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Abstract: Soils contaminated by potentially toxic elements (PTEs) as a result of anthropogenic
activities such as mining are a problem due to the adverse effects on human and environmental
health, making it necessary to seek sustainable strategies to remediate contaminated areas. The
objective of this study was to evaluate the species Clidemia sericea D. Don for the phytoremediation of
soils contaminated with PTEs (Hg, Pb, and Cd) from gold mining activities. The study was conducted
for three months, with soils from a gold mining area in northern Colombia, and seeds of C. sericea,
under a completely randomized experimental design with one factor (concentration of PTEs in soil)
and four levels (control (T0), low (T1), medium (T2), and high (T3)), each treatment in triplicate,
for a total of twelve experimental units. Phytotoxic effects on plants, bioconcentration (BCF), and
translocation (TF) factors were determined. The results obtained for the tissues differed in order
of metal accumulation, with the root showing the highest concentration of metals. The highest
values of bioconcentration (BCF > 1) were presented for Hg at T3 and Cd in the four treatments;
and of translocation (TF > 1) for Hg and Pb at T0 and T1; however, for Pb, the TF indicates that it is
transferable, but it is not considered for phytoextraction. Thus, C. sericea demonstrated its potential
as a phytostabilizer of Hg and Cd in mining soils, strengthening as a wild species with results
of resistance to the stress of the PTEs evaluated, presenting similar behavior and little phytotoxic
affectation on the growth and development of each of the plants in the different treatments.

Keywords: cadmium; lead; native species; mercury; phytostabilization

1. Introduction

Soil contamination with potentially toxic elements (PTEs) from anthropogenic ac-
tivities such as mining has become a global concern because of the impacts on human
and environmental health due to toxicity, persistence, and bioaccumulation in the trophic
chain [1]. Different countries face PTEs soil contamination, but differ in the knowledge
of the problem, treatments, and technologies to solve them [2]. Reports indicate that
worldwide, there are more than five million sites with soil contamination by PTEs [3]. In
Colombia, in the last decade, different investigations have shown high concentrations of
PTEs in soils of gold mining areas [4–11].

The most common PTEs in contaminated soils from gold mining processes are Hg,
Pb, and Cd [12,13]. Accumulation in soils causes alterations in their physical, chemical,
and biological properties, causing deterioration of the ecosystem services provided by
this non-renewable natural resource [14–16]. Likewise, agricultural activities in these
contaminated soils are of great concern because metals can translocate to the edible parts
of plants and impact crop growth and development due to phytotoxicity, becoming a risk
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to food safety due to the toxic effects generated by these elements on human health [13].
Hence, the importance of seeking environmental solutions to remediate and/or restore
contaminated soils.

Different physical, chemical, and biological treatments exist to remove PTEs from
soils [17]. At present, phytoremediation has been shown to be an effective, environmentally
friendly, non-invasive, aesthetically pleasing, and economically viable technique to remedi-
ate soils contaminated with PTEs [18,19]. This technology is based on using plants capable
of tolerating, accumulating, removing, or immobilizing pollutants such as PTEs [17]. Phy-
toremediation uses different mechanisms that differ from the physiological processes of
plants, phytoextraction and phytostabilization being the most used for soil remediation [20].
These techniques have been extensively evaluated at the greenhouse scale [4,21–23], tested
on in situ pilots [11,24–27], and in field trials [28–32]. The use of this technology has shown
its ability to treat contamination and stop the disturbance, and restore or recover the struc-
tural and functional integrity of affected ecosystems [33,34]. The selection of plant species
is an important factor in applying phytoremediation techniques because plants must have
certain characteristics that allow them to grow in specific site conditions [35,36]. In many
cases, they have used alien plant species that can become invasive and deteriorate the
native flora, representing a threat to ecosystems [1,37]. Different studies propose the use
of native plants growing in areas to be remediated and/or restored for the environmental
benefits and reduction of treatment costs [35,38,39]. It is important to highlight that plants
growing in contaminated areas have higher resistance through more efficient exclusion or
higher accumulation and tolerance to potentially harmful concentrations of contaminants
than those plants growing in uncontaminated soils [37,40].

Clidemia sericea D. Don is a plant of the Melastomataceae family, usually found in
disturbed sites, and can grow up to 2000 masl [41]. This species has not been evaluated in
experimental phytoremediation trial. However, Marrugo-Negrete et al. [5], at an inventory
of native plants from a mining site, reported for the genus Clidemia sp. a translocation
factor of 1.43 for Hg, indicating that this metal can be transferred from the root to the
plant shoots. Chamba et al. [42], for the species Miconia zamorensis Gleason belonging
to the Melastomataceae family as C. sericea, evidenced high concentrations of Pb and
Cd in root, stem, and leaves. This indicates that this species may have the potential for
phytoremediation of PTEs (Hg, Pb, and Cd); in this sense, the evaluation of this species
under controlled conditions in a pot assay leads to the generation of valuable information
over the quantity of toxic elements that accumulated in the plant organs to restore polluted
sites. The objective of the present study was to evaluate the phytoremediation process
using a native plant, C. sericea, growing in soils contaminated with three levels of PTEs
(Hg, Pb, and Cd) near gold mining activities in northern Colombia. The phytoremediation
performance was evaluated by measuring the concentration of Hg, Pb, and Cd in different
parts of the plant, such as root, stem, and leaves. Two phytoremediation indices were
calculated, the Translocation Factor (TF) and the Bioconcentration Factor (BCF), while plant
tolerance and development were evaluated by following the length, diameter, number of
leaves, dry biomass, and pigments.

2. Results and Discussion
2.1. Physicochemical Characteristics of Soils

The physicochemical characteristics of the soils in their initial and final conditions are
presented in Table 1. The treatments represent the four levels of PTE concentration. T0
(control treatment) corresponds to a soil far from mining activities and with little anthropic
intervention. T1, T2, and T3 correspond to soils with low, medium, and high concentrations
of PTEs from a mining area, respectively. The four soils presented a clay loam texture and
low organic matter (OM). Treatments T2 and T3, corresponding to medium and high metal
concentrations, can be classified as acid sulfate soils due to their extremely acidic condition
(pH: 3.5–4.5) and high sulfur contents (>20 mg kg−1) [43]. Treatments T0 and T1 presented
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a pH higher than 5, high phosphorus concentration (>80 mg kg−1), and relatively low
sulfur and exchangeable aluminum values compared to T2 and T3.

Some chemical parameters showed significant variations between initial and final
values (p < 0.05). Except for T2, at the end of the experiment, there was an increase in soil
pH. Salas-Moreno and Marrugo-Negrete [22] reported an increase in pH in the course of
phytoremediation of Pb and Cd contaminated mining soils using Paspalum fasciculatum
Willd. ex Flüggé; Kim et al. [44] reported the increase of pH in acid soils contaminated
with Cd, Pb, Zn, and Cu after phytoremediation with Brassica juncea (L.) Czern. The
increase in soil pH is likely related to nitrogen uptake predominantly in the form of NO3-N,
with simultaneous excretion of OH- ions to maintain electrical neutrality within plant
roots [45,46]. The release of H+ or OH− ions by roots can modify rhizosphere pH and
increase or decrease metal dissolution because H+ ions can displace PTE cations adsorbed
on soil particles [22,46].

The OM at the end of the experiment for all treatments increased compared to the
initial conditions, being significantly higher for T0, T1, and T3 (p < 0.05). This is explained by
the exudates that are released by the roots in the rhizosphere during plant growth, which
are composed of sugars, organic acids, amino acids, fatty acids, flavonoids, secondary
metabolites, especially phenolics, polysaccharides, proteins, among others, most of which
have carbon and nitrogen groups that are part of the composition of the OM. Likewise,
these compounds are synthesized, accumulated, and secreted in the process of respiration,
radical hair shedding, and root elongation [47,48].

At the end of the experiment, sulfur (S) increased significantly compared to the initial
value (p < 0.05). The treatments that presented the highest increase were the soils closest to
the area of the mining process (T2 and T3). Likewise, phosphorus (P) content increased
significantly in T0 and T3 (p < 0.05), and in T1, it decreased significantly compared to the
initial value (p < 0.05) and without significant changes in T2. Variations in S and P are
due to soil chemical dynamics, plant influence, and environmental conditions. In mining
soils decomposing primary materials and elements in changing phase, such as sulfides
and phosphates, tend to solubilize when interacting with plant root exudates and plant
irrigation water [49,50]. Plants can add S to the soil by exudates in the rhizosphere [46,51],
which explains the higher concentrations at the end of the experiment.

The cation exchange capacity (CEC), given by the sum of Ca2+, Mg2+, K+, Al3+ + H+,
cations, increased in the treatments after the phytoremediation process, being significant in
T2 and T3 (p < 0.05). The irrigation water, nutrient and water uptake by roots, ion release by
roots, and rhizosphere microorganisms may explain the changes in soil chemical properties
after the phytoremediation process [46,52].

2.2. Concentration and Bioavailability of PTEs in Soil

For each treatment, the concentrations of Hg, Pb, and Cd in soil decreased significantly
after the phytoremediation process compared to their initial condition (p < 0.05, Table 2).
The initial concentrations and after the phytoremediation process presented the following
order Pb > Cd > Hg. The concentrations of PTEs were much higher than values reported for
non-contaminated soils in Colombia (Hg: 0.028 ± 0.07 mg kg−1, Pb: 0.012 ± 0.01 mg kg−1

and Cd: 0.008 ± 0.001 mg kg−1 [53]). In addition, in the different treatments, a decrease in
the concentration of PTEs was observed after the process, as in other studies in different
species, such as Jatropha curcas L., B. juncea for Hg [11,54]; Sida acuta Burm. f. for Pb [55];
Thlaspi caerulescens J.Presl & C.Presl, Arabidopsis halleri (L.) O’Kane & Al-Shehbaz, Nicotiana
tabacum L., for Cd [56–58].
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Table 1. Physicochemical parameters of soils before and after the phytoremediation process.

Treatment Conditions
Soil Properties Texture

pH (1:1) OM (%) S (mg kg−1) P (mg kg−1) CEC
(cmol kg−1) Sand (%) Clay (%) Silt (%) Class

T0
Before 5.49 ± 0.15 a 1.26 ± 0.05 a 21 ± 0.26 a 85.2 ± 4.99 a 19.53 ± 0.12 a

26.5 35.6 41.2 CLAfter 5.86 ± 0.05 b 5.29 ± 0.09 b 150.3 ± 7.50 b 104.97 ± 3.57 b 21.23 ± 0.14 b

T1
Before 5.71 ± 0.01 a 1.0 ± 0.2 a 23.8 ± 2.1 a 102.9 ± 4.5 a 16.33 ± 2.08 a

24.2 32.8 43.1 CLAfter 6.31 ± 0.10 b 3.96 ± 1.36 b 147.3 ± 28.6 b 89.27 ± 9.33 b 19.7 ± 0.12 a

T2
Before 4.16 ± 0.3 a 0.97 ± 0.1 a 607.4 ± 10.1 a 7.2 ± 0.5 a 11.7 ± 1.4 a

36.7 32.8 30.6 CLAfter 4.17 ± 0.01 a 1.21 ± 0.18 b 850.83 ± 55.9 b 7.43 ± 0.42 a 16.7 ± 0.78 b

T3
Before 3.54 ± 0.1 a 0.25 ± 0.03 a 726.8 ± 13.4 a 3.9 ± 0.2 a 2.9 ± 0.4 a

29.2 37.8 33.1 CLAfter 4.01 ± 0.15 b 1.21 ± 0.40 b 910.5 ± 36.6 b 32.85 ± 3.85 b 12.6 ± 0.3 b

Conditions: Before and after the phytoremediation process. CL: Clay loam. Different letters indicate significant statistical differences (p < 0.05) using Tukey’s test.

Table 2. Concentration and bioavailability of Hg, Pb, and Cd in soils before and after phytoremediation process.

Treatment Conditions
PTEs (mg kg−1) B.PTEs (%)

Hg Pb Cd Hg Pb Cd

T0
Before 0.06 ± 0.001 a 2.03 ± 0.08 a 0.52 ± 0.001 a 8.77 ± 1.75 a 0.56 ± 0.03 a 21.24 ± 1.93 a
After 0.04 ± 0.001 b 1.83 ± 0.05 b 0.45 ± 0.006 b 1.21 ± 0.131 b 0.55 ± 0.02 a 27.47 ± 2.94 a

T1
Before 0.34 ± 0.02 a 8.8 ± 0.18 a 0.81 ± 0.01 a 3.38 ± 0.1 a 0.14 ± 0.01 a 14.24 ± 0.23 a
After 0.11 ± 0.02 b 7.69 ± 0.64 b 0.72 ± 0.02 b 0.75 ± 0.92 b 0.16 ± 0.01 a 48.36 ± 34.31 b

T2
Before 1.03 ± 0.23 a 134.44 ± 8.05 a 3.4 ± 0.15 a 0.02 ± 0.00 b 0.08 ± 0.01 a 24.59 ± 0.18 a
After 0.71 ± 0.02 b 93.21 ± 4.75 b 1.78 ± 0.11 b 0.05 ± 0.02 a 0.02 ± 0.01 b 46.18 ± 4.10 b

T3
Before 1.95 ± 0.19 a 178.7 ± 11.2 a 12.7 ± 0.43 a 2.90 ± 0.1 a 0.18 ± 0.03 a 4.96 ± 0.2 a
After 1.59 ± 0.16 b 120.91 ± 10.63 b 6.45 ± 0.21 b 0.14 ± 0.07 b 0.02 ± 0.02 b 18.21 ± 2.41 b

B.PTEs: Percentage of bioavailability of PTEs. Conditions: Before and after the phytoremediation process. Different letters indicate significant statistical differences (p < 0.05) using
Tukey’s test.
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Regarding bioavailability, Cd in all treatments presented the highest percentage com-
pared to Hg and Pb, being significantly higher after the process (p < 0.05; Table 2). Pb
presented the lowest bioavailability (<1%) in all treatments. After the phytoremediation
process, except for Hg at T0, the bioavailable percentage for Hg and Pb was less than 1%.
For Hg, it decreased at T0, T1, and T3 (p < 0.05); for Pb, it remained stable at T0 and T1, de-
creasing significantly in the other two treatments (p < 0.05). The results show that a higher
total concentration of a metal does not imply a higher bioavailability (Table 2) because it
depends on the soil characteristics, the mineralogical composition, and the environmental
conditions of the soil, among other factors [7,59–61].

The high bioavailability of Cd is possibly due to it being highly soluble under acidic
conditions as free water ions (bound only to water molecules) [62]. In addition, soil
microbial activity and plant root exudates through the release of organic acids cause the
solubilization of minerals containing this metal, which favors its increase, as presented in
each treatment [48,63]. Regarding Pb, its low availability is because most of the compounds
of this metal have low solubility and precipitate very easily by sulfates and phosphates,
which makes it one of the least soluble PTEs in soil [62,64]. Hg increases its bioavailability
at acidic pH because free H+ ions combine with colloidal substances that have a negative
charge and Hg2+ will be released into the liquid phase of the soil [65]. However, in
the presence of sulfur, it can decrease its bioavailability by forming sulfur compounds
that are stable and insoluble to be accumulated or translocated to plants [66]. Likewise,
other studies have evidenced the low bioavailability of Hg and Pb in agricultural soils,
mining soils, or soils affected by mining activities [53,67–74]. However, Li et al. [75]
showed higher results than this study, 3.63% and 15.4% for Hg and Pb, respectively, after
phytoremediation with Solanum nigrum L. for Cd, bioavailabilities of 53.2–69.1% [65] and
9.85% [76] have been reported for mining soils in China. Bioavailability percentages of
46.3% have also been reported in mining soils with spontaneous vegetation [77] and around
25% in phytoremediation of mining soils with Paspalum fasciculatum Willd. ex Flüggé [22],
values similar to those of this study.

2.3. Growth Behavior of C. sericea

The growth behavior of C. sericea during the phytoremediation process was ascending
for plant height, stem diameter, and the number of leaves (Figure 1a–c; Figure S1). The
development of these variables in T1, T2, and T3 was relatively low compared to T0, except
for plant height, which was higher in T3. In this study, phytotoxicity was shown by necrosis
and leaf drop for T2 and T3 (Figure S2), at 24 days after planting, so it could be a response
of the plants to Hg, Pb, and Cd exposure as part of their process of tolerance and adaptation
to the environment during the vegetative stage of some plants [78–81].

The root, stem, leaf, and total dry biomass are shown in Figure 1d (Table S1). Total
biomass presented reductions of T1: 22.62%, T2: 46.67%, and T3: 50.10%, compared to
the control (T0). The reduction in biomass, plant height, stem diameter, and the number
of leaves is explained by the toxic soil conditions since plants require additional energy
to counteract PTEs stress [4,82]. Additionally, the inhibition of root development and
the imbalance of water and nutrient transport leads to growth inhibition, damage to the
structure, decrease of physiological and biochemical activities that affect biomass produc-
tion [83–85]. In addition, soils presenting acid sulfate characteristics limit the availability
of nutrients and inhibit the absorption of exchangeable bases for plants affecting their
growth, development, and productivity [86–88]. Other studies have shown the reduction of
biomass, plant height, stem diameter, and the number of leaves in different species due to
stress caused by PTEs [4,83,89–92]. However, Salas and Marrugo [22] and Dinu et al. [93],
in their studies of Cd and Pb exposure of P. fasciculatum and Ocimum basilicum L. species,
respectively, induced a greater plant height in soils with higher concentration compared to
the control, and even the decrease in stem diameter and the number of leaves was minimal,
indicating the stimulation of plant growth at higher concentration of PTEs; explaining the
results obtained for T3.
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phyll a. Chlorophyll b. Chlorophyll a + b. Carotenoids. (f) Pigments ratios. Chlorophyll a/b. Chloro-
phyll a + b/carotenoids. Different letters indicate significant statistical differences (p < 0.05) using 
Tukey’s test between each treatment per variable. 

The photosynthetic pigments chlorophyll a (Chl a), b (Chl b), a + b (Chl a + b), a/b 
(Chl a/b), carotenoids (Car), chlorophyll a + b/carotenoids (Chl a + b/car) (Figure 1e,f, Table 
S1), presented significant differences among treatments (p < 0.05), being higher in T3 and 
lower in T2, and for carotenoids, higher in T0 and T1. The lower content of these pigments 

Figure 1. Behavior of morphometric parameters, growth, and dry biomass of C. sericea. (a) Height
of the plant. (b) Diameter of the stem. (c) Number of leaves. (d) Dry biomass per tissue for each
treatment, total biomass is the sum of tissues per treatment. (e) Photosynthetic pigments. Chlorophyll
a. Chlorophyll b. Chlorophyll a + b. Carotenoids. (f) Pigments ratios. Chlorophyll a/b. Chlorophyll
a + b/carotenoids. Different letters indicate significant statistical differences (p < 0.05) using Tukey’s
test between each treatment per variable.

The photosynthetic pigments chlorophyll a (Chl a), b (Chl b), a + b (Chl a + b), a/b
(Chl a/b), carotenoids (Car), chlorophyll a + b/carotenoids (Chl a + b/car) (Figure 1e,f,
Table S1), presented significant differences among treatments (p < 0.05), being higher in
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T3 and lower in T2, and for carotenoids, higher in T0 and T1. The lower content of these
pigments in T2 can be explained by a higher incidence of PTEs in reducing the number of
chloroplasts or a structural disruption of the chloroplast, accelerating chlorophyll degrada-
tion and affecting photosynthetic capacity [94–96]. In this treatment, Cd presented higher
bioavailability, which inhibits the enzymes responsible for chlorophyll biosynthesis, i.e.,
5-aminolevulinic acid dehydration and protochlorophyllide reductase or its degradation
due to the formation of free radicals of polyunsaturated fatty acids as a result of increased
lipoxygenase activity [97]. This PTE hinders the division of chloroplasts, their growth
and arrangement of the thylakoid system, affecting carotenoid content [98]. Cui et al. [99]
reported a negative effect of soil-available Cd on chlorophyll (a + b) and carotenoid ac-
tivities in Amaranthus Hypochondriacus L. leaves. Pb induces an alteration of chloroplast
ultrastructure and displaces Ca2+ and Mn2+ from the light-harvesting complex of photo-
system II; this photosystem is also affected by Hg as it replaces the central chlorophyll
atom, magnesium, which prevents photosynthetic light-harvesting by altering the photo-
synthesis process [98,100]. The adverse effect on photosystem II in the thylakoids causes a
decrease in carotenoid contents [101]. On the contrary, in T3, a higher chlorophyll content
was presented, managing to maintain normal photosynthesis under the stress caused by
exposure to PTEs, which is directly reflected in plant growth [96,97,102]. In some reports,
the photosynthetic pigments evaluated showed an increase after exposure to PTEs, as was
the case for T3 [103–106]. T0 and T1 presented similar chlorophyll and carotenoid contents,
indicating that the lower PTEs concentration did not negatively affect the pigments of
T1 plants. The contradictory results shown for T3 compared to T0 can be explained by
the effects of the combination and interaction of PTEs in the treatments because they are
competing with each other in the soil medium [106]. The Chl a/b ratio was similar in T1
and T2 compared to T0 (control), presenting values close to 3, except T3 with a value < 1.
The results indicate for T1 and T2 a decrease in chlorophyll due to the stress generated by
PTEs, and for T3 a final decomposition of chlorophyll, due to the toxicity of the elements
that can reduce the size of the peripheral part of the antenna complex. The Chl (a + b)/car
ratio presented similar values for T0 and T1, being lower for T2 and a high value for T3,
showing for T2 a strong reduction of chlorophyll compared to carotenoids, and for T3 a
pronounced reduction of carotenoids compared to chlorophyll [107]. Different authors
have reported on the content of photosynthetic pigments, which vary according to the
species, the concentration of PTEs, and the degree of toxicity of these individually and
mixed. Chinmayee et al. [108] reported variation in chlorophyll a, b, a/b, and carotenoid
contents in response to different PTEs to which Amaranthus spinosus L. was exposed, with
Pb increasing pigment contents. Leal-Alvarado et al. [109] reported no differences in the
contents of chlorophyll a, b, and carotenoids in Salvinia minima Baker evaluated at dif-
ferent Pb concentrations. Zhan et al. [110], for Nicotiana tabacum L. leaves exposed to Cd
reported Chl a/b values close to 3 in their treatments similar to the control. Fargašová and
Molnárová [107], for Sinapis alba L. under PTEs stress, obtained in all cases a similar Chl
a/b ratio and Chl (a + b)/car values lower than the control.

2.4. Concentration of Hg, Pb, and Cd in Plant Tissues and Phytoremediation Indices

The concentrations of Hg, Pb, and Cd in root, stem, and leaves showed significant
differences among treatments (p < 0.05, Figure 2a–c). The accumulation of PTEs in plant
tissues presented the following order for Hg and Pb: T0, T2, and T3: Root > Leaves > Stem;
T1: Leaves > Root > Stem. For Cd, it presented the order for T0: Root > Leaves > Stem; T1,
T2, and T3: Root > Stem > Leaves. Plant tissues showed a higher accumulation of PTEs fol-
lowing the order of highest to lowest concentration in the treatments: T3 > T2 > T1 > T1 > T0.
In general, the highest concentrations of metals were present in the root compared to
stem and leaves, with maximum values at T3 for Hg, Pb, and Cd of 3.11 ± 0.97 mg kg−1,
4.99 ± 2.32 mg kg−1, and 31. 57 ± 3.37 mg kg−1, respectively; in leaves and stem the con-
centrations were <1 mg kg−1, except for Cd concentration in stem for T2 (3.25 ± 0.32 mg kg−1)
and T3 (7.44 ± 0.16 mg kg−1).
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are in direct contact with the Hg, Pb, and Cd present in the soil and accumulate in the cell 
walls of the root by the attraction between their negative charge and the positive charge 
of metals [116,117]. This prevents toxic effects (necrosis and chlorosis) in the aerial parts 

Figure 2. Concentration of PTEs in plant tissue and phytoremediation indices (a) Hg. (b) Pb. (c) Cd.
(d) BCF. (e) TF. Different letters indicate significant statistical differences (p < 0.05) using Tukey’s test
between each treatment per tissue.

Plants tend to accumulate Hg, Pb, and Cd in the roots followed by the
shoots [5,10,22,82,111–116]. This tendency of roots to accumulate most of the bioavail-
able metals is due to the fact that these in the process of absorption of water and essential
nutrients are in direct contact with the Hg, Pb, and Cd present in the soil and accumulate
in the cell walls of the root by the attraction between their negative charge and the positive
charge of metals [116,117]. This prevents toxic effects (necrosis and chlorosis) in the aerial



Plants 2022, 11, 597 9 of 19

parts of the plant [82,115]. Additionally, Cd accumulation in roots may also likely be due to
the combination with sulfur-rich peptides or other constituents (such as organic acids) from
the cell sap in the root vacuole, considered to be predominantly a sink for Cd [118,119].
Leaves showed a higher accumulation of Hg and Pb than stems, which could be due to the
function of the latter to transport liquids and nutrients between roots and leaves through
xylem and phloem, which does not allow Hg and Pb to accumulate in this tissue, facilitating
their storage in leaves, which are the final receptors [5,116]. In addition, vacuoles in leaves
are large Pb-accumulating organelles [120]. The higher Hg accumulation that occurred in
leaves at T1 (low concentration) was similar to what was found by Concas et al. [121] and
Marrugo-Negrete et al. [5] because volatilized Hg can be captured by leaf stomata [5].

On the other hand, for species of the Melastomataceae family to which C. sericea
belongs, accumulation of Hg, Pb, and Cd has been reported. Marrugo-Negrete et al. [5],
presented for Clidemia sp. Hg concentrations in their tissues (Root: 0.23 mg kg−1, Stem:
0.11 mg kg−1, Leaves: 0.22 mg kg−1) results similar to those obtained in T2 and T3; and
Chamba et al. [42], for M. zamorensis showed high Pb concentrations in root: 379 mg kg−1,
stem: 67 mg kg−1 and leaves: 68 mg kg−1, higher than our study, and Cd concentrations
in root (2.8 mg kg−1), stem (0.89 mg kg−1) and leaves (0.80 mg kg−1), similar to those
obtained for leaves and stem in our study.

The BCF and TF values (Figure 2d,e) were calculated to determine the ability of
plants to accumulate metals in their roots from the soil and translocate them to aerial
tissues (leaves), respectively. BCF > 1 were obtained for Hg in T3 and for Cd in the four
treatments. TF > 1 were obtained for Hg and Pb at T0 and T1, this can be explained by
the low concentrations of these elements in the soil that are usually a limiting factor for
the accumulation of substantial amounts in the roots, which allows the translocation of
these metals through the development of plant detoxification mechanisms based on the
sequestration of ions in the vacuole by binding with ligands (proteins, organic acids, and
peptides), resulting in high translocation values [122,123]. The highest BCF values were
presented for Cd, which is due to the fact that this metal is more mobile with respect to
Hg and Pb, and therefore bioconcentrates more easily in plant roots [90]. The TFs for
T2 and T3 approaching 0.1 indicate the exclusion of the element in plant tissue at higher
concentrations of the PTEs evaluated [124]. This can be explained as a plant mechanism that
consists of altering the permeability of membranes, changing the capacity of cell walls, or
exuding more chelating substances to maintain the physiological concentrations of essential
metal ions and to minimize exposure to non-essential heavy metals; avoiding toxic effects
on aerial tissues [79]. Marrugo-Negrete et al. [4] reported similar behavior in J. curcas for
TFs in higher Hg concentration treatments. Most plant species present a restriction of
translocating Pb and Cd from roots to shoots, so in many cases, the TF is lower than 0.07,
as presented in the results [98].

Thus, taking into account the criteria of phytoextraction and phytostabilization po-
tential according to the values of BCF and TF [4,108]; it can be determined that the species
C. sericea has phytostabilizing potential for Hg and Cd in soils. In the case of Pb, it can
be evidenced that it is highly transferable at T0 and T1 (TF > 1); however, the species is
not phytoextractive of this metal because it does not meet the aforementioned criterion by
presenting BCF < 1 (<0.03). Other studies have reported BCF and TF for the PTEs evalu-
ated in native species growing in mining areas with potential use for phytostabilization,
phytoextraction or metal tolerance [125,126]. Marrugo-Negrete et al. [5] reported similar
BCF (0.36) and TF (1.43) values for Hg for Clidemia sp. at T0 and T1. Chamba et al. [42]
reported for M. zamorensis BCF (Pb: 0.24–0.59 and Cd: <0.06–1.01) and TF (Pb: 0.17–0.19
and Cd: <0.05–0.29) values, similar TF > 0.1 for Cd in the four treatments, similar TF for
Pb at T2, and similar BCF (1.01) to T1 for Cd. Demonstrating that the accumulation and
translocation capacity of these metals are presented in different proportions, depending on
the concentration and bioavailability of metals, physicochemical characteristics of the soil
such as pH and OM content, in addition to the cellular mechanisms of plants to avoid or
tolerate the absorption of metals [113,127,128].
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2.5. Correlation between Soils Parameters and Phytoremediation Indices

Statistically significant correlations (p < 0.05) were found between Hg, Pb, and Cd
concentrations in soil and different plant tissues (Table 3), showing that Hg, Pb, and Cd
accumulated in tissues is directly related to the content of metals in the soil. The highest
correlations were found for Hg in leaves and root, and for Pb and Cd in the stem; presenting
the following order, Hg: Leaves > Root > Stem, Pb and Cd: Stem > Root > Leaves; showing
a similar pattern for Pb and Cd, differing from that obtained for Hg. These results could
suggest that C. sericea does not use any mechanism that excludes or restricts the uptake
of metals by the roots for the different concentrations of Hg, Pb, and Cd. The relationship
between the concentration of PTEs accumulated by the tissues of a plant species and the
concentration in the soil may depend on the taxon [129], presenting positive or negative
correlations, significant or not, depending on the interaction of the species. Marrugo-
Negrete et al. [5,82], Galal et al. [130], do Nascimento Júnior et al. [131], and Eid et al. [132]
have shown significant positive correlations between the accumulation of PTEs in tissues
of different species with the concentrations of these in the soil, showing that the metal
concentrations in plants frequently increase as their concentration in the soil increases.

Table 3. Pearson correlation coefficients (r-value) between PTEs in soils and in tissues of C. sericea
and chemical characteristics of soil and PTEs phytoremediation indices (n = 12).

PTEs in Soil
PTEs in Plant Tissue

Root Stem Leaves

Hg 0.91 *** 0.87 ** 0.94 ***
Pb 0.84 ** 0.91 *** 0.69 *
Cd 0.86 ** 0.97 *** 0.82 *

Chemical Characteristics of Soil

Phytoremediation Indices

BCF TF

Hg Pb Cd Hg Pb Cd

pH −0.89 ** −0.12 −0.49 0.88 ** 0.92 *** 0.87 **
OM −0.88 ** −0.41 0.01 0.71 * 0.69 * 0.68 *

S 0.86 ** 0.03 0.58* −0.94 *** −0.91 *** −0.88 **
P −0.80 * 0.00 −0.66* 0.88 ** 0.94 *** 0.85 **

CEC −0.92 *** −0.26 −0.20 0.85 ** 0.77 * 0.77 *

* p < 0.05, ** p < 0.001, and *** p < 0.0001.

Both Hg phytoremediation indices estimated showed significant relationships with
pH, OM, S, P, and CEC; the same results were found only for the TF index of Pb and
Cd with all these soil parameters. In the case of Pb, which is the PTE with the lowest
bioavailability of this study, the BCF estimated through PTE concentration in soil, no
significant correlations were found. Soil sulfur was highly inversely correlated with the TF
of the three elements, while OM, pH, phosphorus, and CEC were positively correlated with
this index. Sulfur is used as a soil amended for heavy metals phytoremediation because it
decreases pH and solubilizes the metals, promoting phytoextraction [133]. However, we
observed an opposite result because the accumulation of metals to aboveground tissue
decreases with the Sulfur content in the soil.

3. Materials and Methods
3.1. Soil Sampling

Soils were collected in a gold mining process area located in northern Colombia with
coordinates 8◦57′6.03′′ N, 74◦6′24.94′′ W; 8◦57′3.73′′ N, 74◦6′23.68′′ W; and 8◦56′57.14′′ N,
74◦6′11.70′′ W. Samples were taken at a depth of less than 30 cm [134]. The samples were
taken in a transect in a longitudinal direction to the mine waste area: 1 km (T1), 300 m
(T2), and 20 m (T3), respectively; for each treatment, 150 kg of soil were collected. The
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control treatment (T0) 150 kg of soil were taken from a reference site far from the mining
process and with little intervention by anthropogenic activities (coordinates 8◦47′36.80′′ N
and 75◦51′42.56′′ W). Next, the soils were transported to the laboratory, air-dried, homog-
enized, and passed through a 2.0 mm sieve [135]; subsequently, samples were taken for
physicochemical analysis and arranged in the experimental units.

3.2. Seedling Production

A seedbed of the species C. sericea was made using seeds collected in a rural area close
to where mining activities take place. These seeds were germinated in soil free of Hg, Pb,
and Cd in germination trays. Four weeks after germination, seedlings with the highest
vigor, number of leaves, and average stem length (>10 cm) were selected for transplanting
into the experimental units. The taxonomic identification of this species was carried out in
the Herbarium of the University of Córdoba, and the plant material was deposited under
the code HUC 8205.

3.3. Experimental Design and Greenhouse Trial

A completely randomized experimental design was used with one factor (PTEs con-
centration in soil) and four levels (control, low, medium, and high concentration). Each
treatment was carried out in triplicate, for a total of twelve experimental units. The treat-
ments were designated as T0, T1, T2, and T3, corresponding to control, low, medium,
and high concentration of Hg, Cd, and Pb, respectively. The response variables were Hg,
Pb, and Cd concentrations in roots and shoots, growth performance (dry biomass), and
photosynthetic pigments (chlorophyll and carotenoid content).

The phytoremediation process was carried out in a greenhouse, under environmen-
tal conditions with an average temperature of 28.9 ± 3.04 ◦C and relative humidity of
69 ± 8.83%, where 45 kg of homogenized soil were placed in waterproofed wooden struc-
tures measuring 50 × 50 × 30 cm, with a volume of 75 L and an area of 0.25 m2 for each
unit. Then, four plants were transplanted randomly in these units after having passed the
seedling stage. All plants were irrigated with three-quarters of the field capacity to avoid
leaching [4]. Experimental units (Figure S3) were randomly arranged such that all had
uniform illumination [136].

The experiment lasted 96 days, and every eight (8) days phytotoxic effects were
monitored, observing whether wilting, chlorosis, necrosis, and leaf drop occurred. In the
end, the plants were harvested and washed with deionized water to eliminate soil particles
that adhered to the surface.

3.4. Dry Biomass and Pigments Determination

The plant tissues were divided into root, stem, and leaves. The dry weight of each
tissue was taken, after being dried in an oven with an integrated timer for 4 days at
40 ◦C [5]. Subsequently, each tissue was grounded and homogenized before the analysis,
using a Wiley-type mill (TECNAL reference TE-650/1). Chlorophyll and carotenoids were
determined using the Lichtenthaler method [137], leaves were macerated with liquid nitro-
gen and placed in 80% acetone overnight; the supernatant was measured by UV-Vis spec-
troscopy with a Perkin Elmer Lambda 11 spectrometer at 663, 647, and 470 nm. The equa-
tions for the determinations of chlorophyll a (Equation (1)), chlorophyll b (Equation (2)),
total chlorophyll (Equation (3)), and total carotenoid (Equation (4)) concentrations in leaf
pigment extracts for (v/v) are as follows:

Chl a = 12.25A663 − 2.79A647 (1)

Chl b = 21.50A647 − 5.10A663 (2)

Chl a + b = 7.15A663 + 18.71A647 (3)

Car =
1000A470 − 1.82Chl a− 85.02Chl b

198
(4)
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3.5. Soil Physicochemical Analysis

At the beginning and end of the experiment, dry and sieved (2 mm) soil samples
were taken to evaluate soil physicochemical parameters. Soil texture was determined by
measuring the proportions of clay (<0.002 mm), silt (0.002–0.05 mm), and sand (0.05–2 mm)
particles present in the soil using the pipette method, and soil type was classified using
the soil texture triangle [138]. Soil pH was determined at a 1:1 soil-distilled water ratio
using a pH meter (WTW 330i) [53]. Organic matter (OM) content was determined by
the Walkley–Black method [139,140]. Available sulfur (S) and phosphorus (P) contents
were determined by the 0.008 M calcium monophosphate method [141] and the Bray II
method [142], respectively, and cation exchange capacity (CEC) was calculated as the
sum of Ca2+, Mg2+, K+, Na+, and Al3+ + H+, concentrations, determined by the 1.0 M
ammonium acetate method at pH 7.0 [143].

3.6. Hg, Pb, and Cd Analysis in Soils and Plants

PTEs concentrations in soil and plant tissue samples were determined for Hg with
a direct mercury analyzer (DMA-80 TRICELL; Milestone Inc., Sorisole (BG), Italy), using
0.3 g of sample, following EPA method 7473 [144]. For Pb and Cd, 0.3 g of sample were
subjected to acid digestion in a microwave oven (Ethos One; Milestone) using an 8:2 mixture
of HNO3:H2O2, by EPA method 3051A [145]. Concentrations were quantified by atomic
absorption spectroscopy with a GFS35Z-Zeeman graphite furnace using a Thermo Scientific
iCE 3500AA System.

For the bioavailability of Hg, Cd, and Pb in soils, the first phase extraction of the
method developed by the European Community Reference Bureau (BCR) [146] was per-
formed. First, 1 g of soil sample was taken, to which 40 mL of 0.11 mol L−1 acetic acid was
added and shaken for 16 h at 25 ◦C on a mechanical shaker. The samples were centrifuged
at 4000 rpm for 10 min, and the supernatant passed through a 0.45 mm filter. Subsequently,
Hg quantification was performed by cold vapor atomic absorption spectroscopy (CVAAS)
using a Thermo Elemental Solaar S4; for Cd and Pb, they were determined as the total
concentration [53].

The analytical quality control of the methods used was evaluated in triplicate using
certified reference materials for soil: CRM-008-050 from Resource Technology Corporation
(RTC) and for plant: Trace and Minor Elements in Lichen IAEA-336 from the International
Atomic Energy Agency (IAEA). The certified values and recovery percentages obtained for
Hg, Pb, and Cd in soils and plants are shown in the supplementary information (Table S2).
For all sample analyses, the coefficients of variation were less than 5%, and the values of the
reference materials were within the 95% confidence limits. Ten percent of the samples were
analyzed in duplicate. The limits of detection (LOD) obtained for soils: 0.1 µg Hg kg−1,
25 µg Pb kg−1, and 5 µg Cd kg−1; and for plants: 0.1 µg Hg kg−1, 80 µg Pb kg−1, and
8 µg Cd kg−1; calculated as three times the standard deviation of 10 measurements of a
blank [147].

3.7. Bioconcentration and Translocation Factors in Plants

Bioconcentration (BCF) and translocation factors (TF) were determined for the different
PTEs. The BCF Equation (5) was determined as the ratio of the metal concentration in
the root to the total concentration in the soil [148]. The TF Equation (6) was calculated
as the ratio of the concentration in the aerial organs (leaves) to the concentration in the
root [149]. Considering BCF and TF, if BCF and TF > 1 the plant has the potential to
be used in phytoextraction [4], and if BCF > 1 and TF < 1, the plant has potential for
phytostabilization [108].

BCF =
[Metals in the root]
[Metals in the soil]

(5)

TF =
[Metals in the leaves]
[Metals in the roots]

(6)



Plants 2022, 11, 597 13 of 19

3.8. Statistical Analysis

The results were expressed as the mean ± standard deviation of the triplicate determi-
nations. The assumptions of normality (Shapiro–Wilk test) and homogeneity of variance
(Levene’s test) were checked. Simple ANOVA, multiple comparisons of means with Tukey’s
test, and Pearson’s correlations were performed to establish the relationship between the
concentration of PTEs in soil and those in plant tissues and the relationship between chemi-
cal soil characteristics with BCF and TF phytoremediation indices, establishing a significant
level of 95% (p-value < 0.05). The analyses were performed with Minitab Version 19, Ad-
vanced Analytics Software (SAS) Version 9.4, and the graphical outputs were performed
with GraphPad Prism Version 5.

4. Conclusions

C. sericea showed a high tolerance to Hg, Cd, and Pb exposure in soils. The root was the
tissue with the highest accumulation. The BCF and TF values indicate that this plant can be
used for phytostabilization of Hg and Cd, and for Pb they indicate that it is transferable, but
not considered for phytoextraction. Considering that C. sericea is a wild species that grows
in mining areas, it showed resistance to stress generated by PTEs, presenting similar growth
and development in the three treatments (T1, T2, and T3) compared to the control (T0).
Likewise, there were few phytotoxic effects reflected in the morphometric and physiological
variables. Additionally, after the phytoremediation process, pH and OM increased, which
indicates that phytotechnology with this plant can improve the conditions of degraded
soils contaminated by mining activities. This strengthens the purpose of implementing
phytoremediation techniques with wild or native species as a low-cost environmental
management strategy that seeks to avoid ecological risks associated with the use of non-
native species. Finally, these results contribute to the knowledge of this species about
its potential to be considered in ecological restoration or revegetation projects that are
associated with phytostabilization to rehabilitate degraded soils contaminated with PTEs.
We confirmed that C. sericea could be employed as a species for remediation of polluted
soils because of its tolerance and accumulation pattern of PTEs, demonstrating the potential
to the phytoremediation area. Future research needs to focus on the application of this
species under field trials. As a plant that grows naturally in contaminated soils near gold
mining areas, there could be different mechanisms and adaptations that promote metal
accumulation and plant resistance, leading to better potential results in the remediation
process compared to the pot assay. Other research topics to addressed are the study of
the cellular compartmentalization of PTEs, and the microorganisms associated with the
rhizosphere of this species, which are involved in the absorption of these toxic elements.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants11050597/s1. Figure S1. C. sericea plants in the greenhouse
under PTEs stress for 12 weeks. T0: Control treatment; T1: Treatment with low concentration of Hg,
Pb, and Cd; T2: Treatment with medium concentration of Hg, Pb, and Cd; T3: Treatment with high
concentration of Hg, Pb, and Cd. Figure S2. Phytotoxic symptoms. (a) Leaf necrosis. (b) Fallen leaves.
Figure S3. Representation of experimental unit. Table S1. Biomass and photosynthetic pigments of
the treatments. Table S2. Certified values and percent recovery for Hg, Pb, and Cd in soil and Lichen.
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