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Abstract

The microbial and molecular characterization of the ectorhizosphere is an important step

towards developing a more complete understanding of how the cultivation of biofuel crops

can be undertaken in nutrient poor environments. The ectorhizosphere of Setaria is of par-

ticular interest because the plant component of this plant-microbe system is an important

agricultural grain crop and a model for biofuel grasses. Importantly, Setaria lends itself to

high throughput molecular studies. As such, we have identified important intra- and interspe-

cific microbial and molecular differences in the ectorhizospheres of three geographically dis-

tant Setaria italica accessions and their wild ancestor S. viridis. All were grown in a nutrient-

poor soil with and without nutrient addition. To assess the contrasting impact of nutrient defi-

ciency observed for two S. italica accessions, we quantitatively evaluated differences in soil

organic matter, microbial community, and metabolite profiles. Together, these measure-

ments suggest that rhizosphere priming differs with Setaria accession, which comes from

alterations in microbial community abundances, specifically Actinobacteria and Proteobac-

teria populations. When globally comparing the metabolomic response of Setaria to nutrient

addition, plants produced distinctly different metabolic profiles in the leaves and roots. With

nutrient addition, increases of nitrogen containing metabolites were significantly higher in

plant leaves and roots along with significant increases in tyrosine derived alkaloids, seroto-

nin, and synephrine. Glycerol was also found to be significantly increased in the leaves as

well as the ectorhizosphere. These differences provide insight into how C4 grasses adapt to

changing nutrient availability in soils or with contrasting fertilization schemas. Gained knowl-

edge could then be utilized in plant enhancement and bioengineering efforts to produce

plants with superior traits when grown in nutrient poor soils.
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Introduction

Setaria is a geographically widespread genus of C4 grass that includes more than 100 species

[1]. It is part of the larger Panicoideae subfamily that also includes important biofuel and com-

mercial grain crops including maize, Miscanthus, switchgrass, sorghum, and others. Two

model species of Setaria, S. viridis (common name: foxtail millet) and S. italica (common

name: green foxtail) have been researched extensively to examine and understand abiotic and

biotic stress and tolerance within C4 grasses [2, 3]. S. viridis is the wild ancestor of S. italica [4],

and both exhibit drought and salt tolerance and optimized water-use efficiency, making them

suitable for research pertaining to the cultivation of bioenergy crops in nutrient and water lim-

ited environments [5–13]. Additionally, Setaria in general are well-suited for growth chamber

and laboratory research because of their optimal size and short generation time [14]. They also

have a small, fully sequenced genome (~490 Mb) that enables high-throughput molecular anal-

yses [15].

The characteristics that make S. viridis and S. italica important model C4 grasses extend to

their ectorhizospheres as well. Here, the ectorhizosphere is defined as the zone immediately

surrounding, and influenced by, plant roots [16]. Ectorhizosphere studies associated with

Setaria have thus far focused on understanding nitrogen fixation and general microbial taxo-

nomic structure. For example, Okon et al. (1983) inoculated S. italica rhizospheres with Azos-
pirillum brasilense, a known nitrogen fixer, to understand how it would impact the growth of

Setaria. They found that the bacteria did not directly transport fixed nitrogen to plants but

rather facilitated nutrient transport via nitrogen mineralization [17]. A study conducted by Jin

et al. (2017) assessed microbial communities in the rhizosphere of S. italica and determined

that plants selectively recruited microbes through exudation [7].

The studies above are important examples contributing to our understanding of the micro-

bial composition and function of the plant-microbe relationship of C4 grasses within horticul-

tural, or uncharacterized agricultural soils. Less is known specifically about the microbial

composition and function of S. italica and S. viridis ectorhizospheres within a nutrient poor

soil. Further, how the microbial and molecular composition adjust with nutrient addition that

often must take place for successful agricultural cultivation in such a soil. To our knowledge

there has only been one reported study to investigate Setaria responses to nutrient addition in

a nutrient-poor soil environment. Nadeem et al. (2018) investigated S. italica (L.) Beauv, vari-

ety Yugu 1, in response to a low nitrogen environment and found that the growth of roots was

inhibited by this environment [18], molecular analyses were largely made on roots, but investi-

gation of the ectorhizosphere in combination with the plant was not undertaken. Thus, it is

not known how nutrient availability affects the corresponding ectorhizosphere and soil micro-

biome. Due to this knowledge gap, we chose to investigate how the Setaria ectorhizosphere

responds to a nutrient poor soil receiving a nutrient addition (fertilizer).

We measured leaf, root and soil metabolite and soil organic matter (SOM) profiles as well

as the ectorhizosphere microbial responses of three S. italica accessions from three divergent

geographical origins (Afghanistan, China, and India) as well as the S. viridis reference genotype

(A10.1). The geographically diverse origins of the accessions led us to question how their

ectorhizospheres would resemble each other before and after nutrient addition. To address

this question, all accessions were grown within the same growth chamber and in the same

nutrient-poor soil with (WNA; with nutrient addition) or without (NNA; no nutrient addi-

tion) periodic nutrient addition (i.e., fertilizer). Analyses of SOM, metabolites, and microbial

taxa on soil from no plant controls and bulk soil were included to help differentiate the impact

of Setaria on the native soil microbiome. Our results primarily focused on comparing the

ectorhizospheres of those S. italica accessions exhibiting the largest or smallest response to
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nutrient addition in the context of SOM, metabolites and microbial taxa. However, we also

measured and evaluated metabolites that are differentially produced by Setaria tissues (leaf

and root) when comparing WNA to NNA and what, if any, associations could be made

between these metabolic profiles, ectorhizosphere microbiome and plant phenotypic changes.

We also hypothesized that based upon the methodology used here to separate the ectorhizo-

sphere from bulk soil, SOM and microbial differences between ectorhizospheres of Setaria
accessions WNA would be discernable.

Materials and methods

Soil description

The soil used in this experiment was part of the Warden Series (USDA; https://soilseries.sc.egov.

usda.gov/OSD_Docs/W/WARDEN.html) found within Southeastern Washington State, and was

collected at the Washington State University Irrigated Agriculture Research and Extension Cen-

ter, Prosser, WA. The series is classified as a coarse-silty, mixed, superactive, mesic Xeric Haplo-

cambid. The soil was air dried and then sieved to 4 mm to homogenize the sample and remove

any large debris. Soil characterization was done by Soil Test Farm Consultants, Inc. (Moses Lake,

WA). The texture is a sandy loam with a ratio of 50% sand: 5% clay: 45% silt, and is slightly basic

(pH 8.2). The elemental composition of the soil contains P (7 mg/kg), K (203 mg/kg), Bo (mg/

kg), Zn (mg/kg), Mn (mg/kg), Cu (0.3 mg/kg), Fe (3 mg/kg), Ca (15 meq/100g), Mg 3.8 meq/

100g), and Na (19.5 meq/100g). The saturated hydraulic conductivity is 5.47 x 10−4 cm/s (4.73 x

10−1 m/day). The nutrient composition consists of 0.4% of organic matter, 1.0 mg/kg of Ammo-

nium-N, 8.2 mg/kg of Nitrate-N, and 17 mg/kg of Sulfate-S. For successful cultivation, nutrients

in the form of commercial fertilizers are commonly applied to a soil with this nutrient profile.

Growth of Setaria
Two Setaria spp. consisting of three Setaria italica and one Setaria viridis accessions were

selected for this study. Three biological replicates of Setaria viridis (A10.1, designated as A1 in

this study), Setaria italica from India (Pl633416, designated as A2), China (Pl633417, desig-

nated as A3), and Afghanistan (Pl207502, designated as A4) were grown for a total of 12 plant-

soil systems, along with three ‘no plant’ soil controls. Setaria seeds were sterilized in 5% bleach

for 3 minutes and rinsed in sterilized water. Seeds were germinated on sterilized moist filter

paper for two days at 30˚C (during the light cycle) and 22˚C (during the dark cycle). Sieved

soil was potted (n = 3), and germinated seeds were planted in 300 g of soil. Plants were grown

at 16:8 hr, light:dark cycles, 30˚C: 22˚C temperatures, 50–60% relative humidity (RH),

~400 ppm CO2, and at ~350 μmol m-2 s-1 light intensity. Additional pots (n = 3), containing

only 300 g of soil were retained as no plant controls. Pots were watered every other day with 50

mL of water. There were two treatments: fertilized (with nutrient addition; WNA), or unfertil-

ized (no nutrient addition; NNA). Every 4th day the fertilized treatment received 50 mL of 1:1

water: 100 ppm fertilizer mix, while the unfertilized plants did not receive any nutrient addi-

tions. The fertilizer mix used was Jack’s Professional Fertilizer© at a ratio of 20% nitrogen, 20%

phosphorus, and 20% potassium. This nutrient addition regimen resulted in a total of 6.9 μg

Urea-N, 4.1 μg of Nitrate-N 2.6 μg of Ammonium-N, 13.9 μg of K2O, and 13.9 μg of P2O5

added to each gram of soil every 4 days during the duration of the experiment.

Harvesting of soil and Setaria
Plants were harvested at 4 weeks and were split into above- and below-ground portions by cut-

ting the plant stem at the soil surface. Above-ground tissues were then measured, weighed,
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and placed in a 50 mL falcon tube and were flash frozen in liquid nitrogen. Above-ground tis-

sues were then freeze-dried in a lyophilizer and re-weighed for dry biomass measurements.

Bulk soil was separated from the ectorhizosphere soil. Briefly, after cutting away the pot, soil

that fell immediately away from the roots and from the roots after slightly tapping against a

hard surface was considered bulk soil (adapted from [19]). Upon separation, bulk soil was col-

lected in a 50 mL falcon tube, weighed, and flash frozen in liquid nitrogen. The remaining soil

that was attached to the root complex (ectorhizosphere soil) was separated from the root by

placing the root with attached soil into a 50 mL falcon tube that contained 20 mL of a 0.2 mM

Calcium chloride dihydrate (CaCl2×2H2O) buffer (S1 Fig) [19]. Each tube was pulsed (vor-

texed) for three consecutive 45 s intervals, which separated the ectorhizosphere soil from the

root. Roots were then removed from the buffer solution, washed in nanopure water, placed in

a 50 mL falcon tube, and flash frozen in liquid nitrogen. Root samples were also freeze-dried

in a lyophilizer and re-weighed for dry biomass measurements. Each tube containing the

ectorhizosphere soil fraction was subsequently centrifuged for 20 min at 4,000 x g to create a

soil pellet. The supernatant was separated into 15 mL falcon tubes, and flash frozen in liquid

nitrogen for later TOC/TNb and FTICR analyses. Ectorhizosphere soil pellets were flash frozen

in liquid nitrogen. All above- and below-ground samples were stored in a -80˚C freezer. To

generate the liquid supernatant for the bulk soil fractions, 10 g of bulk soil was placed into a 50

mL falcon tubes, 20 mL of CaCl2 × 2H2O buffer (0.2 mM) was put into each tube and then

pulsed as described above (S1 Fig). Tubes were centrifuged for 20 min at 4,000 x g to create a

soil pellet, and the supernatant was split into two 15 mL fractions, one for TOC/TNb analysis

and one for FTICR analysis. All tubes were flash frozen and stored at –80˚C.

16S and ITS rRNA sequencing

DNA was extracted from 300–380 mg of bulk and ectorhizosphere soil using a MoBio Power-

Soil kit (Qiagen Germantown, MD, USA) according to the manufacturer’s instructions, and

further purified and concentrated (5 ng/μL) using a Zymo Genomic DNA & Clean Concentra-

tor kit (Zymo Research, Irvine, CA). DNA was quantified using a Synergy 2 Multi-Detection

Microplate Reader (BioTek Instruments, Winoosky, VT) and NanoDrop Spectrophotometer

(Thermo Fisher Scientific, Waltham, MA). PCR amplification of the V4 region of the 16S

rRNA gene and ITS (Internal Transcribed Spacer) was performed using the protocol devel-

oped by the Earth Microbiome Project (http://press.igsb.anl.gov/earthmicrobiome/emp-

standard-protocols/16s/), and described in Caporaso et al. (2012), with the exception that the

twelve base barcode sequence was included in the forward primer [20]. Amplicons were

sequenced on an Illumina MiSeq using the 500 cycle MiSeq Reagent Kit v2 (http://www.

illumina.com/) according to manufacturer’s instructions. An internal standard consisting of

Penicillium chrysogenum DNA was added as a quality control. Reads were processed using

PNNL’s in-house developed software tool, hundo, according to Brown et al. (2018) [21].

Briefly, 16S and ITS sequence data annotation was completed via hundo. Paired-end sequences

were quality trimmed and filtered using BBDuk 2 and were then merged and dereplicated

using VSEARCH. Merged reads were then clustered into operational taxonomic units (OTUs)

with 97% similarity. SILVA [22, 23] was used as the annotation reference database for 16S data

and UNITE [24, 25] was used for ITS data. Alignment of OTUs to taxonomic assignments via

BLAST [26]. OTU counts were assigned using the global alignment method of VSEARCH to

obtain an OTU table and biome table. Please see Brown et al. (2018) for detailed processing of

read data [21]. Processed read data were analyzed in RStudio using package pmartR/pmartR-

seq [27] to remove sequence outliers, normalize counts, and calculate diversity metrics

(Chao1, ACE, Jaccard index).
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Measurement of TOC and TNb

Total organic carbon and bound total nitrogen (TOC/TNb) within the collected ectorhizo-

sphere and bulk soil supernatants was measured using a Vario TOC Combustion Analyzer

(Elementar, Langenselbold, Hesse, de). Thawed samples (kept on ice) were diluted in acidified

water (2:8 dilution by volume; 2 ml of sample and 8 ml of acidified water). The acidified water

was prepared by adding 8.2 mL of concentrated HCl to 2 L of nanopure water. Seven variable

volume standard samples (0.150 mL, 0.225 mL, 0.375 mL, 0.600 mL, 0.750 mL, and 1.5 mL)

were generated by the instrument via dilution in acidified water of a 0.2 mM of CaCl2 ×2H2O

buffer and 100 ppm carbon (C8H5KO4) + 50 ppm nitrogen (KNO3) working solution. Ectorhi-

zosphere and bulk soil samples were analyzed in triplicate using the instrument TOC/TNb

Precise method, that allows the instrument to calculate and then determine the volume of sam-

ple to inject to stay within the standard curve. Area measurements for each sample (along with

blanks), provided by the instrument, were compared to standard curves (R2 = 0.99) to

calculate ppm of C and N, that were then converted to mass (μg) and normalized by the soil

dry weight (g) (S1 Table) which was obtained by weighing each soil, placed within an alumi-

num tin, before and after drying within an ~100˚C oven.

FTICR-MS soil organic analysis

Fourier transform ion cyclotron resonance mass spectrometry (FTICR-MS) was used to infer

difference in dissolved soil organic matter (SOM) profiles among our samples [28]. We

focused on polar solvent extraction of SOM based upon protocols that have been previously

described [28], with the exception that prior to extraction, ectorhizosphere and bulk soil super-

natants were adjusted to a common concentration of 20 ppm according to TOC concentra-

tions (Table A in S1 Table) measured above. Solid-phase extraction clean-up of SOM

consisted of using a PPL Bond Elut cartridge and following the procedure outlined in previous

literature [29]. We used H3PO4 for acidification of the sample to a pH of 2 (checked with pH

strips) and then rinsed the samples with 15 mL of 0.1 M HCl. We dried the cartridge using N2.

Samples were eluted with 1.5 mL methanol (MeOH) with a total yield of about 1 mL. After

clean-up, samples were directly infused at a flow rate of 3.0 μL/min into a 12 Tesla Bruker

SolariX (Bruker SolariX, Billerica, MA) FTICR-MS outfitted with a standard electrospray ioni-

zation (ESI) interface and operated in negative mode. Instrument details have been previously

described [28]. However, in brief, the MS instrument consisted of a home built automated Pal

Autosampler (HTX technologies) coupled with Agilent 1200 series pumps (Agilent Technolo-

gies, Santa Clara, CA). Experimental conditions were as follows: needle voltage, +4.4 kV; Q1

set to 50 m/z; and the heated resistively coated glass capillary operated at 180˚C. Data were col-

lected by co-adding 144 scans from 100 m/z to 900 m/z at 4M and an ion accumulation time of

0.1 s.

One hundred forty-four individual scans were averaged for each sample and internally cali-

brated using an organic matter homologous series separated by 14 Da (–CH2 groups). The

mass measurement accuracy was less than 1 ppm for singly charged ions across a broad m/z
range (100–900 m/z). Data Analysis software (BrukerDaltonik version 4.2) was used to convert

raw spectra to a list of m/z values applying FTMS peak picker module with a signal-to-noise

ratio (S/N) threshold set to 7 and absolute intensity threshold to the default value of 100.

Chemical formulae were then assigned using in-house software (Formularity, [30]) following

the Compound Identification Algorithm (CIA), proposed by Kujawinski and Behn (2006),

modified by Minor et al. (2012), and described in Tolic et al. (2017) [30–32]. Chemical formu-

lae were assigned based on the following criteria: S/N>7, and mass measurement

error< 0.5 ppm, taking into consideration the presence of C, H, O, N, S and P and excluding
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other elements. Assigned chemical formula observed within only one biological replicate per

treatment (WNA or NNA) where discarded. Chemical formula approximated to chemical

classes were based upon calculated oxygen to carbon and hydrogen to carbon ratios [33, 34].

Root and leaf metabolomics analysis

Below- and above-ground portions of plant tissue were lyophilized and pulverized in a Geno/

Grinder (SPEX, Metuchen, NJ) at 1,700 rpm for 15 minutes, then ~1.5 mL volume-sized repli-

cates of plant powder were placed into 15 mL falcon tubes and weighed. Lyophilized rhizo-

sphere and bulk soil samples were separated into 200 mg replicate soil pellets and placed into 2

mL microfuge tubes which were then weighed. All plant tissue and soil samples were stored at

-80˚C until ready for metabolite extractions.

Metabolites were extracted using a modified version of previously reported analyses [35,

36]. Modified here, a ratio of 2 mL of MeOH, 1.8 mL of chloroform, and 2 mL of nanopure

water (2:1.8:2) was used in a volume which was 5x the volume of soil or plant material used in

the extraction, for the separation of metabolites in the plant and soil samples. Samples were

vortexed to create an emulsion followed by centrifugation at 5,700 x g for 5 minutes at 4˚C to

create two immiscible solvent layers and an insoluble protein pellet layer, which separated

metabolites (water/methanol layer) from lipids (chloroform layer) and proteins (interphase).

Extracted metabolites were pipetted out into 2 mL automatic liquid sample (ALS) vials which

were placed under a nitrogen stream until dry. Dried metabolites were weighed and then re-

suspended in a 50:50 mix of methanol and nanopure water, all at a concentration of 20 mg/mL

as to normalize the total sample amount derivatized and loaded for each gas chromatography

mass spectrometry (GC-MS) instrument run. One hundred μLs of each sample were trans-

ferred to new ALS vials and were again dried under a nitrogen stream prior to derivatization

for GC-MS analysis. Individual biological root replicates of each accession did not provide

enough metabolite mass individually as to be analyzed in a comparative fashion with the other

samples so were combined into a single run for comparison to the triplicate analysis of the

WNA root samples. Therefore, only a combined accession volcano plot comparison of the

root samples could be performed.

An Agilent 7890A gas chromatograph coupled with a single quadrupole 5975C mass spec-

trometer (Agilent Technologies, Inc.) was used for all analyses. Metabolite extracts were dried

in vacuo again to remove any residual moisture and were reconstituted in 5 μL pyridine con-

taining methoxyamine, for methoxyamination of reactive carbonyl groups. To derivatize

hydroxyl and amine groups to trimethylsilyated (TMS) forms, N-methyl-N-(trimethylsilyl)tri-

fluoroacetamide (MSTFA) with 1% trimethylchlorosilane (TMCS) (80 μL) was added to each

vial, followed by incubation at 37˚C with shaking for 30 min. The samples were allowed to

cool to room temperature and were analyzed on the same day. A HP-5MS column (30

m × 0.25 mm × 0.25 μm; Agilent Technologies) was used for untargeted analyses. Samples

(1 μL) were injected in splitless mode, and the helium gas flow rate was determined by the Agi-

lent Retention Time Locking function based on analysis of deuterated myristic acid (Agilent

Technologies, Santa Clara, CA). The injection port temperature was held at 250˚C throughout

the analysis. The GC oven was held at 60˚C for 1 min after injection, and the temperature was

then increased to 325˚C by 10˚C/min, followed by a 5 min hold at 325˚C. Data were collected

over the mass range 50–550 m/z. A mixture of fatty acid methyl esters (C8–C28) was analyzed

together with the samples for retention index alignment purposes during subsequent data

analysis [37]. Samples were randomized and GC-MS measurements were deconvoluted, chro-

matographically aligned, and matched to an in-house developed metabolite spectral/retention

index reference library using MetaboliteDetector [38]. Metabolite abundances obtained from
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each sample were transformed to a log2 value and these values were then normalized using a

mean centering algorithm available in InfernoRDN [39]. Analysis of Variance (ANOVA)

using a Welch approximation variance assumption was used to compare treatment means and

biological replicates (n = 3).

Results

Response to nutrient addition varied with accession

The growth response of Setaria to nutrient addition (WNA) varied with accession as measured

by above ground biomass, below ground biomass (Fig 1) and total biomass (S2 Fig). Signifi-

cantly greater above-ground biomass was observed relative to the no nutrient addition control

(no nutrient addition; NNA) for A2 (p< 0.01, WNA Mean = 389.90 mg ± 91.64, NNA

Mean = 76.26 mg ± 34.33, expressed as dry weight) and A3 (p< 0.05, WNA Mean = 543.13

mg ± 175.14, NNA Mean = 121.73 mg ± 7.37) (Fig 1A). We also observed significantly greater

below-ground biomass for A2 (p< 0.01, WNA Mean = 214.80 mg ± 29.55, NNA

Mean = 46.13 mg ± 13.32) and A3 (p< 0.05, WNA Mean = 255.16 mg ± 83.00, NNA

Mean = 92.53 mg ± 9.06) (Fig 1B). Compared to the other accessions, A4 exhibited the smallest

growth response WNA, where the difference in biomass was not statistically significant in

either the above or below ground biomass measurements. In contrast, A3 exhibited the largest

difference in above ground growth response WNA.

Total organic carbon (TOC) found within the soil water extractable fractions (see Methods-

Harvesting), and expressed as mass per dry weight of soil, was significantly different (Welch’s

ANOVA as part of InfernoRDN [3]) for the ectorhizosphere of all Setaria when compared to

the NNA controls (p< 0.05), with the exception of A2 (Fig 2A). In contrast to the ectorhizo-

spheres of A1 and A3, which showed significantly greater mass of TOC WNA compared to

NNA, A4 exhibited the opposite; greater amounts of TOC in the NNA treatment compared to

the WNA treatment (p< 0.001, NNA Mean = 509.04 μg/g-1 ± 94.81, WNA Mean = 179.92 μg/

g-1 ± 71.03) (Fig 2A). Nutrient addition had no measured impact on TOC for soil contained

within the no plant controls. And, given that the bulk soil fractions harvested from the same

pots used for Setaria also showed no significant difference in measured TOC suggested that we

successfully isolated the ectorhizosphere soil fraction.

Likewise, in the ectorhizospheres of all accessions, the average mass of TNb, expressed as

mass per dry weight of soil, was significantly different WNA compared to the NNA controls (p

<0.05) (Fig 2B). As found in the TOC measurements, bulk soil fractions showed no significant

difference in measured TNb across all samples (Fig 2B), which further confirmed that our

measurements successfully represented isolated ectorhizosphere. As expected, an increase in

nitrogen WNA was observed for the soil within the no plant control. Additionally, the mean

nitrogen abundance in our no plant control was greater than that measured within the ectorhi-

zospheres for A2 and A4 (Fig 2B), suggesting a net increased uptake by the plant. As with

TOC, we observed a greater abundance of TNb in the NNA replicates of A4 (p<0.001, WNA

19.04 μg/g-1 ± 7.93, NNA 37.27 μg/g-1 ± 22.73) demonstrating a contrasting response of its

ectorhizosphere compared to those of the other accessions.

Of the Setaria accessions selected, we observed the largest difference in response between

NNA and WNA for A3 in measured above and below ground biomass, and with its ectorhizo-

sphere, regarding bulk TOC and TNb measurements. A4 exhibited the smallest difference in

biomass and the opposite response in its ectorhizosphere for TOC and TNb. Because of this

contrast, we chose to focus our molecular and microbial analyses on A3 and A4, as described

below.
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SOM composition differed between Setaria ectorhizospheres

FTICR-MS measured a combined total of 31,275 m/z features from all accessions representing

extracted water-soluble soil organic matter (SOM). Molecular formulae were assigned to 36%

Fig 1. Average dry weight of Setaria (A) aboveground biomass and (B) belowground biomass with nutrient addition

(WNA) and no nutrient addition (NNA).

https://doi.org/10.1371/journal.pone.0259937.g001
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of these m/z features (11,381 out of 31,275; Table B in S1 Table). When accounting for biologi-

cal reproducibility, 8,488 of these 11,381 molecular formulae were observed across all biologi-

cal replicates and accessions. From the total number of observed molecular formulae,

differences between bulk soil and ectorhizosphere SOM were observed (S3 Fig), which sug-

gests distinct SOM profiles between these two soil fractions.

Reproducible SOM features measured by FTICR-MS for A1, A2, and A3 showed a high

degree of overlap ranging from 90–98%, and A3 that exhibited the largest number of unique

features of the three, was selected for comparison to A4. However, all SOM data for all Setaria
is publicly available. When focusing on A3 and A4, we observed differences in the SOM chem-

ical constituents, as expected due to the observed contrast in their ectorhizosphere responses

measured for water extractable TOC and TNb (Fig 3). Here, 1,863 m/z features having molecu-

lar formulae were observed unique to A4, meaning these molecular formulae were measured

within all biological replicates of A4, but were not measured within any of the biological repli-

cates of A3. This value represents 22% of the total m/z features measured for A3 and A4 that

were assigned molecular formulae. Further, 2,890 m/z features (35.25% of features between A3

and A4) having molecular formulae were observed unique to A3 when compared to A4

(Fig 3).

The above SOM measurements provide evidence that the ectorhizospheres of A3 and A4

responded differently within the Warden soil to nutrient addition (Fig 3). To better character-

ize these molecular compositional differences, we assigned chemical classes to those uniquely

measured FTICR-MS molecular formulae (Fig 4). Fig 4 summarizes this comparison by com-

bining measurements from biological replicates and representing the number of chemical for-

mulae within a class as a percentage of the total assigned chemical formulae for a treatment

(WNA or NNA). On the other hand, Table 1 provides the mean percentage (by not combining

biological replicates) of molecular formula making up a chemical class, standard deviation,

and p-value results.

The SOM WNA and NNA profiles for A4 are qualitatively alike regarding the fraction of

molecular formulae assigned to a chemical class (Fig 4) and their means (Table 1). For exam-

ple, lignin is the largest class for both WNA and NNA, comprising 39.3 ± 0.40 percent of total

Fig 2. Measurement of (A) total organic carbon (TOC) and (B) total bound nitrogen (TNb) within soil water extracts amongst all Setaria spp. and accessions with

nutrient addition (WNA) or no nutrient addition (NNA) in their respective soil. Data were normalized by dry weight of each harvested soil.

https://doi.org/10.1371/journal.pone.0259937.g002
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unique features and 39.2 ± 0.44 percent, respectively (Table 1), indicating no impact of treat-

ment on this class. Yet, differences in some chemical classes were observed, namely the amino

sugar class, and protein class, which increased in the above measures WNA. The percentages

of measured molecular formula assigned to condensed hydrocarbons and tannins significantly

decreased in A4 WNA (p< 0.001, respectively).

The SOM WNA and NNA profiles for A3 were observed as substantially different. The lig-

nin class decreased WNA (Fig 4), and the mean percentage of the number of molecular formu-

lae assigned to this class decreased (p<0.001) by 19 percent (from 50.6 ± 0.48 percent to

31.2 ± 0.39 percent; Table 1). As with A4, a decrease in the fractional response and mean per-

centage of tannin was observed with nutrient addition. The decrease in molecular formulae

assigned to lignin and tannin and a systematic increase in formulae assigned to all the other

SOM classes does not represent a systematic bias in the mass of carbon injected to the

FTICR-MS, as all samples for analysis were adjusted to the same carbon concentration based

upon our TOC measurements (Table A in S1 Table). Thus, for A3, the observed increase in

TOC measured with nutrient addition is likely a result of an increase in several classes of

organic matter offsetting lignin and tannin declines. The contrasting differences in SOM pro-

files for A3, A4, and the no plant control, especially with and without nutrient addition led us

to hypothesize that a significant shift in microbiome composition would be observed.

Fig 3. Four-way Venn diagram showing the number of uniquely identified chemical compounds between Setaria italica accessions A3

and A4 with nutrient addition (WNA) or no nutrient addition (NNA).

https://doi.org/10.1371/journal.pone.0259937.g003
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Ectorhizosphere microbial composition differed by population abundance

and structure

Nonmetric multi-dimensional scaling (NMDS) of bacterial OTUs measured by 16S rRNA

amplicon sequencing separated Setaria ectorhizospheres generally from bulk soil samples (Fig

5). OTUs from no plant controls grouped with bulk soil OTUs demonstrating the influence of

Setaria viridis and Setaria italic accessions (Fig 5) on surrounding ectorhizosphere soil, which

has been previously demonstrated for different Setaria spp. [40]. Additionally, within the

ectorhizosphere a division between nutrient addition and no nutrient addition was observed,

providing evidence in favor of our hypothesis. Alpha-diversity (Shannon index) decreased

WNA compared to NNA for A1, A2, and A3 but not for A4, where alpha-diversity remained

observationally unchanged (S4 Fig). The decrease in diversity for S. viridis and these S. italica
accessions was not statistically significant, even though abundance differences in major phyla

were observed (S5 Fig). Therefore, to better delineate compositional differences, we con-

structed a 4-way Venn diagram to evaluate the contribution of uniquely observed taxa to

Fig 4. Stacked bar chart showing the percentage of FTICR-MS derived molecular formula assigned to unique chemical classes identified in the no plant control

and ectorhizosphere soil samples. Ectorhizosphere data shown is for A3 and A4 Setaria italica accessions in the nutrient addition (WNA) and no nutrient addition

(NNA) soil. In the legend, “Con HC” refers to condensed hydrocarbons, “Unsat HC” refers to unsaturated hydrocarbons.

https://doi.org/10.1371/journal.pone.0259937.g004
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Table 1. Classification of soil organic matter (SOM) for S. italica accessions A3 and A4. Values represent mean percentage of FTICR-MS empirical features assigned

to a given SOM class.

Control A3 A4

WNA NNA WNA NNA WNA NNA

Amino Sugar 3.81 ± 0.43ᵼ ƍ 2.45 ± 0.46ᵼ 8.17 ± 0.46ƍ 4.21 ± 0.40 10.25 ± 0.42ᵼ 8.40 ± 0.48ᵼ

Carbohydrate 0.72 ± 0.51ᵼ 0.47 ± 0.51ᵼ 4.1 ± 0.37 1.62 ± 0.39 4.03 ± 0.44ᵼ 4.51 ± 0.47ᵼ

Condensed Hydrocarbon 13.11 ± 0.47 16.87 ± 0.46 15.14 ± 0.50 13.98 ± 0.45 9.26 ± 0.46 10.40 ± 0.47

Lignin 50.45 ± 0.412ᵼ ƍ 52.11 ± 0.43ᵼ 31.22 ± 0.49ƍ 50.60 ± 0.45 39.27 ± 0.42ᵼ 39.23 ± 0.49ᵼ

Lipid 5.70 ± 0.45 4.04 ± 0.47 12.36 ± 0.44 4.51 ± 0.42 7.55 ± 0.45 7.31 ± 0.44

Other 0.71 ± 0.48 0.37 ± 0.50ƍ 2.77 ± 0.50 0.60 ± 0.42 1.00 ± 0.48 1.10 ± 0.49ᵼ

Protein 15.09 ± 0.43 11.59 ± 0.43 16.59 ± 0.48 12.54 ± 0.43 18.97 ± 0.40 17.35 ± 0.44

Tannin 9.31 ± 0.41 11.54 ± 0.41 7.90 ± 0.38 10.87 ± 0.44 7.65 ± 0.41 9.97 ± 0.44

Unsaturated Hydrocarbon 0.97 ± 0.49ᵼ 0.56 ± 0.46 1.72 ± 0.50 1.06 ± 0.36 2.02 ± 0.48ᵼ 1.73 ± 0.43

Boldtext indicates significant differences between treatments, within accession (paired t-test, p < 0.01).

ᵼ indicates significant differences between A4 and Control (paired t-test, p < 0.05).

ƍ indicates significant differences between A3 and Control (paired t-test, p < 0.05).

https://doi.org/10.1371/journal.pone.0259937.t001

Fig 5. Non-metric multi-dimensional scaling (NMDS) plot of 16S sequence data acquired from with nutrient addition (WNA) or no nutrient addition (NNA)

soils.

https://doi.org/10.1371/journal.pone.0259937.g005
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nutrient addition focusing on A3 and A4. Of the 567 identified bacterial OTUs, 21 were

observed unique to A3 (observed across all replicates in A3, but not in A4), and 59 were

observed unique to A4 (S6 Fig). However, less delineation in OTU composition between A3

and A4 was observed with nutrient addition, where only 9 OTUs were observed as unique to

A3, while 11 were observed as unique to A4 (S6 Fig). The classification of all OTUs can be

found in Table C in S1 Table. Since the composition in the microbiome between A3 and A4

were observed to be largely conserved, we focused our analysis on differences in abundances

between shared OTUs.

Fig 6 compares the abundances (using Log2 fold changes) of OTUs within each treatment

that were found in both A3 and A4 at the phylum level. When comparing the effect of treat-

ment within each accession on the abundance of OTUs we observed large abundance shifts in

Fig 6. Fold-change of Log2 abundances, measured for bacterial OTUs assigned to phyla, comparing no nutrient addition (NNA) to with nutrient addition (WNA) for

the ectorhizosphere harvested from Setaria italica accession A3 (A) and accession A4 (B).

https://doi.org/10.1371/journal.pone.0259937.g006
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OTUs within Actinobacteria, Bacteroidetes, and Proteobacteria in both A3 and A4. Specifi-

cally, we observed more pronounced shifts in Actinobacteria and Proteobacteria abundances

in accession A3 between the NNA and WNA treatment (Fig 6A). When comparing accessions,

we observed that Actinobacteria and Proteobacteria had more significant (p<0.05) member

shifts within A3. This suggests that A3 may have a stronger influence on the relative abun-

dance of Actinobacteria and Proteobacteria (Fig 6A) than A4. However, A4 appears to influ-

ence the abundances of different members of mainly Bacteroidetes and Proteobacteria bacteria

(Fig 6B). In general, we see larger differences in the relative abundances of OTUs associated

with the ectorhizospheres of A3 than in A4.

While Fig 6 highlighted differences in bacterial OTUs between treatments, Fig 7 compares

A3 and A4 within the same treatment to highlight bacterial abundance changes based on

Fig 7. Fold-change of Log2 abundances, measured for bacterial OTUs assigned to phyla, comparing Setaria italica accession A3 to accession A4 for (A) no nutrient

addition (NNA) and for (B) with nutrient addition (WNA) soils harvested from the ectorhizosphere.

https://doi.org/10.1371/journal.pone.0259937.g007
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accession alone (Fig 7). The profiles of microbial phyla for A3 and A4 WNA are similar (Fig

7B), which was expected because of the similarity observed between A3 and A4 in both our

TOC/TNb and FTICR-MS measurements. We observed changes in Actinobacteria abundance

between accessions based on treatment. A3 shows a higher abundance of Actinobacteria in the

WNA treatment (Fig 7B), while Actinobacteria was higher in abundance in the NNA treat-

ment for A4 (Fig 7A). This qualitatively agrees with our observations in Fig 4, where lignin

accumulates under NNA conditions but is significantly consumed under WNA conditions as

Actinobacteria are well known for consuming lignocellulosic material as a substrate [41, 42].

When comparing A3 and A4 in the NNA treatment, A4 appears to impact the abundances of

Actinobacteria, Bacteroidetes, and Firmicutes more than A3, while A3 appears to have greater

impact on the abundances of Acidobacteria, Ca. Peregrinibacteria, and Cyanobacteria (Fig

7A). Proteobacteria was observed to be in high abundance in both the WNA and NNA treat-

ments (Fig 7).

ITS amplicon sequencing measured fewer fungal OTUs in comparison to bacterial OTUs

(S7 Fig). We observed the abundances of Ascomycota and Olpidiomycota OTUs to be signifi-

cantly greater in A3 compared to A4 in the NNA treatment (S8 Fig). Also, in the NNA treat-

ment, OTUs associated with Basidiomycota were measured as significantly greater in

abundance within A4 compared to A3 (S8 Fig). When comparing A3 to A4 in the WNA treat-

ment, A3 showed almost no effective influence on ectorhizosphere fungal OTUs. Few, if any,

fungal OTUs were observed in any abundance in A3 WNA (S9 Fig). Conversely, A4 shows a

significant increase in Ascomycota and Olpidiomycota OTU abundances (S9 Fig).

Metabolite enrichment in leaf, root, and ectorhizosphere metabolites

differed with nutrient addition

Metabolomic analyses of leaf, root and soil samples showed a different profile of enrichment of

specific classes of compounds in either the Setaria grown with or without nutrient addition.

Fig 8 shows that the leaves and roots of plants grown in a fertilized soil (WNA) contain an

enrichment of free amino acids, nucleic acids and other nitrogen containing compounds. In

leaf tissue, L-serine (p <0.001), L-leucine (p<0.01), L-threonine (p<0.001), L-aspartic acid (p

<0.001), L-glutamic acid (p<0.01), L-pyroglutamic acid (p<0.001), and L-phenylalanine (p

<0.001) were all significantly changed with an average of at least a 5-fold increase (S1 Table)

in the plants grown WNA compared to those grown without (NNA). The roots displayed sig-

nificant increased abundances with a differences in enrichment of specific amino acids as com-

pared to those identified in the leaf tissue. Here L-glutamine (p<0.05), L-asparagine (p

<0.05), and L-tyrosine (p<0.01) showed at least a 5-fold increase (Table E in S1 Table) in the

WNA plants compared to the NNA plants.

A further indication that Setaria experiencing nutrient addition were undergoing N and C

balance regulation is the significant enrichment of β-cyano-L-alanine in both tissues. We

observed a ~12.2-fold and 14.01-fold increases in the leaf (p<0.001) and root (p<0.001) tis-

sue, respectively (Fig 8, Table D in S1 Table). In addition to amino acids, other nitrogen con-

taining organic acids (e.g., gamma-aminobutyric acid, p<0.001 in leaf, p<0.01 in root),

nucleic acids (e.g., thymine, p <0.001 in leaf, p <0.01 in roots; and adenosine, p<0.05 in leaf,

p<0.05 in roots), alcohols (i.e., ethanolamine, p<0.001 in leaf, p<0.05 in roots), and phos-

phate ions (p<0.01 in leaf, p<0.05 in roots) significantly increased WNA.

In leaves especially, organic acids, and phenolics were less dominant in metabolite enrich-

ment of WNA plants compared to NNA plants. Those phenolics with greater than 5-fold

decreases (Tables D and E in S1 Table) as compared to WNA plants, included hydroquinone

(p<0.001) and pyrogallol (p<0.001) in leaves and phloretic acid (p<0.05) in the roots.
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Phloretic acid (3-(4-hydroxyphenyl)propionic acid) showed a 4.79-fold decrease in WNA

Setaria roots when compared to NNA roots. Of detected polyols, pyrogallol especially was

found to be over 10-fold lower (Tables D and E in S1 Table) in abundance in WNA Setaria
compared to the NNA plants. Catechol, another polyol, was also found to be significantly

enriched (p<0.001) in leaf, and with a large fold decrease (i.e., 4.26 combined), especially in

the leaves of A4 (p<0.05, 5.64-fold-change) as compared to A3 (p<0.05, 3.00-fold-change)

(Fig 9).

While sugars, in general, were found to be significantly enriched in both the WNA and

NNA plants, specific sugars were found either enriched in the WNA plants or the NNA plants

with leaves producing many more significantly enriched sugars as compared to the roots. D-

arabinose (P<0.001 in leaf and in roots) showed a 5.18 and 5.40-fold increase in abundance in

the WNA leaves and roots, respectively. Threose (p<0.001) was found to be 13.02-fold lower

in leaves of WNA plants compared to NNA plants. DL-glyceraldehyde (p<0.001 in leaves, p

<0.05 in roots) showed over a 4.3-fold decrease in the leaves and 2.24-fold-decrease in roots of

Setaria when not fertilized.

GC-MS measurements also confirmed a difference between WNA and NNA metabolomics

profiles within Setaria ectorhizospheres in general, and in accessions A3 and A4. A total of 64

small molecules were measured within the ectorhizosphere, with 31 of these matching to iden-

tifications within our library. WNA did not significantly alter the metabolites that were identi-

fied within bulk soil and the ectorhizosphere (S10 Fig), except for 6 metabolites: carbonate ion,

fumaric acid, 3-hydroxybutyric acid, glycerol, benzoic acid, and palmitic acid. A relative

Fig 8. Volcano plot showing Log10 fold changes in leaf metabolite abundances comparing with nutrient addition (WNA) to no nutrient addition (NNA) in Setaria
italica accessions A3 and A4.

https://doi.org/10.1371/journal.pone.0259937.g008
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decrease in carbonate ion (1.8-fold decrease, p<0.01), suggests a reduction in pH within the

ectorhizosphere soil WNA. A 1.4-fold decrease (p<0.001) in the relative abundance of

fumaric acid was observed as a distinguishing characteristic of the ectorhizosphere, supporting

the observed relative decrease in organic acids present in leaf and root in WNA soil. In con-

trast, 3-hydroxybutyric acid decreased by 1.32-fold (p<0.05) in the root but increased by

1.87-fold within the ectorhizosphere. 3-hydroxybutyrate can result from branched chain

amino acid catabolism (i.e., valine) during times of plant stress [43, 44]. Nutrient addition also

altered the relative abundance of glycerol that increased 4.93-fold (p<0.001) when combining

measurements from all Setaria ectorhizosphere samples and increased 8.38-fold (p<0.05) for

A4 (S10 Fig). Although glycerol was measured within soil harvested from the no plant control

(Fig 10), it was not measurably altered in the WNA soils (Fig 10). S7 Fig also provides evidence

that the alteration of glycerol within the ectorhizosphere samples for all Setaria studied here is

a result of plant or microbial activity, as evident when comparing its abundance measured

within the surrounding bulk soil. While we did not detect glycerol in the root metabolomics

analysis, the abundance of diglycerol phosphate and glycerol increased in the WNA plant

leaves, which provides evidence that glycerol was produced at a higher level overall in the

WNA plants.

Discussion

While most Setaria studies have focused on comparing genotypic responses of the rhizosphere

to various environmental conditions [8, 9, 45] or only looked at the general taxonomic struc-

ture [17], our study used TOC/TNb, 16S & ITS sequencing, FTICR-MS, and GC-MS based

Fig 9. Volcano plot showing Log10 fold changes in leaf metabolite abundances for combined Setaria italica accessions grown in with nutrient addition (WNA)

and no nutrient addition (NNA) soils.

https://doi.org/10.1371/journal.pone.0259937.g009
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metabolomics to characterize the plant and ectorhizosphere response to nutrient addition in a

nutrient poor soil.

To allow a multi-measurement comparison to be made on the ectorhizospheres of Setaria,

it was crucial that the bulk and ectorhizosphere soil were successfully separated. The methods

used here, and our diverse measurements, demonstrate that we were successful in performing

this separation. For example, our TOC/TNb results show significantly higher values of organic

C and total N in the ectorhizosphere than in the bulk soil (Fig 2), suggesting an accumulation/

concentration of these nutrients by the plant-ectorhizosphere interactome. Although we did

not measure metabolic activity directly, our claim is supported by previous studies. Chaparro

et al. (2013) and Zhu et al. (2016) have shown that greater metabolic activity in the ectorhizo-

sphere compared to the bulk soil occurs because nutrient addition increases root exudation

into the ectorhizosphere [46, 47]. In addition, our 16S data also showed distinct separation

between the ectorhizosphere and bulk soil with a large amount of overlap in OTUs between

our bulk soil samples and no plant control samples (Fig 5). Similar results were shown in a

study done with switchgrass [48], which further supports that our separation of the ectorhizo-

sphere has a distinct community composition compared to bulk soil as demonstrated when

comparing beta-diversity (Bray-Curtis) (S11 Fig).

The use of FTICR-MS to distinguish the ectorhizosphere from bulk soil represents a more

recent application of this capability. Previous applications of FTICR-MS in soils have been

used to characterize soil organic matter [28], dissolved organic matter [49], and determine

how the rhizosphere can absorb metal pollutants [50]. By using FTICR-MS here, we not only

identified separate soil fractions based upon organic chemical composition (S3 Fig), but also

Fig 10. Log2 abundance of glycerol measured by GC-MS in the no plant control, ectorhizosphere, and bulk soil fractions for each Setaria. Box and whisker plot

showing the Log2 abundance of glycerol across each accession using an ANOVA of rhizosphere metabolites (p-value< 0.01), showing significantly changed

metabolites between WNA and NNA treatments.

https://doi.org/10.1371/journal.pone.0259937.g010
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demonstrated that alterations to SOM chemical classes differs with Setaria spp. and within dif-

ferent accessions of the same species, as reported here for accessions A3 and A4. For example,

under NNA the protein and amino sugar chemical classes could serve as N sources for A3,

while for A4, a lower demand for N could be hypothesized based upon less alteration of these

chemical classes. WNA, lignin decreases substantially in A3, yet not significantly for A4, while

the opposite was observed for the tannin chemical class (Fig 4). The alteration in these latter

chemical classes leads us to hypothesize that this outcome is a result of differences in rhizo-

sphere priming [51]. Dijkstra et al. (2013), defined rhizosphere priming as a change in the

composition of SOM caused by root activity, which can be affected by nutrient availability

[51]. If correct, our observations further suggest that differences in rhizosphere priming are a

function of plant genotype (here accession, as the genotype of each Setaria was not investi-

gated), with alterations in different chemical classes brought about by the interaction of the

plant and its rhizosphere commensals; differences in root exudation for regulating these SOM

chemical classes as sources and sinks of C and N. Further experimentation is needed to vali-

date this hypothesis.

The comparison of metabolites identified in our ‘no plant’ controls to those identified in

the ectorhizosphere, bulk soils, leaves and roots provided examples of the enrichment of spe-

cific metabolites, which accumulated in either the roots, leaves and in the ectorhizosphere dur-

ing nutrient deplete or replete conditions. Enrichment of specific metabolites in the roots

could be exudated, which in turn could be used to add positive or negative growth pressures

on specific ectorhizosphere microbes. For example, glutamic acid (Glu) and aspartic acid

(Asp) where enriched in the leaves but the amine-enriched relatives to Glu and Asp, glutamine

(Gln) and asparagine (Asn) were highly enriched in the roots. This might be indicative of the

processes Setaria employ to balance source-sink relationships of C and N. Differential accu-

mulation of distinct amino acids in distinct plant tissues supports the idea that amino acids

play a central role in N incorporation after uptake from soil, along with the translocation, utili-

zation, and metabolism within plants. All NH4
+ derived from soil or produced from NO3

-

reduction is first channeled through the glutamine synthetase (GS) reaction [52]. GS catalyzes

the fixation of NH4
+ into Glu to form glutamic acid. Glutamine and glutamic acid then can be

utilized as amino group donors as well as N transport molecules [53]. GS activity has been tied

to metabolic and environmental changes and has been linked to the balance of C and N metab-

olism [54–56] where Glu levels act as a nutritional status sensor for plants. Further intercon-

versions from Glu to Gln and to other amino acids, especially Asn, are then possible.

Source-sink differences for C and N observed with Setaria could also come about through

our observation of large fold increases of beta-cyano-L-alanine coupled with high abundances

of L-phenylalanine (Phe) in the leaves and L-tyrosine (Tyr) in the roots (Figs 8 and 9). This

observation suggests that WNA Setaria is utilizing the cyanoamino acid pathway to produce

hydrogen cyanide (HCN) to act as a negative regulator of nitrate reductase (NR) [57]. NR con-

trols nitrate to nitrite conversions enabling the downstream conversion of nitrite to hydroxyl-

amine to ammonium in the plant cells. The ammonium is then coupled with carbon skeletons

(i.e., 3-phosphoglycerate) produced in photosynthesis to produce amino acids. If production

of ammonium ions is not stoichiometrically coupled with carbon skeleton production, then a

toxic buildup of nitrate, hydroxylamine and ammonium can occur. This regulation however

also needs to be controlled as HCN is also toxic to the plant in large enough quantities. To

accomplish cyanide detoxification, higher plants convert the cyanide into beta-cyano-L-ala-

nine, which is further converted enzymatically by two different pathways to either L-aspara-

gine, which we found to be highly abundant in the WNA roots, or L-aspartate [58], which we

found to be highly abundant in the WNA leaves (Fig 8).
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The alkaloid synephrine may also play an important role in our observed nutrient acquisi-

tion differences in Setaria. We detected a large increase in synephrine in the WNA plants com-

pared to the NNA plants. We hypothesize that this alkaloid may be an important response

metabolite in nutrient-rich environments. Generally, synephrine research has focused on its

use as a vasoconstrictor agent in animals and humans as a treatment to shock and sometimes

asthma [59, 60]. The limited research on synephrine in plant-soil interactions shows that

Anthrobacter which is an Actinobacteria, can use synephrine as a sole carbon and nitrogen

source [61]. Future studies should investigate further synephrine’s role in nitrogen utilization

or possible microbiome remodeling in Setaria.

A high abundance of glycerol observed in the ectorhizosphere WNA of all Setaria grown in

this study indicates nutrient addition enhances glycerol uptake in a nutrient poor soil. Glycerol

has been detected in other plant studies as a root exudate [46, 62]. Miller et al. (2019) detected

glycerol in a non-targeted metabolomics analysis of sorghum rhizospheres, in sand, clay or soil

media [63] where they observed much higher levels of glycerol in their no-plant control com-

pared to the soil growing sorghum. In our soil analysis here, we also had no-plant controls

which did show glycerol levels to be higher when compared to the potted plants having NNA,

but lower in the ectorhizosphere of plants WNA (S10 Fig). We observed that glycerol is signifi-

cantly greater in the ectorhizosphere soil for both A3 and A4 while the bulk soil shows a much

smaller change. This suggests that Setaria might utilize glycerol in a nutrient poor environ-

ment to mitigate stress. Miller et al. (2019) suggested that glycerol may act as both a plant root

exudate and a rhizosphere-abated metabolite [63]. In this study, glycerol was considered an

osmotic stress protectant for both plants and microorganisms, and it has been documented

that glycerol can be used by bacteria such as Pseudomonas putida, a soil monoderm and Acti-

nobacteria, as a sole carbon source [64]. It also has been shown to possess auxin-like activity,

negatively affecting root growth [65]. In this study, exogenous glycerol applied to Arabidopsis
inhibited primary root growth and altered lateral root development. This phenotype appeared

concurrently with increased endogenous glycerol 3-phosphate (G3P), H2O2 and decreased

phosphate levels in roots. In plants with exogenously applied glycerol, free auxin content

increased by 46%, suggesting that glycerol likely altered normal auxin distribution thus affect-

ing root development. It is likely that the presence of glycerol in the plant and as a root exu-

date, is tied to nutrient availability and when Setaria is grown under nutrient limited

conditions, the plant exudate composition might enable enrichment of microorganisms which

favor glycerol as a carbon source. This alteration in the level of glycerol then might act to alter

auxin levels and thus root architecture which are better suited to low nutrient soils (e.g., high

surface area fine root formation).

Other compounds found in the soil metabolite analysis revealed enrichments of benzoic

and palmitic acid. Benzoic acid and palmitic acid are organic acids which have the capability

of altering soil microbiomes. We found both compounds to be significantly enriched in the

loose bound soil surrounding the roots of setaria grown WNA as compared to setaria grown

NNA (S10 Fig). In prior work [66], benzoic acid added to soil with peanut plants have been

shown to be quickly consumed and metabolized by bacteria such as Burkholderia, whereas

AD3 and actinobacteria have been shown to be reduced in benzoic acid treated soils. In water-

melon studies, palmitic acid addition to the soil, decreased the severity of Fusarium wilt,

changed the bacteria microbiome composition, and overall promoted the growth of water-

melon [67]. It has therefore been hypothesized that plants exude such organic acids as a mech-

anism to remodel the soil bacteria for species which metabolize the acids making plants less

susceptible to fungal pathogens [68]. Our data suggest that Setaria with nutrient amendment

might be exuding such organic acids to the soil as a mechanism to inhibit pathogenic fungi.
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In conclusion, our comparison of A3 and A4suggests that A3 responds better to nutrient

amendment, while A4 is better adapted to nutrient poor soil conditions. While a greater analy-

sis of metabolomics data (and SOM and community structure) did not extend to A1 and A2,

measured global responses of these accessions showed similarity to A3. And, it is possible that

for these accessions hydroquinone and serotonin (a tyrosine derived alkaloid like synephrine)

may be responsible for this finding. Hydroquinone is known as a growth stimulator in small

concentrations and as a growth inhibitor at high concentrations [69]. Hydroquinone might act

as a growth inhibitor for some Setaria spp or accessions (here, accession A3) grown with lim-

ited nutrient availability. For example, growth indicators for A3 (above and below ground bio-

mass, plant height; S12 Fig) differed to a larger degree than for A4, supporting the observed

enrichment of hydroquinone under NNA relative to WNA. However, WNA above ground

growth may be promoted via serotonin, which was observed to be greater in the leaves of A3

WNA, but not measured for A4 (Fig 8). Admittedly, the overall role of serotonin in plants is

not well known, but it has been suggested to play a role in plant growth and root architecture

[70], along with glycerol. While not undertaken here, future studies directly measuring which

metabolites are actively exuded to the rhizosphere using stable isotope tracing would be an

informative addition to this study as well as experiments to characterize what specific influence

the alkaloids serotonin and synephrine have on soil microbiome dynamics, if any, would be

interesting to pursue. A future genome-wide association experiment (GWAS) could also fur-

ther elucidate why genetically, A3 responded differently than A4 with and without nutrient

addition.

Supporting information

S1 Fig. Workflow including sample amounts and normalization broken down by individ-

ual analysis.

(TIF)

S2 Fig. Average dry weight of Setaria total biomass with nutrient addition (WNA) and no

nutrient addition (NNA).

(TIF)

S3 Fig. Non-metric multidimensional scaling of FTICR-MS measured soil organic matter

profiles based on soil fraction.

(TIF)

S4 Fig. Alpha diversity measure of 16S bacterial diversity shows that there are no signifi-

cant differences in bacterial community between treatments within each accession (paired

t-test).

(TIF)

S5 Fig. The relative abundance of bacterial OTUs across all treatments shown at the phyla

level.

(TIF)

S6 Fig. 4-way Venn Diagram showing the unique 16S OTUs between Setaria italica acces-

sions A3 and A4 based on treatment.

(TIF)

S7 Fig. 4-way Venn Diagram showing the unique ITS OTUs between Setaria italica acces-

sions A3 and A4 based on treatment.

(TIF)
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S8 Fig. Fold-change of log2 abundances, measured for fungal OTUs assigned to phyla,

comparing no nutrient addition (NNA) between Setaria italica accessions A3 and A4 in

the ectorhizosphere.

(TIF)

S9 Fig. Fold-change of log2 abundances, measured for fungal OTUs assigned to phyla,

comparing with nutrient addition (WNA) between Setaria italica accessions A3 and A4 in

the ectorhizosphere.

(TIF)

S10 Fig. Volcano plot showing Log10 fold changes in rhizosphere and loose bound soil

metabolites for combined Setaria italica accessions as well as Setaria italica accessions A3

and A4 grown with nutrient addition (WNA) and no nutrient addition (NNA) soils.

(TIF)

S11 Fig. Beta Diversity of 16S bacterial data using Bray-Curtis dissimilarity and an analysis

of similarity (ANOSIM) to determine the difference of the bacterial community between

each accession and treatment (ANOSIM, R = 0.57, p = 0.0001).

(TIF)

S12 Fig. Setaria viridis (A1), and Setaria italica accessions A2–A4 grown with nutrient addi-

tion (Left) and no nutrient addition (Right). Vertical scale indicates 1 cm.

(TIF)

S1 Table. Contains supporting Tables A through E.

(XLSX)
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