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Chemical communication via pheromones is considered the oldest and most widespread form of communication in nature. However, the way that the enormous diversity of species-specific pheromones evolved is still of debate. One possible process driving pheromone evolution is the mate-finding and dispersal behavior, as long-distance mate-finding requires highly volatile compounds. In contrast, less volatile compounds might be sufficient attractants in species that search for mates within proximity. In the parasitoid wasp genus Leptopilina, the composition of species-specific sex pheromones ranges from highly volatile iridoid compounds through combinations of iridoids with low volatile cuticular hydrocarbons (CHCs) to only CHCs. To study the selective forces shaping the composition of sex pheromones in Leptopilina, we examined the dispersal behavior, i.e., the proportion of male and female wasps dispersing after emergence, in four species with known sex pheromone compositions. If males and females disperse immediately, long-range mate attraction might become necessary, favoring volatile iridoids over CHCs. If mating occurs directly on the host patch, short-range mate attraction by low volatile CHCs might suffice. Our analyses have revealed that the dispersal behavior of Leptopilina males and females after emergence does indeed differ between species with differently volatile sex pheromones. Specifically, males of species with iridoid sex pheromones start to disperse immediately before their females’ emergence, whereas males of species with CHC sex pheromones delay dispersal until their conspecific females emerge. While the differences in female dispersal behavior turned out to be species-specific, differences in male dispersal correlated with the volatility of female-produced sex pheromones of each species. This study significantly contributes to our understanding of the evolution of sex pheromones by differences in dispersal behavior.
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INTRODUCTION

Semiochemicals that mediate a variety of intra- and interspecific communication such as the attraction and finding of mating partners, hosts, or prey, or the deterrence of enemies, are ubiquitous in nature and consequently show a remarkable diversity (Wyatt, 2014). The thousands of chemicals transmitting information between organisms belong to various compound classes (see, e.g., El-Sayed, 2018 at http://www.pherobase.com, which lists >3500 semiochemical compounds), are used alone or in combination, and range from small, light, volatile molecules to large, non-volatile compounds with higher molecular weights. Thus, these chemical messengers have a variety of different physicochemical properties (e.g., solubility in water for sex pheromones in fish, volatility in airborne signals, Mollo et al., 2017), although the prerequisites of semiochemicals should be similar for each form and function of chemical communication. Ultimately, they have to be emitted and delivered at the right concentration in order to be perceived and to elicit a response.

Despite having similar functions, the effective range of pheromones and their detection is often markedly different. If signals merely have to be detected by organisms in close vicinity to each other, non- or semi-volatile compounds such as long-chained cuticular hydrocarbons (CHCs) can suffice as contact pheromones (Blomquist and Bagnères, 2010), whereas long-range pheromones need to be volatile, to vaporize rapidly, and to spread widely in order to inform conspecifics over greater distances (alarm pheromones: e.g., Fujiwara-Tsujii et al., 2006; sex pheromones: e.g., Allison and Cardé, 2016; aggregation pheromones: e.g., Gries et al., 2015). For example, sex pheromones can be expected to be volatile, if mates need to be attracted and/or found over long distances, whereas non-volatile compounds are sufficient to elicit courtship at close range once the mating partner has been found. Because of the necessity for species-specificity in mate-finding, the compounds used for sexual communication are extremely diverse and show large variations in composition, even among closely related species (Symonds and Elgar, 2008).

The evolution of pheromone diversity is still little understood. Up to date, studies concerning differences in pheromone compositions between closely related species have focused on phylogenetic comparisons and genetic analyses with explanations such as large, saltational shifts in pheromone evolution during speciation or differential gene regulation leading to changes between species in enzymatic pathways generating the pheromone (e.g., Lassance et al., 2010, see also Symonds and Elgar, 2008). Another explanation for the chemical composition of pheromones is provided by the precursor hypothesis, which states that compounds used for communication evolve from compounds previously fulfilling non-communicative purposes in the same species (Wyatt, 2010; Bradbury and Vehrencamp, 2011; Steiger et al., 2011; Stökl and Steiger, 2017). Examples are hormones that are excreted in urine and that evolved as sex pheromones in females of the goldfish and Atlantic salmon (Stacey and Sorensen, 2009), or defensive secretions that evolved as alarm pheromones (Löfqvist, 1976), but also as sex pheromones (Boppré, 1986; Ruther et al., 2001; Geiselhardt et al., 2008) or aggregation pheromones (Wheeler and Cardé, 2013). However, research is limited with regard to the degree to which the evolution of the impressive variety of sex pheromone compositions is driven by ecological or life-history traits and behavior. One important factor that has so far been neglected in explaining this diversity is the dispersal behavior of organisms during mate-finding, a characteristic that might be closely correlated with the volatility of pheromonal compounds. As the volatility of sex pheromones will restrict communication via these chemicals to a certain distance within which the compounds can be perceived, it consequently also restricts dispersal distances. Therefore, dispersal behavior might be a life history trait that has shaped pheromone composition and its volatility and physicochemical properties.

Ideally, this hypothesis can be tested by comparing the dispersal behavior of closely-related species with known sex pheromones of different volatilities. Such an example is found in the genus Leptopilina, which are parasitic wasps attacking Drosophila larvae (Carton et al., 1986) and which comprises several closely related species with sex pheromones of different volatilities (Weiss et al., 2013, 2015; Pfeiffer et al., 2018; Böttinger et al., 2019; Böttinger et al. submitted; unpublished). Although all Leptopilina species studied until now produce iridoid compounds and CHCs, an enormous variation in their sex pheromone compositions has been found. Leptopilina heterotoma (Weiss et al., 2013) and Leptopilina japonica (Böttinger et al., 2019) use solely their species-specific volatile iridoid compounds as their female sex pheromones, whereas combinations of iridoids and non-volatile CHCs (Leptopilina boulardi, Weiss et al., 2015) or only CHCs serve as sex pheromones in several species such as Leptopilina clavipes (Pfeiffer et al., 2018), Leptopilina guineaensis (unpublished), Leptopilina pacifica (Böttinger et al. submitted), Leptopilina ryukyuensis (Böttinger et al., 2019), and Leptopilina victoriae (Weiss et al., 2015). The CHCs used as sex pheromones in the latter species consist of methyl-branched alkanes and mono- or di-unsaturated alkenes with chain lengths ranging from 27 to 37 carbons (with the exception of some trace compounds; Weiss et al., 2015; Pfeiffer et al., 2018; Böttinger et al., 2019; Böttinger et al. submitted; unpublished) and are thus of low volatility. Consequently, Leptopilina sex pheromones consisting of iridoids can be perceived over long distances, whereas those consisting of CHCs can only be perceived in close vicinity of the releasing individual. Wasps of this genus are quasi-gregarious (van den Assem et al., 1980), as each of them develops solitarily in separate Drosophila larvae, which are however mostly clumped together. Therefore, male wasps searching for mates can either stay on their natal host patch to wait for conspecific females to emerge, as males generally emerge before females (Carton et al., 1986), or can disperse to mate with females from other host patches (Fauvergue et al., 1999). Accordingly, female wasps can disperse directly after emergence or mate on their host patch before they disperse to search for hosts (Hardy and Godfray, 1990). To find their mating partners after leaving their natal host patch, wasps could either follow the long-range pheromones of their prospective partner or use host-patch-derived volatiles as attractants, because host patches are probably optimal places for mate encounters. They can subsequently use short-range pheromones for mate recognition. We propose the following two hypotheses: If males and females of Leptopilina disperse unmated immediately after emergence, long-range mate attraction might become necessary, favoring sex pheromones containing volatile iridoids. If mating occurs directly on the host patch and dispersal is delayed, short-range mate attraction by low volatile CHCs could be sufficient.

In this study, we wished to tackle these hypotheses by comparing the dispersal behaviors of male and female Leptopilina wasps of four closely related species with differently volatile sex pheromones (highly volatile iridoids: L. heterotoma and L. japonica, low volatile CHCs: L. pacifica and L. ryukyuensis). For L. heterotoma (volatile iridoid sex pheromone) and L. boulardi (iridoids with CHCs as female sex pheromone) it is known that males and females disperse actively by flight from their natal patches shortly after emergence at a similar rate over several meters (Fauvergue et al., 1999). In field releases marked female L. heterotoma wasps dispersed upwind and were caught foraging at baits up to 18 m away from their point of release (Papaj and Vet, 1990). However, nothing is known about dispersal behaviors of species with non-volatile sex pheromones, and about the way that dispersal can shape the evolution of sex pheromone diversity. We therefore tested (1) whether males and females of species that use highly volatile iridoids in the female sex-pheromone disperse earlier or at a higher rate than species that use low volatile CHCs as sex pheromones, (2) whether dispersal of males and females is delayed or occurs to a lesser extent in species that use very low volatile CHCs as sex pheromones and in which no long-range attraction is possible, (3) the odor sources to which the wasps are attracted, as they might explain the reason for the dispersal of wasps.



MATERIALS AND METHODS


Species

The wasp strain of L. heterotoma is a long established lab strain that was originally collected in Leiden, Netherlands. The strain of L. japonica (subspecies L. j. japonica, Novković et al., 2011) was collected in Tokyo, Japan in 2006, whereas L. ryukyuensis and L. pacifica were collected on Iriomote-jima, Japan in 2006 and 2011, respectively. The Japanese species were kindly provided by Prof. K. T. Kimura. Wasps of the species L. heterotoma, L. japonica, and L. ryukyuensis were reared on larvae of Drosophila simulans, whereas L. pacifica wasps were reared on Drosophila virilis larvae. Wasps and flies were kept in a climate- and light-controlled room (Zettner; Bayreuth, Germany) at 25°C and ∼60% humidity and under a 16:8 h L:D cycle. About 30 flies of both sexes were placed into a jar containing fresh corn-based diet as the host patch medium (for ingredients, see Böttinger et al., 2019) and removed after 48 h. Subsequently, about 10 mated females of either L. heterotoma, L. japonica, L. pacifica, or L. ryukyuensis were placed into the jar to parasitize their host fly larvae. To obtain unmated and naïve wasps of a defined sex and age for the experiments, parasitized pupae were singly isolated prior to eclosion into 1.5 ml microcentrifuge tubes. Filter papers (5 mm diameter) with a 50:50 honey water solution were added, so that individual wasps could feed ad libitum. Mated females were obtained by placing a 2- to 6-day-old male wasp in a microcentrifuge tube containing a freshly hatched female wasp and leaving them together for approximately 12 h.



Dispersal Experiment

In this experiment, we investigated the dispersal of wasps from their place of emergence. Dispersal is hereby defined as the leaving of the natal patch. Flies of D. simulans and D. virilis were allowed to lay eggs for 48 h on the host patch medium in small jars (70 × 40 mm height and diameter). Subsequently, 10 female wasps of either L. heterotoma, L. japonica, L. pacifica, or L. ryukyuensis were placed in the jar for 48 h to parasitize the Drosophila larvae. The jars were then transferred to transparent plastic boxes (size ca. 155 × 100 mm, 125 mm height). A micropipette tip (200 μl) was inserted into each jar lid through a hole (3 mm diameter) with the small tip end directed outwards. Previously, the small tip end had been cut and its opening diameter thus enlarged, so that the wasps once they emerged could climb out and exit the jars via these tips but could not return into the original jar. Each jar was checked three times daily (at 9 am, 3 pm, 9 pm), and the number and the sex of the wasps in the jar as well as outside the jar in the transparent box was recorded. Dispersed wasps were then removed from the transparent plastic box. The experiment was conducted 30 times per species and lasted 126 h after the emergence of the first wasp in each jar.



Attraction Olfactometer Experiment

To assess the odor sources that can mediate mate-finding, other than a long-range sex pheromone, attraction assays were performed with a Y-tube olfactometer in which wasps were allowed to decide between two presented odors. The Y-tube was made from glass (15 mm inner diameter) and consisted of a base (60 mm length) and two arms (90 mm length, divided by a 45° angle). It was positioned at a 30° slope with the arms pointing upward and illuminated from above by two LED tubes (350 lm, 5 W). Each arm was connected via Teflon tubes to separate Erlenmeyer flasks (50 ml) containing artificial host patches (5 g Drosophila rearing substrate, on which 10 D. simulans females were allowed to oviposit for 48 h). Humidified air was pumped through the flasks into the Y-tube arms at an air flow rate of 30 ml min−1. To test the attraction of males to the odor of females, 2- to 6-day-old male wasps were given the choice between the odor of a host patch and the odor of a host patch with 20 conspecific virgin female wasps (1–3 days old). In a follow-up experiment, instead of live females, 2 μl female extract [equivalent to 1/5th of a female; pooled extracts with 10 μl Dichloromethane (DCM) per female] was applied to a filter paper disk (5 mm diameter) and positioned into the end of one arm of the Y-tube. As a control, 2 μl DCM was applied to a filter paper disk and positioned in the other arm. Impregnated filter paper disks were left to evaporate for 30 s before being used for the experiment. Likewise, the attraction of females to males was tested by presenting two host patches in separate Erlenmeyer flasks, with one additionally containing 20 conspecific males (2–6 days old), to 1- to 3-day-old virgin females. To check whether males and females meet on host patches, their attraction to host patches with eggs and larvae of their host fly species was tested by presenting them with either the host patch or moist cotton pads. To differentiate whether female wasps disperse to find host patches before or after mating, the attraction of virgin and mated females to the host patch odor was compared here. For each run of the experiments, one male or female wasp was carefully placed into the entrance of the base of the Y-tube olfactometer by using an aspirator. Subsequently, the wasp was allowed to choose between the control odor (host patch, host patch with DCM solvent, or moist cotton) and the treatment odor (host patch with 20 conspecific individuals of the opposite sex, host patch with extract of conspecific females, or host patch). The experiment was stopped after the wasps had either crossed a decision line, which was marked within each Y-tube arm at a distance of 2 cm beyond the branching point, or after 5 min (attraction to odor of mating partners) or 10 min (attraction to odor of host patches), if no choice occurred, and the respective decisions were recorded. After each run, the Y-tube was turned, and the control and treatment odor were swapped. The Y-tube was cleaned with ethanol and hot water following every second run. Each individual wasp was only used once (N = 30 for each species and treatment).



Statistics

To test for differences between the dispersal curves of female and male wasps of each species, we used the log-rank test as implemented in the R function survdiff.

To analyze differences in male dispersal depending on the presence of females, the proportion of males dispersing in each observation interval within 48 h before and 48 h after the emergence of the first female was calculated. We compared the mean proportions of dispersed males in these 48-h intervals per species using Wilcoxon signed rank tests (Bonferroni corrected for multiple comparisons). Furthermore, Wilcoxon signed rank tests (Bonferroni corrected) were used to analyze male dispersal differences dependent on the volatility of female sex pheromones, in comparing pooled data for species using CHCs (L. pacifica, L. ryukyuensis) and iridoids (L. heterotoma, L. japonica) as sex pheromones.

For the analysis of the dispersal of female wasps, the proportion of females that dispersed at every time point as well as the mean proportion of dispersed females within 24-h intervals (up to 96 h) after the emergence of the first female was calculated for each jar. The differences in female dispersal between all species were examined in each 24-h interval with Kruskal–Wallis rank sum tests. As post hoc tests we used pairwise Wilcoxon signed rank tests (Bonferroni corrected). Additionally, we analyzed the differences in the dispersal quotients of female wasps of species with differently volatile sex pheromones (iridoids: L. heterotoma and L. japonica, CHCs: L. pacifica and L. ryukyuensis) by using Wilcoxon signed rank tests (Bonferroni corrected).

The decisions of wasps in the Y-tube olfactometer were analyzed using a two-sided binomial test. For each experiment, N = 30. All statistics were carried out in R Version 3.3.0.



RESULTS

The first male wasps of L. pacifica emerged on average 34.0 ± 12.6 h (mean ± SD) before their conspecific females in the same jars, whereas males of L. japonica emerged 39.4 ± 18.1 h (mean ± SD), those of L. ryukyuensis 42.0 ± 13.9 h (mean ± SD), and L. heterotoma 46.2 ± 17.1 h (mean ± SD) on average before their females.

In total, 57.7% of the males and 57.9% of the females of L. heterotoma dispersed, whereas 76.6% of the males and 39.0% of the females of L. japonica, 46.9% of the males and 38.0% of the females of L. ryukyuensis, and 63.2% of the males and 19.7% of the females of L. pacifica dispersed (Figure 1). Dispersal differed significantly between male and female wasps in all species (Figure 1; Log-rank curve comparison tests between female and male wasps in L. heterotoma: χ2(1) = 4.3, P = 0.040; L. japonica: χ2(1) = 344, P < 0.001; L. ryukyuensis: χ2(1) = 31.6, P < 0.001; L. pacifica: χ2(1) = 411, P < 0.001). Males of all species started to disperse before the emergence of their conspecific females (Figure 1) and dispersed more quickly than their females. However, whereas males of the species L. heterotoma and L. japonica dispersed directly after emergence from their host patches and jars (Figures 1A,B), males of L. ryukyuensis and L. pacifica tended to stay longer after emergence on their host patches, before they started to disperse (Figures 1C,D). Females of all species started to disperse directly after their emergence, whereby the proportion of dispersing female wasps of L. heterotoma was about 1.5 to 3 times higher than those of the other species (Figure 1).
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FIGURE 1. Kaplan Meier plots showing the probability of dispersing for female and male wasps of (A) L. heterotoma (L. het), (B) L. japonica (L. jap), (C) L. pacifica (L. pac), and (D) L. ryukyuensis (L. ryu) within the first 126 h after emergence of the first wasp per jar. Numbers of females and males were summed up over all jars. The mean time point of female emergence per species is indicated with a dotted vertical line. Statistical differences between dispersal curves of the different sexes were analyzed with log rank tests. For each experiment, N = 30.


The dispersal of males of L. heterotoma, L. japonica, L. pacifica and L. ryukyuensis showed differences between all species and depended in two of the species on the presence of females (Figure 2). The dispersal of males of species with highly volatile sex pheromones, namely of L. heterotoma and L. japonica, did not change with the presence of females (Wilcoxon signed rank tests: V = 129, P = 0.196; V = 160, P = 1, respectively; Figure 2), as the proportions of dispersing males from their natal patch stayed the same before and after the emergence of females (Figure 2). In contrast, in L. pacifica and L. ryukyuensis, which use low volatile CHCs as sex pheromones, significantly fewer males dispersed before the emergence of the first female than afterward (Wilcoxon signed rank tests: V = 25, P < 0.001; V = 47, P = 0.007, respectively; Figure 2). Moreover, when we combined the data for species with volatile iridoids and low volatile CHCs as sex pheromones, we obtained the same result (Figure 3). In species in which the females had volatile iridoid sex pheromones, the males started to disperse directly after emergence from the natal patch, before the females emerged, and dispersed at a similar rate after the females emerged (Wilcoxon signed rank tests: V = 571, P = 0.257). However, if they had sex pheromones of low volatility, males dispersed less before female emergence and significantly more after the presence of conspecific females (Wilcoxon signed rank tests: V = 143, P < 0.001; Figure 3).
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FIGURE 2. Barplots showing means and standard errors of the mean proportions of dispersed males within the 48 h before (dark gray bars) and within the 48 h after (light gray bars) female emergence in each jar for L. heterotoma, L. japonica, L. pacifica, and L. ryukyuensis. Dispersal before and after female emergence was compared with Wilcoxon signed rank tests (Bonferroni corrected). Asterisks indicate a significant difference ** P < 0.01, *** P < 0.001, n.s. not significant. For each experiment, N = 30.
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FIGURE 3. Barplots showing means and standard errors of the mean proportions of dispersed males within the 48 h before (dark gray bars) and within the 48 h after (light gray bars) female emergence in each jar for species using CHCs (L. pacifica and L. ryukyuensis) or iridoids (L. heterotoma, L. japonica) in the female sex pheromone. Dispersal before and after female emergence was compared with Wilcoxon signed rank tests (Bonferroni corrected). Asterisks indicate a significant difference *** P < 0.001, n.s. not significant. For each experiment, N = 60.


When checked for species-specific effects, the proportions of dispersed female wasps differed among the four investigated species within all 24-h time intervals after female emergence (Kruskal–Wallis rank sum tests, 0–24 h: χ2 = 14.073, df = 3, P = 0.003; 24–48 h: χ2 = 25.181, df = 3, P < 0.001; 48–72 h: χ2 = 28.953, df = 3, P < 0.001; 72–96 h: χ2 = 30.331, df = 3, P < 0.001; Figure 4). The proportions of dispersed females of L. heterotoma were higher than those of the other three species, however, after Bonferroni corrections of P-values these differences were only significant within the first 48 h after emergence (pairwise Wilcoxon signed rank tests: each P < 0.05; Figure 4). The mean proportion of dispersed L. japonica females did never differ from that of L. pacifica (within 0–24 h and 24–48 h: each P = 1; 48–72 h: P = 0.108; 72–96 h: P = 0.428) or L. ryukyuensis (each P = 1; Figure 4). Proportions of dispersed female individuals did not differ between L. pacifica and L. ryukyuensis within the first 48 h after emergence (within 0–24 h and 24–48 h: each P = 1), but afterward those of L. pacifica were lower than those of L. ryukyuensis (within 48–72 h: P = 0.045; 72–96 h: P < 0.001). Albeit these species-specific differences in female dispersal, we found that when we combined species according to the volatility of their sex pheromones, the mean proportion of dispersed female wasps of species with highly volatile iridoid sex pheromones, namely of L. heterotoma and L. japonica, was significantly higher than that of females of L. pacifica and L. ryukyuensis, which have sex pheromones consisting of less volatile CHCs (Figure 5). This difference was visible in all 24-h intervals after the first female emergence in each jar (Wilcoxon signed rank tests, 0–24 h: V = 278, P = 0.006; 24–48 h: V = 417, P = 0.005; 48–72 h: V = 360, P < 0.001; 72–96 h: V = 486, P = 0.011; Figure 5).
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FIGURE 4. Barplots showing means and standard errors of the mean proportions of dispersed females within 24-h intervals after emergence of the first female in each jar for each of the species L. heterotoma, L. japonica, L. pacifica, and L. ryukyuensis. Differences between species within time intervals were analyzed using Kruskal–Wallis rank sum tests with post hoc pairwise Wilcoxon signed rank tests (Bonferroni corrected). Different letters indicate a significant difference, P < 0.05. For each experiment, N = 30.
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FIGURE 5. Barplots showing means and standard errors of the mean proportions of dispersed females within 24-h intervals after emergence of the first female in each jar for species using CHCs (L. pacifica and L. ryukyuensis, dark gray bars) or iridoids (L. heterotoma, L. japonica, light gray bars) in the female sex pheromone. Dispersal in each time interval was compared with Wilcoxon signed rank tests (Bonferroni corrected). Asterisks indicate a significant difference * P < 0.05, ** P < 0.01, *** P < 0.001. For each experiment, N = 60.


To assess the odor sources that enable mate-finding after the dispersal of males and females, attraction assays were performed in which wasps could decide between two presented odors. Males of all species were attracted to the odor of their living conspecific females (L. heterotoma: P < 0.001; L. japonica: P < 0.001; L. ryukyuensis: P < 0.001; L. pacifica: P = 0.016; Figure 6A) and to the extract of their females (L. heterotoma: P < 0.001; L. japonica: P < 0.001; L. ryukyuensis: P = 0.016; L. pacifica: P < 0.001; Figure 6B), irrespective of the composition of the female sex pheromone, but not to the odor of host patches (L. heterotoma: P = 0.362; L. japonica: P = 0.361; L. ryukyuensis: P = 0.585; L. pacifica: P = 0.856; Figure 6C). Females, however, were not attracted to the odor of males (L. heterotoma: P = 0.585; L. japonica: P = 0.855; L. ryukyuensis: P = 1; L. pacifica: P = 0.099; Figure 7A), but to the odor of host patches (virgin L. heterotoma: P = 0.016; mated L. heterotoma: P = 0.016; virgin L. japonica: P = 0.005; mated L. japonica: P < 0.001; virgin L. ryukyuensis: P < 0.001; mated L. ryukyuensis: P < 0.001; virgin L. pacifica: P < 0.001; mated L. pacifica: P < 0.001; Figures 7B,C). No difference was noted in this decision according to the mating status of the female wasps (Figures 7B,C).
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FIGURE 6. Frequency of decision for control (light gray bars) or sample (dark gray bars) of males of L. heterotoma, L. japonica, L. pacifica, or L. ryukyuensis in a Y-tube experiment with a choice between the odor of unexploited host patches or host patches with either (A) 20 conspecific females or (B) extracts of their females; (C) Decisions of males of L. heterotoma, L. japonica, L. pacifica, or L. ryukyuensis for host patches or clean humidified air. P-values are given for two-sided binomial tests. For each experiment, N = 30. L. het. = Leptopilina heterotoma, L. jap. = Leptopilina japonica, L. pac. = Leptopilina pacifica, L. ryu. = Leptopilina ryukyuensis, v. = virgin, mc = moist cotton, n.s. = not significant.
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FIGURE 7. Frequency of decision for control (light gray bars) or sample (dark gray bars) of virgin females of L. heterotoma, L. japonica, L. pacifica, or L. ryukyuensis in a Y-tube experiment with a choice between the odor of unexploited host patches or (A) host patches with 20 conspecific males or (B) clear humidified air provided by moist cotton pads, (C) Decisions of mated females of each of the species when choosing between the odor of unexploited host patches or clean humidified air. P-values are given for two-sided binomial tests. For each experiment, N = 30. L. het. = Leptopilina heterotoma, L. jap. = Leptopilina japonica, L. pac. = Leptopilina pacifica, L. ryu. = Leptopilina ryukyuensis, v. = virgin, m. = mated, n.s. = not significant.




DISCUSSION


Dispersal Can Explain Sex Pheromone Composition

Within the genus Leptopilina, all species studied to date have different combinations of low volatile CHCs and/or volatile iridoids as female-produced sex pheromones (Weiss et al., 2013, 2015; Pfeiffer et al., 2018; Böttinger et al., 2019; Böttinger et al. submitted). The evolution of this female sex pheromone diversity might have been shaped by the dispersal behavior of male and female wasps, as we have found a correlation between the post-emergence dispersal of males (Figures 2, 3) and females (Figure 5) and the volatility of the sex pheromone of the females. We show here that males of the species L. pacifica and L. ryukyuensis, in which the long-chained CHCs of the females elicit courtship (Böttinger et al., 2019; Böttinger et al. submitted), delay their dispersal until females emerge at their host patch. In contrast, in the species L. heterotoma and L. japonica, whose female sex pheromones consist of volatile iridoid compounds (Weiss et al., 2013; Böttinger et al., 2019), a high proportion of males disperse before the first females emerge. No change occurs in the rate of male dispersal after the emergence of the females. Furthermore, the dispersal of female wasps with highly volatile iridoid sex pheromones is continuously more pronounced than that of females with low volatile CHC-based sex pheromones when species are pooled according to the sex pheromone volatility (Figure 5). However, this difference is due to the high proportions of dispersing L. heterotoma females compared to those of the other species (Figure 4) and not due to the sex pheromone differences of females. Therefore, the differences in the sex pheromone compositions of the genus Leptopilina can be explained by the different dispersal patterns of male wasps. Consequently, post-emergence dispersal behavior might have shaped the evolution of the female sex pheromones in this genus. To our knowledge, this is the first time that the volatility of female sex pheromones has been associated with the dispersal behavior of males.



Emergence of Females Is Important for Male Dispersal

We have found that the time point of female emergence (about 2 days after male emergence in all species) demonstrates a changing point in the dispersal of males in the species with low volatile CHCs as sex pheromones. In these species (L. pacifica and L. ryukyuensis), the small proportion of males dispersing before the emergence of conspecific females indicates that males of these species stay at the host patches to wait for the females to emerge in order to ensure successful mate-finding and mating. This can be explained by the fact that mate location over long distances is not possible through the use of long-chained CHCs as sex pheromones. The risk of dispersing and not being able to find mating partners when CHCs are used as sex pheromones is probably high, and it is thus beneficial for males of these species to wait for the emergence of potential mates. In many other species of parasitoid wasps, males wait for conspecific females to emerge to mate with them. In Cotesia waterstoni, for example, male wasps wait at their place of emergence, recognize cocoons of conspecific females because of the leakage of CHCs of the females through the wall of the cocoon (Howard, 1992), and chew these open to mate with the females (Evans, 1964; Gordh and Móczár, 1990). Furthermore, in the parasitoid wasp Lariophagus distinguendus, males emerge before females and recognize the pheromones of the females while the latter are still pupated (Steiner et al., 2005). Also, approximately 50–60% of individuals in the gregarious parasitoid wasp, Cotesia glomerata, mate on the natal patch (Kitano, 1976; Tagawa and Hidaka, 1982; Gu and Dorn, 2003). The dispersal of the remaining newly emerged wasps of C. glomerata before mating is assumed to be induced by pheromones to reduce fierce competition, as males as well as mated females use the compound heptanal to repel siblings (Xu et al., 2019). Mating on the host patch of emergence leads to local mate competition (LMC; Hamilton, 1967) among male wasps for access to females. This LMC can lead to physical fights among male wasps (Godfray, 1994; Boulton et al., 2015), resulting in some cases, as in fig wasps or most wasps of the genus Melittobia, in the killing of competitors (Herre et al., 1997; Matthews et al., 2009). However, nothing is not known about male-male combat for mating opportunities or competition-mediated dispersal in male Leptopilina wasps. LMC can also result in female-biased sex ratios, as in, for example, the jewel wasp Nasonia vitripennis (Ruther et al., 2009). Here, offspring sex ratios can be adjusted, depending on the foundress number, in order to minimize competition between brothers. If only one foundress female lays eggs, the minimal necessary number of males to inseminate all female offspring of the brood will be produced (Ruther et al., 2009 and references therein). However, although LMC has been described in some Leptopilina species, consequences such as strong female-biased sex ratios have not been observed to date (Fauvergue et al., 1999).



Iridoid Sex Pheromones Are Used for Long-Range Attraction

In contrast to the species with CHCs as sex pheromones, males of Leptopilina species with iridoids as sex pheromones, namely L. heterotoma and L. japonica, dispersed directly after emergence and showed no difference in their rate of dispersal after the emergence of their females (Figures 2, 3). This result was expected, as the dispersal of male wasps (before female emergence) is attributed to mate-searching; long-range mate-finding for males of these species is possible because of the volatile iridoid sex pheromone emitted by the females. Males of L. boulardi and L. heterotoma have previously been shown to be attracted to volatiles of virgin females in the field (Fauvergue et al., 1999). Male Leptopilina wasps benefit from (off-patch) mate-searching as they mate several times, while females mate only once (van den Assem, 1968). Therefore, males with iridoid female sex pheromones might benefit from direct dispersal, as they could have increased mating opportunities with unrelated conspecifics compared to males that stay at the natal patch. The mating strategy of Leptopilina species with iridoids as sex pheromones could be the avoidance of inbreeding through direct dispersal, as discussed below.



Long-Range Attraction in Species With CHC-Based Sex Pheromones

Males of species with CHC-based sex pheromones also disperse from the host patch, although later than males of species with iridoid-based sex pheromones. As mate searching is the most likely reason for males to disperse, a long range mate-finding mechanism must also exist in species that use CHCs as sex pheromones. Indeed, we have shown in the olfactometer experiments, that the males of all the studied Leptopilina species are attracted to the compounds of their conspecific females (Figure 6). This is not surprising for species with iridoids as long-range sex pheromones. However, even species that use the long-chained CHCs of their females as sex pheromones are attracted over longer distances (in the Y-tube olfactometer) to their females. We can exclude that the attraction is mediated by low-volatile CHCs, as long-chained CHCs are solely perceivable in the close vicinity of the emitting individual (e.g., Schiestl and Ayasse, 2000; Blomquist and Bagnères, 2010; Ruther et al., 2011; Kühbandner et al., 2012; Ruther, 2013). For example, in wasps of the genus Lariophagus, the activity of the female pheromone consisting of CHCs is restricted to a distance of 0–5 mm (Ruther et al., 2000; Steiner et al., 2005, 2007a). This suggests that, even in the Leptopilina species with CHCs as sex pheromones, other compounds lead the males to conspecific females. These compounds are either the iridoid compounds of the females or the odor of the host patch. In several insect species, host-plant volatiles or host-associated volatile cues are used for the location of mating partners from a distance. Several parasitic wasps with CHC-based female sex pheromones, such as C. glomerata, use volatiles emitted by plants damaged by their host insects as long-range attraction cues to find mates (Xu et al., 2017; Xu and Turlings, 2018). Moreover, males of L. distinguendus orient themselves to the same volatiles emitted by host larval feces to which females are also attracted (Steidle and Ruther, 2000; Steiner et al., 2007b). This is not, however, the case in males of the genus Leptopilina, for which we have found no attraction of males to odors of host patches (Figure 6C). Our results therefore suggest that, even in species with CHC-based sex pheromones, the iridoid compounds emitted by females are used for long-range attraction of males.



Dispersal of Females

Female dispersal of the four Leptopilina species is species-specific and not dependent on the volatility of the sex pheromone composition of females (Figure 4). Females of L. heterotoma (volatile iridoid sex pheromones) showed consistently the highest proportion of dispersed individuals compared to the other species (Figure 4). As in males, when the data for species with pheromones of similar volatility were pooled, we have found higher percentages of dispersing females in L. heterotoma and L. japonica, the species using iridoids as sex pheromones, than in the species that use CHCs as sex pheromones (Figure 5). Female dispersal is important and essential for the location and establishment of new hosts or food sources and for the enlargement of distribution areas of that species (Lidicker and Stenseth, 1992; Vinson, 1998). The dispersal of females is necessary as usually no hosts suitable for oviposition are present at the site of emergence (Hardy and Godfray, 1990). We can conclude that female wasps of the four investigated species, and probably also other species of the genus Leptopilina, leave their host patch to search for oviposition sites, as females of all species were not attracted to conspecific males in the olfactometer experiments (hence, they are not interested in mate-searching; Figure 7A), but are attracted to host patch odors, irrespective of their mating status (Figures 7B,C). This result is consistent with the findings of earlier studies showing that female Leptopilina wasps are attracted to volatile cues of their host habitats (Vet and van der Hoeven, 1983; Dicke et al., 1984; Vet and van Opzeeland, 1984). We assume that the female wasps that dispersed out of the jars were mated, as the encounter rate of males and females on the host patches was high, and in a study of Hardy and Godfray (1990), almost all female L. heterotoma wasps found at host patches were mated. However, even if females of Leptopilina disperse before mating, the attraction of males via the iridoid compounds is possible.



Evolution

The way in which the various sex pheromones, i.e., volatile iridoids and low-volatile CHCs, evolved in the genus Leptopilina is not clear (Weiss et al., 2013, 2015; Pfeiffer et al., 2018; Böttinger et al., 2019; Böttinger et al. submitted). The sex pheromone composition does not show a phylogenetic pattern, i.e., closely related sister-species do not have a markedly more similar or more different sex pheromone composition than more distantly related species (unpublished and Böttinger et al., 2019). The high diversity in sex pheromone composition between species would not have been necessary for species divergence, as species specificity could have easily been achieved within one class of compounds. The data presented here show that the dispersal of male wasps of the genus Leptopilina correlates with the volatility of the species-specific sex pheromones of the females. Immediate dispersal seems to be more beneficial for species with long-range iridoids as female sex pheromones, as in species with short-range CHC as female sex pheromones. Staying on the host patch after emergence might result in sibling matings and inbreeding, if the number of foundress females on this host patch has been low, and the offspring consequently is highly related. Inbreeding is often considered as major ultimate cause and important driver of dispersal (e.g., Bengtsson, 1978; Greenwood, 1980; Pusey, 1987). For example, in the parasitoid wasp C. glomerata, inbreeding avoidance is the main trigger of natal dispersal (Ruf et al., 2011). Depending on the strength of inbreeding depression, individual wasps benefit from mating off-patch and, hence, disperse further away from the natal patch, or, alternatively, require mate-recognition compounds enabling the distinction of inbred kin or ideal mating partners. Such compounds might be the sex- and species-specific CHCs, as they can inform a prospective partner not only about the individual’s condition and genetic make-up, but also about the relatedness of the two individuals (reviewed in Steiger and Stökl, 2014). Although offspring of inbred Leptopilina wasps do not show inbreeding depression or a strong female-biased sex ratio (Biémont and Bouletreau, 1980; Hey and Gargiulo, 1985; Fauvergue et al., 1999), we propose that Leptopilina species with iridoids as sex pheromones avoid inbreeding by their stronger urge to disperse and to out-breed, whereas the species with low volatile sex pheromones make use of the information presented in CHCs to circumvent mismating with too closely related conspecifics. These species therefore do not need to disperse directly after emergence, reducing the costs of mate search for males. Analyses of inbreeding consequences in species with CHCs as sex pheromones should yield further relevant insights.
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