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Abstract

Heavy metal pollution from human and natural activities poses significant environmental and health concerns for
wildlife and humans, with lead and zinc being particularly threatening. This study focuses on Sebkha El Kalbia
in Tunisia, highlighting the challenges faced by local communities in addressing heavy metal pollution. The area
is prone to contamination through rivers and streams that transport pollutants from industrial zones and rural
areas into the salt pan. The recent establishment of an industrial zone has worsened pollution levels, calling for
strict regulatory measures and clean technologies to limit heavy metal pollution and protect human health and
the environment. The study assesses the impact of lead and zinc pollution on the growth of Sulla carnosa and its
potential for phytoremediation. Soil and plant samples from contaminated areas were analyzed, revealing high
levels of heavy metal contamination. The growth parameters of Sulla carnosa, such as plant height, weight, and
enzymatic activity, were examined, showing a significant reduction in plant growth when exposed to high metal
concentrations. However, Sulla carnosa demonstrated promising phytoremediation potential, with preferential
metal accumulation in the roots and improved enzymatic activity. These findings highlight Sulla carnosa as a

potential candidate for phytoremediation of heavy metal-contaminated soils.

Keywords:

Heavy metal pollution, Lead and zinc contamination, Sebkha El Kalbia Tunisia, Phytoremediation potential,
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Nomenclature

SI Stress Index

IS-DW Growth-based stress index

IS-Chl Chlorophyll-based stress index

IS-An Net photosynthetic rate-based stress index

1. Introduction

With the industrialization and scientific revolution that has occurred worldwide, the accumulation of trace metal
elements (TMEs) has intensified and invaded all components of the biosphere (space, land, watercourses,
vegetation, etc.). These are responsible for the degradation of water and soil quality, ecosystem functioning, and
the quality of agricultural products (Ouni and al. 2019). Unlike organic compounds, TMEs are not biodegradable
and accumulate in the lithosphere, leading to harmful effects on plants and animals (Igwegbe and al. 2022).
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When they enter the food chain, they become a source of health problems for humans (Arif and al. 2019).Heavy
metal pollution has severe environmental and health effects on both wildlife and humans, with primary sources
including mining activities, industrial processes, and natural processes such as weathering and erosion. Heavy
metals such as lead, cadmium, mercury, arsenic, and chromium can have detrimental effects on human health,
including an increased risk of cancer, kidney problems, respiratory issues, and neurological problems (Garelick
and al. 2021). This article aims to provide an overview of the prevalence of heavy metal pollution in the
environment and its impact on plant and ecosystems. By examining the sources of heavy metal pollution, its
effects on different components of the environment, and potential solutions to mitigate its harmful effects.

The Sebkha El Kalbia is located in the northern provinces of the Kairouan governorate. Several watercourses and
streams discharge their contents into this sebkha. An industrial zone has just been installed on the edge, and even
within the sebkha, and therefore, industrial pollution is added to rural pollution. Thus, this saline depression has
become a subject of pollution by different xenobiotics, including trace metal elements. In this article, we will
focus on some common pollutant metals found in rural and industrial wastewater, such as zinc and lead.In this
study, Sulla carnosa was used as the plant material. This pastoral legume is commonly found in central and
southern Tunisia, and was selected for its adaptation to arid environmental conditions and its ability to grow in
saline soils (Bouzidi and al. 2022) . The specific case of Sebkha El Kalbia in Tunisia highlights the challenges
faced by local communities in mitigating heavy metal pollution. Bouzidi and al. (2021), found that the
distribution of the species Sulla carnosa in the Sebkha is unique, with a predominant presence along its edge.
However, its distribution decreases towards the center of the sabkha, both individually and in association with
other halophytes and glycophytes. The Sebkha is located in an area where several rivers and streams could
potentially carry lead and zinc contaminants from industrial zones and rural areas into the salt pan. Additionally,
the installation of an industrial zone within and around the salt pan could further contribute to pollution levels in
the area. Recently, an industrial zone has been installed in the Sebkha, where Sulla carnosa grows abundantly,
especially in the wastewater streams discharged by this industrial plant. The water in these wastewater streams is
rich in heavy metals, which can have adverse effects on human health and the environment. The regular growth
of Sulla carnosa in this area and its surroundings can also contribute to the bioaccumulation of these heavy
metals in the plant, potentially affecting the local food chain. Therefore, strict regulatory and control measures
are necessary to limit heavy metal pollution in this region and protect human health and the environment
(Bouzidi and al. 2021; Garelick and al. 2021; Kim and al. 2021; Zhang and al. 2022).1t is important to properly
manage and regulate the sources of lead and zinc contaminants to prevent negative impacts on public health and
the environment, particularly as they are commonly found in industrial processes such as mining, smelting, and
metal fabrication (Garelick and al. 2021).In recent studies, researchers have found that heavy metal pollution
continues to be a global issue. A study conducted in China found that the concentration of heavy metals in
agricultural soils is increasing due to industrialization and urbanization (Hou and al. 2021). Another study
conducted in Italy found that the presence of heavy metals in the water supply is a significant risk factor for
cancer (Iavicoli and al. 2020).In addition, heavy metal pollution is caused by various sources, including mining
activities, industrial processes, and natural processes. The most common heavy metals found in the environment
can have severe health effects on humans and wildlife. Therefore, it is essential to take measures to control and
reduce heavy metal pollution.Heavy metal pollution has significant effects on the environment, particularly on
water and soil quality. Heavy metals can accumulate in water bodies and soil, where they persist for many years
and pose a risk to human and animal health. According to a study by Han and al. (2021), heavy metal pollution
in water bodies can lead to the degradation of water quality, affecting aquatic life and posing a risk to human
health.In addition to water and soil, heavy metal pollution also impacts the functioning of ecosystems. Heavy
metals can alter the chemical and physical properties of soil, leading to a decrease in soil fertility and plant
growth. This can have a cascading effect on the entire ecosystem, including the health of wildlife populations. A
study by Li and al. (2020) demonstrated that heavy metal pollution in soil can lead to changes in microbial
communities, which are essential for soil nutrient cycling and other ecological processes.

In summary, heavy metal pollution has significant effects on the environment, including water and soil quality,
ecosystem functioning, and the quality of agricultural products. These effects can have severe consequences for
human and animal health. Therefore, it is essential to take measures to control and reduce heavy metal pollution
in the environment.Heavy metal pollution can have severe health effects on humans, including an increased risk
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of cancer, kidney problems, and damage to the respiratory and nervous systems. Exposure to heavy metals can
occur through contaminated air, water, and food sources.Heavy metals such as lead, cadmium, and mercury have
been linked to an increased risk of cancer. A study conducted in China found that individuals living in areas with
high levels of lead, cadmium, and mercury had a significantly higher risk of developing lung cancer compared to
those living in areas with lower levels of these metals (Li and al. 2020). Additionally, exposure to heavy metals
such as arsenic and chromium can increase the risk of kidney damage and other renal diseases (Bashir and al.
2021).Heavy metal pollution can also affect the respiratory system, leading to chronic obstructive pulmonary
disease (COPD) and other respiratory illnesses.

In conclusion, heavy metal pollution is a significant environmental and health issue caused by various human
and natural activities. Mining activities, industrial processes, and natural processes such as weathering and
erosion are the primary sources of heavy metal pollution, leading to severe health effects on humans and
wildlife. The impact of heavy metal pollution on water and soil quality, ecosystems, and agricultural products is
also significant. The case study of Sebkha El Kalbia highlights the challenges faced by local communities and
the efforts made to mitigate the pollution. Therefore, effective measures are necessary to reduce heavy metal
pollution and protect the environment and human health. Such measures may include regulations and policies
that limit the release of heavy metals into the environment and promote the use of clean technologies. It is
crucial to continue researching and monitoring the levels of heavy metals in the environment and their impact on
human health to ensure a sustainable future. this article seeks to raise awareness of this pressing environmental
issue and provide insights for future research and policy action.

2. Materials and method
2.1 Plant Material and Experimental Design

The plant material used in this study was Sulla carnosa, a pastoral legume commonly found in central and
southern Tunisia. Healthy seeds of uniform size were disinfected with a 2% calcium hypochlorite solution and
germinated in 1-liter plastic pots (5 seeds per pot) containing inert, clean quartz sand that had been washed with
concentrated sulfuric acid and rinsed several times with distilled water (Hanana and al. 2011). The pots were
equipped with a solution recovery plate, and cultures were conducted in a greenhouse at the Faculty of Sciences
and Techniques of Sidi Bouzid (35° 2' 7.58" N 9° 29'2.18" E) under natural light with a 16-hour photoperiod and
a temperature of 25°C/17°C (+2°C, day/night), a relative humidity of about 75%, and using the following
nutrient solutions (Farzadfar and al. 2017): Ca(NO3)2,4H20 (3.5 mM), KNO3 (3 mM), NH4NO3 (2 mM),
K2S04 (1.5 mM), KH2PO4 (1.6 mM), K2HPO4 (0.3 mM), H3BO3 (4 uM), MnSO4 (4 uM), ZnSO4 (1 uM),
CuSO4 (1 uM), CoCI2 (0.12 uM), (Na)6(M0)7024 (0.12 uM), and Fe-KEDTA (45 pM). Because the field
capacity of the sand used is very low (7%), the plants are over-irrigated every two days. The excess solution
recovered in the plate is put back into the pots the next day.

To investigate the response of Sulla carnosa to heavy metal toxicity and its phytoaccumulation capacity, young
seedlings were grown for two weeks in a complete nutrient solution before being separated into several treatment
groups. The plants were then subjected to metal treatments in the form of PbCl, and ZnCl, for a period of 45
days. After the initial 2-week period, the plants were further divided into five plots. The first plot received a
nutrient solution without any metal treatment, while the other four plots received the same nutrient solution but
with the addition of varying concentrations of Pb*? and Zn*? (100, 200, 400, and 800 ppm).The experimental
design involved two factors and 10 replications, with each pot containing one plant. The design was arranged in
a completely randomized fashion. The two factors were arranged in a completely randomized factorial design
with 10 replications (10 pots, each containing one plant). Non-destructive measurements (SPAD index and gas
exchange parameters) were taken after 4 weeks of culture. The plants were then harvested, separated into shoots
and roots, dried at 60°C for 72 hours, and pulverized into a fine powder for further analysis.

2.2 SPAD Index Measurements

Relative leaf chlorophyll concentrations were estimated in vivo using an SPAD-502 (Konica-Minolta, Japan)
before gas exchange measurements on the third fully expanded apical leaves. Measurements were made on 10
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plants for each genotype and soil. Results are presented as means of 10 replicates per genotype and soil. Values
are expressed as SPAD units.

2.3 Gas exchange measurement

Gas exchange measurements were conducted using an LI-6400 (LI-COR, Inc.) portable gas exchange system.
The measurements were taken on the third fully expanded apical leaves from 10 plants for each concentration.
Saturating light (1000 umol m™ s™') was used to induce photosynthesis and was fitted to the standard 6 cm2
clamp on the leaf chamber. The sample pCO», flow rate, and temperature were maintained at constant values of
362 mbar, 500 pmols-1, and 25°C, respectively.

2.4. Trace metal element analysis

To analyze trace metal elements, including lead (Pb) and zinc (Zn), we used Atomic Absorption
Spectrophotometry (PerkinElmer brand, AvioPM 200). For each organ and treatment, we placed 25 mg of fine
powder in a 50 ml biofassy tube containing 40 ml of 0.5% nitric acid to prepare the extracts. After three days of
extraction, we filtered the contents of the tube through ash-free filter paper and analyzed the extracts for Pb and
Zn using the method described by (Bao 2000).

2.5 Statistical analysis

In this section, it is stated that the data were analyzed using StatPlus Pro software, and the results are presented
as the mean and standard deviation error. An ANOVA was conducted to assess the significance of the effects of
treatments (type of metal and concentration) on the respective factor. The Fisher's least significant difference
(LSD) test was used to determine the significance of differences among treatment means at a 5% level of
significance. Treatment means were considered significant when the difference between any two treatments was
greater than the LSD value obtained from the ANOVA, and these differences were indicated in the figures using
different letters.

2.6 Criteria Used

Stress Index (SI): This parameter represents the intensity of stress induced by the accumulation or toxicity of
ETMs such as Pb and Zn. It expresses the value of the measured parameter in stressed plants compared to the
control group. It is calculated based on several physiological parameters, including growth, chlorophyll, and
photosynthesis.

e  Growth-based stress index (IS-MS):
The formula IS-MS= (1-DW (Stressed)) / (DW(Control))

is used to calculate the growth-based stress index (IS-MS). Here, DW (Stressed) represents the biomass of the
stressed plants, while DW (Control) represents the biomass of the control group.

e  Chlorophyll-based stress index (IS-Chl):
IS-Chl = (Chl (Control) — Chl (Stressed)) / Chl (Control)

Here, Chl (Control) represents the chlorophyll content of the control group, while Chl (Stressed) represents the
chlorophyll content of the stressed plants. The resulting index value provides an indication of the level of stress
induced by the accumulation of ETMs in the plants, based on their chlorophyll content.

e Net photosynthetic rate-based stress index (IS-An):
IS-An= (1-An (Stressed)) / (An(Control))

is used to calculate the net photosynthetic rate-based stress index (IS-An). Here, An (Stressed) represents the net
photosynthetic assimilation of the stressed plants, while An (Control) represents the net photosynthetic

4
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assimilation of the control group. The resulting index value provides an indication of the level of stress induced
by the accumulation of ETMs in the plants, based on their net photosynthetic rate.

3. RESULTS
3.1 Plant morphology and biomass production of S. carnosa

The plants in our study exhibited symptoms of metal toxicity, including leaf yellowing, which became more
severe with increasing metal concentration and exposure time. Initial symptoms were observed after six days of
treatment with 800 ppm, and gradually appeared in other treatments. Symptoms were more pronounced in the
presence of zinc (Zn), even at concentrations as low as 100 ppm (figure 1b), and less pronounced in the presence
of lead (Pb), appearing at concentrations as low as 200 ppm (figure 1a). High metal concentrations (800 ppm)
caused severe leaf yellowing, necrosis, and burning, particularly in plants treated with Zn. The toxicity was dose-
dependent and accumulative, indicating that metal concentration and exposure duration were crucial factors. Our
findings highlight the importance of monitoring metal concentrations in the environment and their potential
impacts on plant health, as well as implementing proper management and remediation strategies for
contaminated sites to promote healthy plant growth and minimize the risk of metal toxicity.

3.2. Effects of Lead and Zinc on Plant Growth

The quantification of biomass produced after 45 days of treatment indicates that all four metals used in the study
decreased the growth of S. carnosa plants, even at low concentrations. Among the metals, zinc had the least
impact on plant growth, followed by nickel, copper, and finally lead, which appeared to be the most harmful.
Specifically, the evaluation of these effects showed that zinc reduced the dry biomass by 15%, 36%, 50%, 64%,
and 71%, while lead reduced it by 30%, 51%, 59%, and 71% at 100, 200, 400, and 800 ppm, respectively. As a
result, the growth of plants exposed to zinc exceeded that of plants exposed to lead by 22% to 33% (figure 2).To
assess chlorophyll content in Sulla carnosa shoots, we used the Spad index as a measure. Our results showed
that chlorophyll content varied in a similar pattern to plant growth, with zinc showing superior effects and lead
exhibiting the most harmful effects (figure 3). Interestingly, the application of 100 ppm of zinc slightly
stimulated chlorophyll accumulation. However, the effects of zinc were not significant even at high
concentrations, and did not exceed -8% at 800 ppm. In contrast, lead remained the most toxic element, causing a
reduction of the Spad index by approximately 31%, 40%, 49%, and 55% at 100, 200, 400, and 800 ppm,
respectively.

3.3 Gas exchange
3.3.1. Net photosynthetic assimilation

Besides their harmful effects on biomass production and chlorophyll biosynthesis, lead and zinc significantly
affect net photosynthetic assimilation, depending on the applied element and its concentration. Figure 4, which
illustrates net photosynthetic assimilation, shows a general trend similar to that of the Spad index. At low doses
(100 ppm), zinc stimulates photosynthesis (+22% compared to the control), but becomes toxic at concentrations
above 200 ppm, with reductions of 7%, 32%, and 62%, respectively, at 200, 400, and 800 ppm. For lead, the
inhibitory effect on photosynthesis is observed at even lower concentrations and increases gradually with
increasing metal concentration in the culture medium, making it the most harmful element. Lead reduces net
photosynthetic assimilation by 52%, 56%, 67%, and 87%, respectively, at 100, 200, 400, and 800 ppm.
Comparison of these values with those of growth and chlorophyll content shows that photosynthesis is more
sensitive to heavy metal toxicity (figure 4).

3.3.2. Stomatal conductance (Cs)

While generally consistent with the previous observations, the conductance stomatique (CS) exhibits a modest
increase 13.85% and 8.91% in response to low dose Zn and Pb respectively (100 ppm), followed by a significant
decrease. On the other hand, the effect of Pb is highly significant, particularly at high doses (as depicted in
Figure 5).The stomatal conductance (CS) showed no significant difference between Zn and Pb at a low dose of
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200 ppm, then decreased significantly at high doses. At 400 ppm, a modest increase of 4.66% in CS was
observed for Zn. However, at 800 ppm, the effect of Pb was highly significant, resulting in a reduction of
36.16%, which was more pronounced than the 13.85% decrease observed for Zn (figure 5).Evapotranspiration
refers to the combined processes of water evaporation from the plant's shoots and water transpiration through the
plant's tissues. The figure 6 suggests that as the concentration of Pb and Zn increases, the evapotranspiration of
the S. carnosa plants is affected, though without seeing the specific data points it's impossible to say what the
trend is exactly.Pb and Zn are heavy metals that can be toxic to plants at high concentrations. The figure may be
part of a study investigating the effects of heavy metal pollution on plant physiology and growth.

3.4. Accumulation and distribution of heavy metals in plant tissues.
34.1.Lead

The findings in Figure 7a suggest that the roots of S. carnosa plants are more efficient at accumulating Pb from
the growth medium than the leaves. This is a common phenomenon observed in plants, as roots are responsible
for taking up water and nutrients from the soil, which can include toxic metals like Pb. The results also indicate
that as the Pb concentration in the growth medium increases, the amount of metal accumulated by both the
shoots and roots also increases. Table 1 provides a more detailed breakdown of the amounts of Pb accumulated
in the different plant organs. Interestingly, while the roots accumulate more Pb than the shoots at each
concentration, the total amount of metal accumulated in the shoots is always higher than that in the roots. This is
because the shoots of the plant are larger and have a higher surface area than the roots, which allows them to
accumulate more metal overall.

Overall, these results provide valuable insight into the uptake and compartmentalization of Pb in S. carnosa
plants, which can inform strategies for phytoremediation or the use of plants to clean up contaminated soils.

3.4.2. Zinc

The concentrations of zinc in the shoots and roots of S. carnosa plants were examined in relation to increasing
doses of zinc in the growth medium. At low doses of zinc, the shoots had higher concentrations than the roots,
but this trend reversed beyond 200 ppm, with roots accumulating more zinc than leaves. However, calculations
of the total amounts accumulated showed that shoots accumulated more zinc than roots, regardless of the
available dose in the rhizosphere. At low doses, the amounts accumulated in shoots were over 2 times higher
than those in roots, while at higher doses (200-800 ppm), shoots continued to accumulate more zinc than roots,
although less dramatically Table 1 . The total amounts of zinc in S. carnosa plants increased with the dose of this
metal in the rhizosphere. Compared to control plants, this increase was estimated to be 1.8, 2.4, 2.3, and 2.6
times higher, respectively, in the presence of 100, 200, 400, and 800 ppm. (Figure 7b).

3.5. The relationship between chlorophyll biosynthesis and ETM accumulation.

To better understand the relationship between the levels of accumulated heavy metals and chlorophyll
biosynthesis, we correlated these different parameters.

3.5.1. Spad index-lead relationship

Figure xx shows the correlation between the Spad index and the total amount of lead accumulated during the
treatment, depending on the dose applied to the culture medium. A strict negative correlation exists between
these two parameters (R2 = 0.79). The more the plant accumulates lead, the less it synthesizes chlorophyll. This
effect becomes very significant from 200 ppm of Pb in the culture medium, where the Spad index decreases to
only 44% of the control, while the amount of Pb increases almost 9 times at 800 ppm Pb. (Figure 8a)

3.5.2. Correlation between Spad index and zinc content

In contrast to the previous elements studied, the correlation between the Spad index and plant zinc content is
very weak, albeit negative (Figure 8b). The increase in the amount of zinc accumulated in the plant is not
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necessarily associated with inhibition of chlorophyll biosynthesis. Moreover, at low doses, zinc is beneficial and
stimulates, rather than inhibits, the biosynthesis of these pigments.

3.6 Relationships between Heavy Metal Accumulation and Plant Growth

The correlation between plant growth estimated by dry biomass production and the amount of lead accumulated
in the plant shows a strict negative relationship (Figure 9). The more lead accumulates in the plant, the less its
growth is significant. This is an inhibitory effect of Pb even at low doses. In fact, the biomass produced
decreases by 30% in the presence of 100 ppm Pb and by 70% in the presence of 800 ppm. At the same time, the
amount of Pb in the entire plant increases almost 2 times in the presence of 100 ppm Pb and 9 times in the
presence of 800 ppm. This result suggests that Pb is a very mobile element, easily taken up by plant roots and
quickly translocated to the leaves.In this section, we examine the relationship between plant growth, as estimated
by the dry biomass produced, and the accumulation of lead in the plant. The correlation established between the
two variables shows a strict negative relationship (Figure 9a). As lead accumulates in the plant, its growth
decreases, indicating an inhibitory effect of lead even at low doses. For instance, the biomass produced
decreased by 30% in the presence of 100 ppm Pb and by 70% in the presence of 800 ppm. At the same time, the
total amount of Pb in the plant increased almost twofold in the presence of 100 ppm Pb and ninefold in the
presence of 800 ppm. These results suggest that Pb is highly mobile, easily taken up by plant roots, and quickly
translocated to the shoots. The graph 9a indicates a strict negative relationship between the accumulation of lead
in the plant and its growth, with an inhibitory effect even at low doses of Pb. The results show that the biomass
produced decreases by 30% in the presence of 100 ppm Pb and by 70% in the presence of 800 ppm. Meanwhile,
the total amount of Pb in the plant increases almost two-fold in the presence of 100 ppm Pb and nine-fold in the
presence of 800 ppm. This suggests that Pb is a highly mobile element that is easily absorbed by plant roots and
rapidly transported to the shoots.The correlation between plant growth estimated by dry biomass produced and
the amount of zinc accumulated in the plant shows a strict negative correlation (R2= 0.87, Figure 9b). At low
doses (100 ppm), growth only decreases by 15% despite a 70% increase in the amount of Zn. At high doses (800
ppm), the biomass produced decreases by 64% while the amount of Zn increases 2.7 times. These results suggest
that at low doses, zinc is not toxic.

3.7. Relationship between photosynthesis and ETM accumulation
3.7.1. Net photosynthetic assimilation - lead relationship

Figure 10 shows a strict negative relationship between the photosynthetic activity (An) and the available amount
of lead in the plant. This key metabolic reaction is strongly inhibited even at low doses of Pb (100 ppm). Indeed,
in the presence of 100 ppm, An decreases by 52% while the amount of Pb increases by 78%. In the presence of
800 ppm, An decreases by 87% while the amount of Pb increases by more than 800%.

Figure 10a shows the relationship between net photosynthetic assimilation (An) and the total amount of available
lead in S. carnosa plants subjected to increasing doses of Pb (0, 100, 200, 400, and 800 ppm). The data
represents the averages of 9 repetitions, and the vertical and horizontal bars represent the 5% safety interval
threshold. This key metabolic reaction is strongly inhibited even at low Pb doses (100 ppm). In fact, in the
presence of 100 ppm, An decreases by 52% while the amount of Pb increases by 78%. In the presence of 800
ppm, An decreases by 87% while the amount of Pb increases more than 800%.

3.7.2. Relationship between net photosynthetic assimilation and zinc

Similarly to biomass production, the relationship between net photosynthetic assimilation and Zn content
remains weak but negative (Figure 10b). An increase in Zn accumulation in the plant is associated with a slight
stimulation of An at low doses (0-200 ppm) and only presents negative effects beyond 200 ppm.

3.8. Heavy metal stress index (IS-ETM)

Table 2 presents the stress index calculated based on the whole plant biomass (IS-MSPE), shoots (IS-MSS),
roots (IS-MSR), chlorophyll content (IS-Chl) and net photosynthetic assimilation (IS-An). At an intensity of 800
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ppm, Pb significantly reduced the overall plant biomass (by 71%). This reduction was more pronounced in the
roots than in the shoots for all heavy metals, except for Zn where the shoots were more affected by the heavy
metal effect. In addition, Pb had a significant reducing effect, resulting in a high IS-Chl (55%) compared to other
heavy metals. The same effect of Pb was observed for the IS-An, which was more significant (87%).
Furthermore, Cu reduced An by 81%, and Ni and Zn by 57% and 62%, respectively, at a high dose of 800 ppm.

The ETM stress index (IS-ETM) was calculated based on whole plant biomass (IS-MSPE), shoots (IS-MSF),
roots (IS-MSR), chlorophyll content (IS-Chl), and net photosynthetic assimilation (IS-An), as shown in Table 2.
At an IS intensity of 800 ppm, both Pb significantly reduced the entire plant biomass by 71%. This reduction was
more pronounced in roots than in shoots for all ETMs, except for Zn, where the shoots were more affected by the
ETMs. Furthermore, Pb had a significantly reductive effect resulting in a larger IS-Chl reduction (55%) than the
other ETMs. A similar effect was observed for IS-An with Pb having the largest impact (87%) and Zn reduced
An by 57%, at a high dose of 800 ppm

4. Discussion

After being absorbed by the roots, translocation refers to the transfer of trace elements metals (ETMs) to the
aerial parts, which can vary considerably depending on the metal and the plant species. To be transported to the
aerial parts, the elements taken up by the roots from the soil must be transported into the cortex and then
deposited in the xylem vessels (by circulation of the raw sap). This flow of metal ions in the xylem requires their
chelation with organic acids (such as citrate) or amino acids (Fitz and Wenzel 2002; Yoon and al. 2006 ; Wang
and al. 2006; Ali and al. 2019; Azeem and al. 2021).Upon their integration into foliar tissues, ETMs cause
oxidative stress due to the production of reactive oxygen species (ROS). Thus, a series of important biological
substrates are altered in addition to a modification of the functional domains of biomolecules that can lead to cell
death (Devi and Prasad 2000; Cheng 2010). These metals can be classified based on their physiological effects
into two categories: essential and non-essential.Essential metals are trace elements that are essential for
numerous cellular processes and are present in very low proportions in biological tissues (Ma and al. 2019).
Some can become toxic when the concentration exceeds a certain threshold, such as Copper (Cu), Nickel (Ni),
Zinc (Zn), and Iron (Fe) (Ondo and al. 2020).Non-essential metals are transition trace metals that are often found
in very low quantities in the environment, such as Lead (Pb), Cadmium (Cd), and Chromium (Cr) (Lebrun and
al. 2020). Lead is the second most toxic metal after Arsenic (As), representing 0.002% of the Earth's crust, and
its natural level remains below 50 mg kg™' (Ghanavati and al. 2019). In plants, chelation and sequestration of
ETMs by the best-characterized ligands, phytochelatin and metallothionein, are important mechanisms in the
absorption and accumulation of essential and non-essential ETMs (Mishra and al. 2022; Kaur and Garg 2021).
Metals cause a reduction in crop growth by interfering with their enzymatic reactions, photosynthetic activity,
and nutrient homeostasis (Wei and al., 2021).The permissible ETM concentrations according to Kabata-Pendias
and Pendias (2011) are as follows: Pb: 100 mg/kg and Zn: 300 mg/kg.

In Sulla carnosa, the primary effect of heavy metal toxicity is growth inhibition, accompanied by various
indicators of dysfunction such as foliar chlorosis, extensive necrotic lesions, leaf curling or desiccation, and a
significant reduction in photosynthetic activity. The severity of these effects depends on both the nature and
dosage of the metal involved, with lead proving to be the most harmful, followed by copper and nickel, while
zinc is the least toxic. These findings align with Dotaniya and al. (2021) research, which demonstrated that
increased levels of lead in soil resulted in decreased dry matter yield in both roots and shoots of spinach.
Similarly, Dina and al. (2022) found that high levels of lead in shoots and roots affected various growth
parameters, including plant height, leaf area, stem diameter, inflorescence number, and fresh and dry leaf and
root weights, as well as flowering duration. This decrease in aboveground and root biomass has also been
observed in other plant species exposed to lead, such as some Fabaceae species (Huang and Cunningham 1996;
Piechalak and al. 2002), Plantago major (Kosobrukhov and al. 2004), Elsholtzia argyi (Islam and al. 2008),
Pisum sativum L. (Kopittke and al. 2007), L. (Gopal and Rizvi 2008), Zea mays (Ekmekci and al. 2009), and
Arabidopsis thaliana (Phang and al. 2011).In addition to growth, lead affects plant morphogenesis by disrupting
numerous physiological mechanisms. It strongly inhibits plant germination and growth (Wierzbicka and al.
2007) and produces stunted plants (Mishra and Chouduri 1998). At the organ level, lead significantly alters root
morphology by reducing primary root size and the number of secondary roots. Inhibition of cell division and
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elongation are the most commonly reported phenomena to explain the effects of lead on roots (Seregin and
Ivanov 2001; Malkwoski and al. 2002; Patra and al. 2004; Kopittke and al. 2007; Cecchi 2008). Xalxo and
Keshavkant (2020) have also shown that lead affects productivity, quality, and secondary metabolites in
Fenugreek. At high doses, lead causes various toxicity symptoms, including reduced net photosynthetic
assimilation, inhibited growth, chlorosis, necrosis, reduced stem and root length, hormonal imbalance, and
increased reactive oxygen species (Alaraidh and al. 2018a). In some cases, the presence of lead can lead to cell
death (Seregin and Ivaniov 2001).Metal stress is also manifested by a reduction in leaf area, as well as overall
water-transpiring organs, to limit water loss. This is followed by a decrease in transpirational flow. Lead causes a
global loss of turgor and plasticity, and ultimately a reduction in plant water content (Parys and al. 1998).Lead is
passively absorbed by roots and is quickly immobilized in the vacuoles of root cells or retained by the walls of
endodermal cells. Its accumulation from the soil is limited (Cobb and al. 2020). The amount of organic matter in
the soil and the soil pH have some influence on lead absorption by plants. Excess lead in plants induces
physiological and biochemical disorders that decrease photosynthesis and transpiration, resulting in growth
retardation (Allowy 1995). According to Adejumo and al. (2019), lead absorption, accumulation, and
distribution among different plant organs depend on plant species and concentrations in the rhizosphere. Lead
toxicity is not only related to total concentrations in the rhizosphere but also to its mobility in the soil,
bioavailability, and absorption mechanism, which is, in turn, affected by several factors such as root
characteristics, physicochemical properties of the soil, environmental conditions, and plant species (Ashraf and
al. 2020).Initially, Pb>* present in the soil solution binds to the carboxyl groups of uronic acid composing the
mucilage around the roots (Sharma and Dubey 2005). This mucilage restricts the passage of lead inside root
cells, thereby providing protection to the root system. Once adsorbed on the root surface, the apoplastic pathway
could be an important pathway for lead, which can be immobilized by the negative charges of cell walls. Being
strongly bound to carboxylic groups of pectocellulosic compounds of cell walls, Pb tends to accumulate in the
free space. Studies have shown that lead is mostly present in the apoplast, and only a small proportion penetrates
the endodermis (Tung and Temple 1996). Pb can enter the cell through ion channels and/or ion transporters,
taking advantage of the non-specificity of some of these channels/transporters and the very high membrane
potential difference in rhizodermis cells to diffuse inside the root (Ullah and al. 2019). The transport of Pb in the
plant can occur through two pathways:The apoplastic pathway corresponds to passive transport of Pb that
follows water movements in the intercellular spaces. This mode of transport is strongly inhibited by the
endodermis.The symplastic pathway where Pb passes from cell to cell through plasmodesmata (Ramesar and al.
2014).The absorption of lead in soil is highly influenced by the pH level, with higher pH levels leading to
increased absorption. This metal is closely linked to organic matter or colloids, as well as precipitated forms,
which all serve to reduce its absorption by plant roots (Wang and al. 2020).Typically, the content of Pb in plant
organs tends to decrease in the following order: roots > shoots > inflorescences > seeds (Gopal and Rizvi 2008).
However, Dotaniya and al. (2021) have demonstrated that lead accumulation has also been found in significant
quantities in both roots and above-ground biomass. Lead accumulated in greater quantities in spinach roots than
in above-ground biomass. Nevertheless, the order of accumulation can vary with different plant species (Salas-
Moreno and Marrugo-Negrete 2020). The capacity of shoots to accumulate Pb varies according to their age, with
the maximum Pb content found in senescent shoots and the lowest in young shoots (Zulfigar and al. 2019).

In this study, low doses of Zn have shown beneficial effects. However, at high doses (beyond 200 ppm), its toxic
effects gradually become apparent. Zinc is an essential micronutrient for the growth and development of
terrestrial plants, and it is the second most abundant and common metal in living organisms (Sidhu 2016). It
plays a critical role in various physiological processes, including nucleic acid, lipid, and carbohydrate
metabolism, enzyme activation, protein synthesis, and reproductive development (Grassi and al. 2022; Li and al.
2022). Despite its essentiality, when present in concentrations greater than 0.2 mg.g-1 dry weight, potential
phytotoxicity of leaf tissues may occur (Ali and al. 2000; Bonnet and al. 2000). With increased Zn phytotoxicity,
germination rates decrease, and root growth is delayed (Page and Feller 2015). Similarly, Kaur and Garg (2021)
have shown that increasing the Zn dose applied to the soil can lead to plant germination inhibition, which is
responsible for a decrease in amylase activity.

The absorption of Zn by roots is the first step in the movement of soil to the plant, and its translocation from
roots to aerial parts is affected by several factors. Xue and al. (2014) suggest that optimizing nitrogen nutrition
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determines the root-to-leaf translocation of Zn in wheat. In field-grown maize, Dwivedi and al. (1975) found that
the Zn roots/Zn shoots ratio increased with the application of Pb. Impa and al. (2013) reported a reduction in Zn
transport from roots to shoots following Zn application. Stomph and al. (2014) suggest that the timing of Zn
application affects Zn transport from roots to leaves.Furthermore, the uptake of Zn by plant roots is a complex
physiological trait governed primarily by Zn transporters and metal chelators within the plant system. The
efficiency of Zn uptake can also be influenced by the developmental stage of the plant, edaphic factors, and
seasonal variations. Molecular studies have demonstrated the involvement of specific Zn transporters, vacuolar
sequestration, and detoxification mechanisms in maintaining Zn homeostasis (Gupta and al. 2016).

The study highlights the correlation between the accumulation of ETMs in the rhizosphere and their uptake by
Sulla carnosa. The results suggest that the response of this plant species to the presence of these metals is closely
related to their accumulation levels, particularly in the leaves. However, the levels achieved demonstrate the
phytoaccumulation capacity of this species, making it a promising candidate for soil remediation and
phytoremediation. The study emphasizes the importance of understanding the physiological mechanisms
underlying metal uptake and accumulation in plants to develop effective phytoremediation strategies. Moreover,
the findings underscore the need for further research on the interactions between plants and soil contaminants to
improve our understanding of the complex processes involved in phytoremediation. Ultimately, the use of plant-
based solutions for environmental remediation has significant potential to address the growing issue of soil
contamination and protect human health and the environment.

5. Conclusion

The results of the study showed that lead and zinc are toxic to S. carnosa plants, with symptoms of metal toxicity
observed, such as leaf yellowing, which worsened with increasing metal concentration and duration of exposure.
Zinc had a greater impact on plant growth than lead, with zinc reducing dry biomass by 15% to 71% and lead
reducing it by 30% to 71%. Zinc also had a greater effect on chlorophyll biosynthesis than lead, with a slight
stimulation of chlorophyll accumulation at 100 ppm, while lead caused a reduction of the Spad index by
approximately 31% to 55%. Net photosynthetic assimilation was also affected, with zinc stimulating
photosynthesis at low doses but becoming toxic at concentrations above 200 ppm, while lead inhibited
photosynthesis at even lower concentrations, reducing it by 52% to 87%. The conductance stomatic showed a
modest increase in response to low doses of lead and zinc, followed by a significant decrease. Evapotranspiration
was affected by both lead and zinc, with a decrease observed in response to Pb and a slight increase observed
with low doses of Zn. The study emphasizes the importance of monitoring metal concentrations in the
environment and proper management of contaminated sites to minimize the risk of metal toxicity and promote
healthy plant growth.
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Table 1: Amounts of ETMs (including Pb and Zn) Accumulated in the Shoots (S), Roots (R), and
Entire Plant (PE) as a Function of the Metal Dose Applied in the Rhizosphere. Averages of 9

Independent Replicates with 5% Confidence Intervals.

Q, mg, plant’!
S R PE S R PE
ppm Pb Zn
0 0,440+ 0,348+ 0,788+ 0,282+ 0,141+ 0,422+
0.03t 0.08! 0.03h 0.02f 0.01h 0.03¢
100 0,707+ 0,697+ 1,404+ 0,546+ 0,201+ 0,747+
0.05" 0.02" 0.068 0.04¢ 0.01# 0.03¢
200 2,904+ 2,733+ 5,637+ 0,524+ 0,486+ 1,010+
0.142f 0.11f 0.16¢ 0.03¢ 0.03¢ 0.04°
400 3,262+ 3,168+ 6,430+ 0,523+ 0,466+ 0,989+
0.110¢ 0.08¢ 0.22° 0.03¢ 0.03% 0.05°
300 4231+ 2,631# 6,862+ 0,567+ 0,537+ 1,104+
0.15¢ 0.09f 0.122 0.04¢ 0.03¢ 0.052
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637
638
639

640 Table 2: Heavy Metal (HM) Stress Index Assessed on the Total Biomass (IS-MSDW),
641 Shoots (IS-MSS), Roots (IS-MSR), Chlorophyll Index (IS-Chl), and Net Photosynthetic

642 Assimilation (IS-An) of S. carnosa. Based on 10 Repetitions with a 5% Confidence
643 Interval.
/ppm IS-MSDW IS-MSS IS-MSR IS-Chl IS-An
Pb, ppm
100 0,30 +£0.02¢ 0.24+0.017¢ 0,41+ 0.022¢ 0,31+ 0.018¢ 0,52+0.032"
200 0,51+ 0.024° 0,56+0.033% 0,44+ 0.028° 0,40+ 0.022¢ 0,56+0.028"
400 0,59+ 0.022° 0,62+0.036* 0,54+0.030" 0,49+ 0.021°¢ 0,67£0.041%
800 0,71+ 0.038% 0,69+0.029* 0,73+ 0.042* 0,55+ 0.031° 0,87+ 0.035*
800 0,68+0.033% 0.59+0.031% 0,83+ 0.051° 0,28+0.012% 0,57+ 0.022¢
Zn, ppm

100 0,15+ 0.019% 0,20+ 0.01¢ 0,06+0.001 ¢ 0,06+0.001°¢ -0,22+0.002¢
200 0,36+0.015% 0,43+ 0.02°¢ 0,24+ 0.01¢ -0,03+£0.001°¢ 0,07+0.03¢
400 0,50+0.021% 0,54 +0.03% 0,43+ 0.02°¢ 0,02+0.001¢ 0,32+ 0.02¢¢
800 0,64+0.032% 0,68+0.04 0,57+ 0.03 0,08+0.002¢ 0,62+ 0.03*

644

645

646

647

648

649

650

651
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Figure 1. General Appearance of Sulla carnosa Plants Cultivated under Increasing Concentrations
(ppm) of Lead (a) and Zinc(b)
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Figure 2. Plant Growth of Sulla carnosa in Response to Increasing Concentrations of Lead

and Zinc in the Nutrient Solution. Averages of 9 Replicates and 5% Confidence Intervals.
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Figure 3. The Spad index was measured in the shoots of S. carnosa in response to increasing
concentrations of Pb and Zn (0, 100, 200, 400, and 800 ppm) in the nutrient solution. The data
represents averages of 9 replicates with 5% confidence intervals.
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Figure 4. Net Photosynthetic Assimilation at the Leaf Level in Sulla carnosa Plants Exposed
to Increasing Concentrations of Pb and Zn (0, 100, 200, 400, and 800 ppm). Averages of 9

Replicates with 5% Confidence Intervals.
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Figure 5. Stomatal Conductance of Sulla carnosa Plants Subjected to Increasing Concentrations of Pb
and Zn (0, 100, 200, 400, and 800 ppm). Averages of 9 Replicates with 5% Confidence Intervals.
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Figure 6. Average Evapotranspiration Levels of Sulla carnosa Plants under Various

Concentrations of Pb and Zn (0, 100, 200, 400, and 800 ppm). Data Collected from 9 Trials

with 5% Confidence Intervals.
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765 Figure 7. Concentration of Pb (a) and Zn (b) (ug/g DW) in the Shoots and Roots of Sulla
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821 Figure 9. Correlation between Biomass Production and Total Lead (a) and Total Zinc (b)

822 Content in S. carnosa Plants Subjected to Increasing Doses of Pb and Zn (0, 100, 200, 400,
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