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ABSTRACT

Plant secondary metabolites (PSMs) are specialized compounds that are primarily involved in plant defense
mechanisms, adaptation, and interactions with the natural environment. In addition to their ecological roles,
these molecules have been of significant interest due to their broad pharmacological applicability and long
history of importance to human health. Many natural products derived from plants have yielded useful thera-
peutic agents and continue to serve as templates for designing new bioactive molecules. Nevertheless, their full
use has been restricted by the difficulties associated with low natural abundance, the complexity of the pathway,
and the effective characterization of the pathway. This review highlights the emerging importance of PSMs that
incorporate recent discoveries in phytochemistry, computational methods, and biotechnology. We discuss how in
silico tools, such as molecular docking, virtual screening, and artificial intelligence-assisted analyses, are accel-
erating the discovery of promising candidates and their molecular targets. Simultaneously, metabolic engi-
neering, synthetic biology, tissue culture, and controlled production systems are opening up fresh prospects of
scalable, sustainable production of metabolites. The review also highlights the role of increasing prominence of
plant-microbiome interactions in the development of PSM biosynthesis, diversification, and functional activity.

Altogether, there is growing evidence to indicate that the combination of computational tools, systems biology
models, and innovative production technologies would greatly accelerate the discovery, optimization, and
translational use of plant secondary metabolites. It is expected that such multidisciplinary strategies will have
transformative impacts on improving therapeutics, sustainable agriculture, and the development of functional
bio-based products.

1. Introduction

protecting plants against insect herbivory and pathogenic infections, as
well as enhancing tolerance to diverse environmental stresses

Various secondary metabolites found in plants have been valuable
sources of insecticides, food additives, and human medication due to
their extensive biological activity (Han and Miao, 2024). Thousands of
plant secondary metabolites are known, which are classified based on
their structure, function, and biosynthesis (Thirumurugan et al., 2018).
Plant metabolites are broadly classified into two categories: primary and
secondary. Primary metabolites, including proteins, lipids, and carbo-
hydrates, are essential for plant growth, development, and reproduction.
In contrast, secondary metabolites are low-molecular-weight com-
pounds derived from primary metabolic pathways. Under specific con-
ditions, these compounds perform specialized functions, including

(Upadhyay et al., 2024). Although they are not directly involved in
plants' primary metabolic activity, they are considered defense com-
pounds that protect plants under environmental stress. They play a
pivotal role in modulating complex stress-response signaling pathways
and regulating diverse metabolic processes (Rao et al., 2025). In addi-
tion to their defensive roles, plant secondary metabolites act as signaling
molecules, mediating critical ecological interactions, symbiotic associ-
ations, and metal ion chelation pathways (Selwal et al., 2025). For
centuries, secondary metabolites have been exploited in both drug
design (Atanasov et al., 2021) and agriculture to enhance human health
and improve crop productivity (Clemensen et al., 2020).
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Historical records, particularly from Ayurvedic medicine, document
extensive knowledge of plants, their interactions with microorganisms,
and their therapeutic applications. Plants have long held a central place
in human societies due to their capacity to yield natural remedies
(Sofowora et al., 2013). However, the advent of organic chemistry
during the Industrial Revolution introduced synthetic compounds into
the pharmaceutical market (Seidel, 2020). Over time, the emergence of
adverse side effects and the rapid development of antimicrobial resis-
tance to synthetic drugs renewed interest in natural sources, such as
bacteria, fungi, and plants, as sources of novel bioactive agents.

Ethnopharmacological studies reveal that secondary metabolites,
produced by bacteria, fungi, and plants under biotic and abiotic stress,
are responsible for diverse bioactivities and therapeutic properties (Dou
and Weathers, 2022). Plants, in particular, represent an abundant
reservoir of such metabolites. They maintain intricate symbiotic re-
lationships with endophytic bacteria and fungi, facilitating mutual
survival and resilience under environmental pressures. Communication
between plants and their endophytes occurs via chemical signaling or, in
some cases, horizontal gene transfer (Howard et al., 2022). The resulting
plant endophyte consortia synthesize a wide array of bioactive com-
pounds, many of which have been harnessed as medicinal agents for the
treatment of various diseases. In this respect, the combination of tradi-
tional knowledge and contemporary drug discovery methods has
become a topic of great interest. Recent developments in computational
biology, high-throughput screening, and green extraction technologies
have enabled a more systematic exploration of plant secondary metab-
olites as therapeutic agents. However, despite the increasing number of
studies, a comprehensive synthesis of phytochemical diversity in rela-
tion to computational strategies, sustainable extraction techniques,
technologies, and translational drug development remains limited.
Thus, this review aims to provide an integrative overview of plant sec-
ondary metabolites, including their therapeutic potential, current ad-
vances in in silico drug discovery, advances in biotechnological methods,
and the challenges and future research directions. Although there is a
rich literature on plant secondary metabolites and their pharmacological
interest, current reviews tend to focus primarily on discrete facts of
bioactivity, classification, or extraction methods and do not incorporate
new interdisciplinary methodologies. Specifically, no integration of
phytochemical diversity with more sophisticated computational ap-
proaches, green extraction methods, and translational drug discovery
systems has been achieved.

In this regard, the current review offers a comprehensive and inte-
grative approach by synthesizing classic information on plant secondary
metabolites with contemporary computational methods, including mo-
lecular docking, network pharmacology, and in silico ADMET profiling.
Moreover, this review focuses on sustainable and green extraction
practices, critically analyzes structure-activity relationships, and in-
dicates contemporary problems and future research opportunities of
phytochemical-based therapy. With these domains filled, the work
provides a futuristic model for accelerating the discovery and optimi-
zation of plant-based bioactive substances as future drug targets
(Barthwal and Mahar, 2024).

2. Plant secondary metabolites

Plants synthesize a diverse array of organic compounds, collectively
termed secondary metabolites, most of which are not directly involved
in primary physiological processes such as growth and development
(Kohnen-Johannsen and Kayser, 2019). In contrast, primary metabo-
lites, including organic acids, acyl lipids, carbohydrates, and phytos-
terols, are universally present in plant tissues and are essential for
metabolic activities that sustain plant growth and reproduction. His-
torically, primary metabolites have been extensively studied, whereas
secondary metabolites have often been overlooked by plant biologists
due to their perceived lack of biological importance. However, sec-
ondary metabolites are now recognized for their critical roles in shaping
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the distinct taste, color, and aroma of plant organs, as well as for their
ecological functions.

Numerous studies have reported diverse ecological functions of plant
secondary metabolites, particularly their role in protection against
environmental stressors and in defense mechanisms against microbes,
herbivores, and insects (Adedayo et al., 2025). In addition to conferring
biotic stress tolerance, plant secondary metabolites also play a crucial
role in mitigating abiotic stresses such as temperature fluctuations, ul-
traviolet (UV) exposure, and drought (Muhammad et al., 2025).

Certain compounds have also been shown to play a role in providing
defense against herbivores, luring pollinators, acting as allelopathic
agents, providing protection against toxicity, blocking UV light, and
facilitating signal transduction (Edreva et al., 2007; Grassmann et al.,
2002; Osbourn et al., 2003; Vasconsuelo and Boland, 2007). They are
incredibly diverse; thousands have been identified in several classes. It is
known that each plant family, genus, and species exhibit distinct char-
acteristics based on the products they produce or release. Many sec-
ondary metabolites are small molecules with a molecular weight of less
than 1500 Da, and their biosynthesis occurs in specific cellular struc-
tures, cell types, and organelles specialized for their production and
storage (Li et al., 2024).

Furthermore, the plant secondary metabolites are categorized into
four major classes: sulfur-containing compounds, including Glutathione
(GSH), Glucosinolates (GSL), phytoalexins, thionins, defensins, and
lectins; Nitrogen-containing compounds (non-protein-amino-acids,
cyanogenic glucosides, and alkaloids); phenolics (lignans, phenolic acid,
tannins, coumarins, lignins, stilbenes, and flavonoids), terpenoids (ca-
rotenoids, sterols, cardiac glycosides, and plant volatiles), as shown in
Fig. 1. (Erb and Kliebenstein, 2020).

Secondary metabolites are valuable resources for pharmaceuticals,
nutraceuticals, food additives, flavoring agents, and other food industry
applications (Zhao et al., 2005). Owing to their extensive applications in
research, medicine, and industry, the global demand for these com-
pounds is steadily increasing. Their commercial uses span drug formu-
lation, dye and polymer production, waxes, glues, fibers, antibiotics,
herbicides, and insecticides. In plants, their ecological importance is
well established, particularly in defense against pathogen attack, miti-
gation of environmental stress, and facilitation of interspecific protec-
tion (Samuni-Blank et al., 2012). Given their multifunctional roles,
substantial commercial value, and generally low toxicity to living cells,
secondary metabolites are considered highly advantageous. Their con-
tributions extend beyond plant defense to encompass ecological in-
teractions and beneficial impacts on human health, highlighting their
multidimensional importance in both plant and human life
(Agostini-Costa et al., 2012; Crozier et al., 2006; Wawrosch and Zotchev,
2021).

2.1. Extraction, purification, characterization, and green extraction
strategies of plant secondary metabolites

Several conventional and traditional methodologies have been
standardized for the extraction and purification of plant secondary
metabolites (Wawrosch and Zotchev, 2021). Historically, techniques
such as steam or hydrodistillation, maceration, percolation, infusion,
decoction, and reflux extraction have been the primary approaches
employed to isolate bioactive compounds (Wulandari, 2021). These
methods typically utilize a range of organic and inorganic solvents,
including methanol, hexane, petroleum ether, acetone, ethanol, and
water, selected based on the solubility profile of the target metabolites
(Abubakar and Haque, 2020). Depending on their physicochemical
properties, secondary metabolites can dissolve in specific solvents at
ambient temperature (Nielsen et al., 2019; Zhang et al., 2018). Macer-
ation is a conventional extraction method that involves soaking plant
materials in a suitable solvent at room temperature for an extended
period (Wulandari, 2021). This technique enables the passive diffusion
of plant secondary metabolites into the solvent (Chongo, 2025).
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Plant Secondary Metabolites

Terpenoids Sulfur-containing Phenolics Phenolics (Non- Alkaloids
s (Flavonoids) Flavonoids)
(Meth;::ytmol Aminoaad e SNt pe ey Shikimots pothway Amino acid-derived
phosphate) potmsy sl sesioin pathway
. M°“°t.°"P°"” + Glucosinolates + Flavones + Phenolics acids + Benzyl-isoquinoline
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+ Tetraterpenes « Dimethylsulfonioprop « Anthocyanins S Coumaring + Pyrrolizidine
» Polyterpenes ionate(DMSP) « Isoflavones Example: Gallic acid, + Quinolizidine
Example: Carvacol, Example: sulforaphane, + Chalcones resveratrol Example: Quinine
citronellal, piperitone alliin,allicin, ajoene Example: Quercetin, ellagitcnnir;s caffeic ephedrine swgh;\ine
caryophyllene, glucoraphanin, apigenin, cyanidin, acid, vandiic acd Berbetine, apiten poppy

artemisinin isothiocyanates,

naringenin, delphinidin

Fig. 1. Showing classification of Plant Secondary Metabolites. As depicted in the figure, there are four major types of Secondary Metabolites present in plants, i.e.,
Terpenoids (derived mainly from the MEP pathway), Sulfur-containing metabolites (amino acid-derived compounds), phenolics, subdivided into flavonoids and non-
flavonoids (primarily originating from the shikimate and flavonoid pathways), and Alkaloids (largely amino acid-derived metabolites). Representative examples of

each class are also shown (Erb and Kliebenstein, 2020).

Hydrodistillation is an essential, straightforward technique that uses
the Soxhlet apparatus to isolate active compounds. The hydrodistillation
method involves boiling plant materials in water or exposing them to
steam, thereby facilitating the release of bioactive volatile compounds.
These compounds are subsequently condensed and collected (Perovic¢
et al., 2024), making the technique widely used for the extraction of
essential oils. However, hydrodistillation presents several challenges,
including the loss of thermolabile compounds, prolonged processing
time, and emulsification issues (Pheko and Makhzoum, 2024). Although
widely used, traditional extraction methods are constrained by several
factors that limit their effectiveness and applicability. Thermally labile
Bioactive secondary metabolites are susceptible to degradation during
extended exposure to heat, resulting in reduced yield and loss of bio-
logical activity. Moreover, the use of large amounts of organic solvents
raises concerns about toxicity, environmental impacts, and the subse-
quent purification of the end product. The biological assays and phar-
maceutical use may also be affected by solvent residues. Moreover,
conventional extraction methods are often time-consuming and
energy-intensive, making them less suitable for large-scale industrial
use. The standardization and reproducibility are further complicated by
variability in extraction efficiency due to variation in plant material,
solvent polarity, and extraction conditions (El-Saadony et al., 2025).

The traditional PSM extraction methods have several limitations,
including degradation of phytochemicals caused by excessive heat and
the use of organic solvents. Additionally, these methods require the use
of organic solvents at several steps, producing harmful byproducts and
waste that can lead to environmental pollution. Therefore, green
extraction methods and solvents are required for efficient, cost-effective
extraction of PSM. Green extraction comprises a process that can reduce
energy intake and increase the use of green solvents. The most promising
methods are Microwave-Assisted Extraction (MAE), Ultrasound-Assisted
Extraction (UAE), Voltage-Assisted Extraction (VAE), Pressurized Liquid
Extraction (PLE), and, recently, Shockwave-Assisted Extraction (SWAE).
Additionally, by removing organic solvents from the extraction process,
the use of green solvents lowers environmental pollution. The first
example of a green solvent is Deep Eutectic Solvents (DES), a term first
introduced by Abbott in 2002 (Perna et al., 2019). The DES led to the

identification of Natural Deep Eutectic Solvents (NaDES); NaDES are
large concentrations of naturally occurring DES in the cell that can be
separated into various solvent types, including lipids and water. In
addition to DES and NaDES, water is also considered a green solvent
because it does not cause air or soil pollution. The production costs of
distilled water are also very low. Furthermore, water-based formulations
are commonly found in traditional medicine, such as macerations, in-
fusions, decoctions, percolations (Torres-Ortiz et al., 2024). Moreover,
ethanol is also regarded as a green solvent because it is easily and
affordably obtained, purified, and biodegraded. In addition to alcohols,
especially ethanol, green solvents include ketones and esters
(Torres-Ortiz et al., 2024). Innovative green extraction techniques
enhance extraction yields by rupturing cells, minimizing heat exposure,
and protecting secondary metabolites from structural damage. Thus,
green extraction aims to create environmentally friendly chemistry by
using less harmful, safer reagents, cleaner extraction techniques, and
producing safer products. Compared with organic solvents, extraction
yields can be readily achieved and even surpassed with green solvents
such as DES and NaDES, regardless of the extraction technique. Addi-
tionally, DES and NaDES are excellent substitutes for organic solvents in
the extraction process since they are safer for biological applications,
highly reusable, and non-toxic (Brito et al., 2025). Furthermore, new
assisted extraction techniques, such as probe UAE and SWE, which rely
on physical principles, such as cavitation, to collect secondary metab-
olites in the extract and reduce the risk of heat-degradable molecules
breaking down, are a reliable alternative to conventional extraction
techniques (Torres-Ortiz et al., 2024). Furthermore, the extraction
period is shortened, resulting in a quicker extraction process and
reduced overall energy use. Finally, coupling green extraction methods
with green solvents can result in greater yields of secondary metabolites
from plants. These methods improve the yield of secondary metabolite
extraction from plants compared to conventional extraction techniques.
Green extraction has a long way to go to improve and develop assisted
extraction methods, where innovative steps may help increase extrac-
tion efficiencies, including the use of conventional solvents such as
water or ethanol (Xi et al., 2023). Green solvents, nevertheless, have
proven to be a competitive participant in the ongoing quest for safer
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plant extracts with a vast diversity of secondary metabolites, and are
even more efficient when extractants are designed specifically for the
phytochemical expected to be obtained.

Other than conventional methods, some of the novel high-
throughput techniques, such as Microwave-Assisted Extraction (MAE),
Enzyme-Assisted Extraction (EAE), and Supercritical Fluid Extraction
(SFE), particularly using supercritical carbon dioxide, are effective
techniques for isolating polar compounds such as lipophilic antioxidants
and terpenoids (Dashtian et al., 2024), Ultrasound-Assisted Extraction
(UAE), and Pressurized Liquid Extraction (PLE) (Tena and Asuero,
2022).

Compared with traditional procedures, these modern techniques
offer significant advantages, including reduced extraction time, lower
solvent consumption, and improved yields and purities of secondary
metabolites (Veer and Gopalakrishnan, 2016). A comparative analysis of
traditional and green extraction methods reveals significant differences
in efficiency, cost, and environmental impacts. Maceration and hydro-
distillation are relatively simple and inexpensive methods that require
longer extraction times, large volumes of solvent, and may produce
lower yields, especially of thermosensitive compounds. Conversely,
green extraction methods, including Microwave-Assisted Extraction
(MAE), Ultrasound-Assisted Extraction (UAE), and Supercritical fluid
extraction (SFE), offer high extraction efficiency, shorter processing
time, and reduced solvent use. These approaches are generally more
environmentally friendly as they consume less energy and produce less
hazardous waste. But their application could be associated with higher
initial equipment and technical skills costs. Although green methods are
the best in terms of yield and selectivity, scalability and economic
viability are the major issues that need to be addressed to scale them to
the industrial level. Hence, the preferred extraction method depends on
a tradeoff among efficiency, cost, compound stability, and environ-
mental factors (Cao et al., 2025; Wawrosch and Zotchev, 2021).

Crude plant extracts represent complex mixtures of diverse natural
compounds. To isolate individual bioactive constituents, fractionation
procedures are employed based on differences in metabolite polarity
and molecular size (Gao et al., 2019). Purification can be achieved
through a range of chromatographic and extraction techniques,
including Column Chromatography (CC), Vacuum Liquid Chromatog-
raphy (VLC), Size-Exclusion Chromatography (SEC), liquid-liquid
extraction, and solid-phase extraction (Srivastava et al., 2021).
High-Performance Liquid Chromatography (HPLC) is one of the most
widely adopted advanced techniques for the efficient purification of
secondary metabolites, peptides, flavonoids, and other small to
medium-sized organic molecules. HPLC serves as a fundamental
analytical platform for separating and quantifying compounds from
crude soluble extracts (Dwivedi et al., 2021). Application-specific HPLC
systems utilize tailored stationary phases, such as Normal-Phase
(NP-HPLC) and reversed-phase HPLC (RP-HPLC), to optimize separa-
tion efficiency (Kanavarioti, 2019). High-performance Thin-Layer
Chromatography (HPTLC) is an advanced form of conventional TLC that
offers superior resolution, improved reproducibility, and enhanced
sensitivity. The technique incorporates automated sample application,
precisely controlled development chambers, and multi-wavelength
detection, enabling both qualitative and quantitative analysis
(Balekundri et al., 2025; Khorshed et al., 2025). HPTLC is particularly
valuable for generating characteristic fingerprints of plant extracts,
detecting adulteration, and ensuring the standardization of herbal for-
mulations. In phytochemical characterization and quality control, it
serves as a complementary technique to HPLC (Rabadiya et al., 2025;
Vazquez and Tabanca, 2025).

The choice of column is determined empirically, based on the
physicochemical characteristics of the target compound, to ensure high
accuracy and reproducibility. Following purification, compounds are
structurally characterized using a suite of analytical tools, including
Nuclear Magnetic Resonance (NMR) spectroscopy, High-Resolution
Mass Spectrometry (HRMS), X-ray crystallography, Infrared (IR)
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spectroscopy, Ultraviolet-Visible (UV-Vis) spectroscopy, and Optical
Rotary Dispersion (ORD) for the evaluation of stereochemistry and
isomeric mixtures (Maurer and Muddiman, 2012; Zarrouk et al., 2021).

NMR is a versatile, reproducible, and highly informative technique
for elucidating metabolite structures (Rehman et al., 2022), applicable
to both metabolomics and structural analysis. Metabolomics enables the
mechanistic exploration of biochemical and cellular processes, with
modern analytical techniques capable of detecting trace-level metabo-
lites crucial for cellular signaling (Klassen et al., 2017). Once purified,
natural products can be identified and assessed for pharmacological
activity, enabling drug discovery studies. Additionally, purified metab-
olites are valuable in investigating the chemical diversity of plants or
microbial species from different geographical regions, conducting
translational metabolomics of biofluids to identify disease-specific bio-
markers, analyzing cellular pathways, and  performing
organelle-targeted studies (Trivedi et al., 2020).

HRMS provides accurate molecular mass measurements and facili-
tates the determination of unambiguous molecular formulas for thou-
sands of metabolites in complex mixtures. IR spectroscopy provides
insights into functional group composition, while UV-vis spectroscopy
distinguishes conjugated systems. ORD measurements determine optical
activity and absolute configuration, and X-ray crystallography provides
a complete three-dimensional structural resolution of crystalline com-
pounds (Yousf et al., 2017). Methodologies for obtaining pure and bio-
logically active compounds from plant extracts are illustrated in Fig. 2.

2.2. In vitro production of secondary metabolites

Secondary metabolites have long been exploited in medicine, drug
development, and semi-synthetic modification by research institutions
and the pharmaceutical industry. However, large-scale production
directly from natural sources is limited, as excessive harvesting can have
adverse impacts on floral biodiversity. Overexploitation of plants rich in
essential secondary metabolites has already driven certain species into
marginal habitats or placed them at risk of endangerment (Pandith et al.,
2018). Furthermore, the quality and yield of these metabolites are
influenced by geographical location, seasonal variation, and environ-
mental factors. Consequently, reliance on natural harvesting may lead to
the depletion of rare medicinal plants. Compounding this issue is the
complexity of conventional purification and extraction procedures,
which are often multistep and resource-intensive.

To address these limitations, advanced biotechnological in vitro
strategies, such as micropropagation, organ culture, tissue culture,
adventitious root culture, and cell culture, have emerged as viable al-
ternatives for large-scale plant biomass production, germplasm conser-
vation, and the synthesis of bioactive compounds (Fazili et al., 2022;
Nalawade and Tsay, 2004). Metabolites obtained from in vitro cultures
can be purified in substantial quantities using streamlined extraction
methods (Biswas et al., 2023).

Among these approaches, cell suspension culture offers a rapid and
scalable method for producing biomass for pharmaceutical applications,
often yielding higher secondary metabolite yields than micro-
propagation or organ/tissue culture. Nonetheless, organ cultures can be
more effective than suspension systems for producing certain target
metabolites (Baque et al., 2012; Giri and Narasu, 2000; Urquiza-Lopez
et al.,, 2025). Hairy root culture represents another efficient platform
for the biosynthesis of secondary metabolites in specific plant species.
This method utilizes Agrobacterium rhizogenes, a natural genetic engineer
that can transfer Root-Inducing (Ri) genes directly into the plant
genome. Researchers have exploited its Ri-plasmid as a vector to
enhance and stabilize metabolite production. Recent developments in
plant technologies, especially hydroponics and controlled-environment
cultivation, offer a promising avenue for improving PSM production
(Chandran et al., 2020; Kaur et al., 2021). These systems can induce the
production of desirable phytochemicals by carefully controlling nutri-
ents and environmental factors to promote PSM production. An example
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Fig. 2. Basic procedure to obtain pure and active compounds from plant extract. Starting with the selection of a plant and its specific part as a starting material.
Extraction is performed by cold maceration with an appropriate solvent, followed by filtration and solvent evaporation to obtain the crude extract. The crude extract
must undergo single or multiple rounds of chromatographic purification. The structural characterization can also be done by using high-performance liquid chro-
matography (HPLC) and FTIR for separation, phytochemical profiling, and functional group characterization. Extracts were stored under appropriate conditions for

further experimental applications.

is nutrient modulation of hydroponically grown lettuce, which has been
demonstrated to enhance certain phenolics, including flavones, antho-
cyanins, and phenolic acids, thereby enhancing antioxidant activity.
These methods offer a sustainable, scalable platform for optimizing the
production of PSMs for nutraceutical and pharmaceutical applications
(D. T. P. Nguyen et al., 2020; Senizza et al., 2020).

2.3. Secondary metabolites as drug candidates

2.3.1. Plants as green gold of pharmacophores

Approximately 400,000 species of terrestrial plants have been
documented (Cheek et al., 2020), of which only 50,000-80,000 species
have been investigated for their medicinal potential (Chen et al., 2016).
Between 1990 and 2016, approximately 1500 compounds were
approved by the U.S. Food and Drug Administration (FDA) as thera-
peutic agents, available either over the counter or via prescription
(Newman and Cragg, 2016). Of these, only 326 compounds were
derived exclusively from natural sources, while the remainder were
synthetic molecules or chemically modified derivatives of natural
products (Lautié et al., 2020). In the absence of a definitive treatment for
COVID-19, global interest in plant-derived therapeutics has intensified,
as a substantial proportion of existing drugs originate from plants or
their bioactive constituents. This suggests a promising potential for
medicinal plants to yield compounds with anti-COVID-19 activity
(England et al., 2023). Consequently, systematic exploration of the vast
botanical diversity is essential to identify novel plant secondary me-
tabolites with significant pharmacological activities.

2.3.2. Different classes of secondary metabolites

The biosynthetic pathway for the production of plant secondary
metabolites remains incompletely elucidated. Advances in analytical
and molecular techniques have enabled the identification of ultra-small
phytochemical compounds and facilitated comprehensive metabolomic
profiling. Plant secondary metabolites are generally produced in low
concentrations and can be broadly classified into four major groups
based on their chemical composition and biosynthetic origin: alkaloids,
terpenoids, phenolic compounds, and sulfur-containing metabolites
(Gonzalez Mera et al., 2019). Many of these bioactive molecules possess
significant pharmaceutical and industrial relevance.

2.3.3. Terpenes

Terpenes represent the most structurally and functionally diverse
class, comprising approximately 42,000 known molecules. They are
non-saponifiable lipids that participate in both primary and secondary
metabolic processes in plants. Terpenes are widely used as food addi-
tives, nutraceuticals, and therapeutic agents. Among them, mono-
terpenes are predominantly produced by aromatic plants and are major
constituents of essential oils. For instance, cannabinoidal compounds
such as Ag—tetrahydrocannabinol, derived from Cannabis species, exhibit
antidepressant and antitumor activities (Zielinska-Blajet and
Feder-Kubis, 2020). B-myrcene, a monoterpenoid identified in the
essential oil of Syzygium aromaticum, exhibits antimalarial and Trypa-
nosoma species activity, suggesting its potential role in the management
of sleeping sickness. Limonene, a cyclic monoterpene obtained from
citrus peel, exhibits pancreatic lipase-inhibitory properties and potent
antiviral effects, particularly against Herpes simplex virus and
SARS-CoV-2, and is incorporated into several ayurvedic formulations
(Kvittingen et al., 2021). Within the sesquiterpenoid subgroup, com-
pounds such as gossypol and avarol display notable antitumor and
anti-HIV activities, respectively, and also serve as part of plant defense
mechanisms (Imperatore et al., 2020). Artemisinin, a sesquiterpene
lactone derived from Artemisia annua, is currently undergoing clinical
trials for the treatment of malaria (J. Wang et al., 2019).

Recent studies have demonstrated that terpene-based essential oils
exhibit strong antibacterial and preservative properties, making them
valuable in the food industry. Recent studies reported that the combi-
nation of essential oils and terpenes with supercritical carbon dioxide
(sc-COy) effectively extended the shelf life of chicken meat (Fabio et al.,
2025). Owing to their hydrophobic and lipophilic properties, many
terpenoids can disrupt microbial cell membranes and inhibit key en-
zymes involved in energy production and DNA replication, thereby
reducing bacterial viability. Specific compounds such as a-pinene and
limonene have been shown to inhibit the growth of Escherichia coli and
Staphylococcus aureus. Furthermore, certain terpenoids also exhibit
antioxidant activity by scavenging free radicals, thus protecting food
from oxidative damage (Wang et al., 2025).

Recently, tanshinones, a class of diterpenes derived from dried roots
and rhizomes, have garnered attention for their therapeutic potential in
cardiovascular disorders, arthritis, and cancer (Zhou et al., 2021).
Additionally, diterpenes cafestol and kahweol, found in coffee beans,
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exhibit antidepressant, anti-inflammatory, antidiabetic, and antioxidant
properties, contributing to reduced prostate cancer risk, improved liver
function, and increased HDL cholesterol levels (Makino et al., 2021).
Furthermore, the triterpenoid saponin glycyrrhizin from licorice ex-
hibits potent antiviral activity against HIV and SARS-CoV-2 (Huan et al.,
2021).

2.3.4. Alkaloids

Alkaloids have always been alluring to researchers as they behave in
very different ways. These are generally nitrogen-containing cyclic
compounds constituting a small group of secondary metabolites.
Approximately 18,000 alkaloids have been isolated from various plant
species, and only 27% have been evaluated for their diverse activities.
Most renowned and ill-famed compounds belong to alkaloids like
cocaine, quinine, atropine, caffeine, nicotine, and morphine, but they
play an essential role in curing some human diseases. Morphine is a
widely used plant-derived analgesic obtained from the opium poppy
(Papaver somniferum) and has been prescribed for decades to alleviate
pain, particularly in cases of injury or post-surgical trauma. In modern
medicine, morphine remains indispensable in pain management, espe-
cially for patients with advanced or terminal illnesses such as cancer
(Stermitz and Rapoport, 1961). This unique plant-derived compound
provides unparalleled analgesic efficacy due to its strong binding affinity
to opioid receptors in the human body. The isolation of morphine not
only represented a milestone in pharmacology but also paved the way
for the identification of additional plant-based compounds with signif-
icant therapeutic potential (Nasim et al., 2022).

Some are non-addictive analgesics, some possess local anesthetic
activity, and others are chemotherapeutic agents for some cancers. The
main ingredient responsible for tobacco addiction, smoked in cigarettes,
is nicotine, a principal alkaloid present in heavy amounts. Some alka-
loids are unapproved drugs, like psilocybin extracted from Psilocybe
mexicana and mescaline obtained from Lophophora, commonly used as
hallucinogenic drugs (Twaij and Hasan, 2022). The significant second-
ary metabolites known as Benzylisoquinoline alkaloids (BIAs) are found
in opium poppies (Papaver somniferum L.). Benzylisoquinoline Alkaloids
(BIAs) are used as drugs and in pharmaceutical research. In
genome-edited plant lines, BIAs, such as morphine and thebaine, were
significantly reduced following CRISPR-Cas9-mediated knockdown of
the 4OMT and 40MT2 genes. Both genes are essential for the biosyn-
thesis of morphine, thebaine, and codeine. Thus, the potential of the
CRISPR system to manipulate metabolic pathways was demonstrated,
paving the way for a comprehensive understanding of the PSM pro-
duction pathway and a strategy to selectively increase the production of
desired beneficial compounds (Mipeshwaree Devi et al., 2023). A
well-known oncolytic alkaloid, Vincristine, produced by Catharanthus
roseus, is being used as a therapeutic agent for Hodgkin's disease, uterine
and cervical cancers, and many other cancers (Tyagi et al., 2010). Many
alkaloids have reached the market for their effectiveness in treating
diseases, such as Galantamine, an acetylcholinesterase inhibitor derived
from the bark of Galanthus woronowii, an FDA-approved drug for Alz-
heimer's disease (Nunes et al., 2022). Hydroxychloroquine, a derivative
of Chloroquine, turned out to be a life-saving drug against SARS-CoV-2
(Colson et al., 2020). Extended utilization of alkaloids leads to drug
addictions with mental and physical dependence on these drugs, and
withdrawal from these leads to severe side effects.

2.3.5. Phenolic compounds

Plant phenolics are aromatic compounds characterized by the pres-
ence of a benzene ring and are known to exhibit strong antioxidant ac-
tivity, often surpassing that of other classes of secondary metabolites.
They play a crucial role in regulating plant growth, physiological pro-
cesses, and structural integrity (Hilal et al., 2024).

Polyphenols represent a broad and structurally diverse class of
phytochemicals characterized by the presence of a benzene ring
substituted with at least one hydroxyl group. This complex group

Rhizosphere 39 (2026) 101392

encompasses flavonoids, flavones, flavonols, anthocyanidins, and lig-
nins, among others. Among these, flavonoids constitute the largest
subgroup and are widely recognized for their potent antioxidant and
anti-inflammatory properties. Owing to their significant health benefits,
polyphenols have long been the focus of scientific investigation and are
also commonly consumed as natural dietary supplements. To date,
approximately 8000 distinct polyphenols have been identified, of which
nearly 200 are exported from India to major global markets, including
the USA, UK, and Dubai.

Phenolic compounds, the most abundant and heterogeneous subclass
of polyphenols, are widely distributed in cereals, legumes, fruits, and
vegetables. They occur in free, soluble, and insoluble bound forms and
exhibit a broad spectrum of biological activities, including antimicro-
bial, antioxidant, and anti-inflammatory effects (Nasim et al., 2022). For
example, the anthocyanin cyanidin, extracted from Ipomoea batatas
(sweet potato), has been reported to possess antioxidant, anti-
clastogenic, antiproliferative, and antitumorigenic properties.

Recent studies demonstrate that phenolic compounds can effectively
counteract free radical-mediated damage, suppress acute inflammatory
responses, and mitigate mutagenic activity. These bioactivities are
attributed to the presence of catechol and pyrogallol functional groups,
which readily interact with and neutralize reactive oxygen and nitrogen
species. Collectively, these mechanisms underpin the therapeutic po-
tential of phenolics in preventing or attenuating non-communicable and
degenerative diseases, particularly those with long-term pathological
progression.

Thymol, a monoterpenoid phenol derivative of p-cymene and an
isomer of carvacrol, is a major constituent of thyme oil. This essential oil
is produced by several members of the Lamiaceae family, with Thymus
vulgaris (garden thyme) being the most common source. Traditionally,
thyme oil has been widely recognized for its role as a natural food
preservative and is extensively used in cosmetics, toiletries, and
mouthwash formulations. Beyond these applications, thymol exhibits
diverse biological activities, including antifungal, anti-inflammatory,
and antibacterial properties, highlighting its potential for emerging
therapeutic and industrial applications (Marchese et al., 2016). In the
food packaging sector, natural antimicrobials and preservatives are
being actively explored as sustainable alternatives to synthetic agents.

A notable study demonstrated that the utilization of a fusion protein
comprising f-casein and the antimicrobial peptide E50-52 resulted in
significant antimicrobial activity. In this system, p-casein functions as a
carrier or fusion partner to express the E50-52 peptide in Escherichia coli,
thereby producing an antimicrobial polymeric monomer with potential
application in food packaging. Importantly, the synergistic activity of
this fusion protein with thymol exhibited enhanced antimicrobial effects
against common foodborne pathogens (Fahimirad et al., 2017). Mech-
anistically, antimicrobial peptides act by destabilizing bacterial mem-
branes, leading to pore formation and subsequent cell lysis, whereas
thymol disrupts lipid bilayers by penetrating lipid assemblies and
altering membrane integrity (Trombetta et al., 2005).

Recent investigations have also highlighted the role of flavonoids in
combating infectious diseases. For instance, quercetin and apigenin
have demonstrated inhibitory activity against the SARS-CoV-2 Main
Protease (Mpro), thereby showing therapeutic promise against COVID-
19 (Jo et al., 2020). Similarly, Kobophenol-A, a plant-derived phenolic
compound, has been shown to bind effectively to the SARS-CoV-2 spike
protein receptor, suggesting that natural products may be promising
therapeutic candidates for the treatment of viral diseases (Kaliaperumal
et al., 2023).

Several widely used Indian medicinal plants, such as Phyllanthus
emblica (Indian gooseberry, amla), Terminalia chebula (harad), Termi-
nalia bellirica (baheda), Tinospora cordifolia (amrita), Tribulus terrestris
(gokshura), and Withania somnifera (ashwagandha), are rich sources of
polyphenols and flavonoids. These plants contain bioactive compounds,
including kaempferol, quercetin, ellagitannins, shikimic acid, tannic
acid, caffeic acid, ascorbic acid, vanillic acid, p-coumaric acid, and gallic
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acid, all of which contribute to their therapeutic benefits for immunity,
skin, hair, cardiovascular health, digestion, vision, and respiratory
function (Ahmad et al., 2020; Vallish et al., 2022).

Resveratrol, a stilbenoid derived from Vitis vinifera, exerts chemo-
therapeutic effects by inducing cell cycle arrest through the activation of
p21 and p27 while concurrently downregulating oncogenic microRNAs
(Abazari et al., 2021; Meshram et al., 2022; Shankar et al., 2017).
Similarly, flavopiridol, a semisynthetic flavonoid originally derived
from the bark of Dysoxylum binectariferum, has been developed as a
leading anticancer drug with established efficacy in the treatment of
leukemia and lymphomas. Apigenin, another well-characterized flavo-
noid found in red cherries, grapes, barley, and chamomile tea, is widely
used in sunscreen formulations due to its ability to scavenge reactive
oxygen species generated upon Ultraviolet (UV) exposure. In addition,
apigenin exhibits chemopreventive activity by inhibiting the develop-
ment of cancers such as breast, leukemia, and prostate malignancies
(Shankar et al., 2017).

Collectively, these findings underscore that polyphenols and flavo-
noids possess both chemopreventive and chemotherapeutic potential,
establishing them as promising scaffolds for the development of novel
drug candidates. Given their multifaceted bioactivities, increased
research attention is warranted to systematically explore these com-
pounds for translational applications in human health and disease
management.

2.3.6. Sulfur-containing compounds

There are very few plant-based sulfur-containing secondary metab-
olites. They are generally sulfur-containing amino acids, like cysteine
and methionine, produced by animals (Hill et al., 2023). However, some
plants in the Brassicaceae family and the Allium genus produce
sulfur-containing secondary metabolites, including glutathione, allicin,
phytoalexins, and glucosinolates (V. P. T. Nguyen et al., 2020). Sulfur is
sequestered from the environment and then assimilated into plant tis-
sues. This sequestered sulfur is essential for human health as it plays a
role in anti-inflammatory and antioxidant pathways. The development
of biosynthetic pathways illustrates how genetic variation and envi-
ronmental pressures shape plant metabolism (Younkin et al., 2024). This
phenomenon was investigated in Erysimum cheiranthoides (Brassicaceae),
which independently evolved the ability to produce cardiac glycosides
while retaining GLS biosynthetic pathways. Their findings demonstrated
that cardiac glycosides emerged as an additional defense mechanism
against herbivores, particularly in cases where Glucosinolates (GSLs)
were less effective against specialist feeders. By employing isogenic
plant lines, the study distinguished the ecological and evolutionary roles
of these compounds, providing evidence that newly evolved metabolic
traits can function in concert with ancestral ones to modulate
plant-herbivore interactions. The authors further emphasized that plant
metabolism reflects a balance between innovation and redundancy,
underscoring the importance of integrating genomic, biochemical, and
ecological approaches to fully elucidate evolutionary adaptations in
plants (Younkin et al., 2024).

In Allium species such as garlic and onion, the phytoanticipin com-
pounds exhibit potent antimicrobial activity, providing defense against
bacterial, fungal, and viral pathogens. Alliin, a sulfur-rich organosulfur
compound in garlic, has been shown to reduce arterial cholesterol pla-
que formation in arteriosclerosis and also demonstrates neuroprotective
potential through its anti-inflammatory effects (Sanchez-Sanchez et al.,
2020). Similarly, sinigrin, a glucosinolate found in broccoli, exhibits
anti-arteriosclerotic, anti-carcinogenic, and antioxidant properties
(Jang et al., 2017; Lee et al., 2017). Ajoene, another key organosulfur
compound from garlic, possesses hepatoprotective activity by prevent-
ing thiol depletion and restoring normal liver enzyme function
(Subramanya et al., 2018).

Sulfur-containing amino acids, primarily methionine and cysteine,
GSLs, and the byproducts of their hydrolysis, such as isothiocyanates, as
well as other sulfur-containing substances, including phytoalexins or
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cysteine sulfoxides, have been the subject of research in recent years.
Because of their unique biological characteristics, including antibacte-
rial, anti-inflammatory, anticancer, and antioxidant qualities, GSLs are
considered an important phytochemical group. Functional foods,
nutraceuticals, and cosmeceutical products thus use sulfur-containing
metabolites as preventative and therapeutic ingredients (Castro et al.,
2023).

2.4. Pharmacokinetic and toxicological limitations of natural products

Although plant secondary metabolites possess a wide range of bio-
activities, including antioxidant, anti-inflammatory, and anticancer
properties, their clinical use is often constrained by adverse pharmaco-
kinetic properties. Most phytochemicals have poor water solubility, low
gastrointestinal absorption, and undergo first-pass metabolism, leading
to reduced systemic bioavailability and decreased therapeutic efficacy.
Moreover, the lack of predictability in their metabolic stability and high
rate of clearance also limit their efficacy in target sites. Toxicity is also a
major concern because some of the compounds can be dose-dependent,
cytotoxic, off-target, and organ-specific (Vaou et al., 2025; Yuan et al.,
2024).

Pharmacokinetic challenges in Absorption, Distribution, Meta-
bolism, and Excretion (ADME) pose serious hurdles to the translational
potential of these compounds. Recent computational data suggest that a
significant percentage of phytochemicals exhibit changing ADME/Tox
profiles, including restricted blood-brain barrier permeability and in-
termediate gastrointestinal absorption. In silico ADMET prediction
models, such as SwissADME and pkCSM, are increasingly used in early-
stage screening and lead compound optimization to overcome these
limitations. Also, new methods to achieve bioavailability, stability, and
targeted delivery are being investigated, including novel delivery sys-
tems, nanoformulations, and structural modifications. Together, a
combination of pharmacokinetic and toxicity analyses and bioactivity
research is necessary to develop plant secondary metabolites into useful
therapeutic agents (Odhiambo et al., 2025).

3. Computational approaches as promising tools for drug
development

Rapid lifestyle changes and accelerated mutation rates in pathogenic
microorganisms, such as bacteria, fungi, and viruses, have rendered
traditional “one-disease-one-drug” approaches increasingly ineffective.
Consequently, modern drug discovery has shifted toward integrative
strategies, including computational biology, in silico molecular docking,
and systems biology, to identify novel therapeutic targets. The emer-
gence of Omics sciences, including genomics (functional, comparative,
and structural), transcriptomics (gene-level analysis), proteomics, and
metabolomics (phenotypic profiling), has become pivotal for elucidating
interactions among secondary metabolites, their molecular targets, and
associated regulatory genes (van Santen et al., 2021).

Researchers are investigating new approaches, such as multitarget
drug designing and artificial intelligence-based virtual screening, to
improve the efficacy and accuracy of drug discovery from medicinal
plants through Computer-Aided Drug Discovery and Development
(CADD). The drug discovery process is impacted extensively by CADD,
as it can save time and resources needed for each step of drug discovery
and development (Javid et al., 2024). Understanding and applying these
advanced Omics-based tools is critical for identifying novel natural
secondary metabolites, predicting their potential molecular targets,
elucidating structural analogs, and optimizing pharmacokinetic profiles
(Romano and Tatonetti, 2019). Plant-derived bioactive compounds
generally exhibit superior polypharmacological properties compared to
their fully synthetic counterparts. Recent advances in machine learning
driven virtual screening have enabled high throughput docking of nat-
ural products and their analogs with specific molecular targets, thereby
accelerating drug discovery (Fang et al., 2018). The continual
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development of specialized databases and advanced bioinformatics tools
will further enhance polypharmacology-focused research.

The term in silico refers to experiments conducted and analyzed using
computer-aided tools. A related discipline, in silico pharmacology, also
termed computational pharmacology or computational therapeutics,
involves the application of software-based techniques to collect, process,
and interpret complex biological and medical datasets, ultimately
driving discoveries in drug development (Ekins et al., 2007). Histori-
cally, plants and their extracts have served as vital resources for human
healthcare for over 5000 years (Brown and Wright, 2016), providing
therapeutic agents with cardioprotective, antibiotic, analgesic, and
antineoplastic properties (Chen et al., 2015). In developing nations,
70-90% of the population continues to rely on traditional plant-based
medicines (Chin et al., 2006). Secondary metabolites represent the
most valuable phytochemical constituents, offering a diverse range of
pharmacological benefits (Robinson and Zhang, 2011). More than 50%
of FDA-approved drugs are derived from natural products or their de-
rivatives (Anand et al., 2019). According to the World Health Organi-
zation, over 30% of plant species have documented medicinal uses (Vi
et al., 2018).

However, the traditional process of medicinal plant research is time-
consuming and expensive. However, the conventional process can be
modified to improve the efficiency of medicinal plant research (Yi et al.,
2018). Therefore, scientists first predict a large number of chemical
compounds or ligands for a particular target by the in silico method,
then, for verification, in vitro and in vivo experiments are performed; this
process improves the efficiency of evaluation of natural compounds
from plants, and this method relatively takes less time for drug
designing. Nowadays, computer-aided drug design methods are
frequently used to discover drugs from natural compounds.

3.1. Insilico drug discovery: A new approach

Plant secondary metabolites encompass a diverse array of bioactive
compounds that confer adaptive advantages to plants, enhancing their
survival and facilitating various aspects of growth and development
(Birchfield and McIntosh, 2020). The composition and physicochemical
properties of these metabolites vary considerably across plant species,
rendering them promising drug candidates due to their structural di-
versity, bioactivity, and potency. Secondary metabolites have demon-
strated efficacy in combating antimicrobial resistance and may serve as
alternative therapeutic agents, particularly in resource-limited settings
where access to conventional healthcare is restricted (Bhatti et al.,
2022). The biochemical properties of these compounds underpin their
ability to interact with a wide range of molecular targets within bio-
logical systems (Mohammed et al., 2023).

Extensive information on PSMs has been systematically archived in
various commercial and open-access databases, significantly acceler-
ating natural product-based drug discovery. Notable commercial data-
bases include the Dictionary of Natural Products (DNP) (https://dnp.
chemnetbase.com/chemical/ChemicalSearch.xhtml?dswid=-3497),
Reaxys (https://www.reaxys.com), the National Institute of Standards
and Technology (NIST) database (https://www.nist.gov/srd/nist-standa
rd-reference-database-1a), NaprAlert (Loub et al., 1985), AntiBase
(https://application.wiley-vch.de/stmdata/antibase.php), MarinLit (htt
ps://marinlit.rsc.org/), the Natural Product Discovery System (NADI)
(Ikram et al., 2015), ChemTCM, The Natural Products Library (NPL)
(Quinn et al., 2008), The Natural Product Discovery System (NADI)
(Vickers, 2017), The Ayurveda dataset (Lagunin et al., 2016), The Ber-
dy's Bioactive Natural Products Database (Berdy and Kertesz, 1989).
While comprehensive, these resources are often more costly than freely
available platforms. In contrast, the literature reports at least 92
open-access databases dedicated to natural products (Sorokina and
Steinbeck, 2020). Such databases, curated by computational chemists,
have substantially advanced the virtual screening and selection of nat-
ural products as potential therapeutics (Baxevanis and Bateman, 2015),
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providing essential resources for in silico pharmacognosy and phyto-
chemical chemoinformatics (Prachayasittikul et al., 2015). Medicinal
plant drug discovery aims to identify and optimize lead molecules from
the vast pool of phytochemicals. These lead compounds must also un-
dergo extensive preclinical and clinical trials to be approved as effective
medications. In the absence of computational tools, both procedures are
time-consuming, expensive, and laborious (Javid et al., 2024).

In silico high-throughput screening (HTS) is a new door for screening
different natural compounds in significantly less time to identify po-
tential drugs. HTS based on molecular docking minimizes the ligands for
in vitro and in vivo screening (Anand et al., 2019). Various FDA-approved
medicines derived from natural products were developed using in silico
docking approaches, such as Dozamide in 1995, Imatinib in 2001,
Dasatinib in 2006, and Ponatinib in 2012 (Stocks, 2015). Likewise, Sa-
quinavir was the first FDA-approved HIV-1 enzyme inhibitor developed
through in silico docking (Zaman et al., 2002). Moreover, virulent pro-
teins from several diseases (SARS-CoV, Diabetes, Cancer, Monkeypox,
and Dengue) were docked with various plant secondary metabolites via
HTS, as listed in Tables 1 and 2.

3.2. Steps involved in computational drug designing

3.2.1. Preparation of a plant secondary metabolites library and QSAR
analysis

The PSM library can be prepared through a literature survey or by
identifying phytochemicals via GC-MS of an optimized plant extract.
Plant Secondary Compound (PSC) is a freely available database with 3-D
structural information/details of various/different natural products and
their physicochemical and pharmaceutical properties (Valdés-Jiménez
et al, 2021). After preparing the PSM library, Quantitative
Structure-Activity Relationship (QSAR) analysis could be performed in
which the PSM structure is quantitatively correlated with its biological
activity. QSAR-Co and Prediction of Activity Spectra for Substances
(PASS) are QSAR analysis software that are freely available online
(Ambure et al., 2019; Pagadala et al., 2017).

3.2.2. Molecular docking analysis

The compounds selected in the previous steps will proceed to mo-
lecular docking studies. Molecular docking is an in silico method used to
study the interactions and binding affinities of target molecules, i.e.,
proteins and their ligands or peptides. Several tools are available for
docking studies, including PyrX, AutoDock, FRODOCK, ZDOCK, MEG-
ADOCK, and SOFTDOCK (Pagadala et al., 2017). Researchers can select
any docking analysis tools, followed by results analysis by visualization
tools, i.e., Pymol or Discovery Studio Visualizer. After docking, Molec-
ular Dynamics Simulation (MDS) could be performed, which is a
computational method for analyzing the physical motion of proteins and
ligands. AMBER (Assisted Model Building with Energy Refinement),
GROMACS (Groningen Machine for Chemical Simulations), CHARMM
(Chemistry at Harvard Macromolecular Mechanics), and NAMD
(Nanoscale Molecular Dynamics) are the software available for MDS
(Lee et al., 2017). The advancement of molecular docking has facilitated
drug discovery and development, particularly for viral diseases such as
COVID-19 and SARS (Quimque et al., 2023). Advances in molecular
docking and MDS have significantly accelerated drug discovery and
development, particularly in the identification of potential therapeutics
against viral pathogens such as SARS-CoV and SARS-CoV-2, and veter-
inary pathogen Pasteurella multocida (Soni et al., 2023, 2025).

Although molecular docking has been widely used for screening
plant secondary metabolites, there are several limitations that must be
taken into consideration. Many of the studies included in this review's
summary are based solely on docking scores, without additional
confirmation from molecular dynamics simulations or experimental
validation. Although molecular dynamics has been proposed as a follow-
up measure, its implementation has been limited and rare. Moreover,
there is variability in the methodologies used: different docking
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In silico efforts at natural product drug discovery for various diseases: molecular docking of phytochemical ligands with potential protein targets.

Target

Plant secondary metabolites

Binding Interaction

Method

Key Target Site

References

SARS-CoV-2 spike
protein

SARS-CoV-2 Main
Protease (MP™)

Coagulins K and N

Saponins

Graecunin E
Stigmasteryl glucoside
Yuccagenin
Bismahanine

Tannic acid
Hesperidin
Cannabinoids
Cinnamtannin-B1
Lantacin

Apocynin E

Solanine

Oleocanthal

Theaflavin 3-gallate

Delphinidin 3,5-diglucoside

Withanoside V

Peonidin-3-glucoside

Bonducellin D

Procyanidin As, A4, B4, A; and B,

Acetoside

Rutin

Dicaffeoylquinic acid

Taraxerol acetate

14-deoxy-11,12-
didehydroandrographolide
Andrographolide

Hypericin

Sotetsuflavone

Compounds that strongly bind (BE
low) and are in the top rank.

Positive association; a component of
triterpenoid-rich compounds with
the highest rankings.

Favorable binding interaction
(virtual screening)

High binding affinity

Favorable interaction (triterpenoid-
related)
Interaction reported

Favorable interaction with spike
protein

Positive binding interaction; possible
inhibitor.

Interaction reported

Interaction that was reported
(screened compound; not a top hit)
Possible inhibitor.

Reported interaction; possible
inhibitor.

Positive binding behavior and
stability of complexes with MD
simulation.

Reported interaction; possible
inhibitor.

Positive binding interaction; MD
simulation stability.

Desirable binding interaction;
stability assisted by MD simulation.
A stable protein-ligand interaction is
shown during the simulation,
indicating a possible inhibitory
effect.

During simulation, the exhibits
remained in contact with the
protease's active site, indicating
stable binding.

Maintains stable interactions with
active site residues during
simulation, implying a steady
binding profile

Shows several interactions with
protease residues, which means it
may have binding ability.

Interacts with catalytic site residues;
binding stability was simulated.
Alters contact with the protease-
binding pocket; stability is tested
under dynamic conditions.

Interacts with spike protein residues,
suggesting potential interference
with viral binding.

Exhibits binding in the spike protein
region, suggesting the potential to
interfere with host-virus
interactions.

Interacts with residues in the
protease catalytic region, suggesting
a possible inhibitory interaction.
Displays binding within the protease
pocket, suggesting possible
interference with enzymatic function
Interacts with the active-site
residues, suggesting potential
binding.

Demonstrates occupancy in the
protease binding site, suggesting that

Molecular docking
(virtual screening)

Molecular docking

Molecular docking
Molecular docking
Molecular docking
Molecular docking
Molecular docking
Molecular docking
Molecular docking
AutoDock Vina, PyRx; MD
(GROMACS)

Molecular docking

Molecular docking

Molecular docking; MD
simulation

Molecular docking

Molecular docking; MD
simulation
Molecular docking; MD
simulation
Molecular docking; MD
simulation

Molecular docking
coupled with MD
simulation

Molecular docking
followed by MD

simulation

Molecular docking with
MD-based assessment

Molecular docking and
MD simulation
Molecular docking
coupled with MD
simulation

Molecular docking

Molecular docking

Molecular docking

Molecular docking

Molecular docking

Molecular docking

Receptor-Binding
Domain (RBD) (ACE2
binding interface)
RBD

Spike protein
Spike protein
Mpro active site
RBD

RBD

Mpro active site

Mpro active site
Mpro active site
Mpro active site

Mpro active site

Mpro active site

Mpro active site

Mpro active site

Mpro active site

Mpro active site

Mpro active site

Mpro active site

Mpro active site

Mpro active site

Mpro active site

Mpro active site

Puttaswamy et al.
(2020)

(Puttaswamy
et al., 2020)

(Puttaswamy

et al., 2020)
(Puttaswamy

et al., 2020)
Puttaswamy et al.
(2020)
(Puttaswamy

et al., 2020)
Puttaswamy et al.
(2020)

Tallei et al. (2020)

(Tallei et al.,
2020)

Prasanth et al.
(2021)

Amparo et al.
(2021)

(Amparo et al.,
2021)

Teli et al. (2020)

Bansal et al.
(2022)
C et al. (2022)

Sharma and

Shanavas (2021)
Shree et al. (2022)

Majumder and
Mandal (2022)

Gurung et al.
(2020)

Teli et al. (2020)

(Teli et al., 2020)
(Teli et al., 2020)
Amparo et al.
(2021)

(Amparo et al.,
2021)

Majumdar et al.

(2022)

(Majumdar et al.,
2022)

(Majumdar et al.,
2022)

(Majumdar et al.,
2022)

(continued on next page)
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Target Plant secondary metabolites Binding Interaction Method Key Target Site References
there could be a ligand-protein
interaction.
Proanthocyanidins Has several contacts with the Molecular docking Mpro active site (Majumdar et al.,
protease-binding pocket, suggesting 2022)

SARS-CoV-2 RNA-
Dependent RNA
Polymerase
(RdRp)

Dengue virus NS2B/
NS3 protease

NS5 polymerase

Type 2
nonstructural
protein (NS1)

Diabetes
a-amylase enzyme

Protein tyrosine
phosphatase
(PTP)

Cyanidin 3-(6"-malonylglucoside)

Chrysophanol 8-(6-
galloylglucoside)

Eriodictyol-7-O-rutinoside

Myricetin 3-rutinoside

Rotundioside B

Hippomanin A

2R-Acetoxymethyl-1,3,5-
trimethyl

3,7,11,15-Tetramethyl-2-
hexadece

Palmitic Acid

Agathisflavone

Epigallocatechin gallate

Pectolinarin

acacetin-7-O-rutinoside

kaempferol-3-O-rutinoside

lithospermic acid

Jaceidin, Centaureidin, Artecanin

Alpha-farnesene

Catechin

Delphinidin 3-O-glucoside

Pelargonidin 3-O-glucoside

possible inhibitory relevance.
Remains continuously associated
with the protease binding pocket
during the entire simulation,
indicating stable ligand binding.
Displays binding behavior to the
polymerase binding region, which
suggests that it may be a good
partner to the enzyme

Publishes its compatibility with the
polymerase pocket, indicating
potential interaction with catalytic
regions.

Fills the polymerase-binding cavity,
a possible interaction site for the
ligand with the enzyme.

Shows activity with residues of the
polymerase domain.

Binding to the enzyme region with
displays denoting possible
applicability to polymerase
inhibition.

Shows contact with protease binding
sites, which shows a possible
inhibitory effect.

Compatible with the protease
pocket, which may imply interaction
with catalytic residues.

Fills the enzyme-binding site,
suggesting it may bind protease
residues.

Demonstrates a stable binding in the
protease active pocket, which
suggests possible enzymatic
inhibition.

Shows a high degree of interaction
with catalytic residues, which may
indicate the possibility of disrupting
the protease activity.

Interacts with the polymerase-
binding pocket, suggesting it may
interfere with RNA synthesis.

Gives a positive reaction with the
polymerase active region, suggesting
that enzyme activity is inhibited.
Exhibits stable binding in the
protease active pocket, which
suggests the possibility of disrupting
the enzyme processing.

Shows that it interacts with the
catalytic residues, indicating that it
may inhibit protease activity.

These flavonoid compounds into the
protease active site and make
contacts with residues involved in
catalysis, suggesting they may
interfere with proteolytic activity.

Ligands to the enzyme binding site,
which means that they may
modulate carbohydrate digestion
pathways.

Interacts with residues of the
catalytic pocket, which suggests a
possible inhibition of the hydrolysis
of carbohydrates.

Forms contacts at the catalytic site of
the enzyme, suggesting the
possibility of inhibiting
carbohydrate-digesting activity.
Interacts in the enzyme binding
pocket, implying that it may be

10

Molecular docking
integrated with MD
simulation

Molecular docking

Molecular docking

Molecular docking

Molecular docking

Molecular docking

Molecular docking (HEX),
E-min: —199.90 kcal/mol

Molecular docking (HEX),
E-min: —198.28 kcal/mol

Molecular docking (HEX),
E-min: —209.63 kcal/mol

Molecular docking (with

simulation validation)

Molecular docking (with
simulation validation)

Molecular docking

Molecular docking

Molecular docking

Molecular docking

Molecular docking

Molecular docking

Molecular docking

Molecular docking

Molecular docking

RdRp binding site

RdRp binding site

RdRp binding site

RdRp binding site

RdRp binding site

RdRp binding site

Protease active site

Protease active site

Protease active site

Active site

(His41-Cys145 region)

Catalytic dyad
(His41-Cys145

RdRp catalytic region

Polymerase active site

Active site

(His41-Cys145 region)

Catalytic dyad
(His41-Cys145)

Active site

(His41-Cys145 region)

Catalytic pocket

Active site residues

Active site residues

Active site residues

Shawky et al.
(2020)

Alamri et al.
(2020)

(Alamri et al.,
2020)

(Alamri et al.,
2020)

(Alamri et al.,
2020)
(Alamri et al.,
2020)

Menaga et al.
(2021)

(Menaga et al.,
2021)

(Menaga et al.,
2021)

Bhattarai et al.

(2022)

(Bhattarai et al.,
2022)

(Bhattarai et al.,
2022)

(Bhattarai et al.,
2022)

Agrawal and
Murti (2022)

(Agrawal and
Murti, 2022)

Qaddir et al.
(2020)

Rao and

Hariprasad (2021)

Bohara et al.
(2022)

Damidn-Medina
et al. (2020)

Nguyen-Vo et al.
(2016)

(continued on next page)
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Target

Plant secondary metabolites

Binding Interaction

Method

Key Target Site

References

11p-HSD1

PTP1B (4Y14)

GFAT (2ZJ3)

Cardiovascular disease
Malonyl Coenzyme
A

Chemokine receptor
CXCR4

Chemokine receptor
CXCR7

Cancer
CDK-2

Human
topoisomerase Ila

VEGFR-2

HIF-1a receptor

Human androgen
receptor

Epidermal Growth
Factor Receptor
(EGFR)

ErBb2

Monkeypox
envelope protein

Taraxerol

Corilagin

Cosmosiin

Morin

Curcumin

Quercetin

epigallocatechin gallate

daidzein

quercetin

1',4-dihydroxy-2,3-dimethyl-1,2'-
binaphthyl-5,5',8,8-tetramine
tetraone

6-ethoxy-1,'3-dihydroxy-4,6-
dimethyl-1,2"-binaphthyl-
2,5',8,8-tetramine tetraone

2H-Benzo(cd) pyrene-2,6(1H)-
dione

Corynan-17-01,18,19-
dihydrodidehydro-10-methoxy,
Acetate

Silibinin

oleanolic acid

ursolic acid

modulated to alter carbohydrate
hydrolysis

Binds with the catalytic site of the
enzyme, which suggests that it may
have an inhibitory effect on binding
with the substrate

Forming contacts with the residues
that are engaged in the enzymatic
activity, which indicates that it may
inhibit the pathways of glucose
metabolism

Shows some compatibility with the
enzyme binding site, which means
that it may interfere with the
carbohydrate digestion processes.

Shows communication in functional
binding sites of cardiac-related
proteins, which is indicative of the
possible regulation of pathways that
mediate cardioprotection.

Ca2+ ions Interact with functional
domains of target proteins, which
implies that they may modulate
pathways of inflammation and
oxidative stress.

Interacts with the binding pockets of
target proteins, suggesting potential
control of mechanisms associated
with vascular activity and
inflammation.

Forms contacts with functional
domains on target proteins, which
may indicate the modulation of
pathways involved in tumor
progression.

Incorporates into the binding
pockets of target proteins, which
means potential disruption of
molecular processes associated with
cancer formation.

Bonds with residues of major protein
targets, which implies the possibility
of controlling signaling pathways
related to carcinogenesis

Evidence of interplay with functional
domains of target proteins that
promote tumor progression,
suggesting that it may modulate
cancer-associated pathways.

Bonds with the binding sites of
cancer-related proteins, which may
indicate a possible interference with
molecular processes related to cell
proliferation.

Binds to functional domains of target
proteins, indicating possible
disruption of molecular pathways
related to cancer development.
Binds functional domains of target
proteins implicated in cancer
development, suggesting it could
regulate cancer-related pathways.
Binds to functional sites of microbial
proteins, which suggests the
possibility of disrupting the survival
and virulence of pathogens.

Mostly hydrophobic interactions of
stabilizing van der Waals forces in
the binding pockets of the proteins.

Interacts with binding sites on
microbial proteins, potentially
interfering with bacterial
physiological functions.

Molecular docking

Molecular docking

Molecular docking

Molecular docking

Molecular docking

Molecular docking

Molecular docking (with
quantum chemical
analysis)

Molecular docking (with
quantum chemical
analysis)

Molecular docking (with
quantum chemical
analysis)

Molecular docking

Molecular docking

Molecular docking

Molecular docking

Molecular docking (with

biological context)

Molecular docking +

molecular dynamics (MD)

simulation + MM/PBSA

binding energy analysis in

silico.
Molecular docking

Catalytic pocket

Enzyme active region

Active pocket

Functional Binding site

Active sites

Active/functional sites

Functional binding
regions

Active/Functional
binding site

Functional binding
regions

Active/functional
binding region

Active/functional sites

Functional Binding
region

Functional Binding
region

Functional Binding
region

Envelope structural
proteins (D13, A26,
H3) of Monkeypox
virus (MPXV)

Functional Binding Site

(Nguyen-Vo et al.,
2016)

(Nguyen-Vo et al.,
2016)

(Nguyen-Vo et al.,
2016)

Laskar et al.
(2014)

Murad et al.
(2022)
(Murad et al.,
2022)

Sarkar et al.
(2021)

(Sarkar et al.,
2021)

(Sarkar et al.,
2021)

Ngbolua et al.
(2022)

(Ngbolua et al.,
2022)

Jaikumar et al.
(2017)

Athiraja et al.
(2019)

Gulati et al.
(2022)

Zhou et al. (2020)

Bansal et al.
(2023)
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Table 2
Plant secondary metabolites showing different activities, which are under clinical trials or are approved by the FDA to be used as OTC drugs.
Name of drug Type of Source plant Activity Mechanism of Limitations/ Status References
secondary Action Resistance
metabolite
Vincristine Alkaloid Catharanthus Anti-cancer activity Inhibits Neurotoxicity, drug FDA Nourozi et al. (2025)
roseus (leaves) against acute microtubule resistance (P-gp approval in
lymphoblastic polymerization efflux) 1963 under
leukemia the name
Oncovin
Paclitaxel Terpenoid Taxus brevifolia/ Anti-cancer activity Stabilizes Low solubility, FDA (Bernabeu et al.,
Himalayan Yew for breast, ovarian, microtubules resistance through approval in 2017; Sati et al.,
(Bark) and lung cancers tubulin mutation 1993 under 2024)
the name
Taxol
Homobharringtonine Alkaloid Cephalotaxus Anti-cancer activity Inhibits protein Myelosuppression, FDA (Kantarjian et al.,
(Structural analog of species (Bark, for chronic myeloid synthesis limited specificity approval in 2013; Razzaq et al.,
cephalotaxine) Leaves, Seeds) leukemia 2012 under 2025)
the name
Synribo
Ingenol mebutate Diterpene Euphorbia peplus Anti-cancer activity Induces Dermatitis irritation, Clinical trials ~ (Madkour et al.,
(Structural analog of (latex sap) against non- apoptosis & low penetration 11/101 2024; Ogbourne and
Ingenol) melanoma skin cancer  inflammation Parsons, 2014)
Irinotecan and Alkaloid Camptotheca Anti-cancer activity Topoisomerase I Toxicity, resistance FDA-licensed (Choudhari et al.,
Topotecan acuminate (leaves) against pancreatic, inhibition through DNA repair semi- 2019; Madkour et al.,
(Structural analogs ovarian, and mechanisms synthetic 2024)
of Camptothecin) colorectal cancers drugs
Lycopene Carotenoid Red fruits and Prostate cancer Antioxidant Poor bioavailability, Completed (Kapata et al., 2022;
(Terpene) vegetables like activity reliable absorption phase IT Lopez-Solis et al.,
tomatoes clinical trials 2025)
Berberine, Alkaloid Berberis vulgaris Anti-diabetic, Anti- DNA Absorption Phase II Harrison et al. (2021)
Jatrorrhizine, cancer, Anti-bacterial, intercalation, impairment, fast clinical trials
Palmatine, Coptisine Analgesic, Anti- enzyme metabolism
inflammatory, and inhibition
Cardiovascular
Quinine Alkaloid Cinchona species Anti-malarial drug Inhibits heme Resistance in FDA Mohammadi et al.
(Bark) detoxification parasites, toxicity approval in (2020)
2005
Salvinorin A Terpenoid Salvia divinorum Hallucinogen and Kappa-opioid Psychoactive effects, Phase I Listos et al. (2011)
analgesic receptor agonist short half-life clinical trial
Silymarin Flavonoid Silybum marianum Hepatoprotective Antioxidant, Poor bioavailability, Phase 11 Avelar et al. (2025)
activities membrane inconsistent efficacy clinical trial
stabilization
Capsaicin Alkaloid Capsicum annuum Pain relievers TRPV1 receptor Desensitization FDA Pasierski and
activation effects, skin irritation ~ approval in Szulezyk (2022)
2009 under
the name
QUTENZA
Huperzine A Sesquiterpene Huperzia serrata Restores cognitive AChE inhibition Scarcity of clinical Phase III Friedli and Inestrosa
alkaloid deficits by reversibly information, dosing clinical trials (2021)
inhibiting AChE issues
Tiotropium (Structure Alkaloid Atropa belladonna In the treatment of Muscarinic Dry mouth, FDA Kohnen-Johannsen
analog of atropine) Chronic Obstructive receptor cardiovascular approved in and Kayser (2019)
Pulmonary Disease antagonist effects 2005 under
(COPD) the name
Spiriva
Camptothecin Alkaloid Nothapodytes Topoisomerase [ Topoisomerase I Lack of solubility Phase II Mohiuddin et al.
nimmoniana inhibitor leading to inhibition toxicity clinical trials (2021)
anticancer activity
Reserpine Alkaloid Rauvolfia A drug for VMAT inhibition = Depression, CNS side =~ FDA Mukherjee et al.
serpentina hypertension and a effects approved in (2021)
tranquilizer 1955
Morphine Alkaloid Opium Analgesic p-opioid Addiction, FDA Carlin et al. (2020)
receptor agonist intolerance, approved in
pulmonary 2013
intoxication
Acetylsalicylic acid Phenolics Salix alba (inner Pain relievers COX inhibition Gastric irritation, FDA Mishra and Baek
(Structure analog of bark) risk of bleeding approved in (2021)
Salicin) 1988 under
the name
Aspirin

platforms (e.g., AutoDock, PyRx, ZDOCK) and scoring functions are
employed, which reduces reproducibility and complicates cross-study
comparisons. Moreover, docking methods only give a fixed picture of
ligand protein interaction and fail to fully model protein dynamics,
solubility, and biology. Therefore, the methods are useful for

12

preliminary screening; however, their predictive capability is limited
and needs to be supported by experimental research (K and Venugopal,
2024).

In a one comprehensive virtual screening study, 4704 plant sec-
ondary metabolites were screened against key targets of SARS-CoV-2,
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including the spike protein Receptor-Binding Domain (RBD), human
transmembrane serine protease 2 (TMPRSS2), Mpro, and RNA-
dependent RNA polymerase (RdRp). Molecular docking studies
revealed a structure-dependent pattern of interactions, with different
phytochemical classes selectively interacting with distinct proteins. It is
important to note that triterpenoids (>50%) have a high binding affinity
with the spike RBD, and may therefore disrupt viral host cell recognition
through the hACE2 interface. Conversely, flavonoids and flavonoid
glycosides (>32%), flavonol glycosides, and anthocyanidins (>16) were
found to interact effectively with TMPRSS2 and Mpro, respectively.
Also, flavonol glycosides (>13%) were identified as targeting RdRp,
indicating they inhibit viral replication.

The binding energy of several lead compounds, such as Coagulin K,
Kamalachalcone C, Ginkgetin, Isoginkgetin, and 3,3 2-biplumbagin, was
low, and their drug-likeness properties were favorable, which was in line
with the Lipinski rule, and their bioavailability scores were acceptable.
Notably, the article emphasized that bioavailability and the metabolic
transformation of phytochemicals are key factors that determine in vivo
effects, because bio-transformed products can still contain pharmaco-
logically active moieties. All in all, the present study highlights the ef-
ficiency of large-scale virtual screening and molecular docking in the
discovery of structurally diverse phytochemicals as putative antiviral
agents, thereby providing a solid basis for in vitro and in vivo validation
(Puttaswamy et al., 2020).

Moreover, in the other study, integrative research involved the
bioactive compounds of Uvaria scheffleri, Clematis burgensis, and
Euphorbia schimperiana, using phytochemical isolation, antimicrobial
testing, and computer modeling. Silica gel chromatography yielded five
compounds, one of which was an indole analog, N-methyl-2,3-bis(2-
hydroxybenzyl)-1H-indole, and the other four were known (uretin,
lupeol, and a prenylated coumarin derivative). U. scheffleri has a strong
bioactivity, as the dichloromethane root extract demonstrated a high
level of antibacterial activity against Staphylococcus aureus with a min-
imum inhibitory concentration of 6.25 pg/mL, which is similar to
gentamicin (5 pg/mL).

In silico molecular docking experiments revealed that the identified
compounds (1, 3-5) bind with high affinity to Escherichia coli DNA
gyrase B, with binding energies ranging from —6.9 to —6.0 kcal/mol,
similar to the standard antibiotic ciprofloxacin (—7.2 kcal/mol).
Further, molecular docking of human DNA topoisomerase II alpha
showed binding energies of —5.9 and 5.3 kcal/mol, indicating potential
anticancer properties. It is interesting to note that the prenylated
coumarin derivative and lupeol showed particularly strong interactions,
suggesting their potential as antibacterial leads. Complementary
ADMET analysis was used to confirm good drug-likeness profiles, and
DFT calculations (B3LYP/6-31G) showed low energy gaps and high
chemical reactivity of the compounds. Of significance, the reliability of
combining computational methods with biological validation of in vitro
antimicrobial activity can be highlighted/demonstrated by the consis-
tency between in vitro and, in silico results (Anza et al., 2021).

3.2.3. Drug likeness prediction based on Lipinski's rule of five and ADMET
profile

The ligands that showed the highest binding energy were subjected
to Lipinski's rule of five (Jayaram et al., 2012) and the SWISS ADME
(Daina et al., 2017), a web tool for pharmacokinetics study. These tools
predict drug-like properties, including molecular weight (>500 Da),
molar refractivity, H-bond donor (>5), H-bond acceptor (>10), Log P
(>5), and absorption, distribution, metabolism, and excretion (ADME).

3.2.4. Bioactive prediction score

The bioactive score indicates the potential of ligands to serve as
drugs. The bioactive score is evaluated by using the Molinspiration on-
line server and calculated from ligand SMILES (https://www.molinspir
ation.com, Slovensky Grob, Slovakia). This tool calculates ligand scores
against regular human receptors, including enzyme inhibitors (EI), G-
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Protein Coupled Receptors (GPCR), Kinase Inhibitors (KI), Ion Channel
modulators (ICM), and Nuclear Receptor Ligands (NRL).

4. Plant secondary metabolites and microbiome connection

The synthesis of secondary metabolites in the host plant can be
influenced by specific microbes connected to specific plants (Huang
et al., 2018). Despite growing interest in plant secondary metabolites
as modulators of microbial communities, the existing literature has
significant limitations and inconsistencies. Many of the reported find-
ings are based on controlled laboratory experiments or model plant
systems, which may not accurately reflect real environmental condi-
tions. Furthermore, the effects of these metabolites on microbiomes are
usually concentration-dependent, and some have both positive and
negative effects on microbial populations. Contradictory results have
also been observed, especially regarding antimicrobial activity
compared to microbiome stability, suggesting that these interactions are
highly context-specific. Moreover, there are methodological differences,
such as variations in sequencing technologies, experimental design, and
environmental parameters, which further contribute to differences
across studies. These issues demonstrate the need to have standardized
experimental models and integrative methods that incorporate metab-
olomics, microbiome profiling, and functional validation (Huang et al.,
2018).

Methylobacterium regulates the synthesis of phytometabolites, such
as Volatile Organic Compounds (VOCs), that are connected to the
metabolism of the host plant (Brader et al., 2017). In a balanced mi-
crobial state (eubiosis), beneficial microorganisms enhance plant
growth by promoting photosynthesis and mitigating the detrimental
effects of both environmental and biotic stresses. Under such conditions,
plants often release increased levels of secondary metabolites; however,
the associated energetic costs are offset by microbial production of
auxins, as well as improved photosynthetic efficiency and nutrient
acquisition (Tsavkelova et al., 2024). The nutrient properties of mi-
crobes in association with plants may lead to the formation of a specific
microbial colony (Zhalnina et al., 2018). Using beneficial microbes has
been shown to increase plants' resistance to various stresses. Microbial
secondary metabolites have been the subject of several investigations on
their efficacy as biological control agents against weeds, diseases, and
pests (Dwisandi et al., 2024). In mycorrhizal symbiosis in soybeans,
isoflavones and strigolactones serve as signal molecules. During the
period of symbiosis, the roots of legume plants exude a range of 144
proteins in the mould Laccaria bicolor (Hartman et al., 2017; Li et al.,
2016). The number of endophytes and ectomycorrhizal fungi colo-
nizing maize and poplar tree roots decreased when the release of fla-
vonoids and the phenylpropanoid pathway was suppressed (Mehmood
et al., 2020). Thus, microbes control the production of plant second-
ary metabolites by regulating hormone levels, nutrient absorption,
precursor substance availability, enzyme and gene expression, and by
sensing environmental changes(Lv et al., 2024).

4.1. Plant secondary metabolites affect microbiome

4.1.1. Glucosinolates

Most studies suggest that glucosinolates are present in the Brassica-
ceae family as a defense chemical (Halkier and Gershenzon, 2006). The
GSL-myrosinase system can release multiple bioactive compounds in
response to pathogen infection, environmental stress, or mechanical
damage to plants. Although many GSLs benefit human health, some
have harmful side effects when consumed (Cheng et al., 2024). This is
because following tissue damage, myrosinase converts these
sulfur-containing metabolites into hazardous and deterrent iso-
thiocyanates, nitriles, or other compounds. Previously, these compounds
were thought to confer herbivore defense. Because they are present in
root exudates, they also possess antifungal and antibacterial mecha-
nisms that affect the soil microbiota (Bednarek et al., 2009;
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Monchgesang et al., 2016). Numerous studies link phenylethyl isothio-
cyanate levels, which is the breakdown product of glucosinolates by
myrosinase hydrolysis in the rhizosphere to bacterial community
structures (Rumberger and Marschner, 2004).

Glucosinolates also demonstrate how endophytic fungi interact with
Arabidopsis. Tryptophan-derived indolic glucosinolates accumulate
following the inoculation of Arabidopsis roots with Serendipita indica or
Sebacina vermifera, which naturally colonize them (Lahrmann et al.,
2015). For its plant growth promoter (PGP) function and disease pre-
vention, the naturally occurring Arabidopsis colonizer Colletotrichum
tofieldae requires indolic glucosinolates (Hiruma et al., 2016). Moreover,
recent work shows that seed-transmitted microorganisms, potentially
interacting with glucosinolate-derived compounds, can significantly
influence early root microbiome assembly via niche partitioning and
facilitation (Garrido-Sanz and Keel, 2025).

4.1.2. Camalexin

One of the primary phytoalexins, like phytoalexin camalexin, 3-
thiazol-2-yl-indole generated by Arabidopsis (Grofkinsky et al., 2024).
Camalexin must be used as a barrier against necrotrophic infections
brought on by Alternaria brassicicola, oomycete Phytophthora brassicae,
and Botrytis cinerea (Rowe and Kliebenstein, 2008; Schlaeppi et al.,
2010).

Using Genome-wide association studies (GWAS), variations in mi-
crobial sulfatase activity in rhizosphere soil were found to be related to
the cytochrome P450 isoform gene. Camalexin biosynthetic genes and
their loss are associated with reduced sulfatase activity and altered
camalexin accumulation in plant roots. Exogenous application of
camalexin may partially restore these phenotypes by modulating
rhizosphere chemical interactions (Koprivova et al., 2019). The increase
in biomass suggests that the PGP effects exhibited by different strains of
mutualistic bacteria in a specific location on wild-type plants were ab-
sent in these camalexin-deficient Arabidopsis mutants. The loss of indole
secondary metabolites in mutants with defective CYP79B2 and
CYP79B3 function altered the vast number of diverse strains in SynCom;
nevertheless, camalexin's direct impact on the emergence of microbial
communities has not yet been established (Voges et al., 2019). Emerging
efforts conceptualize the phytobiome as a complex communication
network, suggesting that specific metabolites (like camalexin) may
operate as molecular signals coordinating microbiome structure and
resilience in smart-agriculture systems (Gulec et al., 2026).

4.1.3. Bengzoxazinoids

Benzoxazinoids, a class of indole-derived defense compounds, are
predominantly found in maize (Zea mays) and other grasses, where they
contribute to resistance against herbivorous insects (Baumeler et al.,
2000). They have been employed in agriculture for centuries to either
encourage beneficial heterospecific feedback or lessen the negative ef-
fects of monocropping. For instance, legumes' symbiotic relationship
with nitrogen-fixing bacteria can improve soil fertility, increasing the
yield of succeeding crops (Gfeller et al., 2024).

These compounds also act as allelochemicals and antimicrobial
agents, functionally analogous to camalexin and glucosinolates (de
Bruijn et al., 2018). Studies on benzoxazinoid-deficient maize mutants
have demonstrated altered rhizosphere bacterial and fungal community
composition, suggesting a role in shaping the soil microbiome.
Furthermore, benzoxazinoids contribute to plant soil feedback mecha-
nisms that can influence the disease resistance of subsequent crop gen-
erations (Hu et al., 2018).

4.1.4. Coumarins

Many plants contain a specific type of secondary metabolite known
as coumarins. Most of these chemicals are made via the phenyl-
propanoid pathway. Numerous biological actions, such as antibacterial
and antioxidant qualities that support plant disease resistance, have
been demonstrated by coumarins (Zaynab et al., 2024).
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Coumarins represent a diverse group of plant-derived phenolic
compounds with both beneficial and deleterious biological effects.
While extensively studied in the context of human health, coumarins
also influence plant-microbe interactions. For example, dietary exposure
to ochratoxin A, a mycotoxin with a coumarin backbone, has been
shown to increase the prevalence of specific Lactobacillus strains in the
gut microbiome of rats (Guo et al., 2014). In plants, the root-associated
bacterium Pseudomonas simiae plays a key role in inducing systemic
resistance against pathogens, and the transcription factor MYB72 is
essential for regulating genes involved in coumarin biosynthesis
(Zamioudis et al.,, 2014). Under iron-deficient soil conditions,
coumarin-mediated interactions have been observed to modulate mi-
crobial community composition, enabling beneficial plant
growth-promoting rhizobacteria (PGPR) to suppress pathogenic fungi
(Stringlis et al., 2018).

Coumarins exert their antibacterial effects through several mecha-
nisms. They prevent enzymatic activity, damage pathogen cell mem-
branes, and inhibit nucleic acid synthesis. Additionally, by inducing the
generation of reactive oxygen species (ROS) and promoting the
expression of genes linked to immunology and signaling pathways,
including the salicylic acid-dependent pathway, coumarins enhance
plant defense responses. Coumarins play an important part in defense
mechanisms, making them suitable for use in sustainable agriculture
methods that prioritize ecologically friendly integrated pest manage-
ment techniques (Zamioudis et al., 2014).

4.1.5. Triterpenes

A type of secondary metabolite known as triterpene esters is created
by applying a sequence of acylation, glycosylation, and oxidation
changes on triterpene skeletons. The pharmaceutical, cosmetic, and
pesticide industries have all found uses for the numerous triterpene es-
ters identified for their significant bioactivities. Furthermore, they are
crucial for controlling root microbes and protecting plants from pests,
illnesses, and physical harm (Liu et al., 2024).

Arabidopsis species synthesize a diverse array of triterpenes in their
roots. Multiple biosynthetic genes are induced by jasmonate signaling,
indicating a potential role in mediating plant-microbe interactions
(Huang et al., 2019). Mutations in key genes required for the biosyn-
thesis of triterpenes, including those influencing Thalianin, Arabidin,
and various triterpene fatty acid esters, result in pronounced alterations
in microbiome assembly when plants are cultivated in natural soils
(Huang et al., 2019). Disruption of triterpene production alters the
composition of root-associated microbial communities, with non--
Arabidopsis-associated bacterial taxa becoming more prevalent. This
suggests that the presence of specific triterpenes in plant roots may
selectively influence the recruitment of microbial strains during root
microbiome formation. The growing accessibility of untargeted metab-
olomics datasets enables correlation analyses between root metabolomic
profiles and the taxonomic composition of rhizosphere microbiomes
(Cotton et al., 2019).

4.2. Production of volatile organic compounds (VOCs)

Evidence indicates that plant- and soil-associated microorganisms
producing Volatile Organic Compounds (VOCs) can suppress pathogenic
microbes, highlighting their potential as biocontrol agents against plant
diseases (Ossowicki et al., 2017). VOC secretion by Bacillus amylolique-
faciens FZB42 not only enhances plant growth but also triggers systemic
resistance and exhibits antibacterial activity (Compant et al., 2005).
VOCs from Bacillus subtilis GB03, particularly acetoin and 2,3-butane-
diol, induce systemic resistance (ISR) in Arabidopsis seedlings, signifi-
cantly reducing disease severity caused by the soft rot pathogen Erwinia
carotovora (Ryu et al., 2004). Microbial VOCs have also demonstrated
strong efficacy in controlling postharvest fruit diseases. Bacterial VOCs
encompass a wide chemical diversity, including alcohols, aldehydes,
alkenes, alkynes, benzenes, esters, heterocycles, ketones, sulfides, and
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terpenoids (Song et al., 2024).

VOC production by B. amyloliquefaciens NJN-6 inhibits mycelial
growth and spore germination of Fusarium oxysporum, reducing fungal
growth by 30-40% (Yuan et al., 2012). Additionally, VOCs inhibit the
activity of catalase and superoxide dismutase in pathogens, thereby
attenuating their virulence. The regulatory role of VOCs in controlling
phytopathogens is further exemplified by B. amyloliquefaciens SQR9,
whose VOCs significantly reduce biofilm formation, motility, and Ral-
stonia solanacearum colonization in tomato roots (Raza et al., 2016).
Microorganisms inhibited under specific environmental conditions often
possess unique metabolic pathways and a high potential for producing
novel bioactive metabolites. This expands the likelihood of discovering
novel biologically active alkaloids through targeted exploration (Zhu
et al., 2023).

4.2.1. Antibacterial molecules

Bacterial leaf streak and bacterial blight in rice are caused by Xan-
thomonas oryzae pv. oryzae and Xanthomonas oryzae pv. oryzicola,
respectively. Biocontrol agents such as B. amyloliquefaciens FZB42 can
effectively suppress these economically significant diseases (Wu et al.,
2015). The wild-type FZB42 strain exhibits stronger inhibitory activity
against Erwinia amylovora compared to mutant derivatives that lack
difficidin but still produce macrolactin or bacillaene. The antibiotic
bacilysin, synthesized by B. amyloliquefaciens FZB42, has also been re-
ported to inhibit E. amylovora (Chen et al., 2009).

Bacteriocins are ribosomally synthesized peptide toxins that can be
produced in the plant rhizosphere in response to environmental cues,
functioning to suppress pathogenic nematodes and bacteria (Scholz
et al., 2011; White et al, 2017). Genome analyses of
B. amyloliquefaciens FZB42 have identified non-ribosomally encoded
gene clusters responsible for the biosynthesis of novel antibacterial and
nematicidal compounds, such as plantazolicin (Scholz et al., 2011).
Amylocyclicin, a hydrophobic cyclic peptide, is encoded by a six-gene
cluster spanning approximately 4.5 kb that governs biosynthesis,
post-translational modification, export, and self-immunity (Scholz et al.,
2014).

4.2.2. Antifungal molecules

Non-ribosomal peptide synthetase (NRPS)-derived lipopeptides
produced by Bacillus amyloliquefaciens FZB42 are the primary de-
terminants of its antifungal activity(Chen et al., 2006). Mutant strains of
B. amyloliquefaciens FZB42 lacking bacillomycin-D exhibited a marked
reduction in antifungal efficacy, indicating that bacillomycin-D is crit-
ical for the antifungal potential of this strain (Chen et al., 2006).
Treatment of Fusarium graminearum hyphae and conidia with
bacillomycin-D induces distinct morphological alterations in the plasma
membrane and cell wall structures (Gu et al., 2017). Furthermore,
approximately 115 secondary metabolites from about 9 taxonomic
groups have been isolated from Biscogniauxia species. Of these, the
terpenoid class and its derivatives represented the most prevalent group,
with 43 compounds identified, followed closely by the coumarin class,
comprising 21 compounds (Purbaya et al., 2023). Taken together, the
emerging evidence indicates that plant secondary metabolites actively
regulate microbiome recruitment, functional dynamics, and down-
stream bioactivity, thereby directly influencing their potential for drug
discovery. For example is a structurally differentiated glucosinolate has
been shown to selectively recruit specific groups of bacteria, such as
Comamonadaceae and Oxalobacteraceae, and has shown that even subtle
chemical differences can restructure microbial community assemblage
by substrate selectivity and cross-feeding of metabolic pathways
(Baatsen et al., 2026).

Similarly, camalexin expression is dynamically regulated by in-
teractions with microbes, and there are distinct time-dependent obser-
vations between beneficial versus pathogenic bacteria, indicating that
context within the microbiome determines the extent and stability of
metabolite buildup. Benzoxazinoid derivatives, including 6-Methoxy-2-
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benzoxazolinone (MBOA), also have long-term effects on the microbial
composition of the rhizosphere and on plant defense in grasses, whereas
coumarins are bidirectional signaling molecules that not only regulate
microbial communities but are also induced by beneficial microbes,
thereby creating a feedback loop that improves plant fitness. The ter-
penes and other specialized metabolites also contribute to the estab-
lishment of below-ground interactions between microbes and ecological
adaptation (Mucha et al., 2019).

From a drug discovery perspective, the results show that the
microbiome-mediated shift in PSM availability might not be limited to
availability itself but also to structural diversity and functional activity,
including bioactive derivatives derived through microbial biotransfor-
mation. However, these interactions are highly context-dependent, and
the assembly of the microbiome and the pattern of metabolites cannot be
predicted; assembly and patterns differ across plant genotype, metabo-
lite structure, and environment. The mentioned complication may be
included in the description of discrepancies in reported bioactivities of
plant-derived compounds. In this way, microbiome profiling should be
combined with metabolomics, functional validation, and computational
techniques to evaluate and optimize plant secondary metabolites as
therapeutic leads with the desired level of precision (Huang and
Osbourn, 2019).

These microbiome-induced variations also have important implica-
tions for in silico drug discovery plans, by microbial biotransformation
and context-specific metabolic expression are capable of altering ligand
structures and binding profiles. Such biological variability is not given
much attention in existing docking methods, which could reduce their
predictive capability. It was then possible to use the microbiome-
inspired metabolite information in computational workflows to find
more biologically interesting and translationally viable lead compounds
(V. P. T. Nguyen et al., 2020).

4.3. Do plant secondary metabolites influence plant traits?

Environmental factors, such as soil type, temperature, bacterial and
viral infections, growth season, or pests, influence the ultimate
composition of microbes. In reaction to stimuli, certain compounds that
are part of a plant's natural defense mechanism are undoubtedly syn-
thesized more actively, providing chemical defense against herbivorous
animals (Cotton et al., 2019). Horse chestnut leaf mining is evident by the
presence of brown-yellow patches on leaves, fast withering, and early
leaf fall before the end of the growing season (Myskow et al., 2021;
Weryszko-Chmielewska and Haratym, 2012a, 2012b). Many insects
cause significant damage to plants by reducing their photosynthetic
capacity, the size and weight of their fruit and seeds, the intensity of
their flowering, and the size and vigour of their seedlings just beginning
to sprout (Holoborodko et al., 2021; Percival et al., 2011; Tyapkina
et al., 2022). Palisade parenchyma, damaged spongy parenchyma
cells, and epidermal cell mortality on both sides of the leaf blade have
previously been observed in anatomical and histological examinations
of chestnut leaves (Bennett and Wallsgrove, 1994;
Weryszko-Chmielewska and Haratym, 2012a).

Previous research indicates that plants produce more compounds in
response to stress, potentially strengthening their chemical defenses
against infections. Increased light exposure throughout the growing
season may have contributed to the partial breakdown of flavonoids,
which protect plants' photosynthetic organs. As a result of the activity of
components, the antiradical activity of extracts has an impact on the
plant's resistance to stress stimuli (Bennett and Wallsgrove, 1994;
Falcone Ferreyra et al., 2012; Gourlay and Constabel, 2019).

Schultz shows how the combination of Betula lutea and Acer sac-
charum leaves impacts plant resistance to parasite damage (Schultz,
1983). Numerous studies have shown that the quantity of tannins and
phenolic compounds in chestnut leaves significantly reduces Cameraria
ohridella foraging activity (Glowacka et al., 2009; Pavan et al., 2003).
According to Paterska et al., the concentration of tannins in healthy and
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infested leaves did not differ in the most recent studies. However, their
concentration impacts the plant's health (Paterska et al., 2017). Horse
chestnut leaves that have been invaded have more phenolic compounds
than could be observed under fluorescence microscopy. The walls of the
vascular bundles and the outer cells of the adaxial epidermis of healthy
leaves most noticeably revealed the blue light autofluorescence of
phenolic chemicals. In response, phenolic compounds were shown to be
present in the spongy parenchyma cells, adaxial and abaxial epidermal
cells of leaves harmed by foraging C. ohridella larvae. They are mainly
accumulated in tissues close to the pest's feeding areas. Palisade pa-
renchyma, a dense cluster of cells with many chloroplasts, has been
shown to be the primary food source for C. ohridella larvae infesting
horse chestnut leaves in both earlier and more recent studies (Konarska
et al., 2020). Palisade parenchyma has a high surface-to-volume ratio,
which facilitates CO, absorption and speeds up photosynthesis in the
area of the leaf that receives abundant light (Borsuk and Brodersen,
2019; Théroux-Rancourt et al., 2021).

4.4. Plant secondary metabolites influence the ecosystem

Secondary metabolites (SMs) play a pivotal role in mediating plant-
environment interactions, making them particularly sensitive to climate
change. Elevated atmospheric CO3 (eCO3) and elevated temperature
(eT) frequently enhance the accumulation of plant phenolic compounds,
such as rutin and chlorogenic acid (Ghasemzadeh et al., 2012; Jing Guo
etal., 2020; Nguyen et al., 2019). The response of SMs to climate change
is influenced by both metabolite type and specific climatic factors, with
additional variation attributable to genetic and physiological differences
among plant taxa and functional groups (Tshivhandekano et al., 2017).
Liquorice shows beneficial effects on leaf phenolic compounds under
Decreased Precipitation (DP) conditions, but negatively affects root
phenolic compounds (Chang et al., 2020). Similarly, the ginsenoside
content of Panax ginseng increases with moderate shifts in temperature
or precipitation but declines under more extreme changes (Liao et al.,
2017; S. Wang et al., 2019). The Growth-Defence Balance Hypothesis
(GDBH) posits that under stress, plants allocate more resources to sec-
ondary metabolism than to primary metabolism, contributing to meta-
bolic diversity (Monson et al., 2022). For instance, Populus spp. (poplars)
increase lignin content under heat stress, a modification regulated by
functional genes involved in SM biosynthesis, thereby enhancing envi-
ronmental adaptability (Xu et al., 2023).

Given their importance in plant environment interactions and
human health, the responsiveness of SMs to climate change has major
implications for both ecological adaptation and medicinal value (Verma
and Shukla, 2015). Meta-analyses of medicinal and aromatic plants
(MAAPs) reveal that phenolic compounds, terpenoids, and alkaloids
respond variably to different Global Change Factors (GCFs), with phe-
nolics showing the most pronounced sensitivity (Sharma et al., 2019).
Elevated temperature generally improves plant physiological capacity to
withstand abiotic stress, including drought, UV-B radiation, and salinity
(Sharma et al., 2019).

In contrast, eCO5 often reduces alkaloid content while increasing
terpenoid levels—likely because terpenoids depend on photosynthetic
carbon assimilation, whereas alkaloid biosynthesis requires nitrogen-
derived amines (Jamloki et al., 2021; Lichman, 2021). These patterns
align with the Carbon-Nitrogen Balance (CNB) hypothesis, in which the
carbon-to-nitrogen (C/N) ratio influences resource allocation between
primary and secondary metabolism (Watanabe et al., 2021).
Drought-induced reductions in metabolic activity suggest that SMs may
also function as osmotic regulators, maintaining water balance under
stress (Niinemets, 2016; Selmar, 2014). Terpenoid synthesis under
combined elevated nitrogen (eN) and dP conditions indicates that
drought can counteract the inhibitory effects of eN and potentially
restore MAAP quality reduced by global nitrogen deposition (Selmar,
2014). The Growth-Differentiation Balance Hypothesis and the
Optimal Defense Theory predict that plants with limited nitrogen
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allocate more carbon to carbon-based defensive SMs, particularly in
tissues critical to fitness (Dilena et al., 2023). Observations indicate that
climate change effects on SM metabolism, especially phenolic meta-
bolism, require further multifactorial studies, as most current data
originate from the Northern Hemisphere, introducing geographic bias
(Bennett and Classen, 2020; Gerstner et al., 2014; Zamorano Miranda
et al., 2020). Unavoidable geographic bias may result in restrictive
search criteria or in the particular distribution of MAAPs (Gerstner et al.,
2014).

The phenolic and terpenoid levels of woody plants responded
favourably to eN than in herbaceous plants. This is likely because woody
plants are less photosynthetically sensitive to eN than herbs or because
shrubs like tea trees grow quickly and have unique plucking methods
(Liang et al., 2020; Mudau et al., 2006). The root system responded to
eCO, with higher phenolic content than the leaves, due to the sharing of
carbon resources in the ground system compared to above-ground or-
gans (Thompson et al., 2017). These findings demonstrate the signifi-
cance of Nitrogen nutrition in plant development and its role as a key
growth controlling factor (GCF). No organ-specific features were seen
under dP and eT. This suggests that whole-plant metabolic processes
regulated by signals may reduce the adverse effects of the stressor
(Kollist et al., 2019). A recent meta-analysis of plant photosynthetic
responses found that phenolic compounds exhibit strong positive or
negative responses to elevated eCO; and eN levels driven by climate
change (Dusenge et al., 2019; Liang et al., 2020). Fig. 3 depicts factors
influencing plant-microbe interactions, including anthropogenic, envi-
ronmental, host, and edaphic determinants that regulate plant health
and defense, and is adapted from (Tsavkelova et al., 2024). Long-term
CO; enrichment was predicted to improve plant photosynthesis and
Carbon absorption, thereby providing carbon substrates for increased
secondary metabolism; it was assumed that eCO; duration typically has
a positive effect on secondary metabolite responses (Gamage et al.,
2018; Royer et al., 2013). The high alkaloid content and low terpe-
noid and essential oil content in increasing evaluated Nitrogen amend-
ments are both equally startling. This shows that Nitrogen nutrition has
a positive effect on N-containing substances but a negative effect on
C-based secondary metabolites. The fact that this action depends on the
nitrogen threshold further underscores the significance of the C-N bal-
ance in plant secondary metabolism. Despite this, many studies show
that terpenoid synthesis increases under heat stress, and extreme heat
negatively affects morphology, physiology, and anatomy (Hassan et al.,
2021). Long-lasting, mild warming was considered advantageous for
terpenoid synthesis, as temperature fluctuation altered terpenoid pro-
duction in MAAPs. In addition to dP levels or exposure periods, sec-
ondary metabolite levels were higher in MAAPs. This demonstrates the
secondary metabolite's antioxidant and osmotic regulation functions in
stress conditions, such as drought, and provides valuable information for
enhancing MAAP quality through water changes (Niinemets, 2016).

It has previously been shown that when eCO; was present, a positive
correlation existed between plant sensitivity and either mean annual
temperature (MAT) or mean annual precipitation (MAP). In contrast to
eCO,, however, the varying secondary metabolite responses to eN
demonstrate altered plant metabolite sensitivity (Baig et al., 2015). The
conservation of plant secondary metabolite responses to drought and
these responses are unrelated to environmental moderators. Since plants
and soil are closely related, certain soil properties, such as Soil Organic
Carbon (SOC), can significantly influence plant response (Van Nuland
et al., 2016; de Vries and Wallenstein, 2017). An increase in soil total
nitrogen and SOC typically reduces the reactivity of secondary metab-
olites to future eN and dP. This is due to improved plant health and
favorable soil conditions, which correlate with rhizospheric bacteria
diversity and stability (Junjie Guo et al., 2020). This phenomenon shows
that a rise in SOC may lead to the production of a C-based secondary
metabolite that enhances plant health by feeding a specific beneficial
bacterium. It is crucial to remember that increased SOC also influences
plant C allocation through rhizosphere C secretion (Kolton et al., 2017;
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Fig. 3. Factors influencing plant-microbe interactions include (A) Anthropogenic determinants (monoculture farming, overharvesting of crops, fertilizers, and
chemicals), (B) Environmental factors (heatwave, temperature stress, and rainfall), (C) Host-related traits (symbiotic microbes, hormonal crosstalk pathways, and
microbial invaders) and (D) Edaphic conditions (soil pH, soil aeration, soil salinity, and nutrient availability). These elements collectively regulate plant health and
defense while shaping microbial associations, including free-living nitrogen fixation and symbiotic interactions with nitrogen-fixing bacteria, which enhance nutrient

acquisition and stress tolerance (Tsavkelova et al., 2024).

Prescott et al., 2020). eCO also made other plants more toxic, suggesting
that the negative effects on people could be exacerbated. However, it's
unclear whether CO,, combined with other abiotic stressors, will have
the same impact (Lv et al., 2024). Although computational strategies
have contributed greatly to the discovery of promising bioactive plant
metabolites, their functional importance on biological systems is even-
tually determined by the high complexity of interactions within micro-
bial communities. The fact that in silico predictions have been very
limitedly integrated with in-depth microbiome-level understanding is
also a major gap, and the rationale for seeking multidisciplinary solu-
tions to connect computational screening with ecological and functional
validation.

5. Synthetic biology for secondary metabolites biosynthesis

Synthetic biology is a multidisciplinary field that integrates biolog-
ical science, engineering, and computational sciences. It has become an
advanced method for exploring and enhancing Biosynthetic processes.
The primary objective of synthetic biology is to design and construct
new biological components, tools, and networks, or to modify existing
designs for beneficial applications.

In the biosynthesis of phytochemicals, synthetic biology provides
new avenues for validating metabolic processes and modifying them to
produce high-yielding, bioactive compounds. These modifications can
be introduced in both plants and microbial systems, even for bioactive
compounds that are basically found only in specific plant species (Qin
et al., 2025).

Hairy root cultures are a reliable approach for enhancing the yield of
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Fig. 4. Primary pathway modification techniques for boosting bioactive compounds production. (A) CRISPR-Cas9 modifies specific biosynthetic genes; gene
silencing inhibits competing genes; enzyme engineering enhances catalytic steps; and mixed microbial cultures allocate pathway tasks to enhance precursor
availability. (B) CRISPR-Cas9 process showing the formation of a specific double-strand break. NHEJ (non-homologous end joining) produces a small sequence
change for gene disruption, while HDR (homology-directed repair) allows exact modification or substitution of pathway-associated genes, and (C) the RNA inter-
ference (RNAi) mechanism used for gene silencing. Double-stranded RNA is cleaved by Dicer into small interfering RNAs, which guide the RISC complex to cleave
specific mRNAs, decreasing the expression of genes that shift metabolic routing (Gao et al., 2024).
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plant-specific metabolites through metabolic modifications. By using
targeted gene alteration, researchers have been able to alter metabolic
processes, enhance the activity of essential regulatory genes, and
introduce genes from different organisms to increase the accumulation
of important phytochemicals (Singh and Dhar, 2020).

For example, the CRISPR-Cas9 gene modification system, which is
part of metabolic engineering Fig. 4 has been efficiently applied and
used in Artemisia annua, where knocking out the squalene synthase
(SQS) gene rewired metabolic pathways to enhance artemisinin yield in
transformed root culture, resulting in a 3.2-times enhancement in yield
(Gao et al., 2024). Likewise, in Salvia miltiorrhiza, upregulation of the
SmMYBI1 gene triggered diterpenoid metabolic genes, resulting in an
8.5-fold rise in tanshinone level (Hao et al., 2020).

Alteration of the biosynthetic pathway by activating several genes
has also been shown to be effective. For instance, in Withania somnifera,
dual overexpression of squalene epoxidase and cytochrome P450 genes
noticeably boosted withanolide levels, indicating the potential of mul-
tigene engineering in the root-based system (Sivanandhan et al., 2020).

Additionally, incorporating Rosmarinic acid synthase (RAS) and
CYP98A14 genes originating from S. miltiorrhiza inside transformed root
cultures enhanced phenolic acid biosynthesis up to threefold greater
than in wild-type roots (Fu et al., 2020). Enhancing the Chalcone syn-
thase (CHS) gene from Glycyrrhiza uralensis in its hairy roots also
increased total flavonoid levels and enhanced the synthesis of liquir-
itigenin, isoliquiritigenin, and isoliquiritin (Yin et al., 2019). In trans-
formed hairy root cultures of Valeriana officinalis, overexpression of
Farnesyl pyrophosphate synthase, Valerendiene synthase, or Germa-
crene C synthase genes led to a 2-4-fold increase in valerenic acid, a
1.5-4 times rise in sesquiterpene hydrocarbons, and a 5-9-fold increase
in oxygenated sesquiterpenoids compared to normal (non-transgenic)
root lines (Ricigliano et al., 2016).

Plant microbiota can be modified using either a bottom-up or top-
down approach. In the bottom-up approach, microbes naturally occur-
ring on specific plants or plant organs are first extracted from natural
microbiomes (Rodrigues et al., 2018). These primary microbes are then
genetically modified to acquire the target characteristics and combined
to form synthetic engineered microbial mixtures (SynComs) (Vorholt
et al., 2017). The engineered strains are later reintroduced into plant
hosts, where they can efficiently colonize them.

In the top-down approach, horizontal gene transfer (HGT) is used to
directly transfer target characteristics into many microbial recipients
within their natural ecosystem. One method is to utilize mobile genetic
elements (MGEs), which can deliver and integrate foreign genes into
diverse microbial organisms, enabling large-scale screening for plant
growth promoting (PGP) traits. Another method involves using bacte-
riophages (phages) to specifically modify or eliminate certain microbial
species within a population, thereby helping determine their functional
roles (Ke et al., 2021).

5.1. Production of plant secondary metabolites using plant tissue culture

Haberlandt, in 1902, pioneered plant tissue culture, a technique been
used for over a century. The most commonly used culture medium,
developed by Murashige and Skoog in 1962, is still widely applied
today, with some modifications (Sehgal and Khan, 2020). Model systems
based on plant tissue culture are often utilized in research to overcome
various plant-related problems, including physiological, biochemical,
genetic, and structural issues (Anuradha et al., 2021).

5.1.1. Somatic embryogenesis

Somatic embryogenesis is a process in which somatic (non-
reproductive) cells are reprogrammed to form embryogenic cells,
which then develop into embryos through several structural and
biochemical changes. This process enables efficient cloning of homog-
enous and superior plant lines. It is also useful in crop improvement
methods such as genetic transformation and induced mutation
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(Abderrezag et al., 2024). During somatic embryogenesis, elevated
levels of compounds, including phenolics, alkaloids, and terpenoids, are
produced, making these cultures valuable for the production of sec-
ondary metabolites.

According to the review of literature, embryogenic cultures from
various plant species (Catharanthus roseus and Peucedanum japonicum)
have been utilized to produce secondary metabolites at different stages:
embryo induction, maturation, and germination (Murthy et al., 2023).

In vitro adventitious root culture is employed for the large-scale
production of metabolites, offering the benefit of producing com-
pounds in greater amounts than cell suspension cultures. In some me-
dicinal plants, these root cultures have been successfully grown at the
bioreactor level (Murthy et al., 2008). Such cultures can be initiated
from any plant part (explant) by using the appropriate concentration of
phytohormone auxin.

5.1.2. Hairy root cultures

Hairy root cultures are created by infecting plant tissues with Agro-
bacterium rhizogenes and are a stable, reliable method for producing
valuable secondary plant metabolites (Biswas et al., 2023; Liu et al.,
2025). The use of elicitors further improves this process by activating
the plant's defense system, which increases the production of secondary
metabolites (Selwal et al.,, 2025). Recent developments in plant
biotechnology and phytochemical research also point to strategies to
improve the production of valuable secondary metabolites. The tran-
scription factor SmMMYB98 has been reported to positively regulate the
production of both tanshinone and salvianolic acid in Salvia miltiorrhiza,
demonstrating that transcription-factor engineering can be used to
enhance the simultaneous production of terpenoid and phenolic com-
pounds. Equally, Rosmarinus officinalis is a source of valuable bioactives,
including rosmarinic acid and essential oil compounds with significant
antibacterial activity against medically important pathogens. These re-
sults highlight that metabolic engineering in conjunction with phyto-
chemical characterization can aid in the production and functional use
of high-value plant metabolites in a sustainable manner (Anuradha
et al., 2021; Sehgal and Khan, 2020).

5.1.3. Bioreactors

Plants are important sources of secondary compounds used to make
medicines, flavors, fragrances, coloring agents, food additives, and ag-
rochemicals (Wang et al., 2017). However, conventional plant-based
syntheses of PSMs are often limited by low yields, variability, and reli-
ance on particular growth factors. However, plant cell, tissue, and organ
cultures, when used with bioreactors, provide a controlled platform that
improves and scales up PSM production. Moreover, PSM production
varies significantly among different parts of the same plant (Murthy
et al., 2023).

Most PSMs shield plants protect them from unfavorable conditions.
Plant cell and organ culture techniques have been developed for the
efficient production of PSM, which in turn leads to significant ad-
vancements in bioreactor technology for plant cell and organ cultures
(Murthy et al., 2008). However, several issues still limit their perfor-
mance, including low cell productivity, slow growth rates, genetic
instability in high-producing cell lines, poor control over cell differen-
tiation, and  difficulty in  maintaining  photoautotrophic
(light-dependent) growth.

6. Challenges and research gaps, and future perspectives

Most bioactive compounds are found in plants at extremely low
quantities, despite the enormous diversity and abundance of bioactive
molecules in the plant kingdom. In addition to requiring a lot of land,
large-scale farming is expensive and can be affected by pests and dis-
eases. A less-than-ideal option is chemical synthesis, which often in-
volves numerous steps, hazardous chemicals, and challenging
conditions. Plant metabolic engineering and in vitro culture have been
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employed for a long time to increase the production of secondary me-
tabolites. It is clear that microbial chassis are more effective at creating
structurally simple molecules or intermediates; however, they struggle
to produce complex bioactive compounds in large quantities due to
problems, including limited enzyme activity and interference with
endogenous metabolism. The ability to precisely and specifically alter
the plant genome through CRISPR-Cas9-based genome editing has
transformed the area of genetic modification. With this cutting-edge
technology, specific mutations, including insertions, deletions, nucleo-
tide substitutions, and translocations, can be induced to confer
improved traits in plants (Mipeshwaree Devi et al., 2023). Crop devel-
opment and sustainable agriculture offer tremendous opportunities
through CRISPR-Cas9-based genome editing and the optimization of
plant secondary metabolite extraction and purification. To improve
desired traits and overcome issues with off-target effects and limited
yields of specific substances, genome editing enables the removal of
undesirable genetic regions (Liu et al., 2025). Some of the challenges in
the field include a limited understanding of biosynthetic pathways and
regulatory mechanisms for many plant secondary metabolites, insuffi-
cient mapping of pathways for rare and novel compounds, the need for
sustainable and ethical approaches to explore plant biodiversity, and the
development of efficient green chemistry-based extraction and purifi-
cation methods.

Although plant secondary metabolites are highly diverse and can be
used therapeutically, they pose serious challenges and technical bot-
tlenecks that hinder their use in drug discovery and development. The
low natural concentration of bioactive compounds in plants is one of the
main constraints, requiring extensive production. Nonetheless, this
method is usually limited by high costs, space requirements, and
vulnerability to environmental factors such as pests and disease. Alter-
natively, chemical synthesis is often inefficient, multistep, requires
dangerous reagents, and is incapable of producing structurally complex
molecules (Tawfeeq et al., 2018).

To overcome these constraints, plant metabolic engineering and in
vitro culture methods have been investigated to improve metabolite
production. Although microbial systems are beneficial for the produc-
tion of simple intermediates, they remain limited in the production of
structurally complex phytochemicals because they encounter difficulties
with enzyme activity, pathway complexity, and metabolic interference.
In this regard, new applications, such as CRISPR-Cas9-based genome
editing are employed. Fig. 4 depicts the potential to selectively control
biosynthetic pathways, enabling enhanced yield and quality of desirable
metabolites. Nevertheless, the issues of off-target effects, pathway
optimization, and scalability remain significant challenges (Hao et al.,
2020).

Besides production-related constraints, a critical gap in the overall
knowledge of biosynthetic pathways and regulatory networks of
numerous plant secondary metabolites exists. Their systematic exploi-
tation is limited by the lack of detailed pathway mapping, especially for
rare and novel compounds. Future studies should focus on combining
multi-omics strategies (genomics, transcriptomics, and metabolomics)
to clarify these pathways and enable rational metabolic engineering
(Wang et al., 2017).

Additionally, even with computational methodologies such as mo-
lecular docking and network pharmacology, there remains a pivotal
need for robust experimental validation through in vitro, in vivo, and
clinical studies. The second significant limitation is the low bioavail-
ability and pharmacokinetic properties of most of the phytochemicals,
which limit their therapeutic use. One way to address these challenges is
to develop new drug delivery systems, such as nanoparticle-based car-
riers and nanoformulations (Putra et al., 2023).

Furthermore, standardizing extraction and purification procedures
and scaling up green extraction technologies are major challenges for
their industrial use. The solutions to these problems will involve finding
sustainable, reproducible, and cost-effective extraction methods. Lastly,
the ethical issues in the exploration of biodiversity, the regulatory
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approval process, and mass-scale production should also be addressed.
In general, it will be necessary to address these cross-disciplinary issues
to implement the findings of translation of plant secondary metabolites
in laboratory studies into clinically useful therapeutic products (Putra
et al., 2023).

7. Conclusion

There is an urgent need to identify novel potential plant-based drugs
against various deadly diseases. Potential drugs could be analyzed using
advanced computational methods, and only promising candidates could
be subjected to in vitro and in vivo studies. This will provide a quick
solution and speed up drug discovery against various diseases. Compu-
tational molecular docking and simulations can speed up and narrow
down the potential drug target to be checked at preclinical stages. The
plant secondary metabolites hold tremendous potential as therapeutic
agents for treating even complex human diseases. Furthermore, there is
still untapped potential in the vast plant diversity, which remains un-
explored for novel plant secondary metabolites. The role of environ-
mental influence in plant secondary metabolite synthesis and vice versa
is also an interesting area worth exploring.
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dp Diffusion pressure

EAX Enzyme assisted extraction

EI Enzyme inhibitors

eCO2 Elevated carbon dioxide

eN Elevated nitrogen
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