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Abstract 21 

 22 

Heterosis or hybrid vigor refers to the superior phenotypes of hybrids relative to their parental 23 

inbred lines. Recently, soil microbes were identified as an environmental driver of maize heterosis. 24 

While manipulation of the soil microbial community consistently altered heterosis, the direction of 25 

the effect appeared to be dependent on the microbiome composition, environment, or both. 26 

Abiotic factors are well-known modifiers of heterosis expression, however, how the interactive 27 

effects between the soil microbial community and abiotic factors contribute to heterosis are poorly 28 

understood. To disentangle the proposed mechanisms by which microbes influence heterosis, we 29 

characterize the variation in heterosis expression when maize was grown in soil inocula derived 30 

from active maize farms or prairies. While we did not observe consistent differences in heterosis 31 

among plants grown in these inocula, our observations reaffirm that microbial effects on heterosis 32 

are likely specific to the local microbial community. The introduction of a nutrient amendment 33 

resulted in greater heterosis expression in the presence of an agricultural inoculum but not a 34 
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prairie inoculum. We also observed an effect of soil inocula and nutrient treatment on the 35 

composition of bacterial and fungal communities in the root endosphere. In addition, the 36 

interaction between soil and nutrient treatment significantly affected bacterial community 37 

composition, whereas fungal community composition was only marginally affected by this 38 

interaction. These results further suggest that the soil microbial community plays a role in maize 39 

heterosis expression but that the abiotic environment is likely a larger driver.  40 

 41 

Introduction 42 

 43 

The plant microbiome is composed of bacteria, fungi, archaea, and protists that exist on and within 44 

plant compartments. These microorganisms can provide numerous benefits to their hosts, 45 

including protection against pathogens (van Wees et al., 2008), increased tolerance to drought 46 

(Rolli et al., 2014), nutrient acquisition (Reed et al. 2011), and enhanced plant productivity 47 

(Compant et al., 2010). The plant microbiome is strongly structured by both abiotic and biotic soil 48 

factors (Fierer et al., 2017), which can in turn affect plant performance. In agricultural systems, 49 

conventional management practices such as pesticide application (Walder et al., 2022), tillage 50 

(Kraut-Cohen et al., 2020), and fertilization (Bahulikar et al., 2019) can lead to shifts in soil 51 

properties and microbial community composition. Furthermore, conventional monoculture 52 

cropping practices decrease soil microbiome diversity (Li et al. 2019) and enrich plant pathogens 53 

(Zhou et al. 2017).  54 

 55 

Plants are similarly strong drivers of microbial communities, assembling microbiomes that are 56 

taxonomically and functionally distinct from the soil. Plants recruit microbiome members from the 57 

soil through changes in morphology (Oldroyd 2013), immune response (Lebeis et al., 2015), and 58 

root exudation (Sasse et al., 2018). For example, plants may modulate their immune system to 59 

protect against pathogens through the enrichment of beneficial microbes (Liu et al 2020). 60 

Similarly, root exudates from different plant species can stimulate or suppress soil bacteria to 61 

select for specific rhizosphere bacteria (Dhungana et al., 2023). Genotypes of the same plant 62 

species also vary in their recruitment mechanisms, which can result in distinct root and 63 

rhizosphere communities from the same environment (Singer et al. 2019).  64 

 65 

The fact that genetically-controlled plant traits shape microbiome assembly suggests that 66 

microbiome properties can be inherited. If the underlying genes have mostly additive effects, then 67 

the plants’ microbiomes would be expected to be intermediate to those of their parents. However, 68 
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this is contradicted by data from field-grown maize, in which hybridization between plant 69 

genotypes results in distinct bacterial and fungal rhizosphere communities in hybrid relative to 70 

parental genotypes (Wagner et al. 2020). Hybrid maize is also more likely to be colonized by 71 

beneficial arbuscular mycorrhizal fungi, as well as nitrogen-fixing bacteria (Picard et al. 2008) than 72 

inbred maize. Pseudomonas strains that produce the beneficial antifungal compound phlD are 73 

also more abundant in the rhizosphere of hybrid maize (Picard et al. 2004). Together, these 74 

observations indicate that microbiome composition, especially the abundance of symbiotic 75 

microbes, differ between inbred and hybrid maize.  76 

 77 

The deviation of maize microbiome composition from the mid-parent expectation is typical of 78 

many other maize phenotypes, including height and yield. This phenomenon, known as heterosis 79 

or hybrid vigor, typically refers to the superior phenotypes of hybrid plants relative to their parental 80 

inbred lines. Heterosis can vary substantially depending on the plant trait of interest and the 81 

environment. The majority of studies exploring environmental effects on heterosis have employed 82 

abiotic stress conditions (Li et al., 2022). In these studies, the hybrid genotypes are generally less 83 

variable under stress conditions than the inbred genotypes (Knight 1973). However, we have a 84 

limited understanding of heterosis expression under normal field conditions.  85 

 86 

Recently, the soil microbial community has been found to influence the expression of heterosis 87 

for traits such as root biomass in maize (Wagner et al. 2021). In three separate experiments, the 88 

elimination or reduction of soil microbes resulted in weakened heterosis, which was due to 89 

reduced performance of the inbreds rather than increased performance of the hybrid. Two 90 

possible explanations for this observation are that (1) hybrids may be more resistant than inbreds 91 

to pathogenic soil microbes, or (2) inbreds but not hybrids mount costly defense responses to 92 

non-pathogenic microbes. However, these hypothesized mechanisms are not consistent with the 93 

results of a fourth experiment conducted in a separate environment, in which the reduction of soil 94 

microbes resulted in greater heterosis. This indicates that the exact role of microbial communities 95 

in heterosis expression depends on the microbiome composition, the abiotic environment, or both. 96 

It also suggests alternative mechanisms of microbe-dependent heterosis that involve interactions 97 

with growth-promoting organisms, such as: (3) hybrids may host greater numbers of beneficial 98 

microbes than inbreds do, or (4) inbreds may be more reliant on nutrient-providing microbes than 99 

hybrids are. In these scenarios, resource availability in the soil is likely to modify the relationships 100 

between the microbiome and host phenotype. 101 

 102 

.CC-BY-ND 4.0 International licenseavailable under a
(which 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 preprintthis version posted September 2, 2024. ; https://doi.org/10.1101/2024.08.30.610574doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.30.610574
http://creativecommons.org/licenses/by-nd/4.0/


4 
 

To disentangle the proposed mechanisms by which microbes influence maize heterosis, we 103 

characterized the variation in better parent heterosis (BPH), herein referred to as heterosis, when 104 

inbred and hybrid maize were grown in soil inocula derived from active maize farms or prairies. 105 

Due to recent monoculture cropping, we expected a greater abundance of pathogens, as well as 106 

the loss of disease-suppressive functional groups, in the agricultural inocula relative to the prairie 107 

inocula. Resultantly, if microbial effects on heterosis are due to soil pathogens then we expect 108 

that heterosis will be stronger in the agricultural inocula due to decreased performance of the 109 

inbred genotypes. Furthermore, to test the interactive effects of soil inocula and the environment, 110 

we introduced a nutrient amendment. We expected the nutrient treatment to decrease the 111 

abundance and diversity of symbiotic microbes in roots, since the plants will be less reliant on 112 

them for nutrient acquisition. Finally, if inbreds are more dependent than hybrids on nutrient-113 

providing organisms, then we would expect to see a weaker effect of inocula on heterosis in the 114 

high nutrient treatment.  115 

 116 

Methods 117 

 118 

Experiment 1 119 

 120 

To characterize heterosis in response to soil inoculum source, we collected four soils from 121 

agricultural and prairie fields in eastern Kansas. The two agricultural soils were collected from 122 

maize farms (Lawrence, KS), which have been in maize production for over 80 years, and the two 123 

prairie soils were collected from Welda Prairie (Welda, KS) and Clinton Wildlife Reserve 124 

(Tecumseh, KS). We also included a “control” soil, which contained an equal ratio of each soil 125 

and was steam-sterilized. The soils were used as inocula for two inbred genotypes of maize (B73 126 

and Mo17) and their F1 hybrid (B73xMo17). Prior to planting, the seeds were surface-sterilized 127 

for three minutes with 5% sodium hypochlorite followed by 70% ethanol then rinsed with sterile 128 

distilled water three times. The surface-sterilized seeds were air-dried in a biosafety cabinet then 129 

two seeds per genotype were planted in cone-tainer pots (SC7R; Stuewe & Sons) containing a 130 

mix of sterile calcined clay (“Pro’s Choice Rapid Dry”; Oil-Dri Corporation) and sterile potting soil. 131 

The soil inoculum (15% v/v total soil) was added on top of the seeds followed by additional sterile 132 

calcined clay until each pot was full. Fifteen plants per genotype per soil inocula (N=225) were 133 

placed in eight randomized blocks (28 plants/block) in a growth chamber (12-hr days, 27℃/23℃, 134 

ambient humidity) then 45 mL of sterile 0.25x Murashige and Skoog (MS) nutrient solution was 135 

added to each pot. The plants were grown for four weeks and watered approximately every two 136 
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days with UV-sterilized water. Emergence was measured daily for the first 10 days of the 137 

experiment. After one week of growth, the plants were thinned to one seedling per pot. Plant 138 

height was measured weekly throughout the experiment and chlorophyll content was recorded at 139 

two and four weeks using the MC-100 Chlorophyll Concentration Meter (Apogee Instruments). 140 

Three chlorophyll measurements were recorded approximately 5 cm from the leaf tip of the 141 

uppermost collared leaf and then the three measurements were averaged. Stem diameter was 142 

measured once at four weeks using a digital caliper (Mitutoyo Corp.) between the first and second 143 

emerged leaf, about 4 cm above the base of the stem. After four weeks of growth, the roots were 144 

separated from the shoots then dried for 48 hours at 80°C for biomass measurements. 145 

 146 

Experiment 2 147 

 148 

To characterize heterosis in response to nutrient amendments, we introduced a high-nutrient or 149 

low-nutrient solution to a subset of the same soil inocula used in Experiment 1. The soil inocula 150 

that induced the highest (prairie soil 1) and lowest (agriculture soil 1) average heterosis across 151 

plant traits were selected for this experiment. Two seeds of the same genotypes and source from 152 

Experiment 1 (B73, Mo17, and B73xMo17) were surface-sterilized then planted in cone-tainer 153 

pots containing a mix of sterile calcined clay and potting soil. The agricultural or prairie soil 154 

inoculum (15% v/v total soil) was then added on top of the seeds followed by additional sterile 155 

calcined clay. Fifteen plants per genotype per soil inocula per nutrient treatment (N=180) were 156 

placed in seven randomized blocks (28 plants/block) in a growth chamber (12-hr days, 27℃/23℃, 157 

ambient humidity) then 45 mL of either sterile 1x or 0.1x Hoagland’s No. 2 Basal Salt Mixture 158 

(Caisson Laboratories, Inc.) was added to each pot. The plants were watered every two days for 159 

four weeks with UV-sterilized water and at every other watering the plants received 45 mL of 160 

sterile 1x (high nutrient) or 0.1x (low nutrient) Hoagland’s solution in lieu of water. Emergence 161 

was measured daily for the first 10 days of the experiment. After one week of growth, the plants 162 

were thinned to one seedling per pot. Plant height, chlorophyll content, and stem diameter were 163 

measured at two and four weeks as described in Experiment 1. Soil pH was measured using a 164 

pH probe (Hanna Instruments) at two and four weeks. After four weeks of growth, the plants were 165 

uprooted then 2.5 cm fragments from the bottom of the primary root were collected from five 166 

plants per genotype per soil per treatment. The remaining roots were separated from the shoots 167 

then oven-dried for biomass measurements. 168 

 169 

 170 
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Total leaf nitrogen and carbon 171 

 172 

For Experiment 2, we ground dried shoot tissue from three plants per genotype per soil inoculum 173 

per treatment using a mortar and pestle. The coarse tissue was transferred to 2 mL tubes 174 

containing 4 6-mm metal beads then homogenized at 1400 rpm for 5 minutes using the Ohaus 175 

HT Homogenizer (Ohaus Corporation). The homogenized tissue was transferred to coin 176 

envelopes then placed in a drying oven at 55°C for one week. After drying, the samples were 177 

transferred to a desiccator for 48 hours then two technical replicates per sample were weighed 178 

(4.7-5.3 mg per replicate) in tin capsules using a microbalance. The tin capsules were folded then 179 

stored in a desiccator until processing on the FlashSmart™ Elemental Analyzer (Thermo 180 

Scientific™). The analyzer was calibrated using the Acetanilide standard curve then carbon and 181 

nitrogen gas concentration was determined using dry combustion followed by gas 182 

chromatography. 183 

 184 

Statistical analyses 185 

 186 

All data analysis was performed using R version 4.3.2, particularly the packages tidyverse 187 

(Wickham et al. 2019), lme4 (Bates et al., 2015), lmerTest (Kuznetsova et al., 2017), emmeans 188 

(Lenth 2024), ggpubr (Kassambara 2023) and vegan (Oksanen et al. 2022). For Experiment 1, a 189 

two-way ANOVA with Type III sum of squares was applied to linear mixed-effect models for each 190 

plant trait with Genotype, Soil Inoculum, and their interaction as fixed predictor variables and 191 

Block as a random-intercept term. For Experiment 2, a three-way ANOVA with Type III sum of 192 

squares was applied to linear mixed-effect models for each plant trait with Genotype, Soil 193 

Inoculum, Treatment, and their interactions as predictor variables and Block as a random-194 

intercept term. Pairwise contrasts between each inbred and the hybrid for each plant trait were 195 

performed using Dunnett’s post-hoc procedure. Emergence success was compared between the 196 

inbreds and hybrid using Fisher’s exact test. Resulting p-values were adjusted for multiple 197 

comparisons (Benjamini and Hochberg 1995) for each experiment. 198 

 199 

Heterosis calculations and statistical inference 200 

 201 

For both experiments, the estimated marginal mean was extracted from linear mixed-effect 202 

models to calculate better parent (BPH) and mid-parent (MPH) heterosis for each plant trait. To 203 

calculate BPH and MPH the following equations were used: BPH = (B73xMo17 - max(B73, 204 
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Mo17))/(max(B73, Mo17)) and MPH = (B73xMo17 -  (B73 + Mo17 )/2)/((B73 + Mo17 )/2). Next, 205 

we calculated “ΔBPH” as the pairwise difference in BPH between agriculture, prairie, and control 206 

soils in Experiment 1 and high-nutrient and low-nutrient treatments for each soil in Experiment 2. 207 

Positive values of ΔBPH indicated that heterosis was stronger in agriculture versus prairie (and 208 

agriculture or prairie versus control) soil or in the high-nutrient versus low-nutrient treatment. 209 

Negative values of ΔBPH indicated the reverse. To determine statistical significance of the 210 

observed ΔBPH, we recalculated ΔBPH for 999 datasets that were permuted with respect to soil 211 

or nutrient treatment to create a distribution of ΔBPH values that would be expected if soil or 212 

nutrient treatment had no effect on heterosis. Finally, we compared the observed ΔBPH to the 213 

expected null distributions to examine the null hypothesis that heterosis is equally strong in 214 

agriculture, prairie, and control soil or high versus low nutrient treatment. To determine the amount 215 

of variation in each genotype's phenotypic response due to soil inocula, we calculated the 216 

coefficient of variation for each genotype using the estimated marginal mean for each plant trait. 217 

The coefficient of variation was calculated across predictor variables in Experiment 1 (Soil 218 

Inoculum) and Experiment 2 (Soil Inoculum and Nutrient Treatment).  219 

 220 

DNA extraction 221 

 222 

Root fragments were rinsed with distilled water then placed in cluster tubes with metal beads. 223 

Next, roots were freeze-dried and homogenized into a fine powder using the Ohaus HT 224 

Homogenizer. The homogenized root tissue was transferred to a 2 mL 96-well plate containing 225 

800 µL of lysis buffer (100 mM NaCl, 10 mM EDTA, 10 mM Tris, pH 8.0) and 1 mm diameter 226 

garnet beads (BioSpec, Bartlesville). Next, 10 µL of 20% SDS was added to each well then the 227 

plates were homogenized at 20 Hz for 20 min and incubated at 55°C for 90 min. After centrifuging 228 

at 4500 x g for 6 min, 400 µL of supernatant was transferred to new 1 mL 96-well plates containing 229 

130 µL of 5 M potassium acetate. Next, the plates were vortexed and incubated at −20°C for 30 230 

min then centrifuged (4500 × g for 6 min). 400 µL of supernatant was transferred to new 1 mL 96-231 

well plates then vortexed with 600 µL of solid phase reversible immobilization bead solution 232 

(Rohland and Reich 2012). After allowing the beads to bind to DNA for 10 min, the plates were 233 

centrifuged (4500 × g for 6 min) then placed on a magnetic rack for 5 min. The supernatant was 234 

removed then the immobilized beads were washed three times with 900 µL of ethanol (80% v/v). 235 

After removing the ethanol, the samples were air dried and 75 µL of preheated (37°C) 1× Tris-236 

EDTA buffer (pH 7.5) was added to each well to elute DNA. Finally, the plates were gently 237 
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vortexed and placed back on a magnet rack then the supernatant was transferred to 0.45 mL 96-238 

well plates. 239 

 240 

PCR and amplicon sequencing 241 

 242 

To prepare libraries for 16S-v4 and ITS1 rRNA gene sequencing, we used 5 µL of DreamTaq Hot 243 

Start PCR Master Mix (Thermo Scientific) and 2.5 µL of template DNA per reaction. To amplify 244 

the 4th variable region of the 16S rRNA gene, we also included 0.4 µL of forward primer (515f), 245 

0.4 µL of reverse primer (806r) (Apprill et al. 2015; Parada et al. 2016), 1.05 µL of PCR-grade 246 

water, and 0.15 µL of 100 µM of peptide nucleic acids (PNA) per PCR reaction. The 16S PCR 247 

thermocycler settings included a 2 min denaturing cycle at 95°C then 27 cycles of 20 s at 78°C, 248 

5 s at 52°C, and 20 s at 72°C, followed by a 10-min extension at 72°C. To amplify ITS genes, we 249 

also included 0.4 µL of forward (ITS1f), 0.4 µL of reverse (ITS2) (Smith and Peay 2014), and 1.7 250 

µL of PCR-grade water per PCR reaction. The ITS1 PCR thermocycler settings included a 2-min 251 

denaturing cycle at 95°C then 27 cycles of 20 s at 95°C, 20 s at 50°C, and 50 s at 72°C, followed 252 

by a 10-min extension at 72°C. The 16S and ITS PCR product then underwent a second PCR to 253 

attach Illumina adapters with indexes. For this PCR, we used 0.8 µL of 10 µM primer mix that 254 

contained forward and reverse barcoded primers with P5 and P7 Illumina adaptors. This PCR 255 

also included 5 µL of DreamTaq Hot Start PCR Master Mix, 0.15 µL of 100 µM of PNA, and 1 µL 256 

of template DNA per reaction. The PCR thermocycler settings included a 2-min denaturing cycle 257 

at 95°C then 8 cycles of 20 s at 78°C, 5 s 52°C, and 20 s 72°C, followed by a 10-min extension 258 

at 72°C. After the PCR reactions were complete, 10 µL of each 16S-v4 and ITS1 reaction product 259 

was pooled. Each pool was normalized using the ‘Just-a-Plate’ kit (Charm Biotech) then DNA was 260 

quantified using the Quantus™ fluorometer (Promega). The final pools were combined in equal 261 

molarity and sequenced on the Illumina platform Novaseq 6000 at 250 bp PE.  262 

 263 

Sequence processing and quality filtering 264 

 265 

Cutadapt (Martin 2011) was used to trim forward and reverse primers from raw sequences before 266 

quality filtering. Next, Dada2 (Callahan et al. 2016) was used to remove reads with ambiguous 267 

bases or more than two errors. Then the forward and reverse 16S reads were truncated at 235 268 

base pairs. Next, we denoised the reads to classify amplicon sequence variants (ASVs) then 269 

removed chimeric ASVs. We used the RDP classifier (Cole et al. 2014) training set 16 and the 270 

UNITE database (Nilsson et al., 2019) to assign taxonomy to bacterial and fungal ASVs, 271 
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respectively. We discarded ASVs that could not be classified at the kingdom level, as well as 272 

ASVs that were identified as plant sequences. In addition, we removed samples with less than 273 

300 and 50 usable reads for bacteria and fungi, respectively. In sum, our filtering processes 274 

reduced the number of bacterial ASVs from 13831 to 2541 and fungal ASVs from 2170 to 206. 275 

However, 97.8% of both the original bacterial and fungal reads were retained after sequencing. 276 

Finally, we applied a centered log ratio (CLR) transformation to the final observations in each 277 

sample using the ALDEx package (Fernandes et al., 2013). 278 

 279 

Microbiome analysis 280 

 281 

All data analysis was performed using R version 4.3.2, particularly the packages tidyverse 282 

(Wickham et al. 2019), lme4 (Bates et al., 2015), lmerTest (Kuznetsova et al., 2017), vegan 283 

(Oksanen et al. 2022), phyloseq (McMurdie and Holmes, 2014),  genefilter (Gentlemen et al. 284 

2023), ALDEx2 (Fernandes et al., 2013), and microViz (Barnett 2024). We used untransformed 285 

data to calculate two alpha diversity metrics (Inverse Simpson and Shannon indices). These 286 

metrics were modeled using Genotype, Soil Inoculum, Treatment, and their interactions, as well 287 

as Sequencing Depth, as fixed predictor variables and Block as a random-intercept term. We 288 

assessed these linear mixed-effect models using ANCOVA then adjusted the p-values for multiple 289 

comparisons (Benjamini and Hochberg 1995). Next, we performed a canonical analysis of 290 

principal components (CAP) ordination using Bray-Curtis distance for CLR-transformed bacterial 291 

and fungal communities. Genotype, Soil Inoculum, and Treatment were used to constrain the 292 

ordination and Sequencing Depth was partialled out to remove noise due to this technical 293 

nuisance variable. Then we used a linear model to determine whether the bacterial and fungal 294 

taxa counts varied by our explanatory variables.  295 

 296 

Results 297 

 298 

Heterosis for chlorophyll content and stem diameter in the agricultural and prairie inocula was 299 

affected in opposite directions 300 

 301 

In Experiment 1, we grew plants with inocula derived from agricultural, prairie, or steam-sterilized 302 

(“control”) soil to determine if inoculum source had an effect on heterosis expression. We 303 

measured early plant traits, such as emergence, height, chlorophyll content, stem diameter, and  304 
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biomass, over the course of four weeks then calculated heterosis for each trait. Here, we only 305 

report effects on better parent heterosis, but calculations for mid-parent heterosis are provided 306 

(Supplemental Table 1). After two weeks of growth, we did not observe a difference in the 307 

proportion of emerged plants due to inocula (Supplemental Figure 1). For week 2 chlorophyll 308 

content, we observed an increase in heterosis for the control (steam-sterilized) soil relative to the 309 

agriculture and prairie inocula (Supplemental Figure 2 and Figure 3), and for shoot biomass 310 

relative to the prairie inocula (Supplemental Figure 2). In contrast, soil sterilization did not affect 311 

heterosis of plant height, biomass, or stem diameter relative to the agriculture or prairie inocula 312 

(Supplemental Figure 2 and Figure 3). Inocula source (agriculture vs. prairie) did not have a large 313 

effect on heterosis expression with only stem diameter and week 4 chlorophyll content (Figure 1) 314 

differing between agriculture and prairie inocula in opposite directions. Stem diameter was 315 
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greatest in the agricultural inocula, as indicated by the positive value for observed ΔBPH, whereas 316 

chlorophyll content was greatest in the prairie inocula, indicated by a negative observed ΔBPH. 317 

These differences were largely due to an increase in heterosis for these traits in the prairie inocula. 318 

When examining heterosis for individual inocula, we observed the weakest heterosis across traits 319 

in the first agriculture inoculum (avg. BPH = 0.06; MPH = 0.16) and the greatest heterosis was 320 

observed in the first prairie inoculum (avg. BPH = 0.17; MPH = 0.22) (Supplemental Table 1).   321 

 322 

 323 

Low nutrient treatment results in strong heterosis across traits for agriculture inoculum 324 

In Experiment 2, we employed a high and low nutrient treatment with the inoculum that displayed 325 

the weakest (agriculture 1) and greatest (prairie 1) average heterosis from Experiment 1. We 326 

measured early plant traits over the course of four weeks to determine if inocula and nutrient 327 

treatment have an effect on better parent heterosis expression. Similar to Experiment 1, we did 328 

not observe a difference in emergence proportion due to inocula or nutrient treatment 329 

(Supplemental Figure 5). For plant traits other than emergence, we observed increased trait 330 

values under the high nutrient treatment regardless of plant genotype (Figure 2). However, we 331 

also observed an effect of nutrient treatment on heterosis for stem diameter for both inocula 332 

(Supplemental Figures 6 and 7). Interestingly, heterosis for week two plant height (Figure 2) and 333 

chlorophyll content (Supplemental Figure 6) was affected by the nutrient treatment for only the 334 

agriculture inoculum in opposite directions. In general, heterosis was more affected by the nutrient 335 

treatment in combination with the agricultural inoculum (Supplemental Figure 6). With the 336 

exception of week two chlorophyll content, this was driven by a decrease in heterosis under the 337 
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high nutrient relative to the low nutrient treatment, suggesting an interaction between agricultural 338 

soil microorganisms and nutrient amendment.  339 

Soil pH and total percent leaf nitrogen is higher for inbred genotypes    340 

In Experiment 2, we also measured soil pH at two and four weeks to examine the effect of nutrient 341 

addition on soil chemistry. We did not observe an effect after two weeks but after four weeks, we 342 

observed lower soil pH across genotypes in the high nutrient relative to the low nutrient treatments 343 

(p=<0.01, F1,140=33). This suggests that the nutrient treatment was directly responsible for altering 344 

the soil pH over the course of the experiment. Interestingly, we also observed an effect of 345 

genotype after four weeks (p=<0.05, F2,137=5), in which soil was less acidic in pots with the inbred 346 

genotypes than pots with the hybrid ,regardless of soil inocula (Figure 3). We also observed 347 

negative heterosis for leaf nitrogen content, in which the inbred genotypes contained a greater 348 

nitrogen concentration in the leaf tissue than the hybrid although not significantly different (Figure 349 

3). Total percent carbon in leaf tissue was also strongly affected by plant genotype (p=<0.01, 350 

F2,9=10), as well as nutrient treatment (p=<0.01, F1,6=9), but a clear heterotic pattern was not 351 

apparent.  352 

 353 

Soil inocula and nutrient treatment drive bacterial and fungal community composition 354 

 355 

To assess the effects of soil inocula and nutrient treatment, we characterized the bacterial and 356 

fungal community of the root endosphere. The diversity of bacterial ASVs was significantly 357 
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affected by nutrient treatment as determined by the Shannon Index and Inverse Simpson 358 

(Supplemental Table 2). In addition, bacterial diversity was significantly affected by genotype for 359 

the Shannon Index but genotype only marginally explained bacterial diversity according to Inverse 360 

Simpson. In contrast, diversity of fungal ASVs was not significantly affected by any of our 361 

explanatory variables (Supplemental Table 3). A canonical analysis of principal coordinates (CAP) 362 

ordination constrained by Genotype, Soil Inoculum, and Treatment revealed that bacteria 363 

community composition was significantly affected by Soil Inoculum and Treatment, as well as 364 

their interaction (Figure 4). We observed a similar trend for fungal community composition, in that 365 

Soil Inoculum and Treatment were significant, but their interaction was only marginally significant.  366 

 367 

 368 

Discussion  369 

 370 

In Experiment 1, we observed similar results reported in previous work (Wagner et al. 2021), in 371 

which soil sterilization increased better parent heterosis for root biomass relative to the Kansas 372 

agricultural soil (Supplemental Table 1). In fact, the weakest heterosis across traits was observed 373 

in the first agricultural soil, which was collected from the same site where the previous Kansas 374 

field experiment was conducted (Wagner et al. 2021). Here the control soil resulted in an increase 375 

in heterosis, while the first agricultural soil inoculum exhibited a decrease in heterosis. This 376 

increase in heterosis appears to be due to a decrease in performance of the inbreds, rather than 377 

an increase in performance of the hybrid. In contrast, the second prairie inoculum exhibited 378 

greater heterosis across traits than the control soil. This reaffirms the observation that microbial 379 

effects on heterosis are likely specific to the local microbial community (Wagner et al. 2021). 380 
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We hypothesized that pathogen buildup in the agricultural soil would result in a decrease in 381 

performance of the inbreds and therefore, an increase in better parent heterosis expression. 382 

However, both the agricultural and prairie inocula exhibited similar heterosis expression across 383 

traits. In total, only two (stem diameter and week 4 chlorophyll content) out of seven traits 384 

exhibited contrasting heterosis between the two inoculum types. These differences were not 385 

consistent, however, since stem diameter heterosis was greatest in the agricultural inocula while 386 

chlorophyll content heterosis was greatest in the prairie inocula. Assuming that the agricultural 387 

soils were indeed richer in pathogens, these results contradict one of the proposed mechanisms 388 

for microbe-dependent heterosis, which suggests that hybrids may be more resistant to 389 

pathogenic soil microbes than inbreds. Therefore, there may be other environmental factors 390 

contributing to variation in heterosis expression rather than soil pathogens.  391 

 392 

In Experiment 2, we employed a high and low nutrient treatment to explore the interaction between 393 

nutrient status and soil inoculum on heterosis expression. Since the agricultural soil location has 394 

a legacy of fertilization, we expected this interaction to be stronger in the agricultural inoculum. 395 

Unsurprisingly, we observed an increase in all plant traits under the high nutrient treatment 396 

regardless of plant genotype or soil inoculum. Interestingly, all traits besides week 4 chlorophyll 397 

content were more affected by the nutrient treatment in the agricultural than in the prairie 398 

inoculum. In total, three out of eight traits were significantly affected by the nutrient treatment in 399 

the agricultural inoculum, which was due to a decrease in heterosis under the high nutrient 400 

treatment. In addition, the interaction between genotype, soil, and nutrient treatment were 401 

significant for two (height week 2 and chlorophyll content week 4) of these traits and marginally 402 

significant for the third (stem diameter week 4). Due to these results and the fact that the inocula 403 

contributed only 15% v/v of each total soil, it can be suggested that this effect was driven by the 404 

interaction between agricultural soil microorganisms and the nutrient amendment rather than 405 

agricultural chemical soil properties.  406 

 407 

Nutrient availability, especially nitrogen, is a strong predictor of global soil microbial community 408 

structure (Wang et al., 2023). Further, the addition of nutrients can affect the potential benefit of 409 

microbial symbiosis for plants. For example, mycorrhizal fungi increase the shoot biomass of 410 

maize under phosphorus-limited conditions, but decrease biomass when phosphorus is plentiful 411 

(Kaeppler et al., 2000). Since the agricultural soil location has a legacy of fertilization, we expected 412 

this interaction to be stronger in the agricultural inoculum. We observed an effect of soil and 413 

nutrient treatment on the composition of both the bacterial and fungal communities in the root 414 
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endosphere. In addition, the interaction between soil and treatment significantly affected bacterial 415 

community composition but not the fungal community.  However, alpha diversity of the bacterial 416 

and fungal community was only affected by nutrient treatment. Since the nutrient treatment 417 

strongly altered soil pH, which is a strong indicator of microbiome composition (Lauber et al. 418 

2009), it is unsurprising that treatment affected both diversity and composition of the bacteria and 419 

fungal community. In contrast, we only observed a marginal effect of genotype on root bacterial 420 

composition and Inverse Simpson diversity, but a significant effect for Shannon diversity. 421 

However, the root fungal composition and diversity were not affected by genotype at all.  422 

 423 

Interestingly, we also observed an effect of genotype on soil pH after four weeks of growth, in 424 

which pH was more acidic in pots with hybrid genotypes relative to inbred genotypes. During 425 

active growth, plants increase acidity along their roots since cation uptake exceeds anion uptake 426 

(Xu et al. 2006). Because the hybrids exhibited greater growth across traits, it can be inferred that 427 

this resulted in more acidic soil pH for pots with hybrid genotypes. Consequently, this could also 428 

contribute to the differences in bacterial diversity we observed due to genotype since bacteria are 429 

highly sensitive to pH. We also observed an increase in leaf nitrogen content strongly affected by 430 

nutrient treatment, in which leaf nitrogen content was increased in the high nutrient treatment 431 

regardless of plant genotype. We did not observe a significant effect of genotype on leaf nitrogen 432 

content, however, the inbred genotypes appear to have slightly more nitrogen accumulation than 433 

the hybrid regardless of soil inoculum or nutrient treatment. Total percent carbon in leaf tissue 434 

was strongly affected by plant genotype, as well as nutrient treatment, but a clear effect on 435 

heterosis was not apparent.  436 

 437 

Together, our results suggest that the agriculture and prairie soil inocula we use here do not differ 438 

in their effect on heterosis and do not affect heterosis in a consistent way. However, these 439 

conclusions are based on the analysis of just two soils tested per inoculum type. Since the soils 440 

were collected from northeast Kansas, regional climatic conditions could also result in a diluting 441 

effect of microbial community dissimilarity between the two inocula types. For fungi, climatic 442 

factors are the best global predictors of richness and community composition (Tedersoo et al., 443 

2014) and therefore, may not substantially differ between our soils.  444 

 445 

In contrast, the introduction of nutrients, which are historically common for the agricultural soil, 446 

resulted in a larger effect on heterosis expression. Specifically, we observed an effect of nutrient 447 

treatment on heterosis for the agricultural inoculum, in which heterosis was decreased in the high 448 
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nutrient relative to low nutrient treatment. This effect on heterosis was driven by greater variation 449 

in hybrid performance due to soil inocula in the high nutrient treatment (Supplemental Figure 8); 450 

in contrast, the hybrid was less responsive to the soil inocula than the inbreds in the low nutrient 451 

treatment. We also observed an effect of soil inoculum, nutrient treatment, and their interaction 452 

on bacterial community composition and diversity. In addition, genotype and the interaction 453 

between soil and genotype was marginally significant for bacteria community composition. 454 

Together, this suggests that the nutrient amendment simultaneously had an effect on the root 455 

microbiome and heterosis expression.  456 

 457 

These results further demonstrate that the soil microbial community may play a role in heterosis 458 

expression but soil nutrients are likely the stronger driver. They also provide direct evidence for 459 

the interactive effect of the soil microbial community and abiotic environment on heterosis 460 

expression, which was previously undescribed. Future work will require experimentation to 461 

determine the effects of this interaction on the molecular and physiological mechanisms of 462 

heterosis. This research may lead to the development of new or advanced applications of 463 

microbiome sciences, including the genetic improvement of plant phenotypic response to the soil 464 

microbiomes (Clouse and Wagner, 2021). Ultimately, a great deal of research is needed to 465 

advance our understanding of heterosis across crop species and how it may improve agricultural 466 

sustainability generally.  467 
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