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ABSTRACT

Deciphering root exudate composition of soil-grown plants is considered a crucial step to better understand
plant-soil-microbe interactions affecting plant growth performance. In this study, two genotypes of Zea mays L.
(WT, rth3) differing in root hair elongation were grown in the field in two substrates (sand, loam) in custom-
made, perforated columns inserted into the field plots. Root exudates were collected at different plant devel-
opmental stages (BBCH 14, 19, 59, 83) using a soil-hydroponic-hybrid exudation sampling approach. Exudates
were characterized by LC-MS based non-targeted metabolomics, as well as by photometric assays targeting total
dissolved organic carbon, soluble carbohydrates, proteins, amino acids, and phenolics. Results showed that plant
developmental stage was the main driver shaping both the composition and quantity of exuded compounds.
Carbon (C) exudation per plant increased with increasing biomass production over time, while C exudation rate
per cm? root surface area h™! decreased with plant maturity. Furthermore, exudation rates were higher in the
substrate with lower nutrient mobility (i.e., loam). Surprisingly, we observed higher exudation rates in the root
hairless rth3 mutant compared to the root hair-forming WT sibling, though exudate metabolite composition
remained similar. Our results highlight the impact of plant developmental stage on the plant-soil-microbe

interplay.

1. Introduction

In view of the continuously growing food demand, improving
knowledge of the plant-soil-microbe interactions is fundamental to
enhancing agricultural production and adaptation to abiotic stresses in a
sustainable way (Galindo-Castaneda et al. 2022; Inbaraj, 2021; Oburger
et al. 2022a). Root exudates play a key role in the cross-talk between
plants, microbiomes, and soil which in turn also affects plant growth

performance. Consequently, in-depth knowledge of root exudation dy-
namics will improve our understanding of below-ground processes and
their interactions and feedback loops. Root exudates comprise a complex
mixture of metabolites continuously produced by plants and are released
by roots into the soil (Oburger and Jones, 2018). By fuelling rhizosphere
processes, including microbiome composition and activity, root exu-
dates also directly have an impact on carbon (C) and nutrient cycling,
greenhouse gas emissions as well as soil structure formation (Badri and
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Vivanco, 2009; Philippot et al. 2009). Root exuded substances are
generally divided into two classes of compounds: low-molecular-weight
compounds (LMW) and high-molecular-weight compounds (HMW)
(Badri and Vivanco, 2009; Oburger and Jones, 2018). The former in-
cludes primary and secondary metabolites such as amino acids, organic
acids, sugars, and phenolics, whereas proteins, mucilage, and poly-
saccharides belong to the latter (Baetz and Martinoia, 2014; Bais et al.
2006). Due to their physical and biochemical characteristics, a large
number of metabolites, especially secondary, were reported to trigger a
cascade of interactions with soil microbes and/or neighbouring plants,
with some protecting against and others attracting pathogens and her-
bivores (Badri and Vivanco, 2009; Lambers et al. 2009; Millet et al.
2010; Oburger et al. 2022a; Rudrappa et al., 2008; Weston and Mathe-
sius, 2014). Furthermore, type and amount of substances secreted as
root exudates were found to vary depending on biotic and abiotic factors
including water and nutrient availability, as well as metal toxicity
(Canarini et al. 2016; Carvalhais et al. 2011; Preece and Penuelas 2016;
Wang et al. 2018), and soil microbial community composition (Jones
et al. 2004; Leyval and Berthelin, 1993; Meier et al. 2013). Previous
studies have also demonstrated that exudation profiles change with
plant development, revealing contrasting regulation for specific com-
pound classes in different species, with some of the observed differences
being potentially related to the different methodological approaches
applied (e.g., Chaparro et al. 2013; De-la-Pena et al. 2010; Zhao et al.
2021). However, due to experimental constraints, a rather limited
number of studies investigated changes in exudation patterns across
plant developmental stages in crop species (Aulakh et al. 2001; Gransee
and Wittenmayer, 2000; Zhalnina et al. 2018). Nevertheless, evidence so
far suggests that plants adjust root exudation profiles in response to
changing physiological and metabolic needs at different growth stages.
For instance, young plants were found to invest more C in root growth
and root exudation (Pantigoso et al. 2020), while at maturity, as their
nutrient requirement stabilizes, plants were observed to release more
allelopathic or defence related compounds to suppress competing plants
or potential pathogens (Chaparro et al. 2014; Hu et al. 2018). This
change in exudation depending on developmental stage as well as biotic
and abiotic factors may therefore pose a relevant factor in the plant’s
resilience to environmental stresses.

Next to plant development, it has been observed that root exudation
is also influenced by root traits such as root diameter, root architecture,
and the presence of root hairs. This indicates that tissue (growth)
dependent carbon (C) belowground allocation affects root exudation
dynamics. Furthermore, these root traits play a crucial role in deter-
mining the plant’s efficiency in acquiring resources (Guyonnet et al.
2018; Williams et al. 2022). Among root traits, root hairs have been
reported to play a significant role in nutrient and water uptake (Bienert
et al. 2021; Cai and Ahmed, 2022; Jungk, 2001) and rhizosheath for-
mation (Burak et al. 2021), further facilitating beneficial interactions
with soil microorganisms (Rongsawat et al. 2021). However, there is still
limited knowledge about the contribution of root hairs to root exudation
and contrasting reports can be found for agriculturally relevant crop
species. For instance, previous studies have indicated that root hairs
increase exudation and rhizosphere extent in maize and barley (Hor-
deum vulgare) (Holz et al. 2017; Ma et al. 2021). However, in a recent
study on Zea mays L., Lohse et al. (2023) observed a higher C exudation
rate in the rth3 hairless mutant compared to the respective root hair
forming WT. Additionally, Bilyera et al. (2022), applied different
chemical imaging techniques in situ in root windows installed in the
same field experiment as the present study and did not observe a clear
effect of maize root hairs on rhizosphere pH and phosphatase activity
extent.

Non-targeted metabolomics allows for a comprehensive and simul-
taneous (i.e., single run) analysis of small molecules spanning a wide
physicochemical range (Fiehn, 2002). Several recent studies applied
non-targeted metabolomic analysis to investigate root exudation and
rhizosphere-related processes (Lohse et al. 2023; Miller et al. 2019;
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Monchgesang et al. 2016; Pétriacq et al. 2017; Wang et al. 2019).
However, the potential of metabolomics to investigate exudate driven
processes can only be exploited when combined with carefully selected
experimental growth and sampling conditions (Oburger and Jones,
2018; van Dam and Bouwmeester, 2016). Despite the increasing
awareness of the ecological relevance of soil-based studies (Oburger and
Jones, 2018; Oburger et al. 2022b), only a limited number of exudation
studies have been carried out under field conditions and/or across plant
developmental stages (e.g., Aulakh et al. 2001; Chaparro et al. 2013;
Neumann et al. 2014; Weinhold et al. 2022). Sampling root exudates
from soil grown plants is challenging as exuded metabolites strongly
interact with the soil matrix (sorption) and are exposed to rapid mi-
crobial decomposition. Hydroponic growth conditions, on the other
hand, are not representative for natural soil environments but facilitate
exudate collection (Oburger and Jones, 2018). A possible compromise to
collect root exudates in conditions that reflect natural soil growth is the
soil-hydroponic-hybrid exudation sampling. This approach allows
plants to grow in soil, while exudates are sampled hydroponically for a
short period of time after careful root washing process (Oburger et al.
2014;  Oburger and  Jones, 2018). Consequently, the
soil-hydroponic-hybrid setup is also applicable to field grown plants.

To improve our understanding on root exudation dynamics of
agronomically relevant crop species like maize, this study aimed to
reveal changes in root exudation patterns of two field grown maize lines
(Zea mays (WT and root hair formation defective mutant rth3) at four
different plant development stages (BBCH 14, 19, 59, 83) ranging from
the vegetative to the ripening phase. Additionally, growing our maize
lines in two substrates (loam (L), sand (S)) differing in soil texture and
nutrient mobility enabled us to investigate the impact of plant genotype
(i.e., the presence (WT) or absence (rth3) of root hairs) and substrate on
maize root exudation patterns. As plants must balance their C allocation
strategies to acquire nutrients and sustain their growth, especially dur-
ing the vegetative growth phase, we expected exudation rates to be
higher for juvenile plants (hypothesis 1). Furthermore, we hypothesized
that exudation will be higher in substrates with lower nutrient mobility
(i.e., loam) as plants are likely to adapt their nutrient acquisition stra-
tegies depending on the growth substrate (hypothesis 2). Despite the
contrasting reports in the literature, we expected the presence of root
hairs (WT) to increase root exudation rates due to the enhanced root
surface area (hypothesis 3). Combining a (field) soil-based exudation
sampling approach with non-targeted metabolomics analyses allowed us
to acquire genotype, substrate, and growth stage specific resolved in-
formation about the metabolite patterns released by maize under field
conditions.

2. Material and methods
2.1. Chemicals

All solvents and reagents used in this study were analytical grade or
equivalent and acquired from Sigma Aldrich (Vienna, Austria), unless
otherwise stated. LC solvents were LC-MS grade, and LC-MS water
(MQW) was prepared using Milli-Q® IQ 7000 Ultrapure Lab Water
System (Darmstadt, Germany) combined with a Milli-Q LC-Pak®
Polisher.

2.2. Experimental design

The field experiment was conducted at the research station of Bad
Lauchstadt, Germany (N 51.390424, E 11.875933) in 2019. A detailed
description of the experimental field site and experimental setup can be
found in Vetterlein et al. (2021). Briefly, two maize genotypes (Zea mays
L. wildtype (B73) (WT) and the corresponding root hair defective
mutant (rth3) (Wen and Schnable, 1994)) were grown in two soil sub-
strates with varying textures. The experimental design followed a
two-factorial randomized block design, with six plot replicates per
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treatment (Fig. 1a). Treatments were defined by the combination of the
two experimental factors, namely, loam-wild type (L-WT), loam-rth3
(L-rth3), sand-wild type (S-WT), and sand-rth3 (S-rth3). The rth3 muta-
tion encodes a COBRA-like protein that is responsible for cellulose as-
sembly in the cell wall. It shows typical initiation but disrupted hair
elongation, that did not cause any noticeable changes in the shoot
phenotype, though under field condition its yield was reduced by
20-40% compared to the WT (Hochholdinger et al. 2008; Vetterlein
et al. 2022). The soils used were a loam (L) substrate (Haplic Phaeozem)
and a mixture of 16.7% loam with 83.3% quartz sand, from here on
referred to as sand (S). Substrates were mixed to provide a source Corg to
S, and to establish a similar initial microbiome composition across the
substrates. Detailed information about the characteristics of both sub-
strates were already described in Vetterlein et al. (2021).
Custom-made, perforated soil columns were designed and built to
allow the excavation of one individual plant with an intact, undamaged
root system from the field plots. Soil columns were made from coarsely
perforated PE tubes (Fig. 1b) (diameter 20 cm, height 30 and 60 cm,
with 5 cm wide, drilled holes) that were cut in two halves and screwed
together through connectors and a PVC bottom plate (Fig. 1b) to facil-
itate installation and soil column retrieval. A nylon belt (5 cm width)
was fixed at the bottom plate with both loose ends reaching the top of

a)
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the column to help lift the soil columns. A nylon mesh (30 um, SEAFAR
Nitex, Heiden, Switzerland) was fixed on the inside of each soil column
allowing the exchange/passage of water, solutes, and microorganisms
but restricting root growth beyond the mesh barrier. Soil column height
differed depending on plant growth stage, defined according to the
BBCH scale from Bleiholder et al. (2001). Sampling points included:
BBCH 14 (four leaves unfolded), BBCH 19 (nine or more leaves
unfolded, exponential growth phase) BBCH 59 (end of tassel emergence,
transition from vegetative to generative growth) and BBCH 83 (early
dough, ripening phase) (Vetterlein et al. 2021), corresponding to four
different plant phenological characteristics. Shorter columns (30 cm)
were used for BBCH 14 and 19, while longer ones (60 cm height) were
used for BBCH 59 and 83. In April 2019, before maize planting, soil
columns were installed at the field site. Columns were inserted in indi-
vidual plots and filled with the corresponding plot substrate, leading to
9425 cm?® of soil volume available for plant growth for the short columns
(30 cm height, BBCH 14 and BBCH 19) and 18850 em® for the long
columns (60 cm height, BBCH 59 and BBCH 83). The bulk density of the
columns was 1.43 g/cm® for the loam and 1.65 g/cm® for the sand plots.
Due to the destructive nature of this approach and the limited plot size,
the number of columns had to be limited to four per plot and four rep-
licates per treatment instead of six. Four soil columns, one for each

block 1 block 2 block 3 block 4 block 5 block 6
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Fig. 1. (a) Soil plot experiment sketch with the relative position of soil columns within the field plots (FP) and root windows (Bilyera et al. 2022). Each block
represents a replicate of the treatments (i.e., loam-wild type (L-WT), loam-root hair defective mutant (L-rth3), sand-wild type (S-WT), and sand-root hair defective
mutant (S-rth3)) (Adapted from Vetterlein et al. (2021)). (b) Disassembled 30 cm soil column. (c) Assembled soil columns before installation. (d) Soil columns with

maize plants installed in the field plots (BBCH 19; L-WT).
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growth stage, were set up in four replicate plots for each treatment, for a
total of 64 soil columns. The position of soil columns in the field plots is
shown in Fig. 1a. Maize plants were sown on the 24th of April 2019 at a
depth of 5 cm. One individual maize seed was planted in the middle of
the soil column for BBCH 19, 59, 83, whereas, to have enough root
biomass in the first growth stage, two maize seeds were planted in the
BBCH 14 columns.

2.3. Root exudation sampling

To investigate the changes in root exudation of the two maize ge-
notypes over the whole vegetation period, soil columns with intact
maize plants were excavated at BBCH 14, 19, 59 and 83. Root exudates
were sampled using a soil-hydroponic-hybrid approach (Oburger et al.
2014; Oburger and Jones, 2018), consisting in soil-grown plant, careful
root washing and hydroponic exudation sampling. After removing soil
columns from the field plot, columns and the nylon mesh were opened
(Fig. Sla) and soil was carefully removed from roots by gentle rinsing
with tap water for about 30 min (Fig. S1b, c). After the complete
removal of soil particles, plants were soaked three times in fresh
deionized (DI) water for five minutes each for osmotic adjustment and to
capture metabolites released upon root damage. Thereafter, root exu-
dates were collected in 0.5, 1, 4.5, and 7.5 L of sampling solution in
polypropylene buckets for BBCH 14, 19, 59, and 83 respectively, first in
DI water for one hour followed by a two hours sampling in the corre-
sponding sampling volumes of MQW containing 0.01 g L™! Micropur
(MP) classic (Katadyn®, Switzerland) as microbial inhibitor agent
(Oburger et al. 2014). The 0.01 g L™! MP sampling solution allowed us
to collect exudates unaltered by microbial decomposition during the
sampling procedure as MP is known to inhibit microbial activity. The
first exudation sampling period (1 h) in DI water without sterilizing
agent was carried out to collect exudate solutions suitable for studying
the effect of exudates on the soil microbiome and soil structure ex situ
(not addressed here). Root exudates were sampled under ambient con-
ditions with sampling buckets being covered with aluminium foil and
green leaves from other plants to shield roots from sunlight and prevent
light reflection from the aluminium foil surface. Detailed information
about sampling volumes, timeline, Photosynthetically Active Radiation
(PAR), and sampling duration are listed in Table S2.

At the end of the sampling period, roots were removed from the
sampling solution and exudate solutions were filtered (0.2 pm, Cellulose
acetate OE 66, Whatman, UK) to remove all root debris allowing us to
capture the soluble exudate fraction only. The filtered exudates were
split up in several aliquots, frozen at — 20 °C for 72 h, transported in dry
ice and subsequently stored at — 80 °C until analysis.

2.4. Plant growth parameters and root traits

An aliquot of the fresh root system was taken, weighed, and stored in
1:1 water:ethanol (v/v) at 4 °C until analysis for morphological root
system parameters. The remaining root aliquot and the shoot biomass
were determined after 72 h of oven drying at 60 °C. Root aliquots stored
in ethanol:water were scanned at 600 dpi with a flatbed scanner (EPSON
Perfection V700) and the obtained images were analyzed with WinR-
HIZO Pro™ (Version 2007d, Regent Instruments, Canada). Total root
length (RL), root surface area (RSA), root volume (RV), and root diam-
eter (RD), were obtained by extrapolating the values of the WinRHIZO
aliquot to the whole root system (calculated as dry mass of WinRHIZO
aliquot + remaining roots biomass). Root to shoot ratio (R:S) was
calculated dividing the root dry biomass per shoot dry biomass for each
individual plant. Root traits were calculated as follows: Specific Root
Length (SRL) total root length/root dry biomass (cm g~1); Specific Root
Area (SRA) total surface area/root dry biomass (cm? g’l); Root Tissue
Density (RTD) root dry biomass/root volume (g cm_3); Root Dry Matter
Content (RDMC) dry root biomass/fresh root biomass (mg g’l). Plant
nutrient uptake was defined as shoot nutrient content (i.e., nutrient
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concentration x shoot biomass) divided by root surface area (ug cm2)
(Vetterlein et al. 2022). For plant tissue analysis, 150 mg of milled plant
dry biomass was digested in 65% HNO3 and 30% H30, (4:1 ratio) in a
microwave digestion system (MARS 6, CEM Corporation, Matthews,
USA). The concentrations of P, K, Zn, Mn and Mg were determined by
inductively coupled plasma optical emission spectrometry (ICP-OES)
(Optima 8300, Perkin Elmer, Waltham/MA, USA).

2.5. Quantitative root exudate analysis by spectrophotometry

All exudate samples were analysed with a plate reader (TECAN
Infinite® 200 PRO nano) and the respective photometric assays are
described below. Before analysis, samples were pre-concentrated by
freeze drying a 40 mL sample aliquot (— 45 °C; 0.070 mbar, Alpha 1-4
LSCplus, Christ, Osterode am Harz, Germany) and resuspended in
2.4 mL of MQW before analysis (concentration factor: 16.7). Dissolved
organic carbon (DOC) was determined photometrically according to
Oburger et al. (2022b) without any sample pre-treatment. Briefly, a
calibration curve was prepared using potassium phthalate (KHP, Ele-
mentar 35.00-0151) standard (0.5-40 mg CL™!) dissolved in MQW
water. Calibration blanks, calibration standards as well as thawed
exudation samples and sample blanks (i.e., exudate sampling solution
only) (250 pL) were pipetted into 96 microwell plate (Greiner
UV-STAR® flat-bottom) suitable for absorbance analysis in the UV/VIS
spectrum, and absorbance was measured at 260 nm. Carbon exudation
rates were calculated based on RSA per hour as well as based on total
root biomass allowing the determination of total DOC input per plant
per hour at different developmental stages. Experimental details about
the photometric assays used to characterize exudate samples can be
found in the Supporting Information (SI).

Soluble carbohydrates (mono- to oligo saccharides) were determined
using the anthrone method from Hansen and Mgller (1975). Results
were expressed as nmol of glucose equivalents.

Total phenolic concentration was determined by the Folin-
Ciocalteau method (Singleton and Rossi, 1965) as described by Ains-
worth and Gillespie (2007). Results were expressed as nmol of chloro-
genic acid equivalents.

Total free amino acid concentration was determined fluorometrically
with the o-phthalaldehyde (OPA) and p-mercaptoethanol method (Jones
et al. 2002). The OPA reagent is known to interact with ammonium as
well, however, NH4 concentrations (determined according to Hood--
Nowotny et al. (2010)) were below the limit of quantification and
therefore not considered. In addition, root exudate samples did not show
autofluorescence, thus autofluorescence was not accounted for amino
acids quantification. To compensate for quenching, 10 pL alanine stan-
dard (100 pmol L™Y) was spiked to a second aliquot of exudate samples
and then compared with spiked method blanks (MQW plus OPA re-
agent); the recovery factor was included in the final equation to calcu-
late amino acid concentration. Results were expressed as nmol alanine
equivalents.

Protein content of the exudate samples was determined by the dye-
binding method of Bradford (1976), using Coomassie Protein Assay
Kit (Thermo Scientific, Waltham, MA, USA) and Bovine Serum Albumin
(BSA) as calibration standard (1-25 ug mL"1). After determination of
the target analyte concentration by the respective assay and accounting
for sample pre-concentration and original sample volume, exudation
rates were calculated based on cm? RSA per hour (based on the sampling
duration). The relative contribution of each exudate compound class to
the total DOC exuded was estimated by multiplying the measured
compound concentration (mol L™!) per sampling volume (L) and num-
ber of C atoms of the standard used for the calibration of the respective
photometric assay (i.e., 6 C atoms for sugars (glucose), 16 C atoms for
phenolic compounds (chlorogenic acid)). For the amino acids assay, 5 C
atoms were used (the median of the C atom presents in the 20 amino
acids naturally occurring in proteins).
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2.6. LC-HRMS sample preparation and non-targeted analysis

Exudate sample aliquots (40 mL) stored at — 80 °C were freeze-dried
(— 45 °C; 0.070 mbar, Alpha 1-4 LSCplus, Christ, Osterode am Harz,
Germany), reconstituted in 1.2 mL MQW and filtered with 0.2 pm filters
(4 mm; cellulose acetate, Nalgene™, USA) (Lohse et al. 2023). Two
different chromatographic separation methods, namely reversed phase
liquid chromatography (RPLC) and hydrophilic interaction liquid
chromatography (HILIC), were used for the non-targeted metabolomic
analyses. Reconstituted samples were diluted 1:2 with MQW for RPLC,
while in HILIC, the reconstituted samples were diluted 1:4 with ACN
before the measurement, as described in Lohse et al. (2023). Quality
control samples (QC) were prepared by pooling 40 pL of each sample
together and injected every five samples to monitor the stability
LC-QTOMS system. Replicates from the same treatment (i.e., L-WT,
L-rth3, S-WT, S-rth3 and sample blank) and same BBCH were pooled
together and injected as unique sample (n = 20) in a randomized
sequence. Chromatographic separation was performed using an Infinity
II UHPLC system (Agilent Technologies, Santa Clara, USA). Analytical
columns from Waters Corporation (Milford, USA) were utilized in this
study, namely an Atlantis T3 C18 (2.1 x150 mm, 3 um particle size) and
a Xbridge BEH amide® (2.1 x150 mm, 3.5 pum particle size). MS
detection was performed on the 6560 IM-QTOFMS from Agilent Tech-
nologies equipped with a Dual Jetstream ESI interface. Agilent Mass
Hunter Acquisition software (10.1) was used for instrument control.
Detailed information about chromatographic separation and QTOFMS
settings are shown in Table S3. For QTOFMS detection, mass range be-
tween 90 and 1700 m/z were recorded in positive (4) and negative (-)
polarity for both HILIC and RPLC. The 2 GHz extended dynamic range
mode with a spectral acquisition rate of 2 Hz was used for all mea-
surements. The instrument tuning and mass calibration procedures were
carried out in accordance with the guidelines provided by the manu-
facturer. The fragmentation data were acquired in Data Dependent
Analysis mode (DDA), with a narrow isolation window (1.3 m/z) for the
precursor isolation. The collision energies were calculated for each
precursor ion according to the following equation: Collision energy
= (slope x m/z of precursor mass)/100 + Offset.

2.7. LC-MS raw data processing

MassHunter Profinder B.10.00 software (Agilent Technologies, Sta
Clara, CA) was used for peak integration and chromatographic decon-
volution with a Batch Recursive Feature Extraction (BRE, small mole-
cules/peptides) workflow (for details see SI of Lohse et al. (2023)).
Briefly, the extracted features were aligned across the samples according
to m/z and retention time; mass accuracy and retention time tolerance
were set at + 5 ppm and + 0.30 min, respectively. Data was checked
manually in terms of correct integration and peak assignment. Missing
values were replaced by 1, and then raw intensities were scaled ac-
cording to RSA/sampling volume ratio. Only features showing a fold
change > 10 compared to sample blanks of the respective BBCH were
further processed. Exact mass and retention time, together with MS/MS
fragmentation spectra were used to identify compounds by matching
with an in-house standard mix MS/MS library, online spectral libraries
and MS? databases (e.g., Metlin (https://metlin.scripps.edu/), MoNA
(https://mona.fiehnlab.ucdavis.edu/)) using the NIST MS search pro-
gram v.2.4 (National Institute Standard and Technology (NIST), Scien-
tific Instrument services, Inc., NJ, USA) using the NIST20 mass spectral
database and other available libraries imported in the NIST MS search
program software. For each of the identified metabolites, we assigned a
level of confidence according to Schymanski et al. (2014). Definitions of
confidence level can be found in the SI to this paper. The identified
compounds, matched fragments, the identification level, and analytical
method used are reported in the support material of this manuscript (SI
Excel Table).
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2.8. Statistical analysis

The experimental setup, including the sampling procedure, followed
a completely randomized design. Data are expressed as mean
+ standard error (SEM). Exudation rates were normalized on RSA.
Univariate statistical analysis, principal component scores for root traits
and graphs were constructed using Graphpad Prism 9.4.1 for Windows
(GraphPad Software, San Diego, CA, USA). Raw data were log trans-
formed prior to analysis. A two factorial ANOVA, followed by the
Tukey’s HSD multiple comparison test was used to test the difference
between means of different treatments for plant biomass, root
morphological parameters, and plant total C exudation. A 3-way ANOVA
was used to assess the variation in exudation rates between substrates,
genotypes, and developmental stages. Root traits data were log trans-
formed and standardized (i.e., mean = 0 and standard deviation = 1)
prior analyses. Correlations between root traits were assessed using
Pearson’s correlation. Differences between tested treatments were
considered significant at p < 0.05. Multivariate statistical analyses as
Principal Component Analysis (PCA), and Orthogonal Projection to
latent structures Discriminant Analysis (OPLS-DA) of LC-QTOFMS data
were performed using SIMCA 17.0.2 software (Umetrics, Umed, Swe-
den). Before modelling, metabolomics data were scaled according to
RSA/sampling volume ratio, log transformed, and then further scaled to
unit variance (UV-scaling). The quality of the models was described by
R? (goodness of fit) and QZ (predictability) statistics. OPLS-DA models
were automatically fitted to determine the number of significant com-
ponents. Validation plots of the OPLS-DA models were confirmed by 100
permutation tests. The Variable Importance of Projection (VIP) (Eriks-
son et al. 2013; Galindo-Prieto et al. 2014) was used to determine the
discriminatory power of each variable explaining the differences be-
tween classes in the OPLS-DA models. The plant grown in the field plot
08 (L-rth3) at BBCH 83 was already dead at the day of harvest. The
sample from field plot 17 (S-WT) at BBCH 14 had only one plant on the
harvest day and was thus removed from further data evaluation as the
RSA/sampling volume ratio significantly differed compared to the other
treatments.

3. Results
3.1. Biomass and root traits

We used custom-made soil columns to cultivate and harvest maize
plants in the field, preserving their intact root systems and allowing us to
collect root exudates at four different growth stages. Both root and shoot
biomass showed differences depending on substrate and genotype
(Table 1), being generally lower for the rth3 root hairless mutant than
WT and for S-grown plants when compared to L. Nonetheless, these
differences were not always consistently statistically significant
(Table 1). Overall, substrate had the greatest effect on maize plant
biomass production, particularly at later growth stages (BBCH 19, 59,
83) irrespective of plant tissue type, while genotype only occasionally
drove differences in either root or shoot biomass at individual growth
stages (shoot: BBCH 19, 59, root: BBCH 14, 83) (Table 1). Despite the
absence of root hairs in rth3 resulted in a reduced absorption surface, we
did not observe any evidence of a higher C investment in root biomass in
rth3 compared to WT, but rather the opposite with WT showing a higher
root:shoot ratio compared to rth3 at BBCH 14 and BBCH 83 (Table 1). At
BBCH 14, when the plants were still relatively small, the differences in
nutrient tissue concentrations between genotypes and substrates were
negligible. Starting from BBCH 19, plants grown in L showed higher
tissue concentration of P and Zn, while no substrate difference was
observed for K, Mn and Mg (Table S4). Concurrently, genotype had a
significant effect only on P and K concentration. Interestingly, P tissue
concentrations were higher in rth3 plants, while WT plants showed
higher level of K.

In contrast to root biomass, root morphological traits were mostly
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Table 1

Biomass of maize (Zea mays L., WT and rth3) plants grown on two substrates
(loam and sand), across different plant developmental stages (BBCH 14, BBCH
19, BBCH 59, BBCH 83), under field conditions. Differences between treatments
(i.e., substrate and genotype) within each BBCH were evaluated by 2-way
ANOVA including Tukey’s post-hoc test. Means with different letters are sta-
tistically ~different (p < 0.05). * ** represents p < 0.001; * *p < 0.01;
* p < 0.05; ns = not significant, values represent means + SEM (n = 4; BBCH 14
S-WT and BBCH 83 L-rth3 = 3).

Treat. Root dry Shoot dry Root/shoot
Biomass (g) biomass (g) ratio
BBCH 14 L-WT 0.35+0.03 a 0.32£0.03 a 1.10 + 0.04
ab
L-rth3 0.17 £ 0.02 a 0.19 £0.01 a 0.91 + 0.06
ab
S-WT 0.27 £ 0.08 a 0.19 £ 0.03 a 1.40 +0.26
a
S-rth3 0.20 £ 0.04 a 0.19 £ 0.04 a 1.10 £ 0.11
b
p-value Substrate ns ns *
(ANOVA) Genotype * ns *
Interaction  ns ns ns
BBCH 19 L-WT 33+04a 36+04a 0.96 + 0.15
a
L-rth3 1.5+ 0.3 ab 1.5+ 0.2ab 0.96 + 0.15
a
S-WT 1.3+ 0.3 ab 1.4+03b 0.94 + 0.06
a
S-rth3 1.24+05b 1.14+03b 1.0+0.1a
p-value Substrate * w ns
(ANOVA) Genotype ns * ns
Interaction  ns ns ns
BBCH 59 L-WT 170+ 15a 33.0+50a 0.52 + 0.04
b
L-rth3 88+14b 170+26Db 0.53 £+ 0.04
b
S-WT 85+09b 13.0 + 1.4 bc 0.66 + 0.03
ab
S-rth3 6.3+1.1b 8.1 +1.4c 0.78 + 0.04
a
p-value Substrate o w k ke
(ANOVA) Genotype x x ns
Interaction  ns ns ns
BBCH 83 L-WT 16.0+19a 340+40a 0.49 + 0.04
a
L-rth3 12.0 £ 0.2 ab 320+43a 0.38 + 0.05
E
S-WT 9.0 + 1.0 be 22.0 +£ 2.5 ab 0.41 £ 0.01
a
S-rth3 6.2+0.3c¢ 170+ 1.7b 0.36 + 0.02
a
p-value Substrate il o ns
(ANOVA) Genotype x ns
Interaction  ns ns ns

influenced by genotype rather than substrate. We observed the same
trend for root length (RL), root surface area (RSA) and root volume (RV),
where the WT genotype was always significantly higher than its root
hairless mutant rth3 (Table S5). We did not detect differences in root
morphological parameters between substrates, except for the latest
growth stage (BBCH 83), where L substrate showed higher RL, RSA and
RV (Table S5).

Multivariate data analysis revealed that root functional traits
differed strongly between plant developmental stages and substrates
(Fig. 2a) with the first 2 components explaining altogether more than
82% of the total variation. Traits such as root tissue density (RTD) and
root dry matter content (RDMC) were higher at later growth stages and
were positively correlated to K and P uptake. Specific root length (SRL)
and specific root area (SRA) were higher in S especially at BBCH 14 and
19. Carbon exudation rates (Exu rate) were higher in rth3 particularly at
early growth stages and positively correlated to root diameter (RD) and
root:shoot ratio (R:S), while it was inversely correlated to RTD and K
uptake (Fig. 2b).
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Fig. 2. Changes in root traits of maize (Zea mays L., WT and rth3) grown on
two substrates (Loam and Sand), across different plant developmental stages
(BBCH 14, BBCH 19, BBCH 59, BBCH 83), under field conditions. (a) PCA
biplot. Dashed lines on PCA indicate projections for each root trait. Circle size
indicates different BBCH, L: loam, S: sand, colours represent different treat-
ments (L-WT: blue, L-rth3: red, S-WT: cyan, S-rth3 orange). Root trait annota-
tions are as follows: RD — root diameter; SRA — specific root area; P uptake —
phosphorus plant uptake per unit surface area; K uptake — potassium plant
uptake per unit surface area; RTD - root tissue density; SRL — specific root
length; R:S - root:shoot ratio; Exu rate — hourly exuded carbon per cm? root
surface area; RDMC - root dry matter content. (b) Pearson correlation co-
efficients of root traits. Root traits were sorted in descending order based on the
correlation with root exudation. Asterisks indicates correlations with p-value
< 0.05. Root trait values used in the PCA can be found in Table S8.

3.2. Carbon exudation

C exudation rate of root hairless rth3 and the corresponding WT
showed marked differences in exudation patterns for each experimental
factor (i.e., substrate, genotype and developmental stage, Fig. 3a). C
exudation rates (umol C cm~2 RSA h’l) decreased over time with plant
development (except BBCH 19, L-rth3), ranging from 0.57 pmol C em 2
h~! (L-WT, BBCH 19) to 0.12 umol C cm~2 h™! (S-WT, BBCH 83). Plant
growth stage accounted for the highest percentage of explained varia-
tion (43.7%, Fig. 3a). Interestingly, rth3 hairless mutant always showed
a higher exudation rate than its WT sibling within the same substrate
and growth stage (p = 0.0074, Fig. 3a). Furthermore, C exudation rates
were always higher in L compared to exudation rates observed in S,
irrespective of genotype (p = 0.0134, Fig. 3a). Calculating the C release
per plant per hour at each growth stage (mmol C per plant h™!, Fig. 3b),
revealed that substrate was the main driver of differences in C input in
BBCH 19, 59 and 83, while C release at the earliest growth stage (BBCH
14) was mostly affected by genotype. In line with observed exudation
rates, we found greater plant C input in L than in S. However, while C
exudation rates were always greater in rth3 than in WT, C input into the
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Fig. 3. Root C exudation of maize (Zea mays L., WT and rth3) grown on two
substrates (Loam and Sand), across different plant developmental stages (BBCH
14, BBCH 19, BBCH 59, BBCH 83), under field conditions. L: loam, S: sand,
colours represent different treatments (L-WT: blue, L-rth3: red, S-WT: cyan, S-
rth3 orange), symbols indicate different substrates (a: loam,v: sand). (a) C
exudation rate (umol C cm 2 RSA h™)). Differences between experimental
factors (i.e., growth stage (stg), substrate, and genotype) were evaluated by 3-
way ANOVA Analysis of Variance. (b) C input into soil per plant (mmol C
plant’1 h™!). Differences between experimental factors (i.e., substrate, and
genotype) were evaluated within each BBCH separately with 2-way ANOVA
Analysis of Variance. * ** p < 0.001, * *p < 0.01 *, p < 0.05, ns = not signif-
icant. Values represent means + SEM. (n = 4; BBCH 14 S-WT and BBCH 83 L-
rth3 = 3).

soil per plant was higher in L-WT due to greater root biomass production
than L-rth3. No differences for plant C input could be observed between
S-WT and S-rth3.

3.3. Root exudation of different compound classes

To characterize quantitative differences in soluble carbohydrates,
amino acids, proteins, and phenolic compounds we applied a range of
well-established photometric methods. Results showed the same trend
as we already observed in total C exudation, irrespective of compound
class investigated, with exudation rates (per cm? RSA) declining with
progressing plant development and higher exudation rates in rth3 than
in WT (Fig. 4). Like C exudation, plant developmental stage was the
main driver explaining the highest portion of variation (26-53%) in
each of the compound classes analysed. The difference between sub-
strates was significant only for phenolics, being evident mostly at BBCH
83 (Fig. 4b), where exudation rate of L grown plants was higher than the
S grown ones. Genotype effect was statistically significant for all the
three compound classes explaining between 5% and 10% of the
observed variation, with the rth3 mutant having generally higher
exudation rates compared to WT, particularly during the vegetative
growth (BBCH 14 and 19). Protein exudation (Fig. 4d) reflected the
same growth stage dependent decreasing trend observed in the other
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compound classes, with the highest exudation rate measured in S-WT
BBCH 14 (88.5 ug protein cm ™2 RSA h™1). Protein concentration was
below the limit of quantification in L-rth3, S-WT, and S-rth3 at BBCH 83.
Estimating the relative C contribution of each compound class to the
total C exudation revealed that the relative contribution of phenolic
compounds and amino acids (mean across all treatments and develop-
mental stages) remained rather similar across treatments and plant
developmental stages (Fig. 5a, b). The contribution of carbohydrates
first decreased from BBCH 14 to 19 and then increased over time
contributing for more than 50% of C exudation in L-WT at BBCH 83.
Overall, the sum of C derived from the three compound classes
accounted from a minimum of 24% (L-WT, BBCH 19) up to 62% (L-WT,
BBCH 83) of total organic C exuded, leaving a significant amount of C
uncharacterized by our spectrophotometric approach (Fig. 5a, b).

3.4. Non-targeted metabolomics analyses of root exudates

Non-targeted analyses of the metabolome were performed to inves-
tigate the three experimental factors, i.e., plant developmental stage,
substrate, and genotype. The number of molecular features passing the
quality control filters for the HILIC method were 157 and 144 for
negative and positive ionization respectively, whereas RPLC method
resulted in a higher number of molecular features, consisting in 397 for
the negative ionization and 313 for the positive. PCA score plots
(Fig. S2) of metabolite data revealed that clustering of root exudates was
mostly based on plant developmental stage. Substrate-driven clustering
could also be observed to a minor extent, depending on the analytical
approach and growth stage (e.g., HILIC (-) and RPLC (-)/(+) at BBCH 83
(Fig. S2). The two first principal components (R2X[1] and R2X [2]) of
the PCA analysis explained 55% (RPLC(-)), 62% (RPLC (+)), 66% (HILIC
(+)) and 56% (HILIC (-)) of the variation in the datasets, respectively
(Fig. S2). To further investigate the differences in root exudation pat-
terns, we performed supervised OPLS-DA analyses assessing the
different growth stages (BBCH) (i.e., the experimental factor explaining
the highest variation in the exudation dataset) as model classes. Detailed
information on the OPLS-DA models parameter (e.g., R? and QZ) can be
found in the SI, Table S7. Unlike PCA, OPLS-DA projections are guided
by known class information, leading to a maximum separation model
instead of the maximum variation model (i.e., PCA). Irrespective of
analytical approach, we found a clear separation between BBCH 83 and
59, while BBCH 19 and 14 were still partially overlapping, highlighting
the similarity between these two datasets (Fig. 6). The predictive
component of the OPLS-DA models (t[1] component, x-axis) explaining
the variation between the growth stages (BBCH) was similar for all the 4
methodological approaches used for root exudates analysis, ranging
from 32% of HILIC (-) to 49% of RPLC (+) (Fig. 6a, b, ¢, d R2X[1];
Table S7). The modelled variation in the orthogonal component (i.e.,
within BBCHs) was lower compared to the predictive one (i.e., between
BBCHs), regardless the methodological approach used for the non-
targeted analysis (11% RPLC (+)/(-), 20% HILIC (-) and 28% HILIC
(+) (Fig. 6a, b, ¢, d] R2Xo[1], Table S7). To test the suitability of the
OPLS-DA to model the variation determined by genotype and substrate
as experimental factors, we tested both as OPLS-DA model classes. Re-
sults showed that OPLS-DA based on genotype led to significant com-
ponents only in RPLC, modelling only 3% of the total variation
(Table S7), while substrate factor accounted for the 11% of variation in
HILIC (+) and both RPLC (-) and RPLC (+), showing no significant
component in HILIC (-) (Table S7). These results were thus consistent to
the 3-way ANOVA results (Fig. 3a), displaying plant growth stage as the
main factor driving root exudation patterns in field grown maize plants,
with genotype and substrate accounting for roughly 10% of the vari-
ance, altogether. Due to the high number of detected molecular features
(1011, sum of the features detected by the four analytical methods), we
prioritized the top 50 molecular features (from each analytical method)
with the highest VIP score, representing a high discriminatory power for
BBCHs. Fig. 7 summarizes the relative abundance of the annotated
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Fig. 4. Exudation rates of different compound groups of maize (Zea mays L., WT and rth3) grown on two substrates (Loam and Sand) across different plant
developmental stages (BBCH 14, BBCH 19, BBCH 59, BBCH 83) under field conditions. L: loam, S: sand, colours represent different treatments (L-WT: blue, L-rth3:
red, S-WT: cyan, S-rth3 orange), symbols indicate different substrates (a: loam,v: sand). (a) Amino acids (nmol alanine equiv. cm-2 RSA h-1). (b) Phenolic com-
pounds (nmol chlorogenic acid equiv. cm™2 RSA h™!). (c) Soluble carbohydrates (nmol glucose equiv. cm™~2 RSA h™'). (d) Proteins (ug protein cm~2 RSA h™1)

Differences between experimental factors (i.e., growth stage (stg), substrate, and genotype) were evaluated by 3-way ANOV.

***p<0.001, **p <0.01%*,

p < 0.05 ns = not significant. Values represent means + SEM (n = 4; BBCH 14 S-WT and BBCH 83 L-rth3 = 3).

compounds for each growth stage, substrate, and genotype irrespective
of the analytical approach applied. A detailed list of the top 50 molecular
features (i.e., neutral mass and retention time) resulting from the
respective analytical method can be found in the SI, Excel table. In line
with what we observed for C exudation, the relative abundance of most
of the annotated compounds decreased with increasing plant age.
Interestingly, some metabolites also showed higher abundance at BBCH
59 and 83, including several sugars and sugar derivatives (e.g., mono-
saccharides and disaccharides), benzoxazinoids such as 2,4-dihydroxy-
1,4-benzoxazin-3-one (DIBOA) and DHBOA-GIc, and the N-trimethyl-
4-aminobutyric acid (N-trimethyl GABA). Few metabolites were found
to be unique for a specific growth stage. Esculetin, for example, was only
found at BBCH 19 and was only detected in L. Also, chlorogenic acid was
only detected at BBCH 19, while the 3,4-dihydroxy-3-oxo-2 H (1,4)-
benzoxazin-v lactic acid was only found at BBCH 14. In line with C
exudation rates (Fig. 3a), general trend of higher relative abundance of
annotated metabolites was found in rth3 compared to WT maize geno-
type as well as in L when compared to the S substrate (Fig. 7).

4. Discussion

4.1. Plant developmental stage was the strongest driver for observed
differences in root exudation patterns

Our findings revealed that plant development was the main
contributor among the investigated experimental factors for shaping
root exudation patterns. It accounted for the highest variation in the
exudation rates of C, targeted compound groups (i.e., phenolics, soluble
carbohydrates, amino acids, and proteins), and in detected metabolite
profiles (Fig. 3a, Fig. 4, Fig. 6, Fig. 7). Generally, exudation rates for C
and specific compound classes (Fig. 3a, Fig. 4, Fig. 5b) decreased with
plant development, except for sugars and amino acids in L-WT (Fig. 4a,
¢). Our results are consistent with the literature and in line with our
expectations of exudation rates being higher for juvenile plants. Ganther
et al. (2022) also reported higher levels of assimilated 1*C and enhanced
expression of growth-related genes at BBCH 14 than at BBCH 59 in the
same field experiment. This indicates a more active C metabolism in the
exponential growth phase which was also reflected in higher exudation
rates. Several other studies also reported a strong effect of plant devel-
opment on the extent and composition of root exudation. Most of these
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Fig. 5. Estimation of the relative contribution of different exudate compound groups to the total C exudation of two maize genotypes (Zea mays L., WT and rth3)
grown on two substrates (Loam and Sand) across different plant developmental stages (BBCH 14, BBCH 19, BBCH 59, BBCH 83) under field conditions, L: loam, S:
sand. (a) Normalized compound group exudation. The concentration of each compound group was normalized to the total umol C exudation, ranging between 0 and
100, with 100 representing the total C exuded within the respective treatment and growth stage. Values represent means of each treatment (i.e., L-WT, L-rth3, S-WT,
S-rth3). The dotted line was added as visual reference and marks the 50%. (b) Compound group derived C exudation rate. The sum of the estimated compound group
exudation rate is equal to the total C exudation rate of the respective treatment and BBCH. Values represent means + SEM (n = 4; BBCH 14 S-WT and BBCH 83 L-
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Fig. 6. OPLS-DA scores plot of root exudate metabolomic data of two maize genotypes (Zea mays L., WT and rth3) grown on two substrates (loam and sand) across
different plant developmental stages (BBCH 14, BBCH 19, BBCH 59, BBCH 83) under field conditions. Circle size indicates different BBCH, L: loam, S: sand, colours
represent different treatments (L-WT: blue, L-rth3: red, S-WT: cyan, S-rth3 orange). OPLS-DA score plots show the variation explained by the first component of the
model both the predictive t[1] (R2X[1] i.e. between groups) and orthogonal to[1] (R2Xo[1] i.e., within groups). Samples from the same treatment (i.e., L-WT, L-rth3,
S-WT, S-rth3), and BBCH were pooled together before metabolomic analysis. Ellipse indicates the confidence region (95%), (n = 16; BBCH 14 = 4, BBCH 19 = 4,
BBCH 59 = 4, BBCH 83 = 4). Details of the OPLS-DA models performance can be found in Table S7.
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Fig. 7. Changes in the relative abundances of root exuded annotated metabolites of two maize genotypes (Zea mays L., WT and rth3) grown on two substrates (loam
and sand) across different plant developmental stages (BBCH 14, BBCH 19, BBCH 59, BBCH 83) under field conditions. All abundances derived from LC-QTOFMS
analyses were normalized to a range between 1 and 100, with 100 representing the sum for each metabolite released within the respective experimental factor (i.e.,
BBCH, substrate, and genotype) (n = 16). Metabolites having the highest relative abundance at BBCH 14 or 19 were grouped together in the vegetative group.
Metabolites having the highest relative abundance at BBCH 83 were grouped together in Early dough/ripening group. Metabolites were then sorted ascendingly
within the respective group based on the BBCH 19 and BBCH 83 relative abundances. BBCH-derived metabolite order was kept the same for presented normalized
abundances of the two substrates (across all BBCHs and genotypes) and the two genotype (across all BBCHs and substrates). Depicted compounds were identified with
a confidence level range from 1 to 3. Metabolites in italic bold were annotated with a confidence level of 1 or 2 (see SI, Definition of confidence level). For compounds
with a level of confidence of 3 the respective compound class is given. Information about the identification confidence, mass, retention time, matched ion fragments
and analytical method used for each compound can be found in the SI, Excel table.
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studies (except Aulakh et al. (2001) and Lucas Garcia et al. (2001)) were
conducted under hydroponic or semi-hydroponic conditions (Chaparro
et al. 2013; Gransee and Wittenmayer, 2000; Zhalnina et al. 2018).
Evidence from those studies (irrespective of plant growth medium) also
suggests that an actively growing root system secretes more exudates
than a physiologically less active one (e.g., during early dough or
ripening). Plants have a higher nutrient and water demand in their
vegetative growth phase than during flowering/fruiting and seem to
adjust exudation patterns to favour nutrient mobilization and microbial
recruitment. Considering that passive diffusion is (thought to be) a
strong driver of exudation (Canarini et al. 2019), observed changes in
exudation with plant development might also simply be - at least partly -
a “by-product” of C partitioning dynamics during the plant’s life cycle.
However, to date the exact mechanisms of root exudation dynamics
remain to be revealed. When converting exudation results (presented on
a per plant basis) from soil-grown rice (Oryza sativa L.) cultivars to C
exudation rates normalized by root biomass, Aulakh et al. (2001) also
found a decrease in exudation with increasing plant development. The
study of Aulakh et al. (2001) is one of very few reports investigating root
exudation of soil grown crops throughout the whole plant life cycle and
to the best of our knowledge, no data on field-based studies for maize
root exudation are available yet.

In addition to changes in C exudation rates with time, we also found
plant developmental-driven changes for individual metabolites such as
benzoxazinoids (i.e., DIBOA, DHBOA-GIc), B vitamins (i.e., thiamine,
pyridoxine), phenolics (e.g., organic acids), amino acids, carbohydrates
and their derivatives (Figs. 4, 7), with many of these metabolites being
implicated in actively shaping the associated rhizobiome (Hu et al.
2018; Neal et al. 2012; Stringlis et al. 2018; Wang et al. 2022). Also,
defence-related metabolites (i.e., DIBOA, DHBOA-Glc) were
up-regulated in the vegetative-to-floral transition and the subsequent
on-set of flowering (Fig. 7). Gransee and Wittenmayer (2000) charac-
terized root exudates of maize and pea (Pisum sativum L.) plants grown in
quartz sand by coupling '*C labelling with ion exchange chromatog-
raphy and reported a decrease of sugars, amino acids, and total C
derived radioactivity per g root dry biomass in the exudates of maize
plants at 8 leaves stage compared to 4 leaves stage. Higher cumulative
exudation levels of sugars and sugar alcohols have also been reported in
Arabidopsis root exudates for early time points (i.e., 8-10 days old)
compared to later ones (i.e., 22-30 days old), while the amino acids and
phenolics (e.g., organic acids) followed the opposite trend (Chaparro
et al. 2013; Zhao et al. 2021). However, the data presented in this study
(i.e., Chaparro et al. (2013)) was not normalized for root biomass (or
root surface area) which might bias obtained results as roots continue to
grow with time. As emphasized by Oburger and Jones (2018), normal-
ization strategies for exudation data are quite diverse, and the choice of
how exudation data are presented might lead to different interpretations
of the same experiment. For instance, in this experiment exudation rates
per unit root surface area (umol C cm~2 RSA h™!) decreased with plant
development (Fig. 3a) but the total C input per plant into the soil (umol C
h~! x plant) was strongly dependent on the extent of the root system
(Fig. 3b). Thus, overall older plants with a bigger root system exuded
more C into the rhizosphere compared to younger plants, increasing the
volume of soil affected by root exudation. When expressed on a per plant
basis, observed C exudation dynamics per maize plant followed the same
trend as reported for rice with C release being lowest at the seedling
stage, peaking at flowering and declining at maturity (Aulakh et al.
2001).

Composition and concentration of root exudates were reported to
vary based on the specific environmental conditions the plant is expe-
riencing (Chaparro et al. 2013; Flores et al. 1999). The growing season
of 2019 at the field research station in Bad Lauchstadt was characterized
by high temperatures and low precipitation in summer, and plants
experienced drought as the growing season advanced (Jorda et al. 2022;
Vetterlein et al. 2022). Several studies in the past investigated the effect
of drought on root exudates of different plant and tree species (Canarini
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et al. 2016; Gargallo-Garriga et al. 2018; Karlowsky et al. 2018; Tiziani
et al. 2022; Vives-Peris et al. 2017), reporting contrasting results for C
exudation and composition. This suggests that drought induces changes
in the amount and composition of root exudates are species-specific and
influenced by the severity of drought stress (Williams and de Vries,
2020). Plants acclimate to water deficit by changing their carbon usage,
accumulating K™ and soluble metabolites such as amino acids and car-
bohydrates for osmotic adjustment (Hummel et al. 2010), while
conversely, roots were found to release solutes to lower the soil water
potential (Karlowsky et al. 2018). For instance, elevated concentrations
of hexoses in grass exudates may indicate more active mucilage pro-
duction (Sinha Roy et al. 2002), whereas Gargallo-Garriga et al. (2018)
reported an exudation shift toward drought stress-related secondary
metabolites in Quercus ilex. The higher K uptake and tissue concentra-
tion, the increasing contribution of carbohydrates to the exuded C
(Fig. 5a), as well as the higher relative abundance of carbohydrates and
their derivates observed in this study in the older plants (Fig. 7), suggest
them as possible adaptation mechanisms adopted by the plants to face
the drought experienced in the later stages of the 2019 growing season.

Plant developmental stage as well as environmental conditions were
also found to affect root morphology and might therefore also shape root
exudation dynamics (Ostonen et al. 2007; Wells and Eissenstat, 2002).
Among root traits, Specific Root Length (SRL) is probably the most
frequently measured parameter as it characterizes the economic aspect
of the root system (Leuschner et al. 2004; Ostonen et al. 2007) and has
been reported to be correlated to higher exudation per unit of root mass
(Meier et al. 2020). While we found a significant positive correlation of
RD and R:S ratio with C exudation rate, our results did not confirm a
significant relationship between root exudation rate and SRL or SRA,
even though all four root parameters were higher in young plants
(Table S8). Root Tissue Density (RTD) and Root Dry Matter Content
(RDMC) increased with plant age and were negatively correlated to C
exudation rate. High SRL and SRA correspond to a higher soil volume
exploited per unit of biomass (i.e., resource mining) and are typically
associated with a short root life span (Ryser, 2006). Contrarily, RTD and
RDMC are conservative root traits associated with slower growth and
higher investment in root structural functions rather than resource
exploration (Birouste et al. 2014; Kramer-Walter et al. 2016), and were
found to be related to low nutrient availability conditions (Aerts and
Chapin, 1999; Ryser and Lambers, 1995). Generally, our results support
the hypothesis of young and actively growing plants having higher
nutrient demands, therefore showing fast root growth more oriented
toward resource acquisition. Whether the shift toward a more conser-
vative C belowground allocation observed in older plant is driven by
environmental limitations or general plant development dynamics still
requires further investigation.

4.2. Exudation rates were higher in substrates with high sorption capacity
and low nutrient mobility

Plants grown in loam generally had higher total C exudation rates
than in sand (Fig. 3a). This was also reflected in a slightly higher relative
abundance of annotated metabolites (Fig. 7). Considering the higher
sorption capacity in loam compared to sand (Vetterlein et al. 2021), our
results suggest that low nutrient mobility triggers increased root
exudation to improve nutrient exploitation. As the sand substrate was a
mixture of loam with quartz sand, the physicochemical differences were
less complex than when comparing two soils of different geological
origin and can be roughly reduced to differences in nutrient reservoir
size, sorption sites and texture. While nutrient mobility was lower in L,
the nutrient reservoir potentially accessible by plants was higher
compared to S (Bilyera et al. 2022; Vetterlein et al. 2021). Consequently,
exploitative strategies (i.e., direct, and indirect nutrient mobilization by
exudates, uptake transporter activity, change in root morphology etc.)
can be expected to be more successful in L than S. The lower SRL and
SRA of L grown plants suggest there was less plastic adaptation towards
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soil exploration by the root system. This further supports the exploit-
ative characteristic of root exudation (rate) as root trait (Bergmann et al.
2020; Sun et al. 2021). Conversely, the higher SRL and SRA observed for
S grown plants, especially at early growth stages, indicates a higher
share of fine roots for the S substrate. As these root traits are related to
resource mining strategies, this suggests that S-grown plants might have
adopted different strategies to forage for nutrients other than root
exudation. Ganther et al. (2022) reported higher expression of genes
related to mineral transport and acid phosphatase release for S-grown
plants in the same field experiment, which can also be another adaptive
mechanism. Other studies demonstrated that exudation differs when the
same genotype is grown in soils of different geological origin (i.e., in
substrates that differ in quality and quantity of plant available nutrients
as well as in texture-driven nutrient mobility) (Miller et al. 2019; Neu-
mann et al. 2014; Oburger et al. 2014). Our non-targeted metabolomics
data revealed that substrate had small but significant (except for me-
tabolites detectable by HILIC (-)) effect on the obtained metabolomics
profiles (Table S7). Among annotated compounds, only a few metabo-
lites (e.g., hexose, DIBOA, chlorogenic acid, peptides) showed signifi-
cant differences between substrates (relative abundance > 70%), and
from the targeted compound classes only phenolics demonstrated a
significant substrate effect (Fig. 4b). Root exuded phenolics have been
reported to act as antibiotics and chemotactic molecules for rhizosphere
microorganisms, playing roles in metal chelation and allelopathic in-
teractions (de Weert et al. 2002; He et al. 2009; Kidd et al. 2001; Ray
et al. 2018; Rudrappa et al. 2008; Steinkellner et al. 2007). Also, root
exuded benzoxazinoids were reported to act as plant defence metabo-
lites against pathogen attack and play significant role in shaping the root
associated microbiome in several species (Cadot et al. 2021; Hu et al.
2018; Neal et al. 2012; Wang et al. 2022). A hydroxycoumarin (i.e.,
escluletin) was found to be unique to the substrate with the highest
biomass production (i.e., loam) and during vegetative growth (BBCH
19), when nutrient demand was highest. Several reports identified root
exuded coumarins as iron-mobilizing compounds (Clemens and Weber,
2016; Rosenkranz et al. 2021; Stringlis et al. 2019), and their accumu-
lation in both root tissue and exudates under P-deficient conditions
(Chutia et al. 2019; Ziegler et al. 2015). Generally, the small impact of
substrate on exudation patterns in this study suggests that differences in
substrate texture and size of the plant available nutrient reservoir had a
minor effect on basic plant metabolism, and consequently on root
exudation. Whether the substrate effect on exudation patterns can be
expected to be greater when plants are grown in soils differing more
strongly in mineralogy remains to be tested. Nevertheless, even small
changes in metabolite composition may have large ecological effects,
especially regarding rhizobiome composition and activity (e.g., Seitz
et al. 2022; Yuan et al. 2018).

4.3. The lack of fully developed root hairs enhances exudation rates and
induces changes in root morphology

In contrast to our expectations, our results revealed that C exudation
rates were significantly higher for rth3 irrespective of substrate and
growth stage, and these results were further confirmed in laboratory
experiments with the same maize genotypes (Lohse et al. (2023); San-
tangeli et al. in preparation). Microscope pictures of the WT plants
(Fig. S4) demonstrate that root hairs were still present after root
washing. Consequently, we can rule out that observed genotypic dif-
ferences in root exudation are caused by severe damage due to our
sampling procedure. Interestingly, the higher exudation rate of rth3
plants compensated for the genotypic differences observed in root
growth, leading to comparable exudation-driven total C input per plant
within the same substrate (Fig. 3b). In a study conducted within the
same field experiment, Ganther et al. (2022) did not find any difference
in the amount of freshly assimilated 3C between the two genotypes,
both in the shoot and root tissues. This suggests that the higher exuda-
tion rate observed in the hairless mutant was not a result of a higher
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amount of fixed CO». Our results indicate that WT relies more on the root
hair trait for nutrient acquisition (Jungk, 2001), while the enhanced
exudation of the hairless rth3 mutant could aim at compensating the
lower absorption surface by increasing nutrient mobility (e.g., via ligand
exchange or complexing reactions). Interestingly, rth3 plants had a
higher root diameter than the WT (Table S5) which aligns with the
observation from (Vetterlein et al. 2022), and RD was positively corre-
lated to higher exudation rate (Figs. 2b, 3a). This is consistent with the
findings of Williams et al. (2022), where the authors found a positive
correlation between RD and root exudation of several grassland species.

Exudate characterization showed different exudation patterns in WT
compared to rth3 plants with increasing exudation rates of sugars, amino
acids, and phenolics in WT starting from BBCH 59 (Figs. 4, 7) in contrast
to the general trend of declining exudation rates with plant develop-
ment. As reported by Jorda et al. (2022); Vetterlein et al. (2022), WT
experienced drought earlier than rth3 due to higher biomass and stopped
growing after BBCH 59. Higher exudation rates of osmoprotectant sol-
utes (i.e., sugars and amino acids) and the increased shoot concentration
of K™ are a clear indication of the mechanism through which WT plants
shaped their exudation pattern to face the earlier onset of drought
symptoms. Nevertheless, our non-targeted metabolomic results did not
show any significant difference in terms of metabolite fingerprinting
between the two genotypes. Due to the stronger contribution of plant
development in shaping the exudation patterns, our discriminant anal-
ysis failed to model significant components when genotype was the
investigated factor (Table S7). However, this does not necessarily imply
that there are no genotypic differences in the exudation profile. On the
contrary, several studies reported intraspecies specific variation in the
exudation patterns of maize plants grown under different experimental
conditions (Liu et al. 2004; Lopes et al. 2022; Wang et al. 2022). More
specifically, in a previous laboratory scale study, Lohse et al. (2023)
performed a non-targeted metabolomics comparative study on the same
rth3 and WT maize plants used in this work, showing that a large portion
of the detected metabolites had a different or even genotypic-unique
regulation.

4.4. Experimental considerations

Most studies in the past have collected root exudates from plants
grown in artificial media (i.e., hydroponic, glass beads, percolation) to
facilitate exudate collection unaltered by microbial decomposition and/
or soil matrix interactions (i.e., sorption of exuded metabolites and
primary organic matter soil solution concentrations) (Jones and Darrah,
1993; Kawasaki et al. 2018; Neumann and Romheld 1999; Sasse et al.
2020). However, despite the practicality of artificial systems, plants
grown under such conditions are likely to have a different physiology
and metabolism than those grown in a natural environment (i.e., soil)
(Neumann et al. 2014). Moreover, rhizosphere processes such as
root-microbiome interactions and nutrient mobilization, which play a
crucial role in shaping exudation, are completely neglected when
growing plants in nutrient solution culture. The soil-hydroponic-hybrid
exudation sampling approach used in this study is a viable option to
obtain ecologically relevant exudation data from the whole root system
of field-grown plants if the entire plant, along with its undisturbed root
system can be excavated. Despite the drastic shift in environment from
soil to solution, root cell contents and therefore also root exudation will
still reflect soil conditions if the sampling duration remains short.

5. Conclusion

Results from our study highlight how maize plants can adapt their
exudation patterns according to plant phenology and environmental
stimuli to support their physiological needs and possibly sustain the
successional patterns in the rhizosphere microbiome. We further
observed how different growth substrates, as well as the presence or
absence of functional root hairs can push the plant to adopt different
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foraging strategies, either by enhancing exudation and/or by adapting
root morphology. To our knowledge, our study represents the first
investigation of maize root exudation throughout the whole plant life
cycle under field conditions. Obtaining in-depth knowledge about root
exudate quality, C allocation strategies and root plasticity under natural
growth conditions is a crucial prerequisite to improve crop yield and to
select resilient cultivars and/or root traits to cope with the challenges
associated with climate change and the increasing food demand.
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