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Abstract

The current challenges associated with the conservation and restoration of plant biodiversity
make it necessary to test new biotechnological approaches. Optimizing the stages of clonal
micropropagation using synthetic growth biostimulants—protatranes (1,2,3)—enables the
targeted modification of physiological processes in plants. This increases their stress
resistance, stimulates development, and reduces the cost of the final product. In this
paper, the stimulating effect of the protatran (1), which we have named “crezacin”, on the
processes of in vitro rooting and acclimatization to ex vitro conditions in microplants of the
rare wild species Lilium pensylvanicum Ker Gawl was studied. No effect of crezacin and
α-naphthylacetic acid on the development and growth of the microbulb during the rooting
stage was detected. Crezacin at a concentration of 1.0 mg/L inhibited root elongation, but
did not affect root number. Using α-naphthylacetic acid at a concentration of 0.93 mg/L
was ineffective in inducing in vitro rhizogenesis. The survival rate of regenerated plants
cultivated on media supplemented with crezacin was found to be 100%. The positive
effect of crezacin on the content of photosynthetic pigments in the leaves of regenerated
plants was also demonstrated. The addition of ultra-low concentrations (0.001–0.1 mg/L)
of crezacin increased pigment content by up to 1.5 times (p < 0.05) compared to the control
group. The increase in chlorophyll and carotenoid levels upon the addition of crezacin
to the culture medium significantly facilitated the transition from a heterotrophic to an
autotrophic mode of nutrition when microplants were transplanted into a soil substrate.
Further research on clonal micropropagation of rare plant species and horticultural crops
will be conducted using protatranes 2 and 3.

Keywords: lilies; in vitro culture; clonal micropropagation; ex situ; protatranes; crezacin;
growth stimulants; rhizogenesis; acclimatization; pigments

1. Introduction
Biodiversity conservation of plants is a fundamental challenge of our time, and the

future of humanity is closely intertwined with addressing this issue. However, due to
various biological, geographical, and socioeconomic factors, as well as the impact of human
activities, many rare plants are still at risk of extinction.
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It is evident that the efforts of conservation organizations, international agencies
(the International Union for Conservation of Nature [1], the United Nations Environment
Programme [2], and the Convention on Biological Diversity [3]), and national governments
have collectively contributed to the expansion of the areas dedicated to plant conservation
in both natural (in situ) and artificial habitats (ex situ). However, despite these efforts, the
number of species on the brink of extinction continues to increase [4,5].

Current challenges in plant biodiversity conservation require new strategies and
methodological approaches to be developed and tested. In this regard, plant conser-
vation biotechnology is a promising area that has been actively developing in recent
decades [6–10].

Thanks to its effectiveness and wide range of applications, clonal micropropagation
(CMP) plays a key role in plant biotechnology. This method of vegetative propagation
enables the rapid production of pathogen-free, true-to-type plantlets of the donor plant
under sterile laboratory conditions [11,12].

Rooting (rhizogenesis) is the most critical stage in both conventional cuttings and
CMP. The survival, viability, and subsequent development of the plants depend on the
success of this process. The composition of the culture medium is therefore of paramount
importance at this stage, particularly when working with rare species, since the selection of
the optimal combinations and concentrations of growth regulators directly influences the
success of in vitro cultivation [8,10,13,14]. This stage is pivotal in determining the degree
of preparation of the plants for non-sterile ex vitro conditions.

“Atranes”, which were developed at the Irkutsk Institute of Organic Chemistry SB
RAS (Irkutsk, Russia) (Figure 1), are an extremely promising class of synthetic biologically
active compounds that can be used as growth regulators and in the preparation of culture
media [15–17].

Figure 1. Atranes: (a) metallatranes, (b) hydrometallatranes, (c) protatranes.

Atranes include metallatranes (a), hydrometallatranes (b), and protatranes (c). For
example, protatranes (1–3), with the general formula ArXCH2COO−H+N(CH2CH2OH)3

(Figure 2), typically consist of an anion derived from biologically active arylchalcogenylacetic
acids, ArXCH2COOH (where Ar = aryl; X = O, S, SO2) [18,19] and a cation of the biogenic
(involved in biological processes) amino alcohol, triethanolamine, N(CH2CH2OH)3 [20].

The unique tricyclic structure of atranes, particularly protatranes, is responsible for
their exceptional physical and chemical properties, as well as their high and diverse
biological (physiological and pharmacological) activity.

For example, effective anticancer and protective agents (adaptogens), immunomod-
ulators, and biostimulants have been identified among protatranes. These significantly
enhance the development and growth of cells, while increasing their resilience [21–23]. A
distinctive feature of protatranes is their ability to exhibit biological activity at micro- and
even nanoconcentrations (10−4–10−10 mass. %). Furthermore, protatranes are non-toxic
and virtually harmless even at doses exceeding 1 g/kg (LD50 3000–6000 mg/kg) [17,21].
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Figure 2. Structure of protatranes 1–3. Ar = 2-Me-C6H4, X = O (1); Ar = p-Cl-C6H4, X = S (2);
Ar = p-Cl-C6H4, X = SO2 (3).

The mechanism of the biological action of atranes (protatranes) remains unclear.
However, some data suggest that they are readily adsorbed onto the surfaces of cellular
(biological) membranes through hydrogen bonds and dipole–dipole interactions with
the polar groups of proteins and lipids (Figure 3a). After adsorption, protatrane “pushes
apart” these polar groups, thereby “thinning” the membrane (Figure 3b). Protatrane then
penetrates the cell and begins to exert its active effect [23].

Figure 3. Hypothetical mechanism of biological action of silatranes. (a)—proposed interaction of
protatrane with polar groups of proteins and lipids of biological membranes, (b)—orientation of
adsorbed protatrane molecules in the lipid monolayer of biological membranes.

In light of the above, we synthesized the triethanolammonium salt of oxygen-
containing cresoxyacetic acid, which we have named “crezacin” (1) and abbreviated as CR,
as well as salts of sulfur-containing acids (2, 3) (Figure 2) [17,21].

The use of new synthetic stimulants of types 1–3 modifies physiological processes
in plants, such as the intensity of photosynthesis and respiration, as well as enzyme
activity. These compounds stimulate growth and development, increase resistance to
stress factors, and reduce the production costs. Consequently, the study and application
of such stimulants is becoming a priority area in modern crop production, particularly in
plant biotechnology. Several experimental studies have confirmed that CR is an effective
stimulant for cultivating agricultural plants and for increasing their yield [24,25].

The in vitro propagation of rare wild species of the genus Lilium Tourn. ex L. (family
Liliaceae Juss.) is of significant scientific and practical interest due to the need to conserve
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genetic resources [26–28], as well as to their ornamental [29–32] and medicinal value [33,34].
At the same time, CMP technologies for lilies are distinguished by the high genetic stability
of microclones [26], which is a notable advantage when producing planting material for
ornamental crops [35].

The literature contains numerous accounts of successful biotechnological propagation
of vulnerable Lilium spp. that require special protection. Among these are L. brownii
Poit. [36], L. caucasicum (Miscz.) Grossh. [37], L. chalcedonicum L. [38], L. pensylvanicum Ker.
Gawl. [9,39], etc. Nevertheless, the development of standard regeneration schemes for
Lilium species does not eliminate the need to modernize classical protocols. Today, this field
requires the implementation of cutting-edge technological solutions, mainly innovative
growth regulators to ensure high stability in plant development. In particular, the transition
of regenerants to autotrophic existence remains a critical stage. It is known that the
addition of growth stimulants before acclimatization to ex vitro conditions can significantly
increase survival rates and improve key biometric indicators of regenerants [37–41]. In this
regard, one of the most promising areas of contemporary research in the field of clonal
micropropagation of rare and medicinal geophytes is the search for effective, economically
accessible and environmentally safe compounds with a broad spectrum of action that are
capable of inducing endogenous defense mechanisms and increasing resistance to abiotic
stress during the adaptation phase [35,42,43].

Lilium pensylvanicum, which is native to East Asia (Figure 4), is a species with significant
conservation and plant breeding potential. It is classified as rare across much of its range,
where population sizes are steadily declining [44–48]. At the same time, L. pensylvanicum
is one of the best parent species for breeding new lily varieties that are highly resistant to
cold, heat, and drought [49,50].

Figure 4. Lilium pensylvanicum in a natural forest community (Irkutsk Region, 29 June 2019).
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The aim of this work is to study the effect of protatranes, specifically crezacin (1), on
the in vitro rooting and ex vitro acclimatization of L. pensylvanicum microplants.

2. Materials and Methods
2.1. In Vitro Rooting

The intact plants (bulbs) of L. pensylvanicum were collected at the site of its natural
habitat in Russia, Trans-Baikal Territory, Mogocha district, in the vicinity of Mogocha
town in 29 May 2025. Before studying the effect of the growth stimulators on in vitro
rhizogenesis, microbulbs were cultured for four passages on solid Murashige–Skoog basal
salt medium (MS) [51]; the passage duration was 5 weeks.

Individual microbulbs without roots were rooted on solidified MS medium (0.6%
agar; Dia-m, Moscow, Russia) supplemented with 30.0 g/L sucrose (LenReactiv, Saint-
Petersburg, Russia). pH was adjusted to 5.7 before autoclaving the medium at 121 ◦C for
20 min. The in vitro rhizogenesis in microbulbs was stimulated by the addition of auxin
α-naphthylacetic acid (NAA; Sigma-Aldrich, St. Louis, MO, USA) and/or the growth
stimulator crezacin (CR) to the nutrient medium. NAA was added to the medium at a
concentration of 0.93 mg/L, and CR was added at concentrations of 0.001, 0.01, 0.1, and
1.0 mg/L. The combination of 0.93 mg/L NAA and 0.01, 0.1, and 1.0 mg/L CR were tested.
A hormone-free MS medium served as the control. CR (1) and salts of sulfur-containing
acids (2, 3) were synthesized by the methods described in [17,21].

When working with CR, a stock solution with a concentration of 0.1% was prelimi-
narily prepared. The required working concentrations were then obtained by diluting this
stock solution in a liquid culture medium. After autoclaving, substances that stimulate
growth and development were added to the culture medium.

During the in vitro rooting stage, the cultures were incubated at 23 ± 2 ◦C under a
cool white fluorescent lamp (30 µmol m−2 s−1) with a 16 h photoperiod. The duration of
passages was 5 weeks.

2.2. Ex Vitro Acclimatization

Regenerated plants (the entire cluster of formed microbulbs) with well-developed
root systems (no less than 3 roots per cluster) and foliage (at least 1 leaf per microbulb)
were adapted to non-sterile conditions ex vitro. For each treatment, twenty plants were
planted in a soil mixture of peat, coconut fiber, and sand (1:1:1). High humidity was
maintained for the first two weeks by covering the container with polyethylene film and
misting the plants. After this period, the film was gradually removed to reduce humidity
levels. Acclimatization took place in a greenhouse under natural light. The effectiveness of
acclimatization to ex vitro conditions (survival rate, %) was assessed by the proportion of
plants that developed new leaves from the total number of planted bulb clusters 45 days
after their planting in the soil substrate.

The following parameters were recorded at the end of the passage: rooting frequency
(%); survival rate (%); and biometric parameters describing the development of the root and
shoot systems, such as bulb size (mm), bulb scale number per bulb (pcs.), number of roots
per bulb cluster (pcs.), root length (cm), number of leaves per bulb (pcs.), and leaf length
(cm). Rooting frequency and survival rate were calculated per cluster; bulb size, length of
root and leaf were evaluated individually; bulb size and root length were measured at the
end of both rooting and acclimatization stages.

2.3. Determination of Photosynthetic Pigment Concentrations

The effect of CR was assessed by determining the photosynthetic pigment content
(chlorophyll a, b, and carotenoids) in the leaves of regenerated plants using a spectrophoto-
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metric method [40,52]. Pigment content was evaluated twice: 1. at the in vitro stage—at the
end of in vitro rooting stage immediately before planting in the soil substrate; and 2. at the
ex vitro stage—at the end of ex vitro acclimatization stages, after two months of growing in
soil substrate. The fresh leaves (30–35 mg) were ground with 95% ethanol (1.5 mL). The
homogenate was then centrifuged for 10 min at 8 000 rpm, and 1.5 mL of 95% ethanol was
added to the supernatant. The optical density was measured at wavelengths of 470, 649,
and 664 nm; 95% ethanol served as the control. The optical density of the extracts was
determined using a UNICO 2100 UV spectrophotometer (UNICO, Princeton, NJ, USA).
The concentration of photosynthetic pigments was calculated using the formulas proposed
by H.K. Lichtenthaler and C. Buschmann [52]:

Ca = (13.36 × A664 − 5.19 × A649);

Cb = (27.43 × A649 − 8.12 × A664);

Cc = (1000 × A470 − 2.13 × Ca − 97.64 × Cb)/209,

where Ca, Cb, and Cc are the concentrations of chlorophylls a, b and carotenoids (mg/mL)
in the ethanol extract; A470, A649, and A664 are the optical densities of the extract at
wavelengths of 470, 649, and 664 nm, respectively.

The concentration of photosynthetic pigments (CP) in leaf tissues was calculated and
expressed in mg/g of fresh weight using the following formula [40]:

CP = C × V/(1000 × n),

where C is the pigment concentration in the ethanol extract (mg/mL), V is the extract
volume (mL), and n is the fresh weight of the sample (g).

2.4. Statistical Analysis

All the experiments were set up in triplicate per treatment and a minimum of 15 mi-
croplants were used for each treatment. The values presented in the tables and graphs are
arithmetic means with confidence intervals. To identify statistically significant differences,
a one-way analysis of variance (ANOVA) was performed, followed by Tukey’s HSD test.
Two-way ANOVA was used to analyze the effect of the CR and NAA on photosynthetic
pigment concentrations. This study discusses differences that are statistically significant at
the 95% level. The data were analyzed using Microsoft Office Excel 2007 (Microsoft Corp.,
Redmond, WA, USA) and STATISTICA 10 (Statsoft Inc., Tulsa, OK, USA).

3. Results
3.1. In Vitro Rooting

All nutrient media used ensured a high rooting frequency, but root system quality
varied significantly (Table 1). Regardless of the nutrient medium composition for in vitro
rhizogenesis induction, the microbulbs doubled in size by the end of the passage. A
comparison between CR and NAA at the in vitro rooting stage revealed that CR had a
greater effect on root development (the number and length of roots), whereas NAA affected
leaf development (the number and length of leaves) (Table 1). Moreover, CR causes a dose-
dependent inhibition of root length: the shortest roots were observed at a concentration
of 1.0 mg/L, while low and medium concentrations (0.001–0.1 mg/L) of CR gave results
comparable to the control.

NAA at a concentration of 0.93 mg/L was ineffective in inducing in vitro rhizogenesis
of L. pensylvanicum. Despite 100% rooting, significantly fewer roots were formed and their
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length was shorter (by 34.4% and 33.3%, respectively) compared to the control variant. The
combined use of NAA and CR enhanced this effect.

Table 1. Effect of nutrient medium (MS) components on the growth and development of Lilium
pensylvanicum bulbs at the in vitro rooting stage.

Growth
Regulator,

mg/L
Rooting

Frequency, %
Bulb Scale

Number per
Bulb

Bulb Size, mm
Root Number

per Bulbs
Cluster

Root Length,
cm

Leaf Number
per Bulb

Leaf Length,
cm

Control 100.0 3.3 ± 0.2 a 4.5 ± 0.4 a 9.6 ± 1.8 a 1.8 ± 0.2 a 2.4 ± 0.2 abc 6.5 ± 0.4 a

CR 0.001 89.5 3.8 ± 0.4 a 4.2 ± 0.4 a 8.7 ± 0.9 abc 2.0 ± 0.2 a 1.7 ± 0.2 c 4.3 ± 0.4 c

CR 0.01 87.5 3.6 ± 0.4 a 4.1 ± 0.3 a 8.8 ± 1.5 ab 1.8 ± 0.2 ab 2.1 ± 0.5 abc 3.6 ± 0.7 bc

CR 0.1 94.4 3.5 ± 0.3 a 4.1 ± 0.4 a 8.7 ± 1.5 abc 1.7 ± 0.2 abc 2.8 ± 0.3 ab 6.3 ± 1.0 ab

CR 1.0 92.0 3.3 ± 0.2 a 4.1 ± 0.3 a 8.7 ± 1.2 abc 1.4 ± 0.1 bcd 2.0 ± 0.2 bc 4.7 ± 0.5 c

NAA 0.93 100.0 3.8 ± 0.4 a 4.3 ± 0.6 a 6.3 ± 1.5 bcd 1.2 ± 0.1 cd 3.1 ± 0.4 a 7.0 ± 0.8 a

CR 0.01 + NAA
0.93 100.0 3.7 ± 0.3 a 4.3 ± 0.5 a 4.5 ± 1.5 cd 0.9 ± 0.1 d 1.7 ± 0.5 c 5.0 ± 0.6 bc

CR 0.1 + NAA
0.93 92.3 3.4 ± 0.5 a 4.1 ± 0.7 a 3.2 ± 1.3 d 1.0 ± 0.2 d 2.1 ± 0.3 bc 4.7 ± 0.6 bc

CR 1.0 + NAA
0.93 92.3 3.5 ± 0.5 a 4.0 ± 0.6 a 5.1 ± 1.4 bcd 1.1 ± 0.2 d 2.3 ± 0.8 abc 4.3 ± 0.7 c

Means followed by different letters in the same column are significantly different (p ≤ 0.05) according
to Tukey’s HSD test.

L. pensylvanicum is characterized by a high regenerative potential, as evidenced by the
100% in vitro rhizogenesis on the control medium, as well as on media containing NAA
0.93 mg/L and CR 0.01 mg/L + NAA 0.93 mg/L. The rate never fell below 87.5% (CR
0.01 mg/L). This is also confirmed by the multiplication of microbulbs on media intended
to induce rooting. The number of microbulbs developed per explant ranged from 2.5 ± 0.9
(NAA 0.93 mg/L) to 4.9 ± 1.3 (CR 0.01 mg/L).

In some cases, the use of NAA 0.93 mg/L resulted in the formation of atypical roots
that were thickened and brittle and lacked root hairs. On media containing CR, the
developing roots were flexible and densely covered with root hairs (Figure 5c). Overall,
NAA was found to inhibit root system development compared to the control. Furthermore,
no clear stimulatory effect of CR on rhizogenesis in L. pensylvanicum was observed.

3.2. Ex Vitro Acclimatization

The resulting cluster of shoots, which had developed during the in vitro rhizogenesis
stage, was transferred to a soil substrate. Cultivation on a medium containing 0.001 mg/L
CR ensured a 100% survival rate of microbulbs; a further increase in the concentration
reduced this figure (Figure 6). Plants grown on CR-containing media adapted to non-sterile
conditions more quickly. The leaf blade area of leaves formed in vitro increased and new
leaves grew. The root system continued to develop after planting in the substrate, and
new roots formed. The root system of plants treated with CR increased significantly: each
bulb in the cluster formed 3–4 true roots, and root length had increased 3–5-fold at 45 days
after the start of acclimatization (Figure 5d). No new metameric nodes were formed, but
the size of the bulbs increased by an average of 20%. Plant biometric parameters after
rooting on CR-supplemented media after 45 days of acclimatization were comparable to
control values. The exception was root length in acclimatized plants rooted on a medium
containing CR: control—6.3 ± 1.0 cm; CR 1.0 mg/L—4.4 ± 0.5 cm.
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Figure 5. In vitro rooting and ex vitro acclimatization stages of Lilium pensylvanicum microbulbs:
(a)—bulblets at the beginning of the rooting stage, MS; (b)—microbulb multiplication, MS + CR
1.0 mg/L; (c)—bulblet cluster at the end of the in vitro rooting stage, MS + CR 0.001 mg/L; (d)—plants
acclimatized to ex vitro conditions, a peat: coconut fiber: sand (1:1:1) substrate.

Figure 6. Survival rate and growth parameters of Lilium pensylvanicum plantlets after 45 days of
ex vitro acclimatization. Means followed by different letters between treatments are significantly
different (p ≤ 0.05) according to Tukey’s HSD test.

A severe decrease of up to 2.7 times in the proportion of plants acclimatized to non-
sterile conditions was observed following rooting in media containing NAA (with and
without CR). Plant survival after cultivation in the presence of NAA did not exceed 56%.
NAA was found to negatively affect root length, which was almost 2.4 times shorter
than the control on media supplemented with NAA 0.93 mg/L or CR 0.01 mg/L + NAA
0.93 mg/L. The combination of NAA and CR (0.1 and 1.0 mg/L) partially neutralized the
inhibitory effect of NAA on root growth and survival rate in ex vitro conditions (Figure 6).
In all treatments, the leaves formed in vitro died off, and new leaves developed poorly
when plants were grown in the soil mixture.
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3.3. Determination of Photosynthetic Pigment Concentrations at the In Vitro and Ex Vitro Stages

When assessing chlorophyll a and b, as well as carotenoid content at the end of
rooting (in vitro stage), the following patterns were identified: (a) the concentration of
pigments remained consistently high regardless of CR concentration in the medium; and
(b) a decrease in pigment content when NAA was added to the culture medium, bringing
levels back to control values (Table 2). The addition of ultra-low concentrations of CR
(0.001–0.1 mg/L) increased pigment content by up to 1.5 times (p < 0.05) compared to the
control. The chlorophyll a/b ratio at level 2.8 on a medium supplemented with 0.1 mg/L
CR and 0.93 mg/L NAA was the lowest for L. pensylvanicum leaves at the in vitro stage.
This treatment also demonstrated the lowest carotenoid content at the in vitro stage. In
all other treatments analyzed, the chlorophyll a/b ratio ranged from 3.1 to 3.3, which
is optimal.

Table 2. Effects of CR and NAA on photosynthetic pigment concentrations in leaves of Lilium
pensylvanicum plants at the end of the in vitro rooting and ex vitro acclimatization stages.

Growth
Regulator,

mg/L

In Vitro Ex Vitro

Concentration, mg/g
Chl a/b Ratio

Concentration, mg/g
Chl a/b Ratio

Chl a Chl b Crt Chl a Chl b Crt

Control 0.57 ± 0.06 cd 0.18 ± 0.02 bc 0.16 ± 0.01 cd 3.2 0.82 ± 0.04 ab 0.21 ± 0.02 abc 0.23 ± 0.01 ab 3.9

CR 0.001 0.86 ± 0.07 a 0.27 ± 0.02 a 0.23 ± 0.02 a 3.2 0.87 ± 0.01 a 0.23 ± 0.01 ab 0.25 ± 0.00 a 3.8

CR 0.01 0.84 ± 0.10 a 0.26 ± 0.04 a 0.23 ± 0.02 a 3.2 0.79 ± 0.03 ab 0.21 ± 0.00 abc 0.24 ± 0.00 a 3.8

CR 0.1 0.80 ± 0.06 ab 0.24 ± 0.04 a 0.22 ± 0.01 ab 3.3 0.69 ± 0.05 b 0.19 ± 0.02 c 0.20 ± 0.01 b 3.6

CR 1.0 0.72 ± 0.08 abc 0.23 ± 0.02 ab 0.20 ± 0.02 abc 3.1 0.86 ± 0.07 a 0.24 ± 0.02 a 0.24 ± 0.02 a 3.6

NAA 0.93 0.47 ± 0.09 d 0.14 ± 0.02 c 0.13 ± 0.02 d 3.4 0.90 ± 0.04 a 0.22 ± 0.01 abc 0.24 ± 0.01 a 4.1

CR 0.1 + NAA
0.93 0.53 ± 0.06 cd 0.19 ± 0.02 abc 0.14 ± 0.02 cd 2.8 0.83 ± 0.07 a 0.21 ± 0.02 abc 0.23 ± 0.02 ab 4

CR 1.0 + NAA
0.93 0.63 ± 0.04 bcd 0.20 ± 0.02 abc 0.17 ± 0.01 bcd 3.2 0.74 ± 0.11 ab 0.19 ± 0.03 bc 0.21 ± 0.03 ab 3.9

Two-way ANOVA results for examining the effect of each factor and their interactions

Factor F p

Growth regulator 4.61 0.00

Stage 83.94 0.00

Growth regulator × Stage 5.64 0.00

Notes: Chl—chlorophyll, Crt—carotenoids. Means followed by different letters in the same group
are significantly different (p ≤ 0.05) according to Tukey’s HSD test.

The most significant differences in the concentration of photosynthetic pigments and
the chlorophyll a/b ratio at the ex vitro stage were observed in the hormone-free control
medium and NAA-supplemented media (Table 2). The levels of chlorophyll and carotenoid
in the leaves of plants grown on media containing only CR did not fluctuate significantly
after being planted in soil. Therefore, CR at ultra-low concentrations (0.001–0.01 mg/L)
acted as a stimulant, increasing the pigment content and affecting the ratio between them.

For all analyzed treatments, the chlorophyll a/b ratio at the ex vitro stage approached
a value of 4:1. The shift in the chlorophylls’ ratio was most noticeable upon completion of
the acclimatization stage under natural light for plants cultivated in NAA-supplemented
media (Table 2).

Thus, an assessment of the effect of CR on the rhizogenesis and acclimatization of
L. pensylvanicum microbulbs revealed that CR has a positive impact on the biometric
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parameters and survival rate of regenerated plants under ex vitro conditions compared to
the impact of NAA.

4. Discussion
A well-developed root system enables microplants to adapt to ex vitro cultivation.

Auxins are traditionally used as root-inducing agents in in vitro culture. However, some
protocols do not include growth regulators during the rooting stage, instead applying new
growth stimulants. It is known that when regenerated plants are transferred to ex vitro
conditions, they experience several physiological stresses due to the morpho-anatomical
characteristics of their development in in vitro culture: low photosynthetic activity, un-
derdeveloped leaf mesophyll and cuticle, impaired transpiration, inadequate root system
function, etc. [37,41]. The addition of growth stimulants before acclimatization to ex vitro
conditions can significantly increase survival rates and improve key biometric indicators of
regenerants [37,40,41]. Therefore, the search for effective, environmentally safe compounds
with a broad spectrum of action that enhance resistance to abiotic stress during the acclima-
tization phase is a promising area of research in the development of protocols for clonal
micropropagation. Protatrane crezacin (CR) is a non-toxic (LD50 6300 mg/kg) biologically
active compound with great potential for use in plant tissue culture. It positively affects the
acclimatization of grape regenerants to ex vitro conditions, improving their survival and de-
velopment [41]. Its main advantages include high efficacy even at ultra-low concentrations
(which is economically beneficial and environmentally safe), as well as its multifunctional
action. CR accelerates seed germination, while increasing plant height, aboveground and
root system mass, and productive bushiness. It also enhances plant resistance to adverse
environmental factors and infections, and improves the accumulation of metabolites. CR
can simultaneously stimulate rhizogenesis, callus formation, and morphogenesis, as well
as enhance stress tolerance [25,53,54].

The investigations into the effects of CR have primarily focused on agricultural crops.
Treating oat seeds with CR has been found to increase the accumulation of proline, phenolic
compounds, flavonoids, and low-molecular-weight fructose in naked oat seedlings [54].
Pre-sowing treatment of amaranth seeds with a 10−7 M CR solution did not enhance the
concentration of chlorophyll in the leaves of seedlings. However, it increased the rate of
photosynthetic phosphorylation and the cellular energy pool. At the same time, enhanced
root system growth and increased biomass were observed while shoot height remained
unchanged [53]. According to the results obtained by Singh et al. [55], treating wheat seeds
with silatrane (a type of Si-atrane) enhances root and shoot growth in a dose-dependent
manner and increases the content of photosynthetic pigments in seedlings. Another group
of plant growth biostimulants consists of silicon chelates.

Treatment of the roots of regenerating strawberry plants with silicon chelate stimulated
the growth and biomass of the shoots and roots under in vitro conditions. It also activated
the antioxidant defense system. However, it did not affect the chlorophyll and carotenoid
content in the leaves [40].

The most extensively studied application of CR in tissue culture is the induction
of root formation. Studies on interspecific hybrids of the Hasansky and Agat Donskoy
grape cultivars have demonstrated the high effectiveness of adding CR to the culture
medium [24,41]. When cultured on media containing CR and indolylbutyric acid, 75%
of plants were adapted, whereas 84% of plants were adapted when cultured on media
containing only CR [41]. There are no reports describing the results of CR application during
the clonal micropropagation of bulbous geophytes. However, the effect of other growth
stimulants on the development of regenerated plants, particularly lilies, has been examined.
Malyarovskaya and Samarina [37] have noted that the use of biological preparations (NV-
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101, Zircon, Epin, Plant) during the acclimatization stage of L. caucasicum bulbs (watering
the substrate with an aqueous solution) to ex vitro conditions stimulates the root and foliage
development and increases the percentage of rooted plants.

This study revealed the adaptogenic effect of ultra-low concentrations (0.001 mg/L)
of CR when microplants were transferred to ex vitro conditions. Given that the content of
photosynthetic pigments reflects a plant’s ability to adapt to environmental conditions, it
is reasonable to assume that regenerated plants that were rooted in media containing CR
would be better adapted to non-sterile ex vitro conditions.

It was found that CR positively affects the concentration of photosynthetic pigments
(chlorophylls and carotenoids). This is likely explained by the good development of the root
system, the high content of photosynthetic pigments, and the optimal ratio of chlorophyll
a/b under the influence of CR and, as a consequence, more active growth at the adaptation
stage. The survival rate of plants after cultivation in the presence of NAA did not exceed
55.6%, whereas it was 100% in the presence of CR (0.001 mg/L). In general, NAA at a
concentration of 0.93 mg/L has a negative effect on in vitro rhizogenesis. In this case, weak
root development affects the effectiveness of acclimatization to ex vitro conditions.

Auxins are known to regulate chlorophyll metabolism in plants, with both endogenous
and exogenous auxins acting as regulators of chlorophyll accumulation [56]. Although min-
imal, the observed decrease in the chlorophyll a/b ratio to 2.8 in a medium supplemented
with 0.1 mg/L CR and 0.93 mg/L NAA at the in vitro stage is within the normal range.
However, this may suggest a slight hypertrophy of the light-harvesting complexes (LHC),
resulting from an increased proportion of chlorophyll b. In turn, a shift in the chlorophyll
a/b ratio at the ex vitro stage to 4:1 indicates adaptation to high levels of natural light when
transferred to greenhouse conditions and does not indicate changes to the photosynthetic
apparatus in response to stress. A ratio value greater than 5 would be significant, indicating
nitrogen deficiency or senescence. It can be hypothesized that NAA enhances the response
to light stress: plants grown in a soil substrate at the ex vitro stage reduce the number
of LHC rich in chlorophyll b and increase the proportion of reaction centers composed
of chlorophyll a. CR, in turn, ensures a high content of photosynthetic pigments while
maintaining an optimal chlorophyll a/b ratio. Given that the content of photosynthetic
pigments reflects a plant’s ability to adapt to environmental conditions, it is reasonable to
assume that regenerated plants that were rooted in media containing CR are likely to be
better adapted to non-sterile ex vitro conditions.

Thus, CR enhances the adaptive potential of plants cultivated in vitro, facilitating
acclimatization to ex vitro conditions, and thereby increasing the efficiency of the clonal
micropropagation process of this rare and ornamental lily. The high biological activity
observed at low doses suggests that this compound exhibits hormone-like properties [53].
In this regard, the in vitro system is a useful model for studying the effects of protatranes,
particularly CR, on various physiological and biochemical processes of plants.

5. Conclusions
In summary, in this work, biostimulants, protatranes (1–3), were synthesized.
The stimulatory effect of protatran (1), crezacin (CR), on the in vitro rooting and

ex vitro acclimatization of L. pensylvanicum microplants was examined for the first time.
The survival rate of regenerated plants cultivated on CR-supplemented media reached
100%. The positive effect of CR on the photosynthetic pigment content in the leaves of
regenerated plants was demonstrated. Thus, the addition of ultra-low concentrations of CR
(0.001–0.1 mg/L) increased pigment content by up to 1.5 times (p < 0.05) compared to the
control. The increase in chlorophyll and carotenoid levels resulting from the addition of
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CR to the culture medium significantly facilitated the transition from a heterotrophic to an
autotrophic mode of nutrition when the microplants were transplanted into a soil substrate.

Previous research has shown that the synthesized sulfur-containing protatranes (2) and
(3) exhibit higher biological activity than oxygen-containing protatrane 1 in some cases.
Therefore, research into the clonal micropropagation of rare plants and garden crops
will continue.

Author Contributions: Conceptualization, D.A.K., S.N.A. and O.A.C.; methodology, D.S.M.; investi-
gation, E.N.O. and D.S.M.; resources, O.A.C. and E.N.O.; data curation, D.S.M.; writing—original
draft preparation, D.S.M. and O.A.C.; writing—review and editing, D.S.M., D.A.K., S.N.A. and
O.A.C.; visualization, D.S.M.; supervision, O.A.C. All authors have read and agreed to the published
version of the manuscript.

Funding: The research was funded by the Russian Science Foundation (project No. 25-26-00091,
“https://rscf.ru/project/25-26-00091/ (accessed on 4 September 2026)”.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding authors.

Acknowledgments: The analysis of the content of photosynthetic pigments in the leaves of in vitro
regenerated plants was carried out at the Biotechnology Laboratory of the Central Siberian Botanical
Garden, SB RAS. The study was conducted with the equipment at the Baikal Analytical Center for
Collective Use of the Siberian Branch of the Russian Academy of Sciences.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. IUCN. International Union for Conservation of Nature. 2026. Version 2025-2. Available online: https://iucn.org/ (accessed on

21 May 2026).
2. UNEP. United Nations Environment Programme. 2026. Available online: https://www.unep.org/ru (accessed on 25 June 2026).
3. CBD. Convention on Biological Diversity. 2026. Available online: https://www.cbd.int (accessed on 30 June 2026).
4. Zizka, A.; Silvestro, D.; Vitt, P.; Knight, T.M. Automated conservation assessment of the orchid family with deep learning. Conserv.

Biol. 2021, 35, 897–908. [CrossRef]
5. Bachman, S.P.; Brown, M.J.M.; Leão, T.C.C.; Nic Lughadha, E.; Walker, B.E. Extinction risk predictions for the world’s flowering

plants to support their conservation. New Phytol. 2024, 242, 797–808. [CrossRef] [PubMed]
6. Benson, E.E. Plant Conservation Biotechnology; Benson, E.E., Ed.; Taylor & Francis: London, UK; Philadelphia, PA, USA, 2002; 309p.
7. Cruz-Cruz, C.A.; González-Arnao, M.T.; Engelmann, F. Biotechnology and conservation of plant biodiversity. Resources 2013, 2,

73–95. [CrossRef]
8. Molkanova, O.I.; Gorbunov, Y.N.; Shirnina, I.V.; Egorova, D.A. Use of biotechnological methods for conservation of gene pool of

rare plant species. Bot. J. 2020, 105, 610–619. [CrossRef]
9. Filippova, G.V.; Darkhanova, V.G.; Stroeva, N.S.; Nikolaeva, O.A.; Androsova, D.N. In vitro reproduction, growth and devel-

opment ex situ of the rare species Lilium pensylvanicum Ker.-Gawl. (Liliaceae). Mosc. Univ. Biol. Sci. Bull. 2020, 75, 71–76.
[CrossRef]

10. Gamburg, K.Z. Osnovy Klonal’nogo Mikrorazmnozheniya Rasteniy [Fundamentals of Plant Clonal Micropropagation]; Voinikov, V.K.,
Ed.; SB RAS: Novosibirsk, Russia, 2022; 180p.

11. Manokari, M.; Priyadharshini, S.; Shekhawat, M. Microstructural stability of micropropagated plants of Vitex negundo L. Microsc.
Microanal. 2021, 27, 626–634. [CrossRef] [PubMed]

12. Debergh, P.C.; Read, P.E. Micropropagation. In Micropropagation: Technology and Application; Debergh, P.C., Zimmerman, R.H.,
Eds.; Kluwer Academic Publishers: Dordrecht, The Netherlands, 1991; pp. 1–13.

13. Amghar, I.; Ibriz, M.; Ibrahimi, M.; Boudra, A.; Gaboun, F.; Meziani, R.; Iraqi, D.; Mazri, M.A.; Diria, G.; Abdelwahd, R. In vitro
root induction from argan (Argania spinosa (L.) Skeels) adventitious shoots: Influence of ammonium nitrate, auxins, silver nitrate
and putrescine, and evaluation of plantlet acclimatization. Plants 2021, 10, 1062. [CrossRef] [PubMed]

14. Bulavin, I.V.; Sidyakin, A.I. Structural and functional characteristics of Arabidopsis thaliana roots obtained in vitro culture. Bull.
RAS Biol. Ser. 2023, 6, 616–625. [CrossRef]

15. Voronkov, M.G.; Baryshok, V.P. Metallatranes. J. Organomet. Chem. 1982, 239, 199–249. [CrossRef]
16. Verkade, J.G. Main group atranes: Chemical and structural features. Coord. Chem. Rev. 1994, 137, 233–295. [CrossRef]

https://doi.org/10.3390/horticulturae12091142

https://rscf.ru/project/25-26-00091/
https://iucn.org/
https://www.unep.org/ru
https://www.cbd.int
https://doi.org/10.1111/cobi.13616
https://doi.org/10.1111/nph.19592
https://www.ncbi.nlm.nih.gov/pubmed/38437880
https://doi.org/10.3390/resources2020073
https://doi.org/10.14258/pbssm.2020049
https://doi.org/10.3103/S0096392520020030
https://doi.org/10.1017/S1431927621000283
https://www.ncbi.nlm.nih.gov/pubmed/33858540
https://doi.org/10.3390/plants10061062
https://www.ncbi.nlm.nih.gov/pubmed/34073152
https://doi.org/10.31857/S1026347022600741
https://doi.org/10.1016/S0022-328X(00)94113-5
https://doi.org/10.1016/0010-8545(94)03007-D
https://doi.org/10.3390/horticulturae12091142


Horticulturae 2026, 12, 1142 13 of 14

17. Adamovich, S.N. New atranes and similar ionic complexes. Synthesis, structure, properties. Appl. Organomet. Chem. 2019,
33, e4940. [CrossRef]

18. Bonnert, R.V.; Pejtel, E.; Tom, S. Phenoxyacetic Acid Derivatives. RF Patent 2360901, 7 October 2009.
19. Sharma, V.; Kumar, P.; Pathak, D. Biological importance of the indole nucleus in recent years: A comprehensive review. J. Heterocycl.

Chem. 2010, 47, 491–502. [CrossRef]
20. Erdag, D.; Merhan, O.; Yildiz, B. Biochemical and Pharmacological Properties of Biogenic Amines. In Biogenic Amines, Charalampos

Proestos; IntechOpen: Rijeka, Croatia, 2018; pp. 1–14. Available online: https://www.intechopen.com/chapters/64327#B61
(accessed on 20 June 2026). [CrossRef]

21. Mirskova, A.N.; Adamovich, S.N.; Mirskov, R.G.; Voronkov, M.G. Pharmacologically active salts and ionic liquids based on
2-hydroxyethylamines, arylchalcogenylacetic acids, and essential metals. Russ. Chem. Bull. 2014, 63, 1869–1883. [CrossRef]

22. Voronkov, M.G.; Rasulov, M.M. Progenitor of a new class of adaptogens and immuno-modulators. Pharm. Chem. J. 2007, 41, 1–6.
[CrossRef]

23. Voronkov, M.G.; Baryshok, V.P. Silatranes in Medicine and Agriculture; Publishing House of Siberian Branch of RAS: Novosibirsk,
Russia, 2005; 255 p.

24. Akimova, S.V.; Radjabov, A.K.; Bukhtin, D.A.; Kirkach, V.V. Influence of bioactive organosilicon substances on in vitro rooting
rate of interspecific grape varieties. Izv. Timiryazev Agric. Acad. 2018, 5, 43–54.

25. Kondratenko, Y.A.; Kochina, T.A. Contribution of the scientific school of academician M.G. Voronkov to the development of the
chemistry of biologically active atranes (protatranes and hydrometallatranes) (A Review). Russ. J. Gen. Chem. 2021, 91, 2331–2351.
[CrossRef] [PubMed]

26. Bakhshaie, M.; Khosravi, S.; Azadi, P.; Bagheri, H.; van Tuyl, J.M. Biotechnological advances in Lilium. Plant Cell Rep. 2016, 35,
1799–1826. [CrossRef] [PubMed]

27. Sorokopudova, O.A. Lilies in Culture: Monograph; Kulikov, I.M., Ed.; FSBSO ARHCBAN: Moscow, Russia, 2019; 186p.
28. Basit, A.; Lim, K.B. Recent approaches towards characterization, genetic, and genomic perspectives of genus Lilium. Genet. Resour.

Crop Evol. 2025, 72, 1–28. [CrossRef]
29. McRae, E.A. Lilies: A Guide for Growers and Collectors; Timber Press: Portland, OR, USA, 1998; 392p.
30. Baranova, M.V. Lukovichnye Rasteniya Semeistva Lileinykh (Geografiya, Biomorfologicheskii Analiz, Vyrashchivanie) [Bulbous Plants of

the Liliaceae Family: Geography, Biomorphological Analysis, Cultivation]; Nauka: St. Petersburg, Russia, 1999; 229p.
31. Vronskaya, O.O.; Sedelnikova, L.L. Morphological analysis of the genus Lilium (Liliaceae) in the Northern forest steppe of Western

Siberia. Lesn. Zhurnal [For. J.] 2019, 4, 74–83. [CrossRef]
32. Dhiman, M.R.; Sharma, P.; Bhargava, B. Lilium: Conservation, Characterization, and Evaluation. In Floriculture and Ornamental

Plants. Handbooks of Crop Diversity: Conservation and Use of Plant Genetic Resources; Datta, S.K., Gupta, Y.C., Eds.; Springer:
Singapore, 2022; pp. 1–36. [CrossRef]

33. Wang, C.H.; Shu, S.; Yin, F.J.; Zhao, J.F.; Zhang, Z.W.; Liu, X.; Zhan, Z.L. Textual research on origin and genuine of Lilii Bulbus.
China J. Chin. Mater. Medica 2018, 43, 1732–1736. [CrossRef] [PubMed]

34. Zhou, J.; An, R.; Huang, X. Genus Lilium: A review on traditional uses, phytochemistry and pharmacology. J. Ethnopharmacol.
2021, 270, 113852. [CrossRef] [PubMed]

35. Yasemin, S.; Beruto, M. A review on flower bulb micropropagation: Challenges and opportunities. Horticulturae 2024, 10, 284.
[CrossRef]

36. Wu, Y.; Ma, Y.-D.; Li, Y.; Zhang, L.; Xia, Y.-P. Plantlet regeneration from primary callus cultures of Lilium brownie F.E.Br. ex Miellez
var. giganteum G.Y. Li & Z.H. Chen, a rare bulbous germplasm. Vitr. Cell. Dev.-Pl. 2019, 55, 44–59. [CrossRef]

37. Malyarovskaya, V.I.; Samarina, L.S. Adaptation characteristic of Lilium caucasicum (Miscz.) Grossh. to ex vitro conditions. Subtrop.
Ornam. Hortic. 2018, 66, 120–125. [CrossRef]

38. Bertsouklis, K.; Trigka, M.; Bazanis, A.-E.; Akoumianaki-Ioannidou, A. In vitro germination and micropropagation of the Balkan
endemic Lilium chalcedonicum L., a potential ornamental lily. Not. Bot. Horti Agrobot. Cluj-Napoca 2024, 52, 13596. [CrossRef]

39. Kim, J.H.; Ho, T.T.; Jang, E.B.; Kim, S.; Lee, K.H.; Shin, S.S.; Park, S.Y. An In Vitro Culture System for the Conservation and
Production of Bioactive Compounds from Lilium dauricum. Flower Res. J. 2019, 28, 100–101. [CrossRef]

40. Ambros, E.; Kotsupiy, O.; Karpova, E.; Panova, U.; Chernonosov, A.; Trofimova, E.; Goldenberg, B. A biostimulant based on silicon
chelates enhances growth and modulates physiological responses of in-vitro-derived strawberry plants to in vivo conditions.
Plants 2023, 12, 4193. [CrossRef] [PubMed]

41. Akimova, S.V.; Radzhabov, A.K.; Bukhtin, D.A.; Kirkach, V.V.; Aladina, O.N.; Demenko, V.I.; Beloshapkina, O.O. Adaptation to
non-sterile conditions of grape plants rooted in vitro in a nutrient media enriched by organosilicon compounds. Izv. Timiryazev
Agric. Acad. 2019, 5, 34–53.

42. De Klerk, G. Micropropagation of bulbous crops: Technology and present state. Floric. Ornam. Biotechnol. 2012, 6, 1–8.
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