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Abstract: Clinopodium nepeta subsp. spruneri is an aromatic herb with a mint-oregano flavor, used in
Mediterranean regions in traditional medicine. The aerial parts of the plant are rich in essential oil that
has antioxidant, antimicrobial and anti-inflammatory properties as well as insecticidal activity. The
aim of our work was to determine the yield and composition of the essential oil of the plant, in relation
to the harvest season and cultivation method, i.e., outdoor, greenhouse and in vitro culture, using
gas chromatography-mass spectrometry (GC-MS) as an analytical tool. Essential oil yield fluctuated
similarly in outdoor and greenhouse plants during the year (0.9–2.6%), with higher percentages
(2.1–2.6%) in the hottest periods June–October (flowering stage) and April (vegetative stage), and was
similar to the yield in in vitro plants (1.7%). More compounds were identified in the oil of outdoor
and greenhouse plants (35) compared to that of in vitro plants (21), while the main compounds were
the same, i.e., pulegone (13.0–32.0%, highest in February–April, 15.0% in vitro), piperitenone oxide
(3.8–31.8%, lowest in February, 34.2% in vitro), piperitone epoxide (4.6–16.4%, highest in February,
15.5% in vitro), D-limonene (2.1–8.8%, lowest in February, 10.0% in vitro), isomenthone (2.3–23.0%,
highest in February, 4.6% in vitro), germacrene D (1.9–6.5% highest in December-April, 2.9% in vitro)
and dicyclogermacrene (2.1–5.3%, highest in December–April, 5.2% in vitro). Therefore, greenhouse
and in vitro cultures were equally efficient in yielding essential oil and its constituents as outdoor
cultivation, while in outdoor and greenhouse cultivations, the harvest season, mainly due to the
prevailing ambient temperatures, affected the essential oil yield and its percentage composition.

Keywords: Calamintha nepeta subsp. glandulosa; chemical profile; environmental variation; Lamiaceae;
medicinal aromatic plant; Mediterranean native plant; phytochemical analysis; quality analysis;
seasonal variation

1. Introduction

From ancient times to the present, medicinal plants have played a key role in traditional
medicine and form the basis of health care in many cultures. Although there has been a
decline in the use of herbal medicines due to their replacement by synthetic medicines, in
recent years there has been an increasing shift of the world towards natural products [1–6].

The genus Clinopodium (syn. Calamintha) belongs to the Lamiaceae family and includes
aromatic medicinal plants found scattered in Western, Southern and South-Eastern Eu-
rope, the Mediterranean region, North Africa, Central Asia [7–10] and North and Latin
America [11]. Since ancient times, Clinopodium spp. have been used in the folk medicine of
various countries against insomnia, depression, spasms and cramp pains [1,11–13] and for
the disinfection and healing wounds [14] and insect bites [15]. Also, due to their pleasant
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smell between oregano and mint, they are used as a spice under the name “mentuccia” or
“nepitella” in Italy and Northern Portugal [16]. The essential oil of many species of the
genus is used to improve the taste and aroma of many pharmaceutical products and the
antimicrobial activities of plant oils and extracts have a number of applications, including
raw and processed food preservation, pharmaceuticals, alternative medicine and natural
therapies [13,17–23]. Furthermore, the essential oil of the Clinopodium species presents
antitumor, anticancer and antioxidant activities [24,25].

The species C. nepeta has two subsp., nepeta and spruneri (syn. glandulosa). C. nepeta
subsp. spruneri (Boiss.) Bartolucci and F. Conti, syn. Calamintha nepeta subsp. glandulosa
(Req.) P.W. Ball, grows in rocky areas of Western and Southern Europe from 0 to 1500 m
altitude [26,27] and in North East England [7]. In Greece, C. nepeta subsp. spruneri is native
to both southern and northern regions [28], in damp, shady places, stream banks, forests
and woodlands, roadsides and abandoned fields; it is called “agriomenta” (meaning wild
mint in Greek) or “fliskouni” and is used for the preparation of medicinal teas for the
stomach and throat pain and kidney disorders [29]. The plant is known in many countries
for its medicinal uses as a tonic, antiseptic, antispasmodic and diuretic [12,30]. It is also
used as an ornamental plant.

The aerial parts of C. nepeta are rich in essential oils that have antioxidant [19,20],
antimicrobial [14,31–34] and anti-inflammatory properties [12,19,32], as well as insecticidal
activities [34]. C. nepeta is traditionally found as an aromatic substance [26] and can be
applied as a fragrance for insect repellent products [35].

Several studies of C. nepeta essential oils have been reported in the literature, which
clearly indicate the presence of a remarkable chemical diversity and great intraspecific vari-
ability [33,36–39]. There is a consensus that pulegone is the dominant constituent, associated
with different components such as menthone and/or isomenthone [33,36,38,40]. The major
components in the oils of the diverse chemotypes generally belong to the C-3 oxygenated
p-menthans such as pulegone, menthone, isomenthone, piperitone and piperitenone with
their oxides. Three chemotypes of oils can be distinguished in Clinopodium species and
subspecies (with some exceptions): (I) the first and most abundant chemotype consists
of pulegone as the main component associated with either menthone and/or isomen-
thone, menthol and its isomers (first variant) or with piperitenone or piperitone and
piperitenone oxides (second variant), (II) the second chemotype is characterized by the
predominance of piperitone oxide and/or piperitenone oxide and (III) the rarest chemotype
is distinguished by the presence of carvone and 1,8-cineole [33]. In wild populations of
C. nepeta subsp. spruneri from Greece, intra-population variation in essential oil composi-
tion has been demonstrated [36,37,39], with researchers reporting the coexistence of two
chemotypes [41,42]. The main components of the first chemotype were pulegone, men-
thone, piperitenone and piperitone, while piperitone cis- and trans-oxides, limonene and
piperitenone epoxide were noted for the second chemotype.

Pulegone is “Generally Recognized As Safe” (GRAS) by the international Food and
Drug Administration since 1965, while in 1974, it was included by the Council of Europe
in the list of artificial flavoring substances that can be temporarily added to food without
risk to public health [43]. Therefore, it is widely used commercially as a flavoring agent, as
a base ingredient for perfumes and for various pharmaceutical products, but also for the
preparation of toothpaste and mouthwash [44].

The essential oil composition is related to many variables [45–47], such as the geno-
type [48] and the geographical area of production, with main parameters the altitude [49],
the harvest year [50] as well as the extraction system used [51]. In medicine, aromatic herbs
have high economic importance for their essential oil worldwide, such as Salvia, Thymus
and Lavandula species, and it has been shown by many works that factors such as soil
texture, organic matter and minerals, annual rainfall, temperature, altitude, affect both the
essential oil yield and its composition [52–54]. Differences in environmental conditions in-
duced differences in the essential oil composition of C pulegium that were more quantitative
than qualitative [55]. The content of the main components of the essential oil of C. nepeta
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subsp. spruneri was found to vary with the growth stage of the plant (vegetative/flowering)
and the plant organs (inflorescences, leaves, stems) [41]. Cultivated plants of C. pulegium
in the vegetative and flowering stages were a significant source of pulegone, and in the
fruiting stage a significant source of menthone [55].

In vitro cultures can be a valid alternative for the rapid production of large quanti-
ties of plant material with a similar chemical profile to the corresponding field cultured
plants, regardless of climate factors and eliminating geographical boundaries [56], while
at the same time, the natural ecosystem is protected from the illegal harvesting of native
plants from the natural environment. The effect of in vitro culture and growth regulators
on essential oil composition and yield has been studied in a number of aromatic and
medicinal plants, including Clinopodium spp., and various effects on secondary metabolite
production profiles compared with field grown donor plant have been reported [24,57–60].
Moreover, it has been shown that many bioactive compounds, including essential oil
components, can accumulate in in vitro culture at higher concentrations than in plants
cultivated in the field [59,61,62]. Quantitative and qualitative modifications to the produc-
tion of plant secondary metabolites can be induced by modifying the culture medium and
conditions [57,63–65]. Thus, the use of plant tissue culture for up-regulating metabolism
pathways may create a source of homogeneous and well-defined product [66].

The aim of our work was to determine the yield and composition of the essential oil of
C. nepeta subsp. spruneri, in relation to the harvest season during one year and the cultiva-
tion method, i.e., outdoor, greenhouse and in vitro culture, using gas chromatography-mass
spectrometry (GC-MS) as an analytical tool. There is only one report on the chemical com-
position of Calamintha nepeta L. (subsp. not reported) essential oil from microplants grown
in vitro and their comparison with the parent plants grown in the field, which showed
quantitative differences between them [59]. There is no report, to our knowledge, on the
yield and composition of C. nepeta essential oil from greenhouse plants. The study of sea-
sonal variation of the yield and chemical composition of plant essential oils provides useful
information on the appropriate time to harvest the plant material depending on the desired
secondary metabolites. Further, the recording of essential oil yield and chemical composi-
tion in relation to the cultivation method provides useful information for alternative forms
of production, minimizing geographical effects on the product and providing the ability to
qualitatively and quantitatively modify the essential oil yield and its chemical composition.

2. Results and Discussion
2.1. Average Percentage Content and Seasonal Variation of Essential Oil Extracted from Outdoor,
Greenhouse and In Vitro Plants

In the June, August, October and December harvests, both outdoor and greenhouse
plants were in the flowering stage, while in the February and April harvests, the plants
were in the vegetative stage (Figure 1). The essential oil extracted from all kinds of plant
material, outdoor, greenhouse and in vitro, was yellow in color. Its average percentage
content ranged from 0.9 to 2.6% in outdoor plants depending on the harvest period and a
similar variation was observed in greenhouse plants (1.2–2.5%) (Figure 2), while in in vitro
microshoots it was 1.7%. The place of cultivation, i.e., outdoors or in the greenhouse,
did not seem to significantly affect the essential oil yield, and this can be attributed to
the fact that the greenhouse where cultivation took place was unheated with a cooling
system for the summer months and therefore the temperatures were similar inside and
outside the greenhouse (Figure 3), and it was glass covered, that allows for the passage of a
high amount of radiation. There was an indication that outdoor plants had lower (0.9%)
percentage content of essential oil in winter compared to the greenhouse plants (1.2%), and
this reinforces the above comment about the temperature effect, as in winter the outdoor
temperature was slightly lower compared to that of the greenhouse.
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The essential oil percentage content was not affected by the cultivation method (cultiva-
tion site), but it was affected by the season of harvest in both outdoor and greenhouse plants
(two-way ANOVA, Figure 2). The highest yield in outdoor and greenhouse plants was
observed in the June, August and October harvest (2.3–2.6%), periods when plants were in
the flowering stage and average ambient temperatures were above 20 ◦C (Figures 2 and 3).
In addition, a high yield of essential oil was also observed in the April harvest (Figure 2), a
period when the plants were in the vegetative stage, so this may be due to the high average
temperature of the month (above 20 ◦C), which was similar to the average October temper-
ature (Figure 3). The lowest yield for both outdoor and greenhouse plants was observed in
the February harvest (0.9% for outdoor and 1.2% for greenhouse plants) (Figure 2). This
can be explained by the fact that these shoots were grown in the period January–February,
when temperatures were the lowest of the year, while the shoots harvested in December
(1.5% yield), although this month was colder than February, had grown in the November–
December period, where temperatures were higher than the January–February period
(Figure 3), and even allowed the plants to flower. The accumulation of plant secondary
metabolites is highly dependent on a variety of environmental factors such as temperature,
light, carbon dioxide, ozone, soil water, fertility and salinity [45]. In our experiments,
outdoor and greenhouse plants were grown in pots with peat-perlite substrate (2:1 v/v),
so ambient temperature and radiation seem to be the main reasons for variation in the
essential oil yield in different harvest seasons. The effect of irradiance could be supported
by the comparison of oil yield from in vivo (outdoor and greenhouse) and in vitro plants,
as the yield of in vitro plants, which were grown at 25 ± 2 ◦C but under low irradiance
(37.5 µmol m−2 s−1 provided by white fluorescent lamps) was in the range of the December
yield in outdoor and greenhouse plants. Light is essential for the biosynthetic pathway of a
growing plant. Key factors related to light radiation include intensity, photoperiod, direc-
tion and quality. Future in vitro experimentation providing different light quality, intensity
and photoperiod could add scientific information on this issue, with the assumption that
modification of the lighting conditions could support in vitro growth and proliferation of
the species [67,68].
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Figure 1. C. nepeta subsp. spruneri plants in the vegetative stage in outdoor (A) and greenhouse
(B) cultivation just before the April harvest, at flowering stage in outdoor (C) and greenhouse (D)
cultivation just before the June and August harvest, respectively, and in vitro cultivation at the stage
of microshoot harvest (E).
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the family Lamiaceae, such as, e.g., Mentha spicata [79], Ocium basilicum [80], Plectranthus 

Figure 2. Percentage content of essential oil (ml essential oil/100 g dry sample) in outdoor and
greenhouse plants of C. netepa subsp. spruneri at the different harvest seasons (months). ***: significant
at p ≤ 0.001, NS: not significant at p ≤ 0.05; two-way ANOVA: Finteraction: NS, Fharvest months: ***,
Fcultivation method: NS; one-way ANOVA: a1, b1, c1. . .: comparison of means for outdoor plants (F: ***),
a2, b2, c2. . .: comparison of means for greenhouse plants (F: ***), A, B, C. . .: comparison of means in
both outdoor and greenhouse plants (F: ***).

Similar yields to those given by the plants in our experiments have been reported in
samples from wild populations of C. nepeta subsp. spruneri, during the flowering stage,
collected from the Greek island Lefkada (2.0%) [36], Zonguldak in Turkey (2.7%) [69],
Corinth in Northeast Peloponnese in Greece (3.3%) [39] and five regions of Central Italy
(1.6–2.6%) [70]. However, there are several studies reporting a lower yield (0.1–1.2%) in
flowering wild C. nepeta plants [34,37,71–77] in samples from France, Greece, Turkey,
Italy, Croatia, Montenegro, Albania, Portugal and Tunisia. In addition, some researchers
reported a wider range of essential oil yield from wild C. nepeta plants, in full flowering,
e.g., Karousou et al. [42] from populations of both subspecies from Northern Greece and
Crete (0.8–2.7%) and Negro et al. [78] in nine different populations of the nepeta subspecies
from Southern Italy (1.2–3.0%).
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greenhouse plants of C. netepa subsp. spruneri at the different harvest seasons (months) vs average
monthly ambient temperature outdoor and in the greenhouse.
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Essential oil yield has been correlated with seasons, but mainly at the stage of plant
growth determined by them, in various species of both the genus Clinopodium [41,55]
and the family Lamiaceae, such as, e.g., Mentha spicata [79], Ocium basilicum [80], Plec-
tranthus amboinicus [81], Rosmarinus officinalis [82,83], Hypericum androsaemum [84], Salvia
officinalis [85], but also other medicinal plants, e.g., Artemisia verlotiorum (Asteraceae) [86]
and Santolina rosmarinifolia (Asteraceae) [87]. In addition, there are several studies on the
Clinopodium genus that report that the essential oil content also depends on exogenous
factors such as the geographical area of harvest and the various soil and climate conditions
that prevail [34,42,70,78,88]. The effect of climate conditions (temperature, relative humid-
ity, rainfall, sunshine) has been reported for other medicinal species as well, such as Lippia
junelliana [89], Ocimum basilicum [80], Santolina rosmarinifolia [87], Achillea millefolium [90]
and Tetradenia riparia [91].

Regarding essential oil yield from in vitro cultures compared to wild growing plants
or field cultures, information is conflicting. Comparing yields of non-flowering plants, in
Mentha spicata field-grown and in vitro plants gave similar yields [92], in Salvia fruticosa
in vitro plants gave higher yields [93], while in Ocimum basilicum field plants gave higher
yields [94]. In field-grown flowering plants and non-flowering in vitro plants of Eryngium
planum and Lavandula viridis, the essential oil yield of the field plants was higher and this
was attributed to the flowering stage [95,96]. Finally, in Ocimum basilicum flowering plants,
a greater yield was observed in field plants than in vitro [97]. In our experiments, the
in vitro plants, being at the vegetative stage, gave a yield (1.7%) similar to the December
one of the outdoor and greenhouse plants, which were at the flowering stage (Figure 2).
While comparing the yield of in vitro plants with those of the February and April harvests,
months when the outdoor and greenhouse plants were in the vegetative stage, the yield of
the in vitro plants was higher than the yield of outdoor and greenhouse plants in February
and lower than that of April (Figure 2). Thus, it appears that environmental factors such as
temperature and irradiance affect essential oil yield more than the plant growth stage. The
substrate could be another factor that affected the in vitro plant essential oil yield. We chose
to use plain MS medium, i.e., without plant growth regulators, which ensured a stable
response of the explants to the subcultures [67] that had to be used to ensure the required
biomass for our analyses. The use of plant growth regulators, such as benziladenine, which
has been shown in our previous work to promote proliferation in the species [68], was
avoided, as it could show a carry-over effect from subculture to subculture, which could
affect the quality of the microshoots, and become an additional factor of variability in
essential oil yield and its chemical composition [98,99].

2.2. Chemical Composition, Seasonal Variation and Comparative Study of the Main Chemical
Groups of Essential Oil Extracted from Outdoor, Greenhouse and In Vitro Plants

The essential oil of C. nepeta subsp. spruneri in all three cultivation methods, outdoors,
greenhouse and in vitro, was characterized by the presence of three dominant chemical
groups, i.e., oxygenated monoterpenes (with main representatives: pulegone, piperitenone
epoxide, isomenthone, piperitone epoxide), followed by monoterpene hydrocarbons (with
main representative: D-limonene) and sesquiterpene hydrocarbons (with main representa-
tives: germacrene D and dicyclogermacrene) (Figure 4). Similarly, in samples from other
regions of Greece, i.e., the Island of Lefkada [36], Corinth in Peloponnese [39], Island of Za-
kynthos [41], Crete [42], but also in samples from Portugal [77], Croatia [100], Tunisia [34],
Albania [76] and Turkey [101], the oxygenated monoterpenes were the main chemical group
of the essential oil. On the contrary, in the essential oil of C. nepeta (subspecies was not
reported) plants from Tuscany Islands in Central Italy, monoterpene hydrocarbons were
reported as the main chemical group [59], verifying that various chemotypes of oils can be
distinguished in Clinopodium species and subspecies [33].

Oxygenated monoterpenes were recorded in the different harvest seasons at a rate
of 55.0–77.3% for outdoor plants, 55.9–76.7% for greenhouse plants and 71.6% for in vitro
plants, followed by monoterpene hydrocarbons, 3.0–10.7% for outdoor plants, 3.3–10.5%
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for greenhouse plants and 10.7% from in vitro plants and sesquiterpene hydrocarbons,
7.0–16.1% for outdoor grown plants, 8.2–16.2% for greenhouse grown plants and 8.8% for
in vitro plants (Figure 4).

Regarding the comparison of the concentrations of the main groups of the essential oil
of outdoor and greenhouse plants, the two-way analysis showed a significant interaction
between the main experimental factors, i.e., cultivation method and harvest season, and
therefore we proceeded to compare the means of the experimental treatments. In plants
grown outdoors, higher values of oxygenated monoterpenes, that represent the major
chemical group, were recorded in February and April (77.3% and 76.7%, respectively) and
the lowest value in December (55.0%) (Figure 4). Monoterpene hydrocarbons showed a
higher value in August (10.7%) and lower values in February and April (3.0% and 4.9%,
respectively), while sesquiterpene hydrocarbons showed higher values in December and
April (16.1% and 15.0%, respectively) and lower values in August and October (7.0%
and 8.3%, respectively) (Figure 4). Similar results were recorded for greenhouse plants,
with the only difference being that monoterpene hydrocarbons showed a higher value,
except in August and June (9.2% and 10.5%, respectively) (Figure 4). Cultivation site,
i.e., outdoor or greenhouse, did not appear to significantly affect the percentage of the
main chemical groups, and this may be attributed to the fact that the outdoor and green-
house conditions were similar, as discussed above. Differences in the percentage of the
main chemical groups were observed in our samples from both outdoor and greenhouse
plants depending on the harvest season (Figure 3), as has been shown for other species
of the Lamiaceae family [82,84,85] and other medicinal plants [86,87,90,91]. Oxygenated
monoterpenes and sesquiterpene hydrocarbons had higher values during winter or early
spring, when monoterpene hydrocarbons had the lowest values, the latter showing higher
values in the June–October period and in vitro. The in vitro plants also had high values
of oxygenated monoterpenes similar to the greenhouse ones. The seasonal variation of
oxygenated monoterpenes and sesquiterpene hydrocarbons in our experiments confirms
previous results in Ocimum basilicum in Egypt [80], where samples collected in winter were
found to be richer in oxygenated monoterpenes (68.9%), while summer ones were higher
in sesquiterpene hydrocarbons (24.3%), although O. basilicum responded differently to tem-
perature in terms of essential oil yield compared to C. netepa subsp. spruneri, as O. basilicum
had the highest essential oil yield in winter (0.8%) and the lowest in summer (0.5%) [80].
Similarly to the essential oil of C. netepa subsp. spruneri outdoor and greenhouse plant
Hypericum androsaemum essential oil had the highest level of sesquiterpene hydrocarbons in
February and the lowest in September [84].

Analysis of samples from outdoor and greenhouse plants harvested in February
(period when plants were in the vegetative stage) and in vitro microplants showed a similar
monoterpene and sesquiterpene composition, with monoterpenes having the highest
percentage (Figure 4), according to results reported for Calamintha nepeta plants from
Tuscany Islands [59]. In Pistelli et al. [59], for experiments both in field and in vitro
plants, monoterpene hydrocarbons were recorded at higher percentages to oxygenated
monoterpenes, while the opposite was found in our work (Figure 4). However, as in
our experiments, and also in Pistelli’s work, both field and in vitro plants had the same
behavior in terms of monoterpene hydrocarbon and oxygenated monoterpene contents.
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2.3. Chemical Composition, Seasonal Variation and Comparative Study of the Concentration and
Seasonal Variation of the Main Compounds of Essential Oil Extracted from Outdoor, Greenhouse
and In Vitro Plants

In the essential oil of the outdoor and greenhouse plants, 39 components were recorded,
of which 35 were identified (Table 1), much more than those identified in previous studies
on C. nepeta subsp. spruneri plants growing wild in various regions of Greece [36,39] (25 and
23 identified components, respectively). In the essential oil of wild C. nepeta subsp. nepeta
plants in Italy, 19 to 39 components were identified in nine different populations [68], and in
another study, 31 compounds in Calamintha nepeta plant material from Tuscany Islands [59],
and 24 to 42 components were identified in plants of both subspecies from various locations
in Tunisia [34].

The number of components detected in samples from in vitro plants was much lower
(23) than the number of components detected in outdoor and greenhouse plants (Table 1),
in agreement with corresponding research in Italy [51], where also a lower number of
components (25) were detected in C. nepeta in vitro plants compared to outdoor plants (31).
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The 39 components recorded in the samples of the outdoor and greenhouse plants, in
all harvest seasons, constitute 95.4–98.8% of the total essential oil isolated from outdoor
plants and 95.2–98.6% for greenhouse plants (Table 1). Regarding the 23 components
detected (21 identified) in in vitro plant samples, they constitute 91.9% of the total essential
oil isolated (Table 1).

The main chemical compounds identified in the essential oils of outdoor, greenhouse
and in vitro plants were: pulegone and piperitenone oxide (13.0–32.0% and 3.8–34.2%
respectively), associated with piperitone epoxide (4.6–16.4%), D-limonene (2.1–10.0%), iso-
menthone (2.3–23.0%), germacrene D (1.9–6.5%) and dicyclogermacrene (2.1–5.3%) (Table 1,
Figure 5). Also, 3-octanol and carvacrol were detected at lower percentages (0.2–3.0 and
0.1–2.1%, respectively). Focusing on the percentages of the above chemical compounds in
outdoor plants in June–August, in order to compare them with previous reports, where wild
plants at the flowering stage (June–August) were used for essential oil extraction, we see
that piperitenone oxide (27.6–25.0%) showed the highest percentages followed by pulegone
(20.3–14.1%) and then D-limonene (7.1–8.8%), piperitone epoxide (4.6–11.3%), isomenthone
(2.5–5.3%), germacrene D (3.3–1.9%) and dicyclogermacrene (3.2–2.1%). Thus, the chemotype
of our plants is similar to type II of the grouping of Baldovini et al. for C. nepeta clones from
various areas of Corsica [38], with the difference that ours do not contain menthone, but a
small percentage of isomenthone. It also resembles the type I-variant (2) of the Bozovic et al.
grouping [38], with the difference that, in our samples, piperitenone oxide together with
piperitone epoxide were the dominant substances and not pulegone.

Previous research on wild C. nepeta subsp. spruneri plants collected in summer from
various regions of Greece showed a highly variable composition of essential oils. In mate-
rial on the Island of Lefkada, pulegone (39.7%), with menthone (24.7%) and isomenthone
(25.6%) among others, were determined [36], similarly in material from Corinth in Pelo-
ponnese, pulegone (41%) and menthone (32%) were the major constituents along with
piperitone (7.3%) and piperitenone (7%) [39], while in a report where more than 46 com-
pounds were determined in the essential oil the major ones were found to be the two
diastereoisomers of piperitone oxide (55%) and β-bisabolene (8.5%) [37]. In plants from
Crete, two chemotypes were found [42], one rich in pulegone and/or menthone and/or
isomenthone (the sum of these three ketones ranging from 56.8% to 89.9%) and another
rich in cis- and trans-piperitone oxide and/or piperitenone oxide (the sum of these three
epoxides ranging from 65.5% to 90%). Intra-populational variation has been reported for
material on the Island of Zakynthos [41], where C-3 oxygenated p-menthane compounds
and their precursor limonene constituted from 68.8% to 92.8% of the oils. In these samples,
the main constituents of the first chemotype were pulegone, menthone, piperitenone and
piperitone, while in the second chemotype cis- and trans-piperitone oxide, limonene and
piperitenone oxide were found.
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Table 1. Seasonal variation in the content (%) and chemical composition of essential oil extracted from outdoor, greenhouse and in vitro cultured C. nepeta
subsp. nepeta plants by hydrodistillation and determined by GC/MS in the indicated months. Compounds are listed in the order of elution from an Rtx-5MS
capillary column.

June August October December February April June August October December February April

R.I.exp Compounds Outdoor Plants Greenhouse Plants In Vitro Plants

1. 938 α-Pinene 0.2 0.6 0.6 0.6 0.2 0.2 0.6 0.4 0.7 0.5 0.5 0.2 0.2
2. 981 β-Pinene 0.4 0.6 0.6 0.6 0.3 0.4 0.7 0.5 0.7 0.5 0.8 0.4 0.2
3. 990 β-Myrcene 0.3 0.5 0.3 0.4 0.1 0.1 0.4 0.4 0.5 0.4 0.3 0.1 0.3
4. 994 3-Octanol 2.5 2.9 3.0 2.7 1.0 1.2 2.9 2.6 2.6 2.5 1.8 1.0 0.2
5. 1032 D-Limonene 7.1 8.8 8.0 5.5 2.4 4.2 8.7 6.7 7.2 4.7 2.1 2.6 10.0
6. 1062 γ-Terpinene nd 0.2 0.1 0.1 nd nd 0.1 0.1 0.1 0.1 nd nd -
7. 1095 3-Nonanol 0.2 0.6 0.3 0.2 nd nd 0.3 0.4 0.3 0.2 0.3 0.2 -
8. 1099 trans-Sabinene hydrate 0.1 nd 0.1 0.1 nd nd 0.1 nd nd nd nd nd -
9. 1102 n-Nonanal 0.1 0.4 0.1 0.1 1.0 0.3 0.2 0.2 0.1 0.1 nd nd 0.1
10. 1156 Menthone - - - - - - - - - - - - 0.2
11. 1165 Isomenthone 2.5 5.3 2.3 2.6 23.0 4.7 4.0 3.8 2.6 2.7 10.4 8.4 4.6
12. 1178 Isopulegone * 0.6 0.3 0.3 1.1 0.9 0.4 0.3 0.2 nd 1.1 1.1 0.4 0.1
13. 1182 Unknown (M1) ** 0.5 0.8 0.4 0.3 0.7 nd 0.4 0.6 0.8 0.2 nd nd -
14. 1205 Unknown (M2) ** 0.3 0.9 0.5 0.5 1.3 nd 0.7 0.8 0.9 0.7 0.7 nd -

15. 1225 2-Ethenyl-1-methoxy-3-
methylbenzene 1.0 0.8 1.1 0.9 0.1 0.1 1.0 1.2 1.1 1.0 1.0 0.1 -

16. 1240 Pulegone 20.3 14.1 15.5 17.6 29.8 32.0 15.5 12.7 12.5 15.1 24.7 25.3 15.0
17. 1256 Piperitone epoxide * 4.6 11.3 6.1 6.2 15.2 5.7 8.5 9.2 10.2 8.5 16.4 12.4 15.5
18. 1275 Isopiperitenone 0.9 0.9 1.0 0.6 0.5 0.5 1.0 1.0 0.9 0.8 0.6 0.5 0.3
19. 1293 Unknown (M3) ** 8.8 7.2 9.9 7.1 1.3 0.2 8.6 9.7 9.1 7.7 4.0 0.2 0.2
20. 1298 Thymol 0.6 1.0 0.7 0.8 1.0 0.3 0.8 0.9 1.0 0.9 1.2 0.3 0.2
21. 1301 2-Hydroxypiperitone 0.3 0.9 0.4 0.5 1.5 nd 0.8 0.9 1.0 0.8 1.8 nd
22. 1309 Carvacrol 0.5 0.1 0.1 0.4 0.3 nd 0.3 0.1 2.1 0.6 0.5 0.1 0.5
23. 1343 Piperitenone 1.2 0.7 1.0 1.9 1.1 1.3 1.2 0.8 2.1 1.3 1.2 1.4 1.0
24. 1366 Piperitenone oxide 27.6 25.0 31.0 23.2 3.8 31.8 25.9 28.6 27.9 24.1 12.1 27.9 34.2
25. 1383 α-Copaene 0.2 0.2 0.3 0.5 0.1 0.3 0.3 0.3 0.3 0.4 0.2 0.2 -
26. 1392 β-Bourbonene 0.7 0.3 0.8 0.3 0.2 0.2 0.6 0.8 0.7 0.8 0.2 nd -
27. 1397 β-Elemene 0.3 0.2 0.2 0.4 0.2 0.2 0.2 0.2 0.2 0.4 0.3 0.2 0.1
28. 1407 Unknown (M4) ** 5.8 4.6 6.3 5.2 0.5 0.4 5.7 6.4 6.0 5.5 2.4 0.4 0.3
29. 1428 β-Caryuphyllene 2.6 1.6 1.8 3.9 3.8 3.5 2.0 1.7 1.5 3.2 3.7 3.6 0.5
30. 1436 β-Copaene 0.2 0.1 0.2 0.4 0.2 nd 0.2 0.1 0.1 0.3 0.3 nd -
31. 1447 Aromadendrene 0.2 0.1 0.1 0.3 0.1 nd 0.1 0.2 0.2 0.4 0.3 nd -
32. 1461 α-Caryoplyllene 0.1 0.1 0.2 0.4 0.2 0.2 0.2 0.2 0.2 0.3 0.3 0.2 -
33. 1470 cis-Muurola-4(14)5-diene 0.2 0.1 0.1 0.3 0.2 0.1 0.2 0.1 0.1 0.2 0.2 0.1 0.1
34. 1483 γ-Muurolene 0.2 0.1 0.1 0.3 0.2 nd 0.2 0.1 0.1 0.2 0.2 nd -
35. 1489 Germacrene D 3.3 1.9 2.2 4.4 3.5 5.7 2.7 2.4 2.4 4.2 4.1 6.5 2.9
36. 1504 Bicyclogermacrene 3.2 2.1 2.1 4.2 3.5 4.8 2.6 2.4 2.2 4.1 3.9 5.3 5.2
37. 1520 γ-Cadinene 0.2 0.1 0.1 0.3 0.1 nd 0.1 0.1 0.1 0.2 0.2 nd -
38. 1528 δ-Cadinene 0.2 0.1 0.1 0.3 0.2 nd 0.2 0.2 0.1 0.3 0.3 0.1 -
39. 1544 α-Cadinene tr nd nd 0.1 nd nd 0.1 tr nd 0.1 0.1 nd -
40. 1591 Spathulenol 0.1 tr 0.2 0.1 nd nd 0.1 0.1 nd 0.1 nd nd -

R.I.exp. Experimental retention index. * Correct isomer not identified. ** Main qualifying ions (m/z) and their relative abundance (%). Unknown (M1): 139 (100), 55 (62), 69 (61), 97 (59) **.
Unknown (M2): 139 (100), 97 (67), 69 (64), 55 (61) **. Unknown (M3): 138 (100), 137 (91), 68 (96), 67 (89), 123 (43), 166 (6,5) **. Unknown (M4): 166 (100), 123 (60), 105 (22), 137 (19), 69
(18) **. tr, trace (<0.1%), nd: not detected. Bold indicate the main chemical compounds of the essential oil.



Plants 2023, 12, 4098 11 of 22
Plants 2023, 12, x FOR PEER REVIEW 12 of 23 
 

 

 

 

 

 

 

Figure 5. Quantitative variation in the main chemical compounds of the essential oil of C. nepeta 
subsp. spruneri extracted from outdoor and greenhouse plants in the months shown: (a) D-limonene, 
(b) Isomenthone, (c) Pulegone, (d) Pipetitone Epoxide, (e) Piperitenone Oxide, (f) Germacrene D, 
and (g) Bicyclogermacrene. Mean separation by Student’s t-test at p ≤ 0.05, **: significant at p ≤ 0.01, 
***: significant at p ≤ 0.001, D-limonene: Finteraction **, Fone-way ANOVA ***, isomenthone: Finteraction ***, Fone-

way ANOVA ***, pulegone: Finteraction ***, Fone-way ANOVA ***, pipetitone epoxide: F interaction ***, Fone-way ANOVA 
***, piperitenone oxide: Finteraction ***, Fone-way ANOVA ***, germacrene D: Finteraction ***, Fone-way ANOVA ***, 
bicyclogermacrene: Finteraction **, Fone-way ANOVA ***; a1, b1, c1…: comparison of means for outdoor plants 
(F: ***), a2, b2, c2…: comparison of means for greenhouse plants (F: ***), A, B, C…: comparison of 
means in both outdoor and greenhouse plants (F: ***). 

Figure 5. Quantitative variation in the main chemical compounds of the essential oil of C. nepeta
subsp. spruneri extracted from outdoor and greenhouse plants in the months shown: (a) D-limonene,
(b) Isomenthone, (c) Pulegone, (d) Pipetitone Epoxide, (e) Piperitenone Oxide, (f) Germacrene D, and
(g) Bicyclogermacrene. Mean separation by Student’s t-test at p ≤ 0.05, **: significant at p ≤ 0.01, ***:
significant at p ≤ 0.001, D-limonene: Finteraction **, Fone-way ANOVA ***, isomenthone: Finteraction ***,
Fone-way ANOVA ***, pulegone: Finteraction ***, Fone-way ANOVA ***, pipetitone epoxide: F interaction ***,
Fone-way ANOVA ***, piperitenone oxide: Finteraction ***, Fone-way ANOVA ***, germacrene D: Finteraction

***, Fone-way ANOVA ***, bicyclogermacrene: Finteraction **, Fone-way ANOVA ***; a1, b1, c1. . .: comparison
of means for outdoor plants (F: ***), a2, b2, c2. . .: comparison of means for greenhouse plants (F: ***),
A, B, C. . .: comparison of means in both outdoor and greenhouse plants (F: ***).
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Thus, as in our results, in previous investigations on C. nepeta subsp. spruneri plants
collected in summer from other regions of Greece [36,39,41,42], but also from Croatia [100],
Tunisia [34] and Turkey [101], the chemical compounds pulegone, isomenthone, piperi-
tone and piperitenone were determined in high percentages. However, in all the above
samples, D-limonene, which was present in our samples, was not detected and men-
thone was determined as one of the main compounds, in contrast to our results, where
only isomenthone was found, and at low concentrations, except for the outdoor plant
harvest in February, where it was detected at a high percentage (23%). D-limonene was
detected in C. nepeta subsp. spruneri samples from Turkey and Greece [11,69,102], while,
in Calamintha nepeta plant material from Tuscany Islands, a high percentage of monoter-
pene hydrocarbons was detected, with α-pinene, β-pipene and limonene being the main
representatives [59]. Regarding 3-octanol, it was detected in most previous works at low
percentages (0.2–2.4%) [34,39,41,69,100,101,103,104], while carvacrol, which is the main
compound in the essential oils of Oreganum spp. [105,106], was detected (at 0.5–5.71%) in
much fewer works [59,76,107].

Regarding the comparison of the percentages of the main chemical compounds be-
tween outdoor and greenhouse plants, the two-way ANOVA revealed a significant interac-
tion of the main experimental factors (cultivation method and harvest season), and therefore
we proceeded to a comparison of the means of the experimental treatments (Table 1). In
general, pulegone and D-limonene showed higher percentages in outdoor plants, com-
pared to those in the greenhouse, in all sampling periods, except in June for D-limonene
(Table 1, Figure 5). Also, isomenthone showed much higher percentages in outdoor plants
in February and slightly higher in August, compared to greenhouse plants, while the
opposite was observed in April and June (Table 1, Figure 5). In contrast, piperitone epoxide
showed higher percentages in greenhouse plants, compared to outdoor plants, except in
August (Table 1, Figure 5). Germacrene D and dicyclogermacrene had a similar behavior,
i.e., in June and December they showed higher percentages in outdoor plants, compared to
those in the greenhouse, while the opposite was observed in August, October, February
and April (Table 1, Figure 5). Therefore, while the site of cultivation did not appear to
significantly affect the yield of the essential oil (Figure 2) and its qualitative composition, it
did affect its quantitative composition in some harvests depending on the harvest season.
Examining the effect of harvest season on concentrations of main chemical compounds in
outdoor and greenhouse plants, pulegone reached higher percentages in February (30.0%
and 27.7%, respectively) and April (32.0% and 25.3%, respectively), medium percentages
in June (20.3% and 15.5%, respectively) and December (17.6% and 15.1%, respectively)
and lower percentages in August (14.1% and 12.7%, respectively) and October (15.5% and
12.5%, respectively) (Table 1, Figure 5).

D-limonene reached higher percentages in summer and autumn (June, August and
October, 6.7–8.8%), medium percentages in December and April in outdoor plants and
December in greenhouse plants (4.2–5.5%) and the lower percentages in February in both
outdoor and greenhouse plants and in April in greenhouse plants (2.1–2.6%) (Table 1, Figure 5).

The effect of harvest season on piperitenone oxide percentage was similar to D-
limonene, i.e., higher percentages in June, August and October (25.0–31.0%), with the
difference that April percentages were similar to October, and February percentages in
plants outdoors were much more reduced than in greenhouse plants (3.8 and 12.1%, respec-
tively) (Table 1, Figure 5).

Piperitone epoxide showed the highest percentages in February in both outdoor and
greenhouse plants (15.2 and 16.6%, respectively), medium percentages in all other harvest
seasons in greenhouse plants (8.5–12.4%) and August in outdoor plants (11.3%) and lower
percentages in all other seasons in outdoor plants (4.6–6.2%) (Table 1, Figure 5).

Isomenthone, like piperitone epoxide, showed the highest percentages in February,
which were more than double in outdoor plants (23.0%) compared to greenhouse plants
(10.4%). Also in April, greenhouse plants showed percentages similar to those in February
(8.4%). In all other harvest months, isomenthone percentages were low (2.3–5.3%) (Table 1,
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Figure 5). In Mentha species isomethone was also found to be higher in winter than in
summer [108].

Germane D and bicyclogermacrene showed a similar percentage range and values in
the different harvest seasons, i.e., higher values in December, February and April (3.5–6.5%)
and lower values in June, August and October (1.9–3.5%) (Table 1, Figure 5).

Seasonal variation in the percentages of the main compounds has also been observed
in Calamintha nepeta plant material from Italy [109] and in another species of the genus,
Clinopodium macrostemum var. laevigatum [110]. It has also been reported in other medicinal
species of the Lamiaceae family, e.g., in Rosmarinus officinalis plant material from three differ-
ent regions of Turkey [111], Thymus vulgari from Southern Brazil and New Zealand [112,113]
and Ocimum basilicum from Pakistan [80]. As for the effect of plant growth stage on the
percentages of the main compounds, pulegone and isomenthone were increased during the
vegetative stage and D-limonene during the flowering stage (Table 1, Figure 5). However,
in a wild population of C. nepeta subsp. spruneri from Zakynthos, contrary to our results,
pulegone decreased in the vegetative stage, while isomenthone and D-limonene fluctuated
similarly to our results [41]. In C. pulegium, pulegone was stable at the flowering and
vegetative stage and decreased at the fruiting stage, where menthone was increased [55].
These inversely proportional differences in the percentage of these compounds may be due
to either the different developmental stage or environmental conditions. Germane D and
bicyclogermacrene percentages showed seasonal variation, in agreement with previous
work on other medicinal plant species [80,84]. Various environmental parameters, such
as light, temperature, CO2, altitude, soil water, soil fertility and salinity, influence the
biosynthesis and accumulation of secondary metabolites in plant tissues and a change in
an individual factor may alter the content of secondary metabolites even if other factors
remain constant [45–47].

The chemical profile of the essential oil from the in vitro microshoots was very sim-
ilar to the chemical profiles of the outdoor and greenhouse (in vivo) plants (Table 1).
Piperitenone oxide, pulegone, piperitone epoxide and D-limonene had the highest percent-
ages. In contrast to in vivo plants, a low percentage (0.2%) of menthone and no 3-octanol
were detected (Table 1). Piperitenone oxide (34.2%) and D-limonene (10.0%) were at per-
centages similar to the June–October period in in vivo plants, pulegone (15.0%) was as in
June–December in in vivo plants and piperitone epoxide (15.0%) as in February in in vivo
plants. Isomenthone (4.6%) was as in June–August in in vivo plants, germacrene D (2.9%)
as in June in in vivo plants and bicyclogermacrene (5.2%) as in April in in vivo plants. Fur-
thermore, comparing the percentages of the main compounds of the essential oil extracted
from in vivo cultures in February, when the plants were in the growth stage, with the oil
from in vitro microshoots, we notice that pulegone and isomenthone were detected in a
higher percentage in the in vivo cultures, while the opposite was observed for D-limonene
and piperitenone oxide (Table 1). Thus, it appears that environmental parameters, mainly
temperature, may be the main parameters affecting the concentrations of these compounds
and not the plant growth stage (flowering or vegetative).

A previous work on Calamintha nepeta from Tuscany Islands, where essentials oils
from in vitro plantlets were compared with those of the wild plants, found rather large,
mainly quantitative, differences between them, with the largest percentage possessed by
β-pinene (42.5% vs 8.4% in wild plants) and D-limonene (15.0% vs 34.8% in wild plants). In
addition, high percentages of cis-muurola-3,5-diene (13.9%) and cis-muurola-4(14)5-diene
(9.1%) were detected in samples from in vitro plants that were not found in the samples
from wild plants [59].

In general, different and conflicting information is found in the literature regarding
the comparison of the composition of the essential oil from in vitro and in vivo plants.
The similarity of the composition has been reported in a number of medicinal species of
the Lamiaceae family, e.g., Minthostachys mollis (Kunth) Grieseb. [114], Origanum vulgare
ssp. hirtum [115], Salvia fruticosa [93], Salvia sclarea [116] and Thymus vulgaris [66]. On the
contrary, there are comparative studies, which showed numerous differences between the
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two chemical profiles of the essential oil, such as for the species Salvia przewalskii [117]
and Eryngium planum [95]. Light, substrate and moisture are environmental parameters
that differ greatly between in vivo and in vitro culture, and thus quantitative differences in
secondary metabolites are expected, as environmental variables influence the accumulation
of plant secondary metabolites in plant tissues [45–47]. However, our work showed
that micropropagation of C. nepeta subsp. spruneri by axillary shoot proliferation is a
reliable method of rapid propagation of the species, leading to the production of secondary
metabolites such as those found in the field-produced plants (Figure 4, Table 1). With
further research, it is possible to select the most suitable chemotype by modifying the
in vitro culture conditions. In vitro microshoot culture is indicated for the production
of secondary metabolites, as their production has been positively correlated with cell
differentiation [118]. Furthermore, microshoot cultures ensure higher genetic stability
compared to callus cultures, thus allowing better standardization of secondary metabolite
production. Further investigation into the use of plant growth regulators, known to favor
proliferation, is likely to lead to further stimulation of terpene biosynthesis, as has been
shown in other aromatic plants, which may lead to beneficial changes in the quality and
quantity of the produced secondary metabolites [119]. Furthermore, in vitro cultures are
offered for research and introduction to the production process of the secondary metabolites
via the use of UV-B radiation, as it has been shown to affect the production of essential
oil and its components in plants [120–122].This study showed that greenhouse cultivation
as well as in vitro culture can be a valid alternative for the production of plant material
of C. nepeta subsp. spruneri characterized by the same aromatic flavor and providing a
similar yield of essential oil and its constituents as plants grown in the field. In addition,
greenhouse and in vitro cultures can give the highest yield throughout the year if suitable
ambient temperatures are provided. Furthermore, it was confirmed that the amount
and quantitative composition of the essential oil depends largely on the harvest season.
Therefore, for the definition of chemotypes, it is not enough to rely on a chemical analysis
of an oil from a single phenophase.

3. Materials and Methods
3.1. Plant Material
3.1.1. Outdoor and Greenhouse Plants (In Vivo Plants)

In the outdoor and greenhouse cultivations, six-month-old plants were used, which
were grown from stem cuttings of adult wild C. nepeta plants, growing in Oropos, Attica (lat.
38◦17′28.5′′ N, long. 23◦50′43.5′′ E). Forty plants were grown in 10 L pots with a peat-perlite
substrate (2:1 v/v), (peat (High-more with adjusted pH up to 5.5–6.5, Klasmann-Delimann
Gmbh, Geeste, Germany), perlite (particles diameter 1–5 mm, Perloflor, ISOCON S.A.,
Athens, Greece)). The plants, until their use in the experiment, were all kept in an unheated
glasshouse (lat. 37◦58′57.7′′ N, long. 23◦42′17.2′′ E), with a cooling system in the summer
months and a white colored shading/thermal curtain. Shading in the greenhouse was
applied between the end of April and the end of October 2016 and from the end of March
to end of April 2017 (end of the experiment) at 12–5 p.m. At the beginning of January
2016, half of the plants (20 plants) were moved out of the greenhouse to adjacent outdoor
benches. The same irrigation program was applied to the plants inside and outside the
greenhouse, with an automatic drip irrigation system (one dropper per pot with a water
supply of 4 L/h). The irrigation schedule was as follows: 24 April–25 June 2016 5 min daily,
26 April–31 October 2016 10 min daily, 1 November–15 December 2016 5 min every second
day, 16 December 2016–3 March 2017 4 min every third day, 4 March–20 March 2017 4 min
every second day and 21 March–30 April 2017 3 min daily.

3.1.2. In Vitro Plants

The in vitro cultures were initiated from shoot tip explants excised from adult wild
plants (see above) and cultured on MS medium supplemented with 1 mg L−1 BA [67,123].
The cultures were maintained with a number of subcultures of shoot tip and single node
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explants. The explants were grown in 100 mL Magenta type glass jars, which were covered
with a hard plastic cap (Sigma, magenta-B caps). Each jar contained 25 mL MS medium
without plant growth regulators, with 30 g L−1 sucrose and pH 5.7–5.8. The jars were
placed in a growth chamber, at 25 ± 2 ◦C and a photoperiod of 16 h light of 4000 lx
(37.5 µmol m−2 s−1) provided by white fluorescent lamps. Each subculture lasted 6 weeks
and 40 jars (4 explants/jar) were used. The in vitro microshoots for use in the extraction of
the essential oil were obtained from six subcultures.

3.2. Meteorological Data

The ambient maximum, minimum and average monthly air temperature outdoors
and in the greenhouse, total monthly rainfall and total monthly hours of sunshine during
the experimental period (January 2016 to April 2017) are presented in Figure 6. These
data were recorded from a meteorological cage in the proximity of the experimental plots
(http://meteosearch.meteo.gr/, 23 February 2022 date of access).
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Figure 6. Ambient maximum, minimum and average monthly air temperature outdoors (a) and
in the greenhouse (b), total monthly rainfall (c) and total monthly hours of sunshine (d) during
the experimental period (23 February 2022, 11:00 p.m., meteosearch.meteo.gr/data/athens/ April–
September 2021).

3.3. Harvesting, Drying and Preparation of Plant Samples
3.3.1. Outdoor and Greenhouse Plant Material

Harvesting of the plant material from the outdoor and greenhouse plants was done
every two months, from June 2016 to April 2017, namely: June 2016, August 2016, October
2016, December 2016, February 2017 and April 2017. Morning hours, the above-ground

http://meteosearch.meteo.gr/
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part of each plant was cut 10 cm above the pot rim. Shoots were transferred to black nylon
bags and taken to a dark room, weighed on a precision balance (Mettler Toledo PJ3600/PJ
3600 DeltaRange Precision Balance/Scale, 0.01 g to 3200 g) and spread on a bench to allow
natural drying (room temperature, shade). Every three days they were weighed and, when
no further reduction in weight was observed, the leaves (or the leaves and flowers at times
when the plants were in bloom) were removed from the stems and stored in tightly closed
nylon bags, at room temperature and shaded. Flowers were present in the June, August,
October and December harvests.

3.3.2. In Vitro Plant Material

After the end of each in vitro subculture, microshoots (2.7 cm length and 4 nodes, on
average) were collected (Figure 1E), naturally dried and stored as described for the outdoor
and greenhouse plant material, except that the leaves were not separated from the stems.

3.4. Essential Oil Isolation

The isolation of essential oil from the dried plant material of outdoor and greenhouse
plants and its analysis were done separately for each harvest period, within 1–2 months
of harvest, while the isolation of essential oil from in vitro plant material was done after
pooling samples of the six subcultures. The essential oil was obtained by the method of
hydrodistillation in a Clevenger apparatus. Samples (30 g for outdoor and greenhouse plant
material and 15 g for in vitro plant material) were ground and subjected to hydrodistillation
until the layer of distilled essential oil did not rise any further (duration 3 h). The ratio of
plant material to water in the boiling flask was 1:15.

The essential oils were collected in sealed glass vessels and stored at −18 ◦C until their
analysis by gas chromatography-mass spectrometry (GC-MS), which took place about 15 d
after essential oil isolation.

3.5. Gas Chromatography-Mass Spectrometry (GC/MS) Analysis

The qualitative analysis of the essential oil was performed using a gas chromatograph
(GC) (Hewlett Packard 5890 II), equipped with an Rtx-5MS capillary column (30 m × 0.25 mm,
film thickness 0.25 µm) and a Hewlett Packard 5972 (70 eV) mass selective detector. Helium
was used as carrier gas at a flow rate of 1 mL min–1. The temperature at the injector was
220 ◦C and at the MS transfer line was 250 ◦C. The initial temperature of the column
was 60 ◦C and then increased gradually to 210 ◦C at the rate of 3 ◦C min–1. The analysis
program had a total duration of 50 min. The volume of the sample to be analyzed was 1 µL
(splitless mode). Essential oil samples for analysis were diluted 1/100 (v/v) with 99.8%
pure acetone (GC-MS analytical grade). Three replicates were performed in each sampling
period of the outdoor and greenhouse plant material, as well as of the plant material from
in vitro culture.

Component identification was based on comparison of their relative retention indices
and mass spectra with those of the Nist 98 and Wiley 275 MS libraries, with GC-MS system
data and literature data [124].

A solution of n-alkanes (C8–C24) was used for the determination of the Retention
Index (RI). The RI of each compound calculated by the following formula [125]:

RI =
100× n + [log(RTunkown− v)− log(RTsmaller alkane− v)]

log(RTlarger alkane− v)− log(RTsmaller alkane− v)

where: n = the number of C in the smaller alkane; RTunknown = the retention time of the
unknown in seconds; v = column void time; RTsmaller alkane = the retention time of the
smaller alkane; and RTlarger alkane = the retention time of the larger alkane.

The percentages of the compounds were obtained automatically based on peak
area data.
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3.6. Statistical Analysis

A completely randomized design was used. The significance of the results was tested
by either one- or two-way analysis of variance (ANOVA) and the means of the treatments
were compared by Student’s t-test at p ≤ 0.05 (JMP 11.0 software, SAS Institute Inc., Cary,
NC, 2013, USA).

The following statistical analyses were performed: (A) one-way ANOVA to compare
the percentages at different harvest dates (harvest seasons) of (a) essential oil, (b) each
chemical compound and (c) each chemical group of the (i) outdoor plants and (ii) green-
house plants; (B) two-way ANOVA with the cultivation method (outdoor, greenhouse) and
the harvest season as main experimental factors, to compare the percentage of (a) essential
oil, (b) each chemical compound and (c) each chemical group.

4. Conclusions

Clinopodium nepeta subsp. spruneri plants yielded a similar essential oil in outdoor
(0.9–2.5%), greenhouse (1.2–2.5%) and in vitro (1.7%) cultivation.

Essential oil yield varied similarly in outdoor and greenhouse plants throughout the
year, reaching higher percentages in the warm/hot harvest seasons, i.e., April (plants in
vegetative stage) and June to October (plants in flowering stage) (2.1–2.6%), compared to
the cool harvesting seasons of December (plants in flowering stage) (1.5%) and February
(plants in vegetative stage) (0.9%).

In the oil of outdoor and greenhouse plants, more chemical compounds were identified
compared to those of in vitro plants (35 vs. 21, respectively), but the main compounds were
the same, i.e., pulegone, piperitenone oxide, piperitone epoxide, D-limonene, isomenthone,
germacrene D and dicyclogermacrene.

In outdoor and greenhouse cultivations, the harvest season affected the percentage
composition of the oil, and this was mainly attributed to the ambient temperatures.

Greenhouse cultivation as well as in vitro culture were equally efficient in yielding
essential oil and its components as the outdoor cultivation, being a valid alternative for
the production of plant material of C. nepeta subsp. spruneri regardless of geographical and
seasonal parameters, providing the highest yield throughout the year, as long as suitable
environmental conditions are provided.

Further research may lead to the selection of more suitable chemotypes by modifying
the conditions in the greenhouse, and especially in vitro. The use of plant growth regulators,
modification of temperature, as well as modification of intensity, quality and duration of
lighting can modify the composition and quantity of secondary metabolites in the essential
oil of C. nepeta subsp. spruneri.
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