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ABSTRACT 31 

Domestication and breeding have impacted interactions between plants and their 32 

microbiomes in ways that are only beginning to be understood but may have important 33 

implications for recruitment of rhizosphere microorganisms, particularly under stress conditions.  34 

We investigated the responses of a modern maize (Zea mays ssp. mays) cultivar and its wild 35 

relative, teosinte (Zea mays ssp. parviglumis), to different phosphate availabilities.  We appraised 36 

responses of the plant-microbial holobiont to phosphate stresses by profiling root exudate 37 

metabolomes, and microbial communities in the root endosphere and rhizosphere.  We also 38 

performed plate assays to quantify phosphate solubilizing microorganisms from the rhizosphere.  39 

While root exudate metabolite profiles were distinct between the teosinte and modern maize 40 

under high phosphate, both plants shifted exudate compositions in response to phosphate stress 41 

toward a common metabolite profile.  Root and rhizosphere microbial communities also 42 

responded significantly to both plant type and the phosphate availability.  A subset of bacterial 43 

and fungal taxa were differentially abundant under the different phosphate conditions, with each 44 

of the three conditions favoring different taxa.  Both teosinte and maize rhizospheres harbored 45 

phosphate solubilizing microorganisms under all growth conditions.  These results suggest that 46 

the root exudation response to phosphate stress was conserved through the domestication of 47 

maize from teosinte, shifting exudation levels of specific metabolites.  Although microbial 48 

communities also shifted, plate-based assays did not detect selective recruitment of phosphate 49 

solubilizers in response to phosphate availability.  50 

Keywords: teosinte, maize, Zea mays, phosphate stress, root exudates, metabolomics, 51 

rhizosphere, microbiome, phosphate solubilizing microorganisms  52 
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INTRODUCTION 53 

The domestication of maize from the wild grass teosinte began over 7000 years ago 54 

(Ranum et al. 2014).  Although maize has primarily been bred for desirable above ground traits 55 

including apical dominance and seed size, below ground traits such as root morphology and 56 

rhizosphere microbial community structure have been affected by the genetic changes acquired 57 

through breeding (Brisson et al. 2019;  Doebley et al. 1997;  Perez-Jaramillo et al. 2016;  58 

Schmidt et al. 2016;  Schmidt et al. 2020a).  Studies of rhizosphere communities from different 59 

inbred maize genotypes suggest that host plant genotypes are strong drivers of microbial 60 

community composition, along with other factors such as soil fertility and growth stage (Peiffer 61 

et al. 2013;  Walters et al. 2018).  Rhizosphere microbial communities of teosinte and maize 62 

have also been shown to differ (Brisson et al. 2019;  Schmidt et al. 2020b;  Szoboszlay et al. 63 

2015), but changes in microbial community recruitment do not follow a clear progression along 64 

evolutionary gradients, suggesting complex impacts of selective pressure on plant-driven 65 

microbiome recruitment (Brisson et al. 2019;  Emmett et al. 2018;  Schmidt et al. 2020b).  The 66 

changes in below ground interactions and their implications for plant nutrition are only 67 

beginning to be understood (Brisson et al. 2019;  Schmidt et al. 2020a;  Schmidt et al. 2020b) 68 

and improved mechanistic understanding of rhizosphere processes and their response to selective 69 

pressures could contribute to rhizosphere engineering for sustainable agriculture.   70 

Plant-associated microbial communities are critical for supporting plant growth and can 71 

confer fitness and productivity advantages through several direct and indirect mechanisms that 72 

promote growth, nutrient acquisition, stress tolerance, and resistance to pathogens (Trivedi et al. 73 

2020).  Of particular importance are some rhizosphere microorganisms that can help plants 74 

acquire scarce or non-bioavailable nutrients including phosphorus, nitrogen, iron, and sulfur 75 
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(Jacoby et al. 2017;  Pii et al. 2015).  Improving phosphorus availability, either through 76 

phosphate solubilization from phosphate minerals or through mineralization of organic 77 

phosphates, has been studied as an important mechanism of plant growth promotion by 78 

microorganisms (Alori et al. 2017). 79 

Phosphate solubilizing microorganisms are important members of soil microbial 80 

communities that can release otherwise insoluble phosphate from minerals, making it available 81 

for plant growth (Alori et al. 2017).  Phosphate solubilizers include both bacteria and fungi from 82 

a wide range of species which can solubilize phosphate from minerals through acidification, 83 

complexation of associated anions, and/or exchange reactions (Alori et al. 2017;  Arcand and 84 

Schneider 2006).  Organic acids from both plants and microorganisms can contribute to 85 

phosphate solubilization through all of these mechanisms and are thought to be the main 86 

mechanism by which phosphate solubilizing microorganisms release phosphate (Brisson et al. 87 

2016;  Rodriguez and Fraga 1999).   88 

The composition of root exudates is a main mechanism for selective recruitment of 89 

microorganisms to the rhizosphere and adaptation to abiotic stress conditions (Trivedi et al. 90 

2020).  In maize, the composition of root exudates differs between plant genotypes and in 91 

response to changes in the availability of nitrogen, phosphorus, potassium, and iron (Carvalhais 92 

et al. 2011;  Cheng et al. 2018).  In turn, root exudates have been shown to shape rhizosphere 93 

microbial communities by favoring some microorganisms over others (Huang et al. 2019;  94 

Zhalnina et al. 2018).  Root exudates also contain organic acids that may directly contribute to 95 

phosphate solubilization (Edayilam et al. 2018;  Hinsinger 2001). 96 

 97 
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The ability of plants to recruit potentially beneficial microorganism under stress 98 

conditions may have been modified by extensive breeding under conditions of high nutrient 99 

inputs in modern agricultural systems.  The increased availability of nutrients may have 100 

decoupled plant productivity from the need to maintain nutrient acquiring capabilities via 101 

rhizosphere microbial communities (Porter and Sachs 2020).  Compared to inbred maize and 102 

modern hybrids, teosinte and landraces were more able to take advantage of nutrients from 103 

organically managed soil to increase growth (Schmidt et al. 2020b), but mechanistic impacts on 104 

phosphate acquisition remain unknown.  Since heterosis for maize root traits related to higher 105 

phosphate acquisition are only found under low phosphate conditions (Liu et al. 2018), 106 

phosphate efficiency in maize is likely not under strong selection when breeding for yield, 107 

potentially compromising beneficial association useful for modern maize production under low 108 

input scenarios.  Without selective pressure, the ability to recruit beneficial microbiomes may 109 

have been affected.  A study addressing the relationship between phosphate stress response and 110 

root microbial community in Arabidopsis thaliana found that mutations in known phosphate 111 

stress response genes in the plant were associated with differential recruitment of bacterial taxa 112 

(Castrillo et al. 2017). 113 

In this study, we investigated the influence of phosphate availability on root exudation, 114 

and on rhizosphere and root microbial community assembly in a teosinte and a modern maize 115 

cultivar.  We hypothesized that the root exudate compositions of teosinte and modern maize 116 

would differ, but would both change in response to phosphate availability, with increased and/or 117 

decreased exudation of specific metabolites regulating phosphate availability or interactions with 118 

microorganisms.  We also hypothesized that genotypes would recruit different rhizosphere 119 

microbiomes, and preferentially recruit phosphate solubilizing microorganisms to the 120 
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rhizosphere when grown on an insoluble phosphate source.  We expected the teosinte might be 121 

more effective at preferential recruitment of phosphate solubilizing microorganisms since 122 

modern maize has not been subjected to extensive selection under high nutrient availability 123 

conditions and be less able to adapt to low or insoluble phosphate. 124 

MATERIALS AND METHODS 125 

Plants and Growth Conditions.  One teosinte accession (Zea mays ssp. parviglumis 126 

Pi566688) and one modern maize accession (Zea mays ssp. mays hybrid 3489) were used in this 127 

work.  Teosinte seeds were obtained from the National Plant Germplasm System. Modern maize 128 

seeds were obtained from Dupont Pioneer.  Seeds were surface sterilized by soaking in a solution 129 

of 10% bleach with 0.01% Triton-X for eight minutes.  Sterilized seeds were rinsed six times 130 

with sterile water and then germinated in petri dishes on autoclaved filter paper soaked with 131 

sterile water.  After two days, germinated seeds were transferred to prepared pots at 132 

approximately 1.5 cm depth and subjected to three phosphate treatments: high soluble phosphate, 133 

low soluble phosphate, and insoluble phosphate (Table 1). 134 

One-gallon pots were filled with autoclaved sand to control nutrient supply and microbial 135 

activity, and phosphate was added according to treatment levels detailed in Table 1.  For the 136 

insoluble phosphate condition, 2.7 mmol (0.5 g) of FePO4·2H2O was mixed into the sand (5 cm 137 

across and 3 cm deep) in the middle of the pot where the seedling was to be planted.  Media were 138 

prepared from Murashige and Skoog Medium (Murashige and Skoog 1962) Without Phosphate 139 

[Caisson Labs, Smithfield, UT, USA] according to the manufacturer’s instructions, with added 140 

KH2PO4 for the soluble phosphate conditions.  Each pot was saturated with one liter of the 141 

appropriate medium for the desired growth condition (Table 1).  Ten replicate pots were 142 

prepared for each combination of plant accession (teosinte, modern maize, and unplanted 143 
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control) and growth condition (high phosphate, low phosphate, and insoluble phosphate), and 144 

arranged in a completely randomized design on a greenhouse bench.   145 

The high phosphate concentration was selected based on the concentration in full 146 

Murashige and Skoog medium.  As a reference point, for a maximum recommended fertilization 147 

level for maize of 80 lb per acre (89.7 kg per hectare) of P2O4 (Shapiro et al. 2008) and typical 148 

plant density of 30,000 plants per acre (74,000 plants per hectare) (NASS 1990-2021), 149 

fertilization in practice can be up to 8.5 mmol of P per maize plant.  In our experiment we 150 

provided a total of 2.4 mmol of P per plant over the course of three weeks of growth in the high 151 

phosphate condition.  The low phosphate concentration was selected based on preliminary 152 

experiments in which this concentration was determined to produce visible phosphate stress 153 

within the three-week timeframe of the experiment.   154 

Immediately following planting, seedlings were inoculated with a microbial community 155 

soil suspension.  Inoculum was prepared by suspending 180 g soil in 1 L Murashige and Skoog 156 

Medium without added phosphate and shaking vigorously for one minute.  Soil was sourced 157 

from the Russell Ranch Sustainable Agriculture Facility at UC Davis from a rainfed, unfertilized 158 

wheat plot (Brisson et al. 2019).  Each seedling was inoculated with 10 mL of the inoculum.  159 

Seedlings were re-inoculated with 10 mL of freshly prepared inoculum seven days after planting.  160 

Pots were fertilized weekly with 300 mL of the appropriate medium.  Between fertilizations, 161 

plants were watered twice weekly with 150 mL deionized water, which was sufficient to saturate 162 

the sand.  Plants were grown for 21 days without supplemental lighting or heating (temperature 163 

range 16 to 32 ºC).  The duration of the experiment was chosen to be long enough to observe 164 

phosphate limitation phenotype in leaves but short enough to prevent pots from becoming 165 

rootbound. 166 
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Sample Collection.  After three weeks of growth, root exudates, plants, and soil samples 167 

were collected for analysis of plant growth, root exudate metabolomics, microbial communities, 168 

and microbial phosphate solubilization assays.  Plants were carefully removed from the soil 169 

(sand) and gently shaken to remove bulk soil from the roots.  Plant roots were rinsed in 150 mL 170 

0.9% (154 mM) NaCl in distilled water to collect rhizosphere soil (Barillot et al. 2013). Excess 171 

NaCl solution was removed by decanting, and soil samples were frozen for further analysis. Soil 172 

from the unplanted control pots was harvested by collecting 20 mL of soil from the center of the 173 

pots and stored frozen for further analysis.   174 

Root exudate collection was conducted under the same greenhouse conditions as growth.  175 

Rinsed roots, with shoots still attached, were placed in 250 mL of distilled water to equilibrate 176 

for one hour prior to exudate collection.  Plants were then transferred to 250 mL of fresh distilled 177 

water, and root exudates were collected for 1.5 hours (Zhalnina et al. 2018).  Exudates were 178 

filtered with 0.22 µm polyethersulfone filters [Corning, Tewksbury, MA, USA] and frozen until 179 

metabolite extraction.  After exudate collection, root samples were collected for microbial 180 

community analysis.  Approximately 3 cm of root was collected from the tip of the longest root 181 

and flash frozen for analysis. 182 

Biomass and Shoot Elemental Analysis. Plants were then separated into roots and 183 

shoots, and tissues were dried at 28 ºC for one week, at which point dry biomass weight was 184 

measured.  Dried shoots were then ground to a powder and analyzed for elemental composition, 185 

including phosphorus content, using the acid digest method (Huang and Schulte 1985) at the 186 

Pennsylvania State University Agricultural Analytical Services Laboratory (University Park, 187 

USA).   188 
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Metabolomics Analysis.  Thirty mL of filtered root exudate was lyophilized, and 189 

metabolites were extracted in 1 mL HPLC grade methanol.  The suspension was vortexed and 190 

incubated in a sonicating water bath with ice for 30 minutes.  Samples were then dried in a 191 

vacuum centrifuge to complete dryness and resuspended in 150 µL of 0.0005x 13C, 15N amino 192 

acid mixture in methanol [Sigma-Aldrich, 767964].  The solution was then vortexed, sonicated, 193 

centrifuged as described above, and filter sterilized through a 0.2 µm pore size filter.   194 

Polar metabolites from extracts were chromatographically separated using 195 

hydrophilic interaction liquid chromatography and detected by high resolution mass 196 

spectrometry.  Analyses were performed using an InfinityLab Poroshell 120 HILIC-Z column on 197 

an Agilent 1290 stack connected to a Thermo Q-Exactive Hybrid Quadrupole-Orbitrap Mass 198 

Spectrometer equipped with a Heated Electrospray Ionization (HESI-II) source probe under the 199 

parameters specified in Supplementary Table S1.  Briefly, a gradient elution was performed with 200 

collection of MS1 and MS2 mass spectra; a library of analytical standards analyzed under the 201 

same conditions was used to perform a targeted query of the sample files for matching m/z, 202 

retention time and fragmentation spectra using Metabolite Atlas 203 

(https://github.com/biorack/metatlas) (Bowen and Northen 2010;  Yao et al. 204 

2015).  Metabolomics data were deposited at the JGI Joint Genome Portal under project ID:  205 

FD 1280336; with raw data under SP 1280337; and analysis output under AP 1280338.    206 

Microbial Community Analysis.  DNA was extracted from bulk and rhizosphere soils 207 

and from roots for microbial community analysis.  Approximately 100 mg of each sample was 208 

placed in a 2 mL microcentrifuge tube with an autoclave sterilized steel ball, frozen in liquid 209 

nitrogen, and ground to a powder using a TissueLyser [Qiagen, Hilden, Germany].  Ground 210 

samples were extracted using PlantDNAzol [Thermo Fisher Scientific, Walthan, MA, USA] 211 
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according to the manufacturer’s instructions.  Extracted DNA was sequenced at the Argonne 212 

National Laboratory Environmental Sample Preparation and Sequencing Facility.  The 213 

prokaryotic 16S-V4 region was sequenced using the 515F-Y (GTGYCAGCMGCCGCGGTAA) 214 

(Parada et al. 2016) and 806R primers (GGACTACNVGGGTWTCTAAT) (Apprill et al. 2015), 215 

using PNA blockers to limit amplification of plant chloroplast DNA.  Fungal ITS1 was 216 

sequenced using the ITS1F (CTTGGTCATTTAGAGGAAGTAA) (Gardes and Bruns 1993) and 217 

ITS2 (GCTGCGTTCTTCATCGATGC) (White et al. 1990) primers.  Raw sequencing read data 218 

were deposited in the NCBI Sequence Read Archive under the BioProject number 219 

PRJNA686132 . Sequences were processed using DADA2 (Callahan et al. 2016) as previously 220 

described (Brisson et al. 2019).  Relative abundances of ASVs detected in at least four samples 221 

were included in subsequent analyses. 222 

Phosphate Solubilizing Microorganism Assay.  Plate based assays were conducted to 223 

quantify the proportion of rhizosphere microorganisms capable of utilizing insoluble 224 

FePO4·2H2O for growth.  Plates were prepared from modified Pikovskaya (PVK) agar without 225 

yeast extract (Nautiyal 1999;  Pikovskaya 1948).  This modification removes phosphorus present 226 

in the yeast extract as an alternate phosphorus source and has been used in previous studies 227 

isolating and characterizing phosphate solubilizing microorganisms (Brisson et al. 2016;  228 

Nautiyal 1999).  Microbial suspensions were prepared from rhizosphere and corresponding bulk 229 

control soil samples by suspending 0.5 mL soil with 10 mL sterile salt solution (9 g/l NaCl) and 230 

vortexed for one minute to release cells.  For each rhizosphere or bulk control soil sample, a 50 231 

µL aliquot was plated on modified PVK agar prepared with 2.2 g/L KH2PO4.  Another 50 µL 232 

aliquot was plated on modified PVK agar prepared with 3 g/L FePO4·2H2O.  After 6 days of 233 

incubation at 28 ºC, colony counts were performed on all plates.  For each rhizosphere or control 234 
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sample, the proportion of phosphate solubilizers was determined as the ratio of the number of 235 

colonies on the FePO4·2H2O plates to the number of colonies on the KH2PO4 plates. 236 

Statistical Analysis.  All statistical analyses were carried out in R 3.6.2.  Differentially 237 

abundant metabolites were detected using analysis of variance (ANOVA).  Impacts of plant 238 

accession, phosphate treatments, and latitudinal position in the greenhouse (which corresponded 239 

to a light gradient) on plant traits, phosphate solubilization, and differential abundance of 240 

metabolites were detected using linear mixed-effects models and analysis of variance (ANOVA). 241 

Longitudinal position was also considered but did not show a significant effect and was therefore 242 

removed from the final models.  A two-way ANOVA test was performed for each response 243 

variable and detected metabolite to determine whether plant accession, phosphate condition, or 244 

an interaction between them were significant fixed factors, considering replicates as random 245 

effects.  Variation in light levels was observed qualitatively within the greenhouse during the 246 

experiment, with the south side receiving more light than the north side, and greenhouse 247 

placement effect was added as a covariate in the mixed model.  Raw p-values for metabolite 248 

ANOVA tests were adjusted for multiple comparisons using the Benjamini-Hochberg 249 

adjustment.  An effect was considered to be significant if the adjusted p-value was below 0.05.  250 

Microbial community 16S and ITS amplicon sequencing data analyses were performed using the 251 

R packages phyloseq (alpha diversity and principal coordinate analysis) (McMurdie and Holmes 252 

2013), indicspecies (indicator species analysis) (De Caceres and Legendre 2009), and DESeq2 253 

(differential abundance analysis) (Love et al. 2014).  For Principal coordinate analysis (PCoA) 254 

and correlation analyses described below, ASV abundance data were transformed using the 255 

centered log ratio (CLR) (Aitchison 1982) in order to correct for the inherent compositionality of 256 

the data (Gloor et al. 2017).   257 
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Correlations between microbial community composition and other observed variables 258 

(root exudate profiles, biomass, and shoot P content) were assessed using the Mantel test to 259 

compare distance matrices generated from CLR transformed ASV relative abundances to 260 

distance matrices generated from the other data (normalized root exudate metabolite profiles, 261 

total biomass, and shoot P content).  Mantel tests were run for the bacterial and fungal 262 

communities separately in both the root and rhizosphere compartments using the “mantel” 263 

function in the “vegan” package in R with 9999 permutations.  Correlations between individual 264 

ASVs and individual root exudate metabolites or biomass properties were assessed based on 265 

Spearman correlations and using the Benjamini-Hochberg correction to account for multiple 266 

comparisons.  Correlations were considered significant if the adjusted p-value was less than 0.05. 267 

RESULTS 268 

Phosphate Stress Differential Impacts Shoot and Root Growth in a Teosinte and 269 

Modern Maize.  Plant accession and phosphate availability both significantly influenced plant 270 

biomass (p < 0.001), but both plant accessions responded similarly to shifts in phosphate 271 

availability, as shown by non-significant interaction terms (Supplementary Table S2).  High 272 

soluble phosphate availability yielded greater total biomass than insoluble phosphate source for 273 

both the modern maize and the teosinte.  Low phosphate conditions yielded lower total biomass 274 

than high or insoluble phosphate for teosinte but was not significantly different from either 275 

condition in modern maize.  Total biomass for the modern maize was greater than that of the 276 

teosinte under the low phosphate condition (Fig. 1-a).  Plant biomass was significantly impacted 277 

by latitudinal position of the plant in the greenhouse, with plant biomass increasing from north 278 

(lower light) to south (higher light) across the greenhouse (Supplementary Fig. S1).  We include 279 
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latitudinal position (which correlated with light exposure) as a variable in our statistical models 280 

for this and subsequent analyses. 281 

 The proportion of biomass in the roots (root to total biomass ratio) was significantly 282 

affected by the phosphate conditions (p < 0.001) and plant accession (p = 0.0041), and the 283 

interaction between them (p = 0.0018), but not by latitudinal position (p = 0.12) (Supplementary 284 

Table S3).  Teosinte had a greater proportion of biomass in the roots than the modern maize 285 

under all conditions (p = 0.003, 0.026, and < 0.001 for high, insoluble, and low phosphate 286 

respectively) (Fig. 1-b).  The phosphate stressed conditions (low and insoluble phosphate) 287 

resulted in a higher proportion of total biomass allocated to roots than under high phosphate 288 

condition for both plant accessions (Fig. 1-b).  While no differences between the insoluble and 289 

low phosphate conditions were observed for teosinte, insoluble phosphate resulted in a higher 290 

allocation of biomass to the in modern maize.   291 

 Phosphorus content in the shoots was significantly impacted by phosphate availability but 292 

did not differ between plant accessions and was not influenced by latitudinal position 293 

(Supplementary Table S4).  Shoot phosphorus content was the highest (12.5±5.6 mg P) with high 294 

phosphate inputs (Fig. 1-c).  Insoluble and low phosphate conditions resulted in similarly lower 295 

shoot phosphorus uptake (1.4±0.7 mg P and 1.5±0.8 mg P for insoluble and low phosphate 296 

respectively).    297 

Phosphate Stress Increases Root Exudation and Induces Changes in Exudate 298 

Composition.  Root exudation levels (total organic carbon exuded per gram of root dry weight) 299 

significantly increased under phosphate stress, with the insoluble phosphate condition resulting 300 

in intermediate exudation between low and high phosphate (Fig. 2-a, Supplementary Table S5).  301 

This trend was consistent for both plant accessions.  Exudation was also impacted by plant 302 
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latitudinal position, with plants toward the south side of the greenhouse (higher light) having 303 

lower exudation levels (Supplementary Fig. S2). 304 

 Targeted analysis of LC-MS/MS data identified 86 unique compounds in root exudates 305 

across experimental conditions (Supplementary Tables S6 and S7, Fig. 3).  Principle component 306 

analysis (PCA) of metabolite profiles showed clear clustering of root exudate compositions of 307 

plants grown with high phosphate input and those experiencing phosphate stress (low or 308 

insoluble phosphate) (Fig. 2-b).  Distinctions in metabolite profiles between the two plant 309 

accessions were only evident under high phosphate and were driven by the higher exudation of 310 

several phosphorus containing compounds by the teosinte (Fig. 3). 311 

 The exudation levels of 42 metabolites were significantly impacted by the plant 312 

accession, phosphate stress, or both (padjusted < 0.05) (Supplementary Fig. S3, S4, and S5).  313 

Phosphate stress (low or insoluble phosphate) increased exudation of several amino acids and 314 

some aromatic compounds (p-coumaric acid, ferulic acid, and nicotinamide) and reduced 315 

exudation of several phosphorus containing metabolites by one or both plant accessions (cytidine 316 

5’-monophosphate, glycerophosphocholine, phsophocoline, hexose-phosphates, adenosine-2,3-317 

cyclic-monophosphate, SN-glycero-3-phosphocholine, cytidine 2’,3’-cyclic monophosphate, 318 

glycerol 2-phosphate, and 2’-deoxycytidine 5’-monophosphate).  . 319 

Host Selection and Phosphate Availability Drive Microbial Community 320 

Composition.  Analysis of the prokaryotic 16S and fungal ITS sequences identified 599 321 

prokaryotic and 143 fungal amplicon sequence variants (ASVs) detected across all samples.  322 

Prokaryotic alpha diversity, as measured by the Shannon diversity index, was significantly 323 

influenced by host plant accession and compartment (root or rhizosphere soil) but was not 324 

significantly driven by phosphate availability (Supplementary Table S8).  Prokaryotic alpha 325 
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diversity was higher in the modern maize accession than in teosinte, and in the rhizosphere 326 

compared to the root (endosphere and rhizoplane combined).  In contrast, of all the factors tested, 327 

only compartment had a significant impact on fungal alpha diversity (Supplementary Table S9), 328 

with the endosphere/rhizoplane having significantly higher diversity than rhizosphere samples. 329 

Both the prokaryotic and fungal microbial community compositions were significantly 330 

influenced by the compartment, plant accession, phosphate availability, and latitudinal position 331 

(Supplementary Tables S10 and S11).  Compartment, plant accession, phosphate, and latitudinal 332 

position, accounted for 6.7%, 4.1%, 3.8% and 3.4% of variance in the prokaryotic community 333 

composition respectively.  Interaction effects were also detected between pant accession and 334 

phosphate availability, and between plant accession and compartment, accounting for 3.0% and 335 

1.9% of variance respectively.  PCoA of CLR transformed microbial community composition 336 

data showed clustering of the prokaryotic microbial communities by compartment and plant 337 

accession (Fig. 4-a).  For the fungal community, compartment, plant accession, phosphate, and 338 

latitudinal position in the greenhouse accounted for 4.3%, 9.3%, 3.4%, 2.9% of variance 339 

respectively (Fig. 4-b).  Interaction effects between plant accession and phosphate and between 340 

plant accession and compartment were also significant, accounting for 2.8% and 1.6% of 341 

variance respectively. 342 

 Indicator species analysis identified individual ASVs associated with different sample 343 

groups based on ASV presence/absence (Supplementary Tables S12 and S13).  For plant 344 

accessions, 48 prokaryotic ASVs (8.1%) were indicators for modern maize samples, and 8 345 

prokaryotic ASVs (1.8%) were indicators for teosinte.  The most abundant of these were 346 

16S_ASV_5 (4.7% overall relative abundance), an indicator for the teosinte, and 16S_ASV_9 347 

(2.7% overall relative abundance), an indicator for the modern maize.  Both of these ASV were 348 
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identified as Pseudomonas.  Seventy-three prokaryotic prokaryotic ASVs (12.5%) were 349 

indicators for rhizosphere soil samples and 17 (3.3%) were indicators for root samples.  Indicator 350 

species analysis did not identify any individual prokaryotic ASVs associated with phosphate 351 

condition or latitudinal position in the greenhouse.  Similarly, for the fungal community, 8 fungal 352 

ASVs (5.6%) were indicators for modern maize samples and 9 fungal ASVs (6.3%) were 353 

indicators for teosinte..  These included several ASVs identified as Sarocladium zeae 354 

(ITS_ASV_1, an indicator for the modern maize, and ITS_ASV_6, ITS_ASV_11, ITS_ASV_17, 355 

and ITS_ASV_22, indicators for the teosinte).  Twenty fungal ASVs (14%) were indicators for 356 

root samples, but no fungal ASVs were identified as indicators for rhizosphere samples, or for 357 

phosphate condition or latitudinal position. 358 

 In contrast the indicator species analysis, which did not identify ASVs associated with 359 

phosphate conditions based on presence/absence, differential abundance analyses identified 360 

several ASVs enriched under some phosphate conditions compared to others (Fig. 5, 361 

Supplementary Table S14).  Across the sample set, five bacterial ASVs were more abundant 362 

under low phosphate conditions, and two were more abundant under high phosphate (Fig. 5-a).   363 

These included one, 16S_ASV_3, a member of the Enterobacteriaceae family, that represented 364 

an average relative abundance of 5.2% across samples and was highly enriched in the low 365 

phosphate condition compared to high.  Two others, 16S_ASV_28 and 16S_ASV_38, had mean 366 

relative abundances between 0.1% and 1%.  16S_ASV_28, identified as a Rhizobium species, 367 

was more abundant under low phosphate compared to high, and 16S_ASV_38, identified as a 368 

Massilia species, was more abundant under high phosphate compared to low (Supplementary 369 

Table S14).  Six fungal ASVs were differentially abundant between phosphate conditions, all 370 

having average relative abundances between 0.1% and 1% (Fig. 5-b.) 371 
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 In order to identify differential microbial responses to phosphate between the two plant 372 

accessions, we also performed differential abundance analyses on the teosinte samples and 373 

modern maize samples separately (Figure 5-c,d,e,f, Supplementary Table S14).  Within the 374 

teosinte samples, six bacterial ASVs were differentially abundant between the phosphate 375 

conditions (Fig. 5-c).  Three of these were the same ASVs identified in the analysis of all sample 376 

above, while three were specifically enriched under either low or insoluble phosphate conditions 377 

for teosinte only (Supplementary Table S14).  The most abundant of these (0.7% relative 378 

abundance across all samples, 1.3% across teosinte samples) was 16S_ASV_22, identified as a 379 

Paenibacillus, which was most abundant under low phosphate condition.  Notably, this was also 380 

an indicator ASV for teosinte.  In contrast, within the modern maize samples, only one ASV 381 

(ASV_159, identified as a Pedobacter) was differentially abundant between phosphate 382 

conditions, with the highest abundance with insoluble phosphate (Fig. 5-e).  Within the fungal 383 

ASVs, seven were differentially abundant among the phosphate conditions for the teosinte 384 

samples (Fig. 5-d), and eight were differentially abundant for the modern maize samples (Fig. 5-385 

f).  There was no overlap of the teosinte differentially abundant ASVs and the modern maize 386 

differentially abundant ASV, highlighting the differences between the fungal communities 387 

associated with these two plant accessions. 388 

 Overall microbial community composition and root exudate metabolite profiles were not 389 

significantly correlated for bacterial or fungal communities in either the root or rhizosphere 390 

samples.  Biomass properties were significantly correlated with overall microbial community 391 

composition for the teosinte root microbiomes, but not for the modern maize or rhizosphere 392 

microbiomes.  Total teosinte biomass correlated with the root fungal community (r = 24, p = 393 
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0.035), and teosinte shoot P content correlated with the rood bacterial community (r = 0.20, p = 394 

0.034).   395 

Some individual ASVs were significantly correlated with individual root exudate 396 

metabolites, total biomass, or biomass P content.  Within plant root microbial communities, one 397 

prokaryote (16S_ASV_31, identified as a Massilia) was positively correlated with hexose 398 

phosphates, while another (16S_ASV_75, identified as a Sulfuricella) was correlated with 14 399 

metabolites, including several nucelosides (adenosine, 2’-deoxyadenosine, 1-methyladenosine, 400 

methylthioadenosine, cytidine, uridine, and inosine).  In the rhizosphere, one fungal ASVs 401 

(ITS_ASV_1 identified as Sarocladium zeae) had significant positive correlations with four 402 

metabolites (adenosine, carnitine, deoxycarnitine, and 4-hydroxy-proline).  Two prokaryotic 403 

ASVs were correlated between the teosinte root microbial community and total biomass.  404 

16S_ASV_153 (identified as a Aciditerrimonas) was positively correlated with biomass, while 405 

16S_ASV_269 (identified as a Staphylococcus) was negatively correlated with biomass.  One 406 

ASV (16S_ASV_129, identified as Sphingomonas) was significantly negatively correlated with 407 

shoot P content in the modern maize root microbiome.  Interestingly, this ASV was an indicator 408 

species for the root compartment (Supplementary Table S13) and was also differentially 409 

abundant, with greater abundance under low phosphate conditions (Supplementary Table S14).  410 

This correlation may therefore represent the variation of both variables with phosphate 411 

availability since biomass decreases under low phosphate, when this ASV increases. 412 

Phosphate Solubilizing Microorganisms are Present in the Rhizosphere.  Phosphate 413 

solubilizers were detected in the initial inoculum, but not in most bulk soil samples at the end of 414 

the experiment, which was dominated by non-solubilizers capable of growing with KH2PO4 but 415 

not FePO4·2H2O as the phosphorus source (Fig. 6).  Phosphate solubilizers were found to be a 416 
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high proportion of culturable rhizosphere microorganisms for both plant accessions under all 417 

growth conditions.  Levels of phosphate solubilizers in the plant rhizosphere detected with our 418 

method were highly variable within sample groups, and no significant differences were detected 419 

between phosphate conditions or plant accession.   420 

DISCUSSION 421 

 Our goal was to better understand how phosphate availability regulates root exudation 422 

and rhizosphere and root microbial community assembly in two maize accessions separated by 423 

10,000 years of crop improvements.  We found that phosphate availability partly regulates root 424 

exudation and microbial community composition in both a teosinte and modern maize.  Our 425 

result showing shifts in root exudate composition in response to phosphate stress are consistent 426 

with previous studies, which have found changes in the root exudate composition of maize and 427 

other plants in response to nutrient limitations, including phosphate limitation (Carvalhais et al. 428 

2011;  Edayilam et al. 2018).  However, to our knowledge, previous studies have not 429 

investigated parallel responses in root exudation from a domesticated plant and its wild relative.  430 

Under phosphate replete conditions, exudate compositions of the two plant accessions differed, 431 

driven largely by high exudation of phosphorus containing metabolites by the teosinte.  Despite 432 

these differences under phosphate replete conditions, shifts in both the quantity and composition 433 

of exudates under phosphate stress revealed a similar response by both the teosinte and the 434 

modern maize cultivar.  This suggests that, contrary to our original hypothesis, the mechanisms 435 

of response to phosphate stress may have been conserved in the transition from teosinte to 436 

modern maize, at least in terms of root exudation.  However, since we only examined a single 437 

accession of each type, we cannot say how broadly phosphate stress responses have been 438 

conserved after breeding. 439 
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 Plants that experienced phosphate stress increased exudation of several metabolites 440 

including several amino acids and aromatic compounds.  Some of these compounds may be 441 

involved in direct solubilization of insoluble phosphate.  For instance, aspartate, which was 442 

exuded at higher levels by both teosinte and maize under phosphate stress, has been shown to 443 

form complexes with metal ions, and could be involved in direct solubilization via this complex 444 

formation mechanism (Edayilam et al. 2018).   445 

Both amino acids and aromatic compounds could also be involved in recruitment of 446 

specific microorganisms, including phosphate solubilizers, to the rhizosphere.  Rhizosphere 447 

associated microorganisms have different abilities to uptake and use different root exudate 448 

metabolites.  Shikimic acid and quinic acid, two compounds that increased under phosphate 449 

stress in our study, have been shown to be preferentially taken up by microorganisms that were 450 

positively correlated with root growth (Zhalnina et al. 2018).  This suggest that increased 451 

exudation of these and other root exudate metabolites in response to stress may be shaping the 452 

microbial community by preferentially stimulating the growth of some groups of organisms.  We 453 

did detect correlations between individual ASVs and individual metabolites.  However, because 454 

this was a correlation and not a mechanistic analysis, we are not able to conclude whether 455 

specific metabolites caused observed changes in microbial abundance. 456 

 Both prokaryotic and fungal community compositions were driven by 457 

compartment and plant type and, to a lesser extent, by phosphate availability.  We also found a 458 

significant interaction effect between plant type and phosphate availability, suggesting 459 

differences in how the teosinte and maize actively recruit and assemble their rhizosphere and 460 

root microbial communities.  Two recent field studies investigating the effects of phosphate 461 

fertilization and availability on maize rhizosphere microbiomes found phosphate conditions to be 462 
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primary drivers of microbial community composition (Gomes et al. 2018;  Silva et al. 2017).  463 

Our result in a controlled environment with more acute changes in phosphate levels show 464 

significant but relatively small effects of phosphate availability on rhizosphere microbiomes.  465 

These studies (Gomes et al. 2018;  Silva et al. 2017) addressed long term effects of phosphate 466 

availability on soil microbial communities, while our approach focused on the selective effects of 467 

the plant in the early stages of growth response to different phosphate conditions, with all 468 

cultivars recruiting from the same initial microbial community inoculum.  Gomes et al. also 469 

found that compartment (root vs. rhizosphere) had a greater effect than maize genotype on both 470 

prokaryotic and fungal microbial communities  (Gomes et al. 2018).  While our study showed a 471 

similar pattern for prokaryotes associated with maize and teosinte, we found that for fungi, the 472 

plant type had a larger impact than compartment, highlighting potentially importance of 473 

differences between maize and teosinte in recruiting fungal partners.Differences in the α-474 

diversity of both prokaryotic and fungal communities were driven largely by compartment (root 475 

versus rhizosphere).  For the prokaryotic community, diversity was greater in the rhizosphere 476 

than the root, which is consistent with previous findings showing higher prokaryotic diversity 477 

farther from the selective pressure of the plant (Brisson et al. 2019;  Coleman-Derr et al. 2016;  478 

Peiffer et al. 2013).  The reverse pattern for fungi, higher diversity in the roots than in the 479 

rhizosphere, is also consistent with previously reported gradients of fungal diversity based on 480 

proximity to the roots of maize and agave (Brisson et al. 2019;  Coleman-Derr et al. 2016).   481 

Differential abundance analysis revealed individual ASVs enriched under different 482 

phosphate conditions.  Overall, the teosinte system had more differentially abundant prokaryotic 483 

ASVs than in the modern maize, suggesting more responsiveness to phosphate conditions in this 484 

system.  Castrillo et al. found that Arabidopsis thaliana differentially recruited specific bacteria 485 
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from a synthetic community in response to phosphate limitation, but that mutations in A. thaliana 486 

phosphate stress response genes impacted the enrichment of these bacteria (Castrillo et al. 2017).  487 

Several of the prokaryotic ASVs in our study that were enriched under phosphate stress were 488 

identified as belonging to genera that have been associated with phosphate solubilization and 489 

plant growth promotion including Rhizobium, Massilia, Pseudomonas, Paenibacillus (Grady et 490 

al. 2016;  Oteino et al. 2015;  Sridevi and Mallaiah 2009;  Zheng et al. 2017). Another ASV 491 

enriched under low phosphate conditions, particularly in teosinte, was identified as 492 

Xanthomonas, a genus containing many plant pathogens (Nino-Liu et al. 2006).  This could 493 

represent opportunistic infection of plants under stress conditions.  In both the teosinte and maize 494 

systems, similar numbers of fungal ASVs were differentially abundant, but there was no overlap 495 

between the groups of ASVs that were differentially abundant in these two systems, highlighting 496 

the influence of plant accession on fungal communities, as was seen in the PCoA analysis (Fig. 4 497 

and Fig. 5).  Similar to prokaryotic ASVs, differentially abundant fungal ASVs included some 498 

genera known to include phosphate solubilizers and plant growth promoters (Rhodotorula and 499 

Mortierella) (Botha 2011;  Ozimek and Hanaka 2021) and others containing known pathogens 500 

(Alternaria, Fusarium, and Gibberella) (Desjardins and Plattner 2003;  Ma et al. 2013;  Thomma 501 

2003).   502 

Fungi are known to be critically important for plant phosphate acquisition, particularly 503 

under phosphate limited conditions.  In our study we observed a strong effect of plant accession 504 

on fungal microbial community in both the PCoA analysis (Fig. 4-b) and in the differential 505 

abundance analysis (Fig.  5, Supplementary Table S14).  Mycorrhizal fungi have long been 506 

studied for their ability to access limited phosphate resources and make phosphate available to 507 

their symbiotic plant partners (Bucher 2007;  Karandashov and Bucher 2005;  Sanders and 508 



Page 24 of 44  Vanessa L. Brisson 

  Phytobiomes Journal 

 

LLNL-JRNL-817896 
 

Tinker 1971), and phosphate fertilization has been shown to inhibit the formation of arbuscular 509 

mycorrhizal associations (Breuillin et al. 2010).  Non-mycorrhizal fungi have also been shown to 510 

have important phosphate solubilizing and plant growth promoting activity (Agnihotri 1970;  511 

Altomare et al. 1999;  Pradhan and Sukla 2006). 512 

 Rhizosphere samples from all growth conditions in our study harbored phosphate 513 

solubilizing microorganisms, while samples from unplanted control pots did not.  The proportion 514 

of solubilizers in rhizosphere soils were similar across both plant accessions and all growth 515 

conditions, suggesting that plants were not selectively recruiting solubilizers to the rhizosphere 516 

in response to phosphate stress.  Gomes et al. speculated that phosphate solubilizers might not be 517 

selectively recruited by maize based on the genera identified in their microbial community 518 

analysis of maize rhizospheres (Gomes et al. 2018).  The phosphate solubilization assay in our 519 

study provides evidence that this might be the case.  Our results also contradict our initial 520 

hypothesis that teosinte would recruit phosphate solubilizers more effectively than maize under 521 

phosphate stress.  Instead, maize and teosinte appear to recruit phosphate solubilizers 522 

constitutively and at similar levels to each other.  However, the high variability within sample 523 

groups may mask underlying differences, and other methods, such as qPCR targeting phosphate 524 

solubilization related genes, could shed more light on this question in future studies.  The method 525 

used here also only detects microorganisms that can be cultivated on plates, excluding other 526 

potentially important community members.  Further study is also necessary to determine whether 527 

phosphate solubilizers from different plant accessions or growth conditions differ in plant growth 528 

promotion. 529 

 Along with plant accession and phosphate treatment, the latitudinal position of the plants 530 

in the greenhouse also had significant unexpected impacts in our study.  Our study utilized a 531 
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fully randomized design, a common experimental design for controlled greenhouse studies.  This 532 

type of design has been used to study the effects on maize of a variety of treatments such as 533 

inoculation with diazotrophic bacteria (Zeffa et al. 2019), application of green manure and 534 

natural phosphate source (de Medeiros et al. 2019), and amendment with biochar (Rajkovich et 535 

al. 2012).  Although the latitudinal light gradient observed in our experiment was not anticipated, 536 

the high replication in our experiment (10 replicates per each combination plant accession and 537 

treatment) allowed us to incorporate its effects into our statistical analyses.  By including 538 

latitudinal position as a variable in our models, we were able to not only separate its effects from 539 

those of plant accession and phosphate treatment, but also to consider the robustness of those 540 

effects across the light gradient.  We found that dependent variables such as plant biomass and 541 

organic carbon exudation were significantly affected by latitudinal position, but the impacts of 542 

phosphate treatment were consistent along the latitudinal gradient (Supplementary Figures S1 543 

and S2). 544 

 The results of this study expand our understanding of the response of both wild and 545 

domesticated Zea mays to phosphate stress.  The shifts in both root exudate and microbiome 546 

compositions demonstrate a consistent response to phosphate stress.  However, we did not detect 547 

increased recruitment of phosphate solubilizers.  Further studies could investigate microbial 548 

community changes through other functional assays as well as shifts in functional potential 549 

through qPCR targeting phosphate solubilization related genes or metagenomics.  Understanding 550 

these responses is a necessary step toward enabling more sustainable agricultural practices with 551 

regard to phosphate availability and fertilization. 552 
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TABLES 767 

Table 1. Growth conditions. 768 

Condition FePO4·2H2O 

added to pot 

KH2PO4 concentration 

in medium 

Total PO4
3- provided 

over experiment 

High Soluble 

Phosphate 

0 mmol 

(0 g) 

1.25 mM 

(0.17 g/L) 2.4 mmol 

Low Soluble 

Phosphate 

0 mmol 

(0 g) 

0.125 mM 

(0.017 g/L) 0.24 mmol 

Insoluble 

Phosphate 

2.7 mmol 

(0.5 g) 

0 mM 

(0 g/L) 2.7 mmol 

 769 

  770 



Page 37 of 44  Vanessa L. Brisson 

  Phytobiomes Journal 

 

LLNL-JRNL-817896 
 

FIGURES 771 

Fig. 1.  Plant growth and phosphorus content.  (a) Total plant biomass.  Boxplot showing the 772 

total biomass (the combined dry weight of the washed roots and shoots) for each combination of 773 

plant accession and phosphate treatment.  (b) Root biomass proportion.  Boxplot showing the 774 

ration of root dry weight to total dry weight for each combination of plant accession and 775 

phosphate treatment.  (c) Shoot phosphorus content.  Total amount of phosphorus present in the 776 

shoots at the end of the experiment (21 days).  Statistically significant differences based on 777 

Bonferroni corrected p-values for pairwise t-tests are indicated by these codes:  *** = padjusted < 778 

0.001 ;  **  =  padjusted < 0.01 ; * = padjusted < 0.05. 779 

 780 

  781 
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Fig. 2.  Root exudate composition.  (a) Organic carbon exudation.  Total organic carbon exuded 782 

by the roots during exudate collection (1.5 hours), normalized to root dry weight.  Statistically 783 

significant differences based on Bonferroni corrected p-values for pairwise t-tests are indicated 784 

by these codes:  *** = padjusted < 0.001 ;  **  =  padjusted < 0.01 ; * = padjusted < 0.05. (b) Principal 785 

component analysis of root exudate composition.  Each point represents the metabolite profile 786 

for exudates from an individual plant replicate.  Ellipses represent 95% confidence intervals. 787 

 788 

 789 

  790 
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Fig. 3.  Heatmap of exuded metabolites.  Each row represents a detected metabolite and each 791 

column represents an individual replicate plant, with columns grouped by plant accession and 792 

phosphate condition.  Data are normalized across rows relative to maximum intensity per row, 793 

and the brightness represents the fraction of maximum signal intensity for each detected 794 

metabolite.  Metabolites indicated in bold contain phosphorus.  795 
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Fig. 4.  Microbial community compositions. (a) Principal coordinate analysis of the prokaryotic 798 

community composition using Bray-Curtis dissimilarity.  (b) Principal coordinate analysis of the 799 

fungal community composition using Bray-Curtis dissimilarity.  Each point represents the 800 

microbial community composition for an individual soil or root sample. 801 

 802 

 803 
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Fig. 5. ASV differential abundance.  Ternary plots showing individual ASVs as circles. Circle 805 

size is proportional to average relative abundance.  Position indicates relative abundance across 806 

the three phosphate conditions.  Filled circles indicate ASVs that were significantly differentially 807 

abundant.  Fill color indicates which condition under which the ASV was more abundant: green 808 

= high P, purple = low P, yellow = insoluble P.  (a) Analysis of all rhizosphere and root samples 809 

from both plant accessions. (b) Analysis of teosinte samples only.  (c) Analysis of modern maize 810 

samples only.  See Supplementary Table S14 for information on individual differentially 811 

abundant ASVs. 812 
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Fig. 6.  Phosphate solubilizers in the rhizosphere.  Boxplot showing the proportion of phosphate 816 

solubilizers recovered in plate assays from rhizosphere soil samples.   817 

 818 


