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Many parasitic wasps use volatiles emitted by plants under herbivore attack to find their hosts. It has therefore been proposed that these inducible plant volatiles serve an indirect defense function by recruiting parasitoids and other natural enemies. This suggested function remains controversial because there is little evidence that, in terms of fitness, plants benefit from the actions of natural enemies, particularly parasitoids, which do not immediately kill their hosts. We aimed to address this controversy in a semi-natural field experiment in Mexico, where we used large screen tents to evaluate how parasitoids can affect plant performance. The tritrophic study system comprised teosinte (Zea spp.), the ancestor of maize, Spodoptera frugiperda Smith (Lepidoptera: Noctuidae) and Campoletis sonorensis Cameron (Hymenoptera: Ichneumonidae), which have a long evolutionary history together. In tents without parasitoids, S. frugiperda larvae inflicted severe damage to the plants, whereas in the presence of parasitoid wasps, leaf damage was reduced by as much as 80%. Parasitoids also mitigated herbivore-mediated mortality among young teosinte plants. Although these findings will not resolve the long-standing debate on the adaptive function of herbivore-induced plant volatiles (HIPVs), they do present strong support for the hypothesis that plants can benefit from the presence of parasitoid natural enemies of their herbivores.
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INTRODUCTION

Plant defense traits are commonly recognized as important determinants of the tremendous success and diversity of plants in natural ecosystems. Insects are important evolutionary drivers of these defenses, selecting for numerous chemical and physical traits that plants use to defend themselves against herbivory (Howe and Jander, 2008). Several defense responses are specifically induced by herbivore attack (Karban and Balwin, 1997). In addition to attributes such as leaf toughness, toxic compounds and digestibility reducers, which have direct negative effects on the herbivores, plants possess traits that have been interpreted as indirect defenses, because they act through the recruitment of natural enemies of herbivores (Dicke and Sabelis, 1988; Turlings et al., 1995; Heil, 2008).

The current study addresses a well-known phenomenon that has been interpreted as an indirect plant defense: the attraction of natural enemies to insect-damaged plants through the emission of volatile attractants (Turlings and Fritzsche, 1999; Heil, 2008). It remains unclear, however, whether these volatile attractants confer fitness benefits to the plants, and the specific function of herbivore-induced plant volatiles (HIPVs) is still hotly debated in the literature (Allison and Hare, 2009; Dicke and Baldwin, 2010; Agrawal, 2011; Hare, 2011; Kessler and Heil, 2011; Steiger et al., 2011; Kaplan, 2012; Heil, 2014; Poelman, 2015). Yet, it is evident that HIPVs are attractive to parasitoids and predators. The best studied examples of HIPV induction involve spider mites (Dicke and Sabelis, 1988; Takabayashi et al., 1994; De Boer and Dicke, 2004), and caterpillars (Turlings et al., 1990; Geervliet et al., 1996; De Moraes et al., 1998; Turlings and Fritzsche, 1999; Kessler and Baldwin, 2001). In the case of caterpillars, several elicitors contained in their oral secretions have been found to trigger or greatly enhance the emission of HIPVs (Alborn et al., 1997; Schmelz et al., 2006). These HIPVs provide natural enemies with potentially reliable cues, which for instance allow Cardiochiles nigriceps Viereck (Hymenoptera: Braconidae), a highly specialized parasitoid, to distinguish plants attacked by hosts from plants attacked by non-hosts (De Moraes et al., 1998). Despite general agreement that HIPVs are used by predators and parasitoids to locate hosts, it remains to be demonstrated that, from the plant's perspective, this interaction is adaptive.

Predators have the potential to significantly reduce plant damage, because they normally kill herbivorous prey immediately. HIPVs are effective in attracting predators in the field (Bernasconi Ockroy et al., 2001) and this may increase predation of insect herbivores (Kessler and Baldwin, 2001). Indeed, several field studies have shown that predators can reduce plant damage, resulting, in some cases, in positive plant fitness effects (Clark et al., 1994; Moran et al., 1996; Bartlett, 2008). In the context of plant volatile-mediated predator attraction, we are only aware of one study that specifically focuses on plant performance. In this study, the attraction of Geocoris spp. predators (Hemiptera: Geocoridae) to HIPVs was shown to positively affect the flower production of wild tobacco, which is likely to increase seed production (Schuman et al., 2012).

Herbivore-induced plant volatiles are also effective in attracting parasitoids in the field (Bernasconi Ockroy et al., 2001), which may increase parasitism of insect herbivores (Khan et al., 1997; De Moraes et al., 1998; Thaler, 1999). However, the effects of parasitic wasps on plant performance are not as straightforward as for predators. Parasitoids ultimately kill their hosts, but the effect on herbivore damage is often delayed. While parasitism by solitary parasitoids usually leads to a significant decrease in feeding by the host (Hoballah et al., 2004), certain gregarious parasitoids may stimulate growth of the host, possibly leading to more plant damage (Coleman et al., 1999; Harvey, 2005), but this probably does not affect plant reproduction (Van Loon et al., 2000). Current evidence for plant fitness benefits mediated by parasitoid wasps is limited to a few studies. One is a parasitoid exclusion experiment with seed-weevils, where parasitoid activity was shown to enhance seed production (Gomez and Zamora, 1994). A study on yucca plant-yucca moth-parasitoid interactions yielded opposite plant fitness effects for two subsequent study years. This is explained by the fact that yucca moth caterpillars damage the plants, but the adults serve as pollinators (Crabb and Pellmyr, 2006). A study in Citrus revealed that adding parasitoids to enclosures containing plants and scale insects reduced herbivore numbers and increased plant biomass (Matsumoto et al., 2003). A study in charlock mustard revealed that parasitism of Pieris brassicae L. (Lepidoptera: Pieridae) caterpillars, which feed on both leaves and flowers, may have positive fitness consequences for the plant (Gols et al., 2015); the parasitoid used in this study is attracted to volatiles from caterpillar-infested plants (Steinberg et al., 1992; Geervliet et al., 1996; Desurmont et al., 2015). Tooker and Hanks (2006) studied the impact of a gall wasp on growth and reproduction of the prairie perennial Silphium laciniatum L. and found that the presence of a parasitoid had a positive effect on seed size. The females of this parasitoid are known to be attracted to the volatiles emitted by galled plants (Tooker and Hanks, 2006). A few other studies reported similar findings, but these involved plants and insects that did not coevolve together and/or were conducted under relatively artificial conditions (Van Loon et al., 2000; Fritzsche Hoballah and Turlings, 2001; Smallegange et al., 2008).

As is evident from multiple recent critical reviews (Hare, 2011; Kaplan, 2012; Heil, 2014; Poelman, 2015), none of the above studies has been fully accepted as providing conclusive evidence for fitness benefits conferred to plants by parasitoids under realistic field conditions. Here we present a study conducted to seek such evidence for a tropical tritrophic system involving teosinte, the wild ancestor of maize, and herbivorous and parasitoid insects that have interacted with this plant over evolutionary time.

Maize is one of the most studied plants when it comes to HIPV emissions, particularly in the context of parasitoid attraction (Turlings et al., 1990; Turlings and Fritzsche, 1999). Maize responds strongly to herbivory, and caterpillar-damaged plants produce large quantities of a blend of predominantly green leaf volatiles, terpenoids and aromatic compounds (Turlings et al., 1995, 1998; Degen et al., 2004). The blend is highly attractive to various parasitoids (Tamò et al., 2006), although it remains unclear which of the compounds in the blend are of key importance for the attraction (D'Alessandro and Turlings, 2006). The wild ancestors of maize are teosintes, a small species complex of Zea grasses found in Mexico, Guatemala and Nicaragua (Matsuoka et al., 2002). Although there are substantial differences, various species and sub-species of teosinte release a very similar bouquet of volatiles as has been reported for maize (Gouinguené et al., 2001; De Lange et al., 2016). Artificial selection of crop plants, including maize (Rosenthal and Dirzo, 1997; Dávila-Flores et al., 2013; De Lange et al., 2016; Gaillard et al., 2018), for increased yield and improved quality can negatively influence other important traits, such as resistance to herbivores (Chen et al., 2015; Whitehead et al., 2017). Wild teosinte species and the insects associated with them are therefore ideal for a study that aims to test if a plant derives fitness benefits from attracting parasitoids.

Here, we studied teosintes in relation to the herbivore Spodoptera frugiperda Smith (fall armyworm) (Lepidoptera: Noctuidae) and its natural enemy Campoletis sonorensis Cameron (Hymenoptera: Ichneumonidae) (Figure S1). Larvae of the moth S. frugiperda are polyphagous but particularly well-adapted to feed on grasses, constituting one of the most devastating maize pests in North-America. S. frugiperda larvae are also reported to feed on teosintes (Luginbill, 1928; De Lange et al., 2014). C. sonorensis is one of the main natural enemies of S. frugiperda, and frequently parasitizes S. frugiperda in agricultural areas in Mexico (Hoballah et al., 2004; Jourdie et al., 2008; Bahena-Juárez et al., 2010; Von Mérey et al., 2012). This solitary koinobiont endoparasitoid wasp attacks the early caterpillar instars, which then feed and grow much less than unparasitized caterpillars. The parasitoid larvae emerge long before their host has reached full size potential, and the host dies at this point (Turlings and Fritzsche, 1999).

Teosinte, S. frugiperda and C. sonorensis share a long evolutionary history, and it is well- established that C. sonorensis and other parasitoid species exploit Spodoptera-induced plant volatiles in their search for hosts (Tamò et al., 2006; De Lange et al., 2016). For the current study, we first conducted a survey of different teosinte populations in Mexico to confirm this association and found both herbivore and parasitoid on teosinte plants (described in detail in File S1, Table S1, Figure S2). Seeds from three teosinte populations, Tzitzio (Zea mays L. ssp. parviglumis Iltis & Doebley), Cuitzeo (Z. mays ssp. mexicana (Schrader) Iltis), and Hidalgo (Z. mays ssp. mexicana), were used to grow plants in large screen tents. Previous studies identified differences in volatile emission between the different teosinte subspecies (Gouinguené et al., 2001; De Lange et al., 2016). The young (6–7-week-old) teosinte plants in each tent were exposed to realistic levels of S. frugiperda infestation, and different parasitoid densities in the tents were used as a proxy for differential parasitoid attraction. Tents without herbivores and tents with herbivores but without parasitoids served as controls. Plants in similar plots, but without tent coverage, served to assess recruitment of naturally present parasitoids. Our results show that the presence of parasitoid wasps in tents reduces plant damage. This may be a matter of life or death for young teosinte plants, as the presence of parasitoids also reduced plant mortality. The different teosinte varieties displayed different volatile signatures, but this did not translate into differential parasitoid attractiveness or mortality in plots without tent coverage. Overall, the outcome of this study supports the hypothesis that plants can benefit from the presence of parasitoid natural enemies of their herbivores.

MATERIALS AND METHODS

Plants

Seeds of annual teosintes were obtained from three different locations in the state of Michoacán, Mexico: near Tzitzio (Z. mays ssp. parviglumis; N 19°34.310′, W 100°55.358′; altitude 1,354 m), near Cuitzeo (Z. mays ssp. mexicana; N 19°59.742′, W 100°53.397′; altitude 2,096 m) and near Ciudad Hidalgo (Z. mays ssp. mexicana; N 19°41.696′, W 100°37.544′; altitude 2,086 m). The seeds were collected from private land with permission from the landowners. Our studies did not involve endangered or protected species. We used three different teosintes to assess whether they differed in volatile emissions that might affect parasitoid recruitment. Z. mays ssp. parviglumis is considered the wild ancestor of modern maize (Matsuoka et al., 2002). This species occurs in the Balsas river valley in southern and western Mexico, where the mean annual temperature is between 20 and 25°C and annual rainfall ranges from 125 to 200 cm. It grows at an altitude between 400 and 1700 m. Closely related Z. mays ssp. mexicana grows on the plains and valleys of central and northern Mexico at altitudes of 1800 to 2500 m. Here, mean annual temperature varies from 15 to 20°C and rainfall ranges from about 50 to 100 cm per year (Sanchez Gonzalez and Ruiz Corral, 1995). Previous studies identified differences in volatile emission between these plants (Gouinguené et al., 2001; De Lange et al., 2016).

Teosinte seeds were sown in biodegradable pots filled with a mixture of soil and vermiculite in three batches on July 12, July 28, and August 19, 2010. All seedlings were kept in a greenhouse for 10–20 days before being planted in a field on the UNAM (Universidad Nacional Autónoma de México) campus in Morelia, Michoacán, Mexico (N 19°38.960′, W 101°13.636′; altitude 1966 m). As the field experiment was replicated three times, the field was divided into three parcels. Each parcel was divided into eight plots with at least 60 cm between plots. Within each parcel, at five randomly chosen positions, a tent was placed (12′ × 12′ Dual Identity Screenhouse and Canopy, Gigatent, Wayne, NJ, USA) to enclose the plants with specifically chosen insect treatments and to exclude other insects (Figure 1A). The sides of the tents were burrowed 15 cm into the soil to stabilize them against strong winds and rain. In addition, two plots (open plots) remained without a tent. Hence, there were six (replicate 1) or seven (replicates 2 and 3) plot treatments per parcel (Figure 1A), which are described below. In each plot, plants were arranged in nine mini-plots of six teosinte plants each, with the different populations randomly distributed in a three-by-three Latin square design (i.e., 54 plants per tent). Plants were spaced at least 25 cm apart within a mini-plot with 50 cm between mini-plots (Figure 1B). Plants were only irrigated at the end of the rainy season, in September (Figure S3). Weeds were regularly removed by hand. Prior to insect treatments (see below), the numbers of plants present and absent in each plot were scored. The very few plants that failed to establish after transplantation were excluded from the analyses.
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FIGURE 1. Field design. (A) Layout for the three replicate parcels. Teosinte plants were placed in 360 × 360 cm plots covered by a tent (C, SF, +W, ++W, +++W) or in open plots not covered by a tent (OC, O+SF). The labels refer to experimental treatments: tents not infested with herbivores (treatment C), tents infested with Spodoptera frugiperda larvae in the absence (SF) and in the presence of increasing densities of Campoletis sonorensis parasitoid wasps (+W, ++W, +++W), and natural parasitism of S. frugiperda larvae in plots not covered by a tent (OC, O+SF). N/A: Not applicable (these plots were covered by a tent, but involved a separate experiment). The arrow points north. The drawing is not on scale. (B) Layout within each plot. Plants from three different teosinte populations, Tzitzio (Zea mays ssp. parviglumis), Hidalgo (Z. mays ssp. mexicana), and Cuitzeo (Z. mays ssp. mexicana), were placed in a tent in nine mini-plots in a randomized three-by-three Latin square, with six plants per mini-plot. Plants were placed in an identical arrangement in the open plots that were not covered by a tent.



Insect Rearing

Rearing colonies of S. frugiperda originated from insect collections in various maize fields in the state of Michoacán, Mexico, in the summer of 2010 (Bahena-Juárez et al., 2010). The larvae were kept at room temperature and were reared on fresh castor bean (Ricinus communis L.) leaves, as this diet tends to reduce cannibalism (Cave, 2000; Valicente et al., 2013; Martínez-Martínez et al., 2015). Pupae were sexed and adults were kept in mating boxes at a 50:50 sex ratio, with cotton wool soaked in honey-water solution as a food source. Females were allowed to oviposit on paper lining the walls of the boxes. The rearing colony of the solitary koinobiont endoparasitoid C. sonorensis originated from wasps that emerged from S. frugiperda larvae that were collected in the summer of 2010. To maintain the colony, 20 second-instar S. frugiperda caterpillars were offered to two mated female wasps for 5 h in a small plastic box. The parasitized caterpillars were kept on castor bean leaves until the parasitoid larvae emerged and formed cocoons, which were kept in petri dishes until adult emergence. The adult wasps were sexed and housed in cages (30 × 30 × 30 cm) with a sex ratio of 25:75 (male: female), with cotton wool soaked in honey-water solution as a food source. For experiments, second-instar S. frugiperda larvae and 2–7-day-old mated female wasps were used. The females were naïve, which means that as adults they had never been in contact with a plant or a host before.

Treatments

Five different treatments were applied to the plants in the tents: C - control, no insects; SF - infestation with five second-instar S. frugiperda larvae per plant, but no release of parasitoids; and three treatments (+W, ++W and +++W) that also involved infestation with five second-instar S. frugiperda larvae per plant, but in these cases, we added female C. sonorensis wasps at different densities, of 3, 9, or 54 wasps per tent, respectively. The lowest wasp density treatment (+W) was absent from the first replicate and was added to the next two replicates because the medium wasp density treatment (++W) resulted in an unexpectedly high parasitism rate. We employed different amounts of parasitoids to mimic plant differential recruitment strength. Two plots without tents (open plots) with the same numbers of plants were included to assess actual recruitment of naturally present parasitoids. One of the open plots received no insects (OC) and the other received five second-instar S. frugiperda larvae per plant (O+SF) (Figure 1).

Infestation with S. frugiperda larvae took place on August 23, September 6 and October 6, 2010, for replicate one, two, and three, respectively. Five larvae were placed in the whorl of each plant with a fine brush. S. frugiperda moths readily lay batches that may contain hundreds of eggs. Of the larvae that hatch from these eggs, only few survive the first stages, with cannibalism being an important mortality factor (Luginbill, 1928; Chapman et al., 1999). Five second-instar larvae per plant are within the range that is naturally observed on teosinte (File S1, Figure S2) and maize plants (Von Mérey et al., 2011). Under controlled laboratory conditions, a single C. sonorensis female can lay eggs in more than 40 larvae per 24 h (Isenhour, 1985). In the field, parasitism of S. frugiperda on maize plants is highly variable among regions and seasons (Jourdie et al., 2008; Bahena-Juárez et al., 2010; Von Mérey et al., 2012). We considered the presence of 90, 30, and 5 hosts per wasp an estimate of low, intermediate and high plant attractiveness to parasitoids, respectively.

Parasitoid wasps were released in three equally sized batches on days 1, 2, and 3 following larval infestation (i.e., 1, 3, and 18 wasps were released on each of three consecutive days for the low, medium and high wasp density treatments, respectively). Inside each tent, cups with cotton wool soaked in honey-water solution were provided as a food source for the wasps.

Volatile Collection and Analysis

We collected volatiles from all three teosinte populations to potentially explain differences in parasitoid recruitment. Plant volatiles were collected as described previously (Von Mérey et al., 2012). Briefly, plants were enveloped in Nalophan sleeves (Omya AG, Oftringen, Switzerland) of 150 mm diameter and 50 cm length and the top and bottom of the sleeves were closed with a plastic seal. The sleeves were attached to a metal wire to prevent the plants from falling over. Tubular glass parts (23 × 17 × 12 mm) with an open screw cap were attached to the bag to insert a trapping filter containing 25 mg of 80–100 mesh SuperQ adsorbent (Alltech Associates, Inc., Deerfield, IL, USA). Air was pulled through the trapping filters using an air-sampling pump (SKC 222 series, Blanc Labo S.A., Lonay, Switzerland) for 6 h at 0.6 L/min. The volatiles were eluted from the filters with 150 μl dichloromethane and the extracts were stored at −20°C before analysis. For each replicate, we simultaneously collected volatiles from all three teosinte varieties, in tents with plants infested with S. frugiperda larvae without parasitoids (treatment SF). In most maize varieties, volatile emission is herbivore-inducible, and non-induced plants emit hardly any compounds (Turlings et al., 1995; Degen et al., 2004). Collections started one day after larval infestations and were repeated on 4, 5, or 6 consecutive days, using different plants [n = 14 (Tzitzio), 15 (Hidalgo), and 16 (Cuitzeo)].

Volatiles were analyzed using a gas chromatograph (Agilent 6890 Series GC System G1530A) coupled to a mass spectrometer (Agilent 5973 Network Mass Selective Detector; transfer line 280°C, source 230°C, ionization potential 70 eV). An aliquot of 2 μl was injected in split mode (65.8:1) onto an apolar capillary column (HP-Ultra 2 ms, 30 m, 0.25 mm ID, 0.25 μm film thickness; Agilent J&W Scientific, USA). Helium at constant flow (1.1 ml/min) was used as the carrier gas. The column temperature was maintained at 40°C and increased after injection at 8°C/min to 150°C followed by a post-run of 2 min at 300°C. The detected volatiles were identified by comparing their: I) mass spectra with those of the NIST05 library, II) mass spectra and retention times with those of authentic standards, and III) retention times with those from previous analyses (D'Alessandro and Turlings, 2005). Volatiles that met only one of those criteria are labeled as tentatively identified. Comparisons of volatile quantities between the three teosinte populations were based on peak areas. These data were corrected for the volume of air that was pulled through the trapping filters. We subtracted compounds that were also present in blank collections (volatile collections that were performed in a similar way as described above, but without a plant, n = 3).

Parasitism

Seven days after the larval infestations, the shoot of every second plant in each plot was harvested, placed in a paper bag, and transported to the nearby laboratory to evaluate insect presence and herbivory (n = 52–80). Nine to ten days later, the tents were removed to allow the remaining plants to continue to develop under natural conditions. The wasps were expected to disperse at this point, and naturally present herbivores and natural enemies could reach the plants. We argue that young plants are most vulnerable to herbivory and would benefit most from parasitoid presence, so we standardized parasitoid presence (through the use of tents) only for young plants.

In the laboratory, right after harvest, the harvested plants were carefully removed from the paper bags and the number of caterpillars present on each plant was counted. Individual larvae were weighed (an average was calculated per plant) and subsequently placed in individual compartments of a 24-well ELISA plate. Larvae were supplied with artificial maize-based diet and reared at room temperature until adult emergence or, in the case of parasitism, until parasitoid emergence occurred (Hoballah et al., 2004). The adult parasitoids, dead parasitoid larvae and cocoons were individually preserved in 70% ethanol in Eppendorf tubes. The wasps were visually examined to identify the species (Cave, 1995). We calculated the parasitism rate by dividing the number of parasitized larvae by the number of collected larvae (total number of collected larvae minus the number of larvae that escaped or died for unknown reasons). Since we did not obtain parasitoid larvae or cocoons at the time of harvest, we assumed that the parasitoids had not yet emerged from their hosts at this point.

Herbivory and Shoot Dry Biomass

After removing the larvae, the leaves of the harvested plants were scanned and herbivore damage was assessed using NIH ImageJ 1.44l software (Rasband, 1997–2012). A minimal amount of plant damage was observed in control tents, where herbivores were excluded (treatment C), mostly due to occasional grasshoppers in the tents. Tents were inspected each morning and grasshoppers were quickly removed so that extensive damage by herbivores other than the experimentally released individuals was prevented. Herbivory was only analyzed for plants in tents; damage levels on plants in plots without tents, subjected to herbivory from unknown species of herbivores, were considered irrelevant for the scope of this study. After scanning, plant shoots were dried in an oven at 80°C for 2 days and their dry weight was recorded.

Plant Survival

Two weeks after removing the last tents, the numbers of plants present and absent in each plot were scored as a measure of plant survival (corrected for the plants that were harvested according to experimental protocols). Individual plants were scored as 0 (dead) or 1 (alive) (n = 51–80). On November 8, 2010, all plants died during an early freezing event (Figure S3). Due to this frost event before plant maturity, we could not fully assess the true consequences of the treatments for plant fitness.

Statistical Analysis

Data were recorded for each individual plant. Outcomes for most recorded parameters were analyzed adjusting for teosinte population and/or replicate, as appropriate. For the +W treatment, there were only two replicates, while for all other treatments, there were three replicates. Comparisons between treatments were targeted, i.e., we compared treatments based on our hypotheses rather than comparing all treatments for all measured parameters.

Data for larval weight, parasitism rate, plant damage, and shoot dry weight were analyzed using a generalized linear model (GLM) based on a Gaussian distribution, with variety and replicate as adjustments. For larval weight and parasitism rate, data from both the OC and the O+SF treatment were combined as one value for open plots. Data for larval retrieval were analyzed using a GLM based on a Poisson distribution, with variety and replicate as adjustments. Data for plant mortality were analyzed using a GLM based on a binomial distribution, with variety and replicate as adjustments. The models' adequacy was assessed through likelihood ratio statistics and examination of residuals.

Volatiles were classified based on biosynthetic origin [green leaf volatiles (GLVs), acyclic hydrocarbons, alcohols (other than GLVs), esters (other than GLVs), aldehydes, monoterpenes, homoterpenes, sesquiterpenes, aromatics, and unidentified compounds]. They were then tested for normality and homogeneity of variance, and analyzed by groups using multivariate analysis of variance (MANOVA). Only groups consisting of two or more compounds were included in the analysis. A significant effect was followed by GLM based on a Gaussian distribution, with replicate as adjustment. Total volatile emissions were also analyzed using a GLM based on a Gaussian distribution, with replicate as adjustment. To visualize potential differences between the volatile patterns of the different plants, the total volatile profiles were analyzed using principal component analysis (PCA).

To evaluate the strength of correlations between different parameters, we averaged values per miniplot and calculated the coefficient of determination (R2). The data were fitted with a GLM to calculate the significance of the correlation. Statistical analyses were performed using Minitab Version 18 (http://www.minitab.com), SigmaPlot Version 13.0 (https://systatsoftware.com/), and R Version 3.3.1 (R Core Team, 2016).

RESULTS

Survival and Parasitism of Caterpillars

To test whether the presence of parasitoid wasps influenced larval survival, we compared larval recovery in tents in the presence and absence of wasps. Overall, 1 week after larval infestations, we recovered 39 ± 4.0% (average ± SE) of all released larvae in the absence of wasps, while we recovered only 19 ± 2.0% of all released larvae in the presence of wasps. Significantly more larvae were retrieved from tents in the presence of herbivores only than from tents in the presence of the two highest wasp quantities (GLM, χ2 = 122.6 df = 7, 274, P < 0.001; Figure S4A). More larvae were retrieved from teosinte varieties Hidalgo and Cuitzeo than from variety Tzitzio. More larvae were retrieved in the first replicate than in replicates two and three. Overall, these results confirm that parasitoids contribute to early, premature larval mortality. The weight of individual larvae was lower in the tents where wasps were present than in the tents where wasps were absent (Figure S4B), indicating that in the presence of wasps, the larvae were parasitized and/or suffered from non-consumptive disturbances by the parasitoids (GLM, F = 30.707, df = 7, 153, P < 0.001). Larval weight was higher in the first replicate than in replicates two and three. There were no significant differences in larval weight between teosinte varieties. When the recovered larvae were reared on artificial diet, larvae from tents without wasps developed into healthy adult moths, indicating that no naturally present parasitoid wasps had entered the tents. Most of the larvae recovered from tents with wasps were found to be parasitized. In the presence of the two highest numbers of wasps, parasitism rate was significantly higher than in the presence of the low number of wasps (GLM, F = 5.3463, df = 6, 67, P < 0.001). The +W treatment probably shows a higher standard error than the ++W and +++W treatment because the sample size was lower (Figure 2). There were no significant differences between the three teosinte varieties, and in replicate 3 parasitism rates were lower than in replicates 1 and 2. Note that all treatments were replicated three times, except for the +W treatment, which was absent from the first replicate (absolute no. of parasitized larvae: +W = 14, ++W = 39, +++W = 38, OC = 2, O+SF = 9).
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FIGURE 2. Parasitism of Spodoptera frugiperda larvae. Average percentage of parasitized larvae (+SE) on teosinte plants. The larvae came from tents that were not infested with herbivores (treatment C) or that were infested with larvae in the absence (SF) or in the presence of different numbers of Campoletis sonorensis parasitoid wasps (+W, ++W, +++W), or from uncovered plots (OC, O+SF). The total number of larvae retrieved from each plot is given in brackets (total number of collected larvae minus the number of larvae that escaped or died for unknown reasons). Different letters indicate statistically significant differences (GLM, P < 0.05). Lowercase letters represent significant differences between plots in tents in which different wasp numbers were released. Uppercase letters represent significant differences between all treatments where wasps were present; both open plots were combined as a single “open plot” treatment for statistical analysis.



To address actual recruitment, we assessed the parasitism rate of larvae in the three teosinte populations in plots without tents. In open plots that were infested with larvae, we recovered significantly fewer larvae per plant than in tent-covered plots in the absence and presence of wasps (GLM, χ2 = 148.66, df = 9, 345, P < 0.001) (Figure S4A). In the two open plots, individual larval weight was highly variable, but overall lower than larval weight in tent-covered plots in the absence of wasps (GLM, F = 30.269, df = 8, 187, P < 0.001; Figure S4B). These results indicate that the larvae in open plots suffered the effects of natural enemies and/or adverse environmental factors. Also, there may have been natural infestation with caterpillars of variable age. Parasitism rates in the two open plots were low; over all three replicates, a total of 11 parasitized larvae were found. Although parasitism was lower in open plots exposed to naturally present parasitoids than in plots in tents in the presence of medium and high number of wasps, there were no significant differences in parasitism between plots in tents in the presence of the lowest number of wasps and open plots, (GLM, F = 7.968, df = 7, 91, P < 0.001), indicating that parasitism rates in these tents more or less mimicked natural parasitism rates (Figure 2). C. sonorensis accounted for 55% of the parasitized larvae retrieved from the open plots; for the remaining parasitized larvae, the responsible species was not identified.

Herbivory and Shoot Dry Biomass

In the absence of wasps, larvae consumed significantly more leaf area than in the presence of wasps, indicating that parasitism and/or non-consumptive disturbances by the parasitoids reduced larval feeding (GLM, F = 24.581, df = 7, 273, P < 0.001; Figure 3). Damage levels were lowest in the presence of the highest wasp quantity. No significant differences were found among the teosinte populations. There was a significant effect of replicate; damage levels were highest in the first replicate. There was a significant positive correlation between the total larval biomass per plant and the amount of leaf damage (R2 = 0.88, P < 0.001, Figure S5). Overall, these results imply that parasitoid wasps can significantly reduce herbivory.
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FIGURE 3. Damage inflicted by Spodoptera frugiperda larvae. Average amount of damage inflicted (+SE) on teosinte plants in tents that were not infested with herbivores (treatment C) or that were infested with larvae in the absence (SF) and in the presence of increasing densities of Campoletis sonorensis parasitoid wasps (+W, ++W, +++W). Different letters indicate statistically significant differences (GLM, P < 0.05). Only plots where larvae were released were included in the statistical analyses.



For tent-covered plots, plant biomass (shoot dry weight) was higher in plots exposed to herbivores in the absence of wasps (treatment SF) than in plots exposed to the medium wasp density (++W) and control, no-insect conditions (C) (GLM, F = 11.955, df = 8, 352, P < 0.001; Figure S6), indicating compensatory growth (Agrawal, 2000) under the maximum experimental herbivore pressure. Indeed, a recent study with wild lima bean plants confirmed that parasitoids can attenuate plant responses that lead to compensatory growth (Cuny et al., 2018). There were significant differences among teosinte populations, with Hidalgo having the highest biomass and Tzitzio the lowest. There were also biomass differences between replicates, with plant biomass being significantly higher in the first replicate than in the second and third replicate. There was a significant positive correlation between herbivory and plant biomass (R2 = 0.52, P < 0.001, Figure S7), as well as between larval retrieval and plant biomass (R2 = 0.53, P < 0.001, Figure S8). This is again best explained as a consequence of compensatory growth.

For open plots, there were no significant differences in shoot dry weight between treatments (GLM, F = 9.9939, df = 5, 144, P < 0.001; Figure S6). There was also no significant correlation between larval retrieval and plant biomass (R2 = 0.16, P = 0.249), which may be explained by the low numbers of larvae that were retrieved from the open plots.

Volatile Emission

To compare volatile emission for the different teosinte populations, we collected volatiles from individual herbivore-infested plants. Total volatile emissions differed significantly between different populations [Total volatiles (average ± SE) Tzitzio: 53,780 ± 14,477.5a; Hidalgo: 16,188 ± 3,313.8b; Cuitzeo: 11,317 ± 2,984.4b, where the unit is peak area (the sum of total ion counts of all integrated peaks), and different letters indicate statistically significant differences (GLM, F = 10.180, df = 4, 40, P < 0.001)]. Also, there were significant differences in volatile profiles (Table 1, Table S2, Figure S9), which are reflected in the PCA. The first two principal components explained 32% of the total variance (Figure 4). The observed compounds are typical for herbivore-induced maize and teosintes (Gouinguené et al., 2001; De Lange et al., 2016). We observed emission of green leaf volatiles, such as (Z)-3-hexenol and (Z)-3-hexenyl acetate, that are frequently associated with parasitoid attraction (Turlings and Erb, 2018), and maize mutants that do not emit GLVs display dramatic reductions in attractiveness to parasitoids (Christensen et al., 2013). As expected, the teosintes also released various terpenoids, such as linalool, 4,8-dimethyl-1,3,7-nonatriene, (E)-β-caryophyllene and (E)-β-farnesene, that have also been linked to the attraction of parasitoids (Schnee et al., 2006; Köllner et al., 2008; Fontana et al., 2011). There was a significant positive correlation between leaf area eaten and total volatile emission (R2 = 0.47, P = 0.019, Figure S10). Indeed, the more damage that caterpillars inflict, the more volatiles are emitted, and the more maize is attractive to parasitoids (Turlings et al., 2004).


Table 1. Results of MANOVA for the effects of teosinte population on plant volatile emission.
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FIGURE 4. Principal component analysis (PCA) of herbivore-induced plant volatile emissions. Plants from three different teosinte populations were compared: Tzitzio (Zea mays ssp. parviglumis), Hidalgo (Z. mays ssp. mexicana), and Cuitzeo (Z. mays ssp. mexicana). Volatiles were collected from plants that were infested with Spodoptera frugiperda larvae in the absence of parasitoid wasps (treatment SF). The PCA shows the first and second principal components (PC) with the explained variance in brackets.



Plant Survival

After harvest, the tents were removed and the remaining plants were allowed to continue their development under natural conditions. Two weeks after removing the last tents, we monitored plant survival in each plot. There was a significant difference in plant mortality between treatments in plots previously covered with tents (GLM, χ2 = 66.589, df = 8, 353, P < 0.001). Plant mortality was 28 ± 5.3% (average ± SE) in the presence of only herbivores, while mortality was an overall 3 ± 1.0% in the other plots (Figure 5). It should be noted that mortality was considerably more severe in replicate 2 than in replicates 1 and 3. There was no significant difference in mortality between different teosinte varieties. Hence, a positive effect of parasitoid presence on plant survival was observed.
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FIGURE 5. Plant mortality. Shown is the average number of teosinte plants that died before the end of the experiment (+SE) in plots that were initially covered with tents that were not infested with herbivores (treatment C) or that were infested with larvae in the absence (SF) and in the presence of increasing densities of Campoletis sonorensis parasitoid wasps (+W, ++W, +++W), and in open plots, never covered by a tent (OC, O+SF). Different letters indicate statistically significant differences (GLM, P < 0.05). Lowercase letters represent significant differences between plots initially covered with tents. Uppercase letters represent significant differences between open plots.



Mortality was 3 ± 1.4% in plots that were never covered with tents, and there were no significant differences between the two open plot treatments (GLM, χ2 = 3.0831, df = 5, 149, P = 0.6872; Figure 5).

Plant mortality did not correlate with total volatile emission by plants infested with non-parasitized S. frugiperda larvae (R2 = 0.11, P = 0.601), herbivory (R2 = −0.12, P = 0.191), initial plant biomass (tents: R2 = 0.12, P = 0.173; open plots: R2 = −0.01, P = 0.969), or parasitism rate (tents in which parasitoids were released: R2 = −0.16, P = 0.277; open plots: R2 = −0.12, P = 0.642).

DISCUSSION

Whether or not plants benefit from attracting natural enemies has been heavily debated and is the topic of several reviews (Hare, 2011; Kaplan, 2012; Heil, 2014; Poelman, 2015). These reviews emphasize that, currently, there is only marginal evidence that attracting natural enemies has any consequences for plant fitness. Yet, a study with transformed tobacco plants has convincingly shown that plants produce fewer flowers when they are unable to recruit predatory bugs (Schuman et al., 2012). Also, a recent study in Brassica nigra L. showed that the exclusion of natural enemies, both predators and parasitoids, reduced plant reproductive output in the presence of insect herbivores (Lucas-Barbosa et al., 2017). The present study addresses the benefits to plants of attracting parasitic wasps, which do not immediately kill their hosts. These wasps rely heavily on HIPVs for host location (Turlings et al., 1990; Geervliet et al., 1996; De Moraes et al., 1998; Tamò et al., 2006). Using a tritrophic system with organisms that have a longstanding evolutionary history together, we mimicked plants with differential attractiveness to parasitoids under realistic field conditions and found a beneficial effect of parasitism on plant damage and survival (Figures 3, 5).

In the tent experiments, we observed that the presence of parasitic wasps led to significant parasitism of S. frugiperda (Figure 2), and increasing the number of wasps resulted in higher parasitism rates. Even at the lowest wasp density (i.e., three) most larvae were parasitized (Figure 2). These results imply that the wasps very efficiently located and parasitized their hosts. Most of the larvae retrieved from the plants were in their second- and third-instar; indeed C. sonorensis prefers to lay eggs in second- and third-instar S. frugiperda larvae (Isenhour, 1985; Cave, 1995). Larval retrieval rates were lower in the presence of wasps than in the absence of wasps (Figure S4A). Since we can assume that the parasitoids had not yet emerged from their hosts at this point, reduced retrieval rates may be due to larval mortality after excessive stinging and superparasitism (Van Lenteren et al., 2006), or because of non-consumptive effects of the natural enemies (Johnson et al., 2007; Thaler and Griffin, 2008; Fill et al., 2012). Although we did not specifically address non-consumptive effects of natural enemies directly in this study, it is known that the mere presence of parasitoids can cause larvae to drop off the plants in order to evade them, and not all larvae will be able to find a plant again (Luginbill, 1928). Also, the parasitoids could disturb herbivore feeding and change other behaviors. These non-consumptive effects of natural enemies may be considerable and should be considered in order to determine the complete beneficial effects of parasitoids for plants.

We observed that the presence of parasitic wasps reduced the amount of damage inflicted by S. frugiperda larvae (Figure 3), and larvae in the presence of wasps had a lower body weight (Figure S4B), confirming laboratory experiments showing that parasitized larvae consume and grow considerably less than healthy larvae (Fritzsche Hoballah and Turlings, 2001). We should note that the lower larval body weight may in part have resulted from non-consumptive effects of the natural enemies, by disturbing larval feeding (Luginbill, 1928; Johnson et al., 2007; Thaler and Griffin, 2008; Fill et al., 2012). The presence of herbivores alone was clearly detrimental for plant survival. This important negative effect on plant fitness was significantly reduced in the presence of parasitoids.

It should be noted that C. sonorensis is a solitary koinobiont endoparasitoid that typically causes its host to consume and grow less (Harvey et al., 1999; Fritzsche Hoballah and Turlings, 2001; Harvey, 2005). In contrast, gregarious parasitoids may stimulate the growth of their host, depending on clutch size (Beckage and Alleyne, 1997; Coleman et al., 1999; Harvey, 2005). Therefore, the effects of parasitoid natural enemies on their hosts and associated host plants cannot be generalized.

Tent experiments have their limitations, but they also offer several advantages. The experimental design enabled precise control of herbivore and parasitoid densities and avoided other potentially confounding factors, biotic or abiotic, among treatments. Moreover, upon assessment of parasitism a week after wasp release, the tents were removed and the plants were exposed to the same natural conditions as the plants in the open plots. The use of tents did not affect plant survival compared to plots without tents (Figure 5).

To complement the tent study, we set up experimental treatments in open plots to evaluate the effects of actual parasitoid recruitment on plant survival under true field conditions. Larval recovery rates were rather low (Figure S4A), but C. sonorensis was found to parasitize the larvae also in the open plots. In these plots, larvae must have faced a number of additional natural enemies, not just C. sonorensis. Nevertheless, parasitism rates in open plots fell within the same range as parasitism rates in herbivore-infested tents with the lowest number of wasps (Figure 2). In agricultural areas, in the absence of pesticides, parasitism rates can be very high (Hoballah et al., 2004; Jourdie et al., 2008; Bahena-Juárez et al., 2010; Von Mérey et al., 2012), and their positive effects on plant performance can be expected to be much more significant.

All plants emitted a considerable amount of HIPVs in response to herbivory (Figure 4, Figure S9, Table S2), and they may have served as cues for the parasitoid wasps to find their hosts. Although differences in volatile quantity (total amount) and quality (the relative importance of the different compounds in the composition of the odor blend) have been reported for different teosinte varieties (Gouinguené et al., 2001; De Lange et al., 2016), and we found differences in emission of individual HIPVs as well as total HIPV quantities in the three teosinte populations used in this study (Figure S9, Table S2), the plants emitted comparable overall volatile blends (Figure 4). Overall, teosinte variety Tzitzio emitted higher total HIPV quantities than the two other varieties. We observed differences in the emission of individual compounds, but could not correlate those to the attractiveness of the plants or the effectiveness of the parasitoids, due to the low occurrence of parasitism in the open plots.

Other studies have also attempted to determine the impact of plant HIPVs on parasitoid recruitment. For maize, Degen et al. (2012) used a similar approach to evaluate larval parasitism on lines with distinct differences in total odor emissions under field conditions in Mexico. They observed no clear-cut correlation between volatile emissions and parasitism rates. The simplistic notion that the more volatiles are released by a plant the more attractive they are to parasitoids has been clearly refuted (D'Alessandro and Turlings, 2006; Sobhy et al., 2012). Moreover, the link between the action of parasitoids and plant performance is not just limited to the emission of HIPVs, and differential herbivore and plant performance will be affected by other phenotypic differences among plant genotypes. The fact that it remains largely unknown which volatiles are of key importance for parasitoid attraction (D'Alessandro and Turlings, 2006) complicates the choice of appropriate genotypes for such studies. A transgenic approach (Schuman et al., 2012) and the use of elicitors (Alborn et al., 1997; Thaler, 1999; Von Mérey et al., 2012), inhibitors (D'Alessandro et al., 2006; Bruinsma et al., 2010) or pure compounds (De Boer and Dicke, 2004; Von Mérey et al., 2011) to manipulate volatile emissions have also been very useful to demonstrate the role of volatiles in predator or parasitoid attraction, but they present similar problems: the treatments may have other unknown effects on the performance of the plants, herbivores or parasitoids. We therefore assert, depending on the research objectives, that such approaches do not offer advantages over those used in the present study: a combination of tent studies and open plots.

Because of logistical constraints, planting of teosinte in the field occurred with a gap between replicates, causing notable variability in results. Also, the teosintes were planted relatively late in the season, and all plants were hit and killed by an early frost, before seed set. This very unfortunate event limits the conclusive power of this study, as we cannot say anything about the ultimate fitness effects of the treatments, which could be best measured in terms of seed number and quality. Nevertheless, the overall results allow us to conclude that the herbivore by itself was highly detrimental for plant survival, and that this important negative effect on plant fitness was significantly reduced in the presence of parasitoids (Figure 5).

In conclusion, we found that larvae of S. frugiperda cause severe damage to teosinte plants, which can result in substantial mortality among seedlings. The presence of parasitoid wasps reduced larval damage and significantly decreased plant mortality. Although our findings will not resolve the long-standing debate on the many possible functions of HIPVs, the study presents support for the hypothesis that plants can benefit from recruiting parasitoid natural enemies.
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Figure S1. Study organisms. (A) Teosintes (Zea mays ssp. parviglumis and Z. mays ssp. mexicana) in the experimental field. (B) A female Campoletis sonorensis wasp attacking a Spodoptera frugiperda larva. Photograph credits: Elvira de Lange (A) and Matthias Held (B).

Figure S2. Plant height, herbivore and parasitoid presence in eight teosinte populations in Mexico. (A) Plant height (+SE) at the time of the survey. (B) Average number of leaves (+SE) per plant, including small expanding leaves. (C) Average number of Spodoptera frugiperda larvae (+SE) found per plant in each population. (D) Total number of Campoletis sonorensis wasps that emerged from the S. frugiperda larvae that were collected. For an overview of the sites, see Table S1. Seeds from two of the surveyed sites were used for the field experiments in 2010: site 6 corresponds to Cuitzeo and site 7 corresponds to Tzitzio.

Figure S3. Weather data. (A) Minimum and maximum temperatures. (B) Precipitation. The weather station was localized in Cointzio, Michoacán, Mexico, at a distance of about 5 km from the experimental field. The date the temperature reached 0°C corresponds exactly to the date the plants were lost to freezing.

Figure S4. Larval retrieval and weight. The number of Spodoptera frugiperda larvae that were retrieved (a) and larval weight (b). The larvae were obtained from teosinte plants in tents in the absence (SF) and in the presence of different numbers of Campoletis sonorensis parasitoid wasps (+W, ++W, +++W), or from teosinte plants in open plots not covered by a tent (OC, O+SF). Initially, five second-instar larvae were placed on each plant in each treatment plot. Different letters indicate statistically significant differences (GLM, P < 0.05). Lowercase letters represent significant differences between plots in tents. Uppercase letters represent significant differences between all treatments in which herbivores were released. For (a), only plots where larvae were released were included in the statistical analyses. For (b), both open plots were combined as a single “open plot” treatment for statistical analysis. Box plots display median (a line within the box), the 25th percentile (the boundary of the box closest to zero), and the 75th percentile (the boundary of the box farthest from zero). Error bars below and above the box indicate the 10th and the 90th percentile, respectively. Outlying points are shown as solid circles.

Figure S5. Correlation between total larval biomass and herbivore-inflicted damage. Parameters were measured in tents that were infested with Spodoptera frugiperda larvae in the absence (SF) and in the presence of increasing densities of Campoletis sonorensis parasitoid wasps (+W, ++W, +++W), for all three teosinte varieties, in all three replicates of the experiments. R2 = 0.88, P < 0.001. The dashed line represents a linear trendline.

Figure S6. Plant shoot biomass at first harvest. Shoot dry biomass of teosinte plants. Plants were obtained from tents that were not infested with herbivores (treatment C) or that were infested with larvae in the absence (SF) or in the presence of different numbers of Campoletis sonorensis parasitoid wasps (+W, ++W, +++W), or in open plots not covered by a tent (OC, O+SF), 7 days after herbivore infestations. Different letters indicate statistically significant differences (GLM, P < 0.05). Minuscule letters represent significant differences between plots in tents. Major letters represent significant differences between open plots. Box plots display median (a line within the box), the 25th percentile (the boundary of the box closest to zero), and the 75th percentile (the boundary of the box farthest from zero). Error bars below and above the box indicate the 10th and the 90th percentile, respectively. Outlying points are shown as solid circles.

Figure S7. Correlation between herbivore-inflicted damage and plant shoot biomass. Parameters were measured in tents that were infested with Spodoptera frugiperda larvae in the absence (SF) and in the presence of increasing densities of Campoletis sonorensis parasitoid wasps (+W, ++W, +++W), for all three teosinte varieties, in all three replicates of the experiments. R2 = 0.52, P < 0.001. The dashed line represents a linear trendline.

Figure S8. Correlation between larval retrieval and plant shoot biomass. Parameters were measured in tents that were infested with Spodoptera frugiperda larvae in the absence (SF) and in the presence of increasing densities of Campoletis sonorensis parasitoid wasps (+W, ++W, +++W), for all three teosinte varieties, in all three replicates of the experiments. R2 = 0.53, P < 0.001. The dashed line represents a linear trendline.

Figure S9. Chromatograms of volatiles collected from herbivore-damaged teosinte plants. (A) Teosinte population Tzitzio (Zea mays ssp. parviglumis). (B) Teosinte population Hidalgo (Z. mays ssp. mexicana). (C) Teosinte population Cuitzeo (Z. mays ssp. mexicana). Volatile emissions were measured in tents that were infested with Spodoptera frugiperda larvae in the absence of parasitoid wasps (SF). Collections started 1 day after larval infestations and were repeated on 4, 5, or 6 consecutive days, using different plants. The labeled compounds are among the most abundant volatiles: (1) heptanal; (2) α-pinene; (3) 2-methyl-2-hepten-6-one; (4) (Z)-3-hexenyl acetate; (5) hexyl acetate*; (6) limonene; (7) (Z)-β-ocimene; (8) linalool; (9) (3E)-4,8-dimethyl-1,3,7-nonatriene; (10) 2-ethylhexyl acetate*; (11) phenylmethyl acetate*; (12) 2-phenylethyl acetate; (13) indole; (14) (E)-β-caryophyllene; (15) (E)-α-bergamotene; (16) β-cedrene*; (17) (E)-β-farnesene; (18) β-sesquiphellandrene*; (19) caryophyllene-oxide*; (20) methyl salicylate. * = tentative identification.

Figure S10. Correlation between herbivore-inflicted damage and total volatile emission. Parameters were measured in tents that were infested with Spodoptera frugiperda larvae in the absence of parasitoid wasps (SF), for all three teosinte varieties, in all three replicates of the experiments. R2 = 0.47, P = 0.019. The dashed line represents a linear trendline. HIPV, herbivore-induced plant volatiles.

Table S1. Survey of eight teosinte populations in Mexico in 2009.

Table S2. Absolute amounts of volatiles collected from herbivore-damaged teosinte plants (in peak area ± SE).

File S1. Survey of teosinte, herbivores, and parasitoids.
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