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Abstract

Nickel contamination poses a serious risk to ecosystems and human health. Phytoremedia-
tion provides a sustainable solution. This study evaluates the ability of Helinathus annuus L.
to tolerate and accumulate nickel under simulated Mediterranean and semi-arid conditions,
representing a short-term contamination event with nickel-enriched irrigation. Laboratory
experiments assessed growth, tolerance, and Ni distribution within plant tissues. Results
showed that Ni uptake increased with concentration, mainly in roots, while translocation
to aerial parts remained limited. The bioconcentration factors ranged from 1.32 to 2.55,
and the translocation factors from 0.46 to 0.60, indicating efficient uptake but restricted
metal mobility. Higher water availability enhanced Ni absorption, suggesting that soil
moisture facilitates metal transport and root activity. Helinathus annuus L. demonstrated
good tolerance at moderate Ni levels but reduced growth and accumulation efficiency at
higher concentrations, confirming its potential for phytostabilization in Mediterranean
soils affected by metal contamination.

Keywords: nickel contamination; phytoremediation; H. annuus; nature-based solutions

1. Introduction

Environmental contamination has increased over the last 200 years due to industrial
activities, fossil fuel combustion, agriculture, and mining [1,2]. Heavy metals, produced
through processes such as metal smelting, coal burning, and industrial emissions, are
widespread pollutants [3-5]. The soil that is essential for plant growth and ecosystem
health, can be negatively affected by contaminants from industrial, agricultural, or improper
waste disposal sources, impacting both ecosystems and human health [6,7]. Unlike natural
contaminants, heavy metals are not biodegradable and tend to accumulate in soils [8].

Nickel (Ni) is a heavy metal with rust-resistant properties used in many different
industries, including making stainless steel, electroplating, and batteries. Ni can be released
from human activities emitted as oxides, sulfides, soluble compounds, and to a lesser
extent, as metallic Ni, the biggest source of Ni particles in the air is from burning fuels
like oil and coal [9]. Ni has the capacity to bioaccumulate within the soil and water
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environments, exerting deleterious effects on ecosystem health and biodiversity, for this
reason Ni contamination represents a significant hazard to both the environment and
human health [10-12]. Its toxicity has been demonstrated to disrupt biological processes
in plants and animals, resulting in reduced growth rates, reproductive issues, and even
mortality in certain species [13].

Elevated concentrations of Ni have been observed to induce chlorosis and necrosis
in plant tissue; this phenomenon can be caused by the disruption of iron uptake and
metabolism within the plant organism [14]. The presence of Ni in plants has been demon-
strated to have a negative effect on growth, which is evidenced by the inhibition of root
growth and the disruption of essential processes such as photosynthesis and nutrient
uptake [15]. The alteration of chloroplast structure, the impairment of enzyme activities,
and the induction of oxidative stress have been demonstrated to result in a reduction in
crop yield [16]. The transportation of water is impaired, thereby exacerbating dehydration
and the presence of Ni in soil has a direct impact on plant health, it also changes the
chemical and physical composition of the substrate, reducing the nutrients available and
affecting soil microflora causing environmental degradation and slowing down the natural
regeneration of ecosystems damaging soil fertility [17,18].

The implementation of mitigation strategies, including phytoremediation, soil amend-
ments, biochar addition, and microbial-assisted remediation, is essential to reduce Ni
toxicity and safeguard plant health and productivity [13].

Furthermore, the presence of Ni in food chains has the potential to pose a threat to
human health through the consumption of contaminated water and crops [17].

Additionally, Ni exposure has been linked to several health concerns in humans, the
inhalation of Ni particles has been demonstrated to result in respiratory ailments, including
asthma and bronchitis also Ni can be the cause of carcinogenesis, cardiovascular diseases,
and neurological disorders [19,20].

Within the regulatory framework, European Directive 2004/107/EC and Italian leg-
islation [21] establish explicit limits for the presence of heavy metals in soils and water.
However, despite the existence of regulatory frameworks, the remediation of contaminated
sites remains a complex challenge due to the high costs of conventional technologies, thus
rendering phytoremediation an attractive alternative.

A variety of restoration technologies are available for the remediation of soils contami-
nated by heavy metals, phytoremediation has been shown to offer distinct advantages in
terms of cost-effectiveness, environmental friendliness, and high public acceptance [22].
Phytoremediation, a technique employing plants to mitigate the adverse effects of heavy
metals on the environment [23], encompasses various approaches, including phytoextrac-
tion, phytodegradation, phytostabilization, and phytovolatilization [24,25].

Phytoremediation is regarded as a promising eco-friendly method for mitigating
pollution in contaminated sites. Although the potential of this approach is demonstrated
by full-scale and pilot studies that also reveal certain disadvantages, including variable
costs which are dependent on contaminant concentration and soil properties [26,27]. It is
important to note that phytoremediation has been shown to be cost-effective, particularly
in the context of organic contaminant removal. Additionally, there is a possibility that it
may also contribute to the sequestration of CO; [28].

In the context of the exigency to mitigate climate change, it is important to contemplate
the selection of plant species not solely for their remediation capacities, but also for their
prospective contributions to carbon sequestration [29,30]. The strategic selection of species
that possess the capacity for high carbon storage capacity can position phytoremediation as
a dual-purpose solution, thereby addressing objectives related to both pollution remediation
and climate change mitigation [31].
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Hyperaccumulators are defined by their capacity for accelerated growth and brief
biological cycles, often exhibiting the capability to accumulate metals or metalloids at levels
that are hundreds to thousands of times greater than typical concentrations [32,33]. This
attribute renders them a subject of considerable interest, as their inherent properties suggest
a heightened capacity for efficient metal uptake and enhanced biomass production, thereby
facilitating more straightforward harvesting procedures [34,35].

The capacity of a plant to accumulate heavy metals from contaminated soils is pre-
dominantly attributable to the behavior of the plant’s root system upon exposure to the
pollutant, indeed metal ions are known to enter the root symplast and are subsequently
chelated by organic ligands, thus mitigating toxicity [36]. Under the alkaline conditions
of the cytoplasmic matrix, amino acids are conducive to metal complexation [37]. Car-
boxylic acids are likely to be the predominant chelating agents for Ni in roots, particularly
when elevated concentrations of Ni are retained within root vacuoles following extended
cultivation periods [38].

One common metric to measure a plant’s ability to clean up pollution is its translo-
cation factor (TF). TF represents the ratio of Ni concentration in the aboveground plant
parts to the Ni concentration in the root and rhizome system. It indicates how effectively
a plant moves heavy metals from its roots to its leaves, which is crucial for cleaning up
contaminated soil using phytoremediation [39]. Even though being a hyperaccumulator
is highly advantageous for phytoremediation, a plant with rapid growth and significant
biomass production could be suitable even with modest levels of hyperaccumulation.

Helinathus annuus L. is extensively utilized in Italy for its role in agricultural and
energy sectors. Its seeds are harvested for agro-food consumption. H. annuus is a crucial
raw material for biofuel production, contributing to renewable energy sources [40-42]. H.
annuus shows great promise for phytoremediation due to its rapid biomass production.
Studies have demonstrated that sunflowers can effectively remove heavy metals from
contaminated soils, making them a valuable tool for environmental cleanup [43—48]. Several
studies have assessed the phytoremediation capacity of H. annuus, yielding favorable
outcomes [49-51]. Phytoremediation abilities of Ni by H. annuus vary depending on the
conditions. Evaluating these capacities under different conditions makes it possible to
select the most suitable plant species for the phytoremediation of polluted soils, to assess
the adaptability of plants to climate change, it is essential to consider not only their ability
to decontaminate, but also their resilience to changes in environmental conditions [52-54].
The limited number of studies assessing the phytoremediation capacity of H. annuus under
Mediterranean and semi-arid conditions highlights the need for further investigation.

The aim of this study is to assess the ability of H. annuus to accumulate and translocate
Ni under Mediterranean and semi-arid water conditions, simulating acute contamination
events caused by runoff of contaminated water. The present study aims to contribute to
phytoremediation strategies by examining the uptake and distribution of Ni in H. annuus.

2. Materials and Methods

An experimental investigation was conducted under laboratory conditions to assess
the efficacy of remediation for Ni-contaminated soils in two different hydraulic conditions,
simulating a pollutant event due to Ni transport in an aqueous solution.

The plants used in the experiment were derived from seeds purchased from a commer-
cial supplier, to simulate a simple and easily replicable operational approach to phytoreme-
diation. Both growth and tolerance tests were carried out by measuring the entire plant at
regular intervals of weeks. The seeds were germinated in a plate containing a thin layer of
soil substrate, which was kept consistently moist by daily misting. After approximately
three weeks, when the seedlings exhibited a sufficiently developed root system and stem to
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allow transplantation, each plant was transferred into an individual pot. The experiment
was conducted using a total of 18 pots, with one plant per pot, arranged in three replicates
for each experimental condition.

The study began with a growth test, wherein the growth of H. annuus was evaluated
within mediterranean climatic condition and semi-arid condition, a tolerance test for each
hydraulic condition, and an evaluation of phytoremediation capacity for each hydraulic
condition. This involved placing eighteen samples of plants in separate pots, each with
a diameter of 0.25 m and a height of 0.20 m and 3 samples of control pot. Each pot had a
horizontal surface area of 0.049 m? and a capacity of 0.01 m>.

The substrate consisted of a calcareous soil typical of the Bari area (Italy), with a pH of
7.5, a bulk density of approximately 1.4 Mg/m?, and carbon and nitrogen contents of about
1.5% and 0.5% of the dry weight (dw), respectively.

Tap water was used for irrigation, with bicarbonate levels of 269.0 mg/L, calcium at
30.70 mg/L, potassium at 27.80 mg/L, magnesium at 9.30 mg/L, nitrate (N) at 8.10 mg/L,
phosphate (P) at 1.20 mg/L, and fluorides at 1.0 mg/L.

The experiment included two irrigation regimes: one based on a precipitation level of
600 mm/year, typical of Mediterranean conditions, and a second representing semi-arid
conditions with 400 mm/year. Accordingly, a total of 18 pots were used, nine for each irri-
gation treatment, resulting in continuous irrigation rates of 1.644 mm/day (0.0805 L/day)
and 1.096 mm/day (0.0536 L/day), respectively.

The tolerance test was conducted by irrigating H. annuus plants with Ni-enriched
solutions prepared by dissolving NiSO4-6H,O in tap water. Ni contamination of the soil
was induced gradually through daily irrigation over a 12-day period, aiming to reach final
concentrations of 120 mg Ni/kg and 80 mg Ni/kg of dry soil.

The samples irrigated under 600 mm/y were named TM120 and TM80, indicating
treatments under Mediterranean conditions with target concentrations of 120 mg Ni/kg and
80 mg Ni/kg, respectively, while those irrigated under 400 mm/y were named TD120 and
TD80, representing treatments under semi-arid conditions with the same contamination
targets. The corresponding control pots were labeled C600 for mediterranean conditions
and C400 for dry conditions.

For the Mediterranean regime, the Ni concentrations in the irrigation water were
approximately 497 mg/L and 331 mg/L to reach the 120 mg/kg and 80 mg/kg targets,
respectively. Under semi-arid conditions, the corresponding concentrations were approxi-
mately 747 mg/L and 498 mg/L. These contamination levels were selected to evaluate the
phytoremediation potential of H. annuus in relation to the Italian regulatory threshold for
Ni in soils (120 mg Ni/kg, D) [21]. The contamination simulated a short-term pollution
event, in which high Ni concentrations are introduced by runoff following intense rainfall
in industrial areas, resulting in temporary exceedance of regulatory limits.

After 12 weeks from the beginning of the Ni contamination treatment, the plants were
harvested and divided into roots, stems, and leaves, each part was washed with tap water
to remove soil particles and other debris. The tissues were cut into small fragments and
dried at 70 °C until constant weight, afterwards, the dried material was triturated to a
particle size of approximately 0.2 mm and homogeneously mixed, to obtain a fine and
uniform powder that ensures representative subsampling and improves the efficiency of
the subsequent chemical digestion. Finally, 0.50 g of the prepared plant material was placed
in a desiccator to prevent moisture uptake from the atmosphere and to maintain a stable
dry weight prior to analysis.

The soil samples were initially treated with a mixture of concentrated nitric acid
(HNO3) and hydrochloric acid (HCl) in a closed system equipped with a quartz power
system, utilizing a 7:1 ratio. The mixture was contained within a sealed fluorocarbon
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polymer bottle with a fume extraction system. The resulting liquid was diluted to 50.0 mL
in acid-cleaned vials. For the analysis of Ni, dried soil samples (2 g) were digested with
aqua regia (a mixture of concentrated HNO3; and HCl in a 1:4 ratio) in 100.0 mL digestion
tubes covered by a funnel.

Digestion occurred at 155 °C until approximately 5 mL remained in the tube. This
process was repeated with an additional 25 mL of aqua regia. The resulting solution
was filtered using 10 um membrane filters, and the filtrate was diluted to 25.0 mL with
deionized and distilled water for Ni analysis.

Throughout the experiments, environmental conditions such as light, atmospheric
humidity, and air temperature were maintained at controlled levels. Nickel concentra-
tions in plant tissues were quantified using inductively coupled plasma optical emission
spectrometry (ICP-OES), which was also used for the analysis of soil samples [55,56].

To evaluate the plant’s capacity to accumulate nickel from the soil, the Bioconcentration
Factor (BCF) was calculated as the average between the Ni concentration of all tissues and
the Ni concentration in the soil (dry weight basis). To assess the movement of Ni from roots
to aboveground tissues, the Translocation Factor (TF) was calculated as the ratio between
the Ni concentration in the whole aerial biomass (stems + leaves) and the Ni concentration
in roots [39].

[[NI] stem T [Ni]root + [Ni]leaf] /3 TF = [Nl] stem T [Ni]leaf
[Ni]soil [Ni]root

This expression provides an integrated measure of metal transfer to aboveground

BCF =

tissues and reflects the plant’s overall translocation efficiency under the applied nickel
contamination treatments.

To validate the results obtained, statistical analyses were conducted to assess the effects
of pollutant concentration and plant organ on Ni accumulation in H. annuus under each
irrigation regime. Two-way ANOVAs were performed separately for the 600 mm/y and
400 mm/y conditions, both for Ni concentrations and for the total Ni mass accumulated
in plant tissues. For bioconcentration (BCF) and translocation (TF) factors, a two-way
ANOVA including water regime and treatment was applied. When significant effects were
detected, Tukey’s post hoc tests were used to identify pairwise differences. All analyses
were performed in R (version 2024.12), with statistical significance set at p < 0.05.

3. Results and Discussion

The phytoremediation capacity was evaluated by analyzing Ni accumulation in plant
tissues. The average dry biomass of plants roots grown under mediterranean conditions
was 0.22 kg (SD = 0.02) of TM120 plants, 0.23 kg (SD = 0.02) in TM80 plants, and 0.26 kg
(SD = 0.02) in the control C600. The stem biomass reached 0.1 kg (SD = 0.01) in TM120,
0.15 kg (SD = 0.01) in TM80, and 0.18 kg (SD = 0.01) in C600, while the leaf biomass was
0.1 kg (SD =0.01), 0.14kg (SD = 0.01), and 0.15 kg (SD = 0.01) for TM120, TM80, and C600,
respectively. Under semi-arid conditions (400 mm y~1), root dry biomass amounted to
0.18 kg (SD = 0.01) for TD120, 0.18 kg (SD = 0.01) for TD80, and 0.19 kg (SD = 0.01) for the
control C400. Stem biomass was 0.1 kg (SD = 0.01) in TD120, 0.13 kg (SD = 0.01) in TD80,
and 0.15 kg (SD = 0.01) in C400, whereas leaf biomass reached 0.09 kg (SD = 0.01), 0.1 kg
(SD =0.01), and 0.14 kg (SD = 0.01) for TD120, TD80, and the control, respectively.

The growth test shown in Figure 1, that consisted in evaluating the plants under stable
and contamination-free conditions, in order to compare their development under the two
different irrigation regimes, showed a total height increase of approximately 26 cm (ds 2.2)
for plants irrigated under the 600 mm/y regime and 23 cm (ds 1.8) under the 400 mm/y
regime over a 12-week period. These correspond to average growth rates of 3.13 cm/week
and 2.66 cm/week, respectively. The linear regression for the 600 mm/y regime followed
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the equation y = 0.0972x + 2.4948 (R? = 0.6464), while that for the 400 mm/y regime was
y = 0.0479x + 2.3457 (R? = 0.2541).

& 600 mm/y: y = 0.0672x + 2.6248
o R2 = 0.5‘941
S 600 mmly © “
4 S 400 mmly
— O
L
£ 3 1
E ¢
2
o
s
O]
1
0 R

1 2 3 4 5 6 7 8 9 10 11 12
Weeks
Figure 1. Weekly growth rate of H. annuus grown under 400- and 600 mm y~! water regimes.

Points represent means =+ standard deviation of nine replicates. Linear regression lines illustrate the
temporal growth trends for each irrigation level.

To compare the growth rates of the two irrigation regimes, the slope of weekly growth
for each plant was calculated, and a t-test was applied to the slopes. The comparison
yielded no significant differences between treatments (p > 0.05). This finding suggests that
the increase in water availability did not have a substantial impact on the overall growth
rate. However, it is evident from Figure 1 that the growth of the samples cultivated under
the 400 mm/y water regime is lower. This result demonstrates the adaptability of H. annuus
to more severe water conditions, although it was carried out under laboratory conditions
that do not consider numerous external variables.

The higher slope and stronger correlation observed under 600 mm/y could indicate
a more stable and sustained growth trend, suggesting that greater water availability fa-
vored vegetative development, instead the reduced growth rate and lower R? value under
400 mm/y reflect a more variable response to limited water supply, consistent with the
physiological stress typically induced by semi-arid conditions. Plant growth is still evident,
despite the more severe water conditions so this highlight how H. annuus can resist even in
semi-arid conditions.

Figure 2 illustrates the tolerance response of H. annuus to Ni contamination under the
two irrigation regimes. Under mediterranean water availability (600 mm/y), growth rates
progressively declined with increasing Ni concentration. Control plants (C600) showed the
highest and most stable growth throughout the experiment, exhibiting a slightly positive
trend (y = 0.0658x + 3.4019; R? = 0.777). Plants samples treated with 80 mg Ni/kg (TM80)
maintained intermediate values and a nearly stable growth pattern (y = —0.031x + 3.4076;
R? = 0.314), while those exposed to 120 mg Ni/kg (TM120) showed a marked and continu-
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Growth rate (mmd™")

ous decline in growth rate (y = —0.1672x + 3.3247; R? = 0.887). This decline became evident
after week 4 and is likely attributable to cumulative Ni toxicity, which is known to impair
photosynthetic efficiency and nutrient assimilation in metal-stressed plants [15].

Treatment =e= C600 =e= TM80 -e= TM120 Treatment =e= C400 =e= TD80 =e= TD120

C600: y = 0.0658x + 3.4019; R2 = 0.777

TM80: y =-0.0310x + 3.4076; R2 = 0.314

TM120: y =-0.1672x + 3.3247; R2 = 0.8¥7

C400: y = 0.0450x + 1.6721; R2 = 0.266

TD80: y = 0.0411x + 1.4779; R2 = 0.197

TD120: y =-0.0595x + 1.5628; R2 = 0.604

Growth rate (mmd™")

75 10.0 125
Weeks

Figure 2. Tolerance test showing growth of H. annuus exposed to 0, 80, and 120 mg Ni/kg under 600
and 400 mm /Yy irrigation. Points show weekly means (n = 3) &+ SD, with linear regression lines for
each treatment. Statistical analyses on growth slopes are reported in the text.

Under semi-arid conditions (400 mm/y), all treatments displayed lower growth rates
compared to the Mediterranean regime, reflecting the additional limitation imposed by
reduced water availability. The control samples (C400) still showed the highest growth rate
and a weakly positive trend (y = 0.045x + 1.6721; R? = 0.266), whereas TD80 plants exhibited
a nearly constant but low growth (y = 0.0411x + 1.4779; R? = 0.197). The TD120 treatment
experienced the strongest inhibition (y = —0.0595x + 1.5628; R? = 0.604), suggesting a
synergistic effect between Ni stress and water deficit that further reduced the plant’s
vegetative performance.

To evaluate the combined effect of water availability and Ni concentration on growth
dynamics, a two-way ANOVA was performed using the growth slope calculated for
each plant over the 12-week interval as the response variable. The analysis showed that
both pollutant concentration and water flow rate have a significant influence on growth
slope. In particular, the ANOVA revealed a highly significant main effect of concentration
(p < 0.05), indicating that an increase in concentration leads to a significant reduction in
growth rate. Water flow also showed a significant effect (p < 0.05), with higher average
values under the 600 mm/y treatment compared to 400 mm/y. Post hoc analyses (Tukey’s
test) conducted confirmed significant differences between concentrations, furthermore, at
400 mm /'y, slopes were significantly lower in the TD120 treatment than in both the control
(p < 0.05) and the TD80 treatment (p < 0.05).

The behavior of the two regimes confirms that adequate water availability mitigated
the negative impact of Ni contamination, promoting higher growth rates and partially
compensating for metal-induced stress.

Factors influencing H. annuus tolerance to Ni include genetics, uptake capacity, and
detoxification mechanisms; however, it seems that the correspondence between toler-
ance and Ni pollution suggests higher stress at elevated levels, possibly affecting growth
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and metabolism [17]. Further research is needed to understand these mechanisms and
their implications.

As shown in Figure 3, Ni concentrations measured in plant tissues after 12 weeks
revealed a consistent distribution pattern across both irrigation regimes, with the highest
accumulation occurring in roots, followed by stems and leaves. Under Mediterranean
conditions (600 mm/y), plants exposed to 120 mg Ni/kg (TM120) accumulated on av-
erage 503 mg Ni/kg dw in roots, 194 mg Ni/kg dw in stems, and 109 mg Ni/kg dw in
leaves, whereas at the lower contamination level (TM80) the corresponding values were
375 mg Ni/kg dw, 129 mg Ni/kg dw, and 59 mg Ni/kg dw, respectively. Under semi-arid
conditions (400 mm/y), the same decreasing trend from roots to aerial parts was observed,
with overall lower concentrations. Plants treated with 120 mg Ni/kg (TD120) accumulated
392 mg Ni/kg dw in roots, 155 mg Ni/kg dw in stems, and 61 mg Ni/kg dw in leaves,
while those treated with 80 mg Ni/kg (TD80) showed 254 mg Ni/kg dw, 106 mg Ni/kg dw,
and 49 mg Ni/kg dw, respectively.

Treatment [l T™™80 (80 mg Nikg) [l TM120 (120 mg Nirkg) Treatment [Jll D80 (80 mg Nikg) [l TD120 (120 mg Nirkg)

a
a
b
b
a
a 200 a
a
a
a a
ﬁ i a
0 i
Root Stem Leaf

Root Stem Leaf

IS
S
3

N

S

3

Ni concentration (mg/kg dw)
Ni concentration (mg/kg dw)

0

Figure 3. Nickel concentration (mg kg_1 dw) in plant tissues (roots, stems, and leaves) after 12 weeks
under two irrigation regimes. The (left) plot shows plants grown under Mediterranean conditions
(600 mm/y), and the (right) shows plants grown under dry conditions (400 mm/y). Values represent
the mean of three biological replicates & SD. Letters indicate statistically significant differences among
treatments within each tissue (p < 0.05).

The two-way ANOVA revealed a highly significant effect of tissue type (p < 0.001)
and a significant effect of treatment concentration (p < 0.05) under both irrigation regimes,
whereas the interaction between the two factors was not significant (p > 0.05). This indicates
that Ni accumulation differs markedly among tissues and increases with the applied
Ni concentration, independently of the water regime. Post hoc analyses (Tukey’s test)
confirmed that roots accumulated significantly more Ni than stems and leaves under all
irrigation conditions.

Within the dry regime (400 mm/y), TD120 roots accumulated significantly more
Ni than TD80 roots (p < 0.05), whereas no differences were detected in stems or leaves
(p > 0.05). A similar outline was observed under Mediterranean conditions (600 mm/y):
TM120 roots showed significantly higher Ni concentrations than TM80 (p < 0.05), while
stems and leaves did not differ between treatments.

Ni accumulation depended strongly on plant tissue, being highest in roots, interme-
diate in stems and lowest in leaves, and increasing consistently with the applied contam-
ination level. Across all treatments, Ni remained predominantly restricted to the roots,
confirming the limited translocation of the metal to above-ground organs in H. annuus.
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H. annuus therefore demonstrated effective tolerance to Ni and maintained consis-
tent accumulation in the root under both moisture conditions, supporting its potential
application for phytostabilization in Mediterranean environments subject to dry period.

The total amount of Ni accumulated in the plant tissues, as illustrated in Figure 4,
confirmed the distribution trends observed in the concentration data. It was evident that
the majority of Ni was retained in the root system under both irrigation regimes. In the
context of Mediterranean conditions (600 mm/y), plants exposed to elevated levels of
contamination (TM120) exhibited a significant accumulation of nickel (Ni) in their roots,
reaching approximately 109.59 mg, in contrast to the 69.80 mg observed in plants exposed
to TM80. A significantly lower quantity was recorded in the aerial part, with values of
21.15 mg and 19.9 mg being recorded in stems and 10.92 mg and 8.5 mg being recorded in
leaves for TM120 and TMS80, respectively.

Treatment [Jll ™80 (80 mg Nirkg) [l TM120 (120 mg Nirkg) Treatment [l TD80 (80 mg Nikg) [l TD120 (120 mg Nikg)

a
b
a
R a
aa
-i o T
M .
iﬁ o - = T

Rc’)ot Stem Leaf Root Stem Leaf

100 4

o
S

3
Total Ni in tissue (mg)

Total Ni in tissue (mg)

Figure 4. Total amount of Ni accumulated in plant tissues (roots, stems, and leaves) of H. annuus after
12 weeks under two irrigation regimes. The (left) plot refers to Mediterranean conditions (600 mm/y),
while the (right) refers to dry conditions (400 mm/y). Values represent the mean of three biological
replicates per treatment + SD. Letters indicate statistically significant differences among treatments

within each tissue (p < 0.05).

Under semi-arid conditions (400 mm/y), total Ni uptake decreased. Plants from
treatment TD120 accumulated around 68.8 mg of Ni in roots and 15.18 mg in stems, while
TD80 reached 46.57 mg and 13.73 mg. In the leaves, the total Ni content was limited to
5.3 mg for TD120 and 4.8 mg for TD80.

The analysis of variance showed a highly significant effect of tissue type under both ir-
rigation regimes (p < 0.001), confirming that roots retained the largest Ni fraction compared
with stems and leaves. The effect of treatment was significant at 600 mm/y (p < 0.05) and
approached significance at 400 mm/y (p = 0.050), while the interaction between tissue and
treatment was not significant in either regime (p > 0.05), indicating that the pattern of Ni
partitioning among tissues remained consistent across treatments.

Tukey’s post hoc test confirmed that roots accumulated significantly more Ni than
stems and leaves in both regimes (p < 0.001). Regarding treatment effects, TM120 plants
showed significantly higher total Ni uptake than TM80 in the 600 mm/y regime (p < 0.05),
while the difference between TD120 and TD80 under 400 mm/y irrigation approached
significance but did not exceed the 0.05 threshold (p = 0.050). No significant differences
between treatments were detected in stems or leaves in either irrigation regime, supporting
the observation that Ni translocation from roots to shoots remained limited.
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In relation to the preceding findings concerning the data from Figure 3, it can be stated
that an increase in environmental Ni concentrations is accompanied by a corresponding
increase in Ni uptake and accumulation within H. annuus tissues. The roots exhibit the
highest Ni concentrations, as they serve as the primary site of uptake from the soil, followed
by the stems and then the leaves. This behavior is consistent with that exhibited by
sunflowers in general, which are capable of absorbing and storing heavy metals from
their surroundings [57-60] The translocation mechanism in plants frequently serves as a
detoxification process by chelating heavy metals within inactive sites, the primary storage
site for excess Ni is evidently within the plant roots, a trend consistently observed in similar
previous studies [61-63].

Figure 5 reports the translocation factors (TF) and bioconcentration factors (BCF)
calculated for H. annuus under the two irrigation regimes, showing clear differences associ-
ated with both water availability and Ni concentration. Under Mediterranean conditions
(600 mm y_l), the mean TF values were 0.60 (SD= 0.1) for TM120 and 0.50 (SD= 0.1) for
TM80, while the corresponding BCF values were 2.24 (SD= 0.1) and 2.35 (SD= 0.2), respec-
tively. Under semi-arid conditions (400 mm y_l), TF values were 0.55 (SD= 0.1) for TD120
and 0.62 (SD= 0.05) for TD80, and the corresponding BCF values were 1.69 (SD= 0.2) and
1.71 (SD= 0.3), respectively.

Treatment [l Tveo [l ™120 B Toso [l o120 Treatment [l Tvso [l T™120 [ toso [l o120
a 08 a
& a
a a
a
a
2 06
'
9] it 04
2 S
;
02
0 00
TMg0 ™20 D80 D120 ™80 T™™120 TD80 D120

Figure 5. Bioconcentration factor (BCF) and translocation factor (TF) values for each treatment. Values
are means =+ SD. Different letters would indicate significant differences (Tukey, p < 0.05); however,
no significant pairwise differences were detected for either BCF or TF, resulting in the same letter
across treatments.

The two-way ANOVA performed on BCF revealed a significant effect of water regime,
with plants grown under 600 mm y~! showing higher BCF values than those under
400 mm y~!. In contrast there is not significant effect of treatment concentration. Tukey’s
post hoc test indicated that, despite numerical differences, the four treatments formed
statistically overlapping groups, with no treatment pair differing significantly at p < 0.05.
In contrast, the translocation factor (TF) did not show significant differences between
treatments or water regimes. TF values remained relatively stable across all experimental
conditions, indicating that the capacity of H. annuus to move Ni from roots to above-
ground organs is conservative and independent by water availability or Ni concentration in
the soil.

Compering with previous literature, the TF values obtained in this study (0.46-0.58)
are like the intermediate range. Jadia & Fuleka [42] reported considerably lower TF
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values for Ni (0.14-0.24), suggesting reduced movement from roots to shoots, whereas
Mohammadzadeh et al. [44] documented much higher TF values (up to 2.6). Similarly,
De Bernardi et al. [51] found TF values between 0.84 and 2.04. Such discrepancies highlight
that Ni translocation capacity may vary substantially due to differences in plant ecotypes,
soil characteristics, or experimental conditions [51,53,64,65].

In this study, the moderately elevated BCF observed under the TM80 treatment indi-
cates a more favorable physiological balance at moderate Ni levels, while TF remained low
and stable across treatments.

Overall, H. annuus demonstrates a strong capacity to tolerate Ni and to retain it pre-
dominantly within the root compartment. Although its low TF values limit its potential for
phytoextraction, the combination of high root Ni retention, physiological robustness, and
consistent performance across irrigation regimes supports its suitability for phytostabiliza-
tion in Mediterranean soils contaminated by Ni [51,66,67].

4. Conclusions

The study demonstrates that H. annuus shows a consistent growth in Mediterranean
irrigation conditions and sufficient development even in semi-arid conditions. Also,
H. annuus shows a moderate tolerance to nickel Ni contamination, with metal uptake
increasing with Ni concentration, especially in the root system. The bioconcentration
factors and translocation factor values indicating efficient root absorption but limited metal
transfer to aerial parts. These results suggest that Ni accumulation is primarily confined to
roots tissues, confirming a phytostabilization rather than phytoextraction behavior.

Water availability influenced both plant growth and metal dynamics, with higher
BCF values and greater total Ni accumulation observed under Mediterranean irrigation
(600 mm/y) compared to semi-arid conditions (400 mm/y). The reduction in both indica-
tors at higher concentrations highlights a physiological limitation and a possible tolerance
threshold between 80 and 120 mg Ni/kg. However, H. annuus, with its ability to grow
even in unfavorable water conditions, has demonstrated resilience and effectiveness in
Ni retention, confirming its potential use in phytostabilisation strategies for contaminated
soils in Mediterranean environments and in semi-arid conditions.

Author Contributions: Conceptualization, A.C.R., E.R. and L.L.; Methodology, E.R.; Software, L.L.;
Validation, ].A.H.M., G.D. and S.G.; Formal Analysis, ER. and G.D.; Investigation, A.C.R. and E.R;;
Resources, E.R.; Data Curation, L.L. and S.G.; Writing—Original Draft Preparation, E.R., L.L. and
A.C.R,; Writing—Review and Editing, L.L. and E.R.; Visualization, J].A.H.M. and ER.; Supervision,
S.G. and G.D.; Project Administration, E.R. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

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

1. Velea, T.; Gherghe, L.; Predica, V.; Krebs, R. Heavy Metal Contamination in the Vicinity of an Industrial Area near Bucharest.
Environ. Sci. Pollut. Res. 2009, 16, 27-32. [CrossRef] [PubMed]

Abdelhafez, A.A ; Li, ].; Abbas, M.H.H. Feasibility of Biochar Manufactured from Organic Wastes on the Stabilization of Heavy

Metals in a Metal Smelter Contaminated Soil. Chemosphere 2014, 117, 66-71. [CrossRef] [PubMed]
3. USEPA. Cleaning Up the Nation’s Waste Sites: Markets and Technology Trends, United States Environmental Protection Agency EPA/542/R-
96/005; USEPA: Washington, DC, USA, 1997.


https://doi.org/10.1007/s11356-008-0073-5
https://www.ncbi.nlm.nih.gov/pubmed/19101745
https://doi.org/10.1016/j.chemosphere.2014.05.086
https://www.ncbi.nlm.nih.gov/pubmed/24972072

Environments 2025, 12, 487 12 of 14

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

Yang, Q.; Li, Z; Lu, X,; Duan, Q.; Huang, L.; Bi, ]. A Review of Soil Heavy Metal Pollution from Industrial and Agricultural
Regions in China: Pollution and Risk Assessment. Sci. Total Environ. 2018, 642, 690-700. [CrossRef] [PubMed]

Jaskulak, M.; Grobelak, A.; Vandenbulcke, F. Modelling Assisted Phytoremediation of Soils Contaminated with Heavy
Metals—Main Opportunities, Limitations, Decision Making and Future Prospects. Chemosphere 2020, 249,
126196. [CrossRef]

Kelepertzis, E. Accumulation of Heavy Metals in Agricultural Soils of Mediterranean: Insights from Argolida Basin, Peloponnese,
Greece. Geoderma 2014, 221-222, 82-90. [CrossRef]

Alengebawy, A.; Abdelkhalek, S.T.; Qureshi, S.R.; Wang, M.-Q. Heavy Metals and Pesticides Toxicity in Agricultural Soil and
Plants: Ecological Risks and Human Health Implications. Toxics 2021, 9, 42. [CrossRef]

Zhang, J.; Xu, Y.; Wu, Y,; Hu, S.;; Zhang, Y. Dynamic Characteristics of Heavy Metal Accumulation in the Farmland Soil over
Xiaoginling Gold-Mining Region, Shaanxi, China. Environ. Earth Sci. 2019, 78, 25. [CrossRef]

Genchi, G.; Carocci, A.; Lauria, G.; Sinicropi, M.S.; Catalano, A. Nickel: Human Health and Environmental Toxicology. Int. ].
Environ. Res. Public Health 2020, 17, 679. [CrossRef]

Keim, W. Nickel: An Element with Wide Application in Industrial Homogeneous Catalysis. Angew. Chem. Int. Ed. Engl. 1990, 29,
235-244. [CrossRef]

Ranieri, E.; D’Onghia, G.; Ranieri, F; Petrella, A.; Spagnolo, V.; Ranieri, A.C. Phytoextraction of Cr(VI)-Contaminated Soil by
Phyllostachys Pubescens: A Case Study. Toxics 2021, 9, 312. [CrossRef]

Begum, W.; Rai, S.; Banerjee, S.; Bhattacharjee, S.; Mondal, M.H.; Bhattarai, A.; Saha, B. A Comprehensive Review on the Sources,
Essentiality and Toxicological Profile of Nickel. RSC Adv. 2022, 12, 9139-9153. [CrossRef]

Bhalerao, S.A.; Sharma, A.S.; Poojari, A.C. Toxicity of Nickel in Plants. Int. ]. Pure App. Biosci. 2015, 3, 345-355.

Crooke, W.M.; Hunter, ].G.; Vergnano, O. The Relationship Between Nickel Toxicity and Iron Supply. Ann. Appl. Biol. 1954, 41,
311-324. [CrossRef]

Hassan, M.U.; Chattha, M.U.; Khan, I.; Chattha, M.B.; Aamer, M.; Nawaz, M.; Ali, A.; Khan, M.A.U.; Khan, T.A. Nickel Toxicity in
Plants: Reasons, Toxic Effects, Tolerance Mechanisms, and Remediation Possibilities—A Review. Environ. Sci. Pollut. Res. 2019,
26, 12673-12688. [CrossRef]

Qiao, M.; Hong, C.; Jiao, Y.; Hou, S.; Gao, H. Impacts of Drought on Photosynthesis in Major Food Crops and the Related
Mechanisms of Plant Responses to Drought. Plants 2024, 13, 1808. [CrossRef] [PubMed]

Rizwan, M.; Usman, K.; Alsafran, M. Ecological Impacts and Potential Hazards of Nickel on Soil Microbes, Plants, and Human
Health. Chemosphere 2024, 357, 142028. [CrossRef] [PubMed]

Rahi, A.A,; Younis, U.; Ahmed, N.; Ali, M.A,; Fahad, S.; Sultan, H.; Zarei, T.; Danish, S.; Taban, S.; El Enshasy, H.A.; et al. Toxicity
of Cadmium and Nickel in the Context of Applied Activated Carbon Biochar for Improvement in Soil Fertility. Saudi J. Biol. Sci.
2022, 29, 743-750. [CrossRef]

Sahoo, K.; Sharma, A. Understanding the Mechanistic Roles of Environmental Heavy Metal Stressors in Regulating Ferroptosis:
Adding New Paradigms to the Links with Diseases. Apoptosis 2023, 28, 277-292. [CrossRef] [PubMed]

Gates, A.; Jakubowski, J.A.; Regina, A.C. Nickel Toxicology. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2025.
Decree Legislative No. 152/2006; Environmental Code; Official Gazette of the Italian Republic: Rome, Italy, 2006; Available online:
https:/ /www.normattiva.it/uri-res/N2Ls?urn:nir:stato:decreto.legislativo:2006-04-03;152 (accessed on 13 October 2025).

Song, P; Xu, D.; Yue, J.; Ma, Y,; Dong, S.; Feng, J. Recent Advances in Soil Remediation Technology for Heavy Metal Contaminated
Sites: A Critical Review. Sci. Total Environ. 2022, 838, 156417. [CrossRef]

Bhat, S.A.; Bashir, O.; Ul Haq, S.A.; Amin, T; Rafiq, A.; Ali, M.; Américo-Pinheiro, J.H.P.; Sher, F. Phytoremediation of Heavy
Metals in Soil and Water: An Eco-Friendly, Sustainable and Multidisciplinary Approach. Chemosphere 2022, 303, 134788. [CrossRef]
Padmavathiamma, PK.; Li, L.Y. Phytoremediation Technology: Hyper-Accumulation Metals in Plants. Water Air Soil. Pollut. 2007,
184, 105-126. [CrossRef]

Ranieri, E.; Tursi, A.; Giuliano, S.; Spagnolo, V.; Ranieri, A.C.; Petrella, A. Phytoextraction from Chromium-Contaminated Soil
Using Moso Bamboo in Mediterranean Conditions. Water Air Soil. Pollut. 2020, 231, 408. [CrossRef]

Wan, X.; Lei, M.; Chen, T. Cost-Benefit Calculation of Phytoremediation Technology for Heavy-Metal-Contaminated Soil. Sci.
Total Environ. 2016, 563-564, 796-802. [CrossRef]

Aryal, M. Phytoremediation Strategies for Mitigating Environmental Toxicants. Heliyon 2024, 10, e38683. [CrossRef]

Farraji, H.; Zaman, N.Q.; Tajuddin, R.M.; Faraji, H. Advantages and Disadvantages of Phytoremediation: A Concise Review. Int.
J. Environ. Sci. Technol. 2016, 2, 69-75. [CrossRef]

O’Connell, S.; Hou, D. Resilience: A New Consideration for Environmental Remediation in an Era of Climate Change. Remediat. J.
2015, 26, 57-67. [CrossRef]

Jin, S.; Zhang, E.; Guo, H.; Hu, C.; Zhang, Y.; Yan, D. Comprehensive Evaluation of Carbon Sequestration Potential of Landscape
Tree Species and Its Influencing Factors Analysis: Implications for Urban Green Space Management. Carbon Balance Manag. 2023,
18, 17. [CrossRef] [PubMed]


https://doi.org/10.1016/j.scitotenv.2018.06.068
https://www.ncbi.nlm.nih.gov/pubmed/29909337
https://doi.org/10.1016/j.chemosphere.2020.126196
https://doi.org/10.1016/j.geoderma.2014.01.007
https://doi.org/10.3390/toxics9030042
https://doi.org/10.1007/s12665-018-8013-2
https://doi.org/10.3390/ijerph17030679
https://doi.org/10.1002/anie.199002351
https://doi.org/10.3390/toxics9110312
https://doi.org/10.1039/D2RA00378C
https://doi.org/10.1111/j.1744-7348.1954.tb01124.x
https://doi.org/10.1007/s11356-019-04892-x
https://doi.org/10.3390/plants13131808
https://www.ncbi.nlm.nih.gov/pubmed/38999648
https://doi.org/10.1016/j.chemosphere.2024.142028
https://www.ncbi.nlm.nih.gov/pubmed/38621494
https://doi.org/10.1016/j.sjbs.2021.09.035
https://doi.org/10.1007/s10495-022-01806-0
https://www.ncbi.nlm.nih.gov/pubmed/36611106
https://www.normattiva.it/uri-res/N2Ls?urn:nir:stato:decreto.legislativo:2006-04-03;152
https://doi.org/10.1016/j.scitotenv.2022.156417
https://doi.org/10.1016/j.chemosphere.2022.134788
https://doi.org/10.1007/s11270-007-9401-5
https://doi.org/10.1007/s11270-020-04759-9
https://doi.org/10.1016/j.scitotenv.2015.12.080
https://doi.org/10.1016/j.heliyon.2024.e38683
https://doi.org/10.5281/ZENODO.4668121
https://doi.org/10.1002/rem.21449
https://doi.org/10.1186/s13021-023-00238-w
https://www.ncbi.nlm.nih.gov/pubmed/37668811

Environments 2025, 12, 487 13 of 14

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Ranieri, E.; D’Onghia, G.; Lopopolo, L.; Gikas, P.; Ranieri, F,; Gika, E.; Spagnolo, V.; Herrera, ].A.; Ranieri, A.C. Influence of
Climate Change on Wastewater Treatment Plants Performances and Energy Costs in Apulia, South Italy. Chemosphere 2024, 350,
141087. [CrossRef]

Tamma, A.A.; Lejcus, K.; Fiatkiewicz, W.; Marczak, D. Advancing Phytoremediation: A Review of Soil Amendments for Heavy
Metal Contamination Management. Sustainability 2025, 17, 5688. [CrossRef]

Guidi Nissim, W.; Castiglione, S.; Guarino, F,; Pastore, M.C.; Labra, M. Beyond Cleansing: Ecosystem Services Related to
Phytoremediation. Plants 2023, 12, 1031. [CrossRef] [PubMed]

Pasricha, S.; Mathur, V.; Garg, A.; Lenka, S.; Verma, K.; Agarwal, S. Molecular Mechanisms Underlying Heavy Metal Uptake,
Translocation and Tolerance in Hyperaccumulators-an Analysis. Environ. Chall. 2021, 4, 100197. [CrossRef]

Consentino, B.B.; Ciriello, M.; Sabatino, L.; Vultaggio, L.; Baldassano, S.; Vasto, S.; Rouphael, Y.; La Bella, S.; De Pascale, S.
Current Acquaintance on Agronomic Biofortification to Modulate the Yield and Functional Value of Vegetable Crops: A Review.
Horticulturae 2023, 9, 219. [CrossRef]

Haydon, M.].; Cobbett, C.S. Transporters of Ligands for Essential Metal Ions in Plants. New Phytol. 2007, 174, 499-506. [CrossRef]
Harris, W.R.; Sammons, R.D.; Grabiak, R.C. A Speciation Model of Essential Trace Metal Ions in Phloem. J. Inorg. Biochem. 2012,
116, 140-150. [CrossRef]

Montarges-Pelletier, E.; Chardot, V.; Echevarria, G.; Michot, L.]J.; Bauer, A.; Morel, ].-L. Identification of Nickel Chelators in Three
Hyperaccumulating Plants: An X-Ray Spectroscopic Study. Phytochemistry 2008, 69, 1695-1709. [CrossRef]

Buscaroli, A. An Overview of Indexes to Evaluate Terrestrial Plants for Phytoremediation Purposes (Review). Ecol. Indic. 2017, 82,
367-380. [CrossRef]

Cosentino, S.L.; Copani, V.; Patane, C.; Mantineo, M.; D’Agosta, G.M. Agronomic, Energetic and Environmental Aspects of
Biomass Energy Crops Suitable for Italian Environments. Ital. J. Agron. 2008, 3, 81-95. [CrossRef]

Lazzeri, L.; D’ Avino, L.; Mazzoncini, M.; Antichi, D.; Mosca, G.; Zanetti, F.; Del Gatto, A.; Pieri, S.; De Mastro, G.; Grassano, N.;
et al. On Farm Agronomic and First Environmental Evaluation of Oil Crops for Sustainable Bioenergy Chains. Ifal. . Agron. 2009,
4,171-180. [CrossRef]

Hunce, S.Y.; Clemente, R.; Bernal, M.P. Energy Production Potential of Phytoremediation Plant Biomass: Helianthus annuus and
Silybum Marianum. Ind. Crops Prod. 2019, 135, 206-216. [CrossRef]

Jadia, C.D.; Fulekar, M.H. Phytoremediation: The Application of Vermicompost to Remove Zinc, Cadmium, Copper, Nickel and
Lead by Sunflower Plant. Environ. Eng. Manag. ]. 2008, 7, 547-558. [CrossRef]

Adesodun, ] K.; Atayese, M.O.; Agbaje, T.A.; Osadiaye, B.A.; Mafe, O.F; Soretire, A.A. Phytoremediation Potentials of Sunflowers
(Tithonia diversifolia and Helianthus annuus) for Metals in Soils Contaminated with Zinc and Lead Nitrates. Water Air Soil. Pollut.
2010, 207, 195-201. [CrossRef]

Mohammadzadeh, A.; Tavakoli, M.; Chaichi, M.R.; Motesharezadeh, B. Effects of Nickel and PGPBs on Growth Indices and
Phytoremediation Capability of Sunflower (H. annuus). Arch. Agron. Soil Sci. 2014, 60, 1765-1778. [CrossRef]

Angelova, V.R.; Perifanova-Nemska, M.N.; Uzunova, G.P; Ivanov, K.I.; Lee, H.Q. Potential of Sunflower (H. annuus) for
Phytoremediation of Soils Contaminated with Heavy Metals. Agric. Sci. 2016, 8, 255-263.

Alaboudi, K.A.; Ahmed, B.; Brodie, G. Phytoremediation of Pb and Cd Contaminated Soils by Using Sunflower (Helianthus
annuus) Plant. Ann. Agric. Sci. 2018, 63, 123-127. [CrossRef]

Rafati, M.; Siahpoor, N.; Mohammadi Roozbahani, M.; Heidari, M. Absorbability and Translocation of Nickel from Soil Using the
Sunflower Plant (Helianthus annuus). . Adv. Environ. Health Res. 2018, 6, 234-239. [CrossRef]

Ashfaq, H.; Abubakar, M.; Ghulzar, H.; Farid, M.; Yaqoob, S.; Komal, N.; Azam, Z.; Hamza, A.; Ali, S.; Adrees, M. Phytoremedi-
ation Potential of Oilseed Crops for Lead- and Nickel-Contaminated Soil. In Plant Ecophysiology and Adaptation Under Climate
Change: Mechanisms and Perspectives I1.; Hasanuzzaman, M., Ed.; Springer: Singapore, 2020; pp. 801-820, ISBN 978-981-15-2171-3.
Chauhan, P.,; Mathur, J. Phytoremediation Efficiency of H. annuus for Reclamation of Heavy Metals-Contaminated Industrial Soil.
Environ. Sci. Pollut. Res. 2020, 27, 29954-29966. [CrossRef]

De Bernardi, A.; Casucci, C.; Businelli, D.; D’Amato, R.; Beone, G.M.; Fontanella, M.C.; Vischetti, C. Phytoremediation Potential
of Crop Plants in Countering Nickel Contamination in Carbonation Lime Coming from the Sugar Industry. Plants 2020, 9, 580.
[CrossRef]

Kaonda, M.K.M,; Chileshe, K. Assessment of Sunflower (Helianthus annuus L.) for Phytoremediation of Heavy Metal Polluted
Mine Tailings—A Case Study of Nampundwe Mine Tailings Dam, Zambia. |. Environ. Prot. 2023, 14, 481-492. [CrossRef]

Kriti; Kumari, B.; Singh, G.; Gautam, A.; Sinam, G.; Pal, S.; Anshu; Mishra, K.; Mallick, S. Enhancement in Ni-Cd Phytoremediation
Efficiency of H. annuus from Battery Waste Contaminated Soil by Bacterial Augmentation, Isolated from E-Waste Contaminated
Sites. Int. J. Environ. Res. 2023, 17, 18. [CrossRef]

Samal, S.K.; Datta, S.P.; Dwivedi, B.S.; Meena, M.C.; Nogiya, M.; Choudhary, M.; Golui, D.; Raza, M.B. Phytoextraction of
Nickel, Lead, and Chromium from Contaminated Soil Using Sunflower, Marigold, and Spinach: Comparison of Efficiency and
Fractionation Study. Environ. Sci. Pollut. Res. 2023, 30, 50847-50863. [CrossRef] [PubMed]


https://doi.org/10.1016/j.chemosphere.2023.141087
https://doi.org/10.3390/su17135688
https://doi.org/10.3390/plants12051031
https://www.ncbi.nlm.nih.gov/pubmed/36903892
https://doi.org/10.1016/j.envc.2021.100197
https://doi.org/10.3390/horticulturae9020219
https://doi.org/10.1111/j.1469-8137.2007.02051.x
https://doi.org/10.1016/j.jinorgbio.2012.07.011
https://doi.org/10.1016/j.phytochem.2008.02.009
https://doi.org/10.1016/j.ecolind.2017.07.003
https://doi.org/10.4081/ija.2008.81
https://doi.org/10.4081/ija.2009.4.171
https://doi.org/10.1016/j.indcrop.2019.04.029
https://doi.org/10.30638/eemj.2008.078
https://doi.org/10.1007/s11270-009-0128-3
https://doi.org/10.1080/03650340.2014.898839
https://doi.org/10.1016/j.aoas.2018.05.007
https://doi.org/10.22102/jaehr.2018.133153.1081
https://doi.org/10.1007/s11356-020-09233-x
https://doi.org/10.3390/plants9050580
https://doi.org/10.4236/jep.2023.147028
https://doi.org/10.1007/s41742-023-00508-y
https://doi.org/10.1007/s11356-023-25806-y
https://www.ncbi.nlm.nih.gov/pubmed/36807853

Environments 2025, 12, 487 14 of 14

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Ranieri, E.; Fratino, U.; Petruzzelli, D.; Borges, A.C. A Comparison Between Phragmites australis and Helianthus annuus in
Chromium Phytoextraction. Water Air Soil. Pollut. 2013, 224, 1465. [CrossRef]

APHA. Standard Methods for the Examination of Water and Wastewater; APHA: Washington, DC, USA, 2017.

Forte, ].; Mutiti, S. Phytoremediation Potential of Helianthus annuus and Hydrangea paniculata in Copper and Lead-Contaminated
Soil. Water Air Soil. Pollut. 2017, 228, 77. [CrossRef]

Mathur, J.; Chauhan, P; Srivastava, S. Comparative Evaluation of Cadmium Phytoremediation Potential of Five Varieties of H.
annuus L. Int. ]. Phytoremediat. 2023, 25, 799-810. [CrossRef]

Golfinopoulos, S.K.; Chatzilaris, E.; Kalavrouziotis, LK.; Varnavas, S.P. The Impact of Solid Waste on the Growth of Helianthus
annuus and Helianthus giant for Soil Phytoremediation. Preprints 2024, 2024012088. [CrossRef]

Ogungpbile, P.O.; Ajibare, A.O.; Enochoghene, A.E.; Ogunbode, T.O.; Omotayo, O.E.O.; Ekanade, C.T.; Sridhar, M.K.C.; Akande,
J.A. Phytoremediation with Sunflower (Helionthus annus) and Its Capacity for Cadmium Removal in Contaminated Soils. Trop.
Aqua. Soil Pollut. 2024, 4, 1-9. [CrossRef]

Salt, D.E.; Prince, R.C.; Baker, A.J.M.; Raskin, I.; Pickering, I.]. Zinc Ligands in the Metal Hyperaccumulator Thlaspi caerulescens As
Determined Using X-Ray Absorption Spectroscopy. Environ. Sci. Technol. 1999, 33, 713-717. [CrossRef]

Belhaj, D.; Elloumi, N.; Jerbi, B.; Zouari, M.; Abdallah, EB.; Ayadi, H.; Kallel, M. Effects of Sewage Sludge Fertilizer on Heavy
Metal Accumulation and Consequent Responses of Sunflower (Helianthus annuus). Environ. Sci. Pollut. Res. 2016, 23, 20168-20177.
[CrossRef] [PubMed]

Stoikou, V.; Andrianos, V.; Stasinos, S.; Kostakis, M.; Attiti, S.; Thomaidis, N.; Zabetakis, I. Metal Uptake by Sunflower (Helianthus
annuus) Irrigated with Water Polluted with Chromium and Nickel. Foods 2017, 6, 51. [CrossRef]

Wyszkowski, M.; Wyszkowska, J.; Kordala, N.; Zaborowska, M. Molecular Sieve, Halloysite, Sepiolite and Expanded Clay as a
Tool in Reducing the Content of Trace Elements in H. annuus on Copper-Contaminated Soil. Materials 2023, 16, 1827. [CrossRef]
Madhav, S.; Mishra, R.; Kumari, A.; Srivastav, A.L.; Ahamad, A.; Singh, P.; Ahmed, S.; Mishra, PK,; Sillanpaa, M. A Review on
Sources Identification of Heavy Metals in Soil and Remediation Measures by Phytoremediation-Induced Methods. Int. J. Environ.
Sci. Technol. 2024, 21, 1099-1120. [CrossRef]

Ahmad, M.S.A ; Riffat, A.; Hussain, M.; Hameed, M.; Alvi, A.K. Toxicity and Tolerance of Nickel in Sunflower (H. annuus).
Environ. Sci. Pollut. Res. 2023, 30, 50346-50363. [CrossRef] [PubMed]

Kumar, A.; Tripti; Raj, D.; Maiti, S.K.; Maleva, M.; Borisova, G. Soil Pollution and Plant Efficiency Indices for Phytoremediation of
Heavy Metal(Loid)s: Two-Decade Study (2002-2021). Metals 2022, 12, 1330. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s11270-013-1465-9
https://doi.org/10.1007/s11270-017-3249-0
https://doi.org/10.1080/15226514.2022.2110036
https://doi.org/10.20944/preprints202401.2088.v1
https://doi.org/10.53623/tasp.v4i1.343
https://doi.org/10.1021/es980825x
https://doi.org/10.1007/s11356-016-7193-0
https://www.ncbi.nlm.nih.gov/pubmed/27430654
https://doi.org/10.3390/foods6070051
https://doi.org/10.3390/ma16051827
https://doi.org/10.1007/s13762-023-04950-5
https://doi.org/10.1007/s11356-023-25705-2
https://www.ncbi.nlm.nih.gov/pubmed/36795210
https://doi.org/10.3390/met12081330

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

