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Abstract 20 

Specialized metabolites mediate important interactions in both the rhizosphere and the 21 

phyllosphere. How this compartmentalized multifunctionality influences plant-22 

environment interactions is unknown. Here, we investigated how the dual role of maize 23 

benzoxazinoids as leaf defenses and root siderophores shapes the interaction between 24 

maize and a major global insect pest, the fall armyworm. We find that benzoxazinoids 25 

suppress fall armyworm growth in soils with low bioavailable iron but enhance growth in 26 

soils with higher bioavailable iron. Manipulation experiments confirm that benzoxazinoids 27 

suppress herbivore growth under iron-deficient conditions but enhance herbivore growth 28 

when iron is present in its free form. This reversal of the protective effect of benzoxazinoids 29 

is not associated with major changes in plant primary metabolism. Plant defense activation 30 

is modulated by the interplay between soil iron and benzoxazinoids but does not explain 31 

fall armyworm performance. Instead, increased iron supply to the fall armyworm by 32 

benzoxazinoids in the presence of free iron enhances larval performance. This work 33 

identifies soil chemistry as a decisive factor for the impact of plant secondary metabolites 34 

on herbivore growth. It also demonstrates how the multifunctionality of plant secondary 35 

metabolites drives interactions between abiotic and biotic factors, with major consequences 36 

for plant health in variable environments.  37 

Keywords: Plant secondary metabolites, benzoxazinoids, herbivore resistance, plant 38 

herbivore interactions, maize, fall armyworm.   39 
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Introduction 40 

Organismal traits are commonly co-opted for multiple functions (1-4). In complex and 41 

fluctuating environments, multifunctionality may lead to trade-offs, with important 42 

consequences for ecological and evolutionary dynamics (5-7).  43 

Plant secondary (or specialized) metabolites are important mediators of species interactions 44 

in natural and agricultural systems (8). Many plant secondary metabolites have been 45 

documented to protect plants against insect herbivores by acting as toxins, digestibility 46 

reducers and / or repellents (9). Plant secondary metabolites also serve other functions; 47 

they can for instance act as signaling molecules (10), photoprotectants (11), antibiotics (12), 48 

soil nutrient mobilizers (13) and precursors of primary metabolites (14). Recent genetic 49 

work has highlighted that the same plant secondary metabolites may engage in multiple 50 

functions (4, 15, 16), leading to potentially important interactions between different 51 

environmental factors (6, 17). How this multifunctionality influences plant ecology and 52 

plant-insect interactions in complex environments is not well understood.  53 

The soil environment can have a major impact on plant defense expression and plant-54 

herbivore interactions. Soil nutrients and micronutrients can reprogram plant defenses, 55 

through cross-talk between defense and nutrient signaling (18, 19) or by influencing soil 56 

microbes which subsequently modulate plant defense responses (20, 21). In addition, soil 57 

nutrients can also influence plant-herbivore interactions by changing the nutritional value 58 

of the plant to herbivores (22). Whether plant secondary metabolites with dual functions in 59 

the rhizosphere and phyllosphere can mediate interactions between soil chemistry and 60 
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herbivores remains unexplored, despite the potential ecological and agricultural 61 

importance of this phenomenon.  62 

Benzoxazinoids are shikimic-acid derived secondary metabolites that are produced in high 63 

abundance by grasses such as wheat and maize. They evolved multiple times within the 64 

plant kingdom and are also found in various dicot families (23). Initially, benzoxazinoids 65 

were described as defense compounds that suppress and repel insect herbivores (24). Later 66 

genetic work revealed that benzoxazinoids also act as within-plant signaling compounds 67 

by initiating callose deposition upon pathogen and aphid attack (25, 26). Benzoxazinoids 68 

are also released into the rhizosphere in substantial quantities (27), where they can chelate 69 

iron (28), thus making it bioavailable (29). By consequence, benzoxazinoids can influence 70 

plant iron homeostasis. Recently, a link was documented between the iron chelating 71 

capacity and the interaction between maize plants and the western corn rootworm. This 72 

highly adapted insect is attracted by iron benzoxazinoid complexes and can use them for 73 

its own iron supply (29). Thus, it is conceivable that the multiple functions of 74 

benzoxazinoids may lead to trade-offs between their function as defenses and their 75 

functions as providers of essential micronutrients.  76 

Here, we explore how the multifunctionality of benzoxazinoids shapes interactions 77 

between soil conditions and a leaf herbivore. By comparing soils that differ in their trace 78 

element composition, we uncover that the protective effect of maize benzoxazinoids 79 

against the fall armyworm can be reversed to a susceptibility effect in certain soils. Using 80 

micronutrient analyses and manipulative laboratory experiments, we document that this 81 

phenomenon can be fully explained by the interaction of benzoxazinoids with free iron in 82 
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the soil. We further document that iron and benzoxazinoids interact to control leaf defenses, 83 

but that the benzoxazinoid-dependent susceptibility is best explained by increased iron 84 

supply to the fall armyworm. Taken together, these results provide a direct mechanistic 85 

link between soil properties and leaf-herbivore interactions and illustrate how plant 86 

secondary metabolite multifunctionality shapes plant-herbivore interactions.  87 

Results 88 

The effect of benzoxazinoids on herbivore performance depends on soil type 89 

Benzoxazinoids increase leaf resistance to herbivores, but also interact with soil 90 

micronutrients and microbial communities in the soil (29-31). To test whether the defensive 91 

function of benzoxazinoids is modulated by soil properties, we collected soils from 8 92 

different arable fields around Yixing (Jiangsu province, China), including both Anthrosols 93 

and Ferrosols (classification according to Chinese soil taxonomy, see Fig. S1 and Table S1 94 

for basic soil characteristics). We then grew wild type B73 (WT) and benzoxazinoid-95 

deficient bx1 mutant plants in the different soils, infected them with fall armyworm larvae 96 

and measured plant performance, leaf damage and fall armyworm performance. On plants 97 

grown in Ferrosols, fall armyworm larvae gained more weight on bx1 mutant plants than 98 

WT plants, as expected from the defensive function of benzoxazinoids (Fig. 1). However, 99 

on plants grown in Anthrosols, the larvae gained more weight on WT plants than bx1 100 

mutant plants (Fig. 1). Leaf damage did not differ between genotypes (Fig. S2), implying 101 

a change in the digestibility of the consumed leaf material. Overall, maize seedlings 102 

accumulated more biomass when growing in Anthrosols than Ferrosols, with no 103 

differences between genotypes (Fig. S2). To confirm that the herbivore growth patterns 104 
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depend on benzoxazinoid biosynthesis, we tested additional bx1 and bx2 mutant alleles in 105 

the W22 background in an Anthrosol and a Ferrosol. Again, the larvae grew better on bx1 106 

and bx2 mutant in the Ferrosol, but grew significantly less on the mutants in the Anthrosol 107 

(Fig. S3). Thus, the impact of benzoxazinoid biosynthesis on herbivore performance is 108 

strongly dependent on the soil type.  109 

Soil-dependent benzoxazinoid resistance is driven by root iron supply 110 

Benzoxazinoids can chelate micronutrients and trace metals (28, 32), with the strongest 111 

quenching being observed for iron (29). We thus explored correlations between different 112 

soil properties and available micronutrients and the bx1-dependent impact on fall 113 

armyworm performance. Principal component analysis resulted in a clear separation of 114 

Anthrosols from Ferrosols (Fig. 1I). Ferrosols, on which larvae grew better on bx1 than 115 

WT plants, had a slightly higher pH, less organic carbon, very low bioavailable iron, copper, 116 

boron and phosphorus, but higher sodium, magnesium and silicon than Anthrosols (Fig. 1I, 117 

Fig. S1). To further narrow down potential micronutrients that may drive the different 118 

genotype-specific performance of the fall armyworm, we screened micronutrient levels in 119 

the leaves of WT and bx1 plants growing in the different soils. Analyses of variance 120 

revealed significant genotype effects for calcium and iron, with overall higher levels of 121 

both elements in the leaves of WT than bx1 mutant plants (Fig. S4). Furthermore, a 122 

significant interaction between genotype and soil type was found for iron (Fig. 1J), with 123 

higher iron levels in WT plants than bx1 mutant plants in Anthrosols with high available 124 

iron, and no difference in Ferrosols with very low available iron (Fig. 1J). Overall iron 125 

levels were enhanced in plants grown in Anthrosols compared to plants grown in Ferrosols 126 
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(Fig. 1J), which is expected given that iron in Ferrosols is chiefly present as insoluble iron 127 

oxide. Quantitative analysis of the data revealed a strong association between higher iron 128 

levels in WT plants and higher fall armyworm performance (Fig. S5). A correlation was 129 

also observed for copper (Fig. S5), but this pattern was not associated with significant 130 

differences in copper levels between genotypes (Fig. S5). No correlation was observed for 131 

calcium (Fig. S5). The association between plant iron and fall armyworm performance was 132 

conserved in the W22 background (Fig. S6).  133 
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Fig. 1. The effect of benzoxazinoids on herbivore performance depends on the soil type. Center: Map 135 
depicting soil collection sites around Yixing (China). Gray boxes (A-H): Growth of Spodoptera frugiperda 136 
caterpillars on wild type (WT) and benzoxazinoid deficient bx1 mutant plants growing in the different soils 137 
(+SE, n = 10), together with respective soil properties. Soil properties are depicted as fold change relative to 138 
the average across all tested soils. See Fig. S1 for absolute values. Soils 1-4 are Anthrosols, soils 5-8 are 139 
Ferrosols. Asterisks indicate significant differences between plant genotypes (ANOVA; *P < 0.05). (I) 140 
Principal component analysis of field soil properties. Green triangles represent soils on which caterpillars 141 
grow better on WT plants. Yellow squares represent soils on which caterpillars grow better on bx1 mutant 142 
plants. Vectors of soil parameters are shown as grey arrows. (J) Iron (Fe) contents in the leaves of WT and 143 
bx1 plants grown in the different soils (+SE, n = 3, with 3 to 4 individual plants pooled per replicate). For 144 
full elemental analysis, refer to Fig. S4. DW, dry weight. O.C., organic carbon. Two-way ANOVA results 145 
testing for genotype and soil effects are shown (**P < 0.01; ***P < 0.001). Asterisks indicate significant 146 
differences between genotypes within the same soil (pairwise comparisons through FDR-corrected LSMeans; 147 
*P < 0.05; **P < 0.01). 148 

 149 

Based on these results, we hypothesized that differences in iron availability may determine 150 

the impact of benzoxazinoids on herbivore performance. To test this hypothesis, we grew 151 

WT and bx1 mutant plants in nutrient solutions with different forms of iron (29). Plants 152 

where either grown in iron-deficient solutions (supplemented with NaCl or Na2SO4), 153 

solutions containing free, soluble iron (supplied as FeCl3 or Fe2(SO4)3) that requires 154 

chelation by siderophores for efficient uptake, or solutions containing a bioavailable iron 155 

complex (Fe-EDTA). Fall armyworm larvae grew generally better on benzoxazinoid-156 

deficient bx1 mutant plants, but effects depended on iron bioavailability and were reversed 157 

for plants in solutions containing free iron (Fig. 2A, Fig. S7). Leaf damage was similar 158 

across genotypes and iron treatments (Fig. 2B). Complementation of bx1 mutant plants 159 

with pure DIMBOA added to the rhizosphere reverted the bx1 phenotype in solutions 160 

containing free iron (Fig. 2C). These results show that the interaction between 161 

benzoxazinoids and iron availability can modulate the impact of benzoxazinoids on leaf 162 

herbivore performance.  163 
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 164 

Fig. 2. Soil-dependent benzoxazinoid resistance is driven by root iron (Fe) supply. (A) Growth of 165 
Spodoptera frugiperda feeding on WT and bx1 plants supplied with different iron sources (+SE, n = 14-15). 166 
(B) Consumed leaf area (+SE, n = 14-15). (C) Growth of S. frugiperda feeding on WT and bx1 plants 167 
complemented with pure DIMBOA added to the rhizosphere under different iron sources (+SE, n = 14-15). 168 
“None” nutrient solutions received either NaCl or Na2SO4. “Complex” nutrient solutions received Fe-EDTA. 169 
“Free” nutrient solutions received FeCl3 or Fe2(SO4)3. For full results showing genotype effects of all 170 
individual nutrient solutions, refer to Fig. S7. Two-way ANOVA results testing for genotype and iron source 171 
effects are shown (n.s. not significant; ***P < 0.001). Asterisks indicate significant differences between 172 
genotypes within the same soil (pairwise comparisons through FDR-corrected LSMeans; *P < 0.05; **P < 173 
0.01). 174 

Interactions between root iron supply and benzoxazinoids determine leaf iron homeostasis 175 

Bx1 mutant plants at the seedling stage are less efficient at taking up free iron than WT 176 

plants, and this trait is due to the absence of DIMBOA in the rhizosphere of bx1 mutants 177 

(29). Thus, iron supply and benzoxazinoids likely interact to determine leaf iron 178 

homeostasis. In support of this hypothesis, we find that WT plants contain more iron in 179 

their leaves than bx1 plants when grown in soils where iron is available in free or weakly 180 

complexed form, but not in soil where iron availability is low (Figs. 1, S4 and S7). To 181 
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further explore this aspect, we measured the expression of genes involved in iron 182 

homeostasis in the leaves of WT and bx1 mutant plants grown under different forms of iron 183 

supply (Fig. 3, Fig. S8). The tested genes included genes associated with iron transport 184 

such as ZmYS1, ZmNRAMP1 and ZmIRO2, and genes that are likely involved in the 185 

biosynthesis and efflux of the mugineic acid family of siderophores such as ZmRP1, 186 

ZmIDI4, ZmNAS3, ZmDMAS1 and ZmTOM2 (33-35). We found strong interactions 187 

between iron availability and the bx1 mutation for 7 of the 8 tested genes. Most iron 188 

homeostasis genes were highly expressed under iron-deficient conditions, and suppressed 189 

in the presence of complex iron, with no differences between WT and bx1 mutant plants. 190 

When iron was present in its free form, most of these genes were strongly induced in the 191 

bx1 mutant, but not in WT plants (Fig. 3). Exceptions to this pattern included ZmNAS3, 192 

which showed opposite expression patterns, and ZmTOM2, whose expression was not 193 

modulated by the bx1 mutation (Fig. 3). These results show that root iron supply strongly 194 

modulates leaf iron homeostasis, with bx1 mutants exhibiting iron deficiency gene 195 

expression patterns when grown in the presence of free iron. 196 
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 197 

Fig. 3. Interactions between root iron (Fe) supply and benzoxazinoids determine leaf iron homeostasis. 198 
Relative expression of genes involved in iron homeostasis in the leaves of WT and bx1 mutant plants supplied 199 
with different iron sources (+SE, n = 7-8). “None” nutrient solutions received either NaCl or Na2SO4. 200 
“Complex” nutrient solutions received Fe-EDTA. “Free” nutrient solutions received FeCl3 or Fe2(SO4)3. For 201 
full results showing genotype effects of all individual nutrient solutions, refer to Fig. S8. Two-way ANOVA 202 
results testing for genotype and iron source effects are shown (n.s. not significant; *P < 0.05; **P < 0.01; 203 
***P < 0.001). Asterisks indicate significant differences between genotypes within the same soil (pairwise 204 
comparisons through FDR-corrected LSMeans; ***P < 0.001). 205 

Changes in leaf herbivore performance are not explained by changes in leaf primary 206 

metabolism and defense expression 207 

How can soil- and benzoxazinoid-dependent leaf iron homeostasis explain fall armyworm 208 

performance? In theory, iron homeostasis may indirectly affect leaf quality by changing 209 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 17, 2021. ; https://doi.org/10.1101/2021.05.14.444261doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.14.444261
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

13 

 

leaf primary metabolism and defense expression (36-38), or directly by acting as a 210 

herbivore micronutrient (22). To test the first hypothesis, we measured soluble protein, 211 

hydrolysable amino acid and carbohydrate levels in the leaves of WT and bx1 mutant plants 212 

grown under different iron regimes (Fig. 4, Fig. S9). No significant differences were found, 213 

suggesting that the different performance of the fall armyworm is not explained by major 214 

changes in leaf primary metabolites.  215 

 216 

Fig. 4. Changes in leaf herbivore performance are not explained by changes in leaf primary metabolism. 217 
Content of soluble protein (A), hydrolysable amino acids (B), sugars (C) and starch (D) in the leaves of wild 218 
type (WT) and bx1 mutant plants supplied with different iron (Fe) sources (+SE, n = 14-15). “None” nutrient 219 
solutions received either NaCl or Na2SO4. “Complex” nutrient solutions received Fe-EDTA. “Free” nutrient 220 
solutions received FeCl3 or Fe2(SO4)3. For full results showing genotype effects of all individual nutrient 221 
solutions, refer to Fig. S9. Two-way ANOVA results testing for genotype and iron source effects are shown 222 
(n.s. not significant; *P < 0.05; ***P < 0.001). No significant differences between genotypes within the same 223 
soil were observed (pairwise comparisons through FDR-corrected LSMeans). 224 
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Next, we measured the production of leaf defense metabolites that are produced 225 

independently of the benzoxazinoid biosynthesis pathway, including phenolic acids and 226 

the flavonoid maysin, a potential resistance factor against the fall armyworm (39), and the 227 

expression of defense marker genes, including a proteinase inhibitor (ZmMPI) (40) and a 228 

gene encoding the defense protein RIP2 (ZmRIP2), which is toxic to the fall armyworm in 229 

vitro (41). We detected significant interactions between iron availability and the bx1 230 

mutation for rutin and ZmRIP2 expression (Fig. 5, Fig. S10). More rutin was produced in 231 

bx1 mutant plants than WT plants grown in the presence of complex iron, but not when 232 

grown in iron-deficient and free iron solutions. ZmRIP2 expression was lower in the bx1 233 

mutant than in WT plants, and these effects were most pronounced when plants were grown 234 

in iron-deficient and free iron solutions. These results show that root iron supply and 235 

benzoxazinoid biosynthesis interact to determine leaf-defense expression. At the same time, 236 

these interactions are unlikely to explain the observed differences in fall armyworm 237 

performance, as patterns do not match. ZmRIP2 expression for instance was strongly 238 

reduced in the bx1 mutant growing without iron or with iron in its free form, while fall 239 

armyworm performance was enhanced on bx1 mutant plants grown without iron but 240 

suppressed in bx1 plants grown with free iron.  241 
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 242 

Fig. 5. Soil iron (Fe) and benzoxazinoids interactively reprogram a subset of leaf defenses. (A-D) 243 
Concentrations of chlorogenic acid (A), chlorogenic acid-isomer (B), rutin (C) and maysin (D) in the leaves 244 
of WT and bx1 mutant plants supplied with different iron sources (+SE, n = 8). FW, fresh weight. (E and F) 245 
Expression levels of ZmMPI (E) and ZmRIP2 (F) in the leaves of WT and bx1 plants supplied with different 246 
iron sources (+SE, n = 8). “None” nutrient solutions received either NaCl or Na2SO4. “Complex” nutrient 247 
solutions received Fe-EDTA. “Free” nutrient solutions received FeCl3 or Fe2(SO4)3. For full results showing 248 
genotype effects of all individual nutrient solutions, refer to Fig. S10. Two-way ANOVA results testing for 249 
genotype and iron source effects are shown (*P < 0.05; ***P < 0.001). Asterisks indicate significant 250 
differences between genotypes within the same soil (pairwise comparisons through FDR-corrected LSMeans; 251 
***P < 0.001). 252 
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Herbivore iron supply is associated with soil-dependent benzoxazinoid resistance 253 

To test the hypothesis that benzoxazinoids may improve fall armyworm performance by 254 

supplying dietary iron, we first screened micronutrient concentrations in fall armyworm 255 

larvae fed on WT and bx1 mutant plants grown in the different field soils. We found higher 256 

levels of iron in larvae feeding on WT than bx1 mutant plants in soil with high iron 257 

availability. In soils with low iron availability, larval iron levels where low, and not 258 

different between plant genotypes (Fig. 6A). No significant effects were found for the other 259 

tested elements (Fig. S11). The same pattern for iron was observed for bx1 and bx2 mutants 260 

in the W22 genetic background (Fig. S12). Larvae feeding on plants growing in different 261 

iron solutions showed corresponding patterns, with significantly lower larval iron levels 262 

when feeding on bx1 than WT plants grown together with free iron (Fig. 6B, Fig. S13). 263 

Adding DIMBOA to the rhizosphere of bx1 mutant plants restored larval iron levels (Fig. 264 

6C), thus providing a direct link between benzoxazinoids in the rhizosphere and larval iron 265 

homeostasis. To test whether fall armyworm performance is affected by iron supply, we 266 

measured larval growth in the iron transport deficient ys1 mutant (33, 42). Larvae gained 267 

less weight in the ys1 mutant compared to wild type B73 plants (Fig. 6D). Next, we 268 

conducted iron supplementation experiments by producing an iron-deficient diet and 269 

supplementing it with different forms of iron, including the DIMBOA iron complex 270 

Fe(III)(DIMBOA)3 at physiological concentrations. Fall armyworm larvae gained more 271 

weight when fed on iron supplemented diets, irrespective of the iron source (Fig 6E). At 272 

the tested concentration, DIMBOA alone had no negative effect on fall armyworm growth, 273 

which is in accordance with earlier results (30). From these experiments, we conclude that 274 

the interaction between soil micronutrient composition and benzoxazinoid biosynthesis 275 
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directly influence iron homeostasis of a leaf herbivore, and that these effects can explain 276 

the soil-dependent impact of benzoxazinoids on herbivore performance.  277 

 278 

Fig. 6. Herbivore iron (Fe) supply is associated with soil-dependent benzoxazinoid resistance. (A) Iron 279 
contents of S. frugiperda larvae feeding on WT and bx1 plants grown in field soils (+SE, n = 3, with 3 to 4 280 
individual larvae pooled per replicate). (B and C) Iron contents of S. frugiperda larvae feeding on WT and 281 
bx1 plants (B), with DIMBOA rhizosphere complementation (C) under different iron source treatments (+SE, 282 
n = 5, with 3 individual larvae pooled per replicate). “None” nutrient solutions received either NaCl or 283 
Na2SO4. “Complex” nutrient solutions received Fe-EDTA. “Free” nutrient solutions received FeCl3 or 284 
Fe2(SO4)3. For full results showing genotype effects of all individual nutrient solutions, refer to Fig. S13.Two-285 
way ANOVA results testing for genotype and iron source effects are shown (***P < 0.001). Asterisks 286 
indicate significant differences between genotypes within the same soil (pairwise comparisons through FDR-287 
corrected LSMeans; ***P < 0.001). (D and E) Growth of S. frugiperda larvae feeding on WT and ys1 mutants 288 
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(D, +SE, n = 13-16), and on iron-supplemented artificial diets (E, +SE, n = 12). Asterisks and letters indicate 289 
significant differences between genotypes or iron sources (one-way ANOVA followed by pairwise 290 
comparisons through FDR-corrected LSMeans; P < 0.05).  291 

Discussion 292 

Organismal traits are commonly co-opted for multiple functions, which can lead to 293 

important context dependent performance patterns (5, 43). Here, we demonstrate that the 294 

multifunctionality of plant secondary metabolites results in conditional outcomes of plant-295 

herbivore interactions, with soil properties determining whether the secondary metabolites 296 

promote or suppress leaf herbivore growth. Below, we discuss the mechanisms and 297 

agroecological implications of this finding.  298 

Multifunctionality is a common property of plant secondary metabolites (16, 44, 45), with 299 

potentially important, but largely unexplored consequences for organismal interactions. 300 

We find that the protective effect of benzoxazinoids against an herbivore is determined and 301 

fully reversible by specific soil properties. A series of manipulative experiments in 302 

combination with the current state of knowledge (44, 46) allow us to infer the following 303 

scenario. When ingested by herbivores such as the fall armyworm, benzoxazinoids are 304 

rapidly deglycosylated (30). While the more stable forms such as DIMBOA can be 305 

detoxified through stereoselective reglycosylation (47), less stable aglucones such as 306 

HDMBOA can form reactive hemiacetals that form covalent bonds with thiol groups and 307 

can thus act as digestibility reducers as well as behavioral modulators (30, 48). All of these 308 

effects likely contribute to reduced herbivore weight gain of the fall armyworm in the 309 

presence of benzoxazinoids. At the same time however, benzoxazinoids are also released 310 

into the rhizosphere, where they interact with soil microbes (49) and effectively chelate 311 
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free (29) and weakly bound iron, thus making it available to the plant. The higher iron 312 

uptake increases leaf iron levels, which benefits herbivores whose growth is limited by iron 313 

supply. The net impact of benzoxazinoid biosynthesis on the interaction between maize 314 

and leaf herbivores is thus governed by the strength of the negative effects of 315 

benzoxazinoids as digestibility reducers and the strength of the positive effects of 316 

benzoxazinoids as siderophores. By consequence, soil chemistry can tip the balance and 317 

determine whether benzoxazinoids have a net positive or negative effect on herbivore 318 

performance.  319 

Plant nutrients in general (19, 50-54) and soil iron supply in particular (20, 21, 55), are 320 

increasingly recognized as important modulators of plant defense expression. In 321 

Arabidopsis thaliana for instance, the coumarin scopoletin is secreted under iron-322 

deficiency and influences root microbiome assembly (21), likely including microbes that 323 

subsequently trigger systemic resistance in the plant by activating or priming hormonal 324 

defense pathways (20). In our work, we find that benzoxazinoid biosynthesis interacts with 325 

root iron supply to regulate a subset of leaf defenses, including the phenolic acid rutin and 326 

mRNA levels of the defense protein ZmRIP2. These effects are unlikely to be caused by 327 

changes in primary metabolism via leaf iron supply, as leaf carbohydrates and amino acids 328 

do not show any differences between treatments at this time. Interestingly, patterns of 329 

defense expression and leaf iron homeostasis markers also do not correspond: While iron 330 

homeostasis is most strongly affected by benzoxazinoids in the presence of free iron, 331 

defense expression is most strongly affected by the presence of the iron complex Fe-EDTA 332 

in the growth medium. As benzoxazinoids shape the rhizosphere microbiome (49, 56, 57), 333 
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and as this effect is likely modulated by competition for iron, it is well possible that the 334 

type of iron source that is present in the growth solution has an impact on benzoxazinoid-335 

microbiome interactions, which again will affect the activation of leaf defenses through 336 

systemic signaling. Further experiments will be required to explore this hypothesis. 337 

Although the observed modulation of leaf defenses may have contributed to fall armyworm 338 

growth, they are not directly responsible for the observed benzoxazinoid-dependent 339 

patterns, as benzoxazinoids affect fall armyworm growth differently in no iron and free 340 

iron treatments, without any change in benzoxazinoid-mediated defense expression. Thus, 341 

we infer that the direct effects of iron uptake on herbivore performance override potential 342 

indirect effects via root microbial communities or iron-dependent defense regulation.  343 

Plant-herbivore interactions play an important role in shaping ecological communities and 344 

agricultural productivity (58, 59). Understanding the role of plant secondary metabolites 345 

as resistance factors is thus important for both fields. Our work shows that the suppressive 346 

effect of benzoxazinoids on fall armyworm growth, which likely contributes to plant 347 

resistance, fully depends, and can even be reversed, depending on soil characteristics. From 348 

an ecological point of view, soil and plant chemistry likely interact to determine the 349 

outcome of plant-herbivore interactions above ground. In this way, soil properties may 350 

determine plant and herbivore community composition even more strongly and 351 

dynamically than hitherto anticipated (60). From an agricultural point of view, the 352 

uncovered dependencies limit the use of benzoxazinoids as natural defenses against the fall 353 

armyworm, a global invasive pest that is currently threatening maize production in Africa 354 

and China. The finding that benzoxazinoids do not suppress the growth of the fall 355 
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armyworm when growing certain soils is of particular importance in the context of the 356 

rapidly expanding maize production in Asia, as it shows the limits of using a core innate 357 

defense mechanism to broadly protect agroecosystems from an important invasive pest.  358 

Materials and Methods 359 

Plants and insects  360 

The maize (Zea mays L.) genotypes B73 (referred to as WT), bx1/B73 (referred to as bx1) 361 

(31), W22, bx1/W22 (bx1::Ds), bx2/W22 (bx2::Ds) (61) and ys1 (34, 42) were used in this 362 

study. Fall armyworm Spodoptera frugiperda (J.E. Smith, 1791) larvae were reared on 363 

artificial diet as described previously (62). 364 

Plant and herbivore performance in field soils 365 

To determine the impact of available soil nutrients on plant performance and herbivore 366 

resistance, we collected 8 soils from different arable fields in Yixing, Jiangsu province, 367 

China (Table S1). The soils were firstly air-dried and then individually passed through 2 368 

mm sieve, homogenized, and used to fill 200 mL pots (11 cm depth and 5 cm diameter). 369 

B73, bx1/B73, W22, bx1/W22 and bx2/W22 plants were then individually grown in these 370 

soils. Pots were randomly placed on a greenhouse table (26 °C ± 2 °C, 55% relative 371 

humidity, 14:10 h light/dark, 50,000 lm m-2) and rearranged weekly. Plants were watered 372 

once a week. 16 days after planting, we measured the shoot dry weight, leaf chlorophyll 373 

content, elemental composition (n = 3, with 3-4 plants pooled per replicate) and larval 374 

growth (n = 10) on each maize plant (see below for details). Chlorophyll contents were 375 

determined using a SPAD-502 meter (Minolta Camera Co., Japan). 376 
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Plant and herbivore performance in nutrient solutions 377 

To assess the impact of different forms of iron on plant performance, a soil-free growth 378 

system was used as described previously (29). Briefly, B73 and bx1 seeds were individually 379 

wrapped in two layers of paper. The paper rolls with the seeds were put in 200 mL pots (11 380 

cm depth and 5 cm diameter). Pots were supplied with 40 mL Milli-Q water, covered with 381 

aluminum (Al) foil and then placed in the greenhouse (26°C ± 2°C, 55% relative humidity, 382 

14:10 h light/dark, 50,000 lm m-2). One week after the start of germination, the remaining 383 

seed shell was removed from the germinating seedlings to reduce the influence of residual 384 

iron in the endosperm. Plants were then grown in nutrient solutions containing complexed 385 

iron (Fe-EDTA), free iron [FeCl3, Fe2(SO4)3] or no iron (NaCl, Na2SO4) sources. For a 386 

complete description of the nutrient solution, see (29). The final concentrations of the 387 

different forms of iron in the solution were 250 µM Fe-EDTA, 250 µM FeCl3 or 125 µM 388 

Fe2(SO4)3. The respective Fe-free control solutions contained 750 µM NaCl or 375 µM 389 

Na2SO4 to control for effects of Cl-, SO4
2- and Na+ in the iron salt treatments. The pH of 390 

the nutrient solutions was adjusted to 5.5 using KOH. All the chemicals were bought from 391 

Sigma (Sigma Aldrich, Beijing, China). Three weeks after germination, we quantified the 392 

gene expression, primary and secondary metabolites of the youngest fully developed leaf 393 

(n = 8), and larval growth on each plant (n= 14-15), as described below.  394 

To determine whether DIMBOA is sufficient to restore the resistance of bx1 plants to those 395 

of WT plants, WT and bx1 plants were treated as described above. One week after 396 

germination, the plants were supplied with nutrient solutions containing Fe-EDTA, FeCl3, 397 

or NaCl. The nutrient solution for the bx1 mutants was complemented with 300 µg 398 
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DIMBOA, which corresponds to physiological concentration of DIMBOA that accumulate 399 

in the rhizosphere of B73 plants (29). The larval growth on each plant were then assessed 400 

as described below (n = 15).  401 

To investigate the connections between plant Fe acquisition and larval growth, B73 and 402 

ys1 plants were treated as described above (n = 13-16). One week after germination, the 403 

plants were grown in nutrient solutions supplied with EDTA-Fe. Three weeks after 404 

germination, larval growth on each plant was recorded. 405 

Soil, plant and herbivore nutrient analyses 406 

To characterize nutrients in bulk field soil, soil samples were air-dried and then 407 

individually ground and passed through 1 mm sieve. The available Fe, Mn, Ni, Cu and Zn 408 

were extracted according to China Environmental Protection standards (HJ 804-2016). 409 

Briefly, 10.0 g soil sample was mixed with 20 mL extraction buffer (0.005 M 410 

diethylenetriaminepentaacetic acid [DPTA], 0.01 M CaCl2, 0.1 M triethanolamine [TAE], 411 

pH = 7.3), and then shaken (180 r/min) for 2 h at 20 °C. After shaking, the mixture was 412 

centrifuged, and supernatant was collected, and the concentrations of Fe, Mn, Ni, Cu and 413 

Zn were determined by inductively coupled plasma-mass spectrometry (ICP-MS) 414 

(NexION300X, PerkinElmer, USA). The parameters used during the ICP-MS 415 

measurements were: RF generator power output: 1600 W; argon flows: plasma, 1.5 L min−1; 416 

nebulizer: 1.09 L min−1, KED gas: helium, at flow 3.5 mL min−1; optimization on masses 417 

of 9Be, 24Mg, 115In, 238U, 140Ce; data acquisition: dwell time of 50 ms, 3 points per peak, 418 

acquisition time of 3 s. 57Fe, 55Mn, 60Ni, 63Cu, and 66Zn were used as analytical masses to 419 

reduce interferences. A 40 μg L-1 Rh solution as an internal standard in order to compensate 420 
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any possible signal instability, and a washing cycle of at least 30 s was settled between two 421 

subsequent samples with the aim to eliminate any memory effects. All reported data were 422 

blank corrected. In order to monitor constantly the overall accuracy level of the method, a 423 

blank was run up every eight samples. A standard reference material, CRM Cabbage, 424 

GBW10014 (GSB-5), prepared by the Institute of Geophysical and Geochemical 425 

Exploration of China, was run every twelve samples to determine the accuracy of the 426 

analytical methods. The mixed standard samples (PerkinElmer, cat. no. N9300233) from 1 427 

µg L-1 to 200 µg L-1 were used to build a standard curve, with correlation coefficient (R2) 428 

of each element being higher than 0.999. The absolute quantities of Fe, Mn, Ni, Cu and Zn 429 

were calculated according to the standard curve.  430 

Soil pH, NH4
+, available P, S, Si, B, Mo and exchangeable K+, Na+, Ca2+, Mg2+ were 431 

extracted and determined according to the China National Standard Methods. Briefly, soil 432 

pH was determined in a 2.5:1 water/soil suspension using a pH meter (LY/T1239-1999). 433 

NH4
+

 was measured using alkali hydrolysis diffusion (LY/T 1231-1999). Available P was 434 

determined by hydrochloric acid and ammonium fluoride (LY/T 1233–1999). Available S 435 

was extracted with calcium phosphate-acetic acid and quantified with quantified with 436 

turbidimetric method using barium sulfate (LY/T 1265-1999). Available Si was extracted 437 

by sodium acetate and quantified by the silicon-molybdenum blue colorimetry (LY/T 438 

1266-1999). Available B was extracted by boiled deionized water and determined by the 439 

azomethine-H spectrophotometric method (LY/T 1258-1999). Available Mo was extracted 440 

by acid-ammonium-oxalate and quantified by colorimetry using potassium thiocyanate 441 

(LY/T 1259-1999). Exchangeable K+, Na+, Ca2+ and Mg2+
 were extracted by ammonium 442 
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acetate and determined by flame photometry (LY/T 1246-1999) and atomic absorption 443 

spectrophotometry (LY/T 1245-1999), respectively. 444 

For plant micronutrient analyses, plant leaves were oven dried. Three or four individual 445 

plants were pooled as one replicate. The samples were digested in 6 ml of 15 M HNO3 and 446 

10 M H2O2 at 190℃ for 35 min with MARS 6 CLASSIC (CEM Corp., Matthews, NC, 447 

USA) as described (63). After digestion, the samples were dissolved in deionized water. 448 

The concentrations of Mg, Fe, Mn, Ni, Cu and Zn were determined by ICP-MS as described 449 

above. The concentrations of K, Ca, Na, P, Si, B and Mo were quantified by the ICP-optical 450 

emission spectrometric method according to the China National Standard Method (GB/T 451 

35871-2018).  452 

For micronutrient analyses of fall armyworm larvae, three or four larvae were pooled 453 

together as one replicate. The elements were extracted and determined as described above. 454 

Herbivore growth and damage assays 455 

To assess the S. frugiperda growth on maize plants, individual starved and pre-weighted 456 

second instar larva were introduced into cylindrical mesh cages (1 cm height and 2.5 cm 457 

diameter). The cages were then clipped onto the leaves of maize plants (one cage per plant). 458 

The position of each cage was moved regularly to provide sufficient food supply for the 459 

larvae. Larval weight was recorded 5 days after the start of the experiment. The remaining 460 

leaves were scanned, and the removed leaf area was quantified using Digimizer 4.6.1 461 

(Digimizer). 462 

Primary metabolite analyses 463 
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Soluble protein was extracted and quantified using a Bradford assay (n = 8) (64). Amino 464 

acids were hydrolyzed and quantified by UHPLC-MS (Waters, USA) according to a 465 

previously published protocol (n = 8) (65). Starch and soluble sugars (glucose, sucrose, 466 

and fructose) were extracted and quantified as described previously (n = 8) (66). 467 

Secondary metabolite analyses 468 

To quantify the influences of Fe forms on secondary metabolites, three maize plants were 469 

pooled, homogenized, and ground by liquid nitrogen (n = 4 pools per Fe treatment). 470 

Seventy mg of ground samples were extracted in 700 μL of acidified H2O/MeOH (50:50 471 

v/v; 0.1% formic acid), and then analyzed with an Acquity UHPLC system coupled to a 472 

G2-XS QTOF mass spectrometer (MS) equipped with an electrospray source (Waters, 473 

USA) as described (49). Briefly, compounds were separated on an Acquity BEH C18 474 

column (2.1×50 mm i.d., 1.7 μm particle size). Water (0.1% formic acid) and acetonitrile 475 

(0.1% formic acid) were employed as mobile phases A and B. The elution profile was: 0-476 

3.50 min, 99-72.5% A in B; 3.50-5.50 min, 72.5-50% B; 5.51-6.50 min 100% B; 6.51-7.51 477 

min, 99% A in B. The flow rate was 0.4 mL/min. The column temperature was maintained 478 

at 40°C, and the injection volume was 1 μL. The QTOF MS was operated in negative mode. 479 

The data were acquired over an m/z range of 50-1200 with scans of 0.15 s at collision 480 

energy of 4 V and 0.2 s with a collision energy ramp from 10 to 40 V. The capillary and 481 

cone voltages were set to 2 kV and 20 V, respectively. The source temperature was 482 

maintained at 140˚C, the desolvation was 400˚C at 1000 L h-1 and cone gas flows was 50 483 

L/h. Accurate mass measurements (< 2 ppm) were obtained by infusing a solution of leucin 484 

encephalin at 200 ng/mL at a flow rate of 10 mL/min through the Lock Spray probe 485 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 17, 2021. ; https://doi.org/10.1101/2021.05.14.444261doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.14.444261
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

27 

 

(Waters). The abundance of chlorogenic acid, chlorogenic acid-isomer, rutin were 486 

determined based on peak areas. The absolute quantities of maysin were determined using 487 

standard curves obtained from purified maysin as described (67). 488 

Gene expression analyses 489 

Quantitative real time PCR (QRT-PCR) was used to quantify gene expressions. Total RNA 490 

was isolated from maize leaves using the GeneJET Plant RNA Purification Kit (Thermo 491 

Scientific, USA) following the manufacturer’s instructions (n = 8). Three hundred 492 

nanograms of each total RNA sample was reverse transcribed with SuperScript® II 493 

Reverse Transcriptase (Invitrogen, USA). The QRT-PCR assay was performed on the 494 

LightCycler® 96 Instrument (Roche, Switzerland) using the KAPA SYBR FAST qPCR 495 

Master Mix (Kapa Biosystems, USA). The maize actin gene ZmActin was used as an 496 

internal standard to normalize cDNA concentrations. The relative gene expression levels 497 

of target genes were calculated using the 2-ΔΔCt method (68). The primers of all tested genes 498 

are provided in Table S2. 499 

Larval iron analyses 500 

To determine iron concentrations in S. frugiperda larvae, three larvae were pooled and 501 

homogenized (n = 5 pools). Total protein of the larval lysates was extracted with 200 µL 502 

lysis buffer (20 mM Tris, 137 mM NaCl, 1% Triton X-100, 1% glycerol). The 503 

concentrations of extracted protein were quantified with a Bradford assay, and then 504 

denatured using a described protocol (69). After denaturation, 50 µL of the supernatant 505 

were taken for iron measurements using the Iron Assay Kit (Sigma, USA) following the 506 

manufacturer’s instructions, with the modification that 25 µL of saturated ammonium 507 
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acetate were added and mixed to adjust the pH before measuring absorbance at 593 nm. 508 

The absolute quantities of iron were determined using standard curves made from pure 509 

FeCl3 according to the manufacturer’s instructions. 510 

Larval growth on diets with exogenous iron sources 511 

To evaluate the direct effect of iron on S. frugiperda growth, we prepared the artificial diets 512 

containing different iron sources according to the methods as described by (70), with some 513 

modifications. Briefly, 17 g of agar were dissolved in 500 mL of water at 50°C and mixed 514 

with 5 g dried leaf material of bx1 plants, 25 g casein, 23 g sucrose, 12 g yeast extract, 9 g 515 

Wesson salt mixture, 3.5 g ascorbic acid, 2.5 g cholesterol, 1.5 g sorbic acid, 5 mL raw 516 

linseed oil, 1.5 mL formalin and 9 mL vitamin mixture (100 mg nicotinic acid, 500 mg 517 

riboflavin, 233.5 mg thiamine, 233.5 mg pyridoxine, 233.5 mg folic acid and 20 mg L-1 518 

biotin in water). Fe-EDTA, Fe(III)(DIMBOA)3, FeCl3, DIMBOA, NaCl, or H2O was then 519 

added to the diet at final concertation 50 μM, which corresponds to physiological 520 

concentration in maize xylem sap (29). The produced diet was aliquoted into solo cups. 521 

One starved and pre-weighted second instar larva was individually introduced into the solo 522 

cups. Diets were replaced every other day. Larval weight was recorded 5 days after the 523 

start of the experiment (n = 12). 524 

Statistical analyses 525 

Larval growth, leaf damage, gene expression, and metabolite data were analyzed by 526 

analysis of variance (ANOVA) followed by pairwise or multiple comparisons of Least 527 

Squares Means (LSMeans), which were corrected using the False Discovery Rate (FDR) 528 

method (71). Normality was verified by inspecting residuals, and homogeneity of variance 529 
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was tested through Shapiro-Wilk's tests using the “plotresid” function of the R package 530 

“RVAideMemoire” (72). Datasets that did not fit assumptions were natural log-531 

transformed to meet the requirements of equal variance and normality. For the redundancy 532 

analysis (RDA), raw data were first scaled with the “scale” function in R. PCAs were then 533 

performed with the “MVA” function of “RVAideMemoire” package and the “rda” function 534 

of “vegan” package (72, 73). All statistical analyses were conducted with R 3.4.4 (R 535 

Foundation for Statistical Computing, Vienna, Austria) using the packages “car”, 536 

“emmeans”, and “RVAideMemoire” (72-75). 537 

Accession numbers 538 

The sequence data of maize genes can be found in the MaizeGDB database under the 539 

following accession numbers ZmActin (GRMZM2G126010), ZmMPI 540 

(GRMZM2G028393), ZmRIP2 (GRMZM2G119705), ZmRPI (GRMZM2G035599), 541 

ZmIDI4 (GRMZM2G067265), ZmNAS3 (GRMZM2G478568), ZmDMAS1 542 

(GRMZM2G060952), ZmTOM2 (GRMZM5G877788), ZmYS1 (GRMZM2G156599), 543 

ZmNRAMP1 (GRMZM2G178190) and ZmIRO2 (GRMZM2G057413). 544 
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Fig. S1. Soil nutrients and pH in different field soils. The content of organic carbon (A), 765 
pH (B), available iron (Fe, C), manganese (Mn, D), nickel (Ni, E), copper (Cu, F), zinc (Zn, 766 
G), boron (B, H), molybdenum (Mo, I), sulphur (S, J), phosphorous (P, K), silicon (Si, L), 767 
exchangeable potassium (K, M), magnesium (Mg, O), calcium (Ca, P), sodium (Na, Q) 768 
and ammonium-nitrogen (R) in field soils. DW, dry weight. L.O.D, below the limit of 769 

detection. Green bars correspond to soils where fall armyworm larvae grow better on wild 770 
type than bx1 mutant plants. Yellow bars correspond to soils where fall armyworm larvae 771 
grow better on bx1 mutant than wild type plants.   772 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 17, 2021. ; https://doi.org/10.1101/2021.05.14.444261doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.14.444261
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

42 

 

 773 

Fig. S2. Plant performance and fall armyworm consumed leaf area. (A) Shoot dry 774 

weight (A) of wild type (WT) and bx1 plants grown in field soils (+SE, n = 10). (B) 775 
Consumed leaf area by Spodoptera frugiperda larvae feeding on WT and bx1 plants grown 776 
in field soils (+SE, n = 10). Two-way ANOVA revealed no significant soil or genotype 777 

effects (P > 0.05).   778 
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 779 

Fig. S3. Soil type modulates the impact of benzoxazinoids on herbivore performance 780 

in the W22 genetic background. Growth of S. frugiperda larvae on maize plants carrying 781 
bx1 and bx2 mutant alleles in the W22 background in two of selected soils (+SE, n = 12). 782 
Results of two-way ANOVAs are shown (n.s. not significant; ***P < 0.001). Different 783 

letters indicate significant differences between genotypes within the same soil (two-way 784 

ANOVA followed by pairwise comparisons through FDR-corrected LSMeans; P < 0.05).  785 
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 786 

Fig. S4. Leaf elemental analysis of wild type (WT) and bx1 plants in different field 787 

soils. Concentrations of magnesium (Mg, A), manganese (Mn, B), nickel (Ni, C), copper 788 
(Cu, D), zinc (Zn, E), boron (B, F), molybdenum (Mo, G), calcium (Ca, H), sodium (Na, 789 
I), phosphorous (P, J), potassium (K, K), and silicon (Si, L) in WT and bx1 plants grown 790 
in field soils (+SE, n = 3, with 3 to 4 individual plants pooled per replicate). DW, dry 791 
weight. Results of two-way ANOVAs are shown (n.s. not significant; *P < 0.05; **P < 792 

0.01; ***P < 0.001). Asterisks indicate significant differences between genotypes within 793 
the same soil (two-way ANOVA followed by pairwise comparisons through FDR-794 
corrected LSMeans; *P < 0.05).  795 
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Fig. S5. Correlations between benzoxazinoid-dependent larval performance and 797 
benzoxazinoid-dependent plant nutrients. Relative larval performance (WT/bx1) is 798 
correlated with relative leaf elemental concentrations (WT/bx1). Each point corresponds to 799 
data from one soil type. Green triangles correspond to soils where fall armyworm larvae 800 
grow better on WT than bx1 mutant plants. Yellow squares correspond to soils where fall 801 

armyworm larvae grow better on bx1 mutant than WT plants. R2 and P values of 802 
correlations are shown. Linear regression lines are drawn for significant linear correlations. 803 
Where clear grouping was observed (Fe), regression lines are omitted, and the P-value of 804 
an analysis of variance is shown instead ***p<0.001).   805 
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Fig. S6. Leaf elemental analysis of bx1 and bx2 mutants in the W22 background. 807 
Concentrations of iron (Fe, A), magnesium (Mg, B), manganese (Mn, C), nickel (Ni, D), 808 
copper (Cu, E), zinc (Zn, F), boron (B, G), molydenum (Mo, H), calcium (Ca, I), sodium 809 
(Na, J), phosphorous (P, K), potassium (K, L), and silicon (Si, M) in leaves of bx1and bx2 810 
mutants as well as their corresponding wild type W22 grown in two soils (+SE, n = 3, with 811 

3 to 4 individual plants pooled per replicate). DW, dry weight. Results of two-way 812 
ANOVAs are shown (n.s. not significant; *P < 0.05; **P < 0.01; ***P < 0.001). Asterisks 813 
indicate significant differences between genotypes within the same soil (two-way ANOVA 814 
followed by pairwise comparisons through FDR-corrected LSMeans; *P < 0.05; **P < 815 
0.01; ***P < 0.001).  816 
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 817 

Fig. S7. Soil-dependent benzoxazinoid resistance is driven by root iron supply. (A) 818 

Growth of Spodoptera frugiperda larvae feeding on wild type (WT) and bx1 plants 819 
supplied with different iron sources (+SE, n = 14-15). (B) Consumed leaf area (+SE, n = 820 

14-15). (C) Growth of S. frugiperda feeding on WT and bx1 plants complemented with 821 
pure DIMBOA under different iron sources (+SE, n = 14-15). Results of two-way 822 
ANOVAs are shown (n.s. not significant; ***P < 0.001). Asterisks indicate significant 823 

differences between genotypes within the same iron source (two-way ANOVA followed 824 
by pairwise comparisons through FDR-corrected LSMeans; *P < 0.05; **P < 0.01).  825 
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 826 

Fig. S8. Interactions between root iron supply and benzoxazinoids determine leaf iron 827 

homeostasis. The expression levels of ZmRP1(A), ZmIDI4 (B), ZmNAS3 (C), ZmDMAS1 828 
(D), ZmTOM2 (E), ZmYS1 (F), ZmNRAMP1 (G) and ZmIRO2 (H) in wild type (WT) and 829 
bx1 plants supplied with different iron sources (+SE, n = 14-15). Results of two-way 830 
ANOVAs are shown (n.s. not significant; *P < 0.05; **P < 0.01; ***P < 0.001). Asterisks 831 
indicate significant differences within the same iron source (two-way ANOVA followed 832 
by pairwise comparisons through FDR-corrected LSMeans; **P < 0.01; ***P < 0.001).   833 
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 834 

Fig. S9. Changes in leaf herbivore performance are not explained by changes in leaf 835 

primary metabolism. Content of soluble protein (A), hydrolyzed amino acids (B), sugars 836 
(C) and starch (D) in wild type (WT) and bx1 plants supplied with different iron sources 837 

(+SE, n = 14-15). Results of two-way ANOVAs are shown (n.s. not significant; *P < 0.05; 838 
**P < 0.01). No significant differences between genotypes within the same soil were 839 
observed (two-way ANOVA followed by pairwise comparisons through FDR-corrected 840 

LSMeans).  841 
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 842 
 843 

Fig. S10. Soil iron and benzoxazinoids interactively reprogram a subset of leaf 844 

defenses. (A to D) Content of chlorogenic acid (A), chlorogenic acid-isomer (B), rutin (C) 845 
and maysin (D) in WT and bx1 maize plants supplied with different iron sources (+SE, n 846 
= 8). FW, fresh weight. (E and F) Expression levels of ZmMPI (E) and ZmRIP2 (F) in WT 847 
and bx1 maize plants supplied with different iron sources (+SE, n = 8). Two-way ANOVA 848 
results testing for genotype and iron source effects are shown (n.s. not significant; *P < 849 

0.05; **P < 0.01; ***P < 0.001). Asterisks indicate significant differences between 850 
genotypes within the same soil (pairwise comparisons through FDR-corrected LSMeans; 851 
***P < 0.001).  852 
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Fig. S11. Elemental analysis of Spodoptera frugiperda larvae feeding on wild type (WT) 854 
and bx1 plants. Concentrations of iron (Fe, A), magnesium (Mg, B), manganese (Mn, C), 855 
nickel (Ni, D), copper (Cu, E), zinc (Zn, F), boron (B, G), molydenum (Mo, H), calcium 856 
(Ca, I), sodium (Na, J), phosphorous (P, K), potassium (K, L), and silicon (Si, M) in S. 857 
frugiperda larvae feeding on wild type (WT) and bx1 plants growing in different soils (+SE, 858 

n = 3, with 3 to 4 individual larvae pooled per replicate). FW, fresh weight. Results of two-859 
way ANOVAs are shown (n.s. not significant; *P < 0.05; **P < 0.01; ***P < 0.001). 860 
Asterisks indicate significant differences between genotypes within the same soil (two-way 861 
ANOVA followed by pairwise comparisons through FDR-corrected LSMeans; *P < 0.05; 862 
**P < 0.01).  863 
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Fig. S12. Elemental analysis of Spodoptera frugiperda larvae feeding on bx1 and bx2 865 
mutants in the W22 background. Concentrations of iron (Fe, A), magnesium (Mg, B), 866 
manganese (Mn, C), nickel (Ni, D), copper (Cu, E), zinc (Zn, F), boron (B, G), molydenum 867 
(Mo, H), calcium (Ca, I), sodium (Na, J), phosphorous (P, K), potassium (K, L), and silicon 868 
(Si, M) in S. frugiperda larvae feeding bx1 and bx2 mutant plants in the W22 background 869 

grown in two different soils (+SE, n = 3, with 3 to 4 individual larvae pooled per replicate). 870 
FW, fresh weight. Results of two-way ANOVAs are shown (n.s. not significant; *P < 0.05; 871 
**P < 0.01). Asterisks indicate significant differences between genotypes within the same 872 
soil (two-way ANOVA followed by pairwise comparisons through FDR-corrected 873 
LSMeans; *P < 0.05).  874 
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 875 

Fig. S13. Influence of the interactions between benzoxazinoids and iron availability 876 

on larval iron levels. Iron contents of Spodoptera frugiperda larvae feeding on wild type 877 
(WT) and bx1 plants (+SE, n = 5, with 3 individual larvae pooled per replicate). Results of 878 

two-way ANOVAs are shown (***P < 0.001). Asterisks indicate significant differences 879 
between genotypes within the same iron source (two-way ANOVA followed by pairwise 880 
comparisons through FDR-corrected LSMeans; ***P < 0.001).  881 
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 882 

 Latitude Longitude Soil types 
Sand 

(%) 

Silt 

(%) 

Clay 

(%) 

Cultivation 

genotypes 

Soil1 31.42972 119.9155 Anthrosol 58 6 36 

B73, bx1/B73, 

W22, bx1/W22`, 

and bx2/W22 

Soil2 31.36122 119.6227 Anthrosol 50 8 42 
B73 and 

bx1/B73 

Soil3 31.4873 119.9523 Anthrosol 36 12 52 
B73 and 

bx1/B73 

Soil4 31.4666 119.8096 Anthrosol 48 6 46 
B73 and 

bx1/B73 

Soil5 31.2994 119.5929 Ferrosol 38 6 56 

B73, bx1/B73, 

W22, bx1/W22, 

and bx2/W22 

Soil6 31.3517 119.7333 Ferrosol 50 6 44 
B73 and 

bx1/B73 

Soil7 31.17822 119.5458 Ferrosol 54 6 40 
B73 and 

bx1/B73 

Soil8 31.2231 119.8401 Ferrosol 74 2 24 
B73 and 

bx1/B73 

Table S1. Soil characteristics and classifications.  883 
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 884 
 885 

Table S2. Primers used for QRT-PCR of target genes. 886 

Gene name Gene ID Forward primer (5’-…-3’) Reverse primer (5’-…-3’) 

ZmActin GRMZM2G126010 CCATGAGGCCACGTACAACT GGTAAAACCCCCACTGAGGA 

ZmMPI GRMZM2G028393 ATGAGCTCCACGGAGTGC TCAGCCGATGTGGGGCGTC 

ZmRIP2 GRMZM2G119705 GAGATCCCCGACATGAAGGA CTGCGCTGCTGCGTTTT 

ZmRPI GRMZM2G035599 GGCGTCGTCGAGCACGGCAT CTTCCTTTCCATGACTGCGA 

ZmIDI4 GRMZM2G067265 CTGAGGCAATAGCTGCAACC AGACCTCATCTGAGAACAGC 

ZmNAS3 GRMZM2G478568 CGTGTCTACACCACATGCGT TCGGACTTCGACTTCTACCCT 

ZmDMAS1 GRMZM2G060952 CTGATCGTGAAGAGCTTCGA GCAGGGCAGTGGCACGCATT 

ZmTOM2 GRMZM5G877788 GTTTCGTCGGCGCTATCCAT AAGAACGCGGCATGCTGGCG 

ZmYS1 GRMZM2G156599 GTCTTCCATTCTCGCTCTGG CAACCAACCACAGTTGATGC 

ZmNRAMP1 GRMZM2G178190 GAGCAAATCATGGGGTCGTT TGGATCTACAGCACTGTTCC 

ZmIRO2 GRMZM2G057413 AACGACCTCTACTCCTCGCT CTGCAGCTCCGGGATGTACT 
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