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Abstract—Rhizogenic, callus, and suspension cultures in vitro were obtained for Digitalis lanata and their
growth, cytophysiological and biochemical characteristics were investigated. The obtained cultures were
characterized by good growth characteristics (growth indexes I in the range of 5–13). Suspension cell culture
had a specific growth rate μ within 0.2–0.3 days–1 and it was characterized by a two-phase growth curve
(growth retardation during the exponential phase). In the obtained cultures, a study of the qualitative and
quantitative composition of secondary metabolites by UPLC-ESI-MS and HPLC-ESI-MS showed the
absence of cardiac glycosides. At the same time, phenylethanoids and steroidal glycosides of the furostanol
type were found in all studied cultures. The total content of phenylethanoids in callus and suspension cultures
was approximately 0.5% of the dry biomass. Based on the results of mass spectrometry, ten phenylethanoid
structures, including digiciliside A, digiciliside B, maxoside, purpureaside E, and their methyl derivatives and
isomers, and also seven furostanol glycosides with aglycones tigogenin and gitogenin were identified. It has
been shown that the composition of secondary metabolites depends on the degree of cell differentiation:
furostanol glycosides were prevalent in a rhizogenic culture consisting mainly of differentiated cells, while the
diversity of phenylethanoids significantly increases in callus and suspension cell cultures consisting of dedif-
ferentiated cells. The results of the study confirm the hypothesis put forward in our previous works about the
specificity of secondary metabolism and its high intensity in plant cell cultures.
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INTRODUCTION

Currently, despite advances in synthetic chemistry,
plants are still used to create many pharmaceuticals
and dietary supplements. At least 25% of all drugs in
industrialized countries contain phytochemical com-
pounds, while in developing countries about 75% of
the population relies exclusively on plant origin
medicinal products [1]. Due to the fact that the popula-
tions of medicinal wild-growing plants are extremely
often reduced due to unregulated procurement of raw
materials and many species are rare and endangered,
there is a search for alternative sources of plant biologi-
cally active compounds. Plant cell, organ and tissue cul-

tures can be considered a promising method for obtain-
ing plant fresh materials with target substances [2].

Digitalis lanata Ehrh., commonly known as woolly
foxglove, belongs to the family Plantaginaceae and is
found in Italy, Hungary, and the Balkans. Genus Digi-
talis is well known in medicine from the 18th century
due to the presence in these plants of cardiac glyco-
sides (cardenolides), which were used to treat cardio-
vascular diseases [1, 3]. Digoxin (the most commonly
used cardiac glycoside in medicine) is obtained from
dried leaves D. lanata because its chemical synthesis is
economically unprofitable. At the present, cardeno-
lides of foxgloves do not play a major role in the treat-
ment of cardiovascular pathologies, but they are
actively considered as promising agents in the treat-
ment of a number of oncological diseases and viral
infections [1, 4].

Cell culture study of Digitalis spp. as a source of
cardiac glycosides began over 50 years ago. It was

Abbreviations: HPLC-ESI-MS—high-performance liquid chro-
matography coupled with electrospray ionization mass spec-
trometry; SIM—selected-ion monitoring; UPLC-ESI-MS—
ultrahigh-performance liquid chromatography coupled with
electrospray ionization mass spectrometry.
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noted in many experimental works that if cardenolides
are even present in small concentrations in callus and
suspension cultures at the initial stages of cultivation,
then their synthesis completely disappears during
long-term cultivation [3, 5, 6]. In turn for leaf and root
cultures in vitro D. lanata, the production of cardiac
glycosides was noted, which indicates a relationship
between the biosynthesis of these compounds with the
processes of morphological differentiation [5, 7, 8]. In
addition, there is evidence that embryogenic cultures
can also accumulate a significant amount of these
compounds [9]. From the analysis of available
sources, it follows that dedifferentiated cells in vitro
foxgloves are incapable of synthesizing cardenolides,
despite the fact that the necessary enzymatic systems
function in them, which confirms their ability to bio-
transformation target compounds when introduced
into the media of various substrates [5, 10].

In almost all works on the study of secondary
metabolism in D. lanata cell cultures, the main atten-
tion is only paid to the presence of cardiac glycosides
in them [3, 5]. At the same time, it is known that intact
plants of this species contain a wide range of secon-
dary metabolites of different groups—steroidal glyco-
sides, digitanols, phenylethanoids, anthraquinones,
flavonoids, many of which have biological activity [4].

The aim of this work was to obtain in vitro Digitalis
lanata cultures with various degrees of differentiation
(rhizogenic, callus and suspension) and study speci-
ficity of their growth and synthesis of secondary
metabolites of varied structural groups.

MATERIALS AND METHODS

To obtain in vitro D. lanata cultures, we used asep-
tic seedlings grown from D. lanata seeds taken from
plants from the Botanical Garden, Faculty of Biology,
Moscow State University.

Seeds were sterilized with a mixture of Tween-20
detergent (Sigma, Germany) and 50% sodium hypo-
chlorite solution (Belizna, Russia), washed with sterile
distilled water, and plated on Petri dishes with
Murashige and Skoog (MS) agar medium [11] without
adding growth regulators. Petri dishes were placed on
racks under f luorescent lamps and germinated at 25 ±
1°C and 16 h of light.

Rhizogenesis was induced on MS agar medium
with α-naphthylacetic acid (α-NAA) and kinetin
(Merck, Germany) (concentration range from 1.0 to
2.0 mg/L) growth regulators using cotyledon leaves or
hypocotyls of aseptic seedlings as explants.

Callus culture was obtained on rhizogenic culture
using growth regulators: α-NAA, 2,4-dichlorophe-
noxyacetic acid (2,4-D), kinetin, and 6-benzylamino-
purine (BAP) (Merck) (concentration range from 0.1
to 2.5 mg/L).
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Cultivation of callus and rhizogenic cultures was
carried out on Petri dishes with a diameter of 60 or
90 mm in the dark at 25 ± 1°C.

To obtain a suspension cell culture, callus culture
was used as explants. Calli were placed in 250 mL
flasks with 33–40 mL of liquid medium, which were
placed on a rotary shaker (100 rpm) and cultured in
the dark at 25 ± 1°C.

For growing the obtaining cultures in vitro, we used
MS medium supplemented with casein hydrolyzate
(0.5 g/L), inositol (0.1 g/L), 3% sucrose, and growth
regulators (α-NAA, 2,4-D, kinetin, BAP). When
growing callus and suspension cell cultures, casein
hydrolyzate was not used.

Micrographs of the suspension cell culture were
made using a ToupCam SCMOS 0.3 Mpix digital
camera (China).

To characterize the growth and physiological state
of D. lanata cultures, we used the level of accumula-
tion of fresh and dry biomass, concentration (number
of cells in 1 mL of suspension) and viability of cells.

The viability of the suspension culture was deter-
mined using the vital dye phenosafranine (0.1% solu-
tion) (Merck) by counting live (unstained) and dead
(stained) cultured units under a microscope [12].

To determine the cell concentration (the number of
cells in 1 mL of suspension) in the suspension culture,
we used cell counting in a Fuchs-Rosenthal hemocy-
tometer after incubation of the suspension in a
20% chromic acid solution at 60°C for 20–30 min [12].

To determine the fresh and dry biomass of callus
and rhizogenic cultures, callus or roots separated from
the nutrient medium were used. For the growth curve,
the weight of one callus or a part of the root culture
was used with a transplant weight of 150 mg ± 30% of
fresh biomass. For each point, at least three calli or
root culture parts were used.

For a suspension cell culture, a fixed volume of sus-
pension (at least 10 mL in two biological replicates)
was filtered under vacuum through a paper filter using
a Buchner funnel [12].

Biomass of all obtained in vitro cultures was dried
in an oven at 50°C for 24 h.

Based on the obtained results, the growth parame-
ters of the suspension culture, such as growth index (I),
specific growth rate (μ), biomass doubling time (τ),
economic coefficient (Y), and biomass productivity (P),
were calculated. The following formulas were used for
calculations [12]:

(1) I = Xmax/X0, where Xmax and X0 are the maxi-
mum and initial values of the growth criterion, respec-
tively (dry weight, fresh weight, cell concentration).

(2) μ = (lnX2 – lnХ1)/(t2 – t1), where X2 and X1 are
the values of the growth criterion (dry weight, fresh
weight, cell concentration) at a point in time t2 and t1,
respectively (calculated for the exponential growth
phase).
URNAL OF PLANT PHYSIOLOGY  Vol. 69:25  2022
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(3) τ = ln2/μ.
(4) Y = (Xmax – Xo)/So, where Xmax and Xo are maxi-

mum and initial concentration of dry biomass (g/L),
respectively, and So is the initial concentration of the
substrate (sucrose) in the medium (g/L of the
medium).

(5) P = (Xi – Xo)/(ti – to), where Xo and Xi are the
amount of dry biomass at the beginning of cultivation
and at the time ti, respectively.

For a qualitative and quantitative analysis of the
composition of secondary metabolites in the studied
cultures, we used ultrahigh-performance liquid chro-
matography coupled with electrospray ionization mass
spectrometry (UPLC-ESI-MS) and high-performance
liquid chromatography coupled with electrospray ioni-
zation mass spectrometry (HPLC-ESI-MS) respec-
tively.

For sample preparation, 100–300 mg dried plant
material (cell or root biomass) was extracted three
times with 70% (by volume) ethyl alcohol for 30 min
under the action of ultrasound (Sapfir ultrasound
bath, Russia) at room temperature and then centri-
fuged (MiniSpin plus centrifuge, Eppendorf, Ger-
many) at 9660 g for 5 min and the supernatant was
taken into a pear-shaped flask. The combined ethano-
lic extracts were evaporated under vacuum at 40°C,
suspended in 3 mL of 5% (by volume) aqueous acetic
acid solution, and loaded onto a Supelclean ENVI-18
solid-phase extraction cartridge (Supelco, United
States). The cartridge was washed with 3 mL of 5%
aqueous acetic acid solution and analytes were washed
into a pear-shaped flask with 3 mL of 70% ethanol. The
resulting extract was evaporated to dryness under
vacuum at 40°C and used for chromatographic analysis.

For UPLC-ESI-MS the samples were dissolved in
a mixture of acetonitrile : water (1 : 1, by volume) and
filtered using a nylon filter with 0.2 μm pores (Acro-
disc, Pall Corporation, United States). UPLC-ESI-MS-
analysis was performed on a Waters Acquity UPLC
chromatograph (Waters, United States) equipped with
a Xevo QTof hybrid quadrupole time-of-flight mass
spectrometer (Waters, United States). A sample in a
volume of 1 μL was loaded onto an ACQUITY UPLC
BEH Phenyl column (50 × 2.1 mm, 1.7 μm; Waters,
United States). The column temperature was 40°С,
the volumetric f low rate of the mobile phase was
0.4 mL/min. A 0.1% (by volume) solution of formic
acid in water (solvent A) and a 0.1% (by volume) solu-
tion of formic acid in acetonitrile (solvent B) were
used as the mobile phase. Chromatographic separa-
tion was performed in the gradient elution mode.
During the analysis, the composition of the mobile
phase changed as follows (B, % by volume): 15% at 0–
1 min, 15 → 30% at 1–5 min, 30 → 38% at 5–15 min,
38 → 45% at 15–15.5 min, 45% at 15.5–23 min, 45 →
95% at 23–23.5 min. The analysis was carried out in
the mode of detecting positive and negative ions
(range m/z 100–1200). Ionization source parameters:
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 69
ionization source temperature of 120°С, desolvation
temperature of 250°С, capillary voltage of 3.0 kV, sam-
ple injection cone voltage of 30 V, nitrogen (desolva-
tion gas) f low rate of 600 L/h. The results were pro-
cessed using the MassLynx software (Waters, United
States). The identification of the compounds was car-
ried out on the basis of interpretation of the mass spec-
tra and comparing the chromatographic and mass
spectrometric behavior of the detected compounds
with the literature data [1, 13–18].

Before the HPLC-ESI-MS analysis, all samples
were dissolved in a mixture of acetonitrile : water (1 : 1,
by volume) and filtered into glass vials using Teflon
filters with 0.45 μm pores CAMEO 17F (GVSS.pA,
Italy). The analysis was carried out on an Agilent 1260
Infinity instrument (Agilent Technologies, United
States) equipped with a mass selective detector (6100,
Agilent Technologies). We used a Poroshell 120 EC-C18
column (100 mm × 3 mm, 2.7 μm, Agilent, United
States) with a temperature of 43°C and mobile phase
flow rate of 0.4 mL/min. The injection volume is
0.5 μL. A 0.05% (by volume) solution of formic acid
(Fluka, United States) in water (solvent A) and aceto-
nitrile (solvent B) were used as the mobile phase.
During the analysis, the composition of the mobile
phase changed as follows (B, % by volume): 5 → 13%
at 0–7.5 min, 13 → 21% at 7.5–9 min, 21 → 31% at 9–
19 min, 31 → 95% at 19–19.5 min, 95% at 19.5–
21.5 min. The analysis was carried out with the detec-
tion of negative ions (range m/z 100–1300, fragmentor
of 90) in the mode of recording signals for certain ions
(SIM mode—“selected-ion monitoring”). Ionization
source parameters were the following: 100°С quadru-
pole temperature, 150°С carrier gas temperature (nitro-
gen), 12.5 L/min nitrogen supply rate (desolvation gas),
2484 Torr nitrogen pressure, 4 kV capillary voltage.

The quantitative determination of the content of
individual phenylethanoid glycosides was carried out
on the basis of HPLC-ESI-MS analysis by external
calibration against a standard sample of echinacoside
(Sigma).

To determine the sensitivity of the HPLC-ESI-MS
method, we used standard samples of lanatoside C
(Sigma), convallatoxin, digitoxin and digoxin (Chro-
maDex, United States) when screening cardiac glyco-
sides in the samples. The minimum detectable con-
centration for solutions of standard samples of cardiac
glycosides was in the range of 0.4–0.8 μg/mL.

Determination of fresh and dry biomass and cell via-
bility was carried out in two to three biological repli-
cates. The number of cells was counted in two to three
biological and two analytical replicates. The qualitative
and quantitative determination of secondary metabo-
lites was carried out in an individual extract without tak-
ing into account biological and analytical replicates.
When quantifying the content of individual phenyleth-
anoid glycosides by the HPLC-ESI-MS method, the
relative standard deviation for the retention times of the
:25  2022
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Fig. 1. (a) Rhizogenic, (b) callus, and (c) suspension cultures of D. lanata.

1 cm 1 cm 50 μm

(а) (b) (c)
compounds did not exceed 5%, while that for the peak
areas of echinacoside was 10%. Data analysis was per-
formed using the Excel program included in the Mic-
rosoft Office 2010. The graphs show the means and
their standard errors.

RESULTS

The first stage of the work was to obtain a rhizo-
genic culture of D. lanata. As explants, we used coty-
ledon leaves and hypocotyls of aseptic seedlings
obtained from sterile seeds. Cotyledon leaves or hypo-
cotyls were removed from seedlings and placed on
Petri dishes with MS agar medium supplemented with
2 mg/L α-NAA and 2 mg/L kinetin. The formation
of a rhizogenic culture was usually observed after 10–
14 days. In the presence 2 mg/L α-NAA and 2 mg/L
kinetin, a stable and well-growing rhizogenic culture
was formed in D. lanata (Fig. 1). It should be noted
that intensive rhizogenesis was characteristic mainly
of leaf explants, while necrosis of the obtaining culture
was observed for hypocotyls.

Callus cell cultures were initiated from the rhizo-
genic culture of D. lanata. To induce callusogenesis,
MS media with various combinations of growth regu-
lators were used: 1 mg/L α-NAA and 2.5 mg/L BAP,
1 mg/L 2,4-D and 0.1 mg/L kinetin, 2 mg/L 2,4-D
and 1 mg/L kinetin, 1 mg/L 2,4-D and 0.5 mg/L BAP.
The MS medium with 1 mg/L 2,4-D and 0.5 mg/L
BAP was found to be optimal for the formation of a
callus cell culture. The obtaining callus culture had a
brown color and a fragile structure (Fig. 1). It was not
possible to induce callusogenesis on other combina-
tions of growth regulators; necrosis of the root culture
was observed in most cases.

Suspension cell culture of D. lanata was obtained
from a callus culture more than 1 year old (11 cultiva-
tion cycles). Callus cells (2–4 g of fresh biomass) were
placed in f lasks with a liquid nutrient medium MS
supplemented with 1 mg/L 2,4-D and 0.5 mg/L BAP.
The flasks were placed on a rotary shaker, and a pri-
mary suspension cell culture was obtained after 18–
22 days of cultivation. As a result of work on optimiz-
ing the growing mode of the obtaining suspension, it
was found that the following cultivation cycle is opti-
RUSSIAN JO
mal: 21 days and with a ratio of inoculum : fresh
medium during transplantation of 1 : 8. The suspen-
sion had a yellow-brown color, and contained large
aggregates of meristem-like and parenchyma-like cells
as well as many single meristem-like, parenchyma-like
and elongated abnormal cells. Most of the single cells
in suspension were not viable (Fig. 1).

After 1.5–2.5 years of cultivation (15–25 cultiva-
tion cycles) of the obtained callus and rhizogenic cul-
tures, a study of their growth characteristics was car-
ried out. It was found that the growth curves of callus
and rhizogenic cultures of D. lanata did not yet reach
the stationary phase by 42–43 days of cultivation. At
the same time, a lag phase for 7 days was characteristic
for the root culture, and a slowdown in growth was
noted for a callus cell culture after 29 days of cultiva-
tion. For rhizogenic culture of D. lanata on the 42nd
day of cultivation, a ninefold increase in fresh biomass
and an eightfold increase in dry biomass was noted.
For the callus cell culture on the 43rd day of cultiva-
tion, there was an increase of five times for both dry
and fresh biomass (Fig. 2).

Growth characteristics of D. lanata suspension cul-
ture were determined after seven cultivation cycles
(5 months of cultivation after obtaining) (Fig. 3).
When analyzing the growth curves, the absence of a
lag phase for the indicator of cell concentration and its
presence for 6–8 days for the accumulation of fresh
and dry biomass was noted. It is also worth noting that
a period of growth retardation was observed in the cul-
tivation cycle during an exponential phase of 4 days,
which divides the cultivation cycle into two phases.
After 21 days of cultivation, growth slows down and
the culture transitions to the stationary growth phase,
which lasts approximately 4 days. In addition, for the
D. lanata suspension, a relatively low indicator of cell
viability was recorded it was at the level of 60–70%
during the entire cultivation cycle and approached
50% on the 28th day. Such dynamics can be associated
with a large number of single dead cells and the prese-
nce of the majority of living cells mainly in large aggre-
gates.

Table 1 shows the growth derived parameters of
suspension culture: growth index (I), specific growth
rate (μ), biomass doubling time (τ), maximum accu-
URNAL OF PLANT PHYSIOLOGY  Vol. 69:25  2022
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Fig. 2. Growth curves in the standard and semilogarithmic coordinate systems of (a, b) rhizogenic and (c, d) callus cultures of
D. lanata: (1) fresh biomass; (2) dry biomass. Numerical data are indicated per callus or part of rhizogenic culture.
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From the presented growth parameters, it follows
(Table 1) that the D. lanata suspension culture with a
relatively low cell viability was a well-growing culture.
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 69
Growth indexes for cell concentration and fresh and
dry biomass were 12–13, the specific growth rate was
within 0.2–0.3 days–1, and the maximum accumula-
tion of dry biomass was 9.4 g/L. In addition, a fairly
good economic coefficient was noted for growing a
:25  2022
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Table 1. Growth characteristics of suspension cell culture of D. lanata

Growth indicator
Derived growth parameters

I μ, days-1 τ, days Mmax, g/L Y P, g/(L day)

Cell concentration 12.0 ± 0.6 0.23 ± 0.01 3.0 ± 0.2
9.4 ± 0.5 0.29 ± 0.01 0.34 ± 0.02Fresh biomass 12.4 ± 0.6 0.22 ± 0.01 3.2 ± 0.2

Dry biomass 13.3 ± 0.7 0.32 ± 0.02 2.2 ± 0.1

Table 2. Assumed (based on the results of mass spectrometry) structures of phenylethanoid and furostanol glycosides found
in the biomass of D. lanata rhizogenic culture using the UPLC-ESI-MS method (chromatographic peak numbers corre-
spond to those in Fig. 4)

R—radicals; Pent—pentose residue; Hex—hexose residue; Glc—glucose residue; Rha—rhamnose residue; Ferul—ferulic acid; Caff—
caffeic acid.

Phenylethanoid glycosides

peak 
no.

retention 
time, min

R1and R1' R2 R3 R4 R5 identified compound

1 1.55 OH H Hex (Glc) Caff Hex (Glc) Maxoside

2 2.03 OH H Hex (Glc) Caff Rha Demethyl purpureaside E

3 3.09 H and CH3 H Hex (Glc) Ferul Rha Digiciliside A

Furostanol glycosides

Peak 
no.

Retention 
time, min R1 R2 Aglycone

4 3.12 OH Pent-Hex-Hex-Hex Gitogenin

5 3.25 OH Hex-Hex

6 3.96 H Hex-Hex-Hex-Hex Tigogenin

7 4.01 H Hex-Hex-Hex

8 4.08/4.12 H Pent-Hex-Hex-Hex

9 4.21 H Pent-Hex-Hex

10 4.24 H Hex-Hex
culture, which is 0.29, from which it follows that
almost 30% of the sucrose of the nutrient medium is
spent on construction the cell biomass.

To study the qualitative composition of secondary
metabolites in the rhizogenic culture of D. lanata, we
used the UPLC-ESI-MS method. The chromatogram
of the ethanol extract from the biomass of the root cul-
ture recorded in the total ion current mode (positively
charged ions detection) and the mass spectra (positive
ions) of some peaks of the identified compounds are
shown in Fig. 4.

In rhizogenic culture, at least ten peaks of com-
pounds were found with retention times on the column
within 1–5 min. Phytochemical analysis showed the
absence of cardiac glycosides, the main secondary
metabolites of foxgloves, in the extract from the bio-
mass of rhizogenic culture, but phenylethanoids and
steroidal glycosides of the furostanol type were found
and their structures are shown in Fig. 5 and Table 2.
RUSSIAN JO
The results of mass spectrometry indicate that the
detected phenylethanoid glycosides correspond to
digiciliside A, maxoside, and demethyl purpureaside
E and furostanol glycosides are derivatives of two agly-
cones: gitogenin and tigogenin. The rhizogenic culture
contains at least seven furostanol glycosides and three
phenylethanoids.

The data obtained by the UPLC-ESI-MS method
were used for targeted (performed using HPLC-ESI-
MS) qualitative and quantitative analysis of phenyl-
ethanoids as well as qualitative analysis of steroidal
glycosides in the biomass of callus and suspension cul-
tures of D. lanata. To increase the sensitivity, HPLC-
ESI-MS analysis was performed by detecting nega-
tively charged ions [20] and detection certain selected
ions (SIM mode—“selected-ion monitoring”) [21].
Overview HPLC-ESI-MS (SIM mode) chromato-
grams of ethanol extracts from biomass of cell cultures
are represented in Fig. 6. The list of phenylethanoid
URNAL OF PLANT PHYSIOLOGY  Vol. 69:25  2022
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Fig. 4. UPLC-ESI-MS-chromatogram (a, recorded in the total ion current mode, positive ions detection) of an ethanolic extract
from the biomass of a rhizogenic culture of D. lanata and mass spectra (positive ions) of peaks with a retention time of 2.03
(b, tentative identification—phenylethanoid demethyl purpureaside E), 3.12 (c, tentative identification—furostanol glycoside
with aglycone gitogenin), 4.01 (d, tentative identification—furostanol glycoside with aglycone tigogenin). The peak numbers cor-
respond to Table 2.
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ions (under the proposed conditions, HPLC-ESI-MS
were detected as deprotonated ions [M–H]–) and ste-
roidal glycosides (decorated as adduct ions with a
component of the mobile phase—formic acid, [M–H +
HCOOH]–) is presented in Table 3.
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 69
In suspension cell culture of D. lanata, at least ten
phenylethanoids and four furostanol glycosides were
found, while in callus culture there were nine phenyl-
ethanoids and four furostanol glycosides. HPLC-
ESI-MS analysis showed an increase in the spectrum
:25  2022
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Fig. 5. Chemical structures of (a) phenylethanoid and (b) furostanol glycosides [4, 19]: R1, R1', R2, R3, R4, R5—radicals is pre-
sented in Table 2.
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of phenylethanoid glycosides and a decrease in the
diversity of steroidal glycosides in dedifferentiated cell
cultures of D. lanata. It should be noted that the rhizo-
genic culture contained furostanol glycosides having
tigogenin and gitogenin as aglycones, while only tigo-
genin derivatives were found in callus and suspension
cultures.

Quantitative HPLC-ESI-MS (SIM mode) analysis
of phenylethanoid glycosides in callus and suspension
cell cultures of D. lanata showed that the content of
these compounds reached 0.5% of the dry weight in
the presented samples (Table 4).

It is noted that the main compounds in cultures of
D. lanata consisting mainly of dedifferentiated cells
(callus and suspension) are maxoside and demethyl
purpureaside E (these compounds were also found in
root culture but in insignificant amounts). At the same
RUSSIAN JO

Fig. 6. HPLC-ESI-MS-chromatograms (the detection of
negative ions, SIM mode; the list of ions for which the
analysis was carried out and their identification is pre-
sented in Table 3) ethanol extracts from biomass of cell
cultures of D. lanata: (a) callus cell culture, (b) suspension
cell culture. The peak numbers correspond to Table 3.
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time, purpureaside E, digiciliside A, isomer of digicili-
side A, and dimethyl-digiciliside B in callus and sus-
pension cell cultures are present mainly in trace
amounts, while the intensity of the chromatographic
peak of digiciliside A (judging by UPLC-ESI-MS anal-
ysis) was quite high in rhizogenic culture.

DISCUSSION

Digitalis lanata is considered one of the most stu-
died foxglove species in terms of secondary metabo-
lism, both in an intact plant and in a cell, organ and
tissue cultures in vitro [5]. Most of the data indicate
that cardiac glycosides are usually either absent or
present in extremely low concentrations at the initial
stages of production and cultivation in callus and sus-
pension cell cultures of foxgloves; however, they dis-
appear completely with prolonged cultivation as a rule.
The relationship of cardenolide biosynthesis Digitalis
spp. with morphological differentiation is emphasized
by the results of a number of studies with different
types of cultures in vitro [3, 5]. It is known that organ
cultures (leaves and roots) as well as callus culture with
embryogenic structures of D. lanata retained the abi-
lity to form cardiac glycosides [5, 7–9, 22].

The results of this work confirm the absence of
cardenolide synthesis in dedifferentiated D. lanata cell
cultures. Despite the available data that these com-
pounds are found in shoot and root cultures in vitro
foxgloves [5, 7, 8], they could not be found within the
framework of the presented study in rhizogenic culture
of D. lanata. It should be said that, judging by the
available literary sources, rhizogenic cultures of fox-
glove are not capable of producing cardiac glycosides
in all cases [5]. Digitalis spp. cardenolides are formed
in intact plants and accumulate mainly in leaves; their
majority is concentrated in the mesophyll, therefore,
morphogenetic processes associated with the forma-
tion of shoot and leaf cultures are most preferable for
their synthesis [23].

The formation of phenylethanoids and steroidal
glycosides of the furostanol type in in vitro D. lanata
cultures indicates the specificity of their secondary
metabolism and changes in the groups and spectrum
URNAL OF PLANT PHYSIOLOGY  Vol. 69:25  2022
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Table 3. List of phenylethanoid and furostanol glycosides for which HPLC-ESI-MS analysis was performed (SIM mode,
negative ions) in biomass samples of D. lanata cell cultures (the numbers of the chromatographic peaks correspond to those
in Fig. 6)

Hex—hexose residue; Pent—pentose residue.

Phenylethanoid glycosides

peak no. retention time, min [MH]–, m/z identified compound

1 1.42 801.50 Maxoside
2 2.07 815.50 Methyl-maxoside
3 2.42 917.50 Demethyl-digiciliside B
4 2.61 815.50 Methyl-maxoside isomer
5 3.37 785.50 Demethyl purpureaside E
6 5.75 799.50 Purpureaside E
7 6.30 813.50 Digiciliside A isomer
8 6.60 799.50 Purpureaside E isomer
9 7.01 945.50 Dimethyl digiciliside B

10 8.59 813.50 Digiciliside A

Furostanol glycosides

peak no. retention time, min [M–H + HCOOH]–, m/z identified compound

11 11.60 1289.50 Tigogenin-Hex-Hex-Hex-Hex-Hex
12 11.70 1127.50 Desxylosyl-parvispinoside B
13 11.77 1259.50 Tigogenin-Pent-Hex-Hex-Hex
14 12.04 965.50 Tigogenin-Hex-Hex-Hex

Table 4. Results of quantitative HPLC-ESI-MS (SIM mode) analysis of phenylethanoid glycosides in biomass of D. lanata
cell cultures

Compound name
Content of phenylethanoid glycosides, mg/g dry 

biomass

callus cell culture suspension cell culture

Maxoside 2.68 ± 0.27 2.81 ± 0.28
Methyl-maxoside 0.37 ± 0.04 0.36 ± 0.04
Demethyl-digiciliside B 0.37 ± 0.04 0.27 ± 0.03
Methyl-maxoside isomer 0.12 ± 0.01 0.15 ± 0.01
Demethyl purpureaside E 0.89 ± 0.09 1.16 ± 0.12
Purpureaside E 0.07 ± 0.01 0.08 ± 0.01
Digiciliside A isomer 0.05 ± 0.005 0.06 ± 0.01
Purpureaside E isomer 0.10 ± 0.01 0.15 ± 0.01
Dimethyl digiciliside B − 0.03 ± 0.003
Digiciliside A 0.04 ± 0.004 0.07 ± 0.01
Total content of phenylethanoid glycosides, mg/g of dry biomass 4.70 ± 0.47 5.15 ± 0.52
of compounds depending on the degree of differentia-
tion of cells in cultures in vitro. Furostanol glycosides
prevalent in a rhizogenic culture, consisting mainly of
differentiated cells, while the variety of phenyletha-
noids significantly increases in callus and suspension
cell cultures consisting of dedifferentiated cells. It
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 69
should be noted that there is information in the litera-
ture about the formation of anthraquinones in dediffer-
entiated D. lanata cells [24, 25]; in turn, the presence of
phenylethanoids and steroidal glycosides in cells in vitro
foxglove has been previously noted for callus cultures of
D. purpurea [5, 26].
:25  2022
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The results of the study confirm the hypothesis put
forward in our previous works about the specificity of
secondary metabolism and its high intensity in plant
cell cultures. However, the mechanisms that underlie
the patterns of synthesis of specific groups of secondary
metabolites in cell, organ and tissue cultures in vitro for
plants of the genus Digitalis require further study.
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