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Abstract—Ajuga turkestanica (Rgl.) Brig. (Lamiaceae) callus cultures were obtained from a wild plant, and
the morphogenesis processes in these cultures were studied. It was possible to obtain gemmogenesis or rhi-
zogenesis in the first six to eight growth cycles, depending on the hormonal composition of the medium; the
capacity for morphogenesis was lost after 10—15 growth cycles. Suspension cell cultures were initiated from
some calluses with strong growth. As a result, about 100 calluses and suspension plant cell lines of A. furkes-
tanica were obtained; a number of them were characterized in terms of growth rate and were analyzed via
HPLC-MS for the presence of phytoecdysteroids. 20- Hydroxyecdysone and turkesterone were found in most
of the studied lines; the content of the first compound in the most productive lines was 30—50 times higher
than in the second (2.0—2.5 mg/g versus 0.04— 0.05 mg/g dry weight, respectively). An increase in the phy-
toecdysteroid content in plant cells cultured in vitro was observed by the end of the growing cycle. However,
phytoecdysteroids were not found in many of the obtained plant cell lines. Further research is needed to clar-
ify the causes of the presence or absence of phytoecdysteroids in A. turkestanica plant cell cultures.
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INTRODUCTION

Higher plants are characterized by the ability to
synthesize secondary metabolites that are widely used
in pharmacology, cosmetology, and the food industry.
They are mainly collected from natural biocenoses,
which may threaten the extinction of the used species.
The development of biotechnological approaches to
the obtainment of renewable materials based on the
industrial growth of plant cell cultures and organs in
vitro is an effective way to solve the problem of the
conservation of rare and endangered species. A com-
plex of basic studies on the growth of cultivated plant
cells and the biosynthesis of secondary compounds by
them is needed to obtain industrial producer strains.
These studies will make it possible to study the physi-
ological processes characteristic of a given species or

Abbreviations: BAP—6-benzylaminopurine; 2,4-D—2,4-dichlo-
rophenoxyacetic acid; HPLC-MS—high-performance liquid
chromatography with mass-spectrometric detection; NAA—
a-naphtylacetic acid.
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plant organ in vitro, to assess its sensitivity to growth
regulators of various types, and to optimize the forma-
tion of target products [1].

Ajuga turkestanica (Rgl.) Briq. (Lamiaceae) is an
endemic plant of Western Tien Shan and Hissaro-
Alai. The ecdysteroids synthesized by this plant have
a broad spectrum of biological activity, in particular,
tonic, adaptogenic, and anabolic activities [2—4].
The presence of turkesterone, a Cl1-hydroxylated
ecdysteroid with anabolic activity, is a unique feature
of the species.

Cultivated A. turkestanica callus tissue initiated
from an intact plant ovary was previously obtained
and studied [5]. The goal of the present work was to
obtain leaf cell cultures from wild A. turkestanica
plant leaves and to study the effect of growth regula-
tors, synthetic analogues of phytohormones, on the
morphogenetic, growth, and biosynthetic processes
in these plant cell cultures.
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EXPERIMENTAL
Materials

The original A. turkestanica plant was collected in
the blooming phase in 2014 near the village of Baisun,
in the foothills of the Hissar range of the Republic of
Uzbekistan. Callus cultures were obtained from leaf
explants according to the routine method [6]. The cul-
tures were grown at 26°C in the dark on Murashige—
Skoog nutrient medium [7] with sucrose (30 g/L),
myo-inositol (100 mg/L), thiamine (0.4 mg/L), and
synthetic analogues of phytohormones in various
combinations. The cultivation cycle (the time interval
between the transplantations) for callus cultures was
30 days. In order to optimize the nutrient medium for
callus tissue cultivation, NAA and 2,4-D as auxins and
BAP as a cytokinin were tested in the first cultivation
cycles. The following combinations of growth regulators
in the nutrient media were used, mg/L: NAA (0.1),
NAA (1.0); NAA (1.0) + BAP (0.2); 2,4-D (0.1);
2,4-D (1.0) + BAP (0.2). A medium without growth
regulators was also used.

The growth and physiological characteristics of the
plant cell cultures were determined in agreement with
conventional methods [8]. The increase in cell bio-
mass was calculated as the ratio of cell dry weight by
the time of transplantation (30z/ day of cultivation) to
the graft weight (100 £ 5 mg).

The suspension cell cultures were initiated from
strongly growing callus lines after the 15th cultivation
cycle, and the optimization of the callus culture
growth was continued. Gambourg medium (B5) [9]
was used in this series of experiments, the set of syn-
thetic analogues of phytohormones was broadened
(with kinetin as an additional cytokinin), and the
range of their concentrations was expanded.

The experiments were carried out in triplicate. The
sample size was n = 25. The obtained data were statis-
tically processed with the Microsoft Office Excel 2003
software.

Preparation of Samples for Ecdysteroid Analysis

The ground air-dry biomass (36—40 mg, a precise
aliquot) was extracted three times with water (1 mL)
for 30 min with sonication (ultrasonic bath, Sapphire,
Russia) and then centrifuged at 10000 rpm for 10 min
(MCF microcentrifuge, Sistemy Analiza, Russia) with
subsequent collection of the supernatant. The com-
bined water extracts were loaded onto a Supelclean
ENVI-18 (Supelco, United States) cartridge for solid
phase extraction. The cartridge was washed with water
(3 mL), and the analytes were eluted with ethanol
(3mL). The obtained solution was vacuum-evapo-
rated at 45°C. Before the analysis, the extracts were
dissolved in an ethanol—water mixture (7.5 : 2.5, vol)
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and passed through a nylon filter with a pore size of
0.2 um (Acrodisc, Pall Corporation, United States).

HPLC-MS

The analysis was carried out in an Agilent 1260
Infinity device (Agilent Technologies, United States)
equipped with a mass-selective detector (6100, Agilent
Technologies) with a column of Poroshell 120 EC-CI18
(100 < 3 mm, 2.7 um, Agilent). The column tempera-
ture was 43°C, the flow rate of the mobile phase was
0.4 mL/min, and the injection volume was 0.4 pL.
The mobile phase consisted of a solution of formic
acid (0.03% vol) in water (solvent A) and acetonitrile
(solvent B) used for gradient elution. The composition
of mobile phase changed during the analysis in the fol-
lowing way (solvent B, volume %): 0—13 min—15%,
13—13.5 min—15 — 95%, 13.5—15 min—95%, 15—
15.5 min—95 — 15%, 15.5—17 min—15%. A solution
of formic acid (0.03% vol) in water (solvent A) or ace-
tonitrile (solvent B) was used as the mobile phase. The
analysis was carried out in negative ion mode with an
m/z range of 100—1300 and a fragmenter of 70. The
parameters of the ionization source were as follows:
quadrupole temperature, 100°C; carrier gas (nitrogen)
temperature, 250°C; nitrogen supply rate (spraying
gas), 13 L/min; nitrogen pressure, 1811 Torr; and capil-
lary voltage, 3.5 kV. The chromatograms were recorded
in the selected ion mode (m/z 525 for ecdysterone and
541 for turkesterone, both of which correspond to
[M—H + HCOOH]).

The identification of ecdysteroids via HPLC-MS
was performed on a Waters Acquity UPLC chro-
matograph (Waters, United States) equipped with a
XEVO QTOF hybrid quadrupole time-of-flight mass
spectrometer (Waters). A sample (1 pL) was loaded
onto a column of ACQUITY UPLC BEH Phenyl
(50 x 2.1 mm, 1.7 um; Waters). The column tempera-
ture was 40°C, and the volumetric flow rate of the
mobile phase was 0.4 mL/min. The composition of
mobile phase changed during the analysis in the fol-
lowing way (solvent B, volume %): 0—1 min—15%, 1—
5 min—15 — 30%, 5—15 min—30 — 38%, 15—
15.5 min—38 — 45%, 15.5-23 min—45%, 23—
23.5 min—45 — 95%. The analysis was carried out in
positive ion mode with an m/z range 100—1200 and the
subsequent ionization source parameters: ionization
source temperature, 120°C; desolvation temperature,
250°C; capillary voltage, 3.0 kV; sample input cone
voltage, 30 V; and nitrogen (desolvation gas) supply
rate, 600 L/h. The obtained data were processed with
the MassLynx (Waters) program.

Quantification of Individual Ecdysteroids
The analysis was carried out via HPLC-MS; the
external calibration was conducted with standard sam-
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ples of ecdysterone and turkesterone (supplied by PhD
I.V. Zavarzin, the Zelinsky Institute of Organic
Chemistry, Russ. Acad. Sci.). The relative standard
deviation of the ecdysteroid retention time under the
described conditions was below 2.5%. The calibration
curves for the compounds were straight-line approxi-
mated with determination coefficients of R, > 0.99 in
working concentration ranges of 5—100 pg/mL for
ecdysterone and 0.5—100 pug/mL for turkesterone. The
relative standard deviations of the peak area for ecdys-
teroids did not exceed 2.3%.

RESULTS AND DISCUSSION

To determine the optimal phytohormone compo-
sition for culture growth, callus tissues were incubated
on nutrient media containing 2,4-D, NAA, and BAP
as a cytokinin (Table 1) in the first cultivation cycles.
It was established that numerous aerial roots devel-
oped on the surface of the calluses in the presence of
NAA (1 mg/L) or NAA (1 mg/L) in combination with
BAP (0.2 mg/L) during the first four cultivation
cycles, (Fig. 1), whereas stem morphogenesis was
observed during the first seven cultivation cycles on
the medium without growth regulators containing
NAA (0.1 mg/L) (Fig. 2).

It was noted that compact calluses gave rise to loose
tissue after their transfer onto a medium with 2,4-D
(0.1 or 1.0 mg/L). This growth regulator, regardless of
its concentration, inhibited the callus morphogenetic
potential. The cultures became brown, loose, and
highly watery. Therefore, 2,4-D was no longer used to
grow A. turkestanica callus cultures.

As for sprouts, they were induced via the transfer of
the dedifferentiated callus cultures passaged for more
than a year on a medium containing BAP (0.2 mg/L).
The culture acquired a globular character with pro-
nounced foci of meristemic activity. Bud formation,
followed by sprout generation, was observed 7—10 days
after the transfer, and the sprout number increased on
average by three times as a result of an increase in the
BAP concentration in the medium to 1 mg/L.

Fig 1. Root organogenesis in A. turkestanica callus culture
grown on medium containing NAA (1.0 mg/L).

Fig. 2. Stem organogenesis in A. furkestanica callus culture

il
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grown on medium containing BAP (0.2 mg/L).
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Table 1. Effect of synthetic analogues of phytohormones on the morphogenetic characteristics of A. furkestanica callus cul-

ture in the third cultivation cycle

Growth regulator, mg/L Morphogenesis of
Color Appearance

auxin cytokinin stems roots
— — + — Yellow Compact
NAA, 0.1 — + — Yellow Compact
NAA, 1.0 — — + Yellow Medium compact
NAA, 1.0 BAP, 0.2 — + Light brown Medium compact
2,4-D, 0.1 — — — Light brown Loose, watery
2,4-D, 1.0 BAP, 0.2 - — Greenish brown Loose, watery

Dash indicates the absence of a compound (auxin, cytokinin) in the medium or the absence of morphogenesis.
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Fig. 3. HPLC-MS chromatograms of standard solutions of
20-hydroxyecdysone (0.1 mg/mL) (a), turkesterone
(0.1 mg/mL) (c), and extract from A. turkestanica suspen-
sion culture (strain 4, 27th day) (b). The chromatograms
were recorded in the following selected ion monitoring
mode: m/z of 525 for 20-hydroxyecdysone and 541 for
turkesterone (ions correspond to [M—H + HCOOH]™).
Peak designations: /, turkesterone (fz 2.2 min); and
2, 20-hydroxyecdysone (¢ 7.3 min).

An increase in the intensity of callus culture growth
was observed during cultivation (Table 2). For instance,
the mean fresh weight of calluses cultivated on the hor-
mone-free medium was 0.6 g with a cell dry weight of
0.05 g by the end of the fourth week, while these values

ZAKIROVA et al.

reached 1.7 and 0.1 g, respectively, by the tenth cycle.
The relative water content in the cells varied depending
on the medium composition, according to the incre-
ment indices of dry and fresh cell biomass.

Suspension cell cultures were obtained via conven-
tional methods from strongly growing callus cultures
after the 15th day of cultivation. As a result, ~100 cal-
lus and suspension lines of A. turkestanica were gener-
ated, seven of which were characterized by a high
growth rate and were analyzed via HPLC-MS for the
presence of the phytoecdysteroids (Fig. 3). The com-
pounds were identified via mass-spectrometry data
analysis and a comparison of the chromatographic
and mass-spectrometric behavior of the analytes with
that of the ecdysteroid standards (turkesterone and
20-hydroxyecdysone) (Figs. 4 and 5). The chromato-
grams were recorded in the selected ion mode with an
m/z of 525 for 20-hydroxyecdysone and 541 for
turkesterone. The selected ions corresponded to
[M—H + HCOOH]~.

Both analyzed ecdysteroids were observed in two sus-
pension and two callus lines; the content of 20-hydroxy-
ecdysone was 40- to 50-fold higher than that in turkes-
terone (2.2—2.5 mg/g and 0.04—0.05 mg/g dry weight,
respectively) in the most productive lines.

It was established that the phytoecdysteroid con-
tent in the biomass of the suspension cell cultures
increased by the end of cultivation. At the same time,
these compounds were not detected at all in two cal-
luses and one suspension cultures.

CONCLUSIONS

The growth, morphogenetic, and biosynthetic
characteristics of Ajuga turkestanica cell cultures were
studied. It was shown that the addition of auxins and
cytokinins in certain concentrations ensures morpho-
genesis regulation, and some of the obtained calluses
and suspension cultures (although not all) retain the
ability to produce ecdysteroids (20-hydroxyecdysone
and turkesterone).

Table 2. Effect of synthetic analogues of phytohormones on the growth characteristics of A. furkestanica callus cultures

Growth index
Growth regulators, mg/L
third cycle tenth cycle
auxin cytokinin by fresh biomass by dry biomass by fresh biomass by dry biomass
— — 6.1 5.3 17.2 10.4
NAA, 0.1 — 7.8 7.6 18.7 10.0
NAA, 1.0 — 16.0 8.5 19.3 10.2
NAA, 1.0 BAP, 0.2 17.4 4.9 18.9 9.8
APPLIED BIOCHEMISTRY AND MICROBIOLOGY Vol. 56 No. 7 2020
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Table 3. Ecdysteroid content (mg/g of dry weight) in Ajuga turkestanica callus, suspension cell biomass, and intact plant
leaves

Time
Line number| Cell culture | of cultivation, Growth regulators, mg/L 20-Hydroxyecdysone| Turkesterone
day
3 Callus 21 NAA 0.1 + BAP 0.05 0.17 <0.01
Suspension 21 NAA 0.1 + BAP 0.05 0.64 <0.01
" 27 NAA 0.1 + BAP 0.05 2.56 0.04
13b Suspension 21 NAA 0.1 + Kinetin 0.1 0.58 <0.01
" 34 NAA 0.1 + Kinetin 0.1 2.23 0.05
38 Suspension 34 NAA 0.1 + BAP 0.05 <0.1 —
41 Callus 34 NAA 0.1 + BAP 0.05 1.97 0.04
70* Callus 33 NAA 0.1 +2,4-D 1.0 + BAP 0.05 — —
79 Callus 33 NAA 0.1 + BAP 0.05 — —
A. turkestanica, intact plant leave 4.90 1.65

In this series of works, the MS medium was used. Kinetin was used as cytokinin, callus is callus culture, suspension is suspension cell
culture. *Gamborg medium (B5) was used.

APPLIED BIOCHEMISTRY AND MICROBIOLOGY Vol.56 No.7 2020
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Based on the results, it can be concluded that the
plant cell cultures are unstable in terms of phytoecdys-
teroid biosynthesis. Even if compounds are produced,
the level of their accumulation in plant cell cultures is
lower than that in leaves of intact A. turkestanica
plants. It is two to three times lower for 20-hydroxye-
cdysone and 20—30 times lower for turkesterone.

Thus, the growth, morphogenetic, and biosyn-
thetic characteristics of Ajuga turkestanica cell cultures
were studied. It was found that the addition of auxins
and cytokinins to the medium at certain ratios pro-
vides the regulation of morphogenesis. It was shown
that some of the obtained callus and suspension cul-
tures retain the ability to form phytoecdysteroids (20-
hydroxyecdysone and turkesterone), though in smaller
amounts than in the leaves of intact plants. Phytoec-
dysteroids were not found in a number of obtained cell
cultures. Additional studies are required to clarify the
causes for the synthesis of these compounds in cell
cultures in vitro.
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