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Abstract—A detailed UPLC-ESI-MS study was performed on secondary metabolites in the biomass of a sus-
pension plant cell culture of Turkmenian mandrake (Mandragora turcomanica Mizgir.), which has been
maintained for over 30 years. Both compounds widespread in plants (amides of hydroxycinnamic acids with
putrescine and feruloyltyramine) and very rare metabolites (glycosides of phenylethylamides of hydroxycin-
namic acids) have been identified. The identification of compounds was carried out using ultra-performance
liquid chromatography combined with high-resolution mass spectrometry with electrospray ionization
(UPLC-ESI-MS) and detection of positive and negative ion modes. Structural analysis of glycosides of
phenylethylamides of ferulic acid was carried out on the basis of interpreting MS spectra obtained by frag-
mentation of protonated molecular ions [M + H]+ of these compounds in the ionization source. Based on
the obtained results, the presence of five hexosides of ferulic acid, three of which were with tyramine residues
and one each with methoxytyramine and octopamine residues, respectively, in the M. turcomanica cells cul-
tivated in vitro was revealed. One of the detected glycosides belongs to a very rare group of plant metabolites:
feruloyltyramine dihexosides. The obtained results confirm the concept developed in the authors' works on
the change in specialized metabolism of plant cells cultivated in vitro and indicate that dedifferentiated pro-
liferating cells retain the ability to form a complex set of secondary metabolites, which contradicts the pre-
vailing ideas about the loss or decrease in the intensity of specialized metabolism in plant cell cultures.
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INTRODUCTION
Plants are among the most chemically complex

organisms. The variable part of their composition is
determined, first of all, by the formation and accu-
mulation of substances of “specialized” metabolism
(secondary metabolites), the role of which in the life
of a plant is the subject of numerous discussions.
Currently, the prevailing point of view is the partici-
pation of secondary metabolites in the interaction of
a plant with the environment: the formation and reg-
ulation of bonds in various types of coexistence of
plants with other organisms (symbiotic, antagonistic,
and other variants of the relationship of organisms),
the reaction of a plant organism to changes in abiotic
environmental factors, etc. [1]. One of the promising
approaches to elucidating the functional significance
of secondary metabolism is its study in the plant cell
culture, a unique biological system in which many
biochemical processes (including secondary metab-

olism) are implemented in a manner different from
intact plants [1, 2]. Comparing the patterns of spe-
cialized metabolism in plant cells in vivo and in vitro
with knowledge of the specifics and conditions of
their life allows one to draw well-grounded conclu-
sions about the functional role of this process [1].

Currently, phytochemical study of plant cells in vitro
is carried out in most cases by comparing the chro-
matographic profiles of extracts from the biomass of
plant cell cultures with the chromatograms of standard
samples of secondary metabolites characteristic of a
particular plant (this strategy of phytochemical study
of plant cell cultures can be conventionally designated
as “classical”) [2]. This approach does not allow
detecting the entire spectrum of compounds formed in
cell cultures, which, apparently, underlies the wide-
spread opinion about the limitedness of specialized
metabolism in plant cells in vitro [13]. At the same
time, a thorough chemical study of plant cell cultures
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using the entire arsenal of phytochemical methods
(various options for thin-layer chromatography, pre-
parative isolation of individual compounds and
description of their structure using NMR spectros-
copy, etc.) indicates the possibility of the formation of
uncharacteristic and/or “minor” (occurring rarely
and in trace amounts) metabolites for intact plants,
commercial standard samples of which are absent in
the overwhelming majority of cases [2, 4]. Thus, the
“classical” strategy of phytochemical analysis does not
always provide correct information on the diversity of
secondary metabolites in plant cells in vitro.

The current stage in the development of phyto-
chemistry is characterized by the active use of various
types of chromatography-mass spectrometry in
describing the structural diversity of secondary
metabolites in intact plants [5]. In the most universal
version, this experimental approach is based on the
combined use of liquid chromatography (high- or
ultra-performance—HPLC or UPLC, respectively)
with quadrupole-time-of-f light mass spectrometry
with electrospray ionization. Currently in scientific
literature this experimental approach is referred to as
LC-ESI-Q-TOF-MS (liquid chromatography elec-
trospray ionization quadrupole time-of-flight mass
spectrometry) [5]. The use of LC-ESI-Q-TOF-MS in
phytochemical analysis has significantly expanded the
understanding of the complexity of the chemical com-
position of plants. In one of the pioneering works in
this direction, it was shown that LC-ESI-Q-TOF-MS
allows the detection and structural description of
more than 600 triterpene glycosides (ginsenosides) of
various structures in various samples of ginseng
(Panax spp.) [6]. At the same time, reliable structural
identification of metabolites is possible, the content
of which is vanishingly small: up to 10–4% of the dry
weight of plant samples, which was confirmed using
“classical” phytochemistry methods: preparative
isolation of individual compounds and studying their
structure using nuclear magnetic resonance (NMR)
spectroscopy [6].

While LC-ESI-Q-TOF-MS-based methods are
widely applied in biochemical studies in intact plants,
they are still rarely utilized in biochemical analysis of in
vitro cultured plant cells. Based on the foregoing, it can
be assumed that the use of liquid chromatography-mass
spectrometry, primarily LC-ESI-Q-TOF-MS, in the
study of plant cell cultures will provide more objective
information about the biochemical characteristics of
this unique biological system and, therefore, such works
have undoubted fundamental and applied value.

Mandragora (Mandragora spp.) is a genus of herba-
ceous perennial plants of the Solanaceae family. It is a
legendary plant of medieval Europe, mentioned in the
Bible. It has now been established that many of the
properties of mandrake are due to the presence of tro-
pane alkaloids: hyoscyamine, atropine, scopolamine,
etc. [8–10].
RUSSIAN JOURN
The endemic species of the mountainous regions of
southwest Turkmenistan Mandragora turcomanica
Mizgir. was described in 1942 and is perhaps one of
the rarest medicinal plants [8]. The natural population
of M. turcomanica has only a several hundreds of plants
left. Moreover, the specific biology of this species com-
plicates its introduction, e.g. in botanic gardens, and/or
plantation cultivation [8–10]. Therefore, induction and
detailed study of M. turcomanica cell culture is of great
practical and scientific value.

In 1981, cell culture of M. turcomanica was induced
from a leaf explant by R.G. Butenko and N.A. Mya-
soedov at K.A. Timiryazev Institute of Plant Physiol-
ogy (Russian Academy of Sciences) and has been
maintained since then by periodic subcultures. 

The aim of this work was the phytochemical study,
using ultra-performance liquid chromatography,
combined with high-resolution mass spectrometry
with electrospray ionization (UPLC-ESI-MS, one of
the variants of LC-ESI-Q-TOF-MS), of the biomass
of a suspension cell culture of M. turcomanica main-
tained in culture in vitro over 30 years.

MATERIALS AND METHODS
Plant material. The object of the study was a het-

erotrophic suspension plant cell culture of Turkme-
nian mandrake (Mandragora turcomanica Mizgir.),
which has been maintained in an growing state since
1981 in the All-Russian Collection of Plant Cell Cul-
tures at the Institute of Plant Physiology, Russian
Academy of Sciences under no. 31 [11].

Plant cell culture growing conditions. Cell culture of
M. turcomanica was grown (in accordance with the col-
lection passport) on a modified nutrient medium with a
mineral base according to Murashige-Skoog [12] with
the addition of glucose (4%), thiamine (1 mg/L),
α-NAA (3 mg/L), and BAP (0.5 mg/L) [13]. The cul-
tivation was carried out in the dark, at 26°C, on rotary
shaker (90 rpm), in 250 mL flasks sealed with a double
layer of aluminum foil and a layer of offset paper (30–
40 mL of suspension in a f lask). The subcultivation
cycle was 2 weeks. For chemical analysis, biomass was
used 10 days after subculture to a fresh medium (expo-
nential phase of culture growth).

Sample preparation for UPLC-ESI-MS analysis.
A weighed portion of air-dry plant material (31 mg)
was extracted three times with 1 mL of 70% (by vol-
ume) aqueous ethyl alcohol for 30 min under the
action of ultrasound (UZV-12, Sapphire, Russia),
after which it was centrifuged at 10000 rpm for 10 min
(Microcentrifuge MCF, Russia) and the supernatant
was taken into a pear-shaped f lask. The combined
alcoholic extracts were evaporated under vacuum (at
55°C). The obtained extract was suspended in 1 mL of
distilled water and applied to a Supelclean ENVI-18
solid-phase extraction cartridge (Supelco, United
States). The cartridge was washed with 3 mL of dis-
AL OF PLANT PHYSIOLOGY  Vol. 68  No. 5  2021
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Fig. 1. UPLC-ESI-MS chromatogram (recorded in total
ion current mode when registering positive ions) of an
extract from the biomass of a cell suspension culture
M. turcomanica (line 31, day 10 of subculture cycle). Num-
bers (1–9) are peaks of identified compounds (Tables 1, 2).
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tilled water, and the analytes were washed off with
3 mL of ethanol. The resulting solution was evapo-
rated under vacuum at 55°C. Before analysis, the
extracts were dissolved in 1 mL of an acetonitrile-
water mixture (1 : 1, by volume).

UPLC-ESI-MS. The 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).
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, Ireland). 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 for-
mic acid in water (solvent A) and a 0.1% (by volume)
solution 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, from 15 to 30% at 1–5 min, from 30 to 38% at
5–15 min, from 38 to 45% at 15–15.5 min, 45% at
15.5–23 min, and from 45 to 95% at 23–23.5 min. The
analysis was carried out in the mode of detecting pos-
itive and negative ions (range m/z 100–2000). Ioniza-
tion source parameters: 120°С ionization source tem-
perature, 250°С desolvation temperature, 3.0 kV cap-
illary voltage, 30 V sample injection cone voltage,
600 L/h nitrogen (desolvation gas) f low rate. The
results were processed using the MassLynx software
(Waters).

RESULTS

At the first stage of the work, we carried out the
UPLC-ESI-MS analysis of the alcohol extract from
the biomass of the suspension cell culture of M. turco-
manica in the mode of detecting positively charged
ions. The choice of this mode is due to the fact that frag-
mentation is observed (with the formation of character-
istic fragment ions) already in the ionization source
during ionization by electrospray for positively charged
ions (primarily, protonated molecules ([M + H]+)) of
many natural compounds [14, 15]. The analysis of the
mass spectra obtained in this way makes it possible to
carry out a fairly rapid primary structural identifica-
tion of compounds without performing additional tan-
dem mass spectrometric experiments [15]. For chro-
matographic separation, we used a gradient elution
program developed earlier for the analysis of natural
compounds of a wide range of polarity on chromato-
graphic columns with reversed phase [15].

The resulting UPLC-ESI-MS chromatogram (total
ion current) is shown in Fig. 1. In total in biomass
extract of M. turcomanica cell suspension culture, we
found nine chromatographic peaks of compounds
(eluted from the chromatographic column within 0.5–
4.0 min), which were numbered from 1 to 9 in order of
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 68
increasing retention time on the chromatographic col-
umn.

For the structural identification of the detected
compounds, the following information was used:
interpretation of the results of mass spectrometry
(fragmentation of protonated molecules of com-
pounds in the ionization source), determination
(based on comparison of the calculated and experi-
mentally measured values of the exact monoisotopic
molecular weight) of the elemental composition of
compounds [16] and comparison of mass spectromet-
ric and relative chromatographic behavior of com-
pounds with literature data [17–22]. The data of mass
spectra and the results of identification of the detected
compounds are presented in Table 1.

General analysis of the mass spectra of positive
ions of the detected compounds (Table 1) suggests that
they all belong to the group of hydroxycinnamic acid
amides [17]. Based on structural features, these
metabolites can be divided into four groups: metabo-
lites 1–3, derivatives of aliphatic diamine putrescine,
acylated with hydroxycinnamic acid residues; metab-
olite 9, ferulic acid amide with aromatic monoamine
tyramine; metabolites 5–8, hexosides of ferulic acid
amides with tyramine (metabolites 5–7) and
methoxytyramine (metabolite 8); metabolite 4, ferulic
acid amide hexoside with aromatic monoamine octo-
pamine (contains a hydroxyl group in the aliphatic
part of monoamine). For the mass spectra of positive
ions of each of these groups of compounds, certain
features are noted.

In mass spectra of positive ions of metabolites 1–3,
three intense signals are present: the ion of the pro-
tonated molecule [M + H]+ (the validity of the iden-
tification of this ion is confirmed by the presence of
the adduct ion [M + Na]+) and two fragment ions
formed as a result of a neutral loss of 17 Da (elimina-
tion of the terminal amino group (in the form of
NH3, ion [M + H – 17]+) the putrescine residue) and
88 Da (cleavage of the whole putrescine residue,
C4H12N2, ion [M + H – 88]+). Characteristic ion
  No. 5  2021
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[M + H – 88]+ corresponds to the residue of hydroxy-
cinnamic acid acylating one of the amino groups of
putrescine: for compounds 1 and 2, this ion is m/z 163
(characteristic ion of caffeic acid residue, C9H7O3

+);
that for compound 3 is m/z 177 (characteristic ion of
ferulic acid residue, C10H9O3

+). Thus, metabolites 1,
2, and 3, most likely, have the structure of putrescine
acylated with caffeic (metabolites 1 and 2) and ferulic
(metabolite 3) acid residues. The described fragmen-
tation pattern in the ionization source [M + H]+ of
these compounds are in good agreement with the lit-
erature data [17, 21].

In the mass spectrum of the compound 9, there are
two strong signals: [M + H]+ and a fragmentation
characteristic ion (m/z 177) corresponding to the feru-
lic acid residue. Difference between values m/z of
these ions corresponds to a neutral loss of the tyramine
residue (neutral loss of 137 Da, C8H11NO) [17, 18, 22].
Based on these results, the compound 9 is identified as
an amide of ferulic acid and tyramine.

Fragmentation in the ionization source of proton-
ated molecules [M + H]+ of compounds 5–8 is
accompanied by the formation of a series of fragment
ions corresponding to the sequential elimination of
one or two residues of dehydrated hexose (neutral loss
of 162 Da, C6H10O5). In the mass spectra of positive
ions of compounds 5–8, there is a characteristic ion
with m/z 177. Analysis of the patterns of fragmentation
of these metabolites also allows us to conclude that
tyramine appears as an “amino component” in com-
pounds 5–7 (neutral loss of 137 Da) and methoxy-
tyramine is in compound 8 (neutral loss 167 Da,
C9H13NO2). Thus, based on the above results, it can be
assumed that the compounds 5–8 correspond to gly-
cosides (more precisely, hexosides) of ferulic acid
amides with tyramine/methoxytyramine. Based on
the data of mass spectrometry alone, it is impossible to
establish exactly which monosaccharides correspond
to the residues of hexoses found in the composition of
the compounds 5–8 [17, 22]. Plants contain ferulo-
yltyramine hexosides with glucopyranose, galactopy-
ranose, or allopyranose [17, 20, 22, 23]. In addition,
on the basis of the obtained mass spectra, it is impos-
sible to draw conclusions about the glycosylation posi-
tion: the hydroxyl group of hydroxycinnamic acid or
monoamine (in plants, both variants of attachment of
carbohydrate chains to ferulic acid phenylethylamides
are found) [17, 24, 25]. The question on the configu-
ration of the double bond (both cis and trans isomers
occur in nature) of the ferulic acid residue also
remains unresolved [17, 24]. More research is required
to clarify these elements of the structure of com-
pounds 5–8.

A feature of the mass spectrum of positive ions of
the compound 4 (in comparison with mass spectra of
compounds 5–8) is the presence of an intensive ion:
the product of the elimination of the rest of water
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 68
(neutral loss of 18 Da) directly from the protonated
molecule [M + H]+. The mass spectrum also contains
fragment ions formed as a result of neutral loss of the
hexose residue and a characteristic ion with m/z 177.
Taken together, the results presented suggest that the
compound 4 corresponds to hexoside of ferulic acid
amide with monoamine octopamine (contains a
hydroxyl group in the aliphatic part of the monoamine
molecule; the presence of two neutral losses 18 Da and
135 Da (H2O and C8H9NO, respectively)) [18].

The validity for the interpretation of the mass spec-
tra of positive ions in compounds 1–9 is confirmed by
the results of the UPLC-ESI-MS analysis of the alco-
hol extract from the biomass of the suspension cell
culture M. turcomanica in the mode of detecting nega-
tively charged ions (Table 2).

DISCUSSION

The amides of hydroxycinnamic acids with putres-
cine (components 1–3) identified in the biomass of
the cell suspension culture M. turcomanica are quite
widespread in plants and are currently considered as
storage forms involved in the regulation of homeosta-
sis of this diamine in plant cells [26, 27]. Ferulo-
yltyramine (component 9) belongs to a small group of
phenylethylamides of hydroxycinnamic acids wide-
spread in plants: inducible metabolites involved in the
biochemical reactions of plants to the effect of stress
factors of various nature as well as precursors of a wide
class of lignanamides [26]. At the same time, glycosides
of ferulic acid phenylethylamides (components 4–8;
Fig. 2) found in cultivated in vitro M. turcomanica cells
belong to one of the rarest groups of secondary plant
metabolites. Indeed, while the patterns of distribution
and biosynthesis of phenylethylamides of hydroxycin-
namic acids have been studied in sufficient detail and
are summarized with enviable frequency in review arti-
cles [26, 27], the structural diversity of their conjugates
with sugar residues has not been studied as well. Cur-
rently, approximately ten monohexosides (glucosides,
galactosides, and allosides) of hydroxycinnamic acid
phenylethylamides have been isolated from plants,
while only a single structure is described for the dihexo-
sides of these compounds (a similar metabolite was
identified in this work (compound 5) [20, 23–25, 28].
Glycosides of phenylethylamides of hydroxycinnamic
acids are sporadically distributed in the plant world
(their presence was recorded in representatives of the
families Amaranthaceae/Chenopodiaceae, Aristolo-
chiaceae, Menispermaceae, Papaveraceae, Ranuncu-
laceae and Solanaceae) and accumulate in plant tis-
sues in trace amounts, their content in plants rarely
exceed 0.0008% of dry weight) [20, 23–25, 28, 29].
The data available in the literature suggests that glyco-
sides of hydroxycinnamic acid phenylethylamides may
have storage and/or transport function of in plant cells
[29, 30].
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Table 2. Results of UPLC-ESI-MS analysis (registration in negative ion mode) of an extract from the biomass of a suspen-
sion cell culture M. turcomanica (line 31, day 10 of the subculture cycle in f lasks)

* Numbering of peaks corresponds to that in Table 1; ** retention time on the chromatographic column, min; *** data of mass spectra
(values are indicated m/z for detected ions); **** Hydroxycinnamic acid residues in the found compounds can have both the cis- and
trans-configuration of the double bond in the side chain. Legend: Hex is the residue of the hexose.

Peak
number*

tR, min**
Mass spectra, m/z***

Identification results ****
[M – H]– Other ions

1 0.68 249.12 499.25 [2M – H]– N-caffeoyl-putrescine

2 0.72 249.12 499.26 [2M – H]– Iso-N-caffeoyl-putrescine

3 1.04 263.16 – N-feruloyl-putrescine

4 1.48 490.16 981.34 [2M – H]–

328.12 [M - H – 162]– N-Feruloyl-Octopamine-Hex

5 1.60 636.21
1273.46 [2M – H]–

1319.47 [2M – H + HCOOH]–

474.16 [M – H – 162]–
N-Feruloyl-Tyramine-Hex-Hex

6 2.20 474.17

1424.53 [3M – H]–

949.34 [2M – H]–

995.37 [2M – H + HCOOH]–

312.12 [M – H – 162]–

520.18 [M – H + HCOOH]–

542.16 [M – H + HCOONa]–

537.16 [M – H + HCOONH4]–

N-Feruloyl-Tyramine-Hex

7 2.29 474.17

949.34 [2M – H]–

312.12 [M – H – 162]–

542.16 [M – H + HCOONa]–

537.17 [M – H + HCOONH4]–

Iso-N-Feruloyl-Tyramine-Hex

8 2.36 504.18

1009.38 [2M – H]–

342.13 [M - H – 162]–

572.17 [M - H + HCOONa]–

567.19 [M - H + HCOONH4]–

N-Feruloyl-Methoxytyramine-Hex

9 3.43 312.12 625.25 [2M – H]–

380.11 [M – H + HCOONa]– N-feruloyl-tyramine
It should be emphasized that all compounds
described in this work were found for the species
M. turcomanica for the first time; however, additional
research is required for their more accurate structural
identification.

It is important to note that, in the present study, it
was not possible to detect secondary metabolites—
tropane alkaloids, coumarins, and/or vitanolides—
typical for plants of the genus Mandragora spp. (and
many other members of the Solanaceae family) in the
biomass of the suspension culture of M. turcomanica
cells [10].
RUSSIAN JOURN
Thus, in this work we carried out for the first time
a detailed—UPLC-mass spectrometric study of sec-
ondary metabolites in the biomass of a suspension
plant cell culture of M. turcomanica. Both compounds
widespread in plants (amides of hydroxycinnamic
acids with putrescine and feruloyltyramine) and very
rare metabolites (glycosides of phenylethylamides of
hydroxycinnamic acids) were identified. It is import-
ant that a significant structural diversity of glyco-
sylated hydroxycinnamic acid phenylethylamides was
found in the biomass of a suspension cell culture of
M. turcomanica, which has been maintained in active
AL OF PLANT PHYSIOLOGY  Vol. 68  No. 5  2021
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Fig. 2. Structures of the identified (based on the results of UPLC-ESI-MS) glycosides of phenylethylamides of ferulic acid from
the biomass of a suspension culture of M. turcomanica cells. Legend: R–H or Hex. Hex is the residue of the hexose.
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growth for over 30 years [11]. This result indicates the
preservation in long-term cultivated in vitro plant cells
of the ability to form a very complex set of secondary
metabolites and contradicts the prevailing concepts [3]
about the patterns of specialized metabolism in plant
cell cultures.
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