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Abstract—The morphogenetic potential of in vitro culture of the valuable medicinal plant Rhodiola rosea from
six natural habitats was evaluated as a basis for developing effective methods for the reproduction and conser-
vation of the rare species. The influence of different quality seeds from different habitats on germination in
vitro, the dependence of the regenerative capacity of R. rosea shoots on the concentration and combination
of 6-benzylaminopurine (BAP) and o.-naphthylacetic acid (NAA), and the effect of shoot precultivation on
media with growth regulators on the development parameters of regenerants on a hormone-free medium
1/2 MS were studied. The dependence of in vitro germination of R. rosea seeds on the habitat of samples and
shelf life is shown. It was noted that the introduction of growth regulators into the nutrient medium led to an
increase in the multiplication factor by 1.9—2.8 times and a decrease in the height of the shoots by 2.4—
3.3 times. Variant no. 2 from Sakhalin oblast was characterized by the highest average shoot height and breed-
ing rate. For variant No. 4 from Kamchatka krai, various morphogenic reactions (sprouting, callus formation,
and flowering of plants) have been noted in an in vitro culture. For all studied variants, 100% rooting on a
1/2 MS medium is typical. For variants nos. 1 and 5, the positive effect of precultivation of explants on media
containing 1 mg/L BAP alone or in combination with 1 mg/L NAA is shown to obtain optimal indicators of
rhizogenesis and the development of regenerants. Significant differences in the parameters of growth and
development of explants in in vitro culture depending on the composition of the nutrient medium and habitat

of R. rosea are shown.
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INTRODUCTION

Rhodiola rosea L. (golden root) is an herbaceous
perennial plant of the family Crassulaceae, widely dis-
tributed in the arctic and mountainous regions of
Europe, Asia, and North America, as well as on the sea
coasts of the Arctic Ocean and the Far Eastern seas.
The species R. rosea is included in the Red Book of the
Russian Federation (Krasnaya kniga, 2008); it has the
status of a rare and vulnerable species in many Euro-
pean countries, the United States, and Canada
(according to the IUCN classification).

About 140 components were found in the under-
ground part of R. rosea, the most valuable of which are
salidroside and rosavin (Ahmed et al., 2015). Due to
the increase in market demand, the high rate of
removal of plants from the natural habitat, reduction
of the habitat of Rhodiola rosea in different countries,
and programs for the in situ and ex situ preservation of
the species are extremely important.
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When developing approaches for the ex situ repro-
duction of rare and endangered species of plants from
seeds, it is necessary to have knowledge of the features
of their biology and ecology. It is important to take into
account characteristics such as different quality and
rhythms of seasonal seed germination (Tkachenko,
2009). According to literary data, it is known that the
seeds of golden root are characterized by variability in
terms of morphological features and heterogeneity in
terms of quality indicators, including germination and
germination energy (Kim, 1999).

During the in vitro reproduction of the golden root,
it has been shown that callusogenesis, organogenesis,
and regeneration are influenced by various factors,
including the composition of the nutrient medium and
the type of explant (Furmanowa et al., 1995; Ishmura-
tova, 1998; Yin et al., 2004; Hai-jun et al., 2006;
Tasheva, Kosturkova, 2010; Erst et al., 2018). It is
known that the golden root requires nutrient media
optimization, depending on the habitats of the plants
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Table 1. Ecological and geographical characteristics of the collection sites of the studied samples of Rhodiola rosea

Natural area/altitudinal | Variant Collection site Coordinates Altitude
belt no. a.sl., m
Coniferous and decidu- 1 Sakhalin Region, Kunashir Island, Yuzhno-Kurilsk, on N 44°01.704’, 30-50
ous forests the rocks by the sea E 145°51.476
2 Sakhalin Region, Sakhalin Island, Korsakovsky District, | N 46°12.365’, 15-50
the west coast of the Tonino-Aniva Peninsula at Tri Brata | E 143°25.401"
Cape, cliffs and rocky slopes along the seashore and in the
glen by the river
3 Sakhalin Region, west of Sakhalin Island, Uglegorsk Dis- | N 48°47.400’, 30-50
trict, Tatar Strait coast, Cape Lamanon, on the damp E 141°51.325
rocks of the northern exposure above the deep shallow
Forest tundra 4 Kamchatka Krai, Penzhinsky district, Parapolsky dol, val-| N 61°24.592’, 66
ley of the Ichigininvayam River, lichen wasteland on E 165°02.116"
sandy—pebble sediments
Middle taiga/mountain 5 Kamchatka Territory, Ust-Kamchatka District, Kly- N 55°57.278’, 929
forest belt uchevskaya group of volcanoes, Ploskaya volcano, E 160°14.061"
“Kopyto” tract, bank of a dried-up stream and slopes
along the edge of the forest of Betula ermanii
Subalpine belt 6 Altai Republic. Southern slopes of the Iolog ridge. Karakol| N 51°29.0’, 1800—2000
lakes E 86°23.0

from which the explants were isolated. Ishmuratova
(1998) showed that liquid nutrient mediums are pref-
erable for R. rosea plants from wet habitats and solid
agar nutrient mediums, containing from 0.45 to 0.6%
agar, are preferable for plants from dry and moderately
moistened habitats. Based on the analysis of literature
data, Tasheva and Kostyurkov (2010) note that the
optimal concentrations of cytokinin 6-benzylamino-
purine (BAP) for plants in the Altai population of
R. rosea were 10—15 times higher than for the species
from Tibet. However, a comparative analysis of the
regenerative in vitro capacity of R. rosea from different
habitats of the Asian part of Russia, depending on the
concentration and combination of growth regulators,
is not given in the literature.

The aim of the study is to identify the morphoge-
netic potential of R. rosea in six habitats in in vitro cul-
ture as the basis for the development of effective meth-
ods for the reproduction and preservation of the species.

MATERIALS AND METHODS

The seeds of Rhodiola rosea selected in 2015 and
2016 from six different places of growth (variants #1—6)
are used for the study (Table 1).

The in vitro cultivation of the golden root was car-
ried out in the Laboratory of Biotechnology of the
Central Siberian Botanical Garden (CSBG) at the
Siberian Branch, Russian Academy of Sciences (SB
RAS), in Novosibirsk. Sterile work was performed
under laminar boxing conditions (Lamsystems, Rus-
sia). The surface sterilization of R. rosea seeds was car-
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ried out according to the following scheme: the seeds
were immersed in 70% alcohol for 30s, then in a 20%
Domestos solution (sodium hypochlorite) for 20 min
(orbital shaker, 100 rpm), followed by washing three
times in sterile distilled water. For in vitro seed germi-
nation, 0.6% aqueous solution of agar (Spain) was
used. Seeds were introduced into a culture in 2017.

The apical buds of seedlings were used as explants
for in vitro reproduction. Murashige and Skoog (MS)
was the main culture medium for -cultivation
(Murashige and Skoog, 1962). At the stage of shoot
multiplication, the nutrient medium was supple-
mented with BAP at a concentration of 0.5 and
1 mg/L in combination with NAA (o-naphthylacetic
acid) 0.5 and 1 mg/L or without auxin. Half the com-
position of the MS medium (1/2MS) was used for
rooting. The influence of growth regulators used at the
stage of micropropagation (precultivation) on the
parameters of growth and development of regenerants
during one passage was also evaluated on this medium.
The source of carbohydrates was sucrose (30 g/L) and
the pH of the medium before autoclaving was adjusted
to 5.8. The duration of the passage was 30—35 days.

The explants were cultivated in the following con-
ditions: photoperiod: 16/8h of light/dark; illumina-
tion: 2—3 klx: and temperature: 24 + 1°C. Seeds were
germinated on a photoperiod of 16/8 h of light/dark.

To study the different quality of seeds, the follow-
ing indicators were taken into account: seed length
(mm), seed width (mm), elongation coefficient, and
seed area (mm?). For studying the in vitro morpho-
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Table 2. Characteristics of Rhodiola rosea seeds from different habitats

% of germination
Variant no. | Collection year Seed area, mm? | Seed length, mm | Seed width, mm | Elongation factor
3 days | 6 days
1 2015 15 15 0.49 £ 0.14 1.32+£0.17 0.55£0.09 0.43 £ 0.05
2 2015 7 7 0.64 +0.09 1.67 £ 0.13 0.58 £0.06 0.35£0.04
3 2015 10 12 0.60 = 0.11 1.74 £ 0.19 0.53 £ 0.07 0.32 £ 0.05
4 2016 80 87 0.53 £0.08 1.48 £ 0.13 0.52 +£0.06 0.37 £ 0.05
5 2016 81 89 0.52 £0.14 1.58 + 0.30 0.50 = 0.10 0.34 £ 0.07
6 2016 32 52 0.85+0.16 2.01 £0.23 0.68 + 0.06 0.35%£0.05

genesis, the following factors were taken into account:
the multiplication factor—number of developed shoots
in one explant (pcs./exp.), shoot length (mm), rooting
frequency (%), and average length of roots (pcs./exp.).

When calculating germination, seeds that germi-
nated cotyledons were considered germinated. Germi-
nation energy (%) was calculated on the 3rd and ger-
mination rate (%) on the 6th day of cultivation. The
interval for calculations was chosen experimentally,
since there is no GOST for seed germination indica-
tors of R. rosea.

Statistical processing of the results and analysis of
the data were performed using Microsoft Excel 7.0 and
STATISTICA 6.0 (LSD test, ANOVA). All experiments
were performed in two replications with 20—30 explants
in each replicate. Data are presented as mean values and
confidence intervals (p < 0.05).

The processing of images of seeds was carried out
using the SIAMS Photolab system for obtaining and
processing images at the Central Clinical Center at the
CSBG SB RAS).

RESULTS
In Vitro Seed Germination

As aresult of the study, the variability of R. rosea seed
size associated with the geographical distribution of
populations was revealed: the seeds of Far Eastern sam-
ples were significantly smaller than seeds from the
Republic of Altai. They differed in length most signifi-
cantly: 1.2—1.5 times, the width of the seeds was more
stable: the differences were up to 1.2 times. The maxi-
mum seed size was typical for variant 6 of golden root
from the Republic of Altai (0.85 £+ 0.16 mm?) and the
smallest was for variant 1 from Kunashir Island (0.49 +
0.14 mm?) (Table 2). At the same time, a decrease in the
absolute sizes of seeds is largely associated with a reduc-
tion in their length (elongation factor 0.43 * 0.05).

During in vitro seed germination, it was found that
the reduction in germination depends on the shelf life.
After 2 years of storage, germination did not exceed
15%, whereas after one year of storage for Kamchatka
plants, germination was 87—89 and 52% for samples
from the Republic of Altai. Under in vitro conditions,

the mass germination of R. rosea seeds was observed
on the 3rd day of cultivation.

In Vitro Morphogenesis

We have shown that 100% of the explants were able
to thrive on all tested media. The height of the shoots
and the multiplication factor depended on the nutrient
medium used and the habitat of golden root (Table 3,
Figs. 1, 2). The introduction of growth regulators into
the nutrient medium led to an increase in the multipli-
cation factor by 1.9—2.8 times and a reduction in the
height of the shoots by 2.4—3.3 times for all studied
variants. Variant 2 was characterized by the highest
average shoot height and breeding rate, and variants 4
and 5 by the lowest (p < 0.05).

The largest number of shoots of R. rosea developed
on a medium containing 1 mg/L BAP and 0.5 mg/L
NAA in variant 2 (8 pcs./exp.), and the smallest were
invariant 1 on the same nutrient medium (1.3 pcs./exp.).
In general, an increase in the multiplication factor
should be noted when introducing growth regulators
into the nutrient medium when compared to the con-
trol, but no general patterns were observed for the vari-
ants (Fig. 1).

Variant 4 growing on the control MS medium was
characterized by the highest shoots (45.5 mm). The

Table 3. Growth and development parameters of Rhodiola
rosea in vitro culture, depending on the place of growth of
the parent plants (average values for all nutrient media)

Variant |Number of shoots | Shoot height, |Callusogenesis,
no. per explant mm +/—
1 2.8ab 9.7b —
2 3.1a 18.1a —
3 2.4ab 10.1b —
4 2.1b 17.2a +
5 2.2b 13.0ab —
6 2.8ab 12.2b —
CONTEMPORARY PROBLEMS OF ECOLOGY  Vol. 12 No. 4 2019
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Fig. 1. Change in breeding ratio of Rhodiola rosea from different habitats depending the nutrient medium for cultivation. Note:
the line on the graphs is the average for all habitats. Columns (values) denoted by the same letters are not significantly different

at p <0.05 (LSD-test, ANOVA).

introduction of cytokine BAP, alone or together with
auxin NAA, led to a significant decrease in the height
of shoots for all variants (p < 0.05) (Fig. 2). For vari-
ant 4, in vitro culturing revealed the formation of a
nonmorphogenic callus on the medium supplemented
with 1 mg/L BAP and 0.5 mg/L NAA. The further

CONTEMPORARY PROBLEMS OF ECOLOGY Vol 12

cultivation of callus on nutrient media containing
BAP and NAA did not lead to the de novo regenera-
tion of shoots. In addition, it was among the represen-
tatives of this variant that we observed the flowering of
plants in an in vitro culture at the third passage on all
the test nutrient media (Fig. 3).

No.4 2019
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Fig. 2. Change in the shoot height of Rhodiola rosea from different habitats depending on the nutrient medium for cultivation.
Note: the line on the graphs is the average for all habitats. Columns (values) denoted by the same letters are not significantly dif-

ferent at p < 0.05 (LSD-test, ANOVA).

In Vitro Rooting

For all studied variants of R. rosea, 100% rooting on
1/2 MS medium is typical. The features of the influence
of growth regulators used at the stage of micropropa-
gation on the parameters of plant growth and develop-
ment of the golden root from different populations at
the in vitro rooting stage have been revealed (Tables 4,
5, 6). Therefore, for variant 3, cultivation on a medium
supplemented with 1 mg/L BAP and 0.5 mg/L NAA
with subsequent rooting of shoots in % MS led to a
1.6-time increase in the height of the shoots when
compared to the control (Table 4). For variant 2, the

CONTEMPORARY PROBLEMS OF ECOLOGY Vol 12

opposite tendency, an increase in the height of shoots,
was observed after cultivation on the control MS
medium (Table 4). For variants 1 and 5, the develop-
ment of several shoots on the rooting medium after
cultivation on media with growth regulators is typical
(Table 5). The average root length was longer when
different combinations of growth regulators were used
before the rooting stage. For variants 1 and 5, the max-
imum length of roots is typical for plants that were pre-
viously cultured on medium supplemented with
1 mg/L BAP and, for variants 2 and 4, with 1 mg/L
BAP and 1 mg/l1 NAA (Table 6, Fig. 4).

No. 4 2019
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(a)

(©

Fig. 3. Variant 4 of Rhodiola rosea under in vitro culturing in MS medium, supplemented with 1 mg/L BAP and 0.5 mg/L NAA:
(a) shoot formation, (b) nemorphogenic callus (in section), (c) formation of pistillate flowers, (d) formation of staminate flowers.

DISCUSSION
In Vitro Seed Germination

The differences in germination parameters and ger-
mination energy, depending on the origin of the popu-
lation and cultivation conditions, were previously
shown for seeds of golden root. Ishmuratova and Sat-
syperova (1998) noted that the soil seed germination is
rather low (11-23%) for Rhodiola rosea from Gorny

Altai. For freshly harvested seeds of golden root from
Bulgaria (Rila National Park), in vitro germination was
96% (Tasheva and Kosturkova, 2010). We have identi-
fied differences in the character of in vitro seed germi-
nation of golden root from different habitats. The larger
seeds of variant 6 from the Altai Republic were charac-
terized by a lower percentage of germination. The max-
imum percentage of germination for the studied vari-
ants was observed on the sixth day of in vitro cultivation.

Table 4. The effect of precultivation of Rhodiola rosea explants on different nutrient media on the height of the shoots (mm)

in an in vitro culture after 30 days of cultivation on 1/2 MS

Variant no.
Nutrient medium for pre-cultivation
1 2 3 4 5 6

MS 26.8ab 35.4a 28.2b 25.1a 30.5a 25.4b
BAP 1 mg/L 23.0b 22.7b 32.4ab 27.3a 32.5a 26.5ab
BAP 1 mg/L + NAA 1 mg/L 35.3a 26.9b 25.3b 26.8a 26.6a 32.3a
BAP 1 mg/L + NAA 0.5 mg/L 29.4ab 23.1b 44.3a 30.2a 29.4a 24.5ab
BAP 0.5 mg/L + NAA 1 mg/L 23.7ab 23.7b 26.9b 25.4a 30.1a 26.9ab

CONTEMPORARY PROBLEMS OF ECOLOGY
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[ (a)

(b)

Fig. 4. Rooting of variant 2 of Rhodiola rosea under in vitro culturing in 1/2 MS medium after precultivation on the hormone-free
MS medium (a) and MS medium containing 1 mg/L BAP and 1 mg/L NAA (b).

In Vitro Morphogenesis

Factors such as plant genotype and combination
and concentration of growth regulators in the nutrient
medium were important for the in vitro regeneration
processes of the representatives of the genus Rhodiola.

Table 5. Effect of precultivation of Rhodiola rosea explants
on different nutrient media on the shoot formation (pcs.) in
an in vitro culture after 30 days of cultivation on 1/2 MS

Nutrient medium Variant no.

for precultivation 1121314 5 6
MS 1.0b|1.4a|1.0a{1.0a| 1.0b |1.0a
BAP 1 mg/L 2.7a|1.1a|1.0a|1.0a| 1.9a |1.0a
BAP 1 mg/L + NAA 1 mg/L |2.7a|1.0a|1.0a|1.3a|1.3ab|1.0a
BAP 1 mg/L + NAA 0.5 mg/L|1.3b|1.3a|1.0a|1.1a|1.3ab|1.0a
BAP 0.5 mg/L + NAA 1 mg/L|1.3b|1.3a|1.1a[1.0a| 1.1b |1.0a

Therefore, for R. crenulata and R. yunnanensis, the
combination of 2.5 mg/L BAP and 0.1 mg/L NAA was
optimal, which stimulated shoot formation by 71 and
84%. Nutrient medium containing higher concentra-
tions of auxin NAA (0.5 mg/L) with the same concen-
tration of BAP was used for the reproduction of R. fas-
tigata and R. sachalinesis, and the regeneration was
80%. BAP, IAA, NAA, indole-3-butyric acid (IMC),
and 2,4-dichlorophenoxy acetic acid (2,4-D) are the
most commonly used growth regulators in the cultiva-
tion of golden root. The effect of zeatin, 2-isopentyl-
adenine (2-IPA), kinetin and thidiazuron (TDZ) is
also studied (Tasheva, Kosturkova, 2012). The intro-
duction of benzyladenine or BAP in combination with
NAA turned out to be effective to reproduce the
Tibetan population of golden root, while the content
of cytokinins should exceed the concentration of aux-
ins (Yin et al., 2004). The positive result of sharing
cytokinins and auxins is also shown for other plant
species (Yan et al., 2009; Muraseva et al., 2015). Our

Table 6. Effect of precultivation of Rhodiola rosea explants on different nutrient media on the development of the root sys-
tem (average root length, mm) in an in vitro culture after 30 days of cultivation on 1/2 MS

Variant no.
Nutrient medium for precultivation
1 3 4 5 6

MS 13.4bc 10.3b 13.0a 8.6b 15.2b 10.5a
BAP 1 mg/L 21.5a 7.9b 10.2a 10.3ab 37.9a 12.1a
BAP 1 mg/L + NAA 1 mg/L 15.5abc 16.0a 11.8a 15.7a 30.2a 13.0a
BAP 1 mg/L + NAA 0.5 mg/L 19.3ab 12.2b 12.4a 11.2ab 21.5ab 10.9a
BAP 0.5 mg/L + NAA 1 mg/L 11.5¢ 6.5b 11.9a 12.5ab 24.3ab 12.4a

CONTEMPORARY PROBLEMS OF ECOLOGY Vol 12
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studies also confirm the efficacy of using cytokinin
BAP alone or in conjunction with NAA for the in vitro
reproduction of the R. rosea samples studied. The
morphogenic response of the explants to the introduc-
tion of growth regulators into the nutrient medium
consisted of a significant increase in the multiplication
factor and a decrease in the length of the shoots. The
maximum multiplication factor is marked on MS
medium containing 1 mg/L BAP and 0.5 mg/L NAA
for variant 2 (8 pcs./exp.). For variant 4 (Kamchatka
krai, Penzhinsky district), various morphogenic reac-
tions (shoot formation, callusogenesis, in vitro flower-
ing) were noted. In vitro flowering is considered a
complex process regulated by such factors as plant
growth regulators, a source of carbohydrates, pH of
culturing medium, illumination, etc. (Heylen and
Vendrig 1988; Zhang, 2007). Our study showed that
the primary influence on this process is the origin of
the golden root population, but not the in vitro culti-
vation conditions.

In Vitro Rooting

The success of the in vitro technologies depends
largely on the stage of rooting of microshoots. The
regeneration of roots in different species and varieties
varies and depends both on the ability of plants to per-
ceive the rooting factors and the rooting methods
used. For R. fastigata and R. sachalinesis, effective
rooting was observed on the medium containing IBA
(87 and 73%, respectively). The effectiveness of this
auxin at a concentration of 2 mg/L was shown for
R. rosea (Bae et al., 2012). It is also known that the use
of growth regulators before the rooting stage can sig-
nificantly reduce plant rhizogenesis rates and, vice
versa, rhizogenesis at the stage of shoot multiplication
reduces the reproduction rate (Al-Khateeb, 2008). For
example, for the successful in vitro rooting of Vac-
cinium uliginosum shoots, it is necessary to precultivate
it on a hormone-free medium (Erst et al., 2018). In
addition, it has been shown that the type and concen-
tration of auxins used at the propagation stages pre-
ceding rooting influence the rooting ability of Euca-
lyptus grandis microshoots (Nakhooda et al., 2011). As
a result of our study, it has been shown that micro-
shoots of the studied R. rosea variants are rooted at
100% on a hormone-free 1/2 MS. Moreover, for vari-
ants 1 and 5, the highest rates of growth and develop-
ment of regenerants (number of shoots and root
length) were noted after the preliminary cultivation of
explants on media containing 1 mg/L BAP or 1 mg/L
BAP and 1 mg/L NAA.

CONCLUSIONS

Thus, we have shown the dependence of in vitro
seed germination of Rhodiola rosea on the habitat of
the samples and shelf life. No general patterns of mor-
phogenic response among the studied samples of
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golden root, depending on the growing conditions of
the mother plants and the applied growth regulators,
have been identified. The introduction of growth reg-
ulators into the nutrient medium led to an increase in
the multiplication factor 1.9—2.8 times and a reduc-
tion in the height of the shoots by 2.4—3.3 times. Vari-
ant 2 from Sakhalin oblast (Sakhalin Island) was char-
acterized by the highest average shoot height and
breeding rate. For variant 4 (Kamchatka krai, Pen-
zhinsky district), the formation of a nonmorphogenic
callus on the medium supplemented with 1 mg/L BAP
and 0.5 mg/L NAA is noted. In addition, the flower-
ing of plants was observed in an in vitro culture among
the representatives of this variant. All studied variants
were characterized by 100% rooting on a 1/2 MS
medium. For variants 1 (Sakhalin oblast, Kunashir
Island) and 5 (Kamchatka krai, Ust-Kamchatka dis-
trict), the positive effect of precultivation of explants
on media containing 1 mg/L BAP or 1 mg/L BAP and
1 mg/L NAA for optimal rhizogenesis and the devel-
opment of regenerants was shown. Thus, the results of
our study confirm the intraspecific variability of
golden root and the need to optimize nutrient media
for the cultivation of specific populations of the spe-
cies. Developed biotechnologies can be the basis for
programs to restore the natural populations of this
endangered medicinal species.
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