the parasitoid ability to exploit such stimulus is strictly linked to its main host. However, some of the stimuli from host species in different life stages can be exploited by parasitoids at short range (Fatouros et al., 2005; Conti and Colazza, 2012; Bertoldi et al., 2021). For instance, T. japonicus recognizes tracks of H. halys females in arena bioassays (Boyle et al., 2020; Malek et al., 2021). Furthermore, laboratory assays are a simplified condition compared to the complexity of natural habitats, where multiple odor blends from different plants or other insects are present (Wäschke et al., 2013). Considering the polyphagous nature of H. halys, additional plants could be further considered (Bariselli et al., 2016; Kriticos et al., 2017). Although stink bugs do not injure the plant with oviposition (Michereff et al., 2016), we cannot exclude that the size of the naturally laid egg mass affects the plant response and, consequently, the parasitoid behavior (Griese et al., 2017). Although the size of an egg mass is rather constant for H. halys, this is more variable for the other two species (Giovannini et al., 2022; Wu et al., 2022). Finally, it is recognized that herbivorous insects originating from different countries may exhibit diverse behavior [e.g., the stem borers Sesamia nonagrioides Lefèbvre (Lepidoptera: Noctuidae) (Moyal et al., 2011; Glaser et al., 2015) and Chilo partellus (Swinhoe) (Lepidoptera: Crambidae) (Dhillon et al., 2021)]. In the invaded areas, H. halys is present with multiple genotypes originating from several parts of the world, possibly, because of multiple independent invasions (Valentin et al., 2017; Cesari et al., 2018; Yan et al., 2021). Whether the different genotypes of H. halys induce the same plant response remains unknown.

Because the efficacy of the parasitoid could vary depending on rearing host, including fitness evaluation of parasitoid strains in risk-assessment protocols is crucial for better understanding the value of a candidate biocontrol agent.
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