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Abstract: The continuous progress of global manufacturing and anthropogenic activities has resulted
in excessive environmental metallic pollution, particularly with rare earth elements (REEs) which
have become a prevalent issue of global concern due to their high toxicity and widespread existence.
REEs-contaminated soils could ruin agriculture by inducing plant physiology disturbances in various
crops that are considered the principal link of the human food chain. The main purpose of the
present work is to assess the phytotoxicity of two light REEs, lanthanum (La) and cerium (Ce), in
Helianthus annuus after 14 days of exposure to different concentrations of La and Ce (0, 1, 2.5, 5, and
10 µM). Plants showed different variations in shoot and root lengths at the end of the trial period.
The accumulation of photosynthetic pigments, such as chlorophylls and carotenoids, as well as the
photosynthetic efficiency, the non-photochemical quenching, the photosynthetically active radiation,
and the electron transport rate, increased in the two REE treatments. Hydrogen peroxide significantly
increased in all applied concentrations of La and Ce. A significant increase in malondialdehyde
content was noticed only when plants were exposed to 2.5 µM La and 10 µM Ce. Results also
demonstrated that La and Ce induced an increase in the activity of superoxide dismutase, peroxidase,
and catalase (only the highest concentration of La decreased catalase activity). The exposure to
different REE concentrations induced the accumulation of La and Ce in the plants, mainly in roots.
Helianthus annuus showed an effective resistance behaviour facing La- and Ce-induced stresses.

Keywords: lanthanum; cerium; antioxidant enzymes; photosynthetic pigments; chlorophyll
fluorescence

1. Introduction

Lanthanum (La) and cerium (Ce) are two of the 15 lanthanides of the rare earth ele-
ments (REEs) group which are naturally and abundantly existent in the Earth’s crust [1–3],
where the average abundance is 35 µg g−1 in La and 66 µg g−1 in Ce [4]. REEs are widely
used in new developed technologies, including electronics, chemical engineering, the
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electronic aerospace industry, renewable energy, medical sciences, and in agricultural
fertilisers [5,6].

In fact, crop quality and yield might be improved when an appropriate amount of
La and Ce is applied due to the similarity of the chemical properties of these REEs to
macronutrients such potassium, calcium, and magnesium [7–9]. Moreover, the photosyn-
thetic rate can also be promoted in plants when exposed to REEs [3]. Previous examples
have shown the efficiency of La and Ce in plants photosynthesis amelioration, where a
concentration of 25 and 50 µM La increased the chlorophyll index and the photosynthetic
rate in maize [9], and chlorophyll a and photosynthetic rate were also enhanced in Glycine
max in 100 and 500 mg.kg−1 Ce treatments [10]. Furthermore, the application of varying
concentrations of La (from 5 to 35 µM) on horseradish plants increased net photosynthetic
rate and chlorophyll content [11]. The chlorophyll levels also increased in rice treated with
0.05 and 0.1 mM Ce [12].

However, the excessive use of REEs may results in an increase of reactive oxygen
species (ROS) accumulation in the plant cells inducing an oxidative stress at high concen-
trations. This oxidative stress can lead to an imbalance in plant metabolism, resulting in
an inhibition of plant growth and photosynthesis [3,13,14]. D’Aquino et al. [15] reported
the negative effect of La (III) treatments (from 0.01 to 10 mM La) on Triticum durum that
showed a significant reduction in root and shoot lengths. The addition of 0.5–25 mg L−1

of La or Ce to the growth medium decreased root and shoot elongation and root dry
biomass of Triticum aestivum seedlings [16]. In addition, chlorophyll a and b contents and
the net photosynthetic rate (Pn) decreased in rice exposed to 0.08 and 2.4 mM La, and the
reported decline was due to the damage that this REE induced on the ultrastructure of the
chloroplast [17].

To protect the plant from the oxidative damage, the antioxidant enzymatic system,
which includes enzymes such as superoxide dismutase (SOD), catalase (CAT), and peroxi-
dase (POD), is rapidly activated and involved in ROS detoxification [18,19]. In plant cells,
SOD is a crucial oxidative defender allowing the adaptation of plants to various stressed
environments [20,21], whereas POD and CAT are responsible for the reduction of the toxic
hydrogen peroxide (H2O2) produced during SOD action [22,23]. Kovaříková et al. [24]
reported that the application of REE treatments on cucumber and rice increased both POD
and SOD activity, while CAT was enhanced in rice species.

The main objective of this work was to evaluate the response of Helianthus annuus
plants to the stress induced by exposure to different concentrations of La and Ce through:
(1) the evaluation of chlorophyll fluorescence and the content of chlorophyll a and b and
carotenoids; (2) the study of the cell damage degree, by determining the levels of H2O2 and
MDA; (3) the evaluation of antioxidant activity of the SOD, CAT, and POD enzymes, and
(4) the assessment of the susceptibility of potential accumulation of REEs in plant organs.

2. Materials and Methods
2.1. Plant Culture and REEs Treatment

Helianthus annuus seeds were harvested from sunflower farms located in Béja in the
north of Tunisia (36◦49′90′′ N, 9◦13′77′′ E). The species has been identified by Wunderlin
and the plant specimen was presented in the herbarium of the Atlas of Florida (Accession
number: 134009).

Growth and treatment experiments of Helianthus annuus plants were performed in a
hydroponic system in a controlled chamber (Fitoclima S600, Aralab, Rio de Mouro, Portugal)
with a photoperiod of 12/12 h day/night, at a mean temperature of 25 ± 5 ◦C, and a relative
humidity range of 60–80%. Helianthus annuus seeds were sterilised in hypochlorite calcium
solution (5%) and rinsed and soaked in distilled water for 2 h. Subsequently, seeds were
settled in Petri dishes coated by a double layer of filter paper moisturised with distilled
water and placed in the dark for five days to germinate. After 15 days of sowing, developed
seedlings were irrigated, five days before starting the REE treatments, with 1/4 Hoagland
nutrient solutions.
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Afterwards, five groups of 15 uniform plants (20 days old) were treated separately
with five prepared concentrations of La or Ce (0, 1, 2.5, 5, and 10 µM), for 14 days. For
the REE exposure, the Hoagland’s growth nutritive solution was supplied with La and Ce
prepared from 1000 mg La/L and 1000 mg Ce/L certified reference standard solutions with
high purity of La and Ce (Sigma Aldrich, St. Louis, MO, USA).

At the end of the exposure period, plants were collected and the lengths of shoots and
roots were measured. Leaf tissues were immediately ground and stored in liquid nitrogen.
Leaves are the main responsible organ of all biochemical and physiological reactions in
the plants, and due to the reduced quantities of Helianthus annuus roots obtained, the
assessment of enzymatic activity, lipid peroxidation, and hydrogen peroxide level was
carried out only in the leaves.

2.2. Fluorescence Measurement

Modulated chlorophyll a fluorescence measurements were performed in Helianthus
annuus leaves using a MINI-PAM Portable Chlorophyll Fluorometer (Heinz Walz GmbH,
Germany). The maximal photochemical yield (Fv/Fm) and the photochemical efficiency
(Fv’/Fm’) of photosystem-II (PSII), as well as the non-photochemical quenching coefficient
(NPQ), were determined [6,25,26]. The electron transport rate (ETR) and the photosyntheti-
cally active radiation (PAR) were also measured.

Measurements were taken for all the plants of each treatment groups (15 plants/treatment)
and the average of 15 different values was calculated for each studied parameter, while the
leaf clip position was randomly selected.

2.3. Photosynthetic Pigments Content

The photosynthetic pigments chlorophyll a (Chl a), chlorophyll b (Chl b), and total
carotenoids (Car) were extracted by mixing 25 mg of ground leaf tissues with 4 mL of
ethanol 95% for 2 h at room temperature and in the dark. After the 2 h incubation period,
the extract was centrifuged for 10 min at 4000 rpm [27]. The absorbance of the obtained
supernatant was measured at 470, 648.6, and 664.2 nm and pigment quantifications were
determined following Lichtenthaler [28].

2.4. Endogenous Hydrogen Peroxide Content

The H2O2 content was determined in leaves following Bouazizi et al. [29], by ho-
mogenising 250 mg of the fresh ground tissue with 1.5 mL of 0.1% of trichloroacetic acid
solution (TCA) on an ice bath. The mixture was centrifuged at 12,000× g at 4 ◦C for 15 min.
A volume of 0.5 mL of the resulted supernatant was added to 0.5 mL of potassium phos-
phate buffer (10 mM, pH 7) and 1 mL of potassium iodide (1 M) and the absorbance was
determined at 390 nm.

2.5. Lipid Peroxidation

Lipid peroxidation degree was assessed by the determination of the produced malon-
dialdehyde (MDA) in fresh leaf tissues. MDA levels were quantified according to Velikova
and Loreto’s method [30] with slight changes. Briefly, 100 mg of ground material was
homogenised in 1 mL of 0.1% trichloroacetic acid (TCA) solution. The homogenate was
centrifuged at 12,000× g for 15 min and 0.5 mL of the obtained supernatant was added to
1 mL 0.5% (w/v) thiobarbituric acid in 20% TCA. Afterwards, the mixture was incubated at
100 ◦C for 30 min. The reaction was stopped by transferring the reaction tubes to an ice
bath. Finally, the samples were centrifuged at 10,000× g for 5 min and the absorbance of
the supernatant was measured at 532 nm and 600 nm.

2.6. Protein Crude Extract Preparation and Enzymatic Activity Determination

Helianthus annuus leaves crude extracts were prepared following Davis and Swan-
son [31] protocol and Ferreira et al. [27] optimisation. Total protein concentrations determi-
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nations were performed with Pierce® BCA protein assay kit using bovine serum albumin
(BSA) as standard.

SOD (EC 1.15.1.1) and CAT (EC 1.11.1.6) activities were assessed according to the
reported methods in Brito et al. [32], while the determination of POD (EC 1.11.1.7) activity
was carried out as described in Ferreira and Martins-Dias [33].

2.7. Determination of REEs Contents

The REEs accumulation in Helianthus annuus plants was assessed, after the digestion of
the samples as described in Labidi et al. [34] and Sleimi et al. [35], by the determination of La
and Ce contents in the shoots and roots following the described method in Brito et al. [32].

2.8. Statistical Analysis

Each treatment was performed in three biological replicates (five plants/replicate) and
each replicate was analysed in triplicate (n = 9). Values were expressed as means ± standard
deviation (SD) and results were considered significantly different at p < 0.05, using one-way
ANOVA analysis and Tukey’s honest significant difference (HSD) test. Principal component
analysis (PCA) was performed using R software V 4.1.3.

3. Results
3.1. Plant Growth

Lanthanum and cerium stresses differently affected the lengths of shoots and roots of
the Helianthus annuus plants measured at the end of the experiment exposure (Figure 1).
No significant variation was noted in the shoot lengths of La-treated plants (p > 0.05). A
similar trend was observed in the roots, except in the roots of 10 µM La, which showed a
significant increase as compared to the control (p < 0.05). Conversely, results showed that
Ce treatment only induced the increase of shoots length at 2.5 and 5 µM concentrations
(p < 0.05), and enhanced roots length in 1 and 10 µM treated plants (p < 0.05). The length of
roots in 2.5 µM Ce significantly declined in comparison with the untreated plants (p < 0.05).
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Overall, the observation of La- and Ce-treated plants of Helianthus annuus species, at
the end of metal exposure, showed that the two REEs did not harmfully affect the plants
(Figure 2).
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Figure 2. An example showing the morphology of Helianthus annuus plants at the end of lanthanum
(bottom picture) and cerium (top picture) treatments.

3.2. Chlorophyll Fluorescence Response

Results in Table 1 show that the maximum quantum yield of PSII (Fv/Fm) increased
in Helianthus annuus plants under the effects of La and Ce stress when compared to the
control. Nevertheless, the increase was only significant in 10 µM La and in 2.5 and 10 µM Ce
treatments (p < 0.05). Moreover, the photochemical efficiency of PSII in the light (Fv’/Fm’)
in exposed plants was statistically similar to the untreated plants; a slight increase was
observed in all La and Ce treatments without any notable significant difference compared
to the control (p > 0.05).

In comparison to the control, the non-photochemical quenching (NPQ) was affected
by the two studied REEs (Table 1). This parameter was significantly elevated in 1, 5, and
10 µM La treatments, reaching 0.94, 1.05, and 1.14, respectively. Significant increases were
also noticed in plants treated with 2.5, 5, and 10 µM Ce concentrations and the NPQ rate
reached 1.18, 1.19, and 1.06, respectively (p < 0.01).

The electron transport rate (ETR) and the photosynthetically active radiation (PAR)
followed the same trends and were found significantly higher (p < 0.01) than the control.
The obtained rates were approximately doubled in all La-treated plants (except 10 µM dose;
Table 1). ETR and PAR were also significantly enhanced in all Ce treatments (Table 1).

Principal Component Analysis

Statistical analysis was performed using PCA to study the influence of REEs on the
photosynthetic quenching parameters and to assess the correlation between the determined
parameters under the effects of La and Ce (Figure 3). PCA revealed a clear separation be-
tween the control and the lower concentrations of La treatments (1 and 2.5 µM) (Figure 3A),
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and the separation was clear only between the control and the concentration of 5 µM Ce
(Figure 3B). Concerning the La conditions, there was a clear separation between scores
of the lowest La concentrations (1 and 2.5 µM) and the highest one (10 µM), whereas
the separation was not clear for all Ce groups. In La treatment, Fv/Fm and NPQ were
positively correlated; a significant positive correlation was also observed between PAR and
ETR (Figure 3A). Results also showed positive correlation between NPQ and PAR in Ce
(Figure 3B).

Table 1. Chlorophyll fluorescence parameters and pigments content ratios in Helianthus annuus
exposed to La and Ce during 14 days of treatment.

Treatment Fv/Fm Fv’/Fm’ NPQ ETR PAR Chl a/Chl b (Chl a + Chl
b)/Car

La (µM)

0 0.64 a ± 0.02 0.83 a ± 0.01 0.73 a ± 0.02 0.70 a ± 0.00 2.0 a ± 0.00 2.80 ± 0.07 5.14 ± 0.06
1 0.70 ab ± 0.02 0.85 a ± 0.01 0.94 b ± 0.06 1.35 b ± 0.04 3.53 b ± 0.13 3.05 ± 0.04 5.00 ± 0.05

2.5 0.69 ab ± 0.01 0.86 a ± 0.01 0.76 a ± 0.04 1.45 b ± 0.06 4.0 c ± 0.17 2.87 ± 0.03 5.24 ± 0.06
5 0.71 ab ± 0.02 0.88 a ± 0.01 1.05 b ± 0.05 1.35 b ± 0.09 3.53 b ± 0.26 2.94 ± 0.08 5.12 ± 0.05

10 0.74 b ± 0.02 0.84 a ± 0.01 1.14 b ± 0.06 0.70 a ± 0.00 2.0 a ± 0.00 2.98 ± 0.03 5.24 ± 0.07

Ce (µM)

0 0.64 a ± 0.02 0.83 a ± 0.01 0.73 a ± 0.02 0.70 a ± 0.00 2.0 a ± 0.00 2.80 ± 0.07 5.14 ± 0.06
1 0.72 ab ± 0.02 0.88 a ± 0.01 0.75 a ± 0.03 1.38 c ± 0.06 4.0 c ± 0.2 3.08 ± 0.04 5.01 ± 0.03

2.5 0.79 b ± 0.02 0.86 a ± 0.01 1.18 b ± 0.04 1.19 b ± 0.07 2.93 b ± 0.18 2.91 ± 0.03 5.21 ± 0.06
5 0.70 ab± 0.02 0.85 a ± 0.01 1.19 b ± 0.04 1.12 b ± 0.09 2.93 b ± 0.21 3.07 ± 0.08 5.07 ± 0.09

10 0.73 b ± 0.01 0.84 a ± 0.01 1.06 b ± 0.03 0.97 b ± 0.06 2.53 b ± 0.13 2.94 ± 0.03 4.99 ± 0.06

Fv/Fm: maximum PSII photochemical efficiency, Fv’/Fm’: photochemical efficiency of PSII in the light, NPQ:
non-photochemical quenching, PAR: photosynthetically active radiation, ETR: electron transport rate, Chl: chloro-
phyll, Car: carotenoids. Values are means ± SD. Values with different lower-case letters are significantly different
at p < 0.05, n = 15.
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the chlorophyll fluorescence data of Helianthus annuus leaves under the effect of La (A) and Ce (B).
PC1 explained 43% and 36.3% of the variance in La and Ce treatments, respectively, while PC2
explained only 26.2% and 24.7% of the variance in La and Ce treatments. Different colours depict the
concentrations of supplied La or Ce in the growth medium, while arrows show gradients resulting
from the influence of REEs on the photosynthetic quenching parameters. Fv.Fm corresponds to
Fv/Fm: maximum PSII photochemical efficiency, Fv.Fm1 corresponds to Fv’/Fm’: photochemical
efficiency of PSII in the light, NPQ: non-photochemical quenching, PAR: photosynthetically active
radiation, ETR: electron transport rate.

3.3. Photosynthetic Pigments Contents

As presented in Figure 4, La and Ce treatments resulted in a significant variation in pig-
ment content in treated Helianthus annuus plants, essentially in the highest concentrations.
Lanthanum exposure induced a significant increase in Chl a (p < 0.001), Chl b (p < 0.05),
and carotenoid (p < 0.001) levels (by 19%, 12%, and 17% in 5 µM La and by 22%, 14%, and
18% in 10 µM La, respectively, as compared to the control). No significant difference was
noted in 1 and 2.5 µM La. However, in comparison to the untreated plants, the exposure of
the plants to 2.5 and 10 µM Ce also caused a significant enhancement in Chl a (up to 20%
and 27%, respectively), in Chl b (up to 15% and 20%, respectively), and in carotenoids (up
to 17% and 29%, respectively).
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3.4. Endogenous H2O2 Content and Lipid Peroxidation

Lanthanum- and cerium-induced stresses significantly increased the endogenous
H2O2 content (p < 0.01) by more than 3.3-fold in Helianthus annuus plants treated with all
concentrations, as compared to the control (Figure 5).
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side) concentrations (values are means ± SD, n = 9). Values with different letters were significantly
different at p < 0.01 and p < 0.05.

As shown in Figure 5, the MDA levels were only significantly increased in the 2.5 µM
La and 10 µM Ce treatment groups (p < 0.05), whereas at the other tested concentrations of
La and Ce, no significant variation was observed when compared to the untreated plants
(p > 0.05).

3.5. Enzymatic Activity

The application of La and Ce treatments on Helianthus annuus plants triggered a
notable and significant increase in plant leaves SOD activity (p < 0.01), with more than
2-fold enhancement observed in all treatments as compared to the control (Figure 6).

Moreover, when compared to the control, POD activity increased in all La and Ce
tested concentrations (p < 0.01) (Figure 6).

Regarding CAT activity (Figure 6), a significant increase in 1, 2.5, and 5 µM La and in
2.5, 5, and 10 µM Ce treatments was noted in comparison to the untreated plants (p < 0.01).
The lowest concentration of Ce (1 µM) did not show any significant variation in this enzyme
activity in plant leaves when compared to the control. However, 10 µM La significantly
decreased CAT activity in the studied plant (Figure 6).
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3.6. REEs Contents

Results presented in Figure 7 showed that Helianthus annuus was capable of accumulat-
ing La and Ce in the studied plant organs, even though in varying proportions depending
on the tested concentrations. The La and Ce contents, in all treatments, were significantly
high in both shoots and roots (p < 0.01). Regarding La uptake levels, Helianthus accumulated
around 3, 4, 3, and 8 µg g−1 FW in shoots and 8, 17, 40, and 76 µg g−1 FW in roots in 1, 2.5,
5, and 10 µM La concentrations, respectively. Similarly, an increase in Ce content was found
(p < 0.01) in shoots (0.75, 1.5, 2, and 7 µg g−1 FW) and in roots (13, 22, 52, and 138 µg g−1

FW) following the Ce increase in the growth medium (from 1 to 10 µM).
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4. Discussion
4.1. REEs Influence on Plant Growth

According to obtained results described above (Figure 1), the shoot lengths increased
only in 2.5 and 5 µM Ce-treated plants, whereas the root length was enhanced only at
10 µM La and 1 and 10 µM Ce. Several studies have proven that REE can stimulate plant
growth and yield; La and Ce application positively affected the growth of maize plants [36],
while Huang et al.’s study [37] revealed that the root growth of soybean was improved
under the effect of La. Kovaříková et al.’s results [24] showed that an appropriate amount
of REE could enhance plant growth due to their physiological effects’ similarities with
some mineral nutrients. However, a decline in root length at 2.5 µM Ce was noted, which
could be explained by the decrease of cell division and the inhibition of mitotic activity at
this concentration or it might be due to DNA damage, which may lead to the decrease of
root growth rate [38,39].

4.2. Chlorophyll Fluorescence and Pigment Content

When exposed to La (5 and 10 µM) and Ce (2.5 and 10 µM), the biosynthesis of Chl
a, Chl b, and carotenoids was improved in Helianthus annuus (Figure 4). Fv/Fm was
enhanced in all REE treatments but was statistically different only in 10 µM La and 2.5 and
10 µM Ce concentrations, while Fv’/Fm’ also increased in all applied La and Ce exposure
concentrations, but no significant difference with the control was shown (Table 1) (p > 0.05).
NPQ, ETR, and PAR rates were also ameliorated in Helianthus annuus under the effect of La
and Ce. These results are in agreement with Wang et al. [7] who reported that the application
of a low concentration of LaCl3 on tobacco and broad bean seedlings increased chlorophyll
content and photosynthetic rate. Ce3+ exposure also enhanced the photosynthetic rate and
the biosynthesis of chlorophyll in Spinacia oleracea and both La3+ and Ce3+ significantly
accelerated the photosynthesis in spinach [24,40]. Xie et al.’s results [25] revealed that the
activity of PSII protein complex, as well as the velocity of photosynthesis electron transport,
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can be improved by La effect, whereas this metal significantly increased the photochemical
efficiency of chloroplast and the electron transport in tobacco plants.

It is known that the presence of REEs could increase PSII reactions and might promote
chlorophyll synthesis in various treated plants through the stimulation of Rubisco activ-
ity [25,41]. In fact, Kovaříková et al. [24] stated that REEs increase chlorophylls a and b and
carotenoid content, as well as the efficiency of PSII photochemistry and electron transfer
rates (ETR) in plants. Moreover, elevated chlorophyll contents in leaf may represent a de-
veloped strategy by plants to increase CO2 assimilation [42,43] and reduce the accumulated
stress caused by REEs. Chlorophylls could also play an important ROS scavengers’ role and
be involved in the plants’ defensive system [44], and carotenoids have the same protective
aspect which allows these molecules to intervene in the maintenance of the chloroplast
membrane’s integrity [45].

In addition, the increase of the non-photochemical quenching (NPQ) in La- and Ce-treated
plants, defined as a photoprotective process, indicated the enhancement of thermal dissipation
and thus, the photo-damage at the pigment level could be avoided [46,47].

4.3. Accumulation of H2O2 and MDA

Among metallic stress biomarkers, H2O2 and MDA were used to assess the potential
toxicity of La and Ce in Helianthus annuus. It is known that H2O2 has many essential
roles in the metabolism of plants, but the production of this ROS can be enhanced by
different environmental stresses [48]. In the present study, both La and Ce treatments
stimulated the production of the free radical H2O2 in H. annuus leaves. Our findings are in
accordance with previous studies where Ce stress induced the increase of H2O2 levels in
Lemna minor species [49], while H2O2 was also found significantly enhanced in leaves of
soybean seedlings in La treatment [50].

The estimation of potential oxidative cell damage was carried out by the determination
of one of the end products of lipid peroxidation, the MDA [2,34]. In this study, 2.5 µM
La and 10 µM Ce significantly increased the MDA content in Helianthus annuus leaves.
These results are in accordance with Grosjean et al. [2] who mentioned that MDA content
was significantly increased in leaves of Pytolacca icosandra and Pytolacca clavigera grown in
10 µM REE medium. Zhang et al. [51] reported an increase of MDA in Elodea nuttallii under
the effect of La stress. Ippolito et al. [1] explained that La can enhance lipid peroxidation
through the disturbance of the orderly assembly of the membrane making it more sensitive
to oxidative stress.

4.4. Antioxidant Enzymes Response

Abiotic stresses, including metallic stress, are able to induce an excessive generation of
ROS and therefore an imbalance between these free radicals and antioxidants that leads to
irreversible plant cell damage [50,52,53]. Helianthus annuus plants that were irrigated with
the nutritive solution supplemented with different concentrations of La and Ce showed
that SOD activity was higher than the control (Figure 6). Several studies also demonstrated
that SOD activity was found increased in Eichhornia crassipes, Oryza sativa, and Mentha
arvensis treated with Pb [54–56].

POD and CAT are two major antioxidative peroxidase enzymes that control the
peroxidative damage of cell walls by removing H2O2 [21]. Regarding leaves’ POD activity
in the studied plant, results showed a stimulation of this enzyme in all applied La and
Ce concentrations (Figure 6). These findings are in agreement with Wang et al. [57], who
showed an increase of POD activity in Hydrilla verticillata plants treated with La and Ce.
Results also showed an increase in CAT activity under the effect of 1, 2.5, and 5 µM La, while
a significant decrease in this enzyme activity was noted in the plants treated with 10 µM La.
In contrast, Ce treatment showed an increase in CAT at 2.5, 5, and 10 µM (Figure 6). Similar
results were reported in Liang and Wang [50], where CAT activity increased with the
lowest concentrations of La and decreased with the highest one in soybean leaves. Ce also
enhanced CAT activity in rice [58].
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As reported by Saldaña-Sánchez et al. [45], Ce could promote the activity of antioxidant
enzymes and suppress ROS accumulation. The increased activity of this enzyme is related
to the intracellular level of H2O2 [53]. Changes of CAT and POD activities in La and Ce
treatments were similar, and the increase of these enzymes may be due to the obtained
high level of H2O2 in Helianthus annuus leaves. Moreover, the decrease in CAT activity in
10 µM La conversely to that of POD indicates that CAT was more sensitive than POD to the
highest concentration of La in Helianthus annuus plant [50]. Kovaříková et al. [24] reported
that SOD, CAT, and POD enzymes could be activated by varied REE concentrations that
reached up to 200 µM; nonetheless, the antioxidative enzymatic response remains related
to plant species and growth conditions.

4.5. REEs Accumulation

According to the obtained REEs accumulation status of Helianthus annuus in the present
study (Figure 7), it was clearly proven that this plant can survive in the presence of La or
Ce stress at the tested concentrations and during the chosen exposure period. Results also
showed that the plants preferentially accumulated REEs in their roots. Ma et al. [59] also
mentioned that most of the La and Ce was accumulated in the roots of cucumber plants.
Moreover, from the findings described above, we notice that the accumulated La in shoots
was higher than that of Ce, conversely to the roots, where Ce was remarkably higher than
La. This could be explained by the fact that Ce can be more toxic for Helianthus plants than
La. The difference in REE content in shoots and roots—REEroots > REEshoots—might be due
a protection strategy adopted by the plants to reduce the transport of these metals from
roots (through the apoplastic barriers) into the upper parts in order to avoid any toxic effect
that may ruin the metabolic mechanisms and cause irreversible cell damage [36,60]. This
behaviour makes Helianthus annuus one of numerous species that developed an adaptation
against REE toxicity (including La and Ce) such as Lemna gibba and Lemna minor [61].

5. Conclusions

To summarise, neither La nor Ce treatments induced remarkably visible toxic signs in
Helianthus annuus during the exposure period even with the highest REE concentrations.
The REEs-treated plants did not show negative effects on the chlorophyll fluorescence
including PSII photochemical efficiency, NPQ, ETR, and PAR, whereas these parameters
were found increased under the effect of La and Ce. Moreover, chlorophylls and carotenoid
contents increased in the highest applied REE concentrations. The increase in stress markers,
such as H2O2 and MDA levels, without any marked deleterious effect on the plant can be
explained by the effectiveness of the defence response through the stimulation of SOD, POD,
and CAT which protects the plant from oxidative damage. In addition, this sunflower was
found susceptible to safely absorbing and accumulating both La and Ce in its organs (for
the most part in roots). The study of the response of this species to other REEs is suggested.

Author Contributions: Conceptualisation, N.S. and I.C.; methodology, N.D., P.B., H.B. and N.S.;
formal analysis, N.D., H.B. and R.F.; writing—original draft preparation, N.D. and R.F.; writing—
review and editing, P.B. and S.M.-D.; visualisation, S.M.-D. and I.C.; supervision, N.S. and I.C. All
authors have read and agreed to the published version of the manuscript.

Funding: The authors received no funding for this article.

Institutional Review Board Statement: Not applicable. The manuscript does not contain any data
on animal research or human research.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This work was financially supported by LISBOA-01-0145-FEDER-031863 project,
co-funded by FEDER through POR Lisboa (Programa Operacional Regional de Lisboa) from Portugal
2020 and Fundação para a Ciência e Tecnologia (PTDC/CTA-AMB/31863/2017). The authors also



Sustainability 2022, 14, 4153 13 of 15

gratefully acknowledge the support of CERENA (strategic project FCT-UIDB/04028/2020) and MARE
(strategic project FCT-UIDB/04292/2020).

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

References
1. Ippolito, M.P.; Fasciano, C.; d’Aquino, L.; Morgana, M.; Tommasi, F. Responses of antioxidant systems after exposition to rare

earths and their role in chilling stress in commosn duckweed (Lemna minor L.): A Defensive Weapon or a Boomerang? Arch.
Environ. Contam. Toxicol. 2010, 58, 42–52. [CrossRef] [PubMed]

2. Grosjean, N.; Jean, M.L.; Berthelot, C.; Chalot, M.; Gross, E.M.; Blaudez, D. Accumulation and fractionation of rare earth elements
are conserved traits in the Phytolacca genus. Sci. Rep. 2019, 9, 18458. [CrossRef]

3. Elbasan, F.; Ozfidan-Konakci, C.; Yildiztugay, E.; Kucukoduk, M. Rare-earth element scandium improves stomatal regulation and
enhances salt and drought stress tolerance by up-regulating antioxidant responses of Oryza sativa. Plant Physiol. Biochem. 2020,
152, 157–169. [CrossRef] [PubMed]

4. Tyler, G. Rare earth elements in soil and plant systems—A review. Plant Soil 2004, 267, 191–206. [CrossRef]
5. Balaram, V. Rare earth elements: A review of applications, occurrence, exploration, analysis, recycling, and environmental impact.

Geosci. Front. 2019, 10, 1285–1303. [CrossRef]
6. Li, X.X.; Yu, B.; Dong, Y.Y.; Wang, L.S.; Zhang, S.L.; Shangguan, H.Y.; He, Z.H.; Luo, X.M.; Lai, P.F. Lanthanum chloride enhances

the photosynthetic characteristics and increases konjac glucomannan contents in Amorphophallus sinensis Belval. Photosynthetica
2020, 58, 165–173. [CrossRef]

7. Wang, L.; Wang, W.; Zhou, Q.; Huang, X. Combined effects of lanthanum (III) chloride and acid rain on photosynthetic parameters
in rice. Chemosphere 2014, 112, 355–361. [CrossRef] [PubMed]

8. Yang, Q.; Li, Y.; Wang, L.; Zhou, Q.; Huang, X. Effect of lanthanum (III) on the production of ethylene and reactive oxygen species
in soybean seedlings exposed to the enhanced ultraviolet-B radiation. Ecotoxicol. Environ. Saf. 2014, 104, 152–159. [CrossRef]

9. Duarte, A.C.O.; De Oliveira, C.; Ramos, S.J.; De Castro, E.M.; Siqueira, J.O.; Guilherme, L.R.G. Lanthanum content and effects on
growth, gas exchanges, and chlorophyll index in maize plants. Acta Sci. Biol. Sci. 2018, 40, e38469. [CrossRef]

10. Cao, Z.; Stowers, C.; Rossi, L.; Zhang, W.; Lombardini, L.; Ma, X. Physiological effects of cerium oxide nanoparticles on the
photosynthesis and water use efficiency of soybean (Glycine max (L.) Merr.). Environ. Sci. Nano J. 2017, 4, 1086. [CrossRef]

11. Wang, L.; Li, J.; Zhou, Q.; Yang, G.; Ding, X.L.; Li, X.; Cai, C.X.; Zhang, Z.; Wei, H.Y.; Lu, T.H.; et al. Rare earth elements activate
endocytosis in plant cells. Proc. Natl. Acad. Sci. USA 2014, 111, 12936–12941. [CrossRef] [PubMed]

12. Liu, D.; Wang, X.; Lin, Y.; Chen, Z.; Xu, H.; Wang, L. The effects of cerium on the growth and some antioxydant metabolisms in
rice seedlings. Environ. Sci. Pollut. Res. 2012, 19, 3282–3291. [CrossRef] [PubMed]

13. Hu, H.; Wang, L.; Li, Y.; Sun, J.; Zhou, Q.; Huang, X. Insight into mechanism of lanthanum (III) induced damage to plant
photosynthesis. Ecotoxicol. Environ. Saf. 2016, 127, 43–50. [CrossRef] [PubMed]

14. Bankaji, I.; Pérez-Clemente, R.M.; Caçador, I.; Sleimi, N. Accumulation potential of Atriplex halimus to zinc and lead combined
with NaCl: Effects on physiological parameters and antioxidant enzymes activities. S. Afr. J. Bot. 2019, 123, 51–61. [CrossRef]

15. D’Aquino, L.; de-Pinto, M.C.; Nardi, L.; Morgana, M.; Tommasi, F. Effect of some light rare earth elements on seed germination,
seedling growth and antioxidant metabolism in Triticum durum. Chemosphere 2009, 75, 900–905. [CrossRef] [PubMed]

16. Hu, X.; Ding, Z.; Chen, Y.; Wang, X.; Dai, L. Bioaccumulation of lanthanum and cerium and their effects on the growth of wheat
(Triticum aestivum L.) seedlings. Chemosphere 2002, 48, 621–629. [CrossRef] [PubMed]

17. Hu, H.; Wang, L.; Zhou, Q.; Huang, X. Combined effects of simulated acid rain and lanthanum chloride on chloroplast structure
and functional elements in rice. Environ. Sci. Pollut. Res. 2016, 23, 8902–8916. [CrossRef] [PubMed]

18. Dai, H.P.; Shan, C.J.; Wei, A.Z.; Yang, T.; Sa, W.Q.; Feng, B. Leaf senescence and photosynthesis in foxtail millet [Setariaitalica (L.) P.
Beauv] varieties exposed to drought conditions. Aust. J. Crop Sci. 2012, 6, 232–237.

19. Bouslimi, H.; Ferreira, R.; Dridi, N.; Brito, P.; Martins-Dias, S.; Caçador, I.; Sleimi, N. Effects of Barium stress in Brassica juncea and
Cakile maritima: The indicator role of some antioxidant enzymes and secondary metabolites. Phyton 2021, 90, 145. [CrossRef]

20. Bhaduri, A.M.; Fulekar, M.H. Antioxidant enzyme responses of plants to heavy metal stress: Review. Rev. Environ. Sci. Biotechnol.
2012, 11, 55–69. [CrossRef]

21. Berni, R.; Luyckx, M.; Xu, X.; Legay, S.; Sergeant, K.; Hausman, J.F.; Lutts, S.; Caia, G.; Guerrierod, G. Reactive oxygen species and
heavy metal stress in plants: Impact on the cell wall and secondary metabolism. Environ. Exp. Bot. 2018, 161, 98–106. [CrossRef]

22. Sat, I.G. The effect of heavy metals on peroxidase from Jerusalem artichoke (Helianthus tuberosus L.) tubers. Afr. J. Biotechnol. 2008,
7, 2248–2253.

23. Nas, F.S.; Ali, M. The effect of lead on plants in terms of growing and biochemical parameters: A review. MOJ Ecol. Environ. Sci.
2018, 3, 265–268.
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