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Abstract: The medicinal use of cannabinoids renewed the interest in industrial hemp (Cannabis
sativa L.). The aim of this study was to evaluate the impact of growth stage and biomass
fractions of seven industrial hemp genotypes. The study focused on biomass yield, content of
cannabidiolic acid/cannabidiol (CBDA/CBD), cannabigerolic acid/cannabigerol (CBGA/CBG), and
tetrahydrocannabinolic acid (THCA). The experiment was conducted in 2017 and 2018. The biomass
samples were taken at the vegetative (S1), bud (52), full-flowering (53) and seed maturity stage
(S4). Plants were fractionated into inflorescence, upper and lower leaves. The average inflorescence
dry yield of genotypes Futura75, Fédoral7, Félina32 and Ferimon ranged between 257.28 g m™2
to 442.00 g m2, resulting in a maximum yield of CBDA at 54, with 4568.26 mg m~2, 6011.20 mg
m~2,4975.60 mg m~2 and 1929.60 mg m~2, respectively. CBGA was exclusively found in genotype
Santhica27, with a maximum CBGA yield of 5721.77 mg m~2 in inflorescence at growth stage S4 and
a dry weight yield of 408.99 g m~2. Although these industrial hemp genotypes are mainly cultivated
for fibre and seed production, however, cannabinoids offer an additional value. For an optimized
harvest result, yield of extractable material and overall yield of cannabinoids must be considered.

Keywords: hemp (Cannabis sativa L.); genotypes; biomass yield; growth stage; plant fractions;
cannabinoids

1. Introduction

Industrial hemp (Cannabis sativa L.) is an annual species native to Asia and documented as one of
the oldest crops known [1]. Traditionally it is grown in European regions for fibre production [2]. Hemp
is considered as a multi-purpose crop. It is widely cultivated and historically used for fibre production,
human nutrition and, medicinal purpose [3-6]. Based on the versatility of hemp, high-quality cellulose
can be gained from the stems, nutrient-rich oil, and proteins generated out of seeds, as well as valuable
essential oils and resins from inflorescence and leaves with abundant glandular trichomes [7,8].
Overall, this has led to a renewed interest in industrial hemp. In addition, cannabinoids extracted
from inflorescence and leaf material of C. sativa L. have gained interest in recent years [9] with special
emphasis on cannabidiol (CBD) and cannabigerol (CBG) [10]. In the years to come the cultivation of
hemp is expected to rise based on the favorable regulatory framework, what promotes the constitution
of new companies, exploiting products obtainable from hemp [11].
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Generally, 113 known phytocannabinoids, which are biosynthesized as phenylated aromatic
carboxylic acids are found in C. sativa L. [12]. The most abundant ones are cannabidiolic acid
(CBDA) and tetrahydrocannabinolic acid (THCA). Only small amount of the neutral cannabinoid,
in particular CBD and tetrahydrocannabinol (THC) can be found in fresh plant tissue. By spontaneous
decarboxylation through heat and light, they convert to their homologues [13,14]. The two main
cannabinoids THC and CBD are known for their therapeutic potential. THC, the psychoactive agent, is
considered to have anti-inflammatory, appetite-stimulant, analgesic and antiemetic properties [15],
while CBD, which modulates the euphoric effects of THC, has antipsychotic, anticancer, antidiabetic
antipsychotic and other positive side effects [16-18]. Furthermore, CBG is considered as a promising
cannabinoid for various medical applications, although it is not well studied yet [19].

Hemp cultivation was banned in many countries, due to its psychoactive drug component
THC [20]. Industrial hemp genotypes, which comply with the 0.2% THC threshold set by the EU
legislation, can be cultivated without restrictions by farmers within the EU [21]. However, breeding
efforts focused on the increase of seed and fibre yield [22] and in THC reduction. These genotypes
have a wide range of industrial applications [20], e.g., bio composites, textiles, construction, paper
making, bio-fuel, functional-food, cosmetics and personal care [22]. However, their potential to use
as a raw material for the extraction of several cannabinoids, with the advantage to be cultivated by
farmers on a broad scale has not been investigated yet. The dynamics of cannabinoid accumulation in
industrial hemp genotypes during full-flowering and seed maturity is not known yet [23].

It is hypothesized that EU registered hemp genotypes vary in respect to biomass yield and
cannabinoid content. Furthermore, yield and cannabinoid content will depend on growth stage and
the plant fraction harvested during the vegetative stage. Hence, the objectives of this study were to test
the impact of genotype and harvest time on, biomass yield, fractionated into leaves and inflorescence,
as well as cannabinoid yield.

2. Materials and Methods

2.1. Field Trail

The experiment was conducted in two growing seasons (2017, 2018) at the experimental station
Ihinger Hof (University of Hohenheim, Upper Neckarland, Lat. N 48°44’40, 70” Lon. E 8°55'26, 36”).
During the experimental period in 2017 precipitation amounted to 298.4 mm, the mean temperature was
17.06 °C, and global radiation amounted to 21,814 W h m~2 from May to August. In 2018, precipitation
amounted to 168.4 mm, mean temperature was 17.95 °C, and global radiation amounted to 32,072 W
h m~2 from May to September. The weather data was obtained from the weather station located at
Ihinger Hof, Germany (Figure 1A-D).

According to the World Reference Base [24], the experimental soils at the trail site can be
characterized as vertic Luvisol and vertic Cambisol in 2017 and 2018, respectively. In both years, topsoil
of the experimental fields had a similar texture with around 35% clay, 2% sand and 63% silt. The total
amount of mineral nitrogen (Npn) up to a depth of 90 cm varied only marginally in both years and
amounted to 50 kg NO3 ha™.

The field trial was set up in both years as a split plot design with six genotypes: Fédoral7, Ferimon,
Félina32, Futura75, Santhica27, USO31, cut at four growth stages. Genotypes were randomized to
main-plots with a plot size of 2 X 10 m according to a randomized complete block design (RCBD) with
three replicates. Main plots were further subdivided into four plots, which were used for different
sampling dates. In 2018, the genotype Finola was added (Table 1). Around six months before sowing,
tields were ploughed to a depth of 0.3 m (winter furrow). The previous crop was winter wheat (Triticum
aestivum L.) in 2017 and pea (Pisum sativum L.) in 2018. Prior to sowing, the seed bed was prepared
using a rotary harrow to a depth of 8 cm. Sowing was carried out on May 11, 2017 and on April
25, 2018 with a sowing density of 200 seed m~2 and a row distance of 0.15 m in both years. Prior to
sowing, the field was fertilized with 50 kg N ha~! (ENTEC 26, EuroChem Agro GmbH, Mannheim,
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Germany) in both years. There was no further fertilization of other nutrients. No additional irrigation
was implemented over the whole growing season. No pesticides and herbicides were applied during
the vegetation period. Also no mechanical weed control took place.
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Figure 1. Precipitation in mm (bars) and mean temperature in °C (o) during the cultivation period
of hemp at the location Thinger Hof in 2017 (A) and 2018 (B). Global radiation in W h m~2 (bars) and
day length in h (e) during the cultivation period of hemp at the location Ihinger Hof in 2017 (C) and

2018 (D).

Table 1. Hemp genotypes grown at the location Thinger Hof, Germany in 2017 and 2018. FNPC*:
Fédération Nationale des Producteurs de semences de Chanvre.

Genotype Year Origin Breeder Sexual Phenotype
Finola 2018 Finland Ph.D. Jace Callaway diocious
Fédoral?7 2017/18 France ENPC* monoecious
Santhica27 2017/18 France ENPC* monoecious
UsO31 2017/18 Ukraine FNPC* monoecious
Félina32 2017/18 France ENPC* monoecious
Ferimon 2017/18 France ENPC* monoecious
Futura75 2017/18 France ENPC* monoecious
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2.2. Treatments and Sample Preparation

Six monoecious industrial hemp genotypes, and one diocious genotype, were evaluated in this
study (Table 1). All genotypes were approved by the European Union for commercial use and certified
with a THC content below 0.2%. The seeds were provided by Coopérative Centrale des Producteurs de
Semences, France, except for the genotype Finola which was provided by the company BAFA GmbH
(Malsch, Germany). Samples of leaves and inflorescence were taken at four different growth stages
during the vegetation period. Each of the genotypes had its specific phenological characteristics, such
as the length of growing season, until they reached a specific growth stage (Figure 2). For each plot, the
growth stage was differentiated into vegetative leaf stage (S1), bud stage (S2), full-flowering stage (S3)
and seed maturity stage (54), according to Mediavilla et al. [25]. If 50% of the plants within a plot had
reached the intended growth stage, ten plants were cut and the sampling date was recorded. For the
evaluation of the diocious genotype Finola, each replicate was subdivided into male and female plants.
If evident, only female plants were harvested. For each harvest date, hemp leaves of each plant were
divided into upper third and lower two-thirds of the leaves, as well as hemp inflorescence. Depending
on the growth stage inflorescence were, separated manually from stem and seeds. Fractionated
hemp samples were dried at a temperature of 30 °C for 75 h. After the drying process, dry matter of
every fraction was determined and recorded in gram per square meter to calculate dry weight (DW).
Subsequently, the dried plant material was ground with an ultra-centrifugal mill of Retsch, Type ZM
200 (Haan, Germany) to acquire a homogeneous fine powder, with a particle size of maximum 1 mm.
The powder was stored in a dark and dry place until used for further chemical analysis. The residual
moisture of the samples was measured with a moisture analyser DBS 60-3 of Kern & Sohn GmbH
(Balingen, Germany).
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Figure 2. Date and days after sowing of the achievement of growth stages, such as vegetative stage
(S1), bud stage (S2), full-flowering stage (S3) and seed maturity stage (54), during the vegetation period
in 2017 and 2018. Code 1012: 6th leaf pair (vegetative stage), 2300/2200: Flower formation, 2302/2202:
Flowering, 2306/2204: Seed maturity of monoecious and diocious/female plants, defined according to
Mediavilla et al. [25].
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2.3. Extraction and Quantification of Cannabinoids by HPLC Analysis

The quantitative analysis of cannabinoids, particularly CBD, CBDA, THC, THCA, CBG, CBGA
was performed, accordingly to Lehmann and Brenneisen [26] with slight modifications using liquid
chromatography (1290 Infinity II LC System, Agilent, Santa Clara, CA, USA). For the cannabinoid
extraction 90 to 110 mg of ground sample was dissolved in 25 mL of a methanol 90%/chlorophorm
10% (v/v) (9 + 1) composite. The mixture was extracted in an ultrasonic bath for 30 min. After warm
down, the supernatant was filtered through syringe filters Polytetrafluorethylen (PTFE), 0.45 pm
(Macherey-Nagel GmbH & Co. KG, Germany) into a HPLC vial and injected in the HPLC system. The
HPLC instrument was equipped with an autosampler, a quaternary pump, as well as a diode-array
spectrophotometer (DAD). Cannabinoids were quantified at a detection wavelength of 230 nm. The
chromatographic separation was carried out on a Nucleosil 120-3 C8 column (125 mm x 4 mm i.d.,
3.0 um) with a guard column EC 4/3 Nucleosil 120-3 C8 (Macherey-Nagel, Oensingen, Schwitzerland).
The extraction temperature was set to 40 °C. The mobile phase was a mixture of HPLC-grade methanol
(solvent A) and 0.1% acetic acid in HPLC-grade distilled H,O (solvent B; Sigma-Aldrich, Saint Louis,
MO, USA) at a constant flow rate of 0.7 mL min~!. The mobile phase composition gradient elution
program started with a 50/50 solvent A/solvent B ratio, linearly ramping up to 90% of solvent A over
20 min. This ratio was maintained for 2.0 min. Afterwards the gradient was changed to starting
conditions over 5 min. The injection volume was 10 pL and the total run time comprised 27 min.

An external calibration of cannabinoid quantification was performed, using two standards (CAN1
and CAN2), containing the target compounds (CAN1: THC 2%, CBD 2%, THCA 10% (Lipomed,
Arlesheim, Switzerland), CBDA 10% and CAN2: CBG 2%, CBGA 2% (Echo Pharmaceuticals BV, Weesp,
The Netherlands)).

The data were processed using ChemStation Software for LC Rev. B.04.03-SP2 (Agilent, Santa
Clara, CA, USA). The retention time of the respective chromatographic target peak, for example, of
the non-psychoactive cannabinoid CBDA was compared with the main chromatographic peak of the
reference to carry out a quantitative analysis. In addition, the UV spectra was used to preliminarily
allocate the chromatographic peak to the reference spectra visually. The identity of cannabinoid was
proven if the deviation of retention time of the chromatographic peak was <0.5 min and the optical
spectra comparison did not show any difference.

To calculate, the respective cannabinoid content Crg in mass percent [%,/,,] of each sample
extract, equation [1] was used, where Ars is defined as peak area of the standard analyst, Brg is defined
as peak area of the sample analyst in uV x's. V is defined as the volume of the volumetric flask, EWrs,,
as weight portion of the product in mg, and F;j; as the residual moisture of the product in %,
Indices are defined for the i-th genotype in the j-th replicate, at the I-th growth stage and the k-th year.

(Ars [V X s]) o — V[mL]
(Brs, [V x §]/100 [uL mL71|) * EWrsy, [me]

CTS,‘]'kI [%m/m] = X 100 XPijkl [O/Om/m] (1)

2.4. Statistical Analysis

A mixed model approach was used to analyse all traits, which were determined once per plot.
For some traits observations of ten single plants were made. In these cases, a mean value across
observations was calculated. The traits are dry weight of upper leaf fraction, lower leaf fraction, and
inflorescence fraction as well as, the cannabinoids present in the dried material of all fractions. The
model [2] is given by:

Vi = M+ ag + 1 + frij + T+ @r+ (1) + (aT) g + (a@)y + (aT9) gy + eiju @

where y; i is the observation of the i-th genotype in the j-th replicate, at the I-th growth stage and the
k-th year, 1 is the intercept, 7; is the fixed effect of the i-th genotype, ay is the fixed effect of the k-th year,
@ is the fixed effect of the I-th growth stage, and (1¢); is the fixed interaction effect of the i-th genotype
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and the [-th growth stage. (at); (ap);, and (at¢);, are the random interaction effects of the treatment
effects with the year. 7y; is the random effect of the jk-th replicate, fy;; is the kij-th random main plot
effect and e;jy; is the error associated with y;jx. For the latter, two year-specific variances were fitted as
they increase the model fit measured via Akaike Information Criterion (AIC) [27]. Fitting both, plot
and error effects, accounted for the correlation between observations from the same plot assuming
a compound symmetry structure. Alternatively, a first order autoregressive variance-covariance
structure was used if this increase model fit measured via AIC. Normal distribution and homogeneous
variance were checked graphically via residual plots. For the traits dry weight of inflorescence, upper
and lower leaves, as well as CBD, CBG, CBGA and THCA, the data were logarithmically transformed
to fulfil the requirement concerning homogeneous variance (within one or both years) and normal
distribution. In this case, estimates were back transformed for presentation purpose only. Standard
errors were back transformed using the delta method. After finding significant differences via global
F-test, a Tukey-test at a significance level of 5% was used.

Statistical analysis was conducted by using the statistical software SAS version 9.4 (The SAS
Institute, NC, USA).

3. Results and Discussion

3.1. Yield Parameters

The fractionated biomass (g m~2 DW) of upper leaves, lower leaves and inflorescence was
significantly affected by growth stages (S1-54) across the two growing seasons (2017, 2018). Accordingly,
DW means of the different genotypes are described separately for each fraction across both years
(Table 2).

Table 2. Mean dry weight (DW) in g m~2 of genotypes Fédoral7, Félina32, Ferimon, Finola, Futura75,
Santhica27 and USO31 over the years 2017 and 2018. Biomass was fractionated into upper leaves, lower
leaves and inflorescence. Harvest took place at growth stages S1 to S4 defined after Mediavilla et al. [25].
Results are presented as mean values + standard error (Mean + SE). Each mean based on 60 observations.
Letters compare the mean dry weight yield, means in one column followed by the same letter are not
significantly different as indicated by Tukey-test (« = 0.05). The p-values correspond to global F tests for
difference between the levels of the mentioned genotypes, growth stages S1 to 54 or their interactions.
S1 = vegetative growth stage, S2 = bud stage, S3 = full-flowering stage and S4 = seed maturity stage.

Upper Leaves Lower Leaves 2
Genotype DW [gm-2] DW [gm-2] Inflorescence DW [g m~2]
S1-S4 S1-S4 S2 S3 S4
Fédoral7 215.85 +43.522  204.02 + 44.732 11.16 + 5.102P 60.82 + 27.792 442.00 +201.982
Félina32 181.66 + 36.63%°  168.97 + 37.262P 4.90 + 2.24b 52.35 + 23.922 303.39 + 138.647
Ferimon 159.10 + 32.08*¢  164.93 + 36.16%° 6.82 +3.12P 56.59 + 25.86% 257.28 +117.572
Finola 121.65 + 26.09¢ 95.75 + 23.80° 205.48 + 116.982 363.92 + 207.182 352.54 +200.772
Futura75 185.57 + 37422 174.85 + 38.342P 4.46 +2.04P 40.60 + 18.552 259.56 + 118.612
Santhica27 206.46 + 41.632  229.59 + 50.342 9.58 + 4.38%P 27.17 +12.412 408.99 + 186.892
UsO31 164.80 + 33.23%  184.37 + 40.42%P 14.45 + 6.61%P 84.30 + 38.522 299.97 + 140.062
p-values
Genotype [G] 0.0015 0.0390 0.1022
Growth Stage [S] 0.8681 0.5810 0.0343
GXS Interactions 0.1174 0.1749 0.0135

DW of upper leaves did not show significant interactions between genotype and growth stage.
The average DW (across growth stages) ranged from 121.65 + 26.09 g m~2 (Finola) to 215.85 + 43.52
g m~2 (Fédoral7; Table 2). This is also reflected in average DW of lower leaves, which ranged from
95.75+2380¢g m~2 (Finola) to 229.59 + 50.34 g m~2 (Santhica27; Table 2). No significant interactions
between genotypes and growth stages were obtained. Genotype Finola produced the lowest DW yield
of upper and lower leaves across growth stages. In both years, lower leaves were already senescent at



Agronomy 2020, 10, 372 7 of 17

S4. In 2018 the early loss of leaves might have been caused by extremely low precipitation in August
and September.

DW yield of inflorescence showed significant interactions between genotype and growth stage.
At the beginning of flower formation (S2), when bracts with no pistils where visible, genotype Finola
reached the highest inflorescence yield with 205.48 + 116.98 g m~2 while other genotypes, ranged from
446+204 ¢ m~2 (Futura75) to 14.45 + 6.61 g m~2 (USO31; Table 2). At the beginning of full-flowering
(S3), where 50% of the bracts are formed, Finola had the highest yields (363.92 + 207.18 g m~2) compared
to the other genotypes, which ranged from 27.17 + 12.41 g m~2 (Santhica27) to 84.30 + 38.52 g m~2
(USO31; Table 2). Campiglia et al. [20] reported for the genotypes Fédoral?, Félina32, Ferimon and
USO31 ten days after full-flowering, a higher inflorescence yield than for Futura75 and Santhica27 at a
fertilization level of 100 kg N ha~! and a plant density of 120 plants m~2.

At growth stage 54, 50% of the seeds were mature. No statistical differences were observed for
DW of inflorescence between genotypes. DW of inflorescence ranged between 257.28 + 117.57 g m~2
(Ferimon) and 442.00 + 201.98 g m~2 (Fédoral7; Table 2). Tang et al. [28] reported that the threshing
residue of inflorescence collected during seed harvest, supplied an estimated biomass yield up to 200 g
m~2. For the monecious hemp genotypes (Fédoral7, Félina32, Ferimon and Futura75) cultivated in
Italy (Lat. 45° Nj; 10° E), an average inflorescence yield of 250 g m~2 and leaf yield of 230 g m~2 at
full-flowering stage and seed maturity stage, was reported. In contrast to the present study, genotype
Fédoral7 reached a 7.6% lower inflorescence yield, whereas the other genotypes reached in average a
33% lower inflorescence yield.

Cherney and Small [29] described Finola as a day-length insensitive and early maturing genotype
with high inflorescence yield and a short habit. The present study verified the findings of Callaway [30]
indicating that Finola produced less dry stem and less leaf biomass than other genotypes, with an
average seed yield close to 1.7 t ha™! in Finland. Seed yield surpasses results from other industrial
hemp genotypes to date.

3.2. Quality Parameters

3.2.1. CBDA and CBD Content

The highest content of CBDA in inflorescence at S2 was measured in genotype Félina32 (2.941%),
followed by Ferimon (2.687%), Futura75 (2.593%) and Fédoral7 (2.430%). The lowest content was
found at S2 in dried inflorescence of Finola (0.995%), USO31 (0.785%) and Santhica27 (0.185%; Figure 3).
At full-flowering stage (53), average CBDA contents differed significantly between genotypes. The
highest contents were measured in Futura75 (2.719%), Félina32 (2.533%), followed by Fédoral7 (2.220%)
and Ferimon (1.793%; Figure 3). The present results are in line with findings of Sikora et al. [31],
indicating a range of 1.444% to 2.039% cannabidiol in the upper third of the plant, including leaves
and inflorescence of genotype Fédoral9, Ferimon12 and Futura77. Santhica27 and USO31 exhibited
the lowest values with 0.647% and 0.589%, respectively (Figure 3). At seed maturity (54), genotype
FuturaZ5 (1.759%), Félina32 (1.639%) and Fédoral7 (1.363%), as well as Finola (1.613%) indicated the
highest CBDA values in their inflorescence (Figure 3).

Average CBDA contents of dried upper leaves, in S1 ranged from 0.104% (Ferimon) to 0.902%
(Futura?5; Figure 4). At S2 values ranged from 0.139% (Santhica27) to 1.322% (Futura75; Figure 4). The
highest CBDA content of the dried upper leaf fraction was obtained at S3. Genotype Futura75 (2.422%)
indicated the highest contents, followed by Félina32 (2.116%), Ferimon (2.014%) and Fédoral7 (1.954%;
Figure 4). At seed maturity (S4), CBDA contents of dried upper leaves decreased and ranged from
0.203% (Santhica27) to 1.888% (Fédoral7; Figure 4).
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Figure 3. Mean content of CBDA (cannabidiolic acid) in mass percent [%,,,,,] of genotypes Fédoral?,
Félina 32, Ferimon, Finola, Futura75, Santhica27 and USO 31, over the years 2017 and 2018. CBDA
content was analysed in inflorescence. Harvest took place at growth stages S2 to S4 defined after
Mediavilla et al. [25]. Means covered with the same lower-case letter did not differ significantly
at o = 0.05, within a growth stage. Means covered with the same upper-case letter did not differ
significantly at « = 0.05, within a genotype as indicated by Tukey-test.
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Figure 4. Mean content of CBDA in mass percent [%,,,,] of genotypes Fédoral7, Félina 32, Ferimon,
Finola, Futura?75, Santhica27 and USO 31, over the years 2017 and 2018. CBDA content was analysed in
upper leaves. Harvest took place at growth stages S1 to S4 defined after Mediavilla et al. [25]. Means
covered with the same lower-case letter did not differ significantly at o« = 0.05, within a growth stage.
Means covered with the same upper-case letter did not differ significantly at o = 0.05, within a genotype
as indicated by Tukey-test.

Generally, the CBDA content of the lower leaves was lowest in both growth stages. S2 ranged from
0.041% (Santhica27) to 0.319% (Futura75) and S3 ranged from 0.104% (USO31) to 1.670% (Futura?5).
The highest content of the lower leaves over all genotypes was measured at S3. Genotype Futura75
indicated the highest CBDA content (1.670%) compared to all other genotypes. The lowest content was
obtained in Finola (0.324%), Santhica27 (0.208%), and USO31 (0.104%; Figure 5).

Average CBD contents of inflorescence over the growth stages (52-54) ranged from 0.010%
(Santhica27) to 0.497% (Ferimon). The highest CBD content was determined in inflorescence of Ferimon
(0.497%) at growth stage S2, while e.g., Santhica27 only reached a CBD content of 0.045% at S2. No CBD
was determined (n.d.) for the other genotypes at S2. At growth stage S3, CBD content ranged from
0.111% (USO31) to 0.331% (Fédoral?) and at S4 from 0.010% (Santhica27) to 0.170% (Finola; Table 3).
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Figure 5. Mean content of CBDA in mass percent [%,,,,] of genotypes Fédoral7, Félina 32, Ferimon,
Finola, Futura?75, Santhica27 and USO 31, over the years 2017 and 2018. CBDA content was analysed in
lower leaves. Harvest took place at growth stages S2 to S3 defined after Medjiavilla et al. [25]. Means
covered with the same lower-case letter did not differ significantly at o« = 0.05, within a growth stage.
Means covered with the same upper-case letter did not differ significantly at o« = 0.05, within a genotype
as indicated by Tukey-test.

Table 3. Mean content of CBD (cannabidiol) in mass percent [%,,,,,] of genotypes Fédoral7, Félina32,
Ferimon, Finola, Futura75, Santhica27 and USO31, over the years 2017 and 2018. CBD content was
analysed in inflorescence. Harvest took place at growth stages S1 to S4 defined after Mediavilla et al. [25].
Results are presented as mean values + standard error (Mean + SE). Each mean based on 60 observations.
Letters compare the mean CBD content, means in one column followed by the same letter are not
significantly different as indicated by Tukey-test (x = 0.05). The p-values correspond to global F tests for
difference between the levels of the mentioned genotypes, growth stages S1 to 54 or their interactions.
S1 = vegetative growth stage, S2 = bud stage, S3 = flowering stage and 54 = seed maturity stage, n.d. =
not determined, values were below the detection limit of 0.0015%.

CBD Content [%,,,,]

Genotype Inflorescence
S2 S3 S4
Fédoral?7 n.d. 0.331 £ 0.1072 0.106 + 0.0342b
Félina32 n.d. 0.217 £ 0.0702 0.164 + 0.1642
Ferimon 0.497 + 0.160? 0.233 + 0.0752 0.026 + 0.008b¢
Finola n.d. 0.152 + 0.070? 0.170 + 0.0782P
Futura 75 n.d. 0.147 + 0.047° 0.106 + 0.0342P
Santhica27 0.045 + 0.014P 0.114 = 0.0372 0.010 + 0.003¢
UsO31 n.d. 0.111 + 0.0362 0.041 + 0.0133¢
p-values
Genotype [G] 0.0087
Growth Stage [S] 0.0042
GXS Interactions <0.0001
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For the upper leaves at S1, the highest value was determined for Félina32 (0.155%), followed by
USO31 (0.004%) and Fédoral7 (0.003%). No CBD was determined for the other genotypes in upper
leaves at the vegetative growth stage. The same applied for upper and lower leaves at growth stage
S2, where the highest value was shown for Ferimon (0.060%), followed by Santhica27 (0.030%) and
Futura75 (0.007%). At growth stage S3, CBD contents ranged from 0.016% (Santhica27) to 0.162%
(Ferimon). The contents decreased at 5S4, in a range of 0.003% (Santhica27) to 0.090% (Félina32).
In general, the mean CBD content of the lower leaf fraction obtained the lowest values. At S2, mostly
no CBD was determined while at S3 the contents ranged from 0.080% (Futura?5) to 0.006% (USO31;
Table 4).

Table 4. Mean content of CBD in mass percent [%;,,/,] of genotypes Fédoral7, Félina32, Ferimon, Finola,
Futura75, Santhica27 and USO31, over the years 2017 and 2018. CBD content was analysed in upper
leaves and lower leaves. Harvest took place at growth stages S1 to S4 defined after Mediavilla et al. [25].
Results are presented as mean values + standard error (Mean + SE). Each mean based on 60 observations.
Letters compare the mean CBD content, means in one column followed by the same letter are not
significantly different as indicated by Tukey-test (x = 0.05). The p-values correspond to global F tests for
difference between the levels of the mentioned genotypes, growth stages S1 to 54 or their interactions.
S1 = vegetative growth stage, S2 = bud stage, S3 = flowering stage and 54 = seed maturity stage, n.d. =
not determined, values were below the detection limit of 0.0015%.

CBD Content [%,y,/,,]
Genotype Upper Leaves Lower Leaves
S1 S2 S3 S4 S2 S3
Fédoral?7 0.003 + 0.001° nd. 0.106 + 0.0472 0.074 + 0.0332 nd. 0.051 + 0.0172b
Félina32 0.155 + 0.070? n.d. 0.136 + 0.0612 0.090 + 0.0412 n.d. 0.061 + 0.020°P
Ferimon n.d. 0.060 + 0.0272 0.162 + 0.0732 0.014 + 0.0062P 0.011 + 0.0042 0.063 + 0.0212b
Finola n.d. nd. 0.094 + 0.0572 0.036 + 0.0222b n.d. 0.026 + 0.0117¢
Futura75 n.d. 0.007 + 0.0032b 0.053 + 0.0242 0.065 + 0.0292 0.003 + 0.0012b 0.080 + 0.026%
Santhica27 n.d. 0.030 + 0.0137 0.016 + 0.0072 0.003 + 0.002P 0.004 + 0.0012b 0.013 + 0.004b¢
US031 0.004 + 0.002° nd. 0.036 + 0.0162 0.026 + 0.0122b nd. 0.006 + 0.002°
p-values
Genotype [G] <0.0001 <0.0001
Growth Stage [S] <0.0001 <0.0001
GXxS Interactions <0.0001 0.0002

Neutral cannabinoids do not exist at high concentrations in fresh plant material. C. sativa
L. biosynthesizes mainly the carboxylic acid forms of cannabidiol (CBD), cannabigerol (CBG),
tetrahydrocannabinol (THC), namely cannabidiolic acid (CBDA), cannabigerolic acid (CBGA) and
tetrahydrocannabinolic acid (THCA) [32]. Cannabinoids are present in all aerial parts of the plant,
correlated with the number of grandular trichomes, especially present on leaves and bracts [33].

For CBDA, the acid precursor of CBD as decarboxylated form of the compound in growing plants,
genotypes Futura?5, Félina32 and Fédoral7 indicated the highest values over all growth stages and all
fractions of the plant (Figures 3-5). Genotype Ferimon likewise showed the highest CBDA content
only at growth stage 52 and S3, whereas genotype Finola obtained the highest CBDA content in
inflorescence at S4. In order to optimize CBD/A at field level, the growth stage at harvest and the plant
fraction seems to be highly important. The concentration of cannabinoids depends on tissue type,
genotype, age, harvest time and growth conditions as reported by Khan et al. [34]. Stout et al. [35]
reported the highest CBD/A content in female flowers and a substantially lower content in the other
tissues. In particular, dried inflorescence of genotype Futura75 contained the highest content of CBDA
at growth stage 52 (2.593%) and S3 (2.719%). According to Hillig and Mahlberg [36] phytocannabinoids
are accumulated in inflorescence, which bear most of the trichomes produced by the hemp plant. In the
upper leaf fraction, CBDA content increased over time, starting with the lowest value at growth stage
51 (0.902%), 1.322% at S2, while reaching the highest values at growth stage S3 (2.422%). At S4 the
levels decreased to 1.674%. Both upper leaves and inflorescence showed the highest increase in CBDA
at full-flowering stage (S3; Figures 3 and 4). Results on the increase of CBDA in leaves to a maximum at
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S3 followed by a subsequent decrease with plant age and a maximum content in the upper leaves were
in line with results of Pacifico et al. [37]. The highest CBDA content was recorded in leaves of a fibre
genotype with 2.40% 76 days from sowing. After 76 days, a decrease of the average CBDA content in
leaves was observed [37]. Mandolino and Ranalli [38] reported that in proximity of full-flowering, the
content of cannabinoids reached a maximum in trichome-rich organs like inflorescence. The same trend
was observed for genotypes Fédoral7 and Félina32. The content of CBDA in inflorescence showed a
maximum at growth stage S2 (2.430% and 2.941%) and S3 (2.220% and 2.533%), respectively (Figure 3).

The higher CBDA content was found in genotypes Futura75, Fédoral?, Félina32 and Ferimon.
Note that, these industrial hemp genotypes, which comply with the 0.2% THC/A threshold set by
the EU legislation restricts the choice of genotypes for European farmers, compared to producers in
Switzerland, North America, Asia and Canada (limits from 0.3% up to 1%). However, the CBDA,
differs in respect to DW yield between growth stages. Campbell et al. [39] reported, that 83% of
variance in CBD/A content resulted from genetic effects, making genotype selection important when
seeking high CBD/A contents. Environmental factors such as the positive correlation between CBD/A
content and water availability found by Calzolari et al. [23] slightly increase CBD/A content, but the
change was small enough that inflorescence yield is far more important to overall yield than a slight
change in CBD/A percentage [39].

While genotype Futura75 generated a 84% higher inflorescence yield, genotypes Fédoral?,
Félina32 and Ferimon reached a 86%, 83% and 78% higher inflorescence yield at 54, compared to S3.
No significant differences were recorded for upper leaf DW between growth stage S3 and S4 (Table 2).
Taking these results into account, the calculated, total CBDA yield per square meter was higher at S4.
In particular, genotype Futura75 reached a 76% higher CBDA vyield at S4 (4568.26 mg m~2) compared
to S3 (1104.32 mg m~2). The same trend was observed for the other three genotypes Fédoral7, Félina32
and Ferimon, with a CBDA yield of 1350.20 mg m~2, 1324.46 mg m~2 and 1012.96 mg m~2 at S3, in
comparison to 6011.20 mg m~2, 4975.60 mg m~2 and 1929.60 mg m~2 at S4, respectively.

The industrial hemp genotypes are mainly bred for fibre and seed production. Both, Futura75
and Fedoral7 are candidate cultivars for a dual-purpose production in the EU, with Futura75 being
more suitable for fibre production and Fédoral7 for seed production [28]. At full-flowering, stem yield
for bast fibres is positively correlated with the duration of vegetative growth, with a tendency to be
high in intermediate flowering genotypes, such as Futura75. Inflorescence yield and accordingly seed
production of early flowering genotypes, such as Fédoral7, Félina32, Fermion and USO31 are proven
to be higher [20].

This study found that industrial hemp genotypes are suitable for non-psychotropic cannabinoid
production, namely CBD, CBG and their acid precursors. In addition to seed and fibre production,
recently, hemp genotypes registered within the EU, have been cultivated for inflorescence to finally
extract non-psychotropic cannabinoids [9]. The utilization of harvested inflorescence for cannabinoid
extraction, seems to exclude seed production at the same time as plants are harvested at full-flowering
stage, thus limiting the full exploitation of the hemp crop [7]. However, threshing residues of
inflorescence obtained at seed maturity might offer a unexploited high-value product for the extraction
of cannabinoids [21].

Within the tested genotypes, CBD/A was determined in inflorescence at full-flowering stage,
as well as in inflorescence resulting from seed threshing. In addition, higher dry matter yields of
inflorescence per square meter at 5S4, supported the assumption, that these genotypes can be cultivated
as multi-purpose crop: for seed, oil and fibre production as well as for the additional extraction of
cannabinoids out of the remaining material. Cannabinoids can be extracted from the reproductive
plant parts and foliage. The inflorescence material has a higher concentration of cannabinoids than
foliage material, however foliage part have larger biomass of the hemp plant [40]. The breeding of
genotypes with superior characteristics is required to optimize both seed and fibre production, but
also the quality and quantity of cannabinoids by residual inflorescence and upper leaves.
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Furthermore, the only diocious industrial hemp genotype, Finola, which is specifically bred for
oil production [41], recorded a 85% higher DW yield of inflorescence at full-flowering stage (S3) in
comparison to the average yield of the other genotypes (Table 2). Subsequently, CBDA yield per
square meter amounted to 5422.41 mg m~2, and showed in average a 78% higher yield of CBDA per
square meter compared with the other genotypes. No significant differences were shown for Finola in
CBDA content between S3 and S4, as well as in DW of inflorescence at S4. If Finola is cultivated for
single purpose only, cannabinoid extraction can be carried out from full-flowering to seed maturity.
Aiming at dual or multi-purpose, Finola can be harvested after seed maturity. Notable is also the
length of the cultivation period: while genotype Finola reached stage S3 after 62 days, together with
Fédoral?, Santhica27 and USO31, the other genotypes needed 80 days to reach full-flowering (S3)
in 2018. Furthermore, after 80 days, Finola reached the seed maturity stage, whereas the other six
genotypes reached seed maturity after 130 days. A short vegetation period, combined with a high DW
yield and CBDA content, resulted in an optimized land utilization. Moreover, a 10:1 ratio of CBD/THC,
is above the recent EU requirements of 2:1 [30], what outlines Finola with a high CBDA/low THCA
profile as an interesting genotype for cannabidiol [35].

3.2.2. CBGA and CBG Content of Genotype Santhica27

The first cannabinoid synthetized is cannabigerol (CBG), produced by condensation of a
phenol-derived olivetolic acid and a terpene-based geranyl diphosphate. The process is catalysed
by geranyldiphosphate:olivetolate geranyltransferase (GOT) [42]. CBG was only determined in
considerable amounts in genotype Santhica27 (Figure 6A-D). Fournier et al. [43] reported a new
chemotype, initially found in a French fibre hemp population, normally predominant in CBD, having
CBG as the major constituent. In these genotypes the pathway CBG to tetrahydrocannabinol (THC)
or cannabidiol (CBD) is largely obstructed [44]. In the present study, average CBG contents in the
inflorescence over the growth stages S2 to S4 ranged from 0.137% (S4) to 0.520% (S3; Figure 6A). The
highest contents were found at growth stage 52 (0.386%) and S3 (0.520%). In the upper leaf fraction
the contents ranged from 0.050% (S2) to 0.081% (S1; Figure 6B). The highest contents were found at
S1 (0.056%) and S3 (0.081%). The lowest amounts were determined in lower leaves; maximum levels
were recorded at growth stage S3 with 0.008%. The content of cannabigerolic acid (CBGA), the acid
precursor of CBG, showed the highest content in the inflorescence at growth stage S2, with 3.235%,
followed by S3, with 1.534%. The lowest content was determined at growth stage S4, with 1.399%,
compared to S2 (Figure 6C). In the upper leaves the content of CBGA did not show any statistical
differences among the growth stage S2 to 54, while the values ranged from 0.552% (S1) to 1.040% (S4;
Figure 6D). The lowest content was determined again in lower leaves, ranging from 0.085% (S2) to
0.801% (S3). This is in agreement with results on CBG concentrations between 0.4 and 1.2% in leaves
and inflorescence of threshing residues reported by Calzolari et al. [23].

Overall, the highest amounts of CBG and the acid precursor CBGA were determined in
inflorescence of Santhica27, at growth stage S2 and S3. The CBG content of upper leaves showed a
maximum at growth stage S1 and S3, with no statistical differences and a maximum of CBGA at growth
stages S2 to S4. Referring to CBG accumulation Pacificio et al. [37], stated that in high-CBG plants, a
maximum level of CBG accumulation proceeded before the maximum CBD accumulation in leaves
was obtained. With regard to a high exploitation of CBG, over all fractions, a harvest at growth stage
S2 or S3 can be recommended. This is in contrast to studies of Calzolari et al. [23], where harvest time
did not have an effect on CBG content of genotype Santhica27. Particularly, with regard to DW yield,
genotype Santhica27 showed a 93% higher DW yield of inflorescence per square meter at 54, compared
to S3. In this respect, a CBGA yield of 416.79 mg m~2 was calculated for S3, compared to 5721.77 mg
m~2 at $4, with a DW yield of 408.99 g m~2. For S3 a CBG yield of 141.28 mg m~2 was calculated, while
at S4 a yield of 560.32 mg m~2 CBG was reached. Whilst CBG/A was found exclusively in genotype
Santhica27, it shows the potential of this genotype to be used for CBG/A extraction as well as seed and
fibre production.
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Figure 6. CBG (cannabigerol) content in mass percent [%,,,,] of inflorescence (A) upper leaf fraction
(B) of genotype Santhica27, cultivated in 2018. CBGA (cannabigerolic acid) content of extracts in mass
percent [%,/,] of flower (C) upper leaf fraction (D) of genotype Santhica27, cultivated in 2018. Means
covered with the same lower-case letter did not differ significantly at « = 0.05 as indicated by Tukey-test.

3.2.3. THCA and THC Content

Tetrahydrocannabinolic acid (THCA) contents of inflorescence and upper leaves showed significant
interactions between genotype and growth stage. Average THCA in the inflorescence, ranged
from 0.003% to 0.051% (Table 5) and in upper leaves from 0.004% to 0.051% (Table 6). Average
tetrahydrocannabinol (THC) contents in inflorescence ranged from 0.001% to 0.101% with no statistically
difference. These values met for all genotypes in all tested growth stages the required EU THC/THCA
limit below 0.2% [45], which is a prerequisite for the cultivation and harvest of these genotypes for
cannabinoid extraction. No THC/THCA was determined in lower leaf DW.

Table 5. Mean content of THCA (tetrahydrocannabinolic acid) in mass percent [%;,,,] of genotypes
Fédoral7, Félina32, Ferimon, Finola, Futura75, Santhica27 and USO31, over the years 2017 and 2018.
THCA content was analysed in inflorescence. Harvest took place at growth stages S1 to 54 defined after
Mediavilla et al. [25]. Results are presented as mean values + standard error (Mean + SE). Each mean
based on 60 observations. Letters compare the mean THCA content, means in one column followed
by the same letter are not significantly different as indicated by Tukey-test (x = 0.05). The p-values
correspond to global F tests for difference between the levels of the mentioned genotypes, growth
stages S1 to 54 or their interactions. S1 = vegetative growth stage, S2 = bud stage, S3 = flowering stage
and S4 = seed maturity stage, n.d. = not determined, values were below the detection limit of 0.0015%.

THCA Content [%,,,,]
Genotype Inflorescence
S2 S3 S4
Fédoral7 0.003 + 0.0022b 0.048 + 0.027° 0.040 + 0.023%
Félina32 n.d. 0.020 + 0.0117 0.048 + 0.027°
Ferimon 0.051 + 0.029% 0.037 £ 0.0212 0.009 + 0.005%
Finola n.d. 0.049 + 0.0372 0.049 + 0.0372
Futura75 n.d. 0.014 + 0.008? 0.046 + 0.026°
Santhica27 0.004 + 0.0022° 0.007 + 0.004° 0.005 + 0.003%
Uso31 n.d. 0.008 + 0.004% 0.005 + 0.003%
p-values
Genotype [G] 0.0991
Growth Stage [S] 0.0811

GXS Interactions 0.0029
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Table 6. Mean content of THCA in mass percent [%;,,,] of genotypes Fédoral?7, Félina32, Ferimon,
Finola, Futura75, Santhica27 and USO31, over the years 2017 and 2018. THCA content was analysed in
upper leaves. Harvest took place at growth stages S1 to S4 defined after Mediavilla et al. [25]. Results
are presented as mean values + standard error (Mean + SE). Each mean based on 60 observations.

Letters compare the mean THCA content, means in one column followed by the same letter are not

significantly different as indicated by Tukey-test (x = 0.05). The p-values correspond to global F tests for

difference between the levels of the mentioned genotypes, growth stages S1 to S4 or their interactions.

S1 = vegetative growth stage, S2 = bud stage, S3 = flowering stage and S4 = seed maturity stage, n.d. =

not determined, values were below the detection limit of 0.0015%.

THCA Content [%,,,/;,,]
Genotype Upper Leaves
S1 S2 S3 S4
Fédoral?7 0.004 + 0.0023¢ n.d. 0.051 + 0.0222 0.048 + 0.0212
Félina32 0.030 £ 0.0132 n.d. 0.047 £ 0.0202 0.048 £ 0.0212
Ferimon n.d. 0.039 + 0.0172 0.040 + 0.0172 0.009 + 0.0042
Finola n.d. n.d. 0.045 + 0.0252 0.035 + 0.020?
Futura75 0.005 + 0.002a¢ 0.004 + 0.0023b 0.011 £ 0.005% 0.049 + 0.021°2
Santhica27 0.024 + 0.0112b 0.008 + 0.0032P 0.018 + 0.008? 0.005 + 0.0022
UsO31 0.031 + 0.0142 n.d. 0.009 + 0.0042 0.011 + 0.0052
p-values
Genotype [G] 0.1735
Growth Stage [S] 0.0233
GXS Interactions <0.0001

4. Conclusions

The results of this study showed that the content of terpenophenolic secondary metabolites,
namely cannabinoids, highly depend on the genotype and the growth stage of the plant. Biomass
yield of leaves and inflorescence must be considered for an optimized harvest result. Industrial hemp
genotypes, like Futura75, Fédoral?, Félina32 and Ferimon can be cultivated in Europe, as a dual or
multipurpose crop for biomass production and CBD/A extraction. Genotype Santhica27 was found to
not be appropriate for CBD/A production. But it was found that genotype Santhica27 indicated the
highest contents of CBG/A. Further studies should be addressed to the ecological and phytochemical
behavior of these industrial hemp genotypes in different environmental conditions. This would be
important for the possible end use of the genotypes and support farmers to select the correct variety
for their purpose and agronomic environment.
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