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Abiotic stresses, including drought, salinity, extreme temperatures, and nutrient 
deficiencies, pose significant challenges to global agriculture, threatening food 
security and crop productivity. The metabolome, encompassing the complete set 
of metabolites within an organism, plays a pivotal role in plant responses to such 
stresses. Metabolomics, the large-scale study of metabolites, provides insights into 
the biochemical pathways and mechanisms underlying stress tolerance. Plants 
deploy complex metabolic reprogramming to mitigate stress effects, involving 
osmoprotectants, antioxidants, phytohormones, and secondary metabolites. For 
instance, compounds like proline, glycine betaine, and sugars act as osmolytes 
to maintain cellular homeostasis, while antioxidants such as ascorbate and 
glutathione mitigate oxidative damage. Stress-responsive phytohormones like 
abscisic acid (ABA) regulate stomatal closure and activate downstream signaling 
pathways. Furthermore, secondary metabolites, including flavonoids and alkaloids, 
contribute to stress resistance by modulating growth and defense. Advancements 
in metabolomics technologies, such as mass spectrometry and nuclear magnetic 
resonance, enable comprehensive profiling of stress-induced metabolites, offering 
opportunities to identify key biomarkers and pathways. These insights facilitate 
targeted breeding and biotechnological interventions to develop stress-resilient 
crops. Integrating metabolomics with genomics, transcriptomics, and proteomics 
can provide a holistic understanding of stress tolerance mechanisms, paving the 
way for sustainable agricultural practices. This study underscores the critical role 
of the metabolome in enhancing crop resilience to abiotic stress and highlights the 
potential of metabolomics in addressing global agricultural challenges through 
precision breeding and metabolic engineering.

Corresponding author: srivastavahort@yahoo.com (Dr. A.K. Srivastava)

Keyword: Abiotic stress, metabolo-
mics, phytohormones, proteom-
ics, stress tolerance

doi:10.48165/ijah.2024.6.1.2

Introduction

The most advanced “omics” study to describe the metabolic 
profile of living things is metabolomics (Dubery et al., 

2013). The metabolome, is a last downstream output of 
the genome, that is made up of many tiny molecules with 
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molecular masses under 2000 Da that vary greatly in terms 
of their structure and chemical makeup. Detection followed 
by identification, and measurement of every molecule (or 
subset) in biological samples is known as metabolomics 
(Kumar et al., 2016). According to Kosmides et al. (2013) 
metabolomics investigations can identify metabolites 
from exogenous sources including medications and diets 
in addition to endogenous metabolites. Accordingly, 
metabolomics includes a wide range of small molecules or 
metabolic intermediates, including organic acids, ketones, 
aldehydes, amines, steroids, amino acids, peptides, lipids, 
nucleic acids, carbohydrate, vitamins, hormones, signaling 
molecules, and secondary metabolites like flavonoids and 
polyphenols (Collino et al., 2013). 
Metabolomics is a broad word that refers to the comprehensive 
qualitative and quantitative investigation of the metabolites 
found in living things under specific environmental 
conditions (Freund and Hegeman, 2017). Metabolomics 
reproduces more detailed information on the biological 
regulatory mechanisms than transcriptomics and proteomics 
(Dos Santos et al., 2017). The study of metabolic profiling 
of higher plants for the clarification of their stress tolerance 
mechanisms has benefited greatly from the development of 
several metabolomics techniques, such as nuclear magnetic 
resonance (NMR) spectroscopy and mass spectrometry (MS). 
Over the past fifteen years, various metabolomics techniques 
have been applied to the study of plants and how they interact 
with their surroundings. In order to reduce agricultural 
losses brought on by imposed stresses, metabolic reactions 
of plants to different stresses are becoming more and more 
significant. Numerous reports about focused studies looking 
at metabolites at the level of a specific metabolic pathway have 
been published. These investigations laid the groundwork for 
more extensive study conducted over the past 20 years. In 
plant science, metabolomics is becoming more and more 
significant for improving plant quality, finding essential 
natural compounds, and above all evaluating how different 
abiotic stresses affect a plant’s physiology and growth (Genga 
et al., 2011). The rapidly developing field of metabolomics 
aids in plant phenotyping, which may help to improve the 
crop plants’ nutritional value (Alla et al., 2012).  
Plant metabolomics is a powerful tool that can be applied 
in a variety of fields, including fingerprinting of genotypes 
and ecotypes, comparing mutants with their wild types, 
determining the activity of bioactive compounds of 
medicinal plants, and the effects of the environment on 
plant physiology. This is because plants contain a remarkably 
diverse range of metabolites when compared to animals 
(Wolfender et al., 2013). A variety of metabolites are produced 
by plants, some of which are necessary for normal metabolic 
functions including respiration and photosynthesis (primary 
metabolites) or for environmental survival (secondary 
metabolites). Although secondary metabolites are not 
necessary for plant growth, development, or reproduction, 

they are critical for plant survival and fecundity, particularly 
for defense and signaling (Wolfender et al., 2013). The number 
of metabolites in plants is so high that it is estimated that 
there are 2,00,000 metabolites in total, of which 7000–15,000 
are found in each species and approximately 3000–5000 are 
found in leaves (Kim et al., 2010). Over the past 20 years, 
plant metabolomics has advanced to a promising concept 
and been cleverly applied in the fields of plant biotechnology 
and physiology (Cusido et al., 2014).
Plant science has effectively used metabolomics techniques 
like NMR, capillary electrophoresis-mass spectrometry 
(CE-MS), direct injection mass spectrometry (DIMS), 
high-performance liquid chromatography (HPLC) with 
photodiode array detection, thin layer chromatography 
with ultraviolet (UV) detection, and mass spectrometry 
(MS) in conjunction with gas chromatography (GC) or 
liquid chromatography (LC) (Wolfender et al., 2013). Plant 
metabolomics is commonly studied using GC-MS, LC-
MS, DIMS, and NMR, among other techniques. The great 
sensitivity and resolution of MS make it superior to NMR. 
Prior to being passed via the mass analyzers, the analytes 
in MS are first ionized. Numerous ionization methods 
exist, including matrix-assisted laser desorption/ionization 
(MALDI), rapid atom bombardment, electrospray ionization 
(ESI), atmospheric pressure chemical ionization, and 
electron impact ionization (EI). Targeted and nontargeted 
metabolomics are two types of metabolic techniques that can 
be used to research the many metabolites found in plants. 
According to Li et al. (2014), targeted metabolomics is 
thought to be the most promising method for measuring a 
subset of metabolites that have been chemically described 
and interpreted. Because various isomeric forms of the same 
metabolite exist and cannot be distinguished based alone 
on their m/z ratio, it is challenging to identify the hundreds 
of metabolites that are found in untargeted metabolomics. 
Stress encounters greatly increase the quantity and 
concentration of metabolites that are typically generated 
in plants. Understanding the up and down regulation of 
metabolites is crucial for understanding how plants react 
to stress. Nonetheless, researches has put forward how the 
plants’ metabolism responded to particular abiotic stressors, 
such as salinity (Chandna et al., 2013), heat (Bokszczanin 
and Fragkostefanakis, 2013), drought (Seki et al., 2007), or 
heavy metal stress (Sytar et al., 2013).

Metabolomics profiling of drought 
stress

One of the most harmful stresses to plants is drought, 
especially in areas where plants are irrigated by rain, which 
causes significant alterations in metabolism. When there is 
a shortage of water, physiological changes tend to increase 
water intake and decrease water loss, which has an impact 
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on metabolism. As a result, among biological reactions, 
osmoregulators which include sugars, polyamines, alcohols, 
and amino acids, particularly proline accumulate to maintain 
cell turgor (Chaves et al., 2003). Therefore, a number of 
metabolomics investigations into drought stress and proline 
buildup in dehydrated leaves have been conducted in leaf 
tissues, frequent proline buildup has been documented in a 
wide range of plants under conditions such as high salinity, 
heavy metals, and cold temperatures that might result in 
poor water availability (Hochberg et al., 2013). Most of 
the metabolomics investigations were conducted on aerial 
components or primarily leaves. The metabolomics level of 
dehydration in Arabidopsis thaliana L. has been thoroughly 
investigated. ABA is formed during dehydration, and the 
species’ aerial portion collected polyamines and amino acids 
in an ABA-dependent way. Raffinose was also produced 
without the help of this hormone (Urano et al., 2009). Reactive 
oxygen species (ROS) are induced by drought stress and 
comprise free radicals (superoxide radicals, alkoxy radicals, 
and hydroxyl radicals) as well as non-radicals (singlet 
oxygen and  peroxide of hydrogen) (Anjum et al., 2017). 
These are extremely reactive and poisonous substances that 
harm proteins, carbohydrates, lipids, and DNA, disrupting 
cellular equilibrium. According to Davis et al. (2014) it has 
an impact on the plant’s height, canopy, root development, 
and leaf area index. Terpenes, other cyanogenic glucosides, 
and other volatile components are essential for preventing 
adverse environmental effects in certain crop plants. Seasonal 
variations and drought specifically cause these chemicals to 
release (Griesser et al., 2015). In salvia plants, diterpene 
provides drought tolerance by inducing the ROS scavenging 
system (Munn´e-Bosch et al., 2001).
A. thaliana aerial portions also acquired flavonols and 
anthocyanins during water shortage, which may suggest 
that these chemicals help mitigate drought stress in addition 
to those biomarkers of drought stress. Drought stress has a 
greater effect on leaves than on other plant parts (Kang et 
al., 2019). Analysis of the effects of relative humidity in apple 
plants revealed that terpenes including α-pinene, camphene, 
β-pinene, limonene, β-caryophyllene, and (E, E)-α-
farnesene are released when relative humidity is low (Vallat 
et al., 2005). Two MYB transcription factors, MdMYB88 and 
MdMYB124, control lignin deposition in apple xylem during 
drought by influencing MdMYB46, another regulator (Geng 
et al., 2018).
It was discovered that the phytoalexin content of drought-
tolerant grapes rose during drought, which further promotes 
resistance to biotic stress (Hatmi et al., 2015).  The impact of 
water stress on the metabolome depends on the genotype, 
while several metabolite contents in the leaves of the two 
wine cultivars (Shiraz and Cabernet Sauvignon) showed 
similar changes, the cv. Shiraz had more metabolites and 
less altered stomatal regulation than the other cultivar. In 
both cultivars, glycerate and galactonate dropped whereas 

nicotinate was the only organic acid to increase. Additionally, 
the phenylpropanoid pathway was altered in both genotypes, 
and specific amino acids (the drought stress-associated 
proline, as well as threonine, tryptophan, valine, leucine, and 
phenylalanine) were markedly elevated. Glutamate, however, 
rose in Shiraz and fell in Cabernet Sauvignon (Hochberg et 
al., 2013). 
Particularly drought-susceptible (DS) and drought-tolerant 
(DT) cultivars’ responses to stress have been characterized 
thanks to metabolomics methods, which have also made it 
possible to find possible biomarkers associated with this kind 
of stress (Guo et al., 2020). Asparagine, methionine, and 
γ-aminobutyric acid (GABA) all markedly elevated in DT but 
not in DS. Glycolic, malonic, glucoheptonic, and galactonic 
acids were among the organic acids that dramatically 
rose in DT. In DT, there was a notable accumulation of 
unsaturated fatty acids, such as linolenic and linoleic 
acids. Furthermore, there was a notable accumulation of 
secondary antioxidant metabolites in DT, such as fluorine 
and 5-methoxytryptamine. Additionally, DT showed a 
considerable rise in phenolic chemicals (ferulic acid, salicylic 
acid, and 4-hydroxycinnamic acid) and aromatic amino 
acids (phenylalanine). Both DT and DS cultivars showed 
a considerable rise in other metabolites, such as glucose-
1-phosphate, D-fructose 1, 6-bisphosphate, pyruvic acid, 
D-glyceric acid, oxalic acid, and 2-methylfumarate. Similarly, 
amino acids, including proline, glycine, serine, valine, beta-
alanine, threonine and isoleucine, accumulated considerably 
in both DT and DS. 
Metabolomics methods have also been used to study the 
temporal dynamics of metabolite reprograming of DT and 
DS cultivars under drought stress. The degree of osmotic 
adjustment and the type of organic solutes that accumulate 
may also be impacted by the type of drought (acute vs. 
cyclic), as well as its frequency and intensity. Furthermore, it 
was discovered that the phytoalexin deficient4 (PAD4) gene, 
which is associated to phytoalexin production, plays a role in 
both drought tolerance and biotic interactions (Szechynska-
Hebda et al., 2016). While the levels of TCA-cycle metabolites 
(malate, succinate, alpha-ketoglutarate, and citrate) were 
greatly reduced, those of glycolysis intermediates (pyruvate, 
glucose, and dihydroxyacetone phosphate) were drastically 
lowered as well. 
The production of phenylalanine, tryptophan, tyrosine, 
isoleucine, and alanine may be impacted by a decrease in 
pyruvate. However, the TCA cycle metabolite oxaloacetate 
and its amino-acidic byproducts lysine and methionine also 
dropped. Likewise, temperature stress led to a decrease in 
sugar alcohols including galactitol and mannitol. Drought 
reduces the output of monoterpenes in spearmint and 
rosemary (Delfine et al., 2005).
Zhang et al. (2014) found that drought in potatoes caused 
transcriptional alterations linked to the manufacture 
of terpene and flavonoids. By changing their metabolic 
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pathways, arbuscular mycorrhization (AM) gives plants the 
ability to withstand abiotic stress and produce protective 
SMs. When tomato plants experience drought stress brought 
on by AM, terpenes and other non-volatile isoprenoids 
including ABA, chlorophylls, and carotenoids are essential 
(Asensio et al., 2012; Shrivastava et al., 2015). Drought causes 
biochemical alterations in terpinene in cumin. Additionally, 
phenyl-1,2-ethanediol is converted to cumin aldehyde 
by water constraint, which may have defensive effects 
(Rebey et al., 2012). Monoterpenes, glucosides, terpenoids, 
carotenoids, and other volatile organic compounds (VOCs) 
released during drought in grapes and rosemary were linked 
to the prevention of drought damage (Liu et al., 2014). 
Genes such as flavonone-3-hydroxylase, flavonol synthase, 
and β-carotene hydroxylase-1, which are crucial for the 
manufacture of flavonoids, carotenoids, and other phenolic 
compounds, were stimulated at the transcript level in potatoes 
under drought stress. Drought resistance in potato cultivars 
is influenced by the expression level of these genes (Fan et al., 
2008; Andr´e et al., 2009). Remarkably, it was discovered that 
tea cultivars that could withstand drought had higher levels 
of the metabolites glycine, asparagine, valine, isoleucine, 
proline, and leucine than cultivars that could not withstand 
drought. Additionally, it is known that a number of amino 
acids function as osmolytes in cultivars that can withstand 
drought (Shi and Chan, 2014).

Metabolomics profiling of heavy metals 
stress

Heavy metals are defined as those with densities more 
than 5 gcm−3. Fifty-three of the elements found in nature 
are classified as heavy metals. Because they are soluble 
under physiological conditions, 17 of the discovered heavy 
metals are accessible to living cells and are vital to both the 
environment and living things. Because they are toxic to 
living organisms at higher concentrations, several metals, 
such as Cu, Ni, Zn, Co, Cr, V, and W, are classified as trace 
elements. Other metals, such as Hg, Ag, Sb, As, Cd, and Pb, 
seem to be fatal to plants even though they have no direct 
role in plant physiology or metabolism (Nazar et al., 2012). 
The form in which heavy metals are found in soil is one of the 
important variables that contributes to their toxicity. 
The growth and physiology of various plant species are more 
adversely affected by metals that are present in soluble and bio 
exchangeable forms, which also have higher bioavailability. 
Because they play a major role in vital biological processes, 
metals like iron, manganese, and copper are necessary for 
plants in one way or another. In both plants and animals, 
Fe, Mn, Cu, Mn, and Ni serve as cofactors for the enzymes. 
Heavy metals are created by the pedogenic and decaying 
processes of rocks and are classified based on their content 
in soil. In addition to natural processes, industrialization, 

fast population growth, the generation of anthropogenic 
biosolids, and agrochemical wastes raise the risk of heavy 
metal contamination of soil (Kashem et al., 2009).  Because 
heavy metals interfere with the soil’s ability to absorb 
vital mineral nutrients, they negatively impact a plant’s 
metabolism, development, and reproduction. 
Cadmium is the most significant heavy metal in terms of its 
catastrophic effects since it is more soluble and mobile in soil 
than other heavy metals. Plants require complex physiological 
and biochemical coordination, protein structure alterations, 
and metabolite profile variations for proper signaling and 
stress tolerance in order to withstand the stress caused by 
heavy metals. Changes in the accumulation of carbohydrates 
in leaf tissues can be used to measure the impacts of heavy 
metals (Manivasagaperumal et al., 2011). 
Additionally, Pb poisoning reduces the 
mobilization of stored meals, which results in  
suppression of germination and seedling development due to 
a decrease in radical production, deterioration of proteolytic 
activities, and disturbance of cellular osmoregulation 
(Cokkizgin and Cokkizgin, 2015). Furthermore Because of its 
detrimental effects on chlorophyll production, transpiration, 
root growth, and cell division, lead not only slows down seed 
germination but is also associated with poor seedling growth 
(Jiang and Liu, 2010). In a study by Nouri et al. (2013), 
tomato plants were exposed to different concentrations 
of lead in contaminated soil. The results showed several 
negative impacts on plant growth and development such as 
reduced germination rate, stunted growth, chlorosis and leaf 
damage, altered nutrient uptake. 
Proline builds up significantly under heavy metal stress and 
may play a significant part in osmotic adjustment, enzyme 
structure and function stability, organelle and cellular 
biomolecule stabilization (Ahmad et al., 2011). Nonetheless, 
a reduction in proline concentration has been noted in 
hydrophytes such as Ceratophyllum, Wolffia, and Hydrilla in 
response to Cd exposures (Dhir et al., 2004). Because they 
may neutralize ROS by giving electrons to hydrogen atoms, 
phenolic substances found in plants, such as flavonoids and 
lignin, are crucial in the fight against metal stress tolerance. 
The phytophenolics have the ability to detoxify H2O2 produced 
in reaction to heavy metal stress by acting as antioxidants. 
Furthermore, under specific stressors, phytophenolics also 
function as pro-oxidants. According to reports, many plants 
treated with high amounts of Cd have higher phenolic acid 
contents (Sytar et al., 2013). Phytochelatins are cysteine-
rich polypeptides that aid in metal chelation and are both 
heavy metal-inducible and heavy metal-binding. Heavy 
metal accumulation and phytochelatin synthesis have been 
found to positively correlate in a number of investigations. 
The phytochelatins are thiolic peptides that are produced 
primarily from glutamate, cysteine, and glycine by the heavy 
metal-activated enzyme phytochelatin synthase. These 
peptides then form complexes with the harmful metal ions 
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and are then carried to the vacuole (Komal et al., 2014). 
phytohormones such as auxin, cytokinin, and gibberellin 
can reduce the symptoms of stress By lowering heavy 
metal absorption and reestablishing growth and primary 
metabolite levels (Piotrowska-Niczyporuk et al., 2012). 
The antioxidant capacity of plants developing under 
heavy metal stress is increased by phytohormones, which 
also increase the levels of nonenzymatic antioxidants 
like glutathione and ascorbate and the activities of 
antioxidative enzymes. An essential component of the signal 
transduction cascade that starts the plant stress response are 
phytohormones. 

Metabolomics profiling of salinity stress

Worldwide, salinity is a common abiotic stressor that has 
a negative impact on crop plant yield (Negrao et al., 2017). 
Excessive salinity results in ion toxicity and reduced nutrient 
uptake, osmotic imbalance, and metabolic disorders that 
disrupt a variety of physiological processes and slow down 
the plants’ overall growth (Meng et al., 2016). Plants react 
to these negative impacts by altering the metabolite pool, 
hormone balance, and gene expression at the cellular level. 
A plant that is under stress uses less energy than it would 
otherwise. Alongside the shifts in the concentrations of 
Alteration of metabolites, including transcriptome and 
proteome, is also thought to be an adaptation mechanism 
used by plants. The rise in the cellular accumulation of 
suitable solutes, which comprises a variety of soluble and 
neutral organic molecules, is the metabolic reaction that can 
be best explained. In order to balance the buildup of Na+ 
in the vacuoles and extracellular spaces, the accumulation of 
suitable solutes can help lower the cytoplasm’s water potential. 
Three interconnected factors are crucial to establishing 
tolerance: (1) prevention of damage, (2) restoration of 
homeostatic conditions under stress, and (3) potential slower 
growth (Sobhanian et al., 2010). 
Osmoprotectants, ROS scavengers, and/or metabolites 
involved in energy metabolism are among the metabolites 
whose levels are changed by salinity.  Salinity exposure 
affects the synthesis, storage, and transportation of a variety 
of primary and secondary metabolites (Fraire-Velazquez and 
Emmanuel, 2013). While the alterations in the metabolome as 
a whole in reaction to abiotic stressors have not yet been fully 
understood, the metabolic changes in response to salt are well 
characterized (Widodo et al., 2009). Because these metabolic 
and regulatory pathways are more negatively impacted by 
salinity, metabolites that serve as a foundation for plants to 
develop stress tolerance can be categorized as the metabolites 
of various metabolic and regulatory pathways, such as 
photosynthesis, amino acid biosynthesis, ROS scavengers, 
and the tricarboxylic acid cycle (TCA cycle). Upon exposure 
to stress conditions like salinity, photosynthesis is the most 

affected physiological process. 
The plants’ capacity to photosynthesize is reduced in high-
salinity environments because there are fewer raw materials 
available as a result of the roots’ diminished ability to absorb 
minerals and water (Grewal, 2010). Furthermore, the closing 
of stomata may be the cause of the decrease in photosynthesis 
since it lowers stomatal conductance, which in turn lowers 
the rate at which CO2 diffuses. A decrease in transpiration 
rate may also be interpreted as a plant adaptation to lessen the 
amount of salt that is mobilized to the leaf tissues (Wu et al., 
2013). Significant accumulation of 3-PGA signifies enhanced 
Calvin cycle under high salinity (Wu et al., 2013) The two 
most crucial Calvin cycle enzymes, phosphoribulokinase 
and sedoheptulose-1, 7-bisphosphatase, are in charge of 
controlling the cycle throughout the dark/light transition. 
The metabolites produced by the activities of these 
enzymes accumulate when they are upregulated in saline 
environments. 
Salinity stress in sugar beet led to a rise in the amount of 
sugars and sugar derivatives, including trehalose, xylose, 
mannose, arabinose, inositol, and sucrose  (Hossain et al., 
2017).Trehalose, which may play a significant role in shielding 
photosynthetic proteins from this stressor combination, was 
particularly accumulated by tomato plants exposed to a 
combination of heat and salinity (Rivero et al., 2014). High 
salinity also negatively impacts energy metabolism processes 
like respiration and carbohydrate metabolism in addition to 
photosynthesis. In order to combat osmotic stress brought 
on by salt, plants have been shown to accumulate a variety of 
soluble carbohydrates, including sucrose, hexoses, raffinose, 
trehalose, mannobiose, and sugar alcohols. As sources of 
carbon and energy for the cells, soluble carbohydrates are 
essential to plant metabolism. Salt stress changes the amounts 
of soluble carbohydrates since the carbohydrate content 
is linked to several vital physiological functions, including 
respiration and photosynthesis. In addition to helping with 
turgor preservation, cell membrane stabilization against 
ROS effects, and protein breakdown prevention under 
stress, soluble sugars also function as osmoprotectants under 
osmotic stress (Lu et al., 2013). 
The most crucial metabolites needed by plants exposed to 
saline environments are amino acids, which balance their 
cellular osmotic concentration and scavenge reactive oxygen 
species. According to reports, high salinity conditions raise 
the amounts of certain amino acids (Zhao et al., 2014). 
Plants’ ability to withstand salt is measured by amino acids 
such valine, leucine, and threonine (Sanchez et al., 2008). 
Many plants exposed to high salinity exhibit a decrease 
in the quantity of arginine, methionine, and cysteine the 
main components of total free amino acids. Following the 
commencement of salinity stress, plants accumulate proline 
as an adaptation mechanism (Kumari et al., 2015). As an 
osmolyte and a scavenger of ROS, proline is an essential 
amino acid that builds up during salinity stress and shields 
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cells from harm caused by the salt. Additionally, proline 
serves as a molecular chaperone to preserve the stability and 
integrity of enzymes. In addition to altering the GABA shunt 
and causing the accumulation of different osmolytes like 
proline, prolonged salinity with high salt dosage also caused 
shikimate-mediated secondary metabolisms with elevated 
levels of aromatic amino acids like tyrosine, tryptophan, and 
phenylalanine (Zhang et al., 2011). 
When plants are under stress, ABA serves as a vital 
transmitter to keep their water status stable. ABA is carried 
throughout the plants and accumulates in the tissues of the 
roots and leaves as a result of salinity stress. However, the 
pH of the xylem/apoplast affects ABA compartmentation, 
which in turn controls how much ABA the stomata receive. 
Thus, in stressful situations, ABA affects stomatal opening 
and shutting, regulating transpirational water loss. The 
generation of H2O2, an intermediary signal for stomatal 
closure, and the amount of Ca2+ in the guard cell’s cytoplasm 
are linked to ABA-induced stomatal closure under salinity 
(Kim and Wang, 2010).

Metabolomics profiling of cold stress
                                                                                                                                               
Cold stress is one of the main elements that determines how 
plants are organized and how they turn out. It includes both 
high and low temperature shocks and is thought to be the 
main abiotic stressor for seedlings (Awasthi et al., 2015). 
Plant scientists are interested in temperature stress because of 
climate change, which has a negative impact on agricultural 
output globally. (Hasanuzzaman et al., 2013). Important 
physiological processes, such as the equilibrium between 
primary and secondary metabolites and hormones, or the 
link between water and membrane consistency, respiration, 
and photosynthesis, can be harmed by temperature increases 
Hemantaranjan, 2014). There is ultimately minimal 
economic gain as a result of the created disruptions, which 
hinder metabolic development and reduce plant growth and 
development.
For instance, amino acids are crucial for the production 
of various proteins, polyamines, phenylpropanoids, 
glucosinolates, auxins, and indole alkaloids during cold stress, 
as well as for N fixation into glutamine (Hildebrandt, 2018). 
Polyamines play a key role in protecting plants under cold 
stress. They are involved in stabilizing membrane structures 
and mitigating oxidative damage, especially in the case of 
freezing temperatures (Székvári, 2011). This amino acid 
accumulates in plants during stress, including cold stress. It 
acts as an osmoprotectant by stabilizing proteins and cellular 
structures, preventing cellular dehydration and oxidative 
damage. Proline accumulation is commonly observed in 
many horticultural crops like tomatoes and peppers (Naylor 
and Morgan, 1974). 
Raffinose was found to be a potential biomarker of cold 
tolerance in Arabidopsis (Korn et al., 2010). Even though 

ecotypes influence the overall reaction. The majority of this 
species’ heat shock metabolite reactions, including increases 
in amino acids derived from pyruvate and the TCA-cycle, 
were similar to those brought on by cold (Kaplan et al., 2004). 
With global temperatures rising heat is a significant abiotic 
stressor that consistently affects crops in many nations. It 
appears that low-temperature-activated signaling triggers 
modifications in cold-regulated gene expression, which 
contribute to the active reconfiguration of the metabolome.

 

The ongoing development of cultivars that can withstand 
environmental disturbances and generate higher-quality 
and more abundant product is required because of the 
growing need for food and fodder. Breeding techniques 
that are quicker, more accurate, and less expensive are  
necessary in modern agriculture to increase crop quality and 
yields (Khakimov et al., 2014). This calls for the creation of 
biomarkers to assess the quality of finished goods, genetic 
modification, and high-throughput analytical methods 
such as metabolomics for crop breeding to increase crop 
yields under stress.There are numerous benefits of using 
metabolites as a primary plant phenotype. A valuable 
technique for examining relationships between phenotypes 
and QTLs, mQTLs, and Whole Genome Association Studies 
(GWAS) that use mQTL (mGWAS) to identify and assess 
changes in metabolic adaption under different stressors in 
metabolomics (Templer et al., 2017). 
Metabolite profiling’s ability to identify mQTLs and mGWAS 
has improved metabolomics’ standing in metabolic marker-
assisted plant breeding. Numerous mQTLs and mGWAS 
have discovered a correlation between metabolic content 
and genomic area in a number of crop species. Phytate in 
mustard, secondary metabolite composition in rice, vitamin 
A content, starch content, lignocellulosic biomass quality, and 
carotenoids in tomatoes, kernel composition, and multi-traits 
in sugar beets are a few examples. Utilizing mQTL/mGWAS 
to identify tomato fruit size, flavor, color, and nutrient 
content has demonstrated that the metabolomics approach 
is a practical method or instrument for understanding 
how plants respond to different environmental stressors. 
As a result, the findings helped breeders to increase crop 
resistance for several environmental stressors. Therefore, the 
accuracy and effectiveness of plant breeding are significantly 
improved by metabolically assisted varietal development 
(Christ et al., 2018; Hill et al., 2015). 
Finding metabolic biomarkers for particular environmental 
conditions or plant growth stages may result from a thorough 
analysis of metabolites associated with plant growth and 
development as well as responsiveness to various stress 
situations. Nonetheless, the identification of metabolic 

Metabolomics mediated crop 
 improvement
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biomarkers requires the extensive application of univariate 
in addition to multivariate data analysis of metabolic data. 
To identify a group of biomarkers to distinct developmental 
stages and their function during pest interaction, GC-MS-
based non-targeted metabolic profiling has been used in rice 
(Agarrwal et al., 2014). Throughout all of their developmental 
stages, tomato flesh and seeds showed altered metabolic 
makeup, which was useful for breeding actions that targeted 
particular stages. sugars, Fatty acids, organic acids and amino 
acids, were the main biomarker sets identified by the salinity 
stress adaptive metabolites of both wild and farmed soybeans 
(Li et al., 2019).
Finding metabolite indicators that are unique to stages 
and stress will aid in crop breeding efforts by providing 
a focused approach. Additionally, new insights on gene 
annotation are produced by combining data from genomics 
and metabolomics. Finding the genetic regions controlling 
the amount and quality of metabolites has been made easier 
with the use of the integrated omics method (Abdelrahman 
et al., 2019).

Conclusion 

The metabolome plays a pivotal role in enhancing crop 
resilience to abiotic stress by providing insights into the 
biochemical and physiological responses plants deploy 
to survive adverse conditions. Key metabolites, such as 
osmoprotectants, antioxidants, and secondary metabolites, 
act as defense agents, helping plants mitigate damage 
caused by stressors like drought, salinity, heat, and nutrient 
imbalances. These molecules contribute to maintaining 
cellular homeostasis, protecting macromolecules, and 
sustaining metabolic flux under stress conditions. By 
integrating metabolomics with advanced breeding and 
biotechnological approaches, researchers can identify stress-
resilient crop varieties. Tools such as genome-wide association 
studies (GWAS) and gene editing technologies like CRISPR-
Cas9 can be leveraged to enhance or engineer metabolic 
pathways linked to resilience. Furthermore, metabolomics 
aids in understanding the dynamic interactions between 
plants and their environment, enabling the development 
of more targeted and sustainable agricultural practices. In 
summary, the metabolome serves as both a diagnostic tool 
and a functional component in building crop resilience. Its 
study not only deepens our understanding of plant stress 
physiology but also opens avenues for developing climate-
resilient crops, which are essential for global food security in 
the face of environmental challenges.
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