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	 Crocus sativus L. (saffron) is one of the most valuable spice and medicinal plant 
worldwide, yet its productivity and accumulation of bioactive metabolites are highly vulnerable 
to abiotic stresses such as drought, salinity, temperature fluctuations, and ultraviolet rays 
Advances in multi-omics technologies like genomics, transcriptomics, proteomics, metabolomics 
and epigenomics are offering novel insights into the molecular and regulatory mechanisms 
underlying stress tolerance. At the genomic level, studies have identified numerous stress-
responsive genes, transcription factor families, and structural variants that contribute to adaptive 
capacity. Transcriptomic research further highlights dynamic gene expression networks involved 
in coordinating downstream defense pathways. Proteomic analyses emphasize the functional 
importance of heat shock proteins, antioxidant enzymes, and post-translational modifications in 
maintaining cellular stability under adverse conditions. In addition, metabolomics links these 
molecular changes to the accumulation of osmoprotectants and secondary metabolites such as 
crocin, picrocrocin, and safranal, which are directly linked to saffron’s economic and therapeutic 
value. Epigenomic regulation—including DNA methylation, histone modifications, and small 
RNA-mediated gene silencing—adds another layer of control by conferring transcriptional 
flexibility and enabling stress memory. The integration of multi-omics datasets enables the 
identification of hub genes, key regulatory nodes, and interconnected metabolic pathways. Such 
knowledge provides strategic opportunities for crop improvement using tools like CRISPR/Cas9-
mediated genome editing, RNA interference, marker-assisted selection, and synthetic biology. 
Overall, an integrated omics-driven approach paves the way for developing climate-resilient 
saffron cultivars with enhanced yield and improved metabolite quality, ensuring sustainable 
cultivation under increasingly unpredictable environmental conditions.
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	 Crocus sativus L., widely recognized as 
saffron, is a sterile triploid geophyte cultivated 
primarily for its dried stigmas, which serve as 
one of the world’s most expensive spices1 and are 

also valued as a natural colorant and medicinal 
agent.2 Beyond its culinary and pharmacological 
significance, saffron represents a crop of high 
socioeconomic importance, particularly in regions 
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such as Iran, India, Spain, and Greece, where it 
contributes to rural livelihoods and traditional 
practices.3-5 However, saffron productivity and 
quality are highly vulnerable to environmental 
challenges.6 Abiotic stresses including drought,7 
salinity,8 extreme temperature fluctuations9 and 
ultraviolet (UV) radiation10 have been identified as 
critical limiting factors that compromise flowering, 
stigma development and the accumulation of 
secondary metabolites such as crocin, picrocrocin, 
and safranal which in turn define the spice’s market 
value and bioactivity.11,12

	 The detrimental effects of these stresses 
are reflected in the disruption of core physiological 
processes. Drought and salinity impair water 
relations, nutrient uptake, and ion balance, whereas 
temperature extremes and UV exposure alter 
photosynthetic efficiency and induce oxidative 
damage, leading to cellular imbalance and growth 
retardation.7-10 As a consequence, yield stability 
and metabolite composition fluctuate significantly, 
threatening the sustainability of saffron cultivation 
under changing climate conditions.13,14 Traditional 
breeding approaches, which have been central to 
crop improvement in many species are largely 
constrained in saffron due to its sterility, triploid 
nature, and limited genetic diversity.15 This genetic 
bottleneck restricts natural recombination and 
hinders the development of improved cultivars 
through conventional methods, necessitating the 
adoption of molecular, biotechnological, and 
omics-driven strategies.16

	 R e c e n t  a d v a n c e s  i n  g e n o m i c s , 
transcriptomics, proteomics, metabolomics and 
epigenomics have provided unprecedented insights 
into the molecular and biochemical foundations 
of saffron’s stress adaptation.18 Genomic studies 
have begun to identify stress-responsive genes, 
transcription factor families and structural variants 
associated with stress tolerance.19 Complementing 
this, transcriptomic analyses highlight the dynamic 
regulation of gene expression networks that 
coordinate downstream defense pathways20. 
Proteomics adds a functional layer by revealing 
the roles of stress-related proteins such as heat 
shock proteins, antioxidant enzymes and signaling 
kinases, while metabolomic profiling links 
these molecular changes to the accumulation 
of osmoprotectants and specialized metabolites 
critical for survival under stress conditions.21

	 In addition, epigenomic mechanisms have 
emerged as key modulators of stress responses. 
DNA methylation, histone acetylation and small 
RNA-mediated regulation provide transcriptional 
plasticity and enable stress memory, thereby 
facilitating long-term adaptive responses.22 The 
integration of these omics layers offers a systems-
level perspective, allowing researchers to pinpoint 
hub genes, regulatory nodes and metabolic 
pathways that can be strategically targeted for crop 
improvement. Such integrative approaches pave 
the way for translational applications, including 
CRISPR/Cas9 genome editing, RNA interference 
(RNAi), marker-assisted selection and synthetic 
biology which collectively hold promise for the 
development of climate-resilient saffron cultivars 
with optimized yield stability and metabolite 
content.21,23

Genomics: Unlocking the Genetic Blueprint of 
Crocus sativus L.
	 Genomic  research  provides  the 
foundational framework for deciphering the 
molecular mechanisms underlying stress tolerance 
and metabolite biosynthesis in Crocus sativus L.18,24 
Advances in genome sequencing have yielded draft 
assemblies of saffron, identifying nearly 32,000 
protein-coding genes, including expansions in 
pathways related to carotenoid and apocarotenoid 
biosynthesis25,26 that directly contribute to stigma 
pigmentation, aroma and commercial quality.15 
These genomic datasets offer unprecedented 
opportunities to unravel the genetic determinants 
of saffron’s unique metabolic traits and stress 
responses.27

	 Despite these advances, saffron’s sterile 
triploid nature continues to impose challenges 
for classical genetic mapping and recombination-
based breeding.28,29 To overcome these limitations, 
molecular markers such as simple sequence repeats 
(SSRs) and single nucleotide polymorphisms 
(SNPs) have been employed to assess genetic 
variation within cultivated accessions and to 
support marker-assisted selection for stress 
resilience.3,30 These tools have enabled researchers 
to evaluate population structure, identify allelic 
diversity and trace adaptive traits under varying 
agroclimatic conditions.31

	 Comparative genomics with wild relatives 
in the Iridaceae family has further illuminated 
both conserved and divergent loci that govern 



1387Perwaiz et al., Biosci., Biotech. Res. Asia,  Vol. 22(4), 1385-1397 (2025)

abiotic stress responses.32 These loci encompass 
transcription factors, signaling cascades and 
stress-related enzymes highlighting evolutionary 
divergence in stress adaptation strategies.33 
Moreover, pan-genome analyses have uncovered 
structural variations, gene duplications, and allelic 
diversity, suggesting a hidden reservoir of adaptive 
potential, particularly in pathways linked to drought 
and salinity tolerance.34 Genomic investigations 
have also identified quantitative trait loci (QTLs) 
associated with agronomic and quality-related 
traits, including flowering time, stigma morphology 
and secondary metabolite accumulation, thereby 
providing targets for functional validation.26

	 In addition to protein coding regions, 
regulatory elements that includes promoters, 
enhancers and non-coding RNAs have been 
characterized thus revealing complex cis and 
trans-regulatory networks that orchestrate stress-
responsive gene expression.35 When integrated 
with transcriptomics, genomics has facilitated 
the identification of co-expressed gene clusters 
and master regulatory hubs, advancing the 
understanding of how gene networks modulate 
phenotypic plasticity under adverse environmental 
conditions21. For example, genes involved in 
carotenoid cleavage and apocarotenoid biosynthesis 
such as CsCCD2, CsPSY2, and CsBCH exhibit 
stress-induced expression patterns, thereby linking 
genomic architecture to metabolite flux and stigma 
quality.24

	 Furthermore, genomic resources are 
increasingly being harnessed for biotechnological 
applications. Genome editing technologies such 
as CRISPR/Cas9 have emerged as promising tools 
to modify candidate genes associated with stress 
tolerance and metabolite biosynthesis.36 High-
throughput sequencing approaches combined with 
genome-wide association studies (GWAS) reveals 
novel loci linked to osmotic adjustment, reactive 
oxygen species (ROS) detoxification and stress 
signaling offering actionable targets for translational 
breeding and molecular interventions.23

Transcriptomics: Expression Landscapes Under 
Abiotic Stress
	 Transcriptomic analyses provide a 
dynamic perspective on how Crocus sativus 
L. modulates gene expression in response to 
environmental challenges. By mapping the 
expression landscapes under drought, salinity, 

temperature extremes and other abiotic stresses, 
transcriptomics reveals the intricate molecular 
networks that enable saffron to adapt and survive 
in fluctuating conditions.35 High-throughput RNA 
sequencing (RNA-seq) has been instrumental in 
profiling tissue-specific transcriptomes of saffron 
particularly in roots, corms, leaves and stigmas 
uncovering differentially expressed genes (DEGs) 
that participate in stress perception, signaling and 
defense.18

	 Central to these adaptive responses 
are transcription factors (TFs) which work 
as master regulators of stress-inducible gene 
networks. Families such as dehydration-responsive 
element-binding proteins (DREB), NAC (NAM, 
ATAF1/2, and CUC2), WRKY, MYB and basic 
leucine zipper proteins (bZIP) are recurrently 
upregulated under stress conditions, orchestrating 
downstream pathways related to antioxidant 
defense, osmoprotectant and hormone signaling.35 
For instance, DREB proteins activate genes 
associated with drought tolerance,37 while WRKY 
and MYB families modulate pathways for 
secondary metabolism and ROS detoxification 
respectively.38,-40

	 The  complex i ty  o f  the  sa ff ron 
transcriptome is further enriched by alternative 
splicing (AS) events which generate multiple 
isoforms from single genes. As contributes to 
regulatory flexibility by producing protein variants 
with distinct functional roles in stress adaptation47. 
In saffron, stress and tissue-specific isoforms of 
carotenoid and apocarotenoid pathway genes have 
been reported, linking transcriptomic regulation 
directly to the biosynthesis of crocin, picrocrocin 
and safranal.46

	 Another important regulatory layer is 
provided by small RNAs, particularly microRNAs 
(miRNAs), which fine-tune gene expression at 
the post-transcriptional level.48 Specific miRNAs 
such as miR156, miR169, and miR398 regulate 
transcription factors and antioxidant enzymes, 
modulating ROS-scavenging capacity and 
hormone-mediated responses.21 This highlights 
the interplay between transcriptional and post-
transcriptional mechanisms in shaping adaptive 
strategies.
	 Transcriptomic studies have also 
emphasized the role of hormone-responsive 
genes, particularly those associated with abscisic 
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acid (ABA), gibberellins (GA) and jasmonic acid 
(JA). These hormone-related transcripts interact 
with TFs to regulate stomatal closure, osmolyte 
accumulation, and defense-related secondary 
metabolism, thereby coordinating physiological 
adjustments to stress18. The use of co-expression 
network analyses has enabled the identification 
of hub genes and gene modules that act as central 
nodes in regulatory crosstalk revealing potential 
targets for molecular breeding and engineering.34

	 Integration of transcriptomics with 
proteomics and metabolomics has further 
strengthened the link between gene expression 
and metabolic outcomes. Such integrative studies 
confirm that key transcripts in carotenoid and 
apocarotenoid pathways such as CsCCD2, CsPSY2 
and CsBCH exhibit coordinated regulation under 
drought and salinity stress, directly influencing 
crocin, picrocrocin and safranal biosynthesis.23,49

	 Recent methodological advances, 
including single-cell RNA sequencing (scRNA-
seq) have provided unprecedented resolution 
of tissue and cell specific expression dynamics. 
These approaches uncover rare cell populations 
and developmental transitions critical for adaptive 
responses adding new layers of understanding to 
saffron’s stress biology.35 Moreover, comparative 
transcriptomics with wild and cultivated relatives 
in the Iridaceae family has revealed both conserved 
and lineage-specific stress-responsive genes, 
offering evolutionary insights and novel candidate 
genes for crop improvement.33

	 Overall, transcriptomics not only delineates 
the gene expression landscapes underlying saffron’s 
abiotic stress responses but also establishes critical 
links between environmental cues, regulatory 
networks and metabolic outputs. As a cornerstone 
of multi-omics strategies, transcriptome studies 
provide insights for improving stress resilience and 
secondary metabolite production in saffron.18,34

Proteomics: Stress-Responsive Proteins and 
Functional Networks
	 Proteomics provides a functional 
perspective on abiotic stress tolerance in Crocus 
sativus thus, bridging the gap between gene 
expression and phenotypic adaptation.50,51 Using 
high-resolution techniques such as LC-MS/MS and 
iTRAQ proteomic studies have identified proteins 
that are differentially expressed under drought, 

salinity, and temperature stress highlighting the 
complex molecular machinery involved in stress 
adaptation.52 Key stress-responsive proteins include 
heat shock proteins (HSPs), late embryogenesis 
abundant (LEA) proteins and reactive oxygen 
species (ROS) scavenging enzymes such as 
superoxide dismutase (SOD), catalase (CAT) and 
peroxidases that collectively maintain protein 
stability and redox homeostasis.53,54

	 Post-translational modifications (PTMs), 
particularly phosphorylation, ubiquitination 
and oxidation further regulate protein activity, 
localization and interactions under stress 
conditions thus, adding another layer of control 
beyond transcriptional regulation.52 For example, 
phosphorylation of signaling kinases modulates 
downstream transcription factors and metabolic 
enzymes, influencing carotenoid and apocarotenoid 
biosynthesis under drought and salinity stress.52 
Proteomic profiling also reveals differential 
expression of proteins involved in hormone 
signaling, including ABA and GA-responsive 
proteins, which integrate environmental cues with 
developmental and metabolic processes.35

	 Integration with transcriptomic and 
metabolomic datasets highlights discrepancies 
between transcript abundance and protein levels 
thus emphasizing the role of translational regulation 
and protein turnover in stress responses.51 Co-
expression and protein-protein interaction 
(PPI) network analyses identify hub proteins 
that coordinate signaling, ROS detoxification, 
osmolyte accumulation and secondary metabolite 
biosynthesis, suggesting potential targets for 
functional validation and genetic manipulation.21,53 
Table 2 summarizes major stress-responsive 
proteins identified in saffron along with their 
functional roles.
	 Proteomic  s tudies  a lso  uncover 
proteins associated with energy metabolism, 
photosynthesis and primary metabolism reflecting 
the cellular prioritization of resources during 
stress adaptation.52 Stress-induced accumulation 
of molecular chaperones ensures proper protein 
folding and prevents aggregation, while enzymes 
involved in carbohydrate metabolism contribute 
to osmotic adjustment.54 Notably, proteins 
involved in carotenoid cleavage and apocarotenoid 
biosynthesis, including CsCCD2 and CsBCH show 
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coordinated regulation with transcriptomic and 
metabolomic responses, linking protein abundance 
to secondary metabolite accumulation.49

	 Recent advances in proteomics provide 
high-resolution maps of stress-responsive proteins 
across tissues and organelles, offering insights into 
compartmentalized stress adaptation mechanisms35. 
Overall, proteomics complements genomics and 
transcriptomics by providing direct functional 
evidence of stress response pathways, elucidating 
protein networks and identifying candidate 
proteins for biotechnological interventions aimed 
at enhancing saffron resilience and metabolite 
quality.18,23

Metabolomics: Profiling of Secondary 
Metabolites Under Stress
	 Metabolomics offers a direct window into 
the functional state of Crocus sativus by linking 
genetic and proteomic regulation with biochemical 
outcomes. Unlike genomics or transcriptomics 
which provide predictive insights, metabolomics 
reflects the actual metabolic phenotype under 
environmental challenges.49 By employing 
advanced analytical platforms such as liquid 
chromatography–mass spectrometry (LC-MS), gas 
chromatography–mass spectrometry (GC-MS) and 
nuclear magnetic resonance (NMR), researchers 
have revealed extensive metabolic reprogramming 
in saffron tissues exposed to drought, salinity, 
temperature fluctuations and UV stress.3,23

	 Abiotic stresses frequently reduce 
the accumulation of commercially significant 
apocarotenoids namely crocin, picrocrocin, and 
safranal compromising both yield and quality.49 
However, plants simultaneously increase the 
production of osmoprotectants, including proline, 
glycine betaine and soluble sugars which act to 
stabilize proteins, maintain osmotic balance and 
protect cellular membranes from damage.55 These 
adaptive metabolites are crucial for sustaining 
physiological functions when photosynthesis, 
nutrient uptake and water relations are impaired.
	 Stress-induced regulation of carotenoid 
and apocarotenoid biosynthesis pathways has 
been of particular interest due to their role in 
stigma pigmentation and aroma quality along 
with role of CsCCD2 in crocetin biosynthesis.56 
Key enzymes such as carotenoid cleavage 
dioxygenase (CsCCD2), phytoene synthase 

(CsPSY2) and â-carotene hydroxylase (CsBCH) 
are differentially regulated under abiotic stress, 
redirecting metabolic flux within the pathway,57. 

Additionally, metabolomic analyses have identified 
fluctuations in flavonoids, phenolic acids and 
alkaloids, many of which function as antioxidants 
to scavenge reactive oxygen species (ROS) or act 
as signaling intermediates in defense pathways.3,55

	 A significant strength of metabolomics 
lies in its integration with other omics layers. 
Cor re la t ion-based  ana lyses  combin ing 
transcriptomic, proteomic, and metabolomic 
datasets have uncovered co-regulated modules 
that synchronize secondary metabolism with 
stress adaptation.15 For instance, a high crocin-to-
picrocrocin ratio under moderate drought has been 
identified as a metabolic biomarker of tolerance, 
indicating efficient carbon partitioning into 
apocarotenoids despite stress49. Similarly, shifts in 
amino acid profiles, particularly the accumulation 
of proline and branched-chain amino acids, reflect 
not only osmotic adjustment but also a rewiring of 
redox homeostasis and energy metabolism.55

	 Multi-environment and tissue-specific 
studies further demonstrate that metabolite 
accumulation in saffron is highly compartmentalized. 
Stigmas, the primary source of apocarotenoids, 
show dramatic reductions in crocin and safranal 
under water-limited conditions, while roots 
preferentially accumulate osmolytes to preserve 
structural integrity3,23. Comparative metabolomic 
studies with wild relatives in the Iridaceae family 
have also revealed both conserved and unique 
metabolites, providing evolutionary insights and 
new avenues for metabolic engineering.33

	 Ultimately, metabolomics not only 
enhances our understanding of stress physiology 
in saffron but also provides practical applications 
for breeding and cultivation. Metabolic signatures 
can serve as biomarkers for selecting stress-tolerant 
genotypes, while integrative omics approaches 
enable predictive modeling of stress outcomes 
and identification of metabolic nodes amenable 
to CRISPR/Cas9 or chemical interventions.18 
By capturing the real-time biochemical state of 
the plant, metabolomics plays a central role in 
designing climate-resilient saffron cultivars and 
optimizing secondary metabolite quality under 
variable environmental conditions23,49
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Table 1. Key stress-responsive genes identified in saffron through genomics studies.

Gene/Transcript	 Stress Type	 Functional Role

CsDREB1	 Drought / Cold	 Transcription factor regulating downstream stress-responsive genes41

CsWRKY,CsMYB, 	 Salinity / Drought	 Transcription factor in GA and ABA-mediated stress signaling42

CsbHLH, CsARF
CsHSP70	  Heat	 Molecular chaperone playing key role in somatic embryogenesis 
		  by alleviating stress during somatic to embryogenic transition43

CsSOD1	 Oxidative stress	 Scavenges reactive oxygen species45

CsNCED	 Drought	 Key enzyme in ABA biosynthesis46

Fig. 1. Different omics approaches in advanced research

Epigenomics and Small RNAs: Regulatory 
Layers in Stress Adaptation
	 Epigenomics represents an essential 
regulatory layer in Crocus sativus, fine-tuning gene 
expression and stress adaptation without altering the 
underlying DNA sequence. This layer encompasses 
DNA methylation, histone modifications, chromatin 
remodeling, and non-coding RNA regulation, all 
of which provide transcriptional flexibility under 
fluctuating environments22. These modifications 
act as reversible switches that can activate or 
silence stress-responsive genes, enabling saffron 
to respond rapidly to drought, salinity and 
temperature extremes.2,11,17

	 DNA methylation is one of the most 
studied epigenetic mechanisms in saffron. 
Genome-wide methylome profiling reveals that 
promoter hypermethylation can suppress key 

stress-related genes, while hypomethylation 
enhances their expression.18 Such regulation 
directly influences genes involved in osmotic 
adjustment, ROS detoxification and secondary 
metabolite biosynthesis. Similarly, histone 
modifications including acetylation, methylation, 
and phosphorylation alter chromatin accessibility, 
modulating the transcriptional activation of stress-
adaptive genes.35 Together, these epigenomic 
changes provide a flexible framework that 
integrates environmental cues into molecular 
responses.
	 Small RNAs, including microRNAs 
(miRNAs) and small interfering RNAs (siRNAs), 
add another layer of post-transcriptional regulation. 
In saffron, miR398 regulates superoxide dismutase 
(SOD) genes to maintain ROS balance, while 
miR156 and miR169 control transcription factors 
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Table 2. Major stress-responsive proteins identified in saffron with functional roles: Proteins are grouped by 
functional category - molecular chaperones (HSPs), ROS scavengers (SOD, Catalase, APX), stress protectors 

(LEA), and transcriptional regulators (DREB)

Protein	 Stress Type	 Functional Role

HSP70	 Heat / Oxidative	 Molecular chaperone, assists protein folding and 
		  get substantially accumulated in embryonic and 
		  non-embryonic calli43

SOD1 	 Oxidative	 Detoxifies ROS, protects cellular components45

(Superoxide dismutase)
LEA 	 Drought / Salinity	 Stabilizes membranes and proteins during dehydration44

(Late embryogenesis abundant)
APX 	 Oxidative	 Detoxifies ROS using ascorbate41

(Ascorbate peroxidase)
DREB	 Drought / Cold	 TF activating stress-responsive gene expression46

such as NAC, DREB and WRKY, linking stress 
signaling to developmental processes21,35. These 
miRNAs fine-tune transcription factor activity, 
ensuring precise regulation of hormone signaling, 
secondary metabolism and stress-responsive 
pathways.58 High-throughput sequencing has 
uncovered hundreds of miRNAs in saffron, many 
of which display conserved functions across 
related Iridaceae species, suggesting evolutionary 
conservation of regulatory mechanisms.33

	 I n t eg ra t ion  o f  ep igenomic  and 
transcriptomic datasets reveals interactive modules 
where DNA methylation and small RNAs work 
collectively to orchestrate gene expression.18,22 
For example, methylation dynamics in promoters 
of apocarotenoid biosynthetic genes have been 
associated with variations in crocin and safranal 
accumulation under repeated drought cycles.23 This 
phenomenon, known as epigenetic priming, allows 
saffron to “remember” prior stress events, leading 
to faster or stronger responses upon re-exposure, 
thereby improving resilience.2

	 Furthermore, crosstalk between epigenetic 
regulation and hormonal signaling enhances stress 
adaptation. Abscisic acid (ABA)-responsive 
genes often display stress-induced methylation 
changes that influence stomatal closure, osmolyte 
accumulation and ROS detoxification.35 Such 
interactions integrate environmental perception 
with physiological responses, strengthening 
the plant’s capacity to survive under adverse 
conditions.

	 Overal l ,  epigenomics  and smal l 
RNAs function as master regulators in saffron, 
complementing genomics, transcriptomics, 
proteomics and metabolomics. These mechanisms 
provide actionable molecular targets for 
translational applications, including genome 
editing, RNA interference and synthetic biology. 
By leveraging these regulatory layers, it is possible 
to enhance stress tolerance, yield stability and 
secondary metabolite accumulation in Crocus 
sativus, thereby supporting sustainable cultivation 
in a changing climate.18,23

Multi-omics Integration: Systems-Level Insights 
into Stress Tolerance
	 T h e  i n t e g r a t i o n  o f  g e n o m i c s , 
transcriptomics, proteomics, metabolomics and 
epigenomics offers a systems-level framework 
for understanding the complexity of abiotic 
stress tolerance in Crocus sativus.34 While 
individual omics layers provide valuable insights 
into gene sequences, transcript profiles, protein 
activity, metabolite accumulation or epigenetic 
modifications but their integration allows 
functional connections across these biological 
levels to be established. This holistic perspective 
reveals how environmental stress signals are 
perceived, transduced and translated into adaptive 
physiological and biochemical outcomes.18

	 By applying integrative tools such 
as Weighted Gene Co-expression Network 
Analysis (WGCNA) and other systems biology 
approaches, researchers have identified modules 
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of co-expressed genes and proteins that respond 
coordinately to stress.59 These modules often 
converge on hub transcription factors, including 
DREB, NAC, WRKY, and MYB, which serve as 
regulatory nodes bridging signal perception with 
metabolic adaptation.21,35 Proteomic data confirm 
the functional translation of these transcripts into 
stress-responsive proteins, while metabolomic 
datasets validate the downstream accumulation of 
osmolytes, antioxidants and apocarotenoids under 
drought and salinity stress.23,49,60

	 Epigenomic regulation provides an 
additional layer of control by modulating chromatin 
accessibility and transcriptional memory. DNA 
methylation and histone modifications in promoters 
of carotenoid cleavage genes, for example, have 
been shown to influence both transcript abundance 
and metabolite levels during recurrent drought 
exposure22. This highlights the dynamic interplay 
between chromatin remodeling, transcriptional 
regulation and metabolic flux, underscoring the 
importance of epigenomic integration within multi-
omics frameworks.18

	 Recent advances in computational 
biology have expanded the utility of multi-omics 
integration. Machine learning and predictive 
modeling approaches have been employed to 
identify candidate genes, proteins and metabolites 
which are most critical for stress adaptations.61 
These predictive models not only prioritize targets 
for functional validation but also guide genome 
editing and molecular breeding strategies to improve 
yield stability as well as secondary metabolite 
accumulation under adverse environments.36

	 Comparative multi-omics studies across 
species provide evolutionary perspectives by 
distinguishing conserved regulatory modules from 
lineage-specific adaptations33 thus uncovering 
novel alleles and regulatory motifs that may be 
harnessed for genetic improvement of saffron. 
Integrating omics data with hormone signaling 
pathways further reveals the hierarchical 
organization of adaptive networks, where ABA, 
JA and GA signaling intersect with transcription 
factor regulation, post-translational modifications 
and metabolic adjustments.18,62

	 In summary, multi-omics integration 
provides a transformative approach for unraveling 
the complexity of stress responses in saffron. By 
bridging molecular signatures across biological 

layers, this strategy enables systems-level 
insights into adaptive resilience, paving the 
way for translational applications in breeding, 
genome editing, synthetic biology and agronomic 
optimization.18,34

Discussion

	 T h e  i n t e g r a t i o n  o f  g e n o m i c s , 
transcriptomics, proteomics, metabolomics and 
epigenomics offers a systems-level understanding 
of abiotic stress adaptation in Crocus sativus.34 
Genomic investigations have uncovered stress-
responsive loci, allelic variations and transcription 
factor families that constitute the genetic basis of 
resilience18. Transcriptomic studies provide further 
resolution, revealing stress-inducible expression 
patterns under drought, salinity, and temperature 
fluctuations. Networks of DREB, NAC, WRKY, 
MYB, and bZIP transcription factors act as central 
regulators, coordinating downstream processes 
including osmolyte biosynthesis, reactive oxygen 
species (ROS) detoxification and secondary 
metabolite accumulation21,35. These processes are 
essential for safeguarding cellular homeostasis and 
ensuring survival under fluctuating environmental 
conditions.
	 Proteomics strengthens these insights 
by validating protein accumulation, post-
translational modifications and protein–protein 
interactions associated with stress51. Stress-induced 
proteins, such as late embryogenesis abundant 
(LEA) proteins, heat shock proteins and ROS-
detoxifying enzymes, act as molecular stabilizers, 
protecting membranes, proteins and organelles 
during stress.52-54 Complementary metabolomic 
profiling demonstrates shifts in osmoprotectant 
levels, carotenoid metabolism and apocarotenoid 
pathway, linking molecular activity to phenotypic 
outcomes such as osmotic regulation and enhanced 
antioxidant potential.23,49

	 Epigenomics introduces an additional 
layer of dynamic regulation. DNA methylation, 
histone acetylation and chromatin remodeling 
confer transcriptional plasticity and allow plants 
to “remember” previous stress exposures through 
epigenetic memory.2,22 Moreover, small RNAs 
including miRNAs and siRNAs refine post-
transcriptional regulation, targeting transcription 
factors and stress-related enzymes to fine-tune 
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responses.21,35,63 Multi-omics integration reveals 
crosstalk among these layers, where hub regulators 
and metabolic nodes emerge as pivotal checkpoints. 
For example, joint transcriptomic–metabolomic 
analyses show that the carotenoid cleavage enzyme 
CsCCD2 influences crocin accumulation and 
osmotic balance under drought stress, exemplifying 
the interconnectedness of genetic and metabolic 
regulation.49,56

	 Beyond fundamental understanding, these 
insights translate into actionable strategies for 
improving saffron resilience. Modern molecular 
tools such as CRISPR/Cas9, RNA interference 
(RNAi) and marker-assisted breeding allow 
targeted manipulation of transcription factors, 
enzymes, and regulatory elements controlling stress 
adaptation.23,36 Precision agriculture, aided by high-
throughput phenotyping and metabolomics-based 
biomarkers, further optimizes cultivation practices 
and environmental management to enhance yield 
stability and metabolite quality.3

Conclusion and Future Perspectives
	 Abiotic stress adaptation in Crocus sativus 
is orchestrated through highly complex and multi-
layered regulatory systems that span genomics, 
transcriptomics, proteomics, metabolomics and 
epigenomics18,34. Genomic studies have provided 
the foundation by identifying stress-responsive loci, 
allelic variations and transcription factor families 
that underpin adaptive potential. Complementarily, 
transcriptomic investigations reveal stress-induced 
expression dynamics of these genes under drought, 
salinity and extreme temperatures offering insights 
into hierarchical gene regulatory networks.21,35

	 Proteomics validates these transcriptomic 
patterns by uncovering stress-induced proteins, 
their post-translational modifications and functional 
interactions thereby linking gene activity to 
adaptive cellular processes such as chaperoning, 
ROS scavenging, and membrane stabilization.51,54 
In parallel, metabolomic studies provide the 
biochemical context by capturing shifts in 
osmolytes, antioxidants, and secondary metabolites 
like crocin, picrocrocin and safranal which not only 
mediate stress adaptation but also determine the 
economic quality of saffron.23,49

	 Epigenomics and small RNA-mediated 
regulation add an additional dimension, enabling 
transcriptional flexibility and stress memory 

without altering the underlying DNA sequence. 
DNA methylation, histone modifications and 
miRNA-guided post-transcriptional regulation 
modulate stress-related pathways, conferring 
rapid and repeatable responses to fluctuating 
environments.2,21,22 Integration of these diverse 
omics layers identifies hub genes, critical protein–
metabolite interactions and regulatory circuits, 
providing predictive insights into stress resilience 
and uncovering targets for functional validation.33,34

	 Looking ahead, translational applications 
of omics insights offer promising avenues for 
saffron improvement. Genome-editing tools such 
as CRISPR/Cas9, RNAi-mediated silencing and 
marker-assisted selection can be leveraged to 
manipulate key transcription factors, enzymes and 
regulatory modules to develop cultivars with greater 
resilience and enhanced secondary metabolite 
accumulation.23,36 Additionally, synthetic biology 
approaches and metabolic engineering provide new 
opportunities to reprogram biosynthetic pathways 
for improved metabolite yields.
	 Future research should prioritize functional 
validation of candidate genes and regulatory hubs 
across diverse agroclimatic conditions. Emerging 
technologies such as single-cell transcriptomics, 
spatial metabolomics and multi-environment 
trials will enable resolution of tissue-specific 
and developmental-stage-specific responses.18,35 
Integration of high-throughput phenotyping 
platforms with omics-driven biomarkers will 
also empower precision agriculture strategies, 
optimizing irrigation, nutrient delivery and soil 
management to enhance stress tolerance and 
product quality.3 Moreover, harnessing epigenetic 
priming and targeted manipulation of small RNA 
pathways could provide durable and heritable stress 
tolerance without genomic alterations.21,22

	 In conclusion, omics-driven approaches 
have revolutionized our understanding of how 
saffron responds to abiotic stress. By bridging 
molecular signatures with physiological and 
agronomic traits, multi-omics integration creates 
a roadmap for developing climate-resilient saffron 
varieties and refining cultivation practices. These 
strategies hold great promise for sustaining saffron 
productivity, metabolite quality and economic 
viability under the mounting challenges of global 
climate change.18,23,34
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