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Introduction

Research on optimizing light intensity to maximize phytochemical production during hemp flowering is limited, despite growing global demand. We investigated the effects of light-emitting diode (LED) intensity on hemp growth, cannabinoid content, and gene expression.





Methods

Hemp plants (Cannabis sativa 'Queen Dream') were grown under white LEDs at light intensities of 200, 400, and 600 μmol·m−2·s−1 with a 12/12 h photoperiod for 35 days during the flowering stage.





Results

The dry mass of stems, leaves, and flowers increased linearly with increasing light intensity. Cannabinoid analysis revealed that levels of cannabidiol (CBD), cannabidiolic acid, and tetrahydrocannabinolic acid increased linearly with light intensity, reaching the highest levels at 600 μmol·m−2·s−1. Total CBD increased by 36.88% at 600 μmol·m−2·s−1 compared to 200 μmol·m−2·s−1. CBD yield per plant also increased linearly across the entire light intensity range. Gene expression analysis revealed a coordinated upregulation of genes involved in the hexanoate–olivetolic acid–cannabigerolic acid–cannabinoid biosynthesis pathway under high light intensity, with a notable increase in cannabidiolic acid synthase (CBDAS) expression.





Conclusion

These findings demonstrate that a light intensity of 600 μmol·m−2·s−1 effectively enhances both biomass and cannabinoid accumulation at the flowering stage, providing valuable insights for controlled-environment hemp cultivation aimed at maximizing CBD yield.
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1 Introduction

Hemp (Cannabis sativa) belongs to the Cannabaceae family (Small, 1976). C. sativa contains cannabinoids such as Δ9-tetrahydrocannabinol (THC) and cannabidiol (CBD) (ElSohly et al., 2017). It is commonly known as marijuana or hemp, where hemp is defined as C. sativa containing less than 0.3% Δ9-THC (Tagen and Klumpers, 2022). Hemp is used for fiber, seed, and cannabinoid extraction, with cannabinoids primarily concentrated in the flowers (Crispim Massuela et al., 2022). The therapeutic properties of cannabinoids, particularly CBD, are widely acknowledged in healthcare (Nelson et al., 2020). Cannabinoids are effective in treating medical conditions by interacting with brain receptors, particularly in the management of epilepsy and pain (Kow et al., 2014; Mostafavi and Gaitanis, 2020). They have the potential to treat thrombosis, atopic disease, and insomnia (Wilkinson and Williamson, 2007; Ahmed et al., 2015; Aso and Ferrer, 2016; Pisanti et al., 2017; Vigil et al., 2018; Hacke et al., 2019). These therapeutic properties have driven global efforts toward legalization. The global demand for hemp is increasing, with an annual production growth rate of 26.21% (Kolodinsky and Lacasse, 2021; Teleszko et al., 2022).

The increasing market demand has accelerated the expansion of controlled environmental hemp production. Vertical farming systems that use artificial lighting provide multiple benefits, including better transplant quality and more efficient resource utilization (Kozai, 2013; Tian et al., 2021). Research on various crops, especially leafy greens, has consistently demonstrated that vertical farming systems can achieve improved yields and product quality compared with conventional methods (Zhang et al., 2018; Sabatino et al., 2019; Chowdhury et al., 2021). In vertical farming systems, hemp can achieve six harvest cycles annually, which greatly enhances profitability through efficient vertical space utilization (UNODC, 2009). Artificial lighting in vertical setups enables precise adjustment of yield and quality by managing light intensity. Other studies on drug-type C. sativa have suggested that increased light intensity supports growth and floral biomass production within specific intensity ranges (Llewellyn et al., 2022; Rodriguez-Morrison et al., 2021). However, excessive light intensity can reduce photosynthetic efficiency and plant productivity, requiring careful light management (Nelson et al., 2010; Tombesi et al., 2015; Cho et al., 2019). Light management becomes particularly critical during the flowering stage of hemp, when phytochemicals are produced (Eichhorn Bilodeau et al., 2019). The underlying mechanism involves light-activating photoreceptors that trigger changes in gene expression, ultimately promoting phytochemical biosynthesis (Mawphlang and Kharshiing, 2017).

Light intensity modulates phytochemical accumulation in a species-specific manner, with elevated intensities increasing cannabinoids in hemp and phenolic compounds in vegetables (Colonna et al., 2016; Pérez-López et al., 2018). A complex enzymatic pathway centered on cannabigerolic acid (CBGA) enables the synthesis of cannabinoids. The precursor compounds for CBGA formation are olivetolic acid (OA), which is synthesized by olivetolic acid synthase (OLS), olivetolic acid cyclase (OAC), and geranyl pyrophosphate (GPP), which is produced by geranyl pyrophosphate synthase (GPPS) (Taura et al., 2009; Luo et al., 2019). This key intermediate results from the enzymatic reaction of OA with GPP facilitated by geranyl pyrophosphate-olivetolate geranyl transferase (PT) (Fellermeier et al., 2001). The different cannabinoids found in hemp are produced through the enzymatic conversion of CBGA by three stereoselective enzymes, each of which synthesizes a unique acidic cannabinoid. Tetrahydrocannabinolic acid synthase (THCAS) creates THCA, cannabidiolic acid synthase (CBDAS) forms cannabidiolic acid (CBDA), and cannabichromenic acid synthase (CBCAS) produces CBCA through specific cyclization processes (Tahir et al., 2021). Understanding and controlling this enzymatic pathway is crucial for optimizing cultivation practices, as environmental factors such as light can influence the gene expression of these enzymes, directly affecting cannabinoid production in hemp flowers.

Despite the growing global demand for medical hemp, research on maximizing phytochemical yield through light intensity management during flowering is limited, particularly for controlled-environment agriculture systems. Although the general effects of light on cannabinoid biosynthesis have been studied, specific protocols for vertical farming systems, where precise environmental control enables year-round production, require further investigation. This study aimed to determine the optimal light intensity for maximizing growth and phytochemical accumulation during hemp flowering in vertical farms, and to evaluate the transcriptional responses of cannabinoid biosynthesis genes under different light intensities. This research addresses a critical knowledge gap in the rapidly expanding controlled-environment hemp industry.




2 Materials and methods



2.1 Plant materials and cutting conditions

Hemp (Cannabis sativa ‘Queen Dream’) stock plants (mother plants) were maintained under a 20/4 (day/night) h photoperiod with a mean canopy-level light intensity of 300 (± 10) μmol·m−2·s−1 using high-pressure sodium (HPS) lamps (250 W, E39; Il-Kwang Co., Seoul, Korea). Relative humidity and temperature were set at 70 (± 10)% and 25°C, respectively, in a cultivation room. Plants were grown for four months in a cultivation room, and cuttings were taken when stem length exceeded 2 m. Hemp cuttings (10 cm long) with three fully expanded leaves were collected from stock plants. Each cutting was rooted in rockwool growing substrate (Grodan AX Plug; Grodan Inc., Roermond, Netherlands) (25 × 25 × 40 mm) and arranged in trays at a density of 200 plants·m−2. The cutting trays were then moved to a growing chamber with the relative humidity and air temperature set at 90% and 25°C, respectively. The hemp cuttings were irrigated daily with tap water. Adventitious roots appeared two weeks after cutting. Uniform cuttings were then transplanted into cultivation beds. After rooting, uniform cuttings were transferred to an experimental growth system.





2.2 Growth conditions

The cultivation bed frame was made of an aluminum profile (40 mm × 40 mm). The cultivation room contained four two-layer vertical cultivation systems. Each module measured 1000 mm (width) × 2000 mm (length) × 2800 mm (height) (Figure 1). The distance between the light source at each layer and the bottom of the cultivation bed was 1240 mm, and a nutrient solution tank (2000 L) was placed beside the cultivation beds. A submersible pump (PD-G050M; WILO Pumps Ltd., Busan, Korea) was installed in the nutrient solution tank to supply nutrient solution to the cultivation beds at each stage, with one dripper per plant. After planting, the electrical conductivity (EC) of the Hoagland nutrient solution was maintained at 2.0 ± 0.2 dS·m−1, pH 6.2 ± 0.1, and the EC and pH were measured once every two days. The cultivation room (5000 mm [length] × 3500 mm [width] × 3000 mm [height]), designed as an enclosed artificial light plant factory, was maintained at 22 ± 2/20 ± 2°C (day/night), with 50–70% relative humidity using a heat pump (TH/MMU-AP0244HP-K; Toshiba Carrier Co. Ltd., Seoul, Korea), chiller (Unit Cooler BSU-030E; SUNGJIN Co., Ltd., Seoul, Korea), and humidifier (HU-4200C; Ohsungsa Co., Ltd., Seoul, Korea) to control the temperature and humidity.

[image: Cross-sectional diagram of a vertical cultivation system. Two tiers contain cultivation beds with plants on rockwool. Each tier has LED lights above the beds, with dimensions marked as 1240 millimeters and 2800 millimeters in height, and widths of 920 millimeters and 1000 millimeters. Irrigation pipes with drippers feed the plants.]
Figure 1 | Experimental setup of the two-layer vertical cultivation system. The system features LED lighting for each layer, cultivation bed with rockwool substrates, and an automated irrigation system with drippers for nutrient supply. Dimensions: 1000 mm (W) × 2800 mm (H), with each layer measuring 920 mm (W) × 1240 mm (H).




2.3 Light treatment

The light-emitting diode (LED) light source (APACK Inc., Daejeon, Korea) and light spectrum distribution used in this study were measured with a portable spectroradiometer (LI-180; LI-COR Inc., Lincoln, NE, USA) in the 380–780 nm range at 1 nm intervals (Figure 2). The photosynthetic photon flux density (μmol·m−2·s−1) of each light-treatment group was measured using a photon sensor (LI-190; LI-COR Inc., Lincoln, NE, USA). The light intensity was measured at the bottom surface of the cultivation beds. Vegetative growth was maintained at 400 ± 10 μmol·m−2·s−1 and a 20/4 h photoperiod using dimming with the light intensity control device for 28 days. During the 35-day of flowering stage, hemp plants were cultivated at 200, 400, and 600 μmol·m−2·s−1 with a 12/12 h photoperiod. The experiment was conducted three times with all three light treatments tested during each experiment, using one plant per treatment (n = 3).

[image: Line graph showing relative photon flux versus wavelength in nanometers, ranging from three hundred fifty to eight hundred. Peaks are observed around four hundred fifty and six hundred fifty nanometers.]
Figure 2 | Spectral distribution of the white LED lighting system used in the experiment. The relative photon flux is normalized to a maximum value of 1.0. Measurements were taken using a portable spectroradiometer (LI-180) in the 380–780 nm range at 1 nm intervals.




2.4 Measurement of plant growth parameters

Plant growth was measured following the flowering stage, with individual plants treated as experimental replicates for four different growth parameters (n = 3). Plant height was measured using a tape measure (KMC-220; Komelon Co., Ltd., Busan, Korea). All plant parts were harvested from each plant without differentiation by position, immediately frozen in liquid nitrogen, and stored in a deep freezer (−80°C; ULT-669; GMS Co. Ltd., Dongducheon, Korea) until analysis. After samples were dried in a freeze dryer (TFD8508, IlshinBioBase Co., Ltd., Dongducheon, Korea) at −85°C for seven days, the dry mass (stems, leaves and flowers) was measured using an ultrafine scale (CAS MWII-300H; CAS Co., Ltd., East Rutherford, NJ, USA; precision: 0.01 g). Stems and leaves were analyzed for dry mass measurement but not for cannabinoid content, as flowers contain the highest cannabinoid concentrations and represent the primary commercial product.




2.5 The cannabinoid assay and CBD yield

The cannabinoid assay was performed according to a modified protocol adapted from Hahm et al. (2025). Dried flowers (100 mg) were extracted in 2 mL methanol/hexane solvent mixture (9:1, v/v) by sonication at ambient temperature (25 °C) for 20 min, followed by centrifugation at 13,000 rpm for 5 min. The resulting extract (1 mL) was filtered through a 0.45 μm syringe filter prior to the analysis. High-performance liquid chromatography (HPLC) analysis employed an Agilent 1260 system (Agilent Technologies, Inc., Santa Clara, CA, USA) equipped with a Poroshell 120 EC-C18 analytical column (4.6 mm × 50 mm, 2.7 μm; Agilent Technologies, Inc., Santa Clara, CA, USA). Chromatographic conditions included: UV detection at 210 nm, mobile phase flow rate of 1 mL/min, and column temperature maintained at 25 °C. Compounds were separated by gradient elution with mobile phases A (0.1% formic acid in water) and B (0.1% formic acid in acetonitrile). The gradient program spanned a total runtime of 35 min: initial mobile phase B concentration at 55% for 5 min, linear increase to 85% B over 20 min (5–25 min), isocratic hold at 85% B for 5 min (25–30 min), rapid return to 55% B (30–30.1 min), and re-equilibration at 55% B for 35 min. Reference standards for CBDA (CAS No. CBD-1735) and cannabidiol (CAS No. THC-303), and THCA (CAS No. THC-741) were purchased from Lipomed (Arleisheim, Switzerland). Calibration curves were constructed using six concentration points with the following linear equations: CBDA (y = 32.251x + 19.131), CBD (y = 83.907x − 24.125), and THCA (y = 31.180x + 35.423). The calibration range extended from 50 to 1,000 µg·mL−1 for all analytes. Total CBD concentration was determined using the formula: Total CBD = CBDA (mg·g−1 DW) × 0.877 + CBD (mg·g−1 DW), incorporating the molecular weight conversion factor for CBDA decarboxylation. Additionally, CBD yield per plant was calculated by multiplying flower dry mass (g/plant) by total CBD concentration (mg·g−1 DW).




2.6 Identification of cannabinoid biosynthesis genes

Cannabinoid biosynthesis gene sequences for C. sativa were retrieved from published literature through the GenBank (https://www.ncbi.nlm.nih.gov/genbank/). Supplementary sequence information was obtained from the Cannabis GDB database (https://gdb.supercann.net/). Complete cDNA sequences for seven target genes (THCAS, CBCAS, CBDAS, GPPS, OLS, OAC, and PT) were selected from C. sativa L. genomic resources, corresponding to GenBank accession numbers CsCAN_00G0198470, CsPK_00G0121830, CsCAN_00G0257910, CsCAN_00G0073620, CsJLD_00G0306020, CsLAC_00G0215960, and CsCBD_01G0018110, respectively. Primer development was performed using the Primer Quest online tool (https://www.idtdna.com/pages/tools/primerquest) to generate gene-specific amplification primers, yielding amplicon products ranging from 90 to 100 bp in length (Supplementary Table 1).




2.7 Total RNA isolation, cDNA synthesis, and quantitative real-time polymerase chain reaction

Hemp flowers were collected for RNA extraction, followed by reverse transcription PCR (RT-PCR) and quantitative RT-PCR (qRT-PCR). Flowers were collected from 35-day flowering stage plants under three distinct light intensity conditions. Primers specific to the target genes were developed using the predicted sequences within the designated regions. Each sample contained three biological replicates, which were promptly flash-frozen in liquid nitrogen and preserved at −80°C in a deep freezer (ULT-669; GMS Co. Ltd., Dongducheon, Korea). RNA was isolated from 100 mg of tissue sample by grinding with a mortar and pestle under liquid nitrogen conditions, followed by the addition of 1 mL of TRIzol reagent (5 Prime; Gaithersburg, MD, USA). First-strand cDNA synthesis for qRT-PCR was accomplished using the ReverTra Ace-α-kit (Toyobo, Osaka, Japan) with oligo (dT) 20 primers from the extracted total RNA. Expression analysis of the seven cannabinoid biosynthesis-associated genes was conducted by quantitative real-time PCR using a Mini Opticon Real-time PCR system (Bio-Rad Laboratories, Hercules, CA, USA). The thermal cycling protocol included: initial denaturation at 95°C for 3 min; followed by 35 amplification cycles consisting of 95°C for 15 s, 54°C for 20 s, and 72°C for 15 s; with final steps of 95°C for 10 s and 65°C for 5 s. PCR reactions were performed in 20 μL volumes containing 0.4 μM primer concentrations and 1× SYBR Green Real-Time PCR master mix (Toyobo, Osaka, Japan). Relative gene expression quantification was determined through the 2−ΔΔCt calculation method.




2.8 Statistical analysis

Statistical analyses were performed using SPSS (version 29.0.2.0; SPSS Inc., Chicago, IL, USA). Individual plants were treated as experimental replicates for statistical analysis (n = 3). Data were tested for normality using the Shapiro-Wilk test and homogeneity of variance using Levene’s test. One-way analysis of variance (ANOVA) followed by Tukey’s multiple range test was performed to determine significant differences among treatment means at P < 0.01. Linear regression analysis was conducted to evaluate the dose-response relationships between the light intensity treatments and the measured parameters. Each treatment included three biological replicates with three technical replicates per biological replicate for gene expression analysis. All figures were created using GraphPad Prism (version 10.5; GraphPad Software, Boston, Massachusetts, USA).





3 Results



3.1 Growth parameters

Uniform plants were selected after 28 days of the vegetative stage and subsequently cultivated for 35 days under flowering with three different light intensity treatments (200, 400, and 600 μmol·m−2·s−1). The hemp plants exhibited distinct morphological responses to different light intensities. Plants grown under 200 μmol·m−2·s−1 showed notably wider internodal spacing, indicating a shade avoidance response (Figure 3). Plant height showed no linear relationship with light intensity (Plin = 0.058; Figure 4A). Stem dry mass (P = 0.064, Plin = 0.016) and leaf dry mass (P = 0.123, Plin = 0.045) showed no significant differences among different light intensities, but a linear increasing trend was observed (Figures 4B, C). Flower dry mass increased by 205% at 600 compared to 200 μmol·m−2·s−1 and showed a linear increase (P = 0.006, Plin = 0.012) (Figure 4D). These findings indicate continuous increase in shoot dry mass in hemp plants up to 600 μmol·m−2·s−1.

[image: Three cannabis plants are displayed against a black background, each labeled with different light intensities: 200, 400, and 600 micromoles per square meter per second, from left to right. The plants show increasing size and density with higher light intensity. A scale indicating 10 centimeters is on the right.]
Figure 3 | Morphological differences in hemp (Cannabis sativa ‘Queen Dream’) plants grown under different light intensities for 35 days during flowering stage. Plants were cultivated under different light intensities (200, 400, and 600 μmol·m−2·s−1). Scale bar = 10 cm.

[image: Four graphs show the effect of light intensities on plant growth metrics. Graph A shows plant height, which remains stable across light intensities, with P-values of 0.117 and 0.058. Graph B indicates an increase in stem dry mass with higher light intensities, with P-values of 0.064 and 0.016. Graph C shows leaf dry mass also increasing with light, with P-values of 0.123 and 0.045. Graph D presents flower dry mass significantly increasing with light intensity, showing P-values of 0.006 and 0.012. Each graph includes error bars and significance annotations.]
Figure 4 | Effects of light intensity on hemp (Cannabis sativa ‘Queen Dream’) growth parameters. (A) Plant height, (B) stem dry mass, (C) leaf dry mass, and (D) flower dry mass of hemp plants grown under three different light intensities (200, 400, and 600 μmol·m−2·s−1) for 35 days during flowering stage. Data were analyzed using one-way ANOVA followed by Tukey’s test. Plin indicates the significance of linear trend analysis across light intensity treatments. Different letters indicate significant differences between treatments (P < 0.01). Data are presented as mean ± standard error (n = 3).




3.2 Cannabinoid content and CBD yield

The quantified cannabinoids, CBDA, CBD, and THCA, showed the highest accumulation in hemp during the flowering stage under 600 μmol·m−2·s−1 light intensity, with linear accumulation confirmed across the 200–600 μmol·m−2·s−1 range (Plin < 0.001, < 0.001, and = 0.001, respectively; Figures 5A–C). Total CBD showed a significant increase of 36.88% in hemp grown under 600 μmol·m−2·s−1 compared with that under the 200 μmol·m−2·s−1 treatment (Figure 5D). CBD yield per plant increased significantly by 248% when light intensity increased from 200 to 400 μmol·m−2·s−1. When light intensity increased from 400 to 600 μmol·m−2·s−1, CBD yield showed a 20.31% increase, though this difference was not statistically significant. Linear increases in CBD yield were confirmed across the 200–600 μmol·m−2·s−1 light intensity range (Plin < 0.001; Figure 6).

[image: Four graphs display the effects of light intensity on compound concentrations. Graph A shows CBDA increasing with higher light intensity; Graph B shows CBD with a similar upward trend. Graph C displays THCA levels rising as light intensity increases. Graph D illustrates total CBD concentration with increasing light intensity. Each graph includes statistical significance (P-values < 0.01) and labeled points (a, b, c) indicating different groups.]
Figure 5 | Effects of light intensity on cannabinoid content in hemp (Cannabis sativa ‘Queen Dream’) flowers. (A) cannabidiolic-acid (CBDA) content, (B) cannabidiol (CBD) content, (C) tetrahydrocannabinolic acid (THCA) content, and (D) Total CBD content in hemp flowers grown under three different light intensities (200, 400, and 600 μmol·m−2·s−1) for 35 days during flowering stage. Data were analyzed using one-way ANOVA followed by Tukey’s test. Plin indicates the significance of linear trend analysis across light intensity treatments. Different letters indicate significant differences between treatments (P < 0.01). Data are presented as mean ± standard error (n = 3).

[image: Scatter plot showing the relationship between CBD yield (mg/plant) and light intensities (micromoles per square meter per second). CBD yield increases with light intensity, marked with points labeled 'b' at lower intensity and 'a' at higher intensities. A significant linear trend is indicated by P-values less than 0.01.]
Figure 6 | Effects of light intensity on CBD yield in hemp (Cannabis sativa ‘Queen Dream’). CBD yield per plant of hemp plants grown under three different light intensities (200, 400, and 600 μmol·m−2·s−1) for 35 days during flowering stage. Data were analyzed using one-way ANOVA followed by Tukey’s test. Plin indicates the significance of linear trend analysis across light intensity treatments. Different letters indicate significant differences between treatments (P < 0.01). Data are presented as mean ± standard error (n = 3).




3.3 Relative gene expression of cannabinoid biosynthesis enzyme

We analyzed the expression levels of GPPS, a downstream enzyme in the MEP pathway, and OLS and OAC, which are downstream enzymes in the hexanoate pathway. Additionally, we analyzed PT, the enzyme responsible for CBGA biosynthesis, and the major cannabinoid synthases THCAS, CBDAS, and CBCAS in the cannabinoid biosynthesis pathway (Figure 7A). Expression analysis revealed that GPPS showed the highest expression under 400 μmol·m−2·s−1, while OLS, OAC, PT, THCAS, CBDAS, and CBCAS exhibited higher expression levels under 600 μmol·m−2·s−1. Two distinct clusters were observed. One represented the MEP pathway and the other included the hexanoate pathway for cannabinoid biosynthesis (Figure 7B). Specifically, CBDAS expression, responsible for CBDA production, a key compound in our study, was significantly increased under 600 μmol·m−2·s−1 (Figure 8). These findings suggest that high-intensity light stimulates the hexanoate–OA–CBGA–cannabinoid biosynthesis pathway, thereby enhancing cannabinoid accumulation.

[image: Flowchart (A) depicts two biosynthetic pathways: the MEP pathway leading to DMAPP and GPP, and the hexanoate pathway leading to Hexanoyl-CoA and OA. GPP and OA converge to form CBGA via PT. Subsequently, CBGA is converted into THCA, CBDA, and CBCA by THCAS, CBDAS, and CBCAS respectively. Diagram (B) shows a heat map with a color gradient representing data for genes GPPS, THCAS, PT, CBCAS, CBDAS, OLS, and OAC across three sample points (200, 400, 600) with clustering on the side.]
Figure 7 | Cannabinoid biosynthesis pathway and gene expression analysis under different light intensities (200, 400, and 600 μmol·m−2·s−1). (A) Schematic representation of the cannabinoid biosynthesis pathway showing the MEP pathway leading to geranyl pyrophosphate (GPP) production and the hexanoate pathway leading to olivetolic acid (OA) formation. Key enzymes are highlighted in red: GPPS (geranyl pyrophosphate synthase), OLS (olivetolic acid synthase), OAC (olivetolic acid cyclase), PT (geranyl pyrophosphate-olivetolate geranyl transferase), and cannabinoid synthases (tetrahydrocannabinolic acid synthase, THCAS; cannabichromenic acid synthase, CBCAS; cannabidiolic-acid synthase, CBDAS). (B) Hierarchical clustering and heatmap analysis of relative gene expression levels under three light intensities (200, 400, and 600 μmol·m−2·s−1). The color scale represents normalized expression levels from -1 (green, low expression) to +1 (red, high expression).

[image: Bar graph showing relative gene expression levels of CBDAS under different light intensities (200, 400, 600 micromoles per square meter per second). Expression increases significantly at 600 with a value above 2. Statistical significance is indicated as P < 0.01.]
Figure 8 | Relative gene expression levels of cannabidiolic acid synthase (CBDAS) under different light intensities (200, 400, and 600 μmol·m−2·s−1). Expression levels of CBDAS in hemp plants grown under three different light intensities for 35 days during flowering stage. Data were analyzed using one-way ANOVA followed by Tukey’s test. Different letters indicate significant differences between treatments (P < 0.01). Data are presented as mean ± standard error (n = 3).





4 Discussion

Cultivar genetics and light intensity collectively determine the hemp biomass and quality parameters. High biomass production in plants requires adequate photosynthetic carbon fixation, for which light is a key factor (Mills, 2012). When the light intensity is either too low or too high, photosynthesis is inhibited, leading to reduced plant growth and flowering (Barber and Andersson, 1992). When plants absorb light, carbon dioxide and water are converted to glucose and oxygen through photosynthesis, and glucose is subsequently utilized for plant growth (Gertlowski and Petersen, 1993). These sugars serve as fundamental building blocks for the synthesis of primary and secondary metabolites in plants (Stracke et al., 2007).

In our study, stem, leaf, and flower dry mass showed linear increases as light intensity increased from 200 to 600 μmol·m−2·s−1. These results are consistent with those of previous studies, which have demonstrated that increased light intensity promotes hemp growth through enhanced photosynthetic capacity. Vanhove et al. (2011) reported that the growth parameters of high-THC cannabis increased linearly with light intensity, with yield per square meter approaching saturation at 600 μmol·m−2·s−1. Other studies on drug-type cannabis have extended these findings to higher light intensities. Rodriguez-Morrison et al. (2021) demonstrated linear yield increases across 120–1,800 μmol·m−2·s−1, achieving 450% flower yield (g·m−2) increases with no light saturation observed, while Llewellyn et al. (2022) found 60% flower dry mass (g/plant) increases when light intensity increased from 600 to 1,000 μmol·m−2·s−1 in the high-THC cultivar ‘Meridian’. Additionally, Sae-Tang et al. (2024) demonstrated that medicinal cannabis can efficiently utilize even higher intensities up to 1000 μmol·m−2·s−1 without saturation. The observed wider internodal spacing under 200 μmol·m−2·s−1 treatment represents a typical shade avoidance response, where plants elongate internodes under low light conditions to optimize light capture (Ghorbanzadeh et al., 2021; Xu et al., 2021).

Higher light intensities simultaneously increased biomass accumulation and cannabinoid production. Our results demonstrate that CBDA, CBD, and THCA exhibited linear accumulation across the 200–600 μmol·m−2·s−1 range, with the highest accumulation occurring at 600 μmol·m−2·s−1. The 36.88% increase in total CBD content at 600 μmol·m−2·s−1 compared to 200 μmol·m−2·s−1 demonstrates the positive relationship between light intensity and phytochemical production. This aligns with previous studies on various cannabis types, which show that substantial cannabinoid yields increase at higher light intensities (Rodriguez-Morrison et al., 2021; Llewellyn et al., 2022; Sae-Tang et al., 2024). More importantly, CBD yield per plant showed linear increases across the entire 200–600 μmol·m−2·s−1 light intensity range (Plin < 0.001). Given that previous studies have demonstrated continued linear increases at much higher intensities (up to 1,800 μmol·m−2·s−1), further investigation beyond 600 μmol·m−2·s−1 is warranted to determine the upper limits of light intensity optimization for CBD production in hemp cultivation. This combined effect of enhanced cannabinoid concentration and increased flower biomass production indicates that light intensity optimization effectively maximizes the harvestable CBD production per plant, providing significant implications for commercial hemp cultivation in controlled-environment systems.

Plant phytochemicals are closely linked to the primary photosynthetic pathways. The content of cannabinoids, a carbon-based phytochemical, is highly dependent on robust plant growth and photosynthetic efficiency. Glucose produced through photosynthesis enters the glycolytic pathway, generating precursors for phytochemical synthesis (Aharoni and Galili, 2011). This process leads to the formation of acetyl-CoA, which plays a key role in OA biosynthesis via the hexanoate pathway (Flores-Sanchez and Verpoorte, 2008). Recent molecular studies have provided quantitative evidence of these biochemical connections. The critical role of hexanoyl-CoA availability has been demonstrated through quantification studies showing levels of 15.5 pmol·g−1 fresh weight in hemp flowers, with accumulation patterns directly paralleling CBDA production (Stout et al., 2012). Metabolic engineering has identified specific bottlenecks in OA biosynthesis, achieving an 83-fold increase in production by targeting acetyl-CoA carboxylase, pyruvate dehydrogenase bypass systems, and NADPH-generating malic enzymes (Luo et al., 2022). Although metabolomic research has shown enhanced secondary metabolite production at moderate light intensities for certain compounds, our study demonstrated that cannabinoid-specific optimization requires higher intensities.

Our gene expression analysis revealed an increased expression of cannabinoid biosynthesis genes under high light intensity, providing molecular evidence for enhanced cannabinoid production. The expression patterns revealed two distinct clusters: the MEP pathway (GPPS) and the hexanoate–cannabinoid biosynthesis pathway, which included OLS, OAC, PT, THCAS, CBDAS, and CBCAS. While GPPS showed the highest expression at 400 μmol·m−2·s−1, reflecting optimal primary energy production from light, genes involved in cannabinoid biosynthesis were maximally expressed at 600 μmol·m−2·s−1. In particular, CBDAS, the primary gene responsible for CBDA synthesis, showed significant upregulation under 600 μmol·m−2·s−1, directly correlating with the observed increase in CBDA and total CBD content. This coordinated upregulation of the hexanoate–OA–CBGA–cannabinoid biosynthesis pathway under high light intensity explains the enhanced accumulation of cannabinoids and demonstrates that light intensity is a key factor in hemp phytochemical optimization. These findings align with recent reports in molecular studies that UV radiation can upregulate both CBDAS and THCAS expression by 4-fold, while enhancing OAC and OLS expression in cannabis cell cultures (Mansouri et al., 2024). Furthermore, comprehensive RNA-seq analysis has revealed that early enzymatic steps, particularly CBGA production, appear to be more rate-limiting than terminal synthase activities, such as THCAS, providing new insights into cannabinoid biosynthesis bottlenecks (Apicella et al., 2022). However, the preferential CBDA accumulation despite concurrent CBDAS and THCAS upregulation under high light intensity can be attributed to cultivar-specific genotypic and enzymatic characteristics. Hemp cultivar ‘Queen Dream’ can possess functional CBDAS alleles while harboring hypoactive THCAS variants (Singh et al., 2021), which determines the CBD-dominant chemotype regardless of transcript expression levels (Grassa et al., 2021; Ren et al., 2021). The enhanced CBGA precursor availability under 600 μmol·m−2·s−1 is preferentially directed toward CBDA synthesis through superior CBDAS enzymatic efficiency in such cultivars, demonstrating that cannabinoid profile determination involves both transcriptional and post-transcriptional regulatory mechanisms.

The molecular mechanisms underlying light-regulated cannabinoid production involve complex spectral-dependent responses. Recent spectral studies have demonstrated that LED treatments rich in blue and UV-A wavelengths can produce 26–38% higher THC content than traditional HPS lighting at equivalent intensities (Islam et al., 2021). These spectrum-dependent responses suggest that optimizing both light intensity and spectral quality could further enhance cannabinoid production beyond the intensity optimization demonstrated in our study. Future research should also consider spectral optimization, as dual red peak spectra (640 + 660 nm) have shown superior performance compared with single-peak configurations (Holweg et al., 2024).

This study focused on the ‘Queen Dream’ cultivar. Future research should validate these light intensity management findings across diverse hemp genotypes and chemotypes. In addition, investigating the interactions between light intensity and spectral quality could refine cultivation protocols to maximize cannabinoid production in controlled environmental systems.




5 Conclusion

This study demonstrated that hemp ‘Queen Dream’ showed significant increases in shoot biomass accumulation with increasing light intensity from 200 to 600 μmol·m−2·s−1. Cannabinoid analysis revealed that CBDA, CBD, and THCA levels increased linearly across this light intensity range, with total CBD showing a 36.88% increase at 600 μmol·m−2·s−1 compared with that at 200 μmol·m−2·s−1. CBD yield also increased linearly across the 200-600 μmol·m−2·s−1 range. Gene expression analysis provided molecular evidence for enhanced cannabinoid production, showing coordinated upregulation of the hexanoate–OA–CBGA–cannabinoid biosynthesis pathway under high light intensity, particularly CBDAS expression. These findings demonstrate that optimizing light intensity to 600 μmol·m−2·s−1 effectively enhances both biomass and cannabinoid accumulation during the flowering stage within the tested range. This study provides valuable insights for establishing controlled-environment agriculture systems to optimize hemp phytochemical production through precise light management. For commercial hemp production targeting high CBD content, maintaining light intensity at 600 μmol·m−2·s−1 during the 35-day flowering stage showed optimal results within the conditions tested.
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