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Abstract—The study analyzed the content and localization of phenolic compounds, in particular phenylpro-
panoids, of Rodiola rosea plants of Altai Mountains ecotype during the introduction period of 2—4 years in
the conditions of the forest-steppe zone of Western Siberia. The plant material for the introduction experi-
ment was obtained by in vitro method. HPLC was used to identify 11 phenolic compounds, including gallic
acid, rosarin, rosavin, rosin, cinnamyl alcohol, rhodiosin, rhodionin, and kaempferol. The highest content
of phenylpropenoids was found in rhizomes of the 4-year-old R. rosea plants: 1.02% rosarin, 2.64% rosavin,
1.05% rosin, 3.39% cinnamyl alcohol. Analysis of the phenylpropanoid profile showed that the predominant
component in all the studied samples was cinnamyl alcohol (up to 58%). Histochemical studies identified
phenolic substances in the rhizomes and roots of R. rosea, which are localized in parenchymal and vascular
tissues. It was revealed that the total rhizome biomass exceeded that of the root, and by the 4™ year of intro-
duction, it was approximately 2-fold greater in dry weight. The study showed high biosynthetic potential and

biological productivity of the studied R. rosea ecotype upon introduction.
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INTRODUCTION

One of the valuable endangered medicinal plant
species is Rhodiola rosea L., family Crassulaceae.
Preparations from R. rosea rhizomes and roots are
used as adaptogens and anti-stress agents, and are also
widely used in the cosmetic industry and as a compo-
nent of “functional foods” (Lamadrid et al., 2019;
European Commission, 2020; Panossian and Brend-
ler, 2020; Brinckmann et al., 2021). The global demand
for this drug category has increased many fold due to
an unfavorable sanitary and epidemiological situation
in the world caused by the new coronavirus infection
(COVID-19). Wide use of these drugs causes quality
concerns due to limited resources and insufficient
control, which leads to replacement of R. rosea raw
materials with other Rhodiola species (Peschel et al.,
2016). The researchers report that the content of
rosavin or cinnamyl alcohol (CA) glycosides allows a
more reliable standardization of the authenticity and
quality of medicinal R. rosea raw materials as com-
pared with salidroside (a generally accepted marker)
(Altantsetseg et al., 2007; Kurkin, 2013; Panossian
et al., 2010). In addition, the results obtained by Ked-
zia et al. (2006) indicate that salidroside does not
affect the immunostimulatory and tranquilizing activ-
ity of R. rosea extracts. In this regard, in recent years,

researchers have been paying more and more attention
to phenylpropenoid content in R. rosea. For example,
the USP monograph requires 0.3% dry weight of
phenylpropenoid glycosides (rosarin, rosavin, and
rosin) in terms of rosavin (in addition to 0.08%
salidroside) (USP, 2015); according to the Russia
State Pharmacopoeia, the amount of CA glycosides in
terms of rosavin must be not less than 1%, and not
less than 0.8% of salidroside (Gosudarstvennaya far-
makopeya...,, 2015).

Despite a great interest in R. rosea and extensive
research in phytochemistry, one potential area—plant
biotechnology—remains less studied and less used for
this species compared to other medicinal plants
(Tasheva and Kosturkova, 2012). Earlier, we reported
on the features of in vitro cultivation of R. rosea from
various populations growing on the territory of Russia
(Erst and Yakubov, 2019), and in particular from the
population of Altai Mountains (Erst et al., 2018).
Under in vitro model conditions, we have shown sig-
nificant differences in growth and development
parameters of R. rosea depending on the population
origin. The concept of the geographic or ecological
race states that continuous selection pressure in a par-
ticular habitat causes certain changes in the genotype of
individuals from the local population, which are mani-
fested in their phenotype (Banaev, 2009). The research-
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ers note that different R. rosea ecotypes significantly
differ in the content of glycosides in plants (Zakhozhiy,
2006). Natural reserves of R. rosea are depleting, there-
fore, the development of in vitro cultivation technolo-
gies for most promising samples, as well as assessment
of their biosynthetic potential and biological productiv-
ity upon introduction, are extremely urgent.

The study aims to analyze the content and localiza-
tion of phenolic compounds, in particular phenylpro-
penoids, in R. rosea Altai Mountains ecotype plants
upon introduction in the forest-steppe zone of West-
ern Siberia.

2. MATERIAL AND METHODS
2.1. Plant Material

The initial test material was seeds of the R. rosea
plant from the Altai Republic (Russia), growing on
the southern slopes of the Iolog ridge, Karakol lakes.
Altitude of 1800—2000 m a.s.l. The classification by
E.F. Kim (1977) refers the samples to the second
R. rosea ecotype—moderately humid habitats with
moderate soil moisture (44—50%).

2.2. Ecological and Geographical Characteristics
of the Cultivation Site

The introduction site is located on the territory of
the Central Siberian Botanical Garden (CSBS) of the
Siberian Branch Of the Russian Academy of Sciences
(SB RAS), located on the right bank of the Novosi-
birsk reservoir, 25 km from the center of Novosibirsk
(Russia). Geomorphologically, the CSBG territory
occupies the second and third terraces above the
floodplain of the Ob River composed of ancient allu-
vial sandy and sandy loam deposits. The average
height of the terraces is 150—200 m a.s.l. The climate
is sharply continental with significant fluctuations in
seasonal and daily temperatures. Winters are long
and harsh, and summers are short and hot. A frost-
free period typically does not exceed 150 days, and
the period with temperatures above 10°C lasts 120—
140 days. The sum of active temperatures above 5°C in
August attains 1400—1600°C, and that above 10°C is
about 800°C. In May, the sum of temperatures above
10°C rarely exceeds 100°C, and it is typically signifi-
cantly lower (70—80°C). Spring is long with possible
return frosts in May—June. The first autumn frosts
occur in the second or third decades of September.
Snow cover averages about 40 cm. Soil in open areas
can freeze to a depth of 2 m or more. The annual pre-
cipitation is about 400 mm, of which about 70% falls
in the frost-free period, and about 40% (150—170 mm)
in summer. There is a deficiency of atmospheric and
soil moisture during an active vegetation period of
plants. Soils are classified as low and medium humus.
The reaction of the soil environment is acidic or
slightly acidic. For soddy-podzolic soils, the pH level
varies within 5.5—6.9, in gray forest soils in the leached
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stratum, it is 5.5—6.0, and in the carbonate horizon,
the pH is 7.8—7.9 (Rastitel’noe mnogoobrazie..., 2014).

2.3. Propagation, Cultivation, Harvest, and Drying

2.3.1. In vitro propagation. In vitro cultivation of
R. rosea was fulfilled on the basis of the Laboratory of
Biotechnology, CSBG SB RAS (Novosibirsk) accord-
ing to the previously developed method (Erst et al.,
2018; Erst and Yakubov, 2019) with regard to recom-
mendations for in vitro reproduction of R. rosea of the
second ecotype (Ishmuratova, 1998). The seeds of
R. rosea were used as material for in vitro introduction.

2.3.2. Adaptation to ex vitro conditions and outdoor
cultivation. In vitro regenerated plants were adapted to
non-sterile conditions in cassettes; the substrate was
perlite : peat (1 : 2). The substrate was spilled with fun-
gicide solution (Baktofit, Russia) at a rate of 10 g per
5 L of water or with weak solution of potassium per-
manganate to prevent and control fungal and bacterial
plant diseases. For the first 5 days of adaptation, the
plants were covered with a transparent film to increase
air humidity. The plants were grown indoors at 24 *+
2°C, illumination of 2—3 klIx, photoperiod of 16/8 h
light/dark for 30 days. After a month, the plants were
transplanted into 10 X 10 X 11 cm containers by trans-
ferring them into the soil mixture, which consisted of
a peat nutrient substrate and sand in a ratioof 2 : 1, and
grown for 7 months in a greenhouse. The plants from
the containers were then transferred to the nursery and
grown for another 2 years. The 3-year-old plants were
planted in the introduction site in ridges with spacing
between plants of 20—25 cm. To protect against weeds,
buds were covered with black polythene. No addi-
tional fertilizers or other cultivation measures, other
than irrigation, were applied.

2.3.3. Harvest and drying. The crop was harvested
in October 2018 (2nd year, nursery), 2019 (3rd year,
introduction site) and 2020 (4th year, introduction
site). Rhizomes and roots were shaken off the soil and
washed; then roots were separated from rhizomes and
cut into pieces (maximum thickness of 1 cm). Fresh
weight (FW) and dry weight (DW) of roots and rhi-
zomes were recorded for each plant before and after
drying via warm air ventilation at 45°C for 5 days. Dry
samples were stored in paper bags under dark and dry
conditions at 10—25°C.

2.4. Morpho-Anatomical and Histochemical Analysis

Parts of rhizomes and roots of 4-year-old R. rosea
plants were fixed in formalin, acetic acid, 70% etha-
nol, 7 : 7 : 100 v/v/v (FAA70) for 4 days and then
stored at 70% (v/v) ethanol. For fluorescent micros-
copy, fresh parts of plants were used.

2.4.1. Microscopy procedures. For anatomical char-
acterization, FAA70 fixed parts of R. rosea were sec-
tioned (25—35 um) by microtome MICROM HM 430
(Thermo Fisher Scientific, Germany) with fast freez-
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ing unit KS 34 S (Thermo Fisher Scientific, Ger-
many). For light microscopy, sections were analyzed
by Carl Zeiss Axioscope Al microscope equipped with
digital camera Axiocam 506 color and software ZEN
2012 (blue edition) (Carl Zeiss Ltd, Herts, UK), and
Carl Zeiss Primo Star iLED equipped with filter sys-
tem (470 nm), digital camera AxioCam MRc 5 and
software AxioVision 4.8 (Carl Zeiss Ltd, Herts, UK).

2.4.2. Histochemical tests. Cross sections were
investigated using the following histochemical tests:
ferric chloride (Johansen, 1940) reagent to detect phe-
nolic compounds; Lugol’s solution to detect starch
(Johansen, 1940); Wiesner reaction to demonstrate
lignin (Wiesner, 1878).

For fluorescent microscopy, fresh sections were
processed using a 2% (w/v) solution of safranin to
detect starch, 2 min, and 1% (w/v) acridine orange to
detect lignin, 2 min, inducing yellow and green fluo-
rescence at 470 nm, respectively. For autofluorescence
examination, the sections were directly viewed under
LED light at 470 nm.

2.5. Biochemical Analysis

2.5.1. Extraction. The dry raw material was
crushed to a particle size of 2 mm, mixed and an aver-
age sample was taken. Double extraction was per-
formed to extract phenolic compounds. An exact
weighed portion (0.5 g) of the crushed material was
extracted with 30 ml of aqueous 50% ethanol during
the day, and then 20 mL of 70% ethanol for 50 min in
awater bath. A filter cake was washed with 5 ml of 70%
ethanol. The combined extract was concentrated to
20 mL. To remove impurities, 1 mL of the extract was
diluted with double-distilled water to 5 ml and passed
through a Diapak C16 (ZAO BioKhimMak, Russia)
concentrating cartridge.

2.5.2. HPLC analysis. The component composi-
tion of the phenolic complex of the samples was inves-
tigated by high performance liquid chromatography
(HPLC) using an Agilent 1200 liquid chromatograph
(Agilent Technologies, USA) equipped with a diode
array detector, Zorbax SB—C18 column (4.6 X 150 mm,
with sorbent grain size 5 UM, Agilent Technologies,
USA). In the mobile phase, the methanol content in
the aqueous solution of phosphoric acid (0.1%) varied
from 50 to 52% within 56 min. The flow rate of the
eluent was 1 ml/min, the column temperature was
26°C, and the volume of the injected sample was 10 pl.
Detection was carried out at A = 220, 250, 270, 290,
360, and 370 nm. The content of substances was cal-
culated during detection at 255 nm. Methyl alcohol
(extra pure grade), orthophosphoric acid (extra pure
grade), and bidistilled water were used to prepare
mobile phases. Samples from Aobious (USA) and
Sigma Aldrich (Germany) were used for identifica-
tion. Standard solutions were prepared at a concentra-
tion of 10 pg/ml in ethyl alcohol. The retention time of
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Table 1. Yield (FW), fresh-dry weight ratio and rhizome-
root ratio (DW) of 2- to 4-year-old samples of R. rosea cul-
tivated in CSBG (Novosibirsk, Russia)

FW—DW ratio | Rhizome/root

Total FW, g (: 1) ratio DW (1 : x)
Year 2| 10.26 £ 1.76 3.54 £0.31 0.71 £ 0.20
Year 3| 18.15+3.92 4.32 +£0.37 0.75+0.25
Year 4| 117.74 £ 23.00 | 7.75+0.93 0.58 £ 0.15

FW—fresh weight, DW—dry weight. Data are presented as mean
values with confidence intervals (p < 0.05).

the peaks of compounds in the chromatograms of the
analyzed samples and their UV spectra was compared
with these of the standard samples. Quantitative deter-
mination of individual components in plant samples
was carried by external standard method (% of the
weight of air-dry raw materials).

In the study, we summarized the total amount of
rosavins (ROS = rosarian + rosavin + rosin) and the
total amount of phenylpropanoids (PP = ROS + CA).
The ratio parameters were calculated for some relative
comparisons: rosarin-rosavin-rosin—CA ratio (with
rosarin set as 1) and ROS—CA ratio (with CAsetas 1).

2.6. Experimental Design and Data Analysis

Statistical processing of the results and analysis of
the data were performed using Microsoft Excel 7.0.
All experiments were performed in two replications
with 10 plants, rhizomes, roots in each replicate.
Data are presented as mean values and confidence
intervals (p £ 0.05).

3. RESULTS
3.1. Increase in Biomass of Underground Parts

Dynamics of an increase in the rhizome and root
biomass is shown in Fig. 1 and Table 1. The total rhi-
zome biomass exceeded that of the root, and after
4 years of cultivation, it exhibited a 2-fold increase in
dry weight (rhizome—root ratio of 1 : 0.58). The rela-
tionship between the age and the water content in
roots and rhizomes is evidenced by the loss of moisture
during drying in the FW—DW ratio of 3.5 : 1 for the
3-year-old plants and 7.8 : 1 for the 4-year-old plants.
It should be noted that rhizomes of the 4-year-old
plants are easily divided into separate segments (par-
ticulars) and can be used as mother plants for success-
ful plantation establishment (Fig. 1).

3.2. Morpho-Anatomical and Histochemical Analysis
A transverse section of the root and rhizome shows
a layered periderm (Fig. 2). At the root, its thickness
attains 100—120 um (6—7 layers), and at the rhizome,
it amounts to 320—470 um (24—26 layers). The struc-
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Fig. 1. Samples of R. rosea, (a) 2-, (b) 3-, and (c) 4-year-old, cultivated in CSBG (Novosibirsk, Russia). Bar: 1 cm.

ture of the rhizome is of bundle type. The vascular bun-
dles are open, collateral, fusiform, arranged in a ring,
with phloem oriented to the rhizome periphery and
xylem oriented to the center. The parenchyma of the
root and rhizome consists of large cells filled with
starch. Starch grains are simple, round or oval, 5—20 um
in diameter. Areas covered with a cork layer can be
seen in the thickness of the rhizome (Fig. 2).

Histochemical tests revealed tissues stained as a
result of the interaction between reagents and the
detected components, which causes their specific bind-
ing. The parenchyma of the root and rhizome showed
the following positive reactions: Lugol reaction for
starch (Figs. 2¢c, 2i) — purple color, ferric chloride reac-
tion for phenolic compounds (Figs. 2b, 2h) — brown
color and Wiesner reaction for lignin (Figs. 2j, 2k) — red
color. Phenolic compounds are distributed through-
out the entire thickness of the root and rhizome in
parenchymal cells and cells of the vascular system. In
the cork layer, the test for phenolic compounds was
negative. No phenolic compounds were identified in
the cork layer. The presence of the starch and lignin
was also confirmed by fluorescence microscopy. Safr-
anin gave the yellow fluorescence to starch grains in
parenchymal cells (Figs. 2f, 2I). Xylem elements and
periderm were identified with by acridine orange by
green fluorescence (Figs. 2d, 2e).

3.3. Biochemical Analysis

3.3.1. Qualitative composition and content of phe-
nolic compounds of R. rosea herb, rhizomes, and roots.
HPLC for isolating a complex set of phenolic com-
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pounds was used to detect 11 components in the sam-
ples of R. rosea plants grown on the territory of the
CSBG (Table 2).

A quantitative content of each compound from the
collections of different years varies from 0.02 to 3.39%.
The highest content of gallic acid (0.28%) was found in
the aerial parts of the 4-year-old plants. In general, the
content of this phenolcarboxylic acid in other samples
varied insignificantly—from 0.8 to 0.13%; in rhizomes
of the 4-year-old plants, it amounted to 0.19%.

Compound 2 varied from 0.05 to 0.08%, or was not
identified, except for roots of the 2- and 3-year-old
plants, where its content attained 0.20—0.23%. Com-
pounds 3 and 4 showed the highest content in the
aerial parts of plants (0.61 and 1.01%, respectively),
whereas in the underground parts they either were
absent or exhibited insignificant values (0.02—0.09%).
Only rhizomes of the 4-year-old plants showed an
increased amount of this compound (up to 0.36%).

Compounds 5—8 were identified as cinnamyl
alcohol and its derivatives, phenylpropanoids:
rosarin, rosavin and rosin, with maxima at 253 nm.
The highest content was found in rhizomes (Fig. 3A).
We did not reveal these compounds in the aerial parts
of R. rosea.

Compounds 9 and 10, flavonoids rhodiosin and
rhodionin, with maxima at 277, 333, 385 nm, were
found in almost all the samples, except for the aerial
part. The content of rhodiosin ranged from 0.04 to
0.48%, and that of rhodionin varied from 0.11 to
1.02%. The largest amount of these compounds was
found in roots of the 2-year-old plants (Fig. 3b).
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Fig. 2. Cross sections of root (a—f) and rhizome (j—1) of R. rosea treated with histochemical reagents, using light microscopy:
(a) root; (g) rhizome; (b, h) ferric chloride for phenolic compounds; (c, i) Lugol’s solution for starch; (d, e) acridine orange for
lignin under UV (green fluorescence); (f, 1) safranin for starch under UV (yellow fluorescence); (j) Wiesner reaction for lignin;

(k) fragments of spiral vessels (Wiesner reaction for lignin).

An insignificant amount of the flavonoid kaemp-
ferol (flavonol) was observed in all the samples (more
than 0.05%), with its highest content in roots of the
3-year-old plants (0.12%).

No other compounds, except for compounds 1—4,
were found in the aerial part. However, unlike other
samples, the aerial part contained unidentified pheno-
lic compounds with retention times of 11.8 and 13.4 min

CONTEMPORARY PROBLEMS OF ECOLOGY Vol 14

absorption maxima of 216 and 280 nm, with a predom-
inant peak area in the chromatogram (Fig. 3c).

3.3.2. Phenylpropanoid content in R. rosea rhizomes
and roots with regard to age. The content of both ROS
and CA was observed to increase in roots and rhizomes
of the 4-year-old plants (Table 3). The highest content
was recorded for both of them: 1.02% rosarin, 2.64%
rosavin, 1.05% rosin, and 3.39% cinnamyl alcohol.
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Table 2. Qualitative composition and content of phenolic compounds of R. rosea herb, rhizomes, and roots (%)

Phenolic compounds, %
Sample, date of collection

1 3 4 5 6 7 8 9 10 11
Roots, October 16, 2018 (year 2) 0.09 | 0.20 | 0.03 | 0.07 | 0.09 | 0.25 | 0.13 | 0.27 | 0.48 | 1.02 | 0.06
Rhizomes, October 16, 2018 (year 2) 0.11 — 10.030.04]|0.67 | 1.69 | 0.33 | 2.77 | 0.20 | 0.54 | 0.05
Roots, October 25, 2019 (year 3) 0.08 {023 0.02| — |[0.03]0.06|0.06|0.20 ] 0.12 | 0.33 | 0.12
Rhizomes, October 25, 2019 (year 3) 0.13 | 0.07 | 0.06 | 0.05 | 0.60 | 1.00 | 0.41 | 2.52 | 0.19 | 0.75 | 0.05
Roots, October 7, 2020 (year 4) 0.13 | 0.05]0.07 | — |[0.19 ] 0.37 | 0.24 | 0.78 | 0.04 | 0.11 —
Rhizomes, October 7, 2020 (year 4) 0.19 | 0.08 0.09 | 036 | 1.02 | 2.64 | 1.05 | 3.39 | 0.13 | 0.46 -
Herb, October 7, 2020 (year 4) 0.28 | 0.08 | 0.61 | 1.01 — — - — - — —
Roots, September 22, 2020 (year 4) 0.12 | 0.05]0.09| — [0.09] 0.13 | 0.08 | 0.53 | 0.05 | 0.11 —
Periderm of rhizomes, September 22, 2020 | 0.08 | 0.05 | 0.04 | — | 0.35 | 1.06 | 0.44 | 1.62 | 0.18 | 0.64 | 0.05
(year 4)
Rhizomes without periderm, September 22, | 0.13 - — 0.75 | 1.53 | 0.61 | 2.45 | 0.05 | 0.15 —
2020 (year 4)

1—Gallic acid (1.8 min), 2—unidentified compound (2.9 min), 3—unidentified compound (6.5 min), 4—unidentified compound
(8.5 min), 5—rosarin (10.7 min), 6—rosavin (12.5 min), 7—rosin (13.5 min), 8 —cinnamyl alcohol (24.3 min), 9—rhodiosin (39.9 min),

10—rhodionin (40.5 min), 11—kaempferol (47.1 min).

Table 3. ROS, CA and derived variables ROS/CA ratio and phenylpropanoids in water-ethanol extracts from rhizomes and
roots of 2- to 4-year-old R. rosea cultivated in CSBG (Novosibirsk, Russia)

Year of ROS, % CA, % ROS-CA ratiox : 1 PP, %
cultivation | Rhizome Root Rhizome Root Rhizome Root Rhizome Root
Year 2 2.69 0.47 2.77 0.27 0.97:1 1.74 : 1 5.46 0.74
Year 3 2.01 0.15 2.52 0.20 0.80:1 0.75:1 4.53 0.35
Year 4 4.71 0.80 3.39 0.78 1.39:1 1.02:1 8.1 1.58

PP, phenylpropanoids.

The ROS—CA ratio changed significantly by the
4th year of cultivation: this indicator increased in rhi-
zome and decreased in roots (Fig. 4). It should be
noted that the 2-year-old plants were grown in con-
tainers. Comparison of the data on yield and biosyn-
thesis of ROS indicates a direct correlation between
these parameters.

The phenylpropanoid profile, i.e. the relative ratio
between the three rosavins and CA (proportions of
rosarin-rosavin-rosin-CA), varied depending on the
plant age (Fig. 4). This ratio varied as follows: 0.2—
0.3:0.4-0.8 : 0.1-0.3:1 for rhizome, and 0.2—0.3 :
0.3—0.9:0.3—0.4 : 1 for roots. Among ROS, the most
significant changes in rhizome and roots were
observed for rosavin, and CA prevailed in all the sam-
ples studied. A detailed analysis of ROS showed that
rosavin is the prevailing component in all the samples,
except for roots of the 2-year-old plants.

The rhizome and periderm of the 4-year-old plants
were analyzed separately. The content of ROS and CA
was high in the rhizome peridem, and the ratio was sim-
ilar to that in the rhizome (Fig. 5). It should be noted
that some phenolic compounds were not found in the

CONTEMPORARY PROBLEMS OF ECOLOGY Vol 14

rhizome, but were observed in the periderm: 2 (0.05%),
3(0.04%), and 11, kaempferol (0.05%) (Table 2).

DISCUSSION

The data on the content of glycosides in R. rosea are
numerous and contradictory (Kim, 1999; Kurkin
et al., 2013; Peschel et al., 2015). Researchers have not
yet come to a consensus about the localization and
activity of specialized biosyntheses, the nature of sea-
sonal changes in the content of glycosides, and the
variability of the accumulation of these substances in
wild and cultivated plants. We have conducted
detailed comparative studies of the content and local-
ization of phenolic compounds in the cultivated plants
of R. rosea from Altai Mountains. A total of 11 pheno-
lic compounds were identified, including gallic acid,
rosarin, rosavin, rosin, cinnamyl alcohol, rhodiosin,
rhodionin, and kaempferol. A unified determination
method employed in the studies revealed the presence
of phenylpropanoids only in roots and rhizome. His-
tochemical methods confirmed the presence of phe-
nolic compounds in the parenchyma and vascular tis-
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Fig. 3. Chromatogram of a water—ethanol extract of the rhizomes (year 4) (a), roots (year 2) (b) and herb (year 4) (c) of R. rosea.

The abscissa is the retention time, ¢, min; ordinate is absorbance, mAU. The numbers in the chromatogram indicate the numbers
of compounds corresponding to the numbers of compounds in Table 2.

sues of R. rosea. Phenylpropenoids were not found in
the aerial part (stems, leaves).

The minimum ROS content is 0.3% according to
the USP (2015) and 1% according to the Gosudarst-
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vennaya farmakopeya..., 2015 (2015). The ROS con-
tent in the samples studied (2.01—4.71% for dry rhi-
zomes) corresponds to these standards. The recently
reported ROS range is 0.2—-3.7% DW for rhi-
zome/root mixtures (or other parts of the plant), 0.4—
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Fig. 4. Relative phenylpropenoid profile (%) of rhizome (a) and root (b) of R. rosea cultivated in CSBG (Novosibirsk, Russia).

35
ROS
mCA

Content, %
— — D N »
c u o wu o
T T T T T

=
(%
T

Root

Rhizome without
periderm

Periderm

Fig. 5. ROS and CA in roots, rhizomes without periderm and periderm of rhizomes of R. rosea (year 4) cultivated in CSBG
(Novosibirsk, Russia). Data are presented as mean values with confidence intervals (p < 0.05).

5.5% for rhizomes, and 0.5—3.3% for roots (Peschel
et al., 2015). CA is not considered in the quality control
of R. rosea, although this compound is usually found in
samples. In the samples studied, it accounts for up to
58% of the total phenylpropanoid content. In studies by
Peschel et al. (2015), CA accounts for about 20% of the
phenylpropanoid content in R. rosea samples.

According to our data, the phenylpropanoid con-
tent increases with plant age. In all the studied sam-
ples, phenylpropanoid content in rhizomes exceeded
that in roots. The highest phenylpropanoid content
was recorded in rhizomes of the 4-year-old plants:
1.02% rosarian, 2.64% rosavin, 1.05% rosin, 3.39% CA.
It was found that the rosavin content in rhizomes of the
4-year-old R. rosea plants introduced into the forest-
steppe zone of Western Siberia (2.64%) corresponds to
its content in wild R. rosea plants confined to Altai
Mountains (2.5% according to Kurkin, 1985). It was
also shown that the ROS—CA ratio changes with plant
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age: a shift towards ROS was observed in rhizome and
that towards CA was found in roots. In all the studied
samples, CA prevailed among phenylpropanoid and
rosavin prevailed among ROS. According to other
studies, the main component of the phenylpropanoid
profile in both wild and cultivated R. rosea is rosavin
(Wiedenfeld et al., 2007; Altantsetseg et al., 2007;
Peschel et al., 2015). At the same time, Wiedenfeld et al.
(2007) reported that one of the R. rosea plants collected
in Mongolia (2002) did not contain rosavin and CA,
which was attributed to poor climatic conditions.

It was shown that in the conditions of plant intro-
duction in the forest-steppe zone of Western Siberia,
an increase in the biomass of underground parts of
R. rosea with plant age is mainly due to rhizome (rhi-
zom—root ratio is 1 : 0.58). The FW of rhizomes and
roots of the 4-year-old plants was 117.7 g, which is
approximately 2-fold greater than that of R. rosea
growing in Altai Mountains. According to Kim (1999),
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R. rosea exhibited high biological productivity in the
introduction conditions. In some experiments, the
biomass of the introduced 4—5-year-old plants of
R. rosea exceeded the biomass of wild plants 10 fold.
We found that the rhizome particulation occurs in 4-
year-old plants. According to Zaprometov (1993), the
localization of glycosides in the underground parts of
R. rosea is probably associated with their participation
in the formation of lignin and suberin. CA and its oxi-
dation products are involved in the creation of a three-
dimensional structure of lignin. This is important for
vegetative propagation of R. rosea through rhizome
breaking or particulating, which is often observed in
wild (Frolov and Poletaeva, 1998).

Histochemical methods are fast and cheap and can
be used to identify bioactive classes of compounds in
tissues and cell compartments (Matias et al. 2016).
Interpretation of histochemical results allows compar-
ison of plant parts, species or materials from different
habitats or seasons (Coelho et al., 2012; Adams et al.,
2013). Our histochemical studies confirm the presence
of phenolic compounds in rhizomes and roots of
R. rosea, which are localized in parenchymal and vas-
cular tissues. We additionally evaluated the content of
phenolic compounds in the rhizome periderm. The
content of ROS and CA in the rhizome periderm was
high, and the ROS—CA ratio was similar to that in the
rhizome. Histochemical studies revealed the presence
of phenolic compounds only in the cells of the paren-
chyma adjacent to the periderm. For periderm cells, a
ferric chloride test for phenolic compounds was nega-
tive. The presence of phenylpropanoids in the ana-
lyzed periderm is probably associated with the partial
presence of rhizome parenchyma cells in the studied
samples.

CONCLUSION

HPLC was employed to isolate 11 phenolic com-
pounds, including gallic acid, rosarin, rosavin, rosin,
cinnamyl alcohol, rhodiosin, rhodionin, and kaemp-
ferol. The highest PP content was found in rhizomes of
the 4-year-old R. rosea plants: 1.02% rosarin, 2.64%
rosavin, 1.05% rosin, 3.39% CA. Analysis of the phen-
ylpropanoid profile showed that cinnamyl alcohol
prevailed in all the studied samples (up to 58%). His-
tochemical studies confirm the presence of phenolic
compounds in R. rosea roots and rhizomes, which are
localized in the parenchymal and vascular tissues. It
was shown that the total rhizome biomass exceeded
that of the root, and after 4 years of cultivation, it
exhibited a 2-fold increase in dry weight. The study
has shown high biosynthetic potential and biological
productivity of R. rosea plants of Altai Mountains eco-
type upon introduction in the forest-steppe zone of
Western Siberia.
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