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Abstract: This study investigated the potential of biogenic ZnO nanoparticles (ZnO-NPs) to alleviate
cadmium (Cd) toxicity in durum wheat plants exposed for 14 days to 25µM CdSO4. By applying
ZnO-NPs at two different concentrations (25 and 50 mg L−1), we observed increased chlorophyll
content, beneficially impacting the photosynthetic efficiency, and enhanced sulfur, zinc, and iron
accumulation. Moreover, the ZnO-NP treatment reduced the Cd accumulation in shoots, mitigating
leaf chlorosis and oxidative damage. This response was clearly mediated by the increased thiol and
phytochelatin production, as well as the enhanced sulfate uptake rate, with TdSultr1.3 as the most
responsive gene coding for high-affinity transporter to Cd stress. In conclusion, the application of
biogenic ZnO-NPs appears to be a promising approach for reducing the uptake of heavy metals by
plants. In addition, it could be successfully used in combination with contamination prevention
measures and/or remediation of contaminated sites to remove and mitigate the harmful effects of Cd
on the environment and human health.

Keywords: Lemna minor extract; lipid peroxidation; nanostimulant; sulfur nutrition; thiol compounds

1. Introduction

The degradation of arable soil is a significant environmental concern with broad
implications for agriculture, ecosystems, and food security. The factors leading to soil
degradation and compromising its quality, fertility, ecosystem services, and overall produc-
tivity are different, such as improper land use, deforestation, excessive chemical inputs,
salinization, erosion, and climate change [1]. Soil contamination with heavy metals is
a global issue of cogent concern that clashes with one of the greatest challenges of this
century: how to meet the increasing demand for food with degraded or limited water and
land availability [2].

Among heavy metals, cadmium is considered one of the most toxic, thus posing high
threats to water and soil quality, food safety, and human health [3–5]. The accumulation of
Cd in soils can be attributed to several sources, both natural and related to anthropogenic
activities, with the former accounting for 10% compared to the total release from all the
sources [6]. The main contributors to Cd contamination of agricultural soil are industrial
activities, such as battery and pigment production, electroplating, and improper waste
disposal. In addition, agriculture contributes to Cd release into land and soil due to the
massive use of phosphate fertilizers, which can contain this metal as impurity and sewage
sludge [7].
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The presence of Cd in the soil negatively impacts plant development, leading to re-
duced or stunted growth, chlorosis, oxidative impairments, and, ultimately, plant death [8].
Cd is taken up by plant roots and translocated to aboveground organs, where it hinders
metabolic processes [9]. Once accumulated in the edible parts of crops, it can enter the
trophic chain through the consumption of contaminated food and water.

The accumulation of Cd in plant tissues stimulates the production of high levels of
reactive oxygen species (ROS), leading to oxidative stress and, consequently, damage to the
cellular components [10]. To mitigate or prevent these toxic effects, plants can activate the
antioxidant defensive system, which involves the tripeptide glutathione (GSH) [11], and
synthesize phytochelatins, which are small cysteine-rich peptides capable of chelating metal
ions and sequester them into vacuoles [12,13]. Both GSH and phytochelatins synthesis
require high sulfur (S) availability. For the above, when plants are exposed to Cd, the S
uptake and assimilation rate are significantly stimulated [14–18].

High Cd levels in the soil can significantly interfere with the uptake of other nutrients
due to the ability of this element to alter and modify cell wall permeability [19–21], as
well as to compete with essential nutrients [22]. In fact, Cd can enter root cells through
transmembrane transporters involved in the uptake of some divalent cationic nutrients,
such as magnesium (Mg), calcium (Ca), iron (Fe), zinc (Zn), and copper (Cu) [13,23].

Addressing the issue of soil contamination with Cd requires a holistic approach
that integrates robust prevention measures and eco-friendly land management practices.
Among the latter, besides sustainable remediation technologies, using hyperaccumulator
plants and/or microorganisms to clean Cd-contaminated soils [24], the implementation of
innovative strategies aimed at reducing Cd uptake by plants could play a crucial role in
mitigating its harmful effects on food production and safety and human health.

In this context, nanomaterials appear to be one of the most promising and cutting-edge
strategies to revolutionize agriculture, deliver benefits in crops, and, among others, mitigate
the impacts of soil Cd contamination [25]. By definition, nanomaterials are composed of
particles that show at least one dimension in the 1–100 nm range [26]. Many different
nanostructured materials have been designed and developed, and they can be, depending
on their composition, organic, inorganic, hybrid systems, or composites [26,27]. However,
the use of these materials in agriculture is still considered to be in the initial stages, even
though nanotechnology is expected to gain a groundbreaking role in the coming years in
improving cropping systems and their sustainability [26,28,29].

Despite this, agriculture has already implemented some nanostructured materials
such as nanopesticides, nanofertilizers [30], and plant nanobiostimulants. For instance,
the benefits of nanostructured materials in promoting plant performance under stressful
and challenging conditions have already been documented [31]. Indeed, it has been
demonstrated that applying ZnO-NPs in plants can mitigate the negative impact caused by
Cd and other heavy metals [32,33].

Moreover, it is necessary to point out that there is an increasing interest in bio-
fabricated metal oxide nanoparticles, as they can be obtained by a simple bottom-up
approach based on using biological extracts that, given their composition, can operate as
capping or reducing agents, allowing for obtaining very small nanomaterials and control-
ling their shape and morphology [34,35]. Biogenic ZnO-NPs have been widely applied to
plants with positive effects on biomass production, chlorophyll, and carotenoid content [36].
Moreover, the foliar application of ZnO-NPs to wheat plants [33] and Leucaena leucocephala
(Lam.) de Wit [37], besides stimulating plant growth and chlorophyll content, has been
shown to enhance Zn accumulation while reducing the uptake of Cd and Pb, leading
to decreased oxidative damage in the shoot tissues. This reduction in Cd content was
attributed, at least in part, to the chemical–physical similarity and analogous biological
interaction mechanisms of Zn and Cd [38]. It has indeed been reported that Zn foliar
application reduced the Cd concentration in rice plants [39] and mitigated the Cd toxicity
in wheat [40]. Although the efficacy of biogenic ZnO-NPs in nutrient uptake, especially Zn,
has been well recognized, their role in Cd toxicity mitigation remains unclear.
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From such premises, this research aimed to investigate whether biogenic ZnO-NPs,
obtained through applying a biobased synthesis involving an extract from Lemna minor
L. [34], could act as nanobiostimulant in durum wheat (Triticum durum Desf., cv. Svevo)
and then to understand the potential of the application of these NPs in crop production.
Furthermore, the ZnO-NPs’ potential in mitigating the harmful effects of Cd on durum
wheat plants by limiting the uptake of this pollutant is discussed. To this scope, plants were
grown in the presence or absence of Cd (25 and 0 µM CdSO4, respectively), and ZnO-NPs
were applied to plants by foliar spraying at two different concentrations.

2. Materials and Methods
2.1. Biogenic Synthesis of ZnO-NPs

The synthesis of ZnO-NPs was conducted by following a previously developed bio-
genic protocol [34] based on the use of a hydroalcoholic extract obtained from Lemna minor
L. This species was chosen to bio-fabricate NPs for its metabolic signature characterized
by untargeted metabolomics [34], which allows it to act as a capping agent. The biogenic
ZnO-NPs showed a morphology of spherical shape and sizes distributed in the range of
10–20 nm (all characterization data are reported in Del Buono et al. [34].

2.2. Plant Growth Conditions

The seedlings of durum wheat (Triticum durum Desf., cv. Svevo) were grown in a
growth chamber in hydroponic culture, with six plants per pot containing 2.2 L of nutrient
solution (NS) [41]. The growth conditions were 27/20 ◦C with 14/10 h day/night cycles
and relative humidity of 80% and 200 µmol m−2 s−1 PAR at leaf level. Seven days after
sowing, Cd was added to the NS as CdSO4 to half of the plants at a concentration of 25 µM.
After 2 and 10 days from Cd-contamination, ZnO-NPs synthesized according to Del Buono
et al. [34] were applied by foliar treatment (2 mL per plant) at two different concentrations,
25 and 50 mg L−1 (in the text is referred to as 25 and 50 ppm). These ZnO-NP concentrations
were selected based on the prior research [34], indicating their beneficial effects on the
growth rate of maize seedlings under non-stressful conditions. At harvest (two weeks after
Cd contamination), the plants were divided into six groups, as described in Table 1, based
on the presence of CdSO4 in the NS (0 and 25 µM) and the ZnO-NPs concentration (25 or
50 ppm).

Table 1. Growth conditions based on the concentration of Cd in the NS and of ZnO-NPs for the
foliar treatments.

Treatments CD [µM] ZnO-NPs [ppm]
C 0 0

C25 0 25
C50 0 50
CD 25 0

CD25 25 25
CD50 25 50

2.3. Chlorophyll Content

The chlorophyll content per unit area was assessed in the attached leaves by means of
a SPAD portable apparatus (Minolta Co., Osaka, Japan), with measurements taken on the
first fully expanded leaf from the top of each plant. The measurements were carried out at
harvest (21 days after sowing and 4 days after the second ZnO-NPs treatment).

2.4. Determination of Malondialdehyde (MDA) Concentration

The concentration of malondialdehyde (MDA) was determined as thiobarbituric acid
(TBA) reactive metabolites, following the method outlined by [42]. In brief, fresh shoot and
root tissues (0.2 g) were homogenized in 10 mL of 0.25% TBA prepared in 10% trichloroacetic
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acid (TCA). The resulting extract was heated at 95 ◦C for 30 min and then rapidly cooled
on ice. The suspension was centrifuged at 10,000× g for 10 min, and the absorbance of the
supernatant was recorded at 532 nm. Non-specific turbidity was corrected by subtracting
the absorbance value taken at 600 nm. The level of lipid peroxidation was quantified as
mmol per gram of fresh weight using an extinction coefficient of 155 mM cm−1.

2.5. Determination of Concentration of Non-Protein Thiol Compounds

The quantification of water-soluble non-protein thiol compounds was performed
colorimetrically using 5,5′-dithio-bis-(2-nitrobenzoic acid) (DTNB), following the method
described by [42]. Briefly, frozen shoot and root tissues (1 g FW) were homogenized in a
solution (5 mL) containing 80 mM trichloroacetic acid (TCA), 1 mM ethylenediaminete-
traacetic acid (EDTA), 0.15% (w/v) ascorbic acid and 10% (w/v), and polyvinylpyrrolidone
(PVP). After a centrifugation step (30 min at 4000× g and 4 ◦C), the supernatants were
collected, and the concentrations of DTNB-reactive compounds were detected spectrophoto-
metrically at 415 nm (Agilent Cary 3500 UV-Vis Spectrophotometer, Santa Clara, CA, USA).

2.6. Determination of S, Zn, Fe, and Cd Concentrations

To assess the total S concentration, the shoot and root tissues (1 g) were oven-dried
at 105 ◦C and then ashed in a muffle furnace at 600 ◦C. Subsequently, the ashes were
completely mineralized and dissolved in 10 mL of 3 N HCl, followed by filtration through
Whatman No. 42 papers. Upon contact with BaCl2, a BaSO4 precipitate was formed and
quantified using the turbidimetric method of Bardsley and Lancaster [43].

To assess the concentration of Zn, Fe, and Cd, the shoot and root tissues were dried at
121 ◦C for 24 h and then mineralized in 3 mL of ultrapure HNO3 (69.5%) and 0.6 mL of HCl
(37%) using a Microwave digestion system (Multiwave Go Plus, Anton Paar GmbH, Graz,
Austria). After mineralization, the samples were filtered and diluted 1:200 with Milli-Q
water. The concentrations of the nutrients were measured using an inductively coupled
plasma-mass spectroscopy (Agilent 7850 ICP-MS, Santa Clara, CA, USA).

2.7. Gene Expression Analysis

The total RNA was extracted from the shoot and root of plants grown in the presence
or absence of 25 µM Cd using the Spectrum Plant Total RNA Kit (Sigma-Aldrich, St.
Louis, MO, USA). To synthesize single-strand cDNA, 1 µg of RNA was processed with the
QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany). Quantitative real-time
PCR (qRT-PCR) was performed on a CFX 96 Real-Time PCR Detection System (Bio-Rad,
Hercules, CA, USA). Reactions were set up in a total volume of 15 µL, including 7.5 µL
of SsoAdvUniver SYBR GRN SMX (Bio-Rad), primers at a concentration of 0.5 µM each,
and 1 µL of cDNA. The thermal cycling protocol, based on Sestili et al. [44], consisted of an
initial denaturation at 94 ◦C for 30 s, 40 cycles of denaturation at 94 ◦C for 5 s, annealing
at 60 ◦C for 30 s, and a melting curve analysis from 65 ◦C to 95 ◦C, increasing by 0.5 ◦C
every 5 s. The β-actin gene served as the internal control. Gene expression was quantified
using the 2−∆∆Ct method [45]. The primers were specifically designed to target the two
high-affinity sulfate transporters (TdSultr1.1 and TdSultr1.3), as described in Ciaffi et al. [46].
The experimental data were obtained from three independent biological replicates per
genotype, with each biological replicate analyzed in triplicate for technical consistency.

2.8. Statistical Analysis

The results are presented as mean ± standard deviation (SD) of three biological
replicates (n = 3) for each analyzed parameter. The six different growth conditions were
statistically analyzed using one-way analysis of variance (ANOVA) with a Student’s t-test at
p < 0.05 significance level using the statistical software CoStat (version 6.45). The correlation
networks were performed in R (version 4.2.3) using the following packages: “tidyverse”
(version 2.0.0), “corrr” (version 0.4.4), “igraph” (version 1.5.1), and “ggraph” (version 2.1.0).
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3. Results
3.1. Biomass Production and Chlorophyll Content

The foliar application of ZnO-NPs did not significantly alter plant biomass, as mea-
sured by the fresh weight of both shoots and roots (Figure 1). On the other hand, the
Cd exposure (Cd condition) resulted in a significant decrease in both the shoot and root
biomass (83% and 88%, respectively, compared to the control condition) (Figure 1). While
the ZnO-NPs treatment partially mitigated the negative impact of Cd on shoot biomass,
it had no significant effect on root biomass (Figure 1). Accordingly, at harvest, the shoot
biomass of plants from the Cd25 and Cd50 conditions significantly increased by 59% and
79%, respectively, compared to those from the Cd condition (Figure 1).
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Figure 1. Effect of foliar application of ZnO-NPs at the concentration of 0, 25, and 50 ppm on shoot
and root biomass (FW, fresh weight), shoot-to-root ratio (insert), and chlorophyll content, measured
as SPAD units, of durum wheat plants grown in the absence (C) or presence (Cd) of 25 µM Cd. Data
are reported as the mean of three biological replicates ± SD (n = 3). Different lower case letters
indicate statistically significant differences among the growth conditions (p < 0.05).

The presence of Cd in the NS significantly influenced the allocation of resources within
the plant. In particular, the shoot/root ratio increased significantly in the Cd, Cd25, and
Cd50 conditions by 56%, 79%, and 88%, respectively, compared to the control samples
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(insert in Figure 1). In addition, the application of ZnO-NPs resulted in a significant
increase in the shoot/root ratio by 14% and 22%, respectively, in the samples Cd25 and
Cd50, compared to the condition with only Cd (Figure 1).

As shown in Figure 1, the application of the highest ZnO-NPs concentration (C50
condition) guaranteed slightly higher chlorophyll content (7% compared to the C condi-
tion). In contrast, the presence of Cd (Cd condition) in the NS reduced the chlorophyll
content by 58% compared to the control (C condition) (Figure 1). However, the applica-
tion of ZnO-NPs significantly improved the leaf chlorophyll content in plants exposed
to Cd contamination. Specifically, we found that the ZnO-NPs’ beneficial effects were
dose-dependent. Indeed, the lowest concentration (Cd25 condition) and the highest con-
centration (Cd50 condition) resulted, respectively, in an increase of 28% and 68% compared
to the Cd condition (Figure 1).

3.2. Oxidative Damage

Malondialdehyde (MDA) is one of the most common biomarkers for assessing lipid
peroxidation. Under control conditions, the application of NPs caused no significant
changes in the MDA concentration in plant tissues at both doses applied (Figure 2). The
plants subjected to Cd treatment alone (Cd condition) exhibited significantly higher levels
of lipid peroxidation in both the shoot and root tissues (2.1- and 1.8-fold than the control C,
respectively), indicative of cell membrane damage (Figure 2A,B). Interestingly, the NP foliar
application after Cd exposure managed to sustain membrane integrity only at the shoot
level, as shown by significantly lower MDA concentration in comparison with Cd-stressed
plants not treated with NPs (Cd condition) (Figure 2A). In particular, the highest NP
concentration was less effective in reducing MDA accumulation in shoots (−20 and −13%
in the Cd25 and Cd50 conditions, respectively, compared to the Cd condition). In contrast,
in the roots, both the NP concentrations further increased Cd-induced lipid peroxidation,
as shown by significantly higher MDA levels compared to the Cd condition (25% and 57%,
with the lowest and highest concentrations, respectively (Figure 2B).
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Figure 2. Oxidative damage expressed as changes in MDA accumulation in shoot (A) and root (B)
tissues of durum wheat plants grown in the absence (C) or presence (Cd) of 25 µM Cd and treated
foliarly with ZnO-NPs at the concentration of 0, 25, and 50 ppm. Statistics as in Figure 1.
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3.3. Defensive Response

Neither low nor high doses of ZnO-NPs significantly altered the non-protein thiol
concentrations in plants not exposed to cadmium (Cd) (Figure 3A,B). In contrast, Cd
exposure (Cd condition) led to a significant increase in the non-protein thiol pool. In
particular, the thiol concentration increased by 1.5- and 6.2-fold compared to the control
(C), in shoots and roots, respectively (Figure 3A,B). The application of ZnO-NPs after Cd
stress exposure was associated with a marked reduction in the thiol concentration in shoots
in comparison to the samples treated with Cd alone (Cd 0) (Figure 3A). The trend recorded
was dose-dependent, with the lowest dosage (Cd25 condition) resulting in a 66% decrease
and the highest one (Cd50 condition) in an 84% decrease (Figure 3A). On the contrary,
there was no same response at the root level as observed at the shoot level, as illustrated
by significantly higher thiol accumulation in the roots of plants from the Cd25 and Cd50
conditions compared to the Cd-stressed plants (33 and 16%, respectively) (Figure 3B).
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Figure 3. Effect of foliar application of ZnO-NPs at the concentration of 0, 25, and 50 ppm on non-
protein thiols concentration in the shoot (A) and root (B) tissues of durum wheat plants grown in the
absence (C) or presence (Cd) of 25 µM Cd. Statistics as in Figure 1.

3.4. Changes in Cd, Zn, and Fe Concentration

As expected, Cd exposure significantly increased the Cd accumulation in both the
root and shoot tissues of wheat plants, with most of the Cd accumulated to a significantly
higher extent in the roots than in the aboveground tissues (Figure 4). Interestingly, ZnO-NP
application effectively reduced the Cd accumulation in the shoots by 81 and 79% compared
to the Cd-stressed plants at 25 and 50 ppm, respectively (Figure 4). On the other hand, while
the lower NP concentration (Cd25 condition) reduced the root Cd levels (37% compared to
the corresponding control), the higher concentration had no significant effect (Figure 4).
The ability of a plant to translocate Cd from the root system to the aerial parts is indicated
by the translocation factor, calculated as the percentage ratio of shoot Cd concentration to
root Cd concentration [47]. Importantly, ZnO-NP treatment also reduced the translocation
of Cd from roots to shoots. The translocation rate decreased from 3% in the untreated
Cd-exposed plants to 0.78% in Cd50 and 0.40% in Cd25 conditions (Figure 4).
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Figure 4. Changes in Cd, Zn, and Fe concentration (from left to right) in the shoot and root tissues of
durum wheat plants grown in the absence (C) or presence (Cd) of 25 µM Cd and treated foliarly with
ZnO-NPs at the concentration of 0, 25, and 50 ppm. The translocation rate, a measure of a plant’s
ability to move Cd from roots to shoots, was calculated as the percentage ratio of shoot-to-root Cd
concentration. Statistics as in Figure 1.

Both the foliar application of ZnO-NPs and exposure to Cd affected the accumulation
of two important micronutrients, Zn and Fe, in the plant tissues.

In plants from the control condition, the application of the highest NP concentration
(C50 condition) caused a significant increase in Zn in both the shoot and root tissues but
to a different extent. In particular, the C50 shoots exhibited a significantly higher (two-
fold) Zn concentration than that found in C plants, whereas in roots, the increase was less
pronounced (26% compared to control C) (Figure 4). The exposure of plants to Cd did
not result in any significant variation in the Zn accumulation in the aboveground portion
of the plants (Figure 4), while higher concentrations of Zn were detected in roots (144%
compared to control C) (Figure 4). In Cd-stressed plants, a significant increase in the shoot
Zn concentration was found following the application of the highest concentration of NPs
(Cd50 condition) (Figure 4). The NP treatment promoted the accumulation of Zn in root
tissue, but the peak was reached in the plants exposed to the lowest NP concentration
(25 ppm) and was less pronounced than that observed in shoots (Figure 4).

Accumulation of Fe followed a pattern similar to that described for Zn, at least in
shoots, with higher values in plants treated with the highest NP concentration, irrespective
of the presence or absence of Cd in the growth medium (Figure 4). Furthermore, as for Zn,
the presence of Cd in the NS did not influence the concentration of the nutrient (Figure 4).
On the other hand, although no variations induced by NPs were detected in the control
plants (C25 and C50 conditions), higher Fe accumulation was found in the roots of plants
exposed to Cd (Figure 4).

3.5. Changes in Plant Total S Concentration and Expression of Two High-Affinity Sulfate
Transporter (TdSultr1.1 and TdSultr1.3) in Root Tissues

The ZnO-NP treatment had contrasting effects on the total S accumulation in shoots
and roots (Figure 5). While it did not affect the shoot S levels, it significantly increased the
root S levels by 55% at both NP doses (Figure 5). The Cd treatment by itself determined
a notable decrease in S concentration in the aboveground part of wheat plants (−40%
compared to control C) and an increase at the root level (+143% compared to control C)
(Figure 5). The foliar application of ZnO-NPs to Cd-exposed plants caused no significant
modulation of S accumulation in shoots while resulting in a significant decrease in root
tissues (Figure 5). In the latter case, the trend recorded was dose-dependent, with the lowest
dose (Cd25 condition) resulting in a 21% increase and the highest one (Cd50 condition) in a
36% increase in comparison with the Cd-stressed plants (Figure 5).
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Figure 5. Effect of foliar application of ZnO-NPs at the concentration of 0, 25 and 50 ppm on total
S concentration (on the left) in shoot (A) and root (B) tissues and on the relative expression levels
by qRT-PCR of the genes encoding high-affinity sulfate transporters (TdSultr1.1 and TdSultr1.3) (on
the right) in roots of durum wheat plants grown in the absence (C) or presence (Cd) of 25 µM Cd.
Statistics as in Figure 1.

In plants not exposed to Cd stress, the transcript levels of both high-affinity sulfate
transporters belonging to group I (TdSultr1.1 and TdSultr1.3) were not affected by the
foliar application of ZnO-NPs, at both doses applied (Figure 5). The Cd treatment, with
or without NP application, caused no significant modulation of TdSultr1.1 expression but
strongly upregulated TdSultr1.3, with the highest expression level detected in the roots of
plants from the Cd condition (Figure 5).

3.6. Correlation Analysis

The correlation networks, constructed using R software, revealed a higher degree of
interconnection among the parameters in wheat shoots compared to roots, indicating a
more complex physiological response in shoot tissues (Figure 6).

Interestingly, we found, in both the networks, a positive correlation between the total
S concentration (S) and Cd translocation rate (TR) (R2 = 0.929 and 0.8151, in shoots and
roots, respectively) and a negative one between the ZnO-NPs concentration (ZnO.NPs) and
Cd translocation rate (TR) (R2 = 0.792 in both tissues) (Figure 6, Supplementary Table S1).

However, the two different networks also displayed specific features. For instance,
the shoot network showed a strong positive correlation among the Cd translocation rate
(TR) and MDA concentration (MDA) (R2 = 0.972), MDA concentration (MDA) and thiols
production (Thiols) (R2 = 0.838), and thiols production (Thiols) and total S concentration
(S) (R2 = 0.999), suggesting that with the decreasing Cd translocation to shoots, the oxida-
tive damage decreased, leading to lower demand of thiol compounds and then of sulfate
(Figure 6A, Supplementary Table S1). Interestingly, the ZnO-NP concentration (ZnO.NPs)
was positively correlated with both the chlorophyll levels (Chl) (R2 = 0.994) and Fe accu-
mulation (Fe) (R2 = 0.895), and, as expected, a strong positive correlation was also found
between the chlorophyll levels (Chl) and Fe accumulation (Fe) (R2 = 0.939) (Figure 6A,
Supplementary Table S1).
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Figure 6. Correlation networks of durum wheat (A) shoots and (B) roots. The blue and red lines
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cadmium concentration; Fe, iron concentration; Zn, zinc concentration; S, total S concentration; Thiols,
non-protein thiols concentration; MDA, malondialdehyde concentration; TR, Cd translocation rate;
and ZnO-NPs, the concentration of biogenic ZnO-NPs applied as foliar spray.

On the other hand, the root network revealed that the total S concentration (S) was
negatively correlated with the MDA concentration (MDA) (R2 = −0.985) (Figure 6B,
Supplementary Table S1). Moreover, the Cd concentration in roots (Cd) was positively
correlated with the Fe concentration (Fe) (R2 = 0.892) but negatively correlated with the Zn
concentration (Zn) (R2 = −0.964) (Figure 6B, Supplementary Table S1).

4. Discussion

Industrial and mining activities, agricultural practices, and improper waste disposal
are common sources of heavy metal pollution in soil. Impaired plant growth and devel-
opment, reduced crop yields, and compromised food safety are the most obvious conse-
quences of agricultural soil contamination with heavy metals [2]. Among heavy metals, Cd
is one of the most harmful [3]; it can accumulate in agricultural soils and subsequently be
taken up by crops [13], leading to a direct pathway of exposure for humans through the
food chain [48,49].

To address this challenge, innovative strategies are needed, and one promising ap-
proach involves the utilization of nanotechnology. In this study, we explored the potential
of bio-fabricated ZnO-NPs to alleviate the negative impacts of Cd on durum wheat. By
employing the green synthesis method using a plant extract from Lemna minor [34], we
aimed to develop eco-friendly and sustainable nanomaterials for agricultural applications.

It is well known that Cd negatively impacts plant development, leading to reduced
growth and, ultimately, plant death [50]. Plants exposed to Cd commonly exhibit chlorotic
symptoms due to the inhibition of key enzymes involved in chlorophyll biosynthesis,
leading to reduced chlorophyll content and impaired light absorption, ultimately decreasing
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the photosynthesis rate [51]. Accordingly, wheat plants exposed to Cd showed stunted
growth and chlorosis, which are general symptoms of Cd toxicity [50].

The protective effect of ZnO-NPs on plants can occur through increased biomass,
enhanced nutrient use efficiency, or increased resistance to stressful conditions, such as Cd
in the growth medium. In fact, we found that the foliar application of biogenic ZnO-NPs
was not effective in stimulating the shoot and root biomass production, but it slightly
increased the chlorophyll content when plants were grown in control conditions and
supplied with adequate availability of nutrients (Figure 1). This stimulatory effect induced
by ZnO-NPs, even though ascertained at the highest dosage, can be attributed to the ability
of this nanomaterial to influence the chlorophyll content in crops grown under both normal
and stressed conditions [52]. Indeed, the involvement of Zn in the protochlorophyllide
and chlorophyll biosynthesis, as well as chloroplast development, is well known [53].
In addition, ZnO-NPs, thanks to their electronic properties, may influence the ability
of photosystem II to absorb light, thereby increasing the transmission of radiant energy
from tyrosine to chlorophylls [54]. This mechanism, in turn, stimulates the chlorophyll
biosynthesis to support the increased photosynthetic activity [54].

As for biomass production, the effect of NPs may depend on the species, the dosage,
and the phenological stage at which the material is applied [26]. On the other hand, this
pattern can be quite common and consistent with several results reported in the literature,
showing that the beneficial effect of bioactive compounds occurs in plants exposed to
limited resource availability (water and/or nutrients) or stress conditions [55]. In the latter
case, it can be suggested that biostimulants could compensate for the growth rate during
the adaptation to stress. Accordingly, Cd-induced inhibition of plant growth was, at least in
part, mitigated by the foliar application of ZnO-NPs. At both concentrations, they alleviated
the negative effects of Cd on shoot biomass without affecting root growth and thus resulted
in an increased shoot/root ratio (Figure 1).

Furthermore, the treatment with ZnO-NPs significantly increased the leaf chlorophyll
content in plants stressed with Cd, which, being positively correlated with NP concentration
(R2 = 0.933, Supplementary Table S1), indicated a dose-dependent response (Figure 1). The
positive effect of ZnO-NPs on shoot growth and chlorophyll content might be ascribed to a
lower uptake, translocation, and accumulation of Cd to shoots and/or by the activation
of mechanisms to avoid the potentially damaging effects related to the onset of oxidative
stress. In fact, following treatment with ZnO-NPs, not only did Cd accumulation in both
shoot and root tissues significantly decrease, but its translocation rate to the shoot also
decreased (Figure 4). Moreover, a positive correlation between the Cd translocation rate and
Cd concentration in the shoots (R2 = 0.996, Supplementary Table S1) was found, suggesting
that the Cd translocation is likely the key driver of the Cd accumulation in the shoot, rather
than the Cd uptake, according to the previous studies [56,57].

The reduction in the Cd uptake and accumulation induced by the foliar application of
ZnO-NPs could be explained by the competitive mechanism between Zn and Cd, which,
due to their similarity in terms of physicochemical properties, results in a similar interaction
at the physiological level [38]. It has been indeed demonstrated that the Cd uptake and
accumulation, along with its consequent phytotoxic effects, is inversely correlated with
increasing Zn concentration in the growth medium [58–61].

As expected, the ZnO-NPs treatment, when applied at 50 ppm, led to an increased Zn
accumulation in both the shoots and roots of wheat for both the control and Cd conditions
(Figure 4). Interestingly, the increased accumulation of Zn in the shoots of plants exposed
to Cd was associated with reduced Cd accumulation (Figure 4). Zn is an essential micronu-
trient for plants, playing a crucial role in various physiological and biochemical processes,
such as the activation of numerous enzymes like RNA polymerase, superoxide dismutase,
alcohol dehydrogenase, and carbonic anhydrase [62]. In addition to these functions, Zn
plays an essential role in chloroplast development and some of their functions, such as the
photosystem repair processes [63].
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On the other hand, the positive effect of ZnO-NPs can be explained by assuming that
it enhances the plant’s ability to counteract the stressor. Therefore, the oxidative damage to
lipids and the synthesis of antioxidant compounds in the root and shoots of wheat plants
were evaluated. Cd exposure generally leads to increased production of ROS that can
damage biological organelles and biomolecules, particularly by oxidizing the lipids of cell
membranes [64]. The enhanced level of lipid peroxidation, expressed in terms of MDA
concentration, observed in both the root and shoot tissues of Cd-exposed wheat plants are
indicative of oxidative damage induced by the metal (Figure 2). Interestingly, a significant
decrease in MDA accumulation was found in the shoot tissues of plants grown with Cd and
treated with ZnO-NPs at both concentrations, revealing the potential role of these NPs in
enhancing the plant’s ability to face oxidative stress. However, the MDA concentration in
roots did not appear to follow the same pattern, as it increased by increasing the ZnO-NPs
dosage (R2 = 0.998, Supplementary Table S1) (Figure 2). The occurrence of two different
response patterns following the application of the ZnO-NPs may be attributed to the higher
Cd concentrations found in roots, which corresponded to more than 30-fold that found in
shoots. This finding is consistent with that seen in other plant species and can be considered
a strategy for improving the Cd tolerance by limiting the Cd translocation to shoots [65,66].

The analysis of non-protein thiol compounds, which play a pivotal role as antioxidants
in plants, being ROS scavengers [67], was conducted in both the root and shoot tissues. The
non-protein thiols pool increased in plants treated with Cd compared to the control (C)
in both shoot and root tissues, whereas it decreased after the application of ZnO-NPs in a
dose-dependent manner (R2 = −0.950, Supplementary Table S1) (Figure 3). The highest
concentration of thiols found in roots was not surprising, as this part of the plant is the
primary site for Cd accumulation.

There are several reports connecting Cd stress to changes in sulfur (S) uptake and
assimilation rate [14,16,17] due to the increased demand for S to produce S-containing
metabolites, such as thiols and phytochelatins (PCs), which are considered a protection
against oxidative damage and the main defense mechanism, respectively [68]. Accordingly,
the presence of Cd in the growth medium significantly increased the total S concentration
in the roots while decreasing it in the shoots (Figure 5). This response reasonably accounts
for the observed patterns of Cd accumulation, thiol production, and MDA accumulation,
which occurred mainly in the roots.

In addition, the total S levels in the roots were affected by the treatment with ZnO-NPs
but in different ways, depending on whether the plants were exposed to Cd. In particular,
the application of ZnO-NPs to wheat under control conditions led to a significant increase
in the S concentration but to a lesser extent compared with plants exposed to Cd. In
contrast, S decreased in a dose-dependent manner under the Cd condition (R2 = −0.994,
Supplementary Table S1) (Figure 6). The latter result was consistent with the expression
pattern of the TdSultr1.3 gene, encoding a high-affinity sulfate transporter involved in
the re-distribution of S from source to sink organs [69] (Figure 5). The expression of
genes encoding sulfate transporters is regulated by sulfur supply, with reduced external S
availability, leading to their rapid upregulation [70]. In addition, environmental factors,
such as external Cd, can modulate the demand for S, driving plants to adapt their S uptake
rate [71,72]. Our finding demonstrates that between the two analyzed high-affinity sulfate
transporters, TdSultr1.1 and TdSultr1.3, the latter had a crucial role in matching the higher
S demand needed to cope with Cd stress by increasing the sulfate uptake capacity of the
roots. Indeed, Cd treatment, with or without ZnO-NPs application, caused no significant
modulation of the expression of TdSultr1.1, which has been shown to be the most responsive
gene to S [46].

It is well known that the presence of Cd in the external medium could affect the uptake
of other nutrients, resulting in either increased, as previously observed for S, or reduced
uptake, as previously demonstrated for Fe in barley [66] and tobacco [18] plants. The uptake
of Cd through transmembrane transporters belonging to the ZIP (ZRT, IRT-like protein) and
Nrampm (Natural resistance-associated macrophage protein) transporter families, usually
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used by some divalent nutrients, is considered a likely reason for the second mechanism
leading to competition phenomena. Given that Fe is a micronutrient of extreme importance
for plant nutrition, and to shed light on these antagonizing dynamics, the patterns of Fe
accumulation in both the roots and shoots of plants subjected to various treatments were
analyzed. Our experiment pointed out that the highest values for Fe were found in plants
treated with 50 ppm ZnO-NPs, irrespective of the Cd presence in the medium. This result
suggests a potential contribution of ZnO-NPs in favoring Fe acquisition as a compensatory
mechanism activated by this material in plants grown under Cd stress (Figure 4). On the
other hand, the Fe accumulation in roots was highest in plants exposed to Cd, according to
the previous studies on Arabidopsis roots [18], and this result ruled out the possibility of a
possible competitive effect.

In conclusion, this study demonstrated that the bio-fabrication of ZnO-NPs using
plant extracts obtained from biological entities readily available in nature, such as Lemna
minor, can represent an effective tool in counteracting heavy metal uptake in crops. In
fact, the findings of this study demonstrate that the application of biogenic ZnO-NPs
effectively mitigated the Cd uptake and translocation in wheat plants, thereby reducing its
detrimental impact on the crop. From that perspective, this study enables new applications
of bio-based nanomaterials for the mitigation potential they may show toward certain
pollutants and their potential for use with other natural-based solutions to recover or
protect non-renewable resources.

Finally, our research highlights the potential benefits of nanomaterials in agriculture.
However, to harness these benefits responsibly, a thorough assessment of their environ-
mental impact and potential risks to plant health is crucial [73].
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