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Abstract: A laboratory experiment was led to examine the lead bioaccumulation capacity of Ludwigia
stolonifera (Guill. & Perr.) exposed to various Pb concentrations (0, 10, 25, 50, and 100 mg/L) for 1, 3, 5,
and 7 days. The lead accumulation increased as the metal concentrations in the solution increased and
over time, to an extreme accretion of 6840 mg/kg DW(dry weight) at 100 mg/L of lead on the 10 days
exposure. The proportion removal efficiency, translocation factor, and bioconcentration factor of the
plant were assessed. The maximum bioconcentration factor values (1981.13) indicate that the plant was
a Pb hyperaccumulator, and translocation factor values (1.85), which are >1, indicate fit of L. stolonifera
for eliminating Pb in Pb-contaminated water. Photosynthetic pigments were decreased with increase
of Pb concentration and time exposure. Total chlorophyll content and Chl a/b ratio lowered to
between 46 and 62% at 100 mg/L Pb after 10 days exposure. Protein content and soluble carbohydrate
indicated a similar trend, which showed the highest decrease (7.26 and 36.2 mg/g FW(fresh weight),
respectively) at 100 mg/L of Pb after 10 days. The activity of the antioxidant enzymes superoxide
dismutase, ascorbate, and peroxidase was increased significantly in comparison to the control. The
results indicate that L. stolonifera is a newly recognized Pb hyperaccumulator (6840 mg/kg DW), but
physiological status indicates that the plant is not tolerant to high Pb concentrations.

Keywords: bioaccumulation; toxicity; antioxidant enzymes; aquatic plants; photosynthetic pigments

1. Introduction

Toxic metals contamination in the river environment has converted a main reason of
worry for some developing nations due to lack of mitigation measures and high cost of
remediation. Toxic metals may reach surface and groundwater streams through numerous
transport routes after being introduced into the environment. Industrial effluents compris-
ing toxic and hazardous wastes are dumped into the ecosystem in some locations, causing
environmental harm [1,2].

Toxic metals are known to be non-biodegradable and to persist for a long time in
both aquatic and terrestrial environments [3]. Lead (Pb), a hazardous metal extensively
employed in industrial activity, is found in both terrestrial and aquatic habitats [4,5].
Lead (Pb) accumulates in the human body and causes major issues. Pb has been linked
to functional difficulties in the kidneys, joints, cardiovascular system, and reproductive
system in humans. Pb is also dangerous to plants in the same way that it is to humans.
Lead accumulation in plants boundaries photosynthesis and enzyme function and disrupts
the water and nutrient balance, resulting in stunted growth and chlorosis [6].
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Phytoremediation is a wide term for the removal or decomposition of pollutants
from soil or water by using plants [7-9]. One of the most hopeful choices for eliminating
organic and inorganic contaminants from soil and water is phytoremediation. Because of
its performance, inherent green character, end-use of by-products, and overall economic
effectiveness, this method is well embraced by the public [10-12]. Aquatic macrophytes
have proven to be one of the applicants in the aquatic system for pollutant uptake and
biological indicators of toxic metal [5,13,14]. High capacity to collect hazardous metals, high
biomass output and quick growth, and bioconcentration factor (BCF) and translocation
factor (TF) values greater than one portray an ideal hyperaccumulator plant [15,16].

Many metal-hyperaccumulator plants have been investigated in the past, but further
research is needed to confirm their phytoremediation effectiveness. Plants” ability to
accumulate pollutants such as harmful metals and chemical compounds is now being
investigated by scientists. The present study is focused on an invasive macrophyte (Ludwigia
stolonifera) with a rapid rate of development and propagation that poses a threat to local
ecosystems. L. stolonifera has the ability to act as a phytoremediator, removing various
contaminants from aquatic ecosystems [17,18]. Under laboratory conditions, the current
study’s goal was to assess L. stolonifera’s Pb uptake and phytoremediation capacity.

2. Results
2.1. Lead Removal and Accumulation

The different concentrations of lead in the medium were significantly different over
ten days (Table 1). On the tenth day of exposure, the maximum removal efficiencies were
95.58,92.61, 91.71, and 90.08%, when L. Stolonifera was exposed to 10, 25, 50, and 75 mg/L
of lead, respectively (Table 2). The bioaccumulation rate of lead increased with the increase
in the time of exposure (Table 3). It is clear that the significant increase in lead concentration
occurs 24 h after exposure (320. 33, 866.66, 1871.75, and 3963.3 mg/kg DW for 10, 25, 50, and
100 mg/L of Pb treatment, respectively) and then continues to increase but in a less severe
manner, reaching maximum mean values of 875, 2681.67, 4975, and 6840 mg/kg DW at 10,
25, 50, and 100 mg/L of treatment with lead, respectively, at the end of the experiment.

Table 1. Residual lead concentration in solution at different exposure times.

Concentration (mg/L) Pb Concentration in Solution (mg/L)
1d 3d 7d 10d
0 ND ND ND ND
10 2.672 £0.04 127 +0.28 0.59 € £0.13 0.44 € +0.04
25 8112 +0.75 3.98° +0.58 2310 4+0.14 1.84¢ £ 0.95
50 33.092 £4.40 17.96 > +1.33 7.23¢+041 4.14°+0.70
100 4392 +4.61 26.43° + 0.64 11.99 €+ 0.78 9.92¢+£092

ND = Not Detected.; d = day. Data are means =+ SE, n = 3. Different letters in row indicate significant differences
between treatments at p < 0.05 according to Tukey test.

Table 2. The removal efficiency of lead. by L. Stolonifera in different concentrations of lead for different
exposure times.

Concentration (mg/L) Pb Removal Efficiency (%)
1d 3d 7d 10d
0 ND ND ND ND
10 73.28 87.22 94.06 95.58
25 67.53 84.06 90.76 92.61
50 33.81 64.06 85.53 91.71
100 56.11 73.56 88.01 90.08

ND = Not Detected; d = day.



Plants 2022, 11, 636

30f13

Table 3. Lead accumulation in Ludwigia stolonifera treated with different concentration of lead for
different exposure times.

Concentration (mg/L) Pb Accumulation (mg/kgDW)
1d 3d 7d 10d
0 ND ND ND ND
10 320.33 € £ 34.26 665.75° + 18.27 834.3320 + 87.58 8752 +90.13
25 866.66 © £ 105.97 1668 ° + 165.5 2543.16 % +£265.92  2681.67 * £ 408.36
50 1871.75° £ 29420  3140.5" 4 453.44 47252 4+ 270.41 49752 4 340.18
100 3963.3° £509.24  5078.7° + 153.98 6540 * £ 51.96 6840 2 £ 90

ND = Not Detected; d = day. Data are means =+ SE, n = 3. Different letters indicate significant differences between
treatments at p < 0.05 according to Tukey test.

Table 4 exhibits that the maximum BCF value (1981.13) was obtained when treated
with 10 mg/L of lead at the 10th day of the study. Likewise, the translocation factor (TF)
value for L. stoloniferais 1.17,1.16, 1.49, and 1.85 at 10, 25, 50, and 100 mg/L of treatment
with lead, respectively at the end of experiment (Table 4).

Table 4. Bioconcentration factor (BCF), and translocation factor (TF) for lead in Ludwigia stolonifera.

Concentration (mg/L) (BCPH) (TF)
1d 3d 7d 10d 1d 3d 7d 10d
10 119.90 520.79  1406.17 1981.13 124 111 116 117
25 106.77 418.74  1426.07 145216 092 108 116 1.16
50 56.55 174.79 653.22  1199.75 127 141 148 149
100 90.28 192.13 530.11 68951 153 158 158 1.85
d = day.

2.2. Pigment Content

Pb has an effect on the concentration of photosynthetic pigments in L. stolonifera, as
shown in Figure 1. During different treatments and exposure days, there was a significant
decrease (p < 0.05) in photosynthetic pigments of L. stolonifera relative to their respective
controls. Compared to the control, the lowest content of chlorophyll a and b in the Pb
applications was found at 100 mg/L Pb (57.23%) after 7 days and 50 mg/L Pb (33.82%) after
5 days (Figure 1) respectively. At varied concentrations of Pb (Figure 1), total chlorophyll
content and Chl a/b ratio showed a similar trend, which was initially lowered to between
46 and 62% at 100 mg/L Pb after 10 days of exposure. On a 10-day exposure, the reductions
were more pronounced. Unlike chlorophyll levels, increases in carotenoids levels in Pb
treatments (10, 25, 50, and 100 mg/L) were observed during the sampling period as
compared to their respective controls (Figure 1).

2.3. Antioxidant Enzymes

During the exposure period, the enzyme activity in the leaves increased significantly
in comparison to the control (Figure 2). On day 7, the maximum APX activity in plants
exposed to Pb was determined to be 11.648 unit/g FW at 100 mg/L (57.37 percent higher
than the control). Exposure duration (r = 0.50, p < 0.001) and exposure concentration
(r=0.55, p < 0.001) had a significant effect on APX activity in plants exposed to Pb. POD
activity improved significantly with the extension of treatment time (r = 0.75, p < 0.001)
and increasing concentration (r = 0.41, p < 0.01) under the influence of lead stress (Table 5).
The overall POD activity was 7.6 times, 10.8 times, and 20.2 times that of the control
value on days 1, 3, and 7. POD activity, on the other hand, decreased to 16.3 times that
of the control after a 10-day exposure (Figure 2). Table 5 demonstrates a strong positive
correlation between POD activity and lead stress, with POD activity significantly higher
in lead-exposed plants than in controls. Lead exposure affected SOD activity (Figure 2),
which increased significantly with treatment time (r = 0.47, p < 0.01) and lead concentration
(r=0.84, p <0.001). From days 3 to 10, plants treated with lead concentrations of 100 mg/L
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showed a rapid rise, while other concentrations showed a steady increase. On day 10, the
maximum activity was observed at 100 mg/L, which was 128.1 percent higher than the

control; however, significant increases were observed for all other concentrations.
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Figure 1. Effects of lead toxicity on photosynthetic pigments content in Ludwigia stolonifera. Means
different values for a particular treatment group (Tukey’s p < 0.05).
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2.4. Fresh and Dry Weight

Figure 3 shows the fresh and dry weights of the plants affected by Pb at various times
and concentrations. After 7 days of Pb application, the maximum reduction in fresh mass
was 41.3 percent less than that of the controls at a concentration of 100 mg/L (Figure 3).
After 10 days, the highest dry weights in the Pb applications compared to the control were
obtained at 10 mg/L (72 %). The lowest dry weights for Pb groups, on the other hand, were
recorded at 100 mg/L 41.5 % after 1 day. While reductions in dry weights were generally
determined depending on the increase in Pb concentration (p < 0.001, r = —0.76) (Table 2).

2.5. Protein

Protein contents of L. stoloniferia exposed to Pb are presented in Figure 3, which were
statistically significant (p < 0.001). Protein contents were significantly influenced by both
exposure time (r = —0.73, p < 0.001) and metal concentration (r = 0.27, p < 0.01) (Table 5).
The highest decrease in protein content was 7.26 mg/g FW observed at 100 mg/L of Pb
after 10 days.

2.6. Carbohydrate

Effects of lead toxicity on the soluble carbohydrate content, which were measured as
indicators of growth status and lead stress, are shown in Figure 3. A decreasing tendency in
carbohydrate amount was observed as Pb concentration increased during 10 days of expo-
sure. Notably, reductions in carbohydrate content were observed at high concentrations of
lead and with long exposure times. Furthermore, the maximum reduction in carbohydrate
content was 45.8% less than that of the controls at 10 days.

Table 5. Summary statistics, regression analysis, and correlations of the studied parameters under
the effects of exposure time (t) and metals concentration (c). *: p < 0.05, **: p < 0.01, ***: p < 0.001.

Person’s Correlation

Regression Analysis

Chlorophyll a
Chlorophyll b
Carotenoid
Total chlorophyll
Chl a/ Chl b
APX
POD
SOD
Fresh weight
Dry weight
Protein

Carbohydrate

(©

(®

R? (c) (%)

R? () (%)

Equation Model (c)
y =1134—0.3032x

Equation Model (t)
y =1198—34.62x

_ R _ e
0.627 0.677 39.9 459 p<0.001,r = —0.63 p<0.001,r=—0.68
e y = 647.5-0.3314x y = 720.7—38.44x
0.536 0.588 287 34.6 p <0.001,r=—0.54 p'<0.001, = —0.60
y = 559.2 + 0.3426x y = 194.0 + 87.98x
0.357* 0.868 128 753 p <0.05,r=0.36 p <0.001, r = 0.86
. y = 1759.2-6.04x y = 1829.3-66.6x
0-590 0664 3475 441 p<0.001, 1 = —0.58 p'<0.001, r = —0.66
. y = 2.136 + 0.0049x y = 1.551 + 0.1553x
0.176 0.563 ™ 311 317 p <0.001, 1 =0.17 p <0.001, r = 0.56
y = 4.187 + 0.0039x y = 3.593 + 0.4087x
0.546%  0.540™ 299 291 p <0001, r = 0.55 p <0.001, r = 0.50
y = 1284 + 0.830x v = 6611+ 169.6x
0.407%  0.786™ 165 568 p <0011 =041 p <0001, r = 0.75
. . y = 20.17 + 0.0808x y = 30.42 + 4.689x
0.8417= 046l ™ 707 213 p <0.001, = 0.84 p<0.01,1r =047
I y = 2.681—0.0104x y = 1.853 + 0.0663x
0.578 0.378 3339 14.27 p <0001, = —0.57 p <0001, = 0.37
I y = 37.02—0.199x v =24.10 + 0.708x
0.758 0.276 5748 761 p <0001, 1= 076 p <0001, 1 = 0.27
e y = 8.188 + 0.0135x y = 10.677-0.354x
0.273 0.731 745 5343 p <0001, 1 = 0.27 p <0001, 1= —0.73
057 o & 4578 y = 54.67 +0.0221x y = 70.877-0.954x

p <0.001, r=0.36

p <0.001, r = —0.65
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Figure 2. Effects of lead toxicity on APX content, POD, and on SOD activities in Ludwigia stolonifera.
Mean values + SD (n = 3). ANOVA was significant at p < 0.05. Different letters indicate significantly
different values for a particular treatment group (Tukey’s p < 0.05).
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Figure 3. Effects of lead toxicity on fresh weight (g), dry weight (mg), protein content, and soluble
carbohydrate concentration of Ludwigia stolonifera at different concentration and exposure times.
Mean values + SD (n = 3). ANOVA was significant at p < 0.05. Different letters indicate significantly
different values for a particular treatment group (Tukey’s p < 0.05).

3. Discussion

The phytoremediation potential of many hyperaccumulator plant species is limited
by their sluggish development rate, low biomass, and typically close association with a
specific ecosystem [8]. As a result, the rapid development of heavy metal resistant plants
for phytoremediation has become critical. Plant tissue cultures are one of the most efficient
methods for producing these plants in large quantities quickly and repeatedly. The buildup
of heavy metals is known to be a time- and concentration-dependent process [5]. The
results of this study showed gradual removal of lead in the different concentrations of
water samples as indicated by their respective percent remaining. The results reported that
lead removal efficiency (RE) increased with increasing exposure time and concentration.
Comparable results have been obtained by Abd-Elaal et al. [6] in Echinochloa pyramidalis
and Ludwigia stolonifera with removal percentages of heavy metals (Pb, Cd, and Ni) between
77 and 95% in 10-day incubation period. This may be attributed to the fact that most of
the active sites are occupied by toxic metal from surrounding media [19]. In this study, an
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increase of metal removal and accumulation was observed in a time dependent manner.
These findings are consistent with those of Aboelkassem et al. [5], who found that the
studied plants are Pb tolerant and can withstand harsh conditions. The relationship of Pb
BCF to Pb exposure concentration was negatively correlated. This may be because, while
lead concentrations rise over time, internal lead accumulation does not keep pace with
levels of external exposure. This suggests that plants have evolved a unique mechanism
to effectively regulate the deposition of lead. As a result, the BCF values decrease as
the Pb exposure concentration in the medium rises. The BCF value of L. Stolonifera was
greater than 1000 in the recent study, indicating that it could be considered a strong lead
accumulator. The Pb BCF has also been found in the following species: Najas indica [20],
Pistia stratiotes [21], Acorus gramineus [22], Ludwigia peploides [23], and Echinochloa pyrami-
dalis [6]. Similarly, TF values greater than one suggest that the plant has substantial metal
translocation pathways to the leaves [22,24-26].

The chlorophyll pigment is the most important photosynthetic pigment for light ab-
sorption and energy transfer [27]. Several studies have found changes in photosynthetic
pigments in plants exposed to toxic metals, with the results suggesting that Cd and Pb
decreased photosynthetic development due to increased ROS (reactive oxygen species)
generation [28-32]. Since the relationship between mineral concentration and chlorophyll
content is inverse, growth inhibition and low levels of chlorophyll present in the leaves of
plants exposed to lead can also be due to a lack of essential nutrients needed for physiologi-
cal activities, as shown by the negative correlation coefficient in Table 5. Besides, it was
detailed that chlorophyll a/b value demonstrated the interconversion of chlorophyll a and
chlorophyll b, called the chlorophyll cycle, which was fundamental to the forms of greening,
light acclimation, and senescence [33]. As displayed in Figure 1, compared with control,
chlorophyll a/b diminished altogether (p < 0.001); in any case, statistically significant
contrasts were observed among the four toxin concentration treatments (p < 0.001). Huan
Xiao et al. [34] detailed that the diminished chlorophyll a/b value may be considered as
the change chlorophyll a to chlorophyll b, and the control can be a protective physiological
reaction for the plants of L. salicaria L., Nymphaea L., and Vallisneria. natans (Lour.) Hara
to pollutants. Lead increased the content of carotenoids in the leaves of the plants tested.
Carotenoids protect chlorophylls from free radical formation [35,36] and are thought to
play a role in chlorophyll defense under stress conditions by quenching photodynamic
reactions, replacing peroxidation, and collapsing membranes in chloroplasts [37].

Drought, intensity of illumination, low or high temperature, salinity, UV radiation,
ozone, and heavy metals are all stimuli that the antioxidant system can use to decide
a plant’s resistance and tolerance too [19]. To eliminate ROS, plants have a system of
enzymatic and non-enzymatic antioxidants [38], with the antioxidant enzymes superoxide
dismutase (SOD), catalase (CAT), and peroxidase (POD) playing crucial roles [5,16]. The
result of this study indicates that oxidative stress is caused by Pb stress at various stages of
treatment. The plants were also placed under anaerobic stress as a result of the prolonged
water inundation. The overproduction of ROS and the induction of responses of the main
antioxidative enzymes were caused by these negative factors. At exposure time, APX
activity did not change significantly in the 10-25 mg/L concentration range, indicating that
the plants had reached the limits of their ability to scavenge oxygen free radicals using
APX. Increased SOD activity reflected both a defensive mechanism and a sign of heavy
metal stress in the plants in this investigation when the lead content was relatively low.
Only at higher doses (50-100 mg/L) and for longer periods (7and 10 days) was a robust
SOD response to lead stress found, showing the plants” great resistance to lead. Salawu
et al. [23] discovered that the activity of SOD in Ludwigia peploide leaves cultivated with
chromium and zinc was inhibited within two weeks of cultivation, which may be due to
high oxidative stress on the plant tissue, but that the plant was able to recover from the
oxidative stress and the activity of SOD increased at a later stage of cultivation. High POD
activity indicates the POD was unaffected by lead toxicity and played a critical role in
oxidative stress defense. POD may function as a protection molecule by removing H,O,
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when a plant is stressed and also catalyzes the generation of ROS when the damage is too
extreme, aggravating membrane lipid peroxidation and causing additional damage [39-41].
The dry and fresh weights of heavy metal-exposed plants are critical parameters
for determining toxicity symptoms. Heavy metal exposure at high levels reduces plant
biomass and inhibits plant growth [42]. After 7 days in Pb applications, the concentration
of 100 mg/L resulted in the greatest decrease in fresh mass compared to the control
(41.3%). Reference [43] reported that C. demersum plants were exposed to Cd and Pb
(1-100 mg/L) for 1-7 days, with 100 mg/L Pb causing the greatest decrease in fresh weight
compared to the control. In the current study, there was a general decrease in dry mass
with increasing Pb concentration when compared to the control. This decrease in dry
weight could be caused by the degradation of biochemical parameters such as enzyme
activity, protein anabolism, and photosynthetic activities due to Pb toxicity [44]. Likewise,
as metal concentrations and exposure time increased, plant protein content decreased.
Similarly, C. demersum [43,45] and N. indica [20] have previously reported decreases in
protein content of L. Stolonifera under high-concentration metal stress. This decrease could
be attributed to an increase in the total amount of ROS which could have harmed numerous
proteins. It could be related to protease or other catabolic enzymes being activated by
heavy metal toxicity [42]. When L. Stolonifera plants were exposed to a discharge of water
contaminated with various concentrations of Pb on a daily basis for ten days, their leaves
revealed a dramatic reduction of more than 45% in the content of soluble carbohydrates
when compared to control plants. Dhir et al. [46] detailed that the nearness of toxic
metals within the environment influences the generation of dissolvable carbohydrates
in Salvinia, diminishing their photosynthetic capacity. Furthermore, the decrement in
solvent carbohydrates in S. biloba leaves may be related with a Pb-induced closure of
stomata that disables CO; accessibility in a comparable way as detailed for S. minima [47].
These perceptions connect with the above-mentioned lessening in total chlorophyll content,
particularly that of Chl a and of proportion between Chl a and Chl b, which are both vital
parameters in appraising the impact of an environmental event in a plant [48].

4. Materials and Methods
4.1. Plant Material and Growth Conditions

Ludwigia stolonifera (Guill.&Perr.) was obtained from the mainstream of the River
Nile bank, Sohag, Egypt and they transferred to the laboratory. Because of the lack of
anthropogenic activity and the low levels of metals detected, preliminary measurements (Pb
concentration < 25 mg/kg in bottom sediment) in this location were used as a contamination
control site [49]. To eliminate clinging particles, the plants were rinsed numerous times
with tap and distilled water. Plants with identical biomass and height were chosen and
stored separately in 20 L aquariums with half strength Hoagland’s solution with a pH of
7 [50] for 15 days before acclimatization. Then, the acclimatized plants were transferred and
maintained in aquariums with 5% Hoagland'’s solution including varied concentrations of
working Pb standard solutions 0, 10, 25, 50, and 100 mg/L. They were then exposed to Pb
concentrations over a period of time (0, 1, 3, 7, and 10 days). Pb of analytical grade was
provided; Pb(NOs3), (Sigma, St. Louis, MO, USA) was used as the source of Pb. The trials
were carried out in a controlled temperature (24 & 2 °C by using XH-M452 Thermostat
Temperature Humidity Control Sw) and with light (1950 Lux).

4.2. Metal Content Measurement

Water samples (5 mL) and plant (5 g fresh weight) were collected simultaneously as in
the experimental design described above at 1, 3, 7, 10-day intervals. Super pure nitric acid
(0.1 mL/15 mL sample) was used to acidify the collected water samples. The plants were
gathered and washed with deionized water after each time interval to remove any metal
that had adhered to their surface. The plant samples were dehydrated for 48 h in an oven at
85 °C, then separated into leaves, stems, and roots, crushed by mortar to facilitate digestion
of the organic matter. After that, 0.5 g samples were acid digested with a 3:1 mixture of
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HNO3; and HCIOy for 6 h at ambient temperature and 12 h at 95 °C [51]. The samples
were centrifuged for 10 min at 10,000x g. Following supernatant extraction, the samples
were diluted to 10 mL with deionized water to allow the analytical instruments to quantify
metals. Atomic absorption spectroscopy (Perkin-Elmer Analyst 400, was used to determine
the amount of lead in water and plant samples. Treatments were replicated three times.
Lead concentration values were expressed as mg/L (ppm) for water samples and mg/kg
DW for plant samples.

The efficiency of phytoremediation in polluted water is calculated using the metal
removal proportion. The next equation was used to calculate it [52]:

(Ci — Cf)

& x 100 1)

% Removal efficiency =

where Ci is the water’s initial metal concentration and Cf is the water’s final metal concentration.
The bioconcentration factor (BCF) is an important measure that indicates a plant’s
ability to accumulate metals in relation to the metal concentration in the medium [53]. The

BCF formula is given as follows:
BCF = CP/CW &)

CP indicates the trace element concentration in plant tissue (mg/kg) and CW represents
the trace element concentration in water (mg/L).

The transfer factor (TF) relates to the plant’s internal metal transport and is defined as
the movement of heavy metal from the roots to the aerial section. A ratio of metal accumu-
lated in the shoot to metal accumulated in the root is used to calculate the translocation
factor [54].

TF=Cl/Cr ®)

where Cl represents the metal concentration in leaf tissues (mg/kg) and Cr represents the
metal concentration in roots (mg/kg). A higher TF value indicates greater translocation
capability. TF > 1 implies that the plant effectively transports metals from the root to the shoot.

4.3. Determination of Photosynthetic Pigments

Chlorophyll a4, chlorophyll b, and carotenoids were extracted in 85% acetone from the
leaf samples, according to the method recommended by [55] Pigments extract were filtrated
and the content of Chl. a4, Chl. b and carotenoids were determined with spectrophotometry
at the wavelengths of 663, 647, and 470 nm.

4.4. Antioxidant Enzymes Activity

One gram of plant tissue was homogenized in 1 mL K-phosphate buffer pH 7 and
1% PVP, and then centrifuged at 15,000 rpm for 15 min at 4 °C. The enzyme assay was
performed on the supernatant. The activity of superoxide dismutase (SOD) was measured
using the method described in [56]. The activity of ascorbate peroxidase (APX) was
measured using the method described in [38,57]. The activity of guaiacol peroxidase
(GPOD) was measured according to [58].

4.5. Fresh and Dry Weight

Plants exposed to lead at various times and concentrations, as well as plants in the
control group, were weighed after draining water carefully with filter papers to evaluate
fresh weights. These plants were instantly frozen and kept at —30 °C for biochemical
analysis. To determine the constant weight for dry mass estimation, some parts of the
samples were rapidly dried in an oven at 70 °C for 48 h.

4.6. Determination of Organic Solutes

According to the method of [59], soluble proteins content was determined. Soluble
sugars content was estimated according to [60]; the soluble carbohydrate concentration
was measured in mg/g FW.
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4.7. Statistical Analysis

Software package of MINITAB 17.0 for Windows was performed to the statistical
analyses of the results including: mean, SD, Pearson correlation coefficients, etc. for the
measured data (1 = 3). One-way analysis of variance (ANOVA) was performed for all
parameters and then the significance of differences between mean values for each treatment
was determined according to Tukey’s multiple comparison tests at p < 0.05.

5. Conclusions

Ludwigia stolonifera (Guill. & Perr.) has been shown in this study to have a high
capacity for extracting Pb from the surrounding water, with BCFs exceeding 1000. When a
plant has the potential to bioconcentrate an element in its tissues, it is considered a strong
accumulator of metals. Lead stress alters a range of physiological parameters, including a
decrease in chlorophyll content, protein, soluble carbohydrate, and a rise in antioxidative
enzyme activities such as SOD, APX, and POD. According to the findings, L. stoloniferia
is appropriate for phytoremediation of Pb contamination in water at low and high lead
concentrations. As a result, L. stoloniferia may be useful for removing Pb from polluted
water through phytoremediation.

Author Contributions: Conceptualization: A.A. and N.L.; methodology, A.A; software, A.A. and
N.L,; investigation, A.A., N.L.,, N\MLA. and M.N.A; resources, N.M.A. and M.N.A.; data curation,
A.A.and N.L.; writing—original draft preparation, A.A.; writing—review and editing, A.A. and N.L.
All authors have read and agreed to the published version of the manuscript.

Funding: There is no financial funding from any governmental or non-governmental entity.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated and/or analyzed during the current study are
available from the corresponding author upon reasonable request.

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

References

1. Magdolenova, Z.; Collins, A.; Kumar, A.; Dhawan, A.; Stone, V.; Dusinska, M. Mechanisms of genotoxicity. A review of in vitro
and in vivo studies with engineered nanoparticles. Nanotoxicology 2014, 8, 233-278. [CrossRef] [PubMed]

2. Zhang, X.; Li, X,; Yang, H.; Cui, Z. Biochemical mechanism of phytoremediation process of lead and cadmium pollution with
Mucor circinelloides and Trichoderma asperellum. Ecotoxicol. Environ. Saf. 2018, 157, 21-28. [CrossRef] [PubMed]

3. Arise, RO.; Aboyewa, ].A.; Osioma, E. Biochemical changes in Lumbricus terrestris and Phytoaccumulation of Heavy Metals from
Ugberikoko Petroleum Flow Station Swamps, Delta State, Nigeria. Nig. J. Basic Appl. Sci. 2015, 23, 141-155.

4. Zeng,L.S; Liao, M.; Chen, C.L.; Huang, C.Y. Effects of lead contamination on soil microbial activity and rice physiological indices
in soil Pb-rice (Oryza sativa L.) system. Chemosphere 2006, 65, 567-574. [CrossRef] [PubMed]

5. Aboelkassem, A.; Abd-Elaal, A.M.; Gad, A.M.; Saber, A.S. Experimental study on removal of toxic metals and nutrient salts from
secondary treated wastewater using Echinochloa pyramidalis and Ludwigia stolonifera. ]. Environ. Stud. 2021, 24, 15-25. [CrossRef]

6.  Abd-Elaal, A M.; Aboelkassem, A.; Gad, A.M.; Ahmed, S.A. Removal of heavy metals from wastewater by natural growing plants
on River Nile banks in Egypt. Water Pract. Technol. 2020, 15, 947-959. [CrossRef]

7. USEPA. Introduction to Phytoremediation; EPA 600/R-99/107; United States Environmental Protection Agency: Cincinnati, OH,
USA, 2000.

8.  Mazej, Z.G.; Germ, M. Myriophyllum spicatum and Najas marina as Bioindicators of Trace Element Contamination in Lakes.
J. Freshw. Ecol. 2010, 3, 25421-25426.

9.  Hammad, D.M. Cu, Ni and Zn phytoremediation and translocation by water hyacinth plant at different aquatic environments.
Aust. ]. Basic Appl. Sci. 2011, 5, 11-22.

10. Cunningham, S.D.; Ow, D.W. Promises and prospects of phytoremediation. Plant Physiol. 1996, 110, 715-719. [CrossRef]

11. Gardea-Torresdey, J.L.; Peralta-Videa, ].R.; Montes, M.; de la Rosa, G.; Corral-Diaz, B. Bioaccumulation of cadmium, chromium
and copper by Convolvulus arvensis L.: Impact on plant growth and uptake of nutritional elements. Bioresour. Technol. 2005, 92,
229-235. [CrossRef]

12.  Jadia, C.D.; Fulekar, M.H. Phytoremediation of heavy metals: Recent techniques. Afr. J. Biotechnol. 2009, 8, 921-928.

13.  Maine, M.A; Duarte, M.V.; Sune, N.L. Cadmium uptake by Pistia stratiotes. Water Res. 2001, 35, 2629-2634. [CrossRef]


http://doi.org/10.3109/17435390.2013.773464
http://www.ncbi.nlm.nih.gov/pubmed/23379603
http://doi.org/10.1016/j.ecoenv.2018.03.047
http://www.ncbi.nlm.nih.gov/pubmed/29605641
http://doi.org/10.1016/j.chemosphere.2006.02.039
http://www.ncbi.nlm.nih.gov/pubmed/16581104
http://doi.org/10.21608/jesj.2021.205300
http://doi.org/10.2166/wpt.2020.073
http://doi.org/10.1104/pp.110.3.715
http://doi.org/10.1016/j.biortech.2003.10.002
http://doi.org/10.1016/S0043-1354(00)00557-1

Plants 2022, 11, 636 12 of 13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Mishra, V.K,; Tripathi, B.D. Concurrent removal and accumulation of heavy metals by the three aquatic macrophytes. Bioresour.
Technol. 2008, 99, 7091-7097. [CrossRef] [PubMed]

Garbisu, C.; Alkorta, I. Phytoextraction: A cost-effective plant-based technology for the removal of metals from the environment.
Bioresour. Technol. 2001, 77, 229-236. [CrossRef]

El-Khatib, A.A.; Hegazy, A K.; Aboelkassem, A. Bioaccumulation potential and physiological responses of aquatic macrophytes
to pb pollution. Int. ]. Phytoremediat. 2014, 16, 29-45. [CrossRef]

Ali Nafea, E.-5.M. Ecological performance of Ludwigia stolonifera (Guill & Perr.) PH. Raven under different pollution loads. Egypt.
J. Aquat. Biol. Fish. 2019, 23, 39-50.

Saleh, H.M.; Bayoumi, T.A.; Mahmoud, H.H. Uptake of cesium and cobalt radionuclides from simulated radioactive wastewater
by Ludwigia stolonifera aquatic plant. Nucl. Eng. Des. 2017, 315, 194-199. [CrossRef]

Rocio Fernandez San Juan, M.; Carolina, B.; Albornoz, K.L.; Roberto, N. Bioaccumulation of heavy metals in Limnobium laevigatum
and Ludwigia peploides: Their phytoremediation potential in water contaminated with heavy metals. Environ. Earth Sci. 2018, 77,
404. [CrossRef]

Singh, R.; Tripathi, R.D.; Dwivedi, S.; Kumar, A.; Trivedi, PK.; Chakrabarty, D. Lead bioaccumulation potential of an aquatic
macrophyte Najas indica are related to antioxidant system. Bioresour. Technol. 2010, 101, 3025-3032. [CrossRef]

Vesely, T.; Tlustos, P.; Szakova, J. The Use of Water Lettuce (Pistia stratiotes L.) for Rhizofiltration of a Highly Polluted Solution by
Cadmium and Lead. Int. |. Phytoremediat. 2011, 13, 859-872. [CrossRef]

Soda, S.; Hamada, T.; Yamaoka, Y.; Ike, M.; Nakazato, H.; Saeki, Y.; Kasamatsu, T.; Sakurai, Y. Constructed wetlands for advanced
treatment of wastewater with a complex matrix from a metal processing plant: Bioconcentration and translocation factors of
various metals in Acorus gramineus and Cyperus alternifolius. Ecol. Eng. 2012, 39, 63-70. [CrossRef]

Salawu, M.O.; Sunday, E.T.; Oloyede, H.O.B. Bioaccumulative activity of Ludwigia peploides on heavy metals-contaminated water.
Environ. Technol. Innov. 2018, 10, 324-334. [CrossRef]

Albornoz, C.B.; Larsen, K.; Landa, R.; Quiroga, M.A.; Najle, R.; Marcovecchio, J. Lead and zinc determinations in Festuca
arundinacea and Cynodon dactylon collected from contaminated soils in Tandil (Buenos Aires Province, Argentina). Environ. Earth
Sci. 2016, 75, 742. [CrossRef]

Galal, T.M.; Al-Sodany, Y.M.; Al-Yasi, H.M. Phytostabilization as a phytoremediation strategy for mitigating water pollutants
by the floating macrophyte Ludwigia stolonifera (Guill. & Perr.) PH. Raven. Int. |. Phytoremediat. 2020, 22, 373-382. [CrossRef]
[PubMed]

Eid, EM.; Galal, TM.; Sewelam, N.A.; Talha, N.I.; Abdallah, S.M. Phytoremediation of heavy metals by four aquatic macrophytes
and their potential use as contamination indicators: A comparative assessment. Environ. Sci. Pollut. Res. Int. 2020, 27,12138-12151.
[CrossRef] [PubMed]

Afshan, S.; Alj, S.; Bharwana, S.A.; Rizwan, M.; Farid, M.; Abbas, E.; Ibrahim, M.; Mehmood, M.A.; Abbasi, G.H. Citric acid
enhances the phytoextraction of chromium, plant growth, and photosynthesis by alleviating the oxidative damages in Brassica
napus L. Environ. Sci. Pollut. Res. 2015, 22, 11679-11689. [CrossRef] [PubMed]

Farmer, E.E.; Mueller, M.J]. ROS-mediated lipid peroxidation and RES-activated signaling. Annu. Rev. Plant Biol. 2013, 64, 429-450.
[CrossRef]

Kanwal, U.; Alj, S.; Shakoor, M.B.; Farid, M.; Hussain, S.; Yasmeen, T.; Adrees, M.; Bharwana, S.A.; Abbas, F. EDTA ameliorates
phytoextraction of lead and plant growth by reducing morphological and biochemical injuries in Brassica napus L. under lead
stress. Environ. Sci. Pollut. Res. 2014, 21, 9899-9910. [CrossRef]

Keller, C.; Rizwan, M.; Davidian, ].C.; Pokrovsky, O.S.; Bovet, N.; Chaurand, P.; Meunier, J.D. Effect of silicon on wheat seedlings
(Triticum turgidum L.) grown in hydroponics and exposed to 0 to 30 uM Cu. Planta 2015, 241, 847-860. [CrossRef]

Rizwan, M.; Meunier, ].D.; Davidian, J.C.; Pokrovsky, O.S.; Bovet, N.; Keller, C. Silicon alleviates Cd stress of wheat seedlings
(Triticum turgidum L. cv. Claudio) grown in hydroponics. Environ. Sci. Pollut. Res. 2015, 23, 1414-1427. [CrossRef]

Tauqgeer, HM.; Ali, S.; Rizwan, M.; Ali, Q.; Saeed, R.; Iftikhar, U.; Ahmad, R.; Farid, M.; Abbasi, G.H. Phytoremediation of heavy
metals by Alternanthera bettzickiana: Growth and physiological response. Ecotoxicol. Environ. Saf. 2016, 126, 138-146. [CrossRef]
[PubMed]

Li, B.; Gu, B,; Yang, Z.; Zhang, T. The role of submerged macrophytes in phytoremediation of arsenic from contaminated water: A
case study on Vallisneria natans (Lour.) Hara. Ecotoxicol. Environ. Saf. 2018, 165, 224-231. [CrossRef] [PubMed]

Huan, X,; Shitao, P.; Xianbin, L.; Jianna, J.; Han, W. Phytoremediation of nutrients and organic carbon from contaminated water
by aquatic macrophytes and the physiological response. Environ. Technol. Innov. 2021, 21, 101295.

Piotrowska, A.; Bajguz, A.; Godlewska-Zykiewicz, B.; Czerpak, R.; Kaminska, M. Jasmonic acid as modulator of lead toxicity in
aquatic plant Wolffia arrhiza (Lemnaceae). Environ. Exp. Bot. 2009, 66, 507-513. [CrossRef]

Ehsan, S.; Ali, S.; Noureen, S.; Mahmood, K.; Farid, M.; Ishaque, W.; Shakoor, M.B.; Rizwan, M. Citric acid assisted phytoremedia-
tion of cadmium by Brassica napus L. Ecotoxicol. Environ. Saf. 2014, 106, 164-172. [CrossRef]

Mysliwa-Kurdziel, B.; Prasad, M.N.V.; Strzatka, K. Heavy Metal Influence on the Light Phase of Photosynthesis, Physiology and
Biochemistry of Metal Toxicity and Tolerance in Plants; Springer: Dordrecht, The Netherlands, 2002; pp. 229-255.

Cakmalk, I.; Marschner, H. Magnesium deficiency and highlight intensity enhance activities of superoxide dismutase, ascorbate
peroxidase and glutathione reductase in bean leaves. Plant Physiol. 1992, 98, 1222-1226. [CrossRef]


http://doi.org/10.1016/j.biortech.2008.01.002
http://www.ncbi.nlm.nih.gov/pubmed/18296043
http://doi.org/10.1016/S0960-8524(00)00108-5
http://doi.org/10.1080/15226514.2012.751355
http://doi.org/10.1016/j.nucengdes.2017.02.018
http://doi.org/10.1007/s12665-018-7566-4
http://doi.org/10.1016/j.biortech.2009.12.031
http://doi.org/10.1080/15226514.2011.560214
http://doi.org/10.1016/j.ecoleng.2011.11.014
http://doi.org/10.1016/j.eti.2018.04.001
http://doi.org/10.1007/s12665-016-5513-9
http://doi.org/10.1080/15226514.2019.1663487
http://www.ncbi.nlm.nih.gov/pubmed/31553230
http://doi.org/10.1007/s11356-020-07839-9
http://www.ncbi.nlm.nih.gov/pubmed/31984462
http://doi.org/10.1007/s11356-015-4396-8
http://www.ncbi.nlm.nih.gov/pubmed/25850739
http://doi.org/10.1146/annurev-arplant-050312-120132
http://doi.org/10.1007/s11356-014-3001-x
http://doi.org/10.1007/s00425-014-2220-1
http://doi.org/10.1007/s11356-015-5351-4
http://doi.org/10.1016/j.ecoenv.2015.12.031
http://www.ncbi.nlm.nih.gov/pubmed/26748375
http://doi.org/10.1016/j.ecoenv.2018.09.023
http://www.ncbi.nlm.nih.gov/pubmed/30199793
http://doi.org/10.1016/j.envexpbot.2009.03.019
http://doi.org/10.1016/j.ecoenv.2014.03.007
http://doi.org/10.1104/pp.98.4.1222

Plants 2022, 11, 636 13 of 13

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Ghnaya, B.A.; Charles, G.; Hourmant, A.; Hamida, B.J.; Branchard, M.C.R. Physiological behavior of four rapeseed cultivars
(Brassica napus L.) submitted to metal stress. Physiology 2009, 332, 363-370.

Ahmad, M.S.; Ashraf, M.; Hussain, M. Phytotoxic effects of nickel on yield and concentration of macro- and micro-nutrients in
sunflower (Helianthus annuus L.) Achenes. |. Hazard. Mater. 2010, 10, 234-240. [CrossRef]

Emamverdian, A.; Ding, Y.; Mokhberdoran, E; Xie, Y. Heavy metal stress and some mechanisms of plant defense response. Sci.
World J. 2015, 18, 756120. [CrossRef]

Duman, F,; Koca, ED. Single and combined effects of exposure concentration and duration on biological responses of Ceratophyllum
demersum L. Exposed to Cr species. Int. |. Phytoremediat. 2014, 16, 1192-1208. [CrossRef]

Muhammet, D.; Mehmet, K.; Muhammad, A. Cadmium and lead bioaccumulation potentials of an aquatic macrophyte Cerato-
phyllum demersum L.: A laboratory study. Ecotoxicol. Environ. Saf. 2018, 148, 431-440.

Alfadul, SM.S.; Al-Fredan, M.A.A. Effects of Cd, Cu, Pb, and Zn combinations on Phragmites australis metabolism, metal
accumulation and distribution. Arab. J. Sci. Eng. 2013, 38, 11-19. [CrossRef]

Chen, M.; Zhang, L.L.; Li, J.; He, X.J.; Cai, J.C. Bioaccumulation and tolerance characteristics of a submerged plant (Ceratophyllum
demersum L.) exposed to toxic metal lead. Ecotoxicol. Environ. Saf. 2015, 122, 313-321. [CrossRef] [PubMed]

Dhir, B.; Sharmila, P.; Pardha, S.P,; Sharma, P.; Kumar, R.; Mehta, D. Heavy metal induced physiological alterations in Salvinia
natans. Ecotoxicol. Environ. Saf. 2011, 74, 1678-1684. [CrossRef] [PubMed]

Leal-Alvarado, D.A.; Espadas, F.; Sdenz-Carbonell, L.; Talavera, C. Lead accumulation reduces photosynthesis in the lead
hyper-accumulator Salvinia minima Baker by affecting the cell membrane and inducing stomatal closure. Aquat. Toxicol. 2016, 171,
37-47. [CrossRef] [PubMed]

Manios, T.; Stentiford, E.I; Millner, P.A. The effect of heavy metals accumulation on the chlorophyll concentration of Typha latifolia
plants, growing in a substrate containing sewage sludge compost and watered with metaliferus water. Ecol. Eng. 2003, 20, 65-74.
[CrossRef]

Fawzy, M.A_; Badr, N.E.; El-Khatib, A.A.; Aboelkassem, A.M. Heavy metal biomonitoring and phytoremediation potentialities of
aquatic macrophytes in River Nile. Environ. Monit. Assess. 2012, 184, 1753-1771. [CrossRef]

Hoagland, D.R.; Arnon, D.I. The water-culture method for growing plants without soil. Calif. Agric. Exp. STN 1950, 347, 1-32.
Kara, Y.; Zeytunluoglu, A. Bioaccumulation of Toxic Metals (Cd and Cu) by Groenlandia densa (L.) Fourr. Bull. Environ. Contam.
Toxicol. 2007, 79, 609—612. [CrossRef]

Pandey, PK.; Verma, Y.; Choubey, S.; Pandey, M.; Chandrasekhar, K. Biosorptive removal of cadmium from contaminated ground
water and industrial effluents. Bioresour Technol. 2008, 99, 4420-4429. [CrossRef]

Kastratovi¢, V.; Ja¢imovi¢, Z.; Burovi¢, D.; Bigovi¢, M.; Krivokapi¢, S. Lemna minor L. as bioindicator of heavy metal pollution in
skadar lake (Montenegro). Kragujev. J. Sci. 2015, 37, 123-134. [CrossRef]

Deng, H.; Ye, Z.H.; Wong, M.H. Accumulation of lead, zinc, copper and cadmium by 12 wetland plant species thriving in
metal-contaminated sites in China. Environ. Pollut. 2004, 132, 29-40. [CrossRef]

Lichtenthaler, H.K.; Wellburn, A.R. Determinations of total carotenoids and chlorophylls a and b of leaf extracts in different
solvents. Biochem. Soc. Transmycol. 1983, 11, 591-593. [CrossRef]

Beauchamp, C.; Fridovich, I. Superoxide dismutase: Improved assays and an assay applicable to acrylamide gels. Anal. Biochem.
1971, 44, 276-287. [CrossRef]

Cakmak, I; Atli, M.; Kaya, R.; Evliya, H.; Marschner, H. Association of high light and zinc deficiency in cold induced leaf chlorosis
in grapefruit and mandarin trees. J. Plant Physiol. 1994, 146, 355-360. [CrossRef]

Ekmekci, Y.; Terzioglu, S. Effects of oxidative stress induced by paraquat on wild and cultivated wheats. Pestic. Biochem. Physiol.
2005, 83, 69-81. [CrossRef]

Sedmalk, J.J.; Grossberg, S.E. A rapid, sensitive, and versatile assay for protein using Coomassie brilliant blue G250. Anal. Biochem.
1977, 79, 544-552. [CrossRef]

Bizzo, A.L.; Intorne, A.C.; Gomes, PH.; Susuki, M.S.; Esteves, B.D. Short-term physiological responses to copper stress in Salvinia
auriculata Aubl. Acta Limnol. Bras. 2014, 26, 268-277. [CrossRef]


http://doi.org/10.1016/j.jhazmat.2010.10.045
http://doi.org/10.1155/2015/756120
http://doi.org/10.1080/15226514.2013.821450
http://doi.org/10.1007/s13369-012-0393-0
http://doi.org/10.1016/j.ecoenv.2015.08.007
http://www.ncbi.nlm.nih.gov/pubmed/26300117
http://doi.org/10.1016/j.ecoenv.2011.05.009
http://www.ncbi.nlm.nih.gov/pubmed/21724257
http://doi.org/10.1016/j.aquatox.2015.12.008
http://www.ncbi.nlm.nih.gov/pubmed/26742090
http://doi.org/10.1016/S0925-8574(03)00004-1
http://doi.org/10.1007/s10661-011-2076-9
http://doi.org/10.1007/s00128-007-9311-7
http://doi.org/10.1016/j.biortech.2007.08.026
http://doi.org/10.5937/KgJSci1537123K
http://doi.org/10.1016/j.envpol.2004.03.030
http://doi.org/10.1042/bst0110591
http://doi.org/10.1016/0003-2697(71)90370-8
http://doi.org/10.1016/S0176-1617(11)82068-7
http://doi.org/10.1016/j.pestbp.2005.03.012
http://doi.org/10.1016/0003-2697(77)90428-6
http://doi.org/10.1590/S2179-975X2014000300006

	Introduction 
	Results 
	Lead Removal and Accumulation 
	Pigment Content 
	Antioxidant Enzymes 
	Fresh and Dry Weight 
	Protein 
	Carbohydrate 

	Discussion 
	Materials and Methods 
	Plant Material and Growth Conditions 
	Metal Content Measurement 
	Determination of Photosynthetic Pigments 
	Antioxidant Enzymes Activity 
	Fresh and Dry Weight 
	Determination of Organic Solutes 
	Statistical Analysis 

	Conclusions 
	References

