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Simple Summary: Despite its high organic matter content, sewage sludge contains significant
quantities of heavy metals, including those designated as hazardous, such as cadmium, nickel,
chromium, mercury, copper, lead, and zinc, which, as a consequence, have a negative impact on
living organisms. The current research sought to study the effect of dumping sludge, as one of the
sources of pollution with heavy metals, on biodiversity and to assess the bioremediation and stress
defense strategies of a tolerant plant species. The obtained results showed that soil pollution by heavy
metals has a substantial influence on plant diversity. The selected species, Amaranthus retroflexus L.,
showed a high biological concentration factor (BCF) and low translocation factor (TF) for Cu, As and
Ni. The stress defense strategies of A. retroflexus grown under complex heavy metals contamination
are studied and discussed.

Abstract: Accumulation of heavy metals in soil is becoming an increasingly serious eco-environmental
problem. Thus, investigating how plants mitigate heavy metal toxicity is necessary to reduce the
associated risks. Here, we aimed to assess the bioremediation and stress defense strategies of tolerant
plant species grown under complex heavy metals contamination. To this end, a field study was con-
ducted on the vegetation cover of sites with different soil pollution levels. Forty-two plant species that
belong to 38 genera and 21 families were identified. The pollution had a significant impact on plant
richness in the polluted sites. Out of several screened plants, Amaranthus retroflexus L. was selected
because of its high relative density (16.7) and a high frequency (100%) in the most polluted sites. The
selected species showed a high biological concentration factor (BCF) and low translocation factor (TF)
for Cu, As and Ni. To control the heavy metal-induced oxidative damage, A. retroflexus invested in
detoxification (metallothionein and phytochelatins, glutathione and glutathione-S-transferase (GST).
At the organ level, oxidase damage (H2O2, lipid and protein peroxidation) was observed, particularly
in the roots. To mitigate heavy metal oxidative stress, antioxidant mechanisms (e.g., tocopherols, glu-
tathione, peroxidases, catalase, peroxide dismutase and ASC-GSH cycle) were upregulated, mainly
in the roots. Overall, our results suggested the potentiality of A. retroflexus as a promising bioremedi-
atory and stress-tolerant plant at the same time; moreover, defense and detoxification mechanisms
were uncovered.

Keywords: phytoremediation; amaranthus; heavy metal; sewage; vegetation; bioindicator

1. Introduction

One of the major environmental concerns is pollution in many countries, and it signif-
icantly challenges global food security. The widespread application of hazardous waste
due to the development of industry and agriculture leads to environmental pollution [1].
Each type of pollution has its negative impact on human health, plants, and wildlife, but
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those that contribute heavy metals to soils and waterways are especially concerning due
to their long-term persistence in the environment [2]. Due to overpopulation and the
growth of industry, the volume of wastewater is growing daily [3]. Sludge dumping and
melting operations all contribute to heavy metal contamination in the environment [4,5].
Although sewage sludge is rich in organic matter, it also contains high levels of heavy
metals, including those classified as toxic, such as cadmium, nickel, chromium, mercury,
copper, lead and zinc [6]. Moreover, the high concentrations of heavy metals in sewage
sludge may induce soil contamination as a consequence, having a negative impact on living
organisms. Since soil health is fundamental for food crop production, hazardous metals re-
leased into the soil significantly reduce plant quality and yield, which poses a severe threat
to humans and animals via their bio-magnification in food chains [7,8]. Heavy metals have
a high rate of transfer from soil to feed, which increases their toxicity [7]. Large cities are
continuously producing large amounts of effluent water, which must be properly disposed
of and managed [9]. Many initiatives, such as phytoremediation, have been attempted to
create strategies to remove heavy metals from contaminated soils [4,10]. Phytoremediation
has scientific interest, and it has been the focus of several recent studies [4,10]. Phytoreme-
diation using higher plants is an environmentally beneficial method that cleanses toxins
from the environment utilizing plants and their related microorganisms [10]. In this regard,
phytoremediation using higher plants is frequently used. Moreover, higher plants are eu-
karyotes; thus, pollution assays can be performed under several environmental conditions,
and they are highly reliable and can be used for several years [11].

Pollution drivers can affect individual species, plant groups, and ecosystems on a
broader scale. In this regard, the density of perennial and annual species, species diversity,
vegetation cover and ecological characteristics associated with the structure of vegeta-
tion are among the main indicators of environmental disturbances [12]. Thus, vegetation
performs a significant ecological and hygienic role in chemically contaminated soils [13].
For instance, individual species and community spatial dissimilarities may be useful for
both measuring pollution effects and identifying potential indicator species [14,15]. Thus,
studies on the impact of heavy metal pollution on natural vegetation could contribute to
the evolution of species that are both sensitive and tolerant in response to heavy metal
pollution [7]. As a result, stress-tolerant plants play a significant part in many environmen-
tal processes, incorporating a variety of protective mechanisms [13]. These characteristics
may be used to define the condition of the vegetation and to provide better knowledge of
floristic composition, demonstrating the development of species that are both sensitive and
tolerant in response to pollution exposure and other environmental variables [16,17].

Saudi Arabia’s flora is regarded as the richest in the Arabian Peninsula. The kingdom’s
most conspicuous elements of plant life are substantial genetic resources of agriculture and
herbal medicines as well as xerophytic vegetation [18]. Saudi flora has a life-form spectrum
that is typical of a desert area, with therophytes dominating [19]. Several examples of
phytoremediators, such as Amaranthus retroflexus L., can be found growing in a variety of
soils and textures. It thrives in rich soils and has a high nitrogen demand [20]. It can be
found in cultivated fields, gardens, contaminated sites, riverbanks, roadsides, and other
open, disturbed environments where annual weeds thrive. It is seldom observed in shady
or enclosed locations [21].

We hypothesis that studying the effect of soil contamination with heavy metals on
density of perennial and annual species, species diversity and vegetation cover will provide
better knowledge of floristic composition as well as identifying stress-tolerant species that
can be used as phytoremediators. To this end, we conducted a field study to investigate the
disturbance of vegetation cover of sites with different levels of pollution. We also assessed
plant phytoremediation, oxidative damage markers and stress-tolerance mechanisms. This
research therefore will provide ecological indicators to quantify the impact of soil pollution
with sewage sludge on natural vegetation. Moreover, several biochemical markers will
be identified to screen for the stress-tolerant plants grown under complex heavy metal
contamination. Overall, this research will advance our understanding in the stress mitiga-
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tion mechanisms and biochemical flexibility of distinct organs of A. retroflexus, as well as
whether they are connected to organ type.

2. Material and Methods
2.1. Study Area Description

The study took place near ta sewage dumping lake, which is a man-made lake in
the Khulais governorate of Saudi Arabia, in a low-lying floodplain of the mountainous
terrain (Figure 1). It has been used as a sewage dumping lake for decades with no cleaning
methods in place. It is in the Wadi Khulais watershed (22◦8′29.22′′ N 39◦16′29.12′′ E), about
100 m above sea level. Every day, around 100 tanker trucks dump 5.000 m3 of wastewater
into the sewage dumping lake. It has a hot summer temperature and a warm climate the
rest of the year, with little rainfall (Table 1).

2.2. Sites Localization

For the vegetation and soil research, five different areas around the sewage sludge
lake were selected, each having a 25,000 square meter area. The locations were chosen
based on their proximity to the sewage dumping lake, as well as slope, soil type, depth, pH,
and area size characteristics. There was no land use at any of the study locations, and there
were no disturbances such as livestock, roads, or any other pollution sources. The first site
(site 1) is 50 m from the sewage dumping lake, the second is 100 m, the third is 500 m, the
fourth is one kilometer (site 4), and the control, the non-polluted area, is five kilometers
away (Sc). There was no environmental variation between studied contaminated sites.
Furthermore, soils of target sites were all of the same type, and the main drive for the
change in vegetating cover is the heavy metal contamination form the sewage area because
we found that the closer to the pollution center, the more contaminated the soil with heavy
elements, and the further away from the pollution center, the lower the concentration of
heavy elements.
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Table 1. Monthly variations of rainfall, relative humidity in the study area. The data were extracted
from the Jeddah meteorological station, Saudi Arabia. Mx: maximum temperature; Mn: minimum
temperature; M: mean temperature.

Temperature ◦C Relative Humidity (%) Precipitation
(mL)Mx Mn M Mx Mn M

January 26.8 18.2 22.3 81 8 46 0

February 28 19.6 23.6 87 14 53 1

March 30.5 20.7 25.3 95 9 55 6.2

April 32.8 23.2 27.8 83 17 53 0

May 35.9 26.8 31.2 84 8 49 0

June 37.9 27.3 32.3 86 5 52 0

July 38.5 29.1 33.6 93 12 49 2

August 38.7 30 34.2 81 19 52 0

September 38.7 30 33.9 88 5 58 TRACE

October 39.2 27 32.4 89 3 49 3.8

November 33.1 25.3 28.8 88 23 57 19

December 31.9 22.4 26.6 84 8 53 8

2.3. Field Surveys of the Study Area

Vegetation surveys were conducted using the quadrats point approach [22]. The
sample units were reduced by using points. The research sites’ plant species compositions
were obtained by randomly planting one square meter quadrat at ten different places at
each site [23]. Species frequency, density, and vegetation cover were all measured. With
the use of standard flora reference books [24–27], plant species within each quadrat were
pooled and identified. Life form categories were constructed according to Raunkiaer’s
directions [28]. When a taxon has many life forms, the most relevant taxon was picked,
with variations in the field life form being disregarded. To avoid the various conceptions of
chorological units among authors, the basic technique and language of Zohary [29] for the
Saharo-Arabian and Sudanian areas were followed. This resulted in different designations
for Saudi Arabia’s two major regions.

2.4. Floristic Diversity Analysis

Shannon’s diversity index (S) was used to describe and compare species diversity
among the locations studied. The Pielou evenness index (Ep) was calculated [30]. Shannon’s
diversity index was calculated:

H’= − Σpi ln pi, where pi = ni/N and ln indicates the natural logarithm.
Pielou evenness index is given as:
Ep = H’/ln S, where S denotes the diversity of species. According to the formula below,

the Jaccard similarity coefficient was used to quantify the gradient of diversity changes
between the five locations studied.

Cj = (a/(b + c + a)) × 100, where a denotes the total number of species discovered at
both locations, b the number of species discovered exclusively at the first site, and c the
number of species discovered exclusively at the second site.

Relative density (RD) is a measure of a species’ overall number of individuals in
proportion to all other species’ individuals, determined as:

Relative density (RD%) = (individuals’ number of the specific species divided by the
total number of all individuals for all recorded species) × 100.

Frequency (F) is the distribution of a species, expressed as a percentage of its total occurrence:
Frequency (F%) = (total number of quadrates studied/number of quadrates where the

species occurred) × 100.
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2.5. Collection of A. retroflexus

At last, five plant samples of A. retroflexus were obtained from the rhizosphere at each
location, all of which were of the same age and at the same developmental stage. Moreover,
the collected A. retroflexus plants from different sites were checked to confirmed that they
are of same genotype. Roots and shoots were separated, and fresh weights were measured.
Collected samples were placed in airtight polyethylene zipper bags, immediately frozen in
liquid nitrogen, and then they were transferred to the laboratory. Part of the plant shoot
and roots were air-dried at room temperature, weighed to calculated dry weight and stored
in appropriate containers until heavy metal analysis including Cd, As, Hg, Al, Fe, Cu, V, Cr,
Ni, Co, Pb and Zn, through the digestion of ground plant shoot and roots in HNO3/H2O
(5:1) [31].

2.6. Biological Indices

The interaction between plant and mineral, as well as the metal absorption capacity of
diverse plant species, was studied using biological indices [32]. By dividing the metal con-
centration in the plant’s roots by the metal concentration in the soil, the BCF (or biological
concentration factor) of metals is calculated. TF refers to the ratio of metal concentration in
the shoot to metal concentration in the roots (known as translocation factor).

2.7. Heavy Metal and Mineral Content in Soil and Plant Organs

Plant leaves and roots were cleaned with deionized water to remove any apoplas-
tic metal ions. After 150 mg of dry weight of plants and 3 g of soil were digested in
HNO3/H2O (5:1, v/v), heavy metals and minerals were measured (mass spectrometry,
ICP-MS). Following that, standards in 1% (v/v) HNO3 were produced [33,34]. The heavy
metal concentration of the soil was measured in g/g DW.

2.8. Quantification of Organic Acid

Organic acid (Citric acid) was extracted (Butylated hydroxyanisole in 0.1 percent
phosphoric acid). The content was analyzed by using HPLC methods (LaChrom L-7455
diode array) [35]. Ribitol was used as an internal standard.

2.9. Photosynthesis- and Photorespiration-Related Parameters

In homogenized plant samples, total chlorophyll a and b, as well as carotenoids, were
measured after extraction in acetone [36]. The photorespiration-related essential enzymes
(GO, glycolate oxidase and HPR, hydroxy pyruvate reductase) activities were assessed
(Feierabend and Beevers [37]). Moreover, the ratio of glycine/serine ratio was known as an
indicator of photorespiration [38]. Amino acids such as serine and glycine were measured
by using Waters Acquity UPLC-tqd system through separation of amino acids on a BEH
amide 2.150 column.

2.10. Quantification of Oxidative Damage Markers

H2O2 levels were measured by using the FOX1 method to monitor the production of
Fe3+-xylenol orange complex at A595 [39]. Lipid peroxidation was measured by using the
methods of thiobarbituric acid-malondialdehyde (TBA-MDA) reagent after extraction in
80% ethanol [40]. The different absorbances (440, 532, and 600 nm) were measured, and
the content was expressed as nmol. g1 fresh weight. Protein carbonyls were measured by
Cayman Chemical’s (Ann Arbor, MI, USA) Protein Carbonyl Colorimetric Assay Kit [41].

2.11. Quantification of Antioxidant Parameters

To measure the total redox antioxidant capacity (FRAP, Ferric Reducing Antioxidant
Power Assay) as well as antioxidant metabolites (e.g., phenolics and flavonoids), samples
were extracted by homogenizing them in 80% ethanol by using MagNALyser (Roche,
Vilvoorde, Belgium). After centrifugation (14,000× g, 4 ◦C, 25 min), FRAP assay was
measured in 0.3 M acetate buffer (pH 3.6) by using tripirydylo-S-triazine reagent. Trolox
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(0 to 650 µM) as a standard was applied [42]. In ethanol extracts, both polyphenols and
flavonoids were detected (Folin-Ciocalteu assay [43]. The modified aluminum chloride
technique was used to calculate flavonoid content [44]. ASC and GSH antioxidants were
measured by HPLC after separation on HPLC column (Polaris C18-A (100 mm × 4.6 mm,
reversed-phase) and after plant samples extraction in meta-phosphoric acid (6%, w/v).
ASC and GSH were detected by a diode array detector (DAD) [34]. Proteins were extracted
using potassium-phosphate extraction buffer (50 mM and pH 7.0) for antioxidant enzyme
activities. Pyrogallol oxidation at 430 nm [45] in potassium–phosphate reaction buffer was
used to determine the peroxidase (POX) [46]. The superoxide dismutase (SOD) enzyme
activities were measured by suppression of NBT reduction at 560 nm. Colorimetric analyses
of dehydro-ASC reductase (DHAR), monodehydro-ASC reductase (MDHAR) ascorbate
peroxidase (APX), and GSH reductase (GR) were performed using the Murshed et al. [47]
technique after extraction in 0.05 M MES/KOH. The rate of breakdown of H2O2 at 240 nm
was used to evaluate catalase (CAT) activity [48]. The activity of GSH peroxidase (GPX)
was determined by measuring the reduction of NADPH at 340 nm [49]. The Lowry method
was used to determine the total soluble protein content [50].

2.12. Quantification of Detoxification-Related Parameters

GSH-S-transferase reacted with CDNB (0.5 mM) and GSH (1 mM) in potassium-
phosphate buffer (50 mM, pH 7.0). Mozer et al. calculated the activity [51]. According to
Diopan et al. [52], the content of metallothionein (MTC) was determined electrochemically
by using pulse voltammetry Brdicka reaction. After combining with Ellman’s reagent, the
amount of phytochelatins (total thiols-non-protein) was extracted (5 percent sulfosalicylic
acid), and spectrophotometry was measured at 412 nm [53].

2.13. Statistical Analysis

One-way ANOVA (Tuckey test (p < 0.05), SPSS 20.0 software) was applied to estimate
the impact of the treatment on roots and shoot of A. retroflexus (n = 4). The hierarchical
cluster was performed by using all parameters (Multi Experiment Viewer (MeV). PCA was
performed by using Origin Lab 9.

3. Results
3.1. Effect of Sewage Pollution on Floristic Composition

Here, 42 plant species were identified. These plant species belong to 38 genera and
21 families (Table S1). Both Poaceae and Fabaceae (6 species for each) were the major
plant families present in the studied control/polluted area, followed by Amaranthaceae
and Capparaceae (4 species). Therophytes, Chaemophytes and Phanerophytes were the
most frequent life form classes that represented the maximum number of species i.e., 33,
18 and 29%, respectively. Conversely, Geophytes was the lowest class of the life form
(1%) (Figure 2). In the most polluted site, Prosopis Juliflora (Sw.) DC. had the highest RD
(relative density) of 18.2 with a high frequency of 90%. Amaranthus retroflexus L. had a
high relative density of 16.7 and a high frequency of 100%, followed by Leptochloa fusca (L.)
Kunth (RD = 9.1, F = 60%). The chorological characteristics of the target species showed
that both Arabian Sudanian and cosmopolitan elements showed the highest value (25%),
followed by Saharo (20.1%) (Figure 2).

It was observed that the greater the distance between the site and the sewage dumping
lake, the greater the vegetation cover (Table 2). The vegetation cover significantly differed
between site one (polluted site) and the other four sites (p = 0.03). The vegetation cover
(Table 2) decreased by 53% in the sewage dumping lake vicinity (site 1), compared to the
control (site 5). The species number and diversity measurement of the discovered commu-
nity are reported (Table 2). The pollution had a significant impact on the plant richness in
the area closest to the sewage lake (site 1), where plant richness was decreased by 2.8 times
compared with the controlled region (site 5). Furthermore, the change of the characteristic
across sites was extremely significant (p < 0.05). Table 2 shows that the Shannon–Weiner
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Index (H′) reflected the ecosystem’s health, with the control site having a higher H′ value
of 0.35 than the contaminated sites, which ranged between 0.12 to 0.21. The control site
exhibited floristic heterogeneity in contrast to Site 1. Site 1 has more common species than
the other sites. There was variability in species composition across Site 1 and the control site,
with 23% of common species. It was also found that some sites had fewer common species;
for instance, Site 2 had low values of the Jaccard indices. When compared to the control site,
the low index reported in the control site was due to differing species occurrences. In the
polluted sites (Sites 1–4), Amaranthus retroflexus, Prosopis Juliflora, Echinochloa colona, and
Leptochloa fusca had high frequency and relative density (RD), suggesting their tolerance
for heavy metal buildup by wastewater. A. retroflexus has maintained growth in the most
polluted site, where moderate decreases in fresh and dry weights (30% and 31%, respec-
tively) were reported. We selected A. retroflexus, which exhibited the highest frequencies
and relative densities in polluted sites.

Biology 2022, 11, x FOR PEER REVIEW 7 of 21 
 

 

  
Figure 2. Life form (a) and chorology (b) of the recorded species. The life forms are: Ph, phanero-
phytes; Ch, chamaephytes; G, geophytes; He, hemi-cryptophytes; Th, therophytes. The chorotypes 
are: Cosm, cosmopolitan AM, American; IT, Irano-Turanian; Me, Mediterranean; SA, Saharo-Sin-
dian; SU, Sudano-Zambezian; TR, Tropical. 

It was observed that the greater the distance between the site and the sewage dump-
ing lake, the greater the vegetation cover (Table 2). The vegetation cover significantly dif-
fered between site one (polluted site) and the other four sites (p = 0.03). The vegetation 
cover (Table 2) decreased by 53% in the sewage dumping lake vicinity (site 1), compared 
to the control (site 5). The species number and diversity measurement of the discovered 
community are reported (Table 2). The pollution had a significant impact on the plant 
richness in the area closest to the sewage lake (site 1), where plant richness was decreased 
by 2.8 times compared with the controlled region (site 5). Furthermore, the change of the 
characteristic across sites was extremely significant (p < 0.05). Table 2 shows that the Shan-
non–Weiner Index (H′) reflected the ecosystem’s health, with the control site having a 
higher H′ value of 0.35 than the contaminated sites, which ranged between 0.12 to 0.21. 
The control site exhibited floristic heterogeneity in contrast to Site 1. Site 1 has more com-
mon species than the other sites. There was variability in species composition across Site 
1 and the control site, with 23% of common species. It was also found that some sites had 
fewer common species; for instance, Site 2 had low values of the Jaccard indices. When 
compared to the control site, the low index reported in the control site was due to differing 
species occurrences. In the polluted sites (Sites 1–4), Amaranthus retroflexus, Prosopis Juli-
flora, Echinochloa colona, and Leptochloa fusca had high frequency and relative density (RD), 
suggesting their tolerance for heavy metal buildup by wastewater. A. retroflexus has main-
tained growth in the most polluted site, where moderate decreases in fresh and dry 
weights (30% and 31%, respectively) were reported. We selected A. retroflexus, which ex-
hibited the highest frequencies and relative densities in polluted sites. 

Table 2. Biodiversity indices for the studied sites and the relative density, frequency, fresh weight 
(FW) and dry weight (DW) of A. retroflexus. Data of FW and DW are mean values ± SE (n = 10). 
Different letters indicate statistically significant difference between means of the same plant species 
at significance level at least (p ≤ 0.05). 

 Site 1 Site 2 Site 3 Site 4 Site 5 
Evenness (R) 0.65 0.54 0.41 0.43 0.45 

Shannon Index 0.1292 0.1714 0.189 0.21 0.25 
Species richness 12 21 22 23 34 

Cover % 7 10 12 13 15 
A. retroflexus relative density 16.7 15.3 6.7 2.6 0.52 

A. retroflexus frequency 100 95 36 36 25 

a

Th CH Ph He Ge

0
2
4
6
8

10
12
14

Sp
ec

ie
s N

um
be

r

b

Figure 2. Life form (a) and chorology (b) of the recorded species. The life forms are: Ph, phanero-
phytes; Ch, chamaephytes; G, geophytes; He, hemi-cryptophytes; Th, therophytes. The chorotypes
are: Cosm, cosmopolitan AM, American; IT, Irano-Turanian; Me, Mediterranean; SA, Saharo-Sindian;
SU, Sudano-Zambezian; TR, Tropical.

Table 2. Biodiversity indices for the studied sites and the relative density, frequency, fresh weight
(FW) and dry weight (DW) of A. retroflexus. Data of FW and DW are mean values ± SE (n = 10).
Different letters indicate statistically significant difference between means of the same plant species
at significance level at least (p ≤ 0.05).

Site 1 Site 2 Site 3 Site 4 Site 5

Evenness (R) 0.65 0.54 0.41 0.43 0.45
Shannon Index 0.1292 0.1714 0.189 0.21 0.25
Species richness 12 21 22 23 34

Cover % 7 10 12 13 15
A. retroflexus relative density 16.7 15.3 6.7 2.6 0.52

A. retroflexus frequency 100 95 36 36 25
A. retroflexus FW (g/individual) 178 ± 2.3 c 189 ± 1.8 c 210 ± 2.4 b 254 ± 2.1 a 256 ± 3.1 a
A. retroflexus DW (g/individual) 53.4 ± 1.1 c 57. ± 1.02 c 63 ± 1.1 b 74.3 ± 1.6 a 76 ± 1.6 a

3.2. Growth Responses to Soil Contamination with Heavy Metals

To evaluate A. retroflexus responses to soil contamination, plant biomass (FW and
DW), as well as the pigment contents, were measured (Table 2). The results showed that
soil contamination significantly induced growth reduction, particularly for the plant roots
grown at Site 1 as compared to those grown at Site 5. We measured photosynthetic pigments
(Table 2) to investigate the integration of heavy metal accumulation on photosynthetic
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related parameters and its relationship with the higher growth of A. retroflexus plant. The
increase was more pronounced (63%) for Cha as compared to Chb and Cha + Chb at
Site 5. In contrast, the carotenoids were enhanced in response to the toxicity of heavy
metal contamination, compared to those of control plants. Furthermore, this increase was
stimulated in plants grown in contaminated soil at Sites 2 and 4.

3.3. Metals Accumulation and Uptake by A. retroflexus

To investigate the degree of heavy metal accumulation in the soils of each site, the
concentrations of several heavy metal in the rhizosphere soils of A. retroflexus plants were
measured (Table 3). Three heavy metals, out of 12 detected heavy metals, i.e., Ni, As and
Cu showed the highest levels. Depending on the concentrations of these heavy metals,
we ranked the contaminated soils into 5 levels, from Site 1 (the highest contamination) to
Site 5 (control). Compared to Site 5 (control), Sites 1, 2, 3 and 4 showed gradual increases in
the concentrations of Ni, As, and Cu. At the most contaminated site (S4), the content of
the three heavy metals represented 87% of the total heavy metals (Table 3). Moreover, Cu
was the dominant heavy metal, where its content reached 73% of the total heavy metals.
Conversely, soils showed considerable levels of several essential and non-essential minerals,
including N, and K, whereas their levels were not significantly affected by heavy metal
accumulation in soil (Table 3). The accumulations were measured in both the plant shoots
and the root. Ni, As, and Cu levels were sharply increased in both organs of A. retroflexus
plants and to a greater extent in the roots of plants grown in contaminated soil at site 4
(Table 4). Similar to their level in soil, the highest accumulation was recorded for Cu, more
than ten folds, for A. retroflexus shoot and roots at site 1 compared to site 5 (Table 4).

Compared to plants grown in control soil (site 5), plants grown in contaminated sites,
particularly Site 1, showed increased concentrations of several other heavy metals (Cd, Cr,
and Zn). Moreover, mineral nutrition was disturbed due to the competition with heavy
metals. Thus, the concentrations of essential plant nutrients (e.g., N and K) in both shoot
and roots of A. retroflexus plants were evaluated in the present study to determine the state
of plant nutrition (Table 4). Heavy metal accumulation reduced mineral uptake by both
organs, and this effect was strengthened in the case of roots (Table 4). Mg and Fe uptake
were significantly reduced by 72% and 94% in the A. retroflexus shoots and roots grown in
the most contaminated soil, respectively (Table 3).

The results indicated high uptake (BCF), low translocation from roots to shoot (TF)
and high content in both roots and shoot for Cu, As and Ni (Table 5). The biological
concentration factor (BCF) ranged between 18.6 and 40.4 for Cu, 31–39 for As, 62–95.6 for
Ni, 46–101 for Pb and 53–101 for Co. The translocation factor (TF) of metals in A. retroflexus
ranged between 0.09 and 0.33 for Pb, 0.15–0.27 for Zn, 0.09–0.33 for both Cu and As, and
0.83–3.15 for Co. In the case of A. retroflexus growing in control site, the BCF ranged
between 21.4 and 62 for the detected heavy metals, while the TF of metals ranged between
0.08 and 0.70.

3.4. ROS Production and Oxidative Damage

To understand the downstream effects of heavy metal contamination on ROS levels
and production, we investigated their effects on photorespiration, the main source of ROS.
In this context, the photorespiration-related enzymes glycolate oxidase (GOX), hydroxy-
pyruvate reductase (HPR) and indicator (Gly/Ser ratio), as well as H2O2 accumulation in
response to the toxicity of heavy metal accumulation, were investigated. Plants grown in
contaminated soil at Sites 2–4 showed significant increases in H2O2 by 6%, 9.5%, and 22% in
shoot tissues and 60%, 93%, and 130% in roots tissues of Amaranthus plants, respectively, as
compared to their corresponding control plants (Figure 3). Consistent with the heavy metals-
induced H2O2 accumulation, a significant increase was observed in the photorespiratory
indicator Gly/Ser ratio and the GOX, HPR, and CAT activities, mainly in A. retroflexus
plants grown in the highest contaminated soil of site 4. In more detail, exposing plants to
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heavy metal stress at Sites 2–4 increased GOX by 28%, 69%, and 158%, respectively, Gly/Ser
ratio by 14%, 81%, and 82%, and HPR by 126%, 274%, and 153% (Figure 3).

Table 3. Concentration of heavy metals, minerals, phenols, acetic acid, pH, organic matter, electric
conductivity and texture in the studied sites soils. Data are mean values ± SE (n = 4). Different letters
(in the same row) indicate statistically significant difference between means for the same plant species
at significance level at least (p ≤ 0.05).

Site 1 Site 2 Site 3 Site 4 Site 5

Cd (mg/kg) 1.23 ± 0.71 a 1.07 ± 0.55 b 0.76 ± 0.22 b 0.19 ± 0.09 c 0.24 ± 0.17 c

Ni (mg/kg) 5.16 ± 0.37 a 4.90 ± 0.46 a 3.02 ± 0.62 b 1.16 ± 0.20 c 0.36 ± 0.01d

As (mg/kg) 5.65 ± 0.99 a 4.30 ± 0.68 a 2.02 ± 0.43 b 0.66 ± 0.22 c 0.02 ± 0.01d

Cu (mg/kg) 30.3 ± 6.44 a 19.35 ± 2.92 b 7.63 ± 0.32 c 1.26 ± 0.32d 0.03 ± 0.01e

Pb (mg/kg) 0.41 ± 0.07 a 0.28 ± 0.08 b 0.20 ± 0.08 b 0.18 ± 0.08 b 0.02 ±0.00 c

Co (mg/kg) 0.33 ± 0.13 a 0.31 ± 0.11 a 0.26 ± 0.07 a 0.30 ± 0.10 a 0.01 ± 0.01 b

Hg (mg/kg) 0.39 ± 0.14 a 0.34 ± 0.14 a 0.27 ± 0.15 a 0.29 ± 0.13 a 0.05 ± 0.01 b

Al (mg/kg) 0.65 ± 0.29 a 0.48 ± 0.16 a 0.63 ± 0.33 a 0.46 ± 0.19 a 0.08 ± 0.03 b

V (mg/kg) 0.82 ± 0.07 a 0.54 ± 0.17 b 0.47 ± 0.15 b 0.25 ± 0.07 c 0.04 ± 0.01d

Cr (mg/kg) 0.82 ± 0.42 a 0.58 ± 0.38 b 0.49 ± 0.29 b 0.25 ± 0.04 c 0.03 ± 0.02d

Zn (mg/kg) 0.88 ± 0.08 a 0.77 ± 0.07 a 0.59 ± 0.06 b 0.09 ± 0.01 c 0.04 ± 0.00d

Mn (mg/kg) 0.02 ± 0.00 c 0.036 ± 0.0 a b 0.04 ± 0.00 b 0.10 ± 0.01 a 0.03 ± 0.01 b

Mg (mg/kg) 0.02 ± 0.01 c 0.05 ± 0.02 b 0.02 ± 0.01 c 0.05 ± 0.01 b 0.09 ± 0.05 a

Ca (mg/kg) 0.04 ± 0.01 b 0.09 ± 0.02 a 0.04 ± 0.01 b 0.08 ± 0.02 a 0.04 ± 0.01 b

Ba (mg/kg) 0.03 ± 0.01 b 0.08 ± 0.02 a 0.03 ± 0.01 b 0.07 ± 0.02 a 0.03 ± 0.00 b

Fe (mg/kg) 0.02 ± 0.01 c 0.06 ± 0.02 b 0.02 ± 0.01 c 0.06 ± 0.02 b 0.53 ± 0.09 a

K (mg/kg) 0.84 ± 0.01 a 1.03 ± 0.03 a 0.84 ± 0.12 a 1.00 ± 0.01 a 0.89 ± 0.06 a

N (mg/kg) 7.11 ± 0.45 a 7.57 ± 0.76 a 7.22 ± 0.94 a 7.82 ± 1.17 a 7.59 ± 0.53 a

Phenols (mg/g) 49.42 ± 7.5 a 46.76 ± 4.7 a 17.94 ± 3.1 b 13.17 ± 1.0 b 13.84 ± 0.1 b

Citric acid (mg/g) 25.1 ± 0.28 a 8.41 ± 0.69 b 8.26 ± 1.73 b 4.47 ± 1.17 c 4.01 ± 0.88 c

pH 7.80 ± 0.09 a 7.5 ± 0.02 a 7.4 ± 0.03 a 7.3 ± 0.01 a 7.3 ± 0.01 a

O.M (%) 1.85 ± 0.03 a 1.43 ± 0.02 a 1.35 ± 0.02 a 1.40 ± 0.03 a 0.99 ± 0.09 b

E.C (ds m−1) 1.01 ± 0.01 a 0.97± 0.01 a 0.81 ± 0.01 b 0.88 ± 0.01 b 0.75 ± 0.01 b

Sands (%) 61.1 ± 1.3 a 67.74 ± 3.20 a 61.49 ± 1.60 a 70.78 ± 1.36 a 63.99 ± 0.04 a

Silts (%) 21.6 ± 0.89 a 17.90 ± 1.04 a 21.2 ± 0.89 a 16.00 ± 0.68 a 14.44 ±0.04 a

Clay (%) 17.31 ± 0.78 a 14.36 ± 1.05 a 17.31 ± 0.8/8 a 13.22 ± 0.74 a 11.57 ±0.7 a

Table 4. Metal concentrations in the shoot and roots of Amaranthus retroflexus grown in control site
(Site 5) and contaminated sites (Sites 1–4). Data are mean values± SE (n = 4). Different letters indicate
statistically significant difference between means of the same plant species at significance level of at
least p ≤ 0.05.

Shoot Roots

Site 1 Site 2 Site 3 Site 4 Site 5 Site 1 Site 2 Site 3 Site 4 Site 5

Cd 23.24 ± 6.6 a 19.9 ± 5.5 a 11.9 ± 2.2 b 3.02 ± 0.7 c 1.1 ± 0.2 d 66.4 ± 12 a 57.1 ± 10 a 32 ± 3.3 b 10.30 ± 1.9
c 7 ±0.8 d

Ni 161.3 ± 30 a 160.2 ± 29
a 90 ± 1.8 b 32.7 ± 3.4 c 1.50 ± 0.1 d 486 ± 109 a 480 ± 118 a 256 ± 53 b 117.1 ± 31

c
16.9 ± 4.1

d
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Table 4. Cont.

Shoot Roots

Site 1 Site 2 Site 3 Site 4 Site 5 Site 1 Site 2 Site 3 Site 4 Site 5

As 182.4 ± 36 a 138 ± 27 b 58.5 ± 5.8 c 18.2 ± 3.5
d 0.11 ± 0.03 e 539 ± 113 a 411 ± 88 a 162 ± 23 b 63.1 ± 11 c 1.24 ± 0.1

d

Cu 1021 ± 190 a 593 ± 113 b 216 ± 4.0 c 32. ± 5.1 d 0.14 ± 0.02 e 3081 ± 818 a 1767 ± 4 b 616± 15 c 113.9 ± 22
d 1.58 ± 0.2 e

Pb 5.07 ± 1.21 a 3.45 ± 0.75
a 2.3 ±0.27 b 1.9 ± 0.29 b 0.12 ± 0.01 c 15.7 ± 5.69 a 10.6 ± 3 b 6.69 ± 2.2 c 7.07 ± 2.2 c 0.62 ± 0.22

d

Co 3.95 ± 0.74 a 3.7 ± 0.70 a 2.7 ± 0.19 b 2.98 ± 0.35
b 0.06 ± 0.02 c 11.92 ± 3.2 a 11.2± 3 a 7.8 ± 2.3 b 10.75 ± 3 b 0.3 ± 0.04 c

Hg 4.85 ± 0.95 a 4.3 ± 0.88 a 3.12 ±0.08 b 3.2 ± 0.54 b 0.21± 0.12 c 14.7 ± 4.4 a 13.3 ± 4.1 a 8.8 ± 2.2 b 11.7 ± 3.9 a 0.93 ± 0.24
c

Al 8.05 ± 1.52 a 6.0 ± 1.30 a 6.12 ± 0.44 a 4.2 ± 0.4 b 0.31± 0.08 c 24.3 ± 6.7 a 18.4 ± 6 b 17.1 ± 2.8 b 15.2 ± 3.6 b 1.5 ± 0.25 c

V 9.83 ± 2.2 a 6.1± 1.16 a 4.7 ± 0.20 b 2.6 ± 0.40 b 0.18 ± 0.02 c 30.22 ± 10 a 18.6 ± 5 b 13.6 ± 3 c 9.45 ± 3 d 0.93 ± 0.26
e

Cr 10.73 ± 2 a 7.7 ± 1.51
ab 5.7 ± 0.47 b 2.09 ± 0.42

c 0.17 ± 0.03 d 32.82 ± 10 a 23.5 ± 6 b 16.6 ± 5 c 7.70 ± 2.2
d

0.88 ± 0.22
e

Zn 10.4 ± 2.9 a 9.1± 2.5 a 6.22 ± 1.48 b 0.95 ± 0.26
c 0.19 ± 0.02 d 39.64 ± 9 a 34.6 ± 8 a 22.3 ± 4 b 4.28 ± 1 c 1.24 ± 0.19

d

Mn 0.64 ± 0.07 c 1.01 ± 0.1 b 1.18 ± 0.01 b 2.7 ± 0.30 a 0.90 ± 0.14 b 0.93 ± 0.06 c 1.4 ± 0.1 b 1.60 ± 0.2 b 4.11 ± 0.2 a 1.29 ± 0.20
b

Fe 0.80 ± 0.13 c 1.88 ± 0.3 b 0.78 ± 0.09 c 1.69 ± 0.2 b 13.5 ± 1.3 a 1.17 ± 0.1 d 2.7 ± 0.3 b 1.053 ± 0.1
c 2.2 ± 0.6 b 19.35 ± 1.9

a

K 22 ± 2.2 a 27 ± 2.8 a 24.8 ± 0.89 a 26.9 ± 2.7 a 23.6 ± 2.5 a 32.2 ± 2 b 40.5 ± 2 a 33 ± 3.6 b 40.8 ± 0.24
a 33.75 ± 3 b

N 187.3 ± 19 b 200 ± 22 a 212 ± 5.5 a 209 ± 27 a 200 ± 2 a 273 ± 17 b 292 ± 23 b 286 ± 30.2
b 341. ± 47 a 286.8 ± 30

b

Mg 0.68 ± 0.08 c 1.6 ± 0.2 b 0.67 ± 0.02 c 1.44 ± 0.19
b 2.4 ± 0.6 a 0.99 ± 0.09 c 2.3 ± 0.2 b 0.91 ± 0.1 c 2.00 ± 0.34

b 3.53 ± 0.8 a

Ca 1.16 ± 0.17 b 2.7 ± 0.4 a 1.16 ± 0.10 b 2.41 ± 0.3 a 1.18 ± 0.1 b 1.69 ± 0.2 b 3 ± 0.48 a 1.57 ± 0.2 b 3.26 ± 0.77
a 1.7 ±0.19 b

Ba 0.97 ± 0.13 b 2.2 ± 0.3 a 0.95 ± 0.07 b 2.05 ± 0.29
a 0.9 ± 0.10 b 1.42 ± 0.15 b 3.3 ± 0.3 a 1.2 ± 0.17 b 2.81 ± 0.59

a 1.3 ± 0.14 b

Table 5. Biological concentration factor (BCF) and translocation factor (TF) of Amaranthus retroflexus
grown in control site (Site 5) and contaminated sites (Sites 1–4). Data are mean values ± SE (n = 4).
Different letters indicate statistically significant difference between means of the same plant species
at significance level of at least p ≤ 0.05.

Site 1 Site 2 Site 3 Site 4 Site 5

BCF TF BCF TF BCF TF BCF TF BCF TF

Cd 53.9 ± 2 a 0.34 ± 0.0 a 53.4 ± 2 a 0.3 ± 0.0 a 42.8 ± 2.4 b 0.36 ± 0.0 a 54.2 ± 1.2 a 0.29 ± 0.0 a 30 ± 1.3 c 0.16 ± 0.01 b

Pb 94 ± 1.2 a 0.32 ± 0.0 a 97.9 ± 2 a 0.32 ± 0.0 a 84.9 ± 2.4 b 0.34 ± 0.3 a 101 ± 2.1 a 0.27 ± 0.4 ab 46 ± 1 c 0.19 ± 0.02 b

Ni 95 ± 11 a 0.3 ± 0.04 a 95.6 ± 1 a 0.33 ± 0.1 a 80.5 ± 1.4 b 0.35 ± 0.06 a 95.6 ± 13 a 0.27 ± 0.05 b 62 ± 2.3 c 0.08 ± 0.01 c

Co 101 ± 1 a 0.3 ± 0.0 a 91.3 ± 1 a 0.3 ± 0.0 a 80.8 ± 11 b 0.34 ± 0.08 a 90.3 ± 1.0 a 0.27 ± 0.04 b 53 ± 1.3 c 0.21 ± 0.03 b

As 38 ± 14 a 0.3 ± 0.0 a 37 ± 15 a 0.3 ± 0.0 a 33.4 ± 1 ab 0.35 ± 0.01 a 39 ± 14 ab 0.28 ± 0.0 b 31 ± 2.1 c 0.09 ± 0.01 c

Hg 36.1 ± 1 a 0.32 ± 0.0 a 36.1 ± 2 a 0.3 ± 0.02 a 30.1 ± 1.2 ab 0.35 ± 0.0 a 35.8 ± 1.3 a 0.27 ± 0.04 b 30 ± 0.9 b 0.23 ± 0.05 b

Cu 37 ± 13 a 0.3 ± 0.0 a 39.2 ± 12 a 0.3 ± 0.01 a 32.9 ± 1.0 a 0.35 ± 0.01 a 40.4 ± 9.5 a 0.28 ± 0.06 a 18.6 ± 2 b 0.09 ± 0.02 b

Al 37 ± 0.0 a 0.3 ± 0.0 a 38 ± 0.0 a 0.3 ± 0.01 a 27.1 ± 7.8 b 0.35 ± 0.05 a 33 ± 0.03 a 0.21 ± 0.02 b 19 ± 0.01 c 0.20 ± 0.01 b

V 36.8 ± 1 a 0.32 ± 0.08
a 34.4 ± 1 a 0.33 ± 0.1 a 29.1 ± 0.0 b 0.34 ± 0.01 a 37.8 ± 1.6 a 0.27 ± 0.04 a 23.2 ± 1.4 c 0.19 ± 0.01 b

Cr 40.0 ± 1 a 0.32 ± 0.07
a 40.5 ± 0.1 a 0.32 ± 0 a 33.8 ± 1.02 b 0.34 ± 0.03 a 30.8 ± 1.2 b 0.27 ± 0.03ab 29.3 ± 1.2 b 0.20 ± 0.01 b

Zn 45.0 ± 2 a 0.26 ± 0.0 a 44. ± 1.6 a 0.2 ± 0.0 a 37.8 ± 0.12 b 0.27 ± 0.09 a 47.5 ± 2.1 a 0.22 ± 0.02 b 31.0 ± 1.02
c 0.15 ± 0.01 c

Fe 58.5 ± 2 a 0.7 ± 0.0 a 45.8 ± 2.8 a 0.7 ± 0.08 a 52.0 ± 1.03 a 0.74 ± 0.0 a 37.5 ± 2.7 b 0.75 ± 0.11 a 36.5 ± 3.6 b 0.70 ± 0.09 a
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Figure 3. The impact of soil pollution on oxidative stress markers in shoot and roots of Amaranthus
retroflexus. The changes in hydrogen peroxide (H2O2), malondialdehyde (MDA) and protein oxidation
(PO) in A. retroflexus grown in control site (Site 5) and contaminated sites (Site 1–4). Data are mean
values ± SD (n = 4). Different letters indicate statistically significant difference between means of the
same plant species at significance level of at least p ≤ 0.05.

3.5. Heavy Metals Induced More Oxidative Damages in A. retroflexus Roots

To investigate if heavy metal induced mitigating oxidative responses in A. retroflexus
and if there were organ-specific responses, we quantified heavy metal-induced malondi-
aldehyde (MDA, used as a marker of ROS induced peroxidation of the lipid) and protein
oxidation (PO) (Figure 3). High heavy metal accumulation in Site 3 and/or Site 4 had a
significant effect on oxidative stress markers in both organs of A. retroflexus plants. Heavy
metal contamination resulted in significant increases in MDA by 10% and 77%, and PO by
78% and 60% in shoot and roots tissues, respectively, as compared to their corresponding
control plants (Figure 3).

3.6. A. retroflexus Antioxidant Defense System

Plant metabolism involves numerous oxidative reactions essential for cell viability
under heavy metal toxicity, where plants use different antioxidant arsenals to mitigate
oxidative stress induced by heavy metals. Out of the contaminated soil of the four sites,
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soil from Site 4 showed the highest impact on the antioxidant defense system. First,
we determined the total antioxidant capacity (FRAP) as well as the level of antioxidant
metabolites and activity of antioxidant enzymes. Our results revealed that plants grown
in soil contaminated with heavy metals recorded significant increases in FRAP by 60%
and 81% in the shoot and roots of A. retroflexus grown in Site 4, respectively. We also
observed similar patterns for both polyphenol and flavonoids contents, which are the
main contributors to FRAP changes, where heavy metal contamination increased them
by 27% and 139%, respectively, in A. retroflexus roots tissue (Figure 3). Changes in the
lipid antioxidant (tocopherols) and the ascorbate–glutathione (ASC-GSH) cycle related
metabolites were measured (Figure 3). The roots of Amaranthus plants exposed to heavy
metal stress exhibited significant increases in ASC (380%), while shoots and roots showed an
increase in GSH (22% and 17%, respectively) and tocopherols (158% and 223%, respectively)
levels (Figure 3). Further, heavy metal stress did not significantly affect ASC/TASC or
GSH/TGSH ratios in A. retroflexus shoots but significantly affected these ratios by 31%,
59%, 58%, and 68% in roots, respectively, relative to the control plants (Figure 3).

Figure 4 depicts changes in the direct ROS scavenging enzymes activity including
POX, SOD, and CAT, as well as the ASC-GSH cycle enzymes, in A. retroflexus roots and
shoots exposed to heavy metals. Activities were differentially increased in the shoots and
roots of A. retroflexus plants exposed to heavy metal treatments. Mainly in roots tissues,
POX, SOD and CAT showed remarkable increases in their activities (by 258, 585% and
85%, respectively) under heavy metal contamination in Site 3 compared to their values
in A. retroflexus plants grown in the control site. When heavy metals reached the highest
levels at Site 4, such increases in POX, SOD, and CAT in shoots and roots increased by
330, 284, 152, 77, 105, and 136%, respectively. Furthermore, heavy metal stress-induced
the activity of ASC/GSH recycling enzymes (APX, DHAR, MDHAR, GR, GPX) in both
plant organs when compared to the corresponding controls (Figure 4). The highest heavy
metal accumulation significantly decreased the level of ASC metabolizing enzymes (APX,
DHAR, and MDHAR) and GSH metabolizing enzymes (GR, GPX) in both Amaranthus
plants’ organs, but these activities did not significantly enhance in both A. retroflexus organs
compared to the corresponding as-alone treatment.

3.7. Heavy Metal Detoxification Was More Pronounced in A. retroflexus Roots

We measured metallothioneins (metal binding proteins that regulate metal seques-
tration, MTC) and phytochelatins (gsh oligomers that sequester metals to the vacuole),
total gsh, and glutathione-S-transferase (GST), which regulate conjugation of GSH-metal)
to better understand heavy metal detoxification mechanisms in both plant organs [36].
Heavy metal contamination increased the levels of total glutathione (Tgsh), and MTC and
activity of GST in A. retroflexus roots and shoot, but the level of phytochelatins was only
increased in roots, compared to the corresponding control (Figure 3). However, heavy
metal accumulation in Sites 1 and 2 had no impact on levels of phytochelatins, Tgsh, and
MTC, and the activity of GST as compared to the soil of controlled Site 0 (Figure 3). In
addition, as compared to the shoot tissue of A. retroflexus plants, roots tissue shows higher
levels of phytochelatins, Tgsh, MTC, and GST activity under heavy metal accumulation at
sites 3 and 4.
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Figure 4. Hierarchical clustering analysis of the impact of soil pollution on oxidative antioxidant de-
fense system in shoot and roots of A. retroflexus. The changes in antioxidants in A. retroflexus grown in
control site (Site 5) and contaminated sites (Sites 1–4). Means of antioxidant metabolites and enzymes
are hierarchically clustered and mean-centered. Ascorbate peroxidase (APX), monodehydroascorbate
reductase (MDHAR), dehydroascorbate reductase (DHAR), glutathione reductase (GR), glutathione
transferase (GST), peroxidase (GPX), superoxide dismutase (SOD), catalase (CAT), peroxidase (POX),
FRAP (total antioxidant capacity), ascorbate (ASC), ascorbate redox status (ASC.TASC), reduced
glutathione (GSH), total glutathione (Tgsh), glutathione redox status (GSH.TGSH) and tocopherols
(Toco), hydrogen peroxide (H2O2), polyphenols (Pphenol), flavonoids (Flav), metallothioneins (MTC),
phytochelatins (Phyto).

3.8. Organ and Site-Specific Responses Are Supported by PCA Analysis

To understand the specific responses of the roots and shoots of A. retroflexus plant
species to heavy metal stress, we performed a principal component analysis (PCA) with
an oxidative stress, antioxidant, and detoxification data set. The PCA embodied uniform
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metabolic/enzyme parameters along the first two dimensions (PC1 and PC2) that declared
48% and 17% of all data variability, respectively (Figure 5).

Biology 2022, 11, x FOR PEER REVIEW 14 of 21 
 

 

addition, as compared to the shoot tissue of A. retroflexus plants, roots tissue shows higher 
levels of phytochelatins, Tgsh, MTC, and GST activity under heavy metal accumulation 
at sites 3 and 4. 

3.8. Organ and Site-Specific Responses Are Supported by PCA Analysis 
To understand the specific responses of the roots and shoots of A. retroflexus plant 

species to heavy metal stress, we performed a principal component analysis (PCA) with 
an oxidative stress, antioxidant, and detoxification data set. The PCA embodied uniform 
metabolic/enzyme parameters along the first two dimensions (PC1 and PC2) that declared 
48% and 17% of all data variability, respectively (Figure 5). 

PC1 separated the measured parameters based on sites’ induced oxidative and de-
fensive responses (57% of all data variables), whereas the organ-specific responses were 
resolved along PC2 (13% of all data variables). For control and low-stressed A. retroflexus 
plants, PC1 depicted that low heavy metal accumulation induced ASC level mainly in the 
roots of Amaranthus plants grown in Site 1 and Site 5, and this effect was less pronounced 
in their shoots. PC1 clustered data of stress-related parameters such as photorespirations, 
antioxidant, detoxification, and oxidative stress markers in the roots of highly stressed 
plants grown in Sites 2–4, as well as stressed A. retroflexus plants grown in Site 4. PC2 
showed organ specification in response to both control and heavy metal stress (Figure 5). 

 
Figure 5. Principal component analysis (PCA) of parameters involved in photosynthesis, pho-
torespiration, oxidative stress, detoxification, and antioxidant defense in roots and shoot of Amaran-
thus retroflexus grown in control site (Site 5) and contaminated sites (Sites 1–4). AR1-5 and AS1-5 
means roots and shoot of A. retroflexus, respectively. 

−1.0 −0.5 0.0 0.5 1.0 1.5

−1
.0

−0
.5

0.
0

0.
5

1.
0

1.
5

AR5

AS5

AR3

AS3

AR4

AS4

AR2

AS2

AR1

AS1

−0.5 0.0 0.5 1.0

−0
.5

0.
0

0.
5

1.
0

H2O2

MDA

TAC

Pphenol

Flav

ASC

GSH

Toco

POX

CAT
SODAPX

GPX

DHAR

MDHAR

GR

Phyto

Tgsh

MTC

GST

PC1 (57%)

PC
1 

(1
3%

)

Figure 5. Principal component analysis (PCA) of parameters involved in photosynthesis, pho-
torespiration, oxidative stress, detoxification, and antioxidant defense in roots and shoot of
Amaranthus retroflexus grown in control site (Site 5) and contaminated sites (Sites 1–4). AR1-5 and
AS1-5 means roots and shoot of A. retroflexus, respectively.

PC1 separated the measured parameters based on sites’ induced oxidative and de-
fensive responses (57% of all data variables), whereas the organ-specific responses were
resolved along PC2 (13% of all data variables). For control and low-stressed A. retroflexus
plants, PC1 depicted that low heavy metal accumulation induced ASC level mainly in the
roots of Amaranthus plants grown in Site 1 and Site 5, and this effect was less pronounced
in their shoots. PC1 clustered data of stress-related parameters such as photorespirations,
antioxidant, detoxification, and oxidative stress markers in the roots of highly stressed
plants grown in Sites 2–4, as well as stressed A. retroflexus plants grown in Site 4. PC2
showed organ specification in response to both control and heavy metal stress (Figure 5).
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4. Discussion
4.1. The Species of the Study Area’s Life Form and Chorology

The identified species life-form spectrum in this study is typical of an arid desert
region, where thyrophytes predominate, which is consistent with a previous study of
the entire Khulais region [18]. These findings support the theory that arid overgrazing,
climates and trampling, all of which are common on grasslands, increase therophytes %
by introducing and spreading weedy grasses and forbs of related life forms [54,55]. The
studied area belongs to Nubo-Sindian Province, a part of the Sudanian Area [28] or to the
Nubo-Sindian local center of endemism, a part of Saharo-Sindian geographic zone [56].
It also stretches along the Red Sea coast north of Makkah and the Arabian Gulf coast in
Saudi Arabia. Plant species in the study area are adapted to both aridity and extremely
high temperatures in this difficult environment; thus, the Saharao-Arabian elements have
the largest number.

4.2. Effect of Heavy Metal Contamination on Plant Cover and Biodiversity

Pollution is, in reality, a key element determining environmental variability. Pollution’s
impact on plants is no longer limited to its morphological, biochemical, and physiological
characteristics. Previously, it was recorded that the distribution patterns, associative
groupings, and vegetation cover, conversely, are comprehensive indicators for evaluating
contaminants [57]. Temperature, water availability, and environmental heterogeneity were
all utilized to link species richness variability. As a result, it may help to reconfigure species
richness [58]. The current results showed an increase in species richness at distant sites
and a decrease at the closest site to the sewage lake (Table 2), which imply a healthier
community in remote sites and land degradation in the vicinity of the sewage lake. Similar
studies by Blanár et al. [59] and Bayouli et al. [15] demonstrated that species richness, as
well as species diversity, had altered along a pollution gradient. Boutin and Carpenter [60]
reported a significant difference in species richness and composition between heavy metals-
affected sites and controlled (less contaminated) regions, which is consistent with the
current findings.

The plant cover has long been employed as an indication of ecosystem health in ad-
dition to a climate change and pollution tracker. Several researchers have found that as
environmental changes occur on a spatiotemporal scale, vegetation cover decreases or in-
creases [61–63]. which implies a healthier community in remote sites and land degradation
in the vicinity of the sewage lake. Moving away from Site 1 resulted in higher percentages
of plant cover, showing that Site 1′s cover was deteriorating. In addition, a decline in
species counts was observed based on a contamination gradient. Furthermore, plant cover
is critical in determining the causes of both environmental and biological change [63].
The index of Shannon was used to measure the diversity. Remembering that the index of
the diversity spans the index of diversity at the control site, it was higher than at other
sites, ranging from highest when all species existed at about the same relative frequency
at a place to lowest only when only one species was present [64]. The last behavior is
probably attributable to the appearance of new species inhabiting the control area. These
species may be more vulnerable to contamination in the soil. (e.g., Astragalus vogelii and
Ochradenus baccatus). Species that are present in remote sites could be susceptible to pollu-
tants from sewage lake. Therefore, their presence in the control site increases the diversity
of the site. The Jaccard Index reveals significant variations in plant species richness between
the control site and Site 1. This would validate the theoretical distribution of tolerant and
sensitive species.

4.3. Tolerant and Sensitive Species in the Study Area

The vegetation of polluted areas is a valuable mine of tolerant species. In our study
area, some tolerant species showed their ability to colonize areas close to the sewage,
such as A. retroflexus, Echinochloa colona and Prosopis Juliflora. The latter also exhibited high
tolerance to heavy metal toxicity, and they were distributed along four studied polluted sites.
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The other species including Aizoon canariense, Aerva javanica and Leptadenia pyrotechnica
appeared to be saved in the control site, indicating high sensitivity to the toxicity of
heavy metals. The tolerant species could also be pollutants bioremediators [65]. Out of
the identified tolerant species, we selected A. retroflexus because it showed the highest
frequencies and relative densities at contaminated sites. It can survive the toxicity of
several heavy metals accumulations i.e., Ni, As and Cu. We also investigated the growth
responses and biochemical mechanisms underpinning stress tolerance of heavy metals in
A. retroflexus plants. Bioremediation is an efficient process can be carried out by higher
plants that bind and remediate soil pollutants [6].

4.4. Heavy Metal Uptake and Detoxification in A. retroflexus

In this study, we evaluated A. retroflexus tolerance in terms of biomass, distribution
and high relative frequency and density and its potentiality to uptake, translocate and
accumulate heavy metal more in roots tissues. To elucidate whether the variation in
tolerance of A. retroflexus is related to its heavy metal (mainly Ni, As, and Cu) uptake,
translocation, and accumulation, we calculated the heavy metal content in shoot and root,
in addition to BCF and TF factors. The BCF of metals in the roots portion of a plant indicated
the bioremediation potential of A. retroflexus. Moreover, there was low translocation of the
detected metals to shoot tissues, which shows phytostabilization suitability.

To avoid injuries induced by heavy metal accumulation in A. retroflexus tissues, several
detoxification mechanisms have been developed [66]. To reduce heavy metal uptake, plants
increased polyphenols and organic acid (e.g., citric acid) exudation into the soil (Table 3).
In this regard, increased organic acids exudation by roots can act as electron carriers or as
ligands for metal binding to reduce their accumulation [67]. Compared to plants grown
in control soil, heavy metal accumulation increased phenol release in the rhizosphere soil
of A. retroflexus plants, and the release of citrate was observed mainly in the case of plants
grown in the most contaminated soil, compared to their corresponding controls. Plants
detoxify heavy metals through a various mechanism such as induction of metallothioneins
(MTC), phytochelatins (PHCHEL), and GST [15,67,68]. Here, we found a marked induction
in the detoxification metabolites, i.e., chelators and phytochelatins (PCs), that are utilized
in chelation and sequestration of Cd, Cu and As metals in the vacuole [69]. Similar to our
study, the synthesis of PCs is stimulated by heavy metals such as Cd, Cu and As exposure
and Cd is often sequestered in vacuoles as Cd-phytochelatins complex [70]. Chelation of
heavy metal ions with PCs to nontoxic chelates in vacuoles is one of the key detoxification
mechanisms employed by the heavy metal tolerant plant [71]. Moreover, the high ability of
A. retroflexus accumulation was concomitant with induced detoxification and sequestration
mechanisms as indicated by high GST activity and accumulation of GSH. In this context,
several studies documented the effectiveness of reduced glutathione (GSH) in heavy metal
stress tolerance, where it acts as a metal’s ligand in the cytosol [72].

4.5. A. retroflexus Maintained High Growth under Heavy Metal Stress

The threshold for toxicity of the heavy metal varies significantly between plant species,
ecotypes, and cultivars. Compared to other plant species grown in the contaminated
soil, A. retroflexus showed enhanced tolerance and growth improvement under heavy
metal stress. In addition, A. retroflexus distribution analyses show a significant abundance,
revealing a less sensitive behavior under stress induced by heavy metals.

Heavy metal-induced growth reduction can be attributed to the fact that high levels
of heavy metals impair photosynthesis and disturb redox status, leading to accumulation
of ROS [73,74]. Under heavy metal stress, A. retroflexus plants showed less reduction in
chlorophyll pigment, indicating maintained photosynthesis efficiency. The increase can
be explained by an increase in carotenoids, a powerful antioxidant and photosynthetic
protective pigment [75]. The observed decrease in dry biomass can be explained by the
heavy metals’ competition with nutrients, thus limiting nutrients uptake and inhibiting
the key metabolic enzymes. Consistently, soybean and rice shoot growth were inhibited by
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Cu, and Zn caused Fe deficiency symptoms and rice was the more sensitive species [76].
Similarly, tomato plants under Ni treatment decreased plant organs biomass, mainly due to
disturbance of essential element absorption [77]. We also found less competition between
heavy metals and mineral uptake, where A. retroflexus plants showed the ability to maintain
high levels of essential minerals (e.g., Mg, K and Ca).

4.6. A. retroflexus Showed High Redox Balance

ROS generation is one of the main responses to heavy metal oxidative stress [78]. A
moderate accumulation of H2O2 within A. retroflexus could play a signaling role, as it has
a relatively long lifespan and high ability to cross plant membranes [75]. ROS signaling
in stressed plants increases their resistance to heavy metal stress [79]. In this context, it
was hypothesized that a slight accumulation of H2O2 in plant roots could be a protective
mechanism through increased roots cell lignification that could act as an apoplastic heavy
metal trap [80,81]. Conversely, heavy metal altered biomass accumulation in roots- and
shoot-induced overaccumulation of ROS was accompanied by oxidative stress induction
as indicated by increased levels of electrolyte leakage, H2O2, NADP-oxidase, as a source
of superoxide anions, and lipid peroxidation. For instance, AbdElgawad et al. [34] have
shown that Zn, Cu, Pb and Ni exposure induced oxidative damages in leaves as indicated
by high peroxidation of plant lipid. In our study, the accumulation of H2O2 under As
stress could be ascribed to the heavy metal-induced photorespiration related parameters as
photorespiration is one of the key H2O2 generating mechanisms [81].

Although A. retroflexus plants accumulated high levels of heavy metals, they showed
fewer heavy metal toxicity symptoms, including oxidative stress. We suggested A. retroflexus
keeps ROS-induced oxidative stress at low levels by increasing the antioxidant system. To
scavenge H2O2 and to minimize the oxidative damage caused by environmental stress,
antioxidant biosynthesis is induced as an adaptive response [33,34]. In this regard, Ni, Cd,
and Cu accumulation have induced an increase in non-enzymatic and enzymatic antiox-
idants in plants’ organs and, to a greater extent, in roots. The increase in the activity of
these antioxidant enzymes under metal stress was observed in different plant species [82].
For instance, plants showed high activity of APX and SOD under Ni and Cd treatment
conditions [83,84]. Heavy metals also boosted the activities of all ASC/GSH biosynthetic
enzymes. This improvement is embodied in improving the levels of ASC and GSH in
grasses grown in polluted soils [33].

5. Conclusions

Soil pollution with heavy metals not only led to a change in the community structure
and in the frequency of species, but also to the disappearance of some species. Therefore,
the novelty of this work is that we introduced a promising heavy bio-accumulator and
stress-tolerant plant at the same time, and we uncovered its defense and detoxification
mechanisms. All these data can be used as research objects for molecular intelligence
breeding and for providing a basis for the creation of heavy metal-tolerant crops. However,
further investigations are needed to identify the molecular mechanisms underlying heavy
metal stress responses in roots and shoot organs in plants of A. retroflexus.

Future Perspectives and Recommendations

We recommend studying other plants that are registered in the study area, such as
Echinochloa colona, Prosopis Juliflora and Leptochloa fusca as phytoremediators.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/biology11020164/s1, Table S1: List of the recorded species in the different sites with their,
families, relative densities (RD) and frequencies (F) in the different sites.

Author Contributions: Conceptualization, E.A.A. and H.A.; methodology, E.A.A., H.A. and T.M.A.-S.;
software, E.A.A. and H.A.; validation, T.M.A.-S. and H.A.; formal analysis, E.A.A.; investigation,
E.A.A. and T.M.A.-S.; resources, E.A.A.; data curation, E.A.A., H.A. and T.M.A.-S.; writing—original

https://www.mdpi.com/article/10.3390/biology11020164/s1
https://www.mdpi.com/article/10.3390/biology11020164/s1


Biology 2022, 11, 164 18 of 21

draft preparation, E.A.A. and H.A.; writing—review and editing. All authors have read and agreed
to the published version of the manuscript.

Funding: The authors extend their appreciation to the Deputyship for Research and Innovation,
Ministry of Education in Saudi Arabia for funding this research work through the project number
(MOE-IF-G-20-01).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data presented in this study are available on reasonable request.

Acknowledgments: The authors extend their appreciation to the Deputyship for Research and
Innovation, Ministry of Education in Saudi Arabia for funding this research work through the project
number (MOE-IF-G-20-01).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jan, S.; Rashid, B.; Azooz, M.M.; Hossain, M.A.; Ahmad, P. Genetic Strategies for Advancing Phytoremediation Potential in Plants:

A Recent Update. In Plant Metal Interaction; Ahmad, P., Ed.; Elsevier: Amsterdam, The Netherlands, 2016; pp. 431–454.
2. Briffa, J.; Sinagra, E.; Blundel, R. Heavy metal pollution in the environment and their toxicological effects on humans. Heliyon

2020, 6, e04691. [CrossRef]
3. Kahlown, M.A.; Ashraf, M.; Hussain, M.; Salam., H.A.; Bhatti, A.Z. Impact Assessment of Sewerage and Industrial Effluents on Water

Resources, Soil, Crops and Human Health in Faisalabad; Pakistan Council of Research in Water Resources: Islamabad, Pakistan, 2006.
4. Igwe, J.C.; Abia, A.A. A bioseparation process for removing heavy metals from waste water using biosorbents. Afr. J. Biotechnol.

2006, 5, 1167–1179.
5. Alsherif, E.A.; Al-Shaikh, T.M.; Almaghrabi, O.; AbdElgawad, H. High Redox Status as the Basis for Heavy Metal Tolerance of

Sesuvium portulacastrum L. Inhabiting Contaminated Soil in Jeddah, Saudi Arabia. Antioxidants 2022, 11, 19. [CrossRef]
6. Malwina Tytła, M.; Widziewicz, K.; Zielewicz, E. Heavy metals and its chemical speciation in sewage sludge at different stages of

processing. Environ. Technol. 2016, 37, 899–908. [CrossRef]
7. Ojuederie, O.B.; Babalola, O.O. Microbial and Plant-Assisted Bioremediation of Heavy Metal Polluted Environments: A Review.

Int. J. Environ. Res. Public Health 2017, 14, 1504. [CrossRef] [PubMed]
8. Jaishankar, M.; Tseten, T.; Anbalagan, N.; Mathew, B.B.; Beeregowda, K.N. Toxicity, mechanism and health effects of some heavy

metals. Interdiscip. Toxicol. 2014, 7, 60–72. [CrossRef]
9. Ghosh, M.; Singh, S.P. A review on phytoremediation of heavy metals and utilization of its byproducts. Appl. Ecol. Environ. Res.

2005, 3, 1–18. [CrossRef]
10. Dickinson, N.M.; Baker, A.J.M.; Doronila, A.; Laidlaw, S.; Reeves, R.D. Phytoremediation of inorganics: Realism and synergies.

Int. J. Phytoremed. 2009, 11, 97–114. [CrossRef] [PubMed]
11. Antonkiewicz, J.; Jasiewicz, C. The use of plants accumulating heavy metals for detoxification of chemically polluted soils. J. Pol.

Agric. Univ. 2002, 5, 121–143.
12. Wei, X.; Li, Q.; Zhang, M.; Giles-Hansen, K.; Liu, W.; Fan, H.; Liu, S. Vegetation cover—another dominant factor in determining

global water resources in forested regions. Glob. Change Biol. 2018, 24, 786–795. [CrossRef] [PubMed]
13. Omuto, C.T.; Vargas, R.R.; Alim, M.S.; Paron, P. Mixed-effects modelling of time series NDVI-rainfall relationship for detecting

human-induced loss of vegetation cover in drylands. J. Arid. Environ. 2010, 74, 1552–1563. [CrossRef]
14. Mukhopadhyay, S.; Rana, V.; Kumar, A.; Maiti, S.K. Biodiversity variability and metal accumulation strategies in plants

spontaneously inhibiting fly ash lagoon, India. Environ. Sci. Pollut. Res. 2017, 24, 22990–23005. [CrossRef] [PubMed]
15. Bayouli, I.T.; Bayouli, H.T.; Dell’Oca, A.; Meers, E.; Sun, J. Ecological indicators and bioindicator plant species for biomonitoring

industrial pollution: Eco-based environmental assessment. Ecol. Indic. 2021, 125, 107508. [CrossRef]
16. Jauffret, S.; Lavorel, S. Are plant functional types relevant to describe degradation in arid, southern Tunisian steppes? J. Veg. Sci.

2003, 14, 399–408. [CrossRef]
17. Fakhry, A.; Migahid, M. Effect of cement dust kiln pollution on the vegetation in Western Mediterranean desert of Egypt. Int. J.

Environ. Chem. Ecol. Geol. Geophys. Eng. 2011, 5, 480–486.
18. Al-Sherif, E.A.; Ayesh, A.M.; Rawi, S.M. Floristic composition, life form and chorology of plant life at Khulais region western

Saudi Arabia. Pak. J. Bot. 2013, 45, 29–38.
19. Al-Sherif, E.A.; Fadl, M.A. Floristic study of the Al-Shafa Highlands in Taif, western Saudi Arabia. Flora 2016, 225, 20–29.

[CrossRef]
20. Feltner, K.C. The ten worst weeds of field crops; pigweed. Crop. Soils 1970, 22, 13–14.
21. Weaver, S.E.; McWilliams, E.L. The biology of Canadian weeds. 44. Amaranthus retroflexus L., A. powellii S. Wats. and A. hybridus L.

Can. J. Plant Sci. 1980, 60, 1215–1234. [CrossRef]
22. Daget, P.; Godron, M. Pastoralisme: Troupeaux, Espaces et Soci´et´es; Aupelf/Uref; Hatier: Paris, France, 1995; p. 510.

http://doi.org/10.1016/j.heliyon.2020.e04691
http://doi.org/10.3390/antiox11010019
http://doi.org/10.1080/09593330.2015.1090482
http://doi.org/10.3390/ijerph14121504
http://www.ncbi.nlm.nih.gov/pubmed/29207531
http://doi.org/10.2478/intox-2014-0009
http://doi.org/10.15666/aeer/0301_001018
http://doi.org/10.1080/15226510802378368
http://www.ncbi.nlm.nih.gov/pubmed/28133994
http://doi.org/10.1111/gcb.13983
http://www.ncbi.nlm.nih.gov/pubmed/29140600
http://doi.org/10.1016/j.jaridenv.2010.04.001
http://doi.org/10.1007/s11356-017-9930-4
http://www.ncbi.nlm.nih.gov/pubmed/28819831
http://doi.org/10.1016/j.ecolind.2021.107508
http://doi.org/10.1111/j.1654-1103.2003.tb02165.x
http://doi.org/10.1016/j.flora.2016.09.004
http://doi.org/10.4141/cjps80-175


Biology 2022, 11, 164 19 of 21

23. Curtis, J.T.; McIntosh, R.P. The interrelations of certain analytic and synthetic phytosociological characters. Ecology 1950, 31,
434–455. [CrossRef]

24. Collenette, S. An Illustrated Guide to the Flowers of Saudi Arabia; Corpion Publishing Ltd.: London, UK, 1985.
25. Collentette, S. Wild Flowers of Saudi Arabia; National Commission for Wildlife Conservation and Development: Riyadh, Saudi

Arabia, 1999.
26. Chaudhary, S. Flora of the Kingdom of Saudi Arabia; Ministry of Agriculture and Water: Riyadh, Saudi Arabia, 2001; Volume 2,

pp. 1–432.
27. Miller, A.G.; Cope, T.A. Flora of the Arabian Peninsula; Edinburgh University Press: Edinburgh, UK, 1996; Volume 1, pp. 1–586.
28. Raunkiaer, C. Life Forms of Plants and Statistical Geography; Oxford University Press: Oxford, UK, 1934; p. 632.
29. Zohary, M. Geobotanical Foundations of the Middle East; Gustav Fischer Verlag: Stuttgart, Germany, 1973; Volume 2.
30. Legendre, P.; Legendre, L. Numerical Ecology; Elsevier: Amsterdam, The Netherlands, 2003.
31. Violante, A.; Cozzolino, V.; Perelomov, L.; Caporale, A.G.; Pigna, M. Mobility and bioavailability of heavy metals and metalloids

in soil environments. J. Soil Sci. Plant Nutr. 2010, 10, 268–292. [CrossRef]
32. Kumar, S.S.; Kadier, A.; Malyan, S.K.; Ahmad, A.; Bishnoi, N.R. Phytoremediation and rhizoremediation: Uptake, mobilization

and sequestration of heavy metals by plants. In Plant-Microbe Interactions in Agro-Ecological Perspectives; Singh, D., Singh, H.,
Prabha, R., Eds.; Springer: Singapore, 2017; pp. 367–394.

33. AbdElgawad, H.; Zinta, G.; Hamed, B.A.; Selim, S.; Beemster, G.; Hozzein, W.N.; Abuelsoud, W. Maize roots and shoots show
distinct profiles of oxidative stress and antioxidant defense under heavy metal toxicity. Environ. Pollut. 2020, 258, 113705.
[CrossRef] [PubMed]

34. AbdElgawad, H.; Sébastjen, S.; Zinta, G.; Hassan, Y.H.; Abdel-Mawgoud, M.; Alkhalifah, D.A.; Hozzein, W.N.; Asard, H.;
Abuelsoud, W. Soil arsenic toxicity differentially impacts C3 (barley) and C4 (maize) crops. J. Hazard. Mater. 2021, 6, 125331.
[CrossRef]

35. de Sousa, A.; Saleh, A.M.; Habeeb, T.H.; Hassan, Y.M.; Zrieq, R.; Wadaan, M.A.; AbdElgawad, H. Silicon dioxide nanoparticles
ameliorate the phytotoxic hazards of aluminum in maize grown on acidic soil. Sci. Total. Environ. 2019, 693, 133636. [CrossRef]

36. Hemphill, J.K.; Venketeswaran, S. Chlorophyll and carotenoid accumulation in three chlorophyllous callus phenotypes of Glycine
max. Am. J. Bot. 1978, 65, 1055–1063. [CrossRef]

37. Feierabend, J.; Beevers, H. Developmental studies on microbodies in wheat leaves: I. Conditions influencing enzyme development.
Plant Physiol. 1972, 49, 28–32. [CrossRef]

38. Novitskaya, N.; Trevanion, S.J.; Driscoll, S.; Foyer, C.H.; Noctor, G. How does photorespiration modulate leaf amino acid contents?
A dual approach through modelling and metabolite analysis. Plant Cell Environ. 2002, 25, 821–835. [CrossRef]

39. Jiang, Z.Y.; Woollard, A.C.; Wolff, S.P. Hydrogen peroxide production during experimental protein glycation. FEBS Lett. 1990, 268,
69–71. [CrossRef]

40. Hodges, D.M.; DeLong, J.; Forney, C.; Prange, R.K. Improving the thiobarbituric acid-reactive-substances assay for estimating
lipid peroxidation in plant tissues containing anthocyanin and other interfering compounds. Planta 1999, 207, 604–611. [CrossRef]

41. Levine, R.L.; Williams, J.A.; Stadtman, E.P.; Shacter, E. Carbonyl assays for determination of oxidatively modified proteins.
Methods Enzymol. 1994, 233, 346–357.

42. Benzie, I.F.; Strain, J.J. The ferric reducing ability of plasma (FRAP) as a measure of “antioxidant power”: The FRAP assay. Anal.
Biochem. 1996, 239, 70–76. [CrossRef] [PubMed]

43. Zhang, Q.; Zhang, J.; Shen, J.; Silva, A.; Dennis, D.A.; Barrow, C.J. A simple 96-well microplate method for estimation of total
polyphenol content in seaweeds. J. Appl. Phycol. 2006, 18, 445–450. [CrossRef]

44. Chang, C.C.; Yang, M.H.; Wen, H.M.; Chern, J.C. Estimation of total flavonoid content in propolis by two complementary
colorimetric methods. J. Food Drug Anal. 2002, 10, 3.

45. Kumar, K.B.; Khan, P.A. Peroxidase in excised ragi (Eleusine coracana cv. PR 202) leaves during senescence. Indian J. Exp. Bot.
1982, 20, 412–416.

46. Dhindsa, R.S.; Plumb-Dhindsa, P.L.; Thorpe, T.A. Leaf senescence: Correlated with increased levels of membrane permeability
and lipid peroxidation, and decreased levels of superoxide dismutase and catalase. J. Exp. Bot. 1981, 32, 93–101. [CrossRef]

47. Murshed, R.; Lopez-Lauri, F.; Sallanon, H. Microplate quantification of enzymes of the plant ascorbate—glutathione cycle. Anal.
Biochem. 2008, 383, 320–322. [CrossRef] [PubMed]

48. Aebi, H. Catalase in vitro. In Methods in Enzymology; Lester, P., Ed.; Academic Press: Cambridge, MA, USA, 1984; Volume 105,
pp. 121–126.

49. Drotar, A.; Phelps, P.; Fall, R. Evidence for glutathione peroxidase activities in cultured plant cells. Plant Sci. 1985, 42, 35–40.
[CrossRef]

50. Lowry, O.H.; Rosebrough, N.J.; Farr, A.L.; Randall, R.J. Protein measurement with the Folin phenol reagent. J. Biol. Chem. 1951,
193, 265–275. [CrossRef]

51. Mozer, T.J.; Tiemeier, D.C.; Jaworski, E.G. Purification and characterization of corn glutathione S-transferase. Biochemistry 1983,
22, 1068–1072. [CrossRef]

52. Diopan, V.; Shestivska, S.; Adam, V.; Macek, T.; Mackova, M.; Havel, L.; Kizek, R. Determination of content of metallothionein
and low molecular mass stress peptides in transgenic tobacco plants. Plant Cell Tissue Organ Cult. 2008, 94, 291–298. [CrossRef]

http://doi.org/10.2307/1931497
http://doi.org/10.4067/S0718-95162010000100005
http://doi.org/10.1016/j.envpol.2019.113705
http://www.ncbi.nlm.nih.gov/pubmed/31864075
http://doi.org/10.1016/j.jhazmat.2021.125331
http://doi.org/10.1016/j.scitotenv.2019.133636
http://doi.org/10.1002/j.1537-2197.1978.tb06171.x
http://doi.org/10.1104/pp.49.1.28
http://doi.org/10.1046/j.1365-3040.2002.00866.x
http://doi.org/10.1016/0014-5793(90)80974-N
http://doi.org/10.1007/s004250050524
http://doi.org/10.1006/abio.1996.0292
http://www.ncbi.nlm.nih.gov/pubmed/8660627
http://doi.org/10.1007/s10811-006-9048-4
http://doi.org/10.1093/jxb/32.1.93
http://doi.org/10.1016/j.ab.2008.07.020
http://www.ncbi.nlm.nih.gov/pubmed/18682244
http://doi.org/10.1016/0168-9452(85)90025-1
http://doi.org/10.1016/S0021-9258(19)52451-6
http://doi.org/10.1021/bi00274a011
http://doi.org/10.1007/s11240-008-9356-2


Biology 2022, 11, 164 20 of 21

53. de Knecht, J.A.; Koevoets, P.L.; Verkleij, J.A.; Ernst, W.H. Evidence against a role for phytochelatins in naturally selected increased
cadmium tolerance in Silene vulgaris (Moench) Garcke. New Phytol. 1992, 122, 681–688. [CrossRef]

54. Cain, S.A. Life forms and phytoclimates. Bot. Rev. 1950, 16, 1–32. [CrossRef]
55. Deschenes, J.M. Life form spectra of contrasting slops of the grazed pastures of Northern New Jersey. Neturalise Can. 1969, 96,

965–978.
56. White, F.; Leonard, J. Phytogeographical links between Africa and Southwest Asia. Fl. Veg. Mundi 1991, 9, 229–246.
57. Rai, P.K. Impacts of particulate matter pollution on plants: Implications for environmental biomonitoring. Ecotoxicol. Environ. Saf.

2016, 129, 120–136. [CrossRef]
58. Pausas, J.G.; Austin, M.P. Patterns of plant species richness in relation to Different environments. J. Veg. Sci. 2001, 12, 153–166.

[CrossRef]
59. Blanár, D.; Guttová, A.; Mihál, I.; Plášek, V.; Hauer, T.; Palice, Z.; Ujházy, K. Effect of magnesite dust pollution on biodiversity and

species composition of oak-hornbeam woodlands in the Western Carpathians. Biologia 2019, 74, 1591–1611. [CrossRef]
60. Boutin, C.; Carpenter, D.V. Assessment of wetland/upland vegetation communities and evaluation of soil-plant contamination

by polycyclic aromatic hydrocarbons and trace metals in regions near oil sands mining in Alberta. Sci. Total Environ. 2017, 576,
829–839. [CrossRef]

61. De la Barrera, F.; Henríquez, C. Monitoring the Change in Urban Vegetation in 13 Chilean Cities Located in a Rainfall Gradient.
What is the Contribution of the Widespread Creation of New Urban Parks? In IOP Conference Series: Materials Science and
Engineering, Proceedings of the World Multidisciplinary Civil Engineering-Architecture-Urban Planning Symposium, Prague, Czech
Republic, 12–16 June 2017; IOP Publishing: Bristol, UK, 2017; Volume 245, p. 072023. [CrossRef]

62. Ortega-Rosas, C.I.; Enciso-Miranda, C.A.; Macías-Duarte, A.; Morales-Romero, D.; Villarruel-Sahagún, L. Urban vegetation cover
correlates with environmental variables in a desert city: Insights of mitigation measures to climate change. Urban Ecosyst. 2020,
23, 1191–1207. [CrossRef]

63. Shen, X.; Xue, Z.; Jiang, M.; Lu, X. Spatiotemporal change of vegetation coverage and its relationship with climate change in
freshwater marshes of Northeast China. Wetlands 2019, 39, 429–439. [CrossRef]

64. Little, E.E.; Greenberg, B.M.; Delonay, A.J. Environmental Toxicology and Risk Qssessment; American Society for Testing and
Materials: Philadelphia, PA, USA, 1998; pp. 1–417.

65. Davis, N.E.; Death, C.E.; Coulson, G.; Newby, L.; Hufschmid, J. Interspecific variation in the diets of herbivores in an industrial
environment: Implications for exposure to fluoride emissions. Environ. Sci. Pollut. Res. 2016, 23, 10165–10176. [CrossRef]

66. Tang, B.; Williams, P.L.; Xue, K.S.; Wang, J.S.; Tang, L. Detoxification mechanisms of nickel sulfate in nematode Caenorhabditis
elegans. Chemosphere 2020, 260, 127627. [CrossRef] [PubMed]

67. Campbell, K.M.; Nordstrom, D.K. Arsenic speciation and sorption in natural environments. Rev. Mineral. Geochem. 2014, 79,
185–216. [CrossRef]

68. Sharma, R.; Bhardwaj, R.; Handa, N.; Gautam, V.; Kohli, S.K.; Bali, S.; Vig, A.P. Responses of phytochelatins and metallothioneins
in alleviation of heavy metal stress in plants: An overview. In Plant Metal Interaction: Emerging Remediation Techniques; Ahmad, P.,
Ed.; Elsevier: Amsterdam, The Netherlands, 2016; pp. 263–283.

69. Kumar, S.; Trivedi, P.K. Glutathione S-transferases: Role in combating abiotic stresses including arsenic detoxification in plants.
Front. Plant Sci. 2018, 9, 751. [CrossRef]

70. Yen, T.Y.; Villa, J.A.; DeWitt, J.G. Analysis of phytochelatin–cadmium complexes from plant tissue culture using nano-electrospray
ionization tandem mass spectrometry and capillary liquid chromatography/electrospray ionization tandem mass spectrometry. J.
Mass Spectrom. 1999, 34, 930–941. [CrossRef]

71. Zhu, X.; Victor, T.W.; Ambi, A.; Sullivan, J.K.; Hatfield, J.; Xu, F.; Van Nostrand, W.E. Copper accumulation and the effect of
chelation treatment on cerebral amyloid angiopathy compared to parenchymal amyloid plaques. Metallomics 2020, 12, 539–546.
[CrossRef] [PubMed]

72. Jozefczak, M.; Remans, T.; Vangronsveld, J.; Cuypers, A. Glutathione is a key player in metal-induced oxidative stress defenses.
Int. J. Mol. Sci. 2012, 13, 3145–3175. [CrossRef]

73. Chibuike, G.U.; Obiora, S.C. Heavy metal polluted soils: Effect on plants and bioremediation methods. Appl. Environ. Soil Sci.
2014, 2014, 752708. [CrossRef]

74. Anjum, N.A.; Gill, S.S.; Gill, R.; Hasanuzzaman, M.; Duarte, A.C.; Pereira, E.; Tuteja, N. Metal/metalloid stress tolerance in plants:
Role of ascorbate, its redox couple, and associated enzymes. Protoplasma 2014, 251, 1265–1283. [CrossRef]

75. Das, K.; Roychoudhury, A. Reactive oxygen species (ROS) and response of antioxidants as ROS-scavengers during environmental
stress in plants. Front. Environ. Sci. 2014, 2, 53. [CrossRef]

76. Silva, M.L.D.S.; Vitti, G.C.; Trevizam, A.R. Heavy metal toxicity in rice and soybean plants cultivated in contaminated soil. Rev.
Ceres 2014, 61, 248–254. [CrossRef]

77. Palacios, G.; Gomez, I.; Carbonell-Barrachina, A.; Pedreño, J.N.; Mataix, J. Effect of nickel concentration on tomato plant nutrition
and dry matter yield. J. Plant Nutr. 1998, 21, 2179–2191. [CrossRef]

78. Viehweger, K. How plants cope with heavy metals. Bot. Stud. 2014, 55, 1–12. [CrossRef] [PubMed]
79. Cuypers, A.; Hendrix, S.; Amaral dos Reis, R.; De Smet, S.; Deckers, J.; Gielen, H.; Keunen, E. Hydrogen peroxide, signaling in

disguise during metal phytotoxicity. Front. Plant Sci. 2016, 7, 470. [CrossRef]

http://doi.org/10.1111/j.1469-8137.1992.tb00097.x
http://doi.org/10.1007/BF02879783
http://doi.org/10.1016/j.ecoenv.2016.03.012
http://doi.org/10.2307/3236601
http://doi.org/10.2478/s11756-019-00344-6
http://doi.org/10.1016/j.scitotenv.2016.10.062
http://doi.org/10.1088/1757-899X/245/7/072023
http://doi.org/10.1007/s11252-020-00982-8
http://doi.org/10.1007/s13157-018-1072-z
http://doi.org/10.1007/s11356-016-6234-z
http://doi.org/10.1016/j.chemosphere.2020.127627
http://www.ncbi.nlm.nih.gov/pubmed/32673864
http://doi.org/10.2138/rmg.2014.79.3
http://doi.org/10.3389/fpls.2018.00751
http://doi.org/10.1002/(SICI)1096-9888(199909)34:9&lt;930::AID-JMS853&gt;3.0.CO;2-E
http://doi.org/10.1039/c9mt00306a
http://www.ncbi.nlm.nih.gov/pubmed/32104807
http://doi.org/10.3390/ijms13033145
http://doi.org/10.1155/2014/752708
http://doi.org/10.1007/s00709-014-0636-x
http://doi.org/10.3389/fenvs.2014.00053
http://doi.org/10.1590/S0034-737X2014000200013
http://doi.org/10.1080/01904169809365553
http://doi.org/10.1186/1999-3110-55-35
http://www.ncbi.nlm.nih.gov/pubmed/28510963
http://doi.org/10.3389/fpls.2016.00470


Biology 2022, 11, 164 21 of 21

80. Schützendübel, A.; Schwanz, P.; Teichmann, T.; Gross, K.; Langenfeld-Heyser, R.; Godbold, D.L.; Polle, A. Cadmium-induced
changes in antioxidative systems, hydrogen peroxide content, and differentiation in Scots pine roots. Plant Physiol. 2001, 127,
887–898. [CrossRef] [PubMed]
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