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Abstract. Technogenic terrains are one of the most unfavorable terrains for occupying of plant
species. However, there are species that are distributed in such places and their reaction to such
conditions is interesting. Some of them can be used for remediation of such terrains. The
purpose of this study is to establish relationships among the heavy metals in the roots and
aboveground part of T. officinale on the one hand and the metabolites synthesized under
conditions of polymetallic contamination in Osogovo Mine, West Bulgaria. The metabolites
were identified by GC/MS. There were determined 19 soil characteristics, content of 15
elements in aboveground and in the root system of Taraxacum officinale, as well as 20
metabolites. The concentrations of the studied elements in the aboveground part were
significantly higher than the ones in the root system. There were found 40 significant
correlations among the studied soil indicators and the studied metabolites in the roots. The
number of statistically significant correlations (106) among the studied soil indicators and the
studied metabolites in the aboveground parts were determined. There are also statistically
significant correlations (38) among the studied chemical elements in the roots, the metabolites in
the roots, and the metabolites in the aboveground part as well as 32 statistically significant
correlations among the studied elements in the aboveground part of T. officinale and the studied
metabolites in the aboveground and underground parts.
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Introduction
Terrain and soil resources formed or

affected by mining activities are
characterised by degrading properties.
Depending on the mined resources, the
newly formed and/or affected soils display
different and specific characteristics.
Sustainable management of post-mining
areas is strongly linked to having good
knowledge of soil and plant resources, and

of the changes in the synthesis of important
metabolites caused by unfavourable soil
characteristics.

As a result of ore mineral extraction and
processing, post-mining areas form specific
habitats (Donov et al., 1978), and the formed
tailings ponds, especially after mining and
processing activities have ceased, can be a
significant point source of pollution. Due to
the high levels of heavy metals and
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metalloids, these sites can pose a
serious environmental problem, but also a
significant threat to people’s health due to
the degree of persistence and accumulation
(Conesa et al., 2006; Martínez-Carlos et al.,
2022). The environmental consequences of
the presence of heavy metals and metalloids
in tailings ponds can also be serious for the
surrounding areas which have not been
affected by ore mining and processing
(García-Lorenzo et al., 2015; Tsolova et al.,
2016; Khademi et al., 2018; Martínez-Carlos
et al., 2022).

The substrates formed can be
characterized by a high content of the sand
fraction and a low content of the clay
fraction, high particle density and bulk
density which result in degraded hydro-
physical properties (Donov et al., 1978;
Martínez-Pagán et al., 2011; Chrastný et al.,
2011). The availability of plant nutrients (N,
P, K) and Soil Organic Matter (SOM) is
usually low. Soil acidity can be extremely
high and can vary considerably (Hossner &
Hons, 1992; Martínez-Pagán et al., 2011).
Tailings ponds formed as a result of ore
mining activities can have very high, even
toxic levels of heavy metals and metalloids,
which can significantly affect the formation
of phytocoenosis (Fernandez et al., 2017;
Kovačević et al., 2020).

Many authors have studied the stages
of vegetation succession on such terrains, for
example Charzyński et al. (2013) present a
scheme for the replacement of plant
communities of technogenic substrates in
parallel with soil development. Denisenko et
al. (1996) investigate primary successions
that occur in areas disturbed by mining and
open pit mining. Titova & Vershinina (2014)
comment on the changes in the floristic
structure of the phytocoenosis of
mechanically disturbed soil in the conditions
of natural ecosystem and against the
background of partial biological reclamation.
The possibility for self-restoration of the
phytocoenosis after technogenic impact has
been assessed and the importance of

reclamation for the regenerative capacity of
the natural ecosystem has been established.
The main component of the newly formed
phytocoenosis after the disturbance is the
weed-ruderal vegetation. The greatest
development of weeds of the family
Asteraceae is observed - more than 44%.
Partial recultivation (liming) contributes to
increasing the total number of plants,
intensive development of cereals and the
emergence of legumes.

The macro- and microelements play an
extremely important role in normal plant
development (Gorbanov et al., 2005).
Different plant species need certain species-
specific levels of macro- and micro-elements
for their normal development, and both
deficiencies and high concentrations of them
can have an inhibiting effect on plant
development (Gorbanov et al., 2005;
Verbruggen et al., 2009). According to a
number of authors, the optimal levels for
plant development are not only species-
specific but also genotype-dependent (Yang
et al., 2006; Zalesny & Bauer, 2007). Elements
such as Co, Cu, Fe, Mn, Mo, Ni and Zn are
essential elements required for the normal
growth and photosynthesis, respiration, and
metabolic processes, whereas elements such
as As, Cd, Hg, Pb are not considered to be
essential elements (Gorbanov et al., 2005;
Rascio & Navari-Izzo 2011; Martínez-Carlos
et al., 2022. A number of angiosperm species
can be classified as hyperaccumulators of
elements such as As, Cd, Co, Cu, Mn, Ni, Pb,
Sb, Se, Tl, Zn (Rascio & Navari-Izzo, 2011).
Plant species accumulate different heavy
metals and metalloids in different
concentrations in different plant organs
(Gorbanov et al., 2005).

Heavy metals can affect the synthesis of
metabolites and metabolic processes to
varying degrees (Lajayer et al., 2017;
Zheljazkov et al., 2006). A number of authors
report that stress from heavy metal
contamination can increase the content of
some metabolites (Tirillini et al., 2006;
Lajayer, et al., 2016), while other authors
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report a reduction of some metabolites
under heavy metal stress (Murch et al., 2003).
On the other hand, differences in the
synthesis of secondary metabolites can be
observed in different populations of the
same species, which may be due to abiotic
factors (Doncheva et. al., 2014; Semerdjieva
et. al., 2020). One of the species found in
areas subject to anthropogenic pressure
associated to heavy metal contamination is
Taraxacum officinale (L.) Weber ex FHWigg
(Maleci et al., 2013; Fazekašová et al., 2015),
which has been the subject of extensive
research related to the synthesized
metabolites (Hook, 1994; Huber et al., 2015).

The aim of this study was to determine
the influence of heavy metals in soil, roots
and aerial parts of T. officinale and the
content of metabolites in response to stress
caused by polymetallic pollution. The
formulated hypothesis, which we tested is
that the stress caused by heavy metals in the
soil lead to a change in the content of
metabolites in plants.

Materials and Methods
The object of study were technogenic

soils (Technosols (IUSS, 2014) formed in a
tailings pond created as a result of ore
mining and lead-zinc ore processing in
Osogovo Mine complex, situated near the
village of Gyueshevo, Kyustendil district,
West Bulgaria, 950 m above sea level. They
were found in the Middle forest vegetation
zone (700-1200 m above sea level) of the
Thracian forest vegetation area (Zahariev,
1979).

The taxonomy of the plant species is
presented according to Delipavlov et al.
(2003). The quantitative participation of
species in phytocoenoses has been assessed
by the 7 degree abundant scales of
abundance and coverage (Braun-Blanquet,
1964). Five sample plots, 2x2 m have been set.

Five soil samples and plant (roots and
aboveground parts) materials were collected
in 2021 during peak flowering (May) of T.
officinale and by means of applying a

systematic sampling method (Petersen &
Calvin, 1996), where the studied soils were
taken from a depth of 0-20 cm, as close to the
root system of T. officinale as possible. Soil
sampling was done in accordance with the
recommendations of Donov et al. (1974), and
with the procedures described in ISO 10381-
1: 2002. Preliminary sample preparation was
performed according to ISO 11464: 2006.

Soil samples were analyzed for: pH
(H2O) - ISO 10390:2005; specific Electrical
Conductivity EC (µS.cm⁻¹) was determined
according to ISO 11265:1994; CaCO3 was
determined using the volumetric method in
accordance with ISO 10693:1995; Total
Kjeldahl Nitrogen TKN, mg.kg-1 - according
to FAO.2021; plant available P2O5, mg.100g-1
and K2O, mg.100g-1 were determined using
an Acetate-Lactate extraction solution
(Ivanov, 1984); Soil Organic Matter –
SOM, % was determined according to
Donov et al. (1984); Al, Ba, Ca, Cd, Cu, Fe,
Mg, Mn, Na, Ni, Pb, Zn, mg.kg-1 were
determined by extraction with NH4NO3 and
subsequent determination by ICP-OES (ISO
19730:2008; Borge, 1997; Schöning &
Brümmer, 2008); the results were converted
to absolute dry weight in accordance with
ISO 11465:1993.

Plant samples were cleaned to remove
deposits, dried and ground with an agate
mill, and homogenized in a metal-free
homogenizer (Кowalenko, 1984). Procedures
set out in ISO 10381-1:2002 were applied;
microwave digestion system (M6 PreeKem)
was used in accordance with Method 3052
(USEPA, 1996) for digestion of samples and
subsequent determination by ICP-OES (Al,
Ba, Ca, Cd, Cu, Fe, Mg, Mn, Na, Ni, Pb, Zn,
mg.kg-1); Total Kjeldahl Nitrogen was
determined in accordance with the AOAC
method 2001.11; the results were converted
to absolute dry weight in accordance with
Rautio et al. (2010).

Preparation of extracts and GC/MS
analysis: crude extracts were prepared from
100 mg powdered plant material macerated
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with 1 mL methanol in 2 mL Eppendorf
tubes. Fifty μL of 3,5 dichloro-4-
hidroxybenzoic acid (1 mg/mL) were placed
in the beginning of the extraction procedure
as internal standard. After 24 h of extraction
at room temperature aliquot of 500 μL of
each simple was transferred to glass vial and
was dried. 100 µL pyridine and 100 µL of
N,O-bis-(trimethylsilyl) trifluoroacetamide
(BSTFA) were added to the dried samples
and heated at 70 °C for 2 h. After cooling,
300 mL of chloroform were added and the
samples were analyzed by GC/MS. The GC-
MS spectra were recorded on a Thermo
Scientific Focus GC coupled with Thermo
Scientific DSQ mass detector operating in EI
mode at 70 eV. A DB-5MS column (30 m x
0.25 mm x 0.25 μm) was used. The
conditions of the analysis were described by
Berkov et al. (2021). The GC-MS spectra of
the compounds in the extracts were
deconvoluted by AMDIS 2.64 software

(NIST, National Institute of Standardization
and Technology, Gaithersburg, MD) before
their comparison with those of standard
compounds and NIST spectra library. The
response ratios were calculated for each
metabolite relative to the internal standard
using the calculated areas for both
components.

Descriptive statistics and t-test was
applied for the purposes of data analysis
using Excel in Mac. Pearson's product-
moment correlation and LSD Post-Hoc (SPSS
26 for Mac) were used to measure the
associations that exist among the soil
characteristics, elements and metabolites in
the plants studied. The selected level of
significance was α=0.05.

Results and Discussion
Most of the plant species that are

distributed in the territory are pioneering
and represent a stage of primary succession
of vegetation (Table 1).

Tablе 1. Floristic composition of the tailings pond of the Osogovo Mine.

Plant species
Cover/Abun-
dance of
species

Family Biological type

Tussilago farfara L. 1 Asteraceae perennial
Taraxacum officinale (L.) Weber ex F.H.Wigg. 2 Asteraceae perennial
Senecio vulgaris L. 1 Asteraceae annual
Centaurea stoebe L. 1 Asteraceae perennial
Cirsium arvense L. (Scop.) 1 Asteraceae perennial
Hieracium pilosella L. 1 Asteraceae perennial
Echium vulgare L. 2 Boraginaceae biennial
Equisetum palustre L. 1 Equisetaceae perennial
Euphorbia cyparissias L. 1 Euphorbiaceae perennial
Medicago lupulina L. 1 Fabaceae annual
Pinus sylvestris L. 1 Pinaceae tree
Festuca valesiaca Schleich. ex Gaudin 1 Poaceae perennial
Poa pratensis L. 1 Poaceae perennial
Clematis recta L. 1 Ranunculaceae perennial
Populus nigra L. 2 Salicaceae tree

Fifteen plant species have been
identified, of which 2 are trees (Pinus
sylvestris L. and Populus nigra L.), 1 biennial
herbaceous, 2 annual herbaceous and 10
perennial herbaceous plants. Pinus sylvestris

is represented by single plants up to 40 cm
high, and from Populus nigra single plants
are 1.5 m high. Prevailing species are of
Asteraceae (40% of all species) and Poaceae
(13%) families.
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Taraxacum officinale was chosen for
sampling for chemical analysis because it
has higher average cover and occurrence
than other species in research site.

The studied soils (Table 2) according to
Penkov’s classification (1996) are
characterised by moderately alkaline
reaction in water, low carbonate content,
low SOM levels, very low TKN levels, low
reserve of plant available К2О (Nikolova et
al., 2014), and very low reserve of plant
available P2O5 (Nikolova et al., 2014). The
studied elements in the soil (Al, Ba, Ca, Cd,
Cu, Fe, Mg, Mn, Na, Ni, Pb, Zn) are
arranged in descending order by mean
values as follows:
Ca>Mg>Mn>Zn>Na>Fe>Pb>Al>Ba>Cu>C
d>Ni. Although there were significant
variations, SOM, Ca, K2O, CaCO3, EC, TKN
had the lowest levels of variation (under
20%), whereas Pb, Al, Cu, Cd, Ni, Zn, Fe
had the highest levels of variation (over
50%). SOM’s lowest level of variation is
most likely due to the nature of formation
and accumulation of soil organic matter and
is related to SOM being considered a stable
soil indicator (Bogdanov, 2018). Essential
and non-essential elements are present in
the soil in different forms (Doichinova et al.,
2013), which determines their availability to
plants. A number of soil indicators such as
pH, SOM, soil texture can affect the
availability of essential and non-essential
elements to plants. Heavy metal
immobilization by forming organo-mineral
complexes has been discussed by various
authors (Doichinova et al., 2013; Gorbanov
et al., 2005).

The element with the most significant
difference between its content in the root
system and in the aboveground part was is
nickel, which is the element with the lowest
concentration in the studied soils (Table 3).
Significantly greater variations in the
concentrations of most elements in the root
system were found, while only N, Ca, Cu,
Na and Ni were characterized by a greater
variation in the aboveground part.

Table 2. Arithmetic means and coefficients
of variationof studied soil indicators.

mеаn CV, %
pH(H2O) 8,33 1,28
CaCO3, % 1,5 16,79
EC, µS.cm⁻¹ 156,92 17,77
K2O, mg.100g⁻¹ 12,08 12,84
P2O5, mg.100g⁻¹ 0,74 33,26
TKN, mg.kg⁻¹ 162,9 18,49
SOM, % 0,56 10,56
Al, mg.kg⁻¹ 1,34 59,02
Ba, mg.kg⁻¹ 1,11 20,13
Ca, mg.kg⁻¹ 1037,49 11,47

Cd, mg.kg⁻¹ 0,09 62,63

Cu, mg.kg⁻¹ 0,68 59,62

Fe, mg.kg⁻¹ 2,3 75,99

Mg, mg.kg⁻¹ 33,68 36,36

Mn, mg.kg⁻¹ 10,72 41,03

Na, mg.kg⁻¹ 2,64 33,67

Ni, mg.kg⁻¹ 0,005 67,82

Pb, mg.kg⁻¹ 1,49 55,51

Zn, mg.kg⁻¹ 9,96 69,23
CV – coefficient of variation

The elements were accumulated in the
root system of T. officinale in the following
order (arranged by mean values):
Ca>N>K>Fe>Al>Mg>Mn>P>Zn>Na>Pb>C
u>Ni>Ba>Cd. The accumulation of the
elements in the aboveground part of the
plant was in the following order (arranged
by mean values):
K>Ca>N>Fe>Al>Mg>Mn>P>Zn>Pb>Na>
Ni>Cu>Ba>Cd. Significant differences were
found between the content of K and Ca in
the roots and in the leaves, where the higher
values of K and Ca in the aboveground part
compared to the roots have been discussed
by other authors (Hook et al., 1993). Various
studies (Kabata-Pendias & Dudka, 1991;
Krolak, 2003; Lisiak-Zielińska et al., 2020)
have reported higher concentrations of the
elements Mn, Ni, Pb, Zn, Fe in the leaves
compared to their levels in the roots, which has
also been confirmed by the data obtained from
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this study. In a study, Krolak (2003) reported
higher concentrations of Cd and Pb in the
leaves compared to the concentrations of Cd
and Pb in the roots, but these data have not
been confirmed by the present study.
Although the accumulation of toxic elements
in the roots and their immobilization is
considered a good strategy for dealing with
toxic concentrations of elements (Bini et al.,
2012) T. officinale does not accumulate toxic
elements in larger quantities in the roots, and
successfully translocates essential and non-

essential elements from the roots to the
aboveground part.

Twenty one metabolites were identified
in the aboveground part and root system of
T. officinale including phenolic, organic and
fatty acids, mono- and disaccharides,
triterpene and triterpene acids, sugars
alcohols (Table 4). The content of the most
metabolites, except malic acid, fructose 2,
myo-inositol, sucrose, β-amyrin, β-sitosterol
and triterpene 2, were higher in the
aboveground part than in the root system.

Table 3. Arithmetic means and coefficients of variation of the studied elements in the
roots and aboveground part of T. officinale. Legend: CV – coefficient of variation; The values in
Bold indicate statistically significant difference at p≤0,05.

Roots Aboveground part
Mеаn CV, % mеаn CV, %

N, % 0,96 13,5 1,18 32,82
P, mg.kg⁻¹ 498,1 26,99 822 10,44
K, mg.kg⁻¹ 8452 13,43 15846 8,85
Al, mg.kg⁻¹ 3808,8 18,33 6452 11,73
Ba, mg.kg⁻¹ 26,69 18,88 39,34 13,38
Ca, mg.kg⁻¹ 11333 17,51 12468 17,96
Cd, mg.kg⁻¹ 2,78 24,5 2,97 17,92
Cu, mg.kg⁻¹ 45,09 16,38 54,56 16,69
Fe, mg.kg⁻¹ 6486 18,14 11295 12,17
Mg, mg.kg⁻¹ 1766 12,67 2787 11,4
Mn, mg.kg⁻¹ 1582 20,73 2682 13,25
Na, mg.kg⁻¹ 274,4 10,51 277,8 19,87
Ni, mg.kg⁻¹ 32,85 26,93 67,46 35,51
Pb, mg.kg⁻¹ 202,41 19,32 341,51 16,29
Zn, mg.kg⁻¹ 389,92 23,8 458,54 19,69

Table 4. Arithmetic means and coefficients of variation of the studied metabolites in the
roots and aboveground part of T. officinale. Legend: CV – coefficient of variation; The values in
Bold indicate statistically significant difference at p≤0,05.

Metabolites in the roots Metabolites in the aboveground part

mеаn CV, % mеаn CV, %

Protocatechuic acid 0,43 80,87 Protocatechuic acid 2,06 97,35

Quinic acid 21,56 76,74 Quinic acid 68,55 142,59

Caffeic acid 26,78 77,18 Caffeic acid 560,59 204,19
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Chlorogenic acid 12,08 195,18 Chlorogenic acid 37,58 178,67

Malic acid 365,15 41,14 Malic acid 204,72 126,11

Meso-erythritrol 8,39 95,15 Meso-erythritrol 15,39 59,2

Octanoic acid 594,39 88,03 Octanoic acid 717,14 137,88

Fructose 1 556,53 78,85 Fructose 1 718,51 114,88

Fructose 2 1924,63 63,89 Fructose 2 73,77 101,82

Fructose 3 44,12 138,77 Fructose 3 210,12 134,05

Glucose 97,99 173 Glucose 550,56 176,68

Myo-Inositol 626,23 75,75 Myo-Inositol 1779,8 69,24

Sucrose 2471,99 61,9 Sucrose 1778,71 109

β-Amyrin 77,88 44,3 β-Amyrin 61,13 115,63

Tririterpe acid 188,11 51,58 Tririterpe acid 119,86 142,25

Succinic acid 11,94 79,86 Glyceric acid 105,64 54,67

Palmitic acid 44,91 82,78 Palmitic acid 301,6 131,28

β-Sitosterol 80,09 55,59 β-Sitosterol 44,6 102,32

Triterpene 1 62,41 56,08 Triterpene 1 96,63 123,33

Triterpene 2 187,25 60,54 Triterpene 2 126,98 125

There were found 40 significant
correlations among the studied soil
indicators and the studied metabolites in
the roots (Table 5). Twenty of the studied
metabolites (in the roots) correlated with
13 out of 18 soil indicators. The following
considerable numbers of significant
correlations have been established – 9 for
protocatechuic acid, 6 for palmitic acid,
triterpene 1, triterpene 2, 5 for sucrose.
Much fewer significant correlations have
been found for the other metabolites. The
significant correlations between fructose 1
- Na and glucose – Ca are negative,
whereas all other significant correlations
are positive. As regards the studied
chemical elements, there were no
significant correlations only for plant
available P and K, and Mg, as well as for
CaCO3, EC and SOM. Ba and Fe had 6
significant correlations each, lead – 5;
ТКN, Al, Cd have 4 each, and Zn – 3. A
large number of statistically significant
correlations (106) among the studied soil
indicators and the studied metabolites in

the aboveground parts, all of which are
positive (Table 6) were determined. All
metabolites showed statistically
significant correlations with the studied
soil parameters. Three to eight were the
significant correlations with quinic acid
and fructose, 7 significant correlations
were observed with octanoic acid, myo-
inositol, sucrose, β-amyrin, palmitic acid.
Six correlations were observed with
chlorogenic acid, malic acid, tririterpe
acid, triterpene 1; five significant
correlations were observed with
protocatechuic acid, caffeic acid, glucose
and triterpene 2. The other metabolites
had fewer significant correlations with the
studied soil parameters. Of the studied
soil parameters, only pH (H2O), CaCO3

K2O, P2O5, TKN, Ca and Mg didn’t show
any significant correlations. Copper
correlated with 17 metabolites, lead and
zinc with 15 metabolites each, aluminum
and barium with 14 metabolites each, and
cadmium with 8. The other elements and
EC had fewer correlations.
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A number of studies (Hook et al., 1993;
Rai et al., 2004; Pandey & Tripathi, 2011)
discuss the relationships between the
concentrations of essential and non-
essential elements in the growth medium
and the synthesis of metabolites in different
plants. The significant correlations were
found among a number of elements (Cd,
Cu, Fe, Mn, Mg, Ni, Pb, Zn) and the
metabolites synthesized in the organs of T.
officinale. They confirmed the results
obtained by other studies, which showed

that those elements affected the synthesis
of metabolites (Lajayer et al., 2017). Despite
the important role of essential nutrients (N,
P, K) in the synthesis of metabolites and in
the regulation of the metabolic regime
(Gorbanov et al., 2005), the present study
did not find any significant correlations
among P2O5, K2O, TKN (with the exception
of TKN which correlated with the
metabolites in the roots) and the
metabolites in the roots and the
aboveground part.

Table 5. Table of the Pearson correlation coefficients among the pH (H2O), EC, SOM
and the studied chemical elements in the soil and the metabolites in the root system of T.
officinale. Legend: * Correlation is significant at the 0.05 level (2-tailed). ** Correlation is
significant at the 0.01 level (2-tailed). Due to the large amount of data, the correlation
coefficients have been presented without 0 before the decimal point.
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Table 6. Table of the Pearson correlation coefficients among the pH (H2O), EC, SOM
and the studied chemical elements in the soil and the metabolites in the aboveground part of
T. officinale. Legend: * Correlation is significant at the 0,05 level (2-tailed). ** Correlation is
significant at the 0,01 level (2-tailed). Due to the large amount of data, the correlation
coefficients have been presented without 0 before the decimal point.
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There were statistically significant
correlations (38) among the studied

chemical elements in the roots, the
metabolites in the roots, and the metabolites
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in the aboveground part, which have been
presented in Table 7. Only one statistically
significant correlation was positive and all
the rest were negative. There were found 21
statistically significant correlations among
the studied elements in the roots and the
identified metabolites in the roots. Mallic
acid had ten significant correlations with
the studied elements in the roots, and only
one significant correlation with the studied
chemical elements (with sodium) in the
aboveground part.A large number of
significant correlations were observed

among sucrose in the roots and the studied
elements in the roots (5), where, as in the
case with malic acid, sucrose also had only
one significant correlation with the studied
elements and it was with Na.

A number of the identified metabolites in
the aboveground part (quinic acid, caffeic acid,
chlorogenic acid, meso-Erythritrol, octanoic
acid, glucose, triterpene acid) correlated
significantly with the studied elements in the
roots, but on the other hand these same
metabolites (in the roots) did not correlate with
the studied elements in the roots.

Table 7. Table of the Pearson correlation coefficients among the studied chemical
elements in the root system and the metabolites in the root system and the aboveground part
of T. officinale. Legend: * Correlation is significant at the 0,05 level (2-tailed). ** Correlation is
significant at the 0,01 level (2-tailed). ± the compound has been found only in the roots. No
statistically significant correlations were found among the studied elements in the roots and
Protocatechuic acid, Fructose 1, Fructose 2, Fructose 3, Palmitic acid, β-Sitosterol, Triterpene
1, due to which they have not been presented in the table. The correlations marked in brown
are among the studied elements in the roots and the metabolites in the roots. The correlations
marked in green are among the studied elements in the roots and the metabolites in the
aboveground part. Due to the large amount of data, the correlation coefficients have been
presented without 0 before the decimal point.
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There were 32 statistically significant
correlations among the studied elements in
the aboveground part of T. officinale and the
studied metabolites in the aboveground and
underground part (Table 8). All 22
significant correlations among the studied
elements in the aboveground part and the
metabolites in the roots were positive. All
ten correlations between the studied
elements and the metabolites in the
aboveground part were negative. The only
metabolites found both in the roots and in
the aboveground part that correlated with
some of the studied chemical elements were
fructose 1, fructose 2 and β-sitosterol. No
significant correlations were found between
the studied elements in the aboveground
part and malic acid (both in the roots and in

the aboveground part), although malic acid
(in the roots) correlated in many of the cases
with the studied elements in the roots.

The toxic levels of essential and non-
essential elements can cause oxidative stress
and a number of other changes in physiology,
including different localization of metal ions
(in roots and leaves), accumulation and storage
as non-toxic forms, formation of complexes
with organic acids or peptides, etc., and unlock
various mechanisms in the plant organism for
adaptation to stress (Clijsters et al., 1999;
Bretzel et al., 2013), which can result in a
change in the amount of secondarymetabolites
(Lajayer et al., 2017). The increase or decrease
in the content of various metabolites in plants
subjected to metal stress has been discussed by
other authors (Misra & Sharma, 1991;
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Zheljazkov & Nielsen, 1996). Our data
confirmed the increase in secondary
metabolites caused by heavy metal stress
reported by other authors (Lajayer et al.,
2017), but there was also a decrease in the
synthesis of secondary metabolites, which
has been discussed by other authors (Murch
et al., 2003). The significant correlations

among Cu, Pb, Zn and the secondary
metabolites in the leaves, and the lower
concentrations of these same metals in the
roots compared to those in the leaves
confirmed data obtained from a study
conducted by other authors on the impact
of heavy metals on metabolites in T.
officinale (Bretzel et al., 2013).

Table 8. Table of the Pearson correlation coefficients among the studied chemical
elements in the aboveground part and the metabolites in the root system and the
aboveground part of T. officinale. Legend: * Correlation is significant at the 0,05 level (2-
tailed). ** Correlation is significant at the 0,01 level (2-tailed). No statistically significant
correlations were found among the studied elements in the aboveground part and Quinic
acid, Succinic acid, Malic acid, Meso-erythritrol, Sucrose, β-Amyrin, Triterpene 1, Triterpene
2, Glyceric acid, due to which they have not been presented in the table. The correlations
marked in brown are among the studied elements in the aboveground part and the
metabolites in the roots. The correlations marked in green are among the studied elements in
the aboveground part and the metabolites in the aboveground part. Due to the large amount
of data, the correlation coefficients have been presented without 0 before the decimal point.
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Conclusions
Significant concentrations of available

heavy metals have been found in technogenic
soils on which phytocoenoses with the
participation of T. officinale have been formed.
There was a greater accumulation of elements
(P, K, Al, Ba, Fe, Mg, Mn, Ni, Pb) in the
aboveground part compared to the roots, which
has confirmed previous data reported by other
authors on the greater accumulation of heavy
metals in the aboveground part. There were
significantly more (38) correlations between the
investigated chemical elements in the roots,
metabolites in the roots and metabolites in the
aerial part, compared to the correlations (32)
between the investigated elements in the aerial
part of T. officinale and the investigated
metabolites in the aerial andunderground parts.
It was established that the investigated elements
can influence (positively and/or negatively) the
content of metabolites in the different parts of

the plants. Also, affecting the content of a given
metabolite in one plant part does not necessarily
mean that the same metabolite will be affected
in the same way in other plant parts. The
obtained results confirm the formulated
hypothesis - that the stress caused by heavy
metals in the soil causes a change in the content
ofmetabolites in plants.
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