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Abstract

+ Key message Our research revealed that 24-epibrassinolide alleviated nickel toxicity in young Eucalyptus urophylla plants,
inducing benefits on nutritional, physiological, biochemical, anatomical and morphological responses.

« Context Soil contamination by heavy metals may limit the Eucalyptus production. Disturbances caused by nickel (Ni) toxicity
interfere with the absorption of other essential nutrients. 24-Epibrassinolide (EBR) is one form of brassinosteroid (BR) that
provides benefits for plant metabolism under Ni toxicity.

« Aims The aim of this study was to determine whether exogenous EBR can improve ionic homeostasis by evaluating nutrient
concentrations, anatomical characteristics and chlorophyll fluorescence in young Fucalyptus urophylla plants subjected to Ni
toxicity.

+ Methods The experiment was randomized into four treatments, including two Ni concentrations (0 and 600 1M Ni) and two 24-
epibrassinolide concentrations (0 and 100 nM EBR).

« Results EBR significantly reduced Ni contents. Plants exposed to Ni** and sprayed with steroid had increases in the Ca®*/Ni**
and Mn?*/Ni** ratios in the leaves of 38% and 15%, respectively, compared with the same treatment without EBR. The treatment
of Ni** toxicity + EBR presented an increase of 42% in effective quantum yield of PSII photochemistry, when compared with
plants exposed to Ni without EBR. Ni toxicity induced negative effects on stomatal functionality, but EBR application mitigated
these effects.

+ Conclusion Benefits on effective quantum yield of PSII photochemistry after EBR spray can be related to increases in
manganese contents. EBR reduced oxidative stress, alleviating the deleterious effects induced by Ni toxicity and inducing
positive repercussions on antioxidant enzymes, photosynthetic pigments and biomass.
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Abbreviations EDS Equatorial diameter of the stomata
BRs Brassinosteroids EL Electrolyte leakage
G Intercellular CO, concentration ETAD Epidermis thickness from abaxial leaf side
E Transpiration rate ETAd Epidermis thickness from adaxial leaf side
EBR 24-epibrassinolide ETR Electron transport rate

ETR/Py  Ratio between the apparent electron transport
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Fo/Fi, Maximal quantum yield of PSII photochemistry
NPQ Nonphotochemical quenching

NRAMP  Natural resistance-associated macrophage protein
PDS Polar diameter of the stomata

Py Net photosynthetic rate

PN/G Instantaneous carboxylation efficiency
PPT Palisade parenchyma thickness
Jp Photochemical quenching
RCD Root cortex diameter

RDM Root dry matter

RMD Root metaxylem diameter
RDT Root endodermis thickness
RET Root epidermis thickness

SD Stomatal density

SDM Stem dry matter

SF Stomatal functionality

ST Stomatal index

SPT Spongy parenchyma thickness
TDM Total dry matter

Total Chl  Total chlorophyll

VCD Vascular cylinder diameter
WUE Water-use efficiency

ZIP ZRT/IRT-like protein

Dpsiy Effective quantum yield of PSII photochemistry

1 Introduction

The growing demand for wood accompanied by a reduction in
the supply of the remaining natural forests has influenced the
rapid expansion of plantations, in which Fucalyptus plays an
important role, particularly in Brazil (Tadele and Teketay
2014). This genus comprises of species that present a broad
adaptability to different types of soils and climates, rapid
growth and multiple uses of the wood (Jenbere et al. 2012;
Neiva et al. 2015). Eucalyptus plantations cover over more
than 20 million hectares in tropical and temperate regions
around the world (Mora et al. 2017). In 2016, Brazil had a
better position in the global ranking of forestry yield
(35.7 m’ ha ' per year), cultivating an area of approximately
5.7 million ha with planted trees (IBA 2017).

Soil contamination by heavy metals may limit Eucalyptus
production in field conditions. Nickel (Ni) is one of the heavy
metals most frequently found in the environment (Ashraf et al.
2011; Vazquez et al. 2013; Hussain et al. 2013), and high Ni
concentrations have been described in ultramafic soils or pol-
luted soils, with occurrence also in Brazil (Reeves et al. 2007).
In Brazil, areas with ultramafic soils have been used
Eucalyptus during phytoremediation process and consequent
Ni extraction from soil, because this gender presents higher
tolerance to heavy metals, comparing with other species
(Gomes et al. 2012; Korzeniowska and Stanislawska-
Glubiak 2019). The causes of environmental contamination
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provoked by Ni can be natural or anthropogenic (Harasim
and Filipek 2015), natural causes include mainly the
weathering of ultrabasic igneous rocks (Yusuf et al. 2011b),
while anthropogenic causes include an intensification of
industrialisation processes and urbanization (Nagajyoti et al.
2010).

Ni in excess causes toxic effects on plants, causing damage
to tissues and negative interferences in plant metabolism
(Yusuf et al. 2011b; Bazihizina et al. 2015). The indicators
most commonly found for Ni phytotoxicity include inhibition
of germination, leaf necrosis, root system reduction, organ
deformation and reduced growth (Nie et al. 2015;
Kuramshina et al. 2018). Excess Ni affects several physiolog-
ical and biochemical processes in higher plants (Amari et al.
2014), including reductions of gas exchange (Velikova et al.
2011) and decreases in chlorophyll levels (Sirhindi et al.
2016).

Disturbances induced by Ni** toxicity frequently cause in-
terferences on uptake of other essential nutrients, such as Ca**
and Mn** (Pandey and Sharma 2002; Chen et al. 2009;
Nishida et al. 2011; Saad et al. 2016), because these elements
are assimilated in the form of divalent cations (Yusuf et al.
2011a; Sharma and Dhiman 2013). More specifically, Ni can
negatively affects the concentration and availability of cyto-
solic Ca2+, which is a secondary messenger involved in the
signalling and regulation of the stomatal opening in plants
(Laanemets et al. 2013; Edel and Kudla 2016). In addition,
Ni** can also inhibit the absorption of Mn?*, reducing the
photosynthesis because the Mn?* integrates the catalytic ag-
glomerate of the oxygen evolution complex of photosystem 11,
in which light energy is used for photosynthetic oxidation of
intracellular water and oxygen formation (Shutilova 2010;
Schmidt et al. 2016; Gao et al. 2018).

Tonic homeostasis corresponds to the condition that the
nutrients are in equilibrium in plant tissues (Rouached et al.
2010), but Ni toxicity frequently induces damages on trans-
porter proteins and membrane disruption (Mizuno et al. 2005),
provoking imbalances on element contents that are essentials
to adequate growth and development (Seregin and
Kozhevnikova 2006). Matraszek et al. (2016) studying the
Ni effects on Triticum aestivum described substantial reduc-
tions on macro and micronutrients in root and shoot tissues.

The root is a tissue with intense interactions during stress
situations induced by heavy metals, causing cellular disorga-
nization and negatively affecting the uptake, transport and
accumulation of water and nutrients (Aroca et al. 2012;
Garcia et al. 2018). In this context, the vascular cylinder is a
structure composed of xylem and phloem, highly vascularized
and intrinsically related to the transport of solubilized ele-
ments and organic solutes, respectively (Mellor et al. 2017).
On the other hand, the leaf represents a tissue highly sensitive
and responsive to intoxication by metals, including Ni
(Djebali et al. 2005; Pérez Chaca et al. 2014; Santos et al.
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2017). Epidermis is often considered as an efficient protective
structure (Javelle et al. 2011), while the palisade and spongy
parenchyma are structures linked to the diffusion and distri-
bution of CO,, being the photosynthetic process depends of
the CO, supply (Poorter et al. 2009).

One of the methods used to decrease the toxic effect of excess
heavy metals is the exogenous application of and/or manipula-
tion of the endogenous concentration of brassinosteroids (BRs)
(Bajguz and Hayat 2009; Lima et al. 2018). BRs are molecules
of polyhydroxylated steroids with broad biological activity
(Choudhary et al. 2012; Bajguz and Piotrowska-Niczyporuk
2014). The 24-epibrassinolide (EBR) is the form most bioactive
of plant steroid, playing key roles in growth and development
(Fariduddin et al. 2014; Seldimirova et al. 2017), including vas-
cular differentiation (Ibanes et al. 2009) and cell elongation in
different organs and tissues (Gudesblat and Russinova 2011;
Choudhary et al. 2012). Additionally, several studies have prov-
en that these steroids have multiple effects (direct and indirect),
contributing on modulation of gene expression (Sharma et al.
2017), maintenance of the photochemical efficiency of the PSII
(Lima and Lobato 2017), increases linked to gas exchange
(Santos et al. 2018), maximization of photosynthetic pigments
(Siddiqui et al. 2018) and alleviation of oxidative stress
(Ahammed et al. 2013a).

Our hypothesis was based on the reductions induced by Ni
toxicity on nutrient contents and consequently ionic homeo-
stasis (Ahmad et al. 2007; Deng et al. 2016). In addition, there
are interesting evidences that EBR can mitigate the effects
caused by the toxicity of metals, including Ni. Ali et al.
(2008) studying Brassica juncea plants verified increments
on photosynthetic pigments and gas exchange. Yusuf et al.
(2012) detected increases in enzyme activities of the antioxi-
dant system in Vigna radiata plants. Soares et al. (2016) re-
ported that EBR enhanced the growth of Solanum nigrum
plants. Lukatkin et al. (2013) also observed positive repercus-
sions on the seed germination rate of Zea mays seedlings. In
this context, the aim of this study was to determine whether
exogenous EBR can improve homeostasis by evaluating the
responses associated with nutrient concentrations, anatomical
characteristics, gas exchange and chlorophyll fluorescence in
young Eucalyptus urophylla plants subjected to Ni toxicity.

2 Materials and methods
2.1 Location and growth conditions

The experiment was performed at the Campus of Paragominas
of the Universidade Federal Rural da Amazonia, Paragominas,
Brazil (2°55' S, 47°34" W). The study was conducted in a green-
house with the temperature and humidity controlled. The mini-
mum, maximum and median temperatures were 28, 33 and
26.9 °C, respectively. The relative humidity during the

experimental period varied between 60 and 80%. Average max-
imum photosynthetic photon flux density was 755 pumol m s
(plant canopy), and photoperiod of 12 h.

2.2 Plants, containers and acclimation

Forty-five-day-old E. urophylla plants were selected and placed
in 1.2-L containers filled with sand and vermiculite in a 3:1 ratio.
Plants were cultivated under semi-hydroponic conditions con-
taining 500 mL of nutritive solution, being the solution absorp-
tion by capillarity in agreement with Lima et al. (2018).
Modified Hoagland and Arnon (1950) solution was used as a
source of nutrients; the ionic strength started at 50% (45th day)
and was modified to 100% after 5 days (50th day).

2.3 Experimental design

The experiment was randomized with four treatments, includ-
ing two Ni concentrations (0 and 600 uM Ni, described as—
Ni** and + Ni**, respectively) and two concentrations of
brassinosteroids (0 and 100 nM EBR, described as—EBR
and + EBR, respectively). The experiment comprised five rep-
licate individuals per treatment.

2.4 24-epibrassinolide (EBR) preparation
and application

Fifty-five-day-old plants were sprayed with 24-epibrassinolide
(EBR) or Milli-Q water (containing a proportion of ethanol that
was equal to that used to prepare the EBR solution) at 5-day
intervals until day 85. The 0 and 100 nM EBR (Sigma-Aldrich,
USA) solutions were prepared by dissolving the solute in eth-
anol followed by dilution with Milli-Q water [ethanol:water
(v/v)=1:10,000] (Ahammed et al. 2013b).

2.5 Plant nutrition and Ni treatment

The plants received the following macro- and micro-nutrients
contained in the nutrient solution: 8.75 mM KNO;, 7.5 mM
Ca(NO3),"4H,0, 3.25 mM NH4H,POy,, 1.5 mM MgSO,-7
H,0, 62.50 uM KCl, 31.25 uM H3BO3;, 2.50 uM MnSOy
H,0, 2.50 uM ZnSO47H,0, 0.63 uM CuSO4 5H,0,
0.63 uM NaMoO,4'5H,0 and 250.0 uM NaEDTAFe-3H,O.
To simulate Ni>* toxicity, NiCl, was used at concentrations of
0 and 600 mM Ni, which was applied over 15 days (days 70—
85 after the start of the experiment). Nutrient solutions were
changed at 07:00 h at 3-day intervals, with pH adjusted to 5.5.

2.6 Measurement of chlorophyll fluorescence and gas
exchange

Chlorophyll fluorescence was measured using a modulated
chlorophyll fluorometer (model OS5p; Opti-Sciences) in fully
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expanded leaves under light. Preliminary tests determined the
location of the leaf, the part of the leaf and the time required to
obtain the greatest Fv/Fm ratio; therefore, the acropetal third
of leaves that were in the middle third of the plant and adapted
to the dark for 30 min was used in the evaluation. The intensity
and duration of the saturation light pulse were
7500 umol m % s~" and 0.7 s, respectively. The gas exchange
was evaluated using an infrared gas analyser (model LCPro+;
ADC BioScientific) in all plants under constant conditions of
CO, concentration, photosynthetically active radiation, air-
flow rate and temperature in a chamber at 360 pmol mol
CO,, 800 pumol photons m2s' 300 wmol s ! and 28 °C,
respectively, between 10:00 and 12:00 h.

2.7 Leaf and root anatomy

Samples were collected from the middle region of the leaf
limb of fully expanded leaves and roots 5 cm from the root
apex, being used five samples. All botanical material was
fixed in FAA 70 for 24 h, dehydrated in ethanol and embedded
in historesin Leica™ (Leica, Nussloch, Germany). Transverse
sections with a thickness of 5 um were obtained with a rotat-
ing microtome (model Leica RM 2245, Leica Biosystems)
and were stained with toluidine blue (O’Brien et al. 1964).
For stomatal characterization, the epidermal impression meth-
od was used according to Segatto et al. (2004). The slides were
observed and photomicrographed under an optical micro-
scope (Motic BA 310, Motic Group Co. LTD.) coupled to a
digital camera (Motic 2500, Motic Group Co., LTD.). The
images were analysed with Motic plus 2.0, which was previ-
ously calibrated with a micrometre slide supplied by the
manufacturer.

2.8 Determining of Ni and nutrients

Samples with 100 mg of milled samples were weighed in
50-mL conical tubes (Falcon®, Corning, Mexico) and pre-
digested (48 h) with 2 ml of sub boiled HNO; (DST 1000,
Savillex, USA). After, 8 ml of a solution containing 4 ml of
H,0, (30% v/v, Synth, Brasil) and 4 ml of ultra-pure water
(Milli-Q System, Millipore, USA) were added, and the mix-
ture was transferred to a Teflon digestion vessel, closed and
heated in a block digester (EasyDigest®, Analab, France).
The determinations of Ni, P, Ca, S, B, Mn and Mo were car-
ried out using an inductively coupled plasma mass spectrom-
eter (ICP-MS 7900, Agilent, USA).

2.9 Extraction of antioxidant enzymes, superoxide
and soluble proteins

Antioxidant enzymes (SOD, CAT, APX and POX), superox-

ide and soluble proteins were extracted from leaf tissues ac-
cording to the method of Badawi et al. (2004). Quantification

=INRA

@ Springer

T==" SCIENCE & IMPACT

of the total soluble proteins was performed using the method
described by (Bradford 1976). Absorbance was measured at
595 nm, using bovine albumin as a standard. SOD assay (EC
1.15.1.1) was measured at 560 nm (Giannopolitis and Ries
1977).0ne SOD unit was defined as the amount of enzyme
required to inhibit 50% of the NBT photoreduction. The SOD
activity was expressed in unit mg ™' protein. CAT assay (EC
1.11.1.6) was measured at 240 nm (Havir and McHale 1987).
The CAT activity was expressed in umol H,0, mg ' protein
min . APX assay (EC 1.11.1.11) was measured at 290 nm
(Nakano and Asada 1981). The APX activity was expressed in
umol AsA mg ™' protein min~'. POX assay (EC 1.11.1.7 mea-
sured at 470 nm (Cakmak and Marschner 1992). The POX
activity was expressed in pmol tetraguaiacol mg ' protein

min .

2.10 Determination of superoxide concentration

To determine O, , 1 ml of extract was incubated with 30 mM
phosphate buffer [pH 7.6] and 0.51 mM hydroxylamine hy-
drochloride for 20 min at 25 °C. Then, 17 mM sulphanilamide
and 7 mM o-naphthylamine were added to the incubation
mixture for 20 min at 25 °C. After the reaction, ethyl ether
was added in the identical volume and centrifuged at 3000 xg
for 5 min. The absorbance was measured at 530 nm (Elstner
and Heupel 1976).

2.11 Extraction of nonenzymatic compounds

Nonenzymatic compounds (H,O, and MDA) were extracted
as described by Wu et al. (2006). Briefly, a mixture for extrac-
tion of H,O, and MDA was prepared by homogenizing
500 mg of fresh leaf materials in 5 mL of 5% (w/v) trichloro-
acetic acid. To measure, H,O, was measured at 390 nm
(Velikova et al. 2000). MDA was determined by the method
of Cakmak and Horst (1991), with minor modifications and

using an extinction coefficient of 155 mM ' cm .

2.12 Determination of electrolyte leakage
and photosynthetic pigments

Electrolyte leakage was measured according to the method of
Gong et al. (1998) with minor modifications. Pigments were
quantified using a spectrophotometer (model UV-M51; Bel
Photonics), according to the methodology of Lichtenthaler
and Buschmann (2001).

2.13 Measurements of biomass

The biomass of root, stem and leaf was measured based on
constant dry weight (g), after drying in a forced-air ventilation
oven at 65 °C.
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2.14 Data analysis

The data (Ribeiro et al. 2019) had the homogeneity of vari-
ances tested and subsequently were submitted to one-way
ANOVA and applied Scott—Knott test at a probability level
of 5% (Steel et al. 2006). All statistical procedures used the
Assistat 7.7 software.

3 Results

3.1 EBR reduced the Ni content and positively
modulated the root anatomy

Ni** treatment promoted a significant increase in Ni content in
all tissues of E. urophylla (Table 1). Plants exposed to Ni**
and EBR presented smaller Ni contents in leaf, stem and root.
Plants subjected to Ni** toxicity. Plants subjected to Ni** tox-
icity displayed largely changed root anatomy (Fig. 1).
However, the application of 100 nM of EBR in plants subject-
ed to 600 uM of Ni** promoted increases in RET, RDT, RCT,
VCD and RMD, comparison with similar treatment without
EBR (Table 2).

3.2 EBR increased the nutrient content and induced
ionic homeostasis in plants treated with Ni

Ni2* resulted in smaller contents of all nutrients in root, stem
and leaf tissues (Table 3), compared with control plants.
However, plants treated with Ni** and EBR displayed higher
levels of P, Ca, S, B, Mn and Mo in root, stem and leaf, when
compared to the same treatment without EBR. Treatment in
the absence of Ni** and spraying with EBR also showed in-
creases in P, Ca, S, B, Mn and Mo in all tissues evaluated,
compared to treatment under absence Ni** and without EBR.
On ionic ratios, plants exposed to Ni** and sprayed with EBR
had increases in Ca>*/Ni** and Mn?*/Ni>* ratios in root, stem
and leaf (Table 4), compared with equal treatment without
EBR.

3.3 Foliar spray increased the levels of photosynthetic
pigments

Ni** toxicity caused a decrease in the levels of photo-
synthetic pigments (Table 5). The plants exposed to Ni**
and EBR showed increases in Chl a, Chl 4, Car and Chl
total, respectively, and reductions in Chl a/Chl b and Chl
total/Car, when compared to the same treatment without
EBR.

3.4 Steroids enhanced the photon capture efficiency

Plants exposed to Ni** toxicity suffered negative interferences
for chlorophyll fluorescence (Fig. 2). However, plants treated
with Ni** and EBR had decreases in F, and F,,, as well as
increases in F, and F,/F.,, compared to the same treatment
without EBR. Plants treated with Ni** and EBR presented
increases in the values of ®pgyy, q, and ETR (Table 5) and
reductions in NPQ, EXC and ETR/Py, compared to the same
treatment without EBR.

3.5 Mitigation of the Ni** effects on gas exchange

Ni** caused negative repercussions for the gas exchange
(Table 5). Spraying EBR on plants suffering from Ni** toxic-
ity resulted in increases in the values of Py, E, g, WUE and
Pn/C;; however, there was a reduction in C;, when compared
to plants exposed to Ni** toxicity without EBR.

3.6 Steroid improved density and functionality
of stomatal in plants suffering from Ni toxicity

The Ni** induced negative effects on stomatal characteristics
(Table 6). On the adaxial side, plants exposed to Ni?*and EBR
had increases in SD, SF and SI and reductions in PDS and
11% EDS. In the abaxial face, the EBR increased SD, SF and
SI variables, and reduced the PDS and EDS, when compared
to the same treatment without EBR.

Table 1 Ni contents in young

Ni in root (ug g DM )

Ni in stem (ug g DM ) Ni in leaf (ug g DM )

Eucalyptus urophylla plants Ni EBR

sprayed with EBR and exposed to

Ni toxicity - - 1.68¢
- + 1.65¢
+ - 343.07a
+ + 232.35b

0.17c 0.05¢
—2% 0.16¢ - 6% 0.04c —20%
32.87a 51.00a
—32% 24.86b —24% 46.29b - 9%

Ni = Nickel. Comparison with similar treatment without EBR. Columns with different letters indicate significant
differences from the Scott-Knott test (P < 0.05). Values described corresponding to means from five repetitions

and standard deviations
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Fig. 1 Root cross sections in
young Eucalyptus urophylla
plants sprayed with EBR and
exposed to Ni toxicity. — Ni**/—
EBR (A), - Ni**/+ EBR (B), +
Ni**/~EBR (C), and + Ni**/+
EBR (D). Legends: RE =Root
epidermis; RC = Root cortex;
RD =Root endodermis; VC =
Vascular cylinder; RM = Root
metaxylem. Bars 300 um

a b

3.7 Negative impacts on leaf anatomy were mitigated
in plants sprayed with EBR

Plants exposed to Ni** had reductions on leaf anatomical var-
iables (Fig. 3). However, plants treated with the combined
effects of Ni** and EBR showed increases in the values of
ETAd, ETAb, PPT and SPT (Table 6), and a reduction in the
PPT/SPT, when compared to the same treatments without
EBR. Plants not treated with Ni** and sprayed with EBR also
had increases in ETAd, ETADb, PPT and SPT, and a reduction

in PPT/SPT, if compared to the control treatment of 0 M Ni**
and 0 nM EBR.

3.8 Beneficial actions of EBR on the antioxidant
system

The Ni** concentration in the solution applied to plants pro-
voked increases in the activities of the antioxidant enzymes
(Fig. 4). Plants responding to the combined effects of Ni** and

Table 2 Root anatomy in young

Eucalyptus urophylla plants Ni EBR RET (pum) RDT (um) RCT (um) VCD (pum) RMD (pum)
sprayed with EBR and exposed to
Ni toxicity - - 15.0a 11.6a 411a 228b 13.0a
- + 15.6a 4% 12.1a 4% 417a 1% 249a 9% 13.5a 4%
+ - 6.5¢ 6.1c 336b 199¢ 9.3¢c
+ + 9.8b 51% 8.8b 44% 353b 5% 222b 12% 10.9b 17%

RET =Root epidermis thickness; RDT = Root endodermis thickness; RCT = Root cortex thickness; VCD =
Vascular cylinder diameter; RMD = Root metaxylem diameter. Comparison with similar treatment without
EBR. Columns with different letters indicate significant differences from the Scott-Knott test (P < 0.05). Values
described corresponding to means from five repetitions and standard deviations
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Table 3 Nutrient contents in young Eucalyptus urophylla plants sprayed with EBR and exposed to Ni toxicity
Ni EBR P@mggDM") Ca(mg g DM S (mg g DM ) B(ug g DM Mn (ug g DM Mo (ug g DM 1
Contents in root
- - 8.36b 9.41b 3.79b 75.59a 40.00b 35.62a
- + 9.39a 12% 11.85a 26% 4.32a 14% 78.11a 3% 44.87a 12% 36.74a 3%
+ - 4.39d 6.69d 3.02¢ 55.88¢ 33.65d 20.52¢
+ + 5.24¢ 19% 7.45¢ 11% 3.28¢ 9% 64.82b 16% 36.23¢ 8% 24.57b 20%
Contents in stem
- - 3.25a 6.25a 1.62a 74.71a 25.86a 1.28a
- + 3.50a 8% 6.40a 2% 1.66a 2% 79.38a 6% 27.73a 7% 1.32a 3%
+ - 3.25a 5.74* 1.38b 66.03b 10.93¢ 0.48b
+ + 3.26a 0% 5.81a 1% 1.43b 4% 67.88b 3% 13.94b 28% 0.50b 4%
Contents in leaf
- - 3.76a 8.35a 3.15a 91.44a 56.51b 4.09a
- + 3.81a 1% 8.38a 0% 3.32a 5% 98.06a 7% 58.59a 4% 42la 3%
- 3.10¢c 7.21c 2.74b 77.32b 50.25¢ 2.88¢
+ 3.41b 10% 7.74b 7% 2.84b 4% 92.89a 20% 52.25¢ 4% 3.75b 30%

P =Phosphorus; Ca= Calcium; S = Sulphur; B = Boron; Mn = Manganese; Mo = Molybdenum. Comparison with similar treatment without EBR.
Columns with different letters indicate significant differences from the Scott-Knott test (P < 0.05). Values described corresponding to means from five

repetitions and standard deviations

EBR showed increases in SOD, CAT, APX and POX, com-
pared to the same treatment without EBR.

3.9 EBR reduced the oxidative stress induced by Ni
toxicity

Plants exposed to Ni** toxicity showed negative effects on
oxidant compounds (Fig. 5). Plants exposed to Ni** and
sprayed with EBR had reductions in the values of O, ,
H,0, and EL, compared to the same treatment without EBR.

Table4 Ionic ratios in young Eucalyptus urophylla plants sprayed with
EBR and exposed to Ni toxicity
Ni**  EBR  Root Stem Leaf
Ca**/Ni** ratio
- - 5.65b 36.86b 172.48b
- + 7.23a 28%  40.01a 9% 198.39a 15%
+ - 0.02¢ 0.14d 0.13d
+ + 0.03c 50% 19c 36% 0.18¢  38%
Mn?*/Ni** ratio
- - 24.01b 152.84b 1166.96b
- + 2740a 14% 173.36a  13% 1387.43a 19%
- 0.07d 0.33d 0.98d
+ 0.10c 43%  0.46¢ 39% 1.13¢  15%

Ca®* /Ni** = Calcium and nickel ratio; Mn®* /Ni** = Manganese and
nickel ratio. Comparison with similar treatment without EBR. Columns
with different letters indicate significant differences from the Scott-Knott
test (P < 0.05). Values described corresponding to means from five repe-
titions and standard deviations

3.10 Mitigation of the toxic effects of Ni** promoted
by EBR on biomass

The stress caused by the Ni** toxicity resulted in significant
decreases in variables related to growth (Fig. 6). Spraying
plants suffering from Ni** toxicity with EBR promoted in-
creases in the values of LDM, RDM, SDM and TDM, com-
pared to the same treatment without EBR.

4 Discussion

The increases observed in Ni* contents in the root, stem and
leaf of young Eucalyptus urophylla plants confirm the absorp-
tion and accumulation of Ni in tissues of treated plants. On the
other hand, plants exposed to EBR presented reductions in
Ni2+, in relation to equal treatment without steroid, being ver-
ified reductions more intense in leaf tissue. Ni** in high con-
centrations can inhibit ZIP/NRAMP transporters linked to up-
take of other elements vital to the physiological processes,
mainly with Ca, Mg, Fe and Zn (Mizuno et al. 2005; Ahmad
et al. 2007; Deng et al. 2016). Sharma et al. (2011) described
the positive effects of EBR on Raphanus sativus seedlings
cultivated under Ni** stress, being detected as improvements
linked to root length and a higher efficiency of the antioxidant
system in the shoot. Sellami et al. (2012) investigating the
effect of Ni** hyperaccumulation on the physiological charac-
teristics of Alyssum murale when cultivated in soil mixed with
sewage sludge observed significant increases of Ni** in the
tissues of roots, stems and leaves. Similar to behaviour found
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Table5 Photosynthetic pigments, chlorophyll fluorescence and gas exchange in young Eucalyptus urophylla plants sprayed with EBR and exposed to

Ni toxicity

Photosynthetic pigments

Ni EBR Chla(mgg' Chlb(mgg ' FM) Total Chl Car (mg g ' FM) Ratio Chl a/Chl b Ratio total Chl/Car
FM) (mg g ' FM)
- —  946b 3.98b 13.44b 0.67b 2.39¢ 19.9b
- 4+ 109a 16% 4.66a 17% 15.63a 16%  0.82a 2% 236c  -1% 19.2b — 4%
+ - 776¢ 2.49d 10.25d 0.45d 3.13a 22.6a
+ + 886b  14% 3.17c 27% 12.03¢  17%  0.59% 31% 2.80b —11% 20.4b -10%
Chlorophyll fluorescence
Ni EBR ®pg ar NPQ ETR (pmol m 2 s 1) EXC ETR/Px
(umol m ™2
sfl)
- -  03la 0.84a 0.72¢ 45.48a 0.62¢ 2.44a
- + 0322 3% 080a -5% 0.69c —4%  47.08a 4% 0.62c 0% 2.44a 0%
+ —  0.l6c 0.51b 1.12a 23.97c 0.77a 2.60a
+ + 023b  44% 0.53b 4% 099 —12% 34.08b 42% 071b -8%  2.54a —2%
Gas exchange
Ni EBR Py E(mmol m?2sh gomolm?s™") C(umol mol™") WUE PG
(pumol m > (pmol mmo- (umol m 2 s ' P-
Sil) 1*1) afl)

- - 186a 3.32a 0.45a 269¢ 5.6a 0.072a
- 4+ 1932 4% 337a 2% 045 0% 259c¢ -4% 57a 2% 0.079a 10%

- 92¢ 2.53¢ 0.25¢ 298a 3.6¢ 0.034c

+  134b  46% 2.85b 13% 031b  24%  286b —4% 47b  31%  0.052b  53%

Chl a = Chlorophyll a; Chl b = Chlorophyll b; Total chl = Total chlorophyll; Car = Carotenoids; ®pgy; = Effective quantum yield of PSII photochemistry;
qp = Photochemical quenching coefficient; NPQ = Nonphotochemical quenching; ETR = Electron transport rate; EXC = Relative energy excess at the
PSII level; ETR/Py = Ratio between the electron transport rate and net photosynthetic rate; Py = Net photosynthetic rate; £ = Transpiration rate; gy =
Stomatal conductance; C; = Intercellular CO, concentration; WUE = Water-use efficiency; Pn/C; = Carboxylation instantaneous efficiency. Comparison
with similar treatment without EBR. Columns with different letters indicate significant differences from the Scott-Knott test (P < 0.05). Values described

corresponding to means from five repetitions and standard deviations

in our study, Bazihizina et al. (2015) evaluating Psidium
guajava plants subjected to high Ni concentrations (300,
1000 and 3000 uM) verified significant increases of Ni**
contents in the roots and interferences on root membrane func-
tionality, including withdrawal of plasma membrane from the
cell walls and disintegration of cytoplasm.

Plants exposed to toxicity by Ni** showed reductions in
root anatomy; however, the EBR spray positively modulated
these characteristics, being verified in RET, RDT, RCD, VCD
and RMD. The increases in RET, RDT and RCD suggest that
EBR mitigated the Ni** toxicity by stimulating the growth
dynamics of the root meristem through the processes of cell
division and expansion in the tissues of the epidermis, endo-
derm and cortex (Hacham et al. 2011). The increase promoted
in the values of VCD and RMD indicate that the EBR im-
proved the uptake of water and nutrients inside the plant due to
the greater permeability of the membranes (Ortega et al.
20006). Atabayeva et al. (2016) investigating the effects of
Cu?* toxicity on the leaves and roots of five varieties of
Triticum aestivum reported that a concentration of 0.5 mM
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CuSOy caused reductions in RDT and VCD in all of the ge-
notypes evaluated. Gowayed and Almaghrabi (2013) studying
the metal effects on germination and anatomy of Zea mays
seedlings reported reductions in RCT and RMD of 19% and
31%, respectively.

EBR clearly reduced the Ni** uptake; increased the Ca*/
Ni2* and Mn?*/Ni** ratios and maximized the P, Ca, S, B, Mn
and Mo contents; the effects were more notable in the leaf and
root tissues. These results can be explained by the EBR action
linked to ionic homeostasis, resulting in a higher tolerance of
E. urophylla plants to Ni toxicity. The increase in Ca content is
indicative of improvements in membrane integrity, affecting
root elongation (Ribeiro et al. 2013; Cristancho et al. 2014).
Additionally, Mn is a component of enzymes involved in es-
sential processes in plant metabolism, such as respiration and
photosynthesis, and is required during water molecule break-
down in PSII (Aravind and Prasad 2004; Bityutskii et al.
2014). High Ni** concentrations inhibit H-ATPase activity
as well as affect cell membrane permeability, modifying the
ionic balance in the cytoplasm and decreasing nutrient uptake
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Fig. 2 Minimal fluorescence yield of the dark-adapted state (F),
maximal fluorescence yield of the dark-adapted state (F,,), variable
fluorescence (F,) and maximal quantum yield of PSII photochemistry
(F\/F) in young Eucalyptus urophylla plants sprayed with EBR and

and homeostasis (Sharma and Dhiman 2013; Sreekanth et al.
2013). Matraszek et al. (2016) studying the bioaccumulation
of nutrients in Triticum aestivum plants submitted to 0.08 mM
Ni reported significant reductions in the contents of P, Ca and
S measured in the shoot. Rehman et al. (2016) detected reduc-
tions in Mn content in the roots of Zea mays under Ni** tox-
icity for 60 days. Maksimovi¢ et al. (2007) studying the effect
of Cd and Ni on Zea mays seedlings detected that Ni** toxicity
induced reductions in Ca and Mn levels in the roots by 15%
and 82%, respectively, when compared to the control
treatment.

Foliar spray with EBR promoted increases in photosynthet-
ic pigments (Chl a, Chl b, Total Chl and Car), suggesting
improvements in ®pg; and consequent reactivation of electron
transport, as well as chloroplast repair. The chloroplast repair
was due to the decrease of ROS, as confirmed by the decrease

exposed to Ni toxicity. Columns with different letters indicate
significant differences from the Scott-Knott test (P < 0.05). Columns
corresponding to means from five repetitions and standard deviations

of O, and H»O,, which are responsible for the oxidative
damage (Sharma et al. 2012; Demidchik 2015). In relation
to electron transport, the Chl @, Chl b and Car molecules are
responsible for the photochemistry, absorption and transfer of
solar energy to the thylakoid membranes. Thus, changes in
these pigments also influence the electron transport, which
in this study was detected by increases in ETR. EBR also
alleviated the deficiency of Mg ions in the porphyrin ring of
chlorophyll pigments, increasing the chlorophyll content
(Sirhindi et al. 2016). Dubey and Pandey (2011) found that
Ni** toxicity in Vigna mungo plants caused significant reduc-
tions in photosynthetic pigments. Gajewska and Sktodowska
(2007) also found a decrease in chlorophyll content in
Triticum aestivum plants subjected to 100 uM Ni**.

EBR attenuated the toxic effects of Ni** on F, F, and F,/
F., as confirmed by the decrease in F, and the increases in F,,
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Table 6 Stomatal characteristics

and leaf anatomy in young Ni EBR SD gstomata per PDS (um) EDS (um) SF SI (%)
Eucalyptus urophylla plants mm®)
sprayed with EBR and exposed to
Ni toxicity Adaxial face
- - 221a 11.5¢ 17.1¢c 0.67b 7.8a
-+ 230a 4% 10.5d  —9% 149d —13% 0.71a 6% 8.1a 4%
+ 116¢c 13.7a 21.6a 0.63¢c 6.8¢c
+ o+ 185b 59% 1280 —-7% 193b —11% 0.66b 5% 7.2b 6%
Abaxial face
- 657a 10.1¢c 14.4c 0.71a 18.3a
-+ 678a 3% 9.7¢ 4% 137¢ 5% 0.72a 1% 187a 2%
+ - 600c 13.2a 20.5a 0.64c 15.3¢
+ 4+ 628b 5% 126b —-5% 19.1b -7% 0.67b 5% 16.8b  10%
Leaf anatomy
Ni  EBR ETAd (um) ETAD (um) PPT (um) SPT (um) Ratio
PPT/SPT
- 19.2a 15.9b 65a 99a 0.66b
-+ 20.8a 8% 17.2a 8% 66a 2% 103a 4% 0.64b 3%
- 16.3b 13.6¢ 56b 73+ 1c 0.77a
+ 17.1b 5% 147¢ 8% 6la 9% 82b 12% 0.75a 3%

SD = Stomatal density; PDS = Polar diameter of the stomata; EDS = Equatorial diameter of the stomata; SF =
Stomatal functionality; SI = Stomatal index; ETAd = Epidermis thickness from adaxial leaf side; ETAb =
Epidermis thickness from abaxial leaf side; PPT = Palisade parenchyma thickness; SPT = Spongy parenchyma
thickness. Comparison with similar treatment without EBR. Columns with different letters indicate significant
differences from the Scott-Knott test (P < 0.05). Values described corresponding to means from five repetitions

and standard deviations

and F,/F,,. Significant decrease in F, of plants exposed to
EBR and Ni is an interesting result, because F, represents
the number of closed reaction centres or unable to receive
light, resulting in an improvement in photon capture efficien-
cy with intrinsic repercussions on F, and F,/F,, (Maxwell and
Johnson 2000; Baker 2008). This steroid also reduced the
photoinhibition intensity, avoiding damages on reaction cen-
tres and increased and transfer capacity of the excitation ener-
gy from the antenna to the PSII (Hayat et al. 2010; Qin et al.
2016). On the other hand, Ni** is potentially toxic to the pho-
tosynthetic apparatus, causing disorganization of the chloro-
plast ultrastructure, as well as deformation and decreases in
the number of grana and thylakoids (Seregin and
Kozhevnikova 2006). Drazkiewicz and Baszynski (2010) re-
vealed reductions of 63% in F, of Zea mays seedlings exposed
t0 200 uM Ni2* for 13 days. Yusufetal. (2014), evaluating the
EBR effects on the antioxidant system and nitrogen metabo-
lism in two contrasting cultivars of Vigna radiata under dif-
ferent levels of Ni**, reported increases in F,/F,, of the T-44
cultivar submitted to Ni** and EBR.

EBR spray promoted increases in ®pgy, qp and ETR values
in plants subjected to Ni** toxicity, and these results were
related to the beneficial effects promoted in Fy and F, men-
tioned previously in this study. EBR resulted in an increase in
the photon capture efficiency, promoting greater energy ab-
sorption and electron transport through the photosystems
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(Dallagnol et al. 2015; Kumari et al. 2017), inducing increases
in the efficiency of plastoquinones (Chen et al. 2005) and the
cytochrome bg/f complex (Cyz-bg/f) that are responsible for the
transfer of electrons from PSII to PSI (Buonasera et al. 2011).
Pietrini et al. (2015) detected progressive reductions in ®pgyy
and qp values while investigating Amaranthus paniculatus
plants exposed to progressive concentrations of NiCl,.
Santos et al. (2018) evaluated the chlorophyll fluorescence,
gas exchange and pigments in Vigna unguiculata plants
pretreated with EBR and exposed to heavy metal (Cd) and
found increases of 55% in the ETR of plants exposed to
EBR and metal toxicity.

Eucalyptus urophylla plants exposed to Ni** + EBR
showed reductions in NPQ, EXC and ETR/Py, suggesting a
better use of the electrons for photochemical activity, because
the EBR effects reduced the thermal dissipation caused by
excessive excitation in the antenna complex of PSII, conse-
quently decreasing the photoinhibition (Ghassemi-Golezani
and Lotfi 2015). Decreases in ETR/Py indicate that EBR min-
imized the alternative drains of electrons, thus minimizing
Mehler’s reactions (Silva et al. 2012; Jesus et al. 2017). Li
et al. (2015) studied the effects of cadmium stress on chloro-
phyll fluorescence and photosynthesis and observed increases
of 73% for NPQ in Elsholtzia argyi plants exposed to
100 pmol L™ Cd, corroborating the results of this study.
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Fig. 3 Leaf cross sections in
young Eucalyptus urophylla
plants sprayed with EBR and
exposed to Ni toxicity. — Ni**/—
EBR (A), - Ni**/+ EBR (B), +
Ni**/~EBR (C) and + Ni**/+
EBR (D). Legends: EAd=
adaxial epidermis; EAb = Adaxial
epidermis; PP = Palisade
parenchyma; SP = Spongy
parenchyma. Bars: 200 pm

a b

EBR application promoted increases in Py, E, g, WUE
and Pn/C; values, mitigating the effects induced by Ni** tox-
icity. The effect of EBR on Py may be associated with better
stomatal performance, as confirmed by the increase in g, SD,
SF and SI values. The higher values of WUE after treatment
with EBR may be related to the increase in Py values, indi-
cating a balance between Py and water absorption in the stud-
ied plants (Kocova et al. 2010; Bhalerao et al. 2015). Ali et al.
(2008) evaluated Brassica juncea plants grown in the pres-
ence of NaCl and/or NiCl, and sprayed with 1 uM of EBR
detected increases in Py, gs and WUE after EBR treatment.
Khaliq et al. (2015) cultivated Gossypium hirsutum seedlings
under hydroponic conditions for 12 weeks with three Ni levels
(0, 50 and 100 uM) combined with the presence or absence of
1 mM Si and observed that Ni significantly decreased several
photosynthetic parameters, such as E.

The increase found in P\/C; and the simultaneous reduc-
tion of C; can be explained by the EBR interference with the
RuBisCO enzyme activity, which is mainly responsible for
catalysing the photosynthetic reaction of fixation and reduc-
tion of CO, during photosynthesis (Andersson and Backlund
2008; Parry et al. 2013; Erb and Zarzycki 2018). Santos et al.

(2018) verified the effects of three EBR concentrations (0, 50
and 100 nM) on gas exchange and stress oxidation of Vigna
unguiculata plants subjected to Cd toxicity and found de-
creases of 8% in plants sprayed with 100 nM in comparison
with equal treatment without EBR. Maia et al. (2018) evalu-
ated the effects of EBR (100 nM EBR) in two Solanum
lycopersicum genotypes and described increases of 37% and
48% in Py/C; of the BR-efficient and BR-deficient genotypes,
respectively.

Positive effects on SD, SF and SI were detected in plants
treated with EBR, emphasizing the beneficial action of this
steroid on stomatal performance, which can be corroborated
by the increases of g, and E previously reported in this study.
The increases in SD and SI were accompanied by a decrease
in the size of the guard cells (Hetherington and Woodward
2003; Galmés et al. 2007) and increased CO, uptake, which
is a limiting factor for photosynthesis (Zhou and Han 2005).
In relation to SF, the increases of these values suggest that
EBR favoured a greater WUE, which is supported by the
increase in WUE and decreases in PDS and EDS. The de-
creases found in PDS and EDS suggest an elliptic form of
stomata, which, to maintain functionality, is continuously
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Fig. 4 Activities of superoxide dismutase (SOD), catalase (CAT),
ascorbate peroxidase (APX) and peroxidase (POX) in young
Eucalyptus urophylla plants sprayed with EBR and exposed to Ni

adjusting to the environmental and intracellular conditions
(Lawson and Blatt 2014). Adamski et al. (2012) evaluated
Fe excess at concentrations of 0.45, 0.9, 4.5, and
9.0 mmol L™ in Ipomoea batatas and detected increases in
PDS and EDS of the stomata on the abaxial face of the leaves
at the highest concentrations of Fe (4.5 and 9.0 mmol L.
Sagardoy et al. (2010) investigated the effects of Zn toxicity
on photosynthesis and respiration in Beta vulgaris plants hy-
droponically cultivated with 1.2, 100 or 300 uM Zn and de-
tected a decrease in the density and size of the stomata, cor-
roborating the results found in this study.

EBR had positive effects on leaf anatomy (ETAd, ETAD,
PPT and SPT). The increases in ETAd and ETAD are related to
the benefits promoted by EBR on leaf tissues, more specifi-
cally the epidermis and mesophyll, suggesting an efficient
strategy to minimize water loss through E, as demonstrated
by the increases verified in WUE as previously described in
our study. In relation to PPT and SPT, the increases obtained
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toxicity. Columns with different letters indicate significant differences
from the Scott-Knott test (P <0.05). Columns corresponding to means
from five repetitions and standard deviations

can be corroborated by the increases in Py and Pyn/C; and SI
because the PPT is rich in chloroplasts and is fundamental for
the absorption of light during photosynthesis and fixation of
CO,. Additionally, SPT is known to be involved in gas ex-
change (Sorin et al. 2015). Maruthi Sridhar et al. (2005) ob-
served a reduction in the cell sizes of the palisade parenchyma
and epidermis in Brassica juncea leaves exposed to Zn and Cd
for 15 and 16 days, respectively, which is in agreement with
the results obtained in this study.

Positive effects on SOD, CAT, APX and POX were detect-
ed in plants treated with Ni** + EBR, corroborating the ben-
eficial actions of EBR on the antioxidant system. The results
obtained demonstrated that EBR has the ability to regulate the
antioxidant system to reduce ROS (Rajewska et al. 2016),
which can be supported by the decrease of H,O, and increase
of ETR after treatment with EBR. Kanwar et al. (2013) stud-
ied the effects of 24-epibrasionlide in Brassica juncea plants
at 30 days of age exposed to different Ni levels and found an
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Fig. 5 Superoxide (O, ), hydrogen peroxide (H,0,), malondialdehyde
(MDA) and electrolyte leakage (EL) in young Eucalyptus urophylla
plants sprayed with EBR and exposed to Ni toxicity. Columns with

increase in the activities of antioxidant enzymes. Similarly,
Sharma et al. (2011) reported that Raphanus sativus seeds
pre-soaked with EBR and cultivated in Petri dishes containing
different Ni concentrations (0, 0.5, 1.0 and 1.5 mM) reduced
heavy metal toxicity and increased SOD, CAT, APX and
POX. Yusuf et al. (2014) also reported that BRs significantly
increased CAT, POX and SOD activity in two contrasting
Vigna radiata cultivars under different Ni levels after 45 days
of growth, which corroborates the results obtained in this
study.

Plants sprayed with EBR exhibited reductions in O, and
H,0, levels, revealing the effects of this steroid on antioxidant
enzymes. These results are corroborated by the attenuation of
MDA and EL, which are induced by high oxidative stress.
During oxidative stress, excess ROS production leads to the
exposure of lipids, proteins and nucleic acids to strong oxi-
dants, causing damage that eventually leads to cell death (Rio

different letters indicate significant differences from the Scott-Knott test
(P<0.05). Columns corresponding to means from five repetitions and
standard deviations

et al. 2003; Gajewska and Sktodowska 2008). In regard to the
O, and H,0, reductions, the EBR action stimulated the SOD
activity, which led to an increase of H,O, and consequent
induction of CAT and APX activities, which act on H,O,,
reducing the amount of oxidant compounds (Ashraf 2009;
Yusuf et al. 2011a). Similar to this study, Soares et al. (2016)
evaluating the effects of the exogenous application of EBR on
physiological and biochemical responses of Solanum nigrum
exposed to Ni toxicity over 28 days observed a decrease of
H,0, between plants treated with 24-EBL and 100 M NiSOy4
0f 55% and 10% in shoot and root, respectively.

EBR spray mitigated the toxic effects of Ni**, positively
impacted the growth, and induced significant increases in
LDM, RDM, SDM and TDM. These increases are intrinsical-
ly related to the benefits observed in this study on gas ex-
change, pigments, root anatomy and nutritional content, as
well as reductions in oxidant compounds. Ni** toxicity
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Fig. 6 Leaf dry matter (LDM), root dry matter (RDM), stem dry matter
(SDM) and total dry matter (TDM) in young Eucalyptus urophylla plants
sprayed with EBR and exposed to Ni toxicity. Columns with different

reduces plant growth due to disturbances in the photosynthetic
apparatus, mainly disorganizing the chloroplast ultrastructure
(Seregin and Kozhevnikova 2006; Feng et al. 2010), and
through disorders in nutritional balance and decreases in Fe,
Ca and K content, elements required in plant metabolism
(Sharma and Dhiman 2013; Ali et al. 2015). Tori et al.
(2013) evaluated the phytoremediation capacity of
Amaranthus paniculatus subjected to progressive concentra-
tions of Ni>* and observed significant reductions in LDM,
RDM and SDM when treated with 150 pum of Ni**. Alam
et al. (2007) detected partial increases in RDM and SDM in
Brassica juncea plants when treated with 50 and 100 pM Ni**
+ BRs, both corroborating the results obtained in this study.
In relation to Ni toxicity, this study proved that young
Eucalyptus urophylla plants are more tolerant that other spe-
cies previously evaluated by our research group (data not
available), being necessary to use a higher Ni concentration
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letters indicate significant differences from the Scott-Knott test (P < 0.05).
Columns corresponding to means from five repetitions and standard
deviations

to simulate the toxicity, as well as symptoms were verified
only ten days after Ni treatment. Future research using several
Eucalyptus species can be interest to determinate possible tol-
erance levels and phytoremediation potential to each specie.

5 Conclusion

Our research revealed that EBR alleviated Ni toxicity in
young Eucalyptus urophylla plants by modulating ionic ho-
meostasis. This steroid clearly modulated the Ni contents and
ionic ratios of Mn?*/Ni** in tissues evaluated, being this result
crucial to mitigate the Ni effects, because this heavy metal
inhibits the absorption of other elements that are essentials to
metabolism, including Mn, competing by similar transporters.
Plants stressed had positive effects after EBR spray in relation
to ®pgyy and F,/F,,, being intrinsically linked to increases in
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Mn content, because this element is a component of enzymes
related to the break down water molecules in PSII during
water photolysis. Considering the increases detected for anti-
oxidant enzymes, photosynthetic pigments and biomass, these
results confirm that EBR reduces oxidative stress, alleviating
the deleterious effects induced by Ni toxicity.
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