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Abstract 
Plant secondary metabolites are structurally diverse bioactive 
compounds that play essential roles in plant growth, development, 
defense, ecological interactions, and environmental adaptation 
while serving as valuable resources for pharmaceutical, 
nutraceutical, and agricultural applications. The integration of multi-
omics and computational biology has revolutionized the 
understanding of specialized metabolism by connecting genes and 
transcripts with complex regulatory networks governing metabolite 
biosynthesis, transport, and accumulation. From a systems biology 
perspective, this review aims at giving a comprehensive account of 
the diversity, biotic functions, genomic organization, transcriptional 
regulation, interactions with the plant proteome and metabolome, as 
well as regulatory networks and evolutionary dynamics of plant 
secondary metabolism. Moreover, it emphasizes the role of AI, 
network biology, synthetic biology, metabolic engineering and 
precision breeding in discovery of pathways, functional gene 
annotation, predictive metabolic modeling, and crop improvement. 
The applications of systems biology in developing climate-resilient 
crops, in enhancing resistance to pest and diseases, in biofortifying 
crops for nutrition and in sustainable production of high-value 
phytochemicals are also discussed. Lastly, current challenges, such 
as the integration of multi-omics, computational challenges, 
functional annotation and experimental validation are critically 
discussed and future opportunities based on pan-genomics, single-
cell and spatial multi-omics, AI-assisted breeding and next-
generation metabolic engineering are highlighted. This review, 
which combines recent advances in molecular, computational and 
biotechnological fields, shows that systems biology is a powerful tool 
for understanding and dissecting plant secondary metabolism and 
its relevance for sustainable agriculture, plant biotechnology and the 
discovery of natural products from plants. 
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1. Introduction 
Plant secondary metabolites, also known as specialized 
metabolites, are a wide variety of low-molecular weight 
compounds that are produced from primary metabolic 
intermediates, but are not specifically needed for normal 
plant growth and development. Rather these metabolites 
have essential ecological and physiological roles such as 
protection from herbivores and pathogens, protection 
from UV radiation and oxidative stress, attracting 
pollinators and seed dispersers, allelopathic interactions, 
and adaptation to fluctuations in the environment. While 
all of these classes are important in natural products, they 
constitute one of the largest sources of bioactive natural 
products used in medicine, agriculture, cosmetics, and 
nutrition, and are collectively referred to as major classes 
of plant secondary metabolites (PSM).[1-5] The remarkable 
structural and functional variation of plant secondary 
metabolites has resulted from what is arguably a complex 
genomic and biochemical process, in which genes were 
duplicated, parts of the genome were duplicated, plant 
enzymes have diverged, biosynthetic gene clusters have 
been formed and natural selection has acted. The 
evolutionary mechanisms have facilitated an 
uninterrupted increase of their metabolisms and their 
ability to occupy new ecological niche while improving 
their tolerance to biotic and abiotic stresses. Thus, 
specialized metabolites are now known to play an 
important role in plant fitness and serve as promising 
sources for drug discovery, functional foods, industrial 
biotechnology and sustainable agriculture.[2,3,6,7] Although 
extensive research has been conducted, the molecular 
regulation of plant secondary metabolism is still not 
sufficiently understood, due to the highly interconnected 
nature of the regulatory network controlling the 
biosynthesis of metabolites, which spans many biological 
levels. Specialized metabolites are synthesized and 
accumulated through dynamic interplay of genomic 
variation, epigenetic modifications, transcription 
regulation, protein levels, post-translational 
modifications, metabolite fluxes, hormone signaling, 
cellular compartmentalization and environmental 
factors. Gene or enzyme-based studies have made 
inroads in understanding particular biosynthetic 
pathways, but a reductionistic perspective is not always 
sufficient to account for the dynamic nature of regulatory 
interactions that shape metabolic complexity.[8-10] The 
advent of systems biology has transformed the study of 
plant secondary metabolism by enabling the 
investigation of biological systems across multiple 
molecular layers through genomics, transcriptomics, 
proteomics, metabolomics, phenomics, and 
computational biology. Advances in next-generation 
sequencing, mass spectrometry, single-cell and spatial 
omics, artificial intelligence, machine learning, and 
network biology have provided increasingly 
comprehensive insights into biosynthetic genes, 
transcriptional regulators, protein interaction networks, 
metabolic pathways, and regulatory networks that 
collectively govern specialized-metabolite biosynthesis. 
Integration of these complementary datasets has 
facilitated pathway reconstruction, functional gene 

annotation, and prediction of novel bioactive 
compounds.[11-13] The availability of advances in genome 
editing, synthetic biology and artificial intelligence has 
also advanced the rational engineering of plant 
specialized metabolism at a rapid pace. The new 
technologies like genomics editing, multi-omics pathway 
engineering and machine learning-based pathway 
prediction can now be used to precisely modify 
biosynthetic pathways to produce higher levels of 
phytochemicals, make crops more stress tolerant, more 
climate resilient and more nutritious and medicinal. The 
innovations present a new class of opportunities for 
taking basic research into fields and applications that will 
contribute to solving global problems of food security, 
climate change, biodiversity conservation and 
sustainable bioresource utilisation. [14,15] The current 
review provides an overview of recent developments in 
the field of systems biology for secondary metabolism in 
plants, especially concerning the integration of multi-
omics, computational biology, artificial intelligence, and 
metabolic engineering. Specific attention has been given 
to the molecular control mechanisms of specialized 
metabolites biosynthesis, multi-omics integration, and 
new computational tools.[16,17] 
 
2. Diversity and biological functions of plant 
secondary metabolites 
Secondary metabolites (also called specialized 
metabolites) are a large and chemically diverse group of 
natural products that are synthesized by specialized 
biosynthetic pathways from primary metabolism. These 
substances are not essential for plant growth and 
reproduction, but they are essential for plant survival, 
environmental adaptation and resilience. The 
remarkable structural diversity of specialized 
metabolites produced by plants has been discovered and 
is estimated to exceed 200,000, and is one of the largest 
sources of bioactive natural compounds for 
pharmaceutical, nutraceutical, agricultural and industrial 
use.[18-21] Based on their biosynthetic origin and chemical 
properties, plant secondary metabolites fall into general 
categories of alkaloids, terpenoids, phenolic compounds, 
flavonoids, glucosinolates, lignans, saponins, cyanogenic 
glycosides and many other metabolites specific to their 
lineage. Alkaloids have high pharmacological activity, 
terpenoids are involved in defense, signalling and volatile 
communication, phenolics and flavonoids are responsible 
for antioxidant activity, UV protection, pigmentation and 
pathogen resistance. The evolutionary diversification of 
specialized metabolism in plants is clearly reflected in the 
development of glucosinolates and cyanogenic glycosides 
as chemical defense compounds against herbivores and 
pathogens.[22,23] Secondary metabolites are very tissue-, 
organ-, development- and species-specific. Roots tend to 
accumulate phenolics and flavonoids in defense against 
oxidative stresses, UV radiation, and prevention of plant 
pathogens, while roots produce coumarins, phytoalexins, 
and other metabolites related to rhizosphere activity and 
nutrient acquisition. Flowers and fruits contain pigments 
and volatile terpenoids that aid in pollination and seed 
dispersal and the seeds contain protective alkaloids and 
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Fig.1: Mechanistic systems biology pipeline for deciphering and engineering plant secondary metabolism. 

 

tannins. Glandular trichomes, resin ducts, oil glands, 
laticifers, and secretory cavities are specialized 
structures that are important for metabolite 
biosynthesis, storage, and secretion, which help prevent 
autotoxicity and increase defense efficiency.[24,25] Diversity 
and biological functions of plant secondary metabolites 
are shown in Fig.1. Beyond their structural diversity, 
secondary metabolites perform multiple ecological and 
physiological functions that contribute to plant fitness. 
They function as chemicals to repel insects and fungi, as 
well as to deter nematodes, bacteria and viruses; regulate 
plant–microbe and plant–plant interactions; participate 
in allelopathy; attract pollinators; and increase drought, 
salinity, extreme temperature, heavy metal and 
ultraviolet radiation tolerance. Their biosynthesis is 
dynamically regulated in response to environmental 
signals and phytohormones allowing plants to quickly 
adjust their metabolic profile under changes in 
environmental conditions, thereby adapting to different 
ecosystems.[26-29] However, the recent developments in 
multi-omics technologies, artificial intelligence, and 
metabolic engineering have led to the rapid identification 
of novel phytochemicals and their biosynthetic pathways, 
as well as engineering high-value metabolites. 
Consequently, knowledge about the biodiversity and 
biological activities of plant secondary metabolites is 
vital for systems biology, sustainable agriculture, and  

plant biotechnology.[30-32]  
   Fig. 1 shows mechanistic systems biology pipeline for 
deciphering and engineering plant secondary 
metabolism. Biological materials representing different 
tissues, developmental stages, environmental conditions, 
or plant–microbe interactions are subjected to 
complementary omics analyses, including genomics, 
transcriptomics, proteomics, metabolomics, 
epigenomics, fluxomics, and spatial or single-cell 
profiling. Following quality control, normalization, 
feature extraction, and computational integration, multi-
omics datasets are used to reconstruct biosynthetic 
pathways, gene regulatory networks, gene–protein–
metabolite associations, and metabolic flux distributions. 
Integrated network analysis enables identification of 
pathway bottlenecks, regulatory nodes, precursor 
limitations, competing metabolic routes, and cryptic 
biosynthetic potential. These targets can then be 
manipulated through CRISPR-based genome editing, 
gene overexpression, promoter engineering, 
transcription-factor modulation, precursor or flux 
redistribution, epigenetic activation, microbial 
elicitation, or heterologous pathway engineering. The 
resulting changes in metabolite production, pathway flux, 
stress responses, and phenotypic traits are 
experimentally validated using molecular, biochemical, 
metabolomic, and phenotypic approaches, establishing 
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an iterative systems biology–engineering–validation 
cycle. 
 
3. Systems biology framework 
A revolutionary way to understand the complexity of 
plant secondary metabolism is to combine several levels 
of biological information into a system-based approach, 
known as systems biology. Systems biology provides a 
holistic method of studying the dynamic interactions 
between genome, transcriptome, proteome, metabolome 
and phenome to understand the regulatory networks 
responsible for the biosynthesis of specialized 
metabolites as opposed to the traditional reductionist 
studies of individual genes or enzymes. Combination of 
high-throughput omics technologies and computational 
modeling can be used for comprehensive 
characterization of biosynthetic pathways, regulatory 
mechanisms, metabolic fluxes, and plant response to 
environment, leading to systems-level understanding of 
plant metabolism.[33-37]  

 
3.1 Multi-Omics integration  
In multi-omics data integration, multiple molecular data 
are used in a synergistic manner to unravel the  
molecular mechanism and regulation of plant secondary 
metabolism. Information from genomics and 
transcriptomics data helps in finding out biosynthesis-
related genes and regulators whereas proteomics data 
help in understanding the quantity, post-translational 
modification, and protein interactions. Data from 
metabolomics show alterations in the metabolism 
pathway and phenotype data reveal the changes in the 
morphology of plants. Integration of all these data helps 
in reconstructing pathways and understanding 
regulatory pathways and biomarkers.[38,39]  

3.2 Computational biology  
Computational biology provides the analytical 
foundation for interpreting complex multi-omics 
datasets generated from systems biology studies. 
Advanced bioinformatics algorithms, network biology, 
mathematical modelling, machine learning, and artificial 
intelligence allow bio synthetic pathways to be 
reconstructed, functions of genes to be predicted, 
regulatory hubs to be identified, and metabolic fluxes to 
be simulated. These computational methods enable the 
integration of heterogeneous biological data on a large 
scale, fast identification of new specialized metabolites, 
and predictive metabolic engineering for crop 
improvement and sustainable agriculture.[40] 
 
3.3 Bioinformatics resources  
Public bioinformatics resources are crucial in systems 
biology research, offering comprehensive data 
repositories of genomic, transcriptomic, proteomic and 
metabolomic data. Ensembl Plants, Phytozome, Gramene, 
NCBI GEO, Expression Atlas, UniProt, STRING, KEGG, 
PlantCyc, Databasem of Metabolites (DBM), 
MetaboLights and KNApSAcK are among the databases 
used for genome annotation, gene expression analyses, 
protein characterization, pathway reconstruction and 
metabolite identification. These resources can be 
integrated with analytical tools such as Cytoscape, 
MetaboAnalyst, OmicsNet, and Galaxy to visualize and 
interpret biological networks, integrate multi-omics, and 
provide systems-level interpretation of plant secondary 
metabolism, which speeds up functional genomics and 
metabolic engineering research.[41-44]  
 
4. Genomic and transcriptional regulation of plant 
secondary metabolism 

Table 1: Multi-omics approaches, their applications, and representative bioinformatics tools/platforms in plant secondary 

metabolism 

Omics approach Major information generated Application in secondary 

metabolism 

Representative 

bioinformatics 

tools/platforms 

Genomics Genes, genome variation, and 

biosynthetic gene clusters 

Identification of biosynthetic genes 

and pathway evolution 

Ensembl Plants, PLAZA, 

Gramene 

Transcriptomics Gene-expression profiles Identification of pathway genes, 

transcription factors, and regulatory 

modules 

Galaxy; WGCNA 

Proteomics Enzymes, regulatory proteins, 

and protein abundance 

Functional validation of 

biosynthetic pathways and enzyme 

regulation 

STRING; Cytoscape 

Metabolomics Metabolite profiles and 

abundance 

Metabolite identification, pathway 

reconstruction, and biomarker 

discovery 

MetaboAnalyst 

Phenomics Observable plant traits Linking molecular changes with 

stress responses and agronomic 

traits 

Galaxy; computational 

phenotyping platforms 

Spatial omics Cell/tissue-specific molecular 

distribution 

Localization of biosynthesis, 

transport, and metabolite 

accumulation 

OmicsNet; Cytoscape 

Integrated multi-

omics 

Cross-layer biological 

relationships 

Systems-level reconstruction and 

prediction of specialized 

metabolism 

OmicsNet; Cytoscape; 

MetaboAnalyst; Galaxy 
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The biosynthesis, accumulation and diversification of 
specialised metabolites are regulated by complex 
interactions between genomic architecture and 
transcriptional control. Advances in whole genome 
sequencing, transcriptomics, comparative genomics, 
functional genomics, and the discovery of biosynthetic 
gene clusters, gene duplication, and polyploidization, as 
well as the identification of transcription factors, 
phytohormones, and gene regulatory networks, have 
shown that these are integrated in a coordinated fashion 
to control metabolic pathways. Their combination with 
genome-editing technologies and systems biology has 
helped to identify important biosynthetic genes, 
metabolic pathway reconstruction, and precision 
engineering of high-value phytochemicals for sustainable 
agriculture and plant biotechnology.[45-48] Multi-omics 
approaches, their applications, and representative 
bioinformatics tools/platforms in plant secondary 
metabolism are shown in Table 1. 
 
4.1 Biosynthetic gene clusters  
Biosynthetic gene clusters (BGCs) are linear (co-linear) 
clusters of genes that encode enzymes, transporters and 
regulatory proteins that are involved in the biosynthesis 
of specialized metabolites. Plant BGCs, in contrast to 
primary metabolic genes, tend to be recruited from to 
other gene families, tandem duplicated and reshaped by 
chromosome rearrangements, followed by adaptive 
selection, so as to coordinate the expression of complex 
biosynthetic pathways. In recent years, genomic research 
has shed light on the evolution and regulation of 
metabolic diversity in plants through the identification of 
BGCs that are responsible for the biosynthesis of 
terpenoids, alkaloids, benzoxazinoids, cyanogenic 
glycosides, steroidal glycoalkaloids, and triterpenes.[47,48] 
 
4.2 Gene duplication and polyploidy  
Two key evolutionary processes that contribute to the 
evolution of plant secondary metabolism are gene 
duplication and whole genome duplication (polyploidy). 
Tandem, segmental, and dispersed duplications produce 
extra copies of genes that later acquire new functions 
(neofunctionalization) or new constraints (sub-
functionalization) to give rise to larger enzyme families 
like the cytochrome P450 monooxygenases, the terpene 
synthases, the methyltransferases and the UDP-
glycosyltransferases. Polyploidization also contributes to 
metabolic innovation through dosage effects and boosts 
metabolic diversification and plant adaptation to 
environmental stress.[49,50] 
 
4.3 Genome editing  
Precise modification of genes that are involved in the 
biosynthesis of specialised metabolites is revolutionising 
functional genomics and metabolic engineering using 
genome-editing technologies. CRISPR/Cas systems are 
the most popular genome editing platform used for 
programmable manipulation of biosynthetic genes and 
regulatory elements, while precision base editing and 
prime editing allow the highly accurate and precise 
substitution of nucleotides without the need to generate 

double-strand DNA breaks. These technologies have 
enabled improvements in the production of medicinal 
metabolites, enhancement of nutritional quality, 
improvement of stress resistance and development of 
climate resilient crops by targeted metabolic 
engineering.[51,52]  
 
4.4 Transcriptomics  
Understanding of transcriptional regulation of plant 
secondary metabolism has significantly benefited from 
transcriptomic technologies. Comprehensive analyses of 
gene expression, at the tissue-, organ- and cell-specific 
level, are possible by high throughput RNA sequencing 
(RNA-seq), single-cell transcriptomics and spatial 
transcriptomics. The genetic and regulatory analysis of 
specialised metabolism has been further advanced by 
integrating transcriptomic profiles with metabolomic 
and proteomic data, which has allowed the identification 
of biosynthetic genes, regulatory modules and tissue-
specific metabolic pathways, improving pathway 
reconstruction and functional annotation of specialised 
metabolism.[53-57]  
 
4.5 Transcription factors  
Transcription factors are involved in controlling the 
biosynthesis of specialized metabolites and coordinate 
the expression of the metabolic enzymes and regulatory 
genes that control specialized metabolism, thus acting as 
master regulators. In response to developmental and 
environmental signals, flavonoid, alkaloid, terpenoid, 
glucosinolate and phenylpropanoid biosynthesis is 
controlled by major transcription factor families such as 
MYB, bHLH, WRKY, NAC, AP2/ERF and bZIP. These 
transcription factors communicate with each other to 
create complex regulatory units that coordinate 
metabolic, hormonal and stress responsive signaling 
pathways in order to maximize the production of 
metabolites.[58-62]  
 
4.6 Hormonal regulation  
Phytohormones are key players in the crosstalk with 
transcription factors and signaling pathways that 
coordinate the biosynthesis of specialized metabolites. 
Biosynthetic pathways involved in pathogen resistance, 
abiotic stress tolerance and developmental regulation are 
regulated by salicylic acid, ethylene, abscisic acid, and 
auxin, while jasmonic acid is the key regulator of defense-
related secondary metabolism. Under the regulation of 
hormonal signals, metabolic pathways can be 
dynamically reconfigured, with the result that metabolic 
pathways are plastic and can be adapted to 
environmental conditions.[11,63-65]  

 
4.7  Gene regulatory networks  
Gene Regulatory Networks (GRNs) represent an 
organizational scheme that links transcription factors, 
signal molecules, biosynthesis genes, epigenetic factors, 
and environmental inputs into a network to control 
specialized metabolism. The development of integrated 
omics and network computational technologies has 
facilitated GRN modeling and identification of regulatory 

https://doi.org/10.64189/ps.26904
https://gr-journals.com/journals/jps
https://gr-journals.com/


Review Article                                                                                                                                                                                     https://doi.org/10.64189/ps.26904 

  

6 | gr-journals.com                                                                                                                                                                                        Journal of Phytological Sciences  

hubs as well as metabolic outcomes predictions. This will 
facilitate functional genomics, precision metabolic 
engineering, and sustainable crop improvement through  
rational manipulation of specialized plant 
metabolism.[12,66-69]  
 
5. Proteome–Metabolome Integration 
By integrating the metabolome and proteome, the study 
can present a full picture of the secondary metabolisms 
of plants by relating plant proteins to metabolites. 
Proteomics can be used to detect functional enzymes, 
regulatory proteins and protein post-translational 
modifications that regulate biosynthetic pathways, while 
metabolomics can detect the dynamic accumulation of 
specialized metabolites, which are the end products of 
cellular regulation. The addition of these complementary 
layers of omics allows metabolic pathways to be 
reconstructed, key regulatory enzymes identified, 
metabolic fluxes quantified and molecular responses to 
developmental and environmental cues elucidated. In 
recent years, the ability to study the biosynthesis of 
specialized metabolites and metabolic engineering for 
sustainable crop improvement has gained significant 
ground with the development of high-resolution mass 
spectrometry, quantitative proteomics, metabolomics 
and computational systems biology.[70,71]  
 
5.1 Proteomics  
Proteomics offers direct information regarding the 
abundance, location, activity and interactions of proteins 
contributing to the biosynthesis of specialized 
metabolites. Label-free quantitative proteomics, tandem 
mass tag (TMT) analysis and data-independent 
acquisition (DIA) are modern mass spectrometry-based 
methods which allow for large-scale identification of 
biosynthetic enzymes, transporters and regulatory 
proteins. Complementary to genomic and transcriptomic 
studies of plant specialized metabolism, proteomic 
analyses have provided insight into the structure of 
enzyme complexes, regulation of metabolic pathways, 
and protein response to developmental and 
environmental factors.[70-72]  
 
5.2 Metabolomics  
Metabolomics describes the entire set of small molecules 
generated in plant tissues, and is the most closely defined 
molecular phenotype of cellular metabolism. Targeted 
and untargeted profiling of specialized metabolites are 
made possible by advanced analytical platforms like 
liquid chromatography–mass spectrometry (LC–MS), gas 
chromatography–mass spectrometry (GC–MS), capillary 
electrophoresis–mass spectrometry (CE–MS) and 
nuclear magnetic resonance (NMR) spectroscopy. 
Metabolomics combined with proteomics facilitates the 
reconstruction of metabolic pathways, discovery of 
biomarkers, functional annotation of unknown 
metabolites and in-depth study of metabolic responses to 
environmental stresses.[73-75] 
 
5.3. Post-Translational modifications  
In specialized metabolite biosynthesis, post-translational  

modifications (PTMs) are essential mechanisms 
regulating the stability, localization, enzymatic activity 
and signaling of proteins. The mechanisms of 
phosphorylation regulate enzyme activation and signal 
transduction in a rapid manner, ubiquitination is 
responsible for selective degradation of proteins via the 
ubiquitin–proteasome pathway, and glycosylation 
regulates protein folding, transport, stability and enzyme 
function. The dynamic regulation of biosynthetic 
enzymes and transcriptional regulators by reversible 
modifications has been demonstrated by quantitative 
PTM proteomics under developmental programs and 
environmental stresses, highlighting the ability of these 
modifications to fine-tune specialized metabolism.[76,77]  
 
5.4 Metabolic flux analysis  
Metabolic flux analysis (fluxomics) gives quantitative 
information on the flow of carbon, nitrogen and energy in 
interconnected metabolic pathways, which is not 
obtained by measuring metabolite abundance. The stable 
isotope labelling and the use of mass spectrometry and 
computational modelling allow the estimation of the 
activities of the pathways, identification of the rate-
limiting reactions, as well as the analysis of metabolic 
reprogramming under the different physiological 
conditions. Combination of fluxomics data with 
proteomic and metabolomic data has led to a better 
understanding of pathway regulation and the 
optimization of specialized metabolite production for 
metabolic engineering applications.[78-81] 
 
5.5 Spatial metabolomics  
Spatial metabolomics is an approach that involves 
combining metabolite profiling with mass spectrometry 
imaging to visualize the spatial distribution of tissue/cell-
specific metabolome specializations, while 
simultaneously maintaining the spatial organization of 
metabolites. Newly introduced imaging technologies 
such as MALDI-MSI, DESI-MSI and SIMS allow 
metabolites to be localized in reproductive organs, roots, 
vascular tissues and glandular trichomes, which are 
unique tools for unprecedented insights into tissue-
specific biosynthesis, transport and storage. Spatial 
metabolomics, combined with spatial transcriptomics, 
spatial proteomics, and artificial intelligence, is 
revolutionizing plant systems biology, allowing for 
detailed mapping of metabolic networks and elucidation 
of the spatiotemporal regulation of specialized 
metabolism.[15,82-85]  

 
6. Regulatory networks and environmental 
responses 
The molecular networks that control secondary 
metabolism are highly interconnected and integrate 
metabolic pathways, cell organization, developmental 
programmes and environmental signals. Primary 
metabolism, hormonal regulation, transcription control 
and environmental factors all regulate the biosynthesis, 
transport and accumulation of specialized metabolites, a 
process that does not function in isolation. With recent 
developments in multi-omics technologies, network 
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biology, and systems biology, dynamic interactions 
between genes, proteins, metabolites, and environment 
have been discovered as a means by which plants quickly 
reprogram specialized metabolism when encountering 
developmental and ecological fluctuations. These 
integrated regulatory networks are ultimately 
responsible for plant adaptation, defense and metabolic 
plasticity.[86-90] 
 
6.1 Primary–secondary metabolism crosstalk 
Primary and secondary metabolism are closely coupled 
and regulated by the allocation of carbon, nitrogen, sulfur 
and energy. Key intermediates for alkaloid, terpenoid, 
phenylpropanoid, flavonoids and other specialized 
metabolite biosynthesis are provided by central 
metabolic pathways such as glycolysis, the tricarboxylic 
acid (TCA) cycle, pentose phosphate pathway and 
shikimate pathway. Plants can use this dynamic 
regulation of metabolic flux between primary and 
secondary metabolism to ensure optimal use of resources 
in growth, development, and stress adaptation, which 
occurs at the transcriptional level, through enzyme 
activity, and via hormonal signaling.[30,31,91]   
 
6.2 Cellular regulation  
Synthesis of specialized metabolites is very 
compartmentally organized and regulated at the cellular 
and tissue level. Specialized cells such as glandular 
trichomes, secretory cells, vascular tissues, root hairs, 
resin ducts, and oil glands are involved with the synthesis, 
transport, and storage of metabolites. Metabolic 
channeling, reduction in autotoxicity and increased 
biosynthetic efficiency are achieved by cellular 
compartmentalization in the plastid, ER, cytosol, vacuole 
and peroxisome. The recent progresses in single-cell 
transcriptomics, spatial transcriptomics, and spatial 
metabolomics have given rise to an unprecedented 
insight into tissue-specific metabolic regulation and 
cellular heterogeneity associated with specialized 
metabolism.[16,92,93]  
 
6.3 Abiotic stress regulation  
Plants secondary metabolism is significantly affected by 
abiotic stresses such as drought, salinity, temperature 
extremes, high light intensity, high intensity of UV 
radiation, heavy metals, elevated levels of atmospheric 
CO₂. Reactive oxygen species (ROS) accumulation under 
stress triggers a complex signaling pathway mediated by 
jasmonic acid, abscisic acid, salicylic acid, calcium 
signaling and mitogen-activated protein kinase (MAPK) 
cascades, leading to the activation of transcription of 
specialized metabolite biosynthesis. Increase in the 
synthesis of flavonoids, phenolics, terpenoids, alkaloids 
and other antioxidants metabolites lead to a better 
protection of cells, redox homeostasis, osmotic 
adjustment and stress tolerance.[94-97]  
 
6.4 Biotic stress regulation  
Rapid metabolic reprogramming in response to plant–
pathogen, plant–herbivorous insect and plant–parasitic 
organism interactions for increased chemical defense. 

Pathogen-associated molecular patterns (PAMPs) and 
elicitors derived from herbivores trigger immune 
signaling pathways leading to the synthesis of 
phytoalexins, glucosinolates, terpenoids, alkaloids, 
phenylpropanoids and volatile organic compounds. The 
specialized metabolites serve roles as antimicrobial 
agents, insect repellents, signaling molecules, and 
indirect defense molecules that attract natural enemies of 
herbivores, thereby enhancing plant fitness and 
immunity.[26-28]  
 
6.5 Microbiome interactions  
The plant microbiome contributes significantly to 
specialized metabolism by interacting with beneficial 
microorganisms that live in the rhizosphere, 
phyllosphere and endosphere of the plant. Plant growth-
promoting rhizobacteria (PGPR), mycorrhizal fungi, and 
endophytic microbes are involved in the regulation of 
phytohormone signaling, nutrient availability, and 
defense pathways, making them valuable tools for 
increasing the production of secondary metabolites that 
are beneficial for humans and agriculture. Integration of 
microbiome research with genomics, metabolomics, and 
systems biology is providing new opportunities to exploit 
beneficial microbial communities for sustainable crop 
improvement, enhanced stress resilience, and increased 
production of valuable phytochemicals.[2,14,54,55,98-101]  
 
7. Evolutionary dynamics of plant secondary 
metabolism  
Plants have undergone millions of years of evolution and 
adaptation, yielding an amazing range of specialized 
metabolites that help plants to thrive in different 
environments. Lineage-specific biosynthetic pathways 
have evolved from metabolic pathways through gene 
duplication, whole genome duplication, enzyme 
functional divergence, natural selection and 
environmental pressures. Specialized metabolism is 
highly dynamic and continually influenced by ecological 
interactions, which enable plants to optimize both 
defense and reproduction together with environmental 
adaptation, as shown by recent advances in comparative 
genomics, phylogenomics, metabolomics and systems 
biology. The knowledge of the evolution of secondary 
metabolites will be useful for understanding metabolism 
innovations and for discovering new bioactive 
metabolites in agriculture, biotechnology and 
medicine.[102-106]  
 
7.1 Evolution of metabolic pathways  
Specialized metabolic pathways have been recruited from 
an ancestral primary metabolic network by acquiring 
genes, by changing enzymes to be promiscuous, by 
rearranging pathways, and by clustering biosynthetic 
genes together. These functional diversifications of 
enzyme families have led to the production of structurally 
diverse alkaloids, terpene, acyl transferases, 
methyltransferases, glycosyl transferases, and 
cytochrome P450 monooxygenases, which are 
responsible for the synthesis of structurally diverse 
products such as terpenoids, phenylpropanoids, 
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flavonoids, glucosinolates, and other alkaloids. 
Comparative genomic studies are also beginning to show 
that innate metabolic diversity within the plant kingdom 
is the result of repeated innovation and pathway 
expansion.[46,107-109]  
 
7.2 Diversification  
Metabolic diversification is achieved by ongoing 
modification of biosynthetic genes by duplication, 
mutation, recombination, and regulatory evolution. 
Metabolites are species-specific and result from enzyme 
neofunctionalization and gene family expansion. 
Metabolic diversification is one of the most rapidly 
evolving biological systems, driven by environmental 
heterogeneity, co-evolution with pollinators, herbivores, 
pathogens and beneficial microbes.[110,111]  
 
7.3 Natural selection 
Specialized metabolism is an important factor in the 
evolution of plants and has been driven by natural 
selection, which favors the metabolites that enhance 
plant fitness under certain ecological constraints. 
Positive selection has led to the evolution of defense 
compounds against herbivores and pathogens, while 
balancing and diversifying selection have caused 
metabolic variation to be maintained in natural 
population. Plants adaptively evolve biosynthetic 
enzymes, transcription factors, and pathways for more 
efficient chemical defenses, reproductive success, and 
environmental tolerance in ever-changing 
ecosystems.[13,112,113]  
 
7.4 Domestication  
The composition and diversity of secondary metabolites 
have been greatly modified by plant domestication, with 
artificial selection for agronomic, nutritional, medicinal 
and sensory properties. Numerous biosynthetic 
pathways have been changed in domestication, such as 
the selection of a strain with better yield, less bitterness, 
enhanced flavor, or decreased toxicity, and may have lost 
metabolic diversity relative to their wild relatives. The 
modern genomics, pan-genomics and genome-wide 
association studies (GWAS) and genome editing now 
enable the reintroduction and optimization of useful 
specialized metabolites from wild germplasm into 
cultivated plants for precision breeding and sustainable 
agriculture.[114-118]  
 
8. Artificial intelligence and network biology in plant 
secondary metabolism 
In order to integrate and analyze large amounts of multi-
omics data in plants, artificial intelligence, machine 
learning, and network biology are becoming more and 
more widely used. Using such computational methods 
makes it possible to construct gene regulatory networks, 
biosynthetic pathways, discover novel metabolites, and 
model metabolic responses to changing environmental 
factors. Due to integration of heterogeneous molecular 
and phenotypic data sets, AI-based methods will help to 
perform functional annotation, precision breeding, and 
metabolic engineering of crops.[110,119-121]  

8.1 Gene co-expression networks  
Gene co-expression network analysis can be used to 
determine clusters of co-expressed genes that are 
involved in specific metabolic pathways. Research on 
genome-wide expression data using the network-based 
approach, e.g. weighted gene co-expression network 
analysis (WGCNA), can identify biosynthetic genes, 
transcription factors, regulatory modules, and metabolic 
hubs for secondary metabolite production. Co-expression 
networks have been integrated with metabolomics and 
comparative genomics to significantly improve the 
reconstruction of pathways and functional gene 
annotation in medicinal and crop plants.[21,122,123]   
 
8.2 Machine learning  
The analysis of high-dimensional plant omics data is now 
heavily reliant on machine learning (ML). Supervised and 
unsupervised learning algorithms enable metabolite 
classification, prediction of gene functions, pathway 
reconstruction, discovery of metabolite biomarkers, and 
prediction of accumulation of specialized metabolites 
under various developmental and environmental 
conditions. The applications of ML models also enhance 
genomic selection and precision breeding, accounting for 
complex genotype–phenotype relationships.[124]  
 
8.3 Deep learning  
Plant systems biology has gained a tremendous boost 
from deep learning algorithms such as convolutional 
neural networks (CNNs), recurrent neural networks 
(RNNs), graph neural networks (GNNs), and transformer-
based models that have been able to detect complex 
patterns in genomic sequences, transcriptomic profiles, 
metabolomic spectra, and phenotypic images. These 
methods offer more accurate identification of 
metabolites, prediction of enzyme function, disease 
types, high throughput phenotyping and biosynthetic 
pathway prediction than traditional computational 
approaches.[98,125-127]   
 
8.4 Predictive metabolic models  
The integration of multi-omics data with computational 
simulations into predictive metabolic models describes 
metabolic fluxes, regulatory interactions, and pathway 
dynamics. The metabolic modeling of the constraint-
based approach, genome-scale metabolic models (GEMs), 
and flux balance analysis (FBA) can predict metabolic 
responses to various environmental conditions and 
direct metabolic engineering efforts in a rational way. The 
use of these models has been indispensable to optimizing 
the production of secondary metabolites and designing 
climate-smart crops.[2,128,129]   

 
8.5 Digital phenotyping  
Digital phenotyping employs advanced imaging 
techniques, remote sensing, robotics, unmanned aerial 
vehicles (UAVs), hyperspectral imaging, thermal imaging, 
LiDAR and artificial intelligence (AI) to measure plant 
growth, physiology, stress response and metabolite-
associated phenotypes in a high throughput manner. 
Combination of digital phenotyping with genomics, 
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transcriptomics, metabolomics and environmental data 
facilitates accurate association studies of genotype–
phenotype; it contributes to the speed of crop 
improvement; and helps precision agriculture in the 
context of changing climatic conditions.[5,129]  
 
9. Synthetic biology and metabolic engineering  
In the past few years, synthetic biology and metabolic 
engineering approaches have proven to be feasible 
methods of reprogramming the metabolic pathways in 
plants to enhance the biosynthesis of useful secondary 
metabolites. Combined omics analysis along with 
systems metabolic modeling can help identify 
bottlenecks and modify biosynthetic genes, promoters, 
and metabolic pathways. The progress made in the field 
of genome editing using CRISPR technology, design of 
synthetic promoters, and pathway reconstruction is 
helping in the creation of disease-resistant, nutritional, 
and climate-resistant crops.[8,130,131]  
 
9.1 Pathway engineering  
Pathway engineering is the strategic modification of 
biosynthetic pathways to enhance the yield of specialized 
metabolites, or to produce new bioactive compounds. 
This approach involves the overexpression of enzymes in 
biosynthetic pathways, the inhibition of alternative 
pathways, the optimization of pathway flux, and the 
rewiring of entire pathways in plants or alternative hosts. 
Multi-omics approach and computer modelling can be 
used to identify metabolic bottlenecks and to guide 
rational pathway engineering for producing high-value 
phytochemicals (alkaloids, terpenoids, flavonoids, 
phenolics, and others) at higher levels.[7,93]  
 
9.2 Gene stacking  
Gene stacking allows for the more efficient pathway to be 
engineered and the more prolific metabolite production 
to be achieved by simultaneously introducing or tuning 
multiple biosynthetic genes into a metabolic pathway. 
Coordinate control of complex metabolic networks, with 
the reduced incidence of unwanted pleiotropic effects, is 
made possible by the modern multigene assembly 
technologies, CRISPR multiplex editing, and synthetic 
gene circuits. Gene stacking has been extensively used for 
enhancing the nutritional content, disease resistance, 
stress tolerance, and production of pharmaceutical 
compounds in economically important crops.[132,133]  
 
9.3 Promoter engineering  
Promoter engineering is a means of controlling 
expression of a gene with a precisely modified promoter 
sequence, or with a synthetic promoter that has a desired 
spatial, temporal, and stress-responsive activity. Tissue-
specific, inducible and synthetic promoters allow 
biosynthetic genes to be finely-tuned to enhance 
metabolic efficiency, with less burden on plant growth. 
Promoter engineering, in combination with CRISPR 
activation (CRISPRa) and CRISPR interference (CRISPRi), 
provides highly flexible regulation of specialized 
metabolic pathways and is a key technique for precision 
metabolic engineering.[2,6] 

9.4 Precision breeding  
Precision breeding is a technology platform that 
combines genome editing, genomic selection, pan-
genomics, artificial intelligence and multi-omics 
technologies to boost the development of crops with 
improved specialized metabolite profiles. CRISPR/Cas 
systems, base editing and prime editing allow for quick 
manipulation of biosynthetic genes and regulatory 
elements without added foreign DNA, which can be used 
to improve medicinal plants, functional foods, and 
climate-resilient crops. Systems biology and precision 
breeding are expected to be key technologies in 
sustainable agriculture, crop biofortification and in the 
future in plant-based pharmaceuticals.[134,135]  
 
10. Case studies: Systems biology-driven dissection 
and engineering of plant secondary metabolism 
The application of systems biology in plant secondary 
metabolism is best seen when complex biological 
information from multiple levels is condensed to the level 
of a single metabolic limit, regulatory point or cryptic 
biosynthesis pathway and then used to guide 
experimental intervention. Unlike methods that look at 
genes or metabolites in isolation, systems approaches 
take into account both pathway structure and metabolite 
content, enzyme activities, regulatory mechanisms, 
environment and metabolic flows. The three case studies 
described below show different ways this can be done: re-
routing precursor flow through a terpenoid limit, 
combining transcriptomics and metabolomics to solve 
the mystery of plant-fungus metabolism interaction, and 
using metabolomics to perturb epigenetic mechanisms of 
cryptic secondary metabolism. 
 
10.1 Case study 1: Rerouting terpenoid flux to 
overcome a diterpene biosynthetic bottleneck 
An illustrative case of metabolic engineering guided by 
systems is the engineering of the rice momilactone 
pathway into Nicotiana benthamiana. Momilactones are 
unique diterpenoids that mediate rice allelopathy; 
however, understanding of the entire biosynthesis of the 
compound has been hindered due to low accumulation of 
its pathway intermediates and products when 
heterologously expressed. To circumvent this limitation, 
de La Pen a and Sattely understood low accumulation of 
intermediates and final product as the key hurdle in 
multistep diterpene biosynthesis and shifted the supply 
of the diterpene precursors from the chloroplast into the 
cytosolic mevalonate pathway. Here is an example of how 
pathway-level knowledge was utilized for a rational 
engineering strategy. Instead of the consecutive 
optimization of individual downstream enzymes, the 
researchers changed the metabolic environment of the 
whole pathway first. Increased precursor availability led 
to the accumulation of pathway intermediates and 
facilitated the rapid screening of biosynthetic enzymes 
candidates. Then the improved system allowed the 
reconstitution of the entire momilactone biosynthesis 
pathway in Nicotiana benthamiana, and the level of 
metabolites produced exceeded the corresponding 
values obtained in rice by more than ten times. The same 
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flux-rerouting strategy resulted in better production of 
other diterpenoid compounds such as forskolin and 
taxadiene; thus, in this case, the limitations caused by 
precursor availability and subcellular 
compartmentalization turned out to be significant 
system-level constraints.[136] In this example, it is clearly 
demonstrated that a metabolic bottleneck can be located 
upstream of the enzyme catalyzing the target metabolite 
formation. Therefore, it is advisable to consider not only 
the optimization of individual biosynthetic genes but also 
pathway reconstruction, analysis of precursor pool, 
compartmentalization, and flux distribution prior to the 
latter. In the field of plant secondary metabolism, it 
provides a way of rational approach to solving the 
problem. 
 
10.2 Case Study 2: Multi-Omics dissection of a plant–
fungal interaction in Ephedra sinica 
Plant-fungus interactions also constitute yet another 
application of systems biology, as variations in the 
process of secondary metabolism occur due to 
coordinated regulation of fungal signals, transcription 
factors, biosynthetic genes, and metabolites 
accumulation. In particular, an analysis of interaction of 
Ephedra sinica with an endophytic fungus Didymella 
keratinophila conducted through an interaction culture 
approach identified an active fungal strain which could 
induce changes in the secondary metabolism of the host 
plant. This study further analyzed a regulatory network 
of TF-gene-metabolites in order to examine the molecular 
mechanism underlying the metabolites accumulation 
triggered by fungi. The key advantage of such an 
approach consists in its ability to correlate a biological 
stimulus with the various levels of molecular 
information, whereas the metabolite accumulation is not 
considered in isolation. The interaction of the fungus with 
the host was accompanied by variations in the secondary 
metabolites, while transcriptome analysis allowed 
identifying transcription factors and genes which may be 
related to these changes. Combining all these data made 
it possible to reveal the relationship among fungal 
stimulation, transcription regulation, biosynthesis genes, 
and metabolite accumulation.[137] As far as metabolic 
engineering is concerned, the system E. sinica–D. 
keratinophila demonstrates the potential for using plant-
associated microorganisms as biological elicitors. 
Furthermore, the phenotype that emerges as a result of 
such treatment can be studied via the means of integrated 
regulatory networks, which can help in identifying the 
candidates for transcription factors or biosynthetic genes 
to test them functionally. In particular, the use of this 
methodology might provide a way to improve the 
accumulation of pharmaceutically valuable plant 
metabolites by manipulating the regulation of the 
metabolic pathway rather  
than engineering each enzyme involved. 
 
10.3 Case Study 3: Metabolomics guided activation of 
cryptic secondary metabolism in an endophytic 
fungus 
The promise of systems-level metabolomics is  

highlighted further by recently published research 
investigating the endophytic fungus Xylaria papulis Lloyd 
from the plant Andrographis paniculata. Endophytic 
fungi are known to have biosynthetic gene clusters that 
are poorly expressed or silenced in laboratory 
environments, presenting a significant obstacle for 
tapping into their true biosynthetic potential. 
Vishwakarma et al. investigated whether chemical 
epigenetic modification can solve this problem by 
exposing X. papulis to the histone methyltransferase 
inhibitor UNC1999. The researchers conducted a test 
with multiple doses of UNC1999, comparing the treated 
and untreated samples by means of metabolomics. 
Treatment with 250 nM of UNC1999 changed the 
secondary metabolome and improved the antioxidant 
and antibacterial effects of the crude extract. By using 
GC–MS and UHPLC-HRMS/MS methods, the researchers 
were able to detect the secondary metabolites that had 
been induced or regulated with the help of epigenetics, 
which provided evidence for the existence of metabolic 
potential that was previously not accessible due to 
silencing. This study, therefore, presents an example of a 
systems-level approach that combines an upstream 
regulation perturbation with chemical analysis. The 
significance of this particular experiment stems from the 
fact that the metabolic bottleneck was not associated 
with the availability of substrates or an inactive 
biosynthetic enzyme in the pathway. On the contrary, the 
limiting factor was connected with the expression status 
of the secondary metabolism machinery. Epigenetics 
alteration was employed as the experimental tool, 
whereas untargeted metabolomics was used as the 
measurement method to monitor the chemical diversity. 
Another critical feature that should be emphasized is that 
for systems biology, although metabolomics is capable of 
demonstrating activation of chemical pathways, 
alterations in the concentration of metabolites do not 
provide any information regarding the exact genes 
responsible for the process.[69] Taken together, the 
described case studies present three unique approaches 
through which systems biology can compensate for gaps 
in the secondary metabolism. In the momilactone 
pathway, compartment and pathway level manipulation 
provided the solution by diverting the flux towards the 
formation of an intermediate. In the example of E. sinica 
– D. keratinophila association, the regulation was 
integrated to identify the effect of the fungus on the 
transcription and metabolic processes. For X. papulis, it 
was metabolomics that guided the epigenetic 
perturbation to uncover the hidden secondary 
metabolism of this plant. All the above case studies prove 
that systems biology is most useful when 
multidimensional data are used to pinpoint a specific 
biological constraint and then linked to an 
experimentally testable intervention. 
 
11. Applications of systems biology in plant 
secondary metabolism  
The use of plant secondary metabolism has been 
revolutionized with the combination of multi-omics 
technologies, artificial intelligence, genome editing, and 
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Fig. 2: Applications of systems biology in plant secondary metabolism. 

 
metabolic engineering that has been brought together in 
systems biology for enhanced productivity, resilience, 
and phytochemical quality of crops. Biosynthetic 
pathway and regulatory network have been used to 
develop crops of higher nutritional value and higher 
levels of resistance to biotic and abiotic stresses and to 
produce pharmaceutically valuable metabolites. 
Precision breeding and innovative plant biotechnology 
are contributing to sustainable agriculture and the bio-
based economy.[13,115,138] Applications of Systems Biology 
in Plant Secondary Metabolism is shown in Fig. 2. Fig. 2 
illustrates applications of systems biology in plant 
secondary metabolism. Systems biology integrates multi-
omics datasets, regulatory networks, pathway 
engineering, and environmental or plant–microbe 
interactions to identify and manipulate secondary-
metabolism pathways, resulting in enhanced 
phytochemical production, stress tolerance, disease and 
pest resistance, discovery of novel or cryptic metabolites, 
crop improvement, and pharmaceutical and 
nutraceutical production. These outcomes support 
applications in agriculture and food security, 
environmental sustainability, natural-product discovery, 
climate resilience, and biotechnology. By using systems 
biology, genes, regulatory networks, and metabolic 
pathways involved in agronomically important traits can 
be identified, and high-yielding crops of improved quality 
and increased production of beneficial secondary 
metabolites can be developed. The integration of 
genomics, transcriptomics, metabolomics, and genome 
editing has in turn led to the development of precision 
breeding and the functional validation of candidate 
genes, which have enhanced crop performance and 

nutritional value.[118,128,129]  Table 2 describes applications, 
current challenges, future perspectives, and 
representative outputs of systems biology in plant 
secondary metabolism. 
 
11.1 Climate resilience 
The secondary metabolites of plants play crucial roles in 
adaptation to climate change by increasing drought,  
salinity, heat, cold, UV and oxidative stress tolerance. 
Stress-related genes, signaling pathways and metabolic 
networks have been identified by systems biology 
approaches which control the accumulation of protective 
compounds like flavonoids, terpenoids, alkaloids, 
phenolics etc. These insights will help develop climate-
resilient crops that will continue to produce in adverse 
conditions.[7,18,132,133]   
 

11.2 Pest and disease resistance  
Specialized metabolites are an integral part of plant's 
defense against herbivorous insects and pathogens. 
Regulatory networks controlling the biosynthesis of 
phytoalexins, glucosinolates, terpenoids, alkaloids, 
phenolics and volatile organic compounds that enhance 
innate immunity have been identified through multi-
omics analyses. However, the use of systems biology, 
genome editing and precision breeding has helped to 
create disease-resistant crops without relying on 
chemicals for crop protection, a practice that has been 
dubbed sustainable crop protection.[4,6,15,19,21]   
 
11.3  Biofortification 
The goal of biofortification is to boost the accumulation 
of vitamins, antioxidants, carotenoids, flavonoids and 
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Table 2: Applications, current challenges, future perspectives, and representative outputs of systems biology in plant 

secondary metabolism 

Area Current application Major challenge Future opportunity Representative systems-

biology output 

Crop improvement Identification of 

beneficial metabolic 

traits 

Complex genotype–

phenotype 

relationships 

AI-assisted precision 

breeding 

Candidate genes, metabolic 

biomarkers, and predictive 

genotype–phenotype 

relationships 

Climate resilience Understanding 

stress-responsive 

metabolites 

Dynamic responses to 

changing 

environmental 

conditions 

Predictive climate-

smart metabolic 

models 

Stress-responsive 

regulatory networks and 

metabolic signatures 

Pest and disease 

resistance 

Identification of 

chemical defense 

pathways 

Complex plant–

microbe interactions 

Targeted metabolic 

engineering 

Defense-related 

metabolites, regulatory 

hubs, and plant–microbe 

interaction networks 

Biofortification Enhancement of 

nutritional 

metabolites 

Maintaining yield and 

metabolic balance 

Precision metabolic 

engineering 

Target pathways, metabolic 

bottlenecks, and 

nutritionally relevant 

biomarkers 

Pharmaceutical 

production 

Production of 

valuable 

phytochemicals 

Pathway bottlenecks 

and low yields 

Synthetic and 

heterologous 

biosynthesis 

Reconstructed biosynthetic 

pathways, optimized flux, 

and high-value metabolite 

production 

Multi-omics 

integration 

Systems-level 

pathway 

reconstruction 

Data heterogeneity 

and standardization 

Integrated multi-

omics platforms 

Gene–protein–metabolite 

relationships and pathway-

level regulatory models 

Functional 

annotation 

Identification of 

candidate genes 

Large annotation gaps AI-based gene-

function prediction 

Candidate biosynthetic 

genes and predicted gene 

functions 

Spatial biology Cell- and tissue-

specific metabolic 

mapping 

High-resolution data 

complexity 

Single-cell and 

spatial multi-omics 

Spatially resolved 

biosynthetic pathways and 

cell-specific metabolic 

networks 

Metabolic 

engineering 

Pathway 

optimization 

Unintended metabolic 

effects 

Next-generation 

predictive 

engineering 

Identified bottlenecks, 

redesigned pathways, and 

optimized metabolic flux 

Digital plant biology Phenotyping and 

predictive modeling 

Integration of real-

time datasets 

Plant digital twins Predictive models linking 

molecular, phenotypic, and 

environmental responses 

other bioactive metabolites in crops. The application of 
genomics, metabolomics, synthetic biology and 
metabolic engineering has allowed for precise 
manipulation of biosynthetic pathways in order to 
improve the nutritional value of plants without impacting 
growth. All of these contribute to reducing micronutrient 
deficiencies and contribute to food security 
worldwide.[1,2]   

 
11.4 Pharmaceutical production  
Therapeutic secondary metabolites, such as alkaloids, 
terpenoids, flavonoids, phenolics and glycosides, 
extracted from plants are beneficial in the treatment of 
cancer, antimicrobial, anti-inflammatory and antioxidant 
agents. Pathway optimization, heterologous biosynthesis 
and high-yield production of useful phytochemicals in 
plants and engineered microbial hosts have been enabled 
by system, synthetic and metabolic engineering 
approaches. These technologies can be considered 
sustainable options to manufacture plant-based drugs 

and contribute to the rise of natural bioactive 
compounds.[1] 
 
12. Critical comparison and evidence-based 
assessment of systems biology approaches 
Although omics technologies have substantially 
expanded the ability to characterize plant secondary 
metabolism, their individual contributions differ in 
resolution, biological interpretation, cost, and 
experimental validation requirements. A critical 
assessment is therefore necessary because increased 
data generation does not necessarily translate into 
improved mechanistic understanding. The value of a 
systems biology strategy depends on whether 
complementary datasets can be integrated to establish 
biologically meaningful  
relationships and whether computationally predicted 
associations are subsequently validated experimentally. 
 
12.1. Strengths and limitations of individual omics  
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approaches 
Individual omics approaches provide distinct but 
incomplete views of secondary metabolism. Genomics 
offers relatively stable information on genes, genome 
variation, biosynthetic gene clusters, and pathway 
organization, but the presence of a biosynthetic gene 
does not necessarily demonstrate its expression or 
metabolic function. Transcriptomics provides dynamic 
information on gene expression and is particularly useful 
for identifying candidate biosynthetic genes and 
regulatory modules; however, transcript abundance may 
not correlate directly with protein abundance, enzyme 
activity, or metabolite accumulation. Proteomics provides 
a closer functional connection to enzymatic processes, 
but protein abundance alone cannot fully represent 
enzyme activity because post-translational modification, 
substrate availability, compartmentalization, and 
metabolic feedback may influence pathway output. 
Metabolomics provides a direct readout of metabolic 
phenotypes and is therefore highly valuable for pathway 
discovery and biomarker identification, but metabolite 
annotation, structural isomer discrimination, and causal 
assignment to specific biosynthetic genes remain 
challenging. Phenomics links molecular changes with 
observable traits but generally provides limited 
information about the molecular mechanisms 
responsible for those traits. Consequently, no individual 
omics layer can independently provide a complete 
description of secondary-metabolite biosynthesis. Single-
omics studies remain valuable for hypothesis generation 
and identification of candidate pathways, but their 
conclusions should be interpreted within the limitations 
of the biological layer being measured. 
 
12.2. Single-Omics versus Multi-Omics strategies 
Single-omics approaches are comparatively simpler to 
design, generate smaller and more tractable datasets, and 
can provide high-resolution information for a specific 
biological layer. They are therefore particularly useful 
when a clearly defined biological question is being 
addressed. However, single-layer analyses can produce 
incomplete or potentially misleading interpretations 
when relationships between transcription, protein 
abundance, enzyme activity, and metabolite 
accumulation are assumed rather than experimentally 
demonstrated. Multi-omics integration provides a 
broader systems-level perspective by connecting 
molecular layers and allowing relationships between 
genes, transcripts, proteins, metabolites, regulatory 
factors, and phenotypes to be examined simultaneously. 
This increases the possibility of identifying pathway 
bottlenecks, regulatory hubs, precursor limitations, and 
coordinated responses that may remain undetected in 
individual datasets. Nevertheless, multi-omics 
integration introduces additional challenges, including 
differences in data dimensionality, sampling times, 
normalization procedures, statistical assumptions, 
missing values, batch effects, and difficulties in 
distinguishing correlation from causation. Thus, multi-
omics should not be considered inherently superior to 
single-omics; its advantage depends on appropriate 

experimental design, temporal and spatial matching of 
datasets, and biologically meaningful integration. 
 
12.3. Conventional approaches versus ai-assisted 
approaches 
Conventional statistical, pathway-based, and network-
analysis approaches remain important because their 
assumptions and outputs are generally more 
interpretable and can be directly connected to 
established biological mechanisms. Methods such as 
differential expression analysis, correlation analysis, 
pathway enrichment, co-expression analysis, and 
network reconstruction are particularly useful for 
generating testable hypotheses from omics datasets. AI 
and machine-learning approaches can process 
substantially larger and more heterogeneous datasets 
and may improve prediction of gene functions, 
metabolite classes, biosynthetic pathways, genotype–
phenotype relationships, and metabolic responses. 
However, AI-assisted approaches also introduce 
important limitations. Their performance depends 
strongly on the quality, size, diversity, and annotation of 
the training data. Models trained on incomplete or biased 
datasets may produce apparently accurate but 
biologically incorrect predictions. In addition, complex 
machine-learning and deep-learning models can be 
difficult to interpret mechanistically, creating a risk that 
predictive performance may be mistaken for biological 
explanation. Therefore, AI should be viewed primarily as 
a complementary predictive framework rather than a 
replacement for experimentally grounded systems 
biology. The most informative strategy is to use AI or 
machine learning to prioritize candidate genes, 
pathways, metabolites, or regulatory relationships and 
subsequently test those predictions experimentally. 
 
12.4. Computational predictions versus 
experimental validation 
A major distinction should be made between 
computational association, computational prediction, 
and experimentally demonstrated biological function. Co-
expression networks, molecular docking, pathway 
enrichment, machine-learning models, and genome-scale 
metabolic models can identify candidate relationships, 
but these approaches do not independently establish 
causality. Experimental validation may include gene 
overexpression or knockout, CRISPR-based editing, 
promoter analysis, enzyme assays, metabolite 
quantification, isotope-labeling experiments, mutant 
complementation, or targeted biochemical 
characterization. When computational predictions are 
supported by such experiments, confidence in the 
proposed biosynthetic or regulatory mechanism is 
substantially increased. Conversely, predictions that have 
not been experimentally tested should be presented as 
hypotheses rather than established mechanisms. This 
distinction is particularly important in plant secondary 
metabolism because correlations between transcript 
abundance and metabolite accumulation may arise from 
coordinated responses rather than direct pathway 
regulation. Similarly, predicted gene–metabolite 
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associations or AI-generated pathway annotations may 
require functional confirmation before they can be used 
for metabolic engineering. 
 
12.5. What is established, what remains uncertain, 
and what is needed? 
Several aspects of plant secondary metabolism are now 
well established. Multi-omics datasets can identify 
candidate biosynthetic genes, transcription factors, 
metabolic pathways, and metabolite signatures, while 
network-based approaches can reveal coordinated 
regulatory modules. Increasing evidence also 
demonstrates that environmental signals, 
phytohormones, plant–microbe interactions, and 
developmental processes influence secondary 
metabolism through interconnected regulatory 
networks. However, important uncertainties remain. The 
causal relationships between many candidate genes and 
specialized metabolites have not been experimentally 
established, particularly for poorly characterized plant 
species and low-abundance or structurally complex 
metabolites. The relationship between transcript-level 
changes and actual metabolic flux is also not always 
predictable. Spatial and temporal heterogeneity further 
complicates interpretation because molecular changes 
may occur in specific cell types, tissues, or developmental 
stages. In addition, computational models and AI-based 
predictions may be limited by incomplete reference 
databases, insufficiently annotated metabolites, and 
datasets that do not adequately represent natural 
environmental variation. Future research should 
therefore prioritize experimentally validated multi-omics 
studies with coordinated sampling, standardized data-
processing pipelines, spatial and temporal resolution, 
and quantitative measurements of metabolic flux. 
Integration of computational prediction with genetic, 
biochemical, and phenotypic validation will be essential 
for moving systems biology from descriptive association 
toward causal understanding and predictable metabolic 
engineering. 
 
13. Challenges and future prospects 
Despite the increasing use of multi-omics techniques, 
their combination poses difficulties, including different 
structures of data sets, different resolutions, different 
dimensionalities, and different temporal dynamics. These 
factors can impede the process of correct modeling of 
regulatory networks and metabolic pathways. 
Furthermore, non-standardization of experimental 
protocols, annotations of metadata, and analyses limits 
the reproducibility and comparability of results. Despite 
the growing number of sequenced genomes of plants, a 
lot of the genes responsible for specialized metabolism 
are not yet characterized. Additionally, omics 
technologies produce large heterogeneous data sets, 
which necessitate scalable computational capacity for 
storing, combining, and analyzing the data. Besides, 
present-day models poorly describe dynamic 
environmental response, metabolic feedback, and spatial 
organization. As a result, predictions based on combined 
data sets need to be experimentally validated using 

functional genomics, metabolomics, and genome editing 
methods. New technologies, including those yet to be 
developed, are expected to incorporate more and more 
accurate and predictive technologies to understand plant 
specialized metabolism. These approaches will enable 
the discovery of genetic diversity and novel biosynthetic 
genes, while single-cell and spatial multi-omics will 
uncover cell-specific metabolic regulation and tissue-
level biosynthetic networks at an unprecedented level of 
resolution. By harnessing vast quantities of biological 
data and compiling them into predictive models, AI and 
machine learning will also improve pathway 
reconstruction, metabolite prediction, gene annotation 
and precision breeding. New ideas like 'Digital Twins of 
plants', which integrate real-time multi-omics, 
phenomics and environmental data, will be used to model 
plant growth, stress responses and metabolite 
production across a range of environmental conditions. 
Together with precision agriculture, synthetic biology, 
CRISPR-based genome editing, and AI-driven metabolic 
engineering, these will help bring crops to market that 
are resilient to climate change, nutritionally superior 
cultivars, and efficient production platforms of premium 
phytochemicals. Together, they will put in place a 
predictive, data-driven toolkit for plant systems biology 
that will greatly advance sustainable agriculture, 
precision breeding and plant-based pharmaceutical 
production. 
 
14. Conclusion  
The plant secondary metabolism is a highly dynamic and 
complex biological system which is essential for the 
adaptation, defense and production of valuable bioactive 
compounds of plants. Systems biology has greatly 
advanced our understanding of the molecular networks 
controlling the biosynthesis, regulation, and evolution of 
specialized metabolites through the integration of 
complementary omics, computational, and phenotypic 
information. Advances in AI, machine learning, synthetic 
biology, genome editing, and precision breeding have 
rapidly progressed in the discovery of pathways, 
metabolic engineering, and engineering of crops for 
better resistance, nutrition, and phytochemicals. These 
developments are providing new possibilities for 
sustainable agriculture, pharmaceutical production, and 
climate-smart crop development. While significant 
advances have been made, there are still issues of multi-
omics integration, functional annotation, data 
standardization, computational modeling, and 
experimental validation. By breaking these barriers with 
interdisciplinary teamwork and sophisticated metabolic 
models, more precise prediction and control of plant 
metabolisms can be achieved. In summary, the 
integration of systems biology into new technologies 
offers a strong basis for understanding plant secondary 
metabolism and will be a key driver in the development 
of plant science, sustainable agriculture, biotechnology 
and future production of high-value natural products 
from plants. 
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