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Seaweed extracts are a prominent class of biostimulants that enhance plant health and tolerance to biotic and abiotic stresses due to their unique bioactive components. However, the mechanisms of action of biostimulants are still unknown. Here, we have used a metabolomic approach, a UHPLC-MS method, to uncover the mechanisms induced following application to Arabidopsis thaliana of a seaweed extract derived from Durvillaea potatorum and Ascophyllum nodosum. We have identified, following the application of the extract, key metabolites and systemic responses in roots and leaves across 3 timepoints (0, 3, 5 days). Significant alterations in metabolite accumulation or reduction were found for those belonging to broad groups of compounds such as lipids, amino acids, and phytohormones; and secondary metabolites such as phenylpropanoids, glucosinolates, and organic acids. Strong accumulations of TCA cycle and N-containing and defensive metabolites such as glucosinolates were also found revealing the enhancement of carbon and nitrogen metabolism and defence systems. Our study has demonstrated that application of seaweed extract dramatically altered the metabolomic profiles of Arabidopsis and revealed differences in roots and leaves that varied across the timepoints tested. We also show clear evidence of systemic responses that were initiated in the roots and resulted in metabolic alterations in the leaves. Collectively, our results suggest that this seaweed extract promotes plant growth and activates defence systems by altering various physiological processes at the individual metabolite level.
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1 Introduction

The agriculture sector is currently being challenged to improve crop productivity, efficiently use nutrient resources and to provide high-quality crop products that will provide sufficient food for a fast-growing global population under a climate-changed environment. Biostimulants, especially those that are plant-based, have emerged as a potentially sustainable and ecofriendly solution for the agriculture sector due to their bioactive components which have been shown through many studies to enhance crop growth and stress tolerance (Shukla et al., 2019; Ali et al., 2021; Shukla et al., 2021). Biostimulants are divided into different categories:(1) fluvic and humic acids, (2) protein hydrolysates and amino acids, (3) seaweed extracts, (4) microbial inoculants and (5) plant extracts and silicon (Goni et al., 2016; Rouphael et al., 2020). Among these different types of biostimulants, seaweed extracts have gained increased attention. It has been widely reported, for example, that seaweed extracts enhance overall plant health and productivity by improving seed germination (Rayorath et al., 2007); photosynthesis and root development (Alam et al., 2014); flowering and fruit set (Dookie et al., 2021); and also by enhancing fruit taste and quality (Trejo Valencia et al., 2018). It has also been demonstrated that seaweed extracts alleviate the negative effects caused by abiotic stress (Goni et al., 2018; Rasul et al., 2021) and biotic stress (Frioni et al., 2019; Shukla et al., 2019).

The biostimulant actions of seaweed extracts have primarily been associated with stimulation of the jasmonic acid, salicylic acid, and ethylene-mediated defence pathways, which trigger the up regulation of well-characterised defence- and stress-related genes such as PR (pathogen related), MAPK (mitogen activated protein kinase) genes and WRKYs (WRKY domains of the transcription factors) that results in accumulation of defence metabolites such as antioxidants, phenylpropanoids and fatty acids (Tugizimana et al., 2018; De Saeger et al., 2019; Shukla et al., 2021). Despite the reportedly significant benefits of seaweed extracts on plants, their specific effects and underlying mechanisms are broadly dependent on the diverse compositions of the extracts, the application procedure (rate, time, and frequency) and the plant species to which they are applied (Ali et al., 2021). Therefore, an in-depth investigation of molecular metabolism is required to elucidate which biochemical and biophysiological process are involved in the response to biostimulants and the resultant effects on plants. This understanding will facilitate their most efficient and accurate application for optimization of plant growth and yield.

‘Omics’ approaches, especially that of metabolomics, have become a powerful method to provide signatures of altered metabolites that can be directly linked to the biological status of plant organs, tissues, and cells under a variety of growth conditions. Ultra high-pressure liquid chromatography (UHPLC) combined with high resolution mass spectrometry (MS) is now being employed as one of the most powerful mass spectrometry-based technologies available for detection and identification of metabolites, due to its highly sensitive and accurate mass detection and which uses advanced data processing to analyze greatly complex mixtures extracted from plant tissues (Gorrochategui et al., 2016). In particular, using an untargeted metabolomic approach allows comprehensive assessment of numerous compounds in a single biological sample (Patel et al., 2021). The untargeted approach is especially useful for providing an overview of changes in the plant metabolome under different conditions (Katam et al., 2022). For example, this technique has recently been successfully applied to investigate the metabolic changes induced by seaweed extracts from the kelp, Ecklonia maxima in corn (Zea mays) under drought stress (Tinte et al., 2022). Similarly, Omidbakhshfard et al. (2020) showed for Arabidopsis that was under severe oxidative stress the enhanced accumulation of a number of metabolites and alleviation of stress following treatment with a seaweed extract derived from Ascophyllum nodosum.

In previous research (Islam et al., 2021), we showed that application of an extract derived from A. nodosum and D. potatorum promoted the expression of a number of key stress- and priming-related genes in Arabidopsis. However, the underlying mechanisms by which the activation of these genes then affords protection against stress remain largely unknown. Hence, this current study was conducted to investigate, using an untargeted approach, the metabolomic profiles of Arabidopsis following application of seaweed extract to the roots. In addition to previous transcriptomic and gene expression data (Islam et al., 2020; Islam et al., 2021), we now provide a thorough interpretation of the complex relationships between metabolites and associated pathways with plant growth and their potential to provide resistance under adverse conditions. Such fundamental findings will contribute to developing biostimulants for sustainable use in agriculture.




2 Materials and methods



2.1 Plant material and growth conditions

Seeds of Arabidopsis thaliana ecotype Ler (LEHLE, Texas, USA, http://www.arabidopsis.com) were sterilized and grown following the method of Islam et al. (2020) and Islam et al. (2021). Arabidopsis seeds were sterilized in 1 mL of a solution containing 500 µL of ethanol 100% and 5 µL of H2O2 30%, suspended in water agar 0.2% (w/v) and stratified at 4°C for two days. The seeds were then sown into 9-cm Petri plates that contained Murashige and Skoog (MS) medium made with 0.8% (w/v) bacteriological agar (pH 5.7). The plates were placed into a growth chamber with 16: 8 h (light: dark photoperiod), light intensity of 100 μmol photons m−2 s −1, at 21 ± 2°C for 14 days.

After 14 days, uniform-sized seedlings were selected for transferral into sand (Bunnings, Waurn Ponds, Australia) within a 5 mL plastic disposable pipette tube (Axygen™, Blackburn, Australia) inserted with a piece of cotton wool (Woolworths, Waurn Ponds, Australia) to hold the sand in place. Prior to adding to the tube, the sand was autoclaved and then added to the tube that was filled within 0.5 cm of the top and then supplied with 1 mL of distilled water on the sand surface. A 1-cm-deep hole was then created by pushing another tube’s end into the sand. Individual A. thaliana plants were gently removed from the MS plates and carefully placed within the hole in the tube. A volume of 1 mL distilled water was further added to cover the roots with sand. Tubes were then vertically placed in a plastic holding rack and transferred to the growth chamber under the conditions described above.




2.2 Treatment of Arabidopsis plants with seaweed extract

The seaweed extract (SWE) used in this study was an alkaline hydrolysis product (Seasol, Bayswater, Australia) derived from two brown algae, Durvillaea potatorum and Ascophyllum nodosum for which detailed compositions of the extract have been previously reported (Wite et al., 2015). A dilution of 1:400 of SWE in distilled water was used for all treatments and was based on previous studies undertaken in the laboratory, field, and greenhouse (Mattner et al., 2013; Mattner et al., 2018; Islam et al., 2020; Arioli et al., 2021).

The SWE treatment regime was as follows: each day and up to nine days after transferring seedlings to 5 mL tubes, a control set of plants was provided with 700 µL of distilled water. A second set of plants was treated with 700 µL of SWE (1:400 in distilled water) on the second and fourth day after transplanting. One hour after the second SWE treatment on day 4, plants were harvested and designated as ‘day 0’ plants. To avoid damaging plants, tubes containing individual plants were submerged in distilled water to gently remove the root from the sand. Roots and leaves were then separated and briefly dried on absorbent paper. For each experimental repeat, two biological replicates of ‘day 0’ samples (replicate 1 and 2) were collected (Figure 1). For each replicate, ten control or SWE-treated plants were used. All ten root samples from the control or treated plants were then combined and placed in a 1.5 mL Eppendorf tube and then transferred to liquid nitrogen. Similar to roots, all ten control or treated leaf samples were combined, placed in a 1.5 mL Eppendorf tube and transferred to liquid nitrogen. All samples were subsequently stored at -80°C.




Figure 1 | A summary of the methodology employed in this study. There were five major stages including plant growth and treatment, sample collection, sample extraction, untargeted UHPLC-MS, and metabolomic data analysis. For plant growth and treatment, Arabidopsis thaliana Col 0 seeds were surface-sterilized and grown in Murashige and Skoog (MS) media for 14 days. Arabidopsis seedlings were then transferred to 5 mL tubes containing sand. The control plants were provided with 700 µL of distilled water. The SWE-treated plants were provided with 700 µL of SWE (1:400 in distilled water) on the second and fourth day after transferring to the 5 mL tubes. Designated ‘day 0’, ‘day 3’ and ‘day 5’ samples were then harvested. Roots and leaves were separated from untreated and treated plants and were subsequently stored at -80°C. In total, there were 36 root samples and 36 leaf samples. Frozen samples were then extracted at the same time to provide materials for untargeted UHPLC-MS analysis. Metabolomic data were then analyzed using Compound Discoverer software version 3.3.1 and different R packages. The figure was generated using BioRender.



Arabidopsis plants were also collected at 3 days and 5 days after the second treatment with SWE and respectively designated as ‘day 3’ and ‘day 5’ samples. Root and leaf samples of day 3 and day 5 were harvested following exactly the same procedure as day 0 samples. The whole kinetics experiment was repeated three times, giving a total of 6 biological replicates of each control or SWE-treated root samples across three-time points. In total, therefore, there were 36 root samples, and 36 leaf samples. All samples were stored at -80°C before being used in the next stage: sample extraction.




2.3 Sample extraction

For each replicate, approximately 100 mg of frozen sample (stored at -80°C) of SWE-treated/untreated roots and leaves were used. Samples were weighted in 2 mL tubes containing acid-washed beads (Sigma Aldrich, Australia) and kept frozen in liquid nitrogen before being homogenized at 5 m/s × 30 s × 3 times in a FastPrep-24™ instrument (MP Biomedicals, Australia). A volume of 500 μL extraction solution containing a 2:3:3 ratio of water: acetonitrile: isopropanol (Sigma Aldrich, Australia) was added to the 2 mL tubes and again homogenized (5 m/s × 30 s × 3 times). Samples were then subjected to further centrifugation (13,300 g × 5 min) and the supernatants were then diluted to a 1:1 ratio with Milli-Q water. Finally, 150 µL of the diluted supernatant was transferred to 2 mL vials (Thermo Fisher Scientific, Australia) for the UHPLC-MS analysis. Two blank samples and two pooled biological quality control samples (PBQC) were prepared. The two blank samples contained only extraction solution and were used for the detection and identification of background compounds, which were subsequently removed. The two PBQC samples were created by mixing equally all individual samples together, and it was analyzed at the beginning and the end of the UHPLC-MS measurement (Supplementary Figure S1).




2.4 UHPLC-MS method

Samples were analysed following the method described by Silva-Campos et al. (2022) with some modifications. The UHPLC-MS system comprised a Vanquish Flex ultra high-pressure liquid chromatography system coupled with an OrbitrapExploris-240 high resolution mass spectrometer (MS; ThermoFisher Scientific). The liquid chromatography column was a 2.1 × 100 mm, 1.8 µm C18 Zorbax Elipse plus (Agilent), column temperature was 30°C, and mobile phase flow rate was 0.4 mL/min, with gradient elution. Mobile phase A was 0.1% formic acid in water and mobile phase B was 0.1% formic acid in acetonitrile. LC-MS grade solvents were used. The initial mobile phase composition was 5% B which was held for 1 min then linearly increased to 100% B over 9 min with a 2-min hold at 100% B then re-equilibration for 3 min at 2% B, giving a total run time of 15 min. The H-ESI source settings were: ion spray voltage 3800 V, sheath gas 50 (arb. units), sweep gas 1 arb, ion transfer tube 325°C, vaporizer temperature 350°C. A preliminary deep scan run was carried out using AcquireX workflow, which is an iterative data-dependent acquisition (DDA) strategy, in either positive (ESI+) and negative (ESI-) ionization modes. The deep-scan run collected full scan spectra at 60,000 resolution and MS/MS at 30,000 resolution (in both ESI+ and ESI-). Dynamic exclusion was set at 4 s. The deep scan MS/MS data were used for untargeted compound identification. For experimental samples, the instrument was subsequently operated in full scan mode with polarity switching at 60,000 resolution between 70-1050 m/z. Three normalized high energy collisional dissociation (HCD) MS/MS scans were used (20, 40, 80 NCE) and the MS/MS threshold was 5000 counts. The Easy-IC internal calibration was used in run-start mode giving sub-2 ppm mass accuracy.




2.5 Metabolomic data analysis

For data processing, raw data files collected by UHPLC-MS were imported into the software Compound Discoverer (CD) 3.3.1 (Thermo Fisher Scientific, USA). Data from both positive and negative ionization modes were analyzed. An untargeted workflow named “Untargeted Metabolomics with Statistics Detect Unknowns with ID using Online Databases and mzLogic” (Thermo Fisher Scientific, USA) with some modifications was applied for peak detection, deconvolution, alignment, and gap filling for the detection of unknown compounds. A full workflow and detailed settings are presented in Supplementary Figure S2 and Supplementary Table S1. Briefly, selected spectra were aligned with mass tolerance (MT) < 5 ppm and maximum shift time was 2 min. Grouping of unknown compounds used a retention time (RT) tolerance < 0.5 min and MT< 5 ppm. Predicted composition node was also carried out using accurate mass, isotopic pattern, and MS/MS data with a mass tolerance window at 5 ppm. The metabolite identification was undertaken by searching against in-house and online databases, including: Mass List; ChemSpider (http://www.chemspider.com) used MS data (molecular weight or predicted formula) to search in 115 million chemical structures from 276 data sources; and mzCloud (https://www.mzcloud.org) that used MS/MS data to search against an online spectral fragmentation library of more than 9 million spectra. Consequently, compounds that were fully matched by predicted composition and/or mzCloud were selected to manually confirm structure using Fragment Ion Search (FISh) scoring. FISh scoring is an algorithm that compares the proposed fragments of compounds to the experimental fragmentation using the HighChem Fragmentation Library™ (Thermo Fisher Scientific, USA). In this study, metabolites were putatively identified to Metabolite Standard Initiative (MSI) level 2 (the similarity with MS data from public databases or literature) (Fiehn et al., 2007; Schymanski et al., 2014).

In addition, pathway analysis was performed using the Kyoto Encyclopedia of Genes and Genomes (KEGG), a database that contains more than 552 module pathways (https://www.genome.jp/kegg/pathway.html). The Human Metabolome Database (HMDB) with over 20 thousand compounds (many of which are plant-based compounds contained in the human diet) was used to classify different groups of compounds. Metabolites were functionally annotated by searching the Plant Metabolic Network database (https://plantcyc.org/) for Arabidopsis thaliana and previous publications in other plants.

Features detected from MS positive and negative ionization modes were combined and duplicated features were removed. Peak areas were normalized by using the constant median method. Normalized peak area data of unique features exported from CD 3.3.1 were formatted and uploaded to the MetaboAnalyst 5.0 [http://www.metaboanalyst.ca; Pang et al. (2021)] for Principal component analysis (PCA) and orthogonal projections to latent structures discriminant analysis (OPLS-DA) with log10 transformation. Significant pathway analysis was also carried out using the MetaboAnalyst 5.0. Significantly different metabolites were selected using the criteria of p < 0.05 (t-test, control vs treatment at each time point, unadjusted p-value) and log2 fold change (log2FC) > 0.6 or < -0.6. The volcano diagram was visualized using EnhancedVolcano packages in R language. Venn and heatmap diagrams were generated using VennDiagram, and Heatmaply R packages, respectively. In this study, comparisons were considered between (1) SWE treatment and the control (2) root and leaves and (3) 0, 3, and 5 days after SWE treatment.





3 Results



3.1 Global metabolomic changes in leaves and roots following SWE treatment

To investigate the effects of SWE on Arabidopsis, metabolomic profiles of roots and leaves were investigated using a UHPLC-MS method. There was a range of features (from a minimum of 4107 up to 7640 features) detected in leaf and root samples at day 0, 3, and 5 after SWE root application.

A principal component analysis (PCA) score plot was generated to assess the potential sources of variability or bias in the data (Supplementary Figure S3). Despite using 3 independent batches of plants in this experiment, one limitation of this study is that there were two PBQC samples analysed (at the beginning and at the end of the analytical sequence). Therefore, to standardize untargeted profiling experiments using plant biostimulants, we recommend following guidelines for the use of quality control and system suitability samples in untargeted metabolomic studies, as described by Broadhurst et al. (2018) and Ghosson et al. (2018). For example, for an effective analytical sequence, multiple PBQC injections are required between each 5-6 test samples, and a tight clustering of PBQC samples represented on a PCA score plot is required to indicate an acceptable level of stability throughout the experiment.

PCA plots were also generated to determine similarities and differences between the control and treated samples in roots or leaves at each time point (Figure 2A). In all cases, samples from the SWE-treated groups were clustered together and separated from the control groups. An orthogonal projections to latent structures discriminant analysis (OPLS-DA) was subsequently performed to further highlight the dissimilarities between treatment groups (Figure 2B). Indeed, the analysis showed a clear separation between SWE-treated root/leaf samples and the control across all time points post treatment. Further, the robustness and performance of the model were evaluated using cross-validation and permutation tests (Supplementary Figure S4). For the cross-validation test, in all cases, R2Y was above 90%, and the Q2 of the “p” component was higher than 70%. The permutation test showed that p-value was less than 0.05. These results indicated that the discrimination of the two groups is significant and reliable. Therefore, there was a significant reprogramming of the metabolome in both leaves and roots following the application of SWE.




Figure 2 | PCA (A) and OPLS-DA analysis (B) for detected compounds in SWE-treated and non-treated roots and leaves across different time points. Data were transformed by log10. Different treatment groups are indicated by the color (red color represents control samples and green color represents SWE-treated samples). Data presented are from six replicates with three individual experimental repeats.



It should be noted here that the SWE used in this study contains several major compounds, including laminarins, auxin, cytokinin and betaines, which are present at relatively low concentrations in diluted SWE. For example, the concentration of auxin and cytokinin were 0.06 and 0.0013 µg/L in a 1:200 diluted SWE (Wite et al., 2015). In our study, we used an even lower concentration of SWE (1:400 dilution), which would have contributed a negligible amount of these compounds to the treated plants and were, consequently, not detected in our analysis.

Volcano diagram analysis was performed to determine the number of compounds that significantly accumulated or were reduced (p-value < 0.05 and log2FC > 0.6 or < -0.6) in leaves and roots after 0, 3, or 5 days of SWE treatment (Figure 3). In most cases, the number of compounds that were significantly accumulated were higher than those that were reduced in accumulation. In roots, a greater number of metabolites that were differentially changed in relative abundance was observed at day 0 compared with day 3 and day 5 (174 were accumulated and 141 were reduced in abundance) (Figure 3A). This indicated a clear initial response and a change at the metabolomic level for plants after two root applications of SWE at day 0. In leaves, the highest number of differential compounds were at day 5 (405 were accumulated and 314 were reduced) (Figure 3B), implying a remarkable reprogramming toward accumulation post-SWE treatment.




Figure 3 | Volcano diagram analysis for metabolites that were significantly changed in accumulation and were filtered by using the criteria of p-value < 0.05 and log2FC > 0.6 or < -0.6 (between SWE-treated and non-treated samples in the same tissue at one time point) in 0-, 3- and 5-day roots (A) and leaves (B). Red and blue color represent the increased and decreased accumulation of metabolites, respectively. The arrows and numbers represent the number of metabolites that were increased and decreased in accumulation, respectively. Data presented are from six replicates with three individual experimental repeats.



Identification of those metabolites that significantly changed in abundance (p-value < 0.05 and log2FC > 0.6 or < -0.6) was confirmed by using the predicted composition and/or mzCloud matching in combination with FISh scoring. As a result, 89 compounds in roots and leaves at different time points were filtered for further analysis. Detailed information including classification and references of these compounds is given in Supplementary Tables S2, S3.




3.2 Specific changes of metabolites in roots and leaves after SWE treatment

The 89 compounds were classified into different groups using the HMDB database. These compounds included primary metabolites: lipids and derivatives (23 in number), amino acids and derivatives (12), carbohydrates and derivatives (9), TCA cycle (7), hormones and derivatives (4), nucleotides and derivatives (3), and vitamins (1); and secondary metabolites: phenylpropanoids and derivatives (7), glucosinolates and derivatives (5), organic acids (5), flavonoids (3), benzenoids (3), alkaloids (1) and others (6) (Figure 4 and Supplementary Table S2).




Figure 4 | A heatmap of 89 compounds of interest and their classification in both roots and leaves at 0, 3, 5 days after SWE treatment. Red and blue color represent the increased or reduced accumulation of metabolites respectively. The asterisks indicate significant differences (t-test and p-value <0.05) between the treated and the control samples.



Venn diagrams were generated to compare compounds detected in roots versus leaves (Figure 5A) and between 0-day, 3-day and 5-day samples within the same root (Figure 5B) or leaf tissues (Figure 5C). A higher number of metabolites that were differentially accumulated were identified in the roots (62) compared to the leaves (57) (Figure 5A). There were 31 compounds that showed significant changes in accumulation in both leaves and roots, while 31 and 26 compounds were uniquely identified in roots and leaves, respectively. A large proportion of the common compounds showed a similar pattern of change in that 17 and 5 compounds were found to be accumulated or reduced in relative abundance, respectively, in both leaves and roots at different time points (Figure 5D). When considered at the same harvest day, several metabolites showed reduction in the roots but accumulation in the leaves or vice versa, accumulation in the roots and reduction in the leaves. For example, asparagine and phenylglyoxylic acid were reduced at 3 days in the roots but accumulated in the leaves at the same time point. P-coumaroylagmatine showed the opposite at 5 days where it accumulated in the roots but was reduced in the leaves. At day 0, LysoPE (16:1/0:0), cytosine, IAA-glucose showed higher relative content in both parts whilst serine was the only compound that showed remarkably decreased accumulation (> -1.5-fold) in both leaves and roots. Citric acid, 2-oxoglutaric acid, crotonic acid, aconitic acid and D-glucaro-1,5-lactone were significantly increased in accumulation at either day 3 or day 5. Notably, fumaric acid and itaconic acid showed higher accumulation in leaves and roots from day 0 to day 5 which contrasted, for example, to the decreased accumulation of ß-D-Xylose across the three time points (Figure 5D).




Figure 5 | Venn diagrams and heatmap analysis. Venn diagrams showed commonalities and differences among changed metabolites in roots and leaves (A), in roots (B) or leaves only (C) after 0, 3, and 5 days treated with the SWE. (D) A heatmap of 31 commonly identified compounds in both roots and leaf samples. The asterisks indicate significant differences (t-test and p-value <0.05) between the treated and the control samples.



When comparing the 89 compounds in leaves and roots, a higher number of secondary metabolites, including phenylpropanoids (5), organic acids (5), glucosinolates (4), and flavonoids (3) were detected in the leaves, whereas the number of amino acids (15) and hormones (4) were greater in the roots (Figure 6 and Supplementary Tables S4, S5). Lipids, TCA-cycle compounds and carbohydrates were similar in number between both roots and leaves. In roots, out of 62 compounds that differentially accumulated, the highest number of identified compounds (39) was observed at day 0 when compared to day 3 and day 5 (Figure 5B). The number of compounds that were unique at day 0 was 19, 7 at day 3 and 4 at day 5, while only 6 metabolites were significantly changed in accumulation across all three time points. At day 0 in the roots, 26 and 13 metabolites were increased and decreased in accumulation respectively, whereas those numbers for compounds at day 3 were 22 and 14, and 13 and 12 compounds for day 5 respectively (Supplementary Table S4). For common metabolites in roots, N-Acetyl-D-alloisoleucine, D-glucaro-1,5-lactone, fumaric acid and 2-Oxoglutaric acid were significantly increased when only hexadecanoic acid showed reduced accumulation across all time points (Figure 6A and Supplementary Table S6). Various metabolites were significantly accumulated at day 3 and 5 but showed decrease in accumulation at day 0 such as proline, or showed no changes in relative abundance at day 0 such as crotonic acid, γ-L-Glutamyl-L-glutamic acid, N-Acetylvaline and 3-O-(α-L-oleandrosyl)oleandolide. Different lipid metabolites were specifically increased in their relative content at day 0 compared to day 3 and day 5 in the roots such as 1-linoleoyl glycerol, corchorifatty acid F, 12-OPDA, 9,12,13-TriHOME, and 9-KODE.




Figure 6 | Heatmap analysis of metabolites that altered in roots (A) and leaves (B) at day 0, day 3 and day 5 following the SWE treatment. Log2FC data were used to represent the up (red color) or down (blue color) accumulation of compounds. The asterisks indicate significant differences (t-test and p-value <0.05) between the treated and the control samples.



In contrast to the root samples, out of 57 compounds, the highest number of metabolites that were significantly changed in accumulation was observed at day 5 in the leaves with 36 detected compounds (22 showed an increase in accumulation and 14 decreased in accumulation respectively) (Figure 5C and Supplementary Table S5). In leaves, in comparison to the roots, there were more common metabolites (10 in number) at all three harvested time points, whereas 8, 13 and 16 compounds were uniquely present in the leaves at day 0, day 3 or day 5 respectively. For common compounds across all three time points in the leaves, malonic acid, licoisoflavone A, encecalin and zizybeoside II showed an increase in the relative content, while vanilloylglycine showed a decrease in accumulation (Supplementary Table S7). At day 3 and day 5, malic acid and picolinic acid showed higher relative abundance but no change at day 0 in the leaves, in contrast to the decrease in relative content of lipid-related compounds (octanoic acid, OPC-8:0 derivatives and 9(S)-HPODE) (Figure 6B). Out of 16 unique metabolites in 5-day leaves, lipids (5), glucosinolates (3), phenylpropanoids (2) and TCA cycle (2) were major groups of compounds that were significantly changed in accumulation (Figure 6B and Supplementary Table S5). Several compounds were strongly increased (fold change > 1.5) in accumulation in 5-day leaf samples such as 3-(7’-methylthio)heptylmalic acid, 2-(6’-methylthio)hexylmalic acid and 1-linoleoyl glycerol, while jasmonic acid and traumatic acid were decreased in accumulation.




3.3 Specific changes of pathways in roots and leaves after SWE treatments

To identify the biological pathways that were significantly altered by the treatment with SWE, the KEGG database combined with Metaboanalyst 5.0 were used. Figure 7 presents those pathways that were statistically significant (p-value < 0.05) and with high impact generated from only metabolites that were accumulated in leaves and roots (derived from the list of 89 important compounds) at day 0, day 3 and day 5 after SWE treatment. It is clearly shown that the TCA cycle and alanine, asparagine, and glutamine pathways were the most common pathways that were up regulated in both leaves and roots across day 0 to day 5 (except day 0 leaves). The KEGG pathway database was then further used to manually determine the connection between compounds that belong to the same metabolic pathways. We found that 62 of the 89 identified compounds were matched with a key metabolic pathway within the KEGG database (Figure 8). Most of the metabolites in the TCA cycle, such as malic acid, fumaric acid, 2-oxoglutaric acid, and citric acid, were strongly accumulated up to 5 days after SWE application in both roots and leaves. Apart from the TCA cycle, metabolites belonging to the glucose and pentose phosphate pathways, which contribute to carbon metabolism, also showed up regulation in the treated plants across the different time points. In addition, metabolites belonging to glucosinolate and lysophospholipid biosynthesis pathways were accumulated in leaves or roots of SWE-treated samples. In contrast, most compounds (except 12-OPDA) that contributed to the oxylipin biosynthesis pathway showed decreases in their relative abundance in the SWE-treated roots and leaves. Some metabolites of the phenylpropanoid and free fatty acid metabolic pathways showed either accumulation or reduction, indicating a complex regulatory system in the response of Arabidopsis to treatment with a seaweed-based biostimulant.




Figure 7 | Significant enrichment pathway analysis of metabolites which showed accumulation in roots (A) and leaves (B) after the application of SWE. The y-axis (-log (p)) indicates the p-value of the pathway enrichment analysis, represented by the bubble color (darker color means more significant enrichment). The x-axis is the impact factor of topological analysis, represented by the bubble size (bigger bubble means a higher impact).






Figure 8 | Pathway analysis of metabolites that altered in roots and leaves at day 0, day 3 and day 5 following SWE treatment. Out of 89 compounds of interest, 62 compounds were found in the KEGG pathway database, which was used to create this figure. The remaining 27 compounds are not shown in the figure. Log2FC data were used to represent the accumulation of the compounds (red color), or reduced accumulation (blue color), or no statistical change (white) of compounds.







4 Discussion

It was widely reported that seaweed extracts contain various organic compounds such as polysaccharides, laminarin, ulvans, alginates, and galactans that can potentially enhance plant growth and development as well as trigger priming and resistance to stresses (Shukla et al., 2019; Ali et al., 2021; Tinte et al., 2022). Many commercial products derived from seaweed extracts have been developed and their effectiveness demonstrated (Shukla et al., 2019). Here, we investigated the potentially beneficial effects of two applications of a seaweed-based commercial product on Arabidopsis plants using a metabolomic approach. Reprogramming in metabolomic profiles were clearly shown in SWE-treated Arabidopsis leaves and roots. These metabolites included (1) primary compounds such as those of the TCA cycle, lipids, amino acids and carbohydrates and (2) secondary compounds such as glucosinolates, phenylpropanoids, and organic acids. Although differences existed between metabolomic profiles of root and leaves, many common up-accumulated metabolites were detected, which are directly involved in various fundamental growth and defence pathways. The mode of actions of SWE is likely to associate with induced priming and systemic mechanisms that have been demonstrated at the transcriptomic level in our previous studies (Islam et al., 2020; Islam et al., 2021).



4.1 Seaweed extracts induced alterations in primary metabolites related to growth and signaling



4.1.1 The TCA cycle was the most up-regulated pathway in both leaves and roots

The TCA cycle is a series of reactions that generate energy by the oxidation of acetyl-CoA derived from carbohydrates, amino acids and fatty acids (Martinez-Reyes and Chandel, 2020). In the current study, we found the TCA cycle to be the most up-regulated pathway in SWE-treated plants, represented by the accumulation of major TCA cycle metabolites, including citric acid, aconitic acid, 2-oxoglutaric acid, fumaric acid, and malic acid (Figure 8). The increased accumulation of TCA cycle compounds has been observed in various plant species, including Arabidopsis, wheat, and maize following the application of biostimulants under normal conditions (Nephali et al., 2021), prior to herbicide-induced oxidative stress (Omidbakhshfard et al., 2020) or pathogen attack (Camanes et al., 2015). Citric acid can be transported to the cytosol to maintain the pH (Tahjib-Ul-Arif et al., 2021) or be utilized directly by the cell to promote the biosynthesis of lipid and nucleotides (Martinez-Reyes and Chandel, 2020). Citric acid was also demonstrated to be a scavenger and trigger defence responses in plants under stress conditions (Chele et al., 2021). Similarly, we found that accumulation of fumaric acid was greater in the roots compared to the leaves across time points. Fumaric acid has also been reported to accumulate with higher light intensities and with plant age in Arabidopsis (Chia et al., 2000). In addition, fumaric acid and malic acid also can become an alternative source of carbon for photosynthate and counteranions for nitrate (Nunes-Nesi et al., 2010). As shown by Schwachtje et al. (2018), these organic acids also can form the primary building blocks of defence-active compounds.

The TCA cycle may be also involved in both anabolism and catabolism and cycle intermediates can be transported from mitochondria to the cytosol to participate in metabolite biosynthesis, nitrate assimilation, photosynthesis, and photorespiration (Fernie et al., 2004; Araujo et al., 2012; Zhang and Fernie, 2018). For example, 2-oxoglutaric acid is a master regulator metabolite due to its role as a main carbon skeleton in nitrogen-assimilatory reactions. Indeed, 2-oxoglutaric acid participates in the synthesis of glutamic acid from ammonia following two pathways, (1) by direct reaction with ammonia via the catalyzation of glutamate dehydrogenase (GDH) or (2) combining with glutamine via the catalyzation of glutamate synthase (Huergo and Dixon, 2015). In our study, the increased relative abundance of 2-oxoglutaric acid may have led to the higher accumulation of glutamic acid, glutamine, and proline at 3 and 5 days after SWE treatment. A recent study by Gai et al. (2022) has shown that foliar application of 2-oxoglutaric acid significantly increased the content of glutamic acid, glutamine and proline by enhancing the activation of glutamine synthetase and glutamate dehydrogenase in soybean under drought stress.

Taken together, the increased accumulation of TCA cycle metabolites and N-containing amino acids indicate that carbon and nitrogen metabolism were greatly activated in the Arabidopsis plants after treatment with seaweed extract. The enhancement of the TCA cycle up to 5 days after SWE treatment may provide more energy and precursors for plant growth improvement and defence against pathogens.




4.1.2 Lipids, amino acids, carbohydrates and other primary metabolites related to growth and development and stress responses were accumulated following SWE treatment

Lipids are major components of cell membranes and are a source of signaling compounds during stress responses (Okazaki and Saito, 2014; Barbaglia and Hoffmann-Benning, 2016). In our study, seaweed extract treatment significantly modified the composition of lipid profiles of both Arabidopsis leaves and roots with an enhancement of lysophospholipids and a decrease in oxylipins and free fatty acids. As suggested by Yu et al. (2021), remodeling of these lipids is considered as a strategy of acquiring resistance to stress conditions.

Enhanced accumulation of lysophospholipids (LPLs) were reported in the response to the application of biostimulants, salt and drought stress or wounding and pathogen attack (Hou et al., 2016). The accumulation of LPLs may result from the hydrolysis of fatty acids from phospholipids activated by phospholipase A (PLA) (Okazaki and Saito, 2014). In our study, one LPL, LysoPC (C18:2) accumulated at day 0 and day 3 in the Arabidopsis roots. Cho et al. (2012) also observed in tobacco plants that LysoPCs C18:2, C16:0 and C18:3 increased significantly following inoculation with the pathogen Phytophthora nicotianae. Additionally, LysoPCs were reported to have the ability to activate signal transducers such as Ca2+ flux, a tonoplast H+/Na+ antiporter and enhanced pH levels in cells, contributing to the production of phytoalexins (Viehweger et al., 2002). We also recorded higher amounts of LysoPEs, including LysoPE C18:2, C18:0 and C16:1 mostly in the root samples. Volz et al. (2021) reported that the application of LysoPE induces gene expression for SA biosynthesis and reactive oxygen species (ROS) signaling pathways, which consequently induced resistance of Arabidopsis following infection with the hemibiotrophic pathogen Pseudomonas syringae. In addition, we have shown that the relative abundance of itaconic acid was significantly increased in both SWE-treated leaves and roots across all three time points. Increased accumulation of itaconic acid was also recorded by Yang et al. (2019) in Clematis terniflora exposed to UVB irradiation and dark conditions. It has been proposed that itaconic acid plays a role as an antimicrobial metabolite due to its inhibitory effect on isocitrate lyase, a key enzyme in the glyoxylate pathway (a variation of the TCA cycle), contributing to limiting the growth of various pathogens (Cordes et al., 2015; Luan and Medzhitov, 2016).

However, we found that the relative abundance of free unsaturated fatty acids (UFAs) and related compounds including hexadecanoic acid, linoleic acid derivatives (9(S)-HPODE and 9-KODE), and oxylipins derived from α-linolenic acid were lower in the SWE-treated plants. Recent studies have reported the accumulation of essential UFAs such as linolenic, hexadecanoic, and stearic acid induced by biostimulants in tomato or maize (Othibeng et al., 2021; Rachidi et al., 2021). In our study, the phytohormone jasmonic acid (JA), JA derivatives (JA-Ile and 12-Hydroxy-JA) and intermediates in the oxylipin pathway (13-HPOT) were reduced. Oxylipin metabolites play an important role in the mediation of plant defence systems against pathogens and herbivores as well as in response to abiotic stress such as UV, drought and cold (Ruan et al., 2019; Ghorbel et al., 2021). However, under ambient conditions, JA and its derivatives were demonstrated to have negative impacts on plant growth, including inhibition of seedling growth, leaf expansion and primary root growth (Huang et al., 2017). Our study has indicated that JA-mediated pathways were repressed by SWE application and, therefore, may have reduced any negative impact on plant growth.

Many studies have demonstrated the important roles of amino acids in a range of metabolic processes in plants, including enzyme and protein structure, precursors of essential secondary metabolites, and signal transduction for plant growth and resistance against stress (Zeier, 2013; Alfosea-Simon et al., 2020). In the current study, glutamine, glutamic acid and its polypeptides (γ-L-Glutamyl-L-glutamic acid and H-(γ-Glu)2-Glu-OH), N-acetylvaline, and proline showed increased content, while asparagine and serine decreased accumulation in the SWE treated roots and/or leaves across the three time points. Similar increases in abundance of amino acids, including proline, glutamine, and γ-L-Glutamyl-L-glutamic acid were reported by Yang et al. (2020) for Puccinellia tenuiflora inoculated with a microbial biostimulant under salt stress. The accumulation of amino acids in such systems may alter the osmotic status of the plants to maintain membrane stability, therefore improving salt tolerance (Shulaev et al., 2008). For example, proline is a well-known and essential compatible osmolyte accumulating in plants under adverse conditions (Verbruggen and Hermans, 2008; Lehmann et al., 2010). Proline may reduce ROS production, enhance protein stabilization processes and contributes to stress signaling pathways (Szabados and Savoure, 2010; Khan et al., 2019). In our study, proline was reduced in the leaves at day 0 but then significantly increased at day 3 and day 5. Similarly, Goni et al. (2018) reported a higher concentration of proline in tomato plants treated with a seaweed-based biostimulant, allowing more effective water uptake into the plant body to avoid water shortage under drought stress. Glutamine and glutamic acid are common nitrogen-containing amino acids associated with transportation, storage, and recycling of nitrogen in green plant parts, germinating seeds and they support plant growth and responses to stress (Han et al., 2021). Forde and Lea (2007) showed that nitrogen from inorganic sources such as nitrates and ammonia can be converted to glutamic acid and glutamine. It was also shown that direct application of glutamic acid could increase carbon assimilation and enhance the content of glucose, isoleucine and proline, resulting in general growth improvement of tomato plants (Alfosea-Simon et al., 2020). Glutamine is generated from glutamic acid and ammonium via the catalyzation of glutamine synthetase to rapidly induce expression of the key transcription factor genes involved in nitrogen mechanism such as LBD37-like genes and stress-response genes such as DREB1A, IRO2, and NAC5 (Kan et al., 2015; Muthuramalingam et al., 2020).

Carbohydrates were differentially accumulated in Arabidopsis roots and leaves after treatment with SWE. We found that, for example, glucono-1,5-lactone and glucaro-1,5-lactone were strongly increased in abundance while ß-D-xylose was significantly decreased in treated leaf and root samples. Glucono-1,5-lactone is a carbohydrate that takes part in the pentose phosphate pathway. High concentrations of glucono-1,5-lactone and gluconic acid were observed in Poa crymophila, a species that is greatly adaptable to long-term high and low temperatures and drought (Wang et al., 2021). Glucaro-1,5-lactone can be converted to glucaro-1,4 lactone, which has been suggested to enable protection of lipids and proteins against oxidative damage, such as that due to H2O2 (Olas et al., 2007). ß-D-xylose is a major component of hemicellulose and is required for the structure of cell walls, which may contribute to the prevention of cell breakdown due to dehydration (Zhang et al., 2021). Broadly, a change in xylose has been observed in various species under different stress conditions, indicating the important roles of xylose in tolerance to abiotic stress (Lima et al., 2013; Le Gall et al., 2015). For example, Viana et al. (2022) showed that in canola (Brassica napus L.), there was a 190% increase in xylose content in roots under salt stress, while there was a 36% decrease in accumulation of this compound in shoots under drought stress.

It is worth noting that the relative abundance of malonic acid, among other organic acids, was found to be highly accumulated in the leaves but not in the roots at all investigated time points. In contrast, malonic acid was recorded to be the most abundant organic acid in the roots of chickpea (Cicer arietinum L.). Li and Copeland (2000) suggested that malonic acid was a defensive compound enabling drought stress tolerance. In addition, in Digitalis lanata, Igamberdiev and Eprintsev (2016) and Groeneveld et al. (1992) have shown that malonic acid can be metabolized from malonyl-CoA to become a precursor for neutral lipids and cardenolide defence metabolites.

We have also found that the levels of the vitamin ascorbic acid and D-glucuronic acid (an intermediate in ascorbic acid biosynthesis) were rapidly enhanced in the leaves harvested immediately after applying the second SWE treatment (day 0). Ascorbic acid is a non-enzymatic antioxidant that can potentially reduce oxidative damage, contribute to the mediation of fundamental mechanisms such as photosynthesis, biosynthesis of hormones or other antioxidants during stress or in non-stress environments (Akram et al., 2017; Garcia-Garcia et al., 2020). An increased concentration of ascorbic acid was also found after treatment with other biostimulants such as a silicon-based biostimulant (Chele et al., 2021) and hexanoic acid (Camanes et al., 2015).

Similar to vitamins, hormones play major roles in plant growth and adaptations to environmental changes. In our study, differential changes in the relative content of salicylic acid (SA), indole-3-acetic acid (IAA) and its derivatives (IAA-glucose and oxo-IAA) were identified in the Arabidopsis roots following SWE treatment (Figure 8). SA is a phenolic compound that is involved in many plant processes such as seed germination, photosynthesis, flowering and senescence (Rivas-San Vicente and Plasencia, 2011). The SA signaling pathway is involved in activating systemic acquired resistance (SAR) under adverse conditions, which is the long-distance transport of defence signals to enhance responses against secondary attack (Zeier, 2021). Previous studies have indicated that increases in SA content were induced by seaweed-derived bioactive compounds in various species such as tomato (El Modafar et al., 2012), Arabidopsis (Zhang et al., 2019) or blue gum (Eucalyptus globulus) (Shukla et al., 2016). SA-mediated regulation was dependent on the interaction and cross-talk with other stress-induced signaling molecules such as pipecolic acid, jasmonic acid and ethylene; or other plant growth-related phytohormones such as auxin or abscisic acid (Navarro et al., 2008; Shields et al., 2022; Singh et al., 2022).In addition to SA, IAA is the main type of auxin in plants that contributes to fundamental physiological and biochemical processes (Zhao, 2010). In our study, a high abundance of IAA-glucose, an inactive form of IAA (Korasick et al., 2013) was observed at day 0 while the active form, IAA and its degraded product (oxIAA) were reduced. Low concentrations of free IAA and its intermediates in plants were suggested to be associated with plant growth enhancement, especially root growth promotion (Thimann, 1937; Pilet and Saugy, 1987; Ivanchenko et al., 2010). Therefore, the reduced accumulation of IAA and its derivatives in the current study may indicate that treatment with SWE leads to plant growth promotion.





4.2 Seaweed extracts triggered changes in secondary metabolites for defence and signaling systems

We have shown that several compounds related to phenylpropanoid metabolism were significantly altered by the treatment with SWE in both leaf and root samples. There was a number of compounds that were increased at a specific time following treatment with SWE such as phenylglyoxylic acid in the leaves and 3-methoxyphenylacetic acid in the roots. Accumulation of phenylglyoxylic acid was recorded in Ricinus communis cotyledons during salt stress (Wang et al., 2021), while 3-methoxyphenylacetic acid was found accumulated in canola seeds (Brassica napus L.) (Misra and Yildiz, 2016). Increased accumulation of phenylpropanoid metabolites has been found for coumaric acid, and chlorogenic acids in maize (Tinte et al., 2022), and for ferulic acid and caffeic acid in pepper (Ertani et al., 2014) that were treated with plant-based or seaweed-based biostimulants via root or foliar applications. Other phenylpropanoid compounds identified here, such as vanilloylglycine, N-feruloylglycine, and 5-hydroxyferulic acid were decreased in the SWE-treated plants as compared to the control samples harvested at all sampling times. These three compounds belong to the sub-class hydroxycinnamic acids (HCAs), which is broadly defined as a group of compounds derived from cinnamic acid (El-Seedi et al., 2012). HCAs play an essential role in plant immunity by enhancing antimicrobial effects, strengthening cell walls, and mediating stomatal activity (Liu et al., 2022), which contribute to protecting plants against biotic and abiotic stress (Macoy et al., 2015). Reduced accumulations of phenylpropanoid compounds in our study compared with other studies may be a result of the dependence of their activity on the bioactive components, which are often species specific and even showed differences between extracts derived from the same seaweed species (De Saeger et al., 2019; Ali et al., 2021; Shukla et al., 2021).

We also found significantly increased accumulation following SWE treatment of three glucosinolate intermediates (3-(5’-methylthio) pentylmalic acid, 2-(6’-methylthio) hexylmalic acid, and 3-(7’-methylthio) heptylmalic acid), which contribute to the main chain-elongation process of glucosinolate biosynthesis from methionine. Glucosinolates (GSLs) is a class of defence metabolites, mostly found in Brassicaceae species including the model plant Arabidopsis thaliana (Martinez-Ballesta et al., 2013). Many studies have demonstrated that the accumulations and composition of GSLs were altered significantly during activation of defence, protecting plants against pathogens and abiotic stresses (Guo et al., 2013; Mitreiter and Gigolashvili, 2021). For example, under drought stress, enhanced accumulation of GSLs in the cytosol of Arabidopsis leaves may reduce inward K+ channels in the guard cells, resulting in stomatal closure to reduce water loss (Martinez-Ballesta et al., 2013). In addition, in the current study, acrylic acid (a member of ally-GSLs) and its derivative, 3-indoleacrylic acid, were observed with higher relative abundance in SWE-treated roots. Katz et al. (2020) reported that exogenous application of acrylic acid inhibited Arabidopsis root growth by altering the cell cycle, indicating the complex functions of GSLs in plant growth and defence.




4.3 Metabolic changes associated with seaweed extract-induced priming and systemic responses

Systemic acquired resistance (SAR) is a mechanism activated after the localized exposure to microbial pathogens to provide long-lasting and broad-spectrum resistance to plants (Zeier, 2021). In our study, many metabolites such as malonic acid and three glucosinolate intermediates, which are known to be defence-related metabolites (Igamberdiev and Eprintsev, 2016; Mitreiter and Gigolashvili, 2021), showed high accumulation in the leaves compared to that in the roots and an accumulation that was present for at least 5 days after the SWE treatment. We provide evidence that the seaweed extract, which was initially applied to the roots, induced root to shoot signalling that eventually triggered changes in the leaf metabolic profiles. It is well-established that roots communicate with leaves via a wide range of mobile signals (Li et al., 2021), including both chemical and physical signals such as ROS, Ca2+, phytohormones and hydraulic and electrical signals which are increased in roots during stress. Here, the SWE-induced root to shoot signalling, therefore, is likely to enhance SAR in Arabidopsis once the plants are exposed to a pathogen. Indeed, we previously demonstrated (Islam et al., 2021) that during pathogen attack there was increased production of H2O2 and up regulation of ROS-related genes such as RBOHD, GSTF8, SAG21, and TPX2 in A. thaliana and S. lycopersicum roots treated with SWE. The mechanism was linked directly with SWE-induced priming, a phenomenon that plants react more rapidly and vigorously to biotic or abiotic stress, through significantly enhanced expression of SAR and priming-related genes.

In summary, treatment with SWE clearly triggered a metabolic reprogramming up to 5 days after SWE treatment in both leaf and root tissues. A summary of changes in metabolic profiles of SWE-treated plants is presented in Figure 9. Enhanced carbon and nitrogen metabolism, shown by strong accumulation of TCA cycle and N-containing (such as glutamine, glutamic acid, and its derivatives) metabolites, would provide more energy and precursors for fundamental biological and signalling pathways. Changes in lipid and secondary metabolite profiles, including those of phenylpropanoids, glucosinolates, and other organic acids may strengthen defence and antioxidant systems. In our previous studies at the transcriptomic level, we showed enhanced priming and systemic responses in Arabidopsis, (Islam et al., 2020; Islam et al., 2021) that we have now aligned to specific changes at the metabolomic level in leaves and roots.




Figure 9 | A summary of changes in Arabidopsis metabolic profiles induced by seaweed extracts. The SWE, derived from D. potatorum and A. nodosum were twice applied to Arabidopsis roots and metabolic changes were observed after 0, 3, and 5 days after the second treatment. We demonstrated that SWE triggered changes in various important metabolite groups such as lipids, amino acids, carbohydrates and phytohormones. Significant accumulations of essential growth and defence-related metabolites such as TCA cycle, lysophospholipids and glucosinolates were also detected in both SWE-treated leaves and roots. All these metabolic changes may contribute to enhancing energy production, carbon and nitrogen metabolism, remodeling of cell membranes and improving antioxidant and defence systems. The figure was generated using BioRender.







5 Conclusion

In conclusion, the current study provides fundamental findings that describe the mechanism for the action of a seaweed extract-based biostimulant on Arabidopsis. Untargeted metabolomic analysis of both leaves and roots revealed accumulation of metabolites related to plant growth and priming were induced following application of seaweed extract. We also have shown that metabolic reprogramming has involved the increased accumulation of TCA metabolites and differential changes in the levels of lipids, amino acids, carbohydrates, phytohormones and secondary metabolites such as phenylpropanoids and glucosinolates. Many of these compounds participate in carbon and nitrogen metabolism, which are directly involved in plant growth and development. Importantly, the research indicates the mechanisms induced by seaweed extracts that may benefit plant growth and tolerances to abiotic and biotic stresses. These mechanisms involve (1) a diverse cascade of cellular, gene expression and metabolic responses related to plant growth and stress tolerance, and (2) those that are systemic and enable propagation of plant priming responses. Knowledge generated from this research will provide a foundation to explore further the beneficial effects and applications of seaweed extracts or biostimulants. These investigations may contain targeted identification of key functional compounds and regulation networks. In-depth knowledge derived from biostimulant-related research will contribute to developing an alternative source of fertilizers for more productive and sustainable agriculture.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Author contributions

TT, DCah, and TA conceptualized and designed the project. TT performed the laboratory work, analysed the metabolomic data, wrote and revised the manuscript. MI contributed to growing plants and sample collection. DCal contributed to LC-MS experiments and data processing. DCah, MI, YW, DCal and TA contributed to the manuscript draft. DCah supervised and provided a final approval of the manuscript’s content. All authors revised and approved the final version to be published and agreed with all aspects of the work. All authors contributed to the article and approved the submitted version.





Funding

This study received funding from Seasol International and Deakin University (Faculty of Science, Engineering and Built Environment). The funder was not involved in the study design, collection, analysis, interpretation of data, the writing of this article or the decision to submit it for publication.




Acknowledgments

We would like to thank our colleagues, Duy Phung, Nanyang Technological University, Singapore and Matias Silva‐Campos, Deakin University for assistance in bioinformatic and software aspects of the project.





Conflict of interest

Author TA is employed by Seasol International Pty Ltd and is an Adjunct Associate Professor at Deakin University.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1114172/full#supplementary-material







References

 Akram, N. A., Shafiq, F., and Ashraf, M. (2017). Ascorbic acid-a potential oxidant scavenger and its role in plant development and abiotic stress tolerance. Front. Plant Sci. 8, 613. doi: 10.3389/fpls.2017.00613

 Alam, M. Z., Braun, G., Norrie, J., and Mark Hodges, D. (2014). Ascophyllum extract application can promote plant growth and root yield in carrot associated with increased root-zone soil microbial activity. Can. J. Plant Sci. 94 (2), 337–348. doi: 10.4141/cjps2013-135

 Alfosea-Simon, M., Simon-Grao, S., Zavala-Gonzalez, E. A., Camara-Zapata, J. M., Simon, I., Martinez-Nicolas, J. J., et al. (2020). Physiological, nutritional and metabolomic responses of tomato plants after the foliar application of amino acids aspartic acid, glutamic acid and alanine. Front. Plant Sci. 11, 581234. doi: 10.3389/fpls.2020.581234

 Ali, O., Ramsubhag, A., and Jayaraman, J. (2021). Biostimulant properties of seaweed extracts in plants: Implications towards sustainable crop production. Plants (Basel) 10 (3), 531. doi: 10.3390/plants10030531

 Araujo, W. L., Nunes-Nesi, A., Nikoloski, Z., Sweetlove, L. J., and Fernie, A. R. (2012). Metabolic control and regulation of the tricarboxylic acid cycle in photosynthetic and heterotrophic plant tissues. Plant Cell Environ. 35 (1), 1–21. doi: 10.1111/j.1365-3040.2011.02332.x

 Arioli, T., Mattner, S. W., Hepworth, G., McClintock, D., and McClinock, R. (2021). Effect of seaweed extract application on wine grape yield in Australia. J. Appl. Phycol 33 (3), 1883–1891. doi: 10.1007/s10811-021-02423-1

 Barbaglia, A. M., and Hoffmann-Benning, S. (2016). Long-distance lipid signaling and its role in plant development and stress response. Subcell Biochem. 86, 339–361. doi: 10.1007/978-3-319-25979-6_14

 Broadhurst, D., Goodacre, R., Reinke, S. N., Kuligowski, J., Wilson, I. D., Lewis, M. R., et al. (2018). Guidelines and considerations for the use of system suitability and quality control samples in mass spectrometry assays applied in untargeted clinical metabolomic studies. Metabolomics 14 (6), 72. doi: 10.1007/s11306-018-1367-3

 Camanes, G., Scalschi, L., Vicedo, B., Gonzalez-Bosch, C., and Garcia-Agustin, P. (2015). An untargeted global metabolomic analysis reveals the biochemical changes underlying basal resistance and priming in solanum lycopersicum, and identifies 1-methyltryptophan as a metabolite involved in plant responses to botrytis cinerea and pseudomonas syringae. Plant J. 84 (1), 125–139. doi: 10.1111/tpj.12964

 Chele, K. H., Steenkamp, P., Piater, L. A., Dubery, I. A., Huyser, J., and Tugizimana, F. (2021). A global metabolic map defines the effects of a Si-based biostimulant on tomato plants under normal and saline conditions. Metabolites 11 (12), 820. doi: 10.3390/metabo11120820

 Chia, D. W., Yoder, T. J., Reiter, W.-D., and Gibson, S. I. (2000). Fumaric acid: an overlooked form of fixed carbon in arabidopsis and other plant species. Planta 211 (5), 743–751. doi: 10.1007/s004250000345

 Cho, K., Kim, Y., Wi, S. J., Seo, J. B., Kwon, J., Chung, J. H., et al. (2012). Nontargeted metabolite profiling in compatible pathogen-inoculated tobacco (Nicotiana tabacum l. cv. Wisconsin 38) using UPLC-Q-TOF/MS. J. Agric. Food Chem. 60 (44), 11015–11028. doi: 10.1021/jf303702j

 Cordes, T., Michelucci, A., and Hiller, K. (2015). Itaconic acid: The surprising role of an industrial compound as a mammalian antimicrobial metabolite. Annu. Rev. Nutr. 35, 451–473. doi: 10.1146/annurev-nutr-071714-034243

 De Saeger, J., Van Praet, S., Vereecke, D., Park, J., Jacques, S., Han, T., et al. (2019). Toward the molecular understanding of the action mechanism of ascophyllum nodosum extracts on plants. J. Appl. Phycol 32 (1), 573–597. doi: 10.1007/s10811-019-01903-9

 Dookie, M., Ali, O., Ramsubhag, A., and Jayaraman, J. (2021). Flowering gene regulation in tomato plants treated with brown seaweed extracts. Sci. Hortic. 276,  109715. doi: 10.1016/j.scienta.2020.109715

 El Modafar, C., Elgadda, M., El Boutachfaiti, R., Abouraicha, E., Zehhar, N., Petit, E., et al. (2012). Induction of natural defence accompanied by salicylic acid-dependant systemic acquired resistance in tomato seedlings in response to bioelicitors isolated from green algae. Sci. Hortic. 138, 55–63. doi: 10.1016/j.scienta.2012.02.011

 El-Seedi, H. R., El-Said, A. M., Khalifa, S. A., Goransson, U., Bohlin, L., Borg-Karlson, A. K., et al. (2012). Biosynthesis, natural sources, dietary intake, pharmacokinetic properties, and biological activities of hydroxycinnamic acids. J. Agric. Food Chem. 60 (44), 10877–10895. doi: 10.1021/jf301807g

 Ertani, A., Pizzeghello, D., Francioso, O., Sambo, P., Sanchez-Cortes, S., and Nardi, S. (2014). Capsicum chinensis l. growth and nutraceutical properties are enhanced by biostimulants in a long-term period: Chemical and metabolomic approaches. Front. Plant Sci. 5, 375. doi: 10.3389/fpls.2014.00375

 Fernie, A. R., Carrari, F., and Sweetlove, L. J. (2004). Respiratory metabolism: glycolysis, the TCA cycle and mitochondrial electron transport. Curr. Opin. Plant Biol. 7 (3), 254–261. doi: 10.1016/j.pbi.2004.03.007

 Fiehn, O., Robertson, D., Griffin, J., van der Werf, M., Nikolau, B., Morrison, N., et al. (2007). The metabolomics standards initiative (MSI). Metabolomics 3 (3), 175–178. doi: 10.1007/s11306-007-0070-6

 Forde, B. G., and Lea, P. J. (2007). Glutamate in plants: metabolism, regulation, and signalling. J. Exp. Bot. 58 (9), 2339–2358. doi: 10.1093/jxb/erm121

 Frioni, T., Tombesi, S., Quaglia, M., Calderini, O., Moretti, C., Poni, S., et al. (2019). Metabolic and transcriptional changes associated with the use of ascophyllum nodosum extracts as tools to improve the quality of wine grapes (Vitis vinifera cv. sangiovese) and their tolerance to biotic stress. J. Sci. Food Agric. 99 (14), 6350–6363. doi: 10.1002/jsfa.9913

 Gai, Z., Liu, J., Cai, L., Zhang, J., and Liu, L. (2022). Foliar application of alpha-ketoglutarate plus nitrogen improves drought resistance in soybean (Glycine max l. merr.). Sci. Rep. 12 (1), 14421. doi: 10.1038/s41598-022-18660-4

 Garcia-Garcia, A. L., Garcia-Machado, F. J., Borges, A. A., Morales-Sierra, S., Boto, A., and Jimenez-Arias, D. (2020). Pure organic active compounds against abiotic stress: A biostimulant overview. Front. Plant Sci. 11, 575829. doi: 10.3389/fpls.2020.575829

 Ghorbel, M., Brini, F., Sharma, A., and Landi, M. (2021). Role of jasmonic acid in plants: the molecular point of view. Plant Cell Rep. 40 (8), 1471–1494. doi: 10.1007/s00299-021-02687-4

 Ghosson, H., Schwarzenberg, A., Jamois, F., and Yvin, J. C. (2018). Simultaneous untargeted and targeted metabolomics profiling of underivatized primary metabolites in sulfur-deficient barley by ultra-high performance liquid chromatography-quadrupole/time-of-flight mass spectrometry. Plant Methods 14, 62. doi: 10.1186/s13007-018-0329-0

 Goni, O., Fort, A., Quille, P., McKeown, P. C., Spillane, C., and O'Connell, S. (2016). Comparative transcriptome analysis of two ascophyllum nodosum extract biostimulants: Same seaweed but different. J. Agric. Food Chem. 64 (14), 2980–2989. doi: 10.1021/acs.jafc.6b00621

 Goni, O., Quille, P., and O'Connell, S. (2018). Ascophyllum nodosum extract biostimulants and their role in enhancing tolerance to drought stress in tomato plants. Plant Physiol. Biochem. 126, 63–73. doi: 10.1016/j.plaphy.2018.02.024

 Gorrochategui, E., Jaumot, J., Lacorte, S., and Tauler, R. (2016). Data analysis strategies for targeted and untargeted LC-MS metabolomic studies: Overview and workflow. Trends Analyt Chem. 82, 425–442. doi: 10.1016/j.trac.2016.07.004

 Groeneveld, H. W., van Tegelen, L. J., and Versluis, K. (1992). Cardenolide and neutral lipid biosynthesis from malonate in digitalis lanata. Planta Med. 58 (3), 239–244. doi: 10.1055/s-2006-961444

 Guo, R., Shen, W., Qian, H., Zhang, M., Liu, L., and Wang, Q. (2013). Jasmonic acid and glucose synergistically modulate the accumulation of glucosinolates in arabidopsis thaliana. J. Exp. Bot. 64 (18), 5707–5719. doi: 10.1093/jxb/ert348

 Han, M., Zhang, C., Suglo, P., Sun, S., Wang, M., and Su, T. (2021). L-aspartate: An essential metabolite for plant growth and stress acclimation. Molecules 26 (7), 1887. doi: 10.3390/molecules26071887

 Hou, Q., Ufer, G., and Bartels, D. (2016). Lipid signalling in plant responses to abiotic stress. Plant Cell Environ. 39 (5), 1029–1048. doi: 10.1111/pce.12666

 Huang, H., Liu, B., Liu, L., and Song, S. (2017). Jasmonate action in plant growth and development. J. Exp. Bot. 68 (6), 1349–1359. doi: 10.1093/jxb/erw495

 Huergo, L. F., and Dixon, R. (2015). The emergence of 2-oxoglutarate as a master regulator metabolite. Microbiol. Mol. Biol. Rev. 79 (4), 419–435. doi: 10.1128/MMBR.00038-15

 Igamberdiev, A. U., and Eprintsev, A. T. (2016). Organic acids: The pools of fixed carbon involved in redox regulation and energy balance in higher plants. Front. Plant Sci. 7, 1042. doi: 10.3389/fpls.2016.01042

 Islam, M. T., Arioli, T., and Cahill, D. M. (2021). Seaweed extract-stimulated priming in arabidopsis thaliana and solanum lycopersicum. Plants (Basel) 10 (11), 2476. doi: 10.3390/plants10112476

 Islam, M. T., Gan, H. M., Ziemann, M., Hussain, H. I., Arioli, T., and Cahill, D. (2020). Phaeophyceaean (Brown algal) extracts activate plant defense systems in arabidopsis thaliana challenged with phytophthora cinnamomi. Front. Plant Sci. 11, 852. doi: 10.3389/fpls.2020.00852

 Ivanchenko, M. G., Napsucialy-Mendivil, S., and Dubrovsky, J. G. (2010). Auxin-induced inhibition of lateral root initiation contributes to root system shaping in arabidopsis thaliana. Plant J. 64 (5), 740–752. doi: 10.1111/j.1365-313X.2010.04365.x

 Kan, C. C., Chung, T. Y., Juo, Y. A., and Hsieh, M. H. (2015). Glutamine rapidly induces the expression of key transcription factor genes involved in nitrogen and stress responses in rice roots. BMC Genomics 16 (1), 731. doi: 10.1186/s12864-015-1892-7

 Katam, R., Lin, C., Grant, K., Katam, C. S., and Chen, S. (2022). Advances in plant metabolomics and its applications in stress and single-cell biology. Int. J. Mol. Sci. 23 (13), 6985. doi: 10.3390/ijms23136985

 Katz, E., Bagchi, R., Jeschke, V., Rasmussen, A. R. M., Hopper, A., Burow, M., et al. (2020). Diverse allyl glucosinolate catabolites independently influence root growth and development. Plant Physiol. 183 (3), 1376–1390. doi: 10.1104/pp.20.00170

 Khan, N., Bano, A., Rahman, M. A., Rathinasabapathi, B., and Babar, M. A. (2019). UPLC-HRMS-based untargeted metabolic profiling reveals changes in chickpea (Cicer arietinum) metabolome following long-term drought stress. Plant Cell Environ. 42 (1), 115–132. doi: 10.1111/pce.13195

 Korasick, D. A., Enders, T. A., and Strader, L. C. (2013). Auxin biosynthesis and storage forms. J. Exp. Bot. 64 (9), 2541–2555. doi: 10.1093/jxb/ert080

 Le Gall, H., Philippe, F., Domon, J. M., Gillet, F., Pelloux, J., and Rayon, C. (2015). Cell wall metabolism in response to abiotic stress. Plants (Basel) 4 (1), 112–166. doi: 10.3390/plants4010112

 Lehmann, S., Funck, D., Szabados, L., and Rentsch, D. (2010). Proline metabolism and transport in plant development. Amino Acids 39 (4), 949–962. doi: 10.1007/s00726-010-0525-3

 Li, J., and Copeland, L. (2000). Role of malonate in chickpeas. Phytochemistry 54 (6), 585–589. doi: 10.1016/S0031-9422(00)00162-X

 Li, H., Testerink, C., and Zhang, Y. (2021). How roots and shoots communicate through stressful times. Trends Plant Sci. 26 (9), 940–952. doi: 10.1016/j.tplants.2021.03.005

 Lima, R. B., dos Santos, T. B., Vieira, L. G., Ferrarese Mde, L., Ferrarese-Filho, O., Donatti, L., et al. (2013). Heat stress causes alterations in the cell-wall polymers and anatomy of coffee leaves (Coffea arabica l.). Carbohydr Polym 93 (1), 135–143. doi: 10.1016/j.carbpol.2012.05.015

 Liu, S., Jiang, J., Ma, Z., Xiao, M., Yang, L., Tian, B., et al. (2022). The role of hydroxycinnamic acid amide pathway in plant immunity. Front. Plant Sci. 13, 922119. doi: 10.3389/fpls.2022.922119

 Luan, H. H., and Medzhitov, R. (2016). Food fight: Role of itaconate and other metabolites in antimicrobial defense. Cell Metab. 24 (3), 379–387. doi: 10.1016/j.cmet.2016.08.013

 Macoy, D. M., Kim, W.-Y., Lee, S. Y., and Kim, M. G. (2015). Biotic stress related functions of hydroxycinnamic acid amide in plants. J. Plant Biol. 58 (3), 156–163. doi: 10.1007/s12374-015-0104-y

 Martinez-Ballesta, D. C. M., Moreno, D. A., and Carvajal, M. (2013). The physiological importance of glucosinolates on plant response to abiotic stress in brassica. Int. J. Mol. Sci. 14 (6), 11607–11625. doi: 10.3390/ijms140611607

 Martinez-Reyes, I., and Chandel, N. S. (2020). Mitochondrial TCA cycle metabolites control physiology and disease. Nat. Commun. 11 (1), 102. doi: 10.1038/s41467-019-13668-3

 Mattner, S., Wite, D., Riches, D., Porter, I., and Arioli, T. (2013). The effect of kelp extract on seedling establishment of broccoli on contrasting soil types in southern Victoria, Australia. Biol. Agric. Hortic. 29, 258–270. doi: 10.1080/01448765.2013.830276

 Mattner, S., Milinkovic, M., and Arioli, T. (2018). Increased growth response of strawberry roots to a commercial extract from durvillaea potatorum and ascophyllum nodosum. J. Appl. Phycol 30, 2943–2951. doi: 10.1007/s10811-017-1387-9

 Misra, B. B., and Yildiz, F. (2016). Cataloging the brassica napus seed metabolome. Cogent Food Agric. 2 (1), 1254420. doi: 10.1080/23311932.2016.1254420

 Mitreiter, S., and Gigolashvili, T. (2021). Regulation of glucosinolate biosynthesis. J. Exp. Bot. 72 (1), 70–91. doi: 10.1093/jxb/eraa479

 Muthuramalingam, P., Jeyasri, R., Selvaraj, A., Pandian, S. K., and Ramesh, M. (2020). Integrated transcriptomic and metabolomic analyses of glutamine metabolism genes unveil key players in oryza sativa (L.) to ameliorate the unique and combined abiotic stress tolerance. Int. J. Biol. Macromol 164, 222–231. doi: 10.1016/j.ijbiomac.2020.07.143

 Navarro, L., Bari, R., Achard, P., Lison, P., Nemri, A., Harberd, N. P., et al. (2008). DELLAs control plant immune responses by modulating the balance of jasmonic acid and salicylic acid signaling. Curr. Biol. 18 (9), 650–655. doi: 10.1016/j.cub.2008.03.060

 Nephali, L., Moodley, V., Piater, L., Steenkamp, P., Buthelezi, N., Dubery, I., et al. (2021). A metabolomic landscape of maize plants treated with a microbial biostimulant under well-watered and drought conditions. Front. Plant Sci. 12, 676632. doi: 10.3389/fpls.2021.676632

 Nunes-Nesi, A., Fernie, A. R., and Stitt, M. (2010). Metabolic and signaling aspects underpinning the regulation of plant carbon nitrogen interactions. Mol. Plant 3 (6), 973–996. doi: 10.1093/mp/ssq049

 Okazaki, Y., and Saito, K. (2014). Roles of lipids as signaling molecules and mitigators during stress response in plants. Plant J. 79 (4), 584–596. doi: 10.1111/tpj.12556

 Olas, B., Saluk-Juszczak, J., Nowak, P., Glowacki, R., Bald, E., and Wachowicz, B. (2007). Protective effects of d-glucaro 1,4-lactone against oxidative/nitrative modifications of plasma proteins. Nutrition 23 (2), 164–171. doi: 10.1016/j.nut.2006.11.003

 Omidbakhshfard, M. A., Sujeeth, N., Gupta, S., Omranian, N., Guinan, K. J., Brotman, Y., et al. (2020). A biostimulant obtained from the seaweed ascophyllum nodosum protects arabidopsis thaliana from severe oxidative stress. Int. J. Mol. Sci. 21 (2), 474. doi: 10.3390/ijms21020474

 Othibeng, K., Nephali, L., Ramabulana, A. T., Steenkamp, P., Petras, D., Kang, K. B., et al. (2021). A metabolic choreography of maize plants treated with a humic substance-based biostimulant under normal and starved conditions. Metabolites 11 (6), 403. doi: 10.3390/metabo11060403

 Pang, Z., Chong, J., Zhou, G., de Lima Morais, D. A., Chang, L., Barrette, M., et al. (2021). MetaboAnalyst 5.0: narrowing the gap between raw spectra and functional insights. Nucleic Acids Res. 49 (W1), W388–W396. doi: 10.1093/nar/gkab382

 Patel, M. K., Pandey, S., Kumar, M., Haque, M. I., Pal, S., and Yadav, N. S. (2021). Plants metabolome study: Emerging tools and techniques. Plants (Basel) 10 (11), 2409. doi: 10.3390/plants10112409

 Pilet, P.-E., and Saugy, M. (1987). Effect on root growth of endogenous and applied IAA and ABA: A critical reexamination. Plant Physiol. 83 (1), 33–38. doi: 10.1104/pp.83.1.33

 Rachidi, F., Benhima, R., Kasmi, Y., Sbabou, L., and Arroussi, H. E. (2021). Evaluation of microalgae polysaccharides as biostimulants of tomato plant defense using metabolomics and biochemical approaches. Sci. Rep. 11 (1), 930. doi: 10.1038/s41598-020-78820-2

 Rasul, F., Gupta, S., Olas, J. J., Gechev, T., Sujeeth, N., and Mueller-Roeber, B. (2021). Priming with a seaweed extract strongly improves drought tolerance in arabidopsis. Int. J. Mol. Sci. 22 (3), 1469. doi: 10.3390/ijms22031469

 Rayorath, P., Jithesh, M. N., Farid, A., Khan, W., Palanisamy, R., Hankins, S. D., et al. (2007). Rapid bioassays to evaluate the plant growth promoting activity of ascophyllum nodosum (L.) le jol. using a model plant, arabidopsis thaliana (L.) heynh. J. Appl. Phycol 20 (4), 423–429. doi: 10.1007/s10811-007-9280-6

 Rivas-San Vicente, M., and Plasencia, J. (2011). Salicylic acid beyond defence: Its role in plant growth and development. J. Exp. Bot. 62 (10), 3321–3338. doi: 10.1093/jxb/err031

 Rouphael, Y., Lucini, L., Miras-Moreno, B., Colla, G., Bonini, P., and Cardarelli, M. (2020). Metabolomic responses of maize shoots and roots elicited by combinatorial seed treatments with microbial and non-microbial biostimulants. Front. Microbiol. 11, 664. doi: 10.3389/fmicb.2020.00664

 Ruan, J., Zhou, Y., Zhou, M., Yan, J., Khurshid, M., Weng, W., et al. (2019). Jasmonic acid signaling pathway in plants. Int. J. Mol. Sci. 20 (10), 2479. doi: 10.3390/ijms20102479

 Schwachtje, J., Fischer, A., Erban, A., and Kopka, J. (2018). Primed primary metabolism in systemic leaves: a functional systems analysis. Sci. Rep. 8 (1), 216. doi: 10.1038/s41598-017-18397-5

 Schymanski, E. L., Jeon, J., Gulde, R., Fenner, K., Ruff, M., Singer, H. P., et al. (2014). Identifying small molecules via high resolution mass spectrometry: Communicating confidence. Environ. Sci. Technol. 48 (4), 2097–2098. doi: 10.1021/es5002105

 Shields, A., Shivnauth, V., and Castroverde, C. D. M. (2022). Salicylic acid and n-hydroxypipecolic acid at the fulcrum of the plant immunity-growth equilibrium. Front. Plant Sci. 13, 841688. doi: 10.3389/fpls.2022.841688

 Shukla, P. S., Borza, T., Critchley, A. T., and Prithiviraj, B. (2016). Carrageenans from red seaweeds as promoters of growth and elicitors of defense response in plants. Front. Mar. Sci. 3, 81. doi: 10.3389/fmars.2016.00081

 Shukla, P. S., Borza, T., Critchley, A. T., and Prithiviraj, B. (2021). Seaweed-based compounds and products for sustainable protection against plant pathogens. Mar. Drugs 19 (2), 59. doi: 10.3390/md19020059

 Shukla, P. S., Mantin, E. G., Adil, M., Bajpai, S., Critchley, A. T., and Prithiviraj, B. (2019). Ascophyllum nodosum-based biostimulants: Sustainable applications in agriculture for the stimulation of plant growth, stress tolerance, and disease management. Front. Plant Sci. 10, 655. doi: 10.3389/fpls.2019.00655

 Shulaev, V., Cortes, D., Miller, G., and Mittler, R. (2008). Metabolomics for plant stress response. Physiol. Plant 132 (2), 199–208. doi: 10.1111/j.1399-3054.2007.01025.x

 Silva-Campos, M., Callahan, D. L., and Cahill, D. M. (2022). Metabolites derived from fungi and bacteria suppress in vitro growth of Gnomoniopsis smithogilvyi, a major threat to the global chestnut industry. Metabolomics 18 (9), 74. doi: 10.1007/s11306-022-01933-4

 Singh, D., Dhiman, V. K., Pandey, H., Dhiman, V. K., and Pandey, D. (2022). “Crosstalk between salicylic acid and auxins, cytokinins and gibberellins under biotic stress,” in Auxins, cytokinins and gibberellins signaling in plants. Ed.  T. Aftab (Cham, Switzerland: Springer International Publishing), 249–262.

 Szabados, L., and Savoure, A. (2010). Proline: A multifunctional amino acid. Trends Plant Sci. 15 (2), 89–97. doi: 10.1016/j.tplants.2009.11.009

 Tahjib-Ul-Arif, M., Zahan, M. I., Karim, M. M., Imran, S., Hunter, C. T., Islam, M. S., et al. (2021). Citric acid-mediated abiotic stress tolerance in plants. Int. J. Mol. Sci. 22 (13), 7235. doi: 10.3390/ijms22137235

 Thimann, K. V. (1937). On the nature of inhibitions caused by auxin. Am. J. Bot. 24 (7), 407–412. doi: 10.2307/2436422

 Tinte, M. M., Masike, K., Steenkamp, P. A., Huyser, J., van der Hooft, J. J. J., and Tugizimana, F. (2022). Computational metabolomics tools reveal metabolic reconfigurations underlying the effects of biostimulant seaweed extracts on maize plants under drought stress conditions. Metabolites 12 (6), 487. doi: 10.3390/metabo12060487

 Trejo Valencia, R., Sánchez Acosta, L., Fortis Hernández, M., Preciado Rangel, P., Gallegos Robles, M., Antonio Cruz, R., et al. (2018). Effect of seaweed aqueous extracts and compost on vegetative growth, yield, and nutraceutical quality of cucumber (Cucumis sativus l.) fruit. Agronomy 8 (11), 264. doi: 10.3390/agronomy8110264

 Tugizimana, F., Mhlongo, M. I., Piater, L. A., and Dubery, I. A. (2018). Metabolomics in plant priming research: The way forward? Int. J. Mol. Sci. 19 (6), 1759. doi: 10.3390/ijms19061759

 Verbruggen, N., and Hermans, C. (2008). Proline accumulation in plants: A review. Amino Acids 35 (4), 753–759. doi: 10.1007/s00726-008-0061-6

 Viana, V. E., Aranha, B. C., Busanello, C., Maltzahn, L. E., Panozzo, L. E., de Oliveira, A. C., et al. (2022). Metabolic profile of canola (Brassica napus l.) seedlings under hydric, osmotic and temperature stresses. Plant Stress 3, 100059. doi: 10.1016/j.stress.2022.100059

 Viehweger, K., Dordschbal, B., and Roos, W. (2002). Elicitor-activated phospholipase A(2) generates lysophosphatidylcholines that mobilize the vacuolar h(+) pool for pH signaling via the activation of na(+)-dependent proton fluxes. Plant Cell 14 (7), 1509–1525. doi: 10.1105/tpc.002329

 Volz, R., Park, J. Y., Harris, W., Hwang, S., and Lee, Y. H. (2021). Lyso-phosphatidylethanolamine primes the plant immune system and promotes basal resistance against hemibiotrophic pathogens. BMC Biotechnol. 21 (1), 12. doi: 10.1186/s12896-020-00661-8

 Wang, Y., Li, X. Y., Li, C. X., He, Y., Hou, X. Y., and Ma, X. R. (2021). The regulation of adaptation to cold and drought stresses in poa crymophila keng revealed by integrative transcriptomics and metabolomics analysis. Front. Plant Sci. 12, 631117. doi: 10.3389/fpls.2021.631117

 Wite, D., Mattner, S. W., Porter, I. J., and Arioli, T. (2015). The suppressive effect of a commercial extract from Durvillaea potatorum and Ascophyllum nodosum on infection of broccoli by Plasmodiophora brassicae. J. Appl. Phycol 27 (5), 2157–2161. doi: 10.1007/s10811-015-0564-y

 Yang, B., Chen, M., Wang, T., Chen, X., Li, Y., Wang, X., et al. (2019). A metabolomic strategy revealed the role of JA and SA balance in clematis terniflora DC. response to UVB radiation and dark. Physiol. Plant 167 (2), 232–249. doi: 10.1111/ppl.12883

 Yang, C., Zhao, W., Wang, Y., Zhang, L., Huang, S., and Lin, J. (2020). Metabolomics analysis reveals the alkali tolerance mechanism in puccinellia tenuiflora plants inoculated with arbuscular mycorrhizal fungi. Microorganisms 8 (3), 327. doi: 10.3390/microorganisms8030327

 Yu, L., Zhou, C., Fan, J., Shanklin, J., and Xu, C. (2021). Mechanisms and functions of membrane lipid remodeling in plants. Plant J. 107 (1), 37–53. doi: 10.1111/tpj.15273

 Zeier, J. (2013). New insights into the regulation of plant immunity by amino acid metabolic pathways. Plant Cell Environ. 36 (12), 2085–2103. doi: 10.1111/pce.12122

 Zeier, J. (2021). Metabolic regulation of systemic acquired resistance. Curr. Opin. Plant Biol. 62, 102050. doi: 10.1016/j.pbi.2021.102050

 Zhang, Y., and Fernie, A. R. (2018). On the role of the tricarboxylic acid cycle in plant productivity. J. Integr. Plant Biol. 60 (12), 1199–1216. doi: 10.1111/jipb.12690

 Zhang, C., Howlader, P., Liu, T., Sun, X., Jia, X., Zhao, X., et al. (2019). Alginate oligosaccharide (AOS) induced resistance to pst DC3000 via salicylic acid-mediated signaling pathway in Arabidopsis thaliana. Carbohydr Polym 225, 115221. doi: 10.1016/j.carbpol.2019.115221

 Zhang, W., Qin, W., Li, H., and Wu, A. M. (2021). Biosynthesis and transport of nucleotide sugars for plant hemicellulose. Front. Plant Sci. 12, 723128. doi: 10.3389/fpls.2021.723128

 Zhao, Y. (2010). Auxin biosynthesis and its role in plant development. Annu. Rev. Plant Biol. 61, 49–64. doi: 10.1146/annurev-arplant-042809-112308




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Tran, Callahan, Islam, Wang, Arioli and Cahill. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls.2023.1114172_cover.jpg
& frontiers | Frontiers in Plant Science

Comparative metabolomic
profiling of Arabidopsis thaliana
roots and leaves reveals complex
response mechanisms induced
by a seaweed extract





OEBPS/Images/fpls-14-1114172-g003.jpg
~Logi P

0-Day Roots 3.Day Roots
Wy ioites
15 15 H
10 a 10
g
: ]
5 5
0 0
o 5 o 5 10 s 10 5 3 5 10
Log, fold change Logs fold change
© NonSinifart @ Up @ Down @ Non-Signfcant @ Up @ Down
0-Day Leaves Dayleaves
i 15
10 Al
> = i
g
ki .
; s
5 5
o 0

10 15

Log, fold change
© NonSignifcant @ Up @ Down

15

10

~Logy P

15

10

5-Day Roots

w

it

-10

5

® Non-Significant

0
Log, fold change

oup

5-Day Leaves

sy

i taos

5

® Down

10

-10

Log, fold change
® Non-Significant ® Up @ Down

10

5

Log, fold change

Non-Significant ® Up ® Down





OEBPS/Images/fpls-14-1114172-g008.jpg
3-Indole-
acrylic acid

Flavonoids

Acrylic acid

u @ ' Licoisoflavone A

»
Ay
A

Allyl- Glucosinolate
lucosinolate biosynthesis

Glucosinolate

N\

3-(5'-methylthio)peptylmalate

kaempferol 7-0-B-
D-glucopyranoside
>

O]

Luteolin

»

‘Naringel"iin
2-(6'-methylthio)hexylmalate -

Glycolysis
3-(7'-methylthio)heptylmalate
O™

A

: Glucose-6P
»Methionine b

Serine __ Glycerate Glycerate-2P

Glycerate-3P
N-acetylvaline s
FEFP

.

Itaconic acid p

Pyruvate

~
C
~

Octanoic acid «—Malonyl-CoA

Citrate
Malonate
Oxaloacetate \
: Asparagine f trans-Aconitate<—>CiS'AC0nitate
: Malate
Oxalosuccinate
X \ TCA Cycle "t
Aspartate
% Fumarate
e 2-oxoglutarate
Isoleucine 8
E Succinate <~ /
v
N-Acetyl- ) /
D-alloisoleucine Succinic . GABA <« Glutamate
semialdehyde
y e e
ry ]
Ornithine Proline Glutamine

Pyroglutamic acid

OPC-8:0 related Traumatic acid
O

t . 12-OPDA 13-HPOT

JA-lle Oxylipins

12-Hydroxy-JA
O

Ascorbic acid
Gulono-1,4-lactone —»

"

Myo-inositol—>D'g|u°ur°“ate‘_’ D-glucurono- «—
lactone

D-glucaro-1,5-
lactone

D-Glucono-

Pentose phosphate
1,5-lactone

Cytosine
pathway

|= CMP — Cytidine —

Adenine

Phosphoribosylj .. AMP —>

diphosphate

Purine & pyrimidine

. . metabolism
Gluconic acid

’,N-feruloylglycine

O Vanilloylglycine

p-coumaroyl-

D-glucose Cinnamic acid

e A
Tyrosine

~ N

L-arogenate

Phenylpropanoid OO

Shikimate

>

Phenylglyoxylic acid
o=

Salicylic acid

metabolism Benzoic acld — ey TTY)
Tryptophan oxIAA
Kynurenine Indole —» 1AA 7
Picolinic acid ~ I%

PA —»DAG —» PC —» LysoPC(18:2/0:0)

\

PS «—» PE —»LysoPE

(18:2/0:0)
(18:0/0:0)

Lysophospholipids (16:1/0:0)

Palmitoyl-CoA — Hexadecanoic acid

Stearoyl-CoA

!

9(S)-HPODE
Oleoyl-CoA (S)

9,12,13 TriHOME
Linoleoyl-CoA — Linoleic acid 1)

a-Linolenoyl-CoA

N\

a-Linolenic acid

Free
fatty acids

Corchorifatty acid F
| mmmEm|





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Comparative metabolomic profiling of Arabidopsis thaliana roots and leaves reveals complex response mechanisms induced by a seaweed extract

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Plant material and growth conditions

          



          		

            2.2 Treatment of Arabidopsis plants with seaweed extract

          



          		

            2.3 Sample extraction

          



          		

            2.4 UHPLC-MS method

          



          		

            2.5 Metabolomic data analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Global metabolomic changes in leaves and roots following SWE treatment

          



          		

            3.2 Specific changes of metabolites in roots and leaves after SWE treatment

          



          		

            3.3 Specific changes of pathways in roots and leaves after SWE treatments

          



        



        



        		

          4 Discussion

        

          		

            4.1 Seaweed extracts induced alterations in primary metabolites related to growth and signaling

          

            		

              4.1.1 The TCA cycle was the most up-regulated pathway in both leaves and roots

            



            		

              4.1.2 Lipids, amino acids, carbohydrates and other primary metabolites related to growth and development and stress responses were accumulated following SWE treatment

            



          



          



          		

            4.2 Seaweed extracts triggered changes in secondary metabolites for defence and signaling systems

          



          		

            4.3 Metabolic changes associated with seaweed extract-induced priming and systemic responses

          



        



        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-14-1114172-g004.jpg
D-Glucono-1,5-lactone
Zizybeoside II
D-Glucuronate

D-glucaro-1,5-lactone
4-laurylsucrose -
beta-D-Xylose

D-Glucose 6-phosphate

Glucoheptonic Acid
Glyceric acid
2-Oxoglutaric acid 1
Succinic semialdehyde
Citric acid
trans-Aconitic acid
DL-Malic acid
Fumaric acid
Oxalosuccinic acid
D-Glutamine
N-Acetylvaline
N-Acetyl-D-alloisoleucine
Proline
‘{-L-Glulamyl-L-élulam;c acid
L-Glutamic acid A
H-(y-Glu)2-Glu-OH
N-Phenyl-L-glutamine
L-Arogenic acid
L-Pyroglutamic acid
L-Serine
L-Asparagine
Itaconic acid
1-Linoleoyl glycerol
Crotonic acid
Corchorifatty acid F
Hexadecanoic acid

Octanoic acid
LysoPE(16:1/ .
LysoPE(18
LysoPC(1
LysoPE(18:2/0:0
12-OPD/
Cucurbic acid A
Traumatic Acid
13-HPOT
JA-Ile
Jasmonic acid
OPC-8:0 related
12-Hydroxy JA
9,12,13-TniHOME
9-KODE
. 9(S)-HPODE
a-Linolenoyl ethanolamide
Lisnglg)_ 1 (ci;halrlxolaljﬁjdc
,6-Di of] 1dine

y CY;‘;‘ 1

ylosine

Carbohydrates

TCA cycle

Amino acids

L

Fatty acids

Lysophospholipids

I —

Lipids

a-Linolenic acids

]— Linoleic acids

:— Other lipids

]— Nucleic acids
|— Phytohormones

=~ Vitamins

Indole-3-acetic acid

_OxIAA

Salicylic acid

Ascorbic acid

Malonic acid

Oxopent-4-enoate
3-Hydroxybutyric acid

Levulinic acid

3-Oxododecanoic acid

Acrylic acid

3-Indoleacrylic acid
3-(5'-methylthio)pentylmalic acid
2-(6'~mclhy1mloﬁlcxylnwl1c acid
3-(7-methylthio)heptylmalic acid
3-Methoxyphenylacetic acid
5-Hydroxyferulic acid
1-O-(4-coumaroyl)-beta-D-glucose
p-coumaroylagmatine
Vanilloylglycine
N-fcrulo(ylglyqu_lc L

srandisin

Licoisoflavone A

kaempferol 7-O-B-D-glucopyranoside
Luteolin

6-Decylubiquinol

2-anisaldehyde

Phenylglyoxylic acid

. %’?qol?nic acid

Methy! vinyl ketone

Olivetol

Encecalin
3-0-(a-L-oleandrosyl)oleandolide
-Benzyloxycarbonylglycine

Organic acids

Glucosinolates

Phenylpropanoids

0-Day Roots 3-Day Roots 5-Day Roots 0-Day Leaves 3-Day Leaves 5-Day Leaves






OEBPS/Images/fpls-14-1114172-g006.jpg
Cyosine
Cucubigacid

SXODE

9,12,13-TAHOME
Corchonaty aold F
12.0PDA

D-Glucono-1. 3 atione

TAk glucose

dauryBuctos

ik scid

H.(1-Glu Gl OF

Adenine

DL Malicacd

acoaie ackd
LysopC(15:30:0)
LPE850.0)

o i 3l
N-AcetylDalfisolsuci
Sichnic semiskdchyde
LysoPE(I8000)
Acryiicacid

N-Acchvaline
1-Linolsoytgiyeerl
3-0-(a-Loleandrosy oleandotie
Crotonic acid

Proline

Saliylic acid

B Sutamine

L-Ghiamie acid

Olivetol

- Hydroxyburyrc i
Rscorok acid
 J0ogiia i
glcarsy | Saclone
EEyoPEs1/00)
3oadolescrylicacid
L-GlutamylL-gltaii acid
Counoylagnatine
i “"mm Adoric 3t
3. melhylhioypentyimalic aci
P Geanoic acid
Glucohepion Ackd
1-0-(4-coumaroyl-bea D-glucose
ey hananie
Aspaagine

i

Hexadecanoicaid
Buchananine

Linolcoyl cthanolaie
Rk

L-Pyroglutanmic sid

o GiAn
lucose  phosphate

Tndole -acete acid

e Arogenic acid
N-Benzyloxycarbonyigheine
el acd

- Hydroxytenlic acid

el D-Xylo
2y

N-Phenyl L gltamine

i 1

0-Day Roots

3-Day Roots

5-Day Roots

Malonic acid
D-Glucono-1.5-lactone
2Oxoglitaric acid
Zizybeoside II
Tiaconic acid

a1 Slacione
- Aspa

Methylvim} kelone

N-Acciyivaline

2 amsaldehyde

Fumaric cid

(methylthicypentyimalic acid

Picolinic acid

L-Glitamic acd

‘Actyic cid

DL-Maic acd

3(7-methylhioleptylmalic acid

s 6 Dibydftbymidine

Licomoflvone A

Olivtol

Encecalin

Crotonicacid

2.6 methylhiohexyimalic acid

\-Linoleoyl glyoeol

- Methoxyphenyaceii acid

3 Hydroxybutyric cid

Cliric acd

LysoPE(16:1/0:0)

Ascorbic cid

D-Glucuronate

Oxopent-i-cnoste

Tewinic scid

Ciosine

1A glicose

17°0PDA

130T

1-tydroxy JA

Traumatic Acid

S-KODE

Oxalosuccinic acid

smonic acd

p counaroylagmaine

B chananine

Vanilloylgleine

bt Xose

Oc ic acid

D-Glucose & phosphate

- Serne

trans-Aconiic acid

Gyceric acid

Knempferol 7-0-8-D-glcopyrancside

’ BPCRO related

5(5)-HPODE

Luteolin

Nefenuloylglyeine

Grandisin

3-Onododecanoic acid

At

|

7

0-Day Leaves

3-Day Leaves

5-Day Leaves

10

00

0





OEBPS/Images/fpls-14-1114172-g002.jpg
PC2(12.7%)

PC2(11.9%)

20

10

-10

10

Orthogonal T score [1] (14.8%) -10

Orthogonal T score [1] (16.6%)

Principal Component Analysis (PCA)

0-Day Roots 3-Day Roots 5-Day Roots
@ Control ® Contral of @ Control
® Treatment IS4 @ Treatment] £ ® Treatment|
o 4 =
o = [
y & y S ; ®
So ) se s
~ ~
[ ° ° (] b
: 25 ° ° o = ° V4
0 5 0 5 10 45 10 -5 0 5 10 15 45 0 5 0 5 10
PC 1 (45.6%) PC1(33.1%) PC1(36%)
0-Day Leaves 3-Day Leaves 5-Day Leaves
@ Control < @ Control < @ Control
® Treatment| @ Treatment| ® Treatment|
° o =
o =5 rd ~
a2 ] &2 D)
o & £ %
] é & s e S o .o .f
£ o~ . I
o (&) o (&) o
® & o 4 o o
% ° ‘9
* e
°
&
8
5 0 5 1510 -5 0 5 10 15 Yo 5 0 5 10
PC 1 (45.7%) PC1(38.7%) PC1(42.7%)
Orthogonal Projections to Latent Structures Discriminant Analysis (OPLS-DA)
0-Day Roots 3-Day Roots 5-Day Roots
=S @ Control § @ Control @ Control
- ® Treatment| 5 @ Treatment| = @ Treatment
= R
2 g8 88
0° = ° = °
° A g o.o 14 E '... .Q
o . &0 g o be é o o
° i ° =
o ° [ ° e I ° °
2 ° o ° c o o o
o o
o [=
o £ 2
= S8 5
" | L
40 20 0 20 40 40 20 0 20 40 40 20 0 20 40
T score [1] (22.6%) T score [1] (22.5%) T score [1] (20.3%)
0-Day Leaves 3-Day Leaves 5-Day Leaves
3 Scord ©Control ® Control
OTreatment| 52 OTreatment| [@Treatment
S S o & o
. | 28 g®
5 o = o =
o @ o =
% 8o| ™ o0 g 5 *
o & ° T § o ° &
] = q
sl B & ol W o = .
h ° oidesd ° ° S o
£ 2%
g £ g7 %
o 6
Sl L
20 10 0 10 20 20 10 0 10 20 30 30 20 0 0 10 20 30

T score [1] (16.8%)

T score [1] (18.4%)

T score [1] (24.3%)






OEBPS/Images/fpls-14-1114172-g009.jpg
Seaweed extract A. thaliana Metabolites increased Energy generation
e TCA intermediates
e Lysophospholipids
e Glucosinolates

D. potatorum Metabolites differentially Gln

oxe. | *
changed 2-0XG*L—— _ Glu

Lipids (e.g, oxylipins,
fatty acids)
Amino acids
‘ Carbohydrates
{= ‘ Phenylpropanoids 0600000000000000009000006
Phytohormones Antioxidant and defense systems
Organic acids (e.qg, Defensive
ascorbic acid, malonic metabolites
acid)

Membrane remodelling

A. nodosum

Root application






OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-14-1114172-g001.jpg
Plant growth and treatment

S
... ® Arabidopsis seeds G Distilled water

- -y
—————
~

[ J
1
1
v "’ ~

Y e

growing in MS media transferring to tubes

(4) Treatment regime

g | 0 | 1[2]3]4]5]6]7
transferring to tubes
HEEEEEEEEEE
Designated |
e | [ L] o [ o s

Seaweed
extract

l
@2:3

Treatment

Replicate 1 Replicate 2

X2 more repeats
x10 x10
plants plants | same same

|

|

|

|

: set-up set-up
* |

|

|

|

|

|

|

|

|

Control

Replicate 1 Replicate 2

x10
plants same
set-up

|

|

|

|

|

|

* | as day 0 * asday0 | asdayO

I Leaves Roots S
|

|

|

|

|

|

|

F
i

Leave Roots

T

Leaves Roots

i

Leaves Roots

o
—(
—
el

stored at -80°C

0-Day Leaves

3-day roots

1@

xxxxxxx

PCA and OPLS-DA Volcano plots Venn plots Heatmap analysis Enrichment pathway Pathway analysis





OEBPS/Images/fpls-14-1114172-g007.jpg
A

Hog10(p)

-log10(p)

o-day roots

0-day roots 3-day roots 1
20 1® 10 o
" 2
% : 1
- [}
o °1 3® 49
° 3 . g g 24
(@) g g
¢~ :
-4
“de
e O 26 @ .
8 o o
o ° s J
T T T T 1 r . . . . r T S T ]
0.00 0.05 0.10 015 0.20 00 01 02 03 04 0.00 0.02 0.04 0.06 0.08 0.10
Pathway Impact Patiway Impact Pathway Impact
0-day 4e:ves 3-day leaves g 5-day leaves 1
N . o . -
EE ® "
o] 2 30 g
<
g 40 =
L 3
w e °
S 2% e O 2
e © wde 8
- o o : ©0 ° 3
- ! o) o
6 I O
L2 r T T T 1
r r T r T T ! ! ! ! ; ; 0.00 002 004 006 008 010
000 005 010 015 02 025 030 00 o4 02 0s 08 . .
Pathway Impact Pathway Impact ey Impact
Samples Pathway Samples Pathway
1.Citrafe cycle (TCA cycle) y . Glyoxylate and dicarboxylate metabolism
0-day roots |2. Alanine, aspartate and glutamate metabolism 0-day leaves | 2. Aminoacyl-tRNA biosynthesis
3.Butanoate metabolism v . s
. Arginine biosynthesis
1. Alanine, aspartate and glutamate metabolism R .
) . Alanine, aspartate and glutamate metabolism
2. Butanoate metabolism ArsiniREbi s
3-day roots 3. Arginine biosynthesis 3-day leaves | Crtgmtme lTSynCAeS'S i
4. Citrate cycle (TCA cycle) . GII . elcyc i (Zd' cy; e) i B
5. Glyoxylate and dicarboxylate metabolism - Glyoxylate and dicarboxylate metabolism
6. Arginine and proline metabolism
il RO i . Citrate cycle (TCA cycle)
1. Citrate cycle (TCA cycle) 5-day leaves|2. Alanine, aspartate and glutamate metabolism
5-day roots |5 Ajanine, aspartate and glutamate metabolism - Tyrosine metabolism






OEBPS/Images/fpls-14-1114172-g005.jpg
Ascorbic acid
LysoPE(16:1/0:0)
2-Oxoglutaric acid
D-glucaro-1,5-lactone
Fumaric acid

Roots Leaves

N-Acetylvaline
Acrylic acid

I-Linoleoyl glycerol

Crotonic acid

L-Glutamic acid

Olivetol

DL-Malic acid

2-anisaldehyde
3.(5"methylthio)pentylmalic acid
L-Asparagine

Phenylglyoxylic acid
3-Hydroxybutyric acid

Citic acid

B o-0ayRoots 3-Day Roots 3-Day Leaves

Itaconic acid
D-Glucono-1,5-lactone
12-0PDA
IAA-glucose

Cytosine

9-KOI
p-coumaroylagmatine

trans-Aconiic acid
Octanoic acid
D-Glucose 6-phosphate
beta-D-Xylose
Buchananine

5-Day Roots 5-Day Leaves

Day Leaves

os

00

o3





