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Extended Abstract

Background and Objective: Plant pathogens annually cause significant losses in agricultural crop yield and quality. In
response to these threats, plants have evolved a sophisticated defense system, among which the synthesis of phytoalexins
represents one of the most critical mechanisms. Phytoalexins are low-molecular-weight antimicrobial compounds (plant-
specific secondary metabolites) that are produced in substantial quantities following stimulation by pathogenic agents,
mechanical injury, or chemical elicitors. Given the ongoing climate change and the development of pure-line cultivars,
which have contributed to an increased prevalence of plant diseases, a comprehensive understanding of plant defense
mechanisms—including the biosynthetic pathways of phytoalexins—is essential for developing novel disease management
strategies. The present review aims to investigate the chemical structures, biosynthesis, regulatory mechanisms, and
functional roles of phytoalexins in plant defense and resistance against phytopathogenic agents.

Materials and Methods: This review article was compiled through the examination, analysis, and synthesis of scientific
studies and reports published in the field of phytoalexins, their biosynthetic pathways, regulatory mechanisms, plant—
pathogen interactions, and biotechnological applications. Findings from authoritative research were reviewed and analyzed
with the aim of providing a comprehensive overview of the role of phytoalexins in plant defense against phytopathogens.
Results: Phytoalexins are synthesized by healthy cells adjacent to damaged tissues in response to signaling compounds
released from compromised cells, and they subsequently accumulate at infection sites. To date, over 300 chemical
compounds exhibiting phytoalexin characteristics have been identified across more than 30 plant families, displaying
remarkable structural diversity. These compounds belong to various chemical groups, including alkaloids, terpenoids,
flavonoids, isoflavonoids, phenolics, and indole-derived compounds. The biosynthesis of phytoalexins occurs through
diverse metabolic pathways, including the shikimate pathway, the phenylpropanoid—polyketide pathway, and the acetate—
malonate pathway. Regulation of phytoalexin biosynthesis is governed by a complex transcriptional network involving
four major transcription factor families—WRKY, MYB, ERF, and NAC—which directly or indirectly activate the
expression of biosynthetic genes. Studies have demonstrated that abscisic acid (ABA) can suppress phytoalexin
biosynthesis through the induction of PP2C phosphatases and dephosphorylation of MAP kinases. Phytoalexins exhibit
broad-spectrum antimicrobial activity against fungi, bacteria, viruses, and nematodes. Their modes of action include
disruption of pathogen cell walls, plasma membrane impairment, inhibition of cellular respiration, induction of apoptosis,
suppression of tubulin polymerization, and inhibition of mycelial growth and spore germination. Certain phytoalexins,
such as resveratrol, scopoletin, and glyceollin, also possess notable pharmacological activities beyond their antimicrobial
properties, including antioxidant, anticancer, and neuroprotective effects. Plant pathogens have evolved various counter-
defense mechanisms to overcome phytoalexin toxicity, including enzymatic detoxification (via oxidation, reduction,
hydroxylation, demethylation, and glycosylation), biotransformation into less toxic metabolites, and suppression of
phytoalexin synthesis. Enzymes such as cytochrome P450 monooxygenases, glutathione S-transferases, and
glycosyltransferases are implicated in these processes. Additionally, plant cells possess intrinsic mechanisms to limit
phytoalexin concentrations—including feedback inhibition of biosynthesis and metabolic degradation—to prevent
potential autotoxic effects. Genetic engineering of phytoalexin biosynthetic pathways through the transfer of key genes,
such as stilbene synthase (STS) from grapevine into other plant species, has been shown to enhance disease resistance.
Transgenic expression of STS genes in tobacco, tomato, rice, and Arabidopsis has resulted in increased resveratrol
production and enhanced resistance against fungal pathogens. Furthermore, manipulation of biosynthetic genes and their
cognate transcriptional regulators has led to increased phytoalexin accumulation and enhanced plant resistance. Gene
silencing of biosynthetic genes, such as isoflavone synthase in soybean, has resulted in a marked reduction in phytoalexin
levels and a concomitant increase in pathogen susceptibility.

Conclusion: Phytoalexins are among the most important inducible plant secondary metabolites that, owing to their
extensive structural diversity and broad-spectrum antimicrobial activity, play an essential role in plant defense against
various phytopathogens. The precise regulation of their biosynthesis through complex gene regulatory networks,
transcription factors, and phytohormones underscores their significance in the plant immune system. Furthermore,
understanding the detoxification and evasion mechanisms employed by pathogens to counteract phytoalexin effects
provides a valuable foundation for the development of novel plant disease control strategies. The findings of this review
indicate that the identification of genes and regulatory components involved in biosynthetic pathways, coupled with the
application of advanced genomic, transcriptomic, and genetic engineering technologies, can contribute to the development
of resistant cultivars, reduced dependence on chemical pesticides, improved sustainable management of plant diseases, and
the expansion of pharmaceutical applications for certain phytoalexins.
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Table 1- Examples of phytoalexins reported in plant-pathogen interactions.
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Figure 1 — Schematic representation of the induction of phytoalexin biosynthesis and associated defense responses
against plant pathogens.
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