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Introduction  

Cannabis sativa L., commonly known as hemp, a member of 

the Cannabaceae family, is one of the world’s oldest 

domesticated crops.1 It is believed to have originated in 

Central Asia, from where its cultivation rapidly spread 

throughout Asia and Europe. Cannabis has a diploid genome 

(2n = 20) consisting of nine pairs of autosomes and a pair of 

sex (X and Y) chromosomes.2  It is predominantly dioecious, 

meaning a plant is either male or female, with estimated 

haploid genome sizes of 843 Mb and 818 Mb for male and 

female plants, respectively.3 

Hemp seed oil has been praised for its nutritional 

properties and health benefits due to of its relatively high 

levels of polyunsaturated fatty acids (PUFAs) and natural 

antioxidants. The oil contains linoleic acid (55.41–59.64%), 

α-linoleic acid (16.51–20.40%), oleic acid (11.40–15.88%), 

palmitic acid (6.08–6.82%), and stearic acid (2.34–2.67%)4. 

Additionally, 25–35% of the seeds are proteins, 10–15% are 

fibers, and 20–30% are carbohydrates5. Certain ecotypes 

may contain up to 4% of γ-linoleic acid.6  

Tocopherols are widely known bioactive compounds 

present in hemp seed oil. Four different isomers of toco 

pherols are found in the oil, namely α-, β-, γ- and δ, of which 

γ-tocopherol exhibits the highest antioxidant activity7 and 

prevents unsaturated fatty  acid oxidation,9  which may reduce 

the risk of cardiovascular  diseases, cancer and age-related 

macular  degeneration.8 The latest research shows that 

tocopherols can act as chemically protective agents against 

hepatotoxicity.11 The recommended daily allowance of 

vitamin E is 15 mg per day for adults.12 The total tocopherol 

content of hemp seed oil is higher than canola oil (60–70 

mg/100 g), sunflower oil (~90 mg/100 g), and soybean oil 

(~115 mg/100 g).10 

However, tocopherols are vulnerable when exposed to 

heat, light and alkali as they easily form oxidation products 

during processing and storage. The oxidation of tocopherol 

would cause the loss of the antioxidant properties in the oil.13 

Vitamin E  is synthesized by photosynthetic organisms14 

and its biosynthetic pathway is highly conserved in the plant 
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kingdom.15 Vitamin E biosynthesis occurs in the inner 

envelope of plastids via a combination of two main pathways 

(Figure 1a). The shikimate (SK) pathway gives rise to the 

chromanol ring from homogentisate (HGA). Meanwhile, the 

methylerythritol phosphate (MEP) pathway provides the 

prenyl tail from geranylgeranyl diphosphate (GGDP) and 

phytyl diphosphate (phytyl-DP) for the synthesis of tocotrienol 

and tocopherol, respectively.16 

Transcription factors (TFs) are trans-acting proteins that 

bind to specific cis-elements in the promoter regions of 

downstream genes and regulate gene expression. TFs are 

typically modular, consisting of a DNA-binding domain (DBD) 

 

 

Figure 1. a) Simplified model of the tocopherol biosynthesis pathway. The shikimate pathway provides HGA as the precursor for tocopherol 

synthesis. PDP as the lipid precursor is derived from free phytol, released during chlorophyll degradation. Prenylation of HGA with PDP results in 

MPBQ production. This is the key step for tocopherol biosynthesis. Methylation of MPBQ yields DMPBQ. Vte1 converts MPBQ and DMPBQ to δ- 

and γ- tocopherol, respectively. Vte4 methylates δ- and γ-tocopherol to β- and α-tocopherol, respectively. DMGGBQ, 2,3-dimethyl-5-geranylgeranyl-1,4-

benzoquinol; DMPBQ, 2,3-dimethyl-6-phytyl-1,4-benzoquinol; GGDP, geranylgeranyl diphosphate; GG-Chlorophyll, geranylgeranyl-chlorophyll a; 

HGA, homogentisic acid; HPP, hydroxyphenylpyruvate; MEP, methylerythritol 4-phosphate; MGGBQ, 2-methyl-6-geranylgeranyl-1,4-benzoquinol; 

MPBQ, 2-methyl-6-phytyl-1,4-benzoquinol; Phytyl-DP (PDP), phytyl diphosphate; Phytyl-P, phytyl monophosphate; Hppd1, p-hydroxyphenylpyruvate 

dioxygenase; hggt1, homogentisate geranylgeranyltransferase; vte1, tocopherol cyclase; vte2, homogentisate phytyltransferase; vte3, MPBQ/ 

MGGBQ methyltransferase; vte4, γ-tocopherol methyltransferase; vte5, phytol kinase; vte6, phytyl phosphate kinase, vte7 α/β-hydrolase family 

protein (created at BioRender.com). b) Bibliometric map of the keywords used in this article from 2014 to 2024. Data were collected from the 

ScienceDirect database using the keyword search: “cannabis, tocopherol”. A shift toward tocopherol and hemp seed oil is evident. 
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and an activation domain (AD) that interacts with other 

regulatory proteins to activate or repress transcription. With 

the recent development of genomic tools, it has become 

clear that overexpressing pathway regulators does more than 

just induce genes that encode pathway enzymes. Because of 

their ability to control multiple pathway steps and cellular 

processes, necessary for metabolite accumulation, TFs offer 

much promise to manipulate metabolic pathways.17 Synthetic 

zinc finger transcription factors (ZFP-TFs) were designed to 

upregulate the expression of the endogenous Arabidopsis γ-

tocopherol methyltransferase gene. This gene encodes the 

enzyme responsible for the conversion of γ-tocopherol to α-

tocopherol. Overexpression of ZFP-TF under the control of 

the seed-specific promoter caused a 20-fold increase in α-

tocopherol compared to the control in Arabidopsis seeds.18 

In tomato, the overexpression of a MYB, ODORANT1, 

led to a significant increase in phenylpropanoid content 

concomitantly with transcriptional upregulation of several 

SK pathway genes19. Recently, in a Genome-wide association 

study (GWAS) conducted by Kazemzadeh et al )2024(,  

associations between genetic variations (SNPs) and traits 

related to tocopherol biosynthesis were analyzed, leading to 

the identification of the transcription factors OsMADS59 and 

WRKY39 in rice.20 

To get a panoramic view of studies conducted in the last 

10 years (2014-2024) on tocopherol biosynthesis in cannabis, 

we performed a co-occurrence analysis of high-frequency 

keywords to construct a knowledge map and visualize biblio 

metric networks21 (Figure 1b). A shift toward tocopherol and 

hemp seed oil indicates a growing interest in these areas. 

Here, a bioinformatic analysis was carried out, resulting 

in the identification of three candidate TFs (AREB5, NAC072 

and PIF3) possibly involved in vitamin E biosynthesis in C. 

sativa. Among these, AREB5 showed changes in the 

expression profile during seed development stages in qRT-

PCR. 

 

Materials and Methods 

Plant Materials 

The field experiments were carried out on 29 April 2022 at 

the research greenhouse of Shahid Beheshti University 

(SBU, latitude 51◦ 29´, longitude 51◦39´), Tehran, Iran. 

Cannabis sativa ecotype Hamedan was grown without 

fertilization or chemical plant protection. Plot size was 1 × 2 

m2. Seeds were harvested in the middle of September 2022 

every three weeks in 3 repetitions at milky, doughy, and 

mature developing stages. The germination stage was 

considered as the control.  The seeds were wrapped in foil, 

placed in liquid nitrogen and stored at -80 ºC for further use. 

 

Cannabis Oil Extraction 

Oil was extracted from hemp seeds using n-hexane as the 

solvent following a standardized procedure.22 Initially, 200 

mg of hemp seeds were crushed in a crusher for 1 minute. 

The resulting powder was then mixed with n-hexane at a 2:1 

(v/v) ratio. The mixture was vortexed for 1 minute and 

transferred to Falcon tubes (50 ml) wrapped in aluminum 

foil to protect from light exposure. The tubes were placed in 

a shaker incubator at 220 rpm and 26 °C for 16 hours. After 

shaking, the tubes were removed, and the supernatant was 

transferred to a new tube for solvent evaporation at room 

temperature (22 °C). The remaining oil (500 µl) was filtered 

through a PTFE filter (0.45 µm) and mixed with acetonitrile 

in a 1:1 ratio. 

 

Measurement of Tocopherol Content 

For tocopherol analysis, the method described by the Iranian 

National Standardization Organization (INSO.7211) was 

used with minor modifications. Tocopherol contents in the 

seed oils were determined by high-performance liquid 

chromatography (LC pump K-1001, KNAUER, Germany). 

The apparatus was coupled with a fluorescence detector set 

at an excitation wavelength of 295 nm and an emission 

wavelength of 330 nm. The mobile phase was 100% 

acetonitrile at a flow rate of 1 ml/min. The column 

temperature was set to 40 ºC and the injection volume was 

20 ml. A C18 reverse phase column (GALAK, 150 mm 

length, 5 µm particle size, pH 2-11, 100 A˚, 330 m2/g) was 

used to separate the tocopherols. The external standard 

method was used for the quantification of tocopherols in 

cannabis seeds under the same HPLC conditions. Each 

sample was analyzed in three repetitions to ensure accuracy 

and reproducibility.  Amounts of tocopherol were calculated 

based on the established standard curve. The total tocopherol 

was a simple sum of all detected four individual major 

components. The unit of each isoform and the total content 

of tocopherol were expressed as micrograms of tocopherol 

per gram of seed (µg/g). This solvent system did not 

effectively separate the β-tocopherol content.23, 24 

 

RNA Extraction and cDNA Synthesis  

Cannabis seeds at different developmental stages (stage 1: 

germination, stage 2: milky, stage 3: doughy, stage 4: 

maturity) were used to isolate RNA. Total RNA at each 

sampling time was extracted using TRIzol (Invitrogen, 

Carlsbad, CA, USA) according to the manufacturer's 

instructions. After treatment with DNaseI (Fermentas, MA, 

USA) to remove genomic DNA, the quantity and quality of 

the isolated RNA were determined using a Nanodrop ND-

1000 spectrophotometer (Nanodrop Technologies, USA) and 

agarose gel electrophoresis. First-strand cDNA was synthesized 

from total RNA using the Thermo Scientific RevertAid RT 

Kit (#K1691, Thermo Fisher Scientific). Synthesis of 

cDNAs was confirmed by PCR, followed by 1.5% agarose 

gel electrophoresis in TBE buffer. cDNA was kept at -20 ºC 

until used. 
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Identification of Candidate Genes 

According to Mastour et al., 2019 in sunflower,25 orthologous 

genes were identified (Table 2). Briefly, the sequences of 

key genes involved in the tocopherol biosynthesis pathway 

were extracted from the NCBI database for Sunflower. The 

1500 nucleotides upstream of the start codon of each gene 

were considered as the promoter  region, retrieved using the 

online Plantpan3 tool (http://plantpan.itps.ncku.edu.tw/) and 

transcription factors were identified using PlantTFDB5.0 

(http://planttfdb.gao-lab.org/),  a comprehensive plant trans 

cription factor database. The protein-protein interaction 

network of the vitamin E biosynthesis pathway enzymes and 

transcription factors was visualized using STRING (Search 

Tool for the Retrieval of Interacting Genes - https://string-

db.org/). Chromosome location and collinearity analysis of 

candidate TFs between C. sativa, A. thaliana, and H. annuus 

were obtained using the One‐step MCScanX function of 

TBtools. Due to its simplicity and high efficiency in collinear 

block detection, MCScanX as a powerful tool for conducting 

diverse synteny and evolutionary analyses was used. These 

analyses offer valuable insights into the evolutionary 

relationships and functional conservation of TFs across 

different plant genomes. 

 

Tissue-specific Expression of Candidate Genes 

The expression profiles of the candidate genes in various 

tissues, including dry seed, leaf and shoot were obtained 

from the Arabidopsis eFP Browser database (https://bar. 

utoronto.ca/). A heatmap was generated to visualize the gene 

expression patterns across the different tissues.26 

 

Analysis of Gene Expression by RT-qPCR 

Primers were designed using Primer3Plus (https://www. 

primer3plus.com) in the last exon and 3´-UTR regions and 

synthesized by Pishgam (Tehran, Iran). The PP2a gene was 

used as the reference27 (Table 1). The RT-qPCR was performed 

using a Magnetic Induction Cycler qPCR (Mic qPCR Cycler, 

Bio Molecular Systems, Queensland, Australia) and read using 

the Mic qPCR Cycler Software v.2.10.5 (Bio Molecular 

Systems, Queensland, Australia). For RT-qPCR analysis two 

technical replicates were used and the reaction mixture had 5 μl 

of SYBR Green II master mix (Applied Biosystems SYBR 

Green, Carlsbad, CA, USA), 0.7 μl each of forward and reverse 

primers (10 pmol each), and 240 ng cDNA (2.5 μl) to make the 

final reaction volume of 10 μl. The cycling program consisted 

of 94 ºC for 10 min and 40 cycles of [94 ºC: 30 s; 56 ºC: 30 s; 

72 ºC: 10 s]. Relative gene expression was quantified using the 

2−ΔΔCT method as described in Livak and Schmittgen (2001).28 

Two-way  ANOVA calculated the statistical significance of 

Ct between different seed developmental stages with Tukey's 

post-hoc test comparisons using the GraphPad Prism 9.5.1 

software. Pearson’s correlation coefficients (r) were used to 

assess the relationship between tocopherols and the relative 

expression of the candidate TF in Excel. 

 
Table 1. Primers Used for Quantitative Real-time PCR. 

Gene name Primer sequence (5´→3´) Tm (˚C) Amplicon size (bp) 

PP2A F-AGCAACGTTCAGCCCGTTAA 

R-GACACTTCCCTCCAATTCGAAA 

59 100 

AREB5 F-CAGAGCCAAAGAACCAGC 

R-CCAAATACAAGTCCTGACCG 

56 271 

NAC072 F-ATCCCTCCTCTCTGCCAC 

R-GCACTCCCTACTTTGATTG 

61 296 

PIF3 F-CACCTATTCCTGGGCACTC 

R-CCTGAGTAGATGTCTAATTCGT 

64 297 

 

Results 

Tocopherol Content 

The seeds of the Hamedan ecotype (Figure 2a) were used to 

study tocopherol content. One month after flowering, the 

cannabis seeds were harvested every three weeks. Germination 

was considered the first step in measuring the amount of 

vitamin E (Figure 2b). The amounts of tocopherol at different 

stages of seed development (Figure 2c) were quantified 

using HPLC with a fluorescent detector. The retention time 

was between 10 15 min. Three tocopherol (T) isomers were 

detected, namely αT, γT, and δT (Figure 3a1-4). The 

predominant antioxidant in hemp seeds was γ-tocopherol 

(Figure 3-b). It was followed by α and δ tocopherol (γT: 

7.10, αT: 3.98, δT: 1.41 µg/g). The highest amount of 

tocopherol was found in the mature seeds (stage 4) at the 

rate of 12.5 µg/g for total tocopherol (Figure 3-c). 

 

Expression Analysis of Candidate TFs 

The results of PPI network analysis showed that eight genes 

(Table 2) are co-expressed with the main genes in the 

tocopherol biosynthesis pathway, and they were selected as 

the final candidates. BLASTx retrieved orthologous TF 

genes in C. sativa and Arabidopsis thaliana using sequence 

data from Helianthus annuus (Table 2). The comparison of 

synteny analysis between C. sativa, H. annuus, and A. thaliana 

suggests a strong evolutionary connection (Figure 4). 

To further verify the potential impact of the candidate 

genes on the regulation of tocopherol biosynthesis, the 

expression patterns of the candidate genes in various tissues 

(dry seeds, leaves and shoots) based on data from the 

Arabidopsis eFP Browser database was analyzed (Figure 

5a). The highest expression of NAC072, AREB5, and PIF3  
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Figure 2. a) Cannabis Plant (Hamedan ecotype). b) Different Stages (1-germination, 2-milky, 3-doughy and 4-maturity) of seed development. c) Oil 

was isolated from hemp seeds by n-hexane. Color differences and droplet concentration between cannabis oil in four stages are clear. The 

germination stage (1) was considered as the control. 

 

 

Figure 3. a. Chromatograms of the vitamin E homologs in different stages of cannabis seed development. Tocopherol contents in seed oils were 

analyzed using high-performance liquid chromatography (HPLC) with a fluorescence detector (excitation: 295 nm, emission: 330 nm). The mobile 

phase was 100% acetonitrile at a 1 ml/min flow rate. A C18 reverse-phase column (GALAK, 150 mm × 5 µm, pH 2–11, 100 Å, 330 m²/g) was used 

at 40 ºC with a 20 µl injection volume. 1) stage 1  (germination), 2) stage 2 (milky), 3) stage 3 (doughy), 4) stage 4 (maturity). b. Average of each 

isoform α, δ, γ, and total tocopherol at different stages of seed development c. Tocopherol average content in four developmental stages which 

reached its highest level at the maturation stage. 
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Table 2. Candidate TF Genes 

TF name TF family H. annuus Ortholog in A. thaliana Ortholog in C. sativa 

NAC072 NAC XM_022137133.2 AT4G27410 XM_030633854.1 

MYB308 MYB XM_022133204.2 AT4G38620 XM_030631923.1 

bZIP16 bZIP XM_022173311.2 AT2G35530 XM_030645360.1 

AREB5 bZIP XM_022132555.2 AT3G56850 XM_030645877.1 

WRKY50 WRKY XM_022125987.2 AT5G26170 XM_030645831.1 

MADS4 MIKC_MADS XM_022141472.2 AT1G24260 XM_030640317.1 

MYC2 bHLH XM_022113658.2 AT1G32640 XM_030646017.1 

PIF3 bHLH XM_022160286.2 AT1G09530 XM_030648734.1 

 

 
Figure 4. Collinearity analysis of the NAC072, MYB308, bZIP16, AREB5, WRKY50, MADS4, MYC2, and PIF3 genes among C. sativa, H. annuus and 

A. thaliana species. Gray lines in the background indicate the collinear blocks of plant genomes. Blue-colored lines indicate the collinearity of 

genes. 

 

were in seeds. Based on these results, these genes were selected 

as the candidates for validation using real-time qRT-PCR. 

The results obtained from the gene expression analyses 

(Figure 5b) showed that AREB5 gene expression increased 

27 times in the mature seeds (stage 4) compared to the 

germinating seed (stage 1- control stage). The increase in 

expression was 2 times in the green seed stage (stage 2) and 

4.5 times in the third stage. The increase in expression was 

very significant in the maturation stage. In general, AREB5 

showed increased expression at the stage of seed maturity. 

The differential expressions of two other genes were not 

significant. 

Additionally, a robust positive correlation between all 

isoforms of tocopherol and relative expression of AREB5 

was observed (α: r2 = 86, γ and total: r2 = 0.88, δ: r2 = 0.94 δ 

- Figure 5c). 

 

Discussion 

Vitamin E is produced in the chloroplast envelope of plants 

and stored in the stroma. Its primary role is to quench 

reactive oxygen species in response to stress induced by 

salinity, drought, temperature, light, infection by pathogens, 

and the presence of heavy metals. It helps prevent lipid 

peroxidation by scavenging lipid peroxyl radicals in the 

thylakoid membranes of the chloroplast by donating a proton 

from its polar head. This protection from lipid peroxidation 

is crucial for maintaining photosynthetic membrane 

integrity.29 Vitamin E also aids in stress tolerance, along 

with other antioxidants, such as ascorbate and glutathione. 

Tocopherols are lipid-soluble, whereas ascorbate and 

glutathione are water-soluble antioxidants. This antioxidant 

triad scavenges oxygen radicals in a coordinated manner in 

various phases within the cell.30 Apart from being an 

essential dietary supplement, tocopherols have several 

physiological roles in treating cancer, cardiovascular, and 

ocular diseases.31-33 Vitamin E has been reported to have a 

positive effect when taken as a supplement by specific 

populations, such as patients on hemodialysis or diabetic 

individuals with cardiovascular diseases34 and aged people 

with respiratory diseases.35 With the growing demand for 

natural cosmetic formulations, it is also one of the key 

ingredients in skin creams and hair formulations.36 

Furthermore, it is used as an additive in animal feeds 

because of its nutritive value.37 With the growing need to 

combat lifestyle diseases and the inclination toward natural 

products, the market size of vitamin E is now on the rise. 

The global Vitamin E market size is predicted to grow to 

Approximately 3.66 billion USD by 2032 with a compound 

annual growth rate (CAGR) of around 5.3% between 2024 

and 2032 (www.zionmarketresearch.com; Figure 6a). 

Photosynthetic organisms and chemical synthesis are the two 

common ways to obtain vitamin E to meet its rising demand. 

Genetic engineering, homologous/heterologous expression 

of functional or regulatory genes, and optimizing cultivation 

conditions have been shown to increase vitamin E content 

significantly. Some successful attempts can be enumerated.  

http://www.biotechrep.ir/
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Figure 5. a) Expression analysis of candidate TFs was conducted using publicly available RNA-Seq data for dry seeds, leaves, and shoots. Three 

genes, NAC072, AREB5, and PIF3, were selected as candidates for validation using real-time qRT-PCR. b) The expression analysis of AREB5, 

NAC072, and PIF3 genes was performed using real-time qRT-PCR. Amplifications of cDNA from different developmental stages of seeds were 

carried out. A housekeeping gene, PP2a, was used as the control. Data were analyzed using a two-way ANOVA, followed by Tukey’s multiple 

comparison test with a 95% confidence interval. Significantly different comparisons between doughy and maturity are displayed on graphs using 

asterisks (**, p<0.01; ns, not significant). Error bars represent mean ± SD (n = 2 biological replicates). c) The correlation between α, γ, δ, total 

tocopherol, and the relative expression of AREB5 was examined. All r
2
 values range from 0.86 to 0.94, indicating a strong correlation between the 

expression of the AREB5 gene and tocopherol content in C. sativa. 

 

For instance, overexpression of tocopherol cyclase caused an 

18% increase in vitamin E content in maize and a 28% 

increase in Arabidopsis.38 The overexpression of ZFP-TF 

under the control of the seed-specific promoter resulted in a 

20-fold increase in α-tocopherol compared to the Arabidopsis 

control seeds.18 Satish et al. (2018),39 expressed HPT and TC 

genes from Arabidopsis in Nicotiana benthamiana. The 

levels of α-tocopherol in leaves expressing HPT, TC, and 
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both genes increased by 4.2, 5.9, and 11.3 times, respectively, 

compared to the control. In tomato, the overexpression of a 

MYB, ODORANT1, led to a significant increase in phenyl 

propanoid content concomitantly with transcriptional up 

regulation of several SK pathway genes.19 Downregulation of 

DET1, a suppressor of light responses in the absence of light 

in tomato fruit, resulted in increased contents of carotenoids, 

flavonoids, and tocopherol.40 Also, in our recent study on the 

identification of regulatory elements by GWAS, we identified 

two TFs: WRKY39 (Os02g0265200) and MADS59 (Os06 

g0347700) with possible regulatory roles in rice major 

tocopherol biosynthesis.20 Although research on other plants 

has been conducted in previous years, studies on vitamin E 

in Cannabis are relatively recent. Figure 6b showed rather 

scarce plant metabolic engineering attempts to improve plant 

vitamin E content. This may be due to changes in research 

priorities and advances in the discovery of new medicinal 

and therapeutic properties. 

 

 
Figure 6. a) Global Vitamin E market from 2024 to 2032. The global vitamin E market size was approximately USD 2.33 billion in 2023 and is 

projected to reach around USD 3.66 billion by 2032, with a compound annual growth rate (CAGR) of approximately 5.3% between 2024 and 

2032. b) Bibliometric map of the keywords used in this article from 2014 to 2024. Data were collected from the ScienceDirect database using the 

keyword search: "plant, tocopherol, vitamin E, metabolite engineering." 

 

In this study, the total amount of tocopherols in hemp 

seed oil, a good source of vitamin E, was 12.5 μg/g, with γ-

tocopherol as the predominant isomer accounting for 57% of 

the total amount of tocopherols at full seed maturity stage. 
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The other isomers were present at much lower levels: 31% 

for α and 11% for δ-tocopherol. The content of tocopherols 

(α-, β-, γ- and δ-) in hempseed oil ranges from 800 to 1500 

ppm with a ratio of 0.5: 0.2: 9: 3, respectively41, 42. This is 

higher than those in common vegetable oils such as soybean, 

sunflower and canola at 600–1150 ppm.43 The content of 

tocopherols may vary depending on the varieties, agronomic 

conditions, extraction methods and storage conditions42. 

Here, eight genes Nac072 (NAC family), MYB308 (MYB 

family), bZIP16 (bZIP family), AREB5 (bZIP), WRKY50 

(WRKY family), MADS4 (MIKC_MADS family), MYC2, 

and PIF3 (bHLH family) were selected as primary candidate 

TFs. Based on the expression analysis of candidate genes, 

three genes (PIF3, AREB5, and NAC072) were selected as 

the final candidate for RT-qPCR. Among these, AREB5 of 

the AREB/ABF subfamily of group-A bZIP TFs44 showed 

substantial changes during seed development. The AREB5 

ortholog in Arabidopsis is predominantly expressed during 

early silique development and is rarely expressed in vegetative 

tissues,45,46 even under stress conditions.47 A significant 

correlation between different isoforms of tocopherol and the 

relative expression of AREB5 was noted in the present study. 

The highest correlation was observed for δT (r2 = 0.94).  

Three candidate genes PIF3, AREB5, and NAC072  were 

identified and checked by qRT-PCR analysis. AREB5 showed 

substantial changes during seed development.  Collectively, 

these findings provide genetic information for increasing/ 

modulating tocopherol content in Cannabis through genetic 

engineering  strategies. Further functional studies in the 

future, such as overexpression or knockout of  AREB5, will 

help us better understand the molecular mechanisms of 

tocopherol biosynthesis in hemp. 

 

Conclusion 

Considering recent discoveries, C. sativa seeds have captured 

the attention of researchers and the food industry, evolving 

from being a byproduct of the industry to a primary source 

of nutrients and bioactive compounds. The health benefits 

and nutritional values of hemp seed oil are attributed to its 

unique fatty acid composition and bioactive minor components. 

These minor components, such as tocopherols, act as 

antioxidants, which can prevent the oil from deteriorating, 

and contribute to the health benefits for humans. Here, using 

fluorescent HPLC, the contents of vitamin E isomers (α, δ, 

and γ) were measured at four developmental stages of 

Cannabis seeds and a bioinformatic analysis was carried out 

that resulted in finding eight candidate TFs involved in 

vitamin E biosynthesis in C. sativa. Among these, AREB5 

showed changes in the expression profile of seed 

development stages in qRT-PCR. The study of TFs and 

other regulatory elements has benefits for targeted breeding 

and genetic engineering as they are responsible for 

controlling more than one metabolic pathway. This study 

provides fundamental information for breeding new hemp 

varieties with high tocopherol content and high-quality oils. 

Further functional studies, such as overexpression or knockout 

of these genes, will help us better understand the molecular 

mechanisms of tocopherol biosynthesis in hemp and other 

crops. 
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