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Demand for cannabinoid is growing, with the global market
expected to reach $9.69 billion by 2025. Understanding how
chemical composition changes in hemp at different harvest
times is crucial to maximizing this industrial crop value.
Important compositional changes in three different compound
classes (essential oils, cannabinoids, and lipids) from
inflorescences (tops), leaves, and stems of hemp (Cannabis sativa
L., Finola variety) at different harvesting stages have been
investigated. Over 85% of the total extracts from the tops were
cannabinoids, while leaves demonstrated the greatest quantities
of wax ester and sterols. Essential oil and cannabinoid
increased in tops until full flowering (third harvest), reaching
2030 µg g−1 and 39 475 µg g−1, respectively. Cannabinoids
decreased at seed maturity (final harvest) to 26 969 µg g−1. This
demonstrates the importance of early harvesting to maximize
cannabidiol (CBD), which is highly sought after for its
therapeutic and pharmacological properties. A total of
21161 µg g−1 of CBD was extracted from the tops at full
flowering (third harvest); however, a significant increase (63%)
in the banned psychoactive tetrahydrocannabinol (THC) was
observed from budding (157 µg g−1 of biomass) to the full
flowering (9873 µg g−1 of biomass). Harvesting the tops after
budding is preferable due to the high CBD content and low
amounts of THC.
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1. Introduction

Hemp (Cannabis sativa L.) is a C3 plant, which has been cultivated for centuries [1]. Its unique composition
has enabled it to be used in a variety of applications [1,2]. Hemp can be traditionally classified into twomain
types. First, there is fibre hemp, which, as the name implies, is cultivated for the high-quality bast fibres (the
outer part of the stem) that have extensive use in the paper-manufacturing industry, automotive industries,
textile industries, and for thermal insulation (in place of mineral fibres and plastics) [2,3]. These varieties are
harvested quite early, at the flowering period, to prevent the formation of lignin in the stem. Second, there
are seed varieties, whereby the hemp is grown for the production of seeds in order to obtain hemp seed oil, a
high-quality oil rich in omega-3 content [4,5]. These varieties are harvested much later than the fibre hemp,
once the majority of the seeds have reached maturity [3]. Although industrial genotypes of hemp are
primarily cultivated for fibre or seed production, the extraction of valuable natural products can offer
significant additional financial advantages. Development of natural ingredients for use in food,
beverage, nutraceutical, and pharmaceutical products is of ever-growing importance with the increasing
demand by consumers for natural products. There are several lipophilic molecules found within hemp
threshing residues that have the potential to be used in such products [6].

Knowing the biomass and metabolite yields at various stages of hemp maturation is key for holistic
valorization of these resources. This is especially true in the case of the seed varieties, as a significant
amount of waste residues, referred to as ‘threshing residues’, are generated during the harvesting of
hemp for seed production. Threshing residues consist of the inflorescences (tops), leaves, and stems.

Finola is an early maturing genotype of hemp, which is primarily grown for seed and possesses a
high inflorescence yield, but compared with other varieties it exhibits lower amounts of dried biomass
(stem and leaves) [7,8]. Importantly, this genotype reaches full flowering after 62 days, which is
significantly shorter than other genotypes that reach this stage at 80 days [9]. There have been reports
on phytochemical analysis of inflorescences and seeds of the Finola hemp variety [10]. However,
limited research has been conducted on the lipid composition of leaves and stems of Finola.

Different parts of hemp, including stems, leaves, inflorescences, and seeds, are the sources of numerous
chemicals such as terpenes, carbohydrates, fatty acids, phytochemicals, phenolic compounds, and
cannabinoids that have been linked to health-promoting properties [11]. The stem is normally used in
textile and paper productions and also used as animal feed due to its cellulose and woody fibres, while
the leaf is considered as waste in the fibre industry [11]. The tops or inflorescence are the parts of the
plant that contain essential oils, in particular myrcene, which is used in the perfume industry [12]. Hemp
leaf and stem residues are normally discarded leading to a loss of potential sources of added-value
compounds such as waxes and cannabinoids, which could be used in a variety of applications from
nutraceuticals and pharmaceuticals to lubricants, detergents, and cosmetics [13–19]. Cannabinoids are
highly sought after for their wide range of pharmacological activities. Cannabinoids are found in all
parts of Cannabis sativa, but the highest concentration is found in glandular trichomes on the leaf and
inflorescence flower surfaces [20]. Particularly, cannabidiol (CBD) is significantly important to a variety
of industrial sectors due to the high demand for incorporation into consumer products (cosmetics, food
and drink, nutraceuticals) and pharmaceutical products as well as the high market price—CBD distillate
sells for $3000 kg CBD−1 while CBD isolate sells for $1000 kg CBD−1. To valorize this waste residue, it is
vital to understand the lipophilic composition as well as its variation over time.

Previous studies have looked into the extraction of essential oils from the female flower inflorescences
and leaflets by steam distillation [21,22]. The main compounds found in the hemp essential oil are
sesquiterpenes and monoterpenes, including myrcene, α-pinene, β-pinene, β-caryophyllene, trans-
ocimene, humulene, and terpinolene. There have been limited reports on the use of Soxhlet extractions of
essential oils from hemp, but they have been widely carried out on other plants, with the main solvents
used being n-hexane [23–27], ethanol [23,25,28–30], petroleum ether [27,31], and methanol [25]. Recently,
Ricci et al. [32] reported the chemical composition of hemp by comparing the extraction techniques,
including Soxhlet extraction. The main essential oils from Soxhlet extraction of inflorescences of hemp by
using ethanol as the solvent were caryophyllene (54.78%) and humulene (14.13%) [32].

Limited research has focused on the effect of maturation on the lipophilic composition of leaf and
stem threshing residues of hemp seed varieties. Ascrizzi et al. [33] studied the essential oil yield and
composition of inflorescence (threshing residues) of hemp (Fedora 17 variety) in two cultivation sites
(lowland and upland of the Pisa province, Tuscany, central Italy) at two different harvest times
(August and September). For both sites, the yields of essential oil extraction were slightly higher in
the earlier harvest (August), with the greatest abundance of sesquiterpenes and significant amounts of
monoterpene hydrocarbons; however, the oxygenated monoterpenes increased in the late harvest
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(September) [33]. Likewise,Abdollahi et al. [34] reported the effect of different stages ofmaturation on essential

oil yield and composition of four hemp varieties: twomonoecious non-native (Fedora 17 and its progeny) and
two dioecious native (Fars and Yazd). The study examined three different materials: foliage at the vegetative
stage, inflorescences at the flowering stage, and inflorescences at the seedmaturing stage. Non-native samples
produced the highest oil yield in the vegetative stage, with the highest amount ofE-caryophyllene. During the
development of the plant, the ratio of sesquiterpenes to monoterpenes differed significantly, with content of
the latter much lower at the vegetative stage than the flowering stage [34].

The impact of harvest times on lipid composition of hemp seed oil from two cultivars, Futura 75 and
Carmagnola, at three ripening stages during August and September has also been investigated [35]. In
both varieties, the ratio of polyunsaturated to saturated fatty acid increased during ripening, while
total sterol content with the greatest abundance of β-sitosterol increased and deceased with ripening
in Futura 75 and Carmagnola, respectively. In addition, Futura 75 produced the highest content of
γ-tocopherol in the middle of maturation, while Carmagnola produced it at the beginning.

Massuela et al. [36] reported the effect of harvest time and pruning technique on the total CBD content
of a chemotype III medicinal cannabis genotype under indoor cultivation. Over time, the total CBD
content did not change significantly, with the maximum total CBD yield found at 9 weeks of
flowering. In another report, the total CBD concentration increased in five genotypes of hemp until it
reached a peak at flowering, which was 6 to 7 weeks after post-anthesis. Two genotypes showed a
concentration plateau until 10 weeks post anthesis, whereas the concentration decreased after the peak
plant growth in three genotypes [37]. Burgel et al. investigated the impact of growth stage and
biomass fractions (inflorescence, upper and lower leaves) for six hemp monoecious genotypes (Fedora
17, Ferimon, Felina 32, Futura 75, Santhica 27, and USO31) and one dioecious (Finola) on cannabinoid
content and yield at four stages, consisting of vegetative, bud, full-flowering, and seed maturity [9].
The results of this study demonstrated that cannabinoid production is highly dependent on the
genotype and the developmental stage of the plant. Burgel et al. [9] did not investigate stem residues
from Finola, which is an important by-product of seed production that has received little attention in
the literature. In addition, few studies reported the compositional changes in a variety of natural
products from the threshing residues at different stages of hemp maturation.

Hemp harvest times can have a significant impact on the chemical composition. Therefore, this work
investigates the compositional changes in lipids (waxes), essential oils, and cannabinoids, at different
stages of hemp maturation for the inflorescences (tops), leaves, and, importantly, stems of the Finola
genotype. This variety was selected as it is bred for high seed oil production, thus resulting in a variety
of threshing residues that warrant valorization. The lipophilic molecules found in the different threshing
residues were characterized, and the compositional changes in essential oils, cannabinoids, and waxes
were investigated to determine the optimum harvesting stage for the different classes of compounds.
2. Material and methods
2.1. Plant material
A total of 160 hemp seeds (Finola variety) were sowed and placed in a growing chamber. Two weeks
after seeding, the plants were re-potted. Some plants germinated later than others and were therefore
re-potted after a further 4 days. Once the male and female plants were distinguishable, the former
were removed and discarded while the latter were kept. A total of 90 female plants were available for
the study. The plants were harvested at different stages as follows (18 female plants were collected for
each harvest): (i) harvest 1 (vegetative stage, four weeks after seeding); (ii) harvest 2 (bud stage, eight
weeks after seeding); (iii) harvest 3 (full-flowering stage, nine weeks after seeding); and (iv) harvest 4
(seed maturity stage, 11 weeks after seeding). During harvesting, the plants were separated into the
leaves, stems, and tops. Two different procedures for drying and sample preparation were carried out,
as shown in figure 1. Separation of seeds from the tops was carried out using Seed Processing
Holland apparatus.

2.2. Soxhlet extraction
Approximately 10 g of milled biomass (hemp leaves, stems, or tops) was placed in a Soxhlet thimble,
which was inserted into the Soxhlet apparatus. This was fitted with a 250 ml round-bottom flask
containing heptane (200 ml) or acetone (200 ml). A Radleys Discovery Technologies 2006T
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Figure 1. Drying and sample preparation for the stems, leaves, and tops.
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thermocouplewas used tomonitor the temperature during the extraction. The solutionwas refluxed for 4 h.
When the extractionwas finished, the solventwas removed in vacuo. The sampleswere further dried at room
temperature for 24 h before weighing to ensure the removal of traces of residual solvent. The crude wax
product was weighed and the percentage yield calculated (w/w of biomass). For each biomass (stems,
leaves, or tops), three extractions were carried out and an average percentage yield calculated.

2.3. Derivatization prior to high temperature gas chromatography (HTGC) analysis
The silylated derivatization of samples was carried out in the same manner as previously reported [6].
Briefly, 25 mg of crude lipid extract was silylated by addition of 200 µl N,O-bis-(trimethylsilyl)-trifluoro-
acetamide (BSTFA) and 100 µl toluene. The solution was heated for 45 min at 75°C. BSTFA is the best
option for analysing a wide range of polar organic compounds because it has a high conversion
efficiency, does not require purification, and the derivatives can be injected directly into the GC system.
However, it also has some disadvantages, such as the volatility, flammability, and moisture sensitivity of
the silylation reagent, in addition to it being an irritant to eyes, skin, and the respiratory system [38].

2.4. High temperature gas chromatography (HTGC) method for analysis of waxes
HTGCanalysiswas performed on anAgilent Technologies 6890NNetworkGCSystem.AZB-5HT capillary
column (30 m× 250 µm× 0.25 µm nominal) was fitted at constant pressure of 154 kPa. The carrier gas used
washelium. The injector temperature and the flame ionizationdetector temperatureweremaintained at 300°
C. The samples were injected by automated injection (1 µl injection volume) with a split ratio of 5 : 1. An
initial oven temperature of 60°C was maintained for 1 min. The temperature was increased at a ramp rate
of 8°C min−1 until 360°C and held at this temperature for 30 min.

The samples were quantified by using internal standard calibration and response factor (Rf ), with
tetradecane as the internal standard. The mass ratios of the samples were plotted against the area
ratios in six-point linear calibration curves using external standards for the quantification of
hydrophobic molecules (fatty acids, alkanes, alcohols, aldehydes, sterols, triterpenes, and wax esters),
where the area ratios were plotted against the mass ratios of the six samples. The following equation
was used to compute the Rf values for each external standard:

MassProduct
MassStandard

¼ Rf � AreaProduct
AreaStandard

:

Silylated calibration curves and Rf were also generated for the silylated compound groups (fatty acid,
alcohols, sterols, and cannabinoids). The signal-to-noise method was used to determine the limit of
detection (LOD) and quantification (LOQ). The peak-to-peak noise (N) around the standard analyte
retention time was measured, and then the quantity of the standard analyte that would yield a signal
(S) equal to a certain value of S/N was estimated. S/N = 3 is commonly used to calculate the LOD,
while S/N = 10 is used to calculate the LOQ [39].

2.5. High temperature gas chromatography mass spectrometry (HTGC-MS) procedure
for analysis of wax

HTGC-MS was performed on a Perkin Elmer Clarus 500 GC coupled with a Clarus 500 quadrupole mass
spectrometer. This was fitted with a DB5HT capillary column (30 m × 250 µm× 0.25 µm nominal) at
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constant pressure of 154 kPa. The carrier gas used was helium. The temperature of the injector was
300°C and the flow rate was set to 1.2 ml min−1. The initial oven temperature was maintained at
60°C for 1 min. The temperature was then ramped at a rate of 8°C min−1 until 360°C and held for
10 min. The Clarus 500 quadrupole mass spectra were operated in the electron ionization mode (EI) at
70 eV, with a source temperature of 300°C, and the quadrupole set at the scan range of 30–1200 amu
per second.

Another method was developed for the analysis of wax esters. The temperature of the injector
was 380°C and the flow rate was set to 1.2 ml min−1. The initial oven temperature was maintained at
100°C for 1 min. The temperature was then ramped at a rate of 10°C min−1 until 380°C and held for
20 min. The Clarus 500 quadrupole mass spectra were operated in the electron ionization mode (EI) at
70 eV, with a source temperature of 300°C, and the quadrupole set at the scan range of 30–1200 amu
per second. The data was processed with PerkinElmer enhanced TurboMass (v. 5.4.2) chemical
software and compounds were identified by analysing the mass fragmentation patterns, comparison
of mass fragmentation patterns with spectra contained in the NIST library (v. 2.2), and direct
comparison with standard compounds.
c.Open
Sci.9:211699
3. Results and discussion
3.1. Yield obtained for the tops (threshing residues), stems, and leaves
The first harvest was carried out at the vegetative stage, which corresponds to the time of harvest
for the hemp fibre varieties. At this stage, low amounts of tops were observed (figure 2) when
compared with the other harvests. Table 1 summarizes the amounts of threshing residues for each
harvest; these increased from the first harvest to the fourth harvest due to growth of the plant. The
tops collected from the second, third, and fourth harvesting stages had a characteristic odour
indicating the presence of essential oils. Between the third and fourth harvesting stages, the
chlorophyll began to degrade leading to the change in colour observed in the threshing residues from
the fourth harvest.

There was an increase in the volume of leaves cultivated with each harvesting stage (from 2.32% yield
in the first harvest to 3.91% yield in the fourth harvest). However, they became drier and brown in colour
after the second harvest due to the degradation of chlorophyll. The stems became longer, drier, and
stronger with time (due to the formation of lignin in the stems).

The threshing residues from the tops contained greater amounts of essential oils, while the stems and
leaves had a higher wax content. Therefore, for this reason, Soxhlet extractions were carried out using
acetone for the threshing residues and heptane for the stems and leaves. Table 2 summarizes the
average yields obtained for the various parts of the plants at different harvesting stages. The increase
in the average dry weight of inflorescences was similar to previously reported [36]. A similar trend
was observed for the threshing residues (tops), with an increase in crude yield with time.

3.2. Compositional changes in stems, leaves, and tops with time
To investigate the compositional changes observed at the different harvesting stages, the major
compounds were identified by GC-MS and the use of standards. However, quantification of the
compositional changes at the different harvesting stages was conducted using GC-FID, as presented in
tables 3–5. Figures 3–5 summarize the major compounds identified in the stems, leaves, and tops after
each harvesting cycle. The LOD and LOQ found for the analyte standards ranged from 10.3 to
155.9 µg g−1 of biomass and from 34.3 to 519.7 µg g−1 of biomass, respectively (electronic
supplementary material, table S2). The precision of the analytical method was assessed in relation to
the levels of repeatability by estimating the relative standard deviation (RSD) for each compound
analysed from successive measurements. The RSD values ranged from 0.2 to 2.0% and did not exceed
the acceptance limit of 15% established by the US FDA (electronic supplementary material, table S2) [40].

3.2.1. Stems

The major compounds identified in the stems were sterols (mainly β-sitosterol, campesterol, and
stigmasterol), saturated and unsaturated fatty-acids (palmitic acid, linoleic acid, α-linolenic acid,
oleic acid, and stearic acid), CBD, and wax esters, as shown in figure 3. Small amounts of
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Figure 2. Threshing residues (tops) obtained after four harvests.

Table 2. Yields of extractives for the different parts of the plants at different stages of growth (Soxhlet extraction with heptane
for the extraction of leaves and stems, and acetone for the tops of the plant).

harvest stems (%) leaves (%) tops (%)

1 (vegetative stage) 1.52 2.32 3.22

2 (bud stage) 0.99 3.84 6.33

3 (flowering stage) 0.73 3.82 6.40

4 (seed maturation stage) 0.67 3.91 6.47

Table 1. Amounts of threshing residues for each harvest.

harvest 1 (vegetative stage) 2 (bud stage) 3 (flowering stage) 4 (seed maturation)

amount of threshing

residue (g)

2.8 30.4 32.5 38.8
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tetrahydrocannabinol (THC) (less than 0.2%) were also detected. The profiles of lipid in both stems and
leaves were comparable to hemp dust wastes produced during the production of fibres [6].

The first harvest contained the largest quantities of total compounds (4716 µg g−1 of biomass; table 3),
which correlates with the crude yield data previously shown. Figure 3 shows the variation in the
quantities of the major families of compounds with time. There is a significant difference in the wax
content between the stems and leaves at different stages of growth (harvesting stages). With regard to
the stems, the amount of wax decreases over time from the first harvest (266 µg g−1 of biomass) to the
fourth harvest (120 µg g−1 of biomass) (table 3). By contrast, the amounts of waxes found in the leaves
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Table 5. Quantification of the compounds in the tops of Finola (g/100 g of threshing residues).

harvest 1 harvest 2 harvest 3 harvest 4

palmitic acid 0.0137 0.0243 0.0139 0.0052

linoleic acid/oleic acid 0.1198 0.1237 0.0656 0.0322

stearic acid 0.0295 0.0701 0.0106 0.0100

tetracosane 0.0144 0.0088 0.0089 0.0060

octacosane 0.0103 0.0060 0.0063 0.0048

nonacosane 0.0378 0.0863 0.0841 0.0583

triacontane 0.0045 0.0074 0.0074 0.0048

hentriacontane 0.0059 0.0107 0.0125 0.0082

β-tocopherol 0.0072 0.0175 0.0196 0.0123

α-tocopherol 0.0142 0.0222 0.0293 0.0147

campesterol 0.0206 0.0156 0.0180 0.0126

stigmasterol 0.0177 0.0143 0.0124 0.0102

β-sitosterol 0.1235 0.0474 0.0779 0.0605

β-amyrin 0.0206 0.0465 0.0576 0.0527

α-amyrin 0.0119 0.0206 0.0237 0.0192

12-olean-3-yl-acetate 0.0071 0.0394 0.0474 0.0352

9,19-cyclolanost-24-em-3-ol-acetate 0.0216 0.0213 0.0249 0.0104

tetrahydrocannabivarin 0.0065 0.0108 0.0443 0.0106

cannabigerol 0.0784 0.2737 0.6106 0.0812

cannabidiol 1.0649 3.2515 2.1161 1.4997

THC 0.0106 0.0157 0.9873 0.9826

cannabinol 0.0259 0.1441 0.1892 0.1228

hexacosanol 0.0249 0.0174 0.0171 0.0100

octacosanol 0.0057 0.0169 0.0180 0.0148

wax C40 0.0073 0.0100 0.0088 0.0038

wax C42 0.0011 0.0033 0.0052 0.0027

wax C44 0.0000 0.0021 0.0029 0.0016

total 17 058 43 276 45 201 30 869
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increases with time. Images of the extracts from the leaves obtained from the different harvesting stages
may be viewed in the supplementary information (electronic supplementary material, figure S2). A
similar trend was observed for the threshing residues (tops), with an increase in crude yield with time.

For all harvesting periods, the dominant group of compounds found in the stems were the phytosterols.
By far, the largest amount of phytosterols were observed in the stems obtained from the first harvest, with
β-sitosterol found especially in high quantities (1594 µg g−1 of biomass; table 3). This result was consistent
with previous studies of Futura 75 and Carmagnola hemp varieties that indicated the most phytosterol was
β-sitosterol [35]. A decrease in phytosterol content was observed between the first harvest and the third
harvest (flowering); this pattern was also observed in Carmagnola [35].

According to a recent study on secondary metabolites in cannabis, stem bark showed a high sterol
content, with β-sitosterol as the most abundant while cannabinoid was found in small amounts [41].
The benefits of phytosterols have been well-established in the literature and these compounds are
found in numerous food and cosmetic products. Sterols have been proven to lower cholesterol levels
in the blood and studies have shown that they are also effective anti-cancer compounds. With respect
to the saturated and unsaturated fatty acids and wax esters, it can be noted that the amounts decrease
with an extended time of harvest. The amounts of cannabinoids in the stems were found to be very
low for all harvesting periods. Considering the cannabinoid content from the stems, it was lower
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compared with the tops and the growth stage of the plant had only a minor influence on the cannabinoid
content (around 202–253 µg g−1 of biomass for different harvest stages), with a slight increase at the
second harvest stage (bud stage, 253 µg g−1 of biomass). This observation is consistent with the
reports from Mastellone et al. that indicated the cannabinoid content from the stem of Cannabis sativa
L. was independent of the growth stage of harvesting and the content showed a slight increase at the
stage closer to flowering [11]. Free fatty acid (FFA) composition in the hemp was consistent with
previous studies [42], which highlighted that palmitic acid was the most abundant FFA, followed by
oleic acid and stearic acid. In addition, the compositional changes of FFA during the growth stage
are consistent with previously reported studies [43], which indicated a decrease in FFA content with
increasing stage of growth.
3.2.2. Leaves

Significantly, larger quantities of lipophilic molecules were found in the leaves compared with the
stems for all harvesting periods. This was expected as the leaves have a higher surface area
compared with the stems and are therefore more prone to loss of water via transpiration, and
therefore require larger quantities of wax on their surface. Figure 4 shows that the greatest abundance
of total compounds was found in the leaves that were collected at the third harvest (15 680 µg g−1 of
biomass; table 4). A wider family of compounds was found in the leaves compared with the
stems, with the presence of steroid ketones and triterpenoids in addition to the groups of compounds
found within the stem. Considerably high quantities of cannabinoids were identified in the leaves of
Finola, with CBD being the major cannabinoid detected (THC was detected, albeit in small amounts
of less than 0.2%). The amount of CBD increases with time. The largest quantities of CBD were found
in the leaves obtained from the third harvest (3740 µg g−1 of biomass; table 4), albeit similar quantities
were also found in the second and fourth harvests (3330 and 3570 µg g−1 of biomass, respectively;
table 4). Similar results for the CBD content from leaves of the Finola variety were demonstrated
by Burgel et al. [9]. They reported the highest CBD content was recorded in leaves of the Finola
genotype at the full-flowering stage and the content decreased at the seed maturity stage. However,
the CBD content was not determined at either the vegetative or bud stages of growth. The current
work was able to detect CBD in the leaves even at early stages of plant growth: 2050 µg g−1 of
biomass at the vegetative stage (harvest 1) and 3330 µg g−1 of biomass at the bud stage (harvest 2), as
shown in table 4. Aizpurua-Olaizola et al. [44] also reported similar results for the CBD content in
hemp leaves and they indicated that it was low in the vegetative stage, followed by an increase in the
flowering stage due to the decarboxylation of the cannabidiolic acid (CBDA). Moreover, the
development of THC content in the hemp leaves from this work during plant growth was also similar
to the reports from the same group [44], as is the case of the development of CBD content during
hemp growth.
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Interestingly, the quantities of phytosterols in the leaves followed the same pattern as found in the
stem, with the largest amount of phytosterol found in the leaves obtained from the first harvest
(2170 µg g−1 of biomass; table 4). Significant quantities of steroid ketones were found in the leaves,
which increased over time until a maximum was reached at the third harvest (2450 µg g−1 of biomass;
table 4)—this is interesting as it is the reverse to what was seen with the sterol compounds. This
suggests that with time, the sterols are converted to steroid ketones. Two triterpenoids were found in
the extracts, α- and β-amyrin, which increased in concentration until the final harvest (1270 µg g−1 of
biomass; table 4). These compounds have pharmacological activities in several systems such as the
central and peripheral nervous systems, gastrointestinal tract, and immunological system, with several
effects such as anti-inflammatory, antidepressive, anticonvultant, hepato-protective, gastroprotective,
anticholytic, antipancreatitic, antihyperglycermic, and hypolipidemic effects [45]. As expected, the
leaves contained the largest quantities of wax esters (compared with the stem and the tops), with
similar quantities found in the leaves from each harvest. Wax esters are desirable due to their high
molecular weight, which enables them to be used in various applications, including coatings, polishes,
cosmetics, plasticizers, and lubricants. Saturated and unsaturated fatty acids were present in similar
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amounts to the fatty acids found in the stem; however, their amounts increased over time and reached the

maximum at the third harvest, which was in stark contrast to their changes in the stem. This is consistent
with a previous study that demonstrated the ratio of polyunsaturated to saturated fatty acid of Futura 75
and Carmagnola increased during ripening of the plants [35]. In addition, Futura 75 produced the
highest content of γ-tocopherol during the middle of maturation, which is consistent with the results
observed in this current study [35].

3.2.3. Tops

Figure 5 summarizes the different groups of compounds identified in the tops. Like the leaves, the
greatest abundance of total compounds was found in the tops obtained from the third harvest
(47 231 µg g−1 of biomass; table 5 and figure 5). The extracts are dominated by the cannabinoids,
which form approximately 85% of the total composition of the extracts obtained from the second,
third, and fourth harvests. The largest quantities of total cannabinoids were found in the extracts
obtained from the tops of the third harvest (39 475 µg g−1 of biomass; table 5 and figure 5) and the
amounts of cannabinoids decreased at the final harvest stage. This trend contradicted the findings of
Burgel et al. who identified no significant differences in the CBD content between the full-flowering
and seed maturity stages [9]. However, it was comparable to results found by Mussuela et al. and
Aizpurua-Olaizola et al. for different genotypes of hemp [36,44]. As expected, a wider variety of
cannabinoids were detected in the tops, which is comparable with previous experiments [41]. The
major cannabinoid present is CBD, which is found in the largest quantities in the tops collected at the
second harvest (32 515 µg g−1 of biomass; table 5). However, previous research reported the highest
CBD content from inflorescence of the Finola variety at the seed maturity stage [9]. However, the
Ferimon variety had the same trend reported for CBD, which increased from the first harvest stage
(vegetative growth) to reach the maximum at the second harvest stage (bud) and decreased over
the third and fourth harvest stages (flowering and seed maturity, respectively) [9]. Similarly, CBD
content increased with plant age, reaching the maximum level at the budding stage [46]. Other
cannabinoids found were THC, cannabigerol (CBG), tetrahydrocannabivarin (THCV), and cannabinol
(CBN). There was a significant increase (63%) in the level of THC content when moving from
the second harvest (157 µg g−1 of biomass) to the third harvest (9873 µg g−1 of biomass), as shown
in table 5. This is quite significant in terms of harvesting; since THC is a banned substance in
consumer products, it would be preferable to harvest the tops after the second harvest (higher
CBD content), albeit there were higher concentrations of cannabinoids after the third harvest at
week 9. Besides, in hot and dry conditions, the late stage of growth may sometimes result in
THC levels over 0.2%; as such, harvesting at the earlier stage of growth is preferable [47]. This
would give a higher CBD:THC ratio, which would make purification of CBD via short-path
distillation and crystallization significantly easier. CBG, the first cannabinoid synthesized, was
found in the tops (inflorescences), which is in contrast to studies of Burgel et al. [9] where no CBG
content was observed in the Finola genotype and it was only found in the Santica75 genotype.
In addition, Glivar et al. [48] also did not detect CBG in the Finola variety. However, the development
of CBG content in hemp inflorescences of the Finola genotype grown in this study demonstrated the
same trend as previously reported studies, i.e. the CBG content increased to reach a maximum at the
third harvest stage followed by decreasing at the late stage due to decarboxylation of cannabigerolic
acid during the growth of the plant [44]. Importantly, CBG has the potential to be used to treat
various diseases such as glaucoma, inflammatory bowel disease, and prostate cancer [44]. Madaka
et al. [49] reported the purification of this class of compounds from Cannabis sativa L. The use of
supercritical fluid extraction (SFE) and flash chromatography in the RevelerisPREP purification system
led to the isolation and purification of three cannabinoids including CBD, CBN, and THC with a high
purity. Recently, Liu et al. [50] reported an extensive review of various advanced technologies for
extracting, separating, purifying, and identifying the bioactive compounds in Cannabis sativa. The
separation and purification of phytochemicals from this plant have been reported using solid-phase
extraction (SPE), centrifugal partition chromatography (CPC), preparative high-performance liquid
chromatography (prep-HPLC), and hydrophilic interaction liquid chromatography (HILIC). Such
processes may find industrial relevance in the future for the isolation of these important biologically
active compounds.

Once again, it is interesting to note that β-sitosterol is found in the largest quantities in the tops
collected from the first harvest (1235 µg g−1 of biomass; table 5), which correlates with what was
observed in the stems and the leaves. The first harvest also gave rise to the largest amounts of total
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sterols (1618 µg g−1 of biomass; table 5). This indicates that the phytosterols are present in the largest

quantities during the initial development of the plant.
Besides waxes, several essential oils were present in the extracts from the tops. GC-FID and GC-

MS data showed that the major essential oil compounds found in the extracts from the tops were
α-pinene, β-pinene, myrcene, d-limonene, β-ocimene, terpinolene, β-caryophyllene, and α-caryophyllene,
while minimal quantities of α-bergamotene, β-selinene, and caryophyllene oxide were also detected
(electronic supplementary material, figure S7). The essential oil composition followed the same trend as
the cannabinoid composition, i.e. there was an increase in the essential oil composition with time up
until the third harvest (2030 µg g−1 of biomass), following which a decrease was observed in the fourth
harvest. The observed results are consistent with previously reported studies of the essential oil content
from inflorescences of the Fedora 17 variety, in which the later harvest shows lower yields of extraction
compared with the earlier harvests. As such, the harvest time plays a significant role on the essential oil
content and therefore the hemp tops should be harvested before their full maturity [33]. However, this
contrasts with the reports of Abdollahi et al. that demonstrated essential oils were unaffected by the
growth stage and the differences observed were likely to relate to the genotype of hemp [34]. The
essential oil of hemp is considered as a product with high added value, which can be used in cosmetics
for soap, shampoo, perfume, and cream productions, as well as in food as additives in bakery and
catering, or as a flavouring for alcoholic and non-alcoholic beverages. Essential oils are also used in
topical treatments of wounds and skin infections. Furthermore, essential oils have also been used in
crop protection as an alternative to petrochemical-derived products [51]. Significant decreases in the
amounts of terpenoids are observed from the top to bottom of the inflorescences from Cannabis sativa;
similar observations have also been made for cannabinoids. Moreover, it has been proposed that even
trace amounts of terpenes can have a significant impact on cannabinoid activity [52].

The results obtained in this study are promising as they highlight a potential feedstock of lipophilic
molecules. These molecules can find use in a host of applications including nutraceuticals,
pharmaceuticals, and food and beverage products, as well as detergents, lubricants etc. Significantly
large quantities of cannabinoids are found in the tops and the leaves. Cannabinoids, especially CBD,
are highly sought after and significant effort is currently underway to obtain them. CBD has a host of
therapeutic and pharmacological properties and is used in the treatment of numerous central nervous
and peripheral disorders. Clinical-level studies have been conducted whereby its therapeutic efficacy
has been demonstrated. The first phytocannabinoid drug, Savitex, was approved in 2011 in the UK for
treating multiple sclerosis spasms. Furthermore, a recent study has shown the promise of using CBD
in the treatment of viral hepatitis C, which currently has no vaccine. Therefore, this study is important
as it not only highlights which threshing residues contain CBD but also highlights the harvesting
period to obtain maximum quantities of valuable molecules. Furthermore, it indicates the optimum
harvesting period in terms of the purity of CBD, as significant quantities of other undesired
cannabinoids (e.g. THC) significantly increase over time but are present in only small quantities at the
early stages of plant growth.
4. Conclusion
In this work, the compositional changes in several major classes of compounds (fatty acids, alkanes,
sterols, wax esters, and cannabinoids) as a function of the plant’s growth have been investigated. Such
data is vital for maximizing the value of natural products such as the cannabinoids from waste
threshing residues. The highest crude yield of extracts was found to be at the first harvesting stage
(four weeks after seeding) for the stems (1.52%), while for the leaves and tops, the fourth harvesting
stage (11 weeks after seeding) gave the highest crude yields (3.91% and 6.47%, respectively). The
greatest number of cannabinoids was found in the extracts from the tops (constituting over 85% of
the total extracts), while the leaves had the largest quantities of wax esters and steroid compounds.
The distillate of CBD is valued at $3000 kg CBD−1 and the isolate is valued at $1000 kg CBD−1. In the
tops, there was an increase in the essential oil and cannabinoid content with time, up until the third
harvest. This was followed by a decrease in their quantities at the final harvest. Although the highest
quantity of CBD was found in the third week of harvest, the best CBD:THC ratio was seen after the
second harvest, with quantities of THC being significantly lower than at the third harvest—this would
make isolation and purification of CBD much easier. Interestingly, for the stem, leaf, and top extracts,
the largest quantities of β-sitosterol were found in the stems, leaves, and tops obtained from the first
harvest stage. The high market price for cannabinoids such as CBD may result in a shift in hemp
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production from seed or fibres to this valuable natural product with potential to be used in the

development of natural consumer products. This study highlights the importance of discerning the
variation in the composition of compounds such as CBD with time within the plant to ascertain an
adequate harvesting period to maximize these industrial products.
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