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Abstract

A comprehensive study was conducted to develop an effective protocol for the clonal mi-
cropropagation and subsequent acclimatization of three mint (Mentha) cultivars: ‘Pamyati
Kirichenko’, ‘Botanicheskaya’, and ‘Serebryanoe Chudo’. This research investigated the
influence of nutrient Murashige-Skoog medium composition with the addition of growth
regulators (BAP/NAA) on in vitro morphogenesis, as well as the impact of two acclimati-
zation methods to in vivo conditions (direct field planting and a two-stage acclimatization
approach) on field performance, yield, and essential oil composition in three mint cultivars.
The results revealed a distinct cultivar-specific response. The ‘Pamyati Kirichenko” and
‘Botanicheskaya’ cultivars showed high efficiency on the BAP/NAA medium and good
survival rates with both acclimatization methods. In contrast, the ‘Serebryanoe Chudo’
cultivar exhibited pronounced sensitivity to the medium with growth regulators and a
low survival rate upon direct planting (40.5%). The two-stage acclimatization method
proved critically important for this cultivar, enabling an increase in survival to 68%, as well
as improvements in yield, essential oil output, and the restoration of its cultivar-specific
linalool profile (59.5% linalool). It was established that, for cost-effective production, an
individual selection of technological parameters for each genotype is necessary at all stages
of microclonal propagation.

Keywords: M. arvensis var. piperascens L.; M. longifolia; M. piperita; in vitro morphogenesis;
in vivo acclimatization; qualitative composition of essential oil

1. Introduction

Mint is widely used both in its raw form and as a raw material in the food, cosmetics,
and pharmaceutical industries [1]. The composition of metabolites in plants of this genus
varies significantly between species and between interspecific hybrids and is of interest
precisely because of its diversity. The wide range of flavors, textures, and essential oil
compositions offers ample opportunities for both pharmacopeia and the food and flavor
industries. The genus Mentha is a medicinal and aromatic herbaceous plant used since
ancient times [2]. Quantitative ratios of menthol, carvone, linalool and linalyl acetate,
which are the main components of mint essential oil, are widely used in food, cosmetics
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and medicine [3]. In different regions of the world, mint is often popular in traditional folk
medicine for its ability to alleviate various health disorders [4,5].

Mentha species vary greatly in height, from 250 mm for pennyroyal (Mentha pulegium)
to 1540 mm for Mentha x villosa. Leaf length also varies, from 10 mm for pennyroyal
(Mentha pulegium) to 150 mm for longleaf mint (Mentha longifolia). This also affects yield.
For example, Mentha spicata and Mentha x piperita reportedly yield 3.70 and 4.35 kg/ha,
respectively, which is significantly higher than Mentha longifolia [6]. A specific concern is
the ability to evaluate the productivity of different cultivars, which affects production prof-
itability and the final cost of the product. This issue is often overlooked when comparing
and selecting genotypes, forms, or cultivars, resulting in low predictability of economic
viability for the producer and, often, seemingly unexpected financial losses. The differences
in potential and actual productivity, quantitative indicators of raw material yield and
essential oil content are so significant that ignoring them can lead to improper planning
and a critical increase in the costs of agricultural enterprises [7]. This is especially important
when irrigation or other expensive technologies are required to ensure proper plant growth
and development. Accurate estimation of subtle propagation, cultivation, and production
issues may justify the higher cost of essential oil obtained from these cultivars for the
consumer [8].

Some components of mint essential oil, such as menthol and linalool, give it special
value and may predominate in the composition or be completely absent in the composition
of certain genotypes. High linalool content gives the essential oil a well-rounded and
sophisticated aroma, an excellent safety profile, distinct relaxing properties, and good
stability. This unique blend of consumer appeal and therapeutic benefits makes these oils
especially and high valuable in quality [9,10]. However, while high-menthol cultivars and
hybrids are highly profitable in the field, linalool-containing cultivars, among others, are
less productive due to lower biomass yield and produce less essential oil on a dry-weight
basis. This is particularly related to the morphological features. First of all, these cultivars
often have more hairiness, caused by closely spaced trichomes, and fewer glandular hairs
responsible for the accumulation and production of essential oils. Thus, three objective
circumstances can be noted that reduce productivity: a decrease in height, a decrease in the
number of shoots, and a smaller number of glandular hairs. This issue should be taken into
account by manufacturers when calculating and forecasting the final product and its cost.

Furthermore, modern mint varieties, characterized by particularly valuable essential
oil compositions, are hybrids and are practically incapable of preserving their qualities
when propagated by seeds [11,12]. Hybrids obtained at different times possess unique
essential oil compositions, but they cannot be preserved through sexual reproduction either
due to impaired anther development (male sterility) [13,14] or due to ploidy imbalances
in seed progeny [11,15]. Therefore, various methods of vegetative propagation are used
for their multiplication, such as division of the bush, propagation by layering, green
cuttings, cryopreservation, and clonal micropropagation [16-18]. The latter technology
allows for the maintenance of large and unique collections without occupying the space
of collection and testing plots in farm nurseries, and reduces the risk of loss of genotypes
due to exposure to unfavorable conditions and pathogens [19]. This is especially important
for avoiding viral damage, which leads to irreparable loss of a valuable specimen [20].
The use of in vitro technology allows for the maintenance of a collection for a long time
at low temperatures [21,22]. Furthermore, clonal micropropagation can provide a farm
with the necessary amount of planting material in a short period of time [23,24]. The main
issue is that optimal productivity of mint, like other perennial plants, even with vegetative
propagation, is achieved in the 2nd or 3rd year [25]. The quantity and quality of essential
oil with a given m position are influenced by numerous factors; therefore, it is necessary to
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consider the properties of each genotype, quantitatively assess its field productivity, and
evaluate the essential oil yield per unit area.

Furthermore, we also hypothesize that the propagation coefficient and survival rate of
different mint cultivars may vary significantly, as these traits are indirectly linked to the
above-mentioned morphological and physiological traits of each cultivar.

The aim of this study is to determine the most effective protocol for in vitro propaga-
tion and field acclimatization of various mint genotypes (cultivars), as well as to evaluate
their yield and essential oil production. A central premise of this work is that the accuracy
of predicting essential oil yield and quality can be significantly enhanced by account-
ing for genotype-specific characteristics, which is particularly crucial for non-menthol
mint cultivars.

2. Materials and Methods
2.1. Plant Material

The plants of three mint species were used in this study: Sakhalin mint M. arvensis
var. piperascens L. cv ‘Pamyati Kirichenko’, long-leaved mint M. longifolia var. crispa cv
‘Serebryanoye chudo’ and peppermint Mentha X piperita cv ‘Botanicheskaya’. The cultivars
were obtained from the collection of the Department of Experimental Biology and Plant
Pathology of the Main Botanical Garden (MBG) of the Russian Academy of Sciences and
grown on the experimental plot of this department (55.864 N, 37.597 E) (Figure 1 and Figure
S1). The mints were kept in a mother nursery with a maximum vegetation period of 3 years.
The cultures of mother plants of the collection are renewed annually. The same protocol is
used for all plants: they are planted in furrows at a distance of 15 cm from each other with
50 cm between rows.

collection nursery Cultivation was carried out in a vegetation chamber
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Figure 1. Methodology for assessing the productivity of three mint genotypes (Figure S1) depending
on the acclimatization protocol after clonal micropropagation to predict the yield of essential oil.
Four replicates of 12 plants per 1 m? are used: 3 experimental plots and 1 spare plot (used to replace
fallen plants). Stage designations: I—establishment of in vitro culture (includes explant sterilization
and cultivation); II—clonal micropropagation to obtain 96 plantlets of each genotype; Ill—extracting
from sterile conditions; IV—planting plantlets in the field without the pre-acclimatization stage;
V—planting plantlets in pots and growing them in a greenhouse for preliminary acclimatization
(1 month); VI—transplanting plants from pots to field conditions after pre-acclimatization; *—cv
‘Pamyati Kirichenko’; **—cv ‘Serebryanoe chudo’; and **—cv ‘Botanicheskaya’.
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Cv ‘Pamyati Kirichenko’ (M. arvensis var. piperascens L. (Sakhalin mint)) has a compact,
tall, unbranched bush; the stem in the lower part has a red-purple (anthocyanin) color,
pubescent; the leaves are deeply serrated, light green with narrow and sharp edges. The
flowers are purple, the calyxes are tubular, and the teeth are long, finely pointed [26]
(Figures 1 and S1). The characteristic smell and taste of this type of mint is due to the high
content of menthol (up to 75-80%) in the essential oil from the above-ground parts (stems,
leaves and inflorescences) of the plants.

Cv ‘Serebryanoe chudo’ (M. longifolia var. crispa L.) is a variety of long-leaved mint.
The bush is loose, not branched, up to 90 cm high; the stem has a pronounced red-purple
(anthocyanin) color, heavily pubescent. The leaves are large, oblong-elliptical, and heavily
pubescent. Whorls of light purple flowers are collected in dense spikes [26]. The charac-
teristic floral smell of this variety of mint is due to the high content of linalool (up to 85%)
in the essential oil from the above-ground parts (stems, leaves and inflorescences) of the
plants (Figure 1).

Cv “Botanicheskaya’ (M. X piperita L. (peppermint)) is a highly productive species
characterized by a high yield of essential oil. The bush is compact, hemispherical; the plant
height is 62-68 cm. The stem has a pronounced red-purple (anthocyanin) color; the leaves
are dark green, elliptical, and pubescent. The flowers are purple (Figures 1 and S1). The
yields of aboveground mass are 15.0-16.5 t/ha, dry leaf up to 2.5 t/ha. The content of
essential oil from the above-ground parts (stems, leaves and inflorescences) of the plants in
terms of absolutely dry raw materials is up to 7.0%, menthol in essential oil is 45-60%, and
menthone is 10-22%.

A detailed scheme of the experiment for estimating the yield amount of essential oil
depending on the productivity of the genotype is shown in the scheme (Figure 1).

2.2. In Vitro Cultivation

The primary cultivation method was the activation of axillary meristem development.
Apical and lateral buds from the current year’s shoots, with a small stem section (from
the middle part of the stem) containing one node (10-15 mm), were used as explants.
A detailed description of the cultivation methodology for these mint cultivars was described
previously [27]. Each experimental variant consisted of at least 96 (48 + 48) explants. They
were initially treated with 70% ethanol (exposure time: 30 s) and then sterilized with a
4% sodium hypochlorite solution (JSC “VTE Yugo-Vostok,” Moscow, Russia) (exposure
time: 5 min) with the addition of 2 drops of Tween 20 (Sigma-Aldrich, St. Louis, MO, USA).
Sterile explants were planted on growth regulator-free Murashige and Skoog standard
nutrient medium (MS) and on the same medium with the addition of growth regulators:
BAP (1 mg/L) and NAA (0.5 mg/L). The pH of all media was adjusted to 5.6-5.8. Agar
(0.8% w/v) was added to media. The media were sterilized by autoclaving (2540EKA,
Tuttnauer, Beit Shemesh, Israel) at 121 °C for 20 min.

Cultivation was carried out in a dedicated room at a temperature of 23 + 2 °C, with
a photoperiod of 16 h of light (2500-3000 lux)/8 h of darkness, and a humidity level of
70%. The experiment was conducted with five replications. After four weeks of cultivation,
the following morphometric parameters were determined: shoot length (mm), number of
internodes, average width of 5 leaves from the middle tier (mm), root length (mm), number
of stolons, stolon length (mm), number of lateral shoots, lateral shoot length (mm), and the
weight of 10 plants (g). We used three biological replicates of 12 plants each and included
an additional set of reserve plants in case of losses, for a total of 48 plants per variety. These
48 plants were selected from the initial sets of 96 plants of both acclimated in pots and
nonacclimated plants (Figures 1 and S2).
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2.3. Acclimatization Stage to In Vivo Conditions

Four-week microcloned plantlets obtained from the explants were used for acclimati-
zation. Two strategies were used for plantlet acclimatization to in vivo conditions. Cotton
plugs were removed from some of the culture tubes where mint plants were growing to
allow for acclimatization and normal stomatal functioning in these rooted plantlets, and in
this form the plants were adapted to non-sterile conditions for three days (Figures 1 and 2).
The plants were then removed from the test-tubes, their roots were rinsed with water to
remove residual agar, and directly planted in the experimental plots in the field.

Figure 2. Appearance of plants of three mint cultivars ((a)—M. arvensis var. piperascens L. cv
‘Pamyati Kirichenko’; (b)—M. longifolia var. crispa cv ‘Serebryannoye chudo’; (¢)—M. x piperita cv
‘Botanicheskaya’) in vitro cultivation variants on regulator-free MS medium and MS medium with
growth regulators (BAP/NAA). Bar 10 mm.

Another group of mint plants was removed from the culture tubes, their roots were also
rinsed with water to remove residual agar, and they were planted in pots with pre-sterilized
substrate. This represented a two-stage acclimatization method: preliminary cultivation
in greenhouse conditions in pots followed by transplanting to the field (greenhouse pre-
acclimatized plants) (Figures 1 and S2).

The plants were acclimatized at 23 & 2 °C with a photoperiod of 16 h light/8 h dark at
a light intensity of 160 uM photons m~2 s~! and a humidity level of 70% for 4 weeks, after
which they were planted in open field in the experimental plot.

Each experimental variant consisted of at least 96 explants (from 48 plants without

pre-acclimatization and 48 acclimatized plants).
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2.4. In Vivo Cultivation

The plants were cultivated in the field under natural illumination on the experimental
plots. The plot soil was sod-podzolic, cultivated; pH 5.8-6.0; humus content 6.4%; sand
content 18.0%. We used a traditional plant spacing scheme—50 cm between rows, 20-25 cm
between plants in a row (a planting rate of up to 60,000 plants per hectare). Four replicates
of 12 plants per 1 m? were used. During the budding phase, yield and essential oil yield
were measured (Figures S1 and S2).

Weeding and loosening were carried out once every two weeks, starting from the time
of planting. Fertilizing was carried out once a month after weeding at the rate of 3.5 g
of complex nitrogen-phosphorus-potassium fertilizer per 1 L of water per plant. During
the budding phase, yield and essential oil yield were measured. The harvesting of raw
materials was performed by cutting off all the above-ground mass located above 5-6 cm
from the ground. The plants were formed into sheaves for further drying, extraction
of essential oil and analysis of its qualitative composition. The sheaves were dried in a
ventilated dark place for 5 days. After drying, the raw materials were stored in craft bags
until the oil began to be extracted.

2.5. Determination of Essential Oil in Mint Plants

The air-dried above-ground part (inflorescences, leaves and stems) of the plants was
crushed manually immediately before essential oil extraction (Figures S1 and S2). Flasks
with mint samples were subjected to hydrodistillation for 2 h in accordance with the stan-
dard procedure described earlier [28]. Essential oils were stored in the dark until analysis.

The qualitative composition of the oil was determined by gas chromatography at
the Collective Use Center of the Federal Research Center “Biotechnology” of the Russian
Academy of Sciences (RFMEFI62114X0002) using a Shimadzu GC-MS QP 2010 Ultra EI gas
chromatograph with a GCMS-QP 2010 mass detector (Shimadzu, Kyoto, Japan). A detailed
description of the chromatography conditions was described previously [28].

2.6. Determining the Productivity of Genotypes to Calculate Product Yield

To determine the productivity of genotypes, an additional experimental plot was
established with a traditional planting scheme for plants obtained by planting acclimatized
plants using traditional technology. At the end of April 2025, 12 pre-adapted in pots
(9 cm x 9 cm) plants of each cultivar were planted per 1 square meter on the territory of the
collection area of the MBG, and the same number was planted in the open ground without
acclimatization, shading the area with lutrasil for 10 days.

Each experimental variant consisted of at least 96 explants (from 48 plants without
pre-acclimatization and 48 pots acclimatized) (Figures 1 and S2). The plants were watered
immediately upon planting and then twice a month at the rate of 1 L per plant during
May-July. In early September, the plants were cut at the base of the root. After this, the
plant height, leaf size, wet and air-dry biomass was recorded. A portion of the plants
without foliage was removed before drying, amounting to 7 to 12 cm. Drying was carried
out in a warm, shaded place until air-dry. Next, the raw material was crushed to a fraction
of 0.3-0.7 cm, and the essential oil was obtained (with preliminary weighing of an equal
amount of raw material) by the hydrodistillation method as described above. The obtained
data were used to evaluate the predicted efficiency of clonal micropropagation and to
determine the productivity of the studied samples. For the calculations, it was taken into
account that the mint planting rate per hectare depends on the propagation method, which
is approximately 120,000 plants per hectare to ensure normal planting density.
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2.7. Statistical Analysis

Data are presented as mean = standard error of the mean.

The normality of the data distribution was assessed using the Shapiro-Wilk test.

The statistical data processing was performed in the PAleontological STatistics Ver-
sion 4.10 (University of Oslo, Oslo, Norway) environment [29]. Since the data met the
assumption of normality, a parametric approach was applied. The data were processed
using one-way analysis of variance (ANOVA). When the assumption of homogeneity of
variances (tested by Levene’s test) was violated, Welch’'s ANOVA was used. For pairwise
comparisons of groups, the Tukey HSD post hoc test was applied. The significance level
was set at p < 0.05.

3. Results

The results of this study on the effect of nutrient medium composition on the morpho-
genesis of three mint cultivars under in vitro conditions demonstrate a distinct cultivar-
specific response to its composition (Table 1). The MS with growth regulators has a
divergent effect: while it stimulates the development of the root system in the cv ‘Pamyati
Kirichenko” and ‘Botanicheskaya’, the same medium acts as an inhibitory factor for the cv
‘Serebryanoe Chudo’, causing a sharp suppression of growth processes (Table 1).

Table 1. Average values of morphometric parameters of cv ‘Pamyati Kirichenko’, cv ‘Serebryanoe
Chudo’ and cv ‘Botanicheskaya’ microshoots at the proliferation stage after four weeks of in vitro
cultivation on MS with and without growth regulators.

Compared Cultivars cv ‘Pamyati Kirichenko’ cv ‘Serebryanoye Chudo’ cv ‘Botanicheskaya’
Nutrient medium variants MS Ir\gguvlvaiigrs MS ?gguvlvai,tcgrs MS ?gguvl\:,t[grs
Shoot length, cm 187 +1.2 172+19 148 £ 0.9 92+11 179+12 160+ 15
Number of internodes 8+04 79+£03 77 £1.0 58 +£0.8 81+08 6.9+0.5
Length of roots, cm 105+ 0.7 127 £ 1.1 6.7 £0.5 34£07 122+ 0.8 128 £1.0
Number of stolons 1.1+02 12+0.1 0.1 0 1+01 12+0.1
Length of stolons, cm 29407 20£0.5 1+0.2 0 3.0£0.8 26 1.1
Number of lateral shoots 1.5+04 1+02 1.6 £03 07+03 1+02 1.1+04
Length of lateral shoots, cm 4.8 0.7 34405 42403 21408 35+05 59 +0.2
Mass of ten plants, g 5.03 4+ 0.7 591402 552+0.8 368+ 1.1 6.05+0.5 6.39 0.6
Reproduction coefficient 11.7+0.2 124 +0.1 6.5+£03 48 +£04 10.8 £ 0.2 124+£0.2
Welch’s ANOVA F(22.39) = 0.0433, p = 0.99 F(18.10) =3.98, p = 0.04 F(15.95) = 0.0045, p = 0.95
Tukey’s HSD test 0.999 0.0442 0.947

The cv ‘Pamyati Kirichenko” exhibits the greatest performance, showing high shoot
length values (18.7 cm on regulator-free MS medium) and active stolon formation. On
the MS with growth regulators, this cultivar shows improved root system development
(an increase in root length from 10.5 to 12.7 cm) while maintaining satisfactory biomass
indicators. Statistical analysis using Welch’'s ANOVA (Welch F test) revealed no significant
differences between the regulator-free MS medium and the MS medium with regulators,
F(22.39) = 0.0433, p = 0.99.

The cv ‘Botanicheskaya’ also shows optimal results precisely on the MS medium
with regulators, where it reaches maximum values for biomass (6.39 g) and root length
(12.8 cm). Although this indicates a positive response of this genotype to cytokinin—auxin



Agronomy 2025, 15, 2870

8 of 18

stimulation, the differences between the medium variants are not statistically significant
(F(15.95) = 0.0045, p = 0.95).

In contrast, the cv ‘Serebryannoe Chudo’ exhibits a pronounced sensitivity to the MS
medium with growth regulators, showing a sharp decrease in all studied parameters: shoot
length decreased from 14.8 to 9.2 cm, stolon formation ceased completely, and biomass
is reduced by 33%. This reaction indicated the necessity for developing a specialized
micropropagation protocol for this particular cultivar. Statistical analysis using Welch’s
ANOVA (Welch F test) revealed significant differences between the regulator-free MS
medium and the MS medium with regulators, F(18.10) = 3.98, p = 0.04.

The obtained data confirm the importance of an individualized selection of the nutrient
medium composition for each genotype during the clonal micropropagation of mint, which
is a key factor in optimizing the technology for producing healthy planting material.

The propagation coefficient of the three studied mint cultivars also revealed cultivar-
specific differences when using different nutrient media. The cv ‘Pamyati Kirichenko’
exhibited high and stable propagation efficiency on both media, showing coefficients of
11.7 on the growth regulator-free MS medium and 12.4 on the MS with growth regulators.
The slight increase in the indicator on the medium with the growth regulator indicates
good adaptability of this cultivar.

The most pronounced positive response to growth regulators was demonstrated by
the cv ‘Botanicheskaya’, whose propagation coefficient increased from 10.8 to 12.4 when
using MS with growth regulators. This indicates that this particular medium is optimal for
the effective clonal micropropagation of this cultivar.

In contrast to the previous genotypes, the cv ‘Serebryanoe Chudo” exhibited a pro-
nounced sensitivity to the MS medium with growth regulators. Its propagation coefficient
decreased from 6.5 on the standard MS medium to 4.8 on the MS medium with growth
regulators, confirming the negative impact of the applied hormonal composition on the
morphogenesis processes in this cultivar.

Comparative analysis revealed an almost threefold difference in propagation efficiency
between the best (12.4 for the cv ‘Pamyati Kirichenko” and ‘Botanicheskaya’” on MS with
growth regulators) and the worst (4.8 for ‘Serebryanoe Chudo” on MS with regulators)
variants. Such significant differences are critically important for the economic efficiency of
planting material production.

The obtained results confirm the necessity of individual selection of in vitro conditions
for each mint cultivar. For industrial application, the most promising are the cv ‘Pamyati
Kirichenko” and ‘Botanicheskaya’” on the MS medium with regulators, while, for the cv
‘Serebryanoe Chudo’, the development of an alternative micropropagation protocol with a
specialized hormonal composition is required.

Plants of three mint cultivars, propagated in vitro, were acclimatized to in vivo con-
ditions using two methods. Both methods proved effective for the menthol-rich cultivars
‘Pamyati Kirichenko’ and ‘Botanicheskaya” (Figure 2).

During direct planting of rooted plantlets into field conditions, the survival rate of
‘Pamyati Kirichenko’ was 83%, while that of ‘Botanicheskaya” was 90% (Figure 3). When
using the two-stage acclimatization method with preliminary cultivation under greenhouse
conditions in a pot culture followed by transplantation to the field, this indicator was
higher: the survival rate of ‘Pamyati Kirichenko’ and that of ‘Botanicheskaya’ increased
by 7 and 5%. No significant differences were recorded between the two acclimatization
methods for the cv ‘Pamyati Kirichenko’ and ‘Botanicheskaya’ (F(4.01) = 0.252, p = 0.055
and F(3.45) = 0.212, p = 0.059, respectively).
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Figure 3. Appearance of mint cultivars ((a,b)—M. arvensis var. piperascens L. cv ‘Pamyati Kirichenko’;
(c,d)—M. longifolia var. crispa cv ‘Serebryanoye chudo’; (e,f)—M. x piperita cv ‘Botanicheskaya’) in
field conditions after direct planting of in vitro rooted regenerants in field conditions. Bar 10 mm.

In contrast to the menthol-rich cultivars, the linalool-type cultivar ‘Serebryanoe Chudo’
demonstrated significantly lower effectiveness. During direct planting in field, the survival
rate of rooted plantlets was only 40.5%. Although the greenhouse pre-acclimatization
method increased this rate to 68%, the data indicate statistically significant differences
between the two acclimatization methods: F(25.8) = 3.26, p = 0.0032. However, the survival
rate of the cv ‘Serebryanoye Chudo’ remained substantially lower than that of the cv
‘Pamyati Kirichenko” and ‘Botanicheskaya’.

The budding phase began for the cv ‘Serebryanoe Chudo’ and ‘Botanicheskaya’ in the
second ten-day period of August, while, for the cv ‘Pamyati Kirichenko’, it began in the
third ten-day period of August (after 74 days).
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The green mass yield of the ‘Pamyati Kirichenko’ cultivar was the highest both when
directly planted in the field and after greenhouse pre-acclimatization, ranging from 410.5 to
501.0 g/m?2. No significant differences between these experimental variants were recorded
(F(5.78) = 0.033, p = 0.862). The yield of the cv ‘Botanicheskaya” was 3-4% lower, and that
of the cv “Serebryanoe Chudo’ was 24-26% lower than that of the cv ‘Pamyati Kirichenko’,
accordingly (Table 2).

Table 2. Yield and essential oil content of M. arvensis var. piperascens L. cv ‘Pamyati Kirichenko’,
M. longifolia var. crispa cv ‘Serebryannoye chudo” and M. x piperita cv ‘Botanicheskaya’.

Cultivars cv ‘Pamyati Kirichenko’ cv ‘Botanicheskaya’ cv ‘Serebryanoye Chudo’
Directly planted Greenhouse Directly planted Greenhouse Directly planted Greenhouse
in field pre-acclimatized in field pre-acclimatized in field pre-acclimatized
Fresh raw 4105 501.0 398.0 4815 3105 399.5
materials
Air-dried raw 90.0 109.5 88.1 1075 80.9 97.4
materials
Essential oil
content % (v/w) 3.8 3.9 4.1 49 2.0 2.7
Essential oil 342 427 3.61 5.27 1.62 2.63

production, g/m?

Welch’'s ANOVA F(5.78) = 0.033, p = 0.862 F(5.80) = 0.032, p = 0.864 F(15.78) =3.31, p = 0.048
Tukey’s HSD test 0.8663 0.8644 0.0483
Welch’s ANOVA F(6.64) = 0.019, p = 0.996 F(6.59) = 0.044, p = 0.987 F(6.57) = 0.050, p = 0.984
Tukey’s HSD test 0.9963 0.9872 0.9844

At the same time, no significant differences in yield were found between the cultivars
‘Pamyati Kirichenko’ and ‘Botanicheskaya’, either after direct planting in the field or after
greenhouse pre-acclimation. No significant differences in yield were found between the
cultivars ‘Pamyati Kirichenko” and ‘Botanicheskaya’, either after direct planting in the
field or after greenhouse pre-acclimation. The essential oil content in the green biomass
of the mint cultivars ‘Botanicheskaya’ and ‘Pamyati Kirichenko” did not statistically differ
significantly when directly planted in the field. In greenhouse pre-acclimatized plants
of the cv ‘Botanicheskaya’, the oil content was 1.26 times higher (Table 2). The essential
oil yield in plants of these cultivars directly planted in the field did not differ statistically
significantly, whereas it did differ statistically significantly in greenhouse pre-acclimatized
plants—Welch’s ANOVA did not reveal differences between these experimental variants,
F(6.64) = 0.019, p = 0.996.

The cv ‘Serebryanoe Chudo’ demonstrated higher productivity after greenhouse pre-
acclimation than after direct planting in the field: the yield and essential oil content were
observed in the cv ‘Serebryanoe Chudo’ plants when directly planted in the field, while,
in greenhouse pre-acclimatized plants, these indicators increased by 1.35 and 1.62 times,
respectively. The obtained data indicate the presence of statistically significant differences
between the experimental variants—F(15.78) = 3.31, p = 0.048.

Up to 60 components were found in the essential oil of three mint cultivars; all
components with a content of more than 0.1% of the total amount were easily identified
by retention time and mass spectra. The obtained essential oil of menthol mint cultivars
complies with the recommendations of the national standards GOST ISO 31791-2017 and
GOST ISO 9776-2017 [30,31]. The essential oil of the cv Pamyati Kirichenko crystallized
at room temperature, and menthol was dominant in its composition (Table 3). And if in
the collection plants (parent forms), menthol content in different years of observation was
40.3-62.8%; then, in the essential oil of plants directly planted in the field, it was 40.8%,



Agronomy 2025, 15, 2870

11 0f 18

and, in greenhouse pre-acclimatized plants, it increased to 52.6%. Menthone, menthol and
menthyl acetate in the essential oil of cv Botanicheskaya plants were dominant. The content
of the first two compounds in the essential oil of mint plants, both directly planted in the
field and greenhouse pre-acclimatized, was at the same level as that of the collection plants.
The menthyl acetate content in the essential oil of in vitro regenerated plants, then directly
planted in the field, and greenhouse pre-acclimatized was 3.5 times higher than that of the
collection mother plants.

Table 3. Variation in the main components of the essential oil of three cultivars of mint (M. arvensis
var. piperascens L. cv ‘Pamyati Kirichenko’, M. longifolia var. crispa cv ‘Serebryanoye chudo” and
M. x piperita cv ‘Botanicheskaya’) as affected by the acclimatization method, %.

cv ‘Pamyati Kirichenko’ cv ‘Serebryanoye Chudo’ cv ‘Botanicheskaya’
compound R Accl‘?x’xll(:‘l(i)zu:ﬁon Aglrie:l::\i(;:tsiin W Accl‘ivnl\?l-‘i)zu:ﬁon Ac‘ifie:\::li::(sifm MG A A ‘Wllh‘_)“f i AG{‘EEI\h_O\lS:m

Sabinene 0.16-0.21 0.75 0.55 0.70-1.11 446 3.18 0.18-0.59 0.65 0.70
Limonene 1.53-1.83 3.50 2.98 14-2.11 3.83 415 1.79-2.17 241 1.93
1,8-cineole 0.38-0.20 t 0.15 1.61-3.60 10.82 8.60 0.24-6.61 t 0.28

Hexyl isovalerate t t 1.10-6.59 3.26 2.01 t t
Menthone 7.80-11.30 18.57 15.35 2.34-6.53 534 348 10.21-20.78 15.58 12.15
Isomenthone 18.92-19.40 4.26 2.63 t t 3.33-19.17- 3.94 15.04
Linalool 0.78-0.92 0.44 0.88 67.21-80.94 4897 59.50 0.22-0.29 0.35 025
Neomenthol 0.24-0.46 0.68 1.01 t t 0.38-0.64 257 0.88
Menthol 40.32-62.82 40.76 52.60 t t 36.43-48.37 30.67 33.05
Isomenthol 0.93-1.1 0.30 0.45 t t 1.17-2.87 027 0.25
Isoneomenthol 0.87-1.50 0.78 0.50 t t 0.15-1.17 1.94 0.90
Pulegone 0.11-0.42 0.58 1.01 t t 0.14-2.43 0.11 0.85
Piperitone 0.84-1.11 2.31 2.50 t t 0.52-0.67 1.09 0.55
Menthyl acetate 8.11-25.19 19.28 15.34 t t 1.42-8.27 30.09 28.65
o-terpineol 0.13-0.17 0.10 0.15 0.44-1.15 3.83 3.40 0.19-0.26 0.10 0.15
Germacrene D 0.02-0.81 159 1.65 2.01-3.59 6.57 5.90 1.43-1.64 0.89 1.05

7y -elemene t t 1.01-2.33 1.34 1.30 t t

Caryophyllene t t 1.71-2.59 257 148 t t

oxide

Notes: *—qualitative composition of essential oil of parent forms of mint cultivars is given by [27,28]. The
color-coded rows highlight the differences in the content of essential oil components that determine its most key
characteristics among the studied varieties: linalool content is marked in red, menthol in green. t—mass fraction
of the compound in the oil is less than 0.01% (t-component < 0.1%).

Plants of the cv ‘Serebryanoye Chudo’ synthesize mainly acyclic compounds, while
the essential oil of collection plants is practically monocomponent, and the content of
linalool in it in some years reaches 80%. For in vitro propagated plants of this variety,
the composition of the essential oil has changed, the proportion of sabinene, limonene,
1,8-Cineol, a-terpineol and germacrene D has increased. The mass fraction of linalool
has significantly decreased—by 40% with direct planting of plantlets in the field but
has increased due to two-stage acclimatization method of greenhouse pre-acclimatized
plantlets—up to 59.5%.

Modeling of the field productivity of the studied samples revealed that different sam-
ples differ significantly in biomass, weight of the obtained raw materials, and even more so,
in the amount of essential oil obtained from the raw materials. The cv ‘Pamyati Kirichenko’
demonstrated the highest productivity across all indicators, significantly exceeding the in-
dicators of the cv ‘Botanicheskaya’, both when using adaptation and when planted directly
into the field. The cv ‘Serebryanoye Chudo’, with a high linalool content, is of interest for
obtaining valuable essential oil with a delicate floral aroma but requires a significantly
larger (more than an order of magnitude) area to obtain the same volume of essential oil.
This is probably due to the fact that the height of the cv ‘Serebryanoye chudo’ plants is
lower, and the number of stems per plant is almost half as much. The leaf length of the
cv ‘Serebryanoye chudo’ is on average shorter than that of the cv ‘Pamyati Kirichenko’
and only slightly shorter than that of the cv ‘Botanicheskaya’ (Figure 3). In addition, the
survival rate of the cv ‘Serebryanoye Chudo” was significantly lower than that of the cv
‘Pamyati Kirichenko” and ‘Botanicheskaya’.
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The evaluation of the field performance of two acclimatization methods for microclonal
plants of the three studied mint cultivars revealed that the cultivars differed in yield and
essential oil production (Figures S3-57). While greenhouse pre-acclimatization of mint
plants was optimal for maximizing yield and standardizing quality, direct planting into the
field offered specific advantages. Thus, for resistant varieties with high menthol content,
it is a cost-effective alternative that delivers a good commercial result. Furthermore, for
the cv ‘Botanicheskaya’, it is a way to obtain essential oil with a pronounced emphasis on
menthyl acetate.

4. Discussion

For the cv ‘Serebryanoe Chudo’, the advantages of the greenhouse pre-acclimatization
method are fundamental and decisive for its successful commercial use. This method
ensures a radical increase in survival rate and, consequently, a significant growth in yield,
an improvement in raw material quality, and the highest gain in essential oil output,
which made the cultivation of this cultivar economically viable. This greenhouse pre-
acclimatization method stabilized the biosynthesis and allowed for the restoration of
the cultivar-specific profile, raising the linalool content to 59.5%. This guarantees the
production of essential oil with a predictable, high-quality, and marketable aroma. For the
‘Serebryanoe Chudo’ cultivar, the greenhouse pre-acclimatization method is not merely an
effective agricultural technique but a necessary precondition for its profitable cultivation
and the production of high-quality essential oil that corresponds to its declared chemotype.
Without this method, the cultivar exhibits low viability and loses its main value—high
linalool content.

The inclusion of menthol mint cultivars in the in vitro culture system presents no
particular problems; the regenerative potential of nodal fragments exceeds that of shoot
apical explants [32,33]. Our results are consistent with our previous data and those of
other authors, which indicate that the most optimal medium for micropropagation of the
studied cultivars of the three mint species is MS medium supplemented with cytokinin
BAP [34-36]. Similar results of BAP efficacy were also recorded for other Mentha species [37].
The synthetic growth regulators BAP and NAA used in this study are analogs of natural
cytokines and auxins, widely used in in vitro culture.

Synthetic phytoregulators can alter the composition of essential oils by changing the
ratio of various components, significantly altering the odor character by changing the
concentration of linalool, limonene, and other terpenoids, and modulating the biological
activity of the essential oil [38]. The effects of these preparations, included in many in vitro
culture protocols, vary due to their nature, mimicking natural processes in plant tissues
and cells [39]. The long-term consequences of this “tandem” effect of these two synthetic
phytohormones are listed in the table and, in our opinion, should be considered when used
in colonial micropropagation technology, at least for essential oil crops (link to table).

The explanation for the observed effects is likely related to the fact that cytokinins,
acting on mature mesophyll, vascular, and other tissues, are capable of long-term mod-
ulation of metabolite production through modification of gene expression [40]. It can be
hypothesized that, without the use of BAP, auxins could have caused an “accelerating”
modification of secondary metabolites, the consequences of which require further study.
Addition of NAA auxin to the MS medium resulted in a slight increase in root length only
in the cv ‘Pamyati Kirichenko’ of the Sakhalin mint (M. arvensis var. piperascens) and a
significant decrease in root length and all other morphological parameters in the cv ‘Sere-
bryanoye chudo’ of the long-leaved mint (M. longifolia var. crispa). We previously noted
spontaneous root formation in peppermint cultivars on a propagation medium, without
additional treatment with auxin to induce rooting [28]. The same effect was also recorded
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in the cv ‘Botanicheskaya’ of peppermint. This advantage of in vitro multiplication of the
studied cultivars of three mint species reduces the cost and time for obtaining planting
material for propagation by at least four weeks.

We observed a slight decrease in menthol accumulation in samples obtained from
plants without pre-adaptation in pots, which may be due to the residual effect of BAP.
However, it is also possible that this is due to another, as yet unidentified, reason. This
will likely be clarified by conducting targeted experiments testing the effect of other cy-
tokinins. The in vitro effects of growth regulators on various mint genotypes can affect
growth and development, morphology, composition, and ratios of individual essential
oil components [38]. This is due to the direct and indirect consequences of these effects,
as they can alter both primary and secondary metabolism [13,38,41]. In the former case,
growth regulators influence the plant signaling system, causing reversible modifications of
growth, photosynthesis, and sugar and hormone transport [41]. In the latter case, growth
regulators, being relatively small molecules, can penetrate various cellular compartments,
including the nucleus, causing modification of the genetic apparatus. This leads to changes
in gene expression that ensure a long-term effect, and in the case of modification of DNA
and/or proteins associated with the regulation or packaging of chromatin, to long-lasting
effects at the epigenetic level, persisting for a relatively long time [42]. Although such
rearrangements can significantly affect the phenotype, they are not always transmitted to
sexual or even vegetative offspring. Most epigenetic modifications can be “canceled” by
stress factors, as well as by a series of meiotic divisions [43]. In the case of vegetatively
propagated crops, which include a large number of valuable mint genotypes, the use of
hormone-like regulators requires caution [44]. An effect on the composition of essential oil
components may be observed, but this effect disappears over time, presumably as a result
of metabolic modification after the dormant period [28]. In the present study, we observed
the combined effects of propagation method, acclimatization, and growth regulators. We
believe that these modifications of essential oil composition, in the analysis of which we
were interested, are the most valuable components determining the value of the essential
oil composition-menthol and linalool [45]. The synthesis of secondary metabolites is a
process dependent on stressful conditions often accompanying mint cultivation, such as
drought, high temperatures, excess ultraviolet radiation, etc. [46]. Synthetic hormone-like
compounds and natural hormones can also significantly influence the biosynthesis and
subsequent enzymatic transformations of essential oil components [38]. It is advisable
to control these processes to prevent negative effects, such as those associated with the
formation of pulegone, which has some toxicity [47].

We believe that the proposed method for planting mint seedlings obtained in vitro
could be used in regions with a limited growing season, such as mountainous areas and at
higher latitudes, expanding the areas available for this plant to grow [48].

Two tested methods for acclimatization in vitro regenerated mint seedlings to in vivo
cultivation showed that, for menthol mint cultivars, both direct planting of rooted plantlets
in the field and greenhouse pre-acclimatization of rooted plantlets in pot culture (traditional
technology) followed by their planting in the field are suitable. The high survival rate of
peppermint seedlings propagated in vitro and adapted using traditional technology has
been noted by several authors [34,36]. However, the relatively high survival rate of rooted
shoots of menthol mint cultivars we observed when directly planted in the field conditions
has not been previously observed. Therefore, for these cultivars, this adaptation method
also offers advantages in terms of cost and time savings for planting material production.
For the linalool cv ‘Serebryanoye Chudo’ of long-leaved mint, the traditional method of
adaptation remains optimal, since the survival rate of in vitro regenerated mint seedlings
was significantly higher than when directly planted in the field. This result can probably
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be explained by differences in the structure of the stem, which determines more or less
rapid root regeneration. Lower viability of explants of linalool mint cultivars compared to
menthol mint cultivars was also noted previously [35].

According to other authors, even after three and four cycles of in vitro preservation, the
menthol and linalool chemotypes of mint are characterized by genetic stability: complete
correspondence (length and number of amplicons) of the profiles of regenerated and
parental samples according to ISSR primers was recorded [21,35,49].

The composition of the essential oil from in vitro regenerants is restored to the parental
forms 100-120 days after the transfer of plants to field conditions, but mint plants in the
second year of vegetation are considered to be the most productive in terms of the yield
of produced essential oil and the mass fraction of major components in it [50,51]. A com-
parative assessment of the major components of the essential oil of menthol mint cultivars
adapted in two ways showed a decrease in the main component of the oil, menthol, com-
pared to collection plants, but the proportion of menthone and menthyl acetate in the oil
composition increased. In the biosynthesis of monoterpenes of the genus Mentha, menthyl
acetate is a precursor of menthone, and menthone is a precursor of menthol [51]. And
although the accumulation of these compounds as the main component of the essential
oil indicates suboptimal functioning of the reducing enzymes that catalyze the conversion
of menthyl acetate into menthone and subsequently into menthol, it should be expected
that, in the second year of vegetation of these mint cultivars, the component composition
of the oil will be similar to the collection plants. It should be noted that the reduction in the
time of in vitro propagation of menthol mint cultivars led to the absence of menthofuran in
the composition of the essential oil, which is quite often recorded by other researchers [52].
In vitro regenerated linalool from the cv ‘Serebryanoye Chudo’ mint, adapted using tradi-
tional methods, although the linalool content was lower than that of the collection plants,
the mass percentage of this component was 60%. Such a high content of the main essential
oil component provides a significant advantage to the planting material of this variety and
makes it highly sought after [53,54].

Differences between cultivars predictably lead to differences in their productivity: for
example, cultivars with high menthol content (‘Pamyati Kirichenko’ and ‘Botanicheskaya’)
demonstrated higher productivity than the ‘Serebryanoye Chudo’ variety. Therefore, the
obtained results indicate that the two-stage acclimatization method is absolutely necessary
for microclonal plants of the linalool-rich ‘Serebryanoye Chudo’ variety, as it provides
a comprehensive positive effect on both agronomic performance and the biochemical
characteristics of the essential oil. This study demonstrates that a preliminary assessment
of the genotype and production technology at a specific farm should serve as a benchmark
for adjusting calculations, even when working with a well-known plant species.

Differences between cultivars predictably lead to differences in their productivity,
so the cultivars high in menthol (‘Pamyati Kirichenko” and ‘Botanicheskaya’) had higher
productivity than the cv ‘Serebryannoye Chudo’. Therefore, the results indicate that
producing the same amount of essential oil with high linalool content (cv ‘Serebryannoye
Chudo’) will require 1.5 or more times as many cloned plants and more than 19 times as
much area. Thus, taking all costs into account, it can be assumed that producing equal
quantities of essential oil will require at least 28.5 times more investment, which will
impact the price of the product and should be taken into account when making production
decisions. This study demonstrates that a preliminary assessment of the genotype and
production technology at an individual farm should serve as a standard for adjusting
calculations, even when dealing with a well-known plant species.
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5. Conclusions

At the in vitro propagation stage, the mint cultivars exhibited different responses
to the nutrient medium composition. Cv ‘Pamyati Kirichenko” demonstrated stability,
‘Botanicheskaya’ showed optimal results on the medium with the addition of growth
regulators (BAP/NAA), whereas, for cv ‘Serebryanoe Chudo’, this medium was inhibitory,
indicating the necessity of developing a specialized protocol.

This study successfully identified distinct, optimal cultivation strategies for each
mint cultivar, underscoring the necessity of a genotype-specific approach. Cv ‘Pamyati
Kirichenko’ emerged as a highly reliable cultivar, demonstrating consistent performance
on the BAP/NAA medium in vitro and successful adaptation under both acclimatization
methods. This robustness offers producers valuable flexibility, allowing them to choose
between the more economical direct planting method and the higher-yielding two-stage
strategy based on their specific resources and production goals.

Cv ‘Botanicheskaya’ proved to be the most responsive to in vitro stimulation by growth
regulators. Its cultivation strategy can be tailored to target specific product outcomes: the
method of direct planting in field conditions is optimal for producing an essential oil with
a uniquely high concentration of menthyl acetate, whereas the method with greenhouse
pre-acclimatization is superior for maximizing the total volume of essential oil produced.

Conversely, cv ‘Serebryanoe Chudo’ was the most demanding cultivar, with its suc-
cessful commercial cultivation being entirely contingent upon the use of the greenhouse
pre-acclimatization method. This protocol is crucial, as it ensures acceptable survival rates
and yield. Furthermore, it stabilizes the biosynthetic pathway, ensuring the production of
high-quality essential oil with a linalool content consistent with its declared chemotype.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /agronomy15122870/s1, Figure S1: Mother plants of mint in a
collection nursery.; Figure S2: Scheme of obtaining essential oil; Figure S3: The effect of the acclimati-
zation method of regenerated plantlets on phenotypic features of the morphology of aboveground
organs of three mint cultivars title; Figure S4: The effect of the method of acclimatization of regen-
erated plantlets on the production of green biomass in three mint cultivars; Figure S5: The effect
of the acclimatization method of regenerated plants on the amount of essential oil obtained from
one plant in three mint varieties; Figure S6: The effect of the acclimatization method of regenerated
plants on the area required to obtain 1 L of essential oil; and Figure S7: The effect of acclimatization
method of in vitro regenerants on the number of plants required to produce 1 L of essential oil in
three mint cultivars.
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