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Light spectrum plays a crucial role in regulating the growth of hemp (Cannabis sativa L.) plants and the 
biosynthesis of secondary metabolites. Several studies have demonstrated that additional red-light 
exposure increases biomass accumulation, while supplementary UV-A light stimulates cannabinoid 
synthesis. Nevertheless, the potential of stage-specific supplementation of red and UV-A light remains 
underexplored in its capacity to optimize cannabinoid yield in indoor hemp cultivation. In the present 
study, the effect of red light in combination with UV-A light on hemp biomass and cannabinoid 
accumulation was investigated using a high-CBD strain. There were four treatments: (1) white light 
throughout the growth period (control; VWRW); (2) red light supplementation during the vegetative 
stage (VWRRW); (3) UV-A supplementation (VWRWUV) during the flowering stage; and (4) combined red 
and UV-A supplementation (VWRRWUV) during the vegetative and flowering stages. Results showed 
that VWRRW promoted the number of effective branches (increased by 18.0%) compared to the control 
(VWRW), resulting in an increase in inflorescence yield by 17.9%. VWRWUV increased CBG and CBD 
content by 52.7% and 12.1%, respectively, relative to the control. The effect of VWRRWUV on biomass 
and cannabinoid accumulation was the strongest among the treatments, with CBG and CBD yields 
reaching 0.53 g and 4.62 g per plant, representing significant increase of 91.8% (p < 0.01) and 44.1% 
(p < 0.01), respectively, compared to the control. However, there were no significant differences 
in CBD yield among the VWRRW, VWRWUV and VWRRWUV treatments, indicating that the combined 
supplementation of red and UV-A light did not have an additive effect on CBD accumulation. These 
findings highlight the potential of stage-specific spectral strategy to optimize both plant growth and 
phytochemical quantity.
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Industrial hemp (Cannabis sativa L.) is a member of the Cannabaceae family. It has been cultivated for thousands 
of years for its fiber and grain, but has recently gained attention for the pharmacological value of its diverse 
terpenes and cannabinoids1,2. Unlike marijuana, industrial hemp is legally classified as containing less than 0.3% 
tetrahydrocannabinol (THC), the primary psychoactive compound of cannabis. This low THC content makes 
hemp non-intoxicating while providing a rich source for bioactive cannabinoids such as cannabidiol (CBD) 
and cannabigerol (CBG), which exhibit therapeutic potential in neurological, inflammatory, and metabolic 
conditions, highlighting their significance in medical research and clinical applications3.

When it comes to hemp cultivation for cannabinoid production, controlled environments such as greenhouses 
and growth tents are often preferred. These environments offer numerous advantages over open-field cultivation, 
including the ability for year-round production, reduced pest issues, and the potential for higher-quality 
products4. Light plays a crucial role in hemp production in a controlled environment, as it directly influences 
photosynthesis, morphology, and secondary metabolite biosynthesis5,6. Several types of artificial lighting systems 
are commonly used in indoor cultivation, including incandescent lamps, high-pressure sodium (HPS) lights, 
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metal halide (MH) lights, and light-emitting diodes (LEDs)4,7. Among these, LED technology is getting more 
and more popular because it offers significant advantages such as high energy efficiency, long lifespan, and low 
heat emission, making it a preferred choice for precision-controlled cultivation systems8, most importantly, by 
utilizing LED lighting systems, growers can precisely control light quality by adjusting the spectral composition9.

Broad-spectrum (white) light sources offered a more balanced spectral composition10. However, within 
the visible spectrum (380–720 nm), the wavelengths most efficiently utilized by plants for photosynthesis were 
found in the blue (400–500 nm) and red (600–700 nm) regions10. Red light has an effect on the morphological 
structure, photosynthetic efficiency, flowering time, and metabolite accumulation of plants11,12. A number of 
studies have shown that increasing red light during the early stages enhances photosynthetic efficiency and 
promotes secondary metabolite accumulation in various crops, including hemp6,13. For example, Wei6 found 
that increasing the red-to-blue light ratio (R:B ratio) from 9.3:1.0 to 16.8:1.0 significantly enhanced both biomass 
and CBD content in hemp inflorescences.

Beyond the red-to-blue light ratio, the role of near-ultraviolet light (UV-A, 350–400 nm) has also gained 
increasing attention in studies on the effects of light on plants. UV-A is a type of long-wave ultraviolet light that 
regulates plant growth using the same photoreceptors as blue light, such as cryptochrome and phototropins14,15. 
Research has shown that UV-A enhances the photoprotection of plant leaves by stimulating secondary metabolism, 
which in turn promotes the production of secondary metabolites. These metabolites play an important role in 
protecting plants from light damage, specifically in two aspects: first, they enhance the plant’s ability to block and 
filter out high-intensity light; second, they can also eliminate toxic photoproducts, such as peroxides and singlet 
oxygen, thereby reducing the possibility of photoinhibition16,17. Positive results of supplemental UV-A on the 
secondary metabolism of the hemp plant have also been reported. For example, Jenkins and Livesay18, reported 
that supplemental UV-A (390  nm) increased THC concentrations in two out of three tested genotypes but 
simultaneously decreased terpene concentrations across all varieties. Magagnini19, found that UV-A combined 
with blue radiation resulted in an increase in cannabinoid levels in female inflorescences.

Current available studies indicate that applying red light during the vegetative stage is advantageous, as it 
improves plant architecture and photosynthetic efficiency. In contrast, UV-A application is more beneficial 
during the reproductive stage, since cannabinoids are predominantly synthesized in this period. However, 
whether stage-specific application of spectra, i.e. increased red-light exposure during the vegetative stage in 
combination with supplemental UV-A irradiation during the reproductive stage, can enhance cannabinoid 
production in hemp remains insufficiently explored. By investigating this integrated lighting strategy, there is a 
potential to improve the efficiency of indoor hemp cultivation.

Materials and methods
Plant materials
A pot experiment was conducted in the experimental greenhouse at Yunnan University, Yunnan Province, China 
(24.82°N, 102.85°E) with a hemp strain, coded as “BG29”. BG 29 is an industrial hemp germplasm preserved 
clonally by our research group. It was developed from a variant selected from a hemp field in Kunming, Yunnan. 
Although not yet officially registered, this strain is a promising candidate for greenhouse cultivation in Yunnan, 
with its inflorescence containing up to 10% CBD and 1% CBG, while keeping THC below the 0.3% legal 
threshold. To ensure genetic uniformity, uniform cuttings were propagated from a single female plant. Rooted 
cuttings were transplanted into round plastic pots (top diameter: 265 mm; bottom diameter: 157 mm; height: 
170 mm) filled with a humus-based substrate (Pindstrup Mosebrug A/S, Denmark) for seedling establishment 
in a climate-controlled growth chamber. One seedling per pot. During seedling establishment, the plants were 
lighted by white-spectrum LED grow lights for 18 h per day. The LED lights (STG-1000W-D, SLTMAKS/SLT 
Lighting Technology Co., LTD, China; available via Alibaba.com) used in this study has its spectral details 
specified in Table 1 and Fig. 1. Each pot was irrigated daily with 500 ml of tap water, and fertilized weekly with 
3 g of water-soluble fertilizer (N:P₂O₅:K₂O = 18:18:18).

Light treatments
Following seedling establishment, when the seedlings reached approximately 15 cm in height, the seedlings were 
transferred into two growth tents (1.5 m × 1.5 m × 2.0 m) for light treatment application. The tents were covered 
by blackout material and equipped with an independent LED light and ventilation unit. The LED light in Tent I 
(STG-1000W-D, SLTMAKS/SLT Lighting Technology Co., LTD, China) emitted white light with a R:B ratio of 
1.9:1.0 (Table 1, Fig. 1). The LED light in Tent II (STG-800W-F-F3, SLTMAKS/SLT Lighting Technology Co., 
LTD, China) emitted white light as in Tent I, with the addition of red light peaking at 660 nm, and ultraviolet 
light peaking at 395 nm.

Parameters Tent I Tent II

Power (W) 1000 800

Size (m2) 1.2 × 1.0 1.0 × 1.0

Spectral range (nm) 400 ~ 760 340 ~ 760

Maximum intensity (µmol m−2 s−1) 1400 1000

Adjustable light White White, Red, UV-A

Table 1.  Key parameters for LED light sources.
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There were six seedlings allocated to each tent. The seedlings in Tent I were lit by white LED grow lights 
(R:B ratio was 1.9:1.0) for 18 h per day for vegetative growth, while in Tent II the seedlings were lit by white 
LED grow lights with red supplement (R:B ratio was 2.9:1.0). The vegetative growth phase lasted for 35 days. 
Subsequently, three plants were randomly selected from Tent I and transferred to Tent II, while three plants were 
likewise randomly selected from Tent II and moved to Tent I. After exchanging plants between Tent I and Tent 
II, the lighting period in both tents was changed to 12 h per day to induce flower development. The light in Tent 
I was maintained the same as the vegetative growth phase (white LED lights with R:B ratio of 1.9:1.0), while the 
supplementary red light in Tent II was replaced by ultraviolet light (UV-A), resulting R:B:UV-A of 1.4:1:0.3. 
Consequently, there were four treatments with three biological replicates per treatment (Table  2), (1) white 
light throughout the experimental period (control, VWRW); (2) red light supplementation during vegetative 
growth period (VWRRW); (3) UV-A light supplementation during flowering period (VWRWUV); (4) red light 
supplementation during vegetative growth period and UV-A light supplementation during flowering period 
(VWRRWUV).

Throughout the experimental period, the height of the LED fixtures was adjusted weekly to maintain a 
constant distance of 50 cm from the plant canopy. Photosynthetic photon flux density (PPFD) at canopy height 
was kept the same for both tents, at 450 μmol·m⁻2·s⁻1. Ambient air (approximately 45–60% RH and 400 ppm 
CO₂) was ventilated into each growth tent to prevent overheating, and temperature was periodically measured 
and remained below 32 °C. To minimize the bias caused by pot position, the pots within each tent were rotated 
weekly.

Data collection
Plants were harvested when approximately 70% of the pistils had turned reddish-brown, which occurred on the 
42nd day after transitioning to a 12 h photoperiod. At harvest, plant height (measured from the soil surface to 
the inflorescence tip), stem diameter (measured 2 cm above the stem base), and the number of effective branches 
(defined as branches on the main stem exceeding 10 cm in length) were recorded. Afterward, the plants were 
cut at the soil surface and divided into stems, fan leaves, and inflorescences to assess the dry weight after being 
dried in an oven at 80 °C for 72 h. Subsamples of the dried inflorescences from each plant were collected for the 
analysis of CBD, CBG, and THC content.

The contents of CBD, CBG, and THC in inflorescence were determined using high-performance liquid 
chromatography method (HPLC) with UV detection, based on the Chinese agricultural standard NY/T 3252.1-

Treatment

Vegetative growth 
stage Flowering stage

Light type R:B:UV-A Light type R:B:UV-A

VWRW white 1.9:1:0 white 1.9:1:0

VWRRW white + red 2.9:1:0 white 1.9:1:0

VWRWUV white 1.9:1:0 white + UV-A 1.4:1:0.3

VWRRWUV white + red 2.9:1:0 white + UV-A 1.4:1:0.3

Table 2.  Light treatments applied during vegetative growth and flowering development phases. Spectral 
segmentation for Red (R), Blue (B) and UV-A were 600–700 nm, 400–499 nm and 314–399 nm, respectively.

 

Fig. 1.  Spectral distribution of different light treatments.
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2018 (Industrial Hemp Seed—Part 1: Definition of Industrial Hemp Variety; Ministry of Agriculture and Rural 
Affairs of the PRC20). Briefly, dried inflorescence samples were decarboxylated by oven-heating at 135 °C for 
40 min. Approximately 0.2 g of ground sample was then extracted in 10 mL of methanol using an ultrasonic 
bath for 30 min at room temperature, with the extraction process repeated three times. The resulting mixture 
was allowed to stand for at least 90 min. Subsequently, 1.5 ml of the supernatant was filtered through a 0.45 μm 
organic microporous syringe filter (Biosharp BS-PES- 45, Labgic Technology Co., Ltd., Beijing, China) into 
HPLC vials for analysis. The HPLC analysis was conducted using an Ultimate 3000 system (Thermo Fisher 
Scientific, USA). A Syncronis C18 column (250 × 4.6  mm, 5  μm particle size, Thermo Fisher Scientific Inc. 
Bellefonte, USA) was used for chromatographic separation. The mobile phase consisted of acetonitrile and water 
(85:15, v/v) at a flow rate of 1 mL/min and the column temperature was 30 °C. The injection volume was 10 μl, 
and detection was performed at a wavelength of 220 nm.

Statistical analysis
Data analysis was conducted using SPSS v.27.0 (SPSS Inc., Chicago, IL). A general linear model was used to test 
the effect of light treatment on plant growth parameters and the content of cannabinoids. Significant differences 
between treatments were compared by using Fisher’s least significant difference test (LSD), where probabilities 
equal to or less than 0.05 were considered significant.

Results
Effects of light spectrum on plant morphology and biomass
Supplementation with red and UV-A light did not affect flower development rate, as plants under all treatments 
presented a similar degree of inflorescence maturity at harvest. The treatments had only a slight effect on plant 
architecture (Fig. 2). Overall, light treatments did not result in statistically significant differences in plant height 
or stem diameter, although plants grown under the red and UV-A light supplementation showed higher values 
than those in the control treatment (Table  3.). However, red and UV-A light supplementation significantly 
affected the number of effective branches (p < 0.05). Plants under the control treatment (VWRW) had an effective 
branch number of 15 plants⁻1, while those under the red-light supplementation in the vegetative stage (VWRRW) 
and UV-A supplementation in the flowering stage (VWRUV) exhibited effective branch numbers of 17.7 plants⁻1 
(an increase of 18.0%) and 16.7 plants⁻1 (an increase of 11.3%), respectively (Table 3). Supplementation of both 
red light in the vegetative stage and UV-A at the flowering stage (VWRRWUV) resulted in an increase in the 
number of effective branches by 15.3% higher than control (VWRW).

A trend toward increased stem dry weight, leaf dry weight was observed under treatments supplemented 
with either red or UV-A radiation (Table 4), however, the effects were nonsignificant. A significant difference 
was detected in inflorescence dry weight among treatments (p < 0.05). Under the control condition (VWRW), 
plants had an average leaf dry weight and inflorescence dry weight of 23.6 g and 33.5 g per plant, respectively. 
Compared to VWRW, the VWRRW treatment significantly increased inflorescence dry weight by 17.9% (p < 0.05), 
while the VWRWUV treatment showed an increase of 14.9% with statistically not significant. The highest increases 
in inflorescence dry weight were observed under the VWRRWUV treatment, with an increase of 25.1% compared 
to VWRW (p < 0.05). Interestingly, the difference of inflorescence dry weight was statistically nonsignificant 
among VWRRW, VWRWUV and VWRRWUV.

Fig. 2.  Plant morphology grown under different light treatments. (A) white light in both vegetative and 
flowering stages (VWRW); (B) white light supplemented with red light in the vegetative stage and white light 
in the flowering stage (VWRRW); (C) white light in vegetative stage and supplemented with UV-A radiation in 
flowering stage (VWRWUV); (D) white light with red radiation supplemented in the vegetative stage and UV-A 
radiation in the flowering stage (VWRRWUV).

 

Scientific Reports |        (2025) 15:44735 4| https://doi.org/10.1038/s41598-025-28292-z

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Effects of light treatments on cannabinoid content and yield
Light treatments did not induce significant changes in THC content in the inflorescences, with all treatments 
maintaining THC levels below the legal threshold of 0.3% (Fig. 3A).

Under the control treatment (VWRW), the average contents of CBG and CBD in the inflorescences were 
0.83% and 9.58%, respectively (Figs. 3B–C and 4). The VWRRW treatment significantly (p < 0.05) affected the 
CBG content, with 30.62% increase compared to the control, while its effect on CBD content was moderate and 
not statistically significant (Fig. 3B, C). VWRWUV treatment significantly influenced both CBG (p < 0.01) and 
CBD (p < 0.05) contents in the inflorescences, resulting in increases of 52.7% and 12.1%, respectively, compared 
to the control. The effects of VWRRWUV on CBG and CBD content were the strongest among the treatments, with 
CBG content increasing by 53.0% (p < 0.01) and CBD content by 14.9% (p < 0.01) compared to the control. The 
differences of CBG and CBD content was statistically nonsignificant among VWRRW, VWRWUV and VWRRWUV.

Among the treatments, the lowest CBG and CBD yields were recorded in plants grown under the control 
condition (VWRW), with average values of 0.28 g and 3.20 g per plant, respectively (Fig. 4A, B). The VWRRW 
and VWRWUV treatments resulted in notable yield improvements, with CBG yield increased by 54.9% (p < 0.05) 
and 76.0% (p < 0.001), and CBD yield increased by 27.2% (p < 0.05) and 29.0% (p < 0.05), respectively, relative 
to the control. The highest yields were observed under the VWRRWUV treatment, where CBG yield and CBD 
yield reached 0.53  g and 4.62  g per plant, representing significant increases of 91.8% (p < 0.001) and 44.1% 
(p < 0.01), respectively, compared to the control. The differences of CBD yield were statistically nonsignificant 
among VWRRW, VWRWUV and VWRRWUV.

Discussion
The results of the present study demonstrated that, compared with the white light treatment (VWRW), enhanced 
red light exposure during the vegetative growth period (VWRRW) significantly improved inflorescence dry weight, 
particularly by increasing the number of branches (an increase of 18.0%; p < 0.05) (Tables 3 and 4). Research 
conducted by Magagnini19, supports as well the result that red light enhances biomass accumulation in hemp 
through increased branching. These effects may be attributed to the increased R:FR ratio resulting from the 
elevated red-light intensity, as a high R: FR ratio could promote bud outgrowth by activating hormonal signaling 
pathways and metabolic processes21. Therefore, optimizing red light exposure during vegetative growth could 
be leveraged to increase hemp inflorescence yield in controlled-environment cultivation, thereby improving 
production efficiency and economic returns.

Supplementation of UV-A light during flowering period (VWRWUV) had no negative effect on plant biomass 
whereas it resulted in significant increase in CBG and CBD contents in inflorescences (Fig.  3), leading to a 
significant enhancement in cannabinoid yield (Fig. 4). The positive effect of ultraviolet light on the production 

Treatments

Dry weight (g∙plant-1)

Stem Leaf Inflorescence Above ground biomass

VWRW 23.1 ± 0.6 23.6 ± 0.6 33.5 ± 0.7 b 80.1 ± 1.5

VWRRW 28.0 ± 3.0 27.4 ± 1.4 39.5 ± 2.8 a 94.9 ± 7.9

VWRWUV 26.4 ± 0.6 27.6 ± 1.5 38.5 ± 0.1 ab 92.5 ± 1.5

VWRRWUV 28.3 ± 1.7 29.0 ± 1.6 41.9 ± 1.5 a 99.2 ± 3.8

p-value 0.219 0.089 0.034 0.078

Table 4.  Effect of light treatments on the dry weight of stem, leaf, inflorescence, and above ground biomass of 
hemp plant. Treatments VWRW, VWRRW, VWRUV, and VWRRWUV were the same as in Table 3. Values are means 
of three replicates followed by ± SE. Means in the same column across treatments with different letters differ 
significantly according to Fisher’s LSD test at the 0.05 level.

 

Treatments Plant height(cm) Stem diameter(mm) Number of effective branches

VWRW 93.6 ± 2.6 13.2 ± 0.7 15.0 ± 0.6 b

VWRRW 96.8 ± 8.3 13.8 ± 0.5 17.7 ± 0.7 a

VWRWUV 97.2 ± 4.3 13.6 ± 0.5 16.7 ± 0.3 a

VWRRWUV 105.1 ± 5.0 14.1 ± 0.4 17.3 ± 0.3 a

p-value 0.521 0.729 0.023

Table 3.  Effect of light treatments on plant height, stem diameter, and number of effective branches of 
hemp. VWRW (control): white light was used in both vegetative and flowering stages; VWRRW: white light 
with supplementation of red light in vegetative stage and white light in flowering stage; VWRWUV: white 
light in vegetative stage and supplemented with UV-A radiation in flowering stage; VWRRWUV: white light 
supplemented with red radiation in vegetative stage and UV-A radiation in flowering stage. Values are means 
of three replicates followed by ± SE. Means in the same column across treatments with different letters differ 
significantly according to Fisher’s LSD test at the 0.05 level.
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of secondary metabolites has been reported in various plants, such as Crepis japonica, Mentha aquatica, grapes, 
basil, and stevia22–26. The underlying mechanism of UV-A light on cannabinoids remains poorly understood. 
Llewellyn27 demonstrated that a combination of UV-A and UV-B exposure increases the density of trichome 
glands in hemp leaves. Additionally, UV light could trigger a complex series of biochemical reactions that 
activate and boost the cannabinoid synthesis pathway28. For example, it has been reported that UV-A has 
a positive impact on the synthesis of olivetolic acid, a key intermediate in cannabinoid biosynthesis, which 
ultimately increases the production of various cannabinoids25,29. Taken together, these findings suggest that 
targeted UV-A supplementation during flowering may represent a practical strategy to enhance cannabinoid 
yield in controlled-environment hemp cultivation without compromising biomass production.

Results in the present study demonstrated that plant growth was enhanced by red light supplementation 
during the vegetative stage (VWRRW, Tables 3 and 4), while cannabinoid accumulation, particularly CBG and 
CBD, was increased by UV-A application during the flowering stage, VWRWUV, (Fig. 3). Consequently, the highest 
total cannabinoid yield was achieved with the combined supplementation of red and UV-A light at different 
growth stages, VWRRWUV, (Fig. 4). However, it is noticeable that the differences of CBD content and yield were 
statistically nonsignificant among VWRRW, VWRWUV and VWRRWUV, indicating non-additive effect of red and 
UV-A light on CBD accumulation when applied at different growth stages. These effects may be attributed to the 
relatively uniform light intensity and nutrient supply across all treatments. This similarity resulted in comparable 
photosynthetic capacity among them, which, in turn, constrained the potential benefits of the red and UV-A 
light treatments—benefits that otherwise promoted a more branched architecture and redirected assimilates 
toward the inflorescence. Therefore, to effectively optimize red and UV-A light for increasing hemp inflorescence 
yield in controlled environments, it is essential to synergistically increase light intensity and nutrient supply. 
Nevertheless, results observed in the present study reveal the complexity of the effects of red and UV-A light on 
hemp growth and cannabinoid accumulation. Further study is needed to understand the mechanism underlying 
the effects of red and UV-A exposures at different growth stages.

Conclusion
This study highlights the importance of targeted light spectrum management in indoor hemp cultivation. Red 
light supplementation during the vegetative stage effectively promoted branching and biomass weight, while 

Fig. 3.  Effect of light treatments on (A) THC, (B) CBG, and (C) CBD content in hemp inflorescence. VWRW: 
white light was used in both vegetative and flowering stages; VWRRW: white light with supplementation of 
red light in vegetative stage and white light in flowering stage; VWRWUV: white light in vegetative stage and 
supplemented with UV-A radiation in flowering stage; VWRRWUV: white light supplemented with red radiation 
in vegetative stage and UV-A radiation in flowering stage. Error bars show ± SE (n = 3). Different letters indicate 
significant differences between light treatments based on Fisher’s LSD test at the 0.05 level.
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UV-A radiation applied during the flowering stage significantly enhanced the accumulation of key cannabinoids, 
particularly CBG and CBD. The combination of red and UV-A supplementation resulted in the highest total 
cannabinoid yield. The effects of red light and UV-A exposure on CBD accumulation were non-additive when 
applied at different growth stage. Future research should focus on optimizing light intensity and timing for the 
most effective cannabinoid production and plant growth outcomes.

Data availability
The raw data supporting the conclusions of this article will be made available by K.Tang on request.
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