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Abstract 

Root exudates play an essential role in helping plants to cope with abiotic stress. However, the 

modulation of root exudation profiles under multiple stress conditions is still poorly understood. Using 

targeted and untargeted metabolomics, here we tested the effect of drought, heat stress, and their 

combination on 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 
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framework that relates the root exudation profile with the rhizosphere bacterial community, enabling us 

to dissect the interactions between specific root exudates and bacterial taxa. The composition of root 

exudates undergoes distinct modulation according to the single or combined stress and to the root zone, 

but not according to the root type. In addition, we found that stress-specific exudates can influence the 

relative abundance of specific bacterial taxa, some of which are known to be beneficial 

microorganisms. Our results contribute to the understanding of plant-soil interactions under the 

influence of abiotic stressors, which is key in paving the way towards an increased resilience to abiotic 

stresses, representing a powerful tool to craft the next generation of agricultural practices. 

 

Keywords:  

root exudation profile, microbiota, metabolomics, combined stress, root types, Zea mays L. 

 

Introduction 

Reduced water availability and the increase in global temperature cause every year substantial 

agronomic and economic losses worldwide (Jägermeyr et al. 2021), and are among the major 

challenges we are currently facing (IPCC 2018). The effect of single 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. Several studies have shown that combined stress responses produce 

non-additive effects (i.e., synergistic or antagonistic). Therefore, the outcome cannot be predicted 

based on studies on single stressors (Rivero et al. 2014; Pandey et al. 2015). Hence, it is important to 

understand how plants respond to the combination of abiotic stress. 
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The modulation of root exudation is one of plants' most important physiological traits when interacting 

with the environment (Vives-Peris et al. 2019). Root exudates include primary and secondary 

metabolites which directly influence the rhizosphere's chemical, physical, and biological characteristics 

(Oburger and Jones 2018; R. Tiziani et al. 2020; R Tiziani et al. 2020). Despite the large interest in 

drought- and heat-tolerant crops, only a few studies focused on the root exudation responses to these 

abiotic stresses (Vives-Peris et al., 2017; Williams & de Vries 2020). Canarini et al. (2016) found that 

sunflower plants exposed to drought increased the amounts of exudates released but the composition 

remained unaltered, while soybean plants altered the profile of root exudates when exposed to stress 

without modifying the exudation rate. Under drought stress, Quercus ilex plants mainly exuded 

secondary metabolites, whereas under water recovery conditions, the exudation was shifted to primary 

metabolites (Gargallo-Garriga et al. 2018). Research on the effects of heat stress on root exudation is 

even more scarce and focused on specific metabolites rather than the whole metabolome. For example, 

under heat stress, citrus plants have been shown to increase the release of proline, salicylic acid, indole 

acetic acid, abscisic acid, and jasmonic acid (Vives-Peris et al. 2017). While previous studies 

contributed to the knowledge on the effects of either drought or heat stress on plant root exudates, we 

still know little about the combination of these abiotic stressors on this essential physiological process, 

despite the common co-occurrence of drought and high temperatures in field conditions. 

Most studies on root exudates do not consider different root classes or types (e.g., primary, secondary, 

nodal, lateral), which are characterized by distinct developmental, physiological, and functional 

signatures (Waisel, Y.; Eshel, A. and Kafkafi 2003). For example, several studies reported different 

morpho-physiological responses among root types to drought stress (Zhan et al., 2015), allelochemicals 

(Lupini et al. 2016), phosphorus deficiency (R. Tiziani et al. 2020), and the combination of nitrogen 

deficiency and drought stress (Lynch 2013). In addition roots also show diversification along the root 

axis (Sorgonà et al. 2011; R. Tiziani et al. 2020). Still, few studies considered the within-root 
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variability of the exudation processes, and no studies explored the metabolic profiles of root exudation 

within different root types and zones. Thus, understanding the variation of exudate profiles among and 

along the diverse root types will allow to better predict the impact of the root architecture on plant-soil 

interactions. 

Root exudation mediates the interaction between plants and the microbial communities, impacting 

plant growth and fitness (Sasse et al. 2018; Sun et al. 2021; Kawasaki et al. 2021). The changes in root 

exudates driven by abiotic stress might impact plant-microbiome interactions in the rhizosphere. This 

has been suggested by several studies focusing on drought (Christian et al. 2021), salinity (Yuan et al. 

2019) and nitrogen deficiency (Wu et al. 2021), including our previous work on drought, heat stress 

and their combination (Vescio, Malacrinò, et al. 2021a). However, we still know little about the effects 

of single and combined stresses on root exudates, and how this reflects on the rhizosphere microbiome. 

Here, we tested 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). We hypothesize that (i) drought and heat stress will 

induce changes in the composition of root exudates; (ii) the combination of the two stresses will 

generate a different exudation profile than each single stress; (iii) these responses will vary according 

to different root types and zones. In addition, here we also test the effects of changes in root exudates 

on the rhizosphere microbiome, leveraging the data generated by our previous study (Vescio et al. 

2021a). Furthermore, according to previous studies suggesting a role of root exudates in recruiting 

beneficial microbes, we hypothesize that (iv) changes in stress-specific root exudates will correlate 

with changes in the relative abundance of bacterial taxa that might have a beneficial effect on maize 

plants. 

MATERIAL AND METHODS 
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Experimental setup 

The experiment was 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). The soil physicochemical parameters are reported in Gelsomino et al. (2010). Quartz 

sand (Ø1-2 mm, Croci Trading Company s.r.l., Italy) was previously autoclaved for 3 hours at 121 °C, 

allowed to cool overnight, and then autoclaved for a further 3 hours at 121 °C. Plants were initially 

grown for 2 weeks at 25 °C, 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 water holding capacity, 

corresponding to a severe drought and no drought) and air temperature (25 °C and 32 °C) for one week. 

Each treatment group included 5 plants. From each plant, we then collected samples from both the 

apical and subapical root zones. In total, the experiment yielded 4 (treatments, 2 water availability 

treatments × 2 air temperature treatments) × 2 (root types, primary and seminal roots) × 2 (root zones, 

apical and subapical) × 5 (replicates) = 80 samples. 

Root exudates sampling 

After 7 days of exposure to treatments, root exudates were collected by a soil-hydroponic hybrid 

approach (Oburger and Jones 2018) using a compartmented chamber (Fig. 1). This type of chamber has 

been widely used for root exudate collection in previous studies (Mariano and Keltjen 2003; Liao et al. 

2006; R. Tiziani et al. 2020), but also to study the phosphorus (R. Tiziani et al. 2020) and nitrate 

uptake (Sorgonà et al. 2011; Schneider et al. 2017b), and water transport (Schneider et al. 2017a). 

Maize plants were sampled and the whole root system was carefully washed after removing the soil. 

Following this, the single primary and seminal roots attached to the shoot were placed on two different 

compartmented chambers (2×10×2 cm) with five cells, each 1.8 cm deep and 1.8 cm wide (Fig. 1A). 

Each cell was connected to the next one by a shallow bridge so that a root could be laid out across the 
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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) (Fig. 1A and 1B). This procedure allowed us to collect exudates from different root 

types and zones: seminal-apical, seminal-subapical, primary-apical, and primary-subapical. 

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 from each root zone. This solution was then centrifuged (15 min at 13,000 

rpm at 4 °C), the supernatant was freeze-lyophilized, then resuspended in 5 mL 1:1 H2O/CH3OH 

solution, filtered with 0.45 µm syringe filters (Phenex-RC 0.45 µm, Phenomenex), and then used for 

the targeted and untargeted metabolomics analyses. 

Targeted characterization of root exudates 

Total phenols  

Total phenol content was estimated following the Folin-Ciocalteau method (Atanassova et al. 2011). 

Briefly, 200 μL of each sample or gallic acid standard solution 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 estimated using a spectrophotometer (Agilent Technologies, Cary Series 100 UV-VIS 

Spectrophotometer, Italy) by measuring the absorbance at 765 nm, then expressing the results as µmol 

of gallic acid equivalent. 

Total flavonoids 
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Total flavonoids content was estimated by a pharmacopeia method (Miliauskas et al. 2004). Rutin 

hydrate (purity ≥ 94%, Sigma Aldrich, Italy) was used as the reference compound. Briefly, 160 μL of 

each sample or a rutin standard solution 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 was read at 415 nm using a spectrophotometer (Agilent Technologies, 

Cary Series 100 UV-VIS Spectrophotometer, Italy). Results were expressed µmol rutin equivalent. 

Total flavonols 

The content of total flavonols was estimated following the Yermakov method (Mickelsen and 

Yamamoto 1958). Rutin hydrate (Sigma Aldrich, purity ≥ 94%) was used as reference standard. 

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 was measured at 440 nm using a spectrophotometer (Agilent 

Technologies, Cary Series 100 UV-VIS Spectrophotometer, Italy). Results were expressed as µmol 

rutin equivalent. 

Organic acids 

Organic acids were estimated 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 isocratic elution with 10 mM H2SO4 as mobile phase, 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 Aldrich (Italy) reagent grade compounds, and then combined 

to produce diluted working standards to be used for retention time comparison and for quantification. 

Amino acids  
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Amino acids analysis was performed by liquid chromatography prior to pre-column derivatization with 

a commercial kit (AccQ Tag, Waters Corporation, Italy) according to the manufacturer‘s instructions 

and using a Nova-PakTMC18 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 profiling of root exudates  

Root exudate composition was investigated through 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. We used 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). Briefly, the 

chromatographic separation was achieved by 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 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 (García-Pérez et al. 2021). 

Compounds were annotated from raw mass features according to Astolfi et al. (2020), 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 
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(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 2017), Phenol-Explorer 3.6 (http://www.phenol-explorer.eu; 

accessed April 2017), as well as information on compounds extracted from the literature and those 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 established by the COSMOS Metabolomics Standards Initiative (http://cosmos-fp7.eu/msi). Only 

those compounds identified in at least 75% of replications and in at least one treatment were retained. 

The MS-DIAL 4.24 software, together with publicly available built-in MS/MS experimental spectra 

(Mass Bank of North America), was used to confirm features obtained using Profinder B.07. (Tsugawa 

et al. 2015). 

Data analysis 

Data from targeted analyses were corrected using the dry biomass of each root sample, tested for 

normality (Kolmogorov–Smirnov test) and homogeneity of variance (Leven median test). Thereafter, 

three-way ANOVA was used to investigate the effect of treatments (control, drought, heat, and 

combined), root type (primary and seminal), root zones (apical and sub-apical) and their interactions. 

The Tukey‘s HSD was used to test pairwise contrasts. 

The untargeted metabolomics analyses were performed according to García Pérez et al. (2021). Briefly, 

raw mass features were elaborated using the software Agilent Mass Profiler Professional B.12.06 for 

normalization and baselining, and then similarities among treatments were visualized using the 

multivariate unsupervised hierarchical cluster analysis (HCA, Euclidean distance, Ward‘s linkage rule). 

A Volcano plot (α = 0.05; fold change ≥1.2) was generated from the differential abundance analysis to 

help identifying compounds varying significantly between treatments and control. In addition, 

supervised modeling by Orthogonal Projection to Latent Structure Discriminant Analysis (OPLS-DA) 
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was performed using the SIMCA 16 software tool (Umetrics, Sweden). The Variable Importance in 

Projection (VIP) analysis was used to further identify markers responsible for the discrimination 

between groups. The multivariate model was then cross-validated by Cross Validation-Analysis of 

Variance (CV-ANOVA, α < 0.01). 

Integration of metabolome and microbiota datasets 

The rhizosphere microbiota dataset was obtained from our previous study (Vescio, Malacrinò, et al. 

2021a). Plants from the present and the previous experiment were grown together (same pot) and were 

then harvested to test the influence of abiotic stresses on the rhizosphere bacterial community (Vescio, 

Malacrinò, et al. 2021a) and root exudates (this study). Thus, we are confident that both datasets can be 

safely integrated to test for interactions between root exudates and rhizosphere microbiota. In our 

previous work, libraries targeting the V4 region of the bacterial 16S rRNA were obtained from DNA 

extracted from rhizosphere soil (McPherson et al. 2018), and sequenced using an Illumina MiSeq 

platform (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 

processing was carried out using VSEARCH 2.14.2 (Rognes et al. 2016) to quality-filter reads, discard 

chimeric sequences, bin OTUs (97% cutoff), and assign taxonomy by querying the SILVA database (v. 

132) (Quast et al. 2013). 

Data analysis was performed using R statistical software 3.5 (R Core Team 2013). 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 et al. 2014). The metabolome dataset 

was also processed to remove those metabolites that were not found in at least 25% of the samples and 

normalized using a log transformation. Then, a framework that considers both metabolomic and 

metabarcoding datasets was built to finely investigate the interaction between root exudates and the 
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rhizosphere bacterial community. This framework was built using MOFA+ (Argelaguet et al. 2018), a 

factor analysis that infers the latent signal from heterogeneous datasets (i.e. microbiota and 

metabolome) to identify driving sources of variation across different datasets and factors. In this study, 

MOFA+ captured three factors explaining a high proportion of variation in both molecules and taxa in 

the three treatments (Supplementary material 1). This helped us to organize both metabolites and 

bacterial OTUs according to their contribution to explain variation within each treatment. We used this 

information to select the top 10% molecules and 0.1% bacterial taxa that mostly contribute to 

explaining the variation due to the treatments. We selected these cut-offs as they capture, on average, 

the metabolites/OTUs that explain most of the variation within each treatment, and are thus more likely 

to have a biological role. Then, we tested the correlation of the relative abundance of each 

OTU/metabolite combination within each treatment (two-tailed Pearson‘s correlation), selecting those 

correlations with p<0.05. 

 

RESULTS 

Targeted characterization 

The targeted analysis successfully detected and quantified aconitic acid, total phenols, flavonoids and 

flavonols, glycine, threonine and alanine in all the samples (Fig. 2). Formic and lactic acid were also 

detected, yet only in a few samples. Furthermore, we could detect but not quantify serine, histidine, 

proline, tyrosine and phenylalanine. 

Aconitic acid amount was significantly influenced by treatment (Fig. 2a and Supplementary material 

2). Plants exposed to heat stress exuded 107% more aconitic acid than those exposed to drought stress, 

while control plants and those exposed to combined stress showed intermediate values. Also, the 

exudation of aconitic acid was influenced by the root zone, with the apical zone having exuded 151% 
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more aconitic acid than the sub-apical one. Similarly, the total phenol content in root exudates was 

higher in plants exposed to heat than those exposed to drought (+120%), while the other two groups 

showed intermediate results. Also, in the case of total phenols, the amount was higher in the apical 

zone (+157%) compared to the sub-apical zone (Fig. 2b and Supplementary material 2). 

The amount of total flavonoids was higher in control plants (Fig. 2c and Supplementary material 2), 

being nearly 4-fold higher when compared to those exposed to drought. Plants exposed to heat stress 

showed intermediate values, while no flavonoids were detected (<LOD) in plants exposed to combined 

stress. Also, in this case, the amount of total flavonoid was higher in exudates collected from the apical 

zone than in the sub-apical one (+295%). Similarly, the amount of threonine in root exudates followed 

a similar trend as total flavonoids (Fig. 2d and Supplementary material 2). Indeed, control plants 

exuded significantly more threonine than plants exposed to drought (+105%), while both plants 

exposed to heat and those exposed to combined stress exhibited intermediate values. In addition, the 

apical zone exuded more threonine than the sub-apical one (+246%, Figure 2d and supplementary 

material 2). Glycine and alanine exudation were significantly influenced by the root zone, with higher 

amounts exuded in the apical zone (+213%) compared to the sub-apical zone (Fig. 2e and 2f and 

Supplementary material 2). Total flavonols were not influenced by any factor (Fig. 2g and 

Supplementary material 2). 

Untargeted metabolomics 

The exudate profiling of the different maize root types and zones exposed to single and combined 

abiotic stress was investigated using UHPLC-QTOF-MS untargeted metabolomics analysis. This 

approach allowed the putative annotation of 337 compounds, most of which belonged to 

phenylpropanoids and amino acids (Supplementary material 3). We found a major effect driven by 

stress treatments (Fig. 3), while only minor differences between root types or root zones 

(Supplementary material 4). Therefore, we focused our analysis on understanding the differences 

Jo
ur

na
l P

re
-p

ro
of



 

among treatments. The unsupervised HCA model shows two main clusters, separating control and 

drought-stressed plants from plants exposed to heat and combined stress (Fig. 3), 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 treatment (Fig. 4). The first latent 

vector allowed separating control plants and those exposed to drought from heat- and combined-stress 

plants. However, despite the similarity of exudate profiles between control and drought-stressed plants, 

the second latent vector indicated that also the soil water content influenced exudate signatures (Fig. 4). 

The VIP analysis highlighted the most discriminant compounds involved in OPLS-DA score plot 

separation. The features having a VIP score > 1 were considered as markers. Among these compounds, 

phenylpropanoids appeared as the major driver (Supplementary material 5). Nevertheless, several 

organic acids and amino acids were also highlighted as VIP markers. These results are further 

strengthened by the differential abundance analysis (Supplementary material 6). According to the 

multivariate statistics (Fig. 3 and Fig. 4), plants exposed to heat and combined stresses presented the 

largest differences compared to control plants, and analyses suggest that this effect was driven by 32 

(heat stress) and 39 (combined stress) metabolites (Supplementary material 6). 

Abiotic stressors shaped the exudation of compounds compared to the control conditions (Fig. 5). 

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, 

while we found 17 down-exuded metabolites, we also found 37 compounds that were up-exuded, with 

13 being specific to plants exposed to combined stress (Fig. 5). In general, all stressed plants produced 

less hispidulin, while 4-hydroxycoumarin, citramalic acid, and malonic acid were exuded in higher 

amounts (Supplementary material 6). 

Regarding the metabolites specifically exuded (Tab. 1), each stress produced a unique signature on the 

plant exudates profile. Drought reduced the exudation of protocatechuic acid, and dihydroisocoumarin 
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mellein, while promoted the exudation of two conjugated flavonoids and the phytoalexin resveratrol 

(Tab. 1). Heat stress specifically reduced the exudation of ascorbic acid bisdemethoxycurcumin, and 

apigenin 7-O-(6''-malonyl-apiosyl-glucoside), but increased the amount of 4-vinylphenol, luteolin 7-O-

(2-apiosyl-6-malonyl)-glucoside, malate, 2,4-dihydroxybenzoic acid, and benzoic acid in root exudates 

(Tab. 1). Interestingly, the combined stress triggered a distinct exudation pattern, compared to the 

control or individual stresses. Specifically, 13 metabolites were up-exuded exclusively when plants 

were exposed to combined stress, most of which were identified as flavonoids, the hydroxycinnamic 

acid 1,2,2'-Trisinapoylgentiobiose, the alkylphenol 5-nonadecenylresorcinol, palmitic acid, L-

tryptophan, sinapine, and the xanthophyll lutein (Tab. 1). A reduced exudation of alpha-aminoadipic 

acid, sorgolactone, and 6-geranylnaringenin was also specifically observed in combined stress (Tab. 1). 

Regarding the shared exudate compounds between the stress treatments, we found that the heat stress 

triggered changes in the exudation pattern of 12 molecules (4 and 8 down- and up-exuded, 

respectively), similarly to plants exposed to the combined stressors (Tab. 1.); while only the conjugated 

flavonoid kaempferol 3-O-(6''-acetyl-galactoside)7-O-rhamnoside was influenced by both drought and 

the combined stress treatment (Tab .1). 

Interactions between root exudates and rhizosphere microbiota 

To test our hypothesis that stress-specific root exudates can influence the relative abundance of 

bacterial taxa, we built a framework that integrates both microbiota and metabolome datasets. The 

variance decomposition 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 selected the top 0.1% of bacterial taxa and the top 10% of metabolites that provided the 

largest explanation for the variation within each factor, and then we correlated the abundance of the 

bacterial taxa and metabolites. 
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The analysis of drought-stressed plants suggests that two compounds (p-coumaric acid ethyl ester and 

L-serine) negatively correlate with several bacterial OTUs. Both compounds were negatively correlated 

with the same pool of OTUs (classified in the genera Mucilaginibacter, Sphingomonas, Acidibacter, 

Paenibacillus, Filimonas, Labrys, Mesorhizobium, Heliimonas, Rudaea) with the only difference that 

L-serine negatively correlated with a single unidentified OTUs, 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, rhamnetin, 

L-histidine, Quercetin 3-O-(6-acetyl-galactoside) 7-O-rhamnoside and 2-methoxy-5-prop-1-

enylphenol/eugenol) correlating negatively with 23 bacterial OTUs (Supplementary material 1). 

Interestingly, the first four molecules negatively correlated with a common pool of 22 OTUs 

(Supplementary Material 1) classified in the genera Bacillus, Bacteriovorax, Caulobacter, 

Chitinophaga, Dyadobacter, Heliimonas, 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 belonging to the genus Alsobacter and 

three to Caulobacter (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 OTUs, while a positive 

correlation was observed only for carnosic acid. L-homocysteine influenced the abundance of 25 OTUs 

(Supplementary material 1), including Bacillus, Clavibacter, Devosia, Dietzia, Microbacterium, 

Paenibacillus, Paracoccus, Rhizobium, Rhodococcus, Stenotrophomonas. Cinnamoyl glucose and 

carnosic acid influenced, in the opposite way, a single OTU identified as Paenibacillus (Supplementary 

material 1). 
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Discussion 

In this study, we show that drought and heat stress differentially influence the composition of maize 

root exudates and, for the first time, that the combination of these two stresses produces a unique root 

exudation profile. We found indeed root exudates that respond in the same way regardless the stressor, 

but also unique signatures for each stress. Moreover, we linked the exudation of specific metabolites to 

changes in the relative abundance of bacterial taxa and, for each stress, we found a unique set of 

metabolites that the plant might exploit to modulate the root-associated microbiota. While we focused 

on a single timepoint for sample collection, and outcomes might be different during a longer time 

course (Shulaev et al. 2008), our results contribute to the understanding of the influence of abiotic 

stressors on plant-soil interaction at the rhizosphere interface. 

Root exudation patterns shared among drought, heat, and their combination 

Regardless the stressor plants were exposed to, we found an increase in the exudation of citramalic 

acid, malonic acid, and 4-hydroxycoumarin compared to control conditions. Citramalic acid has been 

reported to be involved in soil phosphorus solubilization (Khorassani et al. 2011), suggesting that 

plants might increase the phosphorous uptake as a way to cope with abiotic stresses. In our study, we 

also found higher amounts of malonic acid in the root exudates of all stressed plants. Indeed, the 

exudation of malonic acid as a response to stress has been reported in wheatgrass (Henry et al. 2007) 

and chickpeas (Li and Copeland 2000). We also found that 4-hydroxycoumarin was more abundant in 

exudates of all our treatments. This compound belongs to the coumarins, also known as allelopathic 

compounds, which interact with the root microbiota improving nutrient acquisition (Harbort et al. 

2020) and the root microbiome assembly (Stringlis et al. 2019). 

We also found that stressed plants reduced the exudation of the amino acids L-serine, threonine, and 

flavones (hispidulin, in particular). In particular, L-serine was down-exuded under both heat and 

combined stress, while threonine was down-exuded under both drought and combined stress. While we 
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have not found previous studies supporting this observation, our results also suggest an interaction 

between several amino acids and rhizosphere microorganisms. Thus, the reduced exudation of L-serine 

and threonine might represent a way to modulate the interaction between plants and their microbiome 

during stress events. Alternatively, plants might reduce the exudation of these molecules as an ‗energy 

saving strategy‘, reducing their competition with microorganisms for resources (Doornbos et al. 2012). 

In our study, hispidulin was down-exuded as an effect of all stress treatments compared to control 

conditions. Hispidulin is a flavone with antioxidant activity and belongs to the flavonoids commonly 

present in root exudates (Lucini et al. 2019), which might help counteracting the oxidative imbalance 

generated by increased production of reactive oxygen species (Fahad et al. 2017). 

Specific response to drought stress 

Our results from both targeted and untargeted metabolomics indicated that drought modified the maize 

root exudation profile, although with a lower magnitude compared to heat or combined stress. Previous 

studies found that drought influences root exudation rates (Canarini et al. 2016; Gargallo-Garriga et al. 

2018; Williams and de Vries 2020). Interestingly, we found a reduction in the presence of mellein in 

root exudates. While plants might produce this molecule (Reveglia et al. 2020), Trotel-Aziz et al. 

(2019) suggest that mellein is secreted by the plant pathogen fungus Neofusicoccum parvum during the 

pathogenesis process. Thus, a reduction of mellein in response to drought might be due to a decrease in 

the abundance/activity of phytopathogenic fungi. Our results also suggest a decrease in the exudation 

of protocatechuic acid, previously observed in maize as a response to symbiosis with mycorrhizal fungi 

(Ma et al. 2022) which might be promoted under drought stress (Zhao et al., 2015). Similarly, 

resveratrol has been found to be produced by plants to counteract bacterial pathogens (Chen et al. 

2016), thus the higher exudation we observed in our study might represent a stress(drought)-induced 

response that plants exploit to protect themselves from potential bacterial pathogens. Both Peonidin 3-
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O-(6''-acetyl-galactoside) and Luteolin 7-O-(2-apiosyl-glucoside), were found to be more exuded under 

drought stress; given their antioxidant activity, they might contribute to help plants coping with stress. 

Specific response to heat stress 

Both targeted and untargeted metabolomics show an effect of heat stress on the root exudation profile. 

Phenolic compounds and derivates of benzoic acid were specifically more abundant in exudates when 

plants were exposed to heat stress. In line with our results, benzoic acid and hydroxybenzoic acid were 

previously reported to be influenced by changes in the environmental temperature (Pramanik et al. 

2000). It is also known that benzoic acid released by root exudates plays a role in plant-microorganism 

interactions (Liu et al. 2015). Malate, another up-exuded compound observed in maize root exudates 

under heat stress, has been reported to play a role in recruiting beneficial microbes like Bacillus subtilis 

(Rudrappa et al. 2008), helping plants to cope with stresses. We also found different molecules with 

antioxidant capacity that are either up- (4-vinylphenol, luteolin) or down-exuded (ascorbic acid, 

bisdemethoxycurcumin, apigenin). While these molecules can help plants to mitigate the negative 

effects of reactive oxygen species generated as a response to several abiotic stresses (Venkatesh and 

Park 2014), it is interesting to note how they follow different patterns (up- or down- exuded), possibly 

indicating specific role(s) for the different classes. Future research might clarify why plants manage 

each of them in a different way. 

Specific response to combined heat and drought stresses 

Interestingly, the combined stress exhibited a distinct and chemically diverse exudate profile compared 

to the individual stresses, with 13 metabolites being specifically up-exuded by maize roots under 

combined stress. Apart from phenolic compounds, which appeared as a main class of compounds 

generally modulated by stress, the combined stress triggered the specific exudation of L-tryptophan and 

palmitic acid. It has been previously shown that the exudation of tryptophan-derived secondary 

metabolites is involved in response to biotic stress (Baetz and Martinoia 2014), and it is stimulated by 
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the plant beneficial bacterium Bacillus amyloliquefaciens (Liu et al. 2016). The specificity of exudation 

response to the combined stress suggests the non-additive effects of the co-occurrence of abiotic 

stresses. This is in agreement with previous findings observed for other maize traits such as root 

morphology (Vescio, Abenavoli, et al. 2021), root microbiota (Vescio, Malacrinò, et al. 2021a), leaf 

proteome (Zhao et al. 2016), and yield and nutrient uptake (Hussain et al. 2019). Also in this case, we 

found molecules with antioxidant activity that are either up- or down-exuded, and future studies can 

help us to understand why plants modulate the exudation of molecules with a similar function in a 

different way. 

Effect of root type and zone on root exudation profile 

Root exudation can change significantly along the root axis and different root types (Tiziani et al. 

2021). In our study, only the targeted metabolomics analyses revealed differences in the metabolites 

exuded by different root zones. Aconitic acid, total phenols, total flavonoids, glycine, alanine, and 

threonine were more abundant in exudates collected from the apical root region compared to the 

subapical region. The root tip is considered to be very sensitive to environmental stimuli (Baluška and 

Mancuso 2013), so the higher exudation of these metabolites can be an effect driven by the way plants 

sense their surrounding environment. Some studies suggested that the root tip functions as a control 

center for sensing external nutrient concentrations, inducing alterations in root morphology and 

physiology (Canarini et al. 2019; R. Tiziani et al. 2020). Moreover, the elongation zone (located in the 

apical root zone) is known to be one of the physiologically most active root zones acting as a command 

center for root responses to the environment (Baluska et al. 2010; R. Tiziani et al. 2020). Given the 

different functional roles of different root types, we hypothesized that we would detect differences in 

the root exudation profile between primary and seminal roots. However, results suggest no differences 

between root types. While our plants were not root bound, the limited soil volume might have restricted 

the soil exploration of single root axes, contributing to reduce the differences between root types. 
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Furthermore, in the case of controlled experiments such as ours, resources are more evenly distributed 

within the pot volume, and this might have contributed to limiting the differences between root types. 

Indeed, in field conditions, resources in soil are not homogeneously distributed in space, and different 

root types might contribute differently to find and exploit them (Hodge 2004), contributing to the 

differentiation of root exudate profiles between root types. 

Interactions between root exudates and rhizosphere microbiota 

In this study, we linked the exudation of specific metabolites to changes in the relative abundance of 

bacterial taxa. 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. A higher abundance of p-

Coumaric acid has been observed in Zea mays (Alvarez et al. 2008), Vitis vinifera (Król et al. 2014) 

and Achillea pachycephala (Gharibi et al. 2019) when plants were exposed to drought stress. 

Muthusamy et al. (2016) observed an increase in transcripts associated with the L-serine pathway in 

drought-stressed banana plants. In our study, both p-Coumaric acid ethyl ester and L-serine influenced 

the abundance of bacteria that previous studies found to have a beneficial influence on plants. 

Mucilaginibacter has been found to alleviate salt stress in Arabidopsis thaliana (Fan et al. 2020). Luo 

et al. (2019) found that Sphingomonas contributed to alleviate the effects of drought stress in A. 

thaliana. Species of Paenibacillus are also well known to be recruited by plants during drought stress 

episodes (Khan et al. 2011; Liu et al. 2020). Similarly, Mesorhizobium has also often been linked to 

tolerance to drought stress (Yadav et al. 2021).  

In plants exposed to heat stress, we identified five compounds that explain most of the variation in the 

structure of the root exudates for that treatment and that significantly correlate with several bacterial 

taxa. 1- aminocyclopropane-1-carboxylic is a precursor of ethylene, a plant hormone produced during 

stress episodes. Previous reports suggest that rhizobacteria are involved in the degradation of this 

molecule, thus reducing the physiological effects of ethylene on plants (Barnawal et al. 2012; Tiwari et 
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al. 2018). L-histidine has been previously observed in higher abundance in drought-stressed (Kang et 

al. 2019) and heat-stressed plants (Thomason et al. 2018), while quercetin was found to alleviate the 

salt stress in tomato plants (Parvin et al. 2019). Wang et al. (2021) found that abiotic stressors 

influence the levels of Eugenol in strawberry fruits, and no previous studies linked plant abiotic stress 

with changes in the abundance of rhamnetin. 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. Species of Bacillus are widely recognized to be beneficial 

microorganisms, helping plants to cope with a variety of stressors including heat (Khan et al. 2020). 

While Chitinophaga, Mesorhizobium and Rhizobacter are all well-known PGPR (Kour et al. 2019), no 

previous study reports a link between Chitinophaga and abiotic stressors. 

When combining both drought and heat stress, we identified three metabolites that likely have a major 

role in the interaction between the plant and the soil microbiota. To the best of our knowledge, no 

previous study directly linked these root exudates to the combination of both heat and drought stress. 

Similarly to what we observed for the single stressors, also L-homocysteine, cinnamoyl glucose and 

carnosic acid correlate with taxa that have been previously reported to promote plant growth or 

alleviate the effect of plant stress. 

Taken together, our results support the existence of a mechanism by which plants use a portion of root 

exudates to recruit beneficial microorganisms. Furthermore, here we show that each stress produces a 

specific signature in the composition of root exudates, which also vary in the way it targets bacterial 

taxa. Interestingly, within the same treatment, the metabolites we identified interact with the same 

group of bacterial taxa suggesting that, mechanistically, plants might modulate the exudation of a 

specific composition of molecules that act in concert to exert their influence on rhizosphere bacterial 

communities. This might further explain why we did not observe a clear signal for all these metabolites 
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when comparing treatment versus control, as the influence of root exudates on bacterial taxa might 

need to be additive across a small group of molecules that plants produce in a stress-specific way. 

 

 

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. Different exudate profiles were observed in the presence of drought and heat stress, involving 

stress-specific up- and down-exuded compounds. These metabolites likely 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 exudation is 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 bacterial community composition and functioning. These new 

insights in rhizosphere processes could be useful to evaluate and define future mitigation strategies to 

limit the impact of drought and heatwaves on plant growth and productivity. 
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Figures 

 

Figure 1. Scheme (A) and picture (B) of the compartmented chambers, and (C) the sampling method 

used for the collection of the maize root exudates. 
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Figure 2. Compounds detected in the maize root exudate collection solution: aconitic acid (A), total 

phenols (B) total flavonoids (C), threonine (D), glycine (E), alanine (F), total flavonols (G). Plants have 

been grown under following conditions: control (T1: 25°C, 80% soil water holding capacity); drought 

(T2: 25°C, 30% soil water holding capacity); heat (T3: 32°C, 80% soil water holding capacity); 

combined stress (T4: 32°C 30% soil water holding capacity). The exudates are collected to the 
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following root type-zone: seminal-apical (■), seminal-subapical (■), primary-apical (■), primary-

subapical (■). The values of the bars are reported as means ± standard errors. Three way ANOVA 

results are only reported when p<0.05 and are indicated as F values and *p<0.05, ** p<0.01; 

***p<0.001. The Tukey post-hoc test results are reported in the Supplemental material 2. 

 

 

Figure 3. Unsupervised hierarchical cluster analysis (Euclidean distance; linkage rule: Ward). 

Metabolites were identified by UHPLC-ESI/QTOF-MS untargeted analysis, and their intensities used 

to build the fold-change heatmap. 
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Figure 4. Score plot of orthogonal projection to latent structures discriminant analysis (OPLS-DA) 

supervised modelling carried out from untargeted metabolomics profiles of root exudates (correlation 

R
2
Y = 0.83, prediction ability Q

2
Y = 0.48). 
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Figure 5. Venn diagram summarizing the metabolites differentially up-exuded (A) and down-exuded 

(B) that resulted from the volcano plot. 

 

Table 1. Metabolites specifically exuded in the presence of drought, heat and/or combined stress 

(metabolites have been detected through untargeted metabolomics). 

  

DROUGHT AND 

DROUGHT+COMBINED 

STRESS 

HEAT AND 

HEAT+COMBINED 

STRESS 

COMBINED STRESS 

DOWN-

EXUDED 

Mellein Ascorbic acid  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   
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    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 
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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 indicate their modulation exclusively in the presence of the single stress or the combined 

stress, while the others were shared between the single (drought and heat) and combined stress 
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Graphical abstract 

 

 

Highlights 
 Drought, heat, and their combination have a specific influence on root exudation 

 The combination of stresses influences exudates differently from the single stresses 

 Changes in root exudation are associated with changes of specific microbial taxa 

Jo
ur

na
l P

re
-p

ro
of




