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d’Ivoire

Abstract

This study aims to assess the effective capacity of Panicum maximum to ac-
cumulate cadmium (Cd), nickel (Ni) and lead (Pb). P. maximum observed in
a greenhouse was subjected to 2 ppm of Cd, 50 ppm of Ni, 100 ppm of Pb
contaminated soil and uncontaminated soil, for 120 days. Plant growth and
biomass produced concentration of trace metals in soil and plant, bioaccu-
mulation and transfer factors, location of potentially toxic elements in tissues
and cells of plant have been determined. Stem length and biomass produced
by P. maximum were higher on the uncontaminated soil followed respectively
by those of soil-contaminated by Pb, Cd and Ni. Bioaccumulation factors of
trace metals were 8.93 (Pb), 8.47 (Ni) and 3.37 (Cd). Ni was more accumu-
lated in shoot biomass (FT > 1), while Pb and Cd were concentrated in root
biomass (FT < 1). Pb is accumulated preferentially in endodermis (roots) and
epidermis (leaves). As for Ni and Cd, they are concentrated in central cylind-
er of roots and in conductive bundles of leaves. At cellular level, Ni and Cd
are mainly concentrated in intracellular compartments of leaves and roots,
while Pb is strongly detected at cell walls.

Keywords
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1. Introduction

Anthropogenic activities are the major source of many pollutants disseminated
in the environment. Trace metals are among these priority risk pollutants be-
cause they are potentially very toxic and non-degradable elements. They stay in

the environment for a long time [1]. These metals present in the soil cause risks
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to all the biosphere and are taken up through direct ingestion, absorbed by
plants which can be hazardous both to the plant and also to the food chain [2]
[3] [4]. At the microscopic scale, trace metals have adverse effects on bacterial
populations, which are not without consequences on the functioning of the eco-
system [5]. Consequently, several physical and chemical remediation technolo-
gies for trace metals, contaminated soils have been developed. However, these
technologies are generally expensive, greatly disrupt the biological activity of
soils and alter their physical and chemical characteristics [6] [7]. As a result, re-
search is increasingly directed towards biological processes exploiting the prop-
erties of living organisms (microorganisms or plants) to carry out the clean-up
operation. In fact, despite their potential toxicity, most sites contaminated by
trace metals often have a diverse flora that tolerates more or less high levels of
metals. The study of these resistant plants, by their capacities of detoxification,
immobilization or absorption of trace metals, paved the way for the develop-
ment of a new tool for soil rehabilitation, phytoremediation [8]. Phytoremedia-
tion could provide a sustainable technique for metals-contaminated soils remedi-
ation. Indeed, phytoremediation is a less expensive technique, more extensive
and ecological [9] [10] [11]. This technology has received more attention [12]
and has shown better results in several countries [11] [13]. However, plant spe-
cies previously experienced are not always present in Cote d’Ivoire. Conse-
quently, their implementation may be confronted with problems of adaptation
to local soils, hence the need to explore endogenous species with potential for
accumulation. In Cote d’Ivoire, the work of Messou [14] on Akouédo landfill
made it possible to assess the accumulation capacities of certain endogenous
species, including Panicum maximum. This work has shown that this plant
produced both a significant plant biomass and had a high potential for the ac-
cumulation of Cd, Pb, Cu, Ni and Zn [14]. However, this study does not make it
possible to apprehend the effects of competition or inhibition of trace metals.
Moreover, the remediation mechanisms for trace metals were not elucidated.
The work of Hogban et al [15] carried out on synthetic soil also showed that
Panicum maximum accumulates Cd, Ni and Pb. However, seen the interactions
that could occur in natural soil, it has proven to be a good idea to replicate the
work on natural soil. Thus, it involves evaluating the effect of the trace metals
studied on the growth of plants and soil microorganisms, determining the po-
tential for extraction of these trace metals by P. maximum and understanding

their accumulation mechanisms.

2. Material and Methods

2.1. Experimental Procedure

The experimental was performed in a greenhouse (length = 13 m and width = 11
m) at the experimental site of the biotechnology and environmental engineering
research unit of Nangui Abrogoua University, Cote d’Ivoire. It was equipped

with a fan powered by a solar plate to regulate the temperature and the flow of
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air inside. Inside the greenhouse, 32 PVC pots (length = 27 cm, width = 20 cm,
height = 45 cm) containing soil contaminated or not, at a height of 40 cm, were

arranged.

2.2. Soil

Topsoil used was collected from an uncultivated plot of NanguiAbrogoua Uni-
versity. The soil was air dried, thoroughly mixed and sieved to 2 mm. The soil
was artificially contaminated with metallic salt. Depending on the desired con-
tamination, the soils were saturated with an amount of metallic salt determined
by Equation (1) [5] [16]:

m _ C X msoil X M metallic salt (1)
metallic salt — M
heavy metals
M, e sae = Mass of heavy metals (mg);
M, aic sae = Molar mass of heavy metals (g/mol);

M eavy mera = Molar mass of heavy metals (g/mol);
my,; = Mass of soil in the pot (kg);
C= Theoretical concentration of heavy metals (mg/kg).

2.3. Plant Selection

Panicum maximum was selected according to its availability, its rapid growth
and its potential tolerance of heavy metals (Pb, Cd, Ni) [14]. In addition, 2.
maximum produces significant shoot and root biomass and has been described
as phytoaccumulator [14] [17].

2.4. Experimental Design

The experiment was performed with plants grown on uncontaminated (control)
and contaminated soil. Contaminated soil was treated with nickel (Ni), lead
(Pb), cadmium (Cd). Each treatment was replicated eight times. Trace metals
concentrations in soil at the start of experience were 2 ppm for Cd, 50 ppm for
Ni and 100 ppm for Pb. Moreover, seedlings of P. maximum were used to estab-
lish nurseries on the experimental site. Plants with the same morphological de-

velopment were selected and cultured.

2.5. Data Collection

Growth monitoring was carried out by weekly measurement of the height of the
studied plant stems using a tape measure. Plants of two (2) replicates per trace
metals contaminated were harvested monthly and the plant biomasses produced
were determined by weighing on a 107 precision Sartorius EB150FEG-I scale.

Trace metals concentrations were analyzed on composite samples taken monthly
from horizons (0 - 10, 10 - 20, 20 - 30 and 30 - 40 cm) of soils. The samples were
kept in hermetically sealed jars until analysis.

To assess trace metals accumulation, two (2) plant replicas were taken heavy
metals contaminated soil every month (30 days). Harvested plants were sepa-
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rated into shoot and root parts. Each plant sample was washed with distilled wa-
ter and high purity water. After air-drying, each plant sample was dried at 80°C
to a constant weight. The dried samples were crushed using a stainless-steel plant
tissue grinder (LD-Y500A).

2.6. Samples Analysis

Trace metals concentrations of soil were carried out according to the standard
ISO 11466, [18]. The soil sample (0.5 g) was digested with a mixture of HCI and
HNO, (7.5 ml of HCl and 2.5 ml of HNO,). The content was filtered at 0.45 pm
and diluted up to 50 ml with distilled water. Trace metals concentrations were
determined by plasma-coupled induction atomic emission spectrometry (ICP-AES).

The mineralization of plant samples was made according to the standard NF
X31-151 [19]. Subsample (20 g) of crushed plant material was oven-dried at
500°C for 2 hours and 0.5 g of that burned sample was digested with 10 ml of
aqua regia (7.5 ml of HCI and 2.5 mL of HNO;). Then, the sample was put in an
oven at 180°C for 30 min for ending digested process. The filtrate obtained after
cooling was used for trace metals analysis by plasma coupled induction atomic

emission spectrometry (ICP-AES).

2.7. Phytoextraction Efficiency

Two factors were calculated to evaluate plant phytoextraction efficiency. The bio-
accumulation factor (BF) was calculated to determine the degree of metal accu-
mulation in the plants grown (Equation (2)) [20]. However the transfer factor (TF)
defined as the ratio between the metal concentration in plant shoots and its con-
centration in roots (Equation (3)) [21] [22]. It indicated the capability of plants to
take up trace metals from their roots and to translocate them to their shoots.

_ Metal concentration in roots + Metal concentration in shoots
Metal concentration in soil

BF 2)

F Metal concentration in shoots 3)
Metal concentration in roots

- TF > 1: accumulation of trace metals in the shoot biomass of plants;

- TF < 1: accumulation of trace metals in the root biomass of plants.

2.8. Localization of Cd, Ni and Pb in Tissues and Cells of P.
maximum

This study determined the distribution of trace metals in plant roots and leaves,
precisely at the tissue and the cell level. It was performed using a scanning elec-
tron microscope equipped with an X-ray detector connected to an EDS mi-
cro-analyzer platform (SEM-EDS). For the analyses, the plant materials (leaves
and roots) were collected at the end of the experiment from the Cd, Ni and Pb
contaminated soil. Those samples were fixed for 24 hours in 2.5% glutaraldehyde
(pH 7.2). Then, they were rinsed two or more times with distilled water. A 2 mm

cross-section of the samples (leaf or root) was followed by dehydration in suc-
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cessive baths of 30 min of ethanol (from 70% - 100%). The samples were subse-
quently dried in the open air and fixed on pads placed on a plate carried in the
metallizer to spray them with gold. The plate was finally mounted on the stage of
scanning electron microscope equipped with an X-ray detector connected to an
EDS micro-analyzer platform to perform trace metals observations in the tissue
and the cell.

2.9. Statistical Analysis

Statistical analysis of the data was performed with R software version 3.3.2. The
normality of the data distribution of the variances was verified with the Shapiro
test. To examine differences between growth and biomass produced by the plant
in the culture pots, transfer factor and bioaccumulation factors, data were ana-
lyzed using the parametric test (t-test, ANOVA test) and the non-parametric test
(Mann Whitney). Statistical significance was defined at the level of p < 0.05.

3. Results
3.1. Plant Growth

The growth of P. maximum, assessed from the average length of the stems dur-
ing the treatment trial, is shown in Figure 1. Regular growth of the plant is ob-
served the pots of culture. The order of the average lengths of stem at the end of
the experiment is as follows: 176 cm (Sy,) > 167 cm (S;,) > 135 cm (S¢y) > 83 cm
(Sny)- Statistical analysis shows plant lengths of stem on Ni-contaminated soil is
much smaller than those of the others (Mann-Whitney test: p < 0.05). On the
other hand, growth of plant on uncontaminated soil (control soil) and that con-
taminated with Pb do not differ significantly (Mann-Whitney test: p > 0.05).

3.2. Biomass Produced

Figure 2 shows the variation of shoot and root biomass of P. maximum dur-

ing the experiment. It noted that shoot and root biomasses increase over time.
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Figure 1. Growth profile of P. maximum stems during the experiment; S;, = Control soil
soil; Sy; = Soil contaminated by nickel; S; = Soil contaminated bycadmium; S, = Soil
contaminated by lead.
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Figure 2. Plant biomass of P. maximum produced as a function of the duration of the
treatment, S;, = Control soil; Sy; = Soil contaminated by nickel; Sy = Soil contaminated
by cadmium; Sy, = Soil contaminated by lead.

However, shoot biomass of P. maximum remains higher than the root biomass.
From day 30 to day 120, shoot biomasses recorded vary from 198 + 1.8 - 409.5 +
5 g (Sy), de 176 + 32 - 390.3 + 4.3 g (Sp,), de 156 + 8.9 - 337 + 8.9 g (S¢,) et de
104 + 4.5 - 156.2 = 3 g (Sy;). On the other hand, root biomasses evolve from 80
1.5-3064+5¢g,de764+£0.92-279.2+25¢g,de72.6+0.4-2448+ 1.5getde
53.8 + 1.6 - 103.5 £ 2 g, respectively in the uncontaminated soil (control soil)
and those contaminated with Pb, Cd and Ni. Comparing biomasses (shoot and
root) produced by P. maximum, we notice that biomass from Ni contaminated
soil is much lower than others (t test: p < 0.05) (Figure 3).

3.3. Trace Metals Accumulation Potential of P. maximum

Pb and Cd accumulation in the shoot and root biomasses of P. maximum (Table
1) indicated that the higher concentrations were recorded in the root. In con-
trast, Ni concentrations were higher in shoot biomass. However, concentrations
of each trace metals obtained in shoot and root biomasses increase during
treatment. Pb concentrations ranged from 23.93 - 234.7 ppm in shoot biomass
and from 36.62 - 384.75 ppm in root biomass. For Cd, it ranged from 0.15 - 2.54
ppm in shoot biomass and from 0.16 - 3.23 ppm in root biomass. Ni concentra-
tions in shoot and root biomass ranged from 33 - 216.75 ppm and from 22.5 -

99.75 ppm, respectively.
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Figure 3. View of the plants at the end of the experiment.

Table 1. Concentration of trace metals in biomass of P. maximum.

Time of experimentation (days)

Trace metals (ppm)

30 60 90 120

Ni 33 149.25 186 216.75

Shoot Pb 23.93 41.17 131.85 234.7
Cd 0.15 0.74 2.04 2.54

Ni 22.5 49.05 54.97 99.75

Root Pb 36.62 150 247.5 384.75
Cd 0.16 0.92 2.4 3.23

Table 2 shows the Bioaccumulation Factor (BF) and Transfer Factor (TF) of
trace metals for 2. maximum. BF values ranged from 0.64 - 8.93 (Pb), 0.16 - 3.37
(Cd) and 1.2 - 8.47 (Ni). These BF values were not significantly different (ANOVA
test: p > 0.05). Concerning TF values, they ranged from 0.41 - 0.91 (Pb), from
0.72 - 0.83 (Cd) and from 1.47 - 3.38 (Ni). The transfer factor for Ni was the
highest and was greater than 1. Moreover, TF for Ni were significantly different
of TF for Pb and Cd (ANOVA test: p < 0.05).

3.4. Localization of Cd, Ni and Pb in the Tissues and Cells of
Panicum maximum

Figures 4-6 show SEM/EDS of root and leaf of Panicum maximum accumulated
trace metals (Ni, Pb and Cd). In tissues, Pb was accumulated preferentially on
endodermis (roots) and epidermis (leaves). As for Ni and Cd, they were concen-
trated in the central cylinder of roots and in the conductive bundles of leaves.
Moreover, by carrying out the investigations at cellular level, it was noted that Ni
and Cd were mainly concentrated in the intracellular compartments of leaves

and roots of P. maximum, while Pb was strongly detected on the cell walls

3.5. Density of Microorganisms in Soils

Figure 7 shows the density of microorganisms (total mesophilic flora and
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Figure 4. SEM/EDS of root ((a) and (b)) and leaf ((c) and (d)) of Panicum maximum accumulated Ni.
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Figure 7. Density of microorganisms in soils; (a) total mesophilic flora and (b) P. aeru-
ginosa; Sy, = control soil; Sy, = soil contaminated by nickel; S.4 = soil contaminated by
cadmium; S;, = soil contaminated by lead.

Table 2. Bioaccumulation Factor (BF) and Transfer Factor (TF) of trace metals.

Time of experimentation (days)
Trace metals

30 Day 60 30 Day 120
Ni 1.20 4.65 5.91 8.47
BF Pb 0.64 2.09 4.88 8.93
Cd 0.16 0.90 2.50 3.37
Ni 1.47 3.04 3.38 2.17
TF Pb 0.98 0.41 0.80 0.91
Cd 0.83 0.72 0.77 0.71

Pseudomonas aeruginosa) in the pots contaminated by Pb, Ni and Ni and in
control pot. It is observed that the density of microorganisms increases with du-
ration of the treatment of the soils in the culture pots. In addition, densities rec-
orded in the control remain the highest compared to those in contaminated
pots. Densities of the total mesophilic flora ranged from 0.82 x 10° - 7.72 x 10°
UFC/g, from 0.48 x 10° - 6.87 x 10° UFC/g, from 0.24 x 10° - 3.33 x 10° UFC/g
and 0.62 x 10° - 5.10 x 10° UFC/g respectively in control soil and Cd, Ni and Pb
contaminated soil, from day 30 to day 120. These densities do not differ signifi-
cantly (Kruskal-wallis test: p > 0.05). Concerning P. aeruginosa, its varies from
17.12 - 72.37 UFC/g in control, from 6 - 21.37 UFC/g in soil contaminated by
Ni, from 8.62 - 38.62 UFC/g in soil contaminated by Cd and from 11.25 - 31.87
UFC/g in soil contaminated by Pb. Statistical analysis indicates that there is no
significant difference between the densities of P. aeruginosa in the different soils
culture (ANOVA test; p > 0.05).

4. Discussion

The present study aims to evaluate the capacity of Panicum maximum to accu-
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mulate trace metals (Cd, Ni and Pb) on natural soil. Plant growth appeared reg-
ular in both the contaminated and uncontaminated (control) soil, due to the
considerable proportion of organic matter in the natural soil. However, a slow-
down in plant growth has been observed in contaminated soil, possibly due to
metal pollutants. Olatunji et al [23] also observed such plant growth on soils
contaminated by Ni, Pb and Cd. However, the analysis of the evolution of the
plants revealed that the smallest sizes were recorded in soil contaminated by Nij,
probably related to the concentration in the biomass of 2. maximum. Indeed this
concentration of Ni is, according to Gerendas et al [24], beyond the critical
threshold (10 ppm) of this trace metals in plant biomass. This result could be
explained by the fact that Ni is an essential metal element for the plant, unlike
Cd and Pb, which are not essential. However, at high concentrations Ni affects
plant growth [24]. This justifies much higher P. maximum sizes in Pb and Cd
contaminated soil. However, bioaccumulation factors of Pb were higher, fol-
lowed respectively by those of Ni and Cd, indicating a high tolerance of Pb by 2.
maximum compared to others trace metals. This result is in agreement with
those of several studies including Olatunji et al [23], Olowoyo et al [25] and
Onojake and Enukoha [26] According to these authors, this sequence of accu-
mulation of the trace metals studied is linked to the physiology of the plant,
which tolerates more Pb, compared to others metals. However, of all the trace
metals, only the transfer factor of Ni is greater than 1, indicating a preferential
accumulation of this metal in shoot biomass. These results are in agreement with
those obtained in the treatment of synthetic soil [15] as well as those of the work
of Messou [14. Several studies claim that once in the roots, Ni is preferentially
translocated into the aerial parts of the plant [27] [28] [29]. Indeed, in the roots,
according to Haydon and Cobbett [30] Montarges-Pelletier [31] and Araujo et
al. [32] Ni binds to molecular organic ligands (citrate and malate) and amino
acids (histidine, glutamine) to limit its precipitation. This complexation would
be at the origin of the suppression of the sequestration of Ni in the root vacuoles
and promote its transport to shoot of plants [33]. Regarding the soil microor-
ganisms in the different growing soil, the results indicate that the density of total
mesophilic flora and that of Pseudomonas aeruginosa increase during soil
treatment. In fact, since these bacterial flora are aerobic organisms [34], the wa-
tering carried out during the trial would create ecological conditions favorable to
a greater proliferation of these organisms. The flow of water through the grow-
ing soils would cause oxygen there, which is essential for the proliferation of
bacteria during treatment [35] [36]. Furthermore, the increase in shoot biomass
of the plant during the treatment would have promoted a similar growth of the
root biomass, providing bacteria with more anchoring sites in the growing me-
dium. This trend is similar to that observed in the work of Hogban et a/. [15] on
synthetic soils. However, the densities of total mesophilic flora and P. aeruginosa
remain higher in natural soils compared to synthetic soils. The organic matter
would be responsible for this situation. Indeed, because of the higher organic
matter content, the soil would have favored a higher development of microor-
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ganisms in the culture pots [37]. SEM/EDS microanalysis performed in the root
tissues of P. maximum shows that Pb preferentially accumulates in the cell walls
of the endoderm. Patra et al [38] and Seregin et al. [39] made these same obser-
vations. According to these authors, this property of Pb is also one of the reasons
for its lower toxicity for the plant. In the leaves of P. maximum, Pb binds to the
epidermis walls. This phenomenon is used as a strategy to prevent Pb from en-
tering chloroplast cells were it can disrupt the CO, binding system during pho-
tosynthesis [40]. As for Ni and Cd, they are detected in quantity in the cells of
the central cylinder of the roots. In contrast, in the leaves, these trace metals are
concentrated in the conductive bundles. According to Chen et a/. [41], Mendoza
Cozatl et al. [42] and Gong et al [43], Cd binds to ligands containing sulfhydril
groups such as phytochelatins, glutathione and cysteines, mainly found in the
xylem of the roots and the phloem of the leaves. Regarding to Ni, Chen et al.
[41] indicate a high percentage (over 80%) in the central cylinder of the roots.
Thus, the great mobility of Ni in this tissue would have favored its translocation
in shoots of the plant [44]. However, the significant accumulation of Ni in the
conductive bundles of leaves affect the osmotic pressure of the cells of this tissue,
especially the phloem responsible for transporting sugars throughout the plant
[45].

5. Conclusion

The present study aims to determine the capacity of P. maximum to accumulate
trace metals (Pb, Cd, Ni) on natural soil. It appears that stem length and plant
biomass produced by P. maximum was higher on the uncontaminated soil fol-
lowed respectively by those of the soil contaminated by Pb, Cd and Ni. Bioac-
cumulation factors of trace metals were 8.93 (Pb), 8.47 (Ni) and 3.37 (Cd). Ni
was more accumulated in shoot biomass (FT > 1), while Pb and Cd were con-
centrated in root biomass (FT < 1). Pb is accumulated preferentially in endo-
dermis (roots) and epidermis (leaves). The densities of total mesophilic flora and
Pseudomonas aeruginosa increased in all the pots. In tissues, lead is accumulated
preferentially on endodermis (roots) and epidermis (leaves). As for Ni and Cd,
they are concentrated in the central cylinder of roots and in the conductive bun-
dles of leaves. Moreover, by carrying out the investigations at cellular level, it is
noted that Ni and Cd are mainly concentrated in the intracellular compartments
of leaves and roots of P. maximum, while Pb is strongly detected on the cell
walls. If the results of the present study have shown the capacity of P. maximum
to remediate soils contaminated with Ni, Pb and Cd. Studies should be con-
ducted with increasing concentrations of Ni, Pb and Cd to determine the maxi-
mum concentrations for which P. maximum can still keep its capacity for soil

remediation.
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