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I. ABSTRACT 

The study of secondary metabolic pathways in Arabidopsis thalianaprovides critical insights into how plants respond to abiotic 

stressesfor instance drought, extreme temperatures, andsalinity. Secondary metabolites involving phenolics, terpenoids, 

glucosinolates, and alkaloids, are crucial for plant defense and adaptation. These compounds are synthesized through well-defined 

biosynthetic pathways and are regulated by complex genetic and molecular mechanisms involving key genes, enzymes, and 

transcription factors. Abiotic stresses induce specific changes in these pathways, enhancing the construction of secondary metabolites 

that defend against, ion toxicity,oxidative damage, and other stress-related challenges. Mechanisms underlying these stress responses 

involve signal transduction pathways such as MAPK and ROS signaling and exhibit cross-talk between primary and secondary 

metabolism. Consolidative approaches merging genomics, metabolomics, and proteomics along with systems biology, are essential 

for understanding the complex regulatory networks governing these pathways. Additionally, exploring lesser-known secondary 

metabolites and pathways holds potential for discovering new compounds with significant applications in agriculture and 

biotechnology. This review highlights the significance of secondary metabolites during abiotic stress, summarizing key pathways and 

regulatory mechanisms, and discusses future research directions aimed at advancing our understanding and application of plant 

secondary metabolism. The knowledge gained from such research will be instrumental in developing stress-tolerant crops, enhancing 

to agricultural sustainability and food security amid changing environmental conditions. 
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II. INTRODUCTION 

Plants, being stationary organisms, are constantly subjected to a myriad of environmental stresses that pose significant challenges to 

their growth, development, and overall vitality(Duque et al., 2013). Among these stressors, abiotic factors including drought, salinity, 

severe temperatures, and extreme metal toxicity are particularly detrimental, leading to substantial agricultural losses worldwide and 

threatening global food security(Kumar, 2020). In response to these adverse conditions, plants have developed a sophisticated array of 

physiological, biochemical, and molecular methods to detect, signal, and adjust to their altering environment(Huang & Gupta, 2014). 

Arabidopsis thaliana,a diminutive flowering plant in the Brassicaceae family(Naser A. Anjum et al., 2012), has emerged as a premier 

model organism for studying plant biology due to its short life cycle, small genome size, genetic tractability, and amenability to 
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laboratory cultivation(Saye et al., 2021). Over the past few decades, research efforts focused on Arabidopsis have yielded invaluable 

insights into various aspects of plant biology, including stress responses, development, metabolism, and molecular genetics(Jyoti 

Prakash Sahoo et al., 2020). Leveraging the power of this model system, researchers have made significant strides in unraveling the 

intricate networks that govern plant stress responses, with a particular emphasis on secondary metabolic pathways(Wolf-Rüdiger et 

al., 2004). 

Secondary metabolites, a miscellaneous group of organic compounds yielded by plants, are not directly implied in primary metabolic 

activities essential for growth (Crozier et al., 2006). Instead, they serve a myriad of specialized functions, including defense against 

herbivores and pathogens, luring pollinators, allelopathy, and response to abiotic stresses(Babalola et al., 2020). The biogenesis and 

stock of secondary metabolites in plants are tightly regulated processes orchestrated by a complex interplay of genetic, biochemical, 

and environmental factors(Mohini Kajla et al., 2023). 

Under abiotic stress conditions, in Arabidopsis thalianathe production and accumulation of secondary metabolites undergo dynamic 

changes as part of the plant's adaptive response to environmental disputes(Amit Kumar et al., 2019). These stress-induced alterations 

in secondary metabolism are mediated by intricate signaling networks and transcriptional reprogramming, ultimately culminating in 

the activation of stress-responsive genes and metabolic pathways(Das DR et al., 2023). Recent advances in advanced omics 

technologies, such as genomics, proteomics,transcriptomics, and metabolomics, have revolutionized our ability to dissect the 

molecular mechanisms underlying stress-induced changes in secondary metabolism(Naik Bet al., 2023).RNA sequencing, a Next 

Generation Sequencing (NGS) technique, measures the presence and quantity of RNA in a biological sample. This powerful tool 

analyzes the dynamic cellular transcriptome, essential for interpreting genome functions and understanding molecular constituents of 

cells and tissues. RNA sequencing examines and quantifies the transcriptome, offering a comprehensive and quantitative view of gene 

expression in specific samples. It helps discover differentially expressed genes, new transcripts, and alternative splicing events, 

enhancing our understanding of biological processes and disease mechanisms(S. Deshpandeet al., 2020). 

Next-Generation Sequencing (NGS) to examine the genetic responses of Arabidopsis thaliana under controlled stress conditions. 

Building on Isah et al.'s findings that plants produce secondary metabolites (SMs) essential for physiological processes, recent studies 

have linked stress and defense signaling to SM synthesis.The construction of secondary metabolites varies by species, genotype, 

physiology, developmental stage, and environmental conditions. Different plant taxa adopt specific physiological adaptations to cope 

with stress and defensive stimuli. There has been increased interest in how abiotic factors influence secondary metabolism in plants, 

both in vitro and in vivo. Advances in molecular biology have shed light on the signaling mechanisms and pathways involved in SM 

synthesis, from the subcellular level to the whole plant. This understanding is crucial for metabolic engineering projects aimed at 

boosting the production of specific secondary metabolites with desired properties(Sabriet al., 2015)(Isah, 2019). 
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Figure 1:RNA-seq processing pipeline employed for generating data on Expression. 

This review aims to provide a comprehensive synthesis of current knowledge on the secondary metabolic biosynthetic pathways in 

Arabidopsis thaliana during abiotic stress. By integrating findings from recent studies, we will elucidate the molecular and genetic 

mechanisms underlying the regulation of secondary metabolite production in response to various abiotic stressors. Furthermore, we 

will discuss the functional roles of stress-induced secondary metabolites in plant adaptation and resilience, with a focus on their 

antioxidant, Osmo protective, and signaling functions.This study will also examine the transcriptome of Arabidopsis thaliana to 

understand how gene expression affects secondary metabolic processes. RNA sequencing (RNA-seq) enables precise quantification of 

transcripts and identification of differentially expressed genes (DEGs) under abiotic stress. By applying RNA-seq to stressed 

Arabidopsis thaliana, researchers aim to uncover regulatory networks controlling secondary metabolism, providing a comprehensive 

view of gene expression. 

 

Figure 2: Arabidopsis thaliana. 
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[A] OVERVIEW OF SECONDARY METABOLISM IN PLANTS 

Secondary metabolites, also known as specialized metabolites, are not sincerelyimplied in the primary metabolic activities essential 

for plant progress and maturity, such as photosynthesis, respiration, and nutrient assimilation. Instead, these compounds are primarily 

involved in the interface of plants with their environment. Secondary metabolites are distinct in structure and function and can be 

categorized into several major groups(Lal et al., 2023): 

1. Phenolics 

 Phenolic acids:Simple compounds like caffeic acid and ferulic acid, which originate from the phenylpropanoid 

pathway(Marchiosi R et al., 2020). 

 Flavonoids:A large group including flavones, flavonols, and anthocyanins, known for their roles in pigmentation and UV 

filtration(Ferreyra et al., 2021). 

 Tannin:Complex polyphenolic compounds that can bind and precipitate proteins, providing defense against herbivores(Zucker 

WV, 1983). 

 Lignin:High-molecular-weight polymers that contribute to cell wall rigidity and protection against pathogens(Shu F et al., 

2021). 

2. Alkaloids 

 Indole alkaloids:For instance, vinblastine and reserpine, are derived from the amino acid tryptophan(Dey P et al., 2020). 

 Pyridine alkaloid:Such as nicotine, derived from nicotine (Böttger et al., 2018). 

 Tropane alkaloid:Including atropine and scopolamine, known for their effects on the nervous system(Böttger et al., 2018). 

 Iso-quinoline alkaloids:instance,morphine and codeine, are derived from the amino acid tyrosine(Dey P et al., 2020). 

3. Terpenoids (Isoprenoids): (Angelika Böttger et al., 2018) 

 Monoterpenes:Such as limonene and menthol, consisting of two isoprene units. 

 Sesquiterpenes:Such as artemisinin, consisting of three isoprene units. 

 Diterpenes:Including gibberellins and Taxol, consisting of four isoprene units. 

 Triterpenes and Steroids: Such as saponins and phytosterols, derived from six isoprene units. 

4. Glucosinolates: (Barbara Ann et al., 2006) 

 Aliphatic glucosinolates:Derived from methionine, such as glucoraphanin. 

 Indolic glucosinolates:Derived from tryptophan, such as glucobrassicin. 

 Aromatic glucosinolates:Derived from phenylalanine, such as gluconasturtiin. 

These classes encompass a wide array of compounds, each with unique biosynthetic pathways and ecological functions. 

General Functions of Secondary Metabolites: 

Secondary metabolites fulfill various roles that are crucial for plant survival and adaptation. These roles can be broadly categorized 

into defense against biotic threats and protection against abiotic stress(Chen D et al., 2022). 

1. Defense Against Herbivores and Pathogens 

 

 Chemical Defense:Many secondary metabolites serve as toxic or deterrent compounds to herbivores and pathogens. For 

example, alkaloids such as nicotine and morphine possess potent bioactive properties that deter herbivory and exhibit 

antimicrobial activity(R. Delgoda & Murray, 2017). 
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 Antimicrobial Properties:Phenolics and terpenoids often exhibit antimicrobial properties, inhibiting the growth of bacteria, 

fungi, and viruses. For instance, phenolic acids and flavonoids can disrupt microbial cell walls and interfere with pathogen 

metabolism(R. Delgoda & Murray, 2017). 

 

 Induced Defense Mechanisms:Some secondary metabolites are immersed in the induction of plant defense responses. For 

example, glucosinolates are hydrolyzed into bioactive compounds like isothiocyanates upon tissue damage, providing an 

immediate chemical defense against herbivores and pathogens(Chen D et al., 2022). 

 

 

2. Protection Against Abiotic Stress 

 

 Antioxidant Activity: Many secondary metabolites, particularly phenolics and flavonoids, possess strong antioxidant 

properties. These compounds scavenge reactive oxygen species (ROS) generated under stress conditions for exampledrought, 

UV radiation, and acute temperatures, thereby protecting cellular components from oxidative damage(Chen D et al., 2022). 

 UV Protection:Flavonoids and other phenolic compounds can absorb UV light, protecting plant tissues from UV-induced 

damage. This is critical for plants exposed to high levels of sunlight, as it prevents DNA damage and maintains cellular 

integrity(Marco F et al., 2015). 

 Osmoprotection:Certain secondary metabolites, such as specific terpenoids and polyphenols, help plants deal with osmotic 

stress by stabilizing cellular structures and sustaining water balance throughout drought and salinity stress. These compounds 

can modulate osmotic pressure and protect proteins and membranes from desiccation(Lephatsi et al., 2021). 

 Thermal Protection:Secondary metabolites can enhance plant tolerance to extreme temperatures by modulating membrane 

fluidity and enzyme stability. For example, specific heat shock proteins and terpenoids can protect cellular proteins from 

denaturation under heat stress, ensuring proper cellular function(Lephatsi et al., 2021). 

Secondary metabolites are thus integral to the adaptive strategies of plants, enabling them to withstand and alleviate the effects of both 

biotic and abiotic challenges. Understanding the biosynthesis, regulation, and functions of these compounds in model organisms like 

Arabidopsis thaliana can provide profound insights into plant resilience mechanisms and inform strategies for developing stress-

tolerant crops. 
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Figure 3:  Diagrammatic representation of metabolic development in plants(Justyna Jadwiga Olas et al., 2021). 

[B] SECONDARY METABOLIC PATHWAYS IN ARABIDOPSIS THALIANA 

1. Phenylpropanoid Pathway 

The phenylpropanoid pathway is central to the production of a wide array of phenolic compounds, including flavonoids, Lignins, and 

phenolic acids. These compounds play crucial roles in plant defense, structural integrity, and UV protection. The pathway begins with 

the transition of the amino acid phenylalanine to cinnamic acid by the enzyme phenylalanine ammonia-lyase (PAL). Succeeding steps 

involve enzymes such as cinnamate 4-hydroxylase (C4H) and 4-coumarate:CoA ligase (4CL), leading to the production of 

intermediates like p-coumaroyl-CoA, which is a pioneer for various phenolic compounds(Ali MB & McNear, 2014). 

2. Terpenoid Biosynthesis 

Terpenoids, also known as isoprenoids, constitute a large class with roles in growth regulation, protection, and interaction with the 

environment. This pathway produces compounds like monoterpenes, sesquiterpenes, diterpenes, and triterpenes. Enzymes such as 

geranyl diphosphate synthase (GPPS) and farnesyl diphosphate synthase (FPPS) catalyze the formation of various terpenoid 

precursors, which are then modified by terpene synthases (TPS) and cytochrome P450 monooxygenases to generate the final 

terpenoid products(Bohlmann et al., 2000). 

3. Glucosinolate Pathway 

Glucosinolates are sulfur-containing compounds derived from amino acids, particularly known for their role in plant defense against 

herbivores and pathogens. These compounds are characteristic of the Brassicaceae family, to which Arabidopsis thaliana belongs.The 

formation of glucosinolates starts with the chain elongation of amino acids such as methionine or tryptophan, which is then followed 

by the incorporation of a sulfur group. Key enzymes include methyl-thio-alkyl malate synthase (MAM) for chain elongation, 

cytochrome P450s (CYP79 and CYP83 families) for core structure formation, and UDP-glucose:thio-hydroxamate S-

glucosyltransferase (UGT) for glycosylation. The final step involves sulfotransferases (SOT) that add the sulfate group(Mikkelsen et 

al., 2003). 
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4. Alkaloid Biosynthesis 

Alkaloids are a diverse group of nitrogen-containing compounds with significant pharmacological and defensive properties. Although 

less prominent in Arabidopsis compared to other plants, alkaloid biosynthesis pathways provide insight into the broader roles of these 

compounds in plant defense.Alkaloid biosynthesis involves the decarboxylation of amino acids like lysine, tyrosine, and tryptophan. 

Enzymes such as tyrosine decarboxylase (TDC) and strictosamide synthase (STR) play pivotal roles in the initial steps, leading to the 

formation of intermediate compounds that are further modified through oxidation, reduction, and methylation reactions to produce the 

final alkaloid structures(Schäfer & Wink, 2009). 

 

Figure 4: Secondary metabolic pathways in Arabidopsis thaliana(Xiaori Zhan et al., 2022). 

 

[C] CASE STUDIES AND EXPERIMENTAL EVIDENCE: 

Drought Stress and Flavonoid Biosynthesis: 

Studies have shown that drought stress in Arabidopsis thaliana leads to the upregulation of genes involved in flavonoid biosynthesis, 

resulting in increased flavonoid content that helps mitigate oxidative damage(Ahmed et al., 2021). 

Salinity Stress and Glucosinolate Production: 

Research has demonstrated that salt stress can alter the glucosinolate profile in Arabidopsis, with certain glucosinolates increasing to 

enhance stress tolerance through Osmoprotection and ion homeostasis(Linić I et al., 2019). 

[D] EXPERIMENTAL APPROACHES 

 

1. Transcriptomics:Transcriptomics involves high-throughput RNA sequencing (RNA-seq) to explore changes in gene 

regulation profiles under different abiotic strain conditions for instance salinity,drought, and extreme temperatures. This 

approach allows for the identification of stress-responsive genes, including those involved in secondary metabolism 
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pathways. RNA-seq data reveal the upregulation or downregulation of specific genes, providing insights into how plants 

modulate their metabolic pathways in reaction to stress. For example, transcriptomic studies have shown that genes involved 

in the phenylpropanoid and terpenoid pathways are often upregulated under drought conditions, leading to increased 

production of protective secondary metabolites like flavonoids and Lignins. By mapping these gene expression changes, 

researchers can elucidate the regulatory networks that control secondary metabolite biosynthesis and identify key 

transcription factors (Villarino et al., 2014). 

 

2. Metabolomics:Metabolomic studies have identified significant alterations in metabolite concentrations under stress 

conditions, such as increased levels of flavonoids, which help mitigate oxidative damage, and terpenoids, which contribute to 

membrane stability and stress signaling. By comparing metabolite profiles between stressed and non-stressed plants, 

researchers can determine which metabolites are specifically induced or suppressed by abiotic stress. This information is 

crucial for understanding the functional roles of secondary metabolites in plant stress tolerance and for identifying potential 

metabolic markers for breeding stress-resistant crops (Gavaghan et al., 2011). 

 

3. Gene Knockouts and Overexpression: Functional studies using gene knockout and overexpression lines in Arabidopsis 

are essential for elucidating the roles of specific genes in secondary metabolite biogenesis and stress responses. Gene 

knockout techniques, such as T-DNA insertional mutagenesis, allow for the creation of loss-of-function mutants, while 

overexpression lines involve the introduction of transgenes to increase the expression of target genes(Bhattacharjee et al., 

2016). 

 

4. CRISPR-Cas9 Gene Editing: In this, gene editing is a convincing tool for investigating the specific functions and 

regulatory mechanisms of genes involved in secondary metabolite pathways under abiotic stress conditions. This technology 

enables precise editing of target genes, including knockouts, knock-ins, and targeted mutations, providing a high degree of 

control over gene function. By creating CRISPR-Cas9 mutants of genes implied in secondary metabolism, researchers can 

study the resulting phenotypic changes and determine the roles of these genes in stress responses. For example, editing genes 

in the glucosinolate pathway can reveal their contributions to stress tolerance and identify regulatory elements that control 

glucosinolate biosynthesis under stress. Additionally, CRISPR-Cas9 can be used to introduce stress-responsive regulatory 

elements into promoter regions of key genes, enhancing their illustration in response to abiotic stress and thereby improving 

plant resilience. This precise genetic manipulation offers significant potential for developing stress-resistant crop varieties 

and advancing our understanding of plant secondary metabolism (Razzaq et al., 2021). 

 

[E] FUTURE RESEARCH DIRECTIONS 

1. Integrative Approaches Combining Genomics, Proteomics, and Metabolomics 

Future research in the study of secondary metabolites inArabidopsis thaliana and other plants will benefit significantly from 

integrative approaches that combine genomics, proteomics, and metabolomics. Genomic studies can identify key genes involved in 

secondary metabolic pathways and their regulatory elements. Proteomics can provide insights into the expression and post-

translational modifications of enzymes and proteins involved in these pathways. Metabolomics allows for the comprehensive profiling 

of metabolites and their changes under various stress conditions(Gavaghan et al., 2011). 

2. Systems Biology Approaches to Understanding Complex Regulatory Networks 

Systems biology approaches are essential for unraveling the complex regulatory networks that control secondary metabolism under 

abiotic stress. These approaches involve the use of computational models to integrate data from various 'omics' technologies and 
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predict the behavior of metabolic networks. Systems biology can help identify key regulatory nodes and interactions between primary 

and secondary metabolism. Understanding these networks will enable the development of strategies to manipulate secondary 

metabolite pathways for improved stress tolerance. Additionally, systems biology can aid in the discovery of novel regulatory 

mechanisms and the identification of potential targets for genetic engineering(Villarino et al., 2014). 

3. Exploration of Lesser-Known Secondary Metabolites and Pathways 

There is a vast array of secondary metabolites and biosynthetic pathways in plants that remain poorly understood. Future research 

should focus on exploring these lesser-known compounds and pathways to uncover their roles in plant stress responses. This 

exploration can involve innovative techniques such as high-throughput mass spectrometry, NMR spectroscopy, and innovative 

computational biology tools. By characterizing the structure, function, and biosynthesis of these metabolites, researchers can identify 

new compounds with potential applications in agriculture, medicine, and industry. Additionally, understanding these pathways may 

reveal new aspects of plant adaptation and resilience, contributing to the broader field of plant biology(Bhattacharjee et al., 2016). 

III. CONCLUSION 

Secondary metabolites in Arabidopsis thalianaplay crucial roles in the plant's retort to abiotic stresses for instance drought, salinity, 

and extreme temperatures. These compounds, including phenolics, terpenoids, glucosinolates, and alkaloids, are produced through 

specific biosynthetic pathways and provide vital protective functions. Under drought stress, phenolic compounds and terpenoids 

enhance antioxidant defenses and water retention. Salinity stress induces the production of phenolics and terpenoids to mitigate ion 

toxicity, while temperature extremes lead to increased synthesis of compounds that stabilize cellular structures and protect against 

oxidative damage. 

Stress responses are regulated through complex signal transduction pathways, including MAPK and ROS signaling, and involve 

between primary and secondary metabolism. Hormones such as ABA, SA, JA, and ethylene play key roles in modulating these 

responses. Experimental approaches like transcriptomics, metabolomics, and gene editing have provided insights into the regulatory 

networks and functional roles of specific genes in secondary metabolism under stress conditions. 

The study of secondary metabolites in Arabidopsis thalianahighlights their importance in plant resilience to abiotic stress. Considerate 

the mechanisms underlying these responses not only advances fundamental plant biology but also holds significant potential for 

agricultural applications. By harnessing knowledge of secondary metabolite pathways, scientists can develop crops with enhanced 

stress tolerance, environmental conditions. Future research will undoubtedly uncover new insights and applications, driving 

innovation in sustainable agriculture and crop management. 

IV. REFERENCES 

[1] Ahmed U, R. M. (2021). Expression profiling of flavonoid biosynthesis genes and secondary metabolites 

accumulation in populus under drought stress. Molecules, 26(18), 5546. 

[2] Ali MB, M. D. (2014). Induced transcriptional profiling of phenylpropanoid pathway genes increased flavonoid 

and lignin content in Arabidopsis leaves in response to microbial products. BMC plant biology, 14, 1-14. 

[3] Amit Kumar Singh, S. D. (2019). The dynamic responses of plant physiology and metabolism during 

environmental stress progression. Molecular Biology Reports, 47(2), 1459–1470. 

[4] Angelika Böttger, U. V. (2018). Terpenes and Terpenoids. Lessons on Caffeine, Cannabis & Co, 153–170. 

[5] Babalola, A. A. (2020). Secondary metabolites as plant defensive strategy: a large role for small molecules in the 

near root region. Planta, 252(4), 61. 

[6] Barbara Ann Halkier, a. J. (2006). BIOLOGY AND BIOCHEMISTRY OF GLUCOSINOLATES. Annual 

Review of Plant Biology, 57, 303-333. 

http://www.jetir.org/


© 2024 JETIR May 2024, Volume 11, Issue 5                                                                www.jetir.org  (ISSN-2349-5162) 

JETIR2405F40 Journal of Emerging Technologies and Innovative Research (JETIR) www.jetir.org o380 
 

[7] Bhattacharjee A, K. J. (2016). Characterization of rice homeobox genes, OsHOX22 and OsHOX24, and over-

expression of OsHOX24 in transgenic Arabidopsis suggest their role in abiotic stress response. Frontiers in plant 

science, 7, 197041. 

[8] Bohlmann J, M. D. (2000). Terpenoid secondary metabolism in Arabidopsis thaliana: cDNA cloning, 

characterization, and functional expression of a myrcene/(E)-β-ocimene synthase. Archives of Biochemistry and 

Biophysics, 375(2), 261-269. 

[9] Böttger A, V. U. (2018). Alkaloids. Lessons on Caffeine, Cannabis & Co, 179–203. 

[10] Chen D, M. B.-S. (2022). Role of promising secondary metabolites to confer resistance against 

environmental stresses in crop plants: Current scenario and future perspectives. Frontiers in Plant Science, 13, 

881032. 

[11] Crozier A, C. M. (2006). Plant secondary metabolites. Blackwell. 

[12] Das DR, S. M. (2023). Tools and approaches for assessing stress-responsive secondary metabolites to 

design climate-smart crops. Apple Academic Press. 

[13] Dey P, K. A. (2020). Analysis of alkaloids (indole alkaloids, isoquinoline alkaloids, tropane alkaloids). In 

Recent advances in natural products analysis, 505-567. 

[14] Duque, A. S. (2013). Abiotic stress responses in plants: unraveling the complexity of genes and networks 

to survive. Abiotic stress-plant responses and applications in agriculture, 49-101. 

[15] Ferreyra ML, S. P. (2021). Recent advances on the roles of flavonoids as plant protective molecules after 

UV and high light exposure. Physiologia plantarum, 173(3), 736-749. 

[16] Gavaghan CL, L. J. (2011). Application of NMR‐based metabolomics to the investigation of salt stress in 

maize (Zea mays). Phytochemical Analysis, 22(3), 214-224. 

[17] Gavaghan CL, L. J. (2011). Application of NMR‐based metabolomics to the investigation of salt stress in 

maize (Zea mays). Phytochemical Analysis, 22(3), 214-224. 

[18] Huang, B. G. (2014). Mechanism of Salinity Tolerance in Plants: Physiological, Biochemical, and 

Molecular Characterization. International journal of genomics, 18. 

[19] Isah, T. (2019). Stress and defense responses in plant secondary metabolites production. Biological 

Research, 52(1), 1–25. 

[20] Justyna Jadwiga Olas, F. A. (2021). Developmental stage-specific metabolite signatures in Arabidopsis 

thaliana under optimal and mild nitrogen limitation. Plant Science, 303, 110746. 

[21] Jyoti Prakash Sahoo, L. B. (2020). Omics Studies and Systems Biology Perspective towards Abiotic 

Stress Response in Plants. American Journal of Plant Sciences, 11(12), 23. 

[22] Kumar, S. (2020). Abiotic Stresses and Their Effects on Plant Growth, Yield and Nutritional Quality of 

Agricultural Produce. International Journal of Food Science and Agriculture, 4(4), 367-378. 

[23] Lal, S. C. (2023). Secondary Metabolites. Secondary Metabolites, 765–808. 

[24] Lephatsi MM, M. V. (2021). Plant responses to abiotic stresses and rhizobacterial biostimulants: 

Metabolomics and epigenetics perspectives. Metabolites, 11(7), 457. 

[25] Linić I, Š. D.-S. (2019). Involvement of phenolic acids in short-term adaptation to salinity stress is 

species-specific among Brassicaceae. Plants, 8(6), 155. 

[26] Marchiosi R, d. S.-T.-F.-F. (2020). Biosynthesis and metabolic actions of simple phenolic acids in plants. 

Phytochemistry Reviews, 19, 865-906. 

[27] Marco F, B. M. (2015). Genetic engineering strategies for abiotic stress tolerance in plants. Plant biology 

and biotechnology: Volume II: plant genomics and biotechnology, 579-609. 

http://www.jetir.org/


© 2024 JETIR May 2024, Volume 11, Issue 5                                                                www.jetir.org  (ISSN-2349-5162) 

JETIR2405F40 Journal of Emerging Technologies and Innovative Research (JETIR) www.jetir.org o381 
 

[28] Mikkelsen MD, P. B. (2003). Modulation of CYP79 genes and glucosinolate profiles in Arabidopsis by 

defense signaling pathways. Plant physiology, 131(1), 298-308. 

[29] Mohini Kajla, A. R. (2023). Regulation of the regulators: Transcription factors controlling biosynthesis of 

plant secondary metabolites during biotic stresses and their regulation by miRNAs. Frontiers in Plant Science, 

14, 1126567. 

[30] Naik B, K. V. (2023). Genomics, proteomics, and metabolomics approaches to improve abiotic stress 

tolerance in tomato plant. International Journal of Molecular Sciences, 24(3), 3025. 

[31] Naser A. Anjum, S. S. (2012). The Plant Family Brassicaceae: An Introduction. The Plant Family 

Brassicaceae, 21, 1-33. 

[32] R. Delgoda, J. M. (2017). Chapter 7 - Evolutionary Perspectives on the Role of Plant Secondary 

Metabolites. Pharmacognosy, 93-100. 

[33] Razzaq MK, A. M. (2021). Omics and CRISPR-Cas9 approaches for molecular insight, functional gene 

analysis, and stress tolerance development in crops. International journal of molecular sciences, 22(3), 1292. 

[34] S. Deshpande, A. J. (2020). Identification of novel flowering genes using RNA-Seq pipeline employing 

combinatorial approach in Arabidopsis thaliana time-series apical shoot meristem data. Int J Bioinform Res Appl, 

16(1), 25. 

[35] Sabri, S. M. (2015). Next generation sequencing (NGS): a golden tool in forensic toolkit. Arch Med 

Sadowej Kryminol, 65(4), 260–271. 

[36] Saye, L. M. (2021). The anaerobic fungi: challenges and opportunities for industrial lignocellulosic 

biofuel production. Microorganisms, 9(4), 694. 

[37] Schäfer H, W. M. (2009). Medicinally important secondary metabolites in recombinant microorganisms 

or plants: progress in alkaloid biosynthesis. Biotechnology Journal: Healthcare Nutrition Technology, 4(12), 

1684-703. 

[38] Shu F, J. B. (2021). Biological activities and emerging roles of lignin and lignin-based products. 

Biomacromolecules, 22(12), 4905-4918. 

[39] Villarino GH, B. A. (2014). Transcriptomic analysis of Petunia hybrida in response to salt stress using 

high throughput RNA sequencing. PloS one, 9(4), 94651. 

[40] Wolf-Rüdiger Scheible, R. M.-R. (2004). Genome-Wide Reprogramming of Primary and Secondary 

Metabolism, Protein Synthesis, Cellular Growth Processes, and the Regulatory Infrastructure of Arabidopsis in 

Response to Nitrogen. Plant Physiology, 136(1), 2483–2499. 

[41] WV, Z. (1983). Tannins: does structure determine function? An ecological perspective. The American 

Naturalist. The American Naturalist, 3, 335-365. 

[42] Xiaori Zhan, Z. C. (2022). Environmental and Genetic Factors Involved in Plant Protection-Associated 

Secondary Metabolite Biosynthesis Pathways. Sec. Plant Metabolism and Chemodiversity. 

 

 

http://www.jetir.org/

