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Highlights 

 Cork oak metabolome significantly changes between drought stress and 

rehydration 

 sPLS analysis allowed for a comprehensive study of the two tested water 

conditions, revealling potential metabolic biomarkers research. 

 Secondary metabolism has a crucial role during both drought stress and 

rehydration. 

 Specific flavonoid and terpenoid compounds migth be key players in drought 

stress response and recovery.  
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Running title: Quercus suber drought and rehydration metabolome  

Abstract  

Cork oak (Quercus suber L.) is a species of ecological, social and economic 

importance in the Mediterranean region. Given its xerophytic adaptability, the study 

of cork oak’s response to drought stress conditions may provide important data in the 

global scenario of climate change. The mechanisms behind cork oak’s adaptation to 

drought conditions can inform the design and development of tools to better manage 

this species under the changing climate patterns. Metabolomics is one of the most 

promising omics layers to capture a snapshot of a particular physiological state and 

to identify putative biomarkers of stress tolerance. Drastic changes were observed in 

the leaf metabolome of Q. suber between the different experimental conditions, 

namely at the beginning of the drought stress treatment, after one month under 

drought and post rehydration. All experimental treatments were analyzed through 

sPLS to inspect for global changes and stress and rehydration responses were 

analyzed independently for specific alterations. This allowed a more in-depth study 

and a search for biomarkers specific to a given hydric treatment. The metabolome 

analyses showed changes in both primary and secondary metabolism, but highlighted 

the role of secondary metabolism. In addition, a compound-specific response was 

observed in stress and rehydration. Key compounds such as L-phenylalanine and 

epigallocatechin 3-gallate were identified in relation to early drought response, 

terpenoid leonuridine and the flavonoid glycoside (-)-epicatechin-3'-O-glucuronide 

in long-term drought response, and flavone isoscoparine was identified in relation to 

the recovery process. The results here obtained provide novel insights into the 

biology of cork oak, highlighting pathways and metabolites potentially involved in 

the response of this species during drought and recovery that may be essential for its 

adaptation to long periods of drought. It is expected that this knowledge can 

encourage further functional studies in order to validate potential biomarkers of 

drought and recovery that maybe used to support decision-making in cork oak 

breeding programs. 

 

Keywords: Quercus suber, drought, metabolome, rehydration, secondary 

metabolism, integrated analysis.  
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Introduction 

Climate change presents a major challenge to the sustainable management of forests 

in Europe. In this climate change scenario, extreme weather conditions such as heat 

waves and long periods of drought are expected to be more frequent and particularly 

severe in some regions, such as the Mediterranean [1]. Quercus suber forms part of 

the characteristic flora of the Mediterranean region, but unlike other species (e.g. 

Quercus ilex), its distribution is quite narrow [1] presenting greater vulnerability to 

environmental changes. In addition to its ecological and social importance, this 

species has also an important economic value due to cork production, which can also 

be compromised under the foreseen extreme climatic conditions.  

Drought is one of the main environmental constraints affecting plant yield and 

survival, especially in Mediterranean ecosystems [2]. Although Quercus suber shows 

a great tolerance to drought, being considered a xerophytic species [3], a greater 

comprehension of the adaptation strategies developed by this species under 

unfavorable climate conditions is still required. This knowledge will contribute for 

the design of sustainable breeding programmes to ensure the survival of this species 

under extreme abiotic stress conditions [4]. Although less studied, recovery ability is 

a pivotal trait in plant´s drought response and may dictate the difference between a 

susceptible or a resistant phenotype [5]. The high resilience of the photosynthetic 

apparatus to drought as well as good recovery in cork oak was reported for trees under 

field conditions [6]  

The metabolome provides a snapshot of the physiological state of the plant in a 

particular condition and can help to understand specific response mechanisms [7]. 

Metabolomics is one of the omics layers closest to the phenotype, and highly 

environmentally-sensitive [8–11] representing very promising for the search and 

discovery of new candidate biomarkers [9,12]. Furthermore, the integration of 

metabolome data with other omics or physiological data is expected to greatly 

increase the method robustness and confidence in meaningful knowledge discovery. 

Plant responses to low water availability can affect the concentration, composition, 

and distribution of both primary (maintaining life processes and facilitate growth) 

and secondary metabolites [13]. However, the role of secondary or specialized 

metabolism in drought defense and plant adaptation mechanisms has been 
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emphasized [14,15]. These specialized metabolites can be divided into three main 

distinct groups: terpenes, phenolics, and nitrogen-containing compounds. Water 

limitation induces different patterns of secondary metabolites accumulation (e.g. 

terpenoids and phenolics) including increase, reduction or no alteration [16–18]. This 

has been attributed to the concentrations of secondary metabolites being specific to 

the species, the experimental conditions, the class of secondary metabolite and even 

compound-specific [16,19,20]. Metabolomics research applied to forest trees has 

advanced slowly due to the long‐life cycles of trees, the lack of genomic tools and 

limited databases [21,22], but a few studies have highlighted the potential of this tool. 

López-Hidalgo et al. [23] reported the impact of drought in Q. ilex primary 

metabolism in which the biosynthesis of secondary metabolites was less evident. 

Interestingly, in a different study, the total phenol and specialized metabolites such 

as flavonoids increased in Q. brantii under drought particularly in the susceptible 

provenances [24]. 

The aim of this study was to develop a novel integrative and explorative approach to 

discover potential key metabolic biomarkers and pathways related to drought 

tolerance of Quercus suber. To that end, the drought and recovery of 1-year-old cork 

oak plants was analyzed using an untargeted metabolomic analysis. An integrative 

bioinformatics analysis was carried out, combining metabolomic data with 

physiological data (physiological dataset previously published by this team [25]). The 

analysis was performed at the different water availability conditions (control, drought 

and recovery) and stress periods (short term and long term). This strategy allowed to 

gain in resolution over the metabolic status in each of the different stress and recovery 

phases considered in the experiment, resulting in the identification of metabolic 

signatures associated with each one of them. The physiological dataset included 

several parameters used to monitor the cork oak plants physiological performance 

over the assay, namely plant water status (relative water content and water potential), 

proline and malondialdehyde contents [25]. By using this novel integrative analysis, 

the present work aimed to identify potential key metabolic markers (stress and 

rehydration), pathways and add new fundamental knowledge that will drive useful 

data to scientific-based decision-making for Q. suber management programs. By 

identifying these biomarkers of drought tolerance in seedlings we seek to aid 

programs of early selection and field establishment of plants genetic material more 
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adapted to the foreseen climate change scenarios, crucial to minimize cork oak 

decline. 

Material and Methods 

Plant material and experimental design 

One-year-old cork oak plants grown from seeds from provenance region II, Grandola 

(South of Portugal) were acquired from a forest plant producer (Anadiplanta, 

Portugal). Plants were transplanted to 1L containers with a peat:perlite mixtures (1:1) 

and acclimated for 1 month in a climatic chamber at 25 day/ 20 °C night, 60-70% 

relative humidity, 16 h of light photoperiod and 250 mmol m-2 s-1 of photosynthetic 

photonic flux. During this period, plants were fertilized twice with a solution of 

Nutriquisa 5-8-10® (5 ml/L) until runoff. All plants were watered to 60% field 

capacity (FC) and the stress was initiated by withholding water until soil moisture 

reached 18% FC (water stress, WS) which took five days. A group of well-watered 

(WW, control group) plants was held at 60% FC during the entire assay. The 

percentages of FC were maintained by adding the amount of water lost by 

evapotranspiration, which was monitored by weighing the containers every day. The 

drought stress was imposed for 30 days under same conditions during 

acclimatization; following that, stressed plants were re-watered until well-watered 

conditions during one week. The experiment was designed to replicate a scenario of 

water limitation period, followed by a period of rewatering, which may be experience 

by seedlings in the field after plantation. For analysis, three pools (6 plants each) of 

fully expanded leaves were collected from WS plants at four points: (T1) the first day 

of WS when soil moisture reached 18% FC; (T2) 30 days after T1; (R1) one day after 

re-watering; and (R2) one week after rewatering. The experimental design was as in 

Almeida et al. [25] with a few adaptations. For metabolomics studies, control plants 

were collected at the beginning (T1WW) and at the end of the experiment (R2WW). 

These two controls were selected for metabolomics and integrative analysis based in 

the results of physiological data assessed in Almeida et al. [25]. In this previous 

article all controls did not show significant differences in the physiological 

parameters analyzed over time, except for MDA that increase and stabilized one 

month later (T2WW, R1WW, R2WW) comparing to the first control (T1WW). Based 

on these results change of this single parameter, we decided to include two controls, 
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T1WW and only one control after one month, the final time R2WW. A diagram of 

the experiment and sample collection is available in Figure 1. For metabolite analysis, 

leaf samples were immediately frozen in liquid nitrogen and kept at 80 °C until 

further use. 

 

Figure 1. Time diagram of the experiment, sample collection points and datasets 

considered for different analysis are depicted. The different dotted lines separate the data 

used for the analyses (global, stress and rehydration). Small separations on the trial are 

equivalent to one day. Collection points: T1WW, control plants well-watered at day 1; 

R2WW, control plants well-watered the whole experiment; T1WS, water-stress plants at first 

day of water stress; T2WS, water-stress plants 30 days after T1WS; R1WS, water-stress 

plants one day after rehydration; and R2WS, water-stress plants one week of rehydration. ** 

Indicated when soil moisture reached 18%. 

Briefly Plant Physiological parameters 

Stem water potential (WatPot) was measured on the main stem after a clean cut near 

the base using a Scholander-type pressure chamber (PMS Instrument Co). To 

determine relative water content (RWC), four leaf discs (diameter = 11 mm) were 

used per plant. Tissue fresh weight (FW), turgid weight (TW) and dry weight (DW) 

were recorded and RWC was calculated using the following equation: RWC (%) = 

(FW-DW)/(TW-DW)*100. Lipid peroxidation was estimated by determining the 

MDA content in leaves according to Elkahoui et al. [26] using 100 mg frozen leaves. 
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Proline content was assessed as described by Khedr et al. [27] using 100 mg of frozen 

leaves. 

The physiological data of lipid peroxidation (MDA), proline content, water potential 

(WatPot) and relative water content (RWC) from Almeida et al.[25] were used in this 

study and combined with metabolomics data to construct the integrated networks. 

Extraction of metabolites  

Polar metabolites were extracted as described by Valledor et al. [28] using 100 mg 

of leaf fresh weight from T1WW, T1WS, T2WS, R1WS, R2WS and R2WW 

treatments. Briefly, samples were ground in liquid nitrogen and 600 µl of cold (4°C) 

metabolite extraction solution – Methanol:Chloroform:H2O (2.5:1:0.5) – was 

immediately added to each tube. Samples were then centrifuged at 20,000 g for 4 min 

at 4°C and the supernatant transferred to new tubes. Finally, 800 µl of 

Chloroform:water (1:1) were added, the tubes vortexed and again centrifuged at 

20,000 g for 4 min at 4°C. Following the formation of two layers, the upper aqueous 

layer, containing the polar metabolites, was transferred to new tubes and dried in a 

speed vac. 

Polar metabolite identification and quantification using LC-Orbitrap-MS analysis 

The polar fraction of each sample was analyzed twice on a LC-Orbitrap-MS, using 

both positive and negative ion modes. To check and evaluate the results, the 

recordings of the high-resolution mass spectrometer and the DAD detector were 

monitored and stored. Dionex Ultimate 3000 (ThermoFisher Scientific, USA) was 

used as the high-performance liquid chromatography component. The LC-Orbitrap-

MS system (controlled by Xcalibur version 2.2, Thermo Fisher Corporation) was run 

according to the procedure of Escandón et al. [29]. Mass spectrometry (MS) was 

performed using an LTQ Orbitrap XL- high resolution mass spectrometer 

(ThermoFisher Scientific, USA) equipped with a HESI II (Heated electrospray 

ionization) source. After the analysis of each batch (30 samples), resolution and 

sensitivity of the Orbitrap were controlled by the injection of a mixed standard 

(caffeic acid, proline and sucrose) and with the aid of lock masses (phthalates). 

Blanks were also analyzed during the sequence. 

Jo
ur

na
l P

re
-p

ro
of



8 

 

MZmine software [30] was used to identify and analyze raw data of LC-Orbitrap-

MS. MS1 spectra were filtered establishing a noise threshold at 4.5E03 and minimum 

peak height at 7E03 with a minimum time peak of 0.15 min. Peaks were smoothed 

and deconvoluted by using a local minimum search algorithm (98% chromatographic 

threshold, minimum retention range 5 min, minimum relative height of 90%, and 

minimum ratio top/edge of 1.2). Chromatograms were aligned using the RANSAC 

algorithm with a tolerance of 5 ppm of m/z and one-minute retention time. 

Normalized peak areas were used for quantification. The individual peaks were 

identified following different approaches; the first step was performed against an in-

house library (> 100 compounds) and manual annotation considering m/z and 

retention times. In a second step, masses were assigned using the KEGG, MassBank, 

HMDB and Plantcyc databases with a built-in MZmine utility with a 5 ppm threshold. 

Metabolites were considered as undoubtedly “identified” if identified after 

comparison with the in-house standard compound library, or as “tentatively assigned” 

for those with molecular ions with exact masses corresponding to the identified 

metabolites in databases (Supplementary Table S1). Metabolite identification against 

in-house library was confirmed by retention time (RT), mass, isotopic pattern and 

ring double bound parameters. Metabolomics pathways of each metabolite 

(Supplementary Table S2a) were searched against KEGG pathway maps 

(http://www.genome.jp/kegg/tool/map_pathway1.html) and p-values of each 

metabolomics pathways (Supplementary Table S2b) in MBROLE 2.0 [31]. 

Statistical and bioinformatics analysis 

Three biological replicates were used for metabolites and physiological parameters 

analysis. Statistical procedures were carried out using R programming language 

running under the open-source computer software R v2.15.2 (R Development Core 

Team, 2015) and RStudio [32]. Recommendations from Valledor et al. [33] were 

followed to pre-processed metabolome (missing value imputation, abundance 

balancing and filtering datasets) using pRocessomic v.1. (available on web direction: 

http://github.com/Valledor/pRocessomics). Sample-centric approach was used to 

transform the data. Scaled and centered values (z-scores) were subjected to 

multivariate analysis and Heatmap clustering. Heat mapping was performed using 

the Manhattan distance method to grouping metabolites in different KEGG pathways. 
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Multivariate analysis (Sparse Partial Least Squares (sPLS), network analyses and 

Principal Component Analysis (PCA)) was performed. The sPLS algorithm was used 

to find correlations between predictor (metabolites matrix) and response variables 

(physiological parameters) in the following three different datasets: 1) Global 

analysis: Metabolites and physiological parameters data of all treatments (T1WW, 

T1WS, T2WS, R1WS, R2WS, R2WW) (Supplementary Dataset 1). This global 

approach also supported the decision of separating the analysis in two different 

blocks; 2) Drought stress: Metabolites and physiological parameters data of water 

limitations (T1WW, T1WS, T2WS, R2WW) (Supplementary Dataset 2) for 

analyzing short- and long-term water stress treatments (5 and 30 days respectively); 

3) Recovery: Metabolites and physiological parameters data after rehydration 

(T2WS, R1WS, R2WS, R2WW) (Supplementary Dataset 3) for analyzing changes 

after rehydration. Datasets were combined following a normalization for each dataset. 

sPLS and PCA analysis were conducted with mixOmics [34] and pRocessomic v.1. 

Network topology was defined after applying sPLS regression using the function 

“network()” of the mixOmics package and filtered (only edges equal or higher than 

|0.85| were maintained) in Cytoscape v.3.3.0 [35] as described in Escandón et al. [36]. 

Univariate analyses one-way ANOVA and Student’s t-test were conducted for 

metabolites and physiological parameters with P ≤ 0.05 and FDR (5%). Graphics 

were plotted using the libraries ggplot2 [37] and pheatmap [38].  
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Results and Discussion 

No morphological signs of stress were observed one-month after water deficit 

imposition. However physiological changes occurred during this period confirming 

the physiological stress response already reported by Almeida et al. [25]. Leaf water 

status measured by RWC decrease at T1WS and reached 71.41% at T2WS in 

comparison with 85.82% determined in T1WW plants (Table 1). The water potential 

(WatPot), in turn, showed the lowest value at T1WS (-1.69 MPa) while at T2WS this 

value increased for -0.78 MPa, being still lower than T1WW value (-0.32 MPa) 

(Table 1). This pinpoint a first quick response and then a great plasticity to cope with 

18% of FC for a longer period. Following re-watering, the water stressed plants 

rapidly recovered and displayed values of control plants (T1WW and R2WW) for 

both parameters. Proline content was maintained constant in WW and WS plants 

during drought and recovery (Table 1). On the other hand, MDA content was affected 

by water deficit, showing an increase at T2WS (60.74 nmol g-1 FW) compared to 

T1WW (21.75 nmol g-1 FW) (Table 1). After one day of recovery (R1WS), MDA 

levels remained higher (50.59 nmol g-1 FW) compared to R2WW plants (36.17 nmol 

g-1 FW); however, these differences disappeared after one week of re-watering. These 

results confirm the great adaptability of this species to drought stress imposition [39]. 

The low impact on survival of juvenile cork oak plants under dry conditions is well 

recognized [3,4], however the knowledge of the mechanisms underlying this notable 

stress tolerance is still scarce. Here we seek to integrate these physiological traits with 

the metabolomic data to identify key drought response mechanisms and potential key 

markers that later may help to explore the existent intraspecific variation to drought 

response [3,4]. 

 

Exploring metabolome of Q. suber related to drought stress and rehydration  

LC-Orbitrap-MS allowed the reliable quantification of 3,112 metabolites 

(Supplementary Table S1) in six sampling points analyzed (T1WW, T1WS, T2WS, 

R1WS, R2WS, R2WW), with more than 40% of the metabolites (1252) differentially 

accumulated (FDR 5%, Supplementary Dataset 1). A customized algorithm 

combining custom in-house and public databases resulted in the unequivocal 

identification of 16 ions (identical matches to in-house compound library) and 869 
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ions that were tentatively assigned after comparing their accurate mass against 

reference compound databases (Supplementary Table S1). The use of this technology 

yielded a wide spectrum of primary and secondary metabolites, yet key changes in 

the secondary metabolism behind drought and recovery in Q. suber were highlighted. 

An initial analysis of the obtained metabolites revealed a high specificity with more 

than 100 unique metabolites associated with each individual treatment (Table 2 and 

Supplementary Table S3). The treatment exhibiting the highest number of specific 

metabolites was T1WS followed by the two rehydration points (R1WS and R2WS) 

and the treatment after one month under stress (T2WS). The classes of metabolites 

found in all treatments were highly diverse, including compounds related to 

phenylpropanoids biosynthesis pathways (e.g. sinapyl alcohol) and flavonoids (e.g. 

quercetin 3-(4''-acetylrhamnoside) 7-rhamnoside) present in T2WS. Furthermore, 

stress treatments (TIWS and T2WS) shared 20 unique metabolites only, including 

flavonoids such as epigallocatechin 3-gallate and 3,5-digalloylepicatechin. This 

indicates the high variability and specificity of the metabolome during the different 

water status imposed, establishing a good baseline for biomarkers research to 

predictor of plant drought performance. 

A global multivariable analysis (sPLS and PCA) was used to glimpse the different 

processes throughout the assay. The sPLS analysis (Fig. 2, Supplementary Table S5 

and Supplementary Fig. S1 for the blocks plots (metabolites and physiological 

parameters separately)) and the analysis of most changeable KEGG pathways (Fig. 

3) showed the relevance of time course in the metabolome. Component 1 in the sPLS 

clustered the plants at the beginning of the assay (T1WW, T1WS) from around one 

month older plants (T2WS, R1WS, R2WS, R2WW). Similar results were shown in 

component 1 of PCA (Dataset 1, Supplementary Fig. S2 and Table S4). This time 

course effect was considered during the experimental design, and justify the existence 

of two controls for the block “stress” (T1WW and R2WW) and only the second 

control (R2WW) for the block “recovery”. sPLS Component 2 established the stress 

variables better than component 3 of the PCA, showing a lower stress effect in R2WS 

than in R1WS. In this sPLS component flavonoids, terpenes (such as leonuridine) 

and hormone (trans-zeatin riboside monophosphate) showed high loadings 

(Supplementary Table S6). 
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Fig. 2: Multivariate analysis sPLS of metabolome and physiological data, using 

metabolites as the predictor matrix and physiological measurements as the response 

matrix. Abbreviations: T1WW, control plants well-watered at day 1; R2WW, control plants 

well-watered the whole experiment; T1WS, water-stress plants at first day of water stress; 

T2WS, water-stress plants 30 days after T1WS; R1WS, water-stress plants one day after 

rehydration; and R2WS, water-stress plants one week of rehydration. 

Analysis of the most changeable KEGG pathways (Figure 3 with the average for 

treatment and supplementary; Fig. S3 for each replicate), showed the pathways 

Aminoacyl-tRNA biosynthesis, Pentose phosphate pathway, ABC transporters and 

alanine, Aspartate and glutamate metabolism were more active on the first week of 

the experiment (T1WS and T1WW) but activity was drastically slowed down one 

month after (T2WS, R1WS, R2WS and R2WW). Nevertheless, there were key 

pathways at different times of the experiment. On the one hand, Phenylalanine 

metabolism was the most active pathway in control (T1WW) and curiously, the ones 

that most intensely recovered after the first day of rehydration (R1WS). Regarding 

the intensity of the stress, Phenylalanine, tyrosine and tryptophan biosynthesis was a 

very active pathway only in the first week of stress (T1WS), while Phenylpropanoid 

biosynthesis was very active during all stress treatments (T1WS and T2WS). These 

pathways are related, finding common metabolites such as L-phenylalanine a 

precursor for several of the pathways. The last pathway to highlight is Flavone and 

flavonol biosynthesis that was active in the first week of stress and with a reactivation 

in R1WS. This pathway is responsible for the synthesis of flavones such as 

isoscoparine; these compounds could act as antioxidants under stress in terms of 

inhibiting the formation of malonaldehyde in lipids oxidized by UV [40].
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Fig. 3: Heatmap-clustering analyses of KEGG pathways considering only the pathways that exceed MBROLE FDR-correction (p < 0.001). 

Represented is the average of the three replicates, see supplementary Fig. S3 for KEGG pathways of the separate replicates. Numbers inside boxes 

indicate normalized abundance of each pathway (as a percentage) calculated as the sum of all identified/assigned metabolites within each pathway 

according to KEGG pathway. Abbreviations: T1WW, control plants well-watered at day 1; R2WW, control plants well-watered the whole 

experiment; T1WS, water-stress plants at first day of water stress; T2WS, water-stress plants 30 days after T1WS; R1WS, water-stress plants one 

day after rehydration; and R2WS, water-stress plants one week of rehydration.
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Through the use of KEGG pathways and sPLS analyses it was possible to simplify the 

dimensionality of the assay, as well the implementation of a scientific base-decision to 

support the separation of the assay in two key stages: drought (T1WW, T1WS, T2WS, 

R2WW) and recovery (T2WS, R1WS, R2WS, R2WW) (Figure 1, stress data and 

rehydration data respectively). 

Integrative analysis of metabolome revealed short-term and long-term drought stress 

response 

The experimental design carried out allowed a more in-depth analysis of a short and 

long-term water stress treatments (5 and 30 days) and their respective controls (T1WW 

and R2WW, Supplementary dataset 2). sPLS and PCA plot (Fig. 4A and Fig. S4) 

revealed a clear clustering of treatments, in which the water stress treatments were 

separated from control treatments by component 2 (sPLS) or PC3 (PCA). These results 

clearly confirmed that the stronger component (comp 1), both metabolites and 

physiological traits, differentiated the different points of the time course (T1WW, 

T1WS) and (T2WW, R2WW). The sPLS interaction networks built using comp1 and 

comp2 (Fig. 4B and Supplementary Table S7) showed 3 insolated nodes (RWC, WatPot 

and MDA) which binds numerous metabolites interrelated with each other in a positive 

or negative way, highlighting the high abundance of flavonoids and terpenes. MDA and 

WatPot parameters showed the highest number of metabolites associations. In the case 

of MDA, most of the metabolite correlations were positive, while WatPot accumulated 

negative ones. So, MDA node was positively linked to metabolites included in the 

Phenylpropanoid biosynthesis pathway (coniferyl alcohol and 1-O-sinapoyl-beta-D-

glucose), precursor pathway to the production of flavonoids. Moreover, terpenes (as 

rutaevin and mascaroside) and flavonoids (as isoscoparine), were positively correlated 

with MDA, recalling the importance of these compounds in the drought stress response. 

In other stresses has been observed that some flavonoids act as antioxidants, contributing 

to the adaptation to environmental changes such as cold, high temperatures or irradiation 

[7,9,41,42] and it is feasible a similar function for these compounds under drought 

conditions. Furthermore, flavonoids appeared in MDA negative correlations (quercetin-

Jo
ur

na
l P

re
-p

ro
of



15 

 

3-O-glucoside and gallocatechin-(4alpha->8)-epigallocatechin)) indicating that 

flavonoids showed different accumulation patterns depending on the compound studied. 

On the other hand, WatPot presented also numerous correlations (although most of them 

negative) with different metabolites (as L-isoleucine amino acid), emphasizing again the 

flavonoids, among others: epigallocatechin 3-gallate and 3,5-digalloylepicatechin 

negatively correlated, or (-)-epicatechin-3'-O-glucuronide, positively correlated. Both 

flavonoid accumulation patterns may be possible; while flavonoids often emphasize their 

antioxidant role, glycosylated flavonoids are often associated with transport and storage 

function [43]. 

The last node RWC, showed few connections but with high loading in component 2 

(Supplementary Table S5): Terpenes with positive (curcubitacin P) and negative 

correlation (leonuridine) and the flavonoid (sophoraflavanone G) with positive 

correlation. Again, compounds belonging to the same class (in this case terpenes) show 

different patterns of accumulation depending on the compound, supporting the 

compound-specific effect of severe drought on terpenoid fluxes in Mediterranean 

ecosystems [2]. 
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Fig. 4: Multivariate and integrative analysis of metabolome, and physiological parameters during drought stress. (A) Classification of the 

different samples according to sPLS. Components 1 and 2 allowed the clustering of control treatments versus drought stress treatments. (B) 

Interaction networks constructed after sPLS analysis using metabolites as the predictor matrix and physiological measurements as the response 

matrix. Edge color represents the correlation value. Only those correlations equal or higher, in absolute value, than 0.85 are shown. Color nodes 

reflects the amount of control that this node exerts over the interactions of other nodes in the network (higher control = darker color). Abbreviations: 

T1WW, control plants well-watered at day 1; R2WW, control plants well-watered the whole experiment; T1WS, water-stress plants at first day of 

water stress; T2WS, water-stress plants 30 days after T1WS. Jo
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Rehydration metabolome analysis showed the importance of flavonoids and terpenoids 

but with distinct specific players 

To study the performance of recovery from stress a sPLS and a PCA analysis including 

the T2WS, R1WS, R2WS and R2WW treatments were performed (Supplementary 

dataset 3). sPLS and PCA plot (Fig. 5A and Fig. S5) revealed the rehydration phase in 

component 1 from one month of drought stress (T2WS), to the rehydration treatments 

(R1WS and R2WS) and finally with the control (R2WW). On the other hand, component 

2 highlighted the differential metabolites induced on the first day of rehydration (R1WS) 

as opposed to the remaining treatments. 

The sPLS interaction networks related to rehydration analysis (Fig. 5B and 

Supplementary Table S6) showed the same three central nodes (RWC, WatPot and 

MDA) already evident in drought conditions (Fig. 4B); however, in this case, using the 

same threshold in the pruning of the network (0.85), the three nodes were interconnected 

by other metabolites. This indicates that these interconnections exists or are more 

stronger in this response than in the drought response. 

In the first main group, the identified metabolites connected with the three nodes 

(negatively with WatPot and RWC, positively with MDA) were the diterpenoid 

mascaroside and some amino acids such as N-acetyl-D-tryptophan and indole-3-acetyl-

L-aspartic acid. In the case of acetylated amino acids at the N-terminal end, these have 

been shown to have a significant impact on protein activity, stability, folding patterns 

and other processes [44]. 

The second main group was connected with two nodes (negatively with WatPot and 

RWC). Despite the high number of metabolites, this group presented few identifications 

and most of them with unknown functions. Among the identified metabolites, the 

flavonoid (subclass flavans) epigallocatechin 3-gallate was highlighted, already found in 

the stress network. 

The third main group was negatively correlated with the WatPot and positively correlated 

with MDA. In this group, several classes of metabolites were identified: some terpenes 

glycoside (leonuridine and tarennoside), the hormone trans-zeatin riboside 
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monophosphate, the amino acid L-phenylalanine and the suberic acid related to cell wall 

biosynthesis. Within the terpenes, in general, their antioxidant role under drought stress 

has been reported. Some diterpenes (e.g. carnosic acid) display high antioxidant activity 

which has been associated with protection of biological membranes from lipid 

peroxidation [45] and, monoterpenes have also shown an antioxidant role against high 

temperatures, but are less effective than isoprenoids [46]. 

Finally, there are numerous metabolites only connected with one of the nodes. Among 

these, there are metabolites included in the phenylpropanoid biosynthesis such as the 1-

O-sinapoyl-beta-D-glucose (negatively connected with WatPot), the sinapyl alcohol or 

the phenylpyruvate (both negatively connected with RWC). Moreover, the analysis 

reveals once again the relevance of flavonoids with different trends like quercetin 3-(4''-

acetylrhamnoside) 7-rhamnoside or kaempferol 7-(6”-galloylglucoside) (both negatively 

connected with RWC) and quercetin-3-arabinoside (positively connected with RWC). 
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Fig. 5: Multivariate analysis of metabolome and physiological parameters during rehydration. (A) Classification of the different samples 

according to sPLS. Components 1 and 2 allowed the visualization of 3 groups: rehydration (R1WS, R2WS), control (R2WW) and long-term water 

stress treatment (T2WS). (B) Interaction networks constructed after sPLS analysis using metabolites as the predictor matrix and physiological 

measurements as the response matrix. Edge color represents the correlation value. Only correlations equal or higher, in absolute value, than 0.85 are 

shown. Color nodes reflects the amount of control that this node exerts over the interactions of other nodes in the network (higher control = darker 

color). Abbreviations:R2WW, well-watered control group at the end of experiment; T2WS, water-stress group 30 days after day one of water stress; 

R1WS, water-stress group one day after rehydration; and R2WS, water stress group one week after rehydration. Jo
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Unveiling possible candidate markers for drought tolerance and recovery plasticity from 

Q. suber 

The global analysis of KEGG pathways, as well as the study of stress and rehydration 

separately has shown the key pathways involved in both responses. Flavonoids and 

terpenoids seemed to play a key role both during water deficit and recovery. Within these 

broad groups, it appeared that different compounds are specifically associated with each 

process [15,16]. In fact, in this work, only 24 common metabolites (10 identified and 14 

unidentified) were found both in stress and rehydration networks.  

Secondary metabolism appears to play a strategic role in drought responses [14], which was 

confirmed by the results in this work. Even so, metabolites belonging to primary metabolism 

(e.g. amino acids and fatty acids) were also found in the candidate networks. The amino acids 

L-isoleucine and L-phenylalanine (Fig. 6A and B) were largely accumulated in the short 

response to stress, while acetyl amino acids such as tryptophan and L-aspartic acid (Fig. 6C 

and D) were largely accumulated after a month post drought. In studies with other species, 

the accumulation of L-isoleucine has been reported as being associates with drought response 

[47–49], as well as the accumulation of L-phenylalanine [48,50,51]. The accumulation of 

amino acids during different stresses (including drought) is related to the synthesis of their 

activation/inhibition, and degradation and/or decomposition of proteins [52–54]. Currently, 

it is not clear whether isoleucine accumulation (a branched-chain amino acids, BCAAs) can 

act as a compatible solute, as BCAAs are known to accumulate in very high amounts under 

stress [55], or may act as signalling molecules in response to drought stress [56]. Proline did 

not show differences during this experiment (Table 1) although its role as an osmoprotectant 

is already recognised [57–59], while the role of other amino acids requires an exhaustive 

study [60]. 
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Fig. 6: Levels of key metabolites associated to stress and rehydration process selected based on the presence in the sPLS analysis networks, 

as well as in key metabolic pathways in both processes. The metabolite levels are shown as mean ± standard deviation. Means followed by the 

same letter were not significantly different (P ≤ 0.05) according to a Tukey test and asterisk denote significant differences attested by FDR (5%). 

Abbreviations: T1WW, control plants well-watered at day 1; R2WW, control plants well-watered the whole experiment; T1WS, water-stress plants 

at first day of water stress; T2WS, water-stress plants 30 days after T1WS; R1WS, water-stress plants one day after rehydration; and R2WS, water-

stress plants one week of rehydration. 
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The accumulation of L-phenylalanine was particularly important, as it was closely related to 

the increase of secondary metabolism. Phenylalanine and tryptophan, both aromatic amino 

acids, were the most accumulated primary metabolites in maize leaves under drought [61] 

and are known to be precursors from a large number of secondary metabolites [62]. L-

phenylalanine was involved in numerous pathways, being a precursor in the 

Phenylpropanoid biosynthesis pathway (Map 00940) [63,64], which was a pathway over-

expressed under the drought treatment (Fig. 3). Regarding this pathway, another candidate 

was also identified, the monolignol sinapyl alcohol (only presented in the long-term stress) 

(Fig. 6E). This metabolite is a precursor of lignins, and could play a role in the acclimation 

response of Q. suber after one month under drought stress. Increased lignification is a 

common response to biotic and abiotic stress [65], observed in the response to drought by 

different herbaceous species [66–68] and trees [69]. In addition, suberic acid (a dicarboxylic 

acid part of suberin) showed its highest accumulation after one month under drought stress 

(Fig. 6F); to our knowledge it is the first time this compound is associated with drought stress. 

This metabolite was associated to cell wall biosynthesis, which seems to be in agreement 

with Geng et al. [70], reporting that modification of cell wall architecture could improve 

plant growth under drought conditions. 

The role of secondary metabolites in plants-environment interaction and adaptation is well 

documented [14,71,72]. Here, the integrative analysis of metabolome and physiological data 

reveals the importance of secondary metabolism during drought and recovery in Q. suber 

showing that terpenes and phenolic compounds are highly represented, with flavonoids 

standing out from phenolics. 

Flavonoids such as epigallocatechin 3-gallate and 3,5-digalloylepicatechin (Fig. 6G and H), 

both flava-3-ols of the subclass flavans, were only present under cork oak drought conditions. 

Their higher short-term accumulation suggests its involvement in the early defense 

mechanism against drought response. When a plant is subjected to drought, an accumulation 

of reactive species of oxygen (ROS) takes place, because there is an imbalance between ROS 

production and ROS scavenging, which triggers an oxidative stress in the plant [73]. 

Epigallocatechin 3-gallate and the flavanols epicatechin gallate have shown to have an 

excellent antioxidant capacity in vitro, showing inclusive an activity up to five times higher 
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than α-tocopherol and ascorbic acid [74]. Therefore, these metabolites could play an 

important role in detoxifying ROS, in particular, in the short-term drought response. Some 

studies showed that epigallocatechin gallate, epicatechin and epicatechin gallate 

concentrations increased progressively during drought in tea plants and Crataegus ssp. 

[75,76], reaching maximum values after 30 days under stress in the case of Crataegus clusii. 

However, in other drought studies, these compounds have also remained unchanged in tea 

plants [77,78] or decreased in drought-stressed plants exposed to short water deficit [79]. 

This is the first time that 3,5-digalloylepicatechin is associated to drought stress which 

corroborates the specificity of the flavonoids between experimental conditions [16]. 

This metabolome specialization was also seen as other flavonoids seem to be crucial for Q. 

suber acclimation to stress condition one month under water deficit. This was the case of the 

flavonoids glycoside (-)-epicatechin-3'-O-glucuronide and quercetin 3-(4''-

acetylrhamnoside) 7-rhamnoside) (Fig. 6 I and J), both present in long-term water stress 

treatment, but not detected in the short-term water stress treatment. Both metabolites are for 

the first time associated with drought stress. Although, it is common to find glycosylated 

flavonoids in plant leaves, as it increases their solubility in the aqueous cell medium and 

preserves the most reactive functional groups of auto oxidation [80]. However, few 

flavonoids with this modification are effective antioxidants [74] being more associated to its 

transport and storage in the vacuole [43]. Accumulated flavonoid glycosides have a role in 

the osmoregulation of the plant against drought, probably as soluble sugars as seen under 

cold stress [81,82]. By accumulating these solutes in the vacuoles plant are able to decrease 

their osmotic potential, maintain turgor and reduce water potential, which may explain the 

increase of WatPot one month after water limitation in our experiment. In addition, (-)-

epicatechin-3'-O-glucuronide reduced its presence with the onset of re-watering but returned 

to control levels one week after plants were rehydrated, potentially as an adaptation 

mechanism to an eventually future recurrence of a drought event.  

The isoscoparine (Fig. 6K) was the last selected flavonoid belonging to the flavone subclass, 

specifically a 6-C-glucosides part of the glycosides of flavones. Contrary to the above 

metabolites, isoscoparine seems to play an important role in the recovery process, being for 

the first time described in connection with this process. The metabolite was accumulated 
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during the rehydration phase, reaching its maximum accumulation one week after 

rehydration. Glycosides of flavones displayed different patterns of accumulation under 

drought [83]. Few examples of flavones induced by pathogens or plant stress have been 

described [84,85]. Generally, in these studies, various flavone C glycosides were 

accumulated in cereal crops against pathogens, including isoscoparine [86]. However, other 

studies have shown no effect [87]. Further studies are needed to clarify the role of 

glycosylated flavones in the recovery process, being isoscoparine an interesting candidate to 

study this response in Q. suber. 

Finally, to be noted are the compounds leonuridine and tarennoside (Fig. 6L and 6M) which 

are significantly accumulated during the stress stage and then decreased noticeably once the 

rehydration process begins. These compounds belong to another major class of secondary 

metabolites, the terpenes, specifically, terpene glycosides (non-volatile compounds).This is 

the first time that leonuridine is associated with drought stress response and tarennoside 

related to Q. suber. Tarennoside has been previously reported as being associated with arid 

provenances of Pinus pinaster [7]. . Terpenes concentration has been generally found to 

increase in drought conditions [88–90] while terpenes emission may be reduced when the 

stress is severe; Haberstroh et al. [2] reported a reduction in monoterpenes emission by Q. 

suber under summer drought stress. With terpenoids also showing a high compound 

specificity, as seen in flavonoids, we could point out that leonuridine and tarennoside could 

have an important role in this species’ response to drought.  

Many terpenoids are involved in fundamental plant processes such as growth regulation by 

phytohormones (gibberellins, abscisic acid or brassinosteroids) [91]. There is also a 

relationship between terpenoids and cytokinins. Terpenoid backbone biosynthesis pathway 

is precursor of both the terpenoid biosynthesis pathway and the zeatin biosynthesis pathway. 

Trans-zeatin riboside monophosphate (Fig. 6N) was one of the metabolites accumulated at 

the end of the drought period, remaining present only on the first day of rehydration. 

Nucleosides were considered the main form of translocation of cytokinins [92]. This could 

explain a movement of these metabolites to other parts of the plant after rehydratation; here, 

they would become active for growth restart. In the current study, this was apparent, since 

one week after rehydration trans-zeatin riboside monophosphate is not present in leaves. 
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Conclusions 

Increased drought stress tolerance of forest trees will be a key feature to maintain forest 

sustainability in climate-threatened regions. The presented integrative approach to study the 

leaf metabolome of Quercus suber has highlighted the role of drought stress response and 

subsequent recovery in metabolism modulation. Metabolome profile is significantly 

correlated with water availability and intimately associated with specific metabolites to both, 

drought and recovery. Both primary and secondary metabolism are significant altered in both 

phases yet highlighting the role of the secondary metabolism. The most promising 

compounds identified in short-term drought response were, L-phenylalanine, which is 

essential precursor of numerous secondary metabolites, and epigallocatechin 3-gallate, which 

present high antioxidant capacity necessary to deal with the oxidative damage in the first 

impact of stress. In the long-term drought response that lead to an acclimation response, the 

terpenoid leonuridine (first time associated with drought stress) and the flavonoid glycoside 

(-)-epicatequine-3'-O-glucuronide are featured, and might be key players. Finally, during 

recovery, and first time reported, the most relevant candidate is the isoscoparine flavone, 

although it is role in drought stress requires further research. Unraveling the key processes 

that underlie drought stress tolerance will not just contribute to fill the scientific knowledge 

gap on tree adaptation mechanisms but, for cork oak in particular, also has a significant 

economic and ecologic importance. The development of markers linked to drought tolerance 

and recovery ability are of particular importance, as they offer the potential to accelerate 

breeding programs by exploring the existent natural variation of cork oak provenances 

through marker-assisted selection. 
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Table 1: Mean, standard deviation and FDR analysis of physiological parameters included. 

Asterisks (*) indicate significant differences at 5% of FDR and different lowercase letters indicate 

significant differences between treatments (P ≤ 0.05). Abbreviations: T, treatment; T1WW, control 

plants well-watered at day 1; R2WW, control plants well-watered the whole experiment; T1WS, 

water-stress plants at first day of water stress; T2WS, water-stress plants 30 days after T1WS; R1WS, 

water-stress plants one day after rehydration; and R2WS, water-stress plants one week of rehydration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

T T1WW T1WS T2WS R1WS R2WS R2WW 
FDR 
(5%) 

MDA 
(mg g-

1FW) 

21.75 ± 
1.21    d 

19.07 ± 
0.49    d 

60.74 ± 
3.57    a 

50.59 ± 
1.67   b 

40.89 ± 
2.23    bc 

36.17 ± 
2.11    c 

* 

Proline 
(mg g-

1FW) 

0.0267 ± 
0.0006 a 

0.0294 
± 0.002 

a 

0.0296 ± 
0.0015 a 

0.0314 
± 0.011 

a 

0.0291 ± 
0.0006 a 

0.0291 ± 
0.0004 a 

 

RWC (%) 
85.82 ± 
1.55    a 

73.85 ± 
0.83    b 

71.41 ± 
1.13    b 

89.64 ± 
1.91    a 

87.69 ± 
0.76    a 

88.58 ± 
2.28    a 

* 

WatPot 
(MPa) 

-0.45 ± 
0.04    a 

-1.69 ± 
0.29    b 

-0.78 ± 
0.05   a 

-0.45 ± 
0.05   a 

-0.35 ± 
0.03   a 

-0.30 ± 
0.05   a 

* 
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Table 2. Total number of specific metabolites present and number of identified in each 

treatment (sorted by highest to lowest). Abbreviations: T1WW, control plants well-watered at day 

1; R2WW, control plants well-watered the whole experiment; T1WS, water-stress plants at first day 

of water stress; T2WS, water-stress plants 30 days after T1WS; R1WS, water-stress plants one day 

after rehydration; and R2WS, water-stress plants one week of rehydration. 

Treatments Treatment specific metabolites (tentatively identified) 

T1WS 186 (43) 

R1WS 160 (22) 

R2WS 145 (32) 

T2WS 141 (30) 

R2WW 127 (32) 

T1WW 124 (20) 
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