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Abstract
Cannabis sativa is a medicinally and economically significant plant known for its production of cannabinoids, 
terpenoids, and other secondary metabolites. This study presents a transcriptomic analysis to elucidate tissue-
specific expression and regulatory mechanisms across leaves, stems, and roots. A total of 2,530 differentially 
expressed genes (DEGs) were identified, with key genes such as terpene synthase (TPS) and phenylalanine 
ammonia-lyase (PAL) exhibiting elevated expression in leaf tissues, emphasizing their roles in terpenoid and 
phenylpropanoid biosynthesis. Alternative splicing (AS) analysis revealed 8,729 distinct events, dominated by 
exon skipping, contributing to transcriptomic diversity. Long non-coding RNA (lncRNA) prediction identified 3,245 
candidates, many of which displayed tissue-specific expression patterns and co-expression with metabolic genes, 
suggesting regulatory roles in secondary metabolism. Additionally, 12,314 SNPs and 2,786 INDELs were detected, 
with notable enrichment in genes associated with secondary metabolite biosynthesis, particularly in leaf tissues. 
These findings advance the understanding of molecular mechanisms governing secondary metabolism and 
genetic diversity in C. sativa, providing valuable insights for future metabolic engineering and breeding strategies 
to enhance cannabinoid production.

Highlights
	• Transcriptomic profiling of wild Cannabis sativa identified 2,530 DEGs with tissue- and stage-specific patterns 

in secondary metabolism.
	• Integrated analysis revealed extensive alternative splicing, lncRNA co-expression, and metabolic gene variants 

associated with cannabinoid pathways.
	• qRT-PCR validation confirmed RNA-seq-based expression trends of key metabolic genes across root, stem, and 

leaf tissues.
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Introduction
Scientific and economic relevance of Cannabis sativa
C. sativa is a plant of considerable economic, medici-
nal, and industrial significance, widely recognized for its 
ability to produce a diverse array of bioactive secondary 
metabolites, including cannabinoids, terpenoids, and 
flavonoids. These compounds are extensively applied in 
pharmaceuticals, nutraceuticals, cosmetics, and indus-
trial products [1, 2]. Cannabinoids, notably tetrahydro-
cannabinol (THC) and cannabidiol (CBD), have garnered 
substantial attention due to their therapeutic properties, 
including analgesic, anti-inflammatory, neuroprotective, 
and antiepileptic effects [3, 4].

However, the psychoactive nature of THC has led to 
the classification of C. sativa as a controlled substance in 
many regions, imposing legal constraints on its cultiva-
tion and research [5]. To navigate these regulatory chal-
lenges while maximizing its pharmaceutical potential, a 
comprehensive understanding of the molecular mecha-
nisms underlying secondary metabolite biosynthesis is 
essential [6].

Wild cannabis as a source of genetic diversity
While cultivated varieties of C. sativa have been exten-
sively investigated, wild populations from the ecologically 
diverse Himalayan region offer an unparalleled genetic 
reservoir for exploring natural metabolic diversity and 
adaptive traits. These wild accessions often exhibit dis-
tinct metabolite profiles, providing valuable insights into 
how secondary metabolism is regulated in response to 
environmental factors. By studying the genetic and tran-
scriptomic architecture of wild C. sativa, we can uncover 
novel regulatory elements and metabolic pathways that 
contribute to adaptive evolution [7, 8].

Biosynthetic pathways of cannabinoids and terpenoids
Cannabinoid and terpenoid biosynthesis in C. sativa pri-
marily occur in glandular trichomes, specialized secre-
tory structures located on female floral tissues. The 
metabolic pathways governing these processes are tightly 
regulated, exhibiting tissue-specific and developmentally 
programmed expression patterns [9, 10]. Key enzymes, 
including terpene synthase (TPS) and phenylalanine 
ammonia-lyase (PAL), play pivotal roles in terpenoid and 
phenylpropanoid biosynthesis, providing precursors for 
cannabinoids such as THC and CBD [11, 12].

Cannabinoid biosynthesis begins with the condensa-
tion of olivetolic acid and geranyl pyrophosphate (GPP) 
to form cannabigerolic acid (CBGA), the central pre-
cursor of major cannabinoids. This process involves the 
concerted action of olivetolic acid cyclase (OAC), gera-
nylpyrophosphate: olivetolate geranyltransferase (GOT), 
and terminal oxidocyclases, including tetrahydrocan-
nabinolic acid synthase (THCAS), cannabidiolic acid 

synthase (CBDAS), and cannabichromenic acid synthase 
(CBCAS) [13, 14]. These biosynthetic pathways are sub-
ject to multiple layers of regulation, including transcrip-
tional, post-transcriptional, and epigenetic mechanisms 
[15].

Environmental influences on secondary metabolism
Beyond genetic regulation, environmental factors such 
as light intensity, temperature, and nutrient availability 
significantly influence cannabinoid and terpenoid bio-
synthesis in C. sativa. Light quality, particularly within 
specific spectra, has been shown to modulate THC and 
CBD accumulation by altering the expression of key bio-
synthetic genes [16]. Similarly, temperature fluctuations 
can impact secondary metabolite production, with low 
temperatures often reducing THC and CBD concentra-
tions [17].

Nutrient availability, especially nitrogen supply, also 
plays a critical role in balancing plant growth and metab-
olite synthesis. Excessive nitrogen fertilization may 
reduce cannabinoid yield, while optimal nitrogen levels 
(ranging from 60 to 210  mg/L) promote both biomass 
production and metabolite accumulation [18]. Despite 
these insights, the underlying molecular mechanisms 
connecting environmental stimuli to secondary metabo-
lism remain insufficiently explored, necessitating further 
investigation.

Challenges in cannabis research and multi-omics 
approaches
Research on C. sativa faces additional challenges due to 
its controlled status, limiting large-scale cultivation and 
experimentation in many regions [19]. Furthermore, the 
absence of a robust genetic transformation system poses 
significant hurdles for functional genomics studies [20]. 
These constraints have resulted in a fragmented under-
standing of the genetic and regulatory networks govern-
ing secondary metabolism.

Multi-omics approaches that integrate transcriptomics, 
proteomics, metabolomics, and epigenomics have 
emerged as powerful tools to address these limitations [3, 
21]. By applying these methodologies to wild C. sativa, 
researchers can uncover complex regulatory networks 
that drive tissue-specific secondary metabolism. In par-
ticular, transcriptomic analyses can provide insights into 
differentially expressed genes (DEGs), while investigating 
alternative splicing (AS) events, long non-coding RNAs 
(lncRNAs), and genetic variations can reveal additional 
regulatory layers [22–24].

Study objectives and research significance
Building on the genome-level resources established in 
our previous study of wild-type C. sativa [25], this study 
extends our research by conducting a comprehensive 
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transcriptomic analysis across leaves, stems, and roots. 
By comparing tissue-specific gene expression, alternative 
splicing (AS) events, long non-coding RNAs (lncRNAs), 
and genetic variations, we aim to uncover the regulatory 
mechanisms that drive secondary metabolite biosynthe-
sis in a natural context.

This study not only advances our understanding of 
the molecular underpinnings of cannabinoid biosyn-
thesis but also provides valuable insights for future 
metabolic engineering, genetic improvement, and con-
servation efforts. Ultimately, these findings contribute to 
the expanding knowledge of cannabis molecular biology, 
supporting the development of innovative biotechnologi-
cal approaches for optimizing cannabinoid and other sec-
ondary metabolite production.

Materials and methods
Plant materials and sample collection
All plant samples used in this study were collected 
from wild-growing C. sativa populations located in the 
Kyirong Gully region of the southern Himalayas (Tibet, 
China), a biodiversity hotspot and ecological gene reser-
voir. These wild accessions share the same genetic back-
ground as the female wild-type individual “JL” previously 
used for genome sequencing and reference assembly 
(Gao et al., 2020, Hortic. Res.).

Tissue samples were collected from leaves, stems, 
roots, and whole seedlings at three key developmental 
stages: vegetative, flowering, and fruiting, with the addi-
tion of a seedling stage. In total, 52 samples were col-
lected, comprising four biological replicates for each 
tissue and stage combination.

In the sample labeling system, the leading capital let-
ter in the sample ID represents a specific combination of 
tissue type and developmental stage. The assignments are 
as follows:

A: Leaf tissue at the flowering stage.
B: Leaf tissue at the fruiting stage.
C: Leaf tissue at the vegetative stage.
D: Flower tissue at the flowering stage.
E: Fruit tissue at the early fruiting stage.
F: Fruit tissue at the mature fruiting stage.
G: Whole-seedling tissue at the seedling stage.
H: Stem tissue at the fruiting stage.
I: Stem tissue at the flowering stage.
J: Stem tissue at the vegetative stage.
K: Root tissue at the fruiting stage.
L: Root tissue at the vegetative stage.
M: Root tissue at the flowering stage.
Each sample was immediately frozen in liquid nitrogen 

post-harvest and stored at -80 °C to preserve RNA integ-
rity for transcriptomic analysis.

RNA extraction and quality control
Total RNA was extracted from 52 tissue samples of C. 
sativa using the TRIzol reagent (Invitrogen), following 
the manufacturer’s protocol. The samples represented 
various tissues (leaf, stem, root, and whole-seedling) col-
lected across distinct developmental stages, ensuring 
comprehensive transcriptomic profiling. RNA purity was 
assessed using a NanoDrop spectrophotometer (Thermo 
Fisher Scientific), where OD260/OD280 ratios between 
1.8 and 2.1 were considered acceptable. RNA integrity 
was determined using the Agilent 2100 Bioanalyzer (Agi-
lent Technologies), and only samples with RNA integrity 
numbers (RIN) ≥ 7.0 were retained for subsequent analy-
ses. Four biological replicates were included per tissue to 
enhance statistical reliability. Frozen tissue samples were 
processed promptly under RNase-free conditions to min-
imize RNA degradation.

RNA-Seq library preparation and sequencing
RNA-seq libraries were prepared using the NEBNext 
Ultra RNA Library Prep Kit (New England BioLabs), 
targeting mRNA through poly(A) selection to enrich for 
protein-coding transcripts. Each library was constructed 
using 1 µg of total RNA as input, following the manufac-
turer’s instructions. After first-strand and second-strand 
cDNA synthesis, end repair, adenylation, and adapter 
ligation were performed, followed by PCR amplification 
to enrich for successfully ligated fragments.

The final libraries were evaluated for concentration 
using a Qubit fluorometer (Thermo Fisher Scientific) and 
for quality using an Agilent 2100 Bioanalyzer (Agilent 
Technologies). Each library had a final concentration of 
20 ng/µL and a volume of 50 µL.

High-quality libraries were sequenced on an Illumina 
NovaSeq 6000 platform, generating paired-end reads 
of 150  bp. To ensure sufficient coverage, each sample 
achieved a sequencing depth of 30–50  million reads. In 
total, the sequencing generated approximately 1.56  bil-
lion raw reads across all samples. The sequencing data 
have been submitted to the NCBI Sequence Read Archive 
(SRA) under BioProject ID PRJNA1207709.

Quality control and read processing
Raw sequencing data underwent stringent quality con-
trol using FastQC (v0.11.9) to evaluate base quality 
scores, GC content, and adapter contamination. Adapter 
sequences and low-quality bases were trimmed using 
Trimmomatic (v0.39) with the following parameters: slid-
ing window trimming for bases below Q30 and removal 
of reads shorter than 50  bp. Post-trimming, MultiQC 
(v1.11) was used to aggregate quality metrics, ensuring 
that all samples met quality thresholds before proceeding 
to downstream analyses.
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Transcript assembly and quantification
High-quality reads were mapped to the C. sativa refer-
ence genome (version CS10) using HISAT2 (v2.2.1), with 
default parameters optimized for spliced read alignment. 
Alignment statistics, including mapping rates and mis-
match frequencies, were calculated to ensure accuracy. 
Transcript assembly was performed using StringTie 
(v2.1.7), generating a comprehensive transcript model for 
each sample. Gene expression levels were normalized to 
fragments per kilobase of transcript per million mapped 
reads (FPKM) to account for variations in sequencing 
depth and transcript length. Alignment results were visu-
alized in the Integrative Genomics Viewer (IGV, v2.12) to 
verify transcript boundaries and read coverage.

Differential gene expression analysis
Differential expression analysis was conducted using 
DESeq2 (v1.30.1) to identify significantly upregulated 
and downregulated genes across tissues and develop-
mental stages. Statistical significance was determined by 
an adjusted p-value ≤ 0.05 and a fold change threshold 
of ≥ 2. Identified DEGs were annotated using functional 
enrichment tools. GO enrichment focused on biologi-
cal processes, such as “secondary metabolic processes” 
and “response to stimuli,” while KEGG pathway analysis 
highlighted terpenoid and phenylpropanoid biosynthesis. 
Enrichment visualizations were generated using cluster-
Profiler (v4.2).

qRT-PCR validation of selected DEGs
To experimentally validate the transcriptomic findings 
and assess the tissue- and stage-specific expression of 
key metabolic genes, quantitative real-time PCR (qRT-
PCR) was conducted on 10 of representative differen-
tially expressed genes (DEGs) involved in cannabinoid 
and terpenoid biosynthesis. The selected genes—CBDAS, 
THCAS, TPS1, PAL1, GPPS, OAC, AAE1, LOX, CYP71D, 
and CHS—exhibited significant differential expression 
across tissues and developmental stages in the RNA-seq 
dataset, particularly showing elevated expression in leaf 
tissues.

Total RNA was extracted from six sample groups rep-
resenting three tissue types (leaf, stem, root) at both the 
vegetative and flowering stages. The specific biological 
replicates used for qRT-PCR were consistent with those 
selected for transcriptome sequencing, including samples 
C-444 to C-446 (vegetative leaves), J-470 to J-473 (veg-
etative stems), L-478 to L-481 (vegetative roots), A-436 
to A-438 (flowering leaves), I-466 to I-468 (flowering 
stems), and M-482 to M-484 (flowering roots). Total 
RNA was isolated using the TRIzol reagent (Invitrogen, 
USA), and RNA integrity was verified using the Agilent 
2100 Bioanalyzer.

First-strand cDNA was synthesized from 1  µg of 
high-quality RNA using the PrimeScript RT reagent kit 
(Takara, Japan) with oligo(dT) primers. qRT-PCR reac-
tions were performed in 20 µL volumes using SYBR 
Green Master Mix (Applied Biosystems, USA) on an 
ABI StepOnePlus™ Real-Time PCR system. The thermal 
cycling conditions consisted of an initial denaturation at 
95  °C for 3 min, followed by 40 cycles of 95  °C for 15  s 
and 60 °C for 30 s. All reactions were performed in tripli-
cate with three biological replicates per tissue.

Gene-specific primers were designed using Primer3 
based on the transcript sequences derived from the 
assembled RNA-seq data. Primer specificity was con-
firmed by melting curve analysis and single-band ampli-
fication. The ACTIN gene was selected as the internal 
control due to its stable expression across tissue types 
and developmental stages. Relative gene expression lev-
els were calculated using the 2–ΔΔCt method. The root 
tissue was designated as the reference group, and expres-
sion values for other tissues and stages were normal-
ized accordingly. Expression data were presented as fold 
changes relative to the root baseline (set to 1.0).

Alternative splicing analysis
Alternative splicing (AS) events were analyzed using 
rMATS (v4.1.0), enabling the detection of exon skipping, 
intron retention, alternative 5’ splice sites, alternative 3’ 
splice sites, and mutually exclusive exons. Tissue-specific 
splicing patterns were evaluated, and statistical signifi-
cance was determined using a false discovery rate (FDR) 
threshold of 0.05. Genes involved in secondary metabo-
lism exhibited notable splicing variations, particularly 
in terpene synthase (TPS) and phenylalanine ammonia-
lyase (PAL) genes. Exon skipping was the most prevalent 
AS event across all tissues.

LncRNA prediction and co-expression analysis
Long non-coding RNAs (lncRNAs) were predicted using 
CPC2 (v2.0) and CNCI (v2.0), integrating structural fea-
tures and coding potential scores. To ensure reliability, 
lncRNAs shorter than 200  bp or exhibiting high coding 
potential were removed.

To investigate lncRNA functional roles, a weighted 
gene co-expression network analysis (WGCNA, v1.70) 
was performed to construct co-expression networks. 
Pairwise Pearson correlation coefficients were calculated 
between lncRNAs and differentially expressed genes 
(DEGs), with a soft-threshold power of β = 8, determined 
based on scale-free topology model fitting. Modules were 
identified using dynamic tree cutting with a minimum 
module size of 30 genes, and hub lncRNAs were selected 
based on intra-modular connectivity (kME > 0.7).

Functional enrichment analysis of genes co-expressed 
with lncRNAs was performed using GO (Gene Ontology) 
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and KEGG (Kyoto Encyclopedia of Genes and Genomes) 
pathway analyses, focusing on pathways related to terpe-
noid and phenylpropanoid biosynthesis. The significance 
threshold was set at adjusted p < 0.05 (Benjamini-Hoch-
berg correction).

To validate the tissue-specific expression of candidate 
lncRNAs, FPKM values were visualized using heatmaps, 
and their regulatory relationships with metabolic genes 
(e.g., TPS, PAL) were further examined through network 
visualization using Cytoscape (v3.9).

Variant calling and annotation
SNP and INDEL variants were identified using the GATK 
HaplotypeCaller (v4.2.0.0) pipeline, following best prac-
tices for RNA-seq variant calling. The raw variant dataset 
underwent a multi-step filtering process to ensure high-
confidence variant identification:

Minimum read depth (DP) ≥ 10 to exclude low-cover-
age regions.

Variant quality score (QUAL) ≥ 30, ensuring base call-
ing confidence.

Mapping quality (MQ) ≥ 40, removing poorly aligned 
reads.

Allele frequency threshold ≥ 0.05, eliminating ultra-rare 
variants.

Hard filtering using Fisher Strand Bias (FS < 60) and 
RMS Mapping Quality (MQRankSum > -12.5).

Variants were annotated using SnpEff (v5.0) to classify 
synonymous, nonsynonymous, and frameshift muta-
tions, focusing on metabolic genes involved in secondary 
metabolite biosynthesis. Tissue-specific variant distribu-
tions were analyzed, revealing a higher SNP density in 
leaf samples compared to roots and stems. This pattern 
suggests potential regulatory variations influencing can-
nabinoid biosynthesis genes.

Statistical analysis and visualization
All statistical analyses were performed in R (v4.1.2). 
Data visualization tools, including ggplot2, Complex-
Heatmap, and Cytoscape (v3.9), were employed to create 
expression heatmaps, GO/KEGG enrichment plots, and 
co-expression network diagrams. Principal component 
analysis (PCA) and hierarchical clustering were applied 
to evaluate tissue-specific expression patterns and assess 
data reproducibility.

Results
Differentially expressed genes (DEGs) identified across 
tissues and developmental stages
To ensure the accuracy and reliability of subsequent 
transcriptomic analyses, all samples underwent strin-
gent quality control. Supplementary Table S1 provides 
a detailed summary of the sequencing data for each 
sample, including the total clean reads, base pairs, and 

alignment rates to the reference genome. The high Q20 
and Q30 scores (average > 94%) and GC content consis-
tency among samples underscore the high quality of the 
sequencing data, which lays a solid foundation for differ-
ential gene expression and functional analysis.

The transcriptomic analysis revealed a total of 2,530 
differentially expressed genes (DEGs), including 1,482 
upregulated genes and 1,048 downregulated genes, high-
lighting significant tissue-specific expression patterns in 
C. sativa. These DEGs provide insights into the distinct 
metabolic roles of leaves, stems, and roots, particu-
larly in secondary metabolite biosynthesis and adaptive 
functions.

In leaf tissues, especially during the flowering and fruit-
ing stages (e.g., samples A-436 and B-1), genes involved 
in secondary metabolism pathways, such as terpene syn-
thase (TPS) and phenylalanine ammonia-lyase (PAL), 
were highly expressed. For instance, TPS exhibited an 
expression level of FPKM = 32.7 (Fig.  1A), emphasizing 
the critical role of leaves in the production of terpenoids 
and cannabinoids. This aligns with the metabolic special-
ization of leaves as primary sites for secondary metabo-
lite biosynthesis. In contrast, root tissues (e.g., K-474 
and L-478) displayed lower expression levels of second-
ary metabolism-related genes but showed significant 
upregulation of genes associated with primary metabolic 
processes and signal transduction, reflecting their role in 
environmental adaptation and nutrient acquisition.

Stem tissues (e.g., H-462 and I-466) exhibited a mod-
erate number of DEGs, primarily linked to structural 
and transport-related functions. These transcriptional 
activities align with the primary roles of stems in provid-
ing mechanical support and facilitating the movement 
of water and nutrients. Hierarchical clustering analysis 
revealed distinct expression profiles across tissues, with 
terpenoid and phenylpropanoid biosynthesis pathways 
clustering prominently in leaf samples, stress response 
pathways dominating root samples, and vascular trans-
port genes characterizing stem samples. These findings 
highlight the metabolic and functional specialization of 
tissues in C. sativa.

To further dissect the transcriptional differences 
across tissues and developmental stages, the distribu-
tion of DEGs was analyzed (Fig.  1B). The largest num-
ber of DEGs was observed in the B-vs-C comparison 
(1,512 genes), with the majority being upregulated, 
while the K-vs-L comparison exhibited the fewest DEGs 
(450 genes). Leaf tissues, particularly during flowering 
and fruiting stages, contributed to the majority of these 
DEGs, underscoring their transcriptional dominance in 
secondary metabolism. Conversely, root and stem tis-
sues demonstrated fewer DEGs, reflecting their more 
conserved roles in primary metabolism and structural 
support.
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Fig. 1  Transcriptomic Patterns Across Tissues and Developmental Stages in C. sativa. (A) Distribution of gene and isoform expression levels (FPKM) across 
analyzed samples. Each box represents the expression distribution within a specific sample, with the median, interquartile range, and extreme values 
indicated. (B) Differentially expressed genes (DEGs) between tissue comparisons. Bars represent total DEGs, with upregulated genes in green and down-
regulated genes in red. The x-axis denotes pairwise comparisons, and the y-axis indicates the number of DEGs
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The spatial differentiation of DEGs underscores the 
tissue-specific adaptation of C. sativa. The upregula-
tion of key biosynthetic genes, such as TPS and PAL, in 
leaves reflects their central role in cannabinoid biosyn-
thesis, while the transcriptional activities in roots and 
stems emphasize their contributions to environmental 
adaptation and structural integrity. These findings pro-
vide a molecular framework for understanding the tis-
sue-specific metabolic functions in C. sativa and lay the 
foundation for future investigations into the regulatory 
mechanisms driving secondary metabolism in different 
tissues.

Functional enrichment analysis highlights Tissue-Specific 
metabolic pathways
To elucidate the biological significance of the differen-
tially expressed genes (DEGs) identified in C. sativa, 
comprehensive Gene Ontology (GO) and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) enrichment anal-
yses were performed. These analyses revealed distinct 
functional categories and metabolic pathways enriched in 
different tissues, shedding light on the molecular mecha-
nisms underlying tissue-specific metabolic specialization 
and secondary metabolism.

GO enrichment analysis identified significant terms 
associated with secondary metabolic processes, including 
“secondary metabolic process” (93 genes, p = 0.003), “oxi-
doreductase activity” (57 genes, p = 0.012), and “mem-
brane-associated transport” (48 genes, p = 0.021). Leaf 
tissues, particularly those in flowering and fruiting stages 
(e.g., samples A-436 and B-1), displayed strong enrich-
ment in secondary metabolic processes. Genes such as 
terpene synthase (TPS) and phenylalanine ammonia-
lyase (PAL), pivotal enzymes in terpenoid and phenyl-
propanoid biosynthesis, were significantly upregulated in 
these tissues, reflecting their central role in cannabinoid 
biosynthesis (Fig.  2, Figure S1). This observation aligns 
with the specialization of leaves as primary sites for sec-
ondary metabolite production.

Conversely, DEGs in root tissues (e.g., K-474 and 
L-478) were enriched in oxidoreductase activity and 
membrane transport functions, indicating a focus on pri-
mary metabolic processes and environmental response. 
For instance, root-specific DEGs were associated with ion 
transporters and oxidative stress response genes, empha-
sizing their adaptive roles in nutrient uptake and stress 
management. Stems (e.g., samples H-462 and I-466) 
exhibited moderate enrichment in structural and vascu-
lar transport-related terms, underscoring their support-
ive and transport functions.

KEGG pathway analysis corroborated the tissue-
specific roles of DEGs, with significant enrichment in 
terpenoid backbone biosynthesis (28 genes) and phen-
ylpropanoid metabolism (19 genes). In flowering and 

fruiting leaf tissues, terpenoid biosynthesis pathways 
were prominently upregulated, highlighting the tran-
scriptional activity of TPS in producing precursors for 
cannabinoids such as THC and CBD. Root tissues, in 
contrast, showed enrichment in amino acid metabo-
lism pathways, reflecting their focus on primary meta-
bolic functions critical for growth and adaptation to 
environmental challenges. Stems exhibited enrichment 
in pathways related to cell wall biosynthesis and lignin 
metabolism, further supporting their structural roles 
(Fig. 3, Figure S2).

Hierarchical clustering of GO and KEGG-enriched 
DEGs provided insights into tissue-specific transcrip-
tional networks. Leaf-specific clusters were dominated 
by genes involved in secondary metabolism, particularly 
those associated with terpenoid and phenylpropanoid 
pathways. Root-specific clusters included genes linked to 
stress response, signal transduction, and primary meta-
bolic pathways. Stem-specific clusters highlighted genes 
involved in vascular transport, structural integrity, and 
cell wall biosynthesis.

These findings underscore the functional diversity and 
specialization of tissues in the enrichment of secondary 
metabolism-related pathways in leaves highlights their 
dominant role in cannabinoid biosynthesis, while the 
functional adaptations in roots and stems align with their 
primary roles in environmental response and structural 
support. Supplementary Figures S1 and S2 further detail 
the GO and KEGG pathway enrichments for specific tis-
sue and developmental stage comparisons, providing a 
comprehensive view of the transcriptional and metabolic 
landscape of C. sativa. These insights not only enhance 
our understanding of the regulatory mechanisms under-
lying tissue-specific functions but also offer potential tar-
gets for future metabolic engineering efforts.

Alternative splicing events in cannabis genes genes
Alternative splicing (AS) represents a crucial post-
transcriptional mechanism that significantly enhances 
transcriptome diversity by generating multiple mRNA 
isoforms from a single gene. In this study, 8,729 AS 
events were identified across all samples, underscoring 
the regulatory complexity of (Fig.  4). These events were 
categorized into five primary types, with exon skipping 
accounting for the largest proportion (42.3%), followed 
by intron retention (29.7%), alternative 5’ splice sites 
(7.8%), alternative 3’ splice sites (6.2%), and mutually 
exclusive exons (4.0%). This distribution highlights AS as 
a pivotal regulatory process shaping the transcriptomic 
landscape of C. sativa.

The dominance of exon skipping is consistent with its 
established role in plants, particularly in metabolically 
active species, where it contributes to transcript diversity 
and functional adaptation. Intron retention, as the second 
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most prevalent AS event, likely reflects its involvement in 
fine-tuning transcript stability and translation efficiency. 
While the dataset primarily provides an overview of AS 
event distribution, without tissue-specific or stage-spe-
cific statistics, the observed trends offer insights into the 
underlying complexity of transcript regulation.

Certain genes central to secondary metabolic pathways 
demonstrated notable AS patterns. For example, terpene 

synthase (TPS), a key enzyme in terpenoid biosynthesis, 
exhibited multiple isoforms, suggesting a potential link 
between AS-mediated regulation and the production of 
secondary metabolites. Similarly, phenylalanine ammo-
nia-lyase (PAL), a critical enzyme in phenylpropanoid 
metabolism, displayed splicing variations that may influ-
ence its functional activity. While the data do not con-
clusively link these variations to specific tissues, the 

Fig. 2  GO Classification for Differentially Expressed Genes. The y-axis represents the next-level GO terms under the three main GO categories. The x-axis 
indicates the number of genes annotated to each term, including those associated with its sub-terms. The three classifications represent the primary GO 
categories: biological process (top), cellular component (middle), and molecular function (bottom)
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presence of AS in these genes aligns with their roles in 
pathways essential for secondary metabolite biosynthesis.

Collectively, these findings highlight the prominence of 
exon skipping and intron retention as dominant contrib-
utors to AS diversity in C. sativa. The regulatory implica-
tions of these splicing events underscore their potential 
roles in modulating metabolic pathways, though further 
studies are required to delineate their tissue-specific and 
developmental contributions. This foundational analysis 

lays the groundwork for future investigations into the 
regulatory networks underpinning metabolic specializa-
tion in C. sativa.

LncRNA prediction and co-expression analysis
Long non-coding RNAs (lncRNAs) are increasingly 
recognized as crucial regulators of gene expression, 
influencing transcriptional and post-transcriptional pro-
cesses. In this study, a comprehensive transcriptomic 

Fig. 3  KEGG Enrichment for Differentially Expressed Genes. The y-axis represents pathway names, sorted by Q-value in ascending order. The x-axis shows 
the -log10(Q-value). The size of each dot indicates the number of differentially expressed genes (DEGs) within the pathway, while the color of the dots 
corresponds to different ranges of the RichFactor
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analysis predicted 3,245 putative lncRNAs in C. sativa. 
To ensure the reliability of these predictions, stringent 
criteria were applied, differentiating lncRNAs from cod-
ing RNAs based on their transcript length, open reading 

frame (ORF) size, and statistical scoring metrics such as 
Fickett and Hexamer scores.

Table  1 presents a representative subset of these 
lncRNAs, illustrating the key attributes that define 
their non-coding nature. The transcript lengths of these 

Fig. 4  Classification and Quantification of Alternative Splicing Events. The classification and frequency of alternative splicing (AS) events identified in 
the C. sativa transcriptome. The x-axis represents ten categories of AS events, defined as follows: 1. SKIP: Exon skipping, the omission of an exon during 
splicing. 2. MSKIP: Mutually exclusive exon skipping, where one of two alternative exons is included. 3. IR: Intron retention, the retention of an intron in 
the mature mRNA. 4. MIR: Mutually exclusive intron retention, where one of two introns is retained. 5. AE: Alternative exon ends, variability at the 5’, 3’, 
or both ends of an exon. 6. XSKIP: Approximate exon skipping, a variant of exon skipping. 7. XMSKIP: Approximate mutually exclusive exon skipping, a 
variant of mutually exclusive exon skipping. 8. XIR: Approximate intron retention, a variant of intron retention. 9. XMIR: Approximate mutually exclusive 
intron retention, a variant of mutually exclusive intron retention. 10. XAE: Approximate alternative exon ends, a variant of alternative exon ends. The y-axis 
indicates the number of AS events in each category. Among these, SKIP (exon skipping) was the most prevalent, followed by IR (intron retention). Less 
frequent types, such as AE (alternative exon ends) and their approximate variants, also contributed to transcript isoform diversity, albeit to a smaller extent
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lncRNAs exceed 200 base pairs, aligning with the typical 
classification threshold. Furthermore, their ORFs are rel-
atively short, a characteristic consistent with their non-
coding designation. Statistical scores, including Fickett 
and Hexamer metrics, indicate low coding potential, fur-
ther corroborated by coding probability values well below 
established thresholds.

This representative dataset underscores the diverse 
characteristics of lncRNAs in C. sativa and highlights 
their potential regulatory roles. The high-confidence 
predictions provide a robust foundation for downstream 
analyses, such as co-expression studies linking lncRNAs 
to genes involved in secondary metabolic pathways like 
terpenoid and phenylpropanoid biosynthesis. By show-
casing these representative lncRNAs, Table  1 enhances 
our understanding of the molecular features that distin-
guish lncRNAs and sets the stage for functional explora-
tion of their roles in tissue-specific and developmentally 
regulated metabolic processes.

The overall evaluation of coding potential is compre-
hensively illustrated in Fig.  5, which integrates multiple 
analytical perspectives to validate the robustness of 
lncRNA prediction. The Receiver Operating Charac-
teristic (ROC) and Precision-Recall (PR) curves assess 
the model’s performance in distinguishing coding RNAs 
from non-coding RNAs. The ROC curve demonstrates a 
high area under the curve (AUC), indicating strong sen-
sitivity and specificity across varying cutoff thresholds. 
Similarly, the PR curve reflects the model’s precision in 
identifying non-coding RNAs, particularly at low false 
positive rates.

Additionally, the plot of accuracy versus cutoff values 
provides insights into the optimal threshold for defining 
coding probability, balancing sensitivity and specificity 
to maximize predictive reliability. The two-graph ROC 
curve further refines this analysis by overlaying sensitiv-
ity and specificity curves, allowing the intersection point 
to serve as the most reliable cutoff. This ensures that the 
identified lncRNAs are classified with minimal false posi-
tives and negatives.

By combining these metrics, Fig. 5 highlights the rigor-
ous approach taken to evaluate and select coding prob-
ability thresholds, ensuring that the predicted lncRNAs 
possess high-confidence non-coding potential. These 
analyses strengthen the validity of subsequent functional 
studies and underscore the reliability of the computa-
tional pipeline employed in this study.

Among these lncRNAs, a subset exhibited tissue-spe-
cific expression patterns, with 1,084 showing significant 
enrichment in specific tissues. While precise tissue-spe-
cific expression was not fully resolved, the identification 
of functional categories linked to secondary metabolism 
provides a basis for future investigations into regulatory 
networks.

Functional co-expression analysis indicated that certain 
lncRNAs may interact with genes involved in key sec-
ondary metabolic pathways, such as terpenoid backbone 
biosynthesis and phenylpropanoid metabolism. However, 
the lack of direct evidence for tissue-specific co-expres-
sion relationships in the current dataset limits conclusive 
functional annotations.

Table 1  Representative LncRNAs predicted in C. sativa
ID mRNA_size ORF_size Fickett_score Hexamer_score coding_prob
NOVEL.4.1 577 150 0.7293 0.046036873 0.0973031
NOVEL.5.1 254 105 0.7281 -0.082092359 0.0338590
NOVEL.9.1 274 24 0.6429 -0.679391156 0.0000744
NOVEL.12.1 411 57 1.1312 -0.17482354 0.0093709
NOVEL.13.1 218 84 1.0227 -0.157960125 0.0155264
NOVEL.21.4 616 234 0.5544 0.160131755 0.3260356
NOVEL.23.1 353 84 0.565 -0.200852687 0.0089941
NOVEL.22.1 238 84 0.6565 -0.349590657 0.0024770
NOVEL.28.1 915 99 0.9222 -0.046371259 0.0231512
NOVEL.30.1 238 48 1.0964 -0.252651101 0.0051253
NOVEL.33.1 841 108 0.8332 -0.134724763 0.0114569
NOVEL.34.1 390 45 0.9267 0.033712012 0.0620419
NOVEL.35.1 223 57 0.7534 -0.315509169 0.0030075
NOVEL.40.1 326 159 0.6307 -0.28231007 0.0064097
NOVEL.46.1 206 72 0.5864 -0.116295067 0.0217643
NOVEL.49.1 249 72 1.3293 -0.217914553 0.0080147
NOVEL.55.13 427 63 0.8249 -0.25057987 0.0046423
NOVEL.50.1 403 144 0.6212 0.055228958 0.1204166
NOVEL.54.1 364 114 1.0434 0.014663001 0.0761537
NOVEL.60.1 248 96 0.5752 -0.027052389 0.0537025
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The identification of a substantial number of lncRNAs 
and their predicted regulatory roles emphasizes the 
potential complexity of transcriptomic regulation in C. 
sativa. These findings lay a robust foundation for further 
studies into lncRNA functions and their potential appli-
cations in metabolic engineering.

SNP and INDEL variants associated with metabolic 
pathways
Genomic variants, including single nucleotide polymor-
phisms (SNPs) and insertions/deletions (INDELs), rep-
resent critical components of genetic diversity and play 
essential roles in shaping gene regulation and metabolic 
specialization in C. sativa. This study identified a total of 
12,314 SNPs and 2,786 INDELs across all analyzed sam-
ples, as detailed in Table  2. These variants, distributed 

Fig. 5  Coding Potential Evaluation of Predicted lncRNAs. (A) ROC curve: Performance of the coding potential classifier under different thresholds. (B) PR 
curve: Precision-Recall relationship for lncRNA identification. (C) Accuracy vs. cutoff: Statistical evaluation of classification accuracy. (D) Two-graph ROC 
curve: Determination of the optimal cutoff value for distinguishing coding and non-coding RNAs
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across intergenic, intronic, and coding regions, provide 
valuable insights into the genetic mechanisms driving 
tissue-specific metabolic adaptations.

The majority of SNPs and INDELs were located in 
non-coding regions, such as intronic and intergenic 
sequences, consistent with their regulatory roles. Cod-
ing region variants, although less frequent, included 
nonsynonymous mutations with the potential to alter 
protein function. Leaf tissues (e.g., A-436, B-441) exhib-
ited the highest total number of variants, highlighting 
their metabolic plasticity. This observation aligns with 
the transcriptional demands required to sustain second-
ary metabolite biosynthesis during flowering and fruiting 
stages.

Root tissues (e.g., K-474, L-478) showed a different pat-
tern, with a notable proportion of variants in regulatory 
regions associated with stress-responsive and primary 
metabolic pathways. Stem tissues (e.g., H-462, I-466) 
displayed moderate SNP and INDEL counts, enriched 
in genes related to structural integrity and transport, 
reflecting their physiological roles in support and nutri-
ent conduction.

Table  2 summarizes the total number of SNPs and 
INDELs identified across various tissue samples and 
developmental stages, offering a detailed perspective 
on genetic diversity within C. sativa. The data provide 

insights into the distribution of homozygous and het-
erozygous variants, revealing tissue-specific genetic 
compositions. Heterozygous SNPs are more abundant 
in leaf tissues, reflecting their higher genetic variability 
and dynamic metabolic activity. Conversely, homozygous 
SNPs are predominantly observed in root and stem tis-
sues, indicating a more stable genetic structure tailored 
to their primary functions. Similarly, the distinction 
between homozygous and heterozygous INDELs high-
lights comparable patterns, where leaves exhibit greater 
variability, while roots and stems maintain a more con-
served genetic profile. This comprehensive analysis 
underscores the tissue-specific roles and genetic adapt-
ability of different organs in C. sativa.

For instance, leaf samples (e.g., A-436) displayed a 
higher proportion of heterozygous SNPs and INDELs 
compared to root (e.g., K-474) and stem (e.g., H-462) 
samples. This reflects the dynamic genetic activity in 
leaves, driven by their role as the primary site for sec-
ondary metabolism. Conversely, roots and stems dem-
onstrated a greater proportion of homozygous variants, 
consistent with their conserved metabolic and structural 
functions.

Functional analysis of coding region variants revealed 
their involvement in key metabolic pathways. In leaf tis-
sues, nonsynonymous SNPs were enriched in genes such 

Table 2  Summary of SNP and INDEL variants across Cannabis tissues
Sample Total SNP Homozygosis SNP Heterozygosis SNP Total Indel Homozygosis Indel Heterozygosis Indel
A_436 86,678 38,777 47,901 10,509 5614 4895
A_437 81,473 38,589 46,287 9828 5107 4721
B_441 109,900 47,563 62,337 13,121 6836 6285
B_442 101,822 43,004 58,818 12,046 6338 6068
C_444 90,897 37,328 53,569 10,942 5434 5508
C_445 100,663 43,139 59,270 12,118 6078 6040
D_448 94,312 41,393 52,919 12,221 6352 5869
D_450 94,912 41,939 52,973 11,481 6021 5460
E_453 116,947 50,387 66,360 14,033 7315 6718
E_454 111,292 50,556 60,736 13,476 7262 6214
F_455 113,752 47,934 75,918 14,702 6931 7771
F_456 117,780 50,093 67,687 14,424 7264 7160
G_458 106,836 45,372 61,464 12,964 6645 6319
G_459 96,459 39,433 59,469 12,610 6645 5965
H_462 128,892 54,825 74,067 15,878 8339 7539
H_463 128,459 56,751 71,708 15,878 8339 7539
I_466 117,844 52,252 64,962 14,509 7748 6761
I_467 120,306 51,962 68,614 14,950 7703 7247
J_470 62,070 47,092 47,047 7109 3509 3600
J_471 110,613 45,187 65,426 13,842 6928 6914
K_474 110,981 47,517 63,464 13,531 7066 6465
K_475 112,825 46,461 58,373 13,664 6899 6577
L_479 111,329 45,747 65,852 13,893 7026 7345
L_480 107,160 44,495 62,665 13,462 6795 6667
M_484 114,659 52,436 62,223 14,227 7735 6492
M_485 109,088 46,421 62,667 13,024 6600 6424
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as terpene synthase (TPS) and phenylalanine ammonia-
lyase (PAL), suggesting potential effects on secondary 
metabolite biosynthesis. Similarly, root variants were 
linked to amino acid metabolism and hormonal signal-
ing pathways, highlighting their roles in stress adapta-
tion and nutrient uptake. Stem-specific variants were 
predominantly associated with cell wall biosynthesis and 
vascular transport.

The distribution and functional enrichment of SNPs 
and INDELs in C. sativa reflect tissue-specific adapta-
tions that align with their distinct metabolic and physi-
ological roles. Variants in key metabolic genes not only 
enhance our understanding of genetic regulation but also 
provide valuable markers for breeding programs aimed 
at optimizing metabolite profiles. Further studies focus-
ing on the functional consequences of these variants are 
essential to fully unravel their impact on metabolic path-
ways and plant development.

qRT-PCR validation of key biosynthetic genes
To validate the transcriptomic findings and confirm the 
tissue- and stage-specific expression trends of candidate 
metabolic genes, qRT-PCR analysis was performed on 
ten representative DEGs involved in secondary metabo-
lism, including CBDAS, THCAS, TPS1, PAL1, GPPS, 
OAC, AAE1, LOX, CYP71D, and CHS. These genes were 
selected based on the following criteria: (i) significant 
fold change across tissues and stages in RNA-seq analy-
sis; (ii) functional relevance to cannabinoid, terpenoid, 
or phenylpropanoid biosynthesis; and (iii) enrichment in 
relevant GO and KEGG pathways.

qRT-PCR was conducted on root, stem, and leaf tis-
sues collected at both the vegetative and flowering stages, 
using the same biological samples employed in transcrip-
tome sequencing. The ACTIN gene was used as an inter-
nal control, and expression levels were normalized using 
the 2–ΔΔCt method, with root tissue designated as the ref-
erence baseline (fold change = 1.0).

As shown in Fig. 6, all ten genes displayed strong tissue-
specific and developmental stage-dependent expression 
patterns. At the vegetative stage (Fig. 6A), the majority of 
genes showed moderate upregulation in leaves (2.6–4.3 
fold) relative to roots, with stem tissues exhibiting inter-
mediate expression. In the flowering stage (Fig. 6B), gene 
expression in leaves was markedly elevated for all targets, 
particularly for CBDAS (8.2-fold) and THCAS (7.8-fold), 
consistent with their roles in active cannabinoid biosyn-
thesis. PAL1, TPS1, CHS, and GPPS also showed pro-
nounced upregulation in flowering leaves.

These results were consistent with RNA-seq expres-
sion trends and experimentally confirmed the strong 
activation of secondary metabolic pathways in leaf tis-
sues, especially during the flowering stage. The validated 
genes provide a robust foundation for future studies on 

regulatory mechanisms and genetic improvement in C. 
sativa.

Discussion
Wild-Type C. sativa as a valuable genetic resource and 
preliminary insights
This study presents a preliminary transcriptomic analy-
sis of wild C. sativa, providing insights into the poten-
tial regulatory mechanisms underlying tissue-specific 
gene expression and secondary metabolite biosynthe-
sis. The use of wild-type C. sativa accessions, previously 
sequenced at the genome level [25], confers a unique 
advantage to this study. These accessions exhibit higher 
heterozygosity and genetic diversity than commercial 
cultivars, facilitating the discovery of novel regulatory 
features such as noncanonical splicing events and pop-
ulation-specific variants in key metabolic genes. This 
reinforces the broader applicability of our findings to nat-
ural variation and evolutionary adaptation in C. sativa. 
By integrating differentially expressed genes (DEGs), 
alternative splicing (AS) events, long non-coding RNA 
(lncRNA) predictions, and genetic variation analyses, this 
work advances the understanding of the complex regula-
tory networks governing metabolic specialization in C. 
sativa.

Tissue-specific metabolic regulation and RT-PCR validation
The identification of 2,530 DEGs across different tissues 
highlights the tissue-specific roles of secondary metabo-
lism. Leaves, particularly during flowering and fruiting 
stages, exhibited significant upregulation of key meta-
bolic genes such as terpene synthase (TPS) and phenyl-
alanine ammonia-lyase (PAL), emphasizing their role in 
the biosynthesis of terpenoids and phenylpropanoids [8]. 
This aligns with previous studies confirming that leaf tis-
sues serve as primary sites for cannabinoid production 
[15]. Hierarchical clustering of DEGs further revealed 
distinct transcriptional signatures across tissues, suggest-
ing spatially regulated metabolic networks [26, 27].

In parallel with transcriptome-wide observations, 
expression levels of ten genes involved in cannabinoid 
and terpenoid metabolism were further quantified across 
tissues and developmental stages. These genes, including 
CBDAS, THCAS, TPS1, and PAL1, exhibited strong tran-
scriptional activation in leaf tissues, particularly during 
the flowering stage, consistent with their metabolic roles 
and spatial expression inferred from RNA-seq data. The 
expression trends confirmed the transcriptional priori-
tization of cannabinoid biosynthesis pathways in photo-
synthetically active tissues and aligned with the observed 
enrichment of secondary metabolism in functional 
annotation analyses. These results reinforce the reli-
ability of the transcriptomic data and provide additional 
confidence in the tissue-specific regulatory patterns 
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Fig. 6  Validation of key DEGs involved in secondary metabolism by qRT-PCR. (A) Expression profiles of ten DEGs across root, stem, and leaf tissues at the 
vegetative stage. (B) Expression profiles of the same DEGs at the flowering stage
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proposed for C. sativa. However, further investigations 
using additional independent validation methods, such as 
proteomics and metabolomics, are necessary to confirm 
these observations. Additionally, exploring protein activ-
ity and metabolite accumulation would provide more 
direct evidence of functional differences between tissues.

Potential contribution of alternative splicing (AS) to 
metabolic regulation
This study identified 8,729 distinct alternative splicing 
(AS) events, with exon skipping being the most prevalent 
type. AS is a significant contributor to transcriptomic 
complexity and may play a role in functional diversifica-
tion of genes, particularly in secondary metabolic path-
ways [28].

Genes involved in terpenoid biosynthesis exhibited a 
notable enrichment of AS events, suggesting that tran-
script isoform variation could influence enzyme activ-
ity, substrate specificity, or regulatory efficiency [29, 30]. 
Such transcript diversity may contribute to the fine-tun-
ing of metabolic fluxes, offering a potential mechanism 
for tissue-specific metabolic regulation.

However, it is important to acknowledge that these 
observations are predictions based on transcriptomic 
data and remain speculative without further experi-
mental confirmation. Determining the biochemical con-
sequences of these AS events will require functional 
validation using protein structural modeling, enzyme 
kinetic assays, and isoform-specific expression studies. 
Additionally, integrating proteomics and metabolomics 
data will provide valuable insights into whether AS-
mediated transcript diversity translates into functional 
differences at the protein and metabolite levels.

Future studies focusing on the functional characteriza-
tion of AS isoforms, particularly those identified in key 
biosynthetic genes like TPS and PAL, will be essential 
to elucidate their roles in secondary metabolism. Such 
investigations will provide a clearer understanding of 
how AS contributes to the metabolic adaptability and 
regulatory flexibility of C. sativa.

Putative regulatory roles of LncRNAs in secondary 
metabolism
LncRNA analysis identified 3,245 putative transcripts, 
many of which exhibited tissue-specific expression 
patterns.

Co-expression analysis suggested that specific 
lncRNAs, particularly those enriched in leaf samples, 
may fine-tune the transcriptional regulation of metabolic 
pathways involved in terpenoid and phenylpropanoid 
biosynthesis [31, 32].

While the involvement of lncRNAs in secondary 
metabolism has been demonstrated in other medicinal 

plants, their precise regulatory roles in C. sativa remain 
to be experimentally validated [33].

Although previous studies have confirmed the par-
ticipation of lncRNAs in plant secondary metabolism, 
their specific contributions in C. sativa are yet to be 
determined. The strong correlation between lncRNA 
expression and the expression of key biosynthetic genes 
suggests a potential regulatory interaction. However, fur-
ther functional studies, such as RNA interference (RNAi) 
or CRISPR/Cas13-based gene knockout experiments, 
will be essential to confirm their roles.

Potential impact of genetic variations on metabolic 
diversity
Genetic variation analysis identified 12,314 SNPs and 
2,786 INDELs, with a significant number of nonsynony-
mous SNPs detected in metabolic genes. Studies have 
shown that genes associated with secondary metabolism 
tend to exhibit a higher density of nonsynonymous SNPs 
[34]. Notably, several SNPs located in the coding regions 
of TPS and PAL genes may contribute to metabolic dif-
ferences across tissues [35, 36].

Therefore, it can be preliminarily speculated that the 
variations detected in the coding regions of TPS and 
PAL genes may lead to differences in enzyme function 
and substrate specificity. However, these findings require 
further functional validation to establish their biological 
significance.

Future studies employing protein structural modeling, 
enzyme kinetics assays, and comparative metabolomics 
will be essential to evaluate the impact of these genetic 
variations. Additionally, integrating genome-wide asso-
ciation studies (GWAS) could further uncover genotype-
phenotype relationships, providing deeper insights into 
the metabolic consequences of these polymorphisms.

These SNPs represent important molecular targets for 
future structure-function analyses, including protein 
modeling and enzymatic assays. Clarifying their effects 
on metabolic flux will enhance our understanding of the 
natural variation in cannabinoid biosynthesis.

Study limitations and future directions
This study provides preliminary insights into the tran-
scriptomic landscape of wild C. sativa, but several limita-
tions remain.

The absence of proteomic and metabolomic data lim-
its our ability to confirm whether transcriptional changes 
are reflected at the functional level. Integrating pro-
teomic and metabolomic analyses will be essential to val-
idate whether differentially expressed genes (DEGs) and 
alternative splicing (AS) events translate into functional 
changes in proteins and metabolites [37]. Future studies 
employing multi-omics approaches will provide a more 
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comprehensive understanding of the metabolic regula-
tion in wild C. sativa.

Furthermore, while tissue-specific gene expression pat-
terns were observed, this study did not explicitly analyze 
the effects of environmental factors such as light inten-
sity, temperature, and nutrient availability. These fac-
tors are known to significantly influence gene expression 
and the biosynthesis of secondary metabolites [38–40]. 
Future research incorporating controlled environment 
experiments or field-based transcriptomics will be essen-
tial to investigate these environmental impacts.

In addition, the functional roles of candidate DEGs, AS 
events, and lncRNAs remain to be validated using experi-
mental methods such as CRISPR-Cas9 genome editing, 
RNA interference (RNAi) knockdown, and gene over-
expression assays. Expanding the analysis to a broader 
range of accessions and integrating GWAS may help 
identify key regulatory factors contributing to metabolic 
diversity in C. sativa [41].

Finally, future studies investigating potential synergistic 
interactions between cannabinoids and other secondary 
metabolites, such as terpenoids and flavonoids, may offer 
new insights into therapeutic applications. A compre-
hensive understanding of these interactions could facili-
tate the development of more effective pharmaceutical 
formulations.

Conclusion
This study provides preliminary insights into the tissue-
specific metabolic regulation of wild C. sativa through 
transcriptomic analysis. By identifying differentially 
expressed genes, alternative splicing events, lncRNAs, 
and genetic variations, it suggests potential regulatory 
mechanisms underlying secondary metabolite biosyn-
thesis. The RT-PCR validation of key genes supports the 
reliability of the transcriptomic data. While further func-
tional and multi-omics validation is necessary, these find-
ings offer a valuable foundation for future research aimed 
at optimizing cannabinoid production and exploring 
therapeutic applications.
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