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Abstract

Biostimulants represent a sustainable strategy to enhance the therapeutic potential of medic-
inal plants, which often exhibit low and variable levels of bioactive compounds. Cannabis
sativa, a medicinally important species, produces diverse cannabinoids, such as THC, CBD,
CBG, and CBC, whose profiles depend on plant chemotype and determine pharmacological
activity. We developed a novel plant-based biostimulant, Tricostimulant™, to optimize
cannabinoid production in Cannabis sativa. Field trials demonstrated increased biomass
and selective enhancement of cannabinoid content. In high-CBD chemotypes, Tricostimu-
lant™ was associated with higher CBD and CBG without relevant changes in THC levels,
whereas in high-THC chemotypes, higher THC values were observed without evident
variation in CBD. The most pronounced differences were observed when the biostimulant
was applied during the vegetative stage, highlighting the importance of application timing.
These results indicate the potential of Tricostimulant™ to modulate cannabinoid profiles,
contributing to improved optimization and standardization of cannabis-based therapeu-
tics. Further research is required to confirm these findings and elucidate the underlying
mechanisms of biostimulant action.

Keywords: biostimulants; cannabinoid biosynthesis; Cannabis sativa; chemotype modulation;
secondary metabolism

1. Introduction

Biostimulants are natural substances or microorganisms that enhance plant growth
and metabolism through mechanisms independent of their nutrient content, improving
efficiency, stress tolerance, and overall plant quality [1]. In response to major challenges
facing current agriculture, such as soil degradation, increasing food demand driven by
population growth, climate change-related abiotic stresses, and the need to reduce synthetic
chemical inputs, biostimulants offer a sustainable strategy to improve crop resilience,
health, and yield [2-10]. Beyond traditional crops, their use has expanded to medicinal
and aromatic plants (MAPs), where they help stabilize and enhance bioactive compound
profiles, a critical aspect for pharmaceutical and nutraceutical applications [11-20].
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Among these plants, Cannabis sativa stands out as a medicinal and aromatic plant
with high biochemical and therapeutic value, producing cannabinoids, terpenes, and
flavonoids that contribute to its aroma and bioactivity. These secondary metabolites
have been associated with neuroprotective, analgesic, anti-inflammatory, antioxidant, and
antimicrobial effects, largely through interactions with the endocannabinoid system [21-25].
The species comprises multiple agronomic varieties classified into three main chemotypes
based on cannabinoid profiles (THC-dominant, balanced THC:CBD, and CBD-dominant).
Varieties characterized by a CBD-dominant profile are generally associated with what is
legally defined as industrial hemp; however, this designation is regulatory in nature and
based on THC thresholds that vary among countries (commonly 0.2-1.0%) [26-30]. Major
cannabinoids originate from a common biosynthetic precursor, cannabigerolic acid (CBG-
A), synthesized in glandular trichomes and enzymatically converted into acidic forms that
become bioactive after decarboxylation [31-34].

Despite its potential, Cannabis sativa faces significant challenges regarding biochemical
standardization and industrial scalability, as cannabinoids naturally occur at low concen-
trations and are strongly influenced by genotype, environmental conditions, cultivation
practices, and developmental stage [35-38]. Regulatory constraints linked to THC thresh-
olds further complicate production and commercialization. This complexity highlights the
need for controlled, sustainable, and reproducible production strategies. In this context,
biostimulants represent a promising yet underexplored approach in Cannabis sativa to en-
hance plant performance, biomass accumulation, and cannabinoid biosynthesis, supporting
the development of more consistent and high-value cultivation systems.

2. Materials and Methods
2.1. Biostimulant Information

The biostimulant evaluated in this study, Tricostimulant™, is a botanical extract-based
formulation containing Centella asiatica, Echinacea purpurea, Taraxacum officinale, Urtica
dioica, and fermented rice extract. Its nutritional characterization showed 0.132% (w/w)
total nitrogen (N), <0.011% (w/w) total phosphorus (P,05), 0.036% (w/w) total potassium
(K20), 0.009% (w/w) total magnesium (MgO), and 0.011% (w/w) total calcium (CaO). The
formulation also contains 6.9 mg/kg total boron (B), 2.98 mg/kg total iron (Fe), <2.00 mg/kg
total manganese (Mn), <2.00 mg/kg total copper (Cu), and 1.49 mg/kg total zinc (Zn),
along with a total organic matter content of 0.402% (w/w) and a pH of 7. Tricostimulant™
has been registered across different EU markets including the Czech Republic, Portugal
and Spain.

2.2. Plant Material, Experimental Design, and Biostimulant Treatment

Industrial hemp (Cannabis sativa L.) plants of the Carmagnola Selezionata (CS) variety
were used for the first two field trials, both conducted at Tricopharming’s facilities in Tener-
ife (Canary Islands, Spain). Seeds were germinated under controlled nursery conditions,
transplanted to open-field plots at the vegetative stage, and grown following standard agro-
nomic practices. Plants were harvested approximately two months after transplanting. The
first trial was conducted during the winter period with temperatures ranging from 13 °C to
21 °C, with relative humidity between 82% and 86% and cumulative monthly precipitation
between 46.5 and 65 mm. In contrast, the second trial was performed in late-summer
conditions with average temperatures between 19 °C and 26 °C, relative humidity around
89%, and substantially lower monthly precipitation (2.4-2.9 mm). Observed differences
in overall plant growth between the two Tenerife trials are therefore likely attributable to
seasonal climatic variation.
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Plants were foliar-treated with the botanical extract-based biostimulant Tricostimulant™
using a single application at 2 mL L~! (150 mL per plant), applied from the lower stem
upwards to ensure total foliar coverage. Treatments were applied at three phenological
stages: vegetative (active shoot and leaf development during nursery culture), pre-anthesis
(formation of floral buds prior to first flowers opening), and post-anthesis (after flowering,
during early seed and fruit development). In both trials, plants receiving the same treatment
were arranged together within the experimental area. Seven plants per treatment were
included in the first trial and seven to eight plants in the second, with each plant considered
an independent biological replicate.

A third validation trial was conducted at the Clever Leaves facilities in Colombia under
commercial production conditions. Cannabis sativa plants with contrasting cannabinoid
profiles were used, including two THC-rich chemotypes and one CBD-rich chemotype.
The plants were grown in a greenhouse at a density of 0.7-0.8 plants m~2 (70-80 plants
per 100 m?), following standard agronomic practices. The photoperiod was set to 18 h
light/6 h dark during the vegetative stage and 12 h light/12 h dark during flowering. The
average greenhouse temperature was 22 °C.

The experiment followed a randomized assignment of plants to treatments under
controlled and environmentally and homogeneous conditions. Twenty plants per THC-rich
variety and experimental conditions (control and Tricostimulant™) were included, whereas
forty plants per treatment were used for the CBD-rich variety. Plants were arranged by
treatment within the experimental area to facilitate management and application proce-
dures. Treatments consisted of a single foliar application at the vegetative stage, applied
according to an optimized protocol defined in preliminary trials to ensure complete cover-
age. Although multiple plants were cultivated per treatment, each experimental condition
was evaluated using a single pooled sample; therefore, the data from this trial should be
considered exploratory.

In all experiments, control plants received water-only applications at the same volume
used for the biostimulant treatment.

2.3. Agronomic Measurements

Plants from each experimental condition were evaluated for key agronomic traits.
In the first trial, plant height was measured at harvest from the base of the stem to the
apical meristem. Total shoot fresh biomass was quantified. In the second trial, plant height
was determined using the same method. After harvest, plants were separated into their
stems, leaves, and flowers. The fresh weight of each part was recorded using an analytical
balance. Total fresh shoot biomass was calculated as the sum of the fresh weights of all
organs. Each plant was considered an independent biological replicate. In the third trial,
dry inflorescence yield (g plot~!) was determined at harvest. This was calculated as the
total dry weight of all pooled flowers per experimental condition.

2.4. Metabolite Extraction and Quantification

The first cannabinoid analysis was conducted on dried, finely ground, and homog-
enized flower samples, with all flowers pooled per experimental condition to generate
a single composite sample. Approximately 100 mg of each sample was extracted with
analytical-grade ethanol under constant agitation for 30 min at room temperature. This was
followed by centrifugation at 12,000 rpm for 10 min. The supernatant was filtered through
0.22 pm PTFE syringe filters before analysis. Quantitative cannabinoid determination was
performed using a UPLC-MS/MS system, comprising an Acquity UPLC H-Class liquid
chromatograph coupled to a Xevo TQD triple quadrupole mass spectrometer (Waters,
Milford, MA, USA). The cannabinoids quantified included CBD, CBD-A, THC, THC-A,

https:/ /doi.org/10.3390/ijpb17030018


https://doi.org/10.3390/ijpb17030018

Int. ]. Plant Biol. 2026, 17, 18

40f 10

CBG, and CBN, with concentrations expressed on a dry-weight basis. Chromatographic
separation was achieved using a Cortecs C18 reversed-phase column (2.7 pm) and an
Acquity UPLC® HSS T3 column (100 x 2.1 mm, 1.8 um) with a corresponding precolumn
(5 x 2.1 mm, 1.8 um), employing a water/acetonitrile gradient with both solvents contain-
ing 0.1% formic acid.

The second cannabinoid determination was performed at the Clever Leaves facilities
in Colombia, where CBD and THC were quantified using ultra-high-performance liquid
chromatography (UHPLC), with results expressed on a dry-weight basis. Analyses were
conducted on inflorescences dried under controlled temperatures (15-23 °C). Moisture loss
was determined by drying approximately 10 g of each sample in a vacuum oven, starting
at 40 °C for 10 min under 20 mbar, followed by gradual pressure stabilization to ambient
conditions over 24 h. Moisture content was calculated as the difference between initial and
final weights. Dried, ground, and homogenized inflorescences (5 g) were sieved, diluted in
chromatographic-grade ethanol, and analyzed by UHPLC with a photodiode array (PDA)
detector. Chromatographic separation was achieved using an InfinityLab Poroshell 120
EC-C18 column (2.7 um, 150 x 3.0 mm) (Agilent Technologies, Santa Clara, CA, USA) and
a corresponding guard column (2.7 pm, 2.1 x 5 mm), with phosphoric acid and acetonitrile
as mobile phases. Detection was carried out at wavelengths between 225 and 306 nm.
Calibration curves were prepared using analytical standards diluted in methanol, and
results were reported as the percentage of total THC or CBD on a dry-weight basis, with
one assessment per experimental condition and three technical replicates.

2.5. Statistical Analysis

Data from the first two trials were statistically analyzed to evaluate the effects of
the Tricostimulant™ treatment under the different experimental conditions. All values
are presented as mean + standard deviation (SD). For each response variable within
each trial, homogeneity of variances among treatments was first assessed using Levene’s
test. When this assumption was met, differences among treatments were evaluated using
one-way analysis of variance (ANOVA). When a significant treatment effect was detected,
mean separation was performed using Duncan’s multiple range post hoc test. Statistical
significance was indicated by different letters (p < 0.05), whereas n.s. denotes non-significant
differences. Statistical analyses were performed using RStudio 2025.05.0 (Posit, PBC, Boston,
MA, USA).

In contrast, for the third trial, although multiple plants were cultivated per treatment,
each assessment corresponded to a single pooled measurement per experimental condition.
Since this pooled value does not represent a biological replicate, no statistical analysis was
conducted. The resulting data are presented as exploratory.

3. Results
3.1. Effect of Biostimulant Application Timing on Plant Growth

A preliminary trial was conducted to evaluate the efficacy of the biostimulant and
to identify the optimal timing of application in Cannabis sativa var. Carmagnola Selezion-
ata (CS). Plants were established under controlled conditions, transplanted to the field,
and treated at different phenological stages (vegetative, pre-anthesis, and post-anthesis).
Biostimulant application significantly affected plant growth, with the strongest response
observed when applied at the vegetative stage. This treatment resulted in the greatest
increase in plant height and shoot fresh biomass compared to the control, while pre-anthesis
application produced moderate effects and post-anthesis treatment showed no improve-
ment. These results indicate that application timing is critical, with the vegetative stage
being the most effective for promoting growth and biomass accumulation (Figure 1).
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Figure 1. Representative Cannabis sativa plants at harvest (two months after transplanting)
(A). Treatments were applied at different phenological stages: vegetative, pre-anthesis, and post-
anthesis. Effects of biostimulant application timing on plant height (B) and shoot fresh weight (C) are
shown. Values represent means + standard deviation (1 = 7). Different letters indicate statistically
significant differences among treatments according to Duncan’s post hoc test (p < 0.05), following
one-way ANOVA.

3.2. Vegetative-Stage Application: Biomass Allocation and Cannabinoid Profile

A second trial was conducted to validate the effects of vegetative-stage application
and to further evaluate biomass allocation and cannabinoid accumulation. Vegetative
application significantly increased plant height, thereby confirming the preliminary find-
ings, while total shoot fresh weight exhibited a non-significant upward trend. Analysis of
biomass allocation revealed a significant increase in stem fresh weight, whereas leaf and
flower fresh weights were not significantly affected. Cannabinoid profiling, based on a
single pooled biological sample and therefore considered exploratory, and presented to
indicate trends, showed higher values for several cannabinoids in treated plants compared
to the control. Specifically, cannabidiolic acid (CBD-A) showed a 31.82% higher value,
cannabidiol (CBD) 8.70%, cannabigerol (CBG) 47.54%, and cannabinol (CBN) 20%. THC
values were 37% higher relative to the control, reaching 0.074% on a dry weight basis, while
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THC-A was undetectable. This concentration remains well below regulatory thresholds
and is consistent with the industrial hemp profile of CS. Overall, these results suggest
that vegetative-stage application enhances plant growth and may positively influence
cannabinoid biosynthesis (Figure 2).
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Figure 2. Effect of biostimulant application during the vegetative stage on plant height (A), shoot
fresh weight (B), leaf fresh weight (C), stem fresh weight (D), flower fresh weight (E), and targeted
cannabinoid quantification analysis (F) of Cannabis sativa var. Carmagnola Selezionata (CS). Values are
expressed as means =+ standard deviation (n = 7-8). Different letters indicate statistically significant
differences among treatments according to one-way ANOVA followed by Duncan’s multiple range
post hoc test (p < 0.05). Targeted cannabinoid quantification analysis was performed using a single
biological replicate per treatment, indicating a trend rather than statistically significant differences.

3.3. Validation Under Production Conditions and Across Chemotypes

To assess performance under commercial conditions, a greenhouse validation trial
was conducted using Cannabis sativa varieties with contrasting chemotypes (THC-rich
and CBD-rich). Vegetative-stage biostimulant application resulted in higher flower yield
values in THC-dominant varieties, whereas lower values were observed in the CBD-
rich genotype compared to the control. Cannabinoid analysis of pooled flower samples
(single measurements per treatment) showed a chemotype-dependent pattern: higher
THC values were observed in THC-rich varieties, while higher CBD values were observed
in the CBD-dominant genotype. Although exploratory, these results suggest a potential
chemotype-specific response in yield and cannabinoid accumulation under production
conditions (Figure 3).

https://doi.org/10.3390/ijpb17030018


https://doi.org/10.3390/ijpb17030018

Int. ]. Plant Biol. 2026, 17, 18 7 of 10
A 700 B 20 4
B =
% 600 ®
- @ o
. 15
- ey
& 400 i
© H Control 10 4 M Control
2 a
> 200 m Vegetative = m Vegetative
o L=
€
E 200 9 54
3 100 o
[ (5]
0 0 T "
NECRTTHC: VarsBiHE: Varicoen Var.A-THC Var.B-THC Var. C-CBD

=

=

2

@ 15 4

2 5

-

o

R 10 - = Control
=

s m Vegetative
2

c

g 5

9]

T

=

0 h T T J— 1

Var. A-THC Var.B-THC Var.C-CBD

Figure 3. Effects of biostimulant application during the vegetative stage on flower dry weight per plot
(g) (A) and cannabinoid content (% dry weight), including CBD (B) and THC (C), in three Cannabis
sativa varieties with differing predominant cannabinoid profiles: Var. A and Var. B (THC-rich), and
Var. C (CBD-rich). All values correspond to a single biological replicate per treatment, indicating a
trend rather than statistically significant differences.

4. Discussion

This study shows that the botanical biostimulant Tricostimulant™ enhances plant
height, growth, and cannabinoid accumulation in Cannabis sativa, with the strongest effects
when applied during the vegetative stage. These findings support the idea that early
stimulation of physiological and metabolic processes improves resource allocation to
both vegetative and reproductive tissues, increasing yield and promoting biosynthesis
of bioactive compounds [39,40]. These results align with timing-dependent biostimulant
responses reported in other crops and highlight the importance of optimized application
strategies in precision agriculture [41].

The study also suggests a chemotype-dependent effect on cannabinoid accumulation:
CBD and CBD-A increase in CBD-dominant plants, while THC rises in THC-dominant
chemotypes. We hypothesize that this selective modulation may involve an enhanced
metabolic flux toward the common precursor CBG-A, resulting in final cannabinoid pro-
files that reflect each chemotype’s specific enzymatic balance. Such selectivity may be
critical for ensuring product standardization, therapeutic consistency, and regulatory
compliance [31]. Nevertheless, further investigation is required to validate these pre-
liminary findings and hypotheses.

Cannabinoid biosynthesis occurs in glandular trichomes, mainly located on female
flowers and nearby leaves, while other tissues (e.g., stems and fan leaves) typically contain
much lower cannabinoid levels [35,42]. Since the primary growth responses in this study
were increases in plant height and stem biomass, along with a positive effect on flower
biomass, future studies should determine whether Tricostimulant™ enhances trichome
density or increases biosynthetic activity within existing trichomes.
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Plant architecture (particularly height, branches, and light penetration) is linked to
vertical gradients in cannabinoid concentration, with upper canopy sections often show-
ing higher cannabinoid levels. Although factors such as light exposure, spectral qual-
ity, and photosynthetic activity have been proposed as drivers of these gradients, their
direct relationship with cannabinoid biosynthesis remains unclear and requires further
investigation [43—-46].

Opverall, the results highlight Tricostimulant™ as a promising and sustainable solution
for boosting biomass, yield, and enhancing the therapeutic potential of Cannabis sativa.
The formulation, which combines botanical extracts (Centella asiatica, Echinacea purpurea,
Taraxacum officinale, Urtica dioica, and fermented rice extract), with some of them with estab-
lished biostimulant properties individually [17,47,48], presents an innovative approach to
precision agriculture in cannabis. Notably, its specific application in this crop has not been
documented previously.

To clarify its mode of action, future studies should integrate molecular, biochemical,
and agronomic analyses, including gene expression, enzyme activity, metabolomics, and tri-
chome quantification across canopy positions and chemotypes. Beyond yield improvement,
biostimulants offer a sustainable strategy to enhance low-abundance bioactive compounds,
supporting product standardization, regulatory compliance, and more eco-efficient, high-
value cultivation systems [18,49,50].

In summary, Tricostimulant™ shows strong potential to enhance both biomass pro-
duction and cannabinoid accumulation when applied during the vegetative stage, thus
supporting more consistent and sustainable cultivation. Future research should confirm
these findings with a larger number of replicates and incorporate in-depth molecular,
metabolomic, and physiological analyses to further elucidate its mechanisms of action.
Opverall, these results underscore the importance of MAP-targeted biostimulants in advanc-
ing the cultivation of medicinal plants.
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