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Abstract

The wide use of copper (Cu)-based fungicide has caused a stepwise accumulation of Cu in the environment increasing the
occurrence of phytotoxicity in crops. To understand and alleviate this abiotic stress, maize seedlings were grown in hydro-
ponic solution with different combinations of Cu and iron (Fe) forms. Results showed that maize Cu sensitivity is related to
the nature of the form supplied and to the chelate-exchange processes that might involve other elements, such as Fe. The use
of CuSO, excess (100 pM) caused severe reduction of plant growth, over accumulation of Cu, high activity of antioxidant
enzymes, and impairment of the acquisition of other nutrients. In presence of chelating agents (citrate and ethylenediamine-
tetraacetic acid, EDTA) the ability of plants to tolerate high Cu-levels depends on the Fe nutritional status. Copper phyto-
toxicity symptoms do not occur when Cu was supplied chelated by EDTA. The use of synthetic agent EDTA (as Cu-EDTA
and Fe-EDTA) prevented the accumulation of toxic Cu-level in plants and allowed a better homeostasis among nutrients.
In presence of citrate, high concentration of Cu occurred in plants but its phytotoxicity was limited when even EDTA was
available in solution. Results suggest that maize plants can operate a good control of nutritional status when Cu-excess is
present concomitantly with a synthetic chelator (as EDTA) even when supplied as a Fe-fertilizer. These results pave the
way to provide guidelines for the fertilization managements on Cu-contaminated soils to alleviate phytotoxicity in crops.
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severe ecological risks for living organisms, such as plants,
animals, and humans (Jung and Thornton 1996; Chopin and
Alloway 2007; Rehman et al. 2019). The widespread use of
Cu in agriculture has caused contamination of soils that may
lead crops to bioaccumulate this metal and thus enters in the
food chain. Especially in vineyards, the extensive use over
decades of Cu-containing agrochemicals to prevent and con-
trol plant diseases (Cu-based fungicide treatments, e.g., Cu
sulfate, Cu oxychloride) has determined Cu accumulation
in soils leading to nutritional disorders and phytotoxicity
in crops (Schramel et al. 2000; Brun et al. 2001; Chaignon
et al. 2003; Chopin et al. 2008; Mackie et al. 2012).

Copper is also a micronutrient in plants and it is involved
in numerous physiological processes (redox and detoxifica-
tion reactions). It is required to assure healthy growth and
reproduction success of plants, therefore, when its availabil-
ity is not adequate to sustain plant needs, severe alterations
of photosynthesis, respiration, cell membrane integrity, and
enzyme activity can occur (Rehman et al. 2019).

In soils, Cu solubility and bioavailability is highly
dependent on organic matter content and pH value (Bravin
et al. 2012). Due to its low solubility at high pH, Cu bio-
availability in calcareous soil is limited (Thiel and Finck
1973; Adriano 2001), and therefore this condition may lead
to Cu-deficiency in plants. However, this nutritional disorder
is a very rare condition that may appear when Cu concen-
tration in plants is below 3—5 mg Cu kg~ 'dry weight (Mar-
schner 1995). Symptoms of Cu-deficiency include stunted
growth, necrosis of apical roots and shoot meristems, leaf
deformation, an increase of susceptibility to biotic stresses
and chlorosis of young leaves (Rahimi and Bussler 1973;
Alloway and Tills 1984; Adrees et al. 2015). On the other
hand, Cu-solubility in the soil solution increases in acidic
soils, as low pH limits the Cu adsorption on the colloids and
on the organic-matter surfaces (Sauvé et al. 1997; Adriano
2001; Brun et al. 2001). In plants, a toxic nutritional status is
evaluated when Cu content is above 20-50 mg Cu kg™ dry
weight (Marschner 2011). Typical symptoms of Cu toxic-
ity on plants include leaf chlorosis, altered photosynthesis,
senescence of leaves, stunted growth, root length reduc-
tion, and peroxidative damages of cell membranes (Vinit-
Dunand et al. 2002; Kopittke and Menzies 2006; Michaud
et al. 2008; Lequeux et al. 2010; Feigl et al. 2013; Brunetto
et al. 2016). For both nutritional disorders (Cu-deficiency
and -toxicity), the severity and the occurrence of the symp-
toms are highly dependent on plant species, developmental
stages, and bioavailability of other nutrients (Thiel and Finck
1973; Adrees et al. 2015).

In plants, Cu shares some common features with other
nutrients, especially with iron (Fe): both are transition met-
als that are involved in redox reactions. Both metals are
micronutrients that become toxic at high concentration;
therefore, their uptake, utilization, and storage need to be
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tightly regulated to maintain an appropriate metal homeosta-
sis (Grotz and Guerinot 2006; Waters and Armbrust 2013).
Some works provide evidence that an excess of Cu can affect
Fe uptake, Fe activity, and Fe content in plants, and vice
versa (Welch et al. 1993; Pitsikki et al. 2002; Chen et al.
2004; Burkhead et al. 2009). Thus, some typical symptoms
of Cu-excess in plants are linked to Fe deficiency, such
as an intensification of oxidative stress and a decrease of
leaf chlorophyll content (Pitsikki et al. 2002; Schaaf et al.
2003; Grotz and Guerinot 2006). Moreover, the acquisition
mechanisms in roots for the uptake of Fe and Cu shared
some features (Ryan et al. 2013; Adrees et al. 2015; Brunetto
et al. 2016). The Fe(IlI)-chelate reductase (FRO) operates
the reduction of Fe(III)-chelates to Fe>* but other transi-
tion metals can be also substrates of this enzyme (i.e., Cu;
Uren 1982; Marschner et al. 1986; Bernal et al. 2012). Up
to date, the Cu uptake system in plants is not yet completely
elucidated, nevertheless several plasma membrane proteins
have been identified to mediate Cu transport, such as COP-
per Transporters (COPT, Sancenén et al. 2003), some Heavy
Metal ATPases (HMA; Pilon and Tapken 2013), and Fe
transporters (IRT/ZIP proteins mediate the uptake of Fe as
well as of Cu, Cd, Co, and Zn; Korshunova et al., 1999). The
involvement of FRO and IRT/ZIP proteins for Cu acquisition
confirms the occurrence of a strong overlap between Cu and
Fe nutritional pathways in plants (Grotz and Guerinot 2006).
In dicots and non-grasses, Cu acquisition seems to preferen-
tially occur in form of Cu* based on a reductive mechanism
(Bernal et al. 2012); in other species (as in grasses), this
nutrient might be mainly acquired by a non-reductive strat-
egy (as Cu’") or by a complexation strategy (through the
acquisition of Cu-chelates, Wintz et al. 2003; Printz et al.
2016; Brunetto et al. 2016). Similar strategies are used by
plants to mediate Fe acquisition and in the past decades they
have been deeply investigated: reductive based mechanism
is mainly used by non-grasses (Strategy I plants), whereas
the complexation mechanism is mainly operated by grasses
(Strategy II plants; Marschner and Romheld 1994; Marsch-
ner 2011). The release of phytosiderophores (PS) by grasses
is functional to promote the solubility of Fe and the chelated
form Fe(III)-PS complexes are subsequently taken up into
root cells by an Fe-PS transporter (ZmYS1, yellow stripe 1
in maize; Bashir et al. 2000). It is interesting note that Cu
was found to be quantitatively the most important element
competing with Fe for complexation by PS (Schenkeveld
et al. 2014).

Once inside the cell, Cu can follow different routes.
The metal can be stored into vacuoles or translocated
into the shoots in different forms. In plants, Cu can be
transported in the form of free Cu* or Cu?*, however, in
the xylem sap, the main translocated form is likely to be
Cu(II)-chelate (for review, see Printz et al. 2016). Analyses
on xylem sap revealed that several amino acids (including



Journal of Plant Growth Regulation

non-proteinogenic ones, such as the PS-precursor: nicotia-
namine) are able to chelate Cu (Kochian 1991; Liao et al.
2000; Irtelli et al. 2009; Curie et al. 2009; Hofmann 2012).
Under excess condition, limiting Cu reactivity inside cells
through complexation may represent a valid strategy to
counteract its toxicity (Welch and Shuman 1995).

Aim of this work is to improve understanding on Cu
nutrition in maize and evaluate antagonisms or synergisms
between Fe- and Cu-nutritional pathways in maize. Physi-
ological and biochemical responses of maize plants were
evaluated when different Cu-levels and Cu-forms were
applied to nutrient solution. Moreover, the interplay between
Cu and Fe in maize was evaluated depending on the metal
forms available in the root external media. Present work
aims to improve the knowledge on Cu nutrition in plants
and provides useful information to alleviate Cu phytotoxicity
in contaminated soil.

Materials and Methods
Plant Material and Growth Conditions

Maize seeds (Zea mays L., inbred line P0423, Pioneer
Hybrid Italia S.p.A.) were grown as described by Zanin
et al. (2017). Briefly, germinated seeds were transferred
for 15 days in a continuously aerated Cu and iron (Fe)-free
nutrient solution (containing, pM: Ca(NO;), 1000; CaSO,
500; K,SO, 200; MgSO, 100; KH,PO, 175; KC1 5; H;BO,
2.5; MnSO, 0.2; ZnSO, 0.2; Na,MoO, 0.05; buffered solu-
tion to pH 6.0 with 2.5 mM 2-(N-morpholino)ethanesul-
fonic acid (MES)-KOH; Pinton et al. 1999) under hydro-
ponic conditions. Copper and Fe were added to nutrient

Table 1 Experimental set-up used in the present work

solution depending on nutritional treatment (Table 1). To
limit as far as possible Cu contamination, analytical grade
reagents were used to prepare nutrient solution (Merck
KGaA, Darmstadt, Germany).

In the first experiment (Experiment I), Cu was added at
different concentrations: 0 pM CuSO, (—CuS + FeE, Cu-
deficiency treatment), 0.05 uM CuSO, (+ CuS + FeE, Cu-
sufficiency treatment) or 100 uM CuSO, (++ CuS + FeE,
Cu-excess treatment); Fe was always supplied as 100 uM
of Fe chelated by ethylenediaminetetraacetic acid (EDTA).
Variations in morphophysiological parameter, plant
growth, antioxidant enzyme activities, and ionomic com-
position of Cu-deficient and Cu-excess conditions were
compared to Cu-sufficient plants (+ CuS + FeE used as
control).

In the second experiment (Experiment II), Cu was
added at different concentrations and forms as described
in Table 1: 0.05 pM CuSO, or Cu-EDTA (4 CuS or + CuE,
Cu-sufficiency treatments); 100 uM CuSO, or Cu-EDTA
(++ CuS or ++ CuE, Cu-excess treatments). Fe was sup-
plied chelated by EDTA or by citrate, as 100 uM Fe-EDTA
or 100 uM Fe-citrate (+ FeE or + FeC, Fe-sufficiency treat-
ments). Copper-EDTA and Fe-EDTA were purchased
already in the chelated form from Merck KGaA (Cu-
EDTA: 03,668-500G; Fe-EDTA: 03,650-1 KG; Darm-
stadt, Germany). Iron-citrate was prepared according to
von Wirén et al. (1994) by mixing an aliquot of FeCl,4
with citrate (in 10% chelate excess). Variations in morpho-
physiological parameter, plant growth, antioxidant enzyme
activities and ionomic composition of plants exposed to
Cu-excess were compared to the relative Cu-sufficiency
condition, depending on the Cu and Fe form applied to
nutrient solution (++ CuS + FeE Cu-excess condition

Condition Symbol Treatment CuSO, (uM) Cu-EDTA (uM) Fe-EDTA (uM) Fe-citrate (uM)
Experiment 1

Cu-deficiency —CuS +FeE —CuSO,; +Fe-EDTA - - 100 -
Cu-sufficiency + CuS +FeE +CuSO,; +Fe-EDTA 0.05 - 100 -
Cu-excess ++ CuS + FeE ++CuSO,; + Fe-EDTA 100 - 100 -
Experiment 11

Cu-sufficiency + CuS + FeE +CuSO,; +Fe-EDTA 0.05 - 100 -
Cu-sufficiency +CuS +FeC +CuSO,; + Fe-citrate 0.05 - - 100
Cu-sufficiency + CuE +FeE + Cu-EDTA; +Fe-EDTA - 0.05 100 -
Cu-sufficiency + CuE +FeC + Cu-EDTA; + Fe-citrate - 0.05 - 100
Cu-excess ++CuS +FeE ++ CuSO,; +Fe-EDTA 100 - 100 -
Cu-excess ++ CuS +FeC ++ CuSO,; + Fe-citrate 100 - - 100
Cu-excess ++ CuE +FeE ++Cu-EDTA; +Fe-EDTA - 100 100 -
Cu-excess ++ CuE +FeC ++ Cu-EDTA; + Fe-citrate - 100 - 100

Maize plants were exposed to nutrient solution containing CuSO, or Cu-EDTA at 0.05 or 100 uM accordingly to conditions specify in materials
and methods. Fe was applied in form of Fe-EDTA or Fe-citrate at 100 pM concentration
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was compared with the + CuS + FeE Cu-sufficiency con-
dition; +4+CuS + FeC vs. + CuS + FeC; ++CuE + FeE
vs. + CuE + FeE; ++ CuE + FeC vs. + CuE + FeC).

Before harvesting (21-day-old plants), light transmit-
tance of fully expanded leaves was measured and values are
shown as “Soil-Plant Analyzer-Development” index val-
ues (SPAD-502, Minolta, Osaka, Japan; Zanin et al. 2015).
For the multielemental analyses, plant roots were washed
accordingly to Bienfait et al. (1985) to remove root apoplas-
tic metals (especially Fe and Cu) using 1.2 g L™! Na,S,0,;
1.5 mM 2,2°-bipyridyl; 0.5 mM Ca(NO;),; 1 mM MES.
Roots and shoots were harvested, and fresh (FW) and dry
weights (DW) were assessed.

In Silico Evaluation of Cu- and Fe-Forms in Nutrient
Solution

The evaluation of Cu- and Fe-forms most abundant in nutri-
ent solution were predicted by in silico analyses performed
by Visual MINTEQ software (v 3.1, https://vminteq.lwr.kth.
se/).

Multielement Analysis

Roots and shoots were oven dried at 105 °C and digested
with HNO; in a microwave oven (MARS Xpress, CEM,
Matthews, NC, USA) as reported in Buoso et al. (2021).
Macro- and micro-nutrients were measured by either Induc-
tively Coupled Plasma (ICP)-Optical Emission Spectroscopy
or ICP-Mass Emission Spectroscopy (ICP-OES: Varian
Vista Pro axial, USA; and ICP-MS: NexION™ 300, Perki-
nElmer Inc., USA, respectively).

Antioxidant Enzyme Activities

Antioxidant enzyme activities were analyzed in maize
leaves after 21 days of growth. Total superoxide dismutase
(SOD) activity was assayed as described by Elavarthi and
Martin (2010), whereas the activity of catalase (CAT) and
peroxidase (POX) was analyzed as reported by Hippler
et al. (2016). The total protein content was determined by
Bradford assay, using as standard the bovine serum albumin
(BSA; Bradford 1976). Moreover, to discriminate different
isoforms, SOD activity was also visualized on non-dena-
turing PAGE gel as described by Dourado et al. (2014) and
Hippler et al. (2016). Electrophoresis was performed on a
12% polyacrylamide gel loading equal amounts of proteins
(20 pg of total proteins for each gel lane).

Statistical Analyses and Data Elaboration

Analyses were performed on three independent experiments,
a pool of three plants was used for each sample. One-way
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analysis of variance (ANOVA) was performed to statisti-
cally analyzed data using Holm—Sidak test using SigmaPlot
Version 12.0 software (P <0.05, N=3). Data clustering and
PCA analyses were determined using ClustVis web tool
(https://biit.cs.ut.ee/clustvis/; Metsalu and Vilo 2015).

Results

Experiment | —Maize Response to Different Cu
Availability

Alteration of plant morphology, ionomic and biochemical
parameters was analyzed in conditions conducting to Cu-
deficiency (— CuS + FeE), Cu-sufficiency (+ CuS + FeE),
and Cu-excess (++ CuS + FeE). Copper®* was supplied into
the nutrient solution ranging from 0 to 100 pM (Experi-
ment I, Table 1). Iron was supplied at a concentration of
100 uM that is adequate to meet plant nutritional needs
(Vangronsveld and Clijsters 1994). In comparison to Cu-
sufficient plants (+ CuS + FeE), the absence of Cu in the

|

+FeE -CuS +FeE +CuS +FeE ++Cu$S

\

S

Fig.1 Shoots (A) and roots (B) of maize plants grown under dif-
ferent Cu availability (Experiment I). From the left to the right:
— CuS+FeE (0 uM CuSO, and 100 pM Fe-EDTA); +CuS +FeE
(0.05 uM CuSO, and 100 uM Fe-EDTA); ++CuS+FeE (100 uM
CuSO, and 100 uM Fe-EDTA)


https://vminteq.lwr.kth.se/
https://vminteq.lwr.kth.se/
https://biit.cs.ut.ee/clustvis/

Journal of Plant Growth Regulation

nutrient solution (— CuS + FeE) determined a slight reduc-
tion of SPAD index values in shoots, whereas biomass accu-
mulation of — CuS + FeE treated plants were comparable to
that recorded for + CuS + FeE ones (Fig. 1, Supplementary
Fig. S1). On the other hand, the addition of Cu in excess
(++ CuS + FeE) caused alterations in plant development
with changes in shoot and root morphology and a strong
limitation of biomass production (fresh and dry weights,
Supplementary Figure S1). The Cu toxicity in maize plants
led to a drastic limitation of root elongation and to a signifi-
cant increase in occurrence of interveinal chlorosis at the
leaf level (Fig. 1, Supplementary Fig. S1).

Multielement analyses of roots and shoots allowed the
identification and quantification of most abundant ele-
ments in maize tissues (Fig. 2). Copper-free treatment
(—CuS +FeE) did not induce substantial changes on plant
morphology, but the Cu concentration in roots was more than
halved in comparison to Cu-sufficient plants (4 CuS + FeE).
On the other hand, the use of Cu-excess in nutrient solution
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Fig.2 Multielemental analyses of maize plants grown under different
Cu availability (Experiment I). Total concentration (mg kg™' of dry
weight) of micro- and macro-nutrients in roots (A, C) and shoots (B,
D) of Cu-deficient (— CuS +FeE), Cu-sufficient (+ CuS +FeE), and

— +CuS +FeE

determined a sturdy increase of Cu content in plants (espe-
cially in roots +4 CuS + FeE). Concerning the other ele-
ments, Cu-limiting condition (— CuS + FeE) determined a
significant reduction of Zn, Mn, and Ca content in leaves
in comparison to Cu-sufficient ones (+CuS + FeE). The
Cu-excess treatment (++ CuS + FeE) determined a strong
limitation of Fe, Zn, Ca (in roots and shoots), Mn and P (in
shoots) concentrations vs control condition (+ CuS + FeE),
and a slight increase of S concentration was observed mainly
in shoots (Fig. 2).

While Cu-deficiency did not affect the activity of anti-
oxidant enzymes (SOD, CAT, and POX), as — CuS + FeE
showed similar activities to those recorded in Cu-sufficient
leaves (+CuS + FeE), a significant increase of all three enzy-
matic activities was measured in leaves of ++ CuS + FeE.
In particular, under Cu-excess, SOD and POX were at least
two times more active than in Cu-sufficient leaves (Experi-
ment I, Fig. 3).
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Cu-excess (++4CuS+FeE) maize plants. Data are means+ SD, for
each element letters indicate a significant difference (ANOVA Holm-
Sidak; N=3, P<0.05)
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Fig.3 Effects of different nutritional conditions on the activity
of antioxidant enzymes (A superoxide dismutase, SOD; B cata-
lase, CAT; and C peroxidase, POX) in leaves of maize. Data are
means + SD, for each element letters indicate a significant difference
(ANOVA Holm-Sidak; N=3, P<0.05)
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Experiment Il—Influence of Cu- and Fe-Forms
on Maize Response Under Cu-Excess Condition

Regarding the Experiment II, the use of different Cu- and
Fe-forms affected the morphology and morphometric
parameters of maize plants (Fig. 4, Supplementary Fig.
S2). Under Cu-excess, the use of CuSO, compromised
plant growth and development, stunted growth of roots and
shoots, yellowing and chlorosis on leaves were observed
in comparison to their Cu-sufficient controls (+ CuS + FeE
and + CuS + FeC). Moreover, these symptoms were more
evident in presence of Fe-EDTA (44 CuS + FeE) than
with Fe-citrate (++4 CuS 4+ FeC, as shown by a significant
reduction of SPAD index values and root growth; Fig. 4
and Supplementary Fig. S2). When Cu-EDTA was used in
excess (++ CuE + FeE and ++ CuE + FeC), maize plants
grew better than when the same amount of Cu was applied
in form of CuSO, (++ CuS + FeE and ++ CuS + FeC),
although a slight reduction of shoot and root weights were
observed in comparison to their controls (+ CuE + FeE
and + CuE + FeC, respectively). Moreover, the use of Fe-
citrate along with Cu-EDTA led to a significant reduction
of SPAD index values in comparison to Cu-sufficient con-
trol (++ CuE + FeC vs. + CuE + FeC); this pattern was not
observed when Fe-EDTA was applied along with Cu-EDTA
excess (++ CuE + FeE vs. + CuE + FeE; Supplementary Fig.
S2).

Simulations of the elemental chemical speciation and
complexes obtained from the Visual MINTEQ chemical
speciation software indicate that, under Cu-excess (100 uM
Cu and 100 uM Fe), Cu and Fe compete for chelating agent
(Supplementary Table S1). When Fe is applied in form of
Fe-citrate, the occurrence of a metal chelate exchange pro-
cess between the two elements may occur at equilibrium
leading to the formation of Cu-citrate as most abundant
citrate form (++ CuS + FeC; ++ CuE + FeC; Supplemen-
tary Table S1). When nutrients are use chelated to EDTA
(+ CuS + FeE; + CuE + FeE; + CuE + FeC; ++ CuS + FeE;
++ CuE + FeE; ++ CuE + FeC), the equilibrium constant
promotes the formation of Fe-EDTA complex over than
Cu-EDTA, this latter occur in solution mainly when EDTA
exceed Fe moiety (++ CuE + FeE). Therefore, the com-
putational prediction indicates that in EDTA containing
nutrient solutions: ++ CuS + FeE, Cu is mainly present as
Cu®* (64%) and Cu-EDTA*" (24%) and Fe is in form of Fe-
EDTA™ (74%) and Fe(OH),* (23%); ++ CuS +FeC, Cu is
in form of Cu-citrate™ (66%) and Cu** (28%) and Fe is in
form of FeOH,™ (62%) and Fe-citrate (35%); ++ CuE + FeE,
Cu is in form of Cu-EDTA?~ (100%) and Fe in form of
Fe-EDTA™ (98%); ++ CuE + FeC, Cu is in form of Cu-
citrate™ (72%) and Cu-EDTA?™ (16%) and Fe is in form
of Fe-EDTA™ (82%) and Fe-citrate (10%, Supplementary
Table S1).
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Fig.4 Shoots (A) and roots (B) of maize plants grown under Cu
toxicity, different Cu and Fe sources were applied to nutrient solu-
tion (Experiment II). From the left to the right:+CuS+FeE
(0.05 uM CuSO, and 100 pM Fe-EDTA);+CuS+FeC (0.05 pM
CuSO, and 100 uM Fe-citrate); + CuE+FeE (0.05 uM Cu-EDTA

Multielement analyses indicated that all four Cu-excess
treatments determined an overall increase of Cu concen-
tration in maize, although under ++ CuE + FeE maize
plants did not over accumulate Cu as much as under the
other treatments (Fig. 5). When Cu-excess was applied in
form of CuSO, (++ CuS + FeE; ++ CuS + FeC) an overall
reduction of Fe, Zn, Mn, Ca (in roots and shoots), and P
(in shoots) was observed in comparison to their controls
(4 CuS + FeE; + CuS + FeC), regardless to Fe form applied.
On the other hand, the use of Cu-EDTA in excess applied
in combination to Fe-EDTA (++ CuE + FeE) determine a
reduction of Fe (in roots) and Ca in maize while the con-
centration of all the other elements was not affected by Cu-
excess in comparison to the control plants (+ CuE + FeE).
In the treatment ++ CuE + FeC, where the excess of Cu
was applied in form chelated by EDTA and in conjunc-
tion to Fe-citrate, Zn and Mn concentrations were nega-
tively affected but at the same time P and S concentrations
increased in roots, whereas the elemental composition
in shoots was not influenced by this treatment in com-
parison to + CuE + FeC (++ CuE + FeC vs + CuE + FeC).
Under normal Cu condition, Cu and Mn concentra-
tion in maize plants increased when Fe was applied as

——
++CuS +FeC

++CuS +FeE ++CuE +FeE ++CuE +FeC

and 100 uM Fe-EDTA);+CuE+FeC (0.05 uM Cu-EDTA and
100 uM Fe-citrate); ++CuS+FeE (100 pM CuSO4 and 100 uM
Fe-EDTA); ++CuS+FeC (100 uM CuSO, and 100 puM Fe-cit-
rate); ++CuE+FeE (100 pM Cu-EDTA and 100 uM Fe-EDTA);
++ CuE +FeC (100 uM Cu-EDTA and 100 uM Fe-citrate)

Fe-citrate (+ CuS + FeC, + CuE + FeC) instead of Fe-EDTA
(+ CuS + FeE; + CuE + FeE).

In order to highlight possible differences and simi-
larities among samples, a multivariate analysis (PCA)
was carried out on the elemental composition dataset of
shoots and roots (Fig. 6). The PCA generated an eight-
component model, the first four components (PC1-PC4)
explained 95% and 91% of total variance in both shoots
and roots, respectively. The first two components (PC1
and PC2) explaining over 70% of the total variance have
been chosen to show sample distribution. In both shoots
and roots, the PCA analyses discriminate different groups
along PC1, all samples grown under Cu-sufficiency (+ Cu)
clustered together regardless to Fe-source applied to nutri-
ent solution. Along PC1 separate clusters were observed
for plants grown under Cu-excess (++ Cu) and the separa-
tion was marked when CuSO, was used as Cu form more
than Cu-EDTA which clustered closed to samples grown
under normal Cu condition.

Regarding antioxidant enzymes, the highest activi-
ties were observed under CuSO, excess (++ CuS +FeE;
++ CuS + FeC) for all three tested enzymes (SOD; CAT,
POX); while the use of Cu-EDTA excess (++ CuE + FeE;
++4 CuE + FeC) did not significantly change the
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Fig.5 Multielemental analyses of maize plants grown under Cu
toxicity: different Cu and Fe sources were applied to nutrient solu-
tion (Experiment II). Total concentration (mg kg™' of dry weight)

enzymatic activities in comparison Cu-sufficient leaves
(+ CuE + FeE; + CuE + FeC) (Fig. 7).

Different isoenzymes of SOD were detected using native-
PAGE and SOD staining (Supplementary Figure S3). When
Cu was in excess and in form of CuSO,, the most abundant
and active isoform in maize leaves was referred to Cu/Zn
SOD. In agreement with total enzymatic activity (Fig. 7),
an overall low activity ascribable to all SOD isoforms was
observed under 4+ CuE + FeE treatment (Supplementary Fig.
S3).

Discussion

Copper-Free Nutrient Solution Does Not Affect
Maize Growth

In crops, Cu-deficiency symptoms are related to bluish-
green leaves which become chlorotic near the tips and along
both sides of the midrib (Alloway and Tills 1984). Despite
— CuS + FeE plants showed a reduction of SPAD index val-
ues and root Cu concentration (in comparison to Cu-suffi-
cient plants, + CuS + FeE), no changes on maize biomass
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of micro- and macro-nutrients in roots (A, C) and shoots (B, D) of
maize plants. Letters indicate a significant difference (ANOVA Holm-
Sidak; N=3, P<0.05)

accumulation were observed when plants were grown in
a Cu-free nutrient solution (Supplementary Fig. S1). This
behavior could be explained by a high abundance of Cu as
contaminant (Gries et al. 1998). Furthermore, maize could
have an endogenous amount of Cu deriving from the seed
storage that sustains plant needs during first vegetative
stages. Thus, it is plausible suppose that Cu-deficient symp-
toms may become more evident in the latter phonological
stages (e.g., flowering and ripening of the seeds; Graham
1975; Dell 1981).

In tobacco and in lupin, the deprivation of some micro-
nutrients (Cu, Zn, or Mn) impaired the activities of anti-
oxidant enzymes, as SOD isoforms, depending on the type
and severity of the deficiency stress (Yu et al. 1998; Yu and
Rengel 1999). Under our condition, Cu-free nutrient solu-
tion (— CuS + FeE) did not affect significantly the activity
of tested-antioxidant enzymes (Fig. 3) and did not deter-
mine any substantial change on elemental composition of
maize plants, except for a slight reduction of Zn, Mn, and
Ca content in shoots (Fig. 2). Overall, these results suggest
that, under our experimental conditions (15 days of treat-
ment), Cu deprivation did not impact maize growth and
development.
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Fig.6 PCA analyses and heatmap clustering based on elemental
composition of maize shoots (A) and roots (B). Unit variance scaling
is applied to rows; SVD with imputation is used to calculate principal
components. X and Y axis of PCA plots show principal component 1
and principal component 2 that explain 48.9% and 22.6% of the total
variance, respectively, in shoots (A); and explain 47% and 25% of the

Maize Plants are Susceptible to Cu-Excess
in Nutrient Solution

In the present study, Cu-excess condition strongly impaired
maize growth and induced leaf chlorosis in ++ CuS + FeE
plants in comparison to control plants (Cu-sufficient con-
dition 4+ CuS + FeE, Fig. 1, Supplementary Fig. S1). The
effects of Cu toxicity on growth and development have been
reported in several crops, including maize (Mocquot et al.
1996; Ouzounidou et al. 1998; Adrees et al. 2015; Marastoni
et al. 2019b). As expected, maize plants over accumulated
Cu when exposed to Cu-excess in nutrient solution, and the
element was mainly accumulated in roots (Fig. 2). The high
Cu concentration in roots (rather than in shoots) might be
due to the Cu accumulation in the apoplast (Krzestowska
2011; Marastoni et al. 2019a). Allan and Jarrell (1989)

total variance, respectively, in roots (B). Prediction ellipses are such
that with probability 0.95, a new observation from the same group
will fall inside the ellipse. In heatmaps elements are centered; unit
variance scaling is applied to elements; both elements and samples
are clustered using correlation distance and average linkage

explained that the adsorption of Cu on the root surface could
occur in cationic form interacting with negative charges of
the cell-wall.

The nutritional status of maize plants was strongly
affected by Cu toxicity as the concentrations of P, Ca, Fe,
Zn, and Mn markedly decreased in comparison to Cu-suffi-
cient plants (+ CuS + FeE, Fig. 2). The antagonistic effect of
Cu on the content of other nutrients was reported in several
species and was mainly referred to a competitive effect of
Cu on the uptake of ions (Michaud et al. 2008; Keller et al.
2015; Azeez et al. 2015; Ali et al. 2002; Feil et al. 2020).
When highly abundant in the apoplast, Cu ions tend to dis-
place Ca** ions from exchange sites in the root free space
(Jensén and Aoalsteinsson 1989). Moreover, multielement
analyses indicated that Cu-excess condition also determine
an increase of S concentration in maize shoots (Fig. 2). In
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Fig.7 Evaluation of Cu toxicity on the activity of antioxidant
enzymes (A superoxide dismutase, SOD; B catalase, CAT; and C per-
oxidase, POX) in leaves of maize when different Cu and Fe sources

cabbage, the high S levels under Cu toxicity correlated with
the upregulation of sulfate transporters (Shahbaz et al. 2010)
that may be due to a higher requirement of S-containing
molecules to counteract oxidative stress.

In agreement with previous evidence (Devi and Prasad
1998; Martins and Mourato 2006; Liu et al. 2018), an
increase of SOD activity in maize leaves was observed
under Cu toxicity in comparison to Cu-sufficient plants
(4 CuS +FeE, Fig. 3) and this activity was mainly linked to
Cu/Zn SOD isoform (as confirmed by in-gel activity Supple-
mentary Fig. S3). The SOD activity operates the production
of free radicals in plant cells, that in turn lead to lipid per-
oxidation and destabilization of thylakoid membranes (Van
Assche and Clijsters 1990). Other antioxidant enzymes (such
as CAT and POX) increased their activity under Cu-excess
condition, confirming their important role in ROS detoxifi-
cation (Yruela 2009; Pantola and Shekhawat 2012; Adrees
et al. 2015).

Maize Response to Cu Toxicity is Dependent on Fe-
and Cu-Forms

The use of different Cu- and Fe-forms allowed us to evalu-
ate the sensitivity of maize plants to Cu-excess condition
(Experiment I, Table 1). Considering the occurrence of
chelate-exchange processes at the rhizosphere and their role
to influence the availability of nutrients, the effect of two
different Cu-sources (CuSO, and Cu-EDTA) and two dif-
ferent Fe-forms (Fe-EDTA and Fe-citrate) were compared.
In agreement with previous evidence (Fig. 4), maize plants
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were applied to nutrient solution. Data are means+ SD, for each ele-
ment letters indicate a significant difference (ANOVA Holm-Sidak;
N=3,P<0.05)

showed phytotoxicity by high Cu-levels in nutrient solution,
and the toxicity symptoms were mainly observed in plants
exposed to CuSO, rather than to Cu-EDTA. Under CuSO,
excess, main symptoms involved a sharp reduction of fresh
and dry weights, stunted growth of roots, leaf deformation,
and necrosis of apical meristems (Fig. 4, Supplementary Fig.
S2). Confirming data of the Experiment I (see Sect. “Maize
Plants are Susceptible to Cu-Excess in Nutrient Solution™),
the root exposure to high Cu-levels reduced in maize the
concentration of other nutrients in comparison to Cu-suffi-
cient plants, showing an antagonistic effect of Cu-excess on
nutritional levels of other elements. Multivariate analysis
(PCA) on ionomic data pointed out a clear separation of
samples treated with high CuSO, from the others (Fig. 6),
confirming that the CuSO,-containing treatments clearly dis-
tinguished the ionomic profile of maize plants. The acqui-
sition of Fe, Zn, Ca, and P were significantly affected in
plants when Cu was applied in excess as CuSO, rather than
Cu-EDTA (regardless to chelating agent of Fe, Fig. 5). The
ionomic profiles may explain the severe growth reduction
observed in CuSO, treated plants. Under ++ CuS +FeE, the
evaluation of equilibrium constants suggests that Cu was
mainly available for root uptake as free ion (Cu>*, Supple-
mentary Table S1). In this form, Cu may compete with other
cations (such as Fe) for their binding site on PS and for their
root acquisition (Zhang et al., 1991; Ma and Nomoto 1996).
Especially under soil alkaline conditions (such as in calcare-
ous soils), high Cu-levels may compromise Fe bioavailabil-
ity and, in turn, limit the root uptake of Fe in grasses (that
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Fig.8 Schematic indication of Cu- and Fe-forms present at equilib-
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++ CuE +FeE, ++ CuE +FeC. Heatmap of elemental concentration
in roots is shown with color intensity normalized on row z-score.

is mainly operated via PS-complexation based mechanisms;
Reichman and Parker 2005).

The evaluation of stability constants of Fe and Cu metal
complexes in solution indicates that the Cu availability
for root acquisition is also influenced by Fe form (Supple-
mentary Table S1). The use of Fe-citrate can determine an
exchange of chelating ligand, where at the equilibrium the
predominant form in nutrient solution is likely to be Cu-
citrate (regardless to the Cu form applied). Furthermore, it
has been reported that under high Cu-levels, grasses pro-
mote root exudation of citrate, a metal ligand that becomes
available for the complexation of nutrients at the rhizosphere
(De Conti et al. 2020). Therefore, under ++ CuS + FeC and
++ CuE + FeC, maize roots were likely exposed to an excess
of Cu in form of Cu-citrate while Fe occurred mainly as
Fe(OH)," or Fe-EDTA, respectively. In form of Fe-hydrox-
ide, this nutrient is poorly available for root uptake as its

High concentration values are indicated in red, low concentrations
in yellow. The activity of detoxifying enzymes (SOD, CAT, POX)
increased (red arrow) by ++CuS+FeE and ++CuS+FeC in com-
parison to +CuS + FeE and + CuS + FeC (see Fig. 7)

solubility is strongly compromised at neutral/alkaline pH
(Lindsay and Schwab 1982). In this way, it is plausible sup-
pose that the strong reduction of plant growth observed in
++ CuS + FeC in comparison to ++ CuE + FeC is linked to
Cu toxicity exacerbated by limiting Fe availability.

Taken together, these results indicate that both
CuSO,-treatments (++4 CuS + FeE and ++ CuS + FeC)
resulted in a low Fe acquisition by roots (likely due to com-
petition of Cu ions with PS-binding sites or due to chelate-
exchange processes between Cu ions and Fe-citrate) leading
to Fe shortage in plants. As reported by Waters and Armbrust
(2013), ++ CuS +FeE or +4 CuS + FeC plants may have been
more susceptible to high levels of Cu (in comparison to the
other treatments) due to the Fe deficiency condition which
leads plants to be more sensitive to the toxicity of the metal.

The simultaneous use of Cu-EDTA and Fe-EDTA led
to a beneficial effect on Cu-levels in shoots and roots as Cu
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concentration in plants was halved by ++ CuE + FeE treat-
ment in comparison to all other Cu-excess treatments. In
silico analyses indicate that at the equilibrium the synthetic
chelating agent EDTA was mainly bounded by Fe (with the
formation of Fe-EDTA complex), whereas Cu-EDTA com-
plex may occur when EDTA exceed Fe moiety (a condition
referring to ++ CuE + FeE treatment).

Up to date, knowledge on Cu-acquisition systems may
indicate that the Cu metal can be taken up by roots through
a reductive mechanism (as Cu*) as well by non-reductive
way (as Cu®*) or by metal-complex transporters. Therefore,
Cu-complex may be directly taken up by roots or become
substrate of Cu-chelated reductases located on plasma mem-
brane of root cells. Our data suggests that, in plants, the Cu
acquisition from Cu-EDTA is limited in comparison to Cu-
citrate and this response may be due to a different affinity of
the chelating agent to the molecular components involved in
the Cu-acquisition system.

The production of ROS and antioxidant molecules in
plants can be considered as a marker of metal phytotoxicity
and their entity depends upon plant species, severity, and the
duration of Cu stress (Sharma and Dietz 2009). Adrees et al.
(2015) reported that the increase of Cu-levels in the growth
medium caused a dose-dependent increase in ROS genera-
tion. At high CuSO, concentration, the activities of SOD,
CAT, and POX increased (as also reported in Chen et al.
2000), while all the Cu-EDTA excess plants (++ CuE + FeE
and ++ CuE 4 FeC) did not show significant changes in the
activity of ROS-detoxification enzymes in comparison to
Cu-EDTA sufficient plants (+ CuE + FeE and + CuE + FeC,
Fig. 7). The activities of antioxidant enzymes support mor-
phological and multielement observations, as the use of
Cu-EDTA allowed to prevent phytotoxic effects on plants
even when high Cu-levels occur in solution (in maize, pre-
sent work, and in Brassica napus, Habiba et al. 2015). This
data suggests that the application of exogenous synthetic
chelates, as EDTA, to crops might be a valid strategy to
overcome toxicity in grasses on contaminated soils. As in
the next years agriculture has claimed to have a sustainable
view, particular attention should be paid to the nature of
metal chelates released in the environment. Therefore, the
evaluation of strong metal chelates with natural origin, such
as (phyto)siderophores, lignosulphonates, polyphenols, and
humic substances, might have great relevance to limit envi-
ronmental impact and alleviate Cu toxicity on contaminated
soils, especially for organic farming.

Conclusion
In the present research, maize response to Cu-limiting or

excess conditions have been characterized. Maize plants
showed severe symptoms of Cu toxicity when plants were
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exposed to an excess of Cu depending on Cu- and Fe-forms
applied. According to different Cu- and Fe-forms, the effect
of high Cu-levels on plant nutrition are shown in a schematic
representation (Cu and Fe-forms availability, root nutrient
concentrations, and leaf enzymatic activities are summarized
in Fig. 8). The use of excess of CuSO, determined marked
symptoms of stunted growth, leaf chlorosis, and root length
inhibition, while same Cu concentration in form of Cu-EDTA
neither limit plant growth nor seems to be affected by ROS.
Depending on metals and metal-chelating agents available at
the rhizosphere, the occurrence of chelate-exchange processes
and cross connection between Cu and Fe acquisition systems
might be relevant to alleviate Cu toxicity in contaminated soils.

The study of the plant responses to Cu toxicity under
low Fe availability would be a future perspective of the
work as most vineyards are cultivated on calcareous soils
and most of them had been contaminated over the years by
repeated applications of Cu-based fungicides. Understand-
ing the interplay between Cu and other nutrients will allow
to evaluate the best management practices of contaminated
soils toward a sustainable crop production.
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