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ABSTRACT
Rhodiola quadriﬁda is a rare mountain medicinal plant whose root extracts are used in traditional Chinese medicine as a hemostatic, antitussive, and tonic in the treatment of gynecological diseases. The aim of the study was to
obtain R. quadriﬁda cultures at different degrees of differentiation in vitro and compare their growth characteristics and the content of salidroside and rosavin. Hairy roots were obtained by incubating cotyledons and hypocotyls in a suspension of Agrobacterium rhizogenes strain A4. The presence of the rolB and rolC genes was proven
by polymerase chain reaction. The obtained roots were cultivated in Murashige-Skoog medium (MS). Calluses
were obtained from the hairy roots in MS medium with the addition of hormones: 3 mg/L 2,4 D and
0.5 mg/L BAP. The presence of the main secondary metabolites of R. quadriﬁda, salidroside and rosavin, in calluses and salidroside in hairy roots by HPLC/MS was conﬁrmed. The content of salidroside in callus culture was
signiﬁcantly higher than in hairy roots, 0.158 and 0.047%, respectively. The content of rosavin in callus culture was
0.07%. The content of rosavin and salidroside in callus culture was close to the level of these substances in the rhizomes of R. quadriﬁda plants growing in vivo, making this culture promising for its possible biotechnological use.
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1 Introduction
Rhodiola quadriﬁda belongs to the Rhodiola genus, which includes about 90 species [1]. The area of its
growth is limited to the highlands of the Altai Mountains in Mongolia and China. R. quadriﬁda is listed in the
Red Books of many constituent entities of the Russian Federation and needs protection [2]. This species
reproduces both vegetatively and generatively in nature. The seed productivity and survival rate of young
R. quadriﬁda plants are low. Root extracts of R. quadriﬁda have a wide range of pharmacological effects.
They are used in traditional Chinese medicine as a hemostatic, antitussive, and tonic in the treatment of
gynecological diseases [3–5]. R. quadriﬁda increases physical endurance, improves memory, learning
ability, and treats burns and bruises [6].
The medicinal properties of plants of the Rhodiola genus, including R. quadriﬁda, are due to the
presence of a number of biologically active substances that have been identiﬁed by numerous in vitro and
in vivo studies. The main ones are phenylethanoids (tyrosol and salidroside) and phenylpropanoids
This work is licensed under a Creative Commons Attribution 4.0 International License, which
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(cinnamyl alcohol glycosides-rosin, rosavin, rosarin). They are products of the shikimate pathway. However,
their synthesis diverges at the level of aromatic amino acids: Tyrosine for phenylethanoids, and
phenylalanine for phenylpropanoids. Glycosylation of tyrosol leads to the formation of salidroside, and
glycosylation of cinnamon alcohol leads to the formation of rosin—its glycoside, from which rosavin and
rosarin are formed by combining with arabinopyranose and arabinofuranose, respectively [7]. The levels
of salidroside and rosavin content are used as one of the criteria for assessing the quality of raw
materials [8,9].
R. quadriﬁda is classiﬁed as a low-potential species for introduction due to its narrow adaptability to
speciﬁc habitat conditions [2]. Preserving R. quadriﬁda in nature and ﬁnding alternative methods for
obtaining plant materials is necessary for the needs of traditional medicine and pharmacology. The
solution to this problem is to use biotechnological approaches. Plant biomass can be grown in vitro in the
form of undifferentiated cultures: suspensions, callus cultures, differentiated structures, including hairy
roots. There is only one study that has described the preparation of a callus culture of R. quadriﬁda and
also determined the content of salidroside, one of the most valuable secondary metabolites [10]. There are
no publications devoted to the production and study of the hairy roots of this plant species. The level of
synthesis of biologically active substances can signiﬁcantly vary in differentiated and undifferentiated in
vitro cultures. At the moment, there are no published data that compare the characteristics of callus
culture and root cultures of R. quadriﬁda or other representatives of this genus. That comparison is
needed to ﬁnd the most promising system for biotechnological use and to study the mechanisms of the
formation of phenolic compounds in plants of the Rhodiola genus. The purpose of this study was to
obtain hairy roots and callus culture of R. quadriﬁda, analyze their growth characteristics, determine and
compare the level of the main physiologically active secondary metabolites, salidroside and rosavin.
2 Materials and Methods
2.1 Plant Material
Seeds were used as start material for the in vitro preparation of Rhodiola quadriﬁda (Pall.) cultures. The
seeds of Rhodiola were sterilized with a 0,1% diocide solution (composition: Ethylmercuric chloride,
cetylpyridinium chloride) for 10 min to obtain an aseptic material. Then they were repeatedly washed
with sterile distilled water and transferred for germination in Petri dishes in Murashige-Skoog (MS)
medium [11].
2.2 Bacterial Culture
The wild strain of Agrobacterium rhizogenes ATCC 15834 was used to obtain the hairy roots culture of
R. quadriﬁda. The Agrobacterium suspension culture was grown in YEB liquid medium [12] for 24 h at 23°C
on a circular shaker (amplitude 5−10 cm, rotation speed 90 rpm) before the transformation of the
plant material.
2.3 Experimental Design
The hairy roots of R. quadriﬁda were obtained as it was described previously [13]. The explants
(cotyledons and hypocotyls) were incubated in Agrobacterium suspension for 12 h, then they were
transplanted into fresh MS medium with the addition of 500 mg/L cefotaxime (Claforan, Great Britain).
The explants were transplanted every three days until the complete elimination of the Agrobacterium. The
appearance of primary roots was observed 14–28 days after transformation. They were separated and
transplanted onto agar MS medium with 250 mg/L cefotaxime. The obtained roots were placed in liquid
MS medium (the ratio of the volume of the ﬂask and the medium was 100:20) with 250 mg/L cefotaxime
after two passages on the MS medium with agar addition (Fig. 1). After four weeks of cultivation, hairy
roots were transferred to medium without antibiotics. The cultivation cycle was four weeks. The plant
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material was cultured in darkness at the temperature of 23°C in the shaker at a rate of 90 rpm. The callus
culture was obtained from roots stably growing for 12 months (Fig. 1). For this purpose, the roots were
placed in MS medium with the addition of 3 mg/L 2,4-dichlorophenoxyacetic acid (2,4-D, Merck,
Germany) and 0.5 mg/L 6-benzylaminopurine (BAP, Merck, Germany). Nutrient media with the same
hormone content have previously been successfully used to build up the callus cultures of other
Rhodiola species [14].

Figure 1: Hairy roots (A) and callus culture (B) of R. quadriﬁda. Scale bar = 1 cm
The callus culture was formed on the 14th day of cultivation. They were separated and transplanted to a
fresh nutrient medium. Callus culture cultivation was carried out in a medium of the same composition. The
cultivation cycle was four weeks. The callus cultures were cultured in the dark at 23°C.
The obtained roots and callus culture were tested for the presence of the rolB, rolC, rolD, and VirD genes
by polymerase chain reaction (PCR) using the speciﬁc primers with the following oligonucleotide sequences
(Litekh, Russia) for PCR reactions: The rolB gene (D:GCTCTTGCAGTGCTAGATTT, R:GAAGGTG
CAAGCTACCTCTC); the rolC gene (D:CTCCTGACATCAAACTCGTC, R:TGCTTCGAGTTATGG
GTACA); the rolD gene (D:CATCTGCAACTGAGCGTGTG, R:TGTCTGATAGGGAGGAACGA); the
VirD gene (D:ATGTCGCAAGGCAGTAAGCCC, R:GGAGTCTTTCAGCATGGAGCAA). The PCR
ampliﬁcation (25 µl) mixture included 40 ng template DNA, 70 mM Tris-HCl (pH 8.6), 16.6 mM
(NH4)2SO4, 0.0125% Cresol Red, 6.25% glycerol, 0.25 mM of each primer, 2U Taq DNA-polymerase,
0.2 mM of each dNTP, and 2.5 mM MgCl2. The thermal cycling program consisted of an initial denaturing
step of 94°C for 2 min, followed by ﬁve cycles: Denaturation of 94°C for 20 s, annealing of 60−65°C for
10 s, elongation of 72°C for 10 s; 35 cycles: Denaturation of 94°C for 5 s, annealing of 60−65°C for 5 s,
elongation of 72°C for 5 s, and ﬁnal elongation step of 72°C for 2 min. The PCR products were separated
by electrophoresis in a 2% agarose gel electrophoresis with 0.01% ethidium bromide in 1X TBE buffer.
To characterize the growth of hairy roots and callus culture, we used the growth index (I), which was
calculated using the following formula:
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where Xmax is the highest raw weight level achieved by the culture (g), and X0 is the starting raw weight of the
culture (g). The initial weight of the roots and calluses was 0.5 g. The selection was carried out every week.
Graphs and tables show the average arithmetic values of growth parameters from three to four biological
repetitions for each variant.
2.4 Phytochemical Analysis
2.4.1 Extraction and Preparation of Samples for HPLC-MS Analysis of Flavones
Sampling for the determination of salidroside and rosavin content was carried out at the end of the
culture cycle (stationary growth phase). For HPLC analysis, lyophilized biomass samples were extracted
with 75% ethanol (biomass: extractant ratio 1:100) according to a previously described method [15] in an
FS14H ultrasonic bath (Fisher Scientiﬁc, United States) for 90 min, then 1 ml of the extract was taken
and centrifuged for 15 min at 8000 rpm. After centrifugation, the 0.5 ml supernatant was transferred to a
1.5 ml Eppendorf tube and used for HPLC.
2.4.2 HPLC-MS Identiﬁcation of Salidroside and Rosavin
The content of salidroside and rosavin in extracts of hairy roots and calluses of R. quadriﬁda was
determined by high-performance liquid chromatography coupled with mass spectrometric detection. To
avoid the broadening of chromatographic peaks, 150 μl of deionized water was added to 50 μl of the
extract, and therefore, a dilution factor of 1:3 was further used in calculations. After dilution, 5 μl of the
extract was injected into an Agilent 1200 HPLC (Agilent Technologies, USA), and a 150 * 2 mm Agilent
Pursuit XRs C18 column (Agilent Technologies, USA) with a particle size of 5 μm was used for
separation. The separation was carried out in a gradient mode; deionized water was used as phase A, and
methanol (Applichem, Germany) was used as phase B. The signal for salidroside and rosavin was
recorded using a 5500 QTRAP triple quadrupole mass spectrometer in the electrospray ionization mode
(Sciex, USA), registration of negatively charged ions, multiple reaction monitoring (MRM).
For each substance, two MRM transitions were set: m/z 299.1 → 119.0, 299.0 → 89 for salidroside, m/z
427 → 293, 427 → 149 for rosavin. Linear calibration curves ranging from 1.56 to 50 ng/ml were
constructed by analyzing salidroside (Sigma-Aldrich, Switzerland) and rosavin (Sigma-Aldrich,
Switzerland) standard solutions in a water-methanol mixture (1:3).
2.5 Statistical Analyses
Statistical data processing was performed using the Microsoft Excel program. Arithmetic average
parameter values are outlined in the text. Bars on the diagram correspond to maximum values of the
conﬁdence intervals with a 95% probability level according to the Student t-criterion. All experiments
were carried out in three replications.
3 Results and Discussion
The ﬁrst works on in vitro culture establishment of representatives of the Rhodiola genus date back to the
late twentieth and early twenty-ﬁrst centuries. The Rhodiola genus is numerous, and most of its species are in
demand in medicine and pharmacology. However, there are currently few publications on its in vitro culture
establishment. According to the number of publications, species of the genus Rhodiola are distributed in the
following order: R. rosea, R. crenulata, R. sachalinensis, R. kirilowii, and R. quadriﬁda [16]. Most of
the above works to study callus cultures [16–19]. At the same time, the obtaining of in vitro cultures
of the Rhodiola genus is still actual. The ﬁrst study of Agrobacterium rhizogenes-mediated transformation
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of the Rhodiola genus (R. sachalinensis) was in 2007 and then was obtained hairy roots of R. kirilowii and R.
rosea [20–23]. It was shown that the frequency of the hairy roots formation ranges from 9.0% to 94.7%
because it depends on the type of explant (roots, stems, leaves, and cotyledons), Agrobacterium strain,
illumination, species of the Rhodiola genus and region where the plants were collected [20–23].
Interestingly, the R. rosea plants from Russia were difﬁcult to transform [20]. The hairy roots of R.
quadriﬁda were obtained and characterized ﬁrstly in our work, as we known. The special features of our
method for obtaining the hairy roots were long-term incubation of explants in Agrobacterium suspension
(12 h) and their subsequent cultivation on MS agar medium with the addition of the antibiotic.
In contrast, other authors used a short period of incubation of explants in Agrobacterium suspension
(20–30 min), followed by its cultivation on agar medium without the addition of antibiotic for 48–72 h,
then the explants were moved on medium with addition of antibiotic [20–22].
As a result of the transformation of 10 cotyledons and 15 hypocotyls, 4 explants with roots were
obtained from hypocotyls. Hairy roots were not obtained from cotyledons. Thus, the method we used is
quite effective and allows us to obtain hairy roots with a limited number of explants. The resulting
culture of R. quadriﬁda hairy roots grew rapidly (Fig. 2). The growth index of hairy roots at the end of
the cultivation cycle was 8.3. The callus culture initiated from the hairy roots of R. quadriﬁda on MS
medium with the addition of 3 mg/L 2,4 D and 0.5 mg/L BAP grew slower (Fig. 2). Their growth index
at the end of the cultivation cycle was 4.8.

Figure 2: Growth index of hairy roots and callus culture of R. quadriﬁda that were cultured in vitro for ﬁve
weeks. Hairy roots were cultured in liquid MS medium without hormones, and calluses were cultured on agar
MS medium with 3 mg/L 2,4-D and 0.5 mg/L BAP. Bars represent means ± conﬁdence intervals (n = 4) with
a 95% probability level according to the Student t-criterion
Representatives of the Rhodiola genus grow rather slowly in natural conditions [24,25]. There is no
published data on the growth rate of R. quadriﬁda, but it is known that the conditions for its growth are
more extreme, and it grows more slowly than R. rosea. In our experiments, at the end of the culture cycle
(4 weeks), the mass of hairy roots was 9.3 g/per ﬂask which is equal to the growth of cultivated plants of
Rhodiola rosea.
PCR analysis was performed to prove the transgenic nature and the absence of Agrobacterium
contamination of hairy roots and callus culture initiated from them after several cycles of culturing them
on an MS medium with cefotaxime. There was no contamination of the in vitro cultures with
Agrobacterium since DNA isolated from the roots and callus cultures did not contain the VirD gene
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(Fig. 3). It was shown that the cultures obtained had PCR fragments of the expected length for rolC and rolD
by PCR analysis with primers for Agrobacterium oncogenes (rolB, rolC, and rolD). This indicated the
transgenic nature of the obtained hairy roots and callus cultures initiated from them.

Figure 3: PCR products of the ampliﬁcation of the rolB, rolC, rolD, and VirD primers in hairy roots and
callus cultures of R. quadriﬁda and A. rhizogenes strain 15834. M: DNA marker (100 bp ladder). The
presence of rolC and rolD genes and the absence of the VirD gene in callus cultures and hairy roots are
shown. The presence of all four genes was indicated in Agrobacterium
The main biologically active substances of the Rhodiola genus are phenylethanoids (tyrosol and
salidroside) and phenylpropanoids (rosin, rosavin, rosarin). The study of the content of salidroside and
rosavin in different organs is mostly studied in the Rhodiola genus, R. rosea. It is shown that salidroside
can be found both in the aerial part of the plant (shoots) and in the underground (rapidly growing roots
and rhizomes), but the content is higher in plant storage organs (rhizomes) [25,26]. Rosavin was found
exclusively in the underground part; small quantities were found in the roots and much more in the
rhizomes [25]. It should be noted that in some studies, rosavin was not detected in the growing roots of
R. rosea [26]. In other studies that compared two types of underground organs, R. rosea had a
signiﬁcantly lower content of rosavin (27 times) in well-growing roots than in storage rhizomes [27]. In
our study, we conﬁrmed the presence of the main secondary metabolites of R. quadriﬁda, salidroside and
rosavin, in callus cultures and only salidroside in hairy roots by using HPLC/MS (Fig. 4). The presence
of rosavin in the callus culture of R. quadriﬁda but not in the hairy roots is probably because its
formation, unlike salidroside, occurs in tissues similar to the storage organs of plants, i.e., with slow
growth and low level of differentiation. It should be noted that similar conﬁnement of the synthesis of
certain substances of secondary metabolism to unorganized growing tissue has been described for
Dioscorea species and other cultures [28,29].
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Figure 4: HPLC-MS chromatogram of 70% ethanol extract R. quadriﬁda hairy roots (A) and callus culture (B)
The content of salidroside and rosavin in the rhizomes of R. quadriﬁda сompared to R. rosea was
signiﬁcantly lower and amounted to 0.016−0.45% and 0.076−0.19% by dry weight, respectively [2]. In
the work of Sheng et al. [10] the content of salidroside in callus tissue was also similar to its level in wild
plants and amounted to 0.28%. In our study, the cultures obtained in vitro signiﬁcantly differed in the
content of the studied phenolic compounds. In callus cultures, the content of salidroside was
0.142−0.158% and rosavin was 0.041−0.047%. The content of salidroside in callus cultures resembled
the level of these substances in the rhizomes of plants growing in natural conditions, which makes this
culture promising for its biotechnological use. The salidroside content was signiﬁcantly lower in hairy
roots, 0.058−0.071%. The result may have several reasons. Firstly, growth inhibition is combined with
slowing down protein synthesis, which promotes the use of free aromatic amino acids for secondary
metabolism [30]. Therefore, in callus cultures, there was a higher salidroside content than in hairy roots.
It may be associated with slower growth of callus culture. Secondly, the reason for the differences we
noted in the synthetic ability of the obtained hairy roots and the callus culture initiated from them may be
the inﬂuence of the hormones that were included in the callus cultivation medium to induct callus culture.
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Phytohormones can have a direct effect on the direction of biosynthesis pathways. For example, cell cultures
of different types of Digitalis could form glycosides only in the presence of 2,4-D. It was found that a
medium with 2,4-D contributed more than others to the formation of diosgenin when the culture of
Dioscorea deltoidea cells had been analyzed [31,32]. When the object was another representative of the
Rhodiola genus, R. sachalinensis, a signiﬁcant increase in the content of salidroside with the addition of
2,4-D compared with other hormones (6-benzylaminopurine, indole-3-butyric acid) was seen [33].
However, it was pointed out in the same paper that an increase in salidroside content was possibly
associated with slower growth of the culture in the medium with the addition of 2,4-D [34]. The level of
expression of the phenylpropanoid pathway genes (phenylalanine ammonia-lyase, cinnamate 4hydroxylase, caffeate/5-hydroxyferulate O-methyl-transferase) was studied, and an increase in their
expression was shown when 2,4-D was added [34]. This proves that 2,4-D can affect the biosynthesis of
phenolic compounds, not only indirectly through growth retardation, but also through a change in the
expression of the most important genes for their synthesis.
4 Conclusions
Thus, in our work, the hairy roots of R. quadriﬁda were obtained and characterized for the ﬁrst time.
Moreover, its growth characteristics and ability to biosynthesize the main phenolic metabolites
(salidroside and rosavin) of hairy roots and the callus culture initiated from them were compared. It was
shown that the hairy roots of R. quadriﬁda have a growth index two times greater than the callus culture.
However, the callus culture had a better biosynthetic ability than the hairy roots. In addition, rosavin was
not registered in the hairy roots. The identiﬁed differences could be related to enzymes of the rosavin
synthesis pathway only being in tissues similar to the storage organs of R. quadriﬁda plants and the
presence of 2,4-D in the medium for obtaining and growing the callus culture. The presence of 2,4-D
could indirectly affect the biosynthesis of phenolic compounds by slowing down tissue growth, and
directly by changing the expression level of the phenylpropanoid pathway genes, which requires further
study. The content of salidroside in the callus culture is close to its level in the rhizomes of R. quadriﬁda
plants growing in natural conditions making this culture promising for its biotechnological use.
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