
P
os

te
d

on
A

ut
ho

re
a

25
Ju

l2
02

1
|T

he
co

py
ri

gh
t

ho
ld

er
is

th
e

au
th

or
/f

un
de

r.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

us
e

w
it

ho
ut

pe
rm

is
si

on
.

|h
tt

ps
:/

/d
oi

.o
rg

/1
0.

22
54

1/
au

.1
62

72
56

96
.6

16
08

21
0/

v1
|T

hi
s

a
pr

ep
ri

nt
an

d
ha

s
no

t
be

en
pe

er
re

vi
ew

ed
.

D
at

a
m

ay
be

pr
el

im
in

ar
y.

SINGLE AND COMBINED ABIOTIC STRESSES IMPACT
THE ROOT EXUDATION PATTERNS IN DIFFERENT
MAIZE ROOT TYPES

Raphael Tiziani1, Maria Begona Miras Moreno2, Antonino Malacrinò3, Rosa Vescio4, Luigi
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Abstract

Root exudates play an essential role in plant-soil-abiotic stress interactions. However, we still know little about the influence
of stress combinations on the root exudation profile. Using targeted and untargeted metabolomics, here we test the effect
of drought, heat stress, and their combination on the maize root exudates, also considering the differences that might exist
between root types (seminal and primary) and root zones (apical and sub-apical). In addition, we built an analytical framework
that relate the root exudation profile with the characterization of the rhizosphere bacterial community, enabling us to dissect
the interactions between specific root exudates and microbial taxa. Our results suggest that the composition of root exudates
has a different outcome according to the single or combined stress and to the root zone but not between root types. Further,
we found that stress-specific exudates influence the relative abundance of specific microbial taxa, some of which are known
to be beneficial microorganisms. Therefore, the stress-specific root exudate composition selecting specific microbial taxa, here
observed, represent a contribute on the effects of climate changes on crops increasing thus the potential impact on the current
trend of crafting agricultural practices within a wider point of view of plants-microbe-environment interactions.
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Abstract

Root exudates play an essential role in plant-soil-abiotic stress interactions. However, we still know little
about the influence of stress combinations on the root exudation profile. Using targeted and untargeted
metabolomics, here we test the effect of drought, heat stress, and their combination on the maize root
exudates, also considering the differences that might exist between root types (seminal and primary) and
root zones (apical and sub-apical). In addition, we built an analytical framework that relate the root
exudation profile with the characterization of the rhizosphere bacterial community, enabling us to dissect
the interactions between specific root exudates and microbial taxa. Our results suggest that the composition
of root exudates has a different outcome according to the single or combined stress and to the root zone
but not between root types. Further, we found that stress-specific exudates influence the relative abundance
of specific microbial taxa, some of which are known to be beneficial microorganisms. Therefore, the stress-
specific root exudate composition selecting specific microbial taxa, here observed, represent a contribute on
the effects of climate changes on crops increasing thus the potential impact on the current trend of crafting
agricultural practices within a wider point of view of plants-microbe-environment interactions.

Keywords: root exudation profile, heat, drought, abiotic stress, microbiota, metabolomics,

INTRODUCTION

The reduction of water availability (i.e ., drought stress) and increase in global temperature (i.e . heat stress)
are among the major challenges we are going to face in the next few decades (IPCC 2018). These abiotic
stresses generated by climate change significantly impact plants (Pandey, Ramegowda & Senthil-Kumar
2015), causing substantial agronomical and economic losses every year on a global scale (Lipiec, Doussan,
Nosalewicz & Kondracka 2013). The effect of abiotic stresses on plants has been widely dissected over the
years. However, plants are rarely exposed to single stresses but rather to a combination of multiple stresses,
requiring plants to finely tune their physiological responses. Several studies have shown that combined stress
responses provide non-additive effects (i.e. , synergistic or antagonistic), and therefore the combined effects
cannot be predicted based on results from single-stress studies (Rivero et al. 2014). Hence, it is of huge
importance to understand how plants respond to the combination of heat and drought stress.

One of the most important physiological traits that plants evolved to interact with the environment is the
modulation of their root exudation pattern (Vives-Peris, de Ollas, Gomez-Cadenas & Perez-Clemente 2019).
Root exudates include primary and secondary metabolites of both low (<1000 Da) and high molecular
weight (>1000 Da) (Oburger & Jones 2018) that plants produce to directly influence the chemical, physical
and biological characteristics of the rhizosphere (Mommer, Hinsinger, Prigent-Combaret & Visser 2016).
Examples include carboxylates, amino acids, carbohydrates, phenols, proteins, and fatty acids. Plant age,
genotype, biotic or abiotic stresses, environmental factors, as well as the interaction with living organisms
in the rhizosphere can potentially affect the quantity and quality of root exudation (Czarnota, Rimando &
Weston 2003; Pii et al. 2015; Valentinuzzi et al. 2015; Oburger & Jones 2018; Tiziani et al. 2020a; Tiziani,
Pii, Celletti, Cesco & Mimmo 2020b). Despite the large interest in drought- and heat-tolerant crops in the
last years, only a few studies focused on the root exudation responses to these abiotic stresses (Williams &
de Vries 2020).

In the presence of water deficit it has been suggested that plants allocate a higher fraction of carbon to
exudates at the expenses of biomass production, although it seems that total exuded carbon is limited during
the drought stress (Karst, Gaster, Wiley & Landhausser 2017; Preece, Farre-Armengol, Llusia & Penuelas
2018). A recent study investigated drought effects on root exudate quality and quantity in sunflower and
soybean. Sunflower plants exposed to drought increased the exudation rates after rewetting (+330% in
terms of carbon), but the composition of metabolites remained unchanged compared to not-stressed plants.
In soybean, it has been observed that plants did not modify exudation rates, but rather the profile of
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metabolites exuded, with increased concentrations of osmolytes (proline and pinitol) (Canarini, Merchant
& Dijkstra 2016). Another study performed on Quercus ilex showed that under normal growing conditions,
the plant mainly exuded primary metabolites, whereas under drought stress, the exudation was shifted
irreversibly to secondary metabolites (Gargallo-Garrigaet al. 2018). In contrast, Henry, Doucette, Norton &
Bugbee (2007) showed that drought stress in wheatgrass increased carboxylate exudation, especially malate,
compared to control plants. Taken together, the plant responses to drought often seem to be species- or even
genotype-specific. Research on the effects of heat stress on root exudation is extremely scarce, while effects
like decreased root growth and function, including nutrient and water uptake, have been widely described
(Heckathorn, Giri, Mishra & Bista 2013). Under salt or heat stress, citrus plants have been shown to release
proline in larger quantities from roots during heat stress (Vives-Peris, Molina, Segura, Gomez-Cadenas &
Perez-Clemente 2018). Furthermore, the exudation of the phytohormones salicylic acid, indole acetic acid,
abscisic acid, and jasmonic acid generally increased under elevated temperatures (Vives-Peris et al. 2018a).
Another recent study examined the effect of heat on Sorghum bicolor root exudation, highlighting that heat-
stressed plants exuded large amounts of compounds, including ascorbate, carotene, glutathione, or flavonoids
(Yaqoob, Bhatti, Sultana & Shahid 2020). Considering that the effects of the single stress, as water deficit
and high temperatures, on the root exudation have been reported, we still know little about this essential
physiological process to the combination of these abiotic stress despite that they co-occur in nature and
determine a unique plant response that is different from each single stress.

Most studies regarding the root exudation process have been focused on exudate profiles of the whole root
system. However, the plant root system comprises different root classes or types, such as embryonic (primary
and seminal) and post-embryonic roots (nodal and lateral), which are characterized by distinct developmen-
tal, physiological, and functional signatures (Bengough 2003). For example, several studies reported different
morpho-physiological responses among root types to drought stress (Zhan, Schneider & Lynch 2015), allelo-
chemicals (Abenavoli, Sorgona, Albano & Cacco 2004; Lupini, Sorgona, Princi, Sunseri & Abenavoli 2016),
P deficiency (Rubio, Sorgona & Lynch 2004; Tiziani et al. 2020a) and combined nitrogen deficiency/drought
stress (Lynch 2013). In addition to this diversification between root classes/types, roots also show differ-
ences in functionality along their axis (Rubio et al. 2004; Sorgona et al. 2011; Tizianiet al. 2020a). Despite
this functional complexity of the root system, very few studies considered the within-root variability of the
exudation processes. Specifically, the carbon efflux is generally highest at the root tips (McCully and Canny,
1985; Iijima et al., 2000). However, it has been observed that branch roots released more flavonoids in white
clover (Mathesius et al., 2000) and tryptophan in annual grass, although the apical region of the primary root
emitted more sucrose (Jaeger et al., 1999). Understanding the variation of exudate profiles among and along
the diverse root types will allow predicting the impact of the root architecture on biophysical and edaphic
properties (aggregation, structure, pH, moisture, temperature, and nutrient stoichiometry) in different soil
locations.

In addition to the effects on the physio-chemical proprieties of the rhizosphere, root exudation is a key process
through which plants interact with soil microbes and, consequently, influencing several other rhizosphere
processes. Despite the recent increase of research on root exudation and their link with rhizosphere microbial
communities (de Vries et al. 2018; Gargallo-Garriga et al. 2018; Karlowskyet al. 2018; Vescio et al., 2021),
until now the relationship between exudation pattern and microbial responses under drought and heat stress,
in single and combination, has been largely unexplored.

In this framework, in the present study we test the effect of drought, heat stress, and their combination on the
root exudation profile of maize plants, also considering the differences that might exist between root types
(seminal and primary) and root zones (apical and sub-apical). According to previous studies, we hypothesize
that (i) drought and heat stress will induce a differential response in the blend of root exudates; (ii) the
combination of the two stresses will generate a different exudation profile than each single stress; (iii) diverse
root types and zones will point out a different exudate pattern for each single or combine stress. Furthermore,
to provide a mechanistic overview of the role of root exudates in rhizosphere processes, here we leverage data
generated by our previous study (Vescio et al. 2021). In particular, we aim at unraveling the interaction
between root exudates and the rhizosphere bacterial microbiota when maize plants are exposed to abiotic
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stress. According to previous studies suggesting a role of root exudates in recruiting beneficial microbes,
we hypothesize that (iv) stress-specific root exudates will influence the relative abundance of microbial taxa
that have a beneficial effect on maize plants.

MATERIAL AND METHODS

A randomized experimental design was used throughout the entire experiment, to include a total of 4 abiotic
stress treatments (2 water availability treatments x 2 air temperature treatments) x 2 root types (primary
and seminal roots) x 2 root zones (apical and subapical) x5 (replicates) = 80 samples.

Plant growth and exudates sampling

Samples collected for this experiment were part of our previous study (Vescio et al., 2021) conducted using
maize plants (Zea mays L., genotype KXB7554 provided by KWS Italia) as a model. Plants were grown in
pots filled with a mix of collected field soil and quartz sand (1:2, v:v). Quartz sand (O1-2 mm, Croci Trading
Company s.r.l., Italy) was previously autoclaved for 3 hours at 121degC, allowed to cool overnight, and then
autoclaved further 3 hours at 121 degC. The soil physicochemical parameters are reported in Gelsomino
et al. (2010). Plants were initially grown for 2 weeks at 25degC, 70% relative humidity and at 14h:10h
light:dark photoperiod. Then, plants were exposed to two levels of water availability (30% and 80% of soil
field capacity, corresponding to a severe drought and no drought) and air temperature (25degC and 32degC)
for one week. Finally, the following abiotic stress treatments were obtained: 25degC and 80% soil field
capacity (T1 or control); 25degC and 30% soil field capacity (T2 or drought stress); 32degC and 80% soil
field capacity (T3 or heat stress); 32degC and 30% soil field capacity (T4 or combined stress).

Root exudates sampling

After 7 days of exposure to treatments, root exudates were collected by a soil-hydroponic hybrid approach
(Oburger & Jones 2018) with modifications (Figure 1). The maize plants were sampled and the whole
root system was carefully washed after removing the soil. Afterwards, the single primary and seminal roots
attached to the shoot were placed on two different compartmented chambers (2x10x2 cm) with five cells, each
1.8 cm deep and 1.8 cm wide (Figure 1). Each cell was connected to the next one by a shallow bridge so that a
root could be laid out across the block traversing all the cells. The intact primary and seminal root axes were
inserted in separate chambers. The area starting from the root tip to the first visible lateral root (apical root
zone) was isolated from the remaining root portion (subapical root zone) by silicon grease (Dow Corning,
Midland, MI, USA) (Figure 1). Hence, the root exudates of the following root types and zones have been
collected: seminal-apical (Sa), seminal-subapical (Ssa), primary-apical (Pa), and primary-subapical (Psa).

Before beginning the exudate collection, we submerged the apical root zone with the trap solution (0.5 mM
CaCl2) to detect possible leaks between the cells hosting the apical and sub-apical root zones. During the
exudates collection, the roots were continuously aerated. To collect root exudates, cells were filled with 6
mL of the trap solution, and every 30 minutes the trap solution was collected for up to 4 hours, yielding
48 mL for each root zone. This solution was then centrifuged (15 min at 13000 rpm at 4 degC) and the
supernatant was freeze-dried. The exudate solution was then resuspended in 5 mL 1:1 H2O/CH3OH and
filtered with 0.45 μm syringe filters (Phenex-RC 0.45 μm - Phenomenex) and used for the targeted and
untargeted metabolomics analyses.

Targeted exudates analysis

Determination of total phenols

Total phenol content was determined following the Folin-Ciocalteau method (Atanassova, Georgieva &
Ivancheva 2011). Briefly, 200 μL of sample or standard solution of gallic acid was mixed with 1.4 mL
deionized water and 100 μL Folin-Ciocalteau´s phenol reagent (2 mol L-1; Sigma Aldrich; Italy). Total
phenol content was determined using a spectrophotometer (Agilent Technologies, Cary Series 100 UV-VIS
Spectrophotometer, Italy) to measure the absorbance at 765 nm, then expressing the results as μmol of gallic
acid equivalent.
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Determination of total flavonoids

Total flavonoids content was determined by a pharmacopeia method (Miliauskas, Venskutonis & van Beek
2004). Rutin hydrate (purity [?] 94%, Sigma Aldrich; Italy) was used as reference compound. Briefly, 160
μL of sample or a standard solution of rutin was mixed with 160 μL AlCl3 (20 g L-1 in ethanol; Sigma
Aldrich; Italy) and 3.68 mL ethanol (Sigma Aldrich; Italy). Samples and standards were incubated at 20 °C
for 40 min, and absorbance read at 415 nm using a spectrophotometer (Agilent Technologies, Cary Series
100 UV-VIS Spectrophotometer, Italy). Results were expressed μmol rutin equivalent.

Determination of total flavonols

The content of total flavonols was determined following the Yermakov method (Mickelsen & Yamamoto
1958). Rutin hydrate (Sigma Aldrich, purity [?] 94%) was used as standard solution. Briefly, 200 μL of
sample or rutin standard was mixed with 200 μL AlCl3 (20 g L-1 in ethanol, Sigma Aldrich) and 600 μL
sodium acetate (50 g L-1; Sigma Aldrich). Samples and standards were incubated at 20 °C for 2.5h, and
absorbance measured at 440 nm using a spectrophotometer (Agilent Technologies, Cary Series 100 UV-VIS
Spectrophotometer, Italy). Results were expressed as μmol rutin equivalent.

Determination of organic acids

Organic acids were determined by ionic chromatography with photodiode array detection (Waters 2998,
Waters Corporation, Italy). Separation was achieved on a cation exchange column (Aminex 87-H column,
300 × 7.8 mm, 9 μm, Bio-Rad) using an isocratic elution with 10 mM H2SO4 as carrier, at a flow rate of
0.6 mL min-1. Detection was carried out at 210 nm. Standard carboxylates were prepared as individual
stock solutions using Sigma (Italy) reagent grade compounds, and then combined to give diluted working
standards to be used for retention time comparison and for quantification.

Determination of amino acids

Amino acids analysis was performed by liquid chromatography prior a pre-column derivatization with a
commercial kit (AccQ Tag, Waters Corporation, Italy) according to manufacturer’s instructions and using
a Nova-PakTMC18 silica based bonded column (Waters Corporation, Italy). Gradient elution with a flow
rate of 1.0 mL min-1 used a mixture of: A = AccQ Tag Eluent; B = 100% acetonitrile (HPLC grade), C
= HPLC grade I water (Waters application note for amino acids). Gradient summary: 100:0 A/B to 83:17
A/B from min 0 to 38. Then 60:40 B/C from min 38.01 to 55. The derivatized amino acids were detected
by fluorescence (λex = 250 nm, λems = 395 nm; 2475 Multi λ Fluorescence Detector, Waters Corporation,
Italy) and quantified by the external standard method using a pure amino acids standard mix.

Untargeted exudate analysis

Rood exudate composition was investigated trough an ultra-high-pressure liquid chromatography (UHPLC)
coupled to a quadrupole-time-of-flight (QTOF) mass spectrometry as reported by Astolfi et al. (2020)
with minor modifications. Briefly, a 1290 series LC system equipped with a binary pump, a JetStream
Electrospray source and a G6550 iFunnel QTOF mass spectrometer (Agilent technologies, Santa Clara, CA,
USA) working in positive SCAN mode (100–1200 m/z range) was used. The chromatographic separation
was achieved by a reverse phase Agilent PFP column (2.0 × 100 mm, 3 μm) using a gradient of water and
methanol (from 6% to 94% organic phase in 33 min, flow rate 200 μl min-1). Quality control pooled samples
(QCs) were also analyzed in MS/MS mode (data-dependent, 12 precursors per cycle at 1 Hz, 50–1000 m/z,
positive polarity, active exclusion after 2 spectra), with collision energies of 10, 20, and 40 eV as previously
reported (Garćıa-Pérez, Miras-Moreno, Lucini & Gallego 2021).

Compound annotation was carried out according to Astolfi et al.(2020) from raw mass features, using the
software Profinder B.07 (from Agilent Technologies, Santa Clara, CA, USA) according to the ‘find-by-
formula’ algorithm following mass and retention time alignment. To this aim, the whole isotope pattern
(monoisotopic mass, isotopic spacing and isotopic ratio) was used. A custom database produced by combining
compounds exported from PlantCyc 9.6 (Plant Metabolic Network, http://www.plantcyc.org; accessed April
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2017), Phenol-Explorer 3.6 (http://www.phenol-explorer.eu; accessed April 2017), as well as information
on compounds extracted from the literature and that might be present in root exudates was used as a
reference for annotation (5-ppm mass accuracy tolerance). The annotation level corresponded to Level 2 of
accuracy (putatively annotated compounds) as set out by the COSMOS Metabolomics Standards Initiative
(http://cosmos-fp7.eu/msi). Only those compounds identified within 75% of replications within at least one
treatment were retained.

The MS-DIAL 4.24 software provided a higher degree of confidence in annotation, based on MS/MS spectra
of QCs to confirm features obtained by Profinder B.07. (Tsugawa et al. 2015). To this aim, publicly available
built-in MS/MS experimental spectra (Mass Bank of North America) were used.

Statistical analysis

All data from targeted analyses were tested for normality (Kolmogorov–Smirnov test) and for homogeneity of
variance (Leven median test). Thereafter, three-way ANOVA was used to investigate the effect of treatments
(control, drought, heat, and drought+heat), root type (primary and seminal), root zones (apical and sub-
apical) and their interactions. The means were separated by the Tukey’s honest significant difference (HSD)
test (p<0.05).

The metabolomics-based analyses were performed according to Garćıa Pérezet al. (2021). Briefly, raw mass
features were elaborated using the software Agilent Mass Profiler Professional B.12.06 for normalization
and baselining, and then the multivariate unsupervised hierarchical cluster analysis (HCA) was performed
(Euclidean distance, Ward’s linkage rule) to describe similarities and dissimilarities among treatments from
a fold-change based heat map. A Volcano analysis (α = 0.05; fold change, FC > 1.2) was performed to
identify compounds varying significantly between treatments and control. In addition, supervised model-
ing by Orthogonal Projection to Latent Structure Discriminant Analysis (OPLS-DA) was performed using
SIMCA 16 software tool (Umetrics, Sweden). The Variable Importance in Projection (VIP) analysis was
performed to further identify markers responsible of the discrimination. The obtained multivariate model
was then cross-validated by Cross Validation-Analysis of Variance (CV-ANOVA, α < 0.01) and its fitness
and prediction were evaluated by R2Y and Q2Y parameters, respectively.

Integration of metabolome and microbiota datasets

The rhizosphere microbiota dataset was taken from our previous experiment (Vescio et al., 2021), where
additional maize plants from the present experiment (and the same pot) were used. In the previous work,
libraries targeting the V4 region of the bacterial 16S rRNA were obtained from DNA extracted from rhizo-
sphere soil (McPherson et al., 2018), and sequenced using an Illumina MiSeq platform (Illumina, San Diego,
CA, USA) using the 300PE chemistry. De-multiplexed forward and reverse reads were merged using the
PEAR 0.9.1 algorithm using default parameters (Zhang et al. 2014). Data handling was carried out using
VSEARCH 2.14.2 (Rognes et al. 2016) to quality-filtered reads, discard chimeric sequences, bin OTUs and
assign taxonomy by querying the SILVA database (v. 132) (Quast et al. 2012).

Data analysis was performed using R statistical software 3.5 (R Core Team 2013) (Supplementary material
1). The microbiota dataset was processed to remove singletons and OTUs generated from the amplification
of plastidial rRNA. This dataset was then normalized using DESeq2 (Love, Huber & Anders 2014). The
metabolome dataset was also processed to remove those metabolites that were not found in at least 25% of the
samples. Then, a framework that considers both metabolomic and metabarcoding datasets was built to finely
investigate the interaction between root exudates and rhizosphere microbial community. This framework
has been built using MOFA+ (Argelaguet et al. 2018). MOFA+ captured three factors that explain a high
proportion of variation in both molecules and taxa in the three different treatments (Supplementary material
1). This information allowed identifying, for each treatment, the top 10% molecules and 0.1% microbial taxa
that mostly contribute to explain the variation due to the treatments. Then, their relative abundance was
correlated (Two tails, Pearson’s correlation) and significant correlations (p<0.05) were recorded.

RESULTS

6
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Targeted exudates analysis

Figure 2 shows the compounds detected by the targeted metabolomics analysis. We were able to quantify
aconitic acid, total phenols, flavonoids and flavonols, as well as glycine, threonine and alanine in all the sam-
ples (Figure 2). Formic and lactic acid were also detected, yet only in some random samples. Furthermore,
we were able to detect, but not quantify serine, histidine, proline, tyrosine and phenylalanine.

Aconitic acid exudation rate was significantly affected by the treatments (Figure 2a). Plants exposed to T3
exuded 107% more aconitic acid than T2 plants, while T1 and T4 treatments exhibited intermediate values.
Also, the root zones pointed out statistically significant difference of aconitic acid exudation: the apical zone
exuded 151% more aconitic acid than the sub-apical one.

The total phenols (Figure 2b) were affected in the same way by the treatments and root zones: T3 vs T2
(+120%), and the other two treatments displayed intermediate exudation rates while the apical zone exuded
more (+157%) than the sub-apical one (Figure 2b).

On the other hand, the release of total flavonoids was higher in T1 plants (Figure 2c), being nearly 4-fold
higher when compared to T2. T3 showed intermediate values and in T4 no flavonoids were detected (<LOD).
However, similar to the phenols and aconitic acid exudation, the apical zones exuded more total flavonoids
than the sub-apical one (+295%).

Threonine exudation rate showed the same trend as the total flavonoids (Figure 2d). Indeed, T1 exuded
significantly more threonine compared to T2 (+105%), while both T3 and T4 exhibited intermediate threo-
nine exudation rates. Once again, the apical zone exudes more threonine than the sub-apical one (+246%,
Figure 2d). Glycine and alanine exudation were significantly affected by root zone being the apical zone
more responsive (+213% and +193%, respectively, respect the sub-apical zone) (Figure 2e and f).

Total flavonols exudation rate was not altered by any factor (Figure 2g).

Untargeted metabolomics

The comprehensive exudate profiling of the different maize root types and zones exposed to single and
combined abiotic stress was investigated using UHPLC-QTOF-MS untargeted metabolomic analysis. This
approach allowed the putative annotation of 337 compounds, most of which belonged to phenylpropanoids
and amino acids (Supplementary material 2). We solely found slight differences driven by root type or
root zone (Supplemental material 3. However, the näıve HCA analysis showed a separation of exuded
metabolic profiles according to the stress treatments (Figure 3). Therefore, we focused our analysis on
understanding the differences among treatments. This latter HCA unsupervised model depicted two main
clusters, separating control and drought-stressed plants from plants exposed to heat and combined stress,
suggesting that temperature had a hierarchically stronger effect on exudate composition than drought. The
supervised OPLS-DA further confirmed this separation as a function of the stress applied (Figure 4). The
first latent vector allowed separating control plants and those exposed to drought from heat- and combined-
stress plants. However, despite the closeness of exudates profile between control and drought-stressed plants,
the second latent vector indicates that also the soil water content influenced exudate signatures (Figure 4).
The VIP analysis highlighted the most discriminant compounds involved in OPLS-DA score plot separation
(Supplementary material 4). The features having a VIP score > 1 were considered as markers. Among these
compounds, phenylpropanoids appeared as the main class of compounds, possessing the highest VIP score
(Supplementary material 4). Nevertheless, several organic acids and amino acids were also highlighted as
VIP markers.

To further investigate the exudation pattern as a function of the stress, the volcano analysis was performed,
to identify differential metabolites elicited under stress, compared to non-stress conditions. The differential
metabolites for each treatment are provided in Supplementary material 5. According to the multivariate sta-
tistics (Figure 3 and Figure 4), plants exposed to heat and combined stresses presented the largest differences
compared to control plants, pointing out 33 and 39 metabolites, respectively (supplementary material 5).

7



P
os

te
d

on
A

u
th

or
ea

25
J
u
l

20
21

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
62

72
56

96
.6

16
08

21
0/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Venn analysis (Figure 5) shows that abiotic stress conditions shaped the exudation of compounds compared
to the control conditions. Although several compounds are down-exuded in the presence of the stresses, the
stress-treated plants presented a more pronounced up-exudation of compounds, especially under combined
stress. Indeed, in front of 18 down-exuded metabolites, a total of 37 compounds were up-exuded, with 13
being observed in combined stress (Figure 5). In detail, all the stressed plants showed that among the shared
compounds, hispidulin was strongly repressed, while 4-hydroxycoumarin, citramalic acid and malonic acid
strongly increased (supplementary material 5).

Table 1 reports the specific and shared down- and up-exuded compounds in presence of single and combined
stress. Drought specifically modulated the exudation of phenolic compounds. In particular, the water shor-
tage repressed the exudation of the phenolic acid protocatechuic acid and dihydroisocoumarin mullein, but
promoted the exudation of two conjugated flavonoids and the phytoalexin resveratrol (Table 1). The conju-
gated flavonoid kaempferol 3-O -(6”-acetyl-galactoside)7-O -rhamnoside was the only metabolite shared with
the combined stress (Table 1). Similarly, heat stress largely promoted the exudation of phenolic compounds.
In more detail, plants exposed to heat stress reduced the exudation of L-ascorbate, bisdemethoxycurcumin
and apigenin 7-O -(6”-malonyl-apiosyl-glucoside) but increased those of 4-vinylphenol, luteolin 7-O -(2-
apiosyl-6-malonyl)-glucoside, malate, 2,4-dihydroxybenzoic acid and benzoic acid (Table 1). Differently to
the drought stress, the heat shared more metabolites with the combined stress: 4 and 8 down- and up-exuded,
respectively (table 1).

Combined stress triggered a distinct exudation pattern, compared to the control or individual stresses. In this
regard, 13 metabolites were up-exuded solely in the presence of the combined stress, most of which belonged
to phenolic compounds. Among these, several flavonoids, the hydroxycinnamic acid trisinapoylgentiobiose,
alk(en)ylresorcinol and nonadecenylresorcinol were identified. Moreover, palmitic acid, tryptophan, sinapine
and the xanthophyll lutein could be highlighted under combined stress conditions (Table 1). A reduced
exudation of alpha-aminoadipic acid, sorgolactone and 6-geranylnaringenin was also specifically observed in
combined stress (Table 1).

Integration of metabolome and microbiota datasets

To test our hypothesis in which stress-specific root exudates can influence the relative abundance of micro-
bial taxa, we built a framework that integrates microbiota and metabolome data. This investigation targets
at elucidating the influence of each treatment on both exudates and microbiota, and to identify microbial
taxa and compounds that may coordinately interact in response to stress(es). Excitingly, the variance de-
composition step revealed three factors explaining a high proportion of the variance, jointly for metabolome
and microbiota in the three different treatments (Supplementary material 1). For each treatment, we then
selected the top 0.1% of bacterial taxa and the top 10% of metabolites that mostly contribute to explain the
variation within each factor, and then we correlated the abundance of the bacterial taxa and metabolites,
then extracting significative correlations.

The analysis of drought-stresses plants suggests that two compounds (p-coumaric acid ethyl ester and L-
serine) negatively correlate with several bacterial taxa. Both compounds were negatively correlated with
the same pool of taxa (Mucilaginibacter , Sphingomonas ,Acidibacter, Paenibacillus, Filimonas, Labrys,
Mesorhizobium, Heliimonas, Rudaea ) with the only difference that L-serine negatively correlated with a
single unidentified bacterium, while p-coumaric acid ethyl ester negatively correlated with 2 unidentified
bacterial OTUs (Supplementary material 1).

Plants exposed to heat treatment showed five compounds [aminocyclopropane-1-carboxilic, rhamne-
tin, L-histidine, Quercetin 3-O -(6-acetyl-galactoside) 7-O -rhamnoside and 2-methoxy-5-prop-1-
enylphenol/eugenol] correlating negatively with a total of 23 bacterial taxa (Supplementary material 2).
Interestingly, the first four molecules negatively correlated with a common pool of 22 taxa (Supplementary
Material 1) including the genera Bacillus ,Bacteriovorax , Caulobacter , Chitinophaga ,Dyadobacter , Helii-
monas , Mesorhizobium ,Micromonospora , Niastella , Pseudonocardia ,Rhizobacter together with 6 OTUs
of unidentified bacteria. 2-Methoxy-5-prop-1-enylphenol/Eugenol negatively correlated with 4 OTUs: one

8
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belonging to the genus Alsobacter and three toCaulobacter (Supplementary material 1).

When plants were exposed to combined stress, the analysis suggests that two compounds (L-homocysteine
and cinnamoyl glucose) negatively correlate with bacterial taxa, while a positive correlation was observed
only for carnosic acid. L-homocysteine influenced the abundance of 25 taxa (Supplementary material 1)
including Bacillus ,Clavibacter , Devosia , Dietzia ,Microbacterium , Paenibacillus , Paracoccus ,Rhizobium
, Rhodococcus , Stenotrophomonas . Cinnamoyl glucose and carnosic acid affected, in opposite direction, a
single OTU of Paenibacillus (Supplementary material 1).

DISCUSSION

Drought, heat, or combined stress differently affect the root exudate composition

In field conditions, plants are regularly subjected to co-occurring abiotic stress factors, especially due to
climate change (Zandalinas, Mittler, Balfagón, Arbona & Gómez-Cadenas 2018). In such adverse growing
conditions root exudates are crucial in allowing plants to survive (Mimmo et al. 2018; Vives-Peris et al.
2019). Here we show for the first time distinctive responses of maize root exudation to drought and heat
stress, as well as to their combination.

Our results indicate that abiotic stresses modified the root exudates composition, in a more pronounced
manner for heat and combined stress, but also evident for drought-stressed plants (second latent vector
in figure 4). With this regard, phenylpropanoids and amino acids were the main metabolites involved in
the stress-changed root exudation profiles. In this sense, literature indicates that root exudates could be
modulated by external factors such as abiotic stress, confirming our results. Indeed, it is known that drought
affects the quantity and quality of root exudation, with a prevalence of secondary metabolites (Williams and
de Vries, 2020; Gargallo-Garriga et al. 2018). Similarly, several authors also reported a tailored exudation
when plants are exposed to high temperature (Pramanik et al., 2000; Vives-Peris et al., 2020).

Our results corroborate previous findings and indicate that both shared and specific metabolites were mo-
dulated between the single and combined stress. Among the shared metabolites, citramalic, malonic acid,
and 4-hydroxycoumarin increased in presence of all stress treatments, compared to the control. Citramalic
acid seems to be involved in soil phosphorus solubilization (Khorassani et al. 2011). Since both drought and
heat decrease the water content in the rhizosphere, mobility of nutrients (including phosphorus) may be
reduced. Thus, the increase of citramalic acid exudation could be a plant mechanism to enhance the solu-
bilization of the drought-induced mobility-limited nutrients, and consequently their uptake. (Zhang, Chen,
Zhao, Zhou & Zhao 2017) observed that citramalic acid was sharply reduced in the root collar tissue of
Caragana korshinskii during drought stress, a highly drought tolerant plant, but not in the root system.
This result could indicate the involvement of citramalic acid exudation in drought-adaptation in Caragana
korshinskii , although further confirmation is needed. Nonetheless, citramalic acid was found to be accumu-
lated in leaves of soybean seedling under salt stress (Zhang, Yang, Li & Shi 2016), further indicating that
it might play a role in plant response to abiotic stresses that involve osmotic imbalance. Another organic
acid that was found in the root exudome of all stressed maize plants is malonic acid. Indeed, the malonic
acid content increased in exudates derived from stressed plants such as wheatgrass (Henry A., Doucette W.,
Norton J. & Bugbee B., 2007) and has been associated with osmotic adjustment and stress response (Li
& Copeland 2000). Moreover, malonic acid is a major competitive inhibitor of succinate dehydrogenase (Li
& Copeland 2000) and thus is involved in plant stress signalingvia mitochondrial succinate dehydrogenase
(Belt et al.2017). However, Festuca arundinacea as well as sevenTriticeae species decreased their malonic
acid leave content under heat stress (Yu, Du, Xu & Huang; Ullah, Yüce, Neslihan Öztürk Gökçe & Budak
2017). Finally, 4-hydroxycoumarin was another up-exuded metabolite observed in all stressed maize plants.
This compound belongs to the coumarins, known also as allelopathic compounds which interact with the
root microbiota for improving nutrient acquisition (Harbort et al., 2020) and, in general, for the assembly of
the root microbiome (Stringlis et al., 2019).

Differently to the up-exuded compounds, the amino acids L-serine and threonine and flavones, (especially
hispidulin) were the down-exuded metabolites being shared in all stress treatments (Supplementary material
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5 and Table 1). In particular, L-serine was clearly down-exuded under both heat and combined stress,
suggesting a role of temperature in its production. The release of threonine instead was repressed by both
drought and combined stress. The reduction of the amino acid exudation like serine and threonine could be a
plant mechanism to preserve important elements, e.g. C and N, within the plant in presence of abiotic stress
conditions. Further, plants might compete with microorganisms for carbon within the rhizosphere since they
are also able to reacquire root exudates (Tiziani et al 2020). Thus, plants might activate a so-called ‘energy
saving strategy’ modifying their exudation pattern reducing the microbial competition (Doornbos, van Loon
& Bakker 2012). This may indicate that plants provide a fine tuning of the exudation process under heat
and drought stress, even more than under normal growing conditions. Hispidulin was among the metabolite
suppressed in all stress treatments respect than control (Supplementary 5 and Table 1). Hispidulin is a flavone
with antioxidant activity and belongs to the flavonoids commonly present in root exudates (Lucini et al.
2019). Usually, under heat and/or drought stress, shoots increase the production of antioxidant compounds
to counteract the oxidative imbalance generated by increased production of reactive oxygen species (Fahad
et al. 2017). The strong repression of hispidulin together with the modulation of other flavonoids might
indicate that the maize plant focuses on protecting the shoots rather than prioritizing metabolites for root
exudation.

Interestingly, specific stress-related exudation responses could be also observed. Targeted metabolomics indi-
cated that the release of aconitic acid and total phenols was significantly higher in heat-treated plants (Figure
2), and a specific phenolic, namely 4-vinylphenol, was observed to increase by untargeted metabolomics (Table
1). Among phenolics, benzoic acid and its derivatives (i.e. 3,5-dihydroxybenzoic acid, 2,4-dihydroxybenzoic
acid, benzoic acid) were specifically exuded under heat stress conditions (Table 1). In agreement with our
results, benzoic acid and hydroxybenzoic acid were modulated as a response to alteration in temperature
in root exudates (Pramanik et al., 2000). It is also known that benzoic acid released by root exudates
plays a role in plant-microorganisms interaction (Liu et al., 2015). Malate, another up-exuded compound
observed in maize root exudates, has been demonstrated to recruit beneficial microbes like Bacillus subtilis
(Thimmaraju et al., 2008). Indeed, this specific bacterium is involved in the enhancement of plant stress
tolerance specifically in dry and salty environments (Bokhari et al., 2019). On the other hand, L-ascorbate
was specifically down-exuded in heat-treated maize exudates (supplementary material 5 and Table 1). In
planta, ascorbic acid is a well-known key antioxidant and signaling molecule involved in mitigating excessive
activities of the reactive oxygen species determined by several abiotic stresses (Venkatesh and Park, 2014). It
can be postulated that heat-stressed maize plants preserve the presence of this essential compounds within
the heat-induced stressed root cells, rather than exude it into rhizosphere.

Among the specific compounds up-exuded by maize roots subjected to drought stress, we observed resveratrol.
This compound belongs to the stilbenes, natural phenolic phytoalexin metabolites elicited by abiotic stress
(Chung et al., 2003). Resveratrol has also been observed in the root exudate metabolome of Quercus ilex
under drought stress (Gargallo-Garriga et al., 2018), yet at very low concentrations since it was most likely
readily degraded by bacteria (Kurt et al., 2018). In the present study, we detected resveratrol because
probably we collected the exudates in axenic conditions suggesting hence its ecological role in the rhizosphere.

Interestingly, multiple stress exhibited a distinct and chemically diverse exudate profile compared to the
individual stresses, with 13 metabolites being specifically up-exuded by maize root under combined stress
(Table 1). Besides phenolics, which appeared as a main class of compounds generally modulated by stress, the
combined stress triggered the specific exudation of tryptophan and palmitic acid. In this regard, it is known
that the exudation of tryptophan could be stimulated by the plant beneficial Bacillus amyloliquefaciens
(Liu et al., 2016). Moreover, the exudation of tryptophan-derived secondary metabolites are involved in
the response to biotic stress (Baetz and Martinoia (2014). Analogously, palmitic acid was considered as
metabolite recruiting beneficial rhizosphere bacteria in the halophyte Limonium sinense(Xiong et al, 2020)
suggesting an ecological role in the soil salinization, an abiotic stress derived by a combination of salt,
drought and heat. The specificity of exudation response to the combined stress, here observed, highlight
the non-additive effects of the co-occurence of abiotic stresses. This is in agreement with previous findings
observed for other maize traits such as root morphology (Vescio et al., 2021b), root microbiota (Vescio et al.,
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2021a), leaf proteome (Zhao et al., 2016), and yield and nutrient uptake (Hussain et al., 2019). Our results,
further, could be interesting considering that the exudation pattern probably was a depiction of what took
place in the whole plant as pointed out by Gargallo-Garriga et al. (2018).

Root exudation composition changed by root zone but not by root types

Root exudation can change significantly along the root axis and different root types (Abenavoli et al. 2004;
Tiziani et al. 2021). However, only the targeted analyses revealed significantly different metabolites in relation
to the root zone. Aconitic acid, total phenols, total flavonoids, as well as glycine, alanine and threonine
exudation has been significantly enhanced in maize apical root regions, compared to subapical ones (Figure
2). Generally, the root tip is considered to be very sensible to environmental stimuli (Baluška & Mancuso
2013). Some studies suggested that the root tip functions as control center for sensing external nutrient
concentrations, inducing alterations of root morphology and physiology (Baluška & Mancuso 2013; Canarini,
Kaiser, Merchant, Richter & Wanek 2019; Tiziani et al.2020a). Moreover, the elongation zone, which in our
study is located in the apical root zone, is known to be one of the physiologically most active root zones
being a sort of command center for root responses to the environment (Baluska, Mancuso, Volkmann &
Barlow 2010; Baluška & Mancuso 2013; Tiziani et al. 2020a). The lack of root type effects on the release of
the exudates could be due to the restricted soil volume of the potting system, which may have limited the
soil exploration of single root axes.

Effect of root exudation on microbial community

Roots determine the assembly and recruitment of plant-specific rhizosphere microbial communities by re-
leasing exudates into the rhizosphere (Bulgarelli et al., 2013). Despite this important functional role in the
plant-soil feedbacks, comprehensive and mechanistic evidence of the processes underlying the influence of
root exudates towards rhizosphere microbiota is currently lacking. In this respect, rough correlations between
the accumulation of root exudates and microbial communities (Chen et al., 2019) and few specific exudates
included in soil (Badri et al., 2013; Zwetsloot et al., 2020; Gu et al., 2020) or growth medium (Zhalnina et
al., 2018) indicated the effect(s) of root exudates on soil microbial community. Differently to these works,
we applied a Multi-Omics Factor Analysis (MOFA+) using maize root exudome and microbiome dataset
collected within the same growth unit to extract microbial taxa and maize root exudates that have a high
probability to be involved in root-microbiota interaction.

The metabolites extracted were amino acids (L-serine, L-histidine, L-homocysteine), aminocyclopropane-
1-carboxilic acid, phenolics (p-coumaric, eugenol, quercetin 3-O -(6-acetyl-galactoside) 7-O -rhamnoside,
rhamnetin and cinnamoyl glucose) together with carnosic acid (supplemental material 1). Amino acids in
root exudates have been proposed as osmotically active compounds (Vives-Peris, Gómez-Cadenas & Pérez-
Clemente 2018), whereas phenolics play a direct antioxidant activity and chemotaxis activity that has been
proposed to shape the rhizosphere community (Iannucci et al. 2021; Lucini et al. 2019; Zuluaga et al. 2021).
Except carnosic acid, all these compounds were negatively correlated with most gram-negative bacterial
genus (supplemental material 1) suggesting that the maize root exudates finely modulated the depletion or
enrichment of most diderm (or Gram negative) lineages. Interestingly, the pattern of soil microbial compo-
sitional shifts towards the gram-positive bacterial community is a universal response to abiotic stress (Xu
and Coleman-Derr, 2019). On the other side, the increase of the abundance of specific bacteria belong to
thePaenibacillus , Sphingomonas , Mesorhizobium andBacillus was also observed in our work (supplemental
material 1) which, altough being gram-negative, have been associated with the plant tolerance to abiotic
stress (Luo et al., 2019; Figueiredo, Burity, Martinez & Chanway 2008; Khan, Mishra, Chauhan & Nautiyal
2011; Liu, Sikora & Park 2020b; Yadav, Yadav, Singh, Singh & Singh 2021; Kang et al. 2019; Khan et al.
2020 ).

An interesting finding of our work was that the root exudates affecting bacterial taxa were stress-specific.
In drought-stressed plants, we found that p-coumaric acid ethyl ester and L-serine negatively correlate with
a pool of OTUs representing nine bacterial genera (supplementary material 1). P-coumaric acid belongs
to the phenolic acids, a class of compounds that is well-known to affect the activity and diversity of the
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rhizosphere microbial communities. Indeed, this compound has been demonstrated to sharply affect the
microbial community of the rhizosphere of crops (Zhou and Wu, 2012; Zhou et al., 2018) and specifically to
reduce the abundance of Lysobacter (Folman et al. 2003), Haliangium (Fudou et al. 2001), and Gymnoascus
spp. (Liu et al. 2017b). These species pointed out plant-growth-promoting and/or plant pathogen-inhibiting
effects. In our study, we also found that L-serine negatively correlated with different bacterial genera.
However, it has been also observed that amino acids as well as sugars showed a lower impact than phenolic
acids on the microbial community (Badri et al., 2013). Hence, maize roots reducing the exudation of p-
coumaric and L-serine in presence of drought stress determined from one side a lower soil accumulation
of beneficial-microbial-inhibited metabolites (p-coumaric) and, at the same time, the preservation of an
useful metabolite (L-serine) for the within-plant tolerance mechanisms. Indeed, we found that p-coumaric is
negatively correlated withMucilaginibacter that has been found to alleviate salt stress (Fan, Subramanian &
Smith 2020), Sphingomonas andMesorhizobium which contributed to alleviate the effects of drought stress
(Luo et al. , 2019; Yadav, Yadav, Singh, Singh & Singh 2021) and Paenibacillus that are also well known to
be recruited by plants during drought stress episodes (Figueiredo, Burity, Martinez & Chanway 2008; Khan,
Mishra, Chauhan & Nautiyal 2011; Liu, Sikora & Park 2020b).

In heat-stressed plants, we identified five compounds (1-aminocyclopropane-1-carboxilic, L-histidine,
quercetin, eugenol, and rhamnetin) that explain most of the variation in the pattern of the root exudates, and
that significantly correlate with microbial taxa (supplemental material 1). Also in this case, we observed an
interaction between these compounds and several bacterial taxa that have been previously reported to have a
beneficial influence on stressed plants. In particular, species of Bacillus are widely recognized to be beneficial
microorganisms, helping plants to cope with a variety of stressors including heat (Kang et al. 2019; Khan et
al.2020). While Chitinophaga, Mesorhizobium and Rhizobacter are all well-known plant-growth promoting
rhizobacteria (Kour, Rana, Yadav & Yadav 2019); no previous study reports a link betweenChitinophaga
and abiotic stress.

Interestingly, in the combined-stressed plants, we identified three metabolites (L-homocysteine, cinnamoyl
glucose and carnosic acid) that likely have a major role in the interaction between maize roots and soil mi-
crobiota and are completely different to that obtained in the single stress treatments (supplemental material
1). Similarly to what we observed for the single stressors, also these exudates correlated with taxa that have
been previously reported to promote plant growth or alleviate the effect of plant stress. Among these genera,
we observed (a) the gram negative Stenotrophomonas , including several species that have been reported
as plant growth promoters and elicitors of plant resistance against biotic and abiotic stress (Singh and Jha,
2017), as well as the suppression of pathogens in the rhizosphere (Schmidt et al., 2012); (b) Microbacterium
which improved the growth of sugarcane (Pereira et al., 2019) and pepper in presence of drought stress
(Vı́lchez et al., 2018); (c) the Clavibacter that was observed in the rhizosphere of the halophyte Salicornia
europaea (Hrynkiewicz et al., 2019); (d) the Dietzia whose specific strain, D. cinnamea 55, was isolated
in abiotic stress environment and promoted the growth of maize plants (Khan et al., 2020) or the Dietzia
natronolimnaea which improved the tolerance of the wheat plants to salt stress (Bharti et al., 2016).

Finally, within the same stress treatment, the identified metabolites interact with the same group of bacterial
taxa (supplemental material 1) suggesting that, mechanistically, maize plants might modulate the exudation
of a specific blend of molecules acting in concert to shape rhizosphere microbial communities.

Here we show that each individual stress (single and combined stress) produces a specific signature in the
composition of root exudates targeting specific microbial taxa. In this respect, our results support the exis-
tence of a mechanism by which some root exudates are used by plants to recruit beneficial microorganisms
(Naylor & Coleman-Derr 2018; Williams & de Vries 2020; Liu, Brettell, Qiu & Singh 2020a). Root exudates
are known to directly affect the availability of nutrients in the rhizosphere (Canarini, Merchant & Dijkstra
2016). However, our findings indicate that indirect effects related to the need to recruit specific microbial
communities is pivotal under drought, high temperature or their combination. In fact, our findings highlight
a role of root exudates in the complex dynamics occurring in plant-microbe interactions during single or
combined stress. The correlations observed confirm that specialized metabolites in root exudates may inter-
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fere with the mutualistic interactions between roots and defined phylogroups, as a well-known strategy to
overcome stress conditions (O’Banion et al. 2020; Zuluaga et al. 2021). Edaphoclimatic conditions are known
to determine plants’ ability to exude compounds able to recruit and sustain a defined rhizosphere microbial
community (Karlowsky etal. 2018) in a genotype-related manner (Iannucci et al. 2021). Notwithstanding,
such modulation at rhizosphere community level is rather stress-specific and cannot be generalized, even
across relatively related abiotic stresses.

CONCLUSIONS

Considering the fundamental role of root exudates in plant-soil interactions, we investigated the impact
of single abiotic stresses, drought and heat, and their combination on the exudate profile of maize plants.
Significantly different exudate profiles could be observed in presence of drought and heat stress, involving
stress-specific up- and down-exuded compounds. Most likely, these root exudate blends could play a role
in the plant acclimation processes induced by reduced water availability or increased soil temperature. The
combination of drought and heat stress produced a different root exudate composition than single stresses,
thus strengthening the idea that multiple stresses can interfere with plant processes in a non-additive way.

Taken together, our results highlight that root exudates are a pivotal process through which maize plants
manage their rhizosphere processes in response to abiotic stresses, with distinctive traits being observed when
maize plants were exposed to the combined stress. This fine tuning is also mechanistically linked to changes
in soil microbial community composition and functioning. These new insights in rhizosphere processes could
be useful to evaluate and define future mitigation strategies aimed at limiting the impact of drought and
heatwaves on maize growth and productivity.
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from the Consejeŕıa de Empleo, Universidades, Empresa y Medio Ambiente of the CARM, through the
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Table 1. Significant metabolites specifically exuded in the presence of drought, heat and/or
combined stress.

DROUGHT AND DROUGHT+COMBINED STRESS HEAT AND HEAT+COMBINED STRESS COMBINED STRESS

DOWN-EXUDED Mellein L-ascorbate alpha-aminoadipic acid
protocatechuic acid Bisdemethoxycurcumin sorgolactone
Kaempferol 3-O-(6”-acetyl-galactoside) 7-O-rhamnoside Apigenin 7-O-(6”-malonyl-apiosyl-glucoside) 6-Geranylnaringenin

L-serine
3-Methylcatechol
3,5-Dihydroxybenzoic acid
2-S-Glutathionyl caftaric acid

UP-EXUDED Resveratrol 4-Vinylphenol Lutein
Peonidin 3-O-(6”-acetyl-galactoside) Luteolin 7-O-(2-apiosyl-6-malonyl)-glucoside Palmitic acid
Luteolin 7-O-(2-apiosyl-glucoside) malate Luteolin 7-O-rutinoside

2,4-Dihydroxybenzoic acid Hesperidin
Benzoic acid Cyanidin 3-O-(6”-p-coumaroyl-glucoside)
6”-O-Malonylgenistin Naringin 6’-malonate
Pelargonidin 3-O-(6”-malonyl-glucoside) 5-Nonadecenylresorcinol
Quercetin 3-O-xylosyl-rutinoside Jaceidin 4’-O-glucuronide
Cyanidin 3-O-sambubiosyl 5-O-glucoside Sinapine
Petunidin 3-O-(6”-acetyl-galactoside) Luteolin 7-O-malonyl-glucoside
4-Ethylphenol L-tryptophan
3,4-Dihydroxyphenylglycol 1,2,2’-Trisinapoylgentiobiose
2,6-Dihydroxybenzoic acid Patuletin 3-O-(2”-feruloylglucosyl)(1-6)-[apiosyl(1-2)]-glucoside

Metabolites in bold type indicate their modulation exclusively in the presence of the single stress or the
combined stress.

Metabolites in normal type indicate their modulation shared between the single (drought and heat) and com-
bined stress

Figure 1. Scheme (A) and picture of the compartmented chambers (B) and the sampling method used for
the collection of the maize root exudates (C).

Figure 2 . Compounds detected in the maize root exudate collection solution: total phenols (a), total
flavonols (b) total flavonoids (c), aconitic acid (d), alanine (e), glycine (f), threonine (g). Plants have
been grown under following conditions: control (T1: 25°C, 80% soil field capacity); drought (T2: 25°C,
30% soil field capacity); heat (T3: 32°C, 80% soil field capacity); combined stress (T4: 32°C 30% soil field
capacity). The exudates are collected to the following root type-zone: seminal-apical (), =, seminal-subapical
(), primary-apical (), primary-subapical (). The values are reported as means +- standard errors. Three
way ANOVA with Tukey post hoc test: *p =0.01-0.05, ** p=0.01-0.001; ***p <0.001.

Figure 3. Unsupervised hierarchical cluster analysis (Euclidean distance; linkage rule: Ward) carried out
from root exudates chemical profiles. Metabolites were obtained by UHPLC-ESI/QTOF-MS untargeted
analysis, and their intensities used to build up the fold-change heatmap here provided.

21



P
os

te
d

on
A

u
th

or
ea

25
J
u
l

20
21

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
62

72
56

96
.6

16
08

21
0/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Figure 4. Score plot of Orthogonal projection to latent structures discriminant analysis (OPLS-DA) su-
pervised modelling carried out from untargeted metabolomics profiles of root exudates (correlation R2Y =
0.83), prediction ability Q2Y = 0.48).

Figure 5 . Venn diagram summarizing the metabolites differentially up-exuded (A) and down-exuded (B)
that resulted from the volcano analysis.
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