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Abstract

Hemp (Cannabis sativa L.) is a polymorphic species that synthesizes an array of bioactive
metabolites, with cannabinoids and terpenoids constituting the major chemical classes.
Until recently, the lack of legislative framework led to limited research on hemp’s plant
protection and nutrition. Biostimulants have recently attracted scientific attention as
sustainable alternatives to plant protection products (PPPs). Herein, we investigated the
effects of biostimulant harpin («f3) proteins and the PPP polysaccharide laminarin on
hemp (cv. Futura 75), employing GC/EI/MS and 'H NMR metabolomics. Analyses
demonstrated that treatments induced distinct shifts in the metabolism of the plants, thus,
enabling the discovery of metabolite-biomarkers of physiological adaptation, defense
mechanisms (x-linolenic acid), and bioactivity (cannabinoids). Harpin and laminarin
altered the concentration of bioactive compounds such as cannabidiol, essential amino
acids including L-phenylalanine and GABA, salicylate, and caffeate. Pathway analysis
revealed treatment-specific modulation of key metabolic networks, with harpin triggering
early, yet transient activation of phenylpropanoid- and amino acid-related pathways before
broad repression, whereas laminarin maintained a more balanced regulation, sustaining
defense-related biosynthesis while preserving core primary metabolism. Results advance
the understanding of molecular mechanisms underlying biostimulants’ action in hemp
and support their potential for improving plant health and attributes of cannabis-derived
products, providing insights for its sustainable cultivation.

Keywords: biostimulants; defense elicitors; plant metabolomics; plant protection

1. Introduction

Cannabis sativa L. is a highly polymorphic species that includes four sub-species
(subsp.) and four varieties (var.) [1]. Their cannabinoid content exhibits substantial fluc-
tuation; C. sativa subsp. sativa var. sativa (domestication traits) and C. sativa subsp. sativa
var. spontanea (wild-type traits) with low A%-tetrahydrocannabinol (A°-THC) content, and
C. sativa subsp. indica var. indica (domestication traits) and C. sativa subsp. indica var.
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kafiristanica (wild-type traits), with high A°>-THC content [2]. In Europe, the legal upper
A?-THC content for hemp or fiber varieties is below 0.3%, and they are included in the first
category [3], whereas marijuana or medical cannabis are included in the third category,
with either high A°-THC or high A°-THC and cannabidiol (CBD) levels [4,5].

Hemp is one of the first crops exploited by humans, with its first use estimated approx-
imately 10,000 years ago [6]. There is a wide range of hemp-derived products produced
from the fiber, wooden core, or seeds [7]. Currently, there is an increased interest in its
nutritional value [8], its potential as a thermal insulation material in the construction
industry [9,10], its use as a biodiesel fuel [11], and notably, for its therapeutic proper-
ties [12,13], including epilepsy treatment [14]. The latter is mainly due to its content in a
group of secondary metabolites present only in cannabis species, known as cannabinoids,
with the most abundant being A°-THC, CBD, and cannabichromene (CBC), and others
present in small abundances like cannabigerol (CBG) and cannabinol (CBN) [15,16].

Nonetheless, because of the recent legalization of its cultivation and the relevant
research, there is only a small amount of plant protection products (PPPs) registered, which
include essential oils produced by plants (e.g., rosemary oil, garlic oil), microorganisms
used as biological agents against fungal infections and infestations (e.g., strains of Bacillus
sp., Beauveria sp., Trichoderma sp.), and sulfur and copper that are used widely in organic
farming [17,18]. This represents a major obstacle towards the further development of
the sector. For example, in Greece, there are only three pesticides approved for use in
cannabis cultivation by the Ministry of Rural Development and Food: two herbicides and
one molluscicide [19].

Within this context, cannabis growers increasingly seek to incorporate sustainable
agricultural practices that not only ensure a high productivity but also align well with
environmental stewardship and regulatory compliance. The application of biostimulants
and alternative PPPs, has a high potential, and represents a frontier in sustainable crop
management. Biostimulants are substances or microorganisms that, when applied to
plants or soils, stimulate natural processes to enhance nutrient uptake, abiotic/biotic stress
tolerance, and crop quality. There are many different categories of biostimulants, with the
most widely used being the seaweed extracts, plant growth-promoting rhizobacteria or
microorganisms, humic and fulvic acids, and protein hydrolysates [20]. In the European
Union (EU), biostimulants are registered under the Regulation (EU) 2019/1009 of the
European Parliament and of the Council [21]. PPPs, conversely, encompass a wide range of
chemical and biological agents aimed at controlling pests, pathogens, and competing weeds.
While their primary function is to protect crops from biotic stress, PPPs can also indirectly
influence plant metabolism by altering metabolic pathways and nutrient assimilation
dynamics, and triggering plant defense responses [22].

The use of biostimulants has grown exponentially, been implemented into integrated
plant protection programs, contributing to the reduction in conventional PPPs use and
the promotion of an environmentally friendly agriculture model [23]. They have many
advantages over conventional PPPs because, in addition to their ability to induce the
defense system of the plants against biotic and abiotic stresses [24-28], they are able to
improve phenotypes (e.g., shoots, roots, growth, yield) [29-33]. Additionally, they can
activate the biosynthetic pathways for the production of antioxidants and other important
enzymes [34-37].

Cannabis has a very complex chemical profile and it has been shown that its cannabi-
noid content is prone to change from exogenous parameters (e.g., light) or applications
(biostimulants, fertilization, phytohormones) [1,38-40]. All these changes to the plants’
metabolite profiles can be successfully recorded by metabolomics [15,16].
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Within this context, here, combined Gas Chromatography/Electron Impact/Mass
Spectrometry (GC/EI/MS) and Proton Nuclear Magnetic Resonance Spectroscopy (*H
NMR) metabolomics was employed to systematically investigate the impact of two bioac-
tives, harpin («3) proteins (harpin) (biostimulant) and laminarin (PPP) on the metabolic
landscape of C. sativa L. plants (cv. Futura 75). Harpin triggers plant defense responses by
activating systemic acquired resistance (SAR) and inducing the expression of pathogenesis-
related (PR) genes. It modulates metabolic pathways associated with the biosynthesis of a
secondary metabolite, such as phenylpropanoids, flavonoids, or anthocyanins [41]. Addi-
tionally, harpin enhances energy metabolism and redox homeostasis, improving plant stress
resilience [42]. On the other hand, the 3-1,3-glucan polysaccharide laminarin, activates
plant immune responses by priming defense-related metabolic pathways. It enhances the
production of reactive oxygen species (ROS) and upregulates genes involved in jasmonic
acid and salicylic acid signaling. It also stimulates secondary metabolite biosynthesis,
contributing to increased plant resistance against pathogens [43]. The thorough mining
of the metabolic perturbations induced by these inputs under controlled experimental
conditions is of paramount importance, and it is highly foreseen that it will assist in the dis-
covery of the involved metabolic pathways and the corresponding biomarkers. Therefore,
such an approach could determine whether specific treatments promote or suppress the
biosynthesis of cannabinoids and other high-value compounds, and evaluate the potential
of these inputs to enhance plant fitness and chemical consistency.

The integration of metabolomics data with phenotypic observations is highly foreseen,
which will not only deepen our understanding of the effect of harpin and laminarin on
cannabis physiology but also support the development of more precise and sustainable
cultivation strategies tailored to both medicinal and industrial applications.

2. Materials and Methods
2.1. Chemicals and Reagents

All chemicals and reagents used in the experiments were of the highest commer-
cially available purity. A mixture of methanol-ethyl acetate 50:50 v/v (GC/MS grade,
purity 99.9%, Carlo Erba Reagents, val de Reuil, France) was used for the extraction of
cannabis leaves for GC/EI/MS metabolomics. For the derivatization of samples, pyridine
(99.8%, v/v), methoxylamine hydrochloride (98%, w/w), and N-methyl-N-(trimethyl-silyl)
tri-fluoroacetamide (MSTFA) (Sigma-Aldrich Ltd., Steinheim, Germany), were used. The ex-
traction of samples for 'H NMR metabolomics was performed with deuterium oxide (D0,
99.9% purity), containing 200 mM 3- (trimethylsilyl)-propionic acid-2,2,3,3-d4-sodium salt
(TSP) (Sigma-Aldrich, St. Gallen, Switzerland). The products evaluated in this study were
Vacciplant® 4.5 SL (UPL, Bandra West, India) and ProAct® (Plant Health Care ™, Manch-
ester, UK). Vacciplant® 4.5 SL contains 3-1,3-glucan laminarin, a storage polysaccharide
extracted from the brown alga Laminaria digitata. ProAct® contains a second-generation
harpin, composed of gene expression products from the following sources: (a) hrpN from
Erwinia amylovora, (b) hrpZ from Pseudomonas syringae pv. syringae, and (c) PopA from
Ralstonia solanacearum.

2.2. Biological Material and Growth Conditions

Here, as a model organism, the cannabis variety ‘Futura 75, a monoecious variety
originating from France (HEMP IT AND, 9 Route d’Angers, Beaufort en Vallé, Beaufort en
Anjou, 49250, France) was used for the monitoring of the effect of harpin and laminarin.
The metabolite profile of the variety is characterized by a CBD concentration of 1.5-2.0%,
and a very low A%-THC content (<0.12%). Plants were propagated from seeds sown in a 3:2
peat-perlite mixture in 567 mL pots (9 x 9 x 7 cm, L x W x H). Plants were grown in a
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phytotron under a 18/6 h light/dark photoperiod. The relative humidity was maintained
at 60-70%, and the temperature was kept constant at 25 °C. Light of 500 umol/m? /s at the
leaf level was provided by the LED Lumi-VF lights (Valoya, Helsinki, Finland). Plants were
manually irrigated, starting with 40 mL per pot, with volumes gradually increasing over
time to prevent water stress. The humidity of the substrate was monitored regularly using
a soil humidity meter.

2.3. Experimental Design and Sampling

A total of six treatments were performed, with twelve plants per treatment. The first
application of the bioactives was performed three weeks following plants” germination, and
a second application, one week later, according to the manufacturers’ recommendations.
To evaluate the effects, leaf samples were collected at two time points: 24 h (time point 1,
T1) and seven days after the second application (time point 2, T2). The preparations of
the bioactives were performed according to the manufacturers” guidelines in sterile water,
and plants were receiving the exact amount of spaying mix that corresponds to the field
conditions. For metabolomics analysis, the first fully developed set of leaves from each
plant was collected using scissors and the samples were placed into 50 mL falcon tubes
and immediately were quenched in liquid N to halt all biological and enzymatic activities.
Twelve plants were harvested per treatment group and time point. To generate pooled
biological replicates, leaves from two individual plants were combined in a single Falcon
tube in order to obtain six pooled replicates per treatment. To prevent cross-contamination,
all the equipment was thoroughly cleaned with acetone between harvesting samples of the
different treatment groups. All samples were subsequently stored at —80 °C until further
processing and analysis.

2.4. Cannabis sativa L. GC/EI/MS & 1H NMR Metabolite Profiling
2.4.1. Extraction and Analysis of Cannabis Metabolites with GC/EI/MS

The extraction of metabolites from cannabis for the GC/El/MS metabolomics anal-
ysis was performed following a robust protocol developed by our Biostimulant, Bio-
control, and Pesticide Metabolomics Group (B?PMG, https://www.aua.gr/pesticide-
metabolomicsgroup/team/default.html) (accessed on 7 August 2025) [44] with minor
modifications. Briefly, the collected leaves were pulverized into a fine powder using a
mortar and pestle under liquid Nj. Then, a portion of the samples (50 mg) was weighed
into 2 mL Eppendorf tubes and 600 uL of the extraction solution (methanol-ethyl acetate,
1:1, v/v) was added for metabolite extraction. In order to improve the extraction efficacy,
the resulting suspensions were sonicated in an ultrasonic bath (Ultrasonic cleaner 3200 EP
53, SOLTEC S.r.], Milano, Italy) for 20 min, followed by stirring at 150 rpm for 1 h at room
temperature using a horizontal orbital shaker (GFL 3006, Geschacha fiir Labortechnik mbH,
Burgwedel, Germany). The extracts were then filtered through 0.2 pm pore diameter filters
(Macherey-Nagel, Duren, Germany) to remove debris. For quality control purposes, a
20 pL aliquot of a ribitol solution (0.2 mg mL~! in methanol) was added as an internal
standard (IS). The samples were evaporated using a vacuum concentrator (Eppendorf
Concentrator Plus, Eppendorf, Hamburg, Germany). The resulting dry samples were
derivatized following a two-step process based on previously described protocols [45,46].
The first step involved the addition of 80 uL of a methoxylamine hydrochloride solution
(20 mg mL~! in pyridine) and incubation in a dry block incubator (Digital Cooling Bath,
Thermo Fisher Scientific, Waltham, MA, USA) at 30 °C for 2 h, under continuous agitation.
This step stabilizes sugars, leading to improved chromatographic resolution. In the second
step, 80 puL of N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA) were added, and
the resulting solutions were incubated at 37 °C for 90 min under continuous agitation.
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During silylation, active hydrogens of metabolite functional groups are replaced with
trimethylsilyl (TMS) moieties, substantially improving their volatility and stability for
analysis. The derivatized extracts were transferred into 200 pL glass micro-inserts placed in
2 mL glass autosampler vials (Macherey-Nagel, Duren, Germany) for GC/EI/MS analysis.
Experimental blanks were also prepared following the same protocol to identify features
unrelated to the analyzed plant material.

Analyses were performed by employing an Agilent 6890 MS (Agilent Technologies
Inc., Santa Clara, CA, USA) platform equipped with a 5973 inert mass selective detector
(MSD). The derivatized cannabis extracts (1 pL) were injected on column (HP-5MS, 30 m
long, 0.25 mm diameter, 0.25 um film thickness, Agilent Technologies Inc.) at a split ratio
of 5:1. As a carrier gas, He was used, at a flow rate of 1 mL min~! and the temperature
of the injector was set at 230 °C. The initial temperature of the oven was set at 70 °C,
remained stable for 5 min, following a 5 °C min~! rate increase until 310 °C, finally kept
stable for 1 min. The temperature of the MS source was set at 230 °C and that of the
quadrupole at 150 °C. Positive electron ionization was used (70 eV) and full scan mass
spectra were acquired in the mass range 50-800 Da at a ratio of 4 scans s~!, with an initial
signal acquisition delay of 6 min. For the control of experimental events, the Agilent’s MSD
ChemStation E.02.01.1177 software was employed (Agilent Technologies Inc., Santa Clara,
CA, USA).

The acquired GC/EI/MS chromatograms were initially deconvoluted using the software
AMDIS v.2.66 and the mass spectra library of NIST24 (National Institute of Standards and
Technology library, NIST, Gaithersburg, MD, USA). The detected metabolite features were
tentative identified based on the matching of their mass spectra to those of known com-
pounds with similarity >95%. Selected metabolites were absolutely identified using analytical
standards that were analyzed in the same system under identical conditions. The total ion
chromatograms (TIC) were further processed using the software MS DIAL v.5.4.241021 (e.g.,
baseline correction, alignment, feature removal). Then, the datasets were exported to Microsoft
Excel® (Microsoft 365, Version 2508), for further curation and addition of information for
the annotated metabolites (e.g., coding, biosynthetic pathways). Multivariate analyses was
performed as previously described [45] using the bioinformatics software SIMCA-P+ v.18.0
(Umetrics, Sartorius Stedim Data Analytics AB, Umeda, Sweden). Orthogonal partial least
square-discriminant analysis (OPLS-DA) regression coefficients (p < 0.05) was used for the
discovery of signatory metabolites and trends within the datasets. Jack-knifing was employed
for the calculation of standard errors, with 95% confidence intervals.

2.4.2. Extraction and Analysis of Cannabis Metabolites with 'H NMR

The extraction of cannabis leaves for 'H NMR metabolomics was based on a previously
described method [47], with minor modifications. A portion of the pulverized cannabis leaf
tissues (100 mg) were added into 2 mL Eppendorf tubes and they were lyophilized for 24 h
to remove water. Subsequently, D,O containing 200 mM TSP (850 uL) was added to the
lyophilized samples for the extraction of the polar metabolome. Samples were sonicated
for 20 min in an ultrasonic bath (Branson 1210, Danbury, CT, USA), and then agitated at
120 rpm for 1 h at 24 °C. To remove possible debris that could interfere with analysis, the
samples were centrifuged twice (10,000 rpm at 4 °C for 20 min), and the supernatants were
collected for analysis. The obtained extracts were stored at —80 °C in 2 mL Eppendorf
tubes until the 'H NMR spectra acquisition.

For analyses, the D,O cannabis extracts were transferred into 5 mm thin wall precision
NMR sample tubes (Wilmad, Vineland, NJ, USA) (final volume 600 pL). Spectra were
recorded using a 600 MHz Varian VRMS2 spectrometer equipped with an HCN helium-
cooled cryoprobe. One-dimensional (1D) 'H spectra were acquired using the NOESY pulse
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sequence with a Carr-Purcell-Meiboom-Gill (CPMG) filter. Experimental parameters were
as follows; 128 scans, a mixing time of 100 ms, 4 s presaturation with a 12 Hz window, a
90° pulse of 6.8 us, an acquisition time of 2.6 s, and a spectral width of 12 kHz. The CPMG
filter was applied for 102.4 ms, consisting of 128 loops with 100 ps delay.

For the deconvolution and analyses of the 'H NMR data, the software Spectrus
v.2024.2.3 (Advanced Chemistry Development, Inc., ACD/Labs, Toronto, ON, Canada)
was employed. Standard preprocessing steps, including automatic baseline correction and
manual phasing, were applied to ensure robust peak integration and spectral alignment.
Chemical shift assignments and coupling constants (] values) were annotated by referencing
publicly available NMR spectral databases and the internal databases of the software. To
facilitate semiquantitative analysis, the Intelligent Bucketing algorithm with a bin width
of 0.01 ppm was applied. Spectral regions corresponding to the residual water signal and
areas without discernible signals were excluded to enhance the robustness and accuracy of
the analysis. A similar bioinformatics workflow to the one described above for GC/EI/MS
was employed for the discovery of biomarkers and trends.

2.4.3. One Way-Analysis of Variance (ANOVA)

In addition to multivariate analysis, for selected metabolites, one-way ANOVA
was performed. Significant differences were discovered using Student’s t-test, with a
p-value < 0.05 considered statistically significant. All analyses were conducted using JMP
Pro v.18.2.1 software (SAS Institute, Cary, NC, USA).

3. Results and Discussion
3.1. Overview of GC/EI/MS and TH NMR Metabolomics Analyses

The robustness of both GC/EI/MS and 'H NMR bioanalytical protocols being applied,
was confirmed by the high quality of the acquired Total Ion Chromatograms (TICs) and
spectra, respectively (Figure 1), the absence of outliers, and the tight clustering among
the biological replications of each treatment and time point, as displayed in the obtained
OPLS-DA score plots (Figure 2). Representative raw data are publicly available through
the website of our group https://www.aua.gr/pesticide-metabolomicsgroup /Resources/
default.html (accessed on 7 August 2025) [Cannabis sativa L. (Cannabis) (PMG-08-25)]. The
GC/EI/MS matrix of cannabis metabolite profiles comprised 296 reproducibly detected
metabolite features, while the 'H NMR matrix included 211 integrated spectral bins. In
total, 107 metabolite features were annotated in various identification levels (Table S1).

Application of OPLS-DA to both datasets, revealed a strong and distinct effect of
harpin and laminarin treatments on the metabolic composition of cannabis leaves, with the
developmental stage to have the highest leverage on the observed discrimination (Figure 2).
This is evident by the clear separation between the T1 and T2 clusters in the total OPLS-DA
score plot (Figure 2a), indicating a substantial shift in plants’ metabolism in the time course.
Among the main observations is the sustained effect of harpin. Harpin protein-treated
plants at T1 and T2, form two separate and well-defined clusters that are consistently
distinct from those of the untreated ones. At T1, harpin-treated plants form a cluster
that is notably the furthest from the rest, suggesting that it causes a substantial metabolic
perturbation. By examining the time points individually, the OPLS-DA for T1 (Figure 2b)
shows that all three groups of treatments form distinct clusters, which is indicative of
the substantial and distinct metabolic changes in cannabis plants shortly following the
application of these two bioactives. Similarly, the OPLS-DA for T2 (Figure 2c) reveals that
the clusters for all three groups of treatments remained distinct, which is indicative of the
effect of the two bioactives up to seven days post-treatment, and while both treatments
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induce sustained metabolic perturbations, the specific changes evolved between the two
time points, highlight the dynamic nature of the plants’ responses.
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Figure 1. (a) Representative GC/EI/MS total ion chromatogram, and (b) Representative 1H NMR
spectrum of Cannabis sativa L. leaf metabolite profiles. Magnification of the red dashed areas and
annotations for representative metabolites are displayed. 1. Pyruvate; 2. Lactate; 3. L-Valine;
4. L-Alanine; 5. L-Leucine; 6. L-Isoleucine; 7. Benzoate; 8. Pipecolate; 9. Glycerol; 10. Succinate;
11. Glycerate; 12. Erythronate; 13. Malate; 14. D-Threitol; 15. GABA; 16. Ribitol (IS);17. Myo-Inositol;
18. Linoleate; 19. a-Linolenate; 20. Stearate; 21. Cannabidiol; 22. Sucrose; 23. Isoleucine: § 0.91 ppm
(t), 6 1.01 ppm (d)/Leucine: 6 0.95 ppm (d); 24. L-threonine: § 1.34 ppm (d), 6 3.62 ppm (d), J 4.28 ppm
(m); 25. L-Alanine: ¢ 1.45 ppm (d); 26. Glutamate: ¢ 2.05 ppm (m), 6 2.33 ppm (m)/Pyroglutamate: §
2.01 ppm (m), 6 2.50 ppm (m); 27. Sucrose: J 3.48 ppm (t), 6 5.43 ppm (d); 28. Fumarate: § 6.50 ppm
(s); 29. L-Phenylalanine: ¢ 7.43 ppm (m); 30. Nicotinate: J 8.25-(dt) (Multiplicity of 1H resonances:
“s”, singlet; ’d”, doublet; “t”, triplet; “dt”, double of triplet, “m”, multiplet).
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Figure 2. OPLS-DA PC1/PC2 score plots for the visualization of the effects of harpin and laminarin
on the recorded GC/EI/MS and "H NMR metabolite profiles of Cannabis sativa L. leaves applying
orthogonal partial least squares-discriminant analysis (OPLS-DA). The metabolite profiles were
recorded at two time points; T1 and T2. Score plots are displayed with 95% confidence interval. The
ellipse represents the Hotelling’s T2. Left collumn: GC/EI/MS data; right collumn: 'H NMR data.
(a) All treatments combined across T1 and T2; (b) Treatments at T1; (c) Treatments at T2.

3.2. Treatments of Cannabis sativa L. Plants with Harpin («,) and Laminarin Substantially Alter
Their Global Leaf Metabolism

Bioinformatics analyses of GC/EI/MS and 'H NMR datasets revealed the global
disturbance of cannabis plants’ metabolism 24 h (T1) and seven days (12) following applica-
tions with harpin and laminarin, and specific metabolites-biomarkers of effect (Figure 3) and
corresponding biosynthetic pathways being affected (Figure 4, Table 1) were discovered.

The metabolites-biomarkers of the effect of the bioactives being applied were dis-
covered applying multivariate analysis using scaled and centered regression coefficients
(CoeffCS) (Figures 3 and 4). In the corresponding coefficient plots, metabolites driving the
observed discriminations are displayed; positive coefficient values correspond to metabo-
lites present at higher relative concentrations in the untreated plants compared to the
treated ones, while negative values to those present at higher relative concentrations in the
latter. Among these biomarkers, there are many that play key roles in plant metabolism
and physiology and are discussed in detail below in Section 3.3.

In a first step, we attempted to record the effects of the bioactives on the global
metabolism of cannabis plants at both time points. Therefore, we compiled a comprehensive
table (Table 1), in which fluctuations of the plants’ metabolism have been encoded based
on the KEGG’s coding system (https://www.genome.jp/kegg/pathway.html) (Accessed 7
August 2025). The annotated metabolites were classified according to their participation in
major biosynthetic pathways.
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Figure 3. Coefficient plots illustrating metabolite differences between untreated and treated plants
across the two time points. Harpin-treated plants vs. untreated T1 (a) or vs. untreated T2 (b), and
Laminarin-treated plants vs. untreated T1 (c) or vs. untreated T2 (d). Positive and negative CoeffCS
values indicate higher and lower, respectively, metabolite relative content in the untreated plants
compared to the treated ones.

Such an approach could greatly assist towards the deconvolution of the elicitor-
induced systemic responses of cannabis plants” across key functional bio-synthetic cat-
egories, including, among others, amino acid, carbohydrate, and lipid metabolism, sec-
ondary metabolite biosynthesis, and other essential processes, such as energy, cofactor, and
vitamin metabolism, and membrane transport. The distribution patterns of upregulated,
downregulated, and unaffected pathways, provided insights into the underlying mecha-
nism by which harpin and laminarin differentially influence specific metabolic networks in
the time course (Figure 4).
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Figure 4. Functional classification of signatory metabolites of Cannabis sativa L. leaves in response to
harpin proteins and laminarin treatments at time point 1 (T1) and time point 2 (T2). Bars represent
pathway instances categorized by functional groups. Each category includes four bars corresponding
to treatment-time combinations: htl (harpin T1), ht2 (harpin T2), 1t1 (laminarin T1), and 1t2 (laminarin
T2). The bars are color-coded as follows; red (higher content compared to the untreated), green (lower
content compared to the untreated), and gray (no substantial change).
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Table 1. Effect of harpin and laminarin treatments on Cannabis sativa L. global leaf metabolism at time point 1 (T1) and time point 2 (T2), displayed as instances of
fluctuations of signatory metabolites in the corresponding biosynthetic pathways. Pathway instances indicate the involvement of metabolite in specific metabolic
pathways. Note that a single metabolite may participate into multiple pathways. The distribution illustrates treatment and time-dependent shifts in metabolic
network engagement following the application of the bioactives (ht1U: harpin, T1, upregulated; ht1D: harpin, T1, downregulated; ht1Nd: harpin, T1, no substantial
difference; ht2U: harpin, T2, upregulated; ht2D: harpin, T2, downregulated; ht2Nd: harpin, T2, no substantial difference; 1t1U: laminarin, T1, upregulated; 1t1D:
laminarin, T1, downregulated; 1t1Nd: laminarin, T1, no substantial difference; 1t2U: laminarin, T2, upregulated; 1t2D: laminarin, T2, downregulated; 1t2Nd: laminarin,
T2, no substantial difference).

Biosynthetic Pathway ht1U htiID  htINd ht2U ht2D  ht2Nd 11U 1t1D ItINd 12U 12D 1t2Nd  Function

map00400 Phenylalanine, tyrosine and tryptophan biosynthesis 2 0 2 1 3 0 1 1 2 2 1 1 Amino acid metabolism

map00290 Valine leucine and isoleucine biosynthesis 4 0 1 0 4 1 4 1 0 0 4 1 Amino acid metabolism

map00350 Tyrosine metabolism 0 2 3 1 4 0 3 1 1 3 1 1 Amino acid metabolism

map00260 Glycine, serine and threonine metabolism 2 3 1 1 3 2 2 3 1 0 3 3 Amino acid metabolism

map00360 Phenylalanine metabolism 2 2 3 1 5 1 4 2 1 5 2 0 Amino acid metabolism

map00250 Alanine, aspartate and glutamate metabolism 0 6 2 0 8 0 3 4 1 4 3 1 Amino acid metabolism

Varia Amino acid metabolism 5 12 2 1 15 3 8 10 1 5 7 7 Amino acid metabolism

map00940 Phenylpropanoid biosynthesis 2 0 4 0 4 2 4 1 1 5 1 0 Biosynthesis of other secondary
metabolites

map00960 Tropane, piperidine and pyridine alkaloid biosynthesis 3 2 1 0 4 2 3 3 0 1 3 2 Biosynthesis of other secondary
metabolites

map00966 Glucosinolate biosynthesis 5 0 1 1 5 0 3 1 2 1 3 2 Biosynthesis of other secondary
metabolites

Varia Biosynthesis of other secondary metabolites 3 1 7 6 2 3 8 0 3 6 2 3 Biosynthesis of other secondary
metabolites

map00020 Citrate cycle (TCA cycle) 0 4 1 1 4 0 3 1 1 3 2 0 Carbohydrate metabolism

map00630 Glyoxylate and dicarboxylate metabolism 0 8 2 2 6 2 4 4 2 5 3 2 Carbohydrate metabolism

Varia Carbohydrate metabolism 6 12 1 7 8 4 15 3 1 11 8 0 Carbohydrate metabolism

map01070 Biosynthesis of plant hormones 3 3 2 2 6 0 4 3 1 3 4 1 Chemical structure transformation
maps

map01064 Biosynthesis of alkaloids derived from ornithine, lysine and 2 8 1 1 9 1 4 6 1 5 4 2 Chgmical structure transformation

nicotinic acid maps

map01061 Biosynthesis of phenylpropanoids 3 4 5 3 8 1 8 2 2 8 3 1 Chemical structure transformation
maps

map01063 Biosynthesis of alkaloids derived from shikimate pathway 3 5 5 3 8 2 8 2 3 7 4 2 Chgmical structure transformation
maps

map01060 Biosynthesis of plant secondary metabolites 4 7 4 12 2 7 8 3 5 8 5 Chgmical structure transformation
maps

Varia Sum Energy metabolism 2 5 2 2 7 0 5 3 1 3 4 2 Energy metabolism

map01220 Degradation of aromatic compounds 2 1 3 1 3 2 6 0 0 3 2 1 Global and overview maps

map01200 Carbon metabolism 0 4 3 1 5 1 3 2 2 2 3 2 Global and overview maps

map01210 2-Oxocarboxylic acid metabolism 5 3 3 1 9 1 5 3 3 3 5 3 Global and overview maps

map01230 Biosynthesis of amino acids 7 4 5 1 14 1 7 6 3 4 8 4 Global and overview maps

map00061 Fatty acid biosynthesis 0 2 2 3 0 1 1 2 1 4 0 0 Lipid metabolism
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Table 1. Cont.

Biosynthetic Pathway ht1U ht1D htINd ht2U ht2D ht2Nd 1t1U 1t1D ItINd 12U 12D 1t2Nd  Function

map01040 Biosynthesis of unsaturated fatty acids 3 2 1 4 2 0 3 3 0 3 2 1 Lipid metabolism

Varia Sum Lipid metabolism 5 4 5 6 6 2 8 5 1 6 7 1 Lipid metabolism

map02010 ABC transporters 12 6 1 4 14 1 11 8 0 6 10 3 Membrane transport

map00760 Nicotinate and nicotinamide metabolism 2 5 0 0 6 1 4 3 0 2 3 2 Metabolism of cofactors and
vitamins

Varia Metabolism of cofactors and vitamins 2 2 3 0 6 1 1 3 3 2 3 2 Metabolism of cofactors and
vitamins

Varia Metabolism of other amino acids 0 1 2 0 3 0 3 0 0 1 2 0 Metabolism of other amino acids

map00410 beta-Alanine metabolism 0 3 1 0 3 1 0 3 1 0 2 2 Metabolism of other amino acids

map00480 Glutathione metabolism 0 4 0 0 3 1 0 4 0 2 1 1 Metabolism of other amino acids

map00460 Cyanoamino acid metabolism 3 2 1 0 6 0 2 3 1 1 3 2 Metabolism of other amino acids

Varia Nucleotide metabolism 2 1 2 2 3 0 1 3 1 1 2 2 Nucleotide metabolism

Varia Signal transduction 5 2 1 4 3 1 7 1 0 4 3 1 Signal transduction

map00970 Aminoacyl-tRNA biosynthesis 7 3 2 1 11 0 4 6 2 2 6 4 Translation

TOTAL MAPS INSTANCES 134 193 127 88 293 73 239 149 66 188 178 88
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Specifically, harpin-treated plants at T1 (ht1) exhibited a moderate metabolic adjust-
ment, with downregulated (D) pathway instances (ht1D = 193) exceeding the upregu-
lated (U) ones (ht1U = 134), while a significant portion of pathways remained unaffected
(Nd) (htINd = 127). This is indicative of an early-phase metabolic suppression or di-
version, yet with a considerable subset of metabolic processes remaining stable. At T2,
harpin-treated plants’ (ht2) metabolite profiles shifted substantially, exhibiting a sharp
increase in the downregulated pathways (ht2D = 293) and a concurrent decline in up-
regulated instances (ht2U = 88). Interestingly, pathways with no substantial difference
(ht2Nd = 73) were markedly reduced compared to ht1Nd, suggesting a broad transition
towards metabolic down-regulation, affecting pathways that were previously stable. For
laminarin-treated plants (It), a more moderate response was observed; at T1 (1t1), upreg-
ulated pathways (1t1U = 239) outnumbered downregulated (1t1D = 149) and unaffected
pathways (1t1Nd = 66), reflecting a balanced metabolic activation. At T2 (1t2), downregu-
lated pathways increased (12D = 178); however, the number of instances for upregulated
pathways (1t2U = 188) remained substantial. Notably, the number of pathways remained
unaffected (1t2Nd = 88) increased slightly compared to 1t1Nd, indicating a stabilization
effect where laminarin maintains activity in specific metabolic routes, while selectively
modulating others.

A more detailed interpretation of pathway-specific instances (Table 1) reveals dis-
tinct treatment- and time-dependent modulation across key metabolic cannabis networks,
particularly impacting amino acid metabolism (map00360, map01230), phenylpropanoid
biosynthesis (map00940, map01061), carbohydrate metabolism (map00020, map00630), and
secondary metabolite pathways (map01060). In harpin-treated plants at T1, there was an
early activation of phenylalanine metabolism (map00360) and phenylpropanoid biosynthe-
sis (map00940, map01061), as evidenced by the upregulated instances (ht1U), suggesting
an immediate engagement of pathways associated with secondary metabolite biosynthesis
and defense priming. However, these pathways also exhibited downregulated components
(ht1D), indicating a simultaneous redistribution of metabolic resources. Concurrently, cen-
tral carbon metabolism, including the TCA cycle (map00020) and glyoxylate metabolism
(map00630), was already experiencing downregulation, reflecting an early metabolic shift
away from energy-generating pathways. At T2, harpin induced a substantial metabolic
repression. A sharp increase in downregulated instances was observed across almost
all pathways, notably in phenylalanine metabolism (map00360), glyoxylate metabolism
(map00630), and biosynthesis of amino acids (map01230). Despite that, a few pathways
related to phenylpropanoid biosynthesis (map00940; map01061) and secondary metabolism
(map01060) remained activated, though at a lower intensity compared to T1, suggesting a
narrowed focus on sustaining defense-related biosynthetic routes, while broader primary
metabolism is repressed.

In contrast, laminarin-treated plants displayed a more balanced metabolic repro-
gramming. At T1, laminarin application resulted in the simultaneous upregulation
of phenylpropanoid biosynthesis (map00940; map01061) and amino acid biosynthesis
(map01230), while maintaining downregulation of glyoxylate metabolism (map00630)
and other carbohydrate-related pathways. This dual modulation indicates a controlled
allocation of metabolic fluxes, prioritizing defense metabolite production without induc-
ing an extensive metabolic shutdown. At T2, laminarin maintained sustained activity
in phenylalanine metabolism (map00360) and phenylpropanoid biosynthesis (map00940;
map01061), alongside a moderate increase in downregulated pathways. Notably, amino
acid biosynthesis (map01230) and glyoxylate metabolism (map00630) were less repressed
compared to harpin treatments, indicating that laminarin preserves essential metabolic
functions while selectively modulating secondary metabolism. This pattern reflects a
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strategic metabolic balancing, allowing defense responses to proceed without the systemic
metabolic suppression observed in harpin-treated plants.

Summarizing the abovementioned observations, it is plausible to suggest that although
both bioactives induce dynamic metabolic reprogramming, harpin triggers a more aggres-
sive down-regulation over time, significantly reducing unaffected pathways, whereas
laminarin promotes a more controlled and sustained metabolism modulation, with a con-
siderable fraction of metabolic stability. Such a pattern is in agreement with observations
in Arabidopsis thaliana, where harpin triggered strong transcriptional and protein-level
upregulation of TCA cycle enzymes, consistent with a coordinated metabolic reprogram-
ming from growth to defense [48]. Also, application of laminarin to Camellia sinensis plants
upregulated key defense signal molecules (e.g., salicylate and abscisate) and several PR
proteins against a pest [49].

While the global overview of the recorded metabolic profiles, as presented above,
provides valuable insights into general treatment effects, it does not capture the intricate
biochemical relationships and pathway-specific alterations induced by the application
of the bioactives. To elucidate the underlying mechanisms, a more detailed metabolite
network analysis is essential. This approach enables the identification of key metabolic
hubs, regulatory nodes, and coordinated responses, offering a systems-level understanding
of the plants’ physiological adaptation and biochemical resilience [50-52]. Within this
context, we have de novo constructed a cannabis leaf metabolite network, which can reveal
distinct metabolic shifts in response to harpin and laminarin applications (Figure 5).

A pronounced downregulation of Krebs cycle intermediates, particularly 2-ketoglutarate,
succinate, and fumarate, was observed in harpin-treated plants at both time points. This
pattern is consistent with its mode of action, rapidly reprogramming metabolism from growth
to defense via HR-like responses, high energy demand for secondary metabolism, and diver-
sion of carbon skeletons away from respiration [48]. In contrast, laminarin exerted a more
moderate and mixed impact on the TCA cycle, with certain metabolites recorded in higher
and others in lower content compared to the untreated. This pattern is in line with reports that
laminarin perception is species-specific and often triggers selective, rather than maximal, im-
mune signaling [46]. Such a response is consistent with a priming role, maintaining metabolic
balance while preparing the plant for an enhanced reaction upon pathogen challenge [53].

Most of the annotated amino acids were either downregulated or unaffected across
treatments and time points, with the exception of the branched-chain amino acids (valine,
isoleucine, leucine), which exhibited a transient upregulation at T1, followed by downregu-
lation at T2 in both treatments. The fatty acid metabolism displayed a variable response;
metabolites such as palmitate, stearate, eicosanoate, and linoleate were upregulated at T1
and/or T2, while others like hexanoate, myristate, and margarate remained largely unaf-
fected. Notably, a-linolenate exhibited a treatment-specific pattern, being downregulated
by laminarin at both time points, whereas in harpin-treated plants, it was upregulated at T1
and downregulated at T2. Within the phenylpropanoid pathway, a general upregulation
was recorded for metabolites such as salicylate and chlorogenate following both treatments.
However, laminarin elicited a stronger response, particularly enhancing the accumulation
of caffeate, ferulate, benzoate, and 4-coumarate, suggesting a more robust activation of
secondary metabolism. Finally, in the cannabinoid biosynthetic pathway, significant upreg-
ulation of CBD was observed at T2 in response to both treatments, indicating a stimulatory
effect on cannabinoid production, while a variable effect was recorded for A’-THC. A
thorough interpretation of the major findings is presented below.
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Figure 5. De novo constructed metabolite network of Cannabis sativa L. leaves, displaying the effect
of harpin and laminarin application 24 h (time point 1, T1) and seven days (time point 2, T2) post-
application. The fluctuations are presented via color-coded blocks, each representing a specific
bioactive substance and time point. The color within each block indicates the fluctuation in the
metabolites’ relative content in the treated versus the untreated plants. The color-coding is based on
the means of scaled and centered Orthogonal Partial Least Squares (OPLS) regression coefficients
(CoeffCS), reflecting the magnitude and direction of metabolic fluctuations. Solid lines represent one-
step consecutive metabolic steps, while dashed lines indicate multi-step or incompletely elucidated
pathway segments. The network was constructed using data retrieved from the Kyoto Encyclopedia
of Genes and Genomes (KEGG, https://www.genome.jp/kegg/ (accessed on 7 August 2025)).

3.3. Effect of Harpin («.p) and Laminarin Treatments on the Content of Cannabis sativa L. Plants
in Bioactive Metabolites and Metabolites That Play Key Roles in Their Metabolism

As discussed above in Section 3.2, harpin and laminarin applications had a profound
effect on the metabolism of C. sativa L. causing a general disturbance of the recorded
metabolic networks. Here, the effect of these bioactives on the content of the plants in
bioactive metabolites and metabolites that play key roles in plants’ metabolism is discussed
(Figure 6). The findings aim to contribute towards a deeper understanding of elicitor-
induced metabolic reprogramming in cannabis, which is a crop of emerging agronomic

and medicinal interest.

3.3.1. Harpin (e, 3) and Laminarin Treatments Had a Variable Effect on the Content of
Cannabis sativa L. Leaves in CBD and A°-THC

Across all treatments and sampling times, applying ANOVA, the A’-THC content
remained stable, indicating that the biosynthesis of this metabolite is tightly regulated and
resilient to the metabolic reprogramming triggered by either bioactive (Figure 6). In contrast,
CBD content displayed a significant and selective increase seven days after harpin applica-
tion, suggesting that harpin-induced signaling may upregulate key enzymes in the CBDA
biosynthetic pathway or enhance precursor availability through secondary metabolism.
This delayed response points to a possible transcriptional or post-transcriptional regulation
rather than an immediate metabolic shift. A plausible hypothesis for such observation is
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that harpin is known to activate salicylic acid (SA) and ethylene signaling pathways, upreg-
ulating genes such as CsPR1 and CsERF1 that are linked to plant defense and secondary
metabolism [42]. These signaling events can enhance the activity of enzymes involved
in cannabinoid biosynthesis, explaining the observed increase in CBD content without
significant changes in precursor levels. Nonetheless, with the current evidence, we can-
not elaborate further on this mechanism. Laminarin treatment did not induce significant
changes in CBD, consistent with its milder priming effect on metabolism compared to the
more potent elicitation by harpin. These results highlight a compound- and metabolite-
specific modulation of the cannabinoid biosynthetic network. Previous studies have also
demonstrated that biostimulants can influence CBD accumulation. For example, applica-
tion of a Trichoderma harzianum strain significantly increased the CBD content in two hemp
varieties (Felina and Fedora 17) [39], while a microbial biostimulant altered the cannabinoid
profile of medicinal cannabis, enhancing levels of cannabinoids such as CBD, which is not
the dominant metabolite in these cultivars [54].
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Figure 6. Relative abundances of key Cannabis sativa L. leaf metabolites and their fluctuations in
response to harpin and laminarin application 24 h (T1) and seven days (T2) following treatments. Bars
represent the mean =+ standard deviation (SD) of the relative abundance of metabolites (C; control, H;
harpin proteins, L; laminarin. Different letters (a, ab, b, bc, bed, ¢, c¢d, d, de, e) above the bars denote
statistically significant differences among treatments for each metabolite (Tukey’s HSD test, p < 0.05).

The observed harpin-induced increase in CBD content, without affecting A°-THC
levels, offers a practical strategy for enhancing the value of compliant hemp cultivars
through targeted, timed applications during key growth stages. This approach could
enable growers to boost CBD content for pharmaceutical, nutraceutical, and cosmetic
markets, while maintaining legal THC limits. Laminarin’s milder cannabinoid impact,
combined with its priming of plant defenses, suggests that it could be integrated with
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harpin in crop management programs to simultaneously improve product quality and
resilience. Both bioactives are compatible with sustainable and organic production systems,
supporting market differentiation and regulatory compliance. Nonetheless, further research
is required for the optimization of their application (dosage, developmental stage).

3.3.2. Harpin («3) and Laminarin Treatments Altered the Content of Cannabis sativa L.
Leaves in Metabolites That Play a Key Role in Its Metabolism

Treatment of Cannabis plants with harpin and laminarin, altered their leaf content in
metabolites that play a fundamental role in their metabolism. Among others, substantial
fluctuations were recorded in the content of plants in SA, x-linolenate, phenylalanine (Phe),
caffeic acid (CA), and y-aminobutyric acid (GABA) (Figure 6). SA and «-linolenate are
pivotal regulators of the plant defense mechanism. SA functions as a key signaling molecule
in SAR, activating defense-related genes and enhancing long-term immunity, while -
linolenate serves as a precursor for jasmonic acid, a central metabolite that orchestrates
responses to biotic and abiotic stresses, additionally contributing to induced systemic
resistance (ISR) [55,56]. Phe is an essential metabolite in the phenylpropanoid pathway,
leading to the synthesis of diverse secondary metabolites, including flavonoids and lignin,
which are crucial for plants’ structural reinforcement and pathogen defense [57]. CA
derived from Phe, is a key intermediate in lignin biosynthesis and plays an important
role in the production of antioxidant phenolic compounds, thereby protecting plant cells
against oxidative damage and limiting pathogen proliferation. In addition, CA contributes
to cell wall strengthening, which enhances overall stress tolerance [58]. Finally, GABA
serves as an important signaling metabolite, particularly under abiotic stresses such as
drought, salinity, and temperature fluctuations. It is also involved in pH regulation,
nitrogen metabolism, and osmotic adjustment, thereby maintaining cellular homeostasis
and improving stress resilience [59]. Collectively, these metabolites represent critical
components of plant metabolic networks, underpinning growth, defense, and adaptation
to environmental challenges.

SA levels exhibited marked temporal fluctuations in response to the two elicitor treat-
ments, revealing distinct patterns of defense signaling activation. In harpin-treated plants,
SA content increased significantly at T1, compared to the untreated (CT1), and this elevated
concentration was sustained through T2 (HT2). Such a prolonged elevation is indica-
tive of a persistent activation of SA-mediated defense pathways, commonly associated
with systemic acquired resistance (SAR) and long-term transcriptional reprogramming of
defense-related genes. Similar findings have been observed in cannabis seedlings, where
24 and 48 h after harpin application, expression of the CsPR1 gene, a key component of the
salicylic acid pathway was induced [42]. Also, the application of harpin from the bacterium
Xanthomonas phaseoli to tobacco, overexpressed the NPR1 gene [60].

In contrast, the application of laminarin triggered a sharp but transient accumulation
of SA at T1 (LT1), with levels returning to untreated values by T2 (LT2), pointing to a
short-lived activation of SA-dependent signaling. This temporal distinction suggests that
harpin induces a more durable defense state, potentially through continuous perception
or amplification of defense signals, whereas laminarin primes an early but less sustained
SA response. Although laminarin has been reported to stimulate both salicylate- and
jasmonate-dependent pathways, in the present study «-linolenate, the key precursor for
jasmonic acid biosynthesis, remained unaffected by either treatment. This absence of «-
linolenate modulation implies that, under the tested conditions, the jasmonate branch was
not substantially engaged, and that the primary hormonal response to both elicitors was
dominated by SA-related signaling. Similar fluctuations have been documented, in tea
plants where the application of laminarin led to the overexpression of SA and not JA [49].
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Furthermore, in laminarin-treated cannabis plants, the observed reduction in Phe
content coupled with the concomitant accumulation of CA at T1, is indicative of an en-
hanced metabolic flux through the phenylpropanoid pathway (Table 1, Figure 5). Phe
serves as the primary substrate for phenylalanine ammonia-lyase (PAL), the gateway
enzyme in phenylpropanoid biosynthesis, and its depletion is consistent with increased
channeling toward downstream metabolites such as CA. The accumulation of CA suggests
that laminarin elicitation stimulates phenolic compound biosynthesis as part of a defense-
oriented metabolic reprogramming. In cannabis plants, this response may contribute
to multiple protective mechanisms; CA acts as a key intermediate in lignin biosynthe-
sis, promoting cell wall strengthening and thus impeding pathogen ingress, while also
functioning as a potent antioxidant, mitigating reactive oxygen species generated during
elicitor-induced stress responses. This has also been observed in tobacco plants, where
laminarin application significantly enhanced the activity of key defense enzymes such as
caffeic acid O-methyltransferase (COMT), an enzyme responsible for lignin biosynthesis
and the strengthening of cell walls during defense responses [61,62]. Moreover, its role in
modulating redox homeostasis could help enhance tolerance to abiotic challenges such as
drought, salinity, or high light intensity factors particularly relevant for hemp grown under
field conditions. Collectively, these metabolic adjustments highlight laminarin’s ability to
activate phenylpropanoid-related defenses in cannabis plants, likely improving structural
and biochemical resilience without negatively impacting primary growth processes.

In the leaves of cannabis plants, GABA reached its highest abundance in untreated
plants at T1, whereas both harpin- and laminarin-treated plants exhibited significantly
reduced levels at both time points. This suppression suggests that the elicitors” application
overrides or reduces the naturally elevated GABA accumulation, typical of the early vege-
tative stage. GABA is a central non-protein amino acid with multiple functions, including
its function as a signaling molecule in stress perception, contributing to cytosolic pH regu-
lation, serving as a compatible osmolyte, and linking carbon—nitrogen balance through the
GABA shunt [62]. The observed decrease in GABA following the elicitors’ treatments may
indicate that they alter the baseline stress signaling state, potentially lowering constitutive
stress readiness in favor of specific, elicitor-driven defense pathways. In cannabis, this
could involve metabolic reallocation toward phenylpropanoid- or cannabinoid-related
pathways, or the reinforcement of salicylic acid-dependent responses, as observed for
harpin above. Direct evidence for reduced GABA content following harpin or laminarin
is, to our knowledge, unavailable. Nevertheless, given that both elicitors reinforce SA-
dependent defenses and can reallocate carbon toward phenylpropanoid metabolism, a
transient down-shift in GABA, tightly coupled to mitochondrial succinate supply via the
GABA shunt, remains mechanistically plausible [59,63]. We therefore interpret the observed
GABA dynamics as consistent with short-term reorganization of metabolic homeostasis
during defense prioritization [64].

4. Conclusions

Although biostimulants and alternative PPPs hold the premise to become key compo-
nents of the agricultural practice in the effort to combat issues that the sector is facing, their
interactions with the plants are largely unexplored, which represents a major obstacle to-
wards their further development and integration. Here, we have highlighted the significant
impact of two important bioactive molecules, harpin and laminarin, on the metabolism
of cannabis plants, applying metabolomics. The treatments induced distinct shifts in the
plants’ metabolic pathways, enhancing the production of key bioactive compounds such
as cannabinoids and essential amino acids. Harpin triggered a more aggressive down-
regulation of metabolic pathways over time, while laminarin promoted a more balanced
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and sustained metabolic modulation. Harpin induced a sustained SA increase, consistent
with prolonged activation of SA-mediated defenses, while laminarin induced a transient SA
response and enhanced phenylpropanoid pathway flux, as evidenced by Phe depletion and
CA accumulation. Both elicitors reduced GABA content, suggesting altered stress signaling
and carbon-nitrogen balance, potentially reallocating resources toward targeted defense
metabolism. These findings underscore the potential of biostimulants and alternative PPPs
in improving plant health and the quality of cannabis-derived products. The insights
gained from this research could contribute to the development of sustainable cultivation
strategies for hemp and the resilience of cultivation. Of great interest will also be the
investigation of the long-term effects of similar treatments on cannabis physiology and final
product quality, as well as their influence on the broader cannabinoid profile, including
minor cannabinoids such as CBG, CBC, and CBN, which hold significant relevance for their
medicinal and industrial value. Overall, the research advances our understanding of the
molecular mechanisms underlying biostimulant action in hemp cultivation.
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(control), sampled at 24 h and 7 days after the second treatments, and processed for GC/EI/MS and
'H NMR metabolomics; Table S1. Representative annotated cannabis metabolites.
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