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Abstract: Salvia sclarea L. is a Cd?* tolerant medicinal herb with antifungal and antimicrobial prop-
erties cultivated for its pharmacological properties. However, accumulation of high Cd?* content
in its tissues increases the adverse health effects of Cd?* in humans. Therefore, there is a serious
demand to lower human Cd?* intake. The purpose of our study was to evaluate the mitigative role
of excess Zn>* supply to Cd>* uptake/translocation and toxicity in clary sage. Salvia plants were
treated with excess Cd?* (100 uM CdSO,) alone, and in combination with Zn2* (900 uM ZnSQy), in
modified Hoagland nutrient solution. The results demonstrate that S. sclarea plants exposed to Cd?*
toxicity accumulated a significant amount of Cd?* in their tissues, with higher concentrations in roots
than in leaves. Cadmium exposure enhanced total Zn?* uptake but also decreased its translocation to
leaves. The accumulated Cd?* led to a substantial decrease in photosystem II (PSII) photochemistry
and disrupted the chloroplast ultrastructure, which coincided with an increased lipid peroxidation.
Zinc application decreased Cd?* uptake and translocation to leaves, while it mitigated oxidative
stress, restoring chloroplast ultrastructure. Excess Zn?* ameliorated the adverse effects of Cd** on
PSII photochemistry, increasing the fraction of energy used for photochemistry (®pgj) and restoring
PSII redox state and maximum PSII efficiency (Fv/Fm), while decreasing excess excitation energy at
PSIT (EXC). We conclude that excess Zn?* application eliminated the adverse effects of Cd>* toxicity,
reducing Cd?* uptake and translocation and restoring chloroplast ultrastructure and PSII photo-
chemical efficiency. Thus, excess Zn?* application can be used as an important method for low
Cd?*-accumulating crops, limiting Cd?* entry into the food chain.

Keywords: phytotoxicity; clary sage; chlorophyll fluorescence; photosynthesis; reactive oxygen
species; hydroponic culture; redox state; quinone A (Q4); non photochemical quenching; hydro-
gen peroxide

1. Introduction

Increased industrial and agricultural human activities, such as mining and smelt-
ing, electroplating, wastewater irrigation, and chemical fertilizers, have resulted in high
environmental content of cadmium (Cd%*) [1-3]. It is now well recognized that Cd?*, a
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non-essential element for plants that is not biodegradable in the soil, accumulates in the
environment and subsequently becomes toxic to all living organisms [4-8].

Zinc (Zn?*) belongs to a group of eight essential micronutrients that are required
for normal plant growth, development, and defense [9,10]. Zinc is involved in various
metabolic processes, playing catalytic, regulatory, and structural roles with several crucial
functions in the cell [9-16]. It performs a fundamental role in anti-oxidative defense and
retains the membranous structure of various cell organelles [14,17]. Zn?* deficiency or
Zn?* at high concentration in the soil, which occurs in various habitats, ranging from
deficient to toxic levels can cause inhibition of numerous plant metabolic processes, reduce
plant growth and photosynthesis, and decrease chlorophyll content in the leaf, provoking
chlorosis and leaf necrosis [9,11-14]. The zinc homeostasis mechanism is not global within
plants since most plants contain between 30 and 100 ug Zn** g~! dry weight (DW), but
some other species are accumulating more than 10,000 ug Zn?* g~! DW without showing
symptoms of toxicity [18], despite the fact that concentrations above 300 ug Zn?** g~! DW
are considered toxic to plants [1,9].

Accumulative concentration of Cd?* in soil is highly alarming due to risk of its en-
trance into food chain, while foliar Cd** concentrations above 100 ug g’1 DW (0.01%)
are considered exceptional and a threshold value for Cd-hyperaccumulation [1,19]. Cad-
mium availability in soils depends upon a large number of aspects such as clay minerals,
organic matter, soil pH, cation exchange capacity (CEC), type of fertilizers, and soil Cd?*
content [20-22]. Zinc, owing to its chemical similarity with Cd*, might act as a competitive
ion for the binding sites both in the soil and root surfaces for uptake, and/or might interact
with Cd?* within the transport system of plants [22,23]. It is regarded as the principal
micronutrient to ameliorate the toxic effect of Cd?* on plants and to limit its entry into food
chain [24]. Foliar application of Zn?* ameliorated the adverse effects of Cd?* and decreased
grain Cd?* of wheat grown in Cd?*-contaminated soil [24,25]. In addition, it decreased
oxidative stress and increased nutrients, chlorophyll content, and photosynthetic rates, in
Cd?*-stressed wheat seedlings [22,24,25]. The addition of 7Zn?* to Cd2+—containing soils
or nutrient solutions has been concluded to be successful in reducing Cd?* accumulation
in crop plants [22,25,26], but since plant responses vary with genotypes and the dose and
duration of the Zn?* and Cd?* exposure, it is suggested that more studies are necessary to
explore the proper Zn?* /Cd?* ratios required to reduce Cd?* toxicity [22].

Clary sage (Salvia sclarea L.), a biennial or a perennial 20-130 cm high plant that
belongs to the Lamiaceae family, is native to Southern Europe but is being cultivated
worldwide in temperate and sub-tropical climates as an ornamental and essential oil-
bearing plant [27]. It is used in the aromatic and food industries [28], especially in alcoholic
beverages, pastries, gelatins, puddings, frozen desserts, and condiments [27] and for
preventing food spoilage due to its antimicrobial properties [29]. Its essential oils present
antifungal and cytotoxic activity [30,31]. Recent studies reported analgesic and antidiabetic
as well as anti-inflammatory effects [27]. Salvia sclarea is also an economically important
plant for phytoextraction and phytostabilization of Cd?*- and Zn?*-contaminated soils,
with an increasing interest in cultivation because of this [2,14,27].

We have previously observed that S. sclarea plants show photosynthetic tolerance to
Cd?* toxicity by increasing the photoprotective mechanism of non-photochemical quench-
ing (NPQ) and accelerating the cyclic electron transport around photosystem I (PSI) that
protects the function of the photosynthetic apparatus under excess Cd?* [2]. Nonetheless,
after exposure of S. sclarea to Cd?* for up to 5 days, despite significant levels of Cd**
in leaves, an enhanced photosystem II (PSII) functionality was observed, with a higher
fraction of absorbed light energy to be directed to photochemistry (®pgj) and no defects
on chloroplast ultrastructure to be noticed [3]. However, in S. sclarea plants exposed to the
same level of Cd%*, but for 8 days, an inhibition of PSII functionality was observed, with
the photoprotective mechanism of NPQ found to be inefficient in keeping the same fraction
of open PSII reaction centers (qy) compared with non-treated plants [3]. In contrast, when
Salvia sclarea L. was exposed to excess Zn* (900 uM) for 8 days, a stimulation of PSI and
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PSII activity was accompanied by increased synthesis of antioxidants in the leaves that play
an important role in Zn?* detoxification and protection against oxidative stress [14].

In the present study we hypothesized that excess Zn?* supply to Cd?**-containing
nutrient solution would decrease Cd?* uptake and oxidative stress and would thus ame-
liorate PSII performance of S. sclarea plants exposed to Cd* toxicity. We compared Cd?*
uptake and toxicity effects, with and without Zn?* supplementation, in order to evaluate
the application of excess Zn?* supply as a possible method to limit Cd?* entry into the food
chain through the medicinal herb clary sage.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

Seeds of Salvia sclarea L. collected from the Rose Valley (Bulgaria) were used for
the experiments. After germination in a growth room on soil, for about a month, the
seedlings were transferred for about one more month to pots in continuously aerated
modified Hoagland nutrient solution that was changed every 3 days and described in
detail before [2,8]. The growth room conditions were 14/10 h day/night photoperiod, with
200 4 20 pumol photons m~2 s~! photon flux density and 24 4 1/20 4 1 °C day/night
temperature.

2.2. Cadmium and Cadmium plus Zinc Treatments

Forty-five two-month-old S. sclarea plants were divided into three groups, and each
group was subjected to hydroponic culture for 8 more days either (i) with Hoagland nutrient
solution alone, which served as control with 5 uM Zn?*, (ii) with Hoagland nutrient solution
with 100 uM Cd%* (supplied as 3CdSO,4.8H,0) [2], and (iii) with Hoagland nutrient solution
with 100 uM Cd?* (supplied as 3CdSO4.8H,0) plus 900 uM Zn?* (supplied as ZnSOy) [14].
All solutions were renewed every 2 days so that nutrient content, Cd?*, and Zn?* supply
remained constant. The duration and the concentration of Cd?* and Zn?* treatments were
based on our previous experiments with Salvia plants exposed to Cd?* and Zn? [3,14].
When S. sclarea plants were exposed for up to 5 days to 100 uM Cd?*, despite significant
levels of Cd2?* in the leaves, an enhanced PSII functionality was observed, but when they
were exposed to the same level of Cd?* for 8 days, an inhibition of PSII functionality was
noticed [3]. On the other hand, exposure of S. sclarea plants for 8 days to 900 uM Zn?*
enhanced PSII functionality [14]. Thus, in the present study, we used 8 days of exposure to
100 uM Cd>?* plus 900 uM Zn?* to reveal any mitigative effect of Zn>* on Cd?* toxicity.

2.3. Cadmium and Zinc Determination by Inductively Coupled Plasma Mass Spectrometry
(ICP-MS)

After 8 days, five plants per group (control, Cd?*-, and Cd?* + Zn?*-treated S. sclarea)
were harvested, separated in roots and aboveground tissues, washed in deionized wa-
ter, and then dried at 65 °C to constant biomass. Dried milled and sieved samples were
further proceeded and digested in a microwave-assisted digestion system as described pre-
viously [3]. Samples were analyzed by an inductively coupled plasma mass spectrometry
(ICP-MS) model ELAN DRC II (PerkinElmer Sciex, Toronto, ON, Canada) [32]. ICP-MS
operational conditions, instrumental settings, calibration solutions, data validation, and
validation parameters were as described before [3]. Elemental analysis was performed for
Cd?* and Zn?*.

2.4. Chlorophyll Fluorescence Analysis

Chlorophyll fluorescence measurements were conducted on dark adapted leaves of
five plants per group (control, Cd?*, and Cd?* + Zn?*), using an Imaging PAM M-Series
system (Heinz Walz Instruments, Effeltrich, Germany) as described in detail previously [33].
In each leaf, representative areas of interest (AOIs) were selected, and the chlorophyll fluo-
rescence parameters Fo (minimum chlorophyll a fluorescence in the dark-adapted leaf), Fm
(maximum chlorophyll a fluorescence in the dark-adapted leaf), Fo’ (minimum chlorophyll
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a fluorescence in the light-adapted leaf), Fin” (maximum chlorophyll a fluorescence in the
light-adapted leaf), and Fs (steady-state photosynthesis at 900 pmol photons m™2 s actinic
light (AL) intensity) were measured [34]. The chlorophyll fluorescence parameters calcu-
lated by the Imaging Win V2.41a software (Heinz Walz GmbH, Effeltrich, Germany) from
the above parameters were: Fv/Fm (maximum efficiency of PSII photochemistry); ®psy;
(the actual quantum yield of PSII photochemistry); ®npg (the quantum yield of regulated
non-photochemical energy loss in PSII); ®np (the quantum yield of non-regulated energy
dissipated in PSII); the redox state of quinone A (Qg4), an estimate of the fraction of open
PSII reaction centers based on the “puddle” model for the photosynthetic unit (qp = [Fm' —
Fs]/[Fm’' — Fo']); q (the fraction of open PSII reaction centers that are connected by shared
antenna, that is, the so-called “lake” model) [35]; and EXC, the relative excess energy at
PSIL, (EXC = [Fv/Fm — ®pgyp 1/[Fv/Fm]), according to Bilger et al. [36].

2.5. Determination of Oxidative Damage and Hydrogen Peroxide

The oxidative damage in S. sclarea leaves was estimated by the level of lipid per-
oxidation according to the method of Hodges et al. [37]. Leaf samples from five plants
per group (control, Cd?*, and Cd?* + Zn?*), after 8 days of treatment, were frozen in
liquid nitrogen and stored at —80 °C before the evaluation of malondialdehyde (MDA)
content by the reaction with 2-thiobarbituric acid (TBA), as described before [3]. Frozen
leaf tissues were homogenized at 4 °C in 1% (w/7v) trichloroacetic acid (TCA) and then
centrifuged at 14,000x g for 20 min. Absorbance of the supernatant was read at 532 nm
using Specord 210 Plus (Ed. 2010, Analytik Jena AG, Germany). Results are expressed as
umol MDA g~! FW.

Hydrogen peroxide (H;O;) generation was estimated in leaves from the same S.
sclarea plants used for MDA evaluation after extraction by homogenization with 50 mM
K-phosphate buffer pH (6.5) and reaction with 0.1% TiCly in 20% H;SOy, as described
before [3].

2.6. Chloroplast Ultrastructure Observations

Chloroplast ultrastructure alterations were observed in the same plants that were
used for chlorophyll fluorescence measurements after 8 days of treatment. Leaf segments
of 0.5 x 1 mm from control, Cd%*-, and Cd?* + ZnZ*-treated plants were fixed with 2%
paraformaldehyde plus 4% glutaraldehyde in 0.05 M sodium cacodylate buffer at pH 7.0 as
described previously [28]. Fixation took place at room temperature for 5 h and post-fixation
for another 3 h and further treatments as described in detail before [3]. Ultrathin sections
(80-90 nm) were stained with 2% uranyl acetate and 1% lead citrate and examined in a
JEOL JEM 1011 transmission electron microscope equipped with a Gatan ES500W digital
camera. Digital electron micrographs were obtained with the DigitalMicrograph 3.11.2
software (Digital Micrograph Gatan, Oxon, UK) [3].

2.7. Statistical Analysis

Statistical analysis was performed by one-way ANOVA analysis followed by post
hoc comparisons using Dunn-Sidék correction. Means (& SD) were calculated from five
independent biological replicates and were considered statistically different at a level of
p < 0.05. Data analysis was performed with IBM SPSS Statistics for Windows version 28.0.

3. Results
3.1. Cadmium and Zinc Accumulation in Leaves and Roots of Salvia sclarea in Response to
Cadmium Toxicity with and without Zinc Application

Exposure of S. sclarea plants to 100 uM Cd?* for 8 days, increased Cd?* in leaves by
50-fold (p < 0.05) (Figure 1a) and of roots by 7000-fold (Figure 1b), as Cd?* in the roots
reached 34,503 4 1035 ug g ! DW vs. 266.3 & 7.8 ug g~ ! DW in the leaves, as also reported
previously [2]. Addition of 900 uM Zn?* to the nutrient solution with 100 uM Cd?* resulted
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DW) (Figure 1a) and roots (17,704 £ 531 pg g*l from 34,503 + 1035 g g’1 DW) (Figure 1b).
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Figure 1. Changes in Cd?* accumulation in leaves (a) and roots (b) and Zn?** accumulation in leaves
(c) and roots (d) in pg g_1 dry weight (DW) after eight days treatment of Salvia sclarea plants with
control (nutrient solution), Cd%* (nutrient solution +100 pM Cd?*), and Cd%* + Zn%* (nutrient solution
+100 pM Cd?* + 900 uM Zn2*). Error bars are standard deviations (1 = 5).

Exposure to Cd?* enhanced total Zn?* uptake by 7.0-fold but decreased its transloca-
tion to the leaves by 36% (Figure 1c). Zinc content in roots after Cd>* exposure reached
1228 4+ 37 pg ¢~ ! DW, from 89.3 4+ 2.7 ug ¢~! DW (Figure 1d), while in leaves from
88.1 £ 2.6 pg g~ ! DW decreased to 31.8 & 0.96 pg g~! DW (Figure 1c). Zinc content
in leaves, after Zn?* supplementation with Cd*, reached 328.1 + 9.8 pg g~ ! DW (10-fold
increase) (Figure 1c), while in roots 39,711 + 1191 DW ug g~ ! dry weight (32-fold increase)
(Figure 1d).

3.2. Changes in the Light Energy Utilization in Photosystem II in Response to Cadmium Toxicity
with and without Zinc Application

We evaluated the light energy distribution pattern in PSII for photochemistry (®pgsjr)
for regulated non-photochemical energy loss—that is, for photoprotective heat dissipation
(Pnpg)—and for non-regulated energy loss in PSII (®yp). The addition of these three
fractions is unity [35,38-41].

In Cd?*-treated S. sclarea plants, the light energy used for photochemistry (®psjr)
decreased, while the photoprotective energy dissipation as heat (dnpg) increased compared
with control Salvia plants, with a concomitant decrease in the fraction of non-regulated
energy lost (®np) (Figure 2).

The application of 900 pM Zn?* in the nutrient solution containing 100 pM Cd?*
increased the fraction of energy used for photochemistry (®pgj) and decreased the fraction
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0.7

of heat dissipation (®npg), while there was no difference in the fraction of non-regulated
loss (®np) compared with Cd?* alone (Figure 2).

0.7
a m Control
0.6 4 b mcd
H Cd+Zn

Quantum Yields

@PsIl ONPQ ®ONO

Figure 2. Changes in photosystem II quantum yields of Salvia sclarea control (nutrient solution), Cd%*
(nutrient solution +100 uM Cd?*), and Cd?* + Zn®* (nutrient solution +100 uM Cd?* + 900 uM Zn2*).
Effective quantum yield of photochemistry (®pgj;), regulated non-photochemical energy loss (®npg),
and non-regulated energy loss in PSII (®yp) at 900 pmol photons m~2 s~ 1 actinic light (AL) intensity.
Error bars are standard deviations (1 = 5). Columns in each chlorophyll fluorescence parameter with
different lowercase letters are statistically different (p < 0.05).

3.3. Changes in the Maximum Efficiency of Photosystem II and the Redox State of Quinone A (Q4)
to Cadmium Toxicity with and without Zinc Application

In Cd%*-treated S. sclarea plants, both the maximum efficiency of PSII (Fv/Fm) (Figure 3a)
and the redox state of quinone A (Q4), an estimate of the fraction of open PSII reaction
centers (qp) (Figure 3b), decreased, while the application of Zn* in the nutrient solution
increased both of them to the level of control Salvia plants.

0.8

B Control b a @ Control
mcd 0.7 a mcd
B Cd+Zn a BCd+Zn
0.6
0.5 1
-9
o 0-4
0.3 1
0.2 4
0.1 4
o 4
(a) (b)

Figure 3. Changes in the maximum efficiency of photosystem II (Fv/Fm) (a), and the redox state
of quinone A (Q,), an estimate of the fraction of open PSII reaction centers estimated at 900 pmol
photons m~2 s7! actinic light (AL) intensity (gp) (b), of Salvia sclarea control (nutrient solution), caz
(nutrient solution +100 uM Cd?*), and Cd?* + Zn?* (nutrient solution +100 uM Cd?* + 900 uM ZnZ").
Error bars are standard deviations (1 = 5). Columns with different lowercase letters are statistically
different (p < 0.05).
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3.4. Changes in the Redox State of Plastoquinone Pool Based on the Lake Model and the Excess
Excitation Energy in Response to Cadmium Toxicity with and without Zinc Application

The redox state of plastoquinone pool based on the lake model (1 — qr) (Figure 4a) and
the excess excitation energy (EXC) (Figure 4b), both measured at 900 pmol photons m 257!
actinic light (AL) intensity, increased in Cd?*-treated S. sclarea plants, but both decreased to
the level of control Salvia plants with the application of Zn?* in the nutrient solution.

a E Control BControl a

0.8 A b mcd 0.8 A |mcd
BCd+Zn

BCd+Zn

(a) (b)

Figure 4. Changes in the redox state of plastoquinone pool based on the lake model (1 — qr) (a), and
the excess excitation energy (EXC) (b), estimated at 900 pmol photons m~2 s~ 1 actinic light (AL)
intensity, of Salvia sclarea control (nutrient solution), Cd?* (nutrient solution +100 pM Cd%*), and
Cd?* + Zn** (nutrient solution +100 uM CdZ* + 900 uM Zn2*). Error bars are standard deviations
(n = 5). Columns with different lowercase letters are statistically different (p < 0.05).

3.5. Changes in the Level of Lipid Peroxidation and Hydrogen Peroxide (H,O;) Generation in
Response to Cadmium Toxicity with and without Zinc Application

In Cd?*-treated S. sclarea plants, the increased accumulation of malondialdehyde
(MDA) (Figure 5a) coincided with the increased generation of hydrogen peroxide (H,O,)
(Figure 5b). However, both decreased with the application of Zn?* in the nutrient solution
but remained higher than the level of control Salvia plants (Figure 5a,b).

35 60
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Figure 5. Changes in the level of lipid peroxidation, assessed by the accumulation of malondialdehyde
(MDA) (a), and the generation of hydrogen peroxide (H,O;) (b), in the leaves of Salvia sclarea control
(nutrient solution), Cd?* (nutrient solution +100 uM Cd?*), and Cd?* + Zn?* (nutrient solution
+100 uM CdZ* + 900 uM Zn2*). Error bars are standard deviations (1 = 5). Columns with different
lowercase letters are statistically different (p < 0.05).
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3.6. Changes in Chloroplast Ultrastructure to Cadmium Toxicity with and without Zinc
Application

Chloroplast of control plants had a typical internal structure, with well-organized
grana thylakoids and stroma membranes and with high electron opacity of the stroma
(Figure 6a). After 8 consecutive days of Cd?* application, effects on chloroplasts ultrastruc-
ture involved thylakoid disorganization, dilated thylakoid membranes, and the absence
of starch grains (Figure 6b). Zn?* supplementation seemed to alleviate Cd effects to the
chloroplasts, with starch grains being present (Figure 7a) and the thylakoid membranes
being less dilated (Figure 7b).

(b)

Figure 6. Transmission electron microscopy (TEM) images of chloroplasts from control (nutrient
solution) (a) and 8-day Cd?%*-treated (nutrient solution + 100 pM Cd%*) (b) Salvia sclarea leaves. Upon
Cd treatment, chloroplasts appeared electronically dense and with swollen thylakoids, while being
devoid of starch grains when compared with control. CW: cell wall; sg: starch grain; V: vacuole.
Scale bar: 200 nm.

(b)

Figure 7. Transmission electron microscopy (TEM) images of chloroplasts from 8-day Cd?*+Zn?*-
treated (nutrient solution + 100 uM Cd?*+ 900 uM Zn%*) Salvia sclarea leaves. Zn addition to
the nutrient solution mitigated Cd effects, with starch grains being present (a), and the thylakoid
membranes being less dilated (b). CW: cell wall; sg: starch grain; V: vacuole. Scale bar: 200 nm.
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4. Discussion

Salvia sclarea is recognized as a medicinal herb due to its valuable pharmacological
properties and numerous health benefits, being also an economically important plant
for phytoextraction and phytostabilization of Cd?**- and Zn?*-contaminated soils, with a
subsequent increased interest in its cultivation [2,14,27]. Cadmium is greatly injurious to
plant growth and almost all human individuals are exposed to Cd?*, mostly through plant-
derived food that has reached the threshold for adverse health effects, and therefore, there is
a serious demand to lower human Cd?* intake by development of low Cd?*-accumulating
crops [42,43]. In addition to food consumption, medicinal plants, and processed foods, Cd**
is naturally stored at high concentrations in cigarettes [42—44]. Cadmium accumulation in
leaf tissues damages the photosynthetic machinery, reducing photosynthetic activity [45]
and increasing reactive oxygen species (ROS) accumulation, resulting in oxidative stress,
programmed cell death, and necrosis [43,46-49].

Reactive oxygen species, such as singlet oxygen (O,), superoxide anion radical (O,®~),
and hydrogen peroxide (H,0O,), produced in plant cells, mainly in the electron transport
chain of chloroplasts, are kept in a homeostasis by the antioxidative enzymatic and non-
enzymatic systems [50-54]. However, under miscellaneous environmental stress conditions,
the absorbed light energy surpasses what it can be used for in photochemistry, developing
an increased ROS production that can cause cellular damage by oxidation of DNA, proteins,
and lipids, resulting in oxidative stress [34,55,56]. Oxidative stress that is usually assessed
by MDA content, a marker of lipid peroxidation [34,57,58], was found to increase under
Cd?* treatment (Figure 5a). However, Zn?* supplementation to Cd?*-containing nutrient
solution decreased lipid peroxidation, which remained higher compared with control val-
ues (Figure 5a), suggesting an increased ROS production. Under optimal growth conditions,
a homeostasis of ROS is maintained [59,60], while an alteration in this homeostasis activates
defense responses [3,59,61,62], but an elevated ROS level is harmful to plants [59,61]. How-
ever, ROS are considered to be essential signaling molecules that adjust plant development
and the defense responses to various biotic and abiotic stresses [50,60,63,64]. A proper
response to a stressor depends primarily on how plants identify the stress signal and re-
spond to initiate a series of signaling cascades for initiation of acclimation mechanisms [65].
Cadmium-induced ROS, such as O,*~ and HyOy, is attributed to the phytotoxic effect
of Cd?*, but ROS can also function as signal molecules in the induction of defense genes
against Cd?" toxicity [46]. The modulation of signal transduction pathways can also protect
plants against Cd?*-induced cell death [47,66].

Several methods have been developed to remove or stabilize soil heavy metals and to
reduce their accumulation in crops [67-69]. Mechanisms that interfere with Cd?* uptake
and accumulation have been shown to reduce Cd%* toxicity [22,24,25,66,70,71]. Zinc,
melatonin, and salicylic acid application are alleviating Cd?*-induced toxicity by inhibition
of ROS overproduction [22,72,73]. Application of Zn?* to a nutrient solution containing
Cd?* increased the fraction of energy used for photochemistry (®pgj;) compared with
Cd?* alone, but ®pgj; remained lower compared with control Salvia plants (Figure 3).
However, the fraction of non-regulated loss (®yp) decreased in both Cd?* alone and Cd**
+ Zn?*-treated plants, compared with control Salvia plants (Figure 2). Overexcitation of
PSII increases the probability of the formation of the triplet chlorophyll state (3Chl*) from
the singlet excited state ('Chl*) through intersystem crossing, producing single oxygen
(10,) [38,74-80]. This non-regulated energy loss in PSII is reflected by ®no [38,75,76,78,80].
Thus, Cd?* alone, and Cd?* + Zn?*-treated plants displayed less ROS production, as 'O,
(Figure 2), but increased total ROS due to increased H,O, generation, compared with
control plants (Figure 5b).

In Cd?*-treated plants, hydrogen peroxide (H,0O,) generation increased by 48% com-
pared with control leaves (Figure 5b), while the accumulation of MDA, indicating the
degree of oxidative stress causing lipid peroxidation, increased by 42% (Figure 5a). The
lower increase in the degree of oxidative stress may be attributed to the decrease in ROS
production as !O,, assessed by the decreased fraction of non-regulated loss (®no) (Figure 2).
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Reactive oxygen species are formed by energy transfer (10O,) and electron transport (HyO,)
simultaneously, and it seems that their action interferes with their signaling pathways,
sometimes to antagonize each other [3]. It has been often shown that hydrogen peroxide
diffuses through leaf veins to act as a long-distance molecule activating stress defense
responses under biotic and abiotic stresses in plants [52,59,60,76,78]. The increased HyO,
generation in Cd?* + Zn?*-treated plants (Figure 5b) seems to have triggered a defense
response that lowered Cd?* toxicity effects on PSII photochemistry by increasing the frac-
tion of energy used for photochemistry (®pgj;) (Figure 2), restoring the PSII redox state
(Figure 3b) and the maximum PSII efficiency (Fv/Fm) (Figure 3a), suggesting beneficial
effects of ROS production [59]. Under Cd?* treatment alone, when the PQ pool (moni-
tored by the 1 — q;) was highly reduced (Figure 4a), an excess excitation energy (EXC)
(Figure 4b) was observed in Cd?*-treated Salvia plants. High excess excitation energy, and
therefore an imbalance between energy supply and demand, results in overproduction
of ROS [3,39,79,80], having as a consequence oxidative stress, which was detected by the
increased MDA content, representing the degree of lipid peroxidation (Figure 5a).

A dose-related negative impact of Cd?* that raises ROS concentration, inducing
oxidative damage and inhibition of photosynthetic function, has been extensively re-
ported [81-88]. However, stimulation of the photosynthetic rate by Cd?* at low concen-
trations has also been described, with a concomitant altered ROS homeostasis [3,89,90].
Plants employ several enzymic and non-enzymatic antioxidative systems to remove the
different types of ROS, thus diminishing possible cell damage [52,76,89,90]. The alteration
of ROS homeostasis has been suggested to be the mechanism of Cd?*-induced hormetic
response of photosynthesis in medicinal herbs [3,90]. An enhanced PSII photochemistry,
indicating an “over-compensation” response to Cd** exposure was corelated with Cd**
disruption of ROS homeostasis [3], validating the declaration of Carvalho et al. [91] that
Cd?* can also be considered a beneficial element as well as a toxic one. However, in our
experiment, in Cd?*-treated plants, the light energy used for photochemistry (®psj;) de-
creased (Figure 2), and at the same time, the accumulation of MDA, indicating the degree
of oxidative stress, increased (Figure 5a). Insufficient supply of energy for photochemistry
decreases photosynthesis efficiency, which is detrimental to plant growth [92]. Zinc appli-
cation to the nutrient solution, together with Cd?%, resulted in a 10-fold increase in Zn%*
in the leaves, which increased the fraction of energy used for photochemistry, compared
with Cd?* alone (Figure 2), while it decreased oxidative stress by 17%, also compared
with Cd?* alone (Figure 5a). Zinc, as a component of antioxidant enzymes, is essential
for scavenging H,O, and O,*~ [93]. Zinc application reduces Cd?* accumulation, which
depends greatly on the crop cultivar, and increases leaf Zn?* content and at the same time
decreases MDA concentration [94-98]. Application of selenium, silicon, melatonin, and
salicylic acid have been also found to alleviate Cd?**-induced toxicity by inhibition of ROS
overproduction [72,73,99-103].

It is well supported that Cd?* negatively influences chloroplast structure, with ob-
served defects that include thylakoid membrane dismantling, increased presence of plas-
toglobuli, starch grain decrease, and plastid envelope rupture [104]. The above are also
observed in hyperaccumulator or Cd?*-tolerant plants when a threshold of Cd?* concentra-
tion and duration treatment is surpassed [3,105,106]. In Cd?*-treated plants, chloroplast
structure is compromised, with Cd?* causing thylakoid membrane disruption and starch
grain loss (Figure 6b). Increased ROS production (Figure 5b) could lead to a noticeable
increase in membrane damage, indicated by the elevated MDA levels (Figure 5a), and the
subsequent changes in chloroplast ultrastructure could specify dysfunctions in metabolism,
indicating defects of the photosynthetic parameters (Figure 2). The observed decrease in
photosynthetic parameters can, in turn, be associated with reduced carbon fixation [107]
and consequently a lower number of starch grains [106]. In Cd?* + Zn?*-treated plants,
Cd>?*-related toxic effects are ameliorated, with starch grains being present and the thy-
lakoid membranes being less affected (Figure 7a,b). Generally, it has been stated that
exogenous Zn?* application alleviates oxidative damage induced by Cd?* application
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(Figure 5a) since Zn?* improved the function of the antioxidant systems [108,109], a notion
mirrored in the chloroplast structure as well (Figure 7a,b).

Exposure of S. sclarea plants to 100 uM Cd?* for 8 days resulted in 266 ng g~! DW
Cd?* concentration in the leaves (Figure 1a). Addition of Zn?* resulted in 50% decreased
Cd?* content in leaves (132 ng g*1 DW) (Figure 1a), and thus, it can be regarded as the
principal element for ameliorating the toxic effects of Cd?* on plants and limiting its entry
into the food chain [24]. The average daily intake of Cd?* via food in European countries
and North America is 15-25 pg, while in Japan it is commonly 40-50 pg, but it may be
considerably higher in Cd?-polluted areas [110]. Zinc content in S. sclarea leaves, after Zn>*
supplementation with Cd?*, reached 0.328 mg g~! DW (Figure 1c), while daily Zn?* intake
must not exceed 40 mg per day for adults [111]. Proper 7Zn?* biofortification, however,
requires specification of plant species and soil type [111,112].

Our data on chlorophyll a fluorescence analysis as well as previous data indicated that
Cd?* exposure results in a partial inactivation of PSII reaction centers and inhibition of PSIT
functionality, disturbing electron transport in the oxygen-evolving complex [6-8,113-115].
Chlorophyll a fluorescence analysis is a promising technique for quick detection of pho-
tosynthetic efficiency, permitting short- or long-term abiotic or biotic stress impact on the
mechanisms of PSII functionality to be revealed [116-118], while the use of chlorophyll
fluorescence imaging analysis permits the detection of spatiotemporal heterogeneity at the
total leaf surface [119]. Additional studies will be performed to elucidate defense mecha-
nisms, including antioxidants, PSI-dependent cyclic electronic transport, and kinetics of
oxygen-evolving reactions, which will provide more detailed information on the role of
excess Zn in the increased Cd tolerance of Salvia sclarea.

5. Conclusions

Exposure of the medicinal herb Salvia sclarea to 100 uM Cd?* for 8 consecutive days
enhanced total Zn?* uptake but decreased its translocation to the leaves and resulted in
an inhibition of PSII functionality, with the photoprotective mechanism of the dissipation
of the excess energy as heat to be ineffective in keeping the redox state of quinone A
(Qa) oxidized at the same level as non-treated plants. Application of Zn?* effectively
mitigated Cd?*-induced toxicity on Salvia sclarea by reducing Cd** uptake, together with
its translocation to the leaves, while it mitigated oxidative stress that restored partially
the chloroplast ultrastructure. Excess Zn?* ameliorated PSII photochemistry by increasing
the fraction of energy used for photochemistry (®psyy) and restoring the PSII redox state
and maximum PSII efficiency (Fv/Fm), while it lowered the excess excitation energy at
PSII (EXC). We conclude that excess Zn?** reduced Cd?* uptake and translocation and
restored chloroplast ultrastructure and PSII photochemical efficiency. Our results show
that Zn?* application on clary sage, by decreasing Cd** uptake to half, can be regarded as
a fundamental method to limit Cd?* entry into the food chain.

Author Contributions: Conceptualization, A.D. and M.M.; methodology, 1.S.,1.-D.S.A,, AD.,E.A,,
A.H. and M.M,; software, I.S., A.D., A.H. and M.M,; validation, 1.S. and M.M.; formal analysis, LS.,
IL-DS.A., AD., AH. and M.M,; investigation, LS., .-D.S.A. and A.H.; resources, 1.-D.S.A., AD.,
E.A.,, AH. and M.M,; data curation, I.S., I.-D.S.A., A.D., A.H. and M.M.; writing—original draft
preparation, 1.S., I.-D.S.A. and M.M.; writing—review and editing, I.S., 1.-D.S.A., A.D,, E.A.,, AH.
and M.M.; visualization, I.S. and M.M.; supervision, A.D. and M.M.; project administration, A.D.,
E.A. and M.M,; funding acquisition, I.-D.S.A., A.D., E.A., A.H. and M.M. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by an Agreement for Scientific Cooperation between the Bulgar-
ian Academy of Sciences and the Aristotle University of Thessaloniki, Greece. A.H. was supported
by a grant from the National Science Center in Poland, 2017/01/X/ST4/00373.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Toxics 2022, 10, 36 12 of 16

Data Availability Statement: The data presented in this study are available in this article.

Acknowledgments: The Salvia sclarea seeds used for the experiments were kindly provided by Bio
Cultures Ltd. (Plovdiv, Bulgaria).

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

References

1. Baycu, G.; Gevrek-Kiirtim, N.; Moustaka, J.; Csatari, I.; Rognes, S.E.; Moustakas, M. Cadmium-zinc accumulation and photosystem
II responses of Noccaea caerulescens to Cd and Zn exposure. Environ. Sci. Pollut. Res. 2017, 24, 2840-2850. [CrossRef]

2. Dobrikova, A.; Apostolova, E.; Hané, A.; Yotsova, E.; Borisova, P.; Sperdouli, I.; Adamakis, I.D.S.; Moustakas, M. Cadmium
toxicity in Salvia sclarea L.: An integrative response of element uptake, oxidative stress markers, leaf structure and photosynthesis.
Ecotoxicol. Environ. Saf. 2021, 209, 111851. [CrossRef]

3.  Adamakis, I.-D.S.; Sperdouli, I.; Han¢, A.; Dobrikova, A.; Apostolova, E.; Moustakas, M. Rapid hormetic responses of photosystem
II photochemistry of clary sage to cadmium exposure. Int. J. Mol. Sci. 2021, 22, 41. [CrossRef]

4. Ouzounidou, G.; Moustakas, M.; Eleftheriou, E.P. Physiological and ultrastructural effects of cadmium on wheat (Triticum aestivum
L.) leaves. Arch. Environ. Contam. Toxicol. 1997, 32, 154-160. [CrossRef]

5. Clemens, S.; Ma, J.F. Toxic heavy metal and metalloid accumulation in crop plants and foods. Annu. Rev. Plant Biol. 2016, 67,
489-512. [CrossRef]

6. Baygqu, G.; Moustaka, J.; Gevrek-Kiirtim, N.; Moustakas, M. Chlorophyll fluorescence imaging analysis for elucidating the
mechanism of photosystem II acclimation to cadmium exposure in the hyperaccumulating plant Noccaea caerulescens. Materials
2018, 11, 2580. [CrossRef]

7. Dobrikova, A.G.; Apostolova, E.L. Damage and protection of the photosynthetic apparatus under cadmium stress. In Cadmium
Toxicity and Tolerance in Plants: From Physiology to Remediation, 1st ed.; Hasanuzzaman, M., Prasad, M.N.V,, Fujita, M., Eds.;
Academic Press: Cambridge, MA, USA, 2019; pp. 275-298.

8.  Moustakas, M.; Han¢, A.; Dobrikova, A.; Sperdouli, I.; Adamakis, I.D.S.; Apostolova, E. Spatial heterogeneity of cadmium effects
on Salvia sclarea leaves revealed by chlorophyll fluorescence imaging analysis and laser ablation inductively coupled plasma mass
spectrometry. Materials 2019, 12, 2953. [CrossRef]

9.  Marschner, H. Mineral Nutrition of Higher Plants, 2nd ed.; Academic Press: London, UK, 1995.

10. Cheah, B.H.; Chen, Y.L; Lo, ].C,; Tang, I.C.; Yeh, K.C.; Lin, Y.E. Divalent nutrient cations: Friend and foe during zinc stress in rice.
Plant Cell Environ. 2021, 44, 3358-3375. [CrossRef]

11. Doncheva, S.; Stoyanova, Z.; Velikova, V. The influence of succinate on zinc toxicity of pea plant. J. Plant Nutr. 2001, 24, 789-804.
[CrossRef]

12.  Andresen, E,; Peiter, E.; Kiipper, H. Trace metal metabolism in plants. J. Exp. Bot. 2018, 69, 909-954. [CrossRef]

13.  Moustakas, M.; Bayqu, G.; Gevrek-Kiirtim, N.; Moustaka, J.; Csatari, I.; Rognes, S.E. Spatiotemporal heterogeneity of photosystem
II function during acclimation to zinc exposure and mineral nutrition changes in the hyperaccumulator Noccaea caerulescens.
Environ. Sci. Pollut. Res. 2019, 26, 6613-6624. [CrossRef]

14. Dobrikova, A.; Apostolova, E.; Han¢, A.; Yotsova, E.; Borisova, P.; Sperdouli, I.; Adamakis, I.D.S.; Moustakas, M. Tolerance
mechanisms of the aromatic and medicinal plant Salvia sclarea L. to excess zinc. Plants 2021, 10, 194. [CrossRef]

15.  Tsonev, T.; Lidon, EJ.C. Zinc in plants—An overview. Emir. ]. Food Agric. 2012, 24, 322-333.

16. Caldelas, C.; Weiss, D.J. Zinc homeostasis and isotopic fractionation in plants: A review. Plant Soil 2017, 411, 17—46. [CrossRef]

17.  Jan, A.U.; Hadi, F; Ditta, A.; Suleman, M.; Ullah, M. Zinc-induced anti-oxidative defense and osmotic adjustments to enhance
drought stress tolerance in sunflower (Helianthus annuus L.). Environ. Exp. Bot. 2022, 193, 104682. [CrossRef]

18.  Van de Mortel, ].E.; Almar Villanueva, L.; Schat, H.; Kwekkeboom, J.; Coughlan, S.; Moerland, P.D.; Ver Loren van Themaat,
E.; Koornneef, M.; Aarts, M.G. Large expression differences in genes for iron and zinc homeostasis, stress response, and lignin
biosynthesis distinguish roots of Arabidopsis thaliana and the related metal hyperaccumulator Thlaspi caerulescens. Plant Physiol.
2006, 142, 1127-1147. [CrossRef]

19. Baker, A.J.M.; McGrath, S.P; Reeves, D.R.; Smith, J.A.C. Metal hyperaccumulator plants: A review of the ecology and physiology
of a biological resource for phytoremediation of metal-polluted soils. In Phytoremediation of Contaminated Soils and Water; Terry, N.,
Banuelos, G., Eds.; CRC Press: Boca Raton, FL, USA, 2000; pp. 171-188.

20. He,S.; He, Z,; Yang, X,; Stoffella, PJ.; Baligar, V.C. Soil biogeochemistry, plant physiology, and phytoremediation of cadmium-
contaminated soils. Adv. Agron. 2015, 134, 135-225.

21. Ran,].; Wang, D.; Wang, C.; Zhang, G.; Zhang, H. Heavy metal contents, distribution, and prediction in a regional soil-wheat
system. Sci. Total Environ. 2016, 544, 422—431. [CrossRef]

22. Rizwan, M.; Ali, S.; Abbas, T.; Zia-Ur-Rehman, M.; Hannan, F.; Keller, C.; Al-Wabel, M.I.; Ok, Y.S. Cadmium minimization in
wheat: A critical review. Ecotoxicol. Environ. Saf. 2016, 130, 43-53. [CrossRef]

23. Fahad, S.; Hussain, S.; Khan, F; Wu, C.; Saud, S.; Hassan, S.; Ahmad, N.; Gang, D.; Ullah, A.; Huang, J. Effects of tire rubber ash

and zinc sulfate on crop productivity and cadmium accumulation in five rice cultivars under field conditions. Environ. Sci. Pollut.
Res. 2015, 22, 12424-12434. [CrossRef]


http://doi.org/10.1007/s11356-016-8048-4
http://doi.org/10.1016/j.ecoenv.2020.111851
http://doi.org/10.3390/ijms22010041
http://doi.org/10.1007/s002449900168
http://doi.org/10.1146/annurev-arplant-043015-112301
http://doi.org/10.3390/ma11122580
http://doi.org/10.3390/ma12182953
http://doi.org/10.1111/pce.14154
http://doi.org/10.1081/PLN-100103774
http://doi.org/10.1093/jxb/erx465
http://doi.org/10.1007/s11356-019-04126-0
http://doi.org/10.3390/plants10020194
http://doi.org/10.1007/s11104-016-3146-0
http://doi.org/10.1016/j.envexpbot.2021.104682
http://doi.org/10.1104/pp.106.082073
http://doi.org/10.1016/j.scitotenv.2015.11.105
http://doi.org/10.1016/j.ecoenv.2016.04.001
http://doi.org/10.1007/s11356-015-4518-3

Toxics 2022, 10, 36 13 of 16

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Sarwar, N.; Ishaq, W,; Farid, G.; Shaheen, M.R.; Imran, M.; Geng, M.; Hussain, S. Zinc-cadmium interactions: Impact on wheat
physiology and mineral acquisition. Ecotoxicol. Environ. Saf. 2015, 122, 528-536. [CrossRef]

Saifullah; Sarwar, N.; Bibi, S.; Ahmad, M.; Ok, Y.S. Effectiveness of zinc application to minimize cadmium toxicity and accumula-
tion in wheat (Triticum aestivum L.). Environ. Earth Sci. 2014, 71, 1663-1672. [CrossRef]

Hart, J.J.; Welch, R.M.; Norvell, W.A.; Kochian, L.V. Transport interactions between cadmium and zinc in roots of bread and
durum wheat seedlings. Physiol. Plant. 2002, 116, 73-78. [CrossRef]

Acimovié, M.G.; Cvetkovi¢, M.T.; Stankovi¢ Jeremi¢, ].M.; Pezo, L.L.; Varga, A.O,; Cabarkapa, L.S.; Kiprovski, B. Biological activity
and profiling of Salvia sclarea essential oil obtained by steam and hydrodistillation extraction methods via chemometrics tools.
Flavour Fragr. ]. 2022, 37, 20-32. [CrossRef]

Tuttolomondo, T.; Iapichino, G.; Licata, M.; Virga, G.; Leto, C.; La Bella, S. Agronomic evaluation and chemical characterization of
Sicilian Salvia sclarea L. accessions. Agronomy 2020, 10, 1114. [CrossRef]

Cui, H.; Zhang, X.; Zhou, H.; Zhao, C.; Lin, L. Antimicrobial activity and mechanisms of Salvia sclarea essential oil. Bot. Stud. 2015,
56, 16. [CrossRef] [PubMed]

Kuzma, L.; Kalemba, D.; Rézalski, M.; Rézalska, B.; Wieckowska-Szakiel, M.; Krajewska, U.; Wysokiriska, H. Chemical com-
position and biological activities of essential oil from Salvia sclarea plants regenerated in vitro. Molecules 2009, 14, 1438-1447.
[CrossRef]

Pitarokili, D.; Couladis, M.; Petsikos-Panayotarou, N.; Tzakou, O. Composition and antifungal activity on soil-borne pathogens of
the essential oil of Salvia sclarea from Greece. J. Agric. Food Chem. 2002, 50, 6688—6691. [CrossRef]

Borowiak, K.; Budka, A.; Lisiak-Zieliniska, M.; Han¢, A.; Zbierska, J.; Baratkiewicz, D.; Kayzer, D.; Gaj, R.; Szymczak-Graczyk, A;
Kanclerz, J. Accumulation of airborne toxic elements and photosynthetic performance of Lolium multiflorum L. leaves. Processes
2020, 8, 1013. [CrossRef]

Moustaka, J.; Panteris, E.; Adamakis, I.D.S.; Tanou, G.; Giannakoula, A.; Eleftheriou, E.P.; Moustakas, M. High anthocyanin
accumulation in poinsettia leaves is accompanied by thylakoid membrane unstacking, acting as a photoprotective mechanism, to
prevent ROS formation. Environ. Exp. Bot. 2018, 154, 44-55. [CrossRef]

Sperdouli, I.; Mellidou, I.; Moustakas, M. Harnessing chlorophyll fluorescence for phenotyping analysis of wild and cultivated
tomato for high photochemical efficiency under water deficit for climate change resilience. Climate 2021, 9, 154. [CrossRef]
Kramer, D.M.; Johnson, G.; Kiirats, O.; Edwards, G.E. New fluorescence parameters for the determination of Q4 redox state and
excitation energy fluxes. Photosynth. Res. 2004, 79, 209-218. [CrossRef]

Bilger, W.; Schreiber, U.; Bock, M. Determination of the quantum efficiency of photosystem II and of non-photochemical quenching
of chlorophyll fluorescence in the field. Oecologia 1995, 102, 425-432. [CrossRef] [PubMed]

Hodges, D.M.; DeLong, ] M.; Forney, C.F,; Prange, R.K. Improving the thiobarbituric acid-reactive—substances assay for estimating
lipid peroxidation in plant tissues containing anthocyanin and other interfering compounds. Planta 1999, 207, 604-611. [CrossRef]
Moustakas, M.; Baycu, G.; Sperdouli, I.; Eroglu, H.; Eleftheriou, E.P. Arbuscular mycorrhizal symbiosis enhances photosynthesis
in the medicinal herb Salvia fruticosa by improving photosystem II photochemistry. Plants 2020, 9, 962. [CrossRef] [PubMed]
Sperdouli, I.; Andreadis, S.; Moustaka, J.; Panteris, E.; Tsaballa, A.; Moustakas, M. Changes in light energy utilization in
photosystem II and reactive oxygen species generation in potato leaves by the pinworm Tuta absoluta. Molecules 2021, 26, 2984.
[CrossRef]

Stamelou, M.L.; Sperdouli, L.; Pyrri, I.; Adamakis, 1.D.S.; Moustakas, M. Hormetic responses of photosystem II in tomato to
Botrytis cinerea. Plants 2021, 10, 521. [CrossRef] [PubMed]

Moustaka, J.; Meyling, N.V.; Hauser, T.P. Induction of a compensatory photosynthetic response mechanism in tomato leaves upon
short time feeding by the chewing insect Spodoptera exigua. Insects 2021, 12, 562. [CrossRef] [PubMed]

Clemens, S.; Aarts, M.G.; Thomine, S.; Verbruggen, N. Plant science: The key to preventing slow cadmium poisoning. Trends
Plant Sci. 2013, 18, 92-99. [CrossRef]

Quadros, I.P.S.; Madeira, N.N.; Loriato, V.A.P,; Saia, T.EFE,; Silva, J.C.; Soares, F.A.E; Carvalho, J.R.; Reis, P.A.B.; Fontes, E.P.B.;
Clarindo, W.R,; et al. Cadmium-mediated toxicity in plant cells is associated with the DCD/NRP-mediated cell death response.
Plant Cell Environ. 2022, in press. [CrossRef]

Satarug, S.; Garrett, S.H.; Sens, M.A.; Sen, D.A. Cadmium, environmental exposure, and health outcomes. Environ. Health Perspect.
2010, 118, 182-190. [CrossRef]

Pereira de Aratjo, R.; Furtado de Almeida, A.A.; Silva Pereira, L.; Mangabeira, P.A.O.; Olimpio Souza, J.; Pirovani, C.P.; Ahnert,
D.; Baligar, V.C. Photosynthetic, antioxidative, molecular and ultrastructural responses of young cacao plants to Cd toxicity in the
soil. Ecotoxicol. Environ. Saf. 2017, 144, 148-157. [CrossRef]

Romero-Puertas, M.C.; Rodriguez-Serrano, M.; Corpas, E]J.; Gémez, M.; del Rio, L.A.; Sandalio, L.M. Cd-induced subcellular
accumulation of O, ~ and H,O, in pea leaves. Plant Cell Environ. 2004, 27, 1122-1134. [CrossRef]

Pormehr, M.; Ghanati, F.; Sharifi, M.; McCabe, P.F,; Hosseinkhani, S.; Zare-Maivan, H. The role of SIPK signaling pathway
in antioxidant activity and programmed cell death of tobacco cells after exposure to cadmium. Plant Sci. 2019, 280, 416—423.
[CrossRef] [PubMed]

Zhou, J.; Wan, H.; He, J.; Lyu, D.; Li, H. Integration of cadmium accumulation, subcellular distribution, and physiological
responses to understand cadmium tolerance in apple rootstocks. Front. Plant Sci. 2017, 8, 966. [CrossRef]


http://doi.org/10.1016/j.ecoenv.2015.09.011
http://doi.org/10.1007/s12665-013-2570-1
http://doi.org/10.1034/j.1399-3054.2002.1160109.x
http://doi.org/10.1002/ffj.3684
http://doi.org/10.3390/agronomy10081114
http://doi.org/10.1186/s40529-015-0096-4
http://www.ncbi.nlm.nih.gov/pubmed/28510825
http://doi.org/10.3390/molecules14041438
http://doi.org/10.1021/jf020422n
http://doi.org/10.3390/pr8091013
http://doi.org/10.1016/j.envexpbot.2018.01.006
http://doi.org/10.3390/cli9110154
http://doi.org/10.1023/B:PRES.0000015391.99477.0d
http://doi.org/10.1007/BF00341354
http://www.ncbi.nlm.nih.gov/pubmed/28306885
http://doi.org/10.1007/s004250050524
http://doi.org/10.3390/plants9080962
http://www.ncbi.nlm.nih.gov/pubmed/32751534
http://doi.org/10.3390/molecules26102984
http://doi.org/10.3390/plants10030521
http://www.ncbi.nlm.nih.gov/pubmed/33802218
http://doi.org/10.3390/insects12060562
http://www.ncbi.nlm.nih.gov/pubmed/34207203
http://doi.org/10.1016/j.tplants.2012.08.003
http://doi.org/10.1111/pce.14218
http://doi.org/10.1289/ehp.0901234
http://doi.org/10.1016/j.ecoenv.2017.06.006
http://doi.org/10.1111/j.1365-3040.2004.01217.x
http://doi.org/10.1016/j.plantsci.2018.12.028
http://www.ncbi.nlm.nih.gov/pubmed/30824021
http://doi.org/10.3389/fpls.2017.00966

Toxics 2022, 10, 36 14 of 16

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Zabka, A.; Winnicki, K.; Polit, J.T.; Wréblewski, M.; Maszewski, ]. Cadmium (II)-induced oxidative stress results in replication
stress and epigenetic modifications in root meristem cell nuclei of Vicia faba. Cells 2021, 10, 640. [CrossRef]

Apel, K.; Hirt, H. Reactive oxygen species: Metabolism, oxidative stress, and signal transduction. Annu. Rev. Plant Biol. 2004, 55,
373-399. [CrossRef] [PubMed]

Moustaka, J.; Moustakas, M. Photoprotective mechanism of the non-target organism Arabidopsis thaliana to paraquat exposure.
Pest. Biochem. Physiol. 2014, 111, 1-6. [CrossRef]

Moustaka, J.; Tanou, G.; Adamakis, I.D.; Eleftheriou, E.P.; Moustakas, M. Leaf age dependent photoprotective and antioxidative
mechanisms to paraquat-induced oxidative stress in Arabidopsis thaliana. Int. J. Mol. Sci. 2015, 16, 13989-14006. [CrossRef]
[PubMed]

Choudhury, EK,; Rivero, R.M.; Blumwald, E.; Mittler, R. Reactive oxygen species, abiotic stress and stress combination. Plant J.
2017, 90, 856-867. [CrossRef]

Moustakas, M.; Malea, P.; Zafeirakoglou, A.; Sperdouli, I. Photochemical changes and oxidative damage in the aquatic macrophyte
Cymodocea nodosa exposed to paraquat-induced oxidative stress. Pest. Biochem. Physiol. 2016, 126, 28-34. [CrossRef]

Gill, S.S.; Tuteja, N. Reactive oxygen species and antioxidant machinery in abiotic stress tolerance in crop plants. Plant Physiol.
Biochem. 2010, 48, 909-930. [CrossRef]

Takagi, D.; Takumi, S.; Hashiguchi, M.; Sejima, T.; Miyake, C. Superoxide and singlet oxygen produced within the thylakoid
membranes both cause photosystem I photoinhibition. Plant. Physiol. 2016, 171, 1626-1634. [CrossRef]

Moustaka, J.; Ouzounidou, G.; Baygu, G.; Moustakas, M. Aluminum resistance in wheat involves maintenance of leaf Ca?* and
Mg?* content, decreased lipid peroxidation and Al accumulation, and low photosystem II excitation pressure. BioMetals 2016, 29,
611-623. [CrossRef] [PubMed]

Cazzaniga, S.; Dall’ Osto, L.; Kong, S.-G.; Wada, M.; Bassi, R. Interaction between avoidance of photon absorption, excess energy
dissipation and zeaxanthin synthesis against photooxidative stress in Arabidopsis. Plant J. 2013, 76, 568-579. [CrossRef]
Mittler, R. ROS are good. Trends Plant Sci. 2017, 22, 11-19. [CrossRef]

Adamakis, I.D.S.; Sperdouli, I; Eleftheriou, E.P.; Moustakas, M. Hydrogen peroxide production by the spot-like mode action of
bisphenol A. Front. Plant Sci. 2020, 11, 1196. [CrossRef] [PubMed]

Agathokleous, E.; Kitao, M.; Calabrese, E.]. Hormesis: A compelling platform for sophisticated plant science. Trends Plant Sci.
2019, 24, 318-327. [CrossRef] [PubMed]

Sperdouli, I.; Moustaka, J.; Ouzounidou, G.; Moustakas, M. Leaf age-dependent photosystem II photochemistry and oxidative
stress responses to drought stress in Arabidopsis thaliana are modulated by flavonoid accumulation. Molecules 2021, 26, 4157.
[CrossRef]

Mittler, R.; Vanderauwera, S.; Suzuki, N.; Miller, G.; Tognetti, V.B.; Vandepoele, K.; Gollery, M.; Shulaev, V.; Van Breusegem, F.
ROS signaling: The new wave? Trends Plant Sci. 2011, 16, 300-309. [CrossRef] [PubMed]

Adamakis, I.D.S.; Malea, P,; Sperdouli, I.; Panteris, E.; Kokkinidi, D.; Moustakas, M. Evaluation of the spatiotemporal effects of
bisphenol A on the leaves of the seagrass Cymodocea nodosa. |. Hazard. Mater. 2021, 404, 124001. [CrossRef]

Imran, Q.M.; Falak, N.; Hussain, A.; Mun, B.-G.; Yun, B.-W. Abiotic stress in plants; stress perception to molecular response and
role of biotechnological tools in stress resistance. Agronomy 2021, 11, 1579. [CrossRef]

Zhang, W.; Song, ].; Yue, S.; Duan, K.; Yang, H. MhMAPK4 from Malus hupehensis Rehd. decreases cell death in tobacco roots by
controlling Cd%* uptake. Ecotoxicol. Environ. Saf. 2019, 168, 230-240. [CrossRef] [PubMed]

Liu, L.W,; Li, W,; Song, W.P.; Guo, M. Remediation techniques for heavy metal-contaminated soils: Principles and applicability.
Sci. Total Environ. 2018, 633, 206-219. [CrossRef] [PubMed]

Zhao, FJ.; Ma, Y,; Zhu, Y.G.; Tang, Z.; McGrath, S.P. Soil contamination in China: Current status and mitigation strategies. Environ.
Sci. Technol. 2015, 49, 750-759. [CrossRef] [PubMed]

Zheng, R.; Teng, W.; Hu, Y.; Hou, X,; Shi, D.; Tian, X.; Scullion, J.; Wu, J. Cadmium uptake by a hyperaccumulator and three
Pennisetum grasses with associated rhizosphere effects. Environ. Sci. Pollut. Res. 2021, 29, 1845-1857. [CrossRef] [PubMed]
Sheng, Y.; Yan, X.; Huang, Y,; Han, Y.; Zhang, C.; Ren, Y.; Fan, T.; Xiao, F; Liu, Y.; Cao, S. The WRKY transcription factor,
WRKY13, activates PDR8 expression to positively regulate cadmium tolerance in Arabidopsis. Plant Cell Environ. 2019, 42,
891-903. [CrossRef]

Zhang, W.; Wang, Z.; Song, |.; Yue, S.; Yang, H. Cd?+ uptake inhibited by MhNCED3 from Malus hupehensis alleviates Cd-induced
cell death. Environ. Exp. Bot. 2019, 166, 103802. [CrossRef]

Zhang, W.; Chen, W. Role of salicylic acid in alleviating photochemical damage and autophagic cell death induction of cadmium
stress in Arabidopsis thaliana. Photochem Photobiol. Sci. 2011, 10, 947-955. [CrossRef]

Tousi, S.; Zoufan, P.; Ghahfarrokhie, A.R. Alleviation of cadmium-induced phytotoxicity and growth improvement by exogenous
melatonin pretreatment in mallow (Malva parviflora) plants. Ecotoxicol. Environ. Saf. 2020, 206, 111403. [CrossRef]

Miiller, P,; Li, X.P.; Niyogi, K.K. Non-photochemical quenching. A response to excess light energy. Plant Physiol. 2001, 125,
1558-1566. [CrossRef] [PubMed]

Gawronski, P.; Witony, D.; Vashutina, K.; Bederska, M.; Betlifiski, B.; Rusaczonek, A.; Karpiniski, S. Mitogen-activated protein
kinase 4 is a salicylic acid-independent regulator of growth but not of photosynthesis in Arabidopsis. Mol. Plant 2014, 7, 1151-1166.
[CrossRef]


http://doi.org/10.3390/cells10030640
http://doi.org/10.1146/annurev.arplant.55.031903.141701
http://www.ncbi.nlm.nih.gov/pubmed/15377225
http://doi.org/10.1016/j.pestbp.2014.04.006
http://doi.org/10.3390/ijms160613989
http://www.ncbi.nlm.nih.gov/pubmed/26096005
http://doi.org/10.1111/tpj.13299
http://doi.org/10.1016/j.pestbp.2015.07.003
http://doi.org/10.1016/j.plaphy.2010.08.016
http://doi.org/10.1104/pp.16.00246
http://doi.org/10.1007/s10534-016-9938-0
http://www.ncbi.nlm.nih.gov/pubmed/27188757
http://doi.org/10.1111/tpj.12314
http://doi.org/10.1016/j.tplants.2016.08.002
http://doi.org/10.3389/fpls.2020.01196
http://www.ncbi.nlm.nih.gov/pubmed/32849741
http://doi.org/10.1016/j.tplants.2019.01.004
http://www.ncbi.nlm.nih.gov/pubmed/30755365
http://doi.org/10.3390/molecules26144157
http://doi.org/10.1016/j.tplants.2011.03.007
http://www.ncbi.nlm.nih.gov/pubmed/21482172
http://doi.org/10.1016/j.jhazmat.2020.124001
http://doi.org/10.3390/agronomy11081579
http://doi.org/10.1016/j.ecoenv.2018.09.126
http://www.ncbi.nlm.nih.gov/pubmed/30388541
http://doi.org/10.1016/j.scitotenv.2018.03.161
http://www.ncbi.nlm.nih.gov/pubmed/29573687
http://doi.org/10.1021/es5047099
http://www.ncbi.nlm.nih.gov/pubmed/25514502
http://doi.org/10.1007/s11356-021-15043-6
http://www.ncbi.nlm.nih.gov/pubmed/34363165
http://doi.org/10.1111/pce.13457
http://doi.org/10.1016/j.envexpbot.2019.103802
http://doi.org/10.1039/c0pp00305k
http://doi.org/10.1016/j.ecoenv.2020.111403
http://doi.org/10.1104/pp.125.4.1558
http://www.ncbi.nlm.nih.gov/pubmed/11299337
http://doi.org/10.1093/mp/ssu060

Toxics 2022, 10, 36 15 of 16

76.

77.

78.

79.

80.
81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.
94.

95.

96.

97.

98.

99.

100.

Moustaka, J.; Tanou, G.; Giannakoula, A.; Panteris, E.; Eleftheriou, E.P.; Moustakas, M. Anthocyanin accumulation in poinsettia
leaves and its functional role in photo-oxidative stress. Environ. Exp. Bot. 2020, 175, 104065. [CrossRef]

Hao, J.; Xu, X.; Zhang, L. Seasonal dynamics of photochemical performance of PS II of terrestrial mosses from different elevations.
Plants 2021, 10, 2613. [CrossRef] [PubMed]

Sperdouli, I.; Moustaka, J.; Antonoglou, O.; Adamakis, I.-D.S.; Dendrinou-Samara, C.; Moustakas, M. Leaf age-dependent effects
of foliar-sprayed CuZn nanoparticles on photosynthetic efficiency and ROS generation in Arabidopsis thaliana. Materials 2019, 12,
2498. [CrossRef] [PubMed]

Takahashi, S.; Badger, M.R. Photoprotection in plants: A new light on photosystem II damage. Trends Plant Sci. 2011, 16, 53-60.
[CrossRef]

Moustakas, M. Plant photochemistry, reactive oxygen species, and photoprotection. Photochem 2022, 2, 5-8. [CrossRef]

Faller, P,; Kienzler, K.; Krieger-Liszkay, A. Mechanism of Cdz+ toxicity: Cd?* inhibits photoactivation of photosystem II by
competitive binding to the essential Ca2* site. Biochim. Biophys. Acta 2005, 1706, 158-164. [CrossRef] [PubMed]

Ekmekgi, Y.; Tanyolag, D.; Ayhan, B. Effects of cadmium on antioxidant enzyme and photosynthetic activities in leaves of two
maize cultivars. J. Plant Physiol. 2008, 65, 600—-611. [CrossRef]

Parmar, P.; Kumari, N.; Sharma, V. Structural and functional alterations in photosynthetic apparatus of plants under cadmium
stress. Bot. Stud. 2013, 54, 45. [CrossRef] [PubMed]

Dobrikova, A.G.; Yotsova, E.K.; Borner, A.; Landjeva, S.P.; Apostolova, E.L. The wheat mutant DELLA-encoding gene (Rht-Blc)
afects plant photosynthetic responses to cadmium stress. Plant Physiol. Biochem. 2017, 114, 10-18. [CrossRef]

Wang, Y,; Xing, W.; Liang, X.; Xu, Y.; Wang, Y.; Huang, Q.; Li, L. Effects of exogenous additives on wheat Cd accumulation, soil
Cd availability and physicochemical properties in Cd-contaminated agricultural soils: A meta-analysis. Sci. Total Environ. 2022,
808, 152090. [CrossRef]

Yotsova, E.K.; Dobrikova, A.G.; Stefanov, M.; Misheva, S.; Bardacova, M.; Matusikov4, L; Zidekova, L.; Blehova, A.; Apostolova,
E. Effects of cadmium on two wheat cultivars depending on different nitrogen supply. Plant Physiol. Biochem. 2020, 155, 789-799.
[CrossRef] [PubMed]

Han¢, A.; Matecka, A.; Kutrowska, A.; Bagniewska-Zadworna, A.; Tomaszewska, B.; Baratkiewicz, D. Direct analysis of elemental
biodistribution in pea seedlings by LA-ICP-MS, EDX and confocal microscopy: Imaging and quantification. Microchem. J. 2016,
128, 305-311. [CrossRef]

Matecka, A.; Konkolewska, A.; Han¢, A.; Baratkiewicz, B.; Ciszewska, L.; Ratajczak, E.; Staszak, A.M.; Kmita, H.; Jarmuszkiewicz,
W. Insight into the phytoremediation capability of Brassica juncea (v. Malopolska): Metal accumulation and antioxidant enzyme
activity. Int. . Mol. Sci. 2019, 20, 4355. [CrossRef] [PubMed]

Matkowski, E.; Sitko, K.; Szopiniski, M.; Gieron, Z.; Pogrzeba, M.; Kalaji, H.M.; Zieléznik-Rusinowska, P. Hormesis in plants: The
role of oxidative stress, auxins and photosynthesis in corn treated with Cd or Pb. Int. J. Mol. Sci. 2020, 21, 2099. [CrossRef]
Mengdi, X.; Wenging, C.; Haibo, D.; Xiaoqging, W.; Li, Y.; Yuchen, K.; Hui, S.; Lei, W. Cadmium-induced hormesis effect in
medicinal herbs improves the efficiency of safe utilization for low cadmium-contaminated farmland soil. Ecotoxicol. Environ. Saf.
2021, 225, 112724. [CrossRef]

Carvalho, M.E.A; Castro, PR.C.; Azevedo, R.A. Hormesis in plants under Cd exposure: From toxic to beneficial element? .
Hazard. Mater. 2020, 384, 121434. [CrossRef] [PubMed]

Chen, P; Li, Z;; Luo, D,; Jia, R.;; Lu, H.; Tang, M.; Hu, Y.; Yue, J.; Huang, Z. Comparative transcriptomic analysis reveals key
genes and pathways in two different cadmium tolerance kenaf (Hibiscus cannabinus L.) cultivars. Chemosphere 2021, 263, 128211.
[CrossRef]

DalCorso, G.; Manara, A ; Piasentin, S.; Furini, A. Nutrient metal elements in plants. Metallomics 2014, 6, 1770-1788. [CrossRef]
Zhen, S.; Shuai, H.; Xu, C; Lv, G.; Zhu, X.; Zhang, Q.; Zhu, Q.; Nufiez-Delgado, A.; Conde-Cid, M.; Zhou, Y.; et al. Foliar
application of Zn reduces Cd accumulation in grains of late rice by regulating the antioxidant system, enhancing Cd chelation
onto cell wall of leaves, and inhibiting Cd translocation in rice. Sci. Total Environ. 2021, 770, 145302. [CrossRef]

Zhou, Z.; Zhang, B.; Liu, H; Liang, X.; Ma, W.; Shi, Z.; Yang, S. Zinc effects on cadmium toxicity in two wheat varieties (Triticum
aestivum L.) differing in grain cadmium accumulation. Ecotoxicol. Environ. Saf. 2019, 183, 109562. [CrossRef]

Clairvil, E.; Martins, J. PR.; Braga, P.C.S.; Moreira, S.W.; Conde, L.T.; Cipriano, R.; Falqueto, A.R.; Gontijo, A.B.P.L. Zinc and
cadmium as modulating factors of the morphophysiological responses of Alternanthera tenella Colla (Amaranthaceae) under
in vitro conditions. Photosynthetica 2021, 59, 652-663. [CrossRef]

Du, ].; Zeng, J.; Ming, X.; He, Q.; Tao, Q.; Jiang, M.; Gao, S.; Li, X,; Lei, T.; Pan, Y.; et al. The presence of zinc reduced cadmium
uptake and translocation in Cosmos bipinnatus seedlings under cadmium/zinc combined stress. Plant Physiol. Biochem. 2020, 151,
223-232. [CrossRef]

Dong, Q.; Hu, S.; Fei, L.; Liu, L.; Wang, Z. Interaction between Cd and Zn on metal accumulation, translocation and mineral
nutrition in tall fescue (Festuca arundinacea). Int. J. Mol. Sci. 2019, 20, 3332. [CrossRef]

Liu, J.; Zhang, H.; Zhang, Y.; Chai, T. Silicon attenuates cadmium toxicity in Solanum nigrum L. by reducing cadmium uptake and
oxidative stress. Plant Physiol. Biochem. 2013, 68, 1-7. [CrossRef]

Yotsova, E.K.; Dobrikova, A.G.; Stefanov, M.A.; Kouzmanova, M.; Apostolova, E.L. Improvement of the rice photosynthetic
apparatus defence under cadmium stress modulated by salicylic acid supply to roots. Theor. Exp. Plant Physiol. 2018, 30, 57-70.
[CrossRef]


http://doi.org/10.1016/j.envexpbot.2020.104065
http://doi.org/10.3390/plants10122613
http://www.ncbi.nlm.nih.gov/pubmed/34961084
http://doi.org/10.3390/ma12152498
http://www.ncbi.nlm.nih.gov/pubmed/31390827
http://doi.org/10.1016/j.tplants.2010.10.001
http://doi.org/10.3390/photochem2010002
http://doi.org/10.1016/j.bbabio.2004.10.005
http://www.ncbi.nlm.nih.gov/pubmed/15620376
http://doi.org/10.1016/j.jplph.2007.01.017
http://doi.org/10.1186/1999-3110-54-45
http://www.ncbi.nlm.nih.gov/pubmed/28510881
http://doi.org/10.1016/j.plaphy.2017.02.015
http://doi.org/10.1016/j.scitotenv.2021.152090
http://doi.org/10.1016/j.plaphy.2020.06.042
http://www.ncbi.nlm.nih.gov/pubmed/32877878
http://doi.org/10.1016/j.microc.2016.05.008
http://doi.org/10.3390/ijms20184355
http://www.ncbi.nlm.nih.gov/pubmed/31491923
http://doi.org/10.3390/ijms21062099
http://doi.org/10.1016/j.ecoenv.2021.112724
http://doi.org/10.1016/j.jhazmat.2019.121434
http://www.ncbi.nlm.nih.gov/pubmed/31812481
http://doi.org/10.1016/j.chemosphere.2020.128211
http://doi.org/10.1039/C4MT00173G
http://doi.org/10.1016/j.scitotenv.2021.145302
http://doi.org/10.1016/j.ecoenv.2019.109562
http://doi.org/10.32615/ps.2021.059
http://doi.org/10.1016/j.plaphy.2020.03.019
http://doi.org/10.3390/ijms20133332
http://doi.org/10.1016/j.plaphy.2013.03.018
http://doi.org/10.1007/s40626-018-0102-9

Toxics 2022, 10, 36 16 of 16

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Wu, C; Dun, Y,; Zhang, Z.; Li, M.; Wu, G. Foliar application of selenium and zinc to alleviate wheat (Triticum aestivum L.)
cadmium toxicity and uptake from cadmium-contaminated soil. Ecotoxicol. Environ. Saf. 2020, 190, 110091. [CrossRef] [PubMed]
Saidi, I.; Chtourou, Y.; Djebali, W. Selenium alleviates cadmium toxicity by preventing oxidative stress in sunflower (Helianthus
annuus) seedlings. J. Plant Physiol. 2014, 171, 85-91. [CrossRef]

Wang, C.; Rong, H.; Zhang, X.; Shi, W.; Hong, X.; Liu, W.; Cao, T.; Yu, X,; Yu, Q. Effects and mechanisms of foliar application of
silicon and selenium composite sols on diminishing cadmium and lead translocation and affiliated physiological and biochemical
responses in hybrid rice (Oryza sativa L.) exposed to cadmium and lead. Chemosphere 2020, 251, 126347. [CrossRef] [PubMed]
Qin, S,; Liu, H.; Nie, Z.; Rengel, Z.; Gao, W.; Li, C.; Zhao, P. Toxicity of cadmium and its competition with mineral nutrients for
uptake by plants: A review. Pedosphere 2020, 30, 168-180. [CrossRef]

Ying, RR.; Qiu, R.L.; Tang, Y.T.; Hu, PJ.; Qiu, H.; Chen, H.R,; Shi, T.H.; Morel, ].L. Cadmium tolerance of carbon assimilation
enzymes and chloroplast in Zn/Cd hyperaccumulator Picris divaricata. J. Plant Physiol. 2010, 167, 81-87. [CrossRef]

Yue, J.Y.; Wei, X.].; Wang, H.Z. Cadmium tolerant and sensitive wheat lines: Their differences in pollutant accumulation, cell
damage, and autophagy. Biol. Plant. 2018, 62, 379-387. [CrossRef]

Devi, R.; Munjral, N.; Gupta, A.K; Kaur, N. Cadmium induced changes in carbo- hydrate status and enzymes of carbohydrate
metabolism, glycolysis and pentose phosphate pathway in pea. Environ. Exp. Bot. 2007, 61, 167-174. [CrossRef]

Faizan, M.; Faraz, A.; Yusuf, M.; Khan, S.T.; Hayat, S. Zinc oxide nanoparticle-mediated changes in photosynthetic efficiency and
antioxidant system of tomato plants. Photosynthetica 2018, 56, 678-686. [CrossRef]

Wei, C.; Jiao, Q.; Agathokleous, E.; Liu, H.; Li, G.; Zhang, J.; Fahad, S.; Jiang, Y. Hormetic effects of zinc on growth and antioxidant
defense system of wheat plants. Sci. Total Environ. 2022, 807, 150992. [CrossRef] [PubMed]

World Health Organization. Air Quality Guidelines for Europe, 2nd ed.; World Health Organization, Regional Office for Europe:
Copenhagen, Denmark, 2000; Available online: https://apps.who.int/iris /handle/10665/107335 (accessed on 13 December
2021).

Natasha, N.; Shahid, M.; Bibi, I.; Igbal, J.; Khalid, S.; Murtaza, B.; Bakhat, H.F; Farooq, A.B.U.; Amjad, M.; Hammad, H-M.; et al.
Zinc in soil-plant-human system: A data-analysis review. Sci. Total Environ. 2022, 808, 152024. [CrossRef]

Zia, M.H.; Ahmed, 1; Bailey, E.H.; Lark, RM.; Young, S.D.; Lowe, N.M.; Joy, E.J.M.; Wilson, L.; Zaman, M.; Broadley, M.R.
Site-specific factors influence the field performance of a Zn-biofortified wheat variety. Front. Sustain. Food Syst. 2020, 4, 135.
[CrossRef]

Sigfridsson, K.G.V.; Bernat, G.; Mamedov, E; Styring, S. Molecular interference of Cd?%* with Photosystem II. Biochim. Biophys.
Acta 2004, 1659, 19-31. [CrossRef]

Paunov, M.; Koleva, L.; Vassilev, A.; Vangronsveld, J.; Goltsev, V. Effects of different metals on photosynthesis: Cadmium and zinc
affect chlorophyll fluorescence in durum wheat. Int. J. Mol. Sci. 2018, 19, 787. [CrossRef] [PubMed]

Janeeshma, E.; Kalaji, H.M.; Puthur, ].T. Differential responses in the photosynthetic efficiency of Oryza sativa and Zea mays on
exposure to Cd and Zn toxicity. Acta Physiol. Plant. 2021, 43, 12. [CrossRef]

Murchie, E.H.; Lawson, T. Chlorophyll fluorescence analysis: A guide to good practice and understanding some new applications.
J. Exp. Bot. 2013, 64, 3983-3998. [CrossRef]

Kalaji, HM.; Jajoo, A.; Oukarroum, A.; Brestic, M.; Zivcak, M.; Samborska, I.A.; Cetner, M.D.; Lukasik, I.; Goltsev, V.; Ladle, RJ.
Chlorophyll a fluorescence as a tool to monitor physiological status of plants under abiotic stress conditions. Acta Physiol. Plant.
2016, 38, 102. [CrossRef]

Moustaka, J.; Meyling, V.N.; Hauser, T.P. Root-associated entomopathogenic fungi modulate host plant” s photosystem II
photochemistry and its response to herbivorous insects. Molecules 2022, 27, 207. [CrossRef]

Moustakas, M.; Calatayud, A.; Guidi, L. Chlorophyll fluorescence imaging analysis in biotic and abiotic stress. Front. Plant Sci.
2021, 12, 658500. [CrossRef] [PubMed]


http://doi.org/10.1016/j.ecoenv.2019.110091
http://www.ncbi.nlm.nih.gov/pubmed/31881404
http://doi.org/10.1016/j.jplph.2013.09.024
http://doi.org/10.1016/j.chemosphere.2020.126347
http://www.ncbi.nlm.nih.gov/pubmed/32169700
http://doi.org/10.1016/S1002-0160(20)60002-9
http://doi.org/10.1016/j.jplph.2009.07.005
http://doi.org/10.1007/s10535-018-0785-4
http://doi.org/10.1016/j.envexpbot.2007.05.006
http://doi.org/10.1007/s11099-017-0717-0
http://doi.org/10.1016/j.scitotenv.2021.150992
http://www.ncbi.nlm.nih.gov/pubmed/34662623
https://apps.who.int/iris/handle/10665/107335
http://doi.org/10.1016/j.scitotenv.2021.152024
http://doi.org/10.3389/fsufs.2020.00135
http://doi.org/10.1016/j.bbabio.2004.07.003
http://doi.org/10.3390/ijms19030787
http://www.ncbi.nlm.nih.gov/pubmed/29522461
http://doi.org/10.1007/s11738-020-03178-x
http://doi.org/10.1093/jxb/ert208
http://doi.org/10.1007/s11738-016-2113-y
http://doi.org/10.3390/molecules27010207
http://doi.org/10.3389/fpls.2021.658500
http://www.ncbi.nlm.nih.gov/pubmed/33936144

	Introduction 
	Materials and Methods 
	Plant Material and Growth Conditions 
	Cadmium and Cadmium plus Zinc Treatments 
	Cadmium and Zinc Determination by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 
	Chlorophyll Fluorescence Analysis 
	Determination of Oxidative Damage and Hydrogen Peroxide 
	Chloroplast Ultrastructure Observations 
	Statistical Analysis 

	Results 
	Cadmium and Zinc Accumulation in Leaves and Roots of Salvia sclarea in Response to Cadmium Toxicity with and without Zinc Application 
	Changes in the Light Energy Utilization in Photosystem II in Response to Cadmium Toxicity with and without Zinc Application 
	Changes in the Maximum Efficiency of Photosystem II and the Redox State of Quinone A (QA) to Cadmium Toxicity with and without Zinc Application 
	Changes in the Redox State of Plastoquinone Pool Based on the Lake Model and the Excess Excitation Energy in Response to Cadmium Toxicity with and without Zinc Application 
	Changes in the Level of Lipid Peroxidation and Hydrogen Peroxide (H2O2) Generation in Response to Cadmium Toxicity with and without Zinc Application 
	Changes in Chloroplast Ultrastructure to Cadmium Toxicity with and without Zinc Application 

	Discussion 
	Conclusions 
	References

