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Abstract

Plant secondary metabolites, such as terpenoids, phenolics and alkaloids, play a
significant role in plant defence and have a wide range of pharmacological and
industrial applications. However, the utility of their use is limited by the complex
environmental and physiological dependencies which lead to different and low
yields. This systematic review offers a thorough review of strategies used to
manipulate plant physiology with the ultimate effort of reducing the fundamental
yield-quality paradox and improving the biosynthesis of secondary metabolites.
The review first outlines how a plant's innate stress response is creatively tapped.
Physiological elicitors, such as natural stressors (water deficit, light quality and
temperature extremes), act as natural stressors, causing oxidative stress, and
diverting carbon flux towards defense pathways. On this, specific abiotic and biotic
elicitors (e.g., Jasmonates, Chitosan) and fine tuning of the nutrition modulation are
studied and their efficacy in achieving hyper-accumulation of controlled secondary
metabolites is examined. Two important transitions are underscored: an approach
to genome editing for proactive metabolic pathway manipulation using
CRISPR/Cas9, and the incorporation of multi-omics data to understand the complex
regulatory networks. Though there are some issues of economic scalability and
complicated ethical / regulatory issues to overcome, the future of the field is a closed
loop system that combines these cutting edge technologies. This will likely lead to
the development of predictive models for designing biofortified crops, global health
advances and establishing the future supply of high-value compounds.

Introduction
1 Plant
Bioactivity

Secondary Metabolites and

dispersers and assisting plants to adapt to their
environment (Ahlawat et al., 2024). This intrinsic
biological role creates an intriguing duality, as
the same compounds that serve as beneficial

Secondary metabolites are low molecular weight
organic compounds that do not play an active
role in the main metabolic functions of the plant
(growth, development and
Rather, they play important ecological roles, as a
against herbivores and
pathogens, attracting pollinators and seed

(OO

reproduction).

chemical defense

chemical defense mechanisms in plants are now
acknowledged for their significant
pharmacological, nutraceutical, and industrial
significance in humans (Bolat et al., 2024). An
evolutionary rework: humans have learnt to
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change and harvest these compounds for their
benefit, but not their intended purpose.

Plant secondary metabolites consist of
terpenoids, phenolics and alkaloids, and they are
present in thousands of variants each that are
biosynthesized in a different manner.
Terpenoids, for instance, account for a large
amount of these metabolites, which can be
synthesized from acetate through the mevalonic
acid pathway (MAP) with about 23,000 structural
variants (Kumar & Kumar, 2024). Another large
group of phenolics, which includes more than
8,000 identified compounds, are flavonoids and
polyphenols, and are biosynthesized via the
Shikimic acid pathway (Kumar & Kumar, 2024).
This enormous chemical diversity offers a wealth
of potential for the creation of new drugs,
functional foods, and other valuable products
(Sreenivasulu & Fernie, 2022).

The Foundational Role of Physiological
Regulation

Their valuable bio-formulations are synthesized
naturally and are very dependent on the
environment, physiology and genetics, which is
very low in quantity (Fazili et al., 2022).
Traditional approaches to agriculture can be
problematic  because of seasonal and
geographical fluctuations that can lead to
inconsistent yields and concentrations of
compounds (Fazili et al., 2022). The field has now
moved to the physiological control of plants to
overcome these constraints. This method of
stressing the plants involves triggering a desired
level of stress which further triggers the plant's
natural defence system and shifts metabolic flow
towards the production of the desired
compounds (Jan et al., 2021).

The purpose of this systematic review is to give
an overview of the current status of research in
this field of transformation. It will systematically
discuss how natural as well as targeted
interventions can be used to manipulate the
physiology of plants for improving their
bioactivity. This review brings together a
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disjointed set of knowledge from across the
disciplines of environmental sciences, plant
biochemistry and state of the art biotechnology,
and correlates the information into a coherent,
meaningful story. The vision is to describe the
state of the art, but also to determine the key
challenges and offer a vision for the future of this
fast-moving subject area.

2 The Biomechanical and Metabolic
Foundations of Plant Bioactivity

Major Biosynthetic Pathways

Numerous plant secondary metabolites are
derived from a few key metabolic pathways. The
variety of these types of compounds
demonstrates the plant's complex biochemical
processes. The mevalonic acid pathway is a key
source of biologically active compounds in plant
and its terpenoids begin with acetate (Stephane
2020). The Shikimic acid pathway, also referred
to as the phenylpropanoid pathway, is the
pathway by which phenolics are synthesized and
comprises more than 8,000 components
(Upadhyay et al., 2025). This pathway is also
important as it is a crucial link between primary
and secondary metabolism, since aromatic amino
acids are also the key products in plant's primary
metabolic functions (Wu et al., 2022).

Secondary Metabolites as Regulators of
Plant Growth and Defense

Secondary metabolites of plants are not only
defence molecules, but also active regulators of
plant physiology and growth. They are
important for altering a plant's signaling
network, especially when it is attacked by
herbivores or pathogens (Erb & Kliebenstein,
2020). For instance, some of the products of
glucosinolate hydrolysis have been used to test in
the root meristems of the plant Arabidopsis and
have been shown to inhibit their growth by
interfering with auxin signaling (Urbancsok et
al., 2017). Other glucosinolate catabolites also
play a role in the stomatal closure mechanism,
which is an essential function in drought
tolerance (Hossain et al., 2013). This suggests a
complex layer of self-regulatory metabolism in
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which secondary metabolites, after their
synthesis, may interact with the plant's
physiological and metabolic processes to
modulate its response to the environment.

The Interplay between Primary and

Secondary Metabolism

Secondary metabolite biosynthesis is tightly
coupled to primary metabolism, including
essential  processes  like  photosynthesis,
respiration, sugar and amino acid biosynthesis
(Toscano et al., 2019). The carbon skeletons of
primary and secondary compounds are provided
through the Shikimic acid pathway, for example
(Shende et al., 2024). Under stress, a plant may
decrease its investment in primary metabolism to
invest the resources in the production of
secondary metabolites that are involved in
defense. This is one of the compromises made:
The plant traded growth for survival by
redirecting its carbohydrate and amino acid
supplies (Toscano et al., 2019). This poses a
central dilemma in plant physiological
regulation: optimisation of yield for the
production of secondary metabolites may result
in a decrease in overall yield and biomass. This
effect is referred to as the yield-quality paradox.
One of the essential goals of researchers is to
overcome this fundamental trade-off, and it is a
key aim in designing commercially viable
bioactivity enhancement strategies.

3 Environmental Stress as a Natural
Elicitor of Bioactive Compounds
Water-Deficit Stress: The Paradox of
Drought and Enhanced Quality

Drought stress is generally considered to be a
negative occurrence in agriculture and it can
cause large losses in yield. But, in the case of
medicinal and spice plants, it may increase the
content of active substance (Salachna et al., 2024).
This is an extraordinary instance of biochemical
manipulation. Plants under water stress will
close their stomata to retain water in the plant,
which will also decrease carbon dioxide (CO2)
uptake, and fixation in the plant through the
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Calvin cycle, (Saini et al., 2025). This decreases
the amount of reduction equivalents (mainly
NADPH+H+) that are consumed, which causes a
tremendous surplus of reduction equivalents
(NADPH+H+) produced during the light-
dependent reactions of photosynthesis. The
excess energy can drive the metabolism of the
plant into the synthesis of highly reduced
products (phenols, alkaloids, or isoprenoids) that
are frequently the desired secondary metabolites
(Kleinwachter & Selmar, 2015).

In the case of Cannabis sativa L., there is a good
documented example that plants produce more
protective compounds under moderate water-
deficit stress conditions, including volatile
terpenes and certain secondary metabolites,
which will increase the resistance to stress
(Sharma et al., 2025). This metabolic shift is
associated with the rise of specific cannabinoids,
which highlights the ability to influence the
quality of the plant with strategic stress during
cultivation (Sharma et al., 2025).

The possibilities of this are further enhanced by
the consideration of "drought memory. Previous
drought exposure has been seen to increase
resistance to the next, more severe, drought event
(Ali et al., 2025). This implies a highly evolved
adaptive process in which the plants
biochemically change their processes in response
to stress. This means that strategically applying
stress (drought priming) in the short term may be
sustainable to increase bioactivity (Toscano et al.,
2019). The approach would trigger the plant's
defense responses and the desired metabolic
redirection, but would be halted before biomass
is significantly reduced, effectively using the
plant's innate memory response to reduce the
yield-quality trade-off.

Light and Photoperiod Regulation

Light is a primary environmental factor that
profoundly regulates the synthesis and
accumulation of plant secondary metabolites
(Wu et al, 2025). This regulation is
multidimensional, involving light quality,

Nigerian Journal of Biotechnology and Life Sciences Vol 3 No 1 (2026) p. 60 - 71



Idris et al. (2026)

intensity, and photoperiod. Specific wavelengths
of light are recognized by specialized
photoreceptors, activating signal transduction
networks that either suppress or activate
metabolic pathways (Wu et al, 2025). For
example, UV light activates the UVRS
photoreceptor, which triggers a signaling
pathway involving the HY5 transcription factor,
thereby enhancing the biosynthesis of phenolics,
flavonoids, and anthocyanins (Jiang et al., 2025;
Wu et al., 2025).

Light intensity can dynamically alter the
accumulation of secondary metabolites through
photosynthetic efficiency, energy allocation and
stress responses (Wimalasekera 2019). Although
light is required, it will cause photoinhibition and
oxidative stress if it is too high, leading to trigger
of defense responses and secondary metabolite
production (Zhang et al., 2024). This connection
between light and oxidative stress is associated
with many other environmental stress responses
such as drought and temperature extremes. The
circadian rhythm system, which is controlled by
photoperiod, regulates secondary metabolite
biosynthesis, allowing plants to adjust their
chemical defenses to daily and seasonal cycles in
order to cope with the changes in the
environment (Pérez-Llorca & Miiller, 2024).

Temperature Extremes: Cold and Heat-
Induced Metabolic Shifts

Bioactivity may also be physiologically regulated
by temperature stress, either cold or hot.
Increased temperatures can cause an increase in
reactive oxygen species (ROS) and oxidative
stress (Soengas et al.,, 2018) above a plant's
optimal physiological range. In response to this,
plants trigger a powerful antioxidant defence
system consisting of both enzymatic and non-
enzymatic components. Among the enzymatic
antioxidants, there are superoxide dismutase
(SOD), catalase (CAT), and glutathione reductase
(GR) (Zhanassova et al., 2021).

This defense mechanism is one of the key factors
behind the increased bioactivity. For example,
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hot water treatment of broccoli was found to
increase the vitamin C and other interesting
compounds levels for human health, while the
cold water stress increased the inhibitory activity
on a-amylase (Sola et al., 2023). In the same way,
antioxidant enzymes such as CAT and SOD
activities also increase considerably when
exposed to cold temperatures (Guo et al., 2022).
This process is consistent with a general rule: an
array of external stresses, ranging from drought
to light to temperature stress, lead to a similar
internal response, of oxidative stress, followed by
an increase in the very anti-oxidants that have
been touted as having pharmacological and
nutraceutical properties.

4 Targeted Elicitation Strategies for
Controlled Enhancement

The Elicitation Paradigm: From Natural
Defense to Industrial Production

A biotechnological approach that can be used to
generate secondary metabolites in a controlled
environment, such as in vitro cell suspension and
hairy root cultures, is the elicitation technique,
which involves the use of specific stimuli to

accelerate the process of biosynthesis (Trono,
2025).

This paradigm is a departure from using the
"untargeted" and possibly harmful impacts of
environmental stress applied to the entire
environment to a "surgical" approach that targets
specific impacts in specific areas. Elicitors are
molecules or physical stimuli that activate
defense mechanism of the plant and induce
metabolic  reprogramming and increased
synthesis of secondary metabolites (Jain et al.,
2024).

Abiotic and Biotic Elicitors

Elicitors can be split into two categories — abiotic,
and biotic. Chemical and physical stimuli (abiotic
elicitors) are among these external stimuli and
some of the well-studied are hormonal
compounds that mimic endogenous "alarm"
hormones (Jain et al, 2024). Jasmonates
(specifically methyl jasmonate, MeJA) and
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salicylic acid (SA) play a key role in this approach
(Ben et al., 2022). For instance, MeJA triggers the
formation of ROS, activates defense-related
genes, and triggers hyper-accumulation of
secondary metabolites (Ben et al, 2022).
Examples of specific increases are a 4.2-fold
greater content of phenolics and antioxidant
activity in hairy root cultures of Chinese chives
(Wang et al., 2022) and a dramatic increase of 6.5-
fold in the content of solasodine in hairy root
cultures of Solanum trilobatum (Shilpha et al.,
2015).

Biotic elicitors are of biogenic origin including
fungal/bacterial cell wall fragments such as

64|

chitosan (Bhaskar et al., 2022). These compounds
trigger the plant's immune system, causing
induced systemic resistance (ISR), which in
results, boosts the production of secondary
metabolites (Orozco-Mosqueda et al., 2023). Any
elicitor strategy is dependent on a careful
optimization of the parameters of the elicitor
type, its concentration, the duration of the
exposure, and the specific plant culture (Petrova
et al., 2024). These parameters can be controlled
and elicit is a better approach than broad
environmental stress for use in an industrial
setting.

Table 1: Overview of elicitors, mechanism of action, and enhanced secondary metabolites

Elicitor Type Mechanism of Action Enhanced Compound(s) Key Source(s)

Methyl Induces ROS, upregulates defense Phenolics, Antioxidants, (Ben et al.,

Jasmonate genes, signals metabolic shift Ginsenosides, Lycopene, Solasodine  2022).

Salicylic acid Inhibits a-amylase and a- Hydroxycinnamic acids, flavonoids, Skrypnik et al.,
glucosidase Antioxidants, Phenolics 2022

Chitosan Mimics pathogen cell wall, activates Secondary Metabolites (General) Strzemski et
defense responses al., 2025

UV Light Activates UVRS receptor, triggers Phenolics, Flavonoids, Morales et al.,
HYS5 transcription factor signaling Anthocyanins 2025

Drought Reduces CO2 uptake, oversupplies  Terpenoids, Cannabinoids Sharma et al.,
NADPH+H+, shifts metabolism 2025)

5 Nutritional Modulation of Secondary
Metabolism

Nutrient Deficiency as a Metabolic
Signal

Nutrient availability is a potent signal that
regulates plant metabolism, and under sub-
optimal nutrient availability, biosynthesis of
secondary metabolites can be induced
(Venkatasai et al.,, 2025). However, in soilless
cultivation systems, an improper nutrient
solution management can lead to a stress
condition, which results in bioactive compounds
accumulation (Venkatasai et al., 2025).

But the reaction of a plant to nutrient stressing is
not always a rise in the compound of interest.
Sulfur deficiency in the model plant Arabidopsis
thaliana shows a more complex and subtle

regulatory network. Glucosinolates are sulfur
rich secondary metabolites, which are
synthesized with the help of sulfur (Aarabi et al.,
2016). In the absence of sulfur, plants induce a
repressor protein (SDI1) which blocks the
transcription of the genes involved in
glucosinolate biosynthesis (Aarabi et al., 2016).
This metabolic arrest allows the small amount of
available sulfur to be used for the fundamental
metabolism. Two (-glucosidases (BGLU28 and
BGLU30) also are activated in parallel to recycle
sulfur from the existing glucosinolates, thereby
contributing to plant growth (Zhang et al., 2020).
The complex repression and catabolism shows
that the plant reaction to the nutrient stress is a
multi-layered survival strategy, and production
of secondary metabolites is a resource-
consuming process that can be stimulated or
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inhibited by the plant's general metabolic
priorities.

Macronutrients (N, P) and their
Synergistic Effects

The role of macronutrients such as nitrogen (N)
and phosphorus (P) in the modulation of
secondary metabolism is complicated and is
highly dependent on the situation. The study
deals with the ups and downs of Rubia tinctorum
L. However, (madder) revealed that the
application of phosphorous fertilizer, especially
in combination with nitrogen fertilizer, and also
saline conditions lead to an increase in the
amount of flavonoids (Zamani et al., 2014). The
study indicates a positive synergistic effect
between both nutrients which enable plants to
withstand external stress.

Other studies, however, have suggested that
raising N fertilizer could result in a decrease in
phenolics (Qadir et al., 2017). The seemingly
paradoxical results highlight an important
principle: the impact of one nutrient does not
occur in isolation, but is related to the relative
concentration of other nutrients and the presence
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of other environmental factors. A systems-level
approach is thus needed to grasp the effect of
nutrient modulation on metabolic flux and
secondary metabolite production. Whether and
how a nutritional intervention will be successful
depends on the overall health of a plant and the
type of stress it is experiencing.

6  Cutting-Edge  Biotechnological
Approaches for Precision Regulation
Genetic Engineering and Genome
Editing: The CRISPR/Cas9 Revolution

Besides physiological induction (which is
indirect and sometimes unpredictable), genetic
modification is a direct and precise approach to
improving production of secondary metabolites
(Singh 2023). Clustered regularly interspaced
short palindromic repeats (CRISPR)/Cas9 system
is a revolutionary genome editing technique that
enables precise and accurate modification of
genetic sequences (Guo et al. 2023). This
technology will allow researchers to take a
proactive approach to designing and engineering
a plant's metabolic blueprint instead of inducing
a stress response reactively.

Table 2: Application of CRISPR/Cas9 to manipulate metabolic pathways

Plant Gene Targeted Modificatio  Resulting Bioactivity Change  Key Source(s)
Species n Strategy
Papaver 4’OMT, 4OMT2  Gene Drastic reduction of benzyl Aghaali & Naghavi, 2024
sommniferum knockout isoquinoline alkaloids (BIAs)
like morphine and thebaine.
N. tabacum CsHBI1 Targeted 97.5% decrease in caffeine Ma etal., 2021
mutation accumulation in callus.

Soybean GmF3H1, GmF3 Multiplex
H2, GmFNS-1 targeting
V. vinifera ~ VvbZIP36 Targeted
mutagenesis

Increased isoflavone content Zhang et al., 2020
in seeds.

Increased accumulation of Tuetal., 2022
anthocyanin.

The use of this technology is a paradigm shift
from a “reactive” to a “proactive” management
approach. The researchers are no longer
constrained to switching on existing pathways
but can engineer the plant's genetic makeup to
optimise the yield and efficiency of secondary
metabolite production (Al Aboud 2024).

The Multi-Omics Approach:
Unraveling  Complex  Regulatory
Networks

Understanding the intricate regulatory networks
in the plant is the key to unleashing the full
potential of genetic engineering. Thanks to the
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multi-omics approach, which combines the
analysis of the entire genome, transcriptome,
proteome, and metabolome in a high-throughput
manner, this has been revolutionized (Satrio et
al., 2024). The integration of this information will
help to unravel the complex signaling networks
and reveal important regulatory nodes that
control secondary metabolism. This
comprehensive perspective offers a more
comprehensive depiction of plant stress
perception and response to stress or other
elicitors to provide a more effective and targeted
means of intervention.

Plant Tissue and Organ Culture

Besides genetic techniques, plant tissue and
organ culture systems (including cell suspension
culture and hairy root culture) offer a controlled
environment for the cultivation of secondary
metabolites, circumventing the difficulties
associated with field cultivation, such as low
yields and seasonal variability (Khalafalla 2025).
This platform is often used in conjunction with
elicitation strategies that lead to hyper-
accumulation of desired compounds in a sterile
and consistent environment (Adil et al., 2025).

7 From Lab to Market: Challenges and
Socioeconomic Implications

Economic Feasibility and Scalability
Hurdles

All the scientific advances still have some way to
go Dbefore they are ready for commercial
production on the industrial level. Expensive and
hard-to-scale equipment is needed for
technologies that develop advanced
formulations, including nanopesticides.
Similarly, the implementation of state-of-the-art
technologies, such as CRISPR, multi-omics
approaches, are also very costly, and this is a
problem for their large-scale use (Borah et al.,
2024). The combination of scientific potential and
economic viability is critical. These technologies
will need more research to create economically
viable bioproduction systems, and to optimize
the entire production chain from raw material to

the finished product.
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Ethical and Regulatory Considerations

Complex ethical and regulatory issues also
emerge because of the use of advanced genetic
technologies. However, the public's perception of
GMO and the absence of a global regulatory
framework pose great challenges in mass
adoption of GECs (Daye et al., 2023). Biopiracy
(uncontrolled access of TKs without adequate
compensation) and the use of unclassified phyto-
adequate  dosage
standardization are among others ethical issues
(Hirakani et al., 2022). These challenges can only
be overcome by transparent research, public

compounds  without

engagement and the creation of clear, globally
harmonized regulatory guidance and standards
to protect the safety and efficacy of these
products.

Commercial Applications and Market

Landscape

The Market for plant-based bioactive compounds
is a high-impact, multi-billion dollar industry
with close to fast expectations of growth (Palthur
et al., 2010). This growth is due to the rising
demand of consumers for natural and functional
foods, dietary supplements, and therapeutic
products with proven health benefits (Suleria et
al., 2019).

A new interdependency between traditional
agriculture, novel
computational science is apparent in the
commercial world. The biostimulants such as
Ascend PGRs (Plant Growth Regulators) are
commercially available and contain optimized

biotechnology, and

ratios of plant growth hormones (auxin,
gibberellic acid and cytokinin) that boost crop
growth and stress tolerance (Sible 2019). Also,
nutraceutical companies such as ChromaDex and
Nuritas are at the forefront of this industry.
ChromaDex utilizes patented ingredients like
Niagen and Immulina (Craighead et al., 2025).
The AI and genomics platform used at Nuritas
for discovery of new peptides, highlights the
direct application of the technologies covered in
the present review to speed up the process of new
product development. The use of Al and
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genomics to discover new peptides at Nuritas is
a direct application of the technologies covered in
the present review to speed up the process of new
product development. The discovery of these
companies confirms that the state of the art
technologies to improve bioactivity of plants are
not only theoretical but are being commercialized
and are starting to change the market.

Conclusion

The science of plant physiological regulation for
improved bioactivity has clearly moved on from
observation to predictive precision-based
engineering. A basic knowledge of the intrinsic
stress response of plants, in which environmental
stress (such as drought and light) triggers plant
defense mechanisms that involve oxidative stress
has led to a variety of sophisticated tools. From
targeted abiotic and biotic elicitation in
controlled bioproduction systems to cutting-edge
genome editing and Al-driven discovery, these
technologies provide unprecedented levels of
control—controlling plant systems to create
novel compounds. These range from targeted
abiotic and biotic elicitation in controlled
bioproduction systems to sophisticated genome
editing and Al-driven discovery technologies,
providing unprecedented levels of control—
manipulated plant systems to produce novel
compounds.

The strategic, knowledge-based approach to
reducing the impact on biomass and boosting
yields of desired compounds is now the central
challenge of the yield-quality trade-off. But the
next big step will be the gap between scientific
innovation and commercialization. This includes
ongoing research on improved cost-effective and
scalable bioproduction systems and on the
creation of clear and harmonized regulatory rules
on international level to control the ethical
challenges of gene edited crops.

Predictive modeling under the umbrella of
seamless integration of multi-omics data,
computational ~ biology,  and
engineering is the future of this field. The

metabolic
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potential for biofortified crops to provide greater
therapeutic value can help address urgent
challenges in the world such as food security and
malnutrition, while simultaneously enabling us
to meet the rapidly increasing global demand for
high value pharmaceuticals and nutraceuticals
by fully exploiting the potential of physiological
regulation. The transformative potential is an
exciting new prospect for the future of plant
science and human health.
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