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Abstract
Iron (Fe) is essential for the biosynthesis of constitutive proteins of chloroplasts, mitochondria and other organelles, and its 
deficiency triggers negative effects on photochemical efficiency and electron transport. Brassinosteroids are steroids that 
play beneficial roles related to chlorophyll fluorescence and plant nutrition. The aims of this research were to answer if epi-
brassinolide (EBR) can mitigate Fe deficiency in Eucalyptus urophylla plants and to evaluate the repercussions on nutritional 
status and physiological and biochemical behaviours. The experiment followed a completely randomized factorial design 
with two Fe conditions (Fe deficiency and control) and three levels of 24-epibrassinolide (0, 50 and 100 nM EBR). EBR 
application in E. urophylla plants exposed to Fe deficiency increased Fe contents in root, stem and leaf. EBR reduced the 
negative effects of Fe deficiency on chlorophyll fluorescence and gas exchange parameters. Fe deficiency caused reductions 
in Chl a, Chl b and total Chl, while plants sprayed with 100 nM EBR showed significant increases in these variables. Our 
results clearly reveal that EBR attenuated the negative effects caused by Fe deficiency on nutritional status and in the physi-
ological and biochemical behaviours of E. urophylla plants, and these results were connected to increases in the contents of 
macronutrients and micronutrients, including Fe. EBR also improved the photochemical efficiency of PSII, gas exchange and 
photosynthetic pigments, inducing minor accumulations of oxidative compounds. Additionally, E. urophylla plants submitted 
to 100 nM of EBR had better nutritional, biochemical, physiological and morphological results.
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Abbreviations
ΦPSII  Effective quantum yield of PSII 

photochemistry
BRs  Brassinosteroids
CAR   Carotenoids
Chl a  Chlorophyll a
Chl b  Chlorophyll b
Ci  Intercellular  CO2 concentration
CO2  Carbon dioxide
Cyt-b6/f  Cytochrome b6/f complex

E  Transpiration rate
EBR  Epibrassinosteroids
EL  Electrolyte leakage
ETR  Electron transport rate
ETR/PN  Ratio between the apparent electron transport 

rate and net photosynthetic rate
EXC  Relative energy excess at the PSII level
Fd  Ferredoxin
Fe  Iron
Fm  Maximal fluorescence yield of the dark-

adapted state
F0  Minimal fluorescence yield of the dark-

adapted state
Fv  Variable fluorescence
Fv/Fm  Maximal quantum yield of PSII 

photochemistry
gs  Stomatal conductance
H2O2  Hydrogen peroxide
LDM  Leaf dry matter
MDA  Malondialdehyde
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NPQ  Nonphotochemical quenching
O2

−  Superoxide
PN  Net photosynthetic rate
PN/Ci  Instantaneous carboxylation efficiency
PSII  Photosystem II
qP  Photochemical quenching
RDM  Root dry matter
ROS  Reactive oxygen species
RuBisCo  Ribulose-1,5-bisphosphate carboxylase/

oxygenase
SDM  Stem dry matter
TDM  Total dry matter
Total Chl  Total chlorophyll
WUE  Water-use efficiency

Introduction

The Eucalyptus genus is composed of several species that 
present rapid growth, broad adaptability and multiple utili-
zations of the wood, all characteristics that contribute to a 
reduction in pressure on native forests and associated biodi-
versity (Grattapaglia and Kirst 2008). In this context, areas 
planted with Eucalyptus are directed to the production of 
particleboard, charcoal, sawn wood and cellulose pulp, as 
well as non-wood products such as essential oils and honey 
(Gonçalves et al. 2008).

Areas with Eucalyptus have expanded in the world, cover-
ing a territory of approximately 20 million hectares (Mora 
et al. 2017). In Brazil, commercial Eucalyptus plantations 
covered an area of 5.7 million hectares in 2016, with an aver-
age productivity of 35.7 m3  ha−1 per year, the best in global 
ranking among countries (IBA 2017).

Of all essential micronutrients, iron (Fe) is the most 
absorbed by plants (Baker et al. 2003). In soils, Fe is mainly 
found as insoluble polymers of iron oxide, such as Fe(OH)2+, 
Fe(OH)3 and Fe(OH)4

− produced from rock weathering 
(Guerinot and Yi 1994; Kraemer 2004; Tsai and Schmidt 
2017). Despite the abundance of Fe in the soil, this element 
is generally not available to plants; during soil formation, 
Fe is released and transformed in insoluble forms (oxides 
and hydroxides) by oxidative hydrolytic reactions, confer-
ring a reddish colour to soil rich in Fe (Schwertmann 1991; 
Guerinot 2001).

Fe is essential to plant development (Giehl et al. 2009), 
in which it participates in essential metabolic processes such 
as photosynthesis, respiration, nitrogen fixation, hormone 
synthesis and electron transfer (Sahrawat 2004; Layer et al. 
2010). In addition, Fe acts on the composition of several 
compounds and enzymes, including catalase, peroxidase, 
cytochrome oxidase, leghemoglobin and ferredoxin (Hänsch 
and Mendel 2009; Eskandari 2011; Rout and Sahoo 2015; 
Krohling et al. 2016).

Fe absorption in Eucalyptus urophylla plants occurs 
due to the reduction of  Fe3+ to  Fe2+, a process regulated 
by the enzyme ferric chelate reductase (FCR) and rhizos-
phere acidification promoted by the proton extrusion via 
 H+-ATPase, an enzyme that uses as substrate the hydrogen 
generated by  H+-ATPase. After reduction,  Fe2+ is trans-
ported by the iron-regulated transporter 1 (IRT1) from soil 
to the interior of the root cells (Yi and Guerinot 1996; 
Robinson et al. 1999; Vert et al. 2002).

Fe deficiency in plants often causes negative infer-
ences on constitutive proteins of the chloroplasts, such as 
the cytochrome (Cyt) b6/f complex and ferredoxin (Fd), 
decreasing the efficiencies of photosystem II and electron 
transport (Abadía et al. 1999; Morales et al. 2000; Roncel 
et al. 2016). The Cyt-b6/f complex is responsible for the 
transference of electrons from PSII to PSI, generating an 
electrochemical gradient of protons in the membrane used 
during ATP synthesis (Kurisu et al. 2002). In addition, Fd 
is a protein composed of Fe and S (Fe–S protein) (Balk 
and Lobréaux 2005) responsible for donating electrons to 
the process of photosynthesis and the reduction of  NADP+ 
to NADPH (Fromme et al. 2003; Ceccarelli et al. 2004; 
Merchant and Helmann 2012).

A possible solution to damages caused by Fe deficiency 
in plants can be the exogenous application of 24-epibrassi-
nolide (EBR). EBR is the most bioactive form of brassi-
nosteroids (BRs) (Bishop and Koncz 2002), which are 
substances classified as polyhydroxylated steroids (Clouse 
2002). These steroids occur in the plant kingdom and play 
essential roles for growth and development, stimulating 
cell elongation and division (Clouse and Sasse 1998; 
Fujioka and Yokota 2003). The occurrences of BRs have 
been verified in several organs of plants, such as pollen, 
flowers, fruits, seeds, leaves, stems and roots (Bajguz and 
Hayat 2009).

In metabolism, BRs contribute positively to photochem-
ical efficiency (Thussagunpanit et al. 2015), gas exchange 
(Swamy and Rao 2009), chlorophyll function (Yu et al. 
2004), antioxidative metabolism (Xia et al. 2009) and 
plant growth (Abdullahi et al. 2003). In addition, BRs 
activate the proton pump, stimulate the synthesis of pro-
teins and nucleic acids (Bajguz 2000) and modulate gene 
expression (Mussig et al. 2002).

Our hypothesis focused on the negative impacts caused 
by Fe deficiency on photochemical efficiency. We also 
investigated the benefits of EBR spray on plants, more spe-
cifically on the increase of Fe content in leaf tissue (Santos 
et al. 2018) and on the improvement in photosystem II 
function (Lima and Lobato 2017). Therefore, this research 
aimed to answer if EBR can mitigate Fe deficiency in E. 
urophylla plants, evaluating repercussions on nutritional 
status and physiological and biochemical behaviours.
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Materials and methods

Location and growth conditions

The experiment was performed on the campus of Parago-
minas of the Universidade Federal Rural da Amazônia, 
Paragominas, Brazil (2°55′S, 47°34′W). The study was 
conducted in a greenhouse with temperature and humidity 
control. The minimum, maximum, and median tempera-
tures were 20, 31 and 24.5 °C, respectively. The relative 
humidity during the experimental period varied between 
60 and 80%.

Plants, containers and acclimation

Thirty-eight-day-old seedlings of E. urophylla S.T. Bake 
from DACKO™ presenting similar aspects and sizes were 
selected and placed in 1.2-L containers (0.15 m in height and 
0.10 m in diameter) filled with substrate mix composed of 
sand and vermiculite in a 2:1 proportion. For semi-hydro-
ponic cultivation, the previously described containers were 
equipped with one hole in the bottom covered with mesh, 
and solution absorption by capillary action, being misplaced 
into other containers (0.15 m in height and 0.15 m in diam-
eter) containing 500 mL of nutritive Hoagland and Arnon 
(1950) solution adjusted to the nutritional exigencies of this 
species. The ionic force started at 50%, and it was modi-
fied to 100% after 2 days. After these periods, the nutritive 
solution remained with the total ionic force. Additionally, 
40-day-old plants were submitted to Fe deficiency and con-
trol treatments.

Experimental design

The experiment followed a completely randomized factorial 
design with two Fe conditions (Fe deficiency and control) 
and three levels of 24-epibrassinolide (0, 50 and 100 nM 
EBR). With five replicates for each of six treatments, a total 
of 30 experimental units were used in the experiment, with 
one plant in each unit.

24‑epibrassinolide (EBR) preparation 
and application

Forty-day-old seedlings were sprayed with 24-epibrassi-
nolide (EBR) or Milli-Q water (containing a proportion of 
ethanol that was equal to that used to prepare the EBR solu-
tion) at 6-day intervals until day 76. The 0, 50 and 100 nM 
EBR (Sigma-Aldrich, USA) solutions were prepared by 
dissolving the solute in ethanol followed by dilution with 

Milli-Q water [ethanol:water (v/v) = 1:10,000] (Ahammed 
et al. 2013).

Plant conduction and Fe deficiency treatment

One plant per pot was used to examine the plant param-
eters. The plants received the following macro- and 
micronutrients contained in the nutrient solution (Sigma-
Aldrich, USA): 8.75 mM  KNO3, 7.5 mM Ca(NO3)2·4H2O, 
3.25 mM  NH4H2PO4, 1.5 mM  MgSO4·7  H2O, 62.50 µM 
KCl, 31.25 µM  H3BO3, 2.50 µM  MnSO4·H2O, 2.50 µM 
 ZnSO4·7H2O, 0.63  µM  CuSO4·5H2O and 0.63  µM 
 NaMoO4·5H2O, with Fe concentrations adjusted to each 
treatment. For Fe treatments,  FeCl2·4H2O + EDTA was used 
at concentrations of 2.5 µM (Fe deficiency) and 250 µM 
(control) applied over 36 days (days 40–76 after the start 
of the experiment). During the study, the nutrient solu-
tions were changed at 07:00 h at 3-day intervals, with the 
pH adjusted to 5.5 using HCl or NaOH. On day 76 of the 
experiment, physiological and morphological parameters 
were measured for all plants, and leaf tissues were harvested 
for biochemical and nutritional analyses.

Measurement of chlorophyll fluorescence

The minimal fluorescence yield of the dark-adapted state 
(F0), maximal fluorescence yield of the dark-adapted state 
(Fm), variable fluorescence (Fv), maximal quantum yield 
of PSII photochemistry (Fv/Fm), effective quantum yield of 
PSII photochemistry (ΦPSII), photochemical quenching coef-
ficient (qP), non-photochemical quenching (NPQ), electron 
transport rate (ETR), relative energy excess at the PSII level 
(EXC) and ratio between the electron transport rate and the 
net photosynthetic rate (ETR/PN) were determined using 
a modulated chlorophyll fluorometer (model OS5p, Opti-
Sciences, USA). Chlorophyll fluorescence was measured in 
fully expanded leaves under light. Preliminary tests deter-
mined 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 µmol  m−2  s−1 and 0.7 s, respectively.

Evaluation of gas exchange

The net photosynthetic rate (PN), transpiration rate (E), sto-
matal conductance (gs), and intercellular  CO2 concentration 
(Ci) were evaluated using an infrared gas analyser (model 
 LCPro+, ADC BioScientific, UK). These parameters were 
measured at the adaxial surface of fully expanded leaves 
that were collected from the middle region of the plant. The 
water-use efficiency (WUE) was estimated according to Ma 
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et al. (2004), and the instantaneous carboxylation efficiency 
(PN/Ci). Gas exchange was evaluated in all plants under con-
stant conditions of  CO2 concentration, photosynthetically 
active radiation, air-flow rate and temperature in a cham-
ber at 360 µmol  mol−1  CO2, 800 µmol photons  m−2  s−1, 
300 µmol  s−1 and 28 °C, respectively, between 10:00 and 
12:00 h.

Extraction of superoxide

Superoxide was extracted from leaf tissue as per the method 
of Badawi et al. (2004). The extraction mixture was prepared 
by homogenizing 500 mg of fresh plant material in 5 mL of 
extraction buffer, consisting of 50 mM phosphate buffer (pH 
7.6), 1.0 mM ascorbate and 1.0 mM EDTA. Samples were 
centrifuged at 14,000×g for 4 min at 3 °C, and the superna-
tants were collected. Absorbance was measured at 595 nm 
using bovine albumin as standard.

Determination of superoxide concentration

To determine  O2
−, 1 mL of extract was incubated with 

30 mM phosphate buffer [pH 7.6] and 0.51 mM hydroxy-
lamine hydrochloride for 20 min at 25 °C. Then, 17 mM 
sulphanilamide and 7 mM α-naphthylamine were added to 
the incubation mixture for 20 min at 25 °C. After the reac-
tion, ethyl ether was added in an identical volume and cen-
trifuged at 3000×g for 5 min. The absorbance was measured 
at 530 nm (Elstner and Heupel 1976).

Extraction of nonenzymatic compounds

Non-enzymatic compounds  (H2O2 and MDA) were extracted 
as described by Wu et al. (2006). Briefly, a mixture for 
extraction of  H2O2 and MDA was prepared by homogenizing 
500 mg of fresh leaf material in 5 mL of 5% (w/v) trichloro-
acetic acid. Then, the samples were centrifuged at 15,000×g 
for 15 min at 3 °C to collect supernatants.

Determination of hydrogen peroxide concentration

To measure  H2O2, 200 µL of supernatant and 1800 µL of 
reaction mixture (2.5 mM potassium phosphate buffer [pH 
7.0] and 500 mM potassium iodide) were mixed, and the 
absorbance was measured at 390 nm (Velikova et al. 2000).

Quantification of malondialdehyde concentration

MDA was determined by mixing 500 µL of supernatant with 
1000 µL of the reaction mixture, which contained 0.5% (w/v) 
thiobarbituric acid in 20% trichloroacetic acid. The mixture 
was incubated in boiling water at 95 °C for 20 min, with 
the reaction terminated by placing the reaction container in 

an ice bath. The samples were centrifuged at 10,000×g for 
10 min, and absorbance was measured at 532 nm. The non-
specific absorption at 600 nm subtracted from the absorb-
ance data. The MDA–TBA complex (red pigment) amount 
was calculated based on the method of Cakmak and Horst 
(1991), with minor modifications and using an extinction 
coefficient of 155 mM−1  cm−1.

Determination of electrolyte leakage

Electrolyte leakage was measured according to the method 
of Gong et al. (1998) with minor modifications. Fresh tissue 
(200 mg) was cut into pieces 1 cm in length and placed in 
containers with 8 mL of distilled deionised water. The con-
tainers were incubated in a water bath at 40 °C for 30 min, 
and initial electrical conductivity of the medium  (EC1) was 
measured. Then, the samples were boiled at 95 °C for 20 min 
to release the electrolytes. After cooling, the final electrical 
conductivity  (EC2) was measured (Gong et al. 1998). The 
percentage of electrolyte leakage was calculated using the 
formula EL (%) = (EC1/EC2) × 100.

Determination of photosynthetic pigments

The chlorophyll and carotenoid determinations were per-
formed with 40 mg of leaf tissue. The samples were homog-
enized in the dark with 8 mL of 90% methanol (Nuclear). 
The homogenate was centrifuged at 6000×g for 10 min at 
5 °C. The supernatant was removed, and chlorophyll a (Chl 
a) and b (Chl b), carotenoid (Car) and total chlorophyll 
(Total Chl) contents were quantified using a spectropho-
tometer (model UV-M51; Bel Photonics, Italy), according 
to the methodology of Lichtenthaler and Buschmann (2001).

Measurements of morphological parameters

The growths of roots, stems and leaves were measured based 
on constant dry mass (g) after drying in a forced-air ventila-
tion oven at 65 °C.

Determining of Fe and nutrients

Milled samples of 100 mg were weighed in 50-mL conical 
tubes  (FalconR, Corning, Mexico) and pre-digested (48 h) 
with 2 mL of sub-boiled  HNO3 (DST 1000, Savillex, USA). 
Afterward, 8 mL of a solution containing 4 mL of  H2O2 
(30% v/v, Synth, Brazil) and 4 mL of ultra-pure water (Milli-
Q System, Millipore, USA) were added, and the mixture was 
transferred to a Teflon digestion vessel, closed and heated in 
a block digester (EasyDigest®, Analab, France) according 
to the following program: (1) 100 °C for 30 min; (2) 150 °C 
for 30 min; (3) 130 °C for 10 min; (4) 100 °C for 30 min 
and; and (5) left to cool. The volume was made to 50 mL 



1685Trees (2018) 32:1681–1694 

1 3

with ultra-pure water, and iridium was used as an internal 
standard at 10 µg  L−1. The determination of nutrients K, 
Ca, Mg, P, Fe, Mn, Cu, Mo and Zn was carried out using 
an inductively coupled plasma mass spectrometer (ICP-MS 
7900, Agilent, USA). Certified reference materials (NIST 
1570a and NIST 1577c) were run in each batch for quality 
control purposes. All found values were in agreement with 
certified values.

Data analysis

The data were subjected to an analysis of variance, and sig-
nificant differences between the means were determined 
using the Scott–Knott test at a probability level of 5% (Steel 
et al. 2006). Standard deviations were calculated for each 
treatment. The statistical analyses were performed with 
Assistat software.

Results

Fe deficiency was attenuated by the EBR

The application of EBR in E. urophylla plants exposed to Fe 
deficiency significantly increased the Fe content in tissues 
(Table 1). In the treatment with 100 nM of EBR, increases 
were on the order of 12% (root), 27% (stem) and 21% (leaf), 
when compared to the Fe deficiency + 0 EBR treatment 
(Table 1).

EBR contribution on nutrients contents

Fe deficiency caused significant reductions in the contents 
of macronutrients (K, Ca, Mg and P) and micronutrients 
(Mn, Cu, Mo and Zn) in tissues (Table 2). However, the Fe 
deficiency + 100 nM EBR treatment increased the values of 
K, Ca, Mg and P in the root (8, 21, 9 and 103%, respec-
tively), in the stem (5, 16, 36 and 12%, respectively), and in 
the leaf (12, 17, 46 and 23%, respectively) when compared 
to values obtained in E. urophylla plants submitted to Fe 

deficiency + 0 nM EBR. The Fe deficiency + 100 nM EBR 
treatment also promoted increases in the contents of Mn, Cu, 
Mo and Zn in the root (21, 26, 27 and 25%, respectively), in 
the stem (28, 11, 100 and 7%, respectively), and in the leaf 
(16, 28, 25 and 30%, respectively) compared with the Fe 
deficiency + 0 nM EBR treatment.

EBR mitigated disorders provoked by Fe deficiency 
on chlorophyll fluorescence

Fe deficiency had negative effects on F0, Fm, Fv and Fv/Fm 
values. With the application of 100 nM EBR, there was a 
reduction in F0 (14%) (Fig. 1) and significant increases in 
Fm (48%), Fv (78%) and Fv/Fm (20%) when compared to 
plants exposed to Fe deficiency without EBR. Plants under 
Fe deficiency had significant decreases in ΦPSII, qP and ETR, 
while the concentration of 100 nM EBR induced expres-
sive increases of 39, 91 and 38%, respectively, in relation 
to the Fe deficiency + 0 nM EBR treatment (Table 3). The 
NPQ, EXC and ETR/PN of plants exposed to Fe deficiency 
showed increases, but when receiving the spray with 100 nM 
of EBR, there were significant reductions of 19, 14 and 16%, 
respectively.

Repercussion of Fe deficiency and EBR on gas 
exchange

Fe deficiency promoted negative repercussions on gas 
exchange. However, the combined effects of the Fe defi-
ciency + 100  nM EBR treatment induced significant 
increases in PN, E, gs, WUE and PN/Ci of 63, 11, 50, 48 
and 74% respectively, and a decrease of 5% for Ci in the Fe 
deficiency + 0 nM EBR treatment (Table 4).

Benefits on photosynthetic pigments promoted 
by the EBR action

Under Fe deficiency, the concentration of 100 nM EBR 
promoted the maximization of photosynthetic pigments, 
increasing the levels of Chl a (17%), Chl b (20%), Total Chl 

Table 1  Fe contents in 
Eucalyptus urophylla plants 
sprayed with EBR and exposed 
to Fe deficiency

Fe Iron. Columns with different uppercase letters between EBR levels (0, 50 and 100 nM EBR under equal 
Fe concentration) and lowercase letters between Fe levels (control and Fe deficiency under equal EBR con-
centration) indicate significant differences from the Scott–Knott test (p < 0.05). Means ± SD, n = 5

Treatment EBR (nM) Fe in root (µg g  DM−1) Fe in stem (µg g  DM−1) Fe in leaf (µg g  DM−1)

Control 0 3743 ± 99Aa 34.7 ± 0.8Ba 54.0 ± 1.8Aa
Control 50 3786 ± 84Aa 35.5 ± 0.7Ba 55.1 ± 1.5Aa
Control 100 3807 ± 98Aa 37.5 ± 0.6Aa 55.2 ± 1.2Aa
Fe deficiency 0 1830 ± 44Bb 19.0 ± 0.6Cb 34.9 ± 1.1Cb
Fe deficiency 50 2041 ± 86Ab 21.2 ± 0.5Bb 38.0 ± 0.7Bb
Fe deficiency 100 2051 ± 57Ab 24.2 ± 0.8Ab 42.3 ± 1.7Ab
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(17%) and Car (45%) compared to treatment with Fe defi-
ciency without EBR (0 nM). In addition, there were reduc-
tions in the Chl a/Chl b ratio and Total Chl/Car ratio of 2 
and 15%, respectively (Table 5).

Effects of EBR on oxidant compounds and cell 
damages

The oxidant compounds  (O2
− and  H2O2) and indicators of 

cell damages (MDA and EL) in plants with Fe deficiency 
suffered increases in their concentrations. However, the 
application of 100 nM EBR occurred with reductions in lev-
els of  O2

− (35%),  H2O2 (28%), MDA (28%) and EL (17%), 
when compared to the Fe deficiency + 0 nM of EBR treat-
ment (Fig. 2).

Growth of E. urophylla plants treated with EBR

Plants under Fe deficiency presented slight improvement 
(p ≥ 0.05) on morphological variables when receiving EBR 
application, showing increases for LDM, RDM, SDM and 
TDM (1, 5, 2 and 2%, respectively) at a concentration of 
100 nM of EBR, compared to the Fe deficiency + 0 nM of 
EBR treatment (Fig. 3).

Discussion

The Fe content reduction described in E. urophylla plants 
corroborates the deficiency of this nutrient, but the appli-
cation of 100 nM EBR induced a significant increase in 

Table 2  Nutrient contents in Eucalyptus urophylla plants sprayed with EBR and exposed to Fe deficiency

Columns with different uppercase letters between EBR levels (0, 50 and 100  nM EBR under equal Fe concentration) and lowercase let-
ters between Fe levels (control and Fe deficiency under equal EBR concentration) indicate significant differences from the Scott–Knott test 
(p < 0.05). Means ± SD, n = 5
K Potassium, Ca calcium, Mg magnesium, P phosphorus, Mn manganese, Cu copper, Mo molybdenum, Zn zinc

Treat-
ment

EBR 
(nM)

K (mg g 
 DM−1)

Ca (mg g 
 DM−1)

Mg (mg g 
 DM−1)

P (mg g 
 DM−1)

Mn (µg g 
 DM−1)

Cu (µg g 
 DM−1)

Mo (µg g 
 DM−1)

Zn (µg g 
 DM−1)

Contents in root
 Control 0 23.8 ± 0.1Aa 20.3 ± 0.7Aa 5.4 ± 0.4Aa 19.0 ± 1.4Aa 51.3 ± 3.1Aa 18.6 ± 0.3Ba 70.4 ± 2.5Aa 44.8 ± 0.8Ba
 Control 50 24.0 ± 1.4Aa 20.6 ± 0.9Aa 5.5 ± 0.3Aa 19.1 ± 0.8Aa 52.6 ± 1.0Aa 19.2 ± 0.4Ba 71.7 ± 2.8Aa 45.5 ± 0.7Ba
 Control 100 24.2 ± 1.7Aa 20.8 ± 0.9Aa 5.5 ± 0.4Aa 19.5 ± 0.9Aa 53.7 ± 2.3Aa 20.5 ± 0.5Aa 72.6 ± 2.1Aa 47.6 ± 0.9Aa
 Fe defi-

ciency
0 20.9 ± 1.7Ab 11.8 ± 0.4Bb 3.3 ± 0.2Ab 9.2 ± 0.5Cb 38.5 ± 0.5Bb 13.6 ± 0.5Cb 50.6 ± 1.4Cb 30.7 ± 0.7Cb

 Fe defi-
ciency

50 22.4 ± 1.0Aa 13.6 ± 0.8Ab 3.5 ± 0.2Ab 11.7 ± 0.7Bb 46.1 ± 1.2Ab 15.2 ± 0.7Bb 57.9 ± 1.1Bb 36.8 ± 0.7Bb

 Fe defi-
ciency

100 22.5 ± 1.0Aa 14.3 ± 0.6Ab 3.6 ± 0.2Ab 18.7 ± 0.8Aa 46.6 ± 1.3Ab 17.2 ± 0.5Ab 64.4 ± 1.5Ab 38.4 ± 0.5Ab

Contents in stem
 Control 0 17.1 ± 0.8Aa 8.8 ± 0.4Aa 1.6 ± 0.1Aa 4.8 ± 0.3Aa 68.1 ± 1.0Aa 5.8 ± 0.1Ba 2.0 ± 0.1Ba 11.8 ± 0.3Aa
 Control 50 17.2 ± 0.6Aa 8.8 ± 0.3Aa 1.6 ± 0.1Aa 5.0 ± 0.1Aa 68.8 ± 1.8Aa 6.1 ± 0.1Aa 2.4 ± 0.1Aa 11.9 ± 0.5Aa
 Control 100 17.3 ± 0.5Aa 9.0 ± 0.3Aa 1.8 ± 0.1Aa 5.0 ± 0.1Aa 69.9 ± 3.6Aa 6.2 ± 0.1Aa 2.4 ± 0.1Aa 12.3 ± 0.3Aa
 Fe defi-

ciency
0 14.9 ± 0.8Ab 6.7 ± 0.3Bb 1.1 ± 0.1Bb 4.2 ± 0.2Bb 44.3 ± 0.6Bb 4.7 ± 0.1Bb 0.6 ± 0.1Cb 8.6 ± 0.3Bb

 Fe defi-
ciency

50 15.5 ± 0.7Ab 7.6 ± 0.3Ab 1.2 ± 0.1Bb 4.4 ± 0.1Bb 54.5 ± 0.9Ab 4.8 ± 0.1Bb 0.9 ± 0.1Bb 9.1 ± 0.1Ab

 Fe defi-
ciency

100 15.7 ± 0.6Ab 7.8 ± 0.2Ab 1.5 ± 0.1Ab 4.7 ± 0.1Ab 56.5 ± 1.2Ab 5.2 ± 0.2Ab 1.2 ± 0.1Ab 9.2 ± 0.1Ab

Contents in leaf
 Control 0 15.3 ± 0.4Aa 7.3 ± 0.5Aa 1.9 ± 0.1Ba 3.2 ± 0.2Aa 283.7 ± 7.2Ba 5.9 ± 0.1Aa 5.3 ± 0.1Ca 17.9 ± 0.6Aa
 Control 50 15.7 ± 0.5Aa 7.5 ± 0.4Aa 1.9 ± 0.1Ba 3.3 ± 0.1Aa 293.4 ± 6.8Ba 6.0 ± 0.3Aa 5.6 ± 0.1Ba 17.9 ± 0.6Aa
 Control 100 15.9 ± 0.5Aa 7.6 ± 0.1Aa 2.2 ± 0.1Aa 3.4 ± 0.2Aa 307.2 ± 5.7Aa 6.1 ± 0.3Aa 5.9 ± 0.1Aa 18.3 ± 0.5Aa
 Fe defi-

ciency
0 12.9 ± 0.4Bb 5.2 ± 0.2Bb 1.3 ± 0.1Cb 2.6 ± 0.1Bb 236.3 ± 6.1Bb 3.6 ± 0.1Bb 3.2 ± 0.1Cb 9.3 ± 0.3Cb

 Fe defi-
ciency

50 14.3 ± 0.5Ab 5.7 ± 0.1Ab 1.6 ± 0.1Bb 3.0 ± 0.1Ab 270.2 ± 10.Ab 4.3 ± 0.1Ab 3.6 ± 0.1Bb 10.7 ± 0.3Bb

 Fe defi-
ciency

100 14.4 ± 0.6Ab 6.1 ± 0.4Ab 1.9 ± 0.1Ab 3.2 ± 0.1Aa 273.3 ± 7.2Ab 4.6 ± 0.2Ab 4.0 ± 0.1Ab 12.1 ± 0.2Ab
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Fig. 1  Minimal fluorescence yield of the dark-adapted state (F0), 
maximal fluorescence yield of the dark-adapted state (Fm), variable 
fluorescence (Fv) and maximal quantum yield of PSII photochem-
istry (Fv/Fm) in Eucalyptus urophylla plants sprayed with EBR and 
exposed to Fe deficiency. Different uppercase letters between EBR 

levels (0, 50 and 100  nM EBR under equal Fe concentration) and 
lowercase letters between Fe levels (control and Fe deficiency under 
equal EBR concentration) indicate significant differences from the 
Scott–Knott test (p < 0.05). Means ± SD, n = 5

Table 3  Chlorophyll fluorescence in Eucalyptus urophylla plants sprayed with EBR and exposed to Fe deficiency

Columns with different uppercase letters between EBR levels (0, 50 and 100  nM EBR under equal Fe concentration) and lowercase let-
ters between Fe levels (control and Fe deficiency under equal EBR concentration) indicate significant differences from the Scott–Knott test 
(p < 0.05). Means ± SD, n = 5
ΦPSII 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/PN ratio between the electron transport rate and net photosynthetic rate

Treatment EBR (nM) ΦPSII qP NPQ ETR (µmol  m−2  s−1) EXC (µmol  m−2  s−1) ETR/PN

Control 0 0.49 ± 0.01Ba 0.79 ± 0.04Ba 0.35 ± 0.02Ab 72.7 ± 2.0Ba 0.39 ± 0.02Ab 7.6 ± 0.2Ab
Control 50 0.50 ± 0.01Ba 0.83 ± 0.03Ba 0.35 ± 0.01Ab 73.7 ± 1.1Ba 0.38 ± 0.02Ab 6.9 ± 0.5Bb
Control 100 0.54 ± 0.01Aa 0.88 ± 0.01Aa 0.34 ± 0.01Ab 79.8 ± 2.1Aa 0.35 ± 0.02Ab 6.8 ± 0.3Ba
Fe deficiency 0 0.33 ± 0.02Bb 0.33 ± 0.02Bb 0.72 ± 0.04Aa 48.9 ± 2.7Bb 0.51 ± 0.03Aa 8.5 ± 0.4Aa
Fe deficiency 50 0.43 ± 0.03Ab 0.58 ± 0.04Ab 0.61 ± 0.03Ba 63.5 ± 2.5Ab 0.45 ± 0.02Ba 7.8 ± 0.2Ba
Fe deficiency 100 0.46 ± 0.02Ab 0.63 ± 0.04Ab 0.58 ± 0.02Ba 67.4 ± 2.2Ab 0.44 ± 0.02Ba 7.1 ± 0.3Ca
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Fe concentration, indicating that this steroid improved the 
absorption, transport and accumulation of Fe in the evalu-
ated tissues. EBR induces Fe uptake, increasing the activity 
of the  H+-ATPase enzyme in roots (Song et al. 2016), which 
under normal conditions are responsible for increasing Fe 
content and transport of protons out of the cell through 
the membrane (Santi et al. 2005; Gévaudant et al. 2007). 
Additionally, Wang et al. (2015) confirmed that in Arachis 
hypogaea L. plants, EBR plays the role of a signalization 
molecule in response to Fe deficiency, regulating long-dis-
tance transport and Fe translocation from roots to shoots. 
Kong et al. (2015) verified that Fe deficiency reduced Fe 
content in root and stem by 39 and 17%, respectively.

Plants sprayed with EBR under Fe deficiency had 
increases in macronutrient (K, Ca, Mg and P) and micro-
nutrient contents (Mn, Cu, Mo and Zn). These results con-
firm that EBR mitigates the effects of Fe deficiency, opti-
mizing the processes of ion absorption and assimilation, 
which implies a maintenance of nutritional balance (Talaat 
and Shawky 2013). Additionally, Wang et al. (2012) veri-
fied that Fe deficiency induces a decrease in pH of the 

growth medium, provoking low solubility of nutrients and 
negatively interfering with absorption of other elements. 
Talaat and Abdallah (2010) showed that EBR promoted 
significant increases in N (19%), P (11%), K (24%), Zn 
(13%), Mn (10%) and Cu (7%) when evaluating the Sakha 
1 cultivar of Vicia faba L.

The application of EBR (100 nM) mitigated the nega-
tive effects of Fe deficiency under F0, Fm, Fv and Fv/Fm in 
E. urophylla plants. These results demonstrate that EBR 
promotes a reduction of the intensity of photoinhibition 
in the plants, avoiding damages to reaction centre II and 
increasing the excitation energy transfer capacity of the 
antenna to PSII, resulting in the improvement of photo-
synthetic machinery performance (Baker and Rosenqvist 
2004; Hayat et al. 2010). Fv/Fm is frequently used to indi-
cate photoinhibition or stress conditions in PSII (Cal-
atayud and Barreno 2004). The physiological variables 
F0, Fm and Fv/Fm in Capsicum annum L. plants showed 
increases after application of EBR (0.5 mg  L−1) in the 
research conducted by Houimli et al. (2008).

Table 4  Gas exchange in Eucalyptus urophylla plants sprayed with EBR and exposed to Fe deficiency

PN Net photosynthetic rate, E transpiration rate, gs stomatal conductance, Ci intercellular  CO2 concentration, WUE water-use efficiency, PN/Ci 
carboxylation instantaneous efficiency
Columns with different uppercase letters between EBR levels (0, 50 and 100  nM EBR under equal Fe concentration) and lowercase letters 
between Fe levels (control and Fe deficiency under equal EBR concentration) indicate significant differences from the Scott–Knott test (p < 0.05)
Means ± SD, n = 5

Treatment EBR (nM) PN (µmol  m−2  s−1) E (mmol  m−2  s−1) gs (mol  m−2  s−1) Ci (µmol  mol−1) WUE (µmol 
 mmol−1)

PN/Ci (µmol  m−2 
 s−1  Pa−1)

Control 0 9.5 ± 0.2Ca 1.85 ± 0.06Ba 0.11 ± 0.01Ba 221 ± 7Ab 5.1 ± 0.1Ba 0.043 ± 0.001Ca
Control 50 10.7 ± 0.3Ba 2.04 ± 0.08Aa 0.14 ± 0.01Aa 214 ± 9Ab 5.2 ± 0.2Ba 0.050 ± 0.002Ba
Control 100 11.7 ± 0.5Aa 2.06 ± 0.08Aa 0.15 ± 0.01Aa 214 ± 5Ab 5.7 ± 0.2Aa 0.055 ± 0.002Aa
Fe deficiency 0 5.7 ± 0.4Cb 1.71 ± 0.05Bb 0.08 ± 0.01Bb 248 ± 5Aa 3.3 ± 0.2Cb 0.023 ± 0.001Cb
Fe deficiency 50 8.1 ± 0.7Bb 1.86 ± 0.04Ab 0.11 ± 0.01Ab 235 ± 6Ba 4.3 ± 0.3Bb 0.034 ± 0.002Bb
Fe deficiency 100 9.3 ± 0.3Ab 1.90 ± 0.06Ab 0.12 ± 0.01Ab 235 ± 4Ba 4.9 ± 0.1Ab 0.040 ± 0.002Ab

Table 5  Photosynthetic pigments in Eucalyptus urophylla plants sprayed with EBR and exposed to Fe deficiency

Chl a Chlorophyll a, Chl b chlorophyll b, Total chl total chlorophyll, Car carotenoids
Columns with different uppercase letters between EBR levels (0, 50 and 100  nM EBR under equal Fe concentration) and lowercase letters 
between Fe levels (control and Fe deficiency under equal EBR concentration) indicate significant differences from the Scott–Knott test (p < 0.05)
Means ± SD, n = 5

Treatment EBR (nM) Chl a (mg  g−1 
FM)

Chl b (mg  g−1 
FM)

Total Chl (mg  g−1 
FM)

Car (mg  g−1 FM) Ratio Chl a/Chl b Ratio Total Chl/
Car

Control 0 10.9 ± 0.4Aa 2.3 ± 0.1Ba 13.3 ± 0.5Aa 0.35 ± 0.02Ba 4.4 ± 0.3Aa 37.9 ± 1.3Aa
Control 50 11.3 ± 0.6Aa 2.6 ± 0.1Aa 13.9 ± 0.5Aa 0.39 ± 0.01Aa 4.3 ± 0.2Aa 36.9 ± 1.8Aa
Control 100 11.6 ± 0.8Aa 2.7 ± 0.1Aa 14.3 ± 0.7Aa 0.40 ± 0.01Aa 4.3 ± 0.3Aa 36.9 ± 1.4Aa
Fe deficiency 0 7.1 ± 0.2Bb 1.5 ± 0.1Ba 8.6 ± 0.3Bb 0.22 ± 0.01Cb 4.6 ± 0.2Aa 38.5 ± 1.1Aa
Fe deficiency 50 8.1 ± 0.4Ab 1.8 ± 0.1Ab 9.9 ± 0.5Ab 0.28 ± 0.01Bb 4.5 ± 0.2Aa 35.6 ± 1.3Ba
Fe deficiency 100 8.3 ± 0.5Ab 1.8 ± 0.1Ab 10.1 ± 0.6Ab 0.32 ± 0.02Ab 4.5 ± 0.2Aa 32.6 ± 1.1Cb
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EBR increased the values of ΦPSII, qP and ETR in plants 
under Fe deficiency due to positive effects of F0 and Fm. 
This result indicates a greater dissipation of fluorescence 
by processes related to electron transport in the chloroplasts 
and consequent generation of ATP and NADPH, reflected 
in a higher PN (Kumari et al. 2017). ETR was positively 
influenced by EBR because this steroid increased the activ-
ity of the Cyt-b6/f complex and Fd. Cyt-b6/f and Fd are plant 
proteins with vital functions in photosynthesis, both using 
Fe as a structural element (Buonasera et al. 2011). Cyt-b6/f 
is responsible for the transference of electrons from PSII 
to PSI, generating an electrochemical gradient of protons 
in the membrane used during ATP synthesis (Kurisu et al. 
2002). In addition, Fd is a protein composed of Fe and S 
(Fe–S protein) (Balk and Lobréaux 2005) and is responsible 

for donating electrons to the processes of photosynthesis 
and reduction of  NADP+ to NADPH (Fromme et al. 2003; 
Ceccarelli et al. 2004; Merchant and Helmann 2012). Yuan 
et al. (2012) detected increases in ΦPSII and qP, promoted 
by EBR (0.1 µM), in Cucumis sativus L. plants, while Xia 
et al. (2009) verified increases to ΦPSII and qP of 16 and 
18%, respectively, in Cucumis sativus plants treated with 
0.1 µM EBR.

EBR promoted reductions in NPQ, EXC and ETR/PN in 
plants exposed to Fe deficiency. Reductions indicate that 
EBR stimulated a plant protection mechanism against over-
excitation, decreasing the intensity of excitation energy 
dissipation in the PSII antenna in the form of heat, and 
consequently avoiding photoinhibition in the leaves of E. 
urophylla (Stepien and Johnson 2009). A decrease in EXC is 

Fig. 2  Superoxide  (O2
−), hydrogen peroxide  (H2O2), malondialde-

hyde (MDA) and electrolyte leakage (EL) in Eucalyptus urophylla 
plants sprayed with EBR and exposed to Fe deficiency. Different 
uppercase letters between EBR levels (0, 50 and 100 nM EBR under 

equal Fe concentration) and lowercase letters between Fe levels (con-
trol and Fe deficiency under equal EBR concentration) indicate sig-
nificant differences from the Scott–Knott test (p < 0.05). Means ± SD, 
n = 5



1690 Trees (2018) 32:1681–1694

1 3

a result of the decrease in NPQ, showing that EBR reduced 
the photochemical damages on PSII (Silva et al. 2012). 
Decreases in ETR/PN suggest that EBR minimized the alter-
native drains of electrons, and as a consequence, minimized 
the Mehler reactions and photorespiration process, which 
induced a better use of electrons in the photochemical activ-
ity (Jesus et al. 2017).

In this study, EBR mitigated Fe deficiency in E. uro-
phylla, minimizing negative effects under gas exchange. 
EBR positively modulated PN, E and Ci due to better perfor-
mance in gs (Yu et al. 2004). In addition, EBR also improved 
the carboxylation rate of RuBisCO (Hasan et al. 2011), and 
consequently promoted a better efficiency of  CO2 fixation 
in the Calvin–Benson cycle in chloroplasts, decreasing the 
intercellular  CO2 concentration (Ci) (Yu et al. 2004). The 

increases obtained for WUE are explained by the improve-
ments promoted by EBR under PN and E, with WUE cal-
culated by the relation between variables PN and E (Barros 
Junior et al. 2017). Increases of 28, 28, 18 and 63% for PN, 
E and Ci and gs, respectively, were verified by Yusuf et al. 
(2014) on cultivar T-44 of Vigna radiata (L.) R. Wilczek 
after receiving an application of  10−6 M of 28-homobrassi-
nolide. Farooq et al. (2009) reported an increase of 3% in 
WUE and a decrease of 19% to PN/Ci in Oryza sativa L. 
plants treated with EBR (0.01 µM) via leaf.

EBR caused reductions in  O2
−,  H2O2, MDA and EL lev-

els of plants exposed to Fe deficiency. These reductions 
confirm that EBR acts as a secondary messenger, signal-
ling to increase the activity of antioxidant enzymes (SOD, 
CAT, APX and POX). These enzymes are responsible for 

Fig. 3  Leaf dry matter (LDM), root dry matter (RDM), stem dry mat-
ter (SDM) and total dry matter (TDM) in Eucalyptus urophylla plants 
sprayed with EBR and exposed to Fe deficiency. Different uppercase 
letters between EBR levels (0, 50 and 100 nM EBR under equal Fe 

concentration) and lowercase letters between Fe levels (control and 
Fe deficiency under equal EBR concentration) indicate significant dif-
ferences from the Scott–Knott test (p < 0.05). Means ± SD, n = 5
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cellular detoxification, controlling the production of reac-
tive oxygen species (ROS) such as  O2

− and  H2O2 (Arora 
et al. 2008; El-Beltagi and Mohamed 2013) that may be 
caused by Fe deficiency (Verma and Pandey 2016). Low 
ROS production also implies on reduction of MDA and 
EL because EBR also positively influences membrane 
properties linked to permeability, integrity and stabil-
ity (Sharma and Bhardwaj 2007; Shahbaz et al. 2008). 
Song et al. (2016) found a decrease in  O2

−,  H2O2 and 
MDA contents in the leaf promoted by EBR (5 × 10−7 M) 
on the order of 20, 18 and 27%, respectively, in Ara-
chis hypogaea L. plants under Fe deficiency  (10−5 M 
EDTA-Fe).

The foliar application of 100 nM EBR in E. urophylla 
plants exposed to Fe deficiency resulted in increases in 
Chl a, Chl b, Total Chl and Car levels, evidence that EBR 
mitigated the oxidative damages caused to chloroplast 
membranes (MDA and EL) and decreased the accumula-
tions of  O2

− and  H2O2 (Lima and Lobato 2017). Higher 
rates of photosynthetic pigments are also a result of the 
maintenance of Fe content in tissues promoted by EBR 
because Fe plays an important role in the formation of 
δ-aminolevulinic acid, a precursor of chlorophyll bio-
synthesis, an essential component for maintenance of the 
structure and function of chloroplasts (Rout and Sahoo 
2015). Li et al. (2012) showed increases in Chl a and 
Total Chl levels in Chorispora bungeana Fisch. & C.A. 
Mey plants after exogenous application of EBR. With 
respect to Chl b and Car, Honnerová et al. (2010) found 
increases of 13 and 3%, respectively, in Zea mays L. 
plants treated with  10−14 M of EBR.

After EBR application, Chl a/Chl b and Chl a/Car 
ratios presented lower values due to higher Chl b and Car 
as compared to Chl a. Houimli et al. (2010) showed that 
EBR (0.5 mg  L−1) application promoted a reduction in the 
Chl a/Chl b ratio of Capsicum annum plants.

After EBR application, plants exposed to Fe deficiency 
had increases linked to growth (LDM, RDM, SDM and 
TDM). These increases are explained by the EBR stimu-
lating the processes of cell division and elongation, com-
bined with adequate nutrient contents and higher photo-
synthetic rates (Shahbaz and Ashraf 2007), which results 
in the accumulation of dry matter (Bhardwaj et al. 2007). 
Swamy and Rao (2006) studied Pelargonium graveolens 
L’Hér. plants treated with 100 µM EBR and detected 
increases of 84 and 40% in LDM and RDM, respectively. 
Sharma et al. (2008) evaluated Triticum aestivum L. at 
harvest stage and obtained an increase to TDM of 11% 
after application of EBR (0.5  ppm). For shoot tissue 
(leaf + stem), Ogweno et al. (2008) reported an increase 
of approximately 16% for Lycopersicon esculentum L. 
exposed to the application of 0.1 mg  L−1 EBR.

Conclusions

Our results clearly revealed that EBR attenuated the nega-
tive effects caused by Fe deficiency on nutritional status 
and in the physiological and biochemical behaviours of E. 
urophylla plants, increasing the contents of macronutrients 
and micronutrients, including Fe. EBR also improved the 
photochemical efficiency of PSII, gas exchange and pho-
tosynthetic pigments, inducing minor accumulations of 
oxidative compounds. Additionally, E. urophylla plants 
submitted to 100 nM of EBR had better nutritional, bio-
chemical, physiological and morphological results.
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