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Multitrophic species interactions are shaped by both top-down and bottom-up factors. Belowground symbionts of plants, such as arbuscular mycorrhizal fungi (AMF), can alter the strength of these forces by altering plant phenotype. For example, AMF-mediated changes in foliar toxin and nutrient concentrations may influence herbivore growth and fecundity. In addition, many specialist herbivores sequester toxins from their host plants to resist natural enemies, and the extent of sequestration varies with host plant secondary chemistry. Therefore, by altering plant phenotype, AMF may affect both herbivore performance and their resistance to natural enemies. We examined how inoculation of plants with AMF influences toxin sequestration and performance of two specialist herbivores feeding upon four milkweed species (Asclepias incarnata, A. curassavica, A. latifolia, A. syriaca). We raised aphids (Aphis nerii) and caterpillars (Danaus plexippus) on plants for 6 days in a fully factorial manipulation of milkweed species and level of AMF inoculation (zero, medium, and high). We then assessed aphid and caterpillar sequestration of toxins (cardenolides) and performance, and measured defensive and nutritive traits of control plants. Aphids and caterpillars sequestered higher concentrations of cardenolides from plants inoculated with AMF across all milkweed species. Aphid per capita growth rates and aphid body mass varied non-linearly with increasing AMF inoculum availability; across all milkweed species, aphids had the lowest performance under medium levels of AMF availability and highest performance under high AMF availability. In contrast, caterpillar survival varied strongly with AMF availability in a plant species-specific manner, and caterpillar growth was unaffected by AMF. Inoculation with AMF increased foliar cardenolide concentrations consistently among milkweed species, but altered aboveground biomasses and foliar phosphorous concentrations in a plant species-specific fashion. Increased herbivore sequestration of cardenolides followed AMF-mediated increases in foliar cardenolide concentrations. Aphid performance declined with increasing foliar cardenolide concentrations, while caterpillar survival increased with aboveground biomass. Our findings suggest that by altering plant phenotype, the availability of AMF in soil has the potential to influence both top-down (via sequestration) and bottom up (via plant defense and nutrition) forces that operate on herbivores.
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INTRODUCTION

Multitrophic species interactions are governed by a mixture of top-down forces, such as predators and parasites, and bottom-up forces, such as resource availability (Hunter and Price, 1992; Schmitz et al., 2000). In terrestrial ecosystems, both top-down and bottom-up forces travel with ease across the traditional soil “boundary,” with plants connecting the interactions that occur between above and belowground organisms (van der Putten et al., 2001; van Dam and Heil, 2011; Hunter, 2016). As a result, soil organisms that are associated with plant roots have the potential to affect herbivore populations above ground both by affecting plant quality for herbivores from the bottom-up (Hartley and Gange, 2009; Koricheva et al., 2009; Jung et al., 2012) and the resistance of herbivores to their natural enemies from the top down (Gange et al., 2003; Rasmann et al., 2017; Tao et al., 2017).

Arbuscular mycorrhizal fungi (AMF) engage in one of the most ubiquitous root-microbe symbioses in terrestrial ecosystems (Smith and Read, 2008), associating with over 80 percent of plant species globally (Wang and Qiu, 2006; Smith and Read, 2008; Soudzilovskaia et al., 2015). AMF provide nutrients to plants, such as phosphorous, in exchange for plant sugars (Smith and Read, 2008). In establishing and maintaining the symbiosis, AMF also interact with plant defensive signaling pathways, including the jasmonic acid and salicylic acid pathways (Jung et al., 2012; Cameron et al., 2013; Bucher et al., 2014; Gutjahr, 2014). As a result, AMF alter plant nutritive quality and a diversity of plant primary and secondary metabolites (Bennett et al., 2009; Roger et al., 2013; Vannette et al., 2013; Schweiger et al., 2014; Schweiger and Müller, 2015), affecting plant quality for insect herbivores substantially (Hartley and Gange, 2009; Koricheva et al., 2009).

The response of insect herbivores to AMF colonization of their host plants varies widely, from positive to neutral or negative (Koricheva et al., 2009). Much of this variation is explained by the degree of specialization and feeding mode of the herbivore (Hartley and Gange, 2009; Koricheva et al., 2009). For instance, both generalist and specialist phloem-feeding insects, such as aphids, generally benefit from AMF colonization of their host plants. Specialist chewing herbivores, such as caterpillars, also benefit, but generalist chewing herbivores are negatively affected by AMF colonization of their host plants (Hartley and Gange, 2009; Koricheva et al., 2009). Phloem-feeding insects may avoid AMF-mediated increases in plant defenses because phloem lacks or contains far lower concentrations of plant secondary metabolites than leaves (Züst and Agrawal, 2016a). In addition, phloem-feeding insects may benefit from AMF-mediated increases in the size of plant vascular bundles (Krishna et al., 1981; Simon et al., 2017). Generalist chewers may be more susceptible to AMF-mediated increases in plant defenses (Schoonhoven et al., 2005), while specialist chewers may benefit from increased nutritive quality of host plants colonized by AMF (Koricheva et al., 2009).

Even within these trends, there is large variation in herbivore responses to AMF, and we lack an understanding of what is driving this variation. For instance, aphids generally benefit from AMF colonization of their host plants; aphids are more attracted to plants colonized by AMF and have greater body masses, growth rates, and fecundity on host plants colonized by AMF (Gange and West, 1994; Gange et al., 1999, 2002; Koricheva et al., 2009; Babikova et al., 2014a,b; Simon et al., 2017). However, aphids have also been found to not respond to AMF colonization of their host plants (Pacovsky et al., 1985; Wurst et al., 2004; Colella et al., 2014; Grabmaier et al., 2014; Williams et al., 2014; Bennett et al., 2016) or to have reduced population growth on plants colonized by AMF (Gehring and Whitham, 2002; Hempel et al., 2009; Abdelkarim et al., 2011). Similarly, while some specialist chewers benefit from AMF colonization of their host plants (Borowicz, 1997; Goverde et al., 2000; Vannette and Hunter, 2013), others are unaffected (Laird and Addicott, 2008; Cosme et al., 2011). Some of this variation may be explained by the stage of the association between the plant and AMF; aphids, for example, tend to benefit only after at least a month of AMF establishment (Tomczak and Müller, 2017). This variation in herbivore responses to AMF may also be a consequence of plant species-specific responses of plant traits to the presence of AMF (e.g., Grman, 2012; Barber et al., 2013; Anacker et al., 2014; Tao et al., 2016a) and the density or identity of AMF inoculum available to the plant (Garrido et al., 2010; Vannette and Hunter, 2011, 2013; Barber et al., 2013).

In addition to being shaped by host plant quality, herbivore populations are also affected by their natural enemies. Root-associated microbes, such as AMF, affect herbivore-natural enemy interactions indirectly by altering plant phenotype (Rasmann et al., 2017; Tao et al., 2017). For instance, AMF increase the attractiveness of plants to natural enemies by changing the volatile emissions of their host plants (Guerrieri et al., 2004; Fontana et al., 2009; Hoffmann et al., 2011; Schausberger et al., 2012; Babikova et al., 2013). AMF also influence the searching efficiency of natural enemies, likely by changing plant size (Gange et al., 2003), and can improve natural enemy performance (Hempel et al., 2009; Bennett et al., 2016). AMF mediation of herbivore-natural enemy interactions can ultimately benefit host plants. For instance, AMF colonization increases herbivorous mite densities on Phaseolus vulgaris plants, yet improves plant productivity by enhancing the population growth of predatory mites and plant tolerance sufficiently to compensate for the increase in herbivores (Hoffmann et al., 2011).

Many specialist herbivores are able to resist their natural enemies by sequestering secondary metabolites from their host plants (Nishida, 2002; Opitz and Müller, 2009; Ode, 2013; Erb and Robert, 2016; Petschenka and Agrawal, 2016). The concentration and composition of secondary metabolites that herbivores sequester are tied closely with host plant secondary chemical profiles (Malcolm, 1990, 1994; Agrawal et al., 2015; Petschenka and Agrawal, 2015), and are affected by environmental factors, such as soil nutrient availability (Jamieson and Bowers, 2012; Tao and Hunter, 2015). Herbivores that sequester higher concentrations of secondary metabolites from their host plants are more toxic and deterrent to their natural enemies (Brower et al., 1968; Reichstein et al., 1968; Brower and Moffitt, 1974; Malcolm, 1992; Dyer and Bowers, 1996; Camara, 1997). Therefore, by increasing plant chemical defenses, AMF may increase toxin sequestration by herbivores, thereby improving herbivore resistance to their natural enemies. Despite widespread recognition of sequestration as an integral component of host plant specialization and an important factor shaping ecological networks (Duffey, 1980; Lampert et al., 2014; Petschenka and Agrawal, 2016; Züst and Agrawal, 2016b), no study to date has considered how microbial root mutualists of plants, including AMF, affect herbivore sequestration of plant toxins.

Here, we evaluate how AMF affect toxin sequestration and performance of specialist herbivores of milkweed (Asclepias) species. Milkweed species provide an ideal system in which to address these questions because milkweed species produce a suite of resistance traits and are fed upon by specialized herbivores that can tolerate and sequester milkweed defenses. Milkweed tissues, including leaves and phloem, contain cardenolides, bitter tasting steroids that disrupt the functioning of sodium-potassium channels in animal cells by inhibiting an essential cation transporter, Na+/K+-ATPase (Agrawal et al., 2012; Pringle et al., 2014; Züst and Agrawal, 2016b). In response to leaf damage, milkweeds exude latex, a sticky isoprene polymer that gums up the mouths of chewing herbivores (Zalucki et al., 2001a; Agrawal and Konno, 2009). In addition, milkweed species vary in leaf toughness (Agrawal and Fishbein, 2006), which is tightly correlated with specific leaf mass (SLM) (Frost and Hunter, 2008).

We used two specialist herbivores of milkweed that vary in their feeding mode: oleander aphids (Aphis nerii; phloem-feeding) and monarch caterpillars (Danaus plexippus; leaf-chewing). Oleander aphids tolerate cardenolides through regulation of a narrow set of genes involved in canonical detoxification processes (Birnbaum et al., 2017). Monarch caterpillars, in contrast, have NA+/K+- ATPases that are insensitive to cardenolides (Dobler et al., 2012; Petschenka and Agrawal, 2015). Despite being able to tolerate cardenolides, both oleander aphids and monarch caterpillars exhibit reduced performance on host plants with high concentrations of cardenolides (Zalucki et al., 2001a; Agrawal, 2004, 2005; Rasmann et al., 2009; de Roode et al., 2011; Colvin et al., 2013; Tao et al., 2016b; Birnbaum et al., 2017). Furthermore, both oleander aphids and monarch caterpillars sequester cardenolides (Rothschild et al., 1970; Malcolm and Brower, 1989; Malcolm, 1990; Züst and Agrawal, 2016b), providing an effective defense against aphid predators (Pasteels, 1978; Malcolm, 1989, 1992; Pappas et al., 2007; Mooney et al., 2008) and monarch predators and parasites (Brower et al., 1968; Reichstein et al., 1968; Brower and Moffitt, 1974; Sternberg et al., 2012). Oleander aphids appear to sequester cardenolides passively through diffusion of non-polar (lipophilic) cardenolides (Malcolm, 1990; Züst and Agrawal, 2016b). In contrast, monarch caterpillars sequester polar cardenolides selectively (Malcolm and Brower, 1989; Petschenka and Agrawal, 2015; Tao and Hunter, 2015; Erb and Robert, 2016), likely through active translocation by transport proteins through gut membranes (Frick and Wink, 1995). Nonetheless, cardenolide sequestration by both oleander aphids and monarch caterpillars is closely correlated with their host plant cardenolides (Malcolm, 1990, 1994; Agrawal et al., 2015; Petschenka and Agrawal, 2015). Thus, AMF-mediated changes in plant cardenolide expression may influence aphid and caterpillar sequestration.

We performed a full-factorial experiment, manipulating oleander aphids and monarch caterpillars on four closely related milkweed species provided with different amounts of AMF inoculum. We expected herbivores to sequester higher concentrations of cardenolides on AMF-colonized plants due to AMF-mediated increases in the cardenolide concentrations of their host plants. Furthermore, we expected that AMF colonization would improve the performance of aphids and caterpillars by increasing plant nutritive quality and biomass, outweighing the negative effects of increased cardenolide concentrations on the herbivores. Because the outcomes of many AMF-plant associations are specific to the AMF and plant species (e.g., Grman, 2012; Barber et al., 2013; Anacker et al., 2014; Tao et al., 2016a), we expected the magnitude of the effects of AMF on herbivore sequestration and performance to vary among plant species and with the level of AMF inoculum available to the plant.

MATERIALS AND METHODS

Plants and Insects

We used four North American milkweed species (Asclepias curassavica, A. latifolia, A. syriaca, and A. incarnata) that show constitutive and AMF-mediated variation in milkweed defenses and nutritive quality (Vannette et al., 2013; Tao et al., 2016a). Asclepias incarnata and A. syriaca seeds were collected from naturally occurring populations in Livingston County, MI, and A. latifolia and A. curassavica seeds were purchased from commercial sources (Alplains and Butterfly Encounters Inc., respectively). We obtained fungal inoculum from Mycorrhizal Applications (Grants Pass, OR, USA), which was comprised of equal proportions of four AMF species including Rhizophagus intraradices, Funneliformis mosseae, Glomus aggregatum, and Claroideoglomus etunicatum (33 spores of each AMF species per gram of inoculum, www.plant-success.com). However, cloning and sequencing of the inoculum with AMF-specific primers (Krüger et al., 2009) revealed the mix to consist only of F. mosseae (details in Supplementary Material). Milkweeds grow in habitats that host a diversity of AMF taxa (Öpik et al., 2006), and can form associations with these cosmopolitan AMF species in natural and experimental populations (Landis et al., 2004; Vannette and Hunter, 2011; Vannette et al., 2013; Tao et al., 2015, 2016a). However, as with most systems, the frequency of these relationships is not known.

To assess how the availability of AMF inoculum influences the performance of herbivores, we used two specialist herbivores: oleander aphids (A. nerii; phloem-feeding) and monarch caterpillars (D. plexippus; leaf-chewing). All oleander aphids used in the experiment were clones derived from a single aphid collected in March 2014 from the Emory University greenhouses (Atlanta, GA) and reared indoors on A. tuberosa, which does not produce cardenolides, for 1 month prior the experiment. Monarch larvae were the second generation of outcrossed progeny of butterflies obtained from Shady Oak Farms (www.butterfliesetc.com), Mr. Butterfly (www.mrbutterflies.com), and Butterfly Release Company (www.butterflyreleasecompany.com). Monarch larvae were raised on a combination of A. syriaca, A. incarnata, and A. curassavica in a growth room with photoperiod of 16:8 L:D and adults were reared on a 10% honey solution.

Experimental Protocols

After 6 weeks of cold, moist stratification at 4°C, we surface-sterilized seeds in 5% bleach and germinated them at room temperature (A. curassavica did not require stratification) in March 2014. We planted individual seedlings in conical deepots (D40H, Steuwe and Sons Inc., Corvalis, OR, USA) filled with 600 ml of a 3:1 mix of autoclaved soil (Metro-Mix 380; MetroMix Sun Gro Horticulture Canada CM Ltd., Vancouver, BC, Canada) and sand containing AMF inoculum. We manipulated the amount of live and autoclaved (dead) AMF inoculum available to experimental plants to generate zero, medium, and high levels of root colonization, which is possible because the amount of AMF inoculum available to milkweed plants affects the levels of AMF colonization of roots (Vannette and Hunter, 2011; Tao et al., 2015, 2016a). Specifically, we homogenized 4.20 g autoclaved AMF inoculum (zero treatment), 1.20 g live and 3.00 g autoclaved inoculum (medium treatment), or 4.20 g live inoculum (high treatment) in 200 ml of autoclaved soil, which was placed between 400 ml of autoclaved soil and sand to prevent the transfer of mycorrhizal spores or hyphae among treatments. To return the natural bacterial community of the potting soil to the autoclaved soil of each pot, we added 20 ml of bacterial solution made by suspending 100 ml potting soil in 1 L deionized water and filtering the suspension through an ultra-fine soil sieve (38 μm) to remove AMF hyphae and spores. Plants were grown at the Matthaei Botanical Gardens greenhouses (Ann Arbor, MI) with a photoperiod of 16:8 L:D for 3 months. Plants were watered ad libitum and fertilized biweekly with 90 ml of a low concentration (94 ppm) of 15-0-15 (N-P-K) dark weather fertilizer (JR Peters Inc., Allentown, PA). All experimental plants were exposed to colonization and damage by greenhouse thrips and sprayed monthly with a mixture of Enstar, Lucid, and MPede to minimize damage. No pesticides were sprayed for 3 weeks prior to the addition of herbivores; thrips were killed weekly by hand during this period.

In a fully factorial design, we placed oleander aphids, monarch caterpillars, or no herbivores on plants of each plant species x AMF treatment and allowed herbivores to feed for 6 days in June 2014. The 6 days of feeding represent approximately one generation for oleander aphids (Zehnder and Hunter, 2009) and 50% of the average larval period of monarchs under our rearing conditions (Vannette and Hunter, 2013). Effects of plant quality on monarch growth are most important during early instars (Zalucki et al., 2001b). All plants were covered with white, nylon mesh bags (5-gallon paint strainer bags) to prevent insect movement among experimental plants. Five reproductive, apterous oleander aphids were placed at the apex of 15 replicates of each plant species x AMF treatment and allowed to reproduce naturally for 6 days (n = 180). Dead or missing reproductive aphids were replaced on the second day. One newly hatched monarch caterpillar was placed on each of 20 replicates of each plant species x AMF treatment and allowed to feed for 6 days (n = 240). Missing or dead caterpillars were replaced on the second day. Twenty plants of each plant species × AMF treatment experienced no herbivory but were covered with white, nylon mesh bags to control for effects of mesh on plant traits (n = 240). We used these control plants to evaluate the effects of AMF on plant traits that may influence herbivore performance, and to determine the levels of AMF colonization of plant roots (n = 240). We could not use the plants upon which the herbivores fed, because aphid and caterpillar feeding alters milkweed defenses, nutritive quality, and levels of AMF colonization (A. R. Meier, unpublished data). Therefore, the traits measured in herbivore-damaged plants would not be representative of the initial plant quality experienced by aphids and caterpillars. We conducted this experiment in four temporal blocks separated by 1 day, with each treatment equally represented in each temporal block.

Analysis of Herbivore Traits

After the 6 days, aphids were counted and collected, allowed to void their guts for 24 h, frozen, lyophilized, and weighed. Caterpillars were also collected, allowed to void their guts for 24 h, frozen, dried at 50°C, and weighed. Simultaneously, control plants were harvested destructively to measure plant resistance and nutritive traits, biomass, and AMF colonization of roots. Aphid per capita growth rate per plant (r) was calculated by taking the natural log of the final aphid population size divided by the initial aphid population size (5 aphids) (Speight et al., 2008). Aphid individual mass was calculated by weighing each aphid population (i.e., all aphids present on one experimental plant) and dividing by the number of aphids in the population. Mean caterpillar growth rate per day was calculated by dividing the final, dry caterpillar mass by the 6 days for which it fed (Waldbauer, 1968). Leaves damaged by caterpillars were removed, scanned, and the area consumed by caterpillars (consumed leaf area, CLA) was determined with Image J (Schneider et al., 2012; Roger et al., 2013). To calculate the efficiency of conversion of ingested biomass (ECI) for caterpillars, we first determined the mass of leaves consumed by caterpillars. To do so, we calculated a mass/area ratio per plant by weighing and photographing two to three dried leaves from leaf pairs neighboring those consumed by caterpillars, and measuring the leaf area using Image J. Using this mass/area ratio, we calculated the mass of leaves consumed by caterpillars from the consumed leaf area that we measured. We calculated ECI per caterpillar as the final dry mass of the caterpillar divided by the dry mass of food it consumed (Waldbauer, 1968). Nine caterpillars that consumed flower buds in addition to leaves on A. curassavica plants were excluded from analyses of CLA and ECI. No other plant species produced flowers during the experiment.

After being dried and weighed, aphid populations and individual caterpillars were placed in 1 mL of methanol and stored at −10°C until cardenolide analysis. We assessed the cardenolides that herbivores sequestered following well-established methods (Zehnder and Hunter, 2007; Tao and Hunter, 2015). Aphids and caterpillars were ground for 3 min in methanol, sonicated for 1 h, and then centrifuged for 6 min. The supernatant was evaporated under vacuum at 45°C until dry and resuspended in 150 μl methanol containing 0.15 mg ml−1 digitoxin as an internal standard. Samples were then separated by ultra-performance liquid chromatography (UPLC; Waters Inc., Milford, MA, USA) using a Luna 2.5 μm C18(2) column (50 × 2 mm, Phenomenex Inc., Torrance, CA, USA). Each 2 μl injection was eluted at a constant flow of 0.7 ml per min with a gradient of acetonitrile and water for the 9 min run, maintaining first at 20% acetonitrile for 3 min, increasing to 45% acetonitrile for 5 min, and then maintaining at 20% acetonitrile for 1 min. Peaks were detected by a diode array detector at 218 nm, and absorbance spectra recorded from 200 to 400 nm. Symmetric peaks with maximum absorbance between 217 and 222 nm were quantified as cardenolides. Cardenolide concentrations were calculated using the digitoxin internal standard and total cardenolide concentrations were calculated as the sum of individual peaks. The masses of some aphid populations were too small to obtain enough dried material to detect cardenolides, and those samples were not included in our analyses of cardenolide sequestration (Table S1). In total, we analyzed 107 aphid populations (= replicate plants) with masses from 1.0 to 13.3 mg.

Analysis of Plant Traits

To measure foliar traits, we punched three fresh leaf disks from each leaf of the sixth leaf pair (six hole punches, 424 mm2 total) of each plant, placed the disks in 1 mL of methanol, and stored them at −10°C until cardenolide analysis. Foliar cardenolide concentrations were later assessed following the same procedure as for aphids and caterpillars (above). Latex that exuded from the hole punches was collected on pre-weighed cellulose disks, dried at 50°C, and weighed. Six additional leaf disks were taken from the same leaves, stored in glassine envelopes, and dried at 50°C. These leaf disks were weighed to estimate SLM and dry mass of foliar material used in cardenolide analyses. SLM was estimated by dividing the mass of dried leaf disks by the total disk area as a proxy for leaf toughness (Frost and Hunter, 2008). Additional leaves from neighboring leaf pairs were removed and dried at 50°C for subsequent carbon, nitrogen, and phosphorus analyses. Remaining plant material was dried at 50°C in paper bags and weighed to measure aboveground biomass after correcting for foliar tissue removed for chemistry sampling.

Carbon (C) and nitrogen (N) concentrations of foliar tissues were measured with a TruMac elemental analyzer (Leco Corporation, St. Joseph, MI, 49085, USA). Phosphorous (P) concentrations of foliar samples were determined by dry combusting ground samples in a muffle furnace at 550°C overnight, followed by persulfate digestion at 121°C for 60 min in an autoclave, and analysis by the molybdenum blue method on a PowerWave XS plate reader reading at 880 nm (Bio-Tek, Highland Park, Winooski, Vermont, 05404, USA). We calculated P concentrations of samples from a potassium phosphate standard curve and assessed quality control with NIST apple leaf standard analyzed with all samples. Only a subset of all experimental treatments were analyzed for nutritive traits, due to time and financial constraints (10 replicates of each plant species × AMF treatment, n = 120).

After washing the roots in deionized water, we stored 150 mg of 1 cm pieces of fresh fine root tissue in 60% ethanol at 4°C until we could quantify AMF colonization. We also took 400 mg of fresh fine root, dried it at 50°C, and reweighed it to calculate wet weight/dry weight ratios from which to estimate the dry mass of the subsample taken to quantify AMF colonization. We dried all remaining root tissue at 50°C and weighed its contribution to total root biomass. We analyzed a subset of roots of all experimental treatments (10 replicates of each AMF x plant species treatment, n = 120) due to time constraints in harvesting.

To quantify AMF colonization, roots were cleared with 10% KOH for 10 min, acidified using 2% HCl, and stained in 0.05% trypan blue in 1:1:1 water:glycerol:lactic acid (Vannette and Hunter, 2011). We mounted stained roots on slides and scored AMF colonization using the magnified gridline intersect method (McGonigle et al., 1990) with a Nikon compound microscope (Melville, NY, USA). A root intersection was considered colonized if hyphae, arbuscules, or vesicles were present. At least 100 root intersections were analyzed per plant.

Data Analyses

Some aphid populations did not sequester detectable concentrations of cardenolides on plants that contained cardenolides (Table S1), so we first determined whether the probability that aphids would sequester cardenolides was a function of plant species, AMF inoculum availability, or their interaction using a generalized linear mixed model with a binomial distribution and logit link function. Unlike aphids, all caterpillars sequestered cardenolides, except for those feeding on A. incarnata, so we did not evaluate the probability of caterpillar sequestration. For the aphid populations that did sequester cardenolides and all individual caterpillars, we used general linear mixed models to evaluate the effects of AMF inoculum availability and milkweed species on herbivore sequestration. In all models, temporal block was a random effect while milkweed species, AMF inoculum availability, and their interaction were fixed effects. For monarchs, we also included the family from which the caterpillar originated as a random effect. Using these models, we evaluated the effects of AMF inoculum availability on three measures of cardenolides sequestered by herbivores; total cardenolide concentration (sum of all cardenolide peaks), cardenolide diversity (using Shannon's index), and cardenolide polarity (relative representation of lipophilic cardenolides), calculated by summing the relative peak areas multiplied by each peaks' retention time (Rasmann and Agrawal, 2011; Sternberg et al., 2012). A greater diversity of cardenolides and more lipophilic cardenolides are considered more toxic than lower diversity or more polar mixes (Fordyce and Malcolm, 2000; Zehnder and Hunter, 2007; Sternberg et al., 2012). Because herbivores feeding upon A. incarnata rarely sequestered cardenolides (Table S1), they were excluded from all sequestration analyses.

For these and the following analyses, data were natural log- and log-transformed when necessary. In addition, we used Tukey's adjustment for multiple comparisons to identify significant differences among treatment means. We considered differences to be significant at P < 0.05, except when evaluating differences among AMF treatments within plant species. For these analyses, we considered differences to be significant at P < 0.1 due to the reduced sample size of these analyses. All statistical analyses were performed in SAS 9.4 (SAS Institute, Cary, NC, USA). Because several caterpillars died before the end of the experiment and several samples were lost during processing and chemical analyses, final sample sizes were smaller than initial (details in Table S2).

We also tested for differences in the composition (i.e., identity and relative abundance) of cardenolides sequestered by herbivores and present in leaves, among plant species, AMF treatments, and their interaction using permutational multivariate ANOVA (PERMANOVA; McCune et al., 2002). We used the adonis function in the vegan package (Oksanen et al., 2016) in R v 3.3.1 and calculated dissimilarities among samples using the Bray-Curtis metric for PERMANOVA. To evaluate how AMF influenced the composition of cardenolides in herbivore and foliar tissue, we used non-metric multidimensional scaling (NMDS) through the vegan package.

We also used general linear mixed models to compare the effects of AMF inoculum availability and milkweed species on aphid and caterpillar performance. As before, temporal block was a random effect while AMF inoculum availability, milkweed species, and their interaction were fixed effects. For monarchs, we included the family from which the caterpillar originated as a random effect. Each herbivore performance measure (aphid per capita growth rate, aphid mass per individual, caterpillar growth rate, ECI, CLA) was a dependent variable. Not all caterpillars survived through the 6th day of feeding, so we assessed the probability of caterpillar survival among treatments using a generalized linear mixed model with a binomial distribution and logit link function.

We used general linear mixed models to evaluate the effects of AMF inoculum availability and milkweed species on plant traits. In all models, temporal block was a random effect while milkweed species, AMF inoculum availability, and their interaction were fixed effects. Each plant trait (i.e., foliar defensive traits, foliar nutritive traits, aboveground biomass, and levels of AMF colonization of roots) was a dependent variable. A. incarnata produced no foliar cardenolides in this study, and were therefore excluded from analyses of foliar cardenolides.

To gain some insight into the phenotypic traits of plants through which AMF influenced herbivores, we assessed the effects of measured plant traits on herbivore performance and sequestration using multiple regression. However, because herbivore and plant traits were measured from different groups of plants (above), we could only assess relationships among average values for each plant species x AMF treatment, yielding only 8–12 data points for these analyses. Therefore, we present these analyses in the Supplementary Materials.

RESULTS

We summarize the effects of milkweed species, AMF inoculum availability, and their interaction on plant traits and herbivore traits (toxin sequestration and performance) in Tables 1, 2, respectively. We describe key results in more detail below.


Table 1. Effects of plant species, arbuscular mycorrhizal fungi (AMF) inoculum availability, and their interaction on plant traits, including the proportion of roots colonized by AMF, natural log-transformed foliar cardenolide concentrations, foliar cardenolide diversity, foliar cardenolide polarity, leaf toughness (specific leaf mass, SLM; mg/cm2), natural log-transformed latex exudation (mg), aboveground biomass (mg), foliar P concentration (%), foliar C concentration (%), foliar N concentration (%), foliar C/N ratio.

[image: image]




Table 2. Effects of plant species, arbuscular mycorrhizal fungi (AMF) inoculum availability, and their interaction on measures of herbivore toxin sequestration and performance, including natural log-transformed cardenolide concentration sequestered by aphids (mg/g dry mass), diversity of cardenolides sequestered by aphids, natural log-transformed polarity of cardenolides sequestered by aphids, natural log-transformed cardenolide concentration sequestered by caterpillars (mg/g dry mass), diversity of cardenolides sequestered by caterpillars, natural log-transformed polarity of cardenolides sequestered by caterpillars, aphid per capita growth rate (r), individual aphid dry mass (μg), caterpillar growth rate (mg/day), log-transformed caterpillar efficiency of conversion (ECI) of ingested biomass, and log-transformed leaf area consumed (CLA) by caterpillars (cm2).
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AMF Colonization

The proportion of roots colonized by AMF arbuscules was tightly correlated with root colonization by all fungal structures (R2 = 0.95, P < 0.0001), so we report only the latter here. Inoculation with AMF led to successful root colonization, while control plants remained AMF-free [F(2, 106) = 43.91, P < 0.0001]. Analysis of plants inoculated with live AMF (medium and high AMF treatments only) illustrated that AMF colonization was not a simple function of inoculum availability. Rather, levels of colonization varied substantially among plant species [F(3, 70) = 4.00, P = 0.011; Figure S1], but were similar in medium and high AMF treatments [F(1, 70) = 0.56, P = 0.4586; Figure S1]. However, because herbivore performance varied substantially between medium and high AMF treatments (below), we conclude that the availability of inoculum had effects on plant phenotype beyond those observed by estimates of colonization alone. We have therefore continued to treat medium and high AMF treatments separately in all following analyses.

Herbivore Sequestration of Cardenolides

As expected (Malcolm, 1990, 1994; Agrawal et al., 2015; Petschenka and Agrawal, 2015), the concentration, diversity, polarity, and composition of cardenolides sequestered by aphids and caterpillars varied strongly among plant species, following plant species-specific differences in cardenolide expression (Table 2, PERMANOVA aphid: Plant species [F(2, 50) = 22.2694, P < 0.001]; caterpillar: Plant species [F(2, 110) = 98.086, P < 0.001]. For instance, aphids and caterpillars sequestered the highest cardenolide concentration and diversity, and most lipophilic (non-polar) cardenolides, when feeding upon the high cardenolide-containing A. curassavica and the least when feeding upon the low cardenolide-containing A. syriaca.

Importantly, the amount of AMF inoculum available to the milkweed hosts of aphids and caterpillars influenced the concentration of cardenolides that aphid populations and caterpillars sequestered (aphid: AMF [F(2, 48) = 3.35, P = 0.0434]; Figure 1A; caterpillar: AMF [F(2, 100) = 4.05, P = 0.0203]; Figure 1B). Across milkweed species, aphids sequestered, on average, 87% and 36% higher cardenolide concentrations when feeding upon plants under medium and high AMF availability, respectively, than when feeding upon plants without AMF (Figure 1A). Similarly, caterpillars sequestered 38 and 25% higher cardenolide concentrations when they fed upon plants under medium and high AMF inoculum availability, respectively, than caterpillars that fed upon plants without AMF (Figure 1B). The probability that aphid populations would sequester cardenolides did not vary among plant species or with AMF inoculum availability {Plant species [F(2, 93) = 2.56, P = 0.0824]; AMF [F(2, 93) = 0.65, P = 0.5264]}.
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FIGURE 1. Effects of AMF inoculum availability on the concentration of cardenolides sequestered by (A) aphid populations and (B) individual caterpillars, and on (C) the diversity of cardenolides sequestered by individual caterpillars reared on three milkweed species. Sample sizes range from 15 to 24 aphid populations (= replicate plants) for aphid cardenolide concentrations, 39–43 individual caterpillars (= replicate plants) for the concentration and diversity of cardenolides sequestered by caterpillars per AMF treatment. Bars display the mean ± 1 SE. Different letters indicate significantly (P < 0.05) different means (Tukey post-hoc test of the ANOVA).



The availability of AMF inoculum also shifted the community of cardenolides that aphids and caterpillars sequestered {PERMANOVA aphid: AMF [F(2, 50) = 2.2045, P = 0.047]; caterpillar: [Plant species ∗ AMF F(4, 110) = 2.022, P = 0.035]}. In addition, caterpillars feeding on plants under high AMF availability sequestered more diverse communities of cardenolides, by an average of 23%, than did caterpillars feeding upon plants under zero or medium AMF availability {AMF [F(2, 100) = 4.07, P = 0.02; Figure 1C]}. There were also minor, plant species-specific effects of AMF on the polarity of cardenolides that caterpillars sequestered {Plant species*AMF [F(4, 100) = 2.96, P = 0.0234]}. Caterpillars sequestered 22% more lipophilic (non-polar) cardenolides when feeding upon A. syriaca plants under high AMF availability than on A. syriaca plants under zero or medium AMF availability. However, the polarity of cardenolides that caterpillars sequestered was unaffected by the amount of AMF available to A. curassavica and A. latifolia. AMF availability also did not influence the diversity or polarity of cardenolides that aphids sequestered (Table 2).

Herbivore Performance

Aphid performance varied non-linearly with increasing AMF availability; it was lowest on plants under medium AMF availability, but highest on plants under high AMF availability (Table 2, Figure 2). Specifically, aphid per capita growth rates were 19% greater under high AMF availability than under medium AMF availability, with intermediate per capita growth rates on plants without AMF [F(2, 166) = 13.09, P < 0.0001; Figure 2A]. Similarly, individual aphids were 24% heavier on plants under high AMF availability than were aphids on plants under medium AMF availability [F(2, 159) = 8.74, P = 0.0003; Figure 2B]. As expected from previous work (Agrawal, 2004), aphid per capita growth rates and masses varied among milkweed species {r: [F(3, 166) = 9.10, P < 0.0001; mass: F(3, 159) = 28.62, P < 0.0001]}.
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FIGURE 2. Effects of AMF inoculum availability on (A) per capita growth rates of aphids (r over 6 days) and (B) average dry mass of individual aphids reared on four milkweed species. Sample sizes are 60 populations of aphids (= replicate plants) for aphid per capita growth rates and range from 55 to 59 populations for average individual aphid mass per AMF treatment. Bars display the mean ± 1SE. Different letters indicate significantly (P < 0.05) different means (Tukey post-hoc test of the ANOVA).



The availability of AMF inoculum had striking effects on caterpillar survival, but those effects varied among milkweed species (Plant species*AMF χ2 = 14.1, df = 6, P = 0.0286; Figure 3). For example, caterpillars feeding on A. incarnata and A. syriaca were 13 and 44% more likely to survive on plants without AMF than on plants with AMF, respectively. In contrast, caterpillars feeding on A. latifolia were 38% more likely to survive on plants grown under medium AMF inoculum availability than on plants without AMF. Caterpillars feeding on A. curasssavica were affected minimally by AMF inoculum availability (Figure 3). Caterpillar growth rates, efficiency of conversion of ingested biomass (ECI), and consumption of leaf area (CLA) varied widely among milkweed species, but were unaffected by the availability of AMF inoculum (Table 2).
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FIGURE 3. Effect of AMF inoculum availability on the probability of caterpillar survival on four milkweed species. Sample sizes range from 17 to 20 caterpillars (= replicate plants) per plant species × AMF treatment.



Effects of AMF on Plant Traits

Consistent with the effects of AMF on cardenolide sequestration by herbivores (above), foliar cardenolide concentrations in milkweed plants under medium and high AMF availability were an average of 17 and 19% greater, respectively, than were concentrations in AMF-free plants {AMF [F(2, 163) = 2.98, P = 0.0538; Figure 4]}. As expected (Rasmann and Agrawal, 2011; Sternberg et al., 2012; Vannette et al., 2013), milkweed species varied in the diversity, polarity, and composition of cardenolides in their leaves, as well as in leaf toughness (SLM) and latex exudation {Table 1, PERMANOVA for composition [F(2, 160) = 131.51, P < 0.001]}. However, we observed no influence of AMF inoculum availability on any of these chemical or physical resistance traits {Table 1, PERMANOVA for cardenolide composition: AMF [F(2, 160) = 1.62, P = 0.128]}.
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FIGURE 4. Effects of AMF inoculation on foliar cardenolide concentrations of three milkweed species. Samples sizes range from 58 to 59 plants per AMF treatment. Bars display the mean ± 1SE. Foliar cardenolide concentrations vary among AMF treatments (P = 0.0538), but treatment means are not significantly different at P < 0.05 (Tukey post-hoc test of the ANOVA).



In contrast to their consistent effects on foliar cardenolide concentrations, AMF altered plant growth and nutritive traits in a plant species-specific fashion (Table 1, Figures 5A,B). AMF inoculation decreased the aboveground biomass of most milkweed species by 8–29%. The exception was A. curassavica, in which AMF inoculation increased aboveground biomass by an average of 28% {Plant species*AMF [F(6, 215) = 2.69, P = 0.0155, Figure 5A]}. AMF inoculation increased foliar P concentrations in A. curassavica and A. latifolia by an average of 25 and 16%, respectively, but decreased P concentrations in A. incarnata and A. syriaca by an average of 8 and 13%, respectively {Plant species*AMF [F(6, 106) = 3.11, P = 0.0076; Figure 5B]}. In contrast, AMF inoculum availability did not affect foliar C or N concentrations, or foliar C/N ratios, although these traits did vary among plant species (Table 1).
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FIGURE 5. (A) Aboveground biomass and (B) foliar phosphorus (P) concentrations of four milkweed species. Sample sizes range from 17 to 20 plants per treatment for aboveground biomass and 9–10 plants per treatment for P concentrations. Bars display the mean ± 1SE. Different letters indicate significantly (P < 0.1) different AMF treatment means within each plant species (Tukey post-hoc test of the ANOVA within plant species).



DISCUSSION

Our study is among the first to document the impacts of AMF on toxin sequestration by specialist herbivores, while measuring simultaneously effects on herbivore performance. We demonstrate that (1) aphids and caterpillars sequester higher concentrations of cardenolides from plants inoculated with AMF, following AMF-mediated increases in foliar cardenolide concentrations. (2) AMF availability influences the performance of both aphids and caterpillars on milkweed, though in different ways. On all milkweed species, aphid performance varies non-linearly with increasing AMF inoculum availability, with lowest performance under medium levels of inoculum availability and highest performance under high inoculum availability. In contrast, while caterpillar survival varies markedly with AMF inoculum availability, it does so in a plant species-specific manner, and caterpillar growth is unaffected by AMF. Our findings suggest that by altering plant phenotype, the availability of AMF in soil has the potential to influence both the top-down (via sequestration) and the bottom up (via plant defense and nutrition) forces that operate on milkweed herbivores.

Inoculation of plants with medium or high amounts of AMF inoculum resulted in equal levels of root colonization (Figure S1). Nonetheless, we observed that the availability of AMF inoculum (medium versus high) influenced herbivore performance and plant phenotype (Tables 1, 2). Because the commercial AMF mix that we used was purported to consist of four AMF species, the different effects of AMF availability on herbivore performance may be a function of differential colonization by AMF species under medium and high AMF availability. AMF species vary in their relative trading of nutrients (Lendenmann et al., 2011; Thonar et al., 2014; Argüello et al., 2016) and effects on plant phenotype (Gehring and Bennett, 2009; Bennett et al., 2013) which can alter herbivore performance (Roger et al., 2013; Vannette and Hunter, 2013). However, cloning and sequencing of the AMF mix, and roots from milkweed plants grown under the same experimental conditions, with AMF-specific primers (Krüger et al., 2009) demonstrated that the AMF mix consisted only of F. mosseae (details in Supplementary Material).

Instead, the differential effects of medium and high AMF inoculum availability on herbivore performance and plant phenotype are more likely due to differential regulation of AMF colonization by plants under medium and high AMF availability. Although AMF colonization levels increase with increasing inoculum availability (Garrido et al., 2010; Vannette and Hunter, 2011), plants maintain a maximum level of AMF colonization of roots (Vierheilig et al., 2000a,b; Meixner et al., 2005) and suppress further colonization after reaching a critical level (Vierheilig, 2004). Plant regulation of AMF development in roots is controlled by the same plant hormones (Staehelin et al., 2011; Bucher et al., 2014; Gutjahr, 2014; and references therein) that are integral to the development of plant vascular tissues (Lucas et al., 2013) and the resistance responses of plants to insect herbivores (Pieterse et al., 2012, 2014). In our medium AMF treatment, there may have been sufficient inoculum to attain maximum levels of AMF colonization of plant roots. Therefore, under high AMF availability, plants may have suppressed AMF development in roots more strongly by altering phytohormone levels, resulting in the observed differences in herbivore performance and plant phenotype between medium and high AMF treatments.

Sequestration by Specialist Herbivores Is Altered by AMF Availability

Both aphids and caterpillars sequestered higher concentrations of cardenolides when feeding upon plants under medium and high AMF inoculum availability (Figures 1A,B), following AMF-mediated increases in foliar cardenolide concentrations (Figure 4 and Figures S2A,B; Table S3). This is consistent with previous reports of tight links between aphid and caterpillar sequestration and host plant cardenolide concentrations (Malcolm, 1990, 1994; Agrawal et al., 2015; Petschenka and Agrawal, 2015). However, while AMF inoculum availability did not influence the composition of cardenolides in foliage, AMF did affect the composition of cardenolides sequestered by aphids and caterpillars. Sequestration of cardenolides by A. nerii occurs through passive diffusion (Malcolm, 1990; Züst and Agrawal, 2016b). Therefore, AMF-mediated changes in the composition of cardenolides sequestered by aphids may result from AMF changing the relative concentrations of cardenolides present in phloem, but not leaves. While milkweed phloem contains the same variety of cardenolides as leaves, the concentrations of specific cardenolides may vary between phloem and leaves (Züst and Agrawal, 2016b).

In contrast, monarch caterpillars may control the uptake of particular cardenolides and their amounts (Malcolm, 1994; Tao and Hunter, 2015) by sequestering cardenolides actively and selectively (Malcolm and Brower, 1989; Frick and Wink, 1995; Petschenka and Agrawal, 2015; Erb and Robert, 2016). AMF may have affected the composition of cardenolides sequestered by caterpillars, without affecting the composition of foliar cardenolides, by altering aspects of plant quality that may affect active sequestration, such as nutrient availability. We did not find correlations between foliar nutrient content and sequestration, potentially due to low sample sizes, but variation in soil N and P availability has been found to alter the efficiency of monarch caterpillar sequestration and the composition of cardenolides that monarch caterpillars sequester (Tao and Hunter, 2015). Alternatively, interactions between AMF and caterpillar feeding may have altered the composition of foliar cardenolides (Bennett et al., 2009; Agrawal et al., 2014; Wang et al., 2015), resulting in the observed, AMF-mediated differences in caterpillar sequestration. However, milkweed responses to monarch caterpillar feeding can take up to 5 days to occur (Agrawal et al., 2014) and monarch caterpillars fed on our experimental plants for only 6 days. Therefore, we think it unlikely that AMF-mediated changes in caterpillar sequestration were driven by interactions between AMF and caterpillar induction of foliar cardenolides.

AMF Abundance Alters Specialist Herbivore Performance and Survival

The availability of AMF inoculum had consistent, non-linear effects on aphid performance, regardless of milkweed species (Figure 2). Aphids had the lowest per capita growth rates and individual masses on plants under medium AMF availability, yet had the highest per capita growth rates and masses on plants under high AMF availability (Figure 2). Thus, we found within a single study the range of aphid responses to AMF from the literature, from positive to negative (Pacovsky et al., 1985; Gange and West, 1994; Gange et al., 1999, 2002; Gehring and Whitham, 2002; Wurst et al., 2004; Hempel et al., 2009; Koricheva et al., 2009; Abdelkarim et al., 2011; Babikova et al., 2014a; Colella et al., 2014; Grabmaier et al., 2014; Williams et al., 2014; Bennett et al., 2016; Simon et al., 2017; Tomczak and Müller, 2017). Our findings suggest that some of the previously found variation in aphid responses may result from differences in AMF inoculum availability among studies.

AMF may have affected aphid performance by altering foliar cardenolide concentrations; we found that aphid masses declined with increasing foliar cardenolide concentrations (Table S3, Figure S2d). Indeed, aphids had lower masses and per capita growth rates on plants under medium AMF availability (Figure 2), which had greater foliar cardenolide concentrations than plants without AMF (Figure 4). Although A. nerii tolerate cardenolides, they are negatively affected by high cardenolide concentrations (Agrawal, 2004; de Roode et al., 2011; Birnbaum et al., 2017). Nonetheless, we interpret the regressions with caution due to low sample sizes and plant species-specific differences in traits. AMF-mediated increases in aphid performance under high AMF availability may also be a consequence of increased vascular bundle size; AMF colonization increases the size of vascular bundles in plants (Krishna et al., 1981), increasing aphid phloem feeding and reproductive success (Simon et al., 2017). Although aphids are often responsive to changes in amino acid content of phloem (Züst and Agrawal, 2016a), we think it unlikely that AMF influenced A. nerii performance by changing phloem soluble sugar or amino acid content because previous studies found no correlations among AMF-mediated changes in aphid performance and foliar or phloem nutrient content (Gange and West, 1994; Hempel et al., 2009; Grabmaier et al., 2014).

Although AMF colonization of plants has been found to increase the survival of specialist caterpillars (Goverde et al., 2000), we found that AMF inoculum availability improved, did not affect, or reduced the survival of a specialist caterpillar, depending on the plant species and density of AMF inoculum available to the plant (Figure 3). This breadth of responses of monarch caterpillars to AMF among plant species may result from plant species-specific effects of AMF on plant biomass (Figure 5A); caterpillar survival increased with increasing aboveground biomass (Tables S3, Figure S2e). Although caterpillars were never food limited in our study, AMF-mediated declines in plant biomass may have reduced caterpillar survival by decreasing the availability of young leaves because monarch caterpillars prefer younger leaves (Bingham and Agrawal, 2010). AMF-mediated increases in foliar cardenolide concentrations did not correlate with declines in caterpillar survival in this study, although high cardenolide concentrations often reduce monarch caterpillar performance and survival (Zalucki et al., 2001a; Agrawal, 2005; Rasmann et al., 2009; Tao et al., 2016b).

Interestingly, despite finding strong effects of AMF on monarch survival, we found no influence of AMF on monarch caterpillar growth rates (Table 2). Our findings confirm those for other specialist chewers, such as specialist beetle larvae and adult weevils (Laird and Addicott, 2008; Cosme et al., 2011), whose growth rates are also unaffected by AMF. However, our findings contrast with previous work that found monarch caterpillar growth rates to increase on milkweed plants under higher AMF inoculum availability (Vannette and Hunter, 2013). These conflicting findings may result from experimental milkweed plants being inoculated with different AMF species; individual AMF taxa and mixes alter plant phenotype differently (Bennett et al., 2009; Vannette and Hunter, 2011), affecting caterpillar performance (Goverde et al., 2000; Roger et al., 2013). Indeed, AMF-mediated increases in monarch caterpillar growth rates were attributed to AMF-mediated declines in milkweed leaf toughness (SLM) and latex exudation (Vannette and Hunter, 2013) and we found no influence of AMF on these traits (Table 1). In addition, it is possible that our plants were already induced by thrip activity, whereas plants in previous studies were not. However, because plants of all treatments were attacked equally, we do not believe that the minor thrip damage altered the quality of our results.

Effects of AMF on Herbivore Performance and Toxin Sequestration May Have Community-Wide Consequences

Because the availability of AMF inoculum altered both toxin sequestration and performance of specialist herbivores, AMF may affect herbivore populations by altering both top-down and bottom-up factors. For instance, aphids that fed upon milkweeds under medium AMF availability sequestered nearly twice the concentration of cardenolides that they did when feeding upon AMF-free plants, potentially improving aphid resistance to natural enemies. Aphid predators exhibit high rates of mortality when fed oleander aphids from high cardenolide milkweeds, but experience low rates of mortality when fed aphids from low cardenolide milkweeds (Malcolm, 1992). Accordingly, in the field, oleander aphid populations are smaller and more influenced by predators when feeding on low cardenolide milkweed species than when feeding on high cardenolide milkweed species (Malcolm, 1992; Mohl et al., 2016). Similarly, monarch caterpillars that sequester higher concentrations of cardenolides are more toxic to their predators (Brower et al., 1968; Reichstein et al., 1968; Brower and Moffitt, 1974) and may be more resistant to their parasites (Lefèvre et al., 2010; Sternberg et al., 2012). Therefore, monarch caterpillars may be better protected against their natural enemies when their host plants are inoculated with AMF.

The strong effects of AMF on aphid per capita growth rates and caterpillar survival suggest that the availability of AMF in soil may also influence the population dynamics of herbivores by changing host plant quality. Furthermore, by altering aphid densities and individual masses, AMF may influence aphid-parasitoid interactions. Parasitism rates of A. nerii are density dependent (Helms et al., 2004), and parasitoids that develop in larger herbivore hosts have larger clutch sizes, bigger individual offspring, greater proportions of female offspring, and increased longevity (Hunter, 2003; Bukovinszky et al., 2008; van Veen and Godfray, 2012). AMF colonization of plants has been found to increase parasitoid attack rates, shorten parasitoid developmental times, and increase successful emergence of aphid parasitoids (Hempel et al., 2009; Bennett et al., 2016), even in the absence of plant-derived cues such as volatiles (Bennett et al., 2016). Our study suggests that AMF-mediated increases in aphid size may be a simple mechanism by which AMF improve parasitoid success. In support of this, communities of other belowground organisms, such as soil-dwelling nematodes, have been found to improve parasitoid performance, potentially by increasing aphid size (Bezemer et al., 2005).

CONCLUSION

In summary, we found that AMF inoculum availability influences strongly toxin sequestration and performance of two specialist herbivores, suggesting that AMF availability may substantially alter interactions among plants, herbivores, and their natural enemies. Furthermore, the availability of AMF inoculum, measured as infectivity and spore abundances, varies on small scales, such as centimeters (Wolfe et al., 2007) and meters (Carvalho et al., 2003). Therefore, plants within a single population may experience substantial variation in AMF availability in soils. This variation in AMF abundance may result in spatial variation in plant quality for herbivores, and herbivore quality for their natural enemies, ultimately affecting large scale population dynamics (Riolo et al., 2015). Future studies should consider how natural AMF abundances influence plant phenotype and the resulting herbivore and natural enemy population dynamics in the field.
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that received no experimental AMF inoculum remained free of AMF contamination, they were excluded from subsequent analyses of AMF colonization. Similar, A. incamata produced
no foliar cardenolides in this study, and were therefore excluded from analyses of foliar cardenolides. ***P < 0.001, *'P < 0.05, *P < 0.1.
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