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Abstract: This study examined the use of an artificial soil substrate in a mine waste reclamation area
and its effect on plant metabolic functions. Research was conducted by determining the relationship
between the plants’ biochemical features and the properties of plant growth medium derived from
post-flotation coal waste, sewage sludge, crushed stone and fly ash on the surface of the mine waste
disposal area. Trees and shrubs were established on the material and allowed to grow for eight years.
The study determined that the applied plants and the naturally occurring Taraxacum officinale were
suitable for physio-biochemical assessment, identification of derelict areas and reclamation purposes.
An evaluation of a soil substrate applied to post-mining areas indicated that it was beneficial for
plant growth since it activated the metabolic functions of herbaceous plants, shrubs, and trees. The
study showed that soil substrate can be targeted to improve plant stress tolerance to potentially
toxic elements (PTEs). These data suggest the potential for growth and slower susceptible response
to Cd, Cr, Cu, Fe, Mn, Ni, Pb and Zn. It is possible that the constructed soil-substitute substrate
(biosolid material) would be an effective reclamation treatment in areas where natural soil materials
are polluted by PTEs. This observation may reflect a more efficient use of soil substrate released
from the cycling of organic biogene pools, in accordance with the circular economy approach. In
further studies related to land reclamation using sewage sludge amendments, it would be necessary
to extend the research to other stress factors, such as salinity or water deficiency.

Keywords: biochemical activity; enzymatic biomarkers; metal availability; post-mining remediation;
sewage sludge amendments; substrate enrichment

1. Introduction

In reclamation projects aimed at obtaining tree cover, achieving and maintaining
appropriate physical and chemical conditions means combining the reclamation process
with agrotechnical methods typical of the initial management of biological reclamation [1].
Reclamation with sewage sludge mixtures may be helpful for restoring previously arable
wasteland, where herbaceous or woody plants could improve soil conditions for crop
plants [2].

Accumulation of potentially toxic elements (PTEs) in plants has been gaining attention,
as contamination has become a major concern in recent years. Arsenic (As), cadmium (Cd),
chromium (Cr), copper (Cu), mercury (Hg), nickel (Ni), lead (Pb) and zinc (Zn) are listed as
priority pollutants [3]. Cistus salviifolius, a plant capable of growing in contaminated sites,
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has reportedly exhibited relatively high Pb, Zn and Cu tolerance and may be considered
a potential species for phytostabilisation purposes [4]. PTEs (Zn, Mn, Cu and Cd) were
transferred from green to senesced leaves in Cupressus sempervirens [5]. Plantago major
roots, suitable for phytoextraction from soil and phytostabilisation, facilitate the study of
the efficacy of bioaccumulation for pollution with respect to PTEs [6]. Moreover, the soil–
plant interactions in regulating the movement of PTEs from soil to plant can be useful in soil
reclamation. Some plants, such as flax and hemp [7,8], can remove considerable quantities
of PTEs from the soil with their root system. Mining activities, in particular, contribute to
the increase in PTEs in soil and plants [9–13]. This is especially important when they are
translocated from the soil to crops and then accumulate in them [14], causing serious human
health concerns, even at low concentrations, due to their bioaccumulation abilities [15].
Diverse and productive vegetation is decisive for the success of soil reclamation [16]. The
metal detoxification mechanisms of plants have been widely reported [17,18]. In addition,
it is known that photosynthetic pigments in plants such as chlorophyll and carotenoids
act to protect photosynthetic organisms under stress conditions [19,20], and proline (Pro)
is a stress indicator in crops [21–23]. However, strategies to overcome the threats posed
by metal stresses including antioxidant systems have been largely ignored in the area of
reclamation [24]. A better understanding of the biogeochemical processes that control trace
element cycling and the abundance of trace elements in habitats is likely to be key to their
effective management and the diminishment of health risks due to these pollutants [25,26].

This study was based on the research concept of the circular economy, which is
recognised as an effective method of neutralising industrial and municipal waste. A
circular economy reduces the number of raw materials, waste, and energy consumed. It
is achieved by creating a cycle (loops). Waste resulting from a technological process is
reclaimed and reused as a raw material for other technological processes. The fractions are
used as raw materials throughout the technological process to create new soil products.
Overall, this contributes to a cleaner soil environment.

Our research utilised industrial and municipal waste, and we developed improved
reclamation materials based on their physical properties. Wastewater treatment plants are
an important component of a circular economy. In wastewater treatment plants, sewage
sludge is formed through a variety of physical, chemical, and biological processes. Innovat-
ing technologies for sewage sludge processing improve the efficiency of the entire treatment
process and make sludge a valuable raw material for other industries. Wastewater sludge
should be regarded as a material (phosphorus, nitrogen) and energy resource. In this
concept, sewage sludge is used as a raw material for further processing. Sludge from
sewage treatment facilities can be a source of organic matter. As part of the waste product,
coal waste consists of rock fragments that originated in layers within the seams. As clay
minerals are a major component of coal waste, their physical and mechanical properties
determine the soil properties and potential applications. As a soil substitute, we combined
municipal sewage sludge with fly ash to enhance water permeability in degraded soils. As
a stabiliser, this by-product was added to the waste substrate to prolong its retention time
in the post-restored soil (extending the duration of a waste substrate is an important stage
in the product life cycle). It is vital to keep the inspected soil product in circulation for as
long as possible to implement a circular economy approach.

Low phosphorus and nitrogen levels are an additional problem in areas undergoing
reclamation. Promoting the soil-forming process by adding organic materials with variable
fertilising potential must be conducive to plant development (maintaining a permanent
plant cover). By reusing the material, nutrients important for plant development can be
recovered. The circular approach was associated with soil improvement in the recovered
material, the soil substrate in the degraded area. In view of the close relationship be-
tween the biochemical features of plants and habitat conditions, we hypothesised that
the application of soil substrate containing sewage sludge amendments to the reclaimed
area could effectively improve the fitness of introduced vegetation and plant tolerance to
PTEs. Therefore, we focused on: (1) adopting a circular economy approach using waste
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material in the reclamation process; (2) assessing physical and biochemical parameters
using naturally occurring Taraxacum officinale in the initial soil (substrate); (3) evaluating
the water deficiency response to plant growth along the contaminated area enriched with
PTEs; and (4) determining the plant and soil substrate enzymatic activity after eight years
of land reclamation.

2. Materials and Methods
2.1. Study Area and Experimental Design

The research was conducted in Zabrze, in an essential coal mining industrial area of
the Upper Silesian Region (southern Poland). Soil substrate effectiveness in the area has
degraded as a result of coal mine exploitation and processing, which began in May 2010.
A coal seam and clay shales underlain sandstone layers and a calcareous substrate were
the parent rock. The solid waste formation procedure consisted of the following elements:
(a) post-flotation coal waste (25%), (b) municipal sewage sludge (35%), (c) crushed stone
(25%); (d) fly ash (15%). A sub-structure of constructed sites comprising crushed stone
(30 cm-thick) was produced, particularly for mine soil reclamation management to con-
duct remediation on mine heaps. Upon processing, granulated material was observed
and according to the FAO definition, it was classified as sandy clay loam. Bioreclama-
tion was initiated with soil substrate with a thin surface layer (50 cm-thick) for plant
root establishment.

Three hundred Mg (tons) of soil substrate (biosolid material) was provided as an
initial option for soil reclamation. On field experiments enriched with the soil substrate,
deciduous and coniferous trees and shrubs were established by planting biennial seedlings.
In 2010, the above-mentioned plots were planted with: Larix decidua Mill., Pinus sylvestris L.,
Pinus nigra J. F. Arnold (Pinaceae), Populus tremula L. (Salicaceae), Betula verrucosa Ehrh. syn.
B. pendula Roth (Betulaceae), Quercus rubra (Fagaceae), Prunus serotina Ehrh., syn. Padus
serotina (Ehrh.) Borkh. (Rosaceae), Robinia pseudoacacia L. (Leguminosae), Acer negundo L.
(Aceraceae), Tamarix parviflora DC. (Tamaricaceae), Elaeagnus angustifolia L. (Elaeagnaceae),
Fraxinus excelsior L. and Hippophae rhamnoides L. (Oleaceae). The assortment of plant species
to be planted was determined on the basis of available peer-reviewed and published reports.

For the experiment, only plants that thrived in the post-extraction area were cho-
sen, and they were the following tree species: Pinus sylvestris, Salix alba, Acer negundo,
Robinia pseudoacacia, and among the shrubs Elaeagnus angustifolia. Herbaceous plants that
grew spontaneously in the study area were included as well: Taraxacum officinale and
Tripleurospermum inodorum.

During the experimental treatment of the plant material, the air temperature was
within the range of 20–23 ◦C during the day and 15–17 ◦C at night, with plants receiving
natural light which peaked at approximately 9000 µmol m−2 s−1.

2.2. Sample Collection

Eight years after initiating the described large-scale field treatment, selected plant
samples were collected. In the case of plots on which shrubs and trees were grown, top soil
substrate samples (0–20 cm) were taken using plot grids of 21 m × 7 m. Fifty soil substrate
samples (550 cm3 soil volume) were collected from the root zone (20 cm) in each season.
Organic debris was removed. Soil substrate samples were air-dried in heat-controlled
ovens and sieved. Samples from plots of each replicate were placed in individual plastic
bags and stored at 4 ◦C. All details and sampling procedures were described in a previous
paper [27].

Additionally, for the biochemical activity assessment, we sampled the common dande-
lion (Taraxacum officinale) in each study plot (Figure 1a) and near the research area (Figure 1b;
control site). The common dandelion (Taraxacum officinale) is a widespread plant which
often exists in extremely polluted habitats. We selected T. officinale as the representative
flowering perennial plant of the Asteraceae family with no habitat limitations and con-
servation problems as an indicator in the assessment of biochemical feature. T. officinale
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also has an excellent adaptability to low-fertility dry lands. Moreover, we assume that
succession in the reclaimed area will be easier owing to the enrichment of the substrate with
amendments. Plant samples, including the above-ground (shoot) and underground (root)
parts, were taken as individual material. We stored T. officinale from both the study plot
and one non-polluted outside (control site) plot near the research area. Forty samples were
gathered (the leaves and roots were thoroughly mixed) in plastic bags between 15 April
and 30 November (vegetation period in Poland) in each season. All performed field and
laboratory studies were conducted according to soil reclamation procedures to measure
physiological tolerance [28–31] with respect to exposure to stress factors for whole collected
annual herbs during daylight time [32] in the derelict area.
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2.3. An Investigation of Metal Concentrations in Soil

Wet digestion of dry substrate samples with concentrate acids (HCl and HNO3) in a
microwave oven (Multiwave 3000, Anton Paar, Graz, Austria) was used to determine the
Cr, Mn, Fe, Ni, Cu, Zn, Pb and Cd contents. The digestion was carried out in accordance
with the programme using the following parameters: power 1400 W, temperature 240 ◦C,
time to reach maximum power 5 min, time of maximum power 15 min, ventilation time
5 min and cooling time 40 min. The concentrations of elements were determined by using
an inductively coupled plasma atomic emission spectrophotometer (ICP-OES) made by
Perkin-Elmer. Substrate samples were analyzed in duplicate. Whenever the analysis results
of the replications did not match by at least ±5%, an additional two analyses of the sample
were conducted. In combination with the internal standard and the certified reference
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material CRM023-050—Trace Metals—Sandy Loam 7 (RT Corporation, Laramie, WY, USA),
the quality of the determinations was verified using the Cr, Mn, Fe, Ni, Cu, Zn, Pb and
Cd contents.

2.4. Concentrations of Metals in Plants

As part of the dry combustion method and using a 1:3 H2O:HNO3 v/v solution to
dissolve the ash, the contents of Cr, Mn, Fe, Ni, Cu, Zn, Pb, and Cd in the plant material
were determined. Extraction was performed with double distilled water. ICP-OES was
used to determine the concentrations of elements.

2.5. Water Content Percentage Measurement

To determine water content (WC), leaf samples were weighed (FW), dried at 65 ◦C
until constant weight (72 h) and then reweighed (DW); water content of each sample was
calculated as:

WC% = [(FW − DW)/FW] × 100.

Table 1 shows the physical properties of water in the tested soil substrate.

Table 1. Water and physical properties of the studied soil substrate (data from Halecki and Klatka, 2018).

Layer Mass Water
Content

Bulk
Density

Volumetric
Water Content

Total
Porosity

Capillary
Porosity

Soil
Moisture

Organic Mater
Content Soil Texture

cm g·g−1 g·cm−3 cm−3·cm−3 % % % %

10 0.41 1.54 0.45 44.11 38.40 36.35 28.99 sandy clay
loam

20 0.37 1.47 0.48 48.17 37.61 30.25 29.53 sandy clay
loam

30 0.45 1.55 0.49 49.30 39.84 23.32 25.50 sandy clay
loam

50 0.43 1.57 0.52 49.18 40.00 20.41 23.00 sandy clay
loam

2.6. Analysis of Plant Biochemical Parameters

Five mg of lyophilised and homogenised sample were extracted in 1.5 mL of 95%
ethanol for 15 min and centrifuged at 2000× g (Universal 32R, Hettich, Germany) for 10 min.
The clear supernatant (100 µL) was transferred to a 96-well microplate and absorbance
was measured at 470, 648 and 664 nm spectrophotometrically with a microplate reader
(Synergy II; Bio-Tek, Winooski, VT, USA). The concentrations of total chlorophyll a + b(Chl)
and carotenoids (Car) were calculated according to the equations given by Lichtenthaler
and Buschmann [33], taking into account that the path length of microwells was filled to a
quarter of their depth. Concentrations reported are averages of three biological replications,
each consisting of two analytical replications, and the values were later converted to
mg·g−1 DW.

Proline (Pro) content was quantified using dry leaf material according to the ninhydrin-
acetic acid method of Bates et al. [34]. Pro was extracted in 3% aqueous sulphosalicylic
acid and the sample was mixed with acid ninhydrin solution, incubated for 1 h at 95 ◦C,
cooled on ice and then extracted with toluene. The absorbance of the supernatant was red
at 520 nm using toluene as a blank. The Pro concentration was expressed as µmol g−1 DW.

Total flavonoids (TF) were measured in methanol extracts (0.1 g of dried material in
3 mL of 80% methanol) and determined following the method described by
Zhishen et al. [35]; the absorbance was measured at 510 nm, and the amount of flavonoids
was expressed in equivalents of catechin (mg C eq.·g−1 DW), used as standard.

Total phenolic compounds (TPC) were determined according to the modified method
of Blainski et al. [29] using lyophilised plant material. A clear supernatant (50 µL) was
diluted with 0.5 mL of deionised water and 0.2 mL of Folin–Ciocalteu reagent, and after
10 min 0.7 mL saturated Na2CO3 was added. The samples were incubated for 2 h, mixed
and transferred to 96-well plates. Absorbance was measured at 765 nm on a micro-plate
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reader (Synergy 2, Bio-Tek Winooski, VT, USA). The level of total phenolics was expressed
in equivalents of gallic acid (GA) (mg GA eq g−1 DW) used as standard.

2.7. Analyses of Enzymatic Activity

Incubation at 37 ◦C for 24 h with a 3,5,triphenyltetrazolium chloride solution as a
substrate resulted in the measurement of dehydrogenase activity (DHA). The spectropho-
tometer (Shimadzu UV-1800, Kyoto, Japan) measured the wavelength of 450 nanometers.
As a substrate, a sucrose solution was used to measure invertase activity (IA) after 24 h
of incubation at 37 ◦C. With a Shimadzu UV-1800 spectrophotometer at 540 nm, the color
intensity was measured. A two-hour incubation at 37 ◦C was followed by the measurement
of urease activity. A urea solution was used as the substrate. Using a Kjeltec apparatus,
the amount of ammonia remaining after urea hydrolysis was calculated. A soil dry matter
value was calculated [36].

2.8. Soil-Substrate Physical Properties

By parametrising van Genuchten’s equations [37] and using water characteristic curves
made for pressure chambers with porous ceramic plates, the water content was calculated.
The Kopecky method was used to estimate bulk density and porosity [38].

2.9. Data Handling and Statistical Analysis

Principal component analysis (PCA) can reduce the set of p variables to the set of k
variables, where k < p, with little information loss and few detected relationships between
variables. Groups of parameters describing susceptibility to water stress and biochemical
parameters were distinguished based on these multivariate statistics. PCA was used
to demonstrate the correlation between biochemical parameters and physical and water
properties in the soil substrate. The p-value of Bartlett’s test statistic indicates the correctness
of a hypothesis concerning the existence of a significant difference between the obtained
correlation matrix and the identity matrix. In this study, a correlation matrix was chosen to
show the relationship. The Kaiser-Meyer-Olkin coefficient was used to check the degree
of correlation between the original variables. This was applied to distinguish the strong
evidence and relevance of conducting a PCA. The test was performed with PQstat version
1.8.2 (Poznań, Poland). A general regression analysis was applied to produce a model
demonstrating the relationship between the proline and PTE content. The analyses were
performed in the PAST statistical programme (version 4.03, Olso, Norway).

3. Results

Within the experimental research plot, the highest concentration of Zn was found. The
metal Fe accumulated in the greatest quantity in all species, especially in herbaceous plants.
Cd had the least accumulation and occurred, mainly in Tripleurospermum inodorum. Cu was
primarily accumulated in Taraxacum officinale, Cr in Acer negundo, Mn in Salix alba and Pb in
Taraxacum officinale and Tripleurospermum inodorum (Table 2).

In trees, the highest concentration was found for dehydrogenase. However, in the
case of shrubs, the highest concentration was observed for urease in E. angustifolia. For
herbaceous plants, Tripleurospermum nodorumi had a higher concentration of all enzymes
tested compared to Taraxacum officinale in study plots (Table 3). The physiological features
for Taraxacum officinale were similar in both plots (Table 4). Multivariate regression for the
dependent variable (Pro) showed statistically significant correlations for TPC, Mn, Zn, Ni
and Cd (Table 5).
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Table 2. The content of PTEs in the soil of the replanted area, as well as on the harvested plant parts.

PTEs
Cr Ni Cu Zn Cd Pb Mn Fe

Soil Substrate

Pinus sylvestris 45.24 76.93 36.65 177.91 5.86 84.10 78.53 13.34
Salix alba 38.76 34.86 45.53 431.02 6.10 98.54 41.23 14.40

Betula pendula 28.45 51.32 29.02 384.21 5.03 74.84 35.12 27.21
Acer negundo 78.89 60.38 91.25 466.92 4.25 141.13 34.67 26.08

Robinia pseudoacacia 41.63 45.89 78.67 343.09 7.90 97.05 35.45 17.65
E. angustifolia 53.55 54.54 64.55 355.54 8.69 36.45 61.95 16.43

Taraxacum officinale 53.63 43.25 23.95 278.30 2.94 78.76 0.87 20.76
Tripleurospermum inodorum 45.54 35.75 26.97 357.76 3.98 98.08 0.90 18.98

Plants

Pinus sylvestris 4.54 17.45 3.46 100.49 0.89 13.90 46.78 0.14
Salix alba 22.65 45.67 2.54 366.6 0.48 5.62 78.34 0.65

Betula pendula 12.45 19.41 6.32 98.14 0.61 1.43 73.14 0.24
Acer negundo 45.54 1.63 9.43 32.43 0.54 5.74 26.45 0.74

Robinia pseudoacacia 2.54 3.65 7.46 26.65 0.75 0.57 12.53 0.45
E. angustifolia 4.12 1.67 12.45 28.56 0.98 4.94 41.05 0.46

Taraxacum officinale 12.43 34.54 23.94 84.93 0.57 34.65 0.46 35.54
Tripleurospermum inodorum 13.87 24.76 16.76 89.97 3.86 35.87 0.57 27.76

Table 3. Mean content of enzymes in plants and soil substrate.

Species Invertase
(mg Invertasied Sugar kg Soil/24 h)

Urease
(mg N-NH4/kg/2 h)

Dehydrogenase
(mg TPF/kg Soil/24 h)

Pinus sylvestris 0.14 77.98 289.69
Betula pendula 0.09 90.84 54.7
R. pseudoacacia 0.01 36.75 12.76
E. angustifolia 0.36 40.35 36.97

Taraxacum officinale 0.21 35.21 13.43
Tripleurospermum inodorum 1.35 86.39 17.76

Soil substrate 0.23 52.92 13.01

Table 4. Range of photosynthetic pigments (chlorophyll a, chlorophyll b and carotenoids), proline
concentration, total flavonoids (TF) and total phenolic compound (TPC) in T. officinale (control site
and studied plot) during vegetation period.

Plant Species Chlorophyll a Chlorophyll b Carotenoids Proline TF TPC
(mg/g) DW (mg/g) DW (mg/g) DW (µmol/g) DW (mg/eqC/g) DW (mg/eq GA/g) DW

T. officinale 15.08–43.88 (31.79) * 3.25–16.14 (10.17) 53.09–461.49
(215.56)

15.76–20.15
(17.64) 1.93–2.52 (2.32) 3.29–4.68 (3.89)

T. officinale
(control site) 10.97–29.72 (23.51) 3.17–10.16 (5.12) 55.43–914.37

(354.74)
7.58–17.22

(13.14) 0.27 –2.95 (1.32) 3.03–5.54 (3.82)

*—Mean values are in parentheses.

Table 5. Multivariate regression for proline as the dependent variable and biochemical parameters
and PTEs.

Variable Slope Error Intercept Error r p

Carotenoids −3.69 2.77 204.05 62.43 −0.23 0.19
Chlorophyll a 0.03 0.02 1.88 0.45 0.24 0.17
Chlorophyll b −0.13 0.06 6.86 1.43 −0.34 0.05

TPC −0.39 0.18 21.83 4.16 −0.35 0.04
TF −0.02 0.02 2.43 0.35 −0.27 0.12
Mn 1.06 0.25 −7.66 5.58 0.62 0.03
Cr −1.69 2.67 110.73 6.43 −0.11 0.53
Fe −0.43 0.12 1.65 2.73 −0.54 0.32
Ni −0.71 0.33 3.63 7.36 −0.36 0.04
Cu −1.27 0.36 58.42 8.04 −0.53 0.32
Zn −3.91 1.67 238.83 37.69 −0.38 0.03
Cd −0.11 0.04 4.97 0.85 −0.46 0.01
Pb −2.06 0.55 81.52 12.34 −0.55 0.32
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Bulk density is a significant factor in the assessment of reclamation effects and consid-
erably affected the value of the infiltration coefficient after only four years of reclamation of
sandy mining areas. Furthermore, the first effects were visible one year after introducing
the plant species. A negative correlation was found between the bulk density and the
total porosity (Figure 2). The Mn content was statistically significant with the increase in
Pro (Figure 3). A PCA was used to determine the relationship in T. officinale, by adjusting
the physical-water parameters and physiological properties. The total porosity (TP) was
related to the content of Pro and chlorophyll a (Chl-a). The bulk density (BD) was internally
correlated with the total phenolics (TF) content. For the content of carotenoids (Caro), a
very close relationship was found with the total content of flavonoids (TPC). The (MWC)
showed a strong negative correlation for the two axes of the factors (Figure 4). Based on
the average water content of the leaves, we found the following:

Pinus sylvestris—43.30%;
Salix alba—34.57%;
Acer negundo—46.71%;
Robinia pseudoacacia—38.16%;
Elaeagnus angustifolia—41.82%;
Taraxacum officinale—67.09%;
Tripleurospermum inodorum—70.20%.
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4. Discussion
4.1. Assessment of the Phytomelioration Approach to Reclamation

Plants applied for remediation purposes can spontaneously grow on sewage sludge
substrate in abandoned areas [39]. Sewage sludge can be used in reclamation of con-
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taminated areas and may be applied as an immobilising agent for phytostabilisation
purposes [40]. It has been shown that plants growing on experimental plots may have
sufficient water to ensure their proper development or suffer from water shortage due to
other factors [27].

Waste such as sewage sludge, post-flotation lime, and mineral wool provide nutrients
for plants and soil microorganisms and can be utilised to enhance the quality of soil [41].
The vegetation cover in degraded areas is well known for its many functions that are
necessary in the reclamation process [42–44]. These functions include stabilisation and
neutralisation of pollutants in the substrate and extraction and storage of PTEs [45,46].

The lack of water leads to severe plant stress in drought-affected regions [47]. Water
stress is measured by certain indicators, such as relative water content, photosynthetic
pigments, and proline levels. Both relative water content and chlorophyll level have been
correlated with drought tolerance [48]. With a reduction in transpiration rate, plants lose
water as they become dehydrated. In response to drought stress, plants increase the ex-
pression of stress-related genes in aerial parts, including the genes involved in proline
metabolism [49]. Salinity and drought lead to plants responding primarily through Pro
accumulation, which regulates strategies to combat stress in agricultural production [21].
Chlorophyll can reflect the nutrition status of vegetation by providing an indication of
vegetation stress and external disturbance [50]. Under drought stress, the chlorophyll
content/components of the plants are usually altered, leading to a compromised photosyn-
thetic apparatus [51]. Drought triggers a reduction in chlorophyll content, and Pro content
increases many times under water stress [47]. The total porosity was correlated with both
chlorophyll and Pro content, and bulk density was related to total phenolic content in
this study.

The current set of measurable criteria for assessing the quality of reclamation works
and classification criteria for emerging soils and habitats should be improved by adding a
reliable index reflecting degradation of post-mining areas. Dynamic growth analyses of
plant communities have been used to assess natural succession in degraded areas [52,53].

4.2. Physiological Response of T. officinale to Abiotic Stress

A recent study showed that the regulation mechanism of T. officinale contains a wide
range of remarkable bioactive substances [54] and may affect metal absorption in mu-
nicipal solid waste landfill vegetation [55]. T. officinale leaves growing spontaneously in
grasslands and along roads are traditionally picked and eaten in some countries. The
above-ground vegetative parts of T. officinale have been found to offer a superior source
of nutrition compared to other perennial or annual plants [56]. Taraxacum sp. endure
in stressful conditions due to high phenolic compound concentrations which effectively
suppress the oxidative stress induced by a high level of risk elements in urban soils [57].
Bretzel et al. [58] found that increasing flavonoid content under stress conditions influenced
the risk of contaminated sites. Measuring antioxidants is essential for the identification of
stress factors [59]. Species used in this study accumulated PTEs from post-mining soil with
high efficiency due to their metabolic function. For all the presented reasons, the common
dandelion (T. officinale) seems to be an interesting plant for studying the process of accumu-
lation of anthropogenic pollution, particularly PTEs [60]. Malizia et al. [61] indicated that
PTEs accumulated at high concentrations may impair plant physiology by reducing growth
or respiration, restricting photosynthetic processes and inhibiting fundamental enzymatic
reactions. Application of waste to degraded soil induced changes not only in the number
of microbial groups, but also in their respiratory and enzymatic activities [41]. Enzymatic
activity is one of the parameters used in soil monitoring and soil quality assessment [62].
This connection was revealed using a multivariate regression model. The multivariate
regression model highlighted the relationship of Pro with Mn r > 0.65; p < 0.001 and
Fer = −0.53 (p < 0.01). As Pro increased, the content of Mn increased, and Fe decreased
(Table 5). The PCA showed a strong relationship between chlorophyll and Pro in com-
mon dandelion with capillary porosity in the soil material. Carotenoids were linked to
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TPC (Figure 4). When plants absorb certain PTEs ions from soil in a mining area, their
chlorophyll content decreases. As a result of metal stress, photosynthetic pigments are
changed, indicating that the photosynthetic apparatus is damaged and the photosynthetic
capacity of the plant is diminished. A plant exposed to Hg at a concentration of 10 mg kg−1

had chl a and b decrease of over 40% and 48%, respectively, in comparison with a blank
sample. Studies on tobacco plants have demonstrated that Cd stress inhibits the expression
of key enzymes during chlorophyll synthesis, resulting in a decrease in chlorophyll content.
However, Zn stress did not affect chlorophyll concentration significantly [63].

Fluctuation in PTEs may be caused by non-enzymatic antioxidants (carotenoids and
Pro) in crops such as red cabbage. A soil amendment, however, causes chl a and chl b
levels to be reduced significantly. Additionally, soil amendments changed total carotenoid
concentrations in plants [64]. In the case of Arabidopsis thaliana, generally increasing metal
concentrations resulted in a gradual decrease in chlorophylls and a fluctuation in carotenoid
content, depending on the metal type [65]. More plant growth and chlorophyll, carotenoid
and Pro contents were found in carrots grown in fly ash mix soil than in plants grown in soil
without amendments [66]. Other soil amendments such as biochar enhanced chlorophyll
a and b, total chlorophyll and carotene by 10, 45, 17 and 15%, respectively, in tomato
plants [20]. Soil amendments with arbuscular mycorrhizal fungi improved chlorophyll a
and total chlorophyll contents by 31–35% and 60–75%, respectively [67].

The metal-induced stress in plants provokes changes such as the synthesis of compati-
ble molecules (osmolytes). Pro accumulation is one of the most general responses of plants,
as it is the major functional osmolyte in many species. Biosynthesis of Pro accelerates when
plants have toxic metal content, helping to protect them. This makes Pro one of the most
effective compatible molecules produced under adverse conditions for helping the plant
tolerate stress, including metal toxicity [68,69]. In Trapa natans, the Zn content stimulates
the greatest accumulation of Pro in roots, in comparison to Cu, Cd and Pb [70]. In Capsicum
annuum L., soil amendment of a K-rich carrot compost under drought significantly modified
plant metabolic activities, including the level of free Pro [71].

Soil amendments, such as magnetite, decreased Pro concentration in mandarin trees
under salt stress conditions. Soil amendments with arbuscular mycorrhizal fungi, selenium,
AMF and Si-gel enhanced chlorophyll a and total chlorophyll contents in peas under
high arsenic levels, whereas the Pro level was lower than that of the control under the
same conditions [67]. In species such as Abies alba, a clear connection was observed
between chlorophyll content and antioxidant activity; the more chlorophyll, the more
antioxidants [72]. Our model revealed that Pro was the most suitable among the biochemical
biomarkers. This indicates that Taraxacum officinale can be used in biomonitoring PTEs
using Pro and chlorophyll as sensitive biomarkers (Table 3, Figure 4). Pro is another of the
most accurate water stress indicators. In this study, it was found that the addition of waste
substrate to the studied area improved both plant resistance to PTEs excesses and drought
resistance. Abiotic factors restrict tree growth, making tree species vulnerable to extinction.
When choosing plant sites on brownfields, plant–soil relationships should be considered.
In herb plants, water was accumulated in leaves at a rate of more than 70%. Acer negundo
accumulated the most water of all trees studied. Elaeagnus angustifolia leaves have absorbed
41.82% of water. This suggests that leaf water is effectively captured.

4.3. Potentially Toxic Elements in Degraded Areas

Several sources of PTEs are found in domestic, industrial, agricultural, medical, and
technological applications, leading to their wide distribution in the environment [73,74].
Thus, PTEs contamination is one of the most common sources of environmental pollu-
tion. In the present study, PTEs were found to differ significantly between plant species.
Therefore, species with higher metal concentrations should be monitored more frequently.
The Acer negundo, proved to be the most appropriate biomonitor for Cr, while Taraxacum
officinale was used for Cu and Salix alba for Mn. Vascular plants respond to their accu-
mulation physically and biochemically [75]. High values of PTEs were observed in the
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soil and dandelion sampled, in a locality with high traffic density situated in the Czech
Republic [76]. Zarzycki and Petryk [77] indicated that influencing the accumulation of
PTEs in plants is determined by different factors which depend on the metal types and
main soil parameters. According to their results, factors affecting bioaccumulation of PTEs
included organic matter and soil reactions for cadmium, organic matter and electrical
conductivity for lead and pH for copper. Variation in accumulation of Cr, Fe, Ni and Cu
has been documented in tree species [78]. Therefore, many tree species are used as PTEs
indicators, even in industrial areas [79]. It is important to determine the concentrations
of PTEs contained in leaves. The metal accumulation index is a useful measurement for
urban plant leaves that indicates emissions and coal combustion [80,81]. We assumed that
this species could accumulate PTEs from post-mining soil with more efficiency than other
studied plants.

In the case of Miscanthus giganteus, the use of sewage sludge as a substrate for cultiva-
tion resulted in a three times higher consumption of Ni, which was twice as high as the
accumulation of Cr and Cu, and increased accumulation of Zn and Cd in the third year
of cultivation [82]. Therefore, the analysis of the chemical composition of vegetation is
required in reclamation areas [83,84]. Energy plants are characterised by their high ability
to uptake PTEs from substrate. The use of sewage sludge contributes significantly to metal
bioavailability [25]. The high content of Zn and Pb in the substrate in turn favours the
emergence of vascular plants, which are clearly distinguished by different physiognomy
and composition from other communities and are often referred to in the literature as
galmanic communities.

When soil is formed and mined, PTEs are released from parent rocks into the soil. Pb
can also accumulate in soil from nearby communication routes. With the help of extensive
assimilation systems, dust from industrial areas is deposited on leaf blades in areas with
industrial emissions. Leaf tissue is only partially penetrated by surface-deposited PTEs and
dust. Thus, Taraxacum officinale and Tripleurospermum inodorum, which have an extensive
root system, contained the most Pb (Table 2).

The accumulation of metal in leaf blades may be caused by damage from frost or
other environmental factors. Additionally, the metal-bearing dust clouds penetrate through
the wax layer on the leaf surface. The accumulation of metals occurs in both trees and
herbaceous plants. Cd is absorbed and transported efficiently through roots to all organs by
plants. Plants with a well-developed root system grown in degraded soils are particularly
susceptible to the absorption and exposure of Cd.

Zn and Cu accumulate differently, and no relationship has been found. Growing
season and cultivation time were also major factors in the experimental reclamation plot.
Plant species with a short growing season, especially those planted in early spring, were
more contaminated, according to our observation. An explanation for the high exposure of
trees to contamination is difficult to find.

In spring, elevated temperatures and moist soil increase the mobility of PTEs within
the soil subjected to reclamation. Possibly, this is due to the increased enzyme activity. This
can be seen in the highest concentration of dehydrogenase and urease (Table 3). Plants
rely on urease activity to replenish nitrogen after proteins are broken down into urea. The
displacement of PTEs may also be affected by urease activity.

A PCA showed a negative correlation with mass water content and a positive correla-
tion between chlorophyll a content and capillary porosity (Figure 4). Since post-exploitation
soils accumulate rainwater, the reclaimed soil impact is high. The presence of rainwater may
impede the physiological plant process and barriers for metal accumulation. Additionally,
rainwater imposes the leaching of PTEs into the soil profile.

According to our conclusion, post-industrial waste can regulate properties along soil–
plant pathways, which makes it an appropriate substrate. This waste substrate had a high
accumulation of PTEs, indicating its suitability for phytoremediation. PTEs can be captured
in waste substrate, preventing their migration to plants.
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5. Conclusions

Photosynthetic pigments (chlorophyll a and b, and carotenoids), Pro, antioxidants
(total flavonoids) and total phenolic compounds are suitable bioindicators of the physio-
logical responses of plants under stress conditions due to high PTEs concentrations and
for assessing the effects of restored areas ameliorated by sewage sludge amendments.
Chlorophyll was a better indicator in this study compared to carotenoids, which can be
attributed to their lower vulnerability to the negative impact of PTEs. Pro indicated that
the amendments stimulated an improvement in the physiological responses of the plants
to increase their tolerance to PTEs. Total flavonoids and total phenolic compounds were
higher in plants located at the control site as a response to metal stress. In this study,
the biochemical activity of plants is proposed to fully access their impact on substrate
soils (mobility, bioavailability and ecotoxicity). The interpretation of the results indicates
directions for future research, including the assessment of the concentration of reinforcing
elements. There is a close relationship between the physiological and biochemical features
of plants and the soil or substrate where they are growing. The results may provide new
insights into abiotic post-mine plant growth limitations, such as salinity stress, including
oxidative stress, as the effect of stress factors (regarding biochemical activity), and provide a
baseline reference for rational restoration of mining areas. The application of soil substrate
containing sewage sludge amendments in the reclaimed area could effectively improve the
fitness of introduced vegetation and the stress tolerance to PTEs of plants; therefore, soil
substrate is suitable for circular land reclamation.
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18. Ciarkowska, K.; Hanus-Fajerska, E.; Gambuś, F.; Muszyńska, E.; Czech, T. Phytostabilization of Zn-Pb ore flotation tailings with
Dianthus carthusianorum and Biscutella laevigata after amending with mineral fertilizers or sewage sludge. J. Environ. Manag.
2017, 189, 75–83. [CrossRef]

19. Hashimoto, H.; Uragami, C.; Cogdell, R.J. Carotenoids and photosynthesis. In Carotenoids in Nature: Biosynthesis, Regulation and
Function; Stange, C., Ed.; Springer: Cham, Switzerland, 2016; pp. 111–139.

20. Zeeshan, M.; Ahmad, W.; Hussain, F.; Ahamd, W.; Numan, M.; Shah, M.; Ahmad, I. Phytostabalization of the heavy metals in the
soil with biochar applications, the impact on chlorophyll, carotene, soil fertility and tomato crop yield. J. Clean. Prod. 2020, 255,
120318. [CrossRef]

21. Chun, S.C.; Paramasivan, M.; Chandrasekaran, M. Proline accumulation influenced by osmotic stress in arbuscular mycorrhizal
symbiotic plants. Front. Microbiol. 2018, 9, 2525. [CrossRef]

22. De la Torre-González, A.; Montesinos-Pereira, D.; Blasco, B.; Ruiz, J.M. Influence of the proline metabolism and glycine betaine on
tolerance to salt stress in tomato (Solanum lycopersicum L.) commercial genotypes. J. Plant Physiol. 2018, 231, 329–336. [CrossRef]

23. Ogagaoghene, A.J. pH level, ascorbic acid, proline and soluble sugar as bio-indicators for pollution. ChemSearch J. 2017, 8, 41–49.
24. Hao, W.; Arora, R.; Yadav, A.K.; Joshee, N. Freezing tolerance and cold acclimation in guava (Psidium guajva L.). Hortscience 2009,

44, 1258–1266. [CrossRef]
25. Kabata–Pendias, A. Trace Elements in Soils and Plants; CRC Press: New York, NY, USA, 2010.
26. Sawidis, T.; Breuste, J.; Mitrovic, M.; Pavlovic, P.; Tsigaridas, K. Trees as bioindicator of heavy metal pollution in three European

cities. Environ. Pollut. 2011, 159, 3560–3570. [CrossRef]
27. Halecki, W.; Klatka, S. Long term growth of crop plants on experimental plots created among slag heaps. Ecotoxicol. Environ. Saf.

2018, 147, 86–92. [CrossRef] [PubMed]
28. Sanghera, G.S.; Wani, S.H.; Hussain, W.; Singh, N.B. Engineering cold stress tolerance in crop plants. Curr. Genom. 2011, 12, 30–43.

[CrossRef] [PubMed]
29. Blainski, A.; Lopes, G.C.; Palazzo de Mello, J.C. Application and analysis of the FolinCiocalteu method for the determination of

the total phenolic content from Limonium Brasiliense L. Molecules 2013, 18, 6852–6865. [CrossRef]
30. Lukatkin, A.S.; Anjum, N.A. Control of cucumber (Cucumis sativus L.) tolerance to chilling stress-evaluating the role of ascorbic

acid and glutathione. Front. Environ. Sci. 2014, 2, 62. [CrossRef]
31. Maleva, M.; Garmash, E.; Chukina, N.; Malec, P.; Waloszek, A.; Strzałka, K. Effect of the exogenous anthocyanin extract on key

metabolic pathways and antioxidant status of Brazilian elodea (Egeria densa (Planch.) Casp.) exposed to cadmium and manganese.
Ecotox. Environ. Safe 2018, 160, 197–206. [CrossRef]

32. Kaya, G.; Yaman, M. Determination of trace metals in plant leaves as biomonitor of pollution extent by a sensitive STAT–ASS
method. Instrum. Sci. Technol. 2012, 40, 61–74. [CrossRef]

33. Lichtenthaler, H.K.; Wellburn, A.R. Determinations of total carotenoids and chlorophylls a and b of leaf extracts in different
solvents. Biochem. Soc. Trans. 1983, 11, 591–592. [CrossRef]

34. Bates, L.S.; Waldren, R.P.; Teare, I.D. Rapid determination of free proline for water-stress studies. Plant Soil. 1973, 39, 205–207.
[CrossRef]

35. Zhishen, J.; Mengcheng, T.; Jianming, W. The determination of flavonoid contents in mulberry and their scavenging effects on
superoxide radicals. Food Chem. 1999, 4, 555–559. [CrossRef]

36. Frankeberger, W.T.; Johanson, J.B. Method of measuring invertase activity in soils. Plant Soil. 1983, 74, 301–311. [CrossRef]
37. Wösten, J.H.M.; van Genuchten, M.T. Division s-6-soil and water management and conservation. Using texture and other soil

properties to predict the unsaturated soil hydraulic functions. Soil Sci. Soc. Am. J. 1988, 52, 1762–1770. [CrossRef]
38. Dedousis, A.P.; Bartzanas, T. (Eds.) Soil Engineering (Soil Biology 20); Springer: Berlin/Heidelberg, Germany, 2010.
39. Hernandez, T.; Moreno Juan, I.; Costa, F. Influence of sewage sludge application on crop yelds and heavy metal availability. J. Soil

Sci. Plant Nutr. 1991, 37, 201–210. [CrossRef]

http://doi.org/10.3390/w12020431
http://doi.org/10.1016/j.catena.2016.01.005
http://doi.org/10.1016/j.envpol.2006.08.006
http://www.ncbi.nlm.nih.gov/pubmed/17014941
http://doi.org/10.1016/j.scitotenv.2018.05.211
http://www.ncbi.nlm.nih.gov/pubmed/29929328
http://doi.org/10.1016/j.scitotenv.2008.10.061
http://www.ncbi.nlm.nih.gov/pubmed/19068266
http://doi.org/10.1016/j.envint.2019.01.067
http://doi.org/10.1007/s11056-015-9506-4
http://doi.org/10.3232/SJSS.2014.V4.N3.02
http://doi.org/10.1016/j.jenvman.2016.12.028
http://doi.org/10.1016/j.jclepro.2020.120318
http://doi.org/10.3389/fmicb.2018.02525
http://doi.org/10.1016/j.jplph.2018.10.013
http://doi.org/10.21273/HORTSCI.44.5.1258
http://doi.org/10.1016/j.envpol.2011.08.008
http://doi.org/10.1016/j.ecoenv.2017.08.025
http://www.ncbi.nlm.nih.gov/pubmed/28837874
http://doi.org/10.2174/138920211794520178
http://www.ncbi.nlm.nih.gov/pubmed/21886453
http://doi.org/10.3390/molecules18066852
http://doi.org/10.3389/fenvs.2014.00062
http://doi.org/10.1016/j.ecoenv.2018.05.031
http://doi.org/10.1080/10739149.2011.633146
http://doi.org/10.1042/bst0110591
http://doi.org/10.1007/BF00018060
http://doi.org/10.1016/S0308-8146(98)00102-2
http://doi.org/10.1007/BF02181348
http://doi.org/10.2136/sssaj1988.03615995005200060045x
http://doi.org/10.1080/00380768.1991.10415030


Int. J. Environ. Res. Public Health 2022, 19, 5296 16 of 17
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46. Wiszniewska, A.; Hanus–Fajerska, E.; Muszyńska, E.; Ciarkowska, K. Natural organic amendments for improved phytoremedia-
tion of polluted soils. A review of recent progress. Pedosphere 2015, 26, 1–12. [CrossRef]

47. Tripath, P.; Chandra, A.; Prakash, J. Physio-biochemical assessment and expression analysis of genes associated with drought
tolerance in sugarcane (Saccharum spp. hybrids) exposed to GA 3 at grand growth stage. Plant Biol. 2019, 21, 45–53. [CrossRef]

48. Altinkut, A.; Kazan, K.; Ipekci, Z.; Gozukirmizi, N. Tolerance to paraquat is correlated with the traits associated with water stress
tolerance in segregating F2 populations of barley and wheat. Euphytica 2001, 121, 81–86. [CrossRef]

49. Zegaoui, Z.; Planchais, S.; Cabassa, C.; Djebbar, R.; Belbachir, O.A.; Carol, P. Variation in relative water content, proline
accumulation and stress gene expression in two cowpea landraces under drought. J. Plant Physiol. 2017, 218, 26–34. [CrossRef]

50. Li, H.; Wei, Z.; Wang, X.; Xu, F. Spectral characteristics of reclaimed vegetation in a rare earth mine and analysis of its correlation
with the chlorophyll content. J. Appl. Spectrosc. 2020, 87, 553–562. [CrossRef]

51. Nayyar, H.; Gupta, D. Differential sensitivity of C3 and C4 plants to water deficit stress: Association with oxidative stress and
antioxidants. Environ. Exp. Bot. 2006, 58, 106–113. [CrossRef]

52. Fu, B.; Qi, Y.B.; Chang, Q.R. Impacts of revegetation management modes on soil properties and vegetation ecological restoration
in degraded sandy grassland in farming-pastoral ecotone. Int. J. Agric. Biol. Eng. 2015, 8, 26–34.

53. Kanzler, M.; Bohm, C.; Freese, D. Impact of P fertilization on the growth performance of black locust (Robinia pseudoacacia L.) in a
lignite post–mining area in Germany. Ann. For. Res. 2015, 58, 39–54. [CrossRef]

54. Odigie, K.O.; Rojero, J.; Hibdon, S.A.; Flegal, A.R. Natural lead levels in dandelions (Taraxacum officinale): A weed, folk medicine,
and biomonitor. Environ. Sci. Technol. 2018, 53, 954–962. [CrossRef]

55. Vaverková, M.D.; Winkler, J.; Adamcová, D.; Radziemska, M.; Uldrijan, D.; Zloch, J. Municipal solid waste landfill–vegetation
succession in an area transformed by human impact. Ecol. Eng. 2019, 129, 109–114. [CrossRef]

56. Królak, E.; Marciniuk, J.; Popijantus, K.; Wasilczuk, P.; Kasprzykowski, Z. Environmental Factors Determining the Accumulation
of Metals: Cu, Zn, Mn and Fe in Tissues of Taraxacum sp. sect. Taraxacum. Bull. Environ. Contam. Toxicol. 2018, 101, 68–74.
[CrossRef]

57. Vanni, G.; Cardelli, R.; Marchini, F.; Saviozzi, A.; Guidi, L. Are the physiological and biochemical characteristics in dandelion
plants growing in an urban area (Pisa, Italy) indicative of soil pollution? Water Air Soil Pollut. 2015, 226, 124–139. [CrossRef]

58. Bretzel, F.; Benvenuti, S.; Pistelli, L. Metal contamination in urban street sediment in Pisa (Italy) can affect the production of
antioxidant metabolites in Taraxacum officinale Weber. Environ. Sci. Pollut. Res. 2014, 21, 2325–2333. [CrossRef]

59. Savinov, A.B.; Kurganova, L.N.; Shekunov, Y.I. Lipid peroxidation rates in Taraxacum officinale Wigg. and Vicia cracca L. from
biotopes with different levels of soil pollution with heavy metals. Russ. J. Ecol. 2007, 38, 174–180. [CrossRef]

60. Ligocki, M.; Tarasewicz, Z.; Anisko, M. The common dandelion (Taraxacum officinale) as an indicator of anthropogenic toxic metal
pollution of environment. Acta Sci. Polonorum. Zootechnica. 2011, 10, 73–81.

61. Malizia, D.; Giuliano, A.; Ortaggi, G.; Masotti, A. Common plants as alternative analytical tools to monitor heavy metals in soil.
Chem. Cent. J. 2012, 6, S6. [CrossRef]

62. Joniec, J.; Oleszczuk, P.; Jezierska-Tysa, S.; Kwiatkowska, E. Effect of reclamation treatments on microbial activity and phytotoxicity
of soil degraded by the sulphur mining industry. Environ. Pollut. 2019, 252, 1429–1438. [CrossRef]

63. Zhang, H.; Xu, Z.; Guo, K.; Huo, Y.; He, G.; Sun, H.; Guan, Y.; Xu, N.; Yang, W.; Sun, G. Toxic effects of heavy metal Cd and Zn on
chlorophyll, carotenoid metabolism and photosynthetic function in tobacco leaves revealed by physiological and proteomics
analysis. Ecotoxicol. Environ. Saf. 2020, 202, 110856. [CrossRef]

64. Smolinska, B.; Leszczynska, J. Photosynthetic pigments and peroxidase activity of Lepidium sativum L. during assisted Hg
phytoextraction. Environ. Sci. Pollut. Res. 2017, 24, 13384–13393. [CrossRef]

65. Baek, S.A.; Han, T.; Ahn, S.K.; Kang, H.; Cho, M.R.; Lee, S.C.; Im, K.H. Effects of heavy metals on plant growths and pigment
contents in Arabidopsis thaliana. Plant Pathol. J. 2012, 28, 446–452. [CrossRef]

66. Ahmad, L.; Siddiqui, Z.A.; Abd_Allah, E.F. Effects of interaction of Meloidogyne incognita, Alternaria dauci and Rhizoctonia solani
on the growth, chlorophyll, carotenoid and proline contents of carrot in three types of soil. Acta Agric. Scand. Sect. B Soil Plant Sci.
2019, 69, 324–331. [CrossRef]

http://doi.org/10.1016/j.jenvman.2019.03.058
http://doi.org/10.1016/j.proeps.2015.06.059
http://doi.org/10.1007/s11356-014-3171-6
http://doi.org/10.1016/S1002-0160(15)60017-0
http://doi.org/10.1111/plb.12919
http://doi.org/10.1023/A:1012067711200
http://doi.org/10.1016/j.jplph.2017.07.009
http://doi.org/10.1007/s10812-020-01038-7
http://doi.org/10.1016/j.envexpbot.2005.06.021
http://doi.org/10.15287/afr.2015.303
http://doi.org/10.1021/acs.est.8b04191
http://doi.org/10.1016/j.ecoleng.2019.01.020
http://doi.org/10.1007/s00128-018-2356-y
http://doi.org/10.1007/s11270-014-2256-7
http://doi.org/10.1007/s11356-013-2147-2
http://doi.org/10.1134/S1067413607030058
http://doi.org/10.1186/1752-153X-6-S2-S6
http://doi.org/10.1016/j.envpol.2019.06.066
http://doi.org/10.1016/j.ecoenv.2020.110856
http://doi.org/10.1007/s11356-017-8951-3
http://doi.org/10.5423/PPJ.NT.01.2012.0006
http://doi.org/10.1080/09064710.2019.1568541


Int. J. Environ. Res. Public Health 2022, 19, 5296 17 of 17

67. Alam, M.Z.; Carperter-Boggs, L.; Hoque, M.A.; Ahammed, G.J. Effect of soil amendments on antioxidant activity and photosyn-
theticpigments in pea crops grown in arsenic contaminated soil. Helyon 2020, 6, e05475. [CrossRef]

68. Siddique, A.; Kandpal, G.; Kumar, P. Proline accumulation and its defensive role under diverse stress condition in plants: An
overview. J. Pure Appl. Microbiol. 2018, 12, 1655–1659. [CrossRef]
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