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Early responses of maize seedlings to Cu stress include sharp
decreases in gibberellins and jasmonates in the root apex
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Abstract
Copper (Cu) interferes with numerous biological functions in plants, including plant growth, which is partly governed by
plant hormones. In the present study, Cu stress effect on the roots of pre-emerging maize seedlings in terms of growth,
nutrient composition, protein modifications, and root hormone homeostasis was investigated, focusing on possible
metabolic differences between the root apex and the rest of the root tissues. Significant decreases in root length and
root biomass after 72 h of Cu exposure (50 and 100 μM CuCl2), accompanied by reductions in Ca, Mg, and P root
contents, were found. Cu also generated cell redox imbalance in both root tissues and revealed by altered enzymatic and
non-enzymatic antioxidant defenses. Oxidative stress was evidenced by an increased protein carbonylation level in both
tissues. Copper also induced protein ubiquitylation and SUMOylation and affected 20S proteasome peptidase activities
in both tissues. Drastic reductions in ABA, IAA, JA (both free and conjugated), GA3, and GA4 levels in the root apex
were detected under Cu stress. Our results show that Cu exposure generated oxidative damage and altered root hormonal
homeostasis, mainly at the root apex, leading to a strong root growth inhibition. Severe protein post-translational
modifications upon Cu exposure occurred in both tissues, suggesting that even when hormonal adjustments to cope
with Cu stress occurred mainly at the root apex, the entire root is compromised in the protein turnover that seems to be
necessary to trigger and/or to sustain defense mechanisms against Cu toxicity.
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Introduction

Copper (Cu) is an essential element for normal plant growth
and development; however, excess of Cu interferes with nu-
merous biological functions in plants (Burkhead et al. 2009).
Like other metals, Cu may be released to the environment by
human activities and accumulated in the soil, fromwhere it can
be transferred to growing plants. According to several publica-
tions, Cu is gradually accumulating in agricultural soils due to
different sustained practices, mainly to the extended use of
copper as a fungicide for the treatment of mildew and other
fungal diseases (Vavoulidou et al. 2005), as well as the long-
term use of irrigation water containing Cu (Shiyab 2018).

Metallic ions can be absorbed through the entire root by
means of different metal transporters; however, the lack of a
Caspary band at the root tip allows direct xylem load of me-
tallic ions in this portion (Piñeros et al. 1998). Therefore, the
root tip is considered the major site for the perception of metal
ions.
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Copper is a redox-active metal that can lead to the
production of reactive oxygen species (ROS) through the
Fenton and Haber-Weiss reactions (Ninh Pham et al.
2013). To counteract ROS excess, the plant cell has de-
veloped an efficient antioxidant defense system known as
the Foyer-Halliwell-Asada pathway; this system includes
a set of enzymes and antioxidant compounds (Foyer and
Noctor 2011). Nonetheless, if the cellular antioxidant ca-
pacity is exceeded, ROS accumulation results in the oxi-
dative damage of macromolecules such as lipids and pro-
teins, which typically undergo peroxidation and carbonyl-
ation, respectively. Oxidative-damaged proteins, in turn,
can compromise several cellular functions; therefore, they
have to be rapidly degraded, mainly by the 20S protea-
some, which is specifically responsible for carbonylated
protein degradation (Pena et al. 2007; Polge et al. 2009).

Plants control their root growth through the interaction of
the redox signaling hub with hormonal plant growth regula-
tors (Bartoli et al . 2013; De Tullio et al. 2010).
Phytohormones are involved in the regulation of plant growth
and development, and they are also essential for adaptive re-
sponses to abiotic stress (Santner and Estelle 2009). Besides, a
complex net of interactions exists between plant hormones
and protein metabolism. For example, the ubiquitylation of
jasmonates’ repressors was found to be necessary to derepress
the transcription of several JA-responsive genes (Wasternack
and Song 2017).

Under adverse environmental conditions, the ability to re-
direct resources from growth to enhance defenses is a crucial
step to cope with the stress factor. Some authors reported that
the exogenous application of hormones reduced the toxic ef-
fects of metals, partly due to an improvement in the cell anti-
oxidant potential (BenMassoud et al. 2018; Singh et al. 2016).
However, little is known about the adjustments in the endog-
enous hormone levels duringmetal stress and its impact on the
early root growth.

Maize (Zea mays L.) is one of the most important crops in
the world, and it is cultivated in several agricultural areas
under copper pollution risk (Antoniadis et al. 2019; Gu et al.
2019; Tóth et al. 2016). It has been reported that maize sup-
pressed stem growth under copper excess and plants had a
stunted appearance (Kumar et al. 2008); also, yield reductions
were reported (Farahat et al. 2017). At the cellular level, cop-
per excess resulted in decreased photosynthetic pigment con-
tents and induced oxidative damage (AbdElgawad et al. 2020;
Liu et al. 2018; Madejón et al. 2009; Sharma and Uttam
2018).

Previous data indicate that maize seedlings tend to accu-
mulate the excess of metallic ions in their roots (Florijn and
Van Beusichem 1993; Nannoni et al. 2016; Vatehová et al.
2016). To get a deeper insight into the mechanisms involved
in plant early responses to copper excess, an integrative met-
abolic study focused on redox balance, hormonal

homeostasis, and protein modifications was performed in ear-
ly maize root tissues subjected to Cu stress.

Materials and methods

Plant material and growth conditions

Our study focused on the effects of Cu excess on maize before
the onset of the phototrophic lifestyle during the imbibition–
germination–pre-emergence stages. According to previous lit-
erature, the emergence of maize coleoptile from the soil sur-
face takes place at 5 to 7 days after planting under favorable
natural conditions (Abendroth et al. 2011). To mimic such
conditions, seeds of maize (Zea mays L., cv 2741MGRR2,
Don Mario Semillas, Buenos Aires, Argentina) were first sub-
mitted to a 72-h imbibition period. Uniformly germinated
seeds with roots of 1–2 cm length were subsequently trans-
ferred to a hydroponic system containing 250 mL of diluted
(1/4) Hoagland’s nutrient solution (Hoagland and Arnon
1950) without (control, C) or with 50 and 100 μM CuCl2
(30 seedlings per pot) and kept in the darkness in a controlled
climate room (24 ± 2 °C). After 72 h of treatment, root length,
fresh weight (FW), and dry weight (DW) were measured. Dry
weight was determined after drying the roots at 80 °C until
constant weight. For tissue analyses including elemental com-
position, roots were gently washed with distilled water before
processing. Determinations were performed in parallel using
apical root segments (first 5 mm from the tip) (Ap) and all the
remaining root tissue (Rt).

Root elemental analysis

For Cu, Ca, Fe, K, Mg, Mn, P, S, and Zn determination, dried
root samples were submitted to the Spectrometry Core Facility
INQUISAL, Universidad Nacional de San Luis (UNSL-
CONICET). Briefly, samples (50 mg) were disrupted in
1 mL of 65% (v/v) HNO3 during 30 s in an ultrasonic bath.
Then, 0.5 mL of H2O2 was added, and the reaction was incu-
bated for 1 h at 60 °C in a thermostatic bath. After dilutions
with ultrapure water, inductively coupled plasma mass spec-
trometry (ICP-MS) (Perkin Elmer Elan DRC) was used to
estimate nutrient accumulation.

Peroxidase activities determination

Protein extracts for determination of catalase (CAT), ascorbate
peroxidase (APX), and guaiacol peroxidase (GPX) activities
were prepared from 0.1 g of fresh tissue homogenized in 1 mL
of 50 mM phosphate buffer (pH 7.4) containing 1 mM EDTA
and 0.5% (v/v) Triton X-100, at 4 °C. The homogenates ob-
tained were centrifuged at 13,000×g for 30 min at 4 °C, and
the supernatant fractions were used for the assays. CAT
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activity was determined by measuring the decrease in absorp-
tion at 240 nm in a reaction medium containing 50 mM po-
tassium phosphate buffer (pH 7.2) and 2 mM H2O2. The
pseudo-first-order reaction constant (k’ = k × [CAT]) of the
decrease in H2O2 absorption was determined, and the catalase
content in pmol mg−1 protein was calculated using k = 4.7 ×
10−7 M−1 s−1 (Aebi 1984). APX activity was measured as
described by Nakano and Asada (1981), using a reaction mix-
ture containing 50 mM potassium phosphate buffer (pH 7.0),
0.1 mM H2O2, 0.5 mM ascorbate, and 0.1 mM EDTA. The
hydrogen peroxide‑dependent oxidation of ascorbate was
followed by the decrease in the absorbance at 290 nm (ε =
2.8 mM−1 cm−1). GPX activity was determined by measuring
the increase in absorption at 470 nm due to the formation of
tetraguaiacol (ε = 26.6 mM−1 cm−1) in a reaction mixture con-
taining 50 mM potassium phosphate buffer (pH 7.0), 0.1 mM
EDTA, 10 mM guaiacol, and 10 mM H2O2. Total protein
concentration was determined (Bradford 1976), using bovine
serum albumin as a standard.

Analytical determinations

Root tissue (0.1 g) was homogenized in 1 mL of 0.1 N HCl
and centrifuged at 13,000×g for 30 min (4 °C); the superna-
tants were used to quantify reduced glutathione (GSH), ascor-
bate (ASC), dehydroascorbate (DHAs), and proline.

To determine GSH, 20-μL samples were derivatized with
180 μL of 1.3 mM o-phthaldialdehyde (OPA) in borate buffer
(0.4 M, pH 9.7) at room temperature (Robyt and White 1990),
and the fluorescence measured at 455 nm (λ excitation, 340 nm).
A standard curve of GSH was prepared and measured.

Ascorbate (ASC) and dehydroascorbate (DHAs) were de-
termined as described by Law et al. (1983), using a standard
curve of ASC for calibration.

Proline content was determined according to Bates et al.
(1973). Following acid extraction, 100-μL samples were incubat-
ed with 100 μL of acidic ninhydrin reagent (2.5% (w/v) in 60%
(v/v) glacial acetic acid and 40% (v/v) phosphoric acid 6 M at
100 °C for 60 min, and the absorbance was measured at 520 nm.
A standard curve was prepared using commercial proline.

Total carbohydrates were quantified in 0.1-g samples homog-
enized in 1 mL of distilled water. The phenol-sulfuric acid meth-
od was used (Robyt and White 1990). Glucose was used to
prepare the standard curve.

Ammonia content was determined by the reaction with
phenol and hypochlorite in an alkaline medium. Reagents A
and B from a commercial uremia kit (Wiener Lab) were used
for the assay. A standard curve with NH4Cl was prepared.

Quantitative dot blot analysis

Protein extracts were prepared by homogenizing 0.1 g of root
tissue in 0.5 mL of the loading buffer, composed of 60 mM

Tris-ClH (pH 6.8) to which 5% (v/v) of β-mercaptoethanol
was added. Determinations were performed in the superna-
tants after centrifugation at 26,000×g for 15 min at 4 °C.

Quantification of oxidized proteins was performed by dot
blot after its derivatization with 2,4-dinitrophenylhydrazine
(2,4-DNPH) (Wehr and Levine 2012). Equal amounts of total
protein (7.5 μg) from each sample were blotted onto a
polyvinylidene fluoride (PVDF) membrane by vacuum filtra-
tion using a hybri.dot manifold (Life Technologies, Inc.).
Then, the membrane was blocked in 5% (w/v) non-fat dried
milk in PBS for 1 h. After blocking, the membrane was
washed three times with PBS and incubated at room temper-
ature for 1 h with anti-DNP (Sigma, St Louis) as the primary
antibody. Dots were subsequently visualized using a second-
ary rabbit antibody conjugated with horseradish peroxidase
(HRP) and stained using 3,3′-diaminobenzidine (DAB) as
substrate. Ponceau S staining was used as a loading control.
Membranes were photographed, and then images were ana-
lyzed with Gel-Pro Analyzer software (Media Cybernetics,
L.P). The amount of oxidized proteins was expressed as arbi-
trary units (assuming control value equal to 100 units), based
on the absolute integrated optical density of each dot. Global
changes in Ub- and SUMO1-conjugated proteins were also
immunochemically detected using dot blot (Todgham et al.
2007; Častorálová et al. 2012). For this purpose, membranes
were soaked in the primary antibodies anti Ub (Sigma, St.
Luis) and anti AtSUMO1 (Agrisera, Sweden) and visualized
as described above.

Proteasome activities determination

The 20S core complex of the 26S proteasome contains three
different peptidase activities: chymotrypsin-like, trypsin-like,
and caspase-like (peptidylglutamyl-peptide hydrolyzing,
PGPH) peptidases (Ingvardsen and Veierskov 2001; Orlowski
and Wilk 2000). Tissue (0.1 g) was homogenized in 135 mM
Tris-acetate buffer (0.5 mL, pH 7.5) containing 12.5 mM KCl,
80 lM EGTA, 6.25 mM 2-mercaptoethanol, and 0.17% (w/v)
octyl-b-D-glucopyranoside. Extracts were centrifuged, and the
supernatants used to determine chymotrypsin-like, trypsin-like,
and peptidylglutamylpeptide hydrolase (PGPH) proteasome
peptidase activities. The cleavage of three different fluorogenic
peptide substrates linked to the fluorescence reporters Ala-Ala-
Phe-7-amido-4-methyl coumarin (AAF-AMC), Boc-Leu-Ser-
Thr-Arg-7-amido-4-methyl coumarin (Boc-LSYR-AMC), and
Clz-Leu-Leu-Glu-β-naphthylamide (Clz-LLE-βNA) was
monitored in the absence or presence of the proteasome inhib-
itor carbobenzoxy-Leu-Leu-leucinal (MG132). Results were
expressed as the differences between both measurements
(Pena et al. 2007). Enzymatic activities were normalized for
protein concentrations previously estimated as described by
Lowry et al. (1951) and expressed as percentages of activity
present in control extracts.
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Endogenous phytohormone contents

Hormone extraction and analysis were carried out as described
in Durgbanshi et al. (2005), with few modifications. In brief,
for gibberellins (GAs), abscisic acid (ABA), jasmonic acid
(JA), JA-isoleucine conjugate (JA-Ile), indole-3-acetic acid
(IAA), and salicylic acid (SA) extraction, 0.1 g of ground
frozen root tissue was extracted in 2 mL of ultrapure water,
after spiking with 25 μL of a solution containing 1 mg L−1 of
[2H]-GA1, [2H]-GA7, [2H6]-ABA, DHJA, and [13C6]-SA
and 0.1 mg L−1 of [2H2]-IAA in a ball mill (MillMix20,
Domel, Železniki, Slovenija). After centrifugation at 4700×g
for 10min (4 °C), the supernatants were recovered, and the pH
was adjusted to 3 with 30% acetic acid. All extracts were
partitioned twice against 2 mL of diethyl ether, and then the
organic layer was recovered and evaporated under vacuum in
a centrifuge concentrator (Speed Vac, Jouan, Saint Herblain
Cedex, France). Once dried, the residue was resuspended in
500 μL of a 10:90 methanol:water solution by gentle sonica-
tion. The resulting solution was filtered through 0.22-μm
polytetrafluoroethylene membrane syringe filters (Albet
S.A., Barcelona, Spain) and directly injected into an ultra-
performance liquid chromatography system (Acquity SDS,
Waters Corp., Milford, MA, USA, or Waters Alliance 2695,
Waters Corp.). Chromatographic separations were carried out
on a reversed-phase C18 column (Gravity, 50 × 2.1 mm

1.8-μm particle size, Macherey-Nagel GmbH, Germany)
using a methanol:water (both supplemented with 0.1% acetic
acid) gradient at a flow rate of 300 μL min−1. Compounds
were quantified with a triple quadrupole mass spectrometer
(Micromass, Manchester, UK) connected online to the output
of the column through an orthogonal Z-spray electrospray ion
source. The spectrometer was operated in negative ionization
electrospray mode, and plant hormones were detected accord-
ing to their specific transitions using a multi-residue mass
spectrometric method. Metabolites were monitored at m/z:
SA2 137 > 93, 13C6-SA 143 > 99, IAA 174 > 130, IAA-d2
176 > 132, JA 209 > 59, DHJA 211 > 59, ABA-d6 269 >
159, ABA 263 > 153, JA-Ile 322 > 130, GA1-d2 349 > 231,
GA3 345 > 143, GA4 331 > 213, GA7-d2 331 > 225, GA7
329 > 223, GA20 331 > 287. All data were acquired and proc-
essed using MassLynx v4.1 software. Relative quantification
was achieved by comparing the areas of the different samples.

Statistical analysis

Each container had 30 seeds from which 0.1 g of tissue was
collected and considered as a biological replicate. Tables and
figures show means ± SEM of three or five independent ex-
periments, with three biological replicates per treatment.
Differences among treatments were analyzed by 1-way
ANOVA, taking P < 0.05 as significant, followed by Tukey’s
multiple comparisons test.

Results

Copper reduced root maize growth and affected root
nutritional status

After 72 h of Cu treatment, the root elongation of maize seed-
lings was significantly reduced (Table 1 and Supplemental
Figure 1). Cu addition in the nutrient solution also reduced
maize root biomass compared with control plants (Table 1),
with no significant differences between the metal concentra-
tions tested.

Table 1 Effect of copper on root elongation and biomass accumulation.
Maize seedlings were grown in a hydroponic system containing diluted
(1/4) Hoagland’s nutrient solution without (control, C) or with 50 and
100 μM of CuCl2 for 72 h

Treatment Length FW DW

C 8.0 ± 1.2a 558 ± 79a 38 ± 12a

50 μM 2.6 ± 0.3b 288 ± 76b 14 ± 7b

100 μM 2.2 ± 0.7b 320 ± 42b 13 ± 4b

Root length is expressed in cm; fresh and dry weight (FW and DW,
respectively) are expressed in mg per 10 seedlings. Data are means ±
SEM of five independent experiments, with three biological replicates
per treatment. Differences among treatments were analyzed by 1-way
ANOVA. Different letters within columns indicate significant differences
(P < 0.05) according to Tukey’s multiple range test

Table 2 Effect of copper on root nutrient concentrations. Maize
seedlings were grown in a hydroponic system containing diluted (1/4)
Hoagland’s nutrient solution without (control, C) or with 50 and 100 μM

of CuCl2. After 72 h of treatment, roots were harvested and used for
analytical determinations

Treatment Cu Ca Fe K Mg Mn P S Zn

C 30 ± 10c 2135 ± 326a 79 ± 09a 15,367 ± 1436a 1372 ± 460a 8 ± 1a 9871 ± 420a 1688 ± 398a 59 ± 1a

50 μM 1492 ± 56b 1776 ± 293ab 90 ± 22a 16,435 ± 2956a 820 ± 137b 8 ± 1a 8290 ± 507ab 2574 ± 385a 78 ± 14a

100 μM 3990 ± 86a 1363 ± 190b 80 ± 15a 12,148 ± 749a 707 ± 85b 7 ± 1a 7783 ± 198b 1920 ± 398a 52 ± 1a

Element concentrations are expressed in mg kg−1 of dry weight. Data are mean ± SEM of three independent experiments, with three biological replicates
per treatment. Differences among treatments were analyzed by 1-way ANOVA. Different letters within columns indicate significant differences
(P < 0.05) according to Tukey’s multiple range test
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As expected, Cu addition resulted in enhanced internal
copper concentrations (Table 2). Additionally, a significant
decrease in Mg content was detected in the roots of Cu-
treated seedlings. Also, Ca and P contents were significantly
diminished at the highest Cu dose tested.

Copper alters redox cell balance and generates
oxidative stress

Cu effects on redox balance during the early stage of the root
growth were evaluated in terms of peroxidase activities (CAT,
APX, and GPX), ASC and DHAs contents, and their ratio, as
well as GSH, carbohydrates, and proline contents.

Catalase activity was mainly localized in the root apex
(Ap), and it was drastically reduced by copper treatment in
both regions of the root (Fig. 1A). On the contrary, GPX
specific activity was mainly localized in the remaining root
tissue (Rt) and was significantly induced by the metal in both
parts (Fig. 1B). APX had similar specific activity in Ap and Rt
and was significantly induced only by the higher metal con-
centration (Fig. 1C).

A different distribution pattern for ASC and DHAs was
detected in control roots, with an ASC/DHAs ratio < 1 in
Ap and > 1 in Rt. Cu applied at the highest dose significantly
incremented DHAs levels in both parts of the root, resulting in
drastically reduced ratios (Table 3).

Both Cu doses significantly incremented GSH content in
Rt, and the highest dose of the copper treatment reduced GSH
in Ap (Fig. 2A). Carbohydrate and proline contents signifi-
cantly decreased under metal treatment, being these reduc-
tions more pronounced in Ap than in Rt (Fig. 2B, C). NH4

+

content was decreased only under 100μMCu inAp (Fig. 2D).

Copper induced post-translational protein
modifications and affected proteasome peptidase
activities

As shown in Fig. 3A and Supplemental Figure 2, Cu treatment
resulted in a strong degree of protein carbonylation, mainly at
Ap with the lower Cu concentration tested (50 μM) and along
the whole primary root under 100 μMCu. In addition, copper
treatment significantly increased the levels of proteins conju-
gated with SUMO1 and Ub both in Ap and in Rt (Fig. 3B, C).

The trypsin-like activity of the 20S core complex of the
26S proteasome was clearly reduced under Cu treatment in
both tissues in a dose-dependent manner (Fig. 4B), while
chymotrypsin- and PGPH-like activities increased (Fig. 4A,
C). At the highest Cu dose, Rt was the tissue that most con-
tributed to the enhanced activity of the latter, being notorious
the negative effect of 100 μM Cu on PGPH activity in Ap
(Fig. 4C).

Copper modified root hormonal balance

Among the various gibberellins measured, GA4 was found to
be the most affected by Cu stress: the concentration of this
gibberellin strongly decreased after Cu treatment in both por-
tions of the root (Fig. 5B). The active GA3 was also strongly
decreased in Cu-treated seedlings in Ap, but not in Rt (Fig.
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Fig. 1 A–C Effect of copper on antioxidant enzyme-specific activities.
Maize seedlings were subjected to hydroponic culture without (control,
C) or containing 50 and 100 μM of CuCl2 for 72 h. Determinations were
performed on extracts obtained from the root apex (solid line, Ap) and the
remaining root tissue (dotted line, Rt). Values represent means ± SEM of
five independent experiments, with three biological replicates per treat-
ment. Different lowercase letters indicate significant differences for the
same tissue (P < 0.05), according to Tukey’s multiple range test
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5D). The rest of the gibberellins determined (GA7 and GA20)
showed some changes only in Ap (Fig. 5A, C).

IAA levels increased on considering the entire root (Ap
plus Rt) of seedlings exposed to Cu in a dose-dependent man-
ner, but the distribution was not uniform: diminished IAA
levels in Ap and increased IAA levels in Rt were detected
(Fig. 6A). Even when ABA levels in Ap decreased with re-
spect to the control, in Rt, they remained stable, with no dif-
ference between doses (Fig. 6B). A sharp increase in SA con-
tent, mainly due to the increment observed in Rt, was ob-
served under 50 μM of Cu (Fig. 6C). Finally, we also ob-
served a strong decrease in JA accumulation after Cu expo-
sure, particularly in Ap (Fig. 7A). The active JA-Ile conjugat-
ed was also strongly diminished but to a similar extent in both
tissues (Fig. 7B).

Discussion

Maize root system comprises distinct embryonic and
postembryonic root types that are formed during different stages
of development. While the adult root system is determined by an
extensive shoot-borne rootstock, the embryonically preformed
roots dominate during the first weeks after germination. This
early root system, which is made up of the primary root and a
variable number of seminal roots (Hochholdinger 2009), is vital
for the vigor of young maize plants and is the primary organ that
eventually deals with pollutants present in soils (Tai et al. 2016).
This research was designed to evaluate the effects of Cu excess
on maize seedlings before the onset of the phototrophic lifestyle
to let aside from our analysis copper effects on photosynthesis
and photoassimilates’ transport.
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Fig. 2 Effect of copper on GSH
(A), carbohydrates (B), proline
(C), and ammonium content (D).
Maize seedlings were subjected to
hydroponic culture without
(control, C) or containing 50 and
100 μM of CuCl2 for 72 h.
Determinations were performed
on extracts obtained from the root
apex (solid line, Ap) and the
remaining root tissue (dotted line,
Rt). Values represent means ±
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experiments, with three biological
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significant differences for the
same tissue (P < 0.05), according
to Tukey’s multiple range test

Table 3 Effect of copper on ascorbate (ASC) and dehydroascorbate (DHA).Maize seedlings were subjected to hydroponic culture without (control, C)
or containing 50 and 100 μM of CuCl2 for 72 h

Treatment Ap Rt

ASC DHAs ASC/
DHAs

ASC DHAs ASC/
DHAs

C 219 ± 27a 473 ± 47b 0.5 918 ± 88b 312 ± 51b 2.9

50 μM 218 ± 20a 391 ± 38b 0.6 1125 ± 21b 1961 ± 224b 0.6

100 μM 236 ± 19a 1750 ± 69a 0.1 1174 ± 29a 10,406 ± 1338a 0.1

Root protein extracts obtained from the root apex (Ap) or the remaining root tissue (Rt) were separately processed and analyzed. Concentrations are
expressed in nmol g−1 of fresh weight. Data are means ± SEM of five independent experiments, with three biological replicates per treatment.
Differences among treatments were analyzed by 1-way ANOVA. Different letters within columns indicate significant differences (P < 0.05) according
to Tukey’s multiple range test
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Though being Cu an essential micronutrient, when copper
ions (Cu2+) are taken up by roots in excess and reach internal
concentrations above a certain threshold, it becomes a stress
factor that negatively impacts root growth. Nevertheless, it
should be taken into account that hydroponic cultures are
oversimplified study models in which the complex
physicochemical soil interactions remain unconsidered.
Many variables modify the bioavailability of plant nutrients
under natural conditions. In this sense, Gu et al. (2019) recent-
ly reported that total organic carbon, Mn, pH, and CaO affect-
ed uptake and bioaccumulation of copper by maize plants.

Cu toxicity typically disturbs the ion balance in plant tis-
sues (Marastoni et al. 2019; Li et al. 2019; Zeng et al. 2019).
Mechanisms by which copper alters ion homeostasis include
uptake competition, regulation of transporters’ gene expres-
sion, and nonspecific metal-induced impairment of root func-
tions (Zeng et al. 2019). Under our experimental conditions,
the excess of Cu2+ in the hydroponic solution altered the root
nutritional status, mainly with decreases in Ca2+ and Mg2+

levels. Guzel and Terzi (2013) found that cell osmotic adjust-
ments in two maize cultivars subjected to Cu stress involved
modifications in Ca2+ and Mg2+ levels. Likewise,
Ouzounidou et al. (1995) reported a progressive reduction of
Ca concentration in maize plants growing in a nutrient solu-
tion supplied with up to 80 μM of Cu2+. More recently, it has
been indicated that the decrease in Ca and Mg ions and also
the imbalance between them can affect optimal plant growth
and development (Tang and Luan 2017), and Ca2+ was con-
sidered essential for orchestrating the responses to plant abi-
otic stress through the crosstalk between H2O2 and phytohor-
mones (Černý et al. 2018).

We detected that copper affected the H2O2-scavenging
system in both parts of the root (Ap and Rt), being partic-
ularly adverse for CAT activity. CAT activity decrease is a
common response described for plants under copper stress
(Zeng et al. 2019; Mostofa et al. 2015; Pena et al. 2011).
Enzyme inactivation by the metal has been associated with
oxidation of the protein structure (Pena et al. 2011) as well
as suppression of CAT gene expression (Ye et al. 2014).
Thus, the inability to trap H2O2 by CAT together with an
excess of Cu ions could have led to the uncontrolled pro-
duction of the highly harmful hydroxyl radical (HO.) by the
Haber-Weiss reactions, as previously reported (Mostofa
et al. 2015). In this context, GPX seems to be an intrinsic
defense tool to overcome Cu-imposed oxidative stress
(Zeng et al. 2019; Mostofa et al. 2015; Thounaojam et al.
2012). On the other hand, though APX activity increased
notoriously under the highest Cu concentration tested, and
total ASC (ASC plus DHAs) and GSH contents also in-
creased, suggesting an adequate functioning of the ASC-
GSH cycle, these adjustments were not enough to maintain
the ASC/DHAs ratio and prevent cell redox imbalance, as
previously observed in rice roots (Mostofa et al. 2015).
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Fig. 3 Effect of copper on root carbonylated and SUMO1- and Ub-
conjugated proteins. Maize seedlings were subjected to hydroponic cul-
ture without (control, C) or containing 50 and 100 μM of CuCl2 for 72 h.
Root protein extracts obtained from the root apex (white, Ap) and the
remaining root tissue (gray, Rt) were used for the determination of
DNPH-derivatized proteins by dot blot. Membranes were photographed
and then analyzed with Gel-Pro software. Quantification of oxidized (A),
SUMO1- (B), and Ub-conjugated (C) proteins are expressed in arbitrary
units (assuming control value equal to 100), based on absolute integrated
optical density (IOD) of each dot. Bars represent mean ± SEM. Different
lowercase letters indicate significant differences (P < 0.05) for the same
tissue, according to Tukey’s multiple range test
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Likewise, proline and carbohydrate decreases could be in-
dicating a metabolic shift to defense compounds involving
ammonium demand. In accordance, at the highest Cu dose,
the concentration of ammonium—a central component of
nitrogen metabolism—in the root apex was significantly
diminished. On the other hand, it was reported that proline
and carbohydrate metabolism generates the reducing equiv-
alents needed for the maintenance of many antioxidant mol-
ecules in their reduced state (Hossain et al. 2014)

A strong degree of protein oxidation was detected in maize
roots apexes under mild Cu stress, while at the highest Cu con-
centration, this proteinmodificationwas verified in the entire root
tissue. Recognition and removal of mildly oxidatively damaged
proteins from the cytoplasm and nucleus depend on the 20S
proteasome activity; however, excessively oxidized proteins tend
to accumulate (Jung et al. 2014; Raynes et al. 2016). The effect of
other metals on proteolytic abilities was already assessed. In this
sense, Djebali et al. (2008) reported the up-regulation of
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Fig. 4 Effect of copper on
proteasome peptidase activities.
Maize seedlings were subjected to
hydroponic culture without
(control, C) or containing 50 and
100 μM of CuCl2 for 72 h. Root
protein extracts obtained from the
root apex (white, Ap) and the
remaining root tissue (gray, Rt)
were used for determination.
Trypsin-like (B), chymotrypsin-
like (A), and peptidyl glutamyl
peptide hydrolase (PGPH) (C)
proteasome 20S activities were
measured in the extracts using
three peptide substrates (Boc-
LSYRAMC, AAF-AMC, and
Clz-LLE-βNA, respectively) in
the absence or presence of the
proteasome inhibitor MG132.
Enzymatic activities were nor-
malized for protein concentra-
tions and expressed as percent-
ages of the activity present in the
controls. Bars represent means ±
SEM of five independent experi-
ments, with three biological rep-
licates per treatment. Different
lowercase letters indicate signifi-
cant differences (P < 0.05) for the
same tissue, according to Tukey’s
multiple range test
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chymotrypsin activity in vitro in tomato plants subjected to Cd
stress. In addition, it was suggested that direct oxidative modifi-
cations of 20S protein subunits could contribute to modulate
peptidase activities (Pena et al. 2007), and trypsin-like activity
was previously found as the most sensitive to inactivation under
oxidative stress (Bulteau et al. 2001). Under our experimental
conditions, the partial inactivation of the proteasome peptidic
activities could also have contributed to carbonylated protein
accumulation.

On the other hand, it was stated that SUMOylation could be
triggered by reactive oxygen species as a cellular protective
response (Augustine et al. 2016). A growing number of re-
ports indicate the importance of protein conjugation with Ub
and SUMO, and the interplay between them in the integration
of environmental cues and the responses of plants to environ-
mental challenges (Augustine et al. 2016; Catala et al. 2007;
Conti et al. 2008; Kurepa et al. 2003; Miura et al. 2011; Yoo
et al. 2006). Changes in the overall ubiquitylation and
SUMOylation degree in maize roots in response to Cu treat-
ment could be part of a post-translational protein modification
program directed to regulate plant growth under heavy metal
stress. In this sense, it was proposed that the combined control
of transcriptional regulators involved in hormonal perception
by conjugation with Ub and SUMO may contribute to plant
adaptation to stressful conditions (Skelly et al. 2016). Chen
et al. (2011) described that an increase in the abundance of
SUMOylated species was involved in Cu tolerance and ho-
meostasis in Arabidopsis.

Copper altered root phytohormone balance, mainly by
downregulating several of these signaling molecules in the
root apex, confirming that the root meristem is the “first line”
in the sensing of external soluble stressors. The notorious
decrease in GA3 and GA4 levels in the root tip upon Cu
treatment may be involved in the reduction of the root elon-
gation under stress. Cu treatment could have interfered in

GA3/4 biosynthesis, but also it could have led to subsequent
gibberellin transformations, including deactivation. For in-
stance, upregulation of two genes encoding GA2-oxidase, a
major enzyme for deactivating bioactive gibberellins, was pre-
viously detected in response to Cd stress (Liu et al. 2015).
Also, growth impairments due to the stimulated expression
of many GA2ox genes were demonstrated in Arabidopsis
thaliana during salt and cold stress (Achard et al. 2008;
Magome et al. 2008).

It is well-known that auxins can either stimulate or inhibit root
growth depending on their concentrations. In maize roots, it has
been confirmed an inverse relationship between endogenous
IAA level and growth rate (Pilet and Saugy 1987). In line with
this previous observation, we found decreased growth and in-
creased IAA concentrations in Cu-treated seedlings on consider-
ing the entire root, but root apexes showed significantly de-
creased IAA contents. It has been described that Cu influences
the transport of auxinwithin root tissues inArabidopsis, partly by
modulating PIN1, one of the main carrier proteins described for
this hormone (Yuan et al. 2013). Coincidently with this observa-
tion, we corroborated altered auxin distribution in seminal maize
roots under Cu stress. It has been well established that auxin
signaling requires the ubiquitin-proteasome degradation system
(Kelley and Estelle 2012). In our study, copper stress led to the
accumulation of ubiquitin-conjugated proteins suggesting that
the metal had no effects on the ubiquitin-conjugating system.
Nevertheless, Cu could alter IAA function through the modifica-
tions of the proteasome activity. A recent study demonstrated that
exogenous supply of IAA and GA3 exerted protective effects
under Cu stress by the recovery of redox homeostasis, resulting
in alleviation of protein damage in roots (Ben Massoud et al.
2018).

While ABA levels in the remaining root tissue were not af-
fected by Cu, in root apex, this hormone was strongly decreased
under our experimental conditions. The cross-talk between Cu
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homeostasis and ABA responses was previously explored, and it
was found that optimal Cu availability is necessary to keep nor-
mal endogenous ABA levels in Arabidopsis seedlings (Carrió-
Seguí et al. 2016).

SA was recognized as a very important endogenous plant
signal mediating in plant defense against biotic and abiotic
stresses (Hayat et al. 2010). Several reports document that
exogenous application of SA improved plant tolerance to cer-
tain heavy metals by reducing metal uptake and/or promoting
redox balance (Hayat et al. 2010; Mostofa and Fujita 2013;
Popova et al. 2009; Shakirova et al. 2016), but data on endog-
enous SA levels under metal stress are scarce. We detected
strong increases in SA endogenous levels at both the root apex
and the remaining root tissue at the lower Cu dose tested
(50 μM), whereas at 100 μMonly in the remaining root tissue
SA content was increased. Recent studies showed that SA
inhibited Cu translocation in maize and alleviated oxidative
stress in roots; however, it did not mitigate the growth inhibi-
tion exerted by this metal (Moravcová et al. 2018).
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Jasmonic acid and methyl jasmonates are derivatives of the
fatty acid plant metabolism (Wasternack and Song 2017) and
display multiple biological roles. Other jasmonate conjugates,
including jasmonoyl isoleucine (JA-Ile), were also found to
have important biological functions (Ahmad et al. 2016);
among these roles, upregulation of antioxidant enzymes and
oxidative stress tolerance was communicated (Soares et al.
2010; Wasternack and Hause 2013). Jasmonates are critical
in the coordination of defense responses through their in-
volvement in the interactions with salicylic acid, ethylene,
and abscisic acid pathways, but they also regulate growth
and development by interacting with auxins and gibberellins
(Wasternack and Hause 2013). In this work, we observed in
maize root apexes sharp decreases in JA and also in JA-Ile,
which is considered the most active form among jasmonates
to trigger defense responses (Fonseca et al. 2009). It would be
of special interest to assess the activity/expression of
jasmonoyl-isoleucine synthetase (JAR1) in the context of Cu
stress in future studies.

Conclusion

The effects of Cu excess before the emergence of the coleoptile
and the onset of the phototrophic lifestyle were specifically
assessed in maize, focusing on an eventual distinctive role of the
root apex compared with the rest of the primary root. Besides the
strong reduction of the root length and biomass, changes in the
elemental composition, redox balance, and hormonal homeostasis
were corroborated in these early root tissues. One of the most
notorious effects of Cu exposure was the intense degree of protein
post-translational modification, including protein oxidation. The
entire primary root of maize seedlings was found to be compro-
mised in the protein turnover that seems to be necessary to trigger
and/or sustain defense mechanisms against Cu toxicity.
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