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Olfactory and Visual Floral Signals of Hedera helix and Heracleum sphondylium Involved in Host Finding by Nectar-Foraging Social Wasps
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Social vespid wasps regularly forage on flowers with a generalist pollination system. However, little is known about communication between wasps and their host plants. The aim of this study was to investigate the role of olfactory and visual floral signals of Hedera helix and Heracleum sphondylium, both frequently visited by Vespula and Dolichovespula wasps for the collection of nectar. A combination of chemical, electrophysiological and spectral analyses and behavioral experiments was used to identify attractive floral signals. We identified 37 and 41 EAD-active substances (mainly terpenoids and aromatics) in H. helix and H. sphondylium, respectively. The most abundant floral compounds were 4-oxoisophorone in H. helix and linalool in H. sphondylium, followed by (E)-linalool oxide furanoid in both plants. The olfactory signals were attractive for wasps; however, a combination of olfactory and visual signals made both plants more attractive than olfactory signals alone and, in the case of H. helix, also than visual traits alone. Visual traits were not attractive by themselves. Wasps were also attracted by a synthetic solution resembling the floral scent of H. helix. Our study contributes to a better understanding of the foraging behavior of vespid wasps and describes, for the first-time, floral signals that attract vespine wasps to generalist flowers.
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INTRODUCTION

Most plants are pollinated by animals, with various animal groups being involved (Ollerton et al., 2011). These include vertebrates such as mice, birds, and bats and a high taxonomic diversity of insects. Overall, insects are the most important pollinators (Ollerton, 2017). In contrast to well-known bees, butterflies and hoverflies as effective pollinators (Ollerton, 2017), wasps have been studied little in terms of their pollination performance. Although, wasps are mainly known for their predatory behavior (Raveret Richter, 2000), they frequently visit flowers to forage for nectar in easily accessible flowers (Schremmer, 1962; Akre et al., 1981) and can be highly effective pollinators (Ollerton et al., 2003, 2007; Narbona and Dirzo, 2010; Shuttleworth and Johnson, 2012; Wiemer et al., 2012; Zych et al., 2019).

Pollinators are attracted to flowers by visual and olfactory signals (Dobson, 2006; Raguso, 2008a). The relative importance of the floral traits and their specific characteristics (e.g., specific floral volatiles and colors; Ayasse et al., 2003; Burger et al., 2010, 2011; Schäffler et al., 2015) varies among pollination systems (Ômura and Honda, 2005; Balkenius et al., 2006; Dötterl et al., 2011; Fandino et al., 2019). Whereas the number of studies into the relative importance of olfactory and visual signals is increasing in various insects (Raguso, 2008a; Dötterl and Vereecken, 2010; Barragán-Fonseca et al., 2020), comparably little is known about this topic in wasps, despite mainly olfactory signals being known as important chemical mediators in specialized plant-wasp pollination systems. Such systems include those that signal the presence of prey (Orchidaceae: (Nazarov, 1995; Brodmann et al., 2008, 2009; Scrophulariaceae: Brodmann et al., 2012), a mating partner (Orchidaceae: Ayasse et al., 2003; Schiestl et al., 2003; Schiestl, 2005; Ayasse, 2006), or other associations in fig wasps (Song et al., 2001; Grison-Pigé et al., 2002), spider-hunting wasps (Orchidaceae: Johnson, 2005; Hyacinthaceae: Shuttleworth and Johnson, 2009a; Apocynaceae: Shuttleworth and Johnson, 2009b), or vespid wasps (Apocynaceae: Burger et al., 2017).

In addition to visiting flowers specialized for wasp pollinators, Vespine wasps feed on plant species with a generalist pollination system (ecologically and functionally generalized, Ollerton et al., 2007). Among such plants are the Apiaceae and Araliaceae that are frequently descried as important food plants for vespid wasps (Schremmer, 1962; Fateryga, 2010). However, to the best of our knowledge, no investigation has been carried out into the single or combined olfactory and visual signals that nectar-seeking vespid wasps use to find flowers of such generalist plants.

The aim of this study was to investigate the role of olfactory and visual signals used by Vespula and Dolichovespula wasps to locate Hedera helix and Heracleum sphondylium flowers, both frequently visited for the collection of nectar. We have studied the communication between vespine wasps (Vespula germanica FABRICIUS 1793, Vespula vulgaris LINNAEUS 1758; Dolichovespula sylvestris SCOPOLI 1763) (Figure 1) and the two plant species Hedera helix L. (Araliaceae) and Heracleum sphondylium L. (Apiaceae). In detail, we have performed chemical, electrophysiological, and spectral analyses, plus behavioral experiments. We have addressed the following questions. (1) Do both olfactory and visual signals of H. helix and H. sphondylium play a role in the attraction of Vespine wasps and what is their relative importance? (2) Are the floral colors, as perceived by wasps, distinguishable from background vegetation against which they are viewed? (3) Which components of the floral scent elicit antennal responses in Vespula wasps? (4) Does the (synthetically mixed) scent of physiologically active compounds of H. helix attract Vespula wasps?
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FIGURE 1. Vespula germanica wasp visiting inflorescences of Heracleum sphondylium (left) and Vespula vulgaris wasp visiting inflorescences of Hedera helix (right). Scale bars correspond to 0.5 cm.




MATERIALS AND METHODS


Study Sites and Investigated Species

The Hedera helix L. (Araliaceae) plants used for the study were from Rosenheim (Germany; 47° 51′ 20.934″ N, 12° 7′ 38.276″ E), Salzburg (Austria; 47° 46′ 38.14″ N, 13° 3′ 58.77″ E) and Ulm (Germany; 48° 23′ 49.229″ N, 9° 59′ 54.121″ E), whereas Heracleum sphondylium L. (Apiaceae) plants were from Frasdorf (Germany; 47° 48′ 22.532″ N, 12° 15′ 48.935″ E) and Fürstätt (in Rosenheim but another site than used for H. helix; Germany; 47° 51′ 19.757″ N, 12° 5′ 46.223″ E). H. helix and H. sphondylium are perennial plants, widely distributed in Europe, with flowering periods from August to November (Metcalfe, 2005) and June to September (Sheppard, 1991), respectively. Both species have hermaphrodite flowers arranged in inflorescences. H. helix has panicles that consist of up to 20 terminal globose umbels with each having c. 10–25 actinomorphic, yellowish-green flowers (Metcalfe, 2005). The plants used in the study had hundreds/thousands of available umbels. H. sphondylium has double umbels that consist of 15–45 umbellules with each having c. 6–25 greenish-white flowers (Sheppard, 1991).

Both plants are frequently visited by vespine wasps and by many other insects including other Hymenopteran, Dipteran, Coleopteran, Hemipteran, and Lepidopteran species (Corbet, 1970; Sheppard, 1991; Metcalfe, 2005; Vezza et al., 2006; Zych, 2007; Jacobs et al., 2010), with the relative impact of visitors on pollination being largely unknown. Although Vespula wasps are the most effective pollinators for H. helix (Ollerton et al., 2007; Jacobs et al., 2010) and medium-sized flies for H. sphondylium (Zych, 2007) in some populations, both plant species have temporally and spatially variable pollinator species (Zych, 2007; Jacobs et al., 2010).



Color Analysis

The colors of H. helix and H. sphondylium flowers were investigated with a Jaz spectrophotometer (Ocean Optics Inc., Dunedin, FL, United States) equipped with a pulsed xenon light source (JAZ-PX) and attached to a fiber-optic cable (UV/VIS 400 μm; World Precision Instruments Inc., Sarasota, FL, United States). The optical fiber was fixed onto an attachment so that the light touched the investigated object under an angle of 45°. The spectral reflection from 300 to 700 nm was recorded for gynoecium, petals, and pollen. Spectralon was used as a white standard (Labsphere, North Sutton, NH, United States). The mean reflection was calculated for three to five replicates (a replicate was obtained from a mean of three measurements per plant individual) and used for the analyses. The R package pavo was used to process the obtained raw data (Maia et al., 2013).

Colors as sensed by the wasps were modeled using the color hexagon according to Chittka (1992) to assess whether the flowers stood out from the background against which they were viewed. We used, the receptor sensitivity data available for V. germanica (Peitsch et al., 1992) and the standard daylight irradiance spectrum D65 (Wyszecki and Stiles, 1982) in the model. Typically, hymenopteran species do not differ substantially in their sensory systems (Peitsch et al., 1992), and therefore, we used the spectral sensitivity functions for V. germanica as a representative approximation also for other Vespine wasp species (V. vulgaris and D. sylvestris). We used our own color measurements of H. helix leaf topsides as background in H. helix, as the inflorescences of this species are presented against their own leaves that form a dense vegetative cover. As H. sphondylium plants grow within different vegetation types, the reflectance function of a typical green leaf standard (Chittka et al., 1994) was used as background color.



Volatile Collection

Scent samples from inflorescences and green leaves were collected in situ by dynamic headspace approaches (Dötterl et al., 2005). Inflorescences or leaves were enclosed in polyethylene oven bags (c. 30 × 15 cm; Toppits®, Melitta, Germany) during scent collections. Scent samples collected from empty oven bags were used as negative controls.

To obtain samples for electrophysiological analysis and identification of EAD-active compounds, scent was trapped using large adsorbent tubes (Duran glass capillaries; outer diameter 6.0 mm; inner diameter 4.0 mm; length 80 mm; Paul Stollwerk Glasbläserei, Emmerting, Germany), filled with 10 mg each of Tenax TA (mesh 60–80) and Carbotrap B (mesh 20–40; both Supelco, Bellefonte, PA, United States) and fixed with glass wool plugs. Samples were collected for two to six hours by pulling air through the tubes using a membrane pump (G12/01 EB, Rietschle Thomas Inc., Puchheim, Germany; Flow rate: 200 mL min–1). After being bagged and before the sampling started, volatiles were sucked out of the bag for 30 s to avoid volatiles being induced by injuries during bagging. Bags were covered with aluminum foil to avoid any direct solar irradiation that would result in the condensation of large amounts of water inside the bags. All samples were collected between 10 am and 4 pm. Adsorbent tubes were finally eluted with 80 μl acetone (GC/HPLC Grade, Rotisolv, Carl Roth GmbH + Co KG, Karlsruhe; Dötterl et al., 2005). In H. helix, an average of 30 (21–43) globose umbels with 20–30 florets each, and, in H. sphondylium, an average of 36 (15–73) umbellules were bagged. We collected eight samples from a H. helix individual in Ulm and two samples from another individual in Rosenheim. Two to five samples from each individual were afterwards pooled to obtain three samples for EAD analyses. For H. sphondylium, three samples were collected from three individuals in Frasdorf and six samples from six individuals in Fürstätt. Two samples from Frasdorf were used individually, and all other samples were pooled into one large sample to finally obtain three samples for EAD analyses.

For TD-GC/MS (thermal desorption – gas chromatography/mass spectrometry) analyses, samples from various individuals were trapped in order to test for differences in the pattern of EAD-active compounds between inflorescences and leaves. Smaller adsorbent tubes (Quartz glass capillaries; outer diameter 2.5 mm; inner diameter 1.9 mm; length 25 mm; Hilgenberg GmbH, Malsfeld, Germany) filled with 1.5 mg each of Tenax TA (mesh 60–80) and Carbotrap B (mesh 20–40; both Supelco, Bellefonte, PA, United States) were used. Volatiles were sampled between 10 am and 6 pm. Inflorescence samples each from different individuals were collected from one umbel (in H. helix, on average 8 umbellules per umbel, and in H. sphondylium, on average 13 umbellules per umbel), and vegetative samples were taken from one leaf stalk (H. helix: 10 leaves per stalk, H. sphondylium: one leaf per stalk). H. helix samples were collected from inflorescences (n = 18 samples), leaves (n = 15), and air (n = 9) at various sampling sites in Ulm, Rosenheim and Salzburg for 10 min. H. sphondylium samples were collected from inflorescences (n = 27 samples), leaves (n = 10), and air (n = 6) in Frasdorf and Fürstätt. Samples were collected for 5 min or 10 min.



Electrophysiological Analysis

Physiologically active volatiles in antennae of vespine wasps (V. germanica, V. vulgaris) were detected using GC/EAD. Wasps were collected in Rosenheim (47° 51′ 11.426″ N; 12° 5′ 46.525″ E), Ulm (48° 23′ 50.19″ N; 9° 59′ 56.67″ E), and Salzburg (47° 46′ 38.309″ N; 13° 3′ 58.662″ E) during foraging flights on H. helix flowers and were stored in the dark at 4°C (max. 24 h). The antennae were cut off at the base and tip and positioned between two capillaries filled with Ringer solution (8.0 g L–1 NaCl, 0.4 g L–1 KCl, 0.4 g L–1 CaCl2). The base of an antenna was connected to the reference capillary, the tip was connected to the recording capillary. The capillaries were connected to silver wires and placed in front of the GC outlet (Lukas et al., 2019).

The setup consisted of a GC (Agilent 7890 A, Santa Clara, CA, United States) equipped with a flame ionization detector (FID) and an electroantennographic detection system (EAD). The EAD system was equipped with a transfer line, heated to 220°C, and a 2-Channel USB acquisition controller (IDAC-2; Syntech, Kirchzarten, Germany). The GC was equipped with a ZB-5 fused silica column (5% phenyl polysiloxane; 30 m long, inner diameter 0.32 mm, film thickness 0.25 μm, Phenomenex). Hydrogen was used as the carrier gas (flow: 3 mL min–1) into which solvent samples (see volatile collection) were injected (1 μl; 250°C) in the splitless mode at an oven temperature of 40°C. The split vent opened (1:100) 0.5 min after injection and the oven temperature increased by 10°C min–1 to 220°C (held for 2 min). The column was split into two deactivated capillaries by a 4-way-microflow splitter (Gerstel, Mühlheim, Germany) of which one led to the FID (2 m × 0.15 μm inner diameter) and the other to the EAD (1 m × 0.2 μm inner diameter). Nitrogen gas (N2; flow: 25 mL min–1) was used as the make-up gas and was introduced through the fourth arm of the splitter. The outlet of the EAD was placed in a cleaned and humidified airflow (tube inner diameter: 7.5 mm) directed over the wasp antenna (Heiduk et al., 2015). Responses from 22 (12 V. germanica, 10 V. vulgaris) and 15 (8 V. germanica, 7 V. vulgaris) wasp individuals (all workers) to H. helix and H. sphondylium floral scent samples, respectively, were recorded. After the measurements, individuals were frozen for species identification. As both species responded to the same set of compounds, we pooled the data for further analyses. Volatiles to which five or more individuals responded were considered as EAD-active. Active compounds were assigned to GC/MS runs by comparing the elution sequence and Kovats retention indices.



Chemical Analysis

Solvent scent samples were analyzed using a GC/MS system (QP2010 Ultra, Shimadzu) to identify the EAD-active compounds. The GC was equipped with a ZB-5 fused silica column (5% phenyl polysiloxane; 30 m long, inner diameter 0.32 mm, film thickness 0.25 μm, Phenomenex, Aschaffenburg, Germany) and helium was used as the carrier gas (flow: 3 mL min–1). Samples (1 μl; split ratio 1:1) were injected by means of an AOC-20i autoinjector (Shimadzu, Tokyo, Japan) at 200°C. At the end of the column, the effluent was split (AFT splitter package, Shimadzu) into two deactivated capillaries (inner diameter 0.2 mm). One thereof (length: 70 cm) transferred two thirds of the effluent to a connected EAD system (not used in the study), whereas the other (length: 2 m) transferred one third of the effluent to the MS. The temperature of the GC oven was started at 40°C (held for 1 min) and was then increased by 10°C per min to 220°C (held for 2 min). The MS interface worked at 220°C and the ion source at 200°C. Mass spectra were taken at 70 eV (El mode) from m/z 30 to 350, and data were further processed as described above (Heiduk et al., 2015; Lukas et al., 2019).

TD samples were analyzed with an automatic thermal desorption system (model TD-20, Shimadzu, Japan), connected to a GC/MS (model QP2010 Ultra El, Shimadzu, Japan), which was equipped with a ZB-5 fused silica column (5% phenyl polysiloxane; 60 m long, inner diameter 0.25 mm, film thickness 0.25 μm, Phenomenex, Aschaffenburg, Germany). Samples were run with a split ratio of 1:1, and helium was used as the carrier gas (flow: 1.5 mL min–1). The temperature in the GC oven was started at 40°C, was increased by 6°C per min to 250°C, and was held constant for 1 min. The MS interface worked at 250°C. Mass spectra were taken at 70 eV (El mode) from m/z 34 to 350 (Heiduk et al., 2015; Oliveira et al., 2017).

Data were processed by using the GCMSsolution package, Version 4.41 (Shimadzu Corporation). Compounds were tentatively identified by using both the mass spectral libraries Adams (2007), W9N11, NIST 11, FFNSC 2 and ESSENTIAL OILS (available in MassFinder 3) and literature data on Kovats retention indices (KRI, based on n-alkane series) of the compounds. Only compounds with a calculated Kovats index ±10 compared with various data bases were considered (NIST 11; Adams, 2007). The identity of the compounds was confirmed by a comparison of mass spectra and retention times on all used systems with synthetic standard compounds, if they were available in the reference collection of the Plant Ecology Laboratory of the University of Salzburg. For quantitative analyses, 100 ng each of c. 150 compounds, among them monoterpenes, aliphatic, and aromatic compounds, were injected into the GC/MS system. The mean of the peak areas (total ion current) of these components was used to estimate the total amount of the EAD-active compounds (see Etl et al., 2016).

Only compounds identified as EAD-active based on solvent scent samples were considered for the analysis of TD samples. EAD-active compounds found in ambient air samples were excluded from the analyses. Volatiles were categorized as floral compounds when they were only found in inflorescence samples or when they occurred only in traces in leaf samples, but at higher amounts in flower samples. Identified volatile compounds were grouped in classes according to Knudsen et al. (2006).

Differences in the floral scent bouquet of EAD-active compounds of the two plant species were analyzed using Primer 6.1.15 (Clarke and Gorley, 2005; Anderson et al., 2008). Thereby, semi-quantitative (relative amount of single scent components with respect to the total amount in a sample; Bray-Curtis index) similarities were calculated. Data for semi-quantitative analysis were square-root-transformed in order to reduce the influence of compounds available in large relative amounts. Similarities and dissimilarities in the samples were visualized using non-metric multidimensional scaling. Based on the Bray-Curtis matrix, an ANOSIM (one-way; 9999 permutations) was performed using the same software package to test for a plant species effect. Based on the transformed data (square root), a SIMPER (one-way; cut-off percentage: 90) was performed using Primer in order to evaluate the contribution of single substances to the observed dissimilarity between the species.



Behavioral Experiments


Heracleum sphondylium

Bioassays with H. sphondylium (hogweed) plants were conducted with foraging-experienced Dolichovespula sylvestris wasps, as mainly individuals of this wasp species were active during the main flowering period of this species, whereas Vespula wasp individuals were still low in number and their nests small and thus could not be used for these experiments. Two nests were transferred to wooden boxes (30 cm × 50 cm × 50 cm) with two entrance holes (diameter 5 cm) and were placed on the ground of a flight cage (2 m × 3 m × 3 m) located close to the campus of the University of Ulm. The wasps were allowed to forage inside and outside of the flight cage once they had been introduced to the cage in order to habituate them to the new environment. The wasps were offered sugar water, dead mealworms, apples, and H. sphondylium flowers inside the flight cage. After approximately one week, the door of the flight cage was closed, and the experiments started two days later. Food sources were removed one hour before an experiment started.

To determine the relative importance of olfactory and visual inflorescence signals of H. sphondylium in attracting wasps, we performed two-choice cylinder (29 cm height, 10 cm diameter) assays following Burger et al. (2010), in which we offered coupled and decoupled olfactory and visual plant signals to the wasps. Visual signals were investigated using transparent cylinders made of acrylic UV-transmitting glass without holes. Olfactory signals were investigated using black cylinders with small holes in order to block visual signals, but to allow the diffusion of scents. The combined olfactory and visual signals were investigated using transparent cylinders with holes. Release of volatiles from cylinders that included olfactory signals was supported by a membrane pump (flow: 1 L min–1; G12/01 EB, Rietschle Thomas Inc., Puchheim, Germany). Five inflorescences together were placed in the cylinders for each test, and empty cylinders were used as negative controls.

In detail, we tested decoupled and combined olfactory and visual inflorescence signals of H. sphondylium against empty controls. Since olfactory signals were more attractive than visual signals, we also tested combined olfactory and visual against olfactory inflorescence signals in order to investigate whether visual traits enhanced the attractiveness of olfactory signals. The two choices were offered 60 cm apart from each other on a table in the middle of the flight cage. An experiment lasted for 20 min during which the position of the choices was changed after 10 min. A maximum of three experiments was performed per day. Only wasps that directly approached the choices were recorded. A specific choice assay was conducted twice each or until at least a minimum number of 12 wasps participated. To ensure that an individual wasp was counted only once in a specific choice assay, we caught the responding wasps with an insect net and marked and released them back into the cage after the experiment. One individual wasp might, however, have participated in different choice tests. For statistical analysis, data were calculated by the exact binomial test.



Hedera helix

For experiments with H. helix, which flowers later in the year than H. sphondylium, we used V. germanica wasps for behavioral experiments. This species was still frequently foraging, when nests of D. sylvestris were empty. A transportable flight cage (90 cm x 60 cm x 60 cm) was open at one of the sides (90 cm × 60 cm) and placed with this side on the soil above a ground nest of V. germanica, available in the Botanical Garden of the Paris-Lodron-University of Salzburg. One side of the cage consisted of a transparent plastic layer, which transmitted wavelengths above 300 nm, as determined by a Jaz Spectrometer (Ocean Optics Inc., Dunedin, FL, United States). The other sides consisted of white gauze (n = 3) and blue plastic (n = 1; positioned opposite to the direction of the sun), respectively. Wasps leaving the nest and entering the flight cage were used for experiments.

We tested whether wasps discriminated between leaf and inflorescence visual appearances and scents based on decoupled olfactory and visual signals. We also tested the attractiveness of combined olfactory and visual signals against decoupled olfactory and visual signals, and whether synthetic scents consisting of EAD-active volatiles explained the attractiveness of natural olfactory signals.

The inflorescences and vegetative branches of H. helix used for the experiments were collected in Salzburg (47° 48′ 00.7″N; 13° 03′ 27.3″E). Only inflorescences in full bloom and visually undamaged leaved branches were collected. Five inflorescences (c. 50 umbels) or leafy branches (c. 50 leaves) were bound together for each experiment, with the cut ends being wrapped with parafilm (Bemis, United States) to reduce the emission of green leaf volatiles that could influence the behavior of wasps (Brodmann et al., 2008).

Since the experiments with H. helix were conducted in a smaller cage than the experiments with H. sphondylium, those with H. helix could not be performed with the cylinders described above, and the test equipment had to be adjusted to the smaller area available. Visual signals were investigated with transparent polyethylene oven bags (30 × 20 cm; Toppits®, Melitta, Germany), which were sealed by a soldering iron once the plant material had been introduced. These bags are scent-impermeable but transmitted light in the range relevant for insect vision (300–700 nm; Chittka, 1992) as determined by the Jaz Spectrometer described above. Olfactory signals were investigated with perforated bags (30 × 20 cm; Toppits®, Melitta, Germany; c. 300 holes; diameter c. 1 mm, punched with a laboratory needle) covered with a non-transparent white net (gauze), which blocked the visual signals of the plant material, but was scent permeable. Combined olfactory and visual signals were investigated by using perforated bags only. Release of volatiles from the bags was supported by a membrane pump (flow: 0.9 L min–1; G12/01 EB, Rietschle Thomas Inc., Puchheim, Germany).

Synthetic flower scent was applied to filter paper (diameter 7 cm) and offered as olfactory signals in perforated polyethylene bags covered with gauze. The sample used for the experiments contained all EAD-active compounds classified as “floral compound”, except for dihydrooxoisophorone, which was not available (Tables 1, 2). The compounds were added as a pure substance or diluted in mineral oil (Sigma-Aldrich, BioUltra, Darmstadt, Germany) to the stock solution of the synthetic mixture according to Table 2. All compounds except for β-ocimene, linalool oxide pyranoid (BOC Science), and acetophenone (Fluka) were obtained from Sigma-Aldrich, and all compounds except for phenylacetaldehyde (90%) had a purity of at least 95%. The solution had a total volume of 296 μl, which corresponded to 10,000 umbels; 29.6 μl of this solution (corresponding to 1,000 umbels) was taken and mixed with in 970.4 μl mineral oil. In a next step, the solution was diluted 1:10 in mineral oil. An amount of 50 μl of the final solution was added to a filter paper, which released the compounds in almost identical semi-quantitative amounts as the headspace samples from umbels, as determined by GC/MS of the dynamic headspace samples collected from filter papers. The amount used in the bioassay corresponded to the amount of floral scent emitted by five umbels of H. helix.


TABLE 1. Total and relative amounts (mean ± standard error, tr, trace amounts <0.5%) of electrophysiologically active volatiles in antennae of Vespula germanica/Vespula vulgaris wasps (EAD: number of responding antennae) detected in floral scent samples of Hedera helix and Heracleum sphondylium.
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TABLE 2.Composition of synthetic solution from Hedera helix based on semi-quantitative amounts identified in headspace samples according to Table 1.
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In detail, we tested (1) decoupled olfactory and visual inflorescence signals against respective vegetative controls and (2) combined olfactory and visual signals against decoupled olfactory and visual signals. The synthetic sample (3) was tested against a solvent control (mineral oil: Sigma-Aldrich, BioUltra, Darmstadt, Germany) and against natural olfactory signals of H. helix inflorescences. The two choices were offered at a 30 cm distance from the nest entrance and 60 cm from each other. An experiment lasted for one hour (from the installation to the removal of the cage above the nest entrance), during which an average of c. 175 wasps was simultaneously flying in the cage. Only during two of the choice experiments was a smaller number of wasps (visual versus leaf control: 30 wasps and synthetic versus solvent control: 50 wasps) active in the cage. A maximum of two experiments was performed per day, between 11 am and 14 pm. Each specific choice assay was conducted 2–3 times. Given the difficulty of discriminating approaching wasps from wasps randomly passing by a choice in this smaller flight cage, only wasps that landed on the bags were included in the statistical analysis (exact binomial test). We cannot exclude that a single wasp landed more than once during a specific assay: however, as we did not reward the wasps, and as a high number of wasps was active in the cage (see above), this issue (pseudo replication) is unlikely to have strongly biased the results.





RESULTS


EAD-Active Compounds

Heracleum sphondylium flowers emitted 41 compounds EAD-active in the antennae of V. germanica and V. vulgaris (Table 1 and Figure 2), all of which, with the exception of three compounds, were also available in the TD samples. Thereof, 20 volatiles were classified as inflorescence-specific, 15 were emitted from inflorescence and vegetative plant material (including six compounds found only in traces in vegetative material, which is why they were also described as inflorescence compounds), and three were only found in vegetative plant material. Overall, we detected 19 terpenoids, four aromatics, three aliphatic compounds, three nitrogen-containing compounds, and six unknown compounds in floral samples (Table 1), where only 18 of these physiologically active compounds were found in leaf samples. These included 14 terpenoids and one aromatic, one aliphatic, and two unknown compounds. The most abundant EAD-active floral components were linalool (12 ± 2% (mean ± SE)), (E)-linalool oxide furanoid (10 ± 3%), and p-cresol (8 ± 2%), whereas the most abundant components in vegetative samples were 6-methyl-5-hepten-2-one (27 ± 7%), β-myrcene (18 ± 6%), (E)-β-ocimene (11 ± 5%), benzaldehyde (7 ± 2%), and geranylacetone (8 ± 2%). None of the other compounds exceeded 5% in the floral and vegetative samples, respectively. The total amounts of EAD-active compounds were 1038 ± 148 ng umbel–1 h–1 (mean ± SE) and 186 ± 144 ng leaf–1 h–1 in the floral and vegetative samples, respectively.
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FIGURE 2. Electroantennographic responses of Vespula vulgaris antennae (EAD: electroantennographic detection) to floral scent samples (FID: flame ionization detection) of (A) Hedera helix and (B) Heracleum sphondylium. Numbers of EAD responses correspond to numbers given in Table 1 (*, responses to contamination). Axes show retention time and amplitude of responses.


Hedera helix inflorescences emitted 37 compounds that stimulated responses in the antennae of V. germanica and V. vulgaris wasps (Table 1 and Figure 2), all of which, with the exception of one compound, were also available in the TD samples. Thereof, 19 volatiles were inflorescence-specific, 14 were emitted from inflorescences and vegetative plant material (including seven compounds found only in traces in vegetative material, which is why they were also described as inflorescence compounds), and three were only found in vegetative plant material. Overall, we detected 15 terpenoids, seven aromatics, and two aliphatic, three nitrogen-containing, and six unknown compounds (Table 1) in floral samples of H. helix, whereas only 17 of these physiologically active compounds were found in leaf samples. These included twelve terpenoids and three aromatics, one aliphatic, and one unknown compound. The most abundant EAD-active components, classified as inflorescence-specific, were 4-oxoisophorone [47 ± 6% (mean ± SE)], (E)-linalool oxide furanoid (10 ± 3%), acetophenone (9 ± 2%), (Z)-linalool oxide furanoid (5 ± 2%), and dihydrooxoisophorone (5 ± 1%). None of the other compounds exceeded a mean relative amount of 5%. The most abundant compounds in vegetative samples (EAD-activity based on floral compounds) were geranylacetone [39 ± 7% (mean ± SE)], β-myrcene (13 ± 2%), benzaldehyde (10 ± 2%), β-phellandrene (8 ± 2%), and 2-heptanone (7 ± 2%). The total amounts of EAD-active scents were 1558 ± 293 ng umbel–1 h–1 (mean ± SE) and 107 ± 50 ng leaf–1 h–1 in floral and vegetative samples, respectively.

Significant semi-quantitative (ANOSIM: R = 0.996; p < 0.01; Figure 3) differences were found in the EAD-active floral scent bouquets of H. helix and H. sphondylium. The average Bray-Curtis dissimilarity in scent between the two species was 71%, and the compounds most responsible for this dissimilarity were 4-oxoisophorone (contributing 11% to this dissimilarity according to a SIMPER analysis), β-myrcene (9%), linalool (5%), and acetophenone (5%). Overall, 12 EAD-active compounds were common to the flower scents of the two plant species (+ one unknown; Table 1 and Figure 2), whereof seven [(Z)-β-ocimene, (E)-linalool oxide furanoid, linalool, 2-phenylethanol, phenylacetonitrile, 4-oxoisophorone, dihydrooxoisophorone] and an unknown component were flower-specific, and five [benzaldehyde, (E)-β-ocimene, geranylacetone, (E)-β-farnesene, germacrene D] were also found in vegetative samples.
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FIGURE 3. Semi-quantitative differences between EAD-active compounds emitted by flowers of Hedera helix and Heracleum sphondylium. Letters describe the main floral compounds responsible for the differences between plants.




Color Analysis

The flower organ colors of H. helix and H. sphondylium were separated from each other in the color hexagon (Figure 4). H. helix plant organs built a close group (all pairwise comparisons <0.1 hexagon units) at the intersections of the categories UV-blue and UV, whereas the plant organs of H. sphondylium were located in the blue-green intersection of the hexagon. H. helix petals and pollen lay close to the center of the hexagon (0.08, 0.10 units), whereas the gynoecium occurred at a slightly larger distance (0.16 units) from the center. H. sphondylium gynoecium and petals were also found to lie close to each other (<0.1 units), with both organs having the longest distance (0.39 units) to the center, whereas H. sphondylium pollen was closer to the center (0.25 units).
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FIGURE 4. Spectral color analysis of Hedera helix and Heracleum sphondylium floral organs, provided in a color hexagon based on the visual spectrum of Vespula germanica (B, blue; G, green; UV, UV receptor). A circle with 0.1 units in radius is given to demonstrate the region of background colors.




Behavioral Experiments

Decoupled visual signals of H. sphondylium inflorescences were equally attractive as the empty control (Figure 5A,a), whereas decoupled olfactory signals of inflorescences attracted significantly more Dolichovespula wasps than the empty control (Figure 5A,b). The combined olfactory and visual signals were significantly more attractive for wasps than both the empty control (Figure 5A,c) and the decoupled olfactory signals of H. sphondylium inflorescences (Figure 5A,d).
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FIGURE 5. Attractiveness of (A) olfactory and visual cues of inflorescences of Hedera helix to Vespula germanica wasps, (B) synthetic Hedera helix scent samples to Vespula germanica wasps, and (C) olfactory and visual cues of inflorescences of Heracleum sphondylium to Dolichovespula sylvestris wasps. The synthetic solution consisted of EAD-active compounds of H. helix (Table 2). Non-flowering Hedera helix twigs were used as a leaf control (a,b). Mineral oil was used as a solvent control (e). Numbers inside the bars indicate absolute numbers of responding wasps (exact binomial test; *p < 0.05, **p < 0.01, ***p < 0.001).


Decoupled visual signals of the inflorescences and vegetative material of H. helix were only weakly attractive. Both attracted only two Vespula wasps when tested against each other (Figure 5B,e). This is in strong contrast to the decoupled olfactory inflorescence signals of H. helix, which attracted significantly more Vespula wasps when tested against decoupled olfactory signals of a vegetative control (Figure 5B,f). The combined olfactory and visual inflorescence signals were significantly more attractive than both decoupled visual (Figure 5B,g) and olfactory inflorescence (Figure 5B,h) signals.

The synthetic scent sample resembling the flower-specific compounds of H. helix was significantly more attractive than the solvent control (Figure 5C,i), but less attractive when compared with the scent emitted from the natural inflorescences of H. helix (Figure 5C,j).




DISCUSSION

Our study shows that olfactory signals are key in attracting vespine wasps to the inflorescences of Hedera helix and Heracleum sphondylium. Both plant species release various compounds that elicit electrophysiological responses in vespine wasps. For H. helix, we additionally show that electrophysiologically active compounds are also behaviorally active, but to a lower extent than the natural scent. In both species, visual traits increase the attractiveness of olfactory signals, although they are not attractive on their own.

Our finding that olfactory floral signals are more important than visual ones for vespine wasps during their search for food plants is in agreement with several studies on the host location of different floral visitors (Hodgkison et al., 2007; Raguso, 2008b; Primante and Dötterl, 2010; Dötterl et al., 2011; Johnson et al., 2011; De Vega et al., 2014) and of wasps in specialized associations (e.g., Ayasse et al., 2003; Brodmann et al., 2008; Shuttleworth and Johnson, 2009a; Burger et al., 2017). In some other diurnal systems, however, visual signals are similar to (Milet-Pinheiro et al., 2012; Rachersberger et al., 2019) or more attractive than (Barragán-Fonseca et al., 2020) olfactory floral signals for attracting pollinators from a distance. Wasps are only rarely attracted by visual traits alone to wasp-favored flowers (but see Brodmann et al., 2012), which often appear in cryptic colors similar to the background vegetation (Shuttleworth and Johnson, 2012). The finding that wasps integrate olfactory and visual floral signals of the studied plants shows that they behave similarly when looking for nectar (present study) and proteins. To locate prey, olfactory cues often play a key role (Brodmann et al., 2008, 2009, 2012) and are assumed to elicit landing behaviors (Raveret Richter and Jeanne, 1985), whereas visual cues are used for area location (Collett, 1996; Raveret Richter, 2000). However, not all measured colors of the floral organs can be detected against the background vegetation based on our color modeling. In H. helix, only the color loci of the gynoecium but not the petals and pollen had a distance greater than 0.1 hexagon units from the center, which suggests that only this floral organ can be discriminated from green leaves (Dyer and Chittka, 2004). In contrast, all measured color loci of H. sphondylium flowers were clearly distinct from background colors.

Data on the floral scents of H. helix have recently been published (10 compounds; Vanderplanck et al., 2017), but not a single compound thereof is among those identified in the present study. Instead, Vanderplanck et al. (2017) list compounds such as cyclopentane and 1H-cyclopropa(a)naphthalene, which are typical contaminants of floral scent analyses. Furthermore, we are not aware of a previous study involving the analysis of the scent of H. sphondylium. Other species of Heracleum release several compounds, mainly terpenoids, that are also described in the present study (Borg-Karlson et al., 1993; Tollsten and Øvstedal, 1994; Tollsten et al., 1994). For example, Heracleum sibiricum, a species that also has vespine wasps among its generalist pollinators (Zych, 2002), emits linalool and (E)-linalool oxide furanoid, which are the main compounds detected in the present and previous studies (Borg-Karlson et al., 1993).

Most of the identified volatiles in the studied plants are widespread floral compounds known from plants with various pollination systems (Knudsen et al., 2006). Many of the compounds are also physiologically (Blight et al., 1997; Burger et al., 2013; Mas et al., 2018; Lukas et al., 2019) or behaviorally (Henning et al., 1992) active in honeybees but only few were known to be active in wasps before our study (but see Brodmann et al., 2008, 2012; Brown et al., 2015). As demonstrated by behavioral assays the compounds elicited also behavioral responses in wasps. Some EAD-active compounds of H. sphondylium are less common among the floral scents, especially the nitrogen-bearing 2-aminoacetophenone and its likely derivate m/z 120, 135, 92, 65, 163, 93 (Johnson et al., 2020). 2-Aminoacetophenone has been shown to attract various flies to bacteria (Kapsetaki et al., 2014), and its likely derivative is EAD-active in the scent of fly-pollinated Wurmbea flowers, a lily that exhibits a fecal odor (Johnson et al., 2020). Moreover, the scent of H. sphondylium is reminiscent of the smell of dung, possibly because of the presence of p-cresol. This compound occurs, as a major compound in various plants, especially in species with a sapromyiophilous pollination system that mimics dung (Kite et al., 1998; Jürgens et al., 2006, 2013; Knudsen et al., 2006).

We have not found compounds among those identified in H. helix or H. sphondylium that might be selective for wasps or that are known as typical vespine wasp attractants, such as heptyl butyrate, isobutanol, and acetic acid (Davis et al., 1969; Landolt, 1998; Day and Jeanne, 2001; Landolt et al., 2007; El-Sayed et al., 2009; Landolt and Zhang, 2016; Buteler et al., 2018), which possibly resemble the odors from rotten fruits. For example, the floral scent of Gomphocarpus physocarpus, an asclepiad pollinated by vespid wasps, is characterized by acetic acid as a main compound (Burger et al., 2017). In contrast, a broad range of widespread floral scent compounds (e.g., terpenes, aromatics) that show some overlaps with the scent bouquets of H. helix and H. sphondylium is described for pollination systems with pompilid wasps as the principle pollinators (Shuttleworth and Johnson, 2012). In these systems, nectar properties additionally play a key role to avoid non-wasp visitors (Shuttleworth and Johnson, 2009b); this is probably not the case in the above studied systems as H. helix and H. sphondylium are frequently visited by many different insects (Corbet, 1970; Sheppard, 1991; Metcalfe, 2005; Vezza et al., 2006; Zych, 2007; Jacobs et al., 2010). The floral scent bouquets of both plants include mainly typical floral scent components and are not dominated by green leaf volatiles as it is described for the wasp flowers Epipactis helleborine (Brodmann et al., 2009) and Scrophularia umbrosa (Brodmann et al., 2012) that mimic herbivore feeding to attract wasps as pollinators.

Instead, we conclude, that wasps seem to be attracted to the studied plants by floral scent compounds that are also physiologically and/or behaviorally active for other flower visitors, such as bees, moths, butterflies, and flies (Andersson, 2003; Dötterl and Vereecken, 2010; Johnson et al., 2020; The Pherobase, 2020). The release of such compounds might be the reason that H. helix and H. sphondylium are attractive to insects of various orders and families. We show here, for the first time, that those compounds are also involved in chemical communication between nectar-foraging vespine wasps and host plants with a generalist-type pollination system.
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Compounds are listed by compound class and Kovats retention index (KRI). The mass-to-charge ratio (m/z) is given for unknown compounds. Numbers (No.) correspond
to numbered EAD-responses given in Figure 2. Compound amounts in bold indicate most abundant compounds. Compound identification was verified through authentic
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2-Heptanol 37 963 18
)-B-Ocimene” 148 852 15
(E)-p-Ocimene*
Phenylacetaldehyde 203 797 35
y-Terpinene 25 975 20
1-Phenylethanol 113 887 10
Acetophenone 6
(2)-Linalool oxide furanoid* 50
(E)-Linalool oxide furanoid*
Linalool 7
Methyl benzoate 4
2-Phenylethanol 2
Phenylacetonitrile 1
4-Oxoisophorone 120
(2)-Linalool oxide pyranoid* 5
(E)-Linalool oxide pyranoid*
Methy! salicylate 2
2-Aminoacetophenone 4
Sum (corresponding to 10,000 umbels) 296

A diluted aliquot of the stock solution that resembled the floral scent of five umbels
was used for bioassays. *Compounds were only available in a mixture of isomers.
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