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The frequency and severity of extreme climatic conditions such as drought, salinity, cold, and heat are increasing due to

climate change. Moreover, in the field, plants are affected by multiple abiotic stresses simultaneously or sequentially.

Peanut metabolomics identified 160 metabolites, including amino acids, sugars, sugar alcohols, organic acids, fatty acids,

sugar acids, and other organic compounds. Pathway enrichment analysis revealed that abiotic stresses significantly

affected amino acid, amino sugar, and sugar metabolism. 
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1. Introduction

The frequency and severity of abiotic stresses are increasing due to climate change and global warming . Researchers

generally study a single stressor to evaluate the mechanism or effect on plants. However, multiple abiotic and biotic

stresses can simultaneously affect plants under field conditions . Standard laboratory conditions that are often used for

plant science research significantly differ from the field, so it is difficult to associate output results from an individual stress

study to field conditions. Abiotic stresses can lead to the production of excess reactive oxygen species (ROS), mainly in

chloroplasts, mitochondria, and peroxisomes, with detrimental effects on signaling behavior . Compared to individual

stresses, combined abiotic stresses respond differently to ROS production through the differential production of enzymatic

and non-enzymatic antioxidants in plant cells, resulting in a unique ROS signature and acclimation response via

modifications to the signaling pathway . Plants under combined abiotic stresses also differ from those that are under

individual stresses for photosynthesis, stomatal regulation, and water use efficiency (WUE) . For example, the net

photosynthesis rate of soybean decreased more under combined water deficit and heat stress than individual stresses

due to reduced CO  availability, lower relative water content (RWC), and higher leaf temperature . Similarly, WUE

(directly linked to stomatal opening or closing) decreased in most studies under different stress combinations .

Combined abiotic stresses significantly reduce crop productivity and yield by affecting plant reproductive processes .

Recent studies in maize and wheat showed that combined abiotic stresses considerably decreased crop yield by reducing

stigma functionality and kernel abortion .

Metabolomics is an emerging technology in plant biology representing data output from gene expression, protein

interaction, and pathway regulations. Untargeted metabolic profiling of plant samples under different abiotic stresses is a

new dimension for plant metabolic pathway and signaling research . Metabolomics of rice flowering organs under

combined drought and heat stress revealed that ribitol, pyruvic acid, and succinic acid significantly correlated with yield

and the chalky grain fraction of seeds. In addition, the combined stress significantly increased the arbutin levels in flag

leaves; this glycoside has strong antioxidant and membrane-stabilizing properties . Eucalyptus under combined heat

and drought stress significantly decreased WUE and differential metabolite accumulation compared to individual stresses

. Organic acids and carbohydrates, such as succinate, malate, quinate, glycerate, mannose, and galactose,

significantly decreased, while most amino acids, including aspartate, glutamate, aspargine, valine, leucine, isoleucine,

proline threonine, lysine, and histidine, significantly increased under combined stress . Metabolomics can also be used

to identify quantitative trait loci (QTL) and markers under various stresses, such as those that are related to the

antioxidant enzyme system that was identified in barley and potato under combined drought and heat stress .

Peanut or groundnut (Arachis hypogaea L.) is a major oilseed legume that is grown in subtropical and tropical regions .

Peanut is a rich source of oil (40–60%), protein (10–20%), carbohydrates, vitamins, minerals, antioxidants, and

monounsaturated fatty acids, and a source of medicinally important compounds . India is the world’s largest edible

oil consumer and peanut oil is the third-most consumed edible oil in India after palm and soybean oil. Abiotic stresses

such as drought, salinity, and heat frequently affect peanut production, as it mainly grows in subtropical and tropical
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regions. Therefore, efforts are underway to improve abiotic stress tolerance in peanut . Some studies have

investigated the effect of abiotic stresses on physiological, biochemical, and metabolic changes in peanut .

One study evaluated the physiological and biochemical characteristics of ancestral peanut species under drought stress,

revealing Arachis ipaensis as the most drought-tolerant due to higher solute accumulation in the roots than the other

varieties . A metabolomics study reported that drought-tolerant peanut varieties accumulated important polyamines and

polyphenols such as agmatine, cadaverine, syringic acid, and vanillic acid under stress .

2. Biochemical Status of Plants under Different Stress Conditions

In peanut, the various stresses adversely affected the biochemical constituents, including sugars, starch, amino acids,

and polyphenols (Figure 1). Free amino acids (FAA) increased in all the stress treatments except for individual cold stress

and cold-containing combined stresses, relative to the control (unstressed) plants (Figure 1a). The maximum increases in

FAA occurred under D-H (11.64 ± 0.31 mg g , 9.65-fold) and S-H (11.10 ± 0.73 mg g , 9.2-fold) stress followed by S-D-

H (8.06 ± 0.23 mg g , 6.68-fold) and heat (5.33 ± 0.85 mg g , 4.4-fold) stress, compared to the unstressed plants (1.20

± 0.20 mg g ). In contrast, the smallest increments in FAA occurred in plants that were grown under combined stress that

included cold [S-C (2.12 ± 0.15 mg g , 1.76-fold), D-C (2.05 ± 0.11 mg g , 1.70-fold), and S-D-C (2.38 ± 0.07 mg g ,

1.97-fold)].

Figure 1. Biochemical status of plants under different stress conditions. Estimation of (a) free amino acids, (b)

polyphenols, (c) starch, (d) total sugars, (e) reducing sugars, and (f) proline in peanut under individual and combined

stresses (S-D: salinity and drought, S-H: salinity and heat, S-C: salinity and cold, D-H: drought and heat, D-C: drought and

cold, S-D-H: salinity, drought, and heat, and S-D-C: salinity, drought, and cold). The data are the mean ± SE; different

letters indicate significant differences at p < 0.05.

The polyphenol contents significantly increased in individual drought stress (0.98 ± 0.12 mg g , 5.32-fold) and S-D (2.12

± 0.18 mg g , 11.45-fold), D-H (1.65 ± 0.03 mg g , 8.92-fold), S-H (0.81 ± 0.24 mg g , 4.39-fold), and S-D-H (1.27 ±

0.21 mg g , 6.87-fold) stresses compared to the control plants (Figure 1b). Similarly, the starch content significantly

increased under individual drought stress (0.86 ± 0.01 mg g , 2.1-fold) and combined stress that included drought [S-D

(1.13 ± 0.12 mg g , 2.75-fold), D-H (0.90 ± 0.01 mg g , 2.18-fold), S-D-C (0.75 ± 0.01 mg g , 1.83-fold)] compared to

the unstressed plants (0.41 ± 0.02 mg g ) (Figure 1c). A similar pattern occurred for the total and reducing sugar

concentrations (Figure 1d,e). The sugar contents significantly increased under individual drought stress (total sugars,

1.16 ± 0.07 mg g , 8.37-fold; reducing sugars, 5.06 ± 0.44 mg g , 3.56-fold) compared to the control plants (total sugars,

0.13 ± 0.01 mg g ; reducing sugars, 1.42 ± 0.01 mg g ).

Proline provides abiotic stress tolerance to plants by modulating osmotic adjustment . The elevated proline content

occurred in plants that were grown under individual salt stress and combined stresses that included salt (Figure 1f), more

so for S-D (435.20 ± 37.70 µg g , 14.16-fold) compared to the control (30.72 ± 0.47 µg g ). The proline concentrations

significantly increased by about 7.04- and 5.32-fold under salt (216.40 ± 91.23 µg g ) and S-D-H (163.54 ± 10.41 µg g )

stresses, respectively, compared to the control plants, with no significant changes in the other treatments.
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3. Differential Physio-Biochemical and Metabolic Responses of Peanut
(Arachis hypogaea L.) under Multiple Abiotic Stress Conditions

Climate change and global warming have increased the severity and frequency of extreme climatic conditions. Plant

biotechnology researchers often work on individual abiotic stresses, but plants usually experience multiple abiotic stresses

at once or sequentially in the field, inducing different responses to individual stresses. Plants selectively change physio-

biochemical properties and metabolic pathways to adjust to the adverse effects of these abiotic stresses. The combination

of some abiotic stresses such as drought and heat may produce conflicting responses in plants. Plant adaptation to

abiotic stress is shaped by the environment that is confronting the plant. Consequently, changes in environmental

conditions can alter the molecular, biochemical, and physiological responses in plants.

China is the largest producer of peanut (17.99 million metric tons) followed by India (6.70 million metric tons) and the USA

(2.79 million metric tons); however, the USA produces the highest yields (4.27 metric tons per ha), followed by China (3.79

metric tons per ha) and India (1.12 metric tons per ha) . Peanut is an important cash crop worldwide, producing India’s

third-most consumed edible oil. Various abiotic stresses are the key reason for reduced yields in India .

Cluster computing and yield simulation suggest that climate change will reduce peanut production by 2.3–33.7% in India

. In this study, different abiotic stress combinations were used to simulate possible future climatic conditions and their

effects on peanut plants. This study investigated the effect of individual and combined abiotic stresses on the peanut’s

physio-biochemical and metabolomic responses, elucidating their effect on the complex metabolic networks and pathways

and metabolite accumulation. In addition, multivariate correlation analysis of the physio-biochemical and metabolomic

parameters was used to understand the molecular mechanism of abiotic stress responses in peanut plants.

ROS are an integral part of plant sensing and signaling . Plants in unstressed environments maintain a delicate

balance between ROS production and scavenging, which are involved in cellular signaling. Exposure to abiotic stress

causes excess ROS production in plant cells, damaging cellular membranes . DAB (brown precipitate) and NBT (blue

precipitate) histochemical staining produce visible staining in leaf explants by reacting with accumulated peroxide and free

oxygen radicals, respectively . DAB staining of peanut leaves suggested that combined stresses such as S-H, S-D, D-

H, and S-D-H significantly induced higher peroxide radical formation than the individual stresses. Similarly, NBT staining

showed that free oxygen radicals accumulated significantly under S-D, S-C, D-H, S-D-H, and S-D-C stress compared to

the control and individual stresses. Thus, the combined stresses accumulated more ROS in peanut plants than the

individual stresses. Abiotic stresses cause lipid peroxidation of membranes leading to cellular membrane damage and

leakage . In Sesamum indicum cv. Orhangazi, salt stress significantly increased the lipid peroxidation . In contrast,

lipid peroxidation did not significantly change in the individual stress treatments. Interestingly, lipid peroxidation increased

in peanut under S-H and S-D-H stress, suggesting the presence of strong antioxidant machinery.

The antioxidative enzyme system of plants scavenges excess ROS and restores homeostasis. A study on peanut plants

reported that CAT activity in the leaf tissue decreased by up to 52% under drought stress compared to the control .

Similarly, in the study, the CAT activity decreased by 72% under drought stress, more so when combined with salt (S-D,

84%), heat (D-H, 85%), or salt and heat (S-D-H, 94%) stress. Similar results were reported for Hedychium plants, where

combined drought and heat stress decreased the CAT activity in leaf samples . In contrast, combined cold and drought

(D-C, 56%) and salt, drought, and cold (S-D-C, 48%) stress significantly increased CAT activity. Under salt stress, SOD

and APX activities decreased by 50–70% in peanut plants . In contrast, the SOD activity increased, and APX activity

remained stable under salt stress in the present study compared to the control. The different SOD and APX responses

may be related to differences in the genotype and stress duration; for example, 48 h stress with GG20 cultivar in this

study compared to 96 h stress with Luhua14 cultivar . The APX activity almost doubled under S-C and S-D-C stress.

Glutathione reductase (GR) activity increased significantly in green spurge (Euphorbia esula) under individual drought and

cold stresses compared to the control . In the study, the GR activity increased under all individual and combined

stresses, but more so for the combined stresses that included salt (S-C, S-H, S-D-H).

Plant biochemical constituents such as amino acids, polyphenol, sugars, and starch play important roles in osmotic

homeostasis, sensing and signaling, and growth during abiotic stress . The total soluble sugar concentration increased

in soybean leaves after long-term drought stress . Similarly, in peanut plants, the sugar and starch concentrations

increased under salt, drought, and S-D stress, perhaps acting as osmoprotectants and helping maintain turgor pressure

and membrane stability. In Arabidopsis, the accumulation of sugars, amino acids, and polyphenols under drought stress

drives ion and osmotic homeostasis . In peanut leaves, FAA concentrations increased in all individual and combined

stress treatments except for those that were related to cold stress, indicating that cold stress ameliorates the effect of

other concurrent abiotic stresses.
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Proline is a particularly important osmoprotectant for plant abiotic stress tolerance . Transgenic tobacco plants that

were overexpressing the proline biosynthesis gene pyrroline 5-carboxylate synthetase, had better drought, heat, and

drought-heat sequential stress tolerance than control plants, indicating the role of proline accumulation in abiotic stress

tolerance . The overexpression of proline-synthesizing genes or the exogenous application of proline enhanced the salt

tolerance in plants . In soybean plants, the overexpression of transcription factor GmDREB6 led to proline

accumulation and enhanced salinity tolerance . Likewise, proline concentrations, measured by calorimetry, significantly

increased under salt, S-H, D-H, S-D, and S-D-H stress, indicating its involvement in plant defense mechanisms against

abiotic stress. Especially, significantly more proline accumulated under S-D than individual salt or drought stress,

revealing the destructive nature of the combined stress.

In this study, the PCA biplot of metabolites showed that salt stress significantly increased the proline content in peanut

plants, confirming its importance for salt stress tolerance. Relatedly, the proline concentration increased in switchgrass by

overexpressing proline-synthesizing enzyme genes under multiple individual abiotic stresses such as salt, heat, drought,

and cold . Similarly, the PCA biplot shows that proline significantly correlated with D-H stress in this study, suggesting

that plants accumulate high proline content under heat and osmotic stress. Amino acid homeostasis plays an essential

role in the tolerance mechanism through protein synthesis or degradation . Individual stresses accumulated different

amino acids [cold (leucine and valine), drought (asparagine and isoleucine), and heat (glutamic acid and serine)].

Combined stresses that included salt stress (S-D and S-D-H) significantly correlated with isoleucine and tyrosine, whereas

D-H significantly correlated with proline, valine, threonine, tryptophan, and phenylalanine.

Polyphenols are a group of plant secondary metabolites with various functions, such as growth and regulation, abiotic

stress tolerance, UV-B radiation endurance, and color, sensory, and antioxidant properties . The total polyphenol

content and antioxidant activity in green barley increased under combined drought and light stress . Similarly, in peanut

plants, drought-related stresses (drought, S-D, D-H, S-D-H) increased the polyphenol content, more so for the combined

stresses.

Potato cultivars, Burbank and Unica, had low total chlorophyll concentrations after salt, drought, and combined salt and

drought stress . In contrast, salt stress did not affect the chlorophyll content of Suaeda fruticosa leaves . Similarly, in

peanut plants, only slight (insignificant) changes in pigment content occurred under the individual stresses; however,

significant increases occurred under the combined stresses (S-D, D-C, S-D-H, S-D-C). The strong antioxidant machinery

and improved osmotic homeostasis in peanut plants might have helped increase the pigment concentration under

combined stress. The leaf RWC decreased significantly under drought and D-H stress in two Himalayan plant species,

tagar-ganthoda (Valeriana jatamansi) and spiked ginger lily (Hedychium spicatum) . Likewise, in peanut plants, RWC

decreased significantly under drought stress, with additive effects that were observed under combined stresses that

included drought (S-D, D-H, and S-D-H). However, cold stress ameliorated the effect of drought, with only a slight

decrease in RWC under D-C and S-D-C stress. Electrolyte leakage of tall fescue (Festuca arundinacea) increased

significantly under individual salt, drought, and heat stresses . Surprisingly, in peanut, EL only increased in the

treatments containing heat stress (heat, S-H, D-H, and S-D-H), which may be due to the high membrane stability that was

observed in all the heat-treated plants, preventing EL from cells.

Plants change their metabolome to acclimatize to their surrounding environment. Small changes in environmental

parameters can trigger changes in metabolic pathways, leading to the synthesis, accumulation, or degradation of different

metabolites in cells. Combined stresses alter the metabolome of plants more than individual stresses. Analysis of the

effect of combined stress on the peanut metabolome using PCA biplots, pathway enrichment, heatmaps, PLS-DA, and

correlation analysis offered valuable insights into abiotic stress tolerance mechanisms.

The stress treatments significantly altered the TCA and urea cycles and their associated amino acid biosynthesis pathway

intermediates. The exogenous application of citric acid (TCA intermediate) increased abiotic stress tolerance by improving

ROS homeostasis, photosynthetic rates, and osmoregulation . In the study, citric acid concentration decreased in all

the stress treatments (individual and combined) except heat, whereas cis-aconitate concentration increased in most heat-

related stresses. These results indicate that citric acid was not formed from pyruvate or rapidly converted to cis-aconitate,

the next intermediate in the TCA cycle. Increasing the pyruvate concentration increased valine, leucine, and isoleucine

biosynthesis as the concentration of these amino acids increased under abiotic stress. Increased cis-aconitate leads to

increased GABA or 4-aminobutanoate concentrations, increasing the production of glutamic acid, glycine, and serine.

Recently, the role of urea cycle intermediates such as ornithine, aspartate, arginine, and citrulline was reported in plant

abiotic stress tolerance mechanisms . Engineered Arabidopsis overproducing ornithine showed enhanced

tolerance to salt and drought stress, which may be due to the increased ornithine producing arginine and aspartate,
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intermediates of proline biosynthesis . In contrast, the urea concentration decreased significantly in peanut plants

under all abiotic stress treatments except for drought and S-D, indicating reduced ornithine co-production. An Arabidopsis

mutant of arginine synthase had lower arginine concentrations leading to enhanced byproducts, such as polyamines, NO,

and citrulline, involved in abiotic stress tolerance . In peanut plants, the arginine precursor aspartate decreased under

most abiotic stresses, increasing the production of asparagine, phenylalanine, tyrosine, alanine, lysine, and proline.

Abiotic stresses significantly affected the plant metabolome by altering metabolic pathways. Pathway enrichment analysis

identified the most affected metabolic pathways in peanut plants under individual and combined abiotic stresses. Salt,

drought, and salt-drought stress differentially accumulated free amino acids in mangrove (Avicennia marina) . Likewise,

individual and combined abiotic stresses significantly affected amino acids, especially those in the valine, leucine, and

isoleucine biosynthesis pathways. Transcriptome analysis of Chinese cabbage (Brassica rapa) under drought stress

showed differential expression of transcription factors and acclimation response for glucosinolate metabolism .

Similarly, individual and combined stresses significantly affected glucosinolate metabolism in peanut plants. Galactose

metabolism led to the production of ascorbic acid, a strong antioxidant during abiotic stress. The manipulation of the

galactose metabolism pathway and the overproduction of ascorbic acid enhanced the abiotic stress tolerance in rice .

Peanut plants under abiotic stress also had an altered galactose metabolism pathway. Similarly, the sugar metabolism

pathway changes to provide abiotic stress tolerance . In peanut plants, the pathways related to sugar metabolism,

including pentose and glucuronate interconversion, C5 branched dibasic acid metabolism, and pantothenate and Co-A

biosynthesis pathways significantly changed to cope with abiotic stress. Drought stress enhanced indole alkaloid

biosynthesis in the medicinally important plant periwinkle (Catharanthus roseus var. rosea) . Similarly, indole alkaloid

biosynthesis increased in peanut plants, enhancing antioxidant activities during abiotic stress.
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