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Abstract: Soil pollution by heavy metals as a result of mining activities is increasingly taking place.
Once accumulated in soil, the heavy metals can then be dispersed, with serious effects on the envi-
ronment and human health. It is therefore necessary to minimize, or even remove, all heavy metals
from polluted areas, and one of the environmentally friendly and sustainable methods to do so is
phytoremediation. A greenhouse pots experiment was conducted to evaluate the phytoremediation
capacity of Silphium perfoliatum L. plants, in the vegetative growth stages, on a soil polluted with Cu,
Zn, Cr and Pb, taken from a former mining area compared to an unpolluted soil (Us). The initial
heavy metal content of polluted soil (Ps) was 208.3 mg kg−1 Cu; 312.5 mg kg−1 Zn; 186.5 mg kg−1 Cr
and 195.2 mg kg−1 Pb. This shows that for Cu and Pb, soil concentrations exceed the intervention
threshold, and for Zn and Cr, they are above the alert threshold. The removal efficiency, bioaccumula-
tion factor, translocation factor, metal uptake and contamination factor index of Cu, Zn, Cr and Pb by
S. perfoliatum L. were quantified to determine the bioremediation success. The data show that plants
grown in Ps accumulated a significantly higher amount of Cu by 189% and Zn by 37.95% compared
to Us. The Cr and Pb content of the plants recorded a progressive and significant increase from one
developmental stage to another, being more intense between three and five leaves.

Keywords: polluted soil; bioaccumulation factor; removal efficiency; translocation factor; free proline;
chlorophyll; plant growth

1. Introduction

More than 10 million soil pollution sites have been identified worldwide, more than
half of which are contaminated with heavy metals and/or metalloids [1]. In the EU, soil
contamination most commonly occurs with heavy metals and mineral oils [2], with a
strong negative impact on the environment, human and animal health, mainly due to
bioaccumulation in the food chain and long-term persistence in the environment [3–7].
Even though, for many areas of the world, the mining industry is an important factor of
economic development, providing important resources of raw materials and energy, it is
also an important factor in soil, air and water pollution [8–12].

In Romania, the mining industry experienced intense development in the twentieth
century, especially in its second half, providing over one million jobs in 14 exploitation
areas throughout the country. In the first few years after 1990, around 138 million tons of
pollutants were emitted into the environment annually, including significant amounts of
particles and compounds of non-ferrous metals with very harmful effects on the ecosys-
tems. The causes of these pollution were primarily due to mismanagement, as well as
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outdated technologies and operating facilities. Unfortunately, these accelerated develop-
ments have intensified and caused new industrial pollution phenomena, one of the most
important being the pollution of the soil by heavy metals [13]. With the identification of
new, sustainable, and less polluting energy sources, after 2000, the exploitation activity
was drastically reduced, generating depopulation, abandoned mines, tailings dams, un-
managed tailings dumps and implicitly widespread pollution with heavy metals of the
related ecosystems [14]. Pollution manifests itself not only in the strict location of industrial
areas, but also in pastoral, agricultural, forestry and rural/urban areas located at smaller or
greater distances from the places of exploitation and processing.

There are several studies that highlight the unfavorable effects of heavy metal pollution
in Romania, through their accumulation in industrial sites and mining areas and their
impact on different ecosystems. These studies have shown high accumulations of heavy
metals in soils [15], soils and various vegetables [16–18], in soils and pasture flora [19],
soils and vines [20], soils and rapeseed [21], and in vegetables and fruits [22]. Heavy metal
pollution is also evident in the surface waters near the mining areas [23], in the main rivers,
such as the Danube [24,25] and Olt [26], in the salt lakes [27], and the Danube Delta [28].
The presence of heavy metals in the air has also been demonstrated by studies carried out
in polluted and urban areas, and also at the regional and national level [29–32].

Removing the excess heavy metals from different ecosystems is essential for pro-
tecting the environment and the health of the population. The various in situ removal
technologies, such as surface capping [33], soil flushing [34], electrokinetic extraction [35],
vitrification [36], etc., for soils, or chemical precipitation [37], ion exchange [38], reverse
osmosis [39] or adsorption and extraction by means of solvents [40] for aquatic ecosystems
entail high operating and maintenance costs, low efficacy, limited environmental protection
and long periods of implementation [41]. In addition, some of these methods can cause
damage to the native microflora of the environment and irreversible negative changes in the
ecosystem. Moreover, chemical technologies can generate secondary pollution problems.

However, there are also environmentally friendly and economically efficient technolo-
gies that reduce the risk of dispersion of heavy metals and protect the original ecotypes,
and one of these is phytoremediation.

Phytoremediation is classified as an environmentally friendly method because it
reduces the risk of the dispersion of contaminants and protects the original ecotype by
avoiding the excavation of contaminated sites [42–44].

Phytoremediation is a relatively simple technology that does not require sophisti-
cated equipment or highly qualified personnel and has the advantage that it allows the
simultaneous remediation of large areas with relatively low costs [45]. The main processes
underlying phytoremediation technologies consist of extraction, rhizofiltration, stabiliza-
tion, biodegradation, and volatilization of heavy metals by means of plants [46,47].

Phytoremediation is based on the ability of some plant species, aquatic and terrestrial,
to take on and accumulate heavy metals from the environment. Although intensely studied
in recent decades, the physiological mechanisms of absorption, translocation, metaboliza-
tion, accumulation and/or removal of heavy metals by plants are still scantly elucidated.
Most information has been obtained for some species of families; Asteraceae, Brassicaceae,
Caryophyllaceae, Euphorbiaceae, Fabaceae, Lamiaceae, Poaceae, Salicaceae and Violaceae [48–55].

Therefore, the management of Ps with heavy metals is a cost-effective and environ-
mentally friendly technology. There are a wide range of plant species capable of taking over
and accumulating heavy metals in the different vegetative and generative organs [56–58].
However, detailed research is needed on the various physico-chemical and physiologi-
cal processes that govern the processes of absorption, translocation, metabolization, and
accumulation of heavy metals in plants.

Hence, this research was designed to perform the phytoremediation capacity of the
heavy metals Ps collected from a former mining area of a promising species belonging
to the Asteraceae family—Silphium perfoliatum. The objectives of this research concerned
(a) evaluating the tolerance of silphium plants to combined soil pollution with Cu, Zn, Cr
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and Pb, compared to unpolluted soil that has only Cu and Zn, (b) examining the dynamics
of absorption, translocation and accumulation in different plant organs were monitored, as
well as (c) analyzing the effects on some metabolic and growth processes.

2. Materials and Methods
2.1. Biological Material—Silphium perfoliatum L. Plants

Silphium perfoliatum belongs to the Asteraceae family, a species native to the North
American prairies [59], which is used for decorative purposes [60], is cultivated as a
fodder plant [61], and is used for the production of biofuels [62–65], but also for the phyto-
remediation of heavy metals in Ps [14,66–69]. The growth rate is intense due to the deep
root system, the aerial part formed by stems up to 3 m high [70], with large leaves of
85–120 cm2, which are numerous and oppositely arranged on the stems [71].

S. perfoliatum is not harvested usually in the first year of cultivation, since the growth
is vegetative, focused on the leaf rosette formation. Starting from the second year, S. per-
foliatum produces stems, flowers, and seeds [72]. It can produce rich aerial biomass for
15 years [73], with one or two harvests per year, with relatively low technological require-
ments [61]. Therefore, S. perfoliatum is cultivated both due to its economic advantages and
positive impact on the environment through protection and phytoremediation.

2.2. The Description of the Studied Sites

For a comparative evaluation of the physiological mechanisms of the absorption,
translocation, and accumulation of heavy metals in different organs of S. perfoliatum plants
and for the highlighting of some metabolic effects, we used Ps and Us for the experiments.

2.2.1. Polluted Soil from Sasca Montana

Sasca Montana (44◦53′49′′ N 21◦41′42′′ E) is a village in Caras-Severin County, located
in the south-western part of Romania, recognized for its copper mine, first opened in
the time of the Roman Empire. This mine represents one of the most important mining
exploitations in this part of the country, with the activity of the extraction and primary
processing of copper ore until 1998, when it entered into conservation, and then closure and
greening. Although some greening work has been conducted, the agricultural and forest
area in the mine area is still polluted with heavy metals (especially Cu, Zn, Cr and Pb).

Samples from the soil profile (0–30 cm deep) were first taken from agricultural land
near the mine (Supplementary Material, Figure S1) to determine the spatial distribution
mode and the quantities of existing heavy metals. Preliminary laboratory analyses revealed
a higher concentration of heavy metals in the surface layer of the soil on land near min-
ing tailings dumps. Subsequently, 100 kg of soil was taken from the surface layer from
10 different points from an area of 30,000 square meters of pasture in the immediate vicinity
of the former exploitation. Analyses showed a heavy metal content of 208.3 mg kg−1 Cu;
312.5 mg kg−1 Zn; 186.5 mg kg−1 Cr and 195.2 mg kg−1 Pb, and the pH value was 7.7.

2.2.2. Unpolluted Soil from Timisoara

Timisoara (45◦45′35′′ N, 21◦13′48′′ E) is the capital city of Timis County and is the main
economic, social and cultural center in western Romania. It is also located in the Western
Plain, an area of agricultural importance, especially due to fertile soils (chernozems) and
the favorable climate for plants cultivation.

The soil was taken from the superficial layer on the experimental field of Banat’s
University of Agricultural Sciences and Veterinary Medicine “King Michael I of Romania”
from Timisoara, being a cambic chernozem type (Supplementary Materials Figure S1). After
harvesting, the soil was cleaned of plant debris and homogenized to conduct the primary
analyses. These analyses revealed a pH of 7.4 and a heavy metal content of 62.8 mg kg−1

Cu, 296.1 mg kg−1 Zn, with the other two elements analyzed, Cr and Pb, being present
as traces.
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Comparative analyses of the absorption, translocation and metabolization of heavy
metals on polluted and unpolluted soils facilitate a better understanding of the physiologi-
cal mechanisms of S. perfoliatum tolerance to their stress.

2.3. Soil Analysis

Sample preparation. For analysis, the soil samples were air-dried, repeatedly shredded,
sieved through a 2 mm mesh screen and separated manually in representative quantities of
3 g for initial analyses of the heavy metal content. This working technique and the storage
of soil samples were been performed in accordance with ISO 11464/2006 [74].

Heavy metal concentration. The homogenized soil samples were dried at 75 ◦C for
48 h and then were ground to obtain a fine powder. The dried and sifted soil samples
were treated with hydrochloric acid (HCl) and nitric acid (HNO3) solutions in a ratio of
3:1 (v/v), and the resulting solution was then cooled, filtered, and diluted with 25 mL of
distilled water. The digested liquid was filtered (Whatman No. 0.5 filter paper), and the
total heavy metal content of the filtrate was analyzed by the Atomic Absorption Techique
and Standards (Aas).

The metal ion content was determined by means of the atomic absorption spectrometry
(AAS) method (Varian SpectrAA 280FS, Agilent Technologies Inc., Santa Clara County, CA,
USA) according to ISO 11047/1998 [75]. A detailed description of the procedure used to
treat plant and soil samples, from drying and calcination (plant samples) to obtaining the
final sample, was provided by Sumalan et al. [14].

2.4. Plant Samples Analysis

The determination and expression of plant developmental stages was achieved using
the BBCH decimal coding system [76].

The analysis of the plants growth rate was achieved by determining the fresh biomass
of the root system and of the above-ground leaves of plants (petioles + laminas) sepa-
rately by weighing with a precision balance and determining the dry weight by drying
in an oven (Universal Oven UmUF 75 m plus, Memmert GmbH + Co. KG, Schwabach,
Germany) at 105 ◦C for two hours and then continuously at 80 ◦C until a constant dry
weight was obtained. The quantities of heavy metals and free proline were reported as a
dry weight (dw).

Chlorophyll and Proline Measurements. The determination of the total chlorophyll
content (µg cm−2) was performed by means of the Arnon method [77]. The leaf sam-
ples were homogenized in 80% acetone and the absorbance were spectrophotometrically
determined at 645 and 663 nm against the solvent (acetone) blank.

Total chlorophyll (TC) was calculated using the following Equation (1) [77]:

TC = 20.2(A645) + 8.02(A663) (1)

The determination of proline was performed for the roots, petioles, and laminas
according to the method of Bates et al. [78]. The homogenates of the obtained samples were
prepared in 3% sulfosalicylic acid, and pink staining was obtained by reacting with glacial
acetic acid and ninhydrin. The color intensity was determined spectrophotometrically at
546 nm.

Vegetation samples were dried in an oven at a temperature not exceeding 40 ◦C [73].
The dried plants were separated into roots, stems and leaves and then calcined. The
calcination of the plant products aimed to remove their organic parts, for the purpose of
their subsequent analysis.

The weighed plant material, placed in the melting pot, was heated to carbonization,
550–600 ◦C, for 5–6 h, after which the melting pot was allowed to cool in the desiccator,
and then the melting pot was weighed again with the resulting ash after carbonization of
the plant. The difference between the initial mass of the plant and the mass remaining after
calcination was the loss at calcination.
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Ash samples obtained after vegetation samples calcination were extracted with an acid
mixture (aqua regia) made by combining concentrated hydrochloric acid and nitric acid in
a volumetric ratio of 3:1. We weighed and added approximately 3 g of ash to the nearest
0.001 g into a 250 mL reaction flask. Then we moistened it with approximately 0.5–1 mL
of water and added, while stirring, 21 mL of concentrated hydrochloric acid, followed by
7 mL of concentrated nitric acid, drop by drop, when necessary, to the absorption flask and
the refrigerant in the reaction flask and left the mixture for 16 h at room temperature to
permit the slow oxidation of the organic matter in the soil.

We slowly raised the temperature of the reaction mixture until the reflux conditions
were reached and maintained this temperature for 2 h, ensuring that the condensation
area was less than 1/3 of the height of the refrigerant, and then allowed the mixture to
cool. We then added the contents of the absorption bottle to the reaction flask through the
refrigerant, rinsing both the absorption bottle and the refrigerant with a further 10 mL of
nitric acid. We then allowed the insoluble residue in the reaction flask to settle. After this,
we carefully passed the relatively free supernatant of the sediments obtained by decanting
through filter paper, collecting the filtrate in a 100 mL volumetric flask. We passed all of
the initial extract from the reaction flask through the filter paper, and then washed the
insoluble residue on the filter paper with a minimum volume of nitric acid. We collected
this filtrate with the first.

The metal ion content in the filtrate was analyzed by atomic absorption spectrometry
using the Varian Spectra AA-280 FS Spectrometer (Agilent Technologies, Santa Clara, CA,
USA) [75].

2.5. Experimental Procedures

To ensure germination, the seeds of S. perfoliatum were treated with low temperatures
(3–4 ◦C for 4 weeks) to interrupt their dormancy. They were then sterilized (NaOCl 10%
20 min) and washed repeatedly with distilled water. The seeds were presoaked for 24 h in
distilled water to initiate germination and were placed in 8/8 cm plastic alveolar trays on
Bio Plantella Start substrate, (Unichem DOO, Vrhnika, Slovenia). Until the appearance of
the first leaf, the trays were kept in the Wise Cube WTH E305 model growing room (Witeg
Labortechnik GmbH, Germany) at a constant temperature of 20 ◦C, a relative air humidity
of 80 ± 10%, with a 12/12 light/dark cycle, and soil moisture was maintained at optimal
values by means of daily control and watering with distilled water at pH 6.2–6.3.

After the appearance of the second leaf, the seedlings were transferred to the green-
house under controlled conditions (temp. 25 ± 5/18 ± 5 ◦C day/night; 65 ± 5% rh and
10 to 16 h of light). After 10 days of acclimatization, 120 plants were transplanted into
vessels of 2 L capacity, 60 of them in heavy metals Ps, coming from the mining area Sasca
Montana, and another 60 in Us. Collection trays were placed under each vessel to avoid
losses through leaching, with the collected solution being reintroduced into the vessels.

The vessels were arranged in a completely randomized design.
After 10 days of moving plants to the soil vessels, once with the formation of the third

leaf (13BBCH), samples were taken and determinations were made on the plants regarding
fresh mass, dry weight, proline and total chlorophyll content, as well as analyses of the
content of heavy metals in the soil and plants (roots, petioles and laminas). Determinations
and analyses of the abovementioned parameters were performed in dynamics and in the
five leaf (15BBCH) and eight leaf (18BBCH) phenophases. The plants received careful
care throughout the experimentation period, eliminating other stressors and maintaining a
uniform temperature, humidity and lighting conditions for all variants and replicates.

The assessment of the decontamination potential of Ps with heavy metals by S. per-
foliatum plants was achieved by calculating some phytoremediation indices, such as the
removal efficiency (RE), bioaccumulation factor (BAF), translocation factor (TF), metal
uptake (MU) and contamination factor index (Cfi).

RE represents the ability of plants to take a certain amount of metal ions from the soil
within a certain time interval.
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1. RE (%) = 100 × (initial heavy metal concentration in soil − final heavy metal concen-
tration in soil/initial concentration of heavy metal in soil) (%) [57].

BAF is the ratio of the content of heavy metals in plants and soils. It is an indicator of
the ability of a plant to accumulate heavy metals.

2. BAF = heavy metal concentration in the plant/heavy metal concentration in the
soil [79].

TF is the ratio of the concentration of metal in the above-ground part of the plant to
that in the roots, or the ability of the plant to move the metal from the roots to the stems
and leaves.

3. TF = heavy metal concentration in the leaves/heavy metal concentration in the
roots [56].

MU can determine the plant’s ability to accumulate heavy metals relative to their
dry biomass.

4. MU = metal concentration in a shoot or root × dry weight of the shoot or root
(mg kg−1 dw) [80].

For the determination of soil pollution with metals, the contamination factor index
(Cfi) proposed by Hakanson [81] was used (2).

Cf
i = C0–1

i/Cn
i (2)

where C0–1
i is the concentration of metal in the sample; and Cn

i is the background level of
different metals in the Earth’s upper crust suggested by Kabata-Pedias [82].

The background values of metals (Cn
i) in natural soils were considered as the follow-

ing: 20 mg kg−1 for Cu; 40 mg kg−1 for Zn; 10 mg kg−1 for Cr and 30 mg kg−1 for Pb [81].
According to Hakanson [81], four classes of contamination were recognized: low contami-
nation (if Cfi < 1); moderate contamination (if 1 ≤ Cfi < 3); considerable contamination (if
3 ≤ Cfi < 6); and very high contamination (if Cfi ≥ 6).

The experiments and physiological determinations were performed in the Plant Phys-
iology Department, University of Agricultural Sciences and Veterinary Medicine of Ba-
nat “King Michael I of Romania” from Timisoara, and the analysis of heavy metals was
performed in the Environmental Analysis Laboratory, Research Institute of Renewable
Energies, Polytehnica University Timisoara, in the spring–summer of 2020.

2.6. Statistical Procedures

Data representing mean± standard error (SE) were calculated based on three replicate
samples. The data for all analyses and determination were statistically processed using
ANOVA, and the means were compared using the least significant difference (LSD) test [83].
The significance of differences was marked with letters, being considered as significant
(p < 0.05), and differences between means are marked with different letters.

The relationships between metal concentrations in plants and biomass, proline and
chlorophyll content were analyzed using Pearson’s correlation coefficient. The significance
of correlation coefficients was analyzed by means of the two-tailed test.

3. Results
3.1. The Heavy Metals Concentration in Soils and Plants

Initial analyses showed that in the case of Us, the concentrations of Cu and Zn were
below the alert threshold, against the background of a higher Zn concentration (Table 1). In
Ps samples, taken from the Sasca Montana mining area, the concentrations of Cu, Zn and
Cr are above the alert threshold, while the Pb concentration even exceeds the intervention
threshold. According to the values of the Cfi, much higher contamination with Cr, Cu, Zn
and Pb was observed in Ps, and considerable contamination with Cu was observed in Us.
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Table 1. Initial mean concentration of heavy metals in soil and reference thresholds.

Metal Soil Type Initial Concentration
(mg kg−1) Cfi

Reference Thresholds

Normal Alert Intervention

Cu Us 62.81 ± 0.40 3.14 20 100 250

Ps 208.34 ± 3.65 10.42

Zn Us 296.10 ± 1.10 7.40 100 300 600

Ps 312.47 ± 4.28 7.81

Cr Ps 186.53 ± 3.40 18.65 30 100 300

Pb Ps 195.21 ± 2.32 6.51 20 50 100

(According to the Order 756/1997, Environmental Pollution Assessment Regulation). Cfi —contamination
factor index.

The analysis of the variance components (Table 2) shows that the three main sources of
variation showed a significant influence on the variability of the Cu and Zn concentrations
in the S. perfoliatum plants. The highest contribution to the variability of the Cu concen-
tration was presented by the type of soil, followed by the organ and plant development
stage. Significant differences were also observed for the different interactions between
the three factors, with a higher contribution in the case of the interaction between the soil
type and the plant organs. Regarding the Zn concentration, it was determined that the
biggest differences were recorded between analyzed organs, compared to the soil type and
the development stage. Additionally, the interactions between the factors had significant
contributions to the total variability, with a higher value for the interactions between the
soil type and the plant organs.

Table 2. Cu and Zn concentrations in different development stages of S. perfoliatum plants grown in
heavy metal Ps and Us.

Metal Soil Stage Soil

(mg kg−1) 13 BBCH 15 BBCH 18 BBCH Mean

Cu Us 10.44 ± 1.12 b y 13.60 ± 1.51 b xy 17.88 ± 3.63 b x 13.97 ± 1.44 B
Ps 31.32 ± 5.32 a y 35.05 ± 5.94 a y 54.90 ± 8.25 a x 40.42 ± 4.19 A

Stage means 20.88 ± 3.65 Z 24.33 ± 3.95 Y 36.39 ± 6.26 X

Zn Us 66.56 ± 8.44 a y 77.65 ± 11.52 a xy 87.64 ± 17.89 a
x 77.28 ± 7.52 A

Ps 46.95 ± 6.51 b y 66.21 ± 9.01 b x 68.04 ± 9.23 b x 60.40 ± 4.99 B
Stage means 56.75 ± 5.69 Y 71.93 ± 7.23 X 77.84 ± 10.05 X

Cu: soil LSD5% = 2.70; growth stage LSD5% = 3.30; soil × growth stage LSD5% = 4.67. Zn: soil LSD5% = 6.72;
growth stage LSD5% = 8.24; soil × growth stage LSD5% = 11.65. Data (mg kg−1) represent mean ± SE. Different
letters (a, b) in the column indicate significant differences (p < 0.05) between soils. Different superscript letters
(x, y) in the row indicate significant differences (p < 0.05) between growth stages. Capital letters were used for
comparisons of growth stage means (X, Y, Z) and soil means (A, B).

Analyzing the concentration of Cu in different stages of plant development, it increased
significantly by 16.52% from three to five leaves (13 to 15BBCH) and by 49.59% from five
to eight leaves (15 to BBCH), respectively (Table 2). Plants grown in Ps accumulated a
significantly higher amount of Cu, by 189%, compared with plants in the Us, which showed
small and insignificant variations of 3.16–4.28 mg/kg in the Cu concentration from one
development stage to another. As such, only in the eight leaf stage was the amount of Cu
in the plant significantly higher, by 7.44 mg kg−1, compared to the three leaf stage. In the
case of plants grown in Ps, a small and insignificant variation in the concentration of Cu
was observed between the first two stages, but at the last stage, the concentration of Cu
was significantly higher by 12.06–15.51 mg kg−1. Regardless of the development stages,
plants grown in Ps accumulated significantly higher Cu amounts, with differences from
20.88 mg kg−1 in the three leaf stage to 37.02 mg kg−1 in the eight leaf stage.
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Generally, the Zn amount accumulated by plants grown in Ps was significantly higher
by 27.95%. The plants’ Zn concentration increased significantly by 26.75% from three to
five leaves, and then, until eight leaves, the variation was reduced and insignificant. In
all three development stages, plants grown in Us accumulated a significantly higher Zn
amount than those grown in Ps, with differences ranging from 17.29% for the five leaf
stage to 41.76% for the three leaf stage. In the conditions of the Us, there was increase in
the plants’ Zn concentration increase one stage to another, meaning that only in the last
stage was the amount of Zn significantly higher, by 31.67%, compared to that from the first
determination. The plants grown in Ps recorded a significantly higher accumulation of Zn
by 41.02%–44.92% in the 15th and 18th BBCH stages compared to 13 BBCH.

At the whole experience level, the S. perfoliatum plants accumulated various Cu
amounts in different organs, so that in the lamina, the concentration was significantly
higher than in the roots and petioles (Table 3). Plants grown in Us were recorded as having a
higher concentration by 9.3–12.73 mg kg−1 in the lamina compared to the roots and petioles,
which were statistically undifferentiated. The same trend was observed in Ps conditions
where the Cu concentration varied from 26.12 mg kg−1 in the roots to 65.29 mg kg−1 in the
lamina. Cu accumulation in various plant organs was significantly higher when grown in
Ps, ranging from 14.1 mg kg−1 in roots to 43.97 mg kg−1 for leaf lamina.

Table 3. Cu and Zn concentrations in different organs of S. perfoliatum plants grown in heavy metal
Ps and Us.

Metal Soil Plant Organ

(mg kg−1) Root Petiole Lamina

Cu Us 12.02 ± 0.86 b y 8.59 ± 0.53 b y 21.32 ± 2.89 b x

Ps 26.12 ± 3.43 a y 29.86 ± 2.96 a y 65.29 ± 5.87 a x

Plant organ mean 19.07 ± 2.42 Z 19.22 ± 2.96 Y 43.30 ± 6.20 X

Zn Us 37.91 ± 2.00 b z 74.69 ± 2.43 a y 119.25 ± 11.28 a x

Ps 60.75 ± 2.26 a y 33.69 ± 3.63 b z 86.76 ± 6.96 b x

Plant organ mean 49.33 ± 3.13 Y 54.19 ± 5.40 Y 103.00 ± 7.54 X
Cu: plant organ LSD5% = 3.30; soil × plant organ LSD5% = 4.67. Zn: plant organ LSD5% = 8.24; soil × plant organ
LSD5% = 11.65. Data (mg kg−1) represent mean ± SE. Different letters (a, b) in the column indicate significant
differences (p < 0.05) between soils. Different superscript letters (x, y, z) in the row indicate significant differences
(p < 0.05) between plant organs. Capital letters were used for comparisons of plant organ means (X, Y, Z).

The plants showed a significantly higher concentration of Zn in the lamina by 90%–109%
compared to the petioles and roots. In the Us, there was a significant variation in the Zn
amount determined in different analyzed plant parts, with values between 37.91 mg kg−1

in the roots and 119.25 mg kg−1 in the lamina. In pollution conditions, it was observed
that the Zn amount accumulated in the roots was significantly higher by 27.06 mg kg−1

compared to the petioles, against the background of a significantly higher concentration of
86.76 mg kg−1 in the lamina. Plants grown in Ps accumulated in the roots a significantly
higher amount of Zn by 60.24% compared to plants grown in Us, while the concentration
in petioles and lamina was significantly lower by 27%–55%.

Concerning the Cu concentration in various plant organs during the three develop-
mental stages, it was found that the plants accumulated in the lamina a significantly higher
amount, with variations from 19.56 mg kg−1 for 15 BBCH to 33.31 mg kg−1 for 18 BBCH
(Table 4). Additionally, the concentrations in the roots and petioles were similar and undif-
ferentiated statistically. The degree of plant development had a similar effect on the Cu
accumulation in different organs, observing a significant variation only between the values
related to the 15 and 18 BBCH stages.

Analyzing the Zn amount in the plant organs, it was found that in all stages, lamina
manifested a significantly superior accumulation capacity compared to the roots and peti-
oles, which recorded similar concentrations of this metal. The plant’s stage of development
manifested a small and insignificant influence on the Zn accumulation in the roots and
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petioles. The lamina showed a significant increase in Zn concentration from one stage to
another, with variations from 76.64 mg kg−1 in 13 BBCH to 125.95 mg kg−1 in 18 BBCH.

Table 4. Cu and Zn concentrations in different plant organs and development stages of S. perfoliatum.

Metal Stage
Plant Organ

Root Petiole Lamina

Cu 13 BBCH 13.48 ± 1.89 b y 15.84 ± 3.89 b y 33.32 ± 8.40 b x

15 BBCH 18.13 ± 1.67 b y 17.16 ± 4.17 b y 37.69 ± 9.24 b x

18 BBCH 25.60 ± 6.20 a y 24.67 ± 6.92 a y 58.91 ± 12.72 a x

Zn 13 BBCH 45.18 ± 5.29 a y 48.44 ± 12.11 a y 76.64 ± 6.01 c x

15 BBCH 49.09 ± 5.57 a y 60.26 ± 9.10 a y 106.43 ± 7.02 b x

18 BBCH 53.71 ± 5.82 a y 53.86 ± 7.39 a y 125.95 ± 15.75 a x

Cu: stage × plant organ LSD5% = 5.72; Zn: stage × plant organ LSD5% = 14.26. Data (mg kg−1) represent
mean ± SE. Different letters (a, b, c) in the column indicate significant differences (p < 0.05) between stages.
Different superscript letters (x, y) in the row indicate significant differences (p < 0.05) between plant organs.

By analyzing the cumulative effects of the three sources of variation (Table 5), it
was observed that the development stage of the plants grown in Us did not significantly
influence the Cu concentration in the roots and petioles, while in the lamina, the Cu
accumulation in the last analyzed stage was significantly higher than in the previous stages.
In the first phase, a reduced and insignificant variation of the Cu concentration of plant
organs was observed, with values between 9.52 mg kg−1 for roots and 14.55 mg kg−1 for
lamina. In the final phases (15 and 18 BBCH), a significantly higher amount of Cu was
determined in the lamina.

For plants grown in Ps, it was found that their development was associated with a
significant increase in Cu amount, so that in 18BBCH, there were significantly higher values
in all plant organs. Regardless of the phenophase, the concentration of this element in the
lamina was significantly higher than in the roots and petioles, which showed similar values.

The roots and petioles’ Zn concentration dynamics in plants grown in Us show
an insignificant variation during the three phenophases, associated with amplitudes of
7.82–11.39 mg kg−1. The lamina Zn accumulation was influenced by the plant’s devel-
opment stage, registering a progressive increase from one phase to another. In the first
phase, the roots showed a significantly lower Zn content than the other organs, while in
the 15 and 18 BBCH phenophases, the lamina accumulated a significantly higher amount
than the other organs. Additionally, the petioles had a significantly higher concentration
than the roots.

The Zn accumulation in the roots and petioles of plants grown in Ps was not influ-
enced by the development stage but had amplitudes from 9.23 mg kg−1 for the roots to
18.63 mg kg−1 for the petioles. In the lamina, during plant development from 13 to 15
BBCH, a significant increase in Zn concentration to 33.68 mg kg−1 was observed, associated
with a low variation between the last two phenophases. In the 13 BBCH stage, the petioles
had a significantly higher Zn content than the other two organs. In the 15 and 18 BBCH
stages was found a more obvious differentiation between plant organs, manifested by
higher Zn concentrations (96.94–100.08 mg kg−1) in the lamina and significantly lower
values (38.96–40.37 mg kg−1) in the petioles.

With regard to the whole experiment, the dynamics of Zn accumulation in the
S. perfoliatum organs were on average 153% higher than the concentration of Cu.

Analysis of the data in Table S2 (Supplementary Material) indicates that there are
significant variations in the Pb and Cr content in plants both between stages and between
organs. Phenophase showed a lower contribution to the variability of Pb and Cr content
compared to plant organs. A significant contribution was also for the interaction between
phenophases and analyzed organs with regard to the quantity of these elements.
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Table 5. Cu and Zn concentrations in different organs and development stages of S. perfoliatum plants
grown in heavy metal Ps and Us.

Metal

Soil Unpolluted

Stage Plant Organ

Root Petiole Lamina

Cu 13 BBCH 9.52 ± 0.93 a x 7.25 ± 0.55 a x 14.55 ± 0.10 b x

15 BBCH 14.47 ± 0.64 a xy 8.13 ± 0.32 a y 18.21 ± 1.01 b x

18 BBCH 12.06 ± 1.18 a y 10.39 ± 0.56 a y 31.20 ± 4.73 a x

Soil Polluted

Stage Plant Organ

Root Petiole Lamina

13 BBCH 17.44 ± 1.15 b y 24.42 ± 0.45 b y 52.09 ± 2.75 b x

15 BBCH 21.79 ± 1.22 b y 26.20 ± 2.28 b y 57.17 ± 5.95 b x

18 BBCH 39.13 ± 0.81 a y 38.96 ± 6.79 a y 86.61 ± 4.32 a x

Metal

Soil Unpolluted

Stage Plant Organ

Root Petiole Lamina

Zn 13 BBCH 34.52±3.33 a y 75.13±4.35 a x 90.02±0.46 c x

15 BBCH 36.88±1.87 a z 80.16±1.93 a y 115.91±4.24 b x

18 BBCH 42.34±4.18 a z 68.77±3.96 a y 151.81±23.38 a x

Soil Polluted

Stage Plant Organ

Root Petiole Lamina

13 BBCH 55.85 ± 3.90 a x 21.74 ± 1.06 a y 63.26 ± 1.10 b x

15 BBCH 61.31 ± 1.46 a y 40.37 ± 3.79 a z 96.94 ± 11.78 a x

18 BBCH 65.08 ± 4.74 a y 38.96 ± 5.95 a z 100.08 ± 4.99 a x

Cu: soil × stage × plant organ LSD5% = 8.09. Zn: soil × stage × plant organ LSD5% = 20.17. Data (mg kg−1) rep-
resent mean ± SE. Different letters (a, b, c) in the column indicate significant differences (p < 0.05) between stages.
Different superscript letters (x, y, z) in the row indicate significant differences (p < 0.05) between plant organs.

The Cr content of plant roots grown in Ps demonstrated positive but insignificant
variations, between 18.03 and 24.19 mg kg−1 for the first two phenophases (Table 6). Thus,
only in the last stage was the Cr concentration significantly higher, by 13.08 mg kg−1, than
in the first one. The petioles’ Cr content demonstrated an insignificant variation during the
plant development, associated with an amplitude between 21.55 and 30.21 mg kg−1. The
developmental stage of the plants showed a significant influence on the Cr accumulation in
the lamina, based on the background of significant differences from one stage to another,
between 13.31 mg kg−1 in the last two and 28.45 mg kg−1 in the first two, respectively.
Throughout the whole experiment, the lamina’s Cr accumulation was significantly higher
than that of the roots or petioles, respectively.

Therefore, the plant development stage determined a gradual increase in the accumu-
lated Cr amount in different organs, associated with a variation of 57.93% between the first
two phenophases and 18.39% between the last two. Analyzing all stages, it was found that
the Cr content of the lamina was significantly higher than that of the other two organs.

The Pb content analysis shows that the roots’ accumulation of this element was not
significantly influenced by the developmental stage, based on the background of small
variations of 4.16–4.98 mg kg−1 between phenophases. In the first stage, the amount of Pb in
petioles was significantly lower by 12.7–21.72 mg kg−1 than in the other two stages, which
were statistically undifferentiated. In the leaf lamina, there is a higher Pb accumulation in
the 15 and 18BBCH stages, associated with deviations of 38.53–46.25 mg kg−1 compared
to 13 BBCH. Lead analyses in the last two stages show that there is a significantly higher
concentration at the level of the lamina, associated with similar values in other plant organs.
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In the first stage, based on the background of smaller variations between organs, it was
observed that the lamina showed a significantly higher Pb concentration by 17.77 mg kg−1

compared to the petioles.

Table 6. Cr and Pb concentrations in different plant organs and development stages of S. perfoliatum.

Metal Stage Plant Organ Stage

Root Petiole Lamina Mean

Cr 13 BBCH 18.03 ± 1.57 b y 21.55 ± 0.34 a y 33.44 ± 0.76 c x 24.34 ± 2.39 C
15 BBCH 24.19 ± 0.58 ab y 29.24 ± 2.60 a y 61.89 ± 7.46 b x 38.44 ± 6.34 B
18 BBCH 31.11 ± 2.26 a y 30.21 ± 4.70 a y 75.20 ± 3.73 a x 45.51 ± 7.65 A

Plant
organ mean 24.44 ± 2.05 Y 27.00 ± 2.08 Y 56.84 ± 6.62 X

Pb 13 BBCH 23.74 ± 1.56 a xy 17.15 ± 0.63 b y 34.92 ± 0.55 b x 25.27 ± 2.64 C
15 BBCH 27.90 ± 0.59 a y 29.85 ± 2.64 a y 71.13 ± 8.64 a x 42.96 ± 7.52 B
18 BBCH 32.88 ± 2.20 a y 38.87 ± 6.04 a y 81.17 ± 3.88 a x 50.97 ± 7.90 A

Plant
rgan
mean

28.17 ± 1.54 Y 28.62 ± 3.68 Y 62.41 ± 7.54 X

Cr: stage LSD5% = 5.92; plant organ LSD5% = 5.92; stage × plant organ LSD5% = 10.25; Pb: stage LSD5% = 6.80;
plant organ LSD5% = 6.80; stage × plant organ LSD5% = 11.78; data (mg kg−1) represent mean ± SE. Different
letters (a, b, c) in the column indicate significant differences (p < 0.05) between stages. Different superscript letters
(x, y) in the row indicate significant differences (p < 0.05) between plant organs. Capital letters were used for
comparison of plant organ means (X, Y) and stage means (A, B, C).

The Pb content showed a progressive and significant increase from one stage to another,
being more intense (70%) between the first two, compared to 18.64% in the last two. The
roots and the petioles showed similar accumulations of Pb, while in the lamina, the capacity
for storing this element was considerably higher.

Against the background of significant effects of different sources of variation, the
results (Table S3) indicate that heavy metal soil pollution had a greater influence on the
accumulation of Zn in S. perfoliatum, while the concentration of Cu showed higher variations
between the organs.

3.2. The Heavy Metals BAF in Different Organs of S. perfoliatum

According to the BAF values (Table 7), it was found that the lamina demonstrated a
significantly higher accumulation of Cu, compared to the other organs, associated with
variations of 5.376–5.845 in Us and 2.622–2.722 in Ps. Plants grown in Us showed a
significantly higher BAF for Cu, with increases ranging from 35.70% for petioles to 83.23%
for lamina.

Table 7. BAF of Cu and Zn in different organs of S. perfoliatum plants grown in heavy metal Ps
and Us.

Metal Soil Plant Organ Soil

Root Petiole Lamina Mean

Cu Us 3.388 ± 0.105 a y 2.919 ± 0.049 a y 8.764 ± 0.420 a x 5.023 ± 1.018 A
Ps 2.161 ± 0.048 b y 2.151 ± 0.104 b y 4.783 ± 0.076 b x 3.032 ± 0.455 B

Plant organ mean 2.774 ± 0.319 Y 2.535 ± 0.236 Y 6.773 ± 1.075 X

Zn Us 0.864 ± 0.027 a y 1.404 ± 0.026 a y 3.099 ± 0.151 a x 1.789 ± 0.365 A
Ps 0.802 ± 0.018 a y 0.480 ± 0.023 b y 1.234 ± 0.019 b x 0.839 ± 0.114 B

Plant organ mean 0.833 ± 0.048 Y 0.942 ± 0.212 Y 2.166 ± 0.469 X
Cu: soil LSD5% = 0.481; plant organ LSD5% = 0.590; soil × plant organ LSD5% = 0.834. Zn: soil LSD5% = 0.366;
plant organ LSD5% = 0.448; soil × plant organ LSD5% = 0.634. Data (mg kg−1) represent mean ± SE. Different
letters (a, b) in the column indicate significant differences (p < 0.05) between soils. Different superscript letters
(x, y) in the row indicate significant differences (p < 0.05) between plant organs. Capital letters were used for
comparisons of plant organ means (X, Y) and soil means (A, B).

In the case of Zn, it was found that the BAF of this element in the root was not
influenced by soil pollution. In contrast, plants grown in the Us showed a significantly
higher Zn accumulation at the level of the petioles and lamina, compared with plants
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grown in the Ps. The lamina recorded a higher Zn accumulation, associated with variations
of 1.695–2.235 in Us and 0.432–0.754 in Ps. The BAF of Zn in S. perfoliatum was significantly
lower than of Cu.

The S. perfoliatum plants showed a higher BAF of Pb compared to that of Cr, and the
superiority of the BAF of Pb in the lamina was evident. The Cr had a significantly higher
BAF in the lamina, while the roots and petioles showed similar values (Figure 1).
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Figure 1. BAF of Cr and Pb in different organs of S. perfoliatum on heavy metal Ps. Error bars represent
SE. Different letters (a, b) indicate significant differences (p < 0.05) between plant organs.

3.3. The Heavy Metal TF in Different Development Stages of S. perfoliatum

Given the information from the variance analysis (Table S4), it was observed that soil
pollution had a significant influence on the TF of Cu and Zn from the roots to the aerial
organs of plants of S. perfoliatum, with greater variations in Zn. The TF of the two elements
was not significantly influenced by phenophase. The interaction between soil pollution and
phenophase had a greater influence on Cu TF.

According to the TF for Cu (Table 8), it was observed that in the case of plants grown
in Us, the migration of this element did not show significant variations in the first two
stages, but in the last stage, TF recorded significantly higher values. For plants grown in
Ps, the TF of Cu from the roots to the aerial parts was reduced as the plant developed,
thus displaying in the 13 BBCH stage a significantly higher value than in 18 BBCH. It was
also found that in plants grown in Ps, the TF of Cu in the first two stages was significantly
higher than in plants grown in Us.

Table 8. TF of Cu and Zn in different development stages of S. perfoliatum grown in heavy metal Ps
and Us.

Metal Soil Stage Soil

13 BBCH 15 BBCH 18 BBCH Mean

Cu Us 2.318 ± 0.047 b y 1.824 ± 0.029 b y 3.490 ± 0.148 a x 2.544 ± 0.286 B
Ps 4.431 ± 0.107 a x 3.839 ± 0.098 a xy 3.222 ± 0.037 a y 3.755 ± 0.222 A

Stage mean 3.374 ± 0.500 X 2.831 ± 0.473 X 3.356 ± 0.224 X

Zn Us 4.844 ± 0.098 a x 5.342 ± 0.087 a x 5.268 ± 0.204 a x 5.151 ± 0.234 A
Ps 1.540 ± 0.040 b x 2.249 ± 0.063 b x 2.148 ± 0.030 b x 1.979 ± 0.133 B

Stage mean 3.192 ± 0.754 X 3.795 ± 0.708 X 3.708 ± 0.756 X
Cu: soil LSD5% = 0.499; stage LSD5% = 0.612; soil × stage LSD5% = 0.865. Zn: soil LSD5% = 0.586; stage
LSD5% = 0.718; soil × stage LSD5% = 1.015. Data (mg kg−1) represent mean ± SE. Different letters (a, b) in the
column indicate significant differences (p < 0.05) between soils. Different superscript letters (x, y) in the row
indicate significant differences (p < 0.05) between stages. Capital letters were used for comparisons of stage means
(X) and soil means (A, B).
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The Zn translocation from the roots to the aerial parts showed small and insignificant
variations from one stage to another, regardless of the level of soil pollution, through
amplitudes of 0.498 in Us and 0.709 in Ps. The translocation factor for Zn in Us was
significantly higher compared to Ps ones. Thus, in the Us during the 13 BBCH stage in the
roots, only 17.11% of the amount of Zn/plant was present, while in the Ps, the amount of
untranslocated Zn from the roots was 39.37%. At the end of the study, the roots of plants
grown in Us had an untranslocated Zn concentration of 15.95%, compared to 31.77% in
plant roots grown in Ps.

The TF for Cr was not significantly influenced by the plant’s stage, against the back-
ground of an amplitude between 3.094 for 13BBCH and 3.783 for 15BBCH (Figure 2). Thus,
a slight increase for the TF of Cr in the 15 BBCH stage associated with a roots’ accumulation
of 20.91% of the total Cr amount in the plants was observed. For Pb, there was a significant
increase in TF values in 15 and 18 BBCH, compared to 13 BBCH, by reducing the amount
of this element in the roots from 31.10% to 21.45%–21.58% of the total amount in the plant.
In the first stage, a higher TF of Cr was observed, while in the next two stages, the TF of the
two elements showed similar values.
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3.4. Heavy Metals RE in Different Development Stages of S. perfoliatum

The analysis of the variance components (Table S5) indicates that there are significant
variations in the RE of Cu and Zn both between stages and depending on the level of
soil pollution. The phenophase shows less contribution to the RE of Zn compared to soil
pollution. Additionally, a significant contribution was found for the interaction between
the plant development stage and the soil type to the RE of the two elements.

Plants grown in Us recorded an RE of Cu between 56.81% for the first and 94.34%
for the last phenophase, respectively, against the background of significant variations
between phenophases (Table 9). The plants grown in Ps were also recorded as displaying a
significant increase in RE of Cu as the plant developed from 13 to 18 BBCH. As regards the
phenophase, the RE was significantly superior in plants grown in the Us.
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Table 9. RE of Cu and Zn in different development stages of S. perfoliatum grown in heavy metal Ps
and Us.

Metal Soil Stage Soil

13 BBCH 15 BBCH 18 BBCH Mean

Cu Us 56.81 ± 0.26 a z 72.04 ± 0.42 a y 94.34 ± 0.18 a x 74.39 ± 5.45 B
Ps 49.65 ± 0.07 b z 58.13 ± 0.14 b y 91.31 ± 0.05 b x 66.36 ± 6.35 A

Stage mean 53.23 ± 1.60 Z 65.08 ± 3.12 Y 92.08 ± 0.68 X

Zn Us 67.54 ± 0.04 a z 79.47 ± 0.03 a y 83.45 ± 0.09 a x 76.82 ± 2.39 A
Ps 49.02 ± 0.01 b z 67.75 ± 0.04 b y 74.05 ± 0.05 b x 63.61 ± 3.76 B

Stage mean 58.28 ± 4.14 Z 73.61 ± 2.62 Y 78.75 ± 2.10 X
Cu: soil LSD5% = 0.40; stage LSD5% = 0.49; soil × stage LSD5% = 0.69. Zn: soil LSD5% = 0.09; stage LSD5% = 0.10;
soil × stage LSD5% = 0.15. Data (%) represent mean ± SE. Different letters in the column (a, b) indicate significant
differences (p < 0.05) between soils. Different superscript letters (x, y, z) in the row indicate significant differences
(p < 0.05) between stages. Capital letters were used for comparisons of stage means (X, Y, Z) and soil means (A, B).

Compared to the initial Zn soil content, a significant reduction in the amount of this
element from one stage to another was determined, associated with an RE ranging from
67.54% to 83.45% in Us, and from 49.02% to 74.05% in Ps, respectively. Plants grown in Us
showed a significant higher RE of Zn than those grown in Ps, associated with increases
ranging from 9.4% for 18 BBCH and 18.52% for 13 BBCH. The RE of Zn was considerably
lower than that of Cu in the last stage.

The decrease in soil Cr concentration displayed values between 47.58% at 13 BBCH
and 86.36% at 18 BBCH, with a significant increase in the absorption of this metal during
the plant’s development (Figure 3). Relative to the initial amount of Pb in the soil, there is a
significant decrease in this element from one stage to another, associated with an RE with
values from 44.51% to 90.67%.
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3.5. Heavy Metals Content in Different Plant Organs and Developmental Stages

In the case of plants grown in Us, in the first stage, the lamina showed a significantly
higher Cu content compared to the other two organs (Figure 4). Additionally, the roots had
a significantly higher concentration than the petioles. In the 15 BBCH stage, a significantly
higher content of Cu in the lamina was observed, associated with a significantly lower
value in the petioles. In the last stage, against the background of a high content at the
level of the lamina, a more intense Cu accumulation occurs in the petioles compared to the
roots. Regarding the Cu content of the lamina, a significant increase in this element from
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4.28 to 7.58 mg kg−1 was observed from 15 to 18 BBCH. For the other organs, the variations
between different stages were smaller.
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In plants grown in the soil with heavy metals, at the first determination, a significantly
higher accumulation of Cu was found in the lamina, and a lower accumulation was
observed in the roots (Figure 4). In the 15 BBCH stage, the accumulation of Cu at the root
level was intensified, so that it reached values similar to those of the petioles, against the
background of a significantly higher amount in the lamina. The intensification of copper
accumulation in the root continued in the last stage, reaching a higher value than in the
petioles, but both are significantly lower than the amount in the lamina. Plants grown in Ps
accumulated significantly higher Cu amounts compared to those in Us.

In the plants that were grown in Us, at the first determination, the lamina Zn amount
was significantly higher by over 7.03 mg kg−1 compared to the values of the root and
petioles (Figure 5). In the 15 BBCH stage, significant variations, between 7.45 mg kg−1

in the roots and 27.24 mg kg−1 in the lamina, were observed. In the last stage, it was
determined that the lamina Zn content was significantly higher by over 21.14 mg kg−1 than
in the petioles and by 27.24 mg kg−1 than in the roots.
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Plants grown in Ps accumulated, in the first stage, a significantly higher amount of Zn
in the lamina compared to the roots and petioles. In the 15 BBCH stage, the same trend
and variation level between the analyzed organs was maintained, but in the last stage,
the Zn accumulation in the roots and lamina was intensified, with a variation between
8.84 mg kg−1 in the petioles and 26.32 mg kg−1 in the lamina. Thus, there was an increase
in the Zn accumulation in the roots in parallel with its decrease in the petioles, compared
to the plants grown in Us.

The analysis of Cr concentration (Figure 6) of the three organs shows a significant
variation from one stage to another, with an amplitude between 10.32 mg kg−1 for the
petioles and 13.78 mg kg−1 for the lamina. In the first and second stage, the lamina had
a significantly higher Cr concentration compared to the other two organs, but for the last
phenophase, the high Cr content of the lamina was also associated with a high concentration
in the roots, significantly higher than in the petioles.

Minerals 2022, 12, x  17 of 31 
 

 

 

Figure 5. Zn uptake in S. perfoliatum organs for different development stages when grown in Us. 
Error bars represent SE. Different letters (a, b, c) indicate significant differences (p < 0.05) between 
plant organs. 

Plants grown in Ps accumulated, in the first stage, a significantly higher amount of 
Zn in the lamina compared to the roots and petioles. In the 15 BBCH stage, the same trend 
and variation level between the analyzed organs was maintained, but in the last stage, the 
Zn accumulation in the roots and lamina was intensified, with a variation between 8.84 
mg kg−1 in the petioles and 26.32 mg kg−1 in the lamina. Thus, there was an increase in the 
Zn accumulation in the roots in parallel with its decrease in the petioles, compared to the 
plants grown in Us. 

The analysis of Cr concentration (Figure 6) of the three organs shows a significant 
variation from one stage to another, with an amplitude between 10.32 mg kg−1 for the pet-
ioles and 13.78 mg kg−1 for the lamina. In the first and second stage, the lamina had a 
significantly higher Cr concentration compared to the other two organs, but for the last 
phenophase, the high Cr content of the lamina was also associated with a high concentra-
tion in the roots, significantly higher than in the petioles. 

 

Figure 6. Cr uptake in S. perfoliatum organs for different development stages when grown in Ps.
Error bars represent SE. Different letters (a–c) indicate significant differences (p < 0.05) between
plant organs.

The Pb concentration in the lamina was significantly higher in the first phenophase,
by 3.22–5.13 mg kg−1, than in the other two organs, which showed significantly different
values and higher concentration in the roots, respectively. In the second stage, there was an
obvious differentiation of the Pb concentration in the lamina compared to the roots and
petioles, as in the last stage (Figure 7).

3.6. The Effects of Heavy Metals on Free Proline, Total Chlorophyll and Plant Biomass

Thus, it was noted that the three main sources of variation demonstrated a very
significant influence on the variability of the free proline amount in the S. perfoliatum plants
(Table S6). The highest contribution to this trait’s variability was manifested by the plant
organs, followed by the type of soil and phenophase. Significant differences were also
observed for different interactions between the three factors, with a higher contribution in
the case of the interaction between soil type and phenophases.
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The variation in the free proline amount in different stages resulted in a significant
increase of 0.2 mg g−1 from 13 to 15 BBCH, set against the background of an insignificant
difference from 15 to 18 BBCH (Table 10). Plants grown in Ps conditions synthesized a
significantly higher amount of free proline, by 30.6%, compared to those grown in Us. The
plant development stage showed an insignificant influence on the free proline content of
plants grown in Us, but in the case of plants grown in Ps, there were significant variations
in the proline content from one phenophase to another, with values from 1.41 mg g−1 in
13 BBCH to 1.98 mg g−1 for 18 BBCH. In the last two phenophases, plants grown in Ps
synthesized significantly higher amounts of free proline, by 38.80%–51.14%.

Table 10. Free proline content in different development stages of S. perfoliatum plants grown in Ps
and Us.

Soil Stage Soil

13 BBCH 15 BBCH 18 BBCH Mean

Us 1.39 ± 0.14 a x 1.34 ± 0.07 b x 1.31 ± 0.15 b x 1.34 ± 0.09 B
Ps 1.41 ± 0.12 a z 1.86 ± 0.14 a y 1.98 ± 0.15 a x 1.75 ± 0.08 A

Stage mean 1.40 ± 0.08 Y 1.60 ± 0.11 X 1.64 ± 0.13 X

Soil LSD5% = 0.06; stage LSD5% = 0.07; soil × stage LSD5% = 0.10. Data (mg g−1) represent mean ± SE. Different
letters in the column (a, b) indicate significant differences (p < 0.05) between soils. Different superscript letters (x,
y, z) in the row indicate significant differences (p < 0.05) between stages. Capital letters were used for comparisons
of stage means (X, Y) and soil means (A, B).

During the whole experience, the S. perfoliatum plants synthesized different free proline
amounts in different organs, so that in the lamina, the concentration was significantly higher
than in the roots and petioles (Table 11). The plants grown in Us recorded displayed the
lamina a higher concentration by 34.81%–111.62% compared to the roots and petioles,
statistically differentiated in favor of the petioles. The same trend was observed in Ps,
where the free proline content ranged from 1.39 mg g−1 in the roots to 2.14 mg g−1 in
the lamina. The biosynthesis and accumulation of proline in various plant organs were
significantly higher under pollution conditions, with variations ranging from 0.37 mg g−1

in the petioles to 0.53 mg g−1 in the roots.
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Table 11. Free proline content in different organs of S. perfoliatum plants grown in Ps and Us.

Soil Plant Organ

Root Petiole Lamina

Us 0.86 ± 0.02 b z 1.35 ± 0.03 b y 1.82 ± 0.03 b x

Ps 1.39 ± 0.04 a z 1.72 ± 0.08 a y 2.14 ± 0.12 a x

Plant organ mean 1.12 ± 0.07 Z 1.54 ± 0.08 Y 1.98 ± 0.07 X

Plant organ LSD5% = 0.07; soil × plant organ LSD5% = 0.10. Data (mg g−1) represent mean ± SE. Different letters
(a, b) in the column indicate significant differences (p < 0.05) between soils. Different superscript letters (x, y, z) in
the row indicate significant differences (p < 0.05) between plant organs. Capital letters were used for comparisons
of plant organ means (X, Y, Z) comparison.

The analysis of the cumulative effect of the three sources of variation (Table 12) showed
that the developmental stage of the plants grown in the Us did not significantly influence
the amount of free proline in the plant organs.

Table 12. Free proline content in different organs and developmental stages of S. perfoliatum plants
grown in Ps and Us.

Soil Unpolluted

Stage Plant Organ

Root Petiole Lamina

13 BBCH 0.88 ± 0.01 a z 1.41 ± 0.02 a y 1.87 ± 0.02 a x

15 BBCH 0.86 ± 0.04 a z 1.29 ± 0.03 a y 1.86 ± 0.04 a x

18 BBCH 0.83 ± 0.04 a z 1.36 ± 0.05 a y 1.74 ± 0.07 a x

Soil Polluted

Stage Plant Organ

Root Petiole Lamina

13 BBCH 1.25 ± 0.01 b z 1.27 ± 0.02 b y 1.71 ± 0.05 b x

15 BBCH 1.45 ± 0.05 a z 1.93 ± 0.04 a y 2.20 ± 0.12 a x

18 BBCH 1.47 ± 0.05 a z 1.95 ± 0.04 a y 2.51 ± 0.07 a x

Soil × stage × plant organ LSD5% = 0.17. Data (mg g−1) represent mean ± SE. Different letters (a, b) in the column
indicate significant differences (p < 0.05) between stages. Different superscript letters (x, y, z) in the row indicate
significant differences (p < 0.05) between plant organs.

In the case of plants grown in Ps, it was found that the development from 13 BBCH to
15 BBCH was associated with an increase in the free proline amount, from 0.20 mg g−1 in
the roots to 0.66 mg g−1 in the petioles. Regardless of phenophase, the proline amount in
the lamina was significantly higher than in the roots and petioles, statistically differentiated
for petioles.

The root biomass analysis in plants grown in Us shows a significant increase of 54.04%
in the first two phenophases, while from 15 to 18 BBCH the increase is only 14.68% (Figure 8).
The biomass of the petioles showed a variation from 9.02 g in 13 BBCH to 20.43 g in 18
BBCH, which means increases of 47.08%–53.99% from one phenophase to another. The
lamina also demonstrated a significant increase of 43.08% between 13 and 15 BBCH and
25.90% from 15 to 18 BBCH, respectively.

The biomass dynamics for roots were significantly higher than in the other two organs,
but the lamina had a significantly superior value to the petioles. In the last stage, the roots’
biomass achieved increases of 31.66% compared to the lamina and 106.41% compared to
the petioles.

In the case of plants grown in Ps, the roots’ biomass recorded positive variation
between 23.06 and 32.67 g from one stage to another (Figure 8). Thus, in the last phenophase,
the roots’ biomass was significantly higher by 41.67% than in the first phenophase. Petiole
biomass showed a gradual increase of 32.86%–54.15% from one stage to another, associated
with a difference of 8.71 g between 13 and 15 BBCH. The biomass of the lamina recorded
values between 17.23 and 22.14 g, against the background of a higher variation between the
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last phenophases. In 13 BBCH, the root biomass was significantly higher by 5.83–14.75 g
compared to the other two organs. For 15BBCH, high root values of 51.31%–12.56% were
determined, while in the last phenophase, compared to the biomass of the lamina and
petioles, increases of 47.56%–91.95% were recorded.
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Plants grown in Ps do not express, at the first determination, major differences between
the biomass of different organs compared to those in Us. In the second determination,
however, the biomass of plants grown in the Us was higher by 35.52% compared to
those grown in Ps, especially due to higher values of the roots and lamina. In the last
determination, the plants grown in Us accumulated a superior fresh biomass, with an
increase of 31.76%, associated with increases in the roots and the lamina (29.07%–44.67%).

Soil pollution had a small and insignificant influence on the biosynthesis of total
chlorophyll in the foliar apparatus in the 13 BBCH stage, with variation from 26.42 to
28.81 µg cm−2 (Figure 9). At the five leaf stage, the pollution effect was significant, with a
reduction in the total chlorophyll by 20.75% in plants grown in Ps. The negative influence
of Ps on the total chlorophyll was intensified in plants at the eight leaf stage, when there
was a decrease in the chlorophyll content by 60.59%. In both soil conditions, an increase
in the chlorophyll content was observed from 13 to 15 BBCH, which was more intense
(24.61%) in the case of plants grown in Us compared to those grown in Ps (7.68%). Plant
development from five to eight leaves has been associated with a reduction in chlorophyll
content, ranging from 4.18% in Us to 28.16% in Ps conditions. These results are according
to other studies that demonstrated that elevated levels of pollution with various heavy
metals caused a reduction in the amount of chlorophyll pigments [84,85] associated with
the inhibition of photosynthesis [86,87].
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The existence of significant correlations between the plant biomass and the heavy
metal content of the soil is evident (Table 13). The increase in the Cu and Zn concentration
in Ps led to an increase in the free proline content of plant organs, while in Us, a negative
correlation was observed between the free proline and these two elements. Additionally,
the content of Cr and Pb showed a strong correlation with the free proline, indicating that
under the Ps conditions, the plants synthesized a superior amount of free proline. The
chlorophyll content showed low and insignificant correlations with all metals, against the
background of positive relations with the Cu and Zn concentration in Us.

Table 13. Pearson correlations between metal concentration and biomass, free proline and chlorophyll
content in S. perfoliatum plants grown in Ps and Us.

Metal Soil Plant Biomass Free Proline
Content

Chlorophyll
Content

Cu Unpolluted 0.887 ** −0.362 0.392
Polluted 0.971 *** 0.659 −0.518

Zn Unpolluted 0.775 * −0.231 0.352
Polluted 0.790 * 0.880 ** 0.003

Cr Polluted 0.915 *** 0.893 ** −0.194
Pb Polluted 0.902 *** 0.887 ** −0.197

* Significant at p < 0.05; ** significant at p < 0.01; *** significant at p < 0.001; n = 9.

At the end of the research, there was a major significant reduction in the soil concen-
tration of different heavy metals compared to the initial values, so that in all cases the soil
metal concentration was within the normal allowable limits. According to the Cfi, a low
contamination level of Cu and Pb was observed, while a moderate level of contamination
was observed for the rest of the elements (Table 14).
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Table 14. Final mean concentration of heavy metals in soil and reference thresholds (according to
Order 756/1997, Environmental Pollution Assessment Regulation).

Metal Soil Type Concentration
Final (mg kg−1) Cfi

Reference Thresholds

Normal Alert Intervention

Cu Unpolluted 3.56 ± 0.08 0.18 20 100 250

Polluted 18.11 ± 0.11 0.91

Zn Unpolluted 48.99 ± 0.28 1.22 100 300 600

Polluted 81.11 ± 0.29 2.03

Cr Polluted 25.44 ± 0.18 2.54 30 100 300

Pb Polluted 18.22 ± 0.13 0.61 20 50 100

Cfi—contamination factor index.

4. Discussion
4.1. The Heavy Metals Concentration in Soils and Plants

The initial heavy metal content in Ps (Table 1) was: Cu—208.3 mg kg−1; Zn—312.5 mg kg−1;
Cr—186.5 mg kg−1 and Pb—95.2 mg kg−1, while Us contained only Cu and Zn at normal
values. In Ps, the concentrations of Cu and Pb exceed the intervention threshold, and
for Zn and Cr, they are above the alert threshold according to the Romanian national
regulations [88].

It appears that plants grown in heavy metal Ps tend to take on greater or lesser
amounts of these metals depending on their concentration and availability. However,
there is a certain predisposition of some plant families/species to preferentially absorb
and accumulate certain heavy metals from the environment. The obtained results confirm
the above, and the conclusions of previous studies in different plant species, including
Tarraxacum sp. [89], Salix and Tarraxacum [90], Ocimum basilicum [91], and ornamental woody
species [92]. S. perfoliatum plants tend to take on significant amounts of Cu, Zn, Pb and Cr,
correlated with the level existing in soils, but also show a high affinity for Zn and Pb, and
lower for Cu and Cr (Tables 2–5). The study by Mayerová et al. [93] on several herbaceous
plant species (including S. perfoliatum) grown in situ in heavy metals Ps showed a high
variability in the absorption capacity of pollutants from one year to the other, under the
influence of climatic conditions, so that the availability and absorption was higher for Zn
compared to Cu. However, there are studies that demonstrate the reduced absorption and
accumulation capacity of Zn in certain plant families, such as Asteracea (S. perfoliatum),
Juncaceae, Callitrichaceae, and Hydrocaritaceae [94].

The data analysis on the absorption and accumulation dynamics of elements during
the specific plant development stages of vegetative growth in S. perfoliatum shows quite
large variations, depending on the soil (Ps/Us) and metal (Cu, Zn, Cr, Pb). In general,
absorption and accumulation for Cu and Zn was higher in Ps, the rate being different
from one development stage to another, at different moments of the determinations. For
Cr and Pb, the rate of metal absorption was more intense in the first determination. The
absorption from Ps of significantly larger quantities of Cu and Zn is due to the physiological
importance of the two elements. Namely, Cu is an enzymatic cofactor in photosynthesis
and respiration, and Zn is an essential trace element in development processes, a compo-
nent of important classes of enzymes such as cytochrome oxidase, polyphenol oxidase,
ascorbic acid oxidase [95]; both elements therefore play a key role in the plant’s growth
and development [94]. Relative to the entire experiment, the dynamics of Zn accumulation
were 153% above those of Cu, according to most research [96–101].

4.2. Bioaccumulation Factor, Translocation Factor and Removal Efficiency

Plant species with a high capacity for heavy metal accumulation and a fast rate of their
translocation from the roots to the aerial organs are the main candidates in the phytoreme-
diation of contaminated soils [102]. The root system is the main gateway for the penetration
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of trace elements into plants, the intensity of the process being directly dependent on the
concentration and availability of elements in soils [103]. The bioaccumulation factor (BAF)
is a valuable indicator of the plant’s ability to accumulate a certain type of metal from
the environment [104], being directly correlated with the high capacity of plant species to
produce biomass, being factors in the success of the phytoextraction process [105].

In general, BAF values are usually <1 for metal exclusion species, while BAF values
are often >1 for metal accumulator species [106].

Our results attest to the high levels of BAF for all organs and heavy metals analyzed,
with higher values for Cu and Zn in plants grown in Us and lower values for those grown
in Ps. The bioaccumulation factor was higher in Cu compared to Zn and for Pb compared
to Cr, and the main accumulation organ was the lamina (Table 7 and Figure 1).

There are a limited number of studies in the literature on the tolerance of the species
S. perfoliatum to stress caused by excess heavy metals. Our previous studies [14] that
determined the BAF of S. Perfoliatum on heavy metal-polluted soils revealed values ranging
from 1.04 in the petioles to 5.17 in the roots; in the same context, the bioaccumulation
variation of Zn was between 1.01 in the petioles and 2.53 in the lamina. Additionally, values
of the ability to concentrate in plants between 119 and 1056 mg kg−1 have been determined
for Zn, which are directly dependent on the amount of metal existing in the soil [61]. It has
been shown that S. perfoliatum has the ability to store Cd in rhizomes without it spreading
to the rest of the plant, showing a high tolerance to this heavy metal [72].

Research conducted on different species belonging to the Asteraceae family has revealed
high BAF values compared to species from other families. Thus Kin, 2008 [107] showed
that plant communities with dominant species of the Poaceae family accumulate smaller
amounts of heavy metals than communities dominated by representatives of the Asteraceae
family, especially the genus Artemisia, and research on BAF in T. diversifolia (Hemsl.) A. Gray
and H. annuus (L.) grown in soils contaminated with Zn and Pb showed higher levels of the
two metals in the aboveground parts (leaves and stem) compared to the roots. In addition,
the root-to-shoot translocation of Zn was higher than for Pb. All this indicates a strong
accumulative potential of T. diversifolia and H. annuus for Pb and Zn [108]. Additionally,
research on the ability of the roots and above-ground parts of three plant species of the
Asteraceae family (Matricaria inodora L., Achillea millefolium L., Crepis setosa Haller fill.) for
the bioaccumulation of Cu, Zn, Pb, and Cr showed that the lowest values were for Cr
(0.03–0.09 depending on the species), followed by Pb (0.06–0.14), Cu (0.25–0.44) and Zn
(1.06–2.42) [109].

Therefore, plant species of the Asteraceae family have a high potential for phytoex-
traction of heavy metals, since they generate large amounts of biomass and show a rapid
growth rate. However, there is a high variability of metals between the different species
and their organs, depending on the environmental concentrations [110].

The translocation factor (TF) indicates the mobility and transport of heavy metals at
different levels/organs from the bottom up, being essential in understanding the mecha-
nism of the mobilization of heavy metals to the aerial organs. The TF values were different,
depending on the soil type, the metal and the stage of development of the plants; as such,
the TF values were high in the first determination stage in plants grown in the Ps and lower
in the last stage in plants grown in the Us. Regarding Zn, TF values increased as plants
with significantly higher values grown in Us developed. For Pb, the TF values were higher
at the stage between five and eight leaves, with the reduction in the amount in the roots and
the accumulation in the leaves being evident (Table 8 and Figure 2). The high values of the
TF in S. perfoliatum are consistent with other studies conducted by Chaplygin et al. [111] on
some herbaceous species of the Asteraceae family (Ambrosia artemisiifolia, Artemisia austriaca,
Achillea nobilis, and Tanacetum vulgare). In fact, there are numerous studies that attest to
the native tendency of some species of Asteraceae to occupy the areas with heavy metal
Ps in mining areas and other environments affected by contaminants and in the process
of regeneration.
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Both the BAF and TF are designed to assess the potential of plants to accumulate
heavy metals, and values >1 show that plants can eliminate pollutants [112,113]. Therefore,
the high values recorded attest to the very good ability of S. perfoliatum plants to take on
and translocate large quantities of heavy metals from Ps into the aerial organs, in a reduced
real time interval. BAF and TF values are higher in periods of vegetative growth, when
the intake of elements of mineral nutrition and water from the soil is high, and metabolic
biosynthesis activity is intense.

The removal efficiency (RE) values (Table 9 and Figure 3) were also high over the
entire experimental interval, reaching values of over 90% for Cu and Pb at the stage of eight
leaves for S. perfoliatum, which attests to certain characteristics of hyperaccumulation of
this species.

The high values recorded by BAF, TF and RE may also be determined by the exper-
imental controlled conditions (temperature, humidity), the use of distilled water with
corrected pH (6.2–6.3) and the reintroduction into the soil of the leached and collected
solutions. All these aspects increased the heavy metal availability for plants and prevented
their loss from the rhizosphere.

It is known that hyperaccumulation depends on three basic hallmarks separating
hyperaccumulator species from related non-hyperaccumulator taxa. These common traits
are represented by: a much higher capacity to take heavy metals from the soil; faster and
more efficient translocation of these metals; and a much greater capacity to detoxify and
sequester huge amounts of heavy metals in the foliar apparatus [114].

4.3. Free Proline, Total Chlorophyll, and Plant Biomass

The proline accumulation is an adaptation mechanism of different plant species sub-
jected to abiotic stress factors in general, and so also to the stress caused by excess heavy
metals. Proline is recognized to play a key role in detoxifying reactive oxygen species
(ROS), generated by excess heavy metals in the environment [115–117]. The accumulation
of significant amounts of free proline in plant tissues reduces the negative impact of excess
heavy metals on plant growth, thus helping to maintain their normal functioning [118].

Photosynthetic activity is one of the highly sensitive responses of stress in plants.
Several of the excess heavy metals are recognized as inhibiting this process at different
levels. A lot of research has reported the negative effects of heavy metals on the light
and dark phase-specific reactions of photosynthesis, as well as on the reduction in the
photosynthetic pigments content, stomatal conductance, and transpiration rates [119–121].
The decline of the chlorophyll content in the foliar apparatus could also be a reason for
the decrease in photosynthesis [118]. Reducing the chlorophyll content associated with
increasing free proline in the plant’s leaves under stress conditions with heavy metals is an
adaptation reaction based on the competitive biosynthesis of the two biomolecules known
to be common precursors—glutamate, which intensifies proline synthesis under stress
conditions and the chlorophyll synthesis in the absence of stress.

However, the biomass accumulation rate in plants subject to stress conditions remained
at a reasonable level, being about 32% lower compared to those grown in unpolluted
conditions, which proves the high tolerance of the species to the induced stress factor.

5. Conclusions

We investigated the phytoremediation capacity of heavy metal Ps (Cu, Zn, Cr and
Pb) of the Silphium perfoliatum species and evaluated some physiological mechanisms of
tolerance to these elements. For this we used samples of polluted soil from a former mining
area and unpolluted agricultural soil in which the plants were grown. Pollution levels
exceeded the intervention limits for Cu and Pb and were within the alert limits for Zn and
Cr (according to national regulations). The accumulation of Zn in plants was greater than
that of Cu, as we went through the stages of development; the main organ was the lamina,
but the amount was dependent on the content in the soils.



Minerals 2022, 12, 334 24 of 29

Significant variations were determined in the Pb and Cr content in plants, both between
stages and organs. Phenophase showed a lower contribution to the variability of Pb, and
Cr content compared to plant organs. A significant contribution was also found for the
interaction between phenophases and analyzed organs to the quantity of these elements.
The accumulation of these metals occurred mainly in the lamina, and smaller amounts
were identified in roots and petioles.

Regarding the BAF, the results show that the lamina accumulated more Cu compared
to the other organs, with higher values being determined for those grown in the Us. In the
case of Zn, it was found that the BAF of this element in the root was not influenced by soil
pollution. In contrast, plants grown in the Us showed a significantly higher accumulation
of Zn at the level of the petioles and lamina, compared to plants grown in Ps. The lamina
recorded a higher accumulation of Zn. The S. perfoliatum plants showed a higher BAF of Pb
compared to that of Cr, and the superiority of the BAF of Pb in the lamina was evident.

It was observed that soil pollution had a significant influence on the TF of Cu and
Zn from the roots to the aerial organs, with greater variations in Zn. The TF of the two
elements was not significantly influenced by phenophase. For Cr and Pb, a higher TF of
Cr was observed at first determination, while in the next two, the TF of the two elements
showed similar values.

Significant variations were determined in the RE of Cu and Zn, both between stages
and depending on the level of soil pollution. The development stage showed less contribu-
tion of the RE of Zn compared to soil pollution.

The accumulation of heavy metals in plants was differentiated according to the con-
centration existing in the two soil types (polluted/unpolluted), the element (Cu, Zn, Cr,
Pb), the organ (roots, petiole, leaves) and the plant development stage (13, 15 or 18BBCH).
The highest values were recorded in polluted soil, in the order of Zn > Cu > Pb > Cr, in
lamina and in the 18 BBCH stage.

High concentrations of heavy metals led to a slight reduction in the plants’ growth
rate, associated with an increase in the free proline content in plant organs. The chlorophyll
content showed low and insignificant correlations with all metals.

S. perfoliatum is one such species, with high ecological plasticity, being a hyperaccu-
mulator of Cu, Zn, Cr and Pb, with demonstrated RE, which could be successfully used in
phytoremediation programs of heavy metal-polluted areas.

However, further studies are needed under "in situ" controlled conditions which
involve cultivation under natural conditions and the evaluation of bioremediation capacities
in interaction with specific local factors.
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