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Plants are often confronted by different groups of herbivores, which threaten their growth and reproduction. However, they are capable of mounting defenses against would-be attackers which may be heightened upon attack. Resistance to insects often varies among plant species, with different genotypes exhibiting unique patterns of chemical and physical defenses. Within this framework, plant access to nutrients may be critical for maximal functioning of resistance mechanisms and are likely to differ among plant genotypes. In this study, we aimed to test the hypothesis that access to nutrition would alter the expression of plant resistance to insects and alter insect performance in a manner consistent with fertilization regime. We used two maize (Zea mays) genotypes possessing different levels of resistance and the fall armyworm (Spodoptera frugiperda) as model systems. Plants were subjected to three fertilization regimes prior to assessing insect-mediated responses. Upon reaching V4 stage, maize plants were separated into two groups, one of which was infested with fall armyworm larvae to induce plant defenses. Plant tissue was collected and used in insect bioassays and to measure the expression of defense-related genes and proteins. Insect performance differed between the two plant genotypes substantially. For each genotype, fertilization altered larval performance, where lower fertilization rates hindered larval growth. Induction of plant defenses by prior herbivory substantially reduced naïve fall armyworm growth in both genotypes. The effects between fertilization and induced defenses were complex, with low fertilization reducing induced defenses in the resistant maize. Gene and protein expression patterns differed between the genotypes, with herbivory often increasing expression, but differing between fertilization levels. The soluble protein concentrations did not change across fertilization levels but was higher in the susceptible maize genotype. These results demonstrate the malleability of plant defenses and the cascading effects of plant nutrition on insect herbivory.
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INTRODUCTION

Plants are often confronted by several simultaneous challenges, and the ability to partition resources adequately and efficiently is needed to ward against threats and balance productivity (Coley et al., 1985; Herms and Mattson, 1992; Stamp, 2003). As plants persist in heterogeneous environments, a central aspect of plant success against herbivores is balancing defense allocation with resource availability (Coley et al., 1985; Endara and Coley, 2011). Defenses against herbivores can include multiple components (Agrawal and Fishbein, 2006; Moles et al., 2013), each of which may be drawn from different resource pools (Gershenzon, 1994; Steppuhn and Baldwin, 2008). In general, plant defenses are not necessarily static, and can be heightened or enhanced by herbivory. Inducible defenses are strategies employed by plants that increase at the onset of herbivore pressure which minimize resources costs to the plant when they are not needed (Karban, 2011; Guo et al., 2018). Evidence of trade-offs between resource variation and mobilization of inducible defenses has been supported in some instances (Agrawal et al., 2015; Burghardt, 2016), but not in others (Hale et al., 2005; Walls et al., 2005). A combination of the plant perceiving the specific herbivore (Ali and Agrawal, 2012) as well as selection of particular plant genotype(s) (Hahn and Maron, 2016) are contributors to these patterns.

The relationships between plants and insects in the context of resource partitioning and defenses is not unidirectional. Insects encounter heterogenous nutritional landscapes (Behmer, 2009), arising from species or genotypic traits associated with plant nutrient uptake ability or efficiency (Abbas et al., 2011; Wilson et al., 2019), as well as host-plant access to nutrients in the soil (Lavoie and Oberhauser, 2004; Prudic et al., 2005; Rashid et al., 2017). Insect performance metrics are commonly limited by the nutritional components of their diet (Awmack and Leather, 2002; Behmer, 2009), and nutrient variation can alter herbivore performance and population dynamics (Chen et al., 2010; Wetzel et al., 2016). Plant defenses can compound variability in diet quality (Hay et al., 1994; Behmer et al., 2002; Couture et al., 2016), and adversely impact the ability of herbivores to acquire nutritional resources through physical barriers (Phillips and Croteau, 1999; Sethi et al., 2008; Tian et al., 2012), by disrupting digestive processes (Barbehenn and Constabel, 2011; Zhu-Salzman and Zeng, 2015) or by degrading insect gut lining (Mohan et al., 2006; Mason et al., 2019).

Balancing the risk of herbivory with the ability to compete with other individuals is integral for plant success (Hambäck and Beckerman, 2003; Züst and Agrawal, 2017; de Vries et al., 2019). Over time, these processes can shape plant traits pertinent to natural and agricultural settings (Agrawal, 2007; Mertens et al., 2021). Since traits that confer resistance to insects are often desirable in agriculture (Mitchell et al., 2016), understanding how resource variation alters plant-herbivore interactions is important to determine if comparable levels of resistance are manifested in changing environments. Moreover, understanding the role that plant species or genotype play in maximizing resource use and inducible defenses will be critical for optimization of pest management strategies in dynamic environments.

The principal aim of our study was to determine how variation in resource availability influences antiherbivore defenses and subsequent herbivore performance. We sought to determine how nutrient access influences mobilization of rapid (<24 h) inducible defenses. We used plants with differing levels of anti-herbivore defenses to determine how plant genotype and nutrient availability contribute to variation in induced plant-defense responses.

To accomplish our objectives, we used two maize (Zea mays) genotypes exhibiting different levels of resistance to insect herbivory. Mp708 expresses a highly inducible, insecticidal cysteine protease (Mir1-CP) that impacts herbivores possessing diverse feeding strategies (Pechan et al., 2002; Mohan et al., 2006; Gill et al., 2011; Louis et al., 2015; Castano-Duque et al., 2017). Tx601, a parental line of Mp708 (Williams et al., 1990), is more palatable to defoliators than the resistant genotype. Nonetheless, Tx601 also possesses some defenses, such as trichomes, chitinases, ribosome inactivating proteins, and protease inhibitors that are induced upon attack and have negative impacts on folivores (Chuang et al., 2014; Mason et al., 2019; Han et al., 2021). Fall armyworm (Spodoptera frugiperda) was chosen as a model herbivore in our experiments. Fall armyworm has emerged as an important global pest across tropical and temperate regions around the world (Early et al., 2018; De Groote et al., 2020). Although fall armyworm is a highly polyphagous pest, it exhibits preference toward cereal crops (Montezano et al., 2018). Fall armyworm performance on Mp708 and Tx601 are well-documented (Pechan et al., 2002; Chuang et al., 2014), and maize defenses are known to alter digestive processes and induce septicemia (Fescemyer et al., 2013; Mason et al., 2019; Han et al., 2021). Because of the principal defenses that Mp708 and Tx601 weaponize are protein-based, we hypothesized that their expression may be limited by nutrient access. We also anticipated that since Mp708 has higher levels of resistance, susceptibility may be increased under nutrient stress. However, we also considered that when nutrients are limited, there may be cascading nutritional deficiencies onto fall armyworm, nullifying reduced defenses.



MATERIALS AND METHODS


Plant and Insect Sources

Maize lines Tx601 and Mp708 were selected for their respective susceptibility and resistance to different insects (Williams et al., 1990; Pechan et al., 2002; Louis et al., 2015), and seeds for both genotypes were kindly provided by Dr. Paul Williams. Fall armyworm were initially obtained from Benzon Research Inc. (Carlisle, PA, United States) and maintained in the laboratory. Two separate batches of fall armyworm larvae were reared from eggs to provide defoliator and bioassay insects.



Plant Growing Conditions and Nutrient Regimes

Maize seeds were germinated on moist paper towels under 100% relative humidity (RH) at 28°C for 24h prior to planting into substrate media. Seventy seeds of each genotype were transferred directly into Turface MVP Calcined Clay (PROFILE Products LLC., Buffalo Grove, IL., United States) in 10 cm square pots and maintained in a greenhouse at 27°C, 50–60% RH, 14-h-light/10-h-dark photoperiod. Plants were watered daily until we randomly assigned plants into different fertilization regimes.

Fertilization commenced 11 days post-planting and included three distinct regimes. Plants were randomly selected from the initial pool and 20 were assigned to each treatment. Fertilization was performed using water-soluble 20-10-20 Peters Professional fertilizer (JR Peters, Inc., Allentown, PA, United States) dissolved in State College, PA, United States tap water. Concentrations for low, medium (recommended), and high rates were: 1.29 g L–1 2.58 g L–1, and 5.16 g L–1, respectively. One hundred mL of fertilization mixture was applied to each treatment group twice weekly 3–4 days apart, for a total of 8 instances of fertilizer application for the experiment’s duration. Plants were watered to saturation on days they were not receiving fertilization. Fertilization treatments occurred until the onset of the V4 stage, 25 days following the first fertilization treatment.



Defense Elicitation and Tissue Collection

Eight plants of each genotype and fertilization treatment were infested with fall armyworm larvae in order to elicit defense responses the day following the last fertilization treatment. A single newly molted fifth instar fall armyworm larva was inserted into the whorl of plants assigned to infestation treatments. All control and infested plants were enclosed in individual fine mesh cages. Insects fed for 24h before collection of foliage. Three plants assigned infestation treatments received no damage and were discarded from the experiment. Leaf tissues for bioassays and defense quantification were collected around the site of insect feeding within the whorl. Tissues from undamaged plants were collected from a comparable area of the plant. A portion of the tissue was flash frozen in liquid N2 and stored at –80°C until we performed the biochemical analyses. The remaining leaf tissues were pooled within a treatment, cut into small pieces, and distributed equally among bioassay insects.



Larval Bioassays

Larval bioassays were performed in 22.5 mL diet cups containing 5–10 mL of 1.5% agar in a 22°C room under ambient light. Newly molted, laboratory-reared 3rd instar fall armyworm were weighed and randomly assigned one of the nutrient-genotype-defense combinations (starting n = 27). Leaves were distributed to ensure larvae did not run out of food at the beginning of the bioassay period. Bioassay larvae which did not exhibit any signs of feeding were discarded from the study, with final bioassay sample sizes ranging between 24 and 27 insects for each treatment. Bioassays were conducted for 6 days.



Characterization of Inducible and Constitutive Defenses

RNA was extracted as previously described (Ray et al., 2016). Approximately 100mg of tissue was homogenized in liquid nitrogen, and RNA was extracted with 1mL of Trizol (Thermo-Fisher Scientific, Waltham, MA) followed by lithium chloride precipitation to remove contaminating DNA. Complementary DNA (cDNA) was synthesized from RNA using the High Capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA) following manufacturer’s instructions. Quantitative RT-PCR analyses were conducted on a QuantStudio 3 PCR system (Thermo Fisher, United States). Reactions were performed with SYBR Green PCR Mix (Applied Biosystems) using ubiquitin as the endogenous gene and responses were calculated using the –2ΔΔCT method (Livak and Schmittgen, 2001) and ThermoFisher software, with low nutrient-no defoliation serving as the reference control for each genotype. In the susceptible maize genotype Tx601, ribosome inactivating protein (Rip2), which is downstream of jasmonic acid induced defense pathway was shown to lower caterpillar performance on plants (Chuang et al., 2014). However, in the resistant genotype Mp708, jasmonic acid was constitutively upregulated and the cysteine protease Mir1-CP was the primary defense related protein that was involved in insect resistance (Pechan et al., 2000; Shivaji et al., 2010; Fescemyer et al., 2013). Therefore, these two genes were measured as markers for caterpillar induced defenses in quantitative real time PCRs in Tx601 and Mp708, respectively. We also measured the transcript abundance of a pathogenesis related gene (Pr5) which has been shown to be downstream of salicylic acid defense pathway in maize and is usually not induced by caterpillar herbivory in maize (Ray et al., 2016). Gene targets and primer sequences are provided in Table 1.


TABLE 1. Primers used in this study for rt-PCR.
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Immunoblot Methods

Total protein from maize leaves were extracted from 100mg of tissue as described previously (Chuang et al., 2014). Briefly, plant tissues were homogenized and boiled in 1 × Laemli sample buffer for 10 min, followed by centrifuging them for 10 min at 14,000g. The supernatant was collected and protein content was measured using Non-interfering protein quantification kit (G-Biosciences, St. Louis, MO, United States). A total of 50μg of protein pool with equal amount of protein from each of six biological replicates for each treatment were loaded on to 10% polyacrylamide gel and ran for 90 min at 100 constant voltage. Proteins were transferred to nitrocellulose membrane using a wet transfer system overnight at 4°C, following which they were blocked for an hour in 5% milk and then incubated with 1:10,000 dilution of antibodies for RIP2 and Mir1-CP overnight at 4°C (Chuang et al., 2014; Louis et al., 2015). Polyclonal antibodies that were generated in rabbit of RIP2 and Mir1-CP were procured from Dr. Rebecca Boston’s laboratory (Bass et al., 2004) and commercially synthesized, respectively (GenScript, NJ, United States). Secondary antibodies conjugated to horse radish peroxidase (Sigma Aldrich, United States) were used to bind to the primary antibodies in the ratio 1:10,000 for an hour at room temperature. The blots were then washed and visualized using Super Signal Femto substrate as per manufacturer protocol (Thermo Fisher Scientific, United States). The blots were stained with Ponceau S to show equal protein loading and transfer in each well.



Quantification of Foliar Protein

To determine how nutrient treatments altered foliar protein concentrations, we evaluated bulk protein concentrations in fresh foliage. One hundred fifty-200 mg of frozen tissue was quantified and ground to a fine powder in liquid nitrogen. Soluble protein was extracted in 1 mL of Tris buffer (pH 6.8) containing 3% SDS, 10% glycerol, and 5% 2-mercaptaethanol by incubating at 100°C for 10 min. Proteins were quantified on a SpectraMax spectrophotometer (Molecular Devices, Sunnyvale, CA, United States) with a non-interfering protein quantification kit, according to the manufacturer’s instructions (G-Biosciences, St. Louis, MO, United States).



Statistical Analyses

Analyses were performed with R (R Core Team, 2020) implemented in RStudio v. 4.1.1 (RStudio Team, 2015). Before performing analyses, data were evaluated for normality and homoscedasticity of variances and data transformations were performed as necessary. Larval bioassays were analyzed using an analysis of covariance (ANCOVA), with final body mass as the response variable, nutritional status and defoliation treatment as categorical fixed effects, and initial body mass as a random effect. We analyzed each genotype with separate ANCOVAs. Quantitative RT-PCR data were log10 transformed and analyzed using an ANOVA with nutritional status and defoliation treatment as fixed effects. Foliar protein concentrations were analyzed with ANOVA using plant genotype and nutritional status as fixed effects. Post hoc analyses for ANCOVAs and ANOVAs were performed using a Tukey HSD correction implemented in the R package “agricolae” (de Mendiburu, 2014).




RESULTS


Fall Armyworm Growth Responses

Fall armyworm growth responses followed our predictions with the two maize genotypes we used for our study (Figure 1). Fall armyworm exhibited 1.5 × greater body mass accumulation on Tx601 plants maintained under a moderate nutritional regimen and no herbivory treatment compared to Mp708 (Supplementary Figure 1; t49 = 3.86; p < 0.001). Both fertilization regimes and herbivory altered fall armyworm performance. For Tx601, prior herbivory substantially reduced (∼25%) fall armyworm larval body mass (Table 2A; F1,143 = 20.6; p < 0.001), particularly among the low and medium fertilization treatments. Likewise, fertilization treatments altered fall armyworm performance (F2,143 = 4.49; p = 0.013), but these effects were less pronounced. While there was no statistically significant interaction between fertilization and herbivory (F2,143 = 1.03; p = 0.359), pairwise comparisons indicated fall armyworm had increased body mass on the high nutritional treatment compared to the medium and low treatments. This was evident among the plants receiving herbivory, where the high nutrient treatment resulted in caterpillars 1.5 × larger than the other two fertilization treatments. As with Tx601, larvae consuming Mp708 had negative growth responses to herbivory (Figure 1 and Table 2B). While statistically significant (F2,144 = 3.24; p = 0.042), the impact of fertilization was more complicated since we observed a significant interaction between prior herbivory and the fertilization treatments (F2,144 = 10.6; p < 0.001). When consuming undamaged tissue, larvae performed poorly on the low fertilization treatment, exhibiting 50% less body mass accumulation compared to the medium and high treatments. Low fertilization inhibited the induction of defenses to herbivory, where damaged and undamaged tissues did not differ under this regimen. The highest fertilization treatment exhibited reduction in herbivory but was not different from the lowest treatment. The medium fertilization treatment exhibited high levels of induction both in terms of how the larvae faired on the tissue and how it compared to the undamaged material.
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FIGURE 1. Norm-reactive plot illustrating impacts of maize genotype, herbivory, and fertilization regime on fall armyworm growth. Symbols represent means with bars representing standard errors. Lines connect undamaged and damaged treatments. Different letters represent statistically significant responses within a genotype using a Holm correction (p < 0.05). Data were analyzed using final mass as response variable in an ANCOVA, and full statistics are present in Table 2.



TABLE 2. ANCOVA table analyzing effects of fertilization treatment, and herbivory on fall armyworm growth for the two maize genotypes.
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Plant Biochemical Responses to Fertilization and Herbivory Treatments

We observed variable patterns in how defense-related gene expression (Figure 2 and Table 3) and proteins (Figure 3) responded to fertilization and herbivory between the two genotypes. Tx601 expression of maize protease inhibitor (mpi) and ribosome inactivating protein2 (rip2) transcripts followed identical trends (Figure 2). In both cases, there was no effect of fertilization on the expression (Table 3) but exhibited strong (10 ×) increases in response to herbivory (p < 0.001). Immunoblot detection of RIP2 in Tx601 foliage followed identical trends (Figure 3), in which no detection was observed in undamaged foliage with high expression occurring in damaged foliage. Defense responses in Mp708 were more nuanced with regards to fertilization than Tx601. Mp708 mpi expression likewise increased by 5–10 × in response to herbivory (F1,30 = 118.4; p < 0.001), but we also observed a response to fertilization (F2,30 = 6.42; p = 0.005). This effect was apparent in damaged tissues, where the highest fertilization treatment exhibited the lowest expression. Mp708 pathogen response 5 (pr5) expression was not affected by fertilization, but increased by 1.5–4 × in response to herbivory (F1,30 = 9.40; p = 0.005). Expression of Mp708 MIR1-CP (mir1cp) did not change during herbivory. The expression of mir1cp transcripts was discordant with the mobilization of the protein in the foliar tissues (Figure 3), as it responded to both herbivory and fertilization. MIR1-CP was not detected with immunoblotting in both undamaged and damaged Mp708 on the lowest fertilization treatment. In contrast, MIR1-CP accumulated in both medium and high fertilization treatments, with band intensity increasing upon herbivory.
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FIGURE 2. Influence of herbivory and fertilization on the expression of defense-related genes in Tx601 and Mp708. Letters represent statistically significant pairwise comparisons within a transcript. Statistical analyses were conducted using log10(y) transformed responses. Full statistics are presented in Table 3. rip2 – ribosome inactivating protein 2; mpi – maize protease inhibitor; mir1cp – Mir1 cysteine protease; pr5 – pathogen response protein 5.



TABLE 3. ANOVA table of maize transcripts and their expression as affected by fertilization and herbivory.
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FIGURE 3. Influence of herbivory and fertilization on the protein levels of RIP2 and MIR1-CP in Tx601 and Mp708, respectively. Immunoblot detection of defense related proteins RIP2 and MIR1-CP was performed in Tx601 and Mp708, respectively, for plants with low, medium and high regimens of fertilizer. Within each fertilizer treatments, plants were either left undamaged (U) or fed with 5th instar fall armyworm larva for 24hrs (F). Each well represents 50 μg of total protein that was pooled from equal amounts of protein from six plants, equal loading and transfer is shown in Ponceau S stain of the blots.




Soluble Protein Concentrations in Response to Genotype and Fertilization

To determine how fertilization alters foliar quality, we evaluated soluble protein concentrations in the two genotypes (Figure 4). We observed differences in protein content between the two genotypes (F1,25 = 8.55; p = 0.007), with Tx601 having ∼1.5 × higher concentrations compared to Mp708. However, we saw no overall effect of fertilization on the level of foliar protein (F2,25 = 0.25; p = 0.781) and no interaction with plant genotype (F2,25 = 2.68; p = 0.090).
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FIGURE 4. Influence of fertilization treatment on soluble protein concentrations (fresh weight) in Tx601 and Mp708 foliage. Different concentrations of total proteins were observed between genotypes, but not within a fertilization regime.





DISCUSSION

Heterogenous nutritional environments can lead to cascading effects on plant and insect populations (Wetzel et al., 2016). Plant performance and growth are driven by nutrient availability, and nutrient deficiencies can have cascading effects on the mobilization of plant defenses and resistance to herbivores. Herbivores must fulfill their own nutritional requirements while often simultaneously contending with toxic plant compounds and, therefore, must strategize between nutrient acquisition and toxin avoidance or detoxification. Our study demonstrates that regulating nutrient access to maize plants has cascading effects on fall armyworm larvae via modulation of plant defenses. It is well-documented that plant genetics play a role in defense variability (Bruce, 2014) and, as anticipated, we observed differences between resistant and susceptible maize genotypes. Using two genotypes, we found that fertilization impacted herbivore performance and defense accumulation. In general, larvae performed worse on plants receiving lower fertilization treatments and overall larval performance was higher on the susceptible genotype (Tx601) compared to the resistant genotype (Mp708). While both genotypes increased defense concentrations that impaired larval growth, the strength of that effect differed by genotype and level of fertilization. Interestingly, while total protein content was higher in Tx601, we did not observe an effect due to fertilization treatment. Our results support prior work indicating that nutritional access is integral to mounting successful defenses, and can have mixed, cascading effects on herbivores.

Quantitative PCR results exhibited strong responses to induction, but the patterns among fertilization treatments were variable. Prior studies have shown a correlation between available soil nitrogen to phosphorous ratio to induction of plant defense genes (Murrell et al., 2019). For Tx601, expression of mpi and rip2 were induced by herbivory, but fertilization had no effect on defense gene expression. Similarly, in Mp708, pr5 expression was higher after herbivore damage but was not affected by fertilization. However, expression of mir1cp was nutrient-dependent but did not differ between constitutive and induced plant tissues. These results suggest that prioritization of certain defenses in response to nutrient availability varies and that these genotypes may employ different strategies to manage nutrient and herbivore stress. While these data are certainly insightful, transcript levels are not always correlated to protein levels in cells. Therefore, we performed immunoblot assays to quantify some of the defense related proteins.

Immunoblots of defense proteins best explain the patterns we observed in our bioassay data. The immunoblot of defense protein RIP2 in the susceptible genotype Tx601 revealed higher accumulation of the protein when induced by caterpillar feeding. This suggests that although Tx601 is more susceptible to insect herbivory, its ability to mount a successful defense response is not contingent on soil nutrient availability. Tx601 RIP2 protein has previously been shown to be insecticidal (Chuang et al., 2014) and supports our bioassay results where we saw that regardless of fertilizer regimen, induced plants were more resistant to subsequent insect herbivory. In contrast, we found that accumulation of the defense protein MIR1-CP in the resistant genotype Mp708 was positively associated with nutrient availability. MIR1-CP accumulation was not observed in plants grown in soil with low nutrients. However, plants grown with medium and high fertilizer treatments accumulated higher levels of this defensive protein. Therefore, in Mp708 plants, maximization of this defense component is contingent on fertilization access. We can only speculate as to why fall armyworm performed poorly on low fertilization-constitutive Mp708. This genotype is known to constitutively exhibit higher levels of jasmonic acid (Shivaji et al., 2010), a key phytohormone in defense signaling as well in mediating abiotic stress responses (Raza et al., 2021). Since the genome of Mp708 carries several QTLs that are involved in imparting resistance to insect herbivores (Castano-Duque and Luthe, 2018), it is possible that the regulation of fall armyworm growth on these plants was mediated through defenses that were not measured here (i.e., benzoxazinoids, lignin, other phenolics) (for example Tzin et al., 2017) or some other essential nutrients (i.e., micronutrients, digestible carbohydrates) (for example Apple et al., 2009).

Over the past several decades, many studies have aimed to identify how ecological constraints, such as nutrient availability affect plant defenses, but the patterns are not always clear. Documented effects of nutrient availability on rapid-inducible defenses have ranged from positive, neutral to negative (Stout et al., 1998; Cipollini and Bergelson, 2001; Schmelz et al., 2003), making it difficult to explain or predict the outcomes of these biochemical interactions. For example, decreasing nutrients reduced the ability of rapeseed plants to induce defenses, but high nutrient availability restored induction capacity (Cipollini and Bergelson, 2001). Contradictory to our results, reducing nutrient availability in maize (cv. Delprim) led to an increase in the induction of defense-related plant terpenes and phytohormones (Schmelz et al., 2003). Similar results were found in cotton, where lower fertilization rates resulted in increased herbivore-induced defenses (Chen et al., 2008). Many variables, such as fertilizer source, ratio, or composition, as well as type of damage (herbivory, elicitor, mechanical) make it difficult to draw comparisons between studies. However, as was evidenced in our study, genetic and environmental factors are both involved in allocation of resources toward induced defenses, highlighting the need for further evaluation of resistance traits across genotypes and under different environmental contexts to attain consistent and predictable outcomes.

We used a three-macronutrient fertilizer blend with higher concentrations of nitrogen and potassium compared to phosphorous. It is not certain to what extent each nutrient, or combination of nutrients, played a predominant roll in limiting defense induction. Other research has shown that limiting nitrogen is linked to suppression of nitrogen-rich proteins, such as those used for plant defenses (Lou and Baldwin, 2004). In our study, the low fertilization treatment suppressed constitutive and induced expression of MIR1-CP in the resistant genotype. However, nitrogen is also a limiting nutrient to herbivore growth and nitrogen availability is associated with fall armyworm performance and behavior. Fall armyworm typically perform better on and prefer plants that are grown in nitrogen-rich soils (Wiseman et al., 1973; Davidson-Lowe et al., 2021). Recent studies demonstrate that phosphorous plays a functional role in defense hormone signaling and is also involved in plant-microbe associations that confer resistance to herbivores and pathogens (Mustafa et al., 2016; Murrell et al., 2019; Chan et al., 2021). Additionally, potassium may have an inhibitory effect on fall armyworm growth and development (Singh et al., 2021), though the mechanisms are unclear. Future comparative studies that isolate and manipulate nutrients will shed light on nutrient-specific effects on plant defenses and help determine whether the benefits of nutrient access override defense constraints for herbivore host-plant selection. Our experiments were conducted in the greenhouse under controlled conditions, and therefore future field studies are needed to understand if the processes we observed here are consistent across habitats.

Interactions between nutrients, plant defenses and herbivores are undeniably complex. Including genotypic variability further complicates these relationships. Here we demonstrated that plant genotype and nutrient availability affect plant-herbivore interactions by differentially influencing the expression of plant defenses. This study provides insight on how these interactions may contribute to plant-herbivore community assemblage in natural and agricultural landscapes. Subsequent studies are needed to understand how these patterns translate to field situations, the plant tolerance of and recover from herbivory on defense responses, and how different nutritional components alter the defense cascades.
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herbivory 1,143 20.6 < 0.001
fertilization:herbivory 2,143 6.83 0.359
B. Mp708

Effect: Df F-value P-value
fertilization 2,144 3.24 0.042
herbivory 1,144 60.2 < 0.001
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Final larval mass was used as response variable, with initial larval mass was used
as the covariate. Bolded values denote statistically significant terms in the model.
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Values were log(y)-transformed prior to analysis. Bolded values indicate statistically
significant effects.





