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Abstract: Heavy metals are environmental pollutants that cause toxicity in plants and represent a risk
for human health, linked to bioaccumulation through the food chain. However, excess accumulation
may not occur in young plants in the early stages of exposure to the toxic element. In the present
work, rocket (Eruca sativa L.) plants grown in hydroponics were exposed for three weeks to excess
concentrations (25, 50, or 100 uM) of Cu or Zn in the nutrient solution and were more sensitive to Cu
than Zn toxicity. However, a significant decrease in the leaf biomass production as compared with the
control was observed only after two or three weeks, and only minor signals of metal-induced adverse
effects were evidenced concerning photosynthesis, oxidative stress indicators, antioxidant metabolites,
and macronutrients. After two or three weeks, the leaf level of Cu occasionally approached the upper
value associated with the recommended limits of dietary intake for human adults. However, as
rocket leaves are commercialized when they achieve a 10-15 cm length, after one week of cultivation
in perlite, the plants had an adequate size without metal contamination and could be considered
suitable for the food market, even after exposure to Cu or Zn concentrations up to 100 uM.
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1. Introduction

Heavy metals are persistent pollutants that are spread in the environment from an-
thropogenic sources, such as mining, industrial processing, and agricultural practices [1],
which have contributed to the contamination of soils and water bodies [2-4]. From a chem-
ical point of view, heavy metals are elements with high atomic weights or high densities;
however, the term is commonly used to indicate either metals or metalloids that have toxic
effects on both the environment and living organisms and that are generally bioaccumu-
lated through the food chain [1]. In this respect, a major health risk could be associated
with vegetables, which are an essential part of the human diet. Furthermore, the problem
could involve especially leafy vegetables, as heavy metals are generally accumulated more
in root and leaf tissues than fruits [5].

In plants, heavy metals can cause physiological and morphological modifications
by inducing the production of reactive oxygen species (ROS), inhibiting enzyme activity,
reducing photosynthesis, and activating detoxification mechanisms [6]. However, some
heavy metals, including copper (Cu) and zinc (Zn), are also essential trace elements (or
micronutrients) involved in biochemical reactions or in functional molecules, such as en-
zymes or structural proteins [7]. Essential plant micronutrients participate in cell functions
that regulate the circadian rhythm and cell senescence and apoptosis [8]. At metal con-
centrations below the functional requirement of plants, visible deficiency symptoms may
occur consisting in leaf chlorosis or necrosis [9]. At concentrations above the physiological
range, generally, photosynthesis is inhibited, mineral nutrition is impaired, and oxidative
stress occurs. Under these conditions, plant growth is limited, and specific mechanisms
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are activated to preserve the tissues from oxidative damage and maintain homeostasis.
The detoxification process may take place by excluding or sequestering the excess element
through decreased absorption, chelation by organic anions, the regulation of translocation
to the leaves, or compartmentalization in the vacuoles [10]. These mechanisms generally
involve the antioxidant system with the activation of antioxidant enzymes and the stimu-
lation of the synthesis of antioxidant secondary metabolites. The capacity of the plant to
tolerate element concentrations above the optimal level without tissue damage is the basis
for sustainable biotechnologies, like plant food biofortification or the phytoremediation of
marginal soils. However, the plant tolerance mechanisms could be ineffective at excessive
concentrations and toxicity may occur, often with symptoms similar to those caused by
element deficiency, especially chlorosis and necrosis [11].

Both Cu and Zn have been reported among the most hazardous environmentally
relevant heavy metals [1]. The former is a widespread contaminant in agricultural soils and
intensive crop systems (greenhouse crops, soilless culture) for the extensive use of copper-
based pesticides in many annual (i.e., vegetables, flower culture, herbs) and perennial crops,
particularly in vineyards [12]. Copper is a cofactor in enzymes that regulate photosynthesis
and activate ROS scavenging. Along with the cell damage caused by ROS production,
Cu poisoning causes physiological and morphological alterations, such as limited plant
growth and photosynthetic activity, chlorosis, and a reduced nutrient content in root
tissues [6]. Similarly, Zn is a widespread pollutant and is the second most abundant
transition metal in living organisms after iron [13]. Zn is involved in enzyme activation,
photosynthesis, nitrogen (N) metabolism, and cell multiplication [14]. Excess Zn can be
toxic to plants, with effects similar to those caused by excess Cu: chlorosis, the deficiency
of other micronutrients, the inactivation of enzymes involved in ROS scavenging (e.g.,
peroxidase), and the inhibition of root development [6]. It has been reported that Zn
can cause toxicity in plants at tissue concentrations above 300 ug/g of dry matter [10],
provoking nutritional and photosynthetic impairment. Both the threshold concentration
causing toxicity and the mechanisms to counteract the cytotoxic effects depend mainly
on the plant species and on the chemical properties of the metal element. Also, the time
required for the adverse effects of metal poisoning to become apparent depends mainly on
the genotype and chemical behaviour of the toxic agent. It has been found that heavy-metal
accumulation increases with the plant age and is higher in the reproductive phase than
the vegetative phase [15]. Therefore, young plants at the vegetative stage may not show
significant toxicity symptoms after a short time of exposure to heavy metals, even when
the toxic elements can cause severe long-term effects.

Rocket is one of the most popular crops in the Mediterranean areas and is mainly
consumed as a ready-to-eat product [16]. Many fresh-cut leafy vegetables for the food
market, including rocket, are often grown hydroponically in floating raft systems or other
soilless systems that involve the growth of plants in inert material, such as rockwool, perlite,
pumice, sand, etc., and organic-based material, such as peatmoss, cocosoil, etc. [17-19]. In
hydroponics, plant roots are in direct contact with the nutrient solution during the whole
growing cycle; therefore, they are exposed to the dissolved nutrients and non-nutrient ions.
In this study, we tested the hypothesis that the short-term contamination by excess heavy
metals is not relevant in young plants, regardless of the mechanisms of element uptake and
detoxification. With this aim, rocket plantlets grown in pots with perlite were exposed to
supra-optimal concentrations (25, 50, and 100 uM) of Cu or Zn in the nutrient solution. The
plants were sampled after one week, at the commercial stage of baby leaf [20]. In addition,
two further samplings were carried out after two and three weeks of treatment to verify
that the phytotoxic effects were not evident, even with a slightly longer cultivation period.
Two parallel experiments were conducted at the same time in the same greenhouse, using
a common control treatment with 4.00 uM of Cu and 4.10 uM of Zn in the nutrient solution.
The accumulation and tolerance toward Cu or Zn in the early stages of cultivation were
evaluated and compared.
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2. Materials and Methods
2.1. Plant Material and Cultivation Conditions

Rocket (Eruca sativa L.) seedlings at the stage of two cotyledons were used at the ex-
perimental greenhouse of the Cyprus University of Technology in Limassol, Cyprus. Plants
were growing during January and February 2020, for a seven-week period. Seedlings were
purchased from a commercial nursery, grown in a peat-based cubic (3 cm x 3 cm x 3 cm)
medium, and each cube had approximately 30-35 young seedlings. Young seedlings were
grown for six more days, irrigated with water, and their number was periodically reduced
to seven per cube within that period. Each cube was transplanted in pots (one cube per pot;
1.5 L capacity) filled with expanded perlite and placed on plastic trays to achieve proper
drainage [21]. Perlite properties have been described previously [22]. Plants were grown
in an open (free-drainage) hydroponic system, and the drainage nutrient solution was
delivered to plants through capillary suction.

Plants were sampled at three different growth stages, on a weekly basis. Plants
were initially grown with the application of a half-strength nutrient solution (electrical
conductivity (EC) and pH of 2.2 dS/m and 5.8, respectively). The nutrient solution compo-
sition was as follows: N-NO; ~: 15.00 mM; K: 9.50 mM; P-PO,3~: 1.80 mM; Ca: 4.20 mM;
Mg: 1.63 mM; S—SO42_: 1.55 mM; Na: 1.85 mM; B: 30.00 uM; Fe: 35.05 uM; Mn: 6.10 uM;
Cu: 4.00 pM; Zn: 4.10 uM; Mo: 0.52 uM. These concentrations were obtained using mineral
salts, with the exception of iron, which was used in chelated form with ethylenediamine-N-
N’bis(2-hydroxy-4-methylphenylacetic) acid (6.5% Fe EDDHMA). After 14 days, the plants
were subjected to different Zn and Cu levels (seven treatments in total) in the nutrient
solution: (i) 4.00 uM of Cu and 4.10 uM of Zn (control); (ii) 25 uM of Zn; (iii) 50 uM of
Zn; (iv) 100 uM of Zn (in the form of ZnSQOy); (v) 25 uM of Cu; (vi) 50 uM of Cu; and
(vii) 100 uM of Cu (in the form of CuSOy). Plants were grown under Zn or Cu excess for an
additional 21 days (in total, 49 days after transplanting). A total of 189 plants were used
(7 Zn—Cu levels x 3 sampling periods x 9 replicates).

2.2. Plant Growth and Photosynthesis

Plant growth and physiological parameters were measured at three sampling periods
(35,42, and 49 days after transplanting, corresponding to 7, 14, and 21 days of treatment
(DOT), respectively) considering six replicates per treatment and the growth period for
measurements. Each replicate consisted of one individual plant. Plant height and leaf
number were recorded. After harvest, the fresh weights (FWs) and dry weights (DWs) of
leaves and roots were measured. Individual samples were collected and placed at 65 °C in
a forced-air oven until constant weight to determine their DWs. Leaf stomatal conductance
was measured with a AT-Porometer AP4 (Delta-T Devices-Cambridge, Burwell, Cambridge,
UK), according to [23]. Leaf chlorophyll fluorescence (chlorophyll fluorometer, opti-sciences
OS-30p, Hudson, NY, USA) was measured on two fully developed, light-exposed leaves
per plant. Following leaf incubation in the dark for 20 min, the Fv/Fm ratio was measured.
Leaf chlorophyll was extracted with dimethyl sulfoxide (DMSO) and chlorophyll a (Chl a)
and chlorophyll b (Chl b), and total chlorophylls (total Chl) were assayed and expressed as
ug/g FW.

2.3. Plant Stress Indicators

The cell damage index of lipid peroxidation in leaves was assessed in terms of the
concentration of malondialdehyde (MDA), which was determined via the thiobarbituric
acid reaction [24]. The concentration of hydrogen peroxide (H,O,) was measured according
to [25]. The results were expressed as nmol MDA or umol HyO, per g FW. Four replicates
were analysed for each treatment and sampling date.

2.4. Antioxidant Activity and Concentration of Total Phenols

The antioxidant activity of the methanolic leaf plant extracts was determined with four
replicates per treatment and sampling date by the assays of 2,2-diphenyl-1-picrylhydrazyl
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(DPPH) and ferric-reducing antioxidant power (FRAP), as previously described [26], and
the 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) assay according to [27].
The Folin—Ciocalteu method was used for the determination of total phenols, as previously
described [28], and the results were expressed as gallic acid equivalents (mg GAEs/g FW).

2.5. Mineral Concentration

Dried tissue (0.5 g) from leaves and roots from each treatment (4 biological replica-
tions; each replication was a pool of 2 individual plants) at the three sampling dates was
subjected to dry ashing at 450 °C and acid extraction (2N HCl). The extracts were used for
the determination of sodium (Na) and potassium (K) via flame photometry (Lasany Model
1832, Lasany International, Haryana, India), phosphorus (P) with the molybdate/vanadate
method (yellow method) via spectrophotometry (Multiskan GO, Thermo Fischer Scientific,
Waltham, MA, USA), and Zn and Cu via atomic absorption spectrometry (PG Instruments
AAB500FG, Leicestershire, UK). Nitrogen (N) was determined using the Kjeldahl method
(BUCHLI, Digest automat K-439 and Distillation Kjelflex K-360, Flawil, Switzerland) follow-
ing [19]. Plant nutrient content was expressed in g/kg and mg/kg DW for macronutrients
and micronutrients, respectively.

2.6. Statistical Analysis

Six samples per treatment were used for measurements concerning plant growth and
photosynthesis, whereas mineral and antioxidant compositions were determined from
four samples per treatment. Each sample consisted of one individual plant. The results
were expressed as mean values and standard deviations (SDs). Normal distribution and
homoscedasticity of the data were verified through the tests of Kolmogorov—-Smirnov
and Levene, respectively. In order to fulfil the requirements of ANOVA, the following
datasets were subjected to the reciprocal transformation: stomatal resistance, DPPH, leaf
N, and root Cu for the Cu treatments; stomatal resistance, leaf K, root Zn, and root Cu
for the Zn treatments. The values of leaf numbers of Cu-treated plants were not normally
distributed, even after data transformation, and were not subjected to further statistical
analysis. For all the other datasets, the two-way ANOVA was performed with either the
Zn or Cu concentration and the duration of exposure as the sources of variation; when
their interaction was significant, means were compared using the LSD post-test at p < 0.05.
Correlation and regression analyses of the data were also performed. The statistical analysis
was accomplished with Statgraphics Centurion Version 17 software (Statpoint Technologies,
Warrenton, VA, USA).

3. Results
3.1. Plant Growth

At the first two sampling dates, the DWs and FWs of both the roots and leaves were
scarcely affected by the concentrations of Cu (Table 1A) or Zn (Table 1B) in the nutrient
solution. With 50 uM of Cu, a significant decrease in both the FWs and DWs of the leaves
as compared to the control was observed at each sampling time, and the same effect was
observed also for the roots at 21 days of treatment (DOT), although, to a lesser extent, the
Zn-treated plants showed a similar behaviour at the last two sampling dates. However, at
21 DOT, the values of the root or shoot DWs did not significantly differ in the control plants
and in those grown with the 100 uM treatments. The concentration of either Cu or Zn
did not significantly affect the leaf number or FW (Table 1 and Table S2 of Supplementary
Materials). However, the leaf FW was generally lower for the Cu-treated plants than the
Zn-treated plants (Table 1A,B). A higher root DW was observed for the Cu-treated plants
than the Zn-treated plants only at element concentrations above 50 uM and at the first
sampling. After 21 DOT, the root FWs and DWs did not differ significantly across any of
the Cu and Zn treatments.
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3.2. Photosynthesis

For both Cu and Zn, the effect of the concentration on either the chlorophyll fluores-
cence (Fv/Fm) or the stomatal resistance was not significant (Table 2A,B). Moreover, the
highest values of the stomatal resistance were observed after two weeks exposure, and the
values of the chlorophyll level were generally lower at 21 DOT in comparison with the
previous sampling dates.

3.3. Plant Stress Indicators

The concentration of Cu or Zn in the nutrient solution, the sampling date, and their
interaction significantly affected the plant response to oxidative damage (Figure 1). The
content of HyO; increased with time in the control plants and with 25 uM of Zn in the
nutrient solution. Conversely, in all the other Cu or Zn treatments, the highest values of
H)O; content were found at 14 DOT. In the control plants, the lowest MDA content was
found at 14 DOT, and the same behaviour was observed in all the treatments except for
100 uM of Cu. The highest values of MDA were found at 21 DOT for all the treatments,
except for 25 and 100 uM of Cu.

Table 1. Growth parameters of rocket plants grown hydroponically in perlite, exposed to different
concentrations of (A) copper (Cu) or (B) zinc (Zn) in the nutrient solution and sampled at different
times. FW: fresh weight; DW: dry weight.

(A)
Leaf FW Root FW Leaf DW Root DW
Cu
(g) (g (g)

GRAND MEAN 23.53 4.245 2.285 0.3220
Time (days of treatment)
7 12.48 2893 «¢ 1.048 0.2147
14 23.92 4546 b 2.226 0.3216
21 34.19 5296 a 3.582 0.4292
Concentration (uM)
4.00 (Control) 25.42 3942 ¢ 2.396 0.3038
25 23.89 4394 ab 2.221 0.3090
50 19.82 3.993 bc 1917 0.2933
100 25.01 4651 a 2.608 0.3811
Time by Concentration
7, Control 1320 ab 2.708 1.076 ab 01788 b
7,25 uM 1094 b 2.627 0920 b 0.1702 b
7,50 uM 1136 b 3.026 1014 b 0.2466 a
7,100 uM 1444 a 3.210 1183 a 02632 a
14, Control 2591 a 4.015 2345 a 0.3094 b
14,25 uM 2505 a 4.761 2214 a 03034 b
14, 50 uM 2077 b 4.065 1819 b 0.2666 b
14,100 uM 23.95 ab 5.344 2524 a 0.4068 a
21, Control 3714 a 5.103 3.767 a 04233 a
21,25 uM 35.67 a 5.793 3530 a 0.4534 a
21, 50 uM 2733 b 4.887 2917 b 0.3668 b
21,100 uM 36.63 a 5.400 4116 a 04734 a
MAIN EFFECTS

A: TZTI’!E‘ %% *%% %% *%%

B: Concentration ok ** ok ok
INTERACTION

A xB * ns * **
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(B)
Leaf FW Root FW Leaf DW Root DW
Zn
(g) (g) (g)

GRAND MEAN 26.41 4173 2.462 0.3086
Time (days of treatment)
7 14.36 2881 ¢ 1.140 0.1924
14 25.22 4264 b 2.185 0.2899
21 39.67 5375 a 4.060 0.4434
Concentration (uM)
4.10 (Control) 25.42 3.942 bc 2.396 0.3038
25 29.23 4624 a 2.777 0.3456
50 21.94 3756 ¢ 2.008 0.2767
100 29.07 4373 ab 2.665 0.3038
Time by Concentration
7, Control 1320 b 2.708 1.076 a 0.1788 b
7,25 uM 16.04 a 3.047 1220 a 0.2200 a
7,50 uM 13.89 ab 2.727 1120 a 0.1934 a
7,100 uM 1433 ab 3.041 1.145 a 01774 b
14, Control 2591 ab 4.015 2345 ab 0.3094 a
14,25 uM 29.09 a 4.833 2500 a 0.3168 a
14, 50 uM 2186 b 3.868 1871 b 0.2634 a
14,100 uM 2399 b 4.342 2.023 ab 0.2700 a
21, Control 3714 ab 5.103 3.767 bc 0.4233 bc
21,25 M 4256 ab 5.991 4613 ab 0.5000 a
21, 50 uM 30.06 b 4.673 3.034 ¢ 0.3734 ¢
21,100 uM 4584 a 5.734 4828 a 0.4768 ab
MAIN EFFECTS

A: Tlme %% *%4% %% *%4%

B: Concentration o ** o **
INTERACTION

A X B %% ns %% *

Mean values of six replicates. ***: significant at p < 0.001; **: significant at p < 0.01; *: significant at p < 0.05; ns: not
significant, according to two-way ANOVA. For each parameter, different letters indicate significant difference at p
< 0.05 according to the LSD post-test. FW: fresh weight; DW: dry weight.

3.4. Antioxidant Activity and Total Phenol Concentration

In the leaf tissues, the markers linked to the antioxidant activity (that is, the content of
total phenols and the antioxidant capacity as determined by three different assays) were
significantly affected by the duration of the exposure to the toxic metal (Figure 2). For both
Cu and Zn, slightly higher values of the antioxidant markers were generally observed at 14
and 21 DOT than in younger plants. Overall, Zn did not impact the antioxidant response of
the rocket plants, regardless of the concentration; at 21 DOT, the values of all the markers
were higher in the control than in the other treatments. Conversely, at 21 DOT, only the
highest Cu concentration caused a significant decrease in all the markers as compared to the
control. Unlike Zn, the Cu concentration significantly affected the antioxidant behaviour
of the rocket plants. The highest values for both the content of total phenols and the
antioxidant power were found at 14 DOT with 25 and 50 uM of Cu, whereas at 100 uM of
Cu, the values of both parameters were similar to those of the control.

3.5. Mineral Concentration

The concentration of Cu or Zn, the time of exposure, and their interaction generally
had a strong impact on the leaf mineral content (Table S5A,B of Supplementary Materials).
For example, at 7 and 14 DOT, the leaves of the Zn-treated plants contained more N, K,
and P than the Cu-treated ones. However, the concentration of either Cu or Zn in the
nutrient solution did not have any significant effect on the root level of P. Apart from these
observations, no common trends or systematic differences were evidenced between the Cu-
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and Zn-treated plants concerning the leaf content of macronutrients and Na. For example,
the roots of the plants exposed to excess Cu contained more Na at 7 DOT and more K
at 21 DOT than those exposed to excess Zn. The leaf tissues invariably contained more
Cu than Zn, regardless of the composition of the nutrient solution or the sampling date
(Figure 3).

Table 2. Chlorophyll fluorescence (Fv/Fm), stomatal resistance, and concentration of total chloro-
phylls (Total Chl) in rocket plants grown hydroponically in perlite, exposed to different copper (Cu)
or zinc (Zn) concentrations in the nutrient solution and sampled at different times.

(A)
Stomatal
Cu Fv/Fm Resistance Total Chl
(s/cm) (uglg FW)

GRAND MEAN 0.832 1.052 176
Time (days of treatment)
7 0.825 b 0.868 204 a
14 0846 a 1.310 191 a
21 0826 b 0.978 133 a
Concentration (uM)
4.00 (Control) 0.835 a 1.288 165 b
25 0.830 a 0.959 176  ab
50 0834 a 0.915 167 b
100 0829 a 1.044 196 a
Time by Concentration
7, Control 0.823 0947 a 188
7,25 uM 0.820 0773 a 195
7,50 pM 0.827 0815 a 198
7,100 uM 0.828 0935 a 233
14, Control 0.854 1925 a 184
14,25 uM 0.841 1227 ab 209
14, 50 uM 0.848 1252 ab 173
14,100 uM 0.841 0.837 b 199
21, Control 0.828 0993 b 123
21,25 uM 0.829 0.878 b 124
21, 50 uM 0.829 0.678 b 129
21,100 uM 0.819 1.360 a 156
MAIN EFFECTS

A: Tlme *%% * et

B: Concentration ns ns *
INTERACTION

AxB ns * ns

(B)
Stomatal
Zn Fv/Fm Resistance Total Chl
(s/cm) (uglg FW)

GRAND MEAN 0.831 1.395 177
Time (days of treatment)
7 0.832 ab 0928 b 189
14 0835 a 2259 a 203
21 0824 b 0.99% b 138
Concentration (uM)
4.10 (Control) 0.835 1288 b 165
25 0.832 1793 a 189
50 0.826 1.000 b 175
100 0.829 1497 ab 178
GRAND MEAN 0.831 1.395 177
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Table 2. Cont.

(B)
Stomatal
Zn Fv/Fm Resistance Total Chl
(s/cm) (ug/s EW)

Time (days of treatment)
7 0.832 ab 0928 b 189
14 0.835 a 2259 a 203
21 0824 b 0.99% b 138
Concentration (uM)
4.10 (Control) 0.835 1288 b 165
25 0.832 1793 a 189
50 0.826 1.000 b 175
100 0.829 1497 ab 178
Time by Concentration
7, Control 0.823 0.947 188 bc
7,25 uM 0.840 1.318 148 «cd
7,50 uM 0.831 0.600 200 ab
7,100 uM 0.836 0.848 222 a
14, Control 0.854 1.925 184 bc
14,25 uM 0.827 2.777 243 a
14, 50 uM 0.828 1.637 177  bc
14,100 uM 0.832 2.698 207 ab
21, Control 0.828 0.993 123
21,25 M 0.831 1.283 177 a
21, 50 uM 0.819 0.763 148 ab
21,100 uM 0.820 0.944 106 b
MAIN EFFECTS

A: Time ns i i

B: Concentration ns ** ns
INTERACTION

AxB ns ns e

Mean values of six replicates. Asterisks denote statistical significance according to two-way ANOVA: ***:
significant at p < 0.001; **: significant at p < 0.01 *: significant at p < 0.05; ns: not significant. For each parameter,
different letters indicate significant difference at p < 0.05 according to the LSD post-test. FW: fresh weight.

[ Control [ 25 uM I 50 M B 100 uM

Cu Zn

s 600 a i 2. 2 . s 600 a a
T c b b . T ap P by, b
:m 400- g g :m 400- .o ¢
° °
: :
VN 200 A Fkk T‘ 200+ A *kk
O Fekk O *kk
IN o 2)(8 ok IN - 2)(8 ek

; 7 14 21 ; 7 14 21

Figure 1. Cont.
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Figure 1. Leaf content of hydrogen peroxide (H,O;) and malondialdehyde (MDA) in rocket plants

grown hydroponically in perlite, exposed to different concentrations of copper (Cu; left) or zinc

(Zn; right) in the nutrient solution and sampled at different times. The concentrations of Cu and
Zn in the control solution were 4.00 and 4.10 uM, respectively. The data were subjected to two-way
ANOVA (right-hand box of each graph; A: time; B: concentration; A xB: interaction; ***: significant
at p > 0.001), followed by LSD post-test for means separation. Different letters indicate significant

differences at p < 0.05; ns: not significant. Error bars show standard deviations (n = 4).
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Figure 2. Content of total phenols, antioxidant capacity (FRAP), and radical scavenging activity

(DPPH and ABTS) in the leaf tissues of rocket plants grown hydroponically in perlite, exposed to

different concentrations of copper (Cu; left) or zinc (Zn; right) in the nutrient solution and sampled

at different times. The concentrations of Cu and Zn in the control solution were 4.00 and 4.10 uM,

respectively. The data were subjected to two-way ANOVA (right-hand box of each graph; A: time;

B: concentration; A x B: interaction;

: statistical significance at p < 0.001; **: statistical significance at

p < 0.01; *: statistical significance at p < 0.05; ns: not significant), followed by LSD post-test for means
separation. Different letters indicate significant differences at p < 0.05. Error bars show standard

deviations (n = 4). GAEs: gallic acid equivalents; FW: fresh weight.
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Figure 3. Leaf and root contents (mg/kg dry weight) of copper (Cu) or zinc (Zn) in rocket plants
grown in perlite, exposed to different concentrations of Cu (left) or Zn (right) in the nutrient solution
and sampled at different times. The concentrations of Cu and Zn in the control solution were 4.00 and
4.10 uM, respectively. The data were subjected to two-way ANOVA (right-hand box of each graph;
A: time; B: concentration; A x B: interaction; ***: statistical significance at p < 0.001; **: statistical
significance at p < 0.01; * statistical significance at p < 0.05; ns: not significant), followed by LSD
post-test for means separation (n = 4; different letters: significant difference at p < 0.05; error bars:
standard deviations).

4. Discussion

Rocket plants are generally harvested when they reach a height of about 15 cm [29].
Therefore, the experimental time adopted in the present work encompassed the typical
growing cycle of commercial production, and the plants had already achieved a marketable
size after one week from transplanting in perlite. The metal concentration causing toxicity
in plants depends on the duration of exposure and the plant species, and different threshold
levels for Cu or Zn have been reported in the literature. For example, in the agar-grown
seedlings of Arabidopsis thaliana after eight days of treatment, Cu and Zn concentrations of
40.0 and 76.4 uM, respectively, reduced the root growth by 50% [6]. Concentrations up to
20 uM of Zn have been used for rocket microgreens [30], whereas rocket plants biofortified
with 80 uM of Zn were used to evaluate the bioaccessibility of the element after in vitro
gastrointestinal digestion [16]. In a recent review [31], data on Cu toxicity and tolerance
in several species grown in different media are reported at different Cu doses and for
different time periods. Both Cu and Zn are transition metals with similar atomic masses
and dimensions; therefore, their effects on rocket plants mainly depend on their chemical
behaviour and plant physiology.

4.1. Plant Growth

Heavy metals generally impact plant growth and development [6]; however, growth
inhibition by toxic metals depends on both the time and concentration, as observed in
Lactuca sativa exposed to mine waste [32]. Apart from the obvious effect of the plant age
on biomass production, in this work, some similarities were observed in the growing
parameters of the Cu- or Zn-treated plants. The root and shoot DWs were similar in
the control plants and in those grown with 100 uM of Cu or Zn in the nutrient solution,
suggesting that the analogous increase in the FW observed under the same conditions
was likely due to dry biomass production rather than greater water absorption. Overall,
the concentration of either Cu or Zn had a stronger effect on the leaves than the roots
(Table 1A,B). Consistent with the values of the leaf FW, the plants exposed to excess Cu
appeared slightly smaller than those exposed to the same concentration of Zn for the same
time. In contrast, only at 21 DOT was the leaf DW lower in the Cu-treated plants than in the
Zn-treated plants, showing that excess Cu may limit the leaf water content during the first
two weeks of treatment. However, in the same time period and at concentrations above
50 uM, Zn limited the root growth more than Cu. Interestingly, while a 50 uM heavy-metal
(Cu or Zn) concentration generally reduced the fresh and dry biomass production, both
at the leaf and root level, no significant growth inhibition was observed with the 100 uM
concentration, showing that some detoxification mechanisms against Cu or Zn toxicity
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were overall more effective with a higher metal concentration. According to the correlation
matrices reported in Figure 4, in both experiments, the growth parameters (DWs and FWs
of leaves and roots) were negatively correlated to the N content in the tissues. This outcome
may indicate that within 21 DOT, the accumulation of carbon compounds, such as sugars
or secondary metabolites, could be faster than the synthesis of structural N-containing
molecules, though further investigation is necessary to support this interpretation. In the
experiment with excess Cu, the root content of the element was negatively correlated to
the root Zn content (R = —0.679), suggesting an antagonistic effect in the absorption of
these metal ions. Both the leaf and root Cu were negatively correlated to the leaf and root
N, indicating the growth inhibition by Cu; however, the Cu concentration was positively
correlated to the biomass production, suggesting a stimulation of the secondary metabolism
consistent with the elicitation of the antioxidant response. In contrast, the increase in the
Zn content in the plant tissue decreased the growth parameters. In the experiment with
excess Zn, the concentration of Cu did not show any significant relationship with the other
parameters, except for a negative correlation between the leaf Cu and N contents of both
the leaves and roots. No correlation was evidenced between the root Zn content and the
other parameters; only the leaf content of the metal was positively correlated to the leaf N
and negatively correlated to the biomass production. This behaviour was opposite to that
of Cu and suggested a lower toxicity of excess Zn, which could favour the synthesis of N
compounds rather than increase the accumulation of antioxidant secondary metabolites.
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Figure 4. Correlation matrices for the dry weights and fresh weights (DWs and FW, respectively;
g) of leaves (L) and roots (R), and the concentrations of nitrogen (N; g/kg DW), copper, and zinc
(Cu and Zn, respectively; mg/g DW) in the tissues of rocket plants grown hydroponically in perlite,
exposed to 25, 50, or 100 uM Cu (left) or Zn (right) in the nutrient solution and sampled after 7, 14, or
21 days of treatment. The concentrations of Cu and Zn in the control solution were 4.00 and 4.10 uM,
respectively. Asterisks indicate significant Pearson’s coefficients (p < 0.05).

4.2. Photosynthesis

The values of the Fv/Fm ratio (0.82-0.85) were always within the range of healthy
plants, showing that the photosynthetic electron transport was not impaired by excess
Cu or Zn. Higher values of stomatal resistance at 14 DOT in comparison with the other
sampling dates were observed not only with excess metal, but also in control plants, and
could be ascribed to the physiological effect of the plant age. Likewise, the decrease in the
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chlorophyll concentration at 21 DOT (Table 2) was observed both in the treated and control
plants and could not be associated with excess metal. The above results suggested that, at
the concentrations used in the experiments, a 21-day exposure to either Cu or Zn does not
impair photosynthesis in rocket plants. Recently, early signals of a damaged photosynthetic
system were observed in Pelargonium graveolens plants treated with Cu concentrations up
to 100 uM only after a 28-day exposure [12]. In Colobanthus quitensis plants grown in vitro,
a 100 uM Cu concentration did not significantly alter the chlorophyll levels after 60 days
of treatment [33]. After eight days of treatment, a decrease was observed in the pigment
content of agar-grown Arabidopsis thaliana, which was not consistent with the change in the
Cu or Zn concentration [6].

4.3. Plant Stress Indicators

Lipid peroxidation due to oxidative stress can occur in plants exposed to excess
concentrations of heavy metals [13,34-36]. To ensure the scavenging of ROS and prevent
oxidative damage, plants have developed antioxidant mechanisms involving enzymatic
antioxidants as well as antioxidant molecules [31,36,37]. Under these conditions, the
tissue contents of stress indicators such as HyO, or MDA are modulated in terms of the
dependence of the plant antioxidant response. For example, it was recently reported
that toxicity from heavy metals, including Cu and Zn, activated peroxidase, which is the
main HyO,-scavenging enzyme in plant cells [38]. According to the progression of the
antioxidant response, in this study, the leaf contents of both H,O, and MDA in the rocket
plants were significantly affected by the sampling time, the concentration of Cu or Zn, and
their interaction (Figure 1). In addition, Cu or Zn excess affected the leaf levels of both H,O,
and MDA in the rocket plants to a different extent. With Zn, no effect on the level of H,O,
was observed at concentrations up to 25 uM. However, oxidative stress was evidenced with
the 50 uM treatment along with increased lipid peroxidation only in the first two weeks
of exposure; with 100 uM of Zn, a slight oxidative stress was evidenced only at 7 DOT
and was not associated with membrane damage. With Cu, oxidative stress occurred in all
the metal treatments following a different time course in terms of the dependence of the
applied dose. With a 25 uM Cu concentration, an increase in the HO, concentration was
found only at 7 DOT and was associated with increased lipid peroxidation; at 50 uM Cu,
oxidative stress occurred at the first two sampling dates, while a higher lipid peroxidation
as compared to the control was observed during the whole growing cycle. With 100 uM
of Cu, both oxidative stress and membrane damage occurred at the first two sampling
dates, while no effect was observed after 21 DOT. In comparison to the Zn treatments, the
above results showed a lower threshold concentration for the elicitation of Cu-induced
oxidative stress and a less effective detoxification mechanism towards membrane damage
in the Cu-treated plants. This outcome suggested a stronger toxic effect by Cu than Zn in
the rocket.

4.4. Antioxidant Activity and Total Phenol Content

Consistent with the above findings, the effect on the synthesis and accumulation of
antioxidant molecules was more pronounced for Cu than Zn (Figure 2). The behaviour of
the markers linked to the antioxidant activity (that is, the leaf content of total phenols and
the antioxidant capacity as determined via different assays) was related to the production
of HyO,, as the graphs of Figure 2 resembled the pattern observed for the level of HyO,
across time and metal concentrations (Figure 1). Concerning the former element, at 14 DOT,
the highest values for the leaf content of total phenols and the antioxidant power were
observed with 25 and 50 uM Cu, whereas at 100 pM of Cu, the values of both parameters
were similar to those of the control. Interestingly, at 14 DOT, the highest levels of both
H,0O, and MDA were observed above 50 uM of Cu and indicated that, after two weeks
of exposure to excess Cu, the antioxidant response was effective for concentrations up
to 25 pM and became progressively less effective as the Cu concentration in the nutrient
solution was increased up to 100 uM. At 21 DOT, only the highest Cu concentration was
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associated with a significant decrease in all the antioxidant markers as compared to the
control, along with a lower concentration of HyO,. The same effect at 21 DOT was caused by
Zn at much lower concentrations, as lower values than those of the control were observed
for the levels of antioxidant markers and H,O, already with 25 pM of Zn in the nutrient
solution. This outcome suggests that, after three weeks of treatment, excess Zn up to
100 uM did not have a significant toxic effect and, hence, the synthesis and accumulation
of antioxidant molecules were not stimulated.

A good correlation (Pearson’s coefficient ranging from 0.905 to 0.506) was found
between the content of total phenols and the antioxidant capacity as determined by the
FRAP, ABTS, or DPPH assay, despite a lower slope for the regression lines obtained with
the latter method (Figure 5). This result evidenced that, although important components
of the antioxidant response such as enzymes (superoxide dismutase, catalase, peroxidase,
etc.) and glutathione were not investigated, the antioxidant capacity in rocket is largely
due to phenolic compounds.

Zn

-~ FRAP
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-~ DPPH

24
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Figure 5. Linear regression between the antioxidant capacity or radical scavenging activity as
determined by the FRAP, ABTS, or DPPH assay and the content of total phenols in the leaf tissues
of rocket plants grown hydroponically in perlite, exposed to 25, 50, or 100 pM of copper (Cu; left)
or zinc (Zn; right) in the nutrient solution and sampled after 7, 14, or 21 days of treatment. The
Pearson’s coefficients are reported on the graphs. The concentrations of Cu and Zn in the control
solution were 4.00 and 4.10 uM, respectively. GAEs: gallic acid equivalents; FW: fresh weight.

4.5. Mineral Concentration

Plants can absorb nutrients via specific active uptake mechanisms, and the overabun-
dance of trace elements may significantly alter the rhizosphere environment and interfere
with the uptake of other nutrients. Heavy metals could compete for the same uptake trans-
porters within the root cells or affect plant signalling for nutrient uptake regulation [39]. In
this study, both Cu and Zn excesses up to 100 uM significantly affected the absorption of
macronutrients and Na after 21 days of exposure, although no clear trend was found for
the level of macroelements in response to Cu or Zn excess. However, higher leaf contents
of N, K, and P were observed after 7 and 21 days of treatment in the Zn-treated plants
than in those exposed to excess Cu (Table S5A,B of Supplementary Materials), which
was consistent with the slight growth inhibition that was observed for the latter plants
(Table 1A,B). Although the inhibition of root growth caused by heavy metals may indi-
rectly affect mineral uptake, in this work, the root level of P was not directly influenced
by the external concentration of either Cu or Zn. At the metal concentrations used in the
experiments, the duration of the treatments with either Cu or Zn did not seem long enough
to determine a significant impairment of mineral uptake. However, the experimental data
evidenced some differences in the absorption of these microelements across three weeks of
exposure. Due to the different tolerance mechanisms developed by plants to counteract
metal toxicity, root uptake may be limited, resulting in low metal accumulation in the
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root system, or translocation to the leaves could be enhanced followed by leaf storage,
leading to high metal levels in the aerial parts [10]. Conversely, translocation to the leaves
could be limited, resulting in higher accumulation in the root tissues than in the shoot.
In both the experiments, the levels of Zn in the plant tissues were generally lower than
those of Cu. In addition, in the Zn-treated plants, both the root and leaf contents of Zn in
all the treatments were generally lower at the end of the experiment than at the previous
samplings, indicating the limited root absorption of Zn after the first two weeks of exposure.
In contrast, in the Cu-treated plants, the root content of Cu showed a marked increase as a
consequence of both a higher Cu concentration in the nutrient solution and longer exposure.
In contrast, the leaf Cu content at each Cu level was slightly higher after two weeks of
treatment as compared to the first sampling, while no further increase was observed at 21
DOT, suggesting that, after two weeks of exposure, the plants had limited Cu translocation
to the leaves rather than root absorption. However, much higher levels of Cu than Zn were
found not only in the leaves of the Cu-treated plants, but also in those exposed to excess
Zn, thus suggesting a considerably higher rate of translocation of the former element from
roots to leaves, regardless of the treatment. The above results suggested the occurrence of
different mechanisms for the absorption and translocation of Zn and Cu in rocket.

4.6. Dietary Intake

In the last years, the European Food Safety Authority (EFSA) has reported a survey of
the upper levels for the dietary intake of both Cu and Zn, according to several regulatory
institutions. Among the limits set by the regulations of different countries, the lowest oral
dietary reference value in adults is 0.9 mg/day for Cu [31,40] and 3.0 mg/day for Zn [41].
As a serving dose of 50 g has been estimated for fresh rocket, based on several scientific
studies and websites [42], the recommended Cu concentration in the leaf tissues should be
not be higher than 18 mg/kg FW. In the treatments with excess Cu in the nutrient solution,
this threshold was never exceeded, the highest values being 14 mg/kg FW only for two
individual samples: one replicate sample collected at 14 DOT with 100 uM of Cu and one
replicate sample collected at 21 DOT with 50 uM of Cu. With a similar evaluation, all
the leaf samples across all the sampling times and Zn doses contained far lower levels
of this element than the estimated upper limit. At the same time, the Zn levels in the
plants exposed to excess Zn were significantly higher than those found in the control plants
(Figure 3), showing that the enrichment of the nutrient solution with Zn concentrations
up to 100 uM did not induce the metal contamination of the leaf tissues and could be
considered an effective means for the Zn biofortification of rocket.

5. Conclusions

In the conditions used in the experiments, Cu showed a higher toxicity than Zn.
Growth inhibition and oxidative stress were more evident in the Cu-treated plants than
the Zn-treated plants due to the higher root absorption and higher translocation to the
leaves of the former element. After two weeks of exposure, the plants limited the Cu
translocation to the leaves rather than root absorption. In contrast, Zn showed a different
behaviour, as the translocation of this element to the leaves was low and, after two weeks
of exposure, the root absorption was also limited. Therefore, no relevant Zn toxicity effects
were observed, and the accumulation of antioxidant molecules was not stimulated. More
severe conditions, such as a longer growing period or higher metal concentration in the
nutrient solution, could provide a better overview of the mechanisms of metal toxicity in
rocket. The main outcome of the present study was that the short-time exposure of rocket
to an excess concentration of Cu or Zn may not have toxic effects on plants and, at the
same time, may not raise safety concerns linked to human consumption. Particularly, the
typically short growing cycle of baby-leaf vegetables like rocket may allow cultivation with
excess Cu or Zn without the occurrence of toxicity symptoms that significantly reduce the
plant growth at longer exposures. Especially with zinc, which is only scarcely translocated
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to the leaves, concentrations up to 100 pM could result in the biofortification rather than
the metal poisoning of the aerial edible parts.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390 /horticulturae9090976 /s1, Table S1: Growth parameters (mean
values and standard deviations) of rocket plants grown hydroponically in perlite, exposed to different
A) copper (Cu) or B) zinc (Zn) concentrations in the nutrient solution and sampled at different times.
Table S2: Two-way ANOVA for height and leaf number of rocket plants grown hydroponically in
perlite, exposed to different copper (Cu) or zinc (Zn) concentrations in the nutrient solution and
sampled at different times. Table S3: Chlorophyll fluorescence (Fv/Fm), stomatal resistance and
concentration of total chlorophylls (Total Chl) in rocket plants grown hydroponically in perlite,
exposed to different copper (Cu) or zinc (Zn) concentrations in the nutrient solution and sampled at
different times. Table S4: Leaf and root concentration (g/kg dry weight) of macronutrients (nitrogen,
N; phosphorus, P; potassium, K) and sodium (Na) in rocket plants grown hydroponically in perlite,
exposed to different A) copper (Cu) or B) zinc (Zn) concentrations in the nutrient solution and sampled
at different times. Table S5: Two-way ANOVA for leaf and root concentration (g/kg dry weight) of
macronutrients (nitrogen, N; phosphorus, P; potassium, K) and sodium (Na) in rocket plants grown
hydroponically in perlite, exposed to different A) copper (Cu) or B) zinc (Zn) concentrations in the
nutrient solution and sampled at different times.
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