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Abstract

Cannabis sativa L. is a versatile plant with significant medicinal, industrial, and recreational
applications. Its therapeutic potential is attributed to cannabinoids like THC and CBD,
whose production is influenced by environmental factors, such as radiation, temperature,
and humidity. Radiation, for instance, is essential for photosynthetic processes, acting as
both a primary energy source and a regulator of plant growth and development. This review
covers key factors affecting C. sativa cultivation, including photoperiod, light spectrum,
cultivation methods, environmental controls, and plant growth regulators. It highlights
how these elements influence flowering, biomass, and cannabinoid production across
different growing systems, offering insights for optimizing both medicinal and industrial
cannabis cultivation. Studies indicate that photoperiod sensitivity varies among cultivars,
with some achieving optimal flowering and cannabinoid production under extended light
periods rather than the traditional 12/12 h cycle. Light spectrum adjustments, especially red,
far-red, and blue wavelengths, significantly impact photosynthesis, plant morphology, and
secondary metabolite accumulation. Advances in LED technology allow precise spectral
control, enhancing energy efficiency and cannabinoid profiles compared to conventional
lighting. The photoperiod plays a vital role in the cultivation of C. sativa spp., directly
impacting the plant’s developmental cycle, biomass production, and the concentration of
cannabinoids and terpenes. The response to photoperiod varies among different cannabis
cultivars, as demonstrated in studies comparing cultivars of diverse genetic origins. On the
other hand, indoor or in vitro cultivation may serve as an excellent alternative for plant
breeding programs in C. sativa, given the substantial inter-cultivar variability that hinders
the fixation of desirable traits.

Keywords: canabinoide synthesis; cannabis flowering; indoor cultivation; light spectrum;
plant development; plant hormones; plant physiology; photoperiod effects
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1. Introduction

Plants of the genus Cannabis are annual herbaceous plants that belong to the family
Cannabaceae [1]. Cannabis (C.) sativa Linnaeus (L.) was first classified in 1753 by Linnaeus
in Species Plantarum [2]. Later, two other species were also described, Cannabis indica Lam.
and Cannabis ruderalis Janisch [2,3]. However, many authors recognize only C. sativa as a
species and the others as subspecies [4]. Subspecies groups include C. sativa subsp. sativa,
C. sativa subsp. indica, C. sativa subsp. ruderalis, C. sativa subsp. Spontanea, and C. sativa
subsp. Kafiristanca [5,6].

There are both dioecious and monoecious varieties, and morphologically, the plant
exhibits a straight stem that can reach up to 4 m in height, is slightly lignified, and bears
palmate leaves and small flowers grouped into dense inflorescences [7]. Cultivation of
this species has been documented for over 6000 years in East Asia [8]. It is a crop with a
remarkably high growth rate, capable of producing up to 250% more fiber than cotton on
the same land area. Additional advantages include its minimal requirement for herbicides,
its role in enriching soil nutrients, and its potential to improve air quality [9]. From
a nutritional standpoint, the crop does require an adequate concentration of nitrogen,
potassium, and phosphorus. At low concentrations of these elements, the plants tend to
develop inflorescences with a high cannabinoid content [10-12]. However, when nitrogen
levels are high, the concentration of these compounds declines [10].

Furthermore, the plant is able to synthesize secondary metabolites with therapeutic
potential, which are classified into two main groups: cannabinoids and non-cannabinoids.
Cannabinoids are characterized by a 21-carbon terpenophenolic structure [13]. This group
includes compounds such as tetrahydrocannabinol (THC) and cannabidiol (CBD) [14]. The
non-cannabinoid group consists of phenolic compounds such as flavonoids, as well as
terpenes and alkaloids. These compounds are responsible for the plant’s color, aroma,
and defense mechanisms and are of interest due to their potential use as flavoring agents,
anti-inflammatory, antipyretic, or anticancer compounds [15,16].

This review aims to contextualize current cannabis cultivation, exploring its present-
day applications, the most suitable cultivation types depending on the intended final
product, and how it is strongly influenced by factors such as radiation, light spectrum,
photoperiod, and the use of phytohormones. Gaining a deeper understanding of these
parameters may be crucial for developing advanced plant improvement strategies and
obtaining uniform, high-yielding, and more productive cultivars.

2. Biology and Applications of C. sativa

Cannabis is one of the earliest domesticated species, recognized for its wide range
of applications in medicine, cosmetics, and recreation. However, its recreational use
has sparked considerable debate, as it remains prohibited in many countries. One of
the earliest records of its medicinal application dates back to 2700 BCE, when Emperor
Shen-Nung documented cannabis in the first Chinese pharmacopoeia as a treatment for
malaria, rheumatic pain, and menstrual disorders [17]. Since then, cannabis-derived
products have been used to manage a wide range of medical conditions such as chronic
pain, muscle spasms, chemotherapy-induced nausea, appetite loss in HIV patients, sleep
disorders, Tourette’s syndrome, anorexia, arthritis, glaucoma, and inflammatory bowel
disease [18-24]. Medicinal cannabis products are primarily derived from the plant’s dried
flowers, extracts, or oils, which contain a wide array of active compounds. The cannabis
plant can synthesize over 500 s metabolites, including more than 180 known cannabinoids
out of the 1600+ chemical compounds identified in C. sativa spp. [25-27]. These therapeutic
effects are primarily due to cannabinoids, a class of compounds found in cannabis, and may
be enhanced by other bioactive components, particularly terpenes, which are suggested to
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have positive effects in oncology patients [25,26]. The legalization of cannabis for medicinal
use in various nations has led to increased global production in recent decades [25].

Cannabinoids are known to interact with the endocannabinoid system (ECS) in the
gastrointestinal tract, indicating potential anticarcinogenic effects in colorectal cancer (CRC)
through anti-proliferative, anti-inflammatory, and apoptotic mechanisms. Although more
research is needed to understand the effects of C. sativa on CRC [18-24]. Among cannabi-
noids, THC was the first psychoactive compound isolated in 1942, followed by the isolation
of cannabidiolic acid (CBDA) in pure form by Krej¢i and Santavy in 1955 [28], and these
compounds are the most relevant and abundant [26,27]. The three subspecies—C. sativa
subsp. sativa, C. sativa subsp. indica, and C. sativa subsp. ruderalis—are known to produce
the highest concentrations of psychotropic secondary metabolites, mainly subsp. sativa.

In 2020, global legal sales of high-THC cannabis reached USD 23.7 billion, largely
driven by markets in the USA and Canada. Sales are expected to surpass USD 60 billion
by 2027, bolstered by ongoing legalization and market expansion across Europe, Latin
America, and parts of Asia [29,30]. For all this, it is necessary to optimize production
systems for developing products with specific cannabinoid and terpene profiles [31] and to
delve deeper into the interactions between cannabinoids and other plant components, such
as terpenes and flavonoids may enhance their medicinal properties [25].

On the other hand, there is industrial hemp, which is increasingly gaining significance
in the market due to the wide variety of by-products obtained from it. From the cultivars
intended for this purpose, by-products are primarily obtained from the stems, comprising
approximately 85% pulp used for biofuels and 15% fiber suitable for the textile, construction,
and paper industries [32]. The leaves and flowers are utilized in the cosmetic and chemical
industries due to their high content of antioxidants, insecticidal, and volatile compounds
such as monoterpenes, sesquiterpenes, or terpenoids, which can be separated by distillation
to produce essential oils [33]. Finally, the seeds possess significant nutraceutical potential
due to their content of easily assimilable fats and proteins with antioxidant capacity, along
with other bioactive components that confer value as additives or supplements in the food
industry, although the seeds can also be refined into oil and employed in the production of
lotions and other cosmetic products [34]. Like the medicinal cannabis sector, the industrial
hemp market is undergoing continuous growth due to its versatility and adaptability to
emerging applications [35]. In 2021, it reached a value of USD 4.13 billion, with a projected
annual growth rate of 16.8% between 2022 and 2030 [36]. According to various sources, this
growth is being realized, as global market estimates indicate a value of USD 5.49 billion
in 2023. Among the leading producers of industrial hemp are Canada, China, and the
European Union [37].

Other potential uses of cannabis include applications in the agricultural sector and as a
remediation agent. Various studies emphasize that cannabis is well-suited for crop rotation
with cereals and legumes, particularly to produce oilseeds or fiber [38,39]. This is largely
due to hemp’s ability to rapidly cover the soil surface, outcompeting weeds, and its capacity
to suppress pathogenic fungi such as Verticillium dahliae and phytopathogenic nematodes
such as Meloidogyne chitwoodi and Meloidogyne hapla. For these reasons, its incorporation
into cropping systems may contribute to improved soil conditions [40,41].

Its potential use as a phytoremediator of xenobiotic compounds has been known since
1998, when hemp was grown in the Chernobyl “exclusion zone” following the 1986 nuclear
power plant accident [42] to determine whether it could remove harmful compounds from
the soil [42], yet the results were never published in a peer-reviewed scientific journal. The
main characteristic that makes this species particularly suitable for remediation is its deep
root system, which can reach considerable depths and is capable of absorbing contaminants
dissolved in the lower soil layers [43].
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Another ecological function of cannabis is its ability to mitigate the greenhouse effect
through two main mechanisms: carbon sequestration and the attenuation of methane
emissions. C. sativa plants are carbon-neutral or even carbon-negative, depending on the
cultivation practices employed, and can capture and store up to 22 metric tons of carbon
dioxide (COy) per hectare [39]. In addition, biochar produced from cannabis plants has
been shown to reduce methane diffusion [44].

Although there are phenotypic similarities between cultivars cultivated for different
purposes, morphological and physiological distinctions can be observed [45]. Cultivars
intended for the pharmaceutical industry tend to be smaller in size, with a bushier appear-
ance and numerous stem branches, abundant leaves, and inflorescences. Primarily, only
female-flowering plants are utilized, as they possess a high density of glandular trichomes,
which synthesize substantial quantities of secondary metabolites and cannabinoids [46,47].
In contrast, cultivars cultivated for other industrial applications prioritize vegetative devel-
opment; they are generally taller, exhibit a more tree-like structure with fewer stems, a high
leaf density, and finer leaves [46].

3. Influence of Light Quality, Intensity, and Photoperiod on
C. sativa Cultivation

The development of C. sativa, including the biosynthesis and accumulation of cannabi-
noids and terpenes, is primarily governed by the plant’s genotype, although environmental
conditions exert a substantial modulatory effect [48]. A range of abiotic factors—such
as photoperiod [49], temperature, light intensity [50], light spectrum [51-53], nutrient
availability [10], irrigation regimes, and drought stress [54,55], as well as pruning tech-
niques [56]—have been shown to significantly influence plant performance and yield.
Notably, a large proportion of recent studies have focused on the effects of light, due to its
central regulatory role in plant physiology.

Light radiation modulates several key physiological and developmental processes,
including the synthesis of photosynthetic pigments (e.g., chlorophyll and carotenoids),
photosynthetic efficiency, vegetative-to-reproductive phase transitions, stem elongation,
stomatal conductance, leaf expansion, and secondary metabolism [57]. Among the prop-
erties of light, intensity, spectral composition (wavelength, A), and photoperiod are of
particular importance [58-62].

The photosynthetically active radiation (PAR) spectrum utilized by plants spans wave-
lengths from approximately 400 nm (blue light) to 750-800 nm (far-red (FR) light) [63],
directly affecting photosynthetic capacity and, consequently, crop productivity [64]. These
wavelengths are perceived by specialized photoreceptors. Phytochromes, for example,
switch to their biologically active form under red light and revert to an inactive state in re-
sponse to far-red light. Other key photoreceptors include cryptochromes and phototropins,
which are sensitive to blue and ultraviolet-A (UV-A) radiation [65]. While phytochromes
and cryptochromes co-regulate crucial developmental processes, such as seed germination,
photomorphogenesis, floral induction, and circadian rhythms [66,67], phototropins are
primarily involved in phototropism, stomatal opening, chloroplast relocation, and leaf
positioning [68,69].

Suboptimal light environments—in terms of spectral quality, intensity, or photoperiod—
can impair plant development and delay growth. Such limitations negatively impact pro-
cesses such as photosynthesis, particularly the efficiency of the electron transport chain
during the photochemical phase [70]. Under low-light conditions, C. sativa exhibits reduced
foliar development, diminished inflorescence size, and directional growth oriented towards
available light sources [71]. Furthermore, light deficiency may induce the accumulation of
reactive oxygen species (ROS), which, at elevated levels, can lead to oxidative stress and
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lipid peroxidation of cellular membranes, although these phenomena can also occur due
to excessive radiation [72]. Despite these stressors, cannabis plants possess acclimatory
mechanisms that enable them to modulate photosynthetic performance in response to
changing environmental conditions [73].

Over the past five years, an increasing number of studies have examined the impact
of specific wavelengths and photoperiod regimes on C. sativa, with particular attention to
their effects on plant growth, developmental transitions, and cannabinoid biosynthesis.

Changes in the quantity and quality of light influence the photosynthetic performance
of plants, eventually causing alterations in growth [74]. A broad and balanced light
spectrum, with an appropriate ratio of blue to red light, is essential for optimizing both
plant performance and overall health, as it influences key physiological parameters such
as the photosynthetic rate [75,76], light use efficiency (LUE) [76,77], leaf area [76], foliar
chlorophyll content [78], and the distribution of dry mass across different plant organs [79].

The red-to-blue light ratio also plays a critical role in morphogenesis. For example,
in species such as Chrysanthemum morifolium, Lavandula dentata, and Rosa canina, reduced
red/far-red (R:FR) light ratios have been associated with improved rooting success in
vegetative cuttings [63,80-82]. Therefore, the targeted manipulation of light spectra repre-
sents a viable strategy to modulate plant morphology, metabolic activity, and flowering
patterns [83].

Under light competition caused by canopy shading, neighboring plants preferen-
tially absorb red and blue wavelengths through chlorophyll, while far-red light is mostly
reflected or transmitted. This results in a decreased R:FR ratio, which activates a suite
of shade-avoidance responses such as stem elongation, leaf expansion, and altered flow-
ering dynamics [84]. In parallel, increasing light intensity—typically expressed as pho-
tosynthetic photon flux density (PPFD)—has been associated with greater inflorescence
biomass, among other outcomes [85-87]. Conversely, high PPFD combined with a spec-
trum low in white light can overexcite the photosystems, potentially causing bleaching
of the inflorescences. This phenomenon is likely related to the overproduction of ROS.
Interestingly, bleached inflorescences often exhibit higher total cannabinoid concentrations,
mainly due to elevated levels of CBD, possibly because cannabinoids function as potent
antioxidants [88,89].

In C. sativa cultivation, various spectral compositions and light intensities have been
tested to assess their impact on vegetative growth, inflorescence development, floral ini-
tiation and duration, and the biosynthesis and accumulation of secondary metabolites.
Optimizing specific wavelengths (A) in C. sativa spp. represents a major challenge in enhanc-
ing both yield and quality (Table 1), primarily by improving photosynthetic performance,
dry matter production, and overall crop output [49,90,91].

Table 1. Effects of different light spectra on C. sativa physiology and cannabinoid production.

Effect on Cannabinoid/Terpene

Light Parameter Effect on Growth . References
Synthesis
Blue Light (400-500 nm) Promotes comp ac.t growth, Increases THC and CBD content [51,92-94]
leaf expansion
Red Light (600-700 nm) Enh.jmces stem. Modulates ﬂowermg tl.me, may [75,76,95,96]
elongation, flowering affect cannabinoids
Far-Red Light (700-750 nm) Influences ﬂovyermg and Alters secondary metabolite profiles [63,84,97-99]
shade avoidance
. . Higher intensity Enhances biomass and
Light Intensity increases photosynthesis cannabinoid yield [85-89,95,96,100,101]

Photoperiod Controls flowering induction Affects timing and levels of [41,49,99,102]

cannabinoid accumulation
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However, findings across studies have often been inconsistent and genotype-
dependent [58,63,103-107]. This variability extends beyond cannabinoid biosynthesis.
For example, Danziger & Bernstein [63] and Reichel et al. [52] demonstrated that the time
required for plants to reach maximum height also varies with genotype. Consequently;, it
remains challenging to establish a universal spectral treatment regime for the pre-flowering
or early-flowering phases aimed at controlling plant height.

Regarding the influence of blue and ultraviolet (UV) light on the cultivation of cannabis
cultivars, increased intensity within this spectral range has been shown to significantly
reduce the dry weight of inflorescences [53,86], although it does not appear to affect
photosynthesis, stomatal conductance, or transpiration rates in most of the evaluated geno-
types [92]. In Carranza-Ramirez et al. [93], the application of blue light to three medicinal
cannabis cultivars (Calotoweed, Highcol, and Souce Cauca) significantly enhanced growth,
increasing fresh shoot biomass by 15.1% and dry biomass by 27% compared to white light.
This was likely due to improved net photosynthesis, greater stomatal conductance and
transpiration, along with reduced oxidative stress.

With respect to cannabinoid synthesis and content, short-wavelength radiation (i.e.,
blue and UV light) increased the concentrations of all cannabinoids measured in the study
by Magagnini et al. [51] and enhanced THC levels in two of the three genotypes analyzed
by Jenkins & Livesay [92]. Conversely, Rodriguez-Morrison et al. [53] reported either a
decrease or no effect on cannabinoid concentrations following UV exposure, depending
on the genotype studied. Furthermore, excessive exposure to this spectral range may
compromise green leaf performance [108,109] and reduce inflorescence dry mass [110,111].

Kotiranta et al. [94] found that the absence of light in this range did not significantly
increase stem size nor did the application of blue and UV light significantly enhance
secondary metabolite accumulation in the inflorescences or negatively impact inflorescence
yield. However, a slight increase in cannabinoid and terpene content was observed [94].

In C. sativa, dry matter allocation among leaves, stems, and roots can be modulated
by the red to far-red (R:FR) light ratio [112]. This phenotypic plasticity presents an oppor-
tunity to optimize cultivation strategies by tailoring the light spectrum to favor specific
developmental outcomes, such as enhanced inflorescence biomass or targeted vegetative
growth, depending on the intended use of the crop [79,113,114].

Recent studies indicate that increasing far-red (FR) light can enhance the photosyn-
thetic rate in certain C. sativa genotypes, though this does not necessarily translate into
higher floral yield. Danziger and Bernstein [63] observed that although some genotypes
exhibited increased photosynthetic activity under a reduced R:FR ratio, this response did
not correlate with an increase in inflorescence biomass. This finding suggests that pho-
tosynthetic rate alone is not a reliable indicator of lighting efficacy in C. sativa. A similar
conclusion was supported by Zhen and Bugbee [97], who showed that substituting 10-40%
of PAR with FR light did not significantly alter the photosynthetic rate across 14 different
species. Collectively, these results indicate that manipulation of the R:FR ratio should be ap-
proached with caution and tailored to specific cultivation goals—for instance, prioritizing
the accumulation of secondary metabolites rather than generic photosynthetic indicators.

The results of Holweg et al. [95] demonstrate that white light enriched with dual
red peaks (640 and 660 nm) significantly increases inflorescence weight and total biomass
production in C. sativa, compared to light containing only a single 660 nm peak—regardless
of light intensity (PPFD). This response appears to be associated with the overlap be-
tween the absorption peaks of chlorophyll a and b, which enhances photosynthetic
efficiency [100,101]. The appropriate spectral combination proved particularly effective
under lower light intensities, suggesting that spectral tuning can compensate for energy
limitations. Additionally, the exclusive use of 660 nm light may inhibit flowering in short-
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day plants [96], potentially explaining the reduced floral biomass under such conditions.
Increased plant height under certain spectra also appears to benefit canopy architecture,
promoting better light penetration and greater dry matter production [101,115,116]. These
findings highlight the importance of integrating spectral composition and light intensity to
optimize floral yield and metabolic quality in medicinal C. sativa cultivars.

An alternative strategy involves applying pulses of R or FR light at critical stages
of vegetative development to enhance cannabinoid content. For instance, FR could be
applied at the onset of flowering to stimulate elongation and increase plant volume and
then withdrawn during the final flowering stages to prevent reductions in secondary
metabolite concentrations. This approach may also contribute to energy savings, as FR
supplementation would only be used strategically to adjust the R:FR ratio when required.

In Kotiranta et al. [98], when working with the industrial hemp cultivar “FINOLA”,
evidence was provided that modulating the R:FR ratio during the flowering period can
serve as a tool to influence plant morphology. This included the activation of genes involved
in auxin biosynthesis and cell elongation [117], enhanced light use efficiency (LUE), and
altered floral cannabinoid and terpene profiles. In Peterswald et al. [99], therapeutic
cultivars such as Hindu Kush, Northern Lights (both high-THC), and Cannatonic (high-
CBD) were studied. Although FR treatment did not significantly impact floral biomass yield,
the findings emphasized the critical role of genotype. The study also highlighted that 4 h FR
treatments under a 12 h photoperiod reduced biomass yield, whereas shorter photoperiods
(<10 h) avoided such reductions. This suggests the potential for lower energy consumption
and a reduced carbon footprint when optimizing photoperiod and spectral treatments.

The use of Light-Emitting Diode (LED) lighting as an artificial light source under
controlled cultivation conditions has recently increased, aiming to improve crop yields
through precise regulation of light intensity and spectral quality. A key advantage of LED
systems is their ability to be adjusted to specific growth stages, thereby promoting healthier
plants and maximizing productivity. Carranza-Ramirez et al. [93] demonstrated that blue
light supplementation in three medicinal C. sativa cultivars (Calotoweed, Highcol, and
Souce Cauca) resulted in a significant increase in aboveground biomass—15.1% in fresh
weight and 27% in dry weight—compared to exposure to white light. This effect was
attributed to enhanced net photosynthesis, increased stomatal conductance, and reduced
oxidative stress. In contrast, red light dominance reduced photosynthetic efficiency, possibly
due to alterations in I and II photosystems, thereby limiting electron transport [118,119].
These results reinforce the essential role of blue light in maintaining photosynthetic activity
and promoting healthy vegetative development in medicinal cannabis cultivars [72].

Taking these premises into account, the study’s results showed that exposure to LED2
during the vegetative stage of C. sativa induced alterations in the growth and development
of all three cultivars. Plants developed a more compact structure with altered canopy
architecture, decreased CBD levels, and elevated THC concentrations. These responses
were attributed to altered photoreceptor signaling and limitations in the photosynthetic
machinery, which impaired photoassimilate translocation and promoted their accumulation
in aerial tissues. In contrast, LED1 treatment supported more vigorous growth, a more
open canopy structure, and higher photosynthetic performance, ultimately resulting in
increased CBD content. While Highcol and Souce Cauca exhibited greater vegetative
growth under LED1 compared to Calotoweed, no significant differences in floral production
were observed among the three cultivars.

In summary;, it can be stated that the selection of light spectrum plays a fundamental
role in shaping the morphology, secondary metabolism, and agronomic management of
C. sativa. Furthermore, the strategic manipulation of light spectrum—particularly the R:FR
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ratio—is crucial for optimizing the development, yield, and quality of cannabis. This
modulation can be effectively achieved through the use of LED lighting systems.

A balanced light spectrum featuring intensity peaks at 640 nm and 660 nm has been
demonstrated to improve photosynthetic efficiency and increase floral biomass in C. sativa.
However, excessive exposure to far-red (FR) or ultraviolet (UV) radiation can negatively
impact yield, with effects varying according to genotype and the developmental stage dur-
ing treatment. Manipulating the red to far-red (R:FR) ratio at specific growth phases
can effectively modulate plant morphology, secondary metabolite accumulation, and
energy-use efficiency, offering practical advantages for both medicinal and industrial
cannabis cultivation.

In particular, blue light supplementation appears beneficial for industrial hemp cul-
tivars by supporting vegetative growth, while strategic application of red light pulses at
key developmental milestones enhances inflorescence yield in medicinal cannabis culti-
vars. Although red, far-red, and blue wavelengths have been extensively characterized in
C. sativa, recent studies point to a potential role for green light (500-570 nm) in regulating
growth and signaling pathways. Furthermore, subtle differences between narrow-band
LEDs—such as 640 nm versus 660 nm red light or 450 nm versus 470 nm blue light—have
produced variable effects on biomass accumulation and secondary metabolite profiles.
These spectral nuances remain insufficiently studied in cannabis, highlighting the need for
further targeted research.

Given the notable variability in cultivars’ responses and experimental conditions
reported in the literature, continued systematic investigation is critical to refine and stan-
dardize light management protocols for optimized cannabis production.

Photoperiod is a crucial environmental factor influencing the flowering time, yield,
and cannabinoid profile of C. sativa cultivars. C. sativa is a photoperiod-sensitive crop,
aligning its development with the amount and timing of available light and, in controlled
environments, requires specific lighting schedules to maintain or alter developmental
phases. As a general rule, to maintain the vegetative state, growers typically use daily
photoperiods of >16 h of light (<8 h of darkness), and when flowering is about to begin,
the photoperiod is abruptly changed to 12 h of light and 12 h of darkness [119-121]. The
standardization of photoperiod regimes for the cultivation of C. sativa has been established
through extensive empirical research. Nevertheless, an ongoing investigation into this
parameter is warranted, given the substantial genetic variability among strain/cultivar and
the divergent objectives of cultivation—namely, whether the aim is industrial production
or medicinal use. In order to trace the development of current understanding regarding the
optimal photoperiod for this crop, the following critical review of key studies published
in the last five years is reported. The review revealed that there is more research on this
parameter in C. sativa cultivars for therapeutic use than in fiber or seed production.

Recent studies highlight that the optimal photoperiod for C. sativa varies significantly
among cultivars, challenging the widespread assumption that a 12 h light/12 h dark
regime is universally effective. Moher et al. [119] conducted a study on the flowering
period of cannabis explants and found that photoperiods longer than 13.2 h prolonged
the number of days to flower, with the shortest period of 12 h resulting in the fastest
floral induction. Peterswald et al. [99] investigated the effects of photoperiod extension
or reduction relative to the standard 12 h light/12 h dark cycle on flowering time, floral
biomass production, and target cannabinoid concentrations (CBD and THC) in three
medicinal cannabis cultivars: “Cannatonic”, “Northern Lights”, and “Hindu Kush”. Their
goal was to identify the most efficient and productive photoperiod to maximize medicinal
cannabinoid output. The results revealed genotype-specific responses to photoperiod
treatments, with some cultivars showing significant yield increases under a 14 h light
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regime. Most notably, the CBD-rich “Cannatonic” more than doubled its cannabinoid
concentration under 14 h of light compared to the standard 12 h treatment. “Northern
Lights”, one of the two THC-rich cultivars tested, exhibited a 50% increase in yield under
14 h light compared to the <12 h treatment, while “Hindu Kush” showed no significant
yield change. All three cultivars showed positive morphological responses to 14 h of
light at the onset of flowering, including increased height and floral biomass [99]. The
variation in cultivar responses is likely due to the geographical origin of their genetic
backgrounds. Thus, the assumption that a 12/12 photoperiod is universally optimal
appears to be inaccurate (Figure 1). In certain cultivars, extended light periods during
flowering can significantly improve yield. Optimizing the photoperiod may maximize
cannabinoid concentration per inflorescence, although the optimal trade-off between yield
and cannabinoid potency may differ depending on the intended medical application.
Progressive photoperiod strategies—such as applying 14 h of light for the first 28 days of
flowering, followed by 10 h for the remaining 29 days—have shown the potential to double

yield in some cultivars [122].

5

Photoperiod
(light/dark)

>16h/<8h |Vegetative growth and inhibits flowering.
12hW/12h Induce flowering.

Effect Promotes compact growth, || Enhances stem eclongation, || Influences flowering and

leaf expansion and increases || flowering and modulates || shade avoidance and alters

THC and CBD content. flowering time, may affect || secondary metabolite

13W/11h Increases floral biomass but delays flowering. cainiabinioids. profiles..

141010 h Increase floral biomass and [cannabinoid].

Figure 1. Effect of photoperiod and type of light on the growth and development of C. sativa plants.

Studies by Ahrens et al. [49,123] show that photoperiods longer than 12 h can benefit
the production of medicinal C. sativa, although the effects are highly dependent on the
cultivar. In trials with multiple genotypes, most began flowering under up to 14 h of
light, but the best floral yields were generally obtained between 12 and 13 h, with non-
linear responses observed in some cultivars [49]. In cultivars such as “Incredible Milk”, a
13 h photoperiod increased floral biomass (35%) and concentrations of CBDA (+19%) and
THC (+10%), whereas no significant differences were observed in others, such as “Gorilla
Glue” [123]. These results highlight the potential of extended light regimes to improve
productivity and cannabinoid profiles but also emphasize the need for cultivar-specific
strategies due to the high variability in photoperiod sensitivity.

Although no specific wavelengths were reported, a study by Merino et al. [102] in-
vestigated the impact of photoperiod variation on the growth and cannabinoid content of
C. sativa (var. “Cherry Oregon”) grown under field and controlled conditions in two dif-
ferent localities. In both locations tested, the plants with the greatest height, amount of

2

dry biomass, biomass yield per plant, and highest biomass yield per m~ were subjected
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to a 3-weeklong—day (16 + 8) photoperiod treatment, compared to the plants treated for
1 or 2 weeks with the same photoperiod or those maintained under natural light. The
THC and CBD contents across treatments and cycles ranged from 0.06% to 0.51% and from
13.76% to 15.29%, respectively. However, no statistically significant differences were found
between the different photoperiod treatments for THC or CBD content. Slight variations
were observed, with treatment 1 (16 + 8 h for 3 weeks) showing marginally higher THC and
CBD in the first cycle, treatment 3 (16 + 8 h for 2 weeks) having moderately higher CBD
in the second cycle, and treatment 1 again exhibiting slightly higher THC in the second
cycle. These results likely reflect the importance of light radiation for photosynthesis, as
insufficient light can impair plant growth and yield [102].

Photoperiod manipulation is not only critical for modifying crop traits but can also
serve as a valuable tool for accelerated breeding or rapid generation cycling, aimed at fixing
traits or developing hybrids [124]. This is particularly challenging, as C. sativa is a dioecious
species [45], resulting in high levels of heterozygosity among progeny from individual
crosses [125-127]. This approach, known as speed breeding, significantly shortens the plant
life cycle by altering controlled environmental conditions, notably through photoperiod
extension and the application of supplementary lighting, thereby enabling the completion
of multiple generations per year [128]. An example of speed breeding through photoperiod
modification in cannabis is reported by Schilling et al. [129], who proposed a protocol
in which C. sativa cultivars could flower and develop seeds in less than 9 weeks. This
protocol combined different photoperiods and irrigation conditions, starting with seed
germination in darkness, followed by a continuous light period of approximately two weeks
to promote robust vegetative growth. The protocol then proceeded to a 12 h light: 12 h dark
photoperiod to induce flowering and seed development, finishing with another continuous
light period and water stress to accelerate seed maturation, as outlined by Ghosh et al. [130].
The results obtained from the tested cultivars indicated high synchronization of flowering
and an adequate quantity of seeds for performing crosses between cultivars and single-seed
descent lines.

Photoperiod is not only relevant for biomass accumulation, cannabinoid content
modulation, or speed breeding. It also determines the onset of flowering, a key factor for
reproductive success [131], and is crucial for synchronizing flowering across crop cultivars,
thereby facilitating the production of hybrids with intermediate traits.

The effect of photoperiod on cannabis cultivation does not extend to certain culti-
vars capable of flowering under continuous light conditions. These are referred to as
photoperiod-independent or autoflowering cultivars, and they exhibit rapid maturation
but typically present a shorter stature and reduced biomass compared to photoperiod-
dependent plants [132]. Plant breeding programs have been established with the aim of
crossing both photoperiod-dependent and independent cultivars to generate hybrids with
intermediate traits—namely, the capacity to flower under extended photoperiods while
retaining enhanced vegetative development [133-135]. Photoperiod insensitivity provides
opportunities for the cultivation of C. sativa at higher latitudes or in controlled environ-
ments with prolonged daylight periods [132]. A representative autoflowering variety is
“FINOLA”, developed in Finland for industrial purposes due to its seeds rich in essential
fatty acids, which flowers independently of day length [129]. Due to the emergence of
autoflowering cultivars, various investigations have been undertaken to identify the genetic
basis underlying photoperiod-independent flowering. Dowling et al. [136] identified the
Autoflower?2 locus, which harbors the CsFT1 orthologue, as associated with photoperiod-
insensitive flowering in hemp. Structural and expression differences in CsFT1 among
cultivars suggest that this gene plays a key role in regulating flowering independently
of day length. Furthermore, the presence of at least two independent loci (Autoflower1
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and Autoflower2) linked to photoperiod insensitivity indicates multiple origins of this
trait in C. sativa, supporting the notion of a complex domestication history. In parallel,
Leckie et al. [137] reported the identification of a splice site mutation in the PSEUDO-
RESPONSE REGULATOR 37 (CsPRR37) gene in autoflowering cannabis cultivars. This
mutation disrupts the function of CsPRR37, a circadian clock component that typically
represses expression of the FLOWERING LOCUS T (FT) gene, a key regulator of flowering.
Under long-day conditions, plants carrying the mutation exhibit deregulated CsPRR37
expression, enabling FT activation and thereby initiating flowering independently of the
photoperiod. Altered expression of additional circadian clock genes was observed in aut-
oflowering plants, particularly under non-inductive long-day conditions. Understanding
the function of CsPRR37 and its interaction with other circadian components is critical for
manipulating flowering time and improving productivity in cannabis cultivation.

Therefore, photoperiod is a key environmental factor in the cultivation of C. sativa, as
it regulates the onset of flowering, yield, and cannabinoid concentration. Although a 12 h
light/12 h dark regime has traditionally been used to induce flowering, this approach is not
optimal for all cultivars. Certain medicinal cultivars, particularly those rich in CBD, respond
more favorably to extended photoperiods, exhibiting significant increases in both biomass
and cannabinoid content. This response is highly genotype-dependent, underscoring the
importance of tailoring photoperiod conditions to specific cultivars. Moreover, photoperiod
manipulation enables the acceleration of breeding cycles through techniques such as speed
breeding and facilitates the synchronization of flowering across cultivars for targeted
crossing, which is especially valuable in genetic improvement programs. Additionally,
there are photoperiod-insensitive cultivars, which provide opportunities for the cultivation
of C. sativa at higher latitudes or in controlled environments with prolonged daylight
periods [132]. The autoflowering trait has a complex genetic basis, associated with loci
such as Autoflowerl and Autoflower2, the latter of which contains an orthologue of the
FLOWERING LOCUS T gene (CsFT1). Furthermore, a mutation in the CsPRR37 gene
(linked to the circadian clock) has been identified, which deregulates FT expression and
enables daylength-independent flowering. Understanding these molecular mechanisms is
crucial for manipulating flowering time and enhancing cannabis productivity in diverse
growing conditions.

4. Influence of Phytohormones on Floral Development and Cannabinoid
Production in C. sativa

Floral and inflorescence development is regulated at the phytohormonal level, with
hormones acting as chemical signals that coordinate processes ranging from floral induction
to the formation of reproductive organs. The known functions of the different phytohor-
mones during floral development are as follows: Abscisic Acid (ABA) suppresses both
floral induction and flower formation; auxins (AUXs) promote floral induction but inhibit
flower development, and under FR conditions, their synthesis is stimulated, especially in
the stem [99]; gibberellins (GAs) inhibit floral induction but promote flower formation;
Cytokinins (CKs) stimulate both processes; and Ethylene (ET) plays a crucial role in sex
determination and floral development [138] (Figure 2).

In recent years, the exogenous application of AUXs, CKs, and GAs, as well as other
phytohormones more related to defense processes, such as salicylates (SAs) and jasmonates
(JAs), has been analyzed in different cultivars of C. sativa to determine whether these
treatments result in a significant improvement in vegetative development or cannabinoid
biosynthesis, i.e., their potential as plant growth regulators (PGRs). Burgel et al. [139]
reported on the exogenous application of synthetic PGRs to the hemp cultivar “KANADA”,
“0.2x-genetic”, and “FED”. Specifically, they analyzed naphthalene acetic acid (NAA), a
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synthetic auxin, 6-benzylaminopurine (BAP), a synthetic cytokinin, and a mixture of both
(NAA/BAP-mix), which were applied to apical and axillary meristems. After assessing
morphology, yield, and cannabinoid content in plants with and without the different
treatments, they concluded that NAA and BAP can modify plant architecture but in
a genotype-specific manner. This is because NAA alone or in combination with BAP
induced more compact growth in the “Kanada” genotype without compromising yield or
CBD content, which could be beneficial for cultivation in limited spaces, such as indoors.
However, these treatments were not effective for the other genotypes, and in fact, the
separate or combined addition of NAA and BAP reduced inflorescence yield in these
genotypes. Garrido et al. [140] tested the foliar application of stress-related phytohormones
(salicylic acid (SA) and methyl jasmonate (MeJA)) and y-aminobutyric acid (GABA), a
non-protein amino acid involved in metabolism and stress response signaling in plants, on
the medicinal cannabis cultivar “Beatriz”. This study focused on whether the application
of these compounds altered the density of glandular trichomes, as these structures are
where cannabinoids are predominantly synthesized and accumulated, particularly in the
capitate trichomes of female flowers [47,141]. Although GABA had no effect on the “Beatriz”
cultivar plants, low concentrations (0.1 mM) of SA and MeJA during the flowering phase
improved growth and increased cannabinoid accumulation without affecting trichome
density or the expression of key cannabinoid biosynthesis genes, suggesting that variations
in cannabinoid production may not be due to these factors. These treatments could be an
effective strategy for optimizing cannabinoid production in medicinal cannabis crops.

A
Promote flowering or
floral development
AUX

9

Male flower Female flower AUX

Inhibit flowering or
floral development
ABA

DELE

Enhance growth and
cannabinoid
accumulation

MeJA

SA AN .
-

Figure 2. (A) Summarizing the effects of different phytohormones on the floral development of
C. sativa. (B) Diagram showing the interaction of the phytohormones AUXs, GAs, and CKs with
various transcription factors that promote flowering.

Recent studies on the effect of GA in C. sativa have shown that GAs regulate numerous
aspects of reproductive development, and their effect can be promotive, nonexistent, or
inhibitory. GAs are essential for plant growth and development, including stem elon-
gation, seed germination, and flowering [142], and promote flowering under short-day
conditions by activating genes such as SOC1 (Suppressor of Overexpression of Constans1)
and LFY (leafy), which are essential for floral transition, especially when the photoperiod
pathway is not active [143]. AUX, GA, and CK promote flowering through their interac-
tion with the transcription factors SOC1 and LFY, which are involved in floral induction
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in the shoot apical meristem (SAM) and in floral development and identity acquisition,
respectively [144-146]. AUX and GA, upon binding to their receptor GID1 (Gibberellin
Insensitive Dwarf1), act by inhibiting DELLA, a negative regulator of transcription factors,
including SOC1 and LFY. On the other hand, CKs activate FD (a bZIP transcription factor)
and TSF (Twin Sister of FT), which in turn enhance SOC1 activity [147].

In cannabis, Alter et al. [148] conducted a study where they combined hormonal
treatment (with AUX and GA) with different photoperiods (long day (16 + 8) vs short
day (12 + 12)) in a medicinal cannabis cultivar. Their results indicated that exposure to at
least three consecutive days of short photoperiod was required to initiate inflorescence
development, which they associated with a decrease in GA and AUX levels at the shoot
apex, coinciding with the formation of compact inflorescences. When the photoperiod was
switched to long day, there was an increase in GA and AUX levels, leading to disorganiza-
tion of the inflorescences and resumption of vegetative growth. Exogenous GA application
under short-day conditions prevented inflorescence development, while AUX application
had no significant effect under any condition. This is consistent with observations in
Solanum lycopersicum, Fuchsia, and Pisum sativum, where exogenous GA application delayed
flowering time [149-151]. Therefore, it can be deduced that GAs play a crucial role in me-
diating photoperiodic signals that regulate inflorescence development in female cannabis
plants. It was also concluded that a decrease in GA and AUX under short-day conditions
is essential for the formation of compact inflorescences, while elevated levels of these
hormones favor vegetative growth. These findings provide a foundation for cultivation
strategies that optimize plant architecture and flower production in cannabis. Furthermore,
in cannabis, GA also plays a role in sex determination, although it is infrequently used for
feminized seed production, as improper concentrations can promote the initiation of male
flowers in female plants [152,153].

Thus, the use of exogenous phytohormones, such as GA, AUX, and other stress-related
compounds, has a significant impact on the vegetative and reproductive development
of C. sativa. However, it is crucial to adjust hormonal treatments according to genotype
and environmental conditions to achieve optimal results, especially in the enhancement of
cannabinoid production and controlled flowering.

5. Integrated Cultivation Methods for C. sativa Balancing
Production Quality

C. sativa can be cultivated using a range of production systems, including phytotron
facilities, indoor setups, open-field cultivation, greenhouses, and in vitro tissue culture. The
choice of cultivation method primarily depends on two factors: the intended purpose
and the applicable regulatory framework. For industrial hemp, open-field cultivation is
generally preferred due to its lower cost and suitability for large-scale production of fiber
and/or seeds. However, this method is subject to environmental challenges such as adverse
weather conditions, pathogens, and the risk of genetic contamination through unintended
cross-pollination. Therefore, to facilitate cultivation under uniform environmental condi-
tions and ensure a homogeneous product—by reducing the influence of environmental
factors that shape plant physiological processes, thereby affecting phenotypic expression,
the production of primary and secondary metabolites, and even interspecific variability—
there is a growing trend towards cultivating cannabis in controlled environments, such
as greenhouses, indoor facilities, or through in vitro methods [154]. The cultivation of
medicinal cannabis in indoor environments and greenhouses offers advantages such as
climate control, security, and precise regulation of environmental factors such as light,
temperature, humidity, CO,, and nutrients, allowing for the establishment of optimal
conditions for continuous, high-yield production with greater consistency and reliability
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in product quality [155,156]. However, this type of cultivation can also induce thermal or
light stress, particularly in the absence of supplemental lighting to complement natural
radiation or when the greenhouse covering filters UV-B radiation, which can reduce the
synthesis of antioxidant compounds such as polyphenols [154,157,158]. In recent years, the
adoption of LED technology has increased due to its adaptability to the specific needs of
the crop [155].

On the other hand, this system can be complemented with hydroponic cultivation.
Hydroponics offers significant advantages over soil-based cultivation. Yield per unit
area and the number of crop cycles per year can be increased due to the precise control
over nutrient delivery—both in terms of composition and timing according to the plant’s
developmental stage—as well as regulation of pH and environmental conditions [159].
This system enables a much more efficient use of water and fertilizers, significantly reduces
the incidence of soil-borne pests and diseases, and optimizes growing space through
vertical structures. The potential for automation would reduce the need for manual labor
and improve the consistency of results while also minimizing the environmental impact
associated with soil degradation and the excessive use of agrochemicals. This system
could be highly effective for industrial or medicinal cannabis cultivation, as it would help
standardize growing conditions—something particularly relevant for a species with high
genetic and phenotypic variability, such as cannabis. Such standardization may enhance
both the economic feasibility of cultivation and support plant breeding programs. However,
thorough research is required to determine the most suitable conditions for each crop, and
within each crop, the effects on different cultivars must be carefully evaluated.

Bafort et al. [159] showed that hydroponic cultivation in greenhouses, combined with
the application of the growth regulator Ethephon, can significantly improve the agronomic
performance of industrial C. sativa cultivars compared to open-field cultivation. While
the treatment increased biomass and structural development in both varieties, its impact
on cannabinoid synthesis was variable: Whereas Cannabigerol (CBG) levels in “Santhica
27" remained consistent, the total CBD concentration in “Felina 32” was lower in the
greenhouse. Despite this, the hydroponic system demonstrated potential for increasing the
annual cannabinoid yield. However, the high costs associated with this method highlight
the need for optimization, particularly through the integration of supplemental lighting,
automation of systems, and adjustments to biomodulator doses. These results suggest that
intensive greenhouse approaches can be effective but require cultivar-specific strategies
and a rigorous cost-benefit analysis. A low-cost alternative that ensures basic controlled
conditions is the “high tunnel”. This is a simple type of greenhouse without thermal
regulation or heating systems, but it creates a favorable microclimate for plant growth,
health, and quality. High tunnels offer protection against extreme weather conditions,
pathogens, and pests by establishing a controlled environment, and they also extend the
harvest season at a significantly lower cost compared to high-tech greenhouses [160,161].
This system is becoming more and more widespread in the United States for growing fruits
and vegetables such as tomatoes, watermelons, strawberries, and cucumbers [162-165],
generating an increase in biomass, better fruit quality, and greater profitability compared
to open field production [162]. In relation to industrial cannabis, the implementation of
such practices could lead to improved management of pests, diseases, and water resources,
thereby contributing to high floral yields—crucial for the production of cannabinoids and
terpenes. In a study involving industrial cannabis cultivars (SB1 and CJ2) with high CBD
content, the use of such facilities significantly improved total biomass, stem number, and
diameter, and resulted in high CBD levels in early harvests. However, THC levels remained
below the legal threshold [161].
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Indoor and in vitro cultivation are good alternatives to develop parental lines or fix
characters to be able to develop hybrids in greenhouses or open fields, where variability is
greater and can affect or hinder the identification and isolation of pure lines.

Indoor cannabis cultivation involves higher infrastructure and energy costs compared
to outdoor or greenhouse production but allows growers to fully control the growing
environment, including photoperiod. This facilitates consistent production cycles with
respect to duration, yield, and product quality. The main objective of indoor cannabis
production is to obtain cannabinoid-rich floral tissues, and it is crucial to elicit strong and
consistent flowering responses. Indoor cannabis cultivation usually starts with a vegetative
growth period under long photoperiods (over 16 h). Once the plants reach a suitable
size, they are transferred to the flowering phase, using a short daytime photoperiod,
typically 12 h [166]. The use of a 12 h photoperiod has been widely adopted in the
indoor cannabis cultivation industry because of its ability to induce rapid and robust
flowering responses in photoperiod-sensitive cannabis cultivars [129]. However, it is also
recognized that environmental conditions and plant management strategies, such as growth
substrate, water restriction, light spectrum, and plant architecture formation, can influence
cannabinoid accumulation [167,168]. Maintaining controlled conditions in medical cannabis
production is essential to ensure consistent production, both in terms of inflorescence yield
and concentrations of the plant’s specialized metabolites. Since unprocessed inflorescences
are administered directly to patients, it is crucial to achieve uniform concentrations of these
metabolites [169,170]. In these environments, radiation is provided by artificial lighting.
Since cannabis is a short-day plant, artificial light must meet specific energy requirements
for photosynthesis [63]. The growing global expansion of the medicinal cannabis industry
highlights the need for more energy-efficient lighting systems [111]. Currently, several
types of lighting are used in agriculture and the cannabis industry, including high-intensity
discharge (HID) lamps, such as metal halide (MH) and high-pressure sodium (HPS) lamps,
fluorescent lights, and LEDs. These lighting types vary in intensity and spectrum [63]. LED
technology offers advantages such as higher energy efficiency, longer lifespan, and the
ability to adjust the light spectrum while maintaining high levels of PPFD with lower heat
emission. This allows for more effective light control to optimize plant production and
biomass development [171-174]. In particular, with LED lights, the red-blue ratio can be
modified, something important in horticultural applications, since it significantly affects
dry matter production and plant development [90,91]. One of the potential drawbacks of
indoor cultivation is the high energy demand associated with this method, as well as the
resulting greenhouse gas emissions [175]. Therefore, adopting open-field or energy-efficient
greenhouse cultivation practices may offer a viable solution to substantially reduce the
industry’s carbon footprint [175].

Among the types of cultivation systems analyzed, it is also important to emphasize that
planting density significantly influences cannabinoid biosynthesis and the pruning regime
applied. For instance, when planting density exceeds 1-2 plants/m?, the cannabinoid
concentration per plant tends to decrease, while the yield per unit area increases [176,177].
The removal of primary and secondary branches enhances the uniformity of cannabinoid
concentration throughout the plant by increasing levels in its lower parts [63].

Within in vitro cultivation, tissue culture has gained prominence as a valuable tool for
the maintenance and genetic propagation of cannabis, offering advantages such as sterile
growing conditions, mass propagation potential, and preservation of genetic traits [178,179].
Micropropagation is typically conducted under long photoperiods (16-18 h of light per day)
to maintain plants in a vegetative state [119]. However, certain cannabis genotypes have
been observed to initiate flowering in vitro even under extended photoperiods, presenting
new opportunities to investigate the regulation of secondary metabolism and floral organo-
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genesis for regeneration purposes, as well as to rapidly identify genotype-specific critical
photoperiods [119,180]. While in vitro flowering is well documented in other short-day
species such as tobacco, it remains sporadic and poorly understood in cannabis. Fur-
thermore, it is unclear whether in vitro photoperiodic responses correspond with those
observed in whole plants. The flowering of some cannabis genotypes under long-day
in vitro conditions suggests that additional factors—such as plant growth regulators [181],
day/night temperature regimes, and other environmental variables [182]—may influence
flowering responses. Future research should focus on validating these results in whole
plants to refine the understanding of critical photoperiod thresholds. Additionally, the
application of tissue culture could help growers optimize production cycles, save space
and time, and support the development of in vitro models for investigating flowering
regulation and metabolite expression.

Consequently, there are various cultivation alternatives available for different cannabis
cultivars. The selection of a particular system—open-field, greenhouse, indoor, in vitro
culture, or high tunnels—depends both on the intended purpose of production (industrial
or medicinal) and the prevailing regulatory framework. Open-field cultivation is more
cost-effective and generally suited to industrial hemp, though it is subject to environmental
factors that may affect product uniformity [183,184]. Conversely, cultivation in controlled
environments such as greenhouses or indoor facilities allows for the optimization of en-
vironmental variables (light, temperature, humidity, and nutrients), thereby improving
product quality and consistency, albeit with higher energy and infrastructure costs.

Greenhouse-based hydroponic cultivation has been shown to enhance several agro-
nomic parameters and may be especially advantageous for achieving production stan-
dardization in genetically variable cultivars. Additionally, technologies such as LED
lighting—enabling the spectral tuning of light to influence cannabinoid profiles—and the
use of growth regulators such as Ethephon are being explored. In vitro micropropagation
is also considered a useful tool for genetic conservation and the production of parental
lines, although its direct commercial application remains limited.

Overall, the optimal approach appears to be a combination of environmental control,
energy efficiency, and compliance with the legal framework, taking into account both
economic and environmental sustainability.

6. Final Considerations and Future Perspectives

C. sativa is a species with significant medicinal potential due to its production of
compounds derived from secondary metabolism, namely the cannabinoids. The primary
types of cannabinoids are THC, CBD, and CBG, with the former being the limiting factor for
its cultivation and use due to its psychoactive properties, as determined by the legislation of
the country in which it is grown. All of these cannabinoids possess therapeutic properties.
However, there are cannabis cultivars with low cannabinoid production intended for use
in industries such as food and textiles.

Moreover, it is a highly valuable species in the agricultural sector due to its potential
use in crop rotation systems, its capacity to improve soil conditions, and its ability to
remove xenobiotic compounds from the soil, such as heavy metals (bioremediation).

Given its versatility in terms of potential applications, it is essential to further investi-
gate the optimal cultivation practices for the different existing cultivars. Numerous studies
have been conducted, particularly in the last decade, examining facilities, types of radia-
tion, and photoperiod regimes in order to standardize its cultivation. Nonetheless, due to
the wide array of genotypes and their influence on plant development and cannabinoid
biosynthesis, continued research on this species is necessary. Generally, it is known that a
12:12 light-dark photoperiod is the most commonly used regime, though it is not suitable
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for all cultivars, especially for autoflowering types whose development is independent of
day length.

Similarly, the light spectrum, particularly the red to R:FR ratio, plays a critical role in
optimizing both development and cannabinoid production. Increased blue light application
may be especially advantageous for industrial cultivars, whereas in medicinal cannabis, the
use of red light pulses at specific developmental stages may prove more effective. The same
applies to the cultivation system. Open-field cultivation is more cost-effective and suitable
for industrial hemp, although it is exposed to environmental factors that can compromise
product uniformity. In contrast, cultivation in controlled environments such as greenhouses
or indoor facilities allows for optimization of environmental variables (light, temperature,
humidity, and nutrients), thus improving both quality and consistency of the final product.
This is particularly true when combined with hydroponic systems and LED lighting, which
are most appropriate for medicinal cannabis.

The exogenous application of phytohormones such as gibberellins (GAs) or auxins
(AUXs) may positively influence flowering and cannabinoid synthesis; however, as with
other parameters, these effects vary between different cultivars.

Thus, due to the considerable variability reported across studies on this species,
techniques such as micropropagation are essential for evaluating genotypic differences
and understanding why cultivars intended for the same purpose may respond differently
under similar conditions.

Despite recent advances, several gaps remain in our understanding of photoperiod
and spectral regulation in C. sativa. Key challenges include the high genetic variability
among cultivars, inconsistent results across photobiological studies, and limited data on
emerging light spectra such as green and narrow-band LEDs. Future research should
aim to elucidate genotype-specific light responses, explore hormonal cross-talk under
artificial lighting, and integrate omics-based approaches to link light cues to cannabinoid
biosynthesis pathways. Developing standardized cultivation protocols will also be crucial
for advancing commercial applications.

One particular area that requires further investigation is the effect of blue light on CBD
biosynthesis, which has yielded inconsistent results across studies. These discrepancies
may stem from genotypic differences between THC- and CBD-dominant cultivars, variation
in environmental parameters such as light intensity and photoperiod duration, and indirect
effects mediated by trichome development or oxidative stress responses. A more systematic
comparison of experimental designs is needed to elucidate the mechanisms involved and
resolve the contradictory findings.
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Abbreviations

The following abbreviations are used in this manuscript:

C. sativa Cannabis sativa

THC A9-tetrahydrocannabinol
CBD Cannabidiol

ECS Endocannabinoid System
CRC Colorectal Cancer

CBDA Cannabidiolic Acid
THCA Tetrahydrocannabinolic Acid
CBGA Cannabigerolic Acid

CBG Cannabigerol

CBCA Cannabichromenic Acid

CO, Carbon Dioxide

PAR Photosynthetically Active Radiation
UVA Ultraviolet-A

ROS Reactive Oxygen Species

LUE Light Use Efficiency

FR Far-Red

R:FR Red to Far-Red

PPFD Photosynthetic Photon Flux Density
uv Ultraviolet

LED Light-Emitting Diode

CsPRR37  Cannabis sativa Pseudo-Response Regulator 37
FT FLOWERING LOCUS T

CsFT1 Cannabis sativa FLOWERING LOCUS T gene
ABA Abscisic Acid

AUXs Auxins

GAs Gibberellins

CKs Cytokinins

ET Ethylene

SAs Salicylates

JAs Jasmonates

PGRs Plant Growth Regulators

NAA Naphthalene Acetic Acid

BAP 6-Benzylaminopurine

SaA Salicylic Acid

MeJA Methyl Jasmonate

GABA Y-Aminobutyric Acid

SOC1 Suppressor of Overexpression of Constansl
UV-B Ultraviolet-B

HID High-Intensity Discharge

MH Metal Halide

HPS High-Pressure Sodium
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