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Abstract: Industrial hemp (Cannabis sativa L.) is a versatile and sustainable multipurpose
plant for agroecology services and a zero-waste circular economy. While the focus has
traditionally been on primary products like fiber and seeds, nowadays there is an increasing
awareness of the potential value of the by-products generated during hemp cultivation
and processing. This article explores various methods of valorizing industrial hemp
wastes, focusing on their mineral and biochemical composition, highlighting the benefits
of utilizing what was once considered a mere by-product. The apical and the basal leaves
of 12 industrial hemp varieties, six monoecious, and six dioecious, representing the main
by-product of fiber supply chain, were assessed for their mineral (N, K, Na, Ca; Mg, Cu, Mn,
Fe, and Zn), chlorophyll, carotenoids, and total soluble phenols contents, as well as for their
antioxidant activity. The same parameters were also evaluated in the inflorescences; the
main waste was derived from both hemp fiber and seed harvesting, which were collected
at three stages of flower development for four selected genotypes, together with the yield
and chemical composition of their essential oils. Differences in the evaluated parameters
among genotypes and tissues were highlighted, showing the potential for diversifying the
utilization of industrial hemp wastes. The possible uses of these residual biomasses are
discussed based on their composition.

Keywords: Cannabis sativa; minerals; polyphenols; chlorophylls; carotenoids; antioxidant
activity

1. Introduction
Hemp (Cannabis sativa L.) belongs to Cannabaceae, a small family comprising nine

genera [1], most of which shared the presence of inconspicuous unisexual flowers [2].
Hemp male and female flowers typically grow on separate dioecious plants. Nevertheless,
monoecious genotypes have also been selected during hemp breeding programs [3,4].
This species is characterized by high genetic and phenotypic variability representing an
important opportunity for breeders to produce new varieties for different purposes [2].
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In fact, hemp is a valuable multipurpose crop, used for many industrial applications.
Moreover, it is a sustainable crop [5], perfectly fitting with the objectives of the European
Green Deal. In recent years, the industrial hemp sector has gained particular attention due
to its versatility and sustainability. The global hemp market was valued at approximately
USD 5.49 billion in 2023 and is expected to grow at a compound annual growth rate
(CAGR) of 17.5% from 2024 to 2030, reflecting a growing demand for eco-friendly bio-based
materials [6].

Industrial hemp has a wide range of uses. The fiber, obtained from the plant stems [5,7],
is used for several applications, spanning from the textile industry to paper production and
the construction sector [8]. Hemp plants grown for their fiber are harvested at the stage of
fiber maturity, usually at the onset of flowering (10–20% of flowering plants). However, in
some cases, harvesting occurs later, between the bloom and seed-set, e.g., between the time
of panicles harvest for cannabidiol (CBD) extraction and seed harvesting [7].

Additionally, hemp is widely cultivated for its seeds, which are rich in oil, proteins,
carbohydrates, and fibers, as well as in vitamins and minerals [7]. They are used as food for
human consumption, or as feed for animals [5,8], as well as for obtaining the hempseed oil,
which is highly appreciated for its pleasant nutty flavor and for its nutritional properties [7].
Seeds are harvested when about 70% of seeds are mature and cleaned by removing flowers,
green material (leaves, bracts), and immature seeds.

While fiber and seeds are the main bioproducts from industrial hemp, hurds, leaves,
and inflorescences, they are considered a waste of low economic value, also described as
hemp biomass residue. These products can be re-employed into innovative and sustainable
resources, or used for extracting bioactive molecules pursuing a zero waste/circular [9]. In
particular, female inflorescences, which are considered waste products of the hemp seed
supply chain, stood out as valuable by-products, which are exploitable for their content
in bioactive compounds, both volatile and non-volatile [10,11]. Besides them, leaves also
represent an important waste material and are exploitable for their content in bioactive
compounds, as well as in minerals [12]. Recent studies have demonstrated that hemp leaves
are a significant source of important molecules, including phytocannabinoids, terpenes,
polyphenols, and flavonoids, whose extraction and utilization could represent a zero-waste
strategy for the hemp industry [13]. Among those bioactive molecules, phytocannabinoids
and terpenes are the main chemical classes found in hemp essential oil (EO) [14], which,
in recent years, has attracted increasing attention mainly thanks to its potential industrial
applications [15–19]. EOs are complex mixtures of volatile compounds produced by plants
in specialized secretory tissues through different biosynthetic pathways of the secondary
metabolism [20]. Their chemical composition is affected by many intrinsic and extrinsic
factors [21]. In our previous works, among the endogenous factors, we highlighted the
strong influence of genotype, year of cultivation, and plant phenological stage on EO
composition [14,22]. Also, phytocannabinoid and flavonoid content have been reported to
be affected by the genotype, cultivation site, and phenological stage [11,23–25].

Furthermore, the residual materials could also be employed for their mineral composi-
tions to improve soil fertility, thus reducing the need for chemical fertilizers [26]. Indeed,
hemp is reported to be an excellent source of calcium (Ca), which is essential for plant
growth [27], as it is able to enhance soil structure, such as potassium (K), which is impli-
cated in water balance regulation and photosynthetic efficiency in plants, and phosphorus
(P), which is crucial for root development and fruit formation [28]. The role of minerals in
hemp waste products is multifaceted, contributing to soil health, environmental remedia-
tion, sustainable construction, and resource efficiency. By leveraging these minerals, hemp
industry can enhance its sustainability and integrate more deeply into circular economy
frameworks, turning waste into valuable inputs for various sectors [29]. Furthermore, hemp
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cultivation-derived leaf residues can be exploitable for their content in phytochemicals like
chlorophylls, carotenoids, and polyphenols, which are known antioxidant compounds [30].

The present work deals with mineral and biochemical characterization of the apical
and the basal leaves of 12 industrial hemp genotypes, six monoecious, and six dioecious
cultivated in an open field. Moreover, four genotypes were selected to investigate the evolu-
tion of these parameters, as well as the EO yield, chemical composition, and inflorescences
during plant growth.

2. Materials and Methods
2.1. Plant Material

Field cultivation was conducted in Rovigo, Italy (Lat 45◦04′45.4′′ N; Long 11◦45′57.3′′ E,
3 m asl) in 2021 for 12 hemp varieties (Table S1), six monoecius (Carmaleonte, Codimono,
Fedora 17, Felina 32, Futura 75, and Santhica 27), and six dioecious (Felsinea, Carmagnola,
CS, Eletta Campana, Fibranova, and Fibrante). Sowing was conducted on April 26 in three
replicated plots of 25 m2 each using 20 kg/ha seed density. Fertilization was applied only
before sowing with 40 units of nitrogen. The average temperature between April and
October was 19 ◦C, and the total amount of rainfall in the same period was 289.4 mm. No
additional water was supplied by irrigation. For each variety, apical and basal leaves were
collected from 18 different plants (6 for each parcel) for each variety on August 4th, and
four pools were prepared: two of “apical leaves” and two of “basal leaves”. Following the
BBCH scale codification and description in Cannabis sativa (Mishchenko et al., 2017) [31], at
this collection time, monoecious plants were in BBCH stages 65 (Full flowering)–71 (10%
of fruits have reached final size and coloration), while dioecious plants were at BBCH
stage 39 (stem elongation) or 51 (first individual flower buds of male flowers visible). After
collection, leaves were air-dried in the dark and at room temperature. For only four out
of the twelve genotypes (Carmaleonte, Futura 75, Eletta Campana, and Carmagnola), the
inflorescences were also collected at three distinct BBCH stages: 67, 69, and 87 during
growth stages 6 (Flowering) and 8 (Ripening of the Fruit). At each sampling time, apical
parts of about 30 cm both from the main stem and lateral branches of nine different plants
(three from each plot) were harvested and air-dried in the dark at room temperature to
avoid photo-oxidation reactions and loss of volatile compounds. These samples included
inflorescences, floral bracts, and apical leaves, which were manually separated from stems
and seeds, using a 2 mm-diameter sieve. Both leaves and inflorescences were analyzed for
the mineral content, total soluble phenol content, total flavonoids, and antioxidant activity,
as reported in Sections 2.3 and 2.4. For inflorescences, the EOs were obtained and analyzed,
as in Section 2.5.

2.2. Chemicals and Reagents

Analytical grade methanol and n-butanol used for extract preparation were purchased
from Merck (Darmstadt, Germany). UHPLC grade methanol, formic acid, and water
were supplied from Romil–Deltek (Pozzuoli, Italy). DPPH (2,2-diphenyl-1-picrylhydrazyl),
ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid), aluminium trichloride (AlCl3),
and Folin–Ciocalteau reagent were purchased by Merck (Darmstadt, Germany).

2.3. Mineral Content

Dried samples were digested with a mixture (5:2) of nitric acid (65%) and perchloric
acid (35%) at 240 ◦C for 1 h, and mineral elements were determined as follows: Ca, Cu, Fe,
Mg, K, Mn, Na, and Zn by atomic absorption spectrophotometry. The content of organic
nitrogen was determined using the Kjeldahl method [32]. The content of each mineral is
expressed either as g/Kg dry weight (DW) or mg/Kg DW, depending on its concentration.
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2.4. Biochemical Analyses

The concentration of photosynthetic pigments (chlorophylls and carotenoids) was
evaluated in 100 mg of dried samples. Pigments were, overnight, extracted in 5 mL of pure
methanol at 4 ◦C in the dark. The absorbance of the extracts was measured at 665, 652, and
470 nm with a UV-VIS spectrophotometer (Shimadzu UV-1800, Shimadzu Corporation,
Kyoto, Japan), as described by Lichtenthaler (1987) [33]. Leaf contents of chlorophylls and
carotenoids were expressed as mg/g DW.

Other dried samples (100 mg) were pulverized and homogenized in a mortar with 1 mL
of 70% (v/v) methanol. After 30 min of incubation at 4 ◦C, the samples were centrifuged at
15,000× g for 10 min, then the supernatants were utilized for further analyses [34]. Total
soluble phenol content (TPC) was assayed with the method based on Folin–Ciocalteau’s
phenolic reagent (Singleton, Rossi 1965) [35]. The absorbance of samples was spectropho-
tometrically detected at 765 nm [34], and the data were expressed as mg of gallic acid
equivalents per g DW (mg GAE/g DW).

The antioxidant activity was determined by using the stable 2,2-diphenyl-1-picrylhyd
razyl radical (DPPH)-scavenging method and the 2′-azinobis-(3-ethylbenzothiazoline-6-
sulfonic acid (ABTS) assay [30,36]. For DPPH, the activity was measured as a decrease
in absorbance at 517 nm after 30 min of incubation at room temperature. The percentage
inhibition of the DPPH radical by the samples was calculated according to the formula: %
inhibition = (Ablank − Asample/Ablank) × 100, where Ablank is the absorbance of the DPPH
radical without the antioxidant and Asample is the absorbance of the samples. The results
of the DPPH free-radical scavenging activity were expressed as mM of Trolox equivalent
antioxidant capacity (TE) for g dry weight (mM TE/g DW).

For ABTS, the activity was assessed according to the Re et al. method [37]. The
oxidization of the ABTS with potassium persulfate produced the green/blue radical cation,
ABTS+, and ABTS+ was reduced, in turn, by the presence of hydrogen-donating antioxi-
dants, determining a decolorization of the green/blue chromogen. The reaction is followed
spectrophotometrically at 734 nm. Trolox was used as a control (2.5 mM). The results were
expressed as mM of Trolox equivalents (TE) for g dry weight (mM TE/g DW).

2.5. EO Hydrodistillation and GC-MS Analysis

The EOs were obtained from the air-dried and shredded inflorescences and floral
bracts of the four analysed genotypes. In detail, 100 g of plant material of each genotype
were separately subjected to hydrodistillation with a Clevenger standard apparatus for
2 h. The obtained EOs were then collected and suddenly analysed by means of Gas
Chromatography, coupled with Mass Spectrometry (GC-MS), after being diluted to 5%
in HPLC-grade n-hexane. GC-MS analyses were performed as reported in our previous
studies [13].

2.6. Statistical Analyses

All the measurements were accomplished in triplicates. For the leaves, mineral compo-
sition and biochemical parameters were subjected to one-way analysis of variance (ANOVA)
to evaluate the presence of significant differences among the different genotypes, consider-
ing the same plant material. Conversely, t-test was accomplished only on mineral content to
assess the significant difference between basal and apical leaves. Furthermore, the influence
of genotype, type of leaf, and their interaction was assessed by two-way ANOVA. For this
analysis, averages were separated by Tukey’s post-hoc test, using a p < 0.05 to assess the
significance of differences between means.

For the inflorescences, one-way ANOVA was used to evaluate significant differences of
the mineral composition and the biochemical parameters, comprising also the components
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of the essential oils (EOs). Additionally, a two-way ANOVA was conducted to assess the
effects of genotype, sampling time, and their interaction (genotype × sampling time) on the
relative content of these components. For this analysis, averages were separated by Tukey’s
post-hoc test, using a p < 0.05 to assess the significance of differences between means.

Statistical analyses were performed using the JMP Pro 14.0.0 software package (SAS
Institute, Cary, NC, USA).

3. Results and Discussions
Major by-products of the hemp supply chain are hemp leaves and inflorescences,

which are discarded after fiber and seed harvesting. Indeed, these two materials were
studied in this work and finely characterized for their mineral and biochemical composition
to gain new scientific knowledge for their valorization.

3.1. Mineral and Chemical Characterization of Hemp Leaves
3.1.1. Mineral Composition of Hemp Leaves

The mineral content of hemp leaves, which are the principal by-product of the fiber
industry, were analyzed in this work for their mineral content, which resulted to be influ-
enced by both the genotype and the position of the leaf along the stem, as well as by their
interaction, as evidenced by the two-way ANOVA (Table 1). The only elements that were
not affected by leaf age were K and Mn, while Zn was the only one whose content was not
influenced by genotype x leaf stage interaction.

Table 1. Two-way analysis of variance evaluating the effect of genotype, leaf age, and their interaction
on the mineral composition of the leaves.

Elements Genotype Leaf Age Genotype × Leaf Age

N *** *** ***
K *** n.s. ***

Na *** *** ***
Ca *** *** ***
Cu *** ** ***
Mg *** *** ***
Mn *** n.s. ***
Fe *** *** *
Zn ** ** n.s.

* p < 0.05; ** p < 0.01; *** p < 0.0001; n.s.: not significative.

The major component of hemp leaves was found to be Ca (from 27.9 to 86.4 g/Kg DW),
followed by N (28.9–47.5 g/Kg DW), K (10.8–27.4 g/Kg DW), Mg (3.3–10.8 g/Kg DW), and
Na (0.2–0.8 g/Kg DW). Fe was present at 105.4–369.6 mg/Kg DW, while Zn, Mn, and Cu
were below 100 mg/Kg DW. Cu was found at the lowest concentration in hemp leaves,
ranging from 1.99 to 9 mg/Kg DW. The hemp leaf residues could be exploited to enrich
soils with N, Ca, and K. Moreover, this mineral composition makes hemp a new attractive
crop for agricultural systems like intercropping, contributing to sustainable agriculture and
reducing the reliance on synthetic fertilizers. Ca is an important element for plant growth
but also an important mineral for the human diet. As hemp leaves have become very
popular as food ingredients for preparation infusions, their composition was evaluated in
comparison with the literature on other herbal teas. The mineral composition was similar
to those of herbal and green teas from Lippia multiflora [38] but was different from those
reported for other traditional teas by Oliver et al. (2012) [39] like black and green tea, Matè,
Coca, and Rooibos, which contains more K than Ca. Interestingly, cistolithyc trichomes,
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which are short, non-glandular hairs containing basal deposits of calcium carbonate, are
present on the adaxial surface of Cannabis sativa leaves [40].

In general, some elements were accumulated differently according to leaf age without
distinction based on the sexual behavior of the plants, while others showed differences
among monoecious and dioecious varieties and not according to leaf age. Mn, K, and Cu
showed a genotype-associated trend (Figure S1).

In detail, as clearly shown in the histogram reported in Figure 1A–C and evidenced
by one-way ANOVA and t-test differences in Ca, Mg, and Fe contents were observed
according to the leaf age, with higher amounts in the basal leaves compared to the apical
ones and without distinction between monoecious and dioecious varieties.
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Figure 1. (A) Calcium (Ca, g/Kg DW); (B): Iron (Fe, mg/Kg DW), and (C): Magnesium (Mg) content
(g/Kg DW) of the apical (light green) and basal (dark green) leaves of the analysed hemp genotypes.
Lowercase letters (ANOVA analysis) indicate statistically significant differences among different
genotypes considering the same leaf type. Uppercase letters (t-test) indicate statistically significant
differences between apical and basal leaves per genotype.

Conversely, an opposite accumulation trend, higher in apical leaves compared to the
basal ones, was observed for Na and Zn contents (Figure 2), although genotype-specific
exceptions were found in Futura 75, Santhica 27, Fibranova, and Fibrante for Na (Figure 2A),
as well as in Felina 32 and Felsinea for Zn. Indeed, Na content ranged from 0.2 to 0.8 g/Kg
DW for apical leaves and from 0.2 to 0.3 g/Kg DW for basal ones, while Zn content was
far lower.
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Figure 2. (A): Sodium (Na, g/Kg DW); (B): Zinc (Zn) content (mg/Kg DW) of the apical (light green)
and basal (dark green) leaves of the analysed hemp genotypes. Lowercase letters (ANOVA analysis)
indicate statistically significant differences between different genotypes considering the same leaf
type. Uppercase letters (t-test) indicate statistically significant differences between apical and basal
leaves per genotype.

As reported in the histograms of Figure 3, differences in the organic nitrogen content
were clearly shown according to sexual behavior. Indeed, N concentration was, in general,
significantly higher in the apical leaves of the dioecious varieties, while no differences were
revealed for monoecious ones. The maximum concentration was found in the apical leaves
of Felsinea (47.5 g/Kg DW), while the minimum was found in basal leaves of Fibrante
(28.9 g/Kg DW).
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Figure 3. Organic nitrogen (N) (g/Kg DW) of the apical (light green) and basal leaves (dark green) of
the analysed hemp genotypes. Lowercase letters (ANOVA analysis) indicate statistically significant
differences between different genotypes considering the same leaf type. Uppercase letters (t-test)
indicate statistically significant differences between apical and basal leaves per genotype.
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3.1.2. Chlorophyll, Carotenoids, Total Polyphenols Content, and Antioxidant Activity of
Hemp Leaves

The total chlorophyll content differed significantly according to both genotype and
leaf position, as well as to their interaction, as clearly evidenced by two-way ANOVA
(Table 2). In general, dioecious plants revealed higher concentrations than monoecious,
except for Codimono, which showed values similar to those of CS. The highest amount was
detected in basal leaves of cv Fibrante (7.83 mg/g DW), followed by Fibranova (7.67 mg/g
DW in basal and 7.19 mg/g DW in apical leaves). Carmaleonte showed, by far, the
lowest content in total chlorophylls, with significant differences between apical (1.76 mg/g
DW) and basal ones (1.11 mg/g DW) that could be attributed to diverse photosynthetic
rate [40]. Furthermore, carotenoid content was found to be lower in Carmaleonte with
respect to most of the tested varieties, with CS showing content at least 10-fold higher
than the others in the apical leaves. Looking at the literature data on carotenoid content
in leaves, a similar content, considered on average, was found in Amaranthus [41]. Total
polyphenol content (TPC) differed significantly among genotypes only in basal leaves:
The highest value was recorded in Felina 32 (300.391 mg/g DW), and the lowest was
recorded in Carmaleonte (174.55 mg/g DW). Besides the high variability found in the
literature concerning the adopted extraction methods, solvents, and analyzed fraction, a
comparison with the soluble leaf fractions of other plant species commonly used in tea
or infusion preparations was done. Taken as whole apical and basal leaves data, TPC
values of Cannabis sativa varieties were higher than methanolic extracts from Amaranthus
lividus, Urtica dioica, and Mentha spp. [42] and were lower than the average TPC content in
Moringa oleifera [43] and Camellia sinensis leaves [44–46], with the latter indeed known for its
antioxidant properties. The antioxidant activity was measured using both DPPH and ABTS
assays. Diverse correlations with chlorophylls, carotenoids, and TPC are generally observed
when referring to DPPH and ABTS in studies underlying the biochemical composition of
plant-derived extracts [36,47,48] In this work, DPPH agreed with pigment composition and
TPC content, particularly in basal leaves. The highest radical-scavenging activity based
on the DPPH assay was found in Fibrante basal leaves (13.37 mmol TE/g DW) and in
Carmaleonte apical leaves (12.39 mmol TE/g DW), while the lowest in the apical leaves of
CS (4.76 mmol TE/g DW), with similar activity in both apical and basal leaves (except for
Carmaleonte and CS). Considering ABTS results, the basal leaves showed a remarkable
radical scavenging activity, which is higher for Fibrante (8.43 mmol TE/g DW) and Futura
75 (8.29 mmol TE/g DW) and lower for Carmaleonte (5.72 mmol TE/g DW). In the apical
leaves, values ranged from 6.8 mmol/g DW in Fibrante to 2.71 mmol TE/g DW in Fedora 17.
Taken together, these data suggested a potential alternative use of hemp leaves for beverage
and food preparations due to their content in phytochemical and antioxidant capacity.

Table 2. Total chlorophylls (Chl tot), carotenoids, total phenolic content (TPC), and antioxidant
activity (DPPH assay and ABTS assay) on apical and basal leaves of 12 hemp varieties.

Type Genotype Chl Tot
(mg/g DW)

Carotenoids
(mg/g DW)

TPC
(mg GAE/g DW)

Antioxidant
Activity DPPH

Assay
(mM TE/g DW)

Antioxidant
Activity ABTS

Assay
(mM TE/g DW)

Apical leaves

Monoecious

Carmaleonte 1.76 ± 0.04 C,a 0.59 ± 0.01 F,a 209.61 ± 28.43 A,a 12.39 ± 0.38 A,a 4.88 ± 0.63 A,a

Codimono 6.52 ± 0.03 AB,b 1.22 ± 0.00 A,b 240.29 ± 38.11 A,a 11.27 ± 0.32 AB,a 6.39 ± 0.69 A,a

Fedora 17 4.89 ± 0.10 AB,a 0.92 ± 0.03 E,a 268.61 ± 41.27 A,a 11.64 ± 1.86 B,a 2.71 ± 0.37 A,a

Felina 32 5.69 ± 0.22 AB,a 1.09 ± 0.02 CD,a 234.88 ± 36.47 A,a 10.69 ± 1.08 AB,a 5.25 ± 0.57 A,a

Futura 75 5.59 ± 0.24 AB,a 1.05 ± 0.03 D,b 184.48 ± 19.51 A,a 9.76 ± 1.65 AB,a 5.50 ± 0.81 A,a

Santhica 27 4.24 ± 0.16 B,a 1.18 ± 0.00 AB,a 176.24 ± 20.59 A,a 7.37 ± 1.15 AB,a 5.53 ± 0.56 A,a
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Table 2. Cont.

Type Genotype Chl Tot
(mg/g DW)

Carotenoids
(mg/g DW)

TPC
(mg GAE/g DW)

Antioxidant
Activity DPPH

Assay
(mM TE/g DW)

Antioxidant
Activity ABTS

Assay
(mM TE/g DW)

Dioecious

Felsinea 4.44 ± 1.6 B,a 1.19 ± 0.07 AB,a 207.83 ± 35.97 A,a 11.45 ± 0.60 A,a 5.87 ± 0.77 A,a

Carmagnola 6.32 ± 0.06 AB,a 1.14 ± 0.00 BC,a 195.49 ± 27.60 A,a 10.74 ± 0.45 A,a 6.64 ± 0.61 A,a

CS 7.10 ± 0.06 A,a 11.97 ± 0.01 AB,a 283.40 ± 40.29 A,a 4.76 ± 0.49 A,a 6.76 ± 0.74 A,a

Fibrante 6.93 ± 0.04 A,b 1.19 ± 0.05 AB,a 208.11 ± 31.39 A,a 10.07 ± 0.59 AB,a 6.80 ± 0.85 A,a

Eletta Campana 5.95 ± 0.02 AB,b 1.05 ± 0.00 D,a 191.08 ± 26.75 A,a 10.08 ± 1.13 AB,a 5.98 ± 0.91 A,a

Fibranova 7.19 ± 0.07 A,b 1.16 ± 0.01 AB,b 202.39 ± 27.24 A,b 7.79 ± 1.07 AB,a 4.84 ± 0.69 A,a

Basal leaves

Monoecious

Carmaleonte 1.11 ± 0.01 G,b 0.46 ± 0.00 C,b 174.55 ± 19.79 DE,a 8.86 ± 1.47 A,b 5.72 ± 1.30 A,a

Codimono 7.03 ± 0.03 B,a 1.26 ± 0.00 AB,a 242.22 ± 15.30 ABCDE,a 8.70 ± 0.61 A,a 6.99 ± 1.45 A,a

Fedora 17 4.54 ± 0.08 F,a 1.03 ± 0.00 B,a 272.18 ± 11.64 BCDE,a 10.75 ± 1.06 A,a 7.51 ± 1.35 A,a

Felina 32 5.17 ± 0.02 E,a 1.13 ± 0.00 AB,a 300.39 ± 4.14 BCDE,a 6.91 ± 1.66 A,a 7.55 ± 1.44 A,a

Futura 75 4.41 ± 0.05 F,b 1.40 ± 0.00 A,a 223.87 ± 29.44 ABC,a 11.38 ± 1.33 A,a 8.29 ± 1.22 A,a

Santhica 27 4.20 ± 0.04 F,a 0.94 ± 0.01 B,b 273.97 ± 7.15 CDE,a 8.52 ± 0.81 A,a 7.57 ± 1.62 A,a

Dioecious

Felsinea 5.95 ± 0.08 D,a 0.26 ± 0.00 C,b 188.02 ± 8.35 E,a 7.48 ± 0.80 A,a 6.51 ± 1.07 A,a

Carmagnola 5.93 ± 0.06 D,b 1.15 ± 0.04 AB,a 239.33 ± 10.42 ABCD,a 10.46 ± 0.11 A,b 6.92 ± 1.13 A,a

CS 6.75 ± 0.14 BC,a 1.24 ± 0.02 AB,a 228.04 ± 7.08 AB,a 9.59 ± 1.35 A,a 8.13 ± 1.56 A,a

Fibrante 6.49 ± 0.02 C,a 0.96 ± 0.12 B,a 215.52 ± 10.02 A,a 8.96 ± 0.97 A,a 8.23 ± 1.20 A,a

Eletta Campana 7.83 ± 0.08 A,a 0.45 ± 0.08 C,b 265.08 ± 1.88 BCDE,a 13.37 ± 0.89 A,a 8.43 ± 1.38 A,a

Fibranova 7.67 ± 0.10 A,a 0.32 ± 0.17 C,a 202.01 ± 5.05 AB,a 8.39 ± 0.50 A,a 6.69 ± 1.08 A,a

Columns with different letters indicate a statistically significant difference in the means ± standard error (SE).
Superscript letters (A–G) indicate statistically significant differences between the same leaf type of the different
genotypes; lowercase letters (a,b) indicate statistically significant differences among apical and basal leaves of the
same genotype. The statistical significance was determined by Tukey’s post-hoc test, with p ≤ 0.05. GAE, gallic
acid equivalent; TE, trolox equivalents.

3.2. Mineral and Chemical Characterization of Hemp Inflorescences
3.2.1. Mineral Composition of Hemp Inflorescences

The mineral composition of hemp inflorescences was quite similar to that of leaves.
In fact, the results, reported in Table 3, indicate a prevalence of Ca (from 42.8 to
65.2 g/Kg DW), followed by N (29.9–39.9 g/Kg DW), K (from 14.4 to 19.3 g/Kg DW),
Mg (5.4–7.0 g/Kg DW), and Na (0.2–0.9 g/Kg DW). Among microelements, Fe is the most
abundant in hemp inflorescences (from 192.0 to 300.0 mg/Kg DW), followed by Zn at
45–59 mg/Kg DW, Mn at 44–62 mg/Kg DW, and Cu between 14 and 20 mg/Kg DW. The
two-way analysis of variance (Table 4) evidenced that genotype, sampling time, and their
interaction have no significant influence on Ca, Mg, Na, and Fe concentration in the inflo-
rescences. Conversely, K and N were significantly influenced by the genotype, while Cu,
Mn, and Zn were influenced by the sampling time.

In detail, significant differences in accumulation trends of K and N were found only in
Eletta Campana (Table 3): K was significantly lower in T3 than T2 and T4, while for N, a
clear decreasing trend with the minimum at T4 was found. An N decreasing trend during
time was also observed for Carmaleonte and Carmagnola, even though the differences were
not significative at all. Moreover, the results of the analysis of variance among genotypes
for each sampling time indicated that only K and Cu were differently accumulated by
genotypes at T2.
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Table 3. Amount, expressed in g (macroelements) or mg (microelements) per kg of dry weight of
mineral elements in the hemp inflorescences of four different varieties at three sampling times (T2, 3,
and 4).

Variety T N
(g)

K
(g)

Na
(g)

Ca
(g)

Mg
(g)

Cu
(mg)

Mn
(mg)

Fe
(mg)

Zn
(mg)

Carmaleonte
2 39.2 ± 0.63

A,a
18.3 ± 0.31

A,a 0.6 ± 0.00 A,a 63.1 ± 2.01
A,a 6.9 ± 0.11 A,a 14.0 ± 0.00

A,b
46.0 ± 0.00

A,a
192.0 ±
16.00 A,a

49.0 ± 1.00
A,a

3 39.7 ± 0.94
A,a

16.7 ± 1.75
A,a 0.8 ± 0.01 A,a 51.3 ± 13.51

A,a 5.8 ± 0.96 A,a 16.0 ± 2.00
A,a

52.0 ± 10.00
A,a

233.0 ±
51.00 A,a

55.0 ± 5.00
A,a

4 36.7 ± 1.67
A,a

17.1 ± 1.67
A,a 0.9 ± 0.23 A,a 65.2 ± 1.09

A,a 6.0 ± 0.20 A,a 18.0 ± 2.00
A,a

62.0 ± 8.00
A,a

241.0 ±
29.00 A,a

58.0 ± 4.00
A,a

Futura 75
2 35.9 ± 0.80

A,a
14.4 ± 0.30

A,b 0.3 ± 0.01 A,a 46.0 ± 5.30
A,a 5.4 ± 0.38 A,a 15.0 ± 1.00

A,b
45.0 ± 5.00

A,a
202.0 ±
44.00 A,a

45.0 ± 3.00
A,a

3 36.3 ± 0.57
A,a

16.3 ± 0.99
A,a 0.5 ± 0.26 A,a 62.0 ± 1.99

A,a 5.9 ± 0.34 A,a 17.0 ± 3.00
A,a

59.0 ± 9.00
A,a

281.0 ±
89.00 A,a

45.0 ± 3.00
A,a

4 37.7 ± 0.11
A,a

15.8 ± 0.50
A,a 0.3 ± 0.07 A,a 64.1 ± 3.89

A,a 6.7 ± 0.10 A,a 19.0 ± 1.00
A,a

59.0 ± 3.00
A,a

218.0 ± 4.00
A,a

54.0 ± 0.00
A,a

Carmagnola
2 34.7 ± 0.38

A,a
15.3 ± 0.00

A,b 0.4 ± 0.17 A,a 53.8 ± 3.52
A,a 5.4 ± 0.43 A,a 14.0 ± 0.00

A,b
49.0 ± 1.00

A,a
239.0 ± 1.00

A,a
46.0 ± 0.00

A,a

3 36.2 ± 0.11
A,a

16.3 ± 0.98
A,a 0.6 ± 0.26 A,a 62.1 ± 5.94

A,a 6.0 ± 0.46 A,a 16.0 ± 0.00
A,a

61.0 ± 7.00
A,a

300.0 ±
110.00 A,a

50.0 ± 0.00
A,a

4 29.9 ± 1.96
A,a

15.5 ± 1.38
A,a 0.3 ± 0.06 A,a 56.7 ± 2.39

A,a 6.6 ± 0.15 A,a 17.0 ± 1.00
A,a

58.0 ± 4.00
A,a

214.0 ± 0.00
A,a

54.0 ± 0.00
A,a

Eletta
Campana

2 39.9 ± 0.17
A,a

18.3 ± 0.12
A, a 0.4 ± 0.01 A,a 60.3 ± 0.96

A,a 7.0 ± 0.30 A,a 18.0 ± 0.00
A,a

47.0 ± 1.00
A,a

206.0 ± 6.00
A,a

53.0 ± 1.00
A,a

3 35.8 ± 0.26
AB,a

14.7 ± 0.08
B,a 0.2 ± 0.00 A,a 42.8 ± 2.88

A,a 5.4 ± 0.77 A,a 16.0 ± 0.00
A,a

44.0 ± 4.00
A,a

208.0 ± 8.00
A,a

47.0 ± 7.00
A,a

4 34.2 ± 0.72
B,a

19.3 ± 0.53
A,a 0.7 ± 0.28 A,a 50.8 ± 3.88

A,a 5.7 ± 0.47 A,a 20.0 ± 2.00
A,a

60.0 ± 8.00
A,a

246.0 ± 8.00
A,a

59.0 ± 5.00
A,a

Columns with different letters indicate a statistically significant difference in the means ± standard error (SE).
Uppercase letters indicate the presence of significant differences among the different sampling times of each
genotype, while lowercase letters indicate the presence of significant differences among the same sampling times
of the different genotypes.

Table 4. Two-way analysis of variance evaluating the effect of genotype and sampling time on the
mineral composition of the inflorescences.

Elements Genotype Sampling Time Genotype ×
Sampling Time

K * n.s. n.s.
Ca n.s. n.s. n.s.
Mg n.s. n.s. n.s.
Na n.s. n.s. n.s.
Cu n.s. * n.s.
Mn n.s. * n.s.
Fe n.s. n.s. n.s.
Zn n.s. * n.s.
N * n.s. n.s.

* p < 0.05; n.s.: not significative.

3.2.2. Chlorophyll, Carotenoids, Total Polyphenols Content, and Antioxidant Activity of
Hemp Inflorescences

The chlorophyll content was significantly different among genotypes and sampling
times. Carmagnola inflorescences had the highest content, followed by Eletta Campana,
Futura 75, and Carmaleonte. The content decreased during time, reaching the minimum at
T4, except for Futura 75 and Carmaleonte (T3 and T4). In Carmaleonte inflorescences, the
chlorophyll content was by far lower than the other varieties and was halved in T3 and T4.
TPC (Table 5) was lower in Carmaleonte (spanning from 25.8 to 30.8 mg GAE/g DW) and
higher in Futura 75 (from 32.2 to 34.7) according to previous evaluations (Beleggia et al.,
2023) [49], suggesting that, besides environmental cues (site of cultivation and growing
season), the TPC composition is quite stable in these varieties at the inflorescence level.
Indeed, sampling time did not affect TPC content. Two-way ANOVA analysis indicates
a significant effect of the genotype and the interaction between genotype and sampling
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time on polyphenols, while DPPH and ABTS were not significantly affected. Interestingly,
the TPC content in the leaves of the 13 selected hemp varieties was higher compared to
that of the inflorescences. Furthermore, the latter was lower than the reported values
in Hibiscus rosa-sinensis L. flowers [50], usually employed for the preparation of herbal
infusions. Carotenoids were present from 0.3 to 0.8 mg/g DW and followed the same
accumulation trend observed for the total chlorophylls, reaching the minimum at T4 in all
genotypes. Interestingly, on average, the total content of both chlorophylls and carotenoids
in hemp inflorescences was higher compared to Hibiscus rosa-sinensis L. flowers.

Table 5. Total chlorophylls (Chl tot), carotenoids, total phenolic content (TPC), DPPH assay, and
ABTS assay on inflorescences of Carmaleonte, Futura 75, Carmagnola, and Eletta Campana, collected
at T2, T3, and T4.

Type Variety T Chl Tot
(mg/g DW)

Carotenoids
(mg/g DW)

TPC
(mg GAE/g DW)

Antioxidant
Activity DPPH

Assay
(mM TE/g DW)

Antioxidant
Activity ABTS

Assay
(mM TE/g DW)

Monoecious

Carmaleonte
2 19.1 ± 1.27 A,c 0.5 ± 0.04 A,a 30.8 ± 0.57 A,ab 4.8 ± 0.37 A,a 5.9 ± 0.47 A,a

3 8.0 ± 0.24 B,c 0.3 ± 0.02 A,c 25.8 ± 1.74 A,b 4.8 ± 0.50 A,a 5.8 ± 0.65 A,a

4 10.3 ± 1.24 B,a 0.4 ± 0.08 A,c 30.0 ± 0.23 A,b 4.4 ± 0.51 A,a 5.9 ± 0.71 A,a

Futura 75
2 52.1 ± 1.65 A,a 0.8 ± 0.08 A,a 32.2 ± 0.40 A,a 6.1 ± 0.51 A,a 5.5 ± 0.82 A,a

3 31.1 ± 0.62 B,a 0.5 ± 0.05 A,a 34.7 ± 0.67 A,a 6.0 ± 0.47 A,a 7.1 ± 0.61 A,a

4 33.3 ± 1.67 C,a 0.5 ± 0.07 A,b 32.7 ± 0.39 A,a 5.1 ± 0.51 A,a 5.6 ± 0.95 A,a

Dioecious

Carmagnola
2 64.3 ± 3.56 A,ab 0.9 ± 0.12 A,a 31.8 ± 0.33 A,ab 5.1 ± 0.53 A,a 6.8 ± 0.61 A,a

3 46.7 ± 1.59 B,a 0.8 ± 0.07 AB,ab 32.8 ± 0.43 A,a 4.8 ± 0.50 A,a 6.9 ± 1.01 A,a

4 20.5 ± 1.71 C,a 0.5 ± 0.05 B,a 28.3 ± 0.28 B,c 4.0 ± 0.48 A,a 6.7 ± 1.09 A,a

Eletta Campana
2 54.5 ± 1.31 A,b 0.8 ± 0.08 A,a 29.2 ± 0.65 B,b 5.1 ± 0.73 A,a 5.1 ± 0.57 A,a

3 42.3 ± 2.46 B,b 0.6 ± 0.08 A,bc 33.6 ± 0.36 A,a 5.1 ± 0.54 A,a 7.2 ± 0.96 A,a

4 27.4 ± 0.63 B,a 0.4 ± 0.05 A,a 33.1 ± 0.22 A,a 4.5 ± 0.45 A,a 6.1 ± 0.57 A,a

Uppercase letters indicate the presence of significant differences among the different sampling times of each
genotype, while lowercase letters indicate the presence of significant differences among the same sampling times
of the different genotypes. GAE, gallic acid equivalent; TE, trolox equivalents.

Two-way ANOVA analysis (Table 6) indicates a significant effect of the genotype,
sampling time, and their interaction on total chlorophylls and carotenoids. As already
observed for the leaves, the radical scavenging activity profile determined with ABTS
agrees with polyphenolic content, according to Beleggia et al. [49], and to the nature of this
assay [51], while the profile determined with DPPH better correlates with the carotenoid
one. Remarkably, the TPC content in inflorescences resulted to be lower than in leaves,
suggesting a diverse potential application of hemp-derived biomass.

Table 6. Two-way analysis of variance evaluating the effect of genotype and sampling time on
pigments, polyphenol content, and antioxidant activity of the inflorescences.

Pigments Genotype Sampling Time Genotype ×
Sampling Time

CHL tot *** *** ***
Carotenoids *** *** **
Polyphenols *** n.s. ***
DPPH assay n.s. n.s. n.s.
ABTS assay n.s. n.s. n.s.

** p < 0.01, *** p < 0.0001, n.s. not significative.

3.2.3. Essential Oil Yield and Chemical Composition of Hemp Inflorescences

The yield and chemical composition of the EOs obtained from the air-dried inflores-
cences of the analysed hemp genotypes collected in the three consecutive sampling times is
reported in Table S2.
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The hydrodistillation yield showed an increase (Figure 4), peaking at T4 for all geno-
types; this result was expected since the last developmental stages correspond to the
period of maturation and is, thus, of greater productivity of the inflorescences glandular
trichomes [22]. Besides the sampling time, the genotype and the interaction between the
genotype and sampling time were also responsible for significant differences in the EO
hydrodistillation yield (Table 7). The highest yield was, in fact, found for the variety Eletta
Campana (0.22%) at T4.

Agronomy 2025, 15, x FOR PEER REVIEW 13 of 18 
 

 

hydrodistillation yield (Table 7). The highest yield was, in fact, found for the variety Eletta 

Campana (0.22%) at T4. 

 

Figure 4. Trend of EO productivity during plant growth. 

Table 7. Two-way analysis of variance evaluating the effect of genotype and sampling time on the 

EO chemical classes and hydrodistillation yield. 

Chemical Classes Genotype Sampling Time Genotype × Sampling Time 

Monoterpene hydrocarbons (mh) *** *** ** 

Oxygenated monoterpenes (om) *** *** *** 

Sesquiterpene hydrocarbons (sh) * ** *** 

Oxygenated sesquiterpenes (os) *** *** *** 

Diterpene hydrocarbons (dh) *** *** *** 

Oxygenated diterpenes (od) *** *** *** 

Apocarotenoids (ac) *** *** *** 

Other non-terpene derivatives (nt) *** *** *** 

Phytocannabinoids (cann) * n.s. *** 

Phenylpropanoids (pp) *** *** ** 

EO Hydrodistillation Yield Genotype Sampling Time Genotype × Sampling Time 

EO hydrodistillation yield (%) *** *** ** 

* p < 0.05; ** p < 0.01; *** p < 0.0001; n.s.: not significative. 

As already observed before [16,23], the analysed EOs were characterized by a preva-

lence of sesquiterpenes in both the hydrocarbon and the oxygenated forms, as well as in 

phytocannabinoids, whose relative amounts showed a non-homogeneous trend. 

Indeed, in the EOs obtained from Carmaleonte and Eletta Campana, these major 

chemical classes showed a progression during the plant development, as evidenced in the 

previous work [22]. In detail, sesquiterpene hydrocarbons decreased on behalf of oxygen-

ated sesquiterpenes, which instead increased along with the plant growth, while phyto-

cannabinoids remained stable in Carmaleonte and increased from T2 to T3 in Eletta Cam-

pana. Conversely, in Carmagnola, sesquiterpene hydrocarbon levels resulted greatest at 

the middle stage, while oxygenated sesquiterpenes remained constant and phytocanna-

binoids varied in time, with the lowest amount at T3. 

Finally, in Futura 75, the major classes did not show significant differences among 

the three investigated phenological stages (Figure 5). 

0

0.05

0.1

0.15

0.2

0.25

0.3

Carmaleonte Futura 75 Carmagnola Eletta Campana

E
O

 h
y

d
ro

d
is

ti
ll

at
io

n
 y

ie
ld

 (
%

 w
/w

)

T2 T3 T4

Figure 4. Trend of EO productivity during plant growth.

Table 7. Two-way analysis of variance evaluating the effect of genotype and sampling time on the EO
chemical classes and hydrodistillation yield.

Chemical Classes Genotype Sampling Time Genotype ×
Sampling Time

Monoterpene hydrocarbons (mh) *** *** **
Oxygenated monoterpenes (om) *** *** ***
Sesquiterpene hydrocarbons (sh) * ** ***
Oxygenated sesquiterpenes (os) *** *** ***
Diterpene hydrocarbons (dh) *** *** ***
Oxygenated diterpenes (od) *** *** ***
Apocarotenoids (ac) *** *** ***
Other non-terpene derivatives (nt) *** *** ***
Phytocannabinoids (cann) * n.s. ***
Phenylpropanoids (pp) *** *** **

EO Hydrodistillation Yield Genotype Sampling Time Genotype ×
Sampling Time

EO hydrodistillation yield (%) *** *** **
* p < 0.05; ** p < 0.01; *** p < 0.0001; n.s.: not significative.

As already observed before [16,23], the analysed EOs were characterized by a preva-
lence of sesquiterpenes in both the hydrocarbon and the oxygenated forms, as well as in
phytocannabinoids, whose relative amounts showed a non-homogeneous trend.

Indeed, in the EOs obtained from Carmaleonte and Eletta Campana, these major
chemical classes showed a progression during the plant development, as evidenced in
the previous work [22]. In detail, sesquiterpene hydrocarbons decreased on behalf of
oxygenated sesquiterpenes, which instead increased along with the plant growth, while
phytocannabinoids remained stable in Carmaleonte and increased from T2 to T3 in Eletta
Campana. Conversely, in Carmagnola, sesquiterpene hydrocarbon levels resulted greatest
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at the middle stage, while oxygenated sesquiterpenes remained constant and phytocannabi-
noids varied in time, with the lowest amount at T3.

Finally, in Futura 75, the major classes did not show significant differences among the
three investigated phenological stages (Figure 5).
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Figure 5. Trend of the major chemical classes (monoterpene hydrocarbons, orange; sesquiterpene
hydrocarbons, yellow; oxygenated sesquiterpenes, green; phytocannabinoids, brown) from T2 to T4.
Data are expressed as means ± standard deviation (n = 3).

The two-way ANOVA, reported in Table 7, evidenced a strong influence of both
genotype and sampling time, as well as their interaction, on the relative abundance of
all the detected chemical classes, with the only exception of phytocannabinoids, whose
content, instead, was not affected by the sampling time.

Considering the single components, β-caryophyllene, α-humulene, and selina-3,7(11)-
diene were the major compounds belonging to the class of sesquiterpene hydrocarbons,
but while the former two showed the typical reduction during the plant growth, the latter
remained almost constant. Conversely, caryophyllene oxide and humulene oxide II, chief
compounds of the class of oxygenated sesquiterpenes, as expected, increased in their
relative abundance passing from T2 to T4 in all the genotypes.

Within the class of terpenes, diterpene hydrocarbon phytol has been detected in good
amounts in the EOs obtained from the first sampling time, mainly of the monoecious plants,
whose content tended to reduce along with the plant development.

Finally, cannabidiol, cannabichromene, and ∆9-tetrahydrocannabinol represented the
only components belonging to phytocannabinoids, but while the latter two did not exceed
1.5%, the former reached great percentages up to almost 30% of the EO composition.

Indeed, although the EO yield is quite low compared to other officinal plants, the
variable composition of the EOs among genotypes and sampling time makes attractive
the possibility that they could have different biological activities. A prevalence of β-
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caryophyllene at T2, and of caryophyllene oxide at T4, for example, suggest different
applications of the EOs collected at different times thanks to the different bioactivities of
the major compounds. Indeed, to bring some examples, it has been widely demonstrated
that essential oils characterized by a prevalence of oxygenated terpenes are associated
with a higher antimicrobial activity [52,53], while those rich in conjugated double-bond
compounds are responsible for a higher free-radical scavenging activity [54].

4. Conclusions
Hemp is notable for its remarkable abundance of biomolecules, which are attracting

growing interest from both scientific and industrial sectors. The plant provides a wide array
of bioactive compounds with potential applications in areas such as food pharmaceuticals,
bioplastics, and innovative textiles.

The revitalization and enhancement of the industrial hemp supply chain are crucial for
the sustainable development of this crop. Although hemp fiber and seeds have long been
acknowledged as the main marketable products, it is equally crucial to explore and utilize
the by-products generated at each stage of production. The valorization of such by-products
has the potential to significantly increase the overall value of the hemp supply chain,
opening new industrial opportunities in different sectors across high-tech, biomedicine,
and eco-friendly materials sectors. Inflorescences remaining after fiber or seed harvesting
can provide a variety of bioactive molecules such as cannabidiol and terpenes (especially
sesquiterpenes), with potential applications in the pharmaceutical and cosmeceutical sector,
as well as in the development of products for plant protection. Moreover, the leaves, which
are lesser-explored by-products of the hemp value chain, hold significant potential for
utilization within a circular economic framework. These materials are especially valuable
due to their mineral content and non-volatile compounds, including antioxidants, making
them suitable for a range of industrial applications. Their different characteristics allow
for use across sectors from food to manufacturing industry as evidenced in this study.
Hemp residues like leaves and inflorescences can be proposed as bioresource material to
sustain soil health due to their mineral composition rich in Ca, N, K, and Mg. Moreover,
hemp leaves can be used as food ingredients for the preparation of herbal teas, either as
hemp-only tea or as component of mixtures, while hemp flower extracts and infusions can
also be used for aromatizing beverages, mainly due to their persistent volatile compounds,
which are mainly represented by sesquiterpenes. Despite the numerous advantages, some
challenges remain, such as the establishment of quality standards that can facilitate the
entry into these innovative products into global markets. Future research should focus on
optimizing by-product valorization and deepening our understanding of hemp’s wide-
ranging applications, ensuring its central role in the sustainable economy of the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy15030564/s1, Table S1: Description of some morpho-
physiological parameters of 12 hemp varieties cultivated in the experimental field of Rovigo. Plant
dry weight (g) and the weight of leaves, flowers, and bracts after seed harvest (expressed in g/Mq) are
collected at the stage “Ripening of the Fruit, BBCH 87”. Figure S1: A: Manganese (Mn); B: Potassium
(K); and C: Copper (Cu) content (mg/Kg D.W.) of the apical and basal leaves of the analysed hemp
genotypes. Lowercase letters (ANOVA analysis) indicate statistically significant differences among
different genotypes considering the same leaf type. Uppercase letters (t-test) indicate statistically
significant differences between apical and basal leaves per genotype. Table S2. Complete chemical
composition of the essential oils obtained from the inflorescences of four Cannabis sativa genotypes
harvested at three different phenological stages.
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44. Atak, M.; Yılmaz Kutlu, E.; Çavuş, D.; Çomoğlu, M. Handmade green tea: Antioxidant content and activity. Appl. Food Res. 2024,
4, 100626. [CrossRef]

45. Flórez, M.; Cazón, P.; Vázquez, M. Antioxidant Extracts of Nettle (Urtica dioica) Leaves: Evaluation of Extraction Techniques and
Solvents. Molecules 2022, 27, 6015. [CrossRef]

46. Sarker, U.; Oba, S.; Daramy, M.A. Nutrients, minerals, antioxidant pigments and phytochemicals, and antioxidant capacity of the
leaves of stem amaranth. Sci. Rep. 2020, 10, 3892. [CrossRef]

47. BLOIS, M.S. Antioxidant Determinations by the Use of a Stable Free Radical. Nature 1958, 181, 1199–1200. [CrossRef]
48. Plank, D.W.; Szpylka, J.; Sapirstein, H.; Woollard, D.; Zapf, C.M.; Lee, V.; Chen, C.-Y.O.; Liu, R.H.; Tsao, R.; Düsterloh, A.;

et al. Determination of Antioxidant Activity in Foods and Beverages by Reaction with 2,2′-Diphenyl-1-Picrylhydrazyl (DPPH):
Collaborative Study First Action 2012.04. J. AOAC Int. 2012, 95, 1562–1569. [CrossRef] [PubMed]

49. Beleggia, R.; Menga, V.; Fulvio, F.; Fares, C.; Trono, D. Effect of Genotype, Year, and Their Interaction on the Accumulation of
Bioactive Compounds and the Antioxidant Activity in Industrial Hemp (Cannabis sativa L.) Inflorescences. Int. J. Mol. Sci. 2023,
24, 8969. [CrossRef] [PubMed]

50. Pieracci, Y.; Pistelli, L.; Lari, M.; Iannone, M.; Marianelli, A.; Ascrizzi, R.; Pistelli, L.; Flamini, G. Hibiscus rosa-sinensis as Flavoring
Agent for Alcoholic Beverages. Appl. Sci. 2021, 11, 9864. [CrossRef]

51. Platzer, M.; Kiese, S.; Herfellner, T.; Schweiggert-Weisz, U.; Miesbauer, O.; Eisner, P. Common Trends and Differences in
Antioxidant Activity Analysis of Phenolic Substances Using Single Electron Transfer Based Assays. Molecules 2021, 26, 1244.
[CrossRef]

52. Guimarães, A.C.; Meireles, L.M.; Lemos, M.F.; Guimarães, M.C.C.; Endringer, D.C.; Fronza, M.; Scherer, R. Antibacterial Activity
of Terpenes and Terpenoids Present in Essential Oils. Molecules 2019, 24, 2471. [CrossRef]

53. Bassolé, I.H.N.; Juliani, H.R. Essential Oils in Combination and Their Antimicrobial Properties. Molecules 2012, 17, 3989–4006.
[CrossRef]
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