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RESUMO

A producdo global da soja atingiu na safra 2017/2018, a segunda maior producdo ja
registrada gracas as colheitas nos Estados Unidos e no Brasil. Entre os fatores que tém
contribuido para alavancar a producdo e produtividade desta commodity, além das
condicdes favoraveis do solo, a disponibilidade dos nutrientes, em especial dos
micronutrientes, tem sido um fator determinante a ser considerado. Micronutrientes
essenciais como zinco (Zn) e ferro (Fe) desempenham um papel crucial na producao da
soja, pois estdo envolvidos durante todo o ciclo de desenvolvimento da cultura.
Contudo, suprimentos inadequados de Zn e Fe tém se tornado fatores de estresse para
cultura devido a deficiéncia ou excesso destes elementos na planta. Nos ultimos anos,
estratégias e tecnologias tém sido desenvolvidas para o tratamento de plantas
estressadas por fatores abi6ticos, entre eles, a aplicacdo de esteroides vegetais tem sido
discutida como um método eficaz e menos danoso. Dos esterdides vegetais, uma
consideravel atencdo tem sido dada aos Brassinosteroides (BRs). Neste contexto,
objetivou-se avaliar os efeitos de Zn e Fe na cultura da soja exposta a suprimentos
baixo/alto destes elementos no solo, assim como investigar o comportamento fisioldgico
e bioquimico do BRs em plantas de soja submetidas a deficiéncia e ao excesso de Zn e
Fe e identificar quais os possiveis beneficios provocados pelo esteroide. Para isso,
foram realizados dois experimentos em casa de vegetacdo. O experimento | seguiu um
planejamento fatorial completamente casualizado com duas concentracdes de 24-
epibrassinolideo (0 e 100 nM EBR) e trés suprimentos de Zn (0,2, 20 ¢ 2000 uM Zn). O
experimento Il foi realizado em um delineamento inteiramente casualizado com quatro
tratamentos (0 nM EBR + 250 uM Fe, 0 nM EBR + 2,5 uM Fe, 100 nM EBR + 250 uM
Fe ¢ 100 nM EBR + 2,5 uM Fe). Em geral, suprimentos baixos de Zn e Fe e altos de Zn
produziram efeitos deletérios. Contudo, os resultados revelaram que o BRs exdgeno
(100 nM EBR) minimizou os danos causados pela deficiéncia de Zn e Fe e pelos niveis
toxicos de Zn em plantas de soja. No experimento |, o EBR aliviou o impacto produzido
pelo estresse do zinco no sistema radicular agindo positivamente sobre epiderme,
endoderme, cortex, cilindro vascular e metaxilema, melhorando intrisecamente o status
nutricional nas plantas. EBR promoveu melhoras no maquinario fotossintético de
plantas expostas ao estresse de zinco, estimulando a atividade das enzimas antioxidantes
que desempenham papé€is cruciais na protecdo das membranas do cloroplastos, com
repercussdes positivas sobre as clorofilas, rendimento quéantico efetivo da fotoquimica
do PSII e taxa de transporte de elétrons. No experimento I, 0 EBR maximizou o teor de
Fe na folha, caule e raiz, bem como melhorou o teor de nutrientes e a homeostase do
metal, conforme confirmado pela deteccdo aumentada de Fe*’Mg®*, Fe*'/Mn®* e
Fe?*/Cu?* em plantas com deficiéncia de Fe. O esterdide também promoveu melhorias
nos pigmentos cloroplasticos e aumentou a eficiéncia fotoquimica, regulando
positivamente o transporte de elétrons e reduzindo os impactos negativos associados a
fotoinibicao do PSII.

Palavras chave: Glycine max, Brassinosteroides, Micronutrientes, Anatomia da raiz,
Clorofila
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ABSTRACT

Global soy production reached the 2017/2018 crop, the second highest production ever
recorded thanks to harvests in the United States and Brazil. Among the factors that have
contributed to leverage the production and productivity of this commodity, in addition
to favorable soil conditions, the availability of nutrients, especially micronutrients, has
been a determining factor to be considered. Essential micr-onutrients such as zinc (Zn)
and iron (Fe) play a crucial role in soybean production, as they are involved throughout
the crop's development cycle. However, inadequate supplies of Zn and Fe have become
stress factors for culture due to the deficiency or excess of these elements in the plant.
In recent years, strategies and technologies have been developed for the treatment of
plants stressed by abiotic factors, among them, the application of plant steroids has been
discussed as an effective and less harmful method. From plant steroids, considerable
attention has been paid to brassinosteroids (BRs). In this context, the objective was to
evaluate the effects of Zn and Fe in the soybean culture exposed to low/high supplies of
these elements in the soil, as well as to investigate the physiological and biochemical
behavior of BRs in soybean plants submitted to Zn deficiency and excess and Fe and
identify the possible benefits caused by the steroid. For this, two experiments were
carried out in a greenhouse. Experiment | followed a completely randomized factorial
design with two concentrations of 24-epibrassinolide (0 and 100 nM EBR) and three
supplies of Zn (0.2, 20 and 2000 uM Zn). Experiment 11 was carried out in a completely
randomized design with four treatments (0 nM EBR + 250 uM Fe, 0 nM EBR + 2.5 uM
Fe, 100 nM EBR + 250 uM Fe and 100 nM EBR + 2.5 uM Fe). In general, low supplies
of Zn and Fe and high supplies of Zn produced deleterious effects. However, the results
revealed that exogenous BRs (100 nM EBR) minimized the damage caused by Zn and
Fe deficiency and by toxic Zn levels in soybean plants. In experiment I, EBR alleviated
the impact produced by zinc stress on the root system by acting positively on the
epidermis, endoderm, cortex, vascular cylinder and metaxylem, intrinsically improving
the nutritional status in plants. EBR promoted improvements in the photosynthetic
machinery of plants exposed to zinc stress, stimulating the activity of antioxidant
enzymes that play crucial roles in the protection of chloroplast membranes, with
positive repercussions on chlorophylls, effective quantum yield of PSII photochemistry
and transport rate of PSII electrons. In experiment Il, EBR maximized the Fe content in
the leaf, stem and root, as well as improved the nutrient content and the metal
homeostasis, as confirmed by the increased detection of Fe?*/Mg®*, Fe*/Mn*" and
Fe?*/Cu® in plants with Fe deficiency. The steroid also promoted improvements in
chloroplastic pigments and increased photochemical efficiency, positively regulating
electron transport and reducing the negative impacts associated with PSII
photoinhibition.

Keywords: Glycine max, Brassinosteroides, Micronutrients, Root anatomy, Chlorophyll
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CONTEXTUALIZATION

The soybean (Glycine max (L.) Merrill) is an oleaginous plant that has great
importance for human and animal feeding (HUANG et al., 2017) because it has a large
capacity to produce grains rich in proteins (XU et al., 2016 ), besides being also used as
energy source in biofuels (PEREIRA et al., 2017). According to the FAO (2018) in the
2017/2018 harvest, approximately 338 million tons were produced, and is currently the
world's most consumed and cultivated legume. In the world ranking, the main
producing countries are the United States of America and Brazil (HART, 2017).

Brazil stands out for being the world's largest soybean producer with a
production of 124.845 million tons in the 2019/2020 harvest. The planted area in this
harvest period was 36,950 million hectares, reaching an average productivity of 3,379
kg / ha (CONAB, 2020). In Para, planting began in the last half of December 2019, in
the main producing municipalities, Paragominas being the largest soybean pole in the
state, with an expected planting of 162,000 hectares in 2020 (CONAB, 2020).

Under field conditions, it is often observed that the growth and development of
this species can be affected by abiotic stresses induced by the water restriction
(KUNERT et al., 2016, WIJEWARDANA et al. 2019), salinity (SHU et al.,
2017), temperature (ALLEN Jr. et al., 2018), toxic metals (BALASARASWATHI et al.,
2017, REIS et al., 2018), mainly because of the nutritional stress caused by the
deficiency or excess of the minerals required by the soybean crop.

The nutrients play structural and metabolic functions in soybean plants and their
availability is directly related to the best performance of the species. Nutritional
disorders cause reduced productivity and are associated with symptoms characteristic of
the lack of each nutrient (CARMELLO and OLIVEIRA, 2006). Essential
micronutrients, such as zinc (Zn) and iron (Fe), are absorbed in small amounts by
plants, when compared to macronutrients, but play a crucial role in soybean production
(HANSEL and OLIVEIRA, 2016).

Zinc is a nutrient absorbed actively by roots as Zn®*" with the absorption process
being highly dependent on soil pH (SFREDO and BORKERT, 2004). Zn is important in
the activation of enzymes in plants, such as the synthesis of tryptophan, indole acetic
acid precursor enzyme (IAA), dehydrogenase and carbonic anhydrase
(MASCARENHAS et al., 2014). Symptoms of deficiency are characterized by the light
yellow-brown coloration on the leaves and the small size of the young leaves, due to the
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low mobility of this micronutrient in the phloem of the plant. Another symptom of
disability is the shortening of the internodes (rosette) (HANSEL and OLIVEIRA, 2016).
In addition, excess Zn also promotes damaging effects on crop yield (TRIPATHI et al.,
2015), because Zn toxicity negatively affects CO, assimilation and stomatal mechanism
(AZZARELLO et al., 2012), reducing the rate of the transpiration and content of water
in the leaf (SAGARDOY et al., 2009), resulting in low biomass content (MARQUES et
al., 2017).

Iron (Fe), an essential nutrient for plants, is necessary for physiological
processes in plants (KIM, GUERINOT, 2007). The main function of Fe in plants is to
be an enzymatic component, where most participate in oxidation processes
(KOBAYASHI; NISHIZAWA, 2012). The enzymes that act in the transfer of electrons
use the Fe as cofactor of choice, being these enzymes involved in a variety of reversible
redox reactions (FOURCROY et al., 2014), participates in the route of chlorophyll
synthesis (ABADIA et al., 2011), in the photosynthesis (LIU et al., 2017), DNA
synthesis, respiration (BRIAT et al., 2015), biosynthesis of phytohormones (gibberellic
acid, jasmonic acid and ethylene) in the production and the elimination of reactive
oxygen species (ERO) (DIXON; STOCKWELL, 2014). In Fe deficiency, 75% of Fe is
found in chloroplasts and, consequently, in its deficiency, there is a uniform chlorosis of
young leaves, due to a decrease in the amount of chloroplast and chlorophyll content
(SFREDO and BORKERT, 2004).

In recent years, various strategies and technologies have been developed for the
treatment of plants exposed to nutritional stress, between them, the application of plant
hormones have been discussed as an effective and less harmful method. Of plant
hormones, a considerable attention has been given to Brassinosteroids (BRs) (HAYAT
etal., 2012).

Brassinosteroids (BRs) are currently considered a new group of vegetable
steroids that have significant growth-promoting properties. Your role in the plant
protection against environmental stresses has become, in recent years, the subject of
scientific research to clarify its mode of action and that has contributed to the use of this
phytohormone in agricultural production (SHARMA et al., 2011).

BRs are associated with various physiological processes of the plant. Act
directly on the cell elongation, cell expansion, differentiation of xylem, and promote the

increase in yield and biomass production, accelerate plant ripening process, stimulate
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the activity of antioxidant enzymes against oxidative damage to cells and also induce
plant tolerance to biotic and abiotic stresses (FREITAS et al., 2012; HASAN et al.,
2011; MAZORRA, 2008). Among the abiotic stresses, they are effective on increase
resistance to high and low temperatures, drought, salinity, toxic heavy metal and
nutrition imbalance (LARRE et al., 2014).

In rice, 24-epibrassinolide increases resistance at temperatures between 1-5° C
and tolerance is associated with increased ATP production, increased proline levels and
increased enzyme activity, indicating that this growth regulator is involved in stability

of membranes and osmoregulation (RAO et al., 2011).

Another fact that arouses the interest of physiologists and biochemists is related
to the potentiation of antioxidant enzymes of plants exposed to abiotic stresses
(FARIDUDDIN et al., 2012), as well as reports of attenuation of the drought-induced
damages associated with gas exchange plants of Oryza sativa (FAROOQ et al., 2011),
making brassinosteroids ecologically safe and amenable to extensive agricultural use.

Eucalyptus urophylla plants treated with 24-epibrinosinolide subjected to saline
stress had positive changes on nutritional homeostasis, antioxidant metabolism and leaf
anatomy, suggesting that this steroid mitigated the deleterious effects of saline stress,
improving the increase of photosynthetic pigments and photochemical efficiency, which
is explained by the antioxidant system, specifically through the significant increase
observed in the activity of SOD, CAT, APX and POX enzymes (OLIVEIRA et al.,
2019).

In Brassica juncea plants, the action of 24-epibrassinolide minimized stress by
Cu, in which relief was associated with an increase in the photosynthetic rate, reduction
in ROS levels by increasing the activity of antioxidant enzymes and raising the rates of
growth in mustard plants, revealing the positive action of this steroid on the Cu
phytotoxicity (YUSUF et al., 2016).

The exogenous application of 24-epibrinsinolide (EBR) attenuated the negative
effects caused by Fe deficiency on the nutritional condition and on the physiological
and biochemical behavior of Eucalyptus urophylla plants, increasing the macronutrient
and micronutrient contents, including Fe. EBR also improved the photochemical
efficiency of PSII, gas exchanges, photosynthetic pigments inducing less accumulation
of oxidative compounds (LIMA et al., 2018)
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The general hypothesis of the work is that the exogenous application of EBR is
able to attenuate the negative impacts caused by the deficiency and excess of Zn and Fe
in soybean plants. The objective of this work was to investigate the performance of
EBR in soybean plants submitted to different Zn and Fe supplements, as well as to
reveal the physiological and biochemical behavior of plants submitted to nutritional
stress, and to identify the possible benefits of Brassinosteroids. For this, the thesis was
divided into two chapters.

The hypothesis of the first article is that the EBR may be a possible solution to
mitigate the damages caused by the deficiency and excess of Zn in soybean plants. The
objective of this first chapter was to answer whether the EBR can reduce oxidative
stress in soybean plants submitted to different Zn supplements, evaluating the possible
repercussions on the anatomical, nutritional, biochemical, physiological and biomass
parameters.

The hypothesis of the second article is that the EBR can attenuate the damages
caused by the deficiency Fe in soybean plants. This second chapter aimed to answer
whether epibrassinolide (EBR) can alleviate Fe deficiency in Glycine max plants and to
evaluate the repercussions on nutritional conditions and physiological, biochemical and

anatomical behavior.
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Abstract

The aim of this research was to determine whether 24-epibrassinolide can mitigate oxidative stress in soybean plants subjected to
different zinc levels; to examine this, we evaluated the possible repercussions on anatomical, nutritional, biochemical, physio-
logical and morphological behaviours. The experiment followed a completely randomized factorial design with two concentra-
tions of 24-epibrassinolide (0 and 100 nM EBR, described as - EBR and + EBR, respectively) and three zinc supplies (0.2, 20 and
2000 uM Zn, described as low, control and a high supply of Zn). In general, low and high zinc supplies produced deleterious
effects. However, plants exposed to high zinc +100 nM EBR presented increases of 25%, 7%, 9% 29% and 69% for root
epidermis, root endodermis, root cortex, vascular cylinder and metaxylem, respectively, when compared to the same treatment
without the steroid. The steroid spray alleviated the impact produced by zinc stress on nutritional status, and these results were
intrinsically linked to incremental changes in root structure, mainly vascular cylinder and metaxylem. Antioxidant enzymes play
crucial roles in the photosynthetic machinery of plants treated with 24-epibrassinolide and stressed by high and low zinc supply,
modulating reactive oxygen species scavenging and protecting the chloroplast membranes, with clear positive repercussions on
photosystem Il efficiency and photosynthetic pigments. The stimulation induced by this steroid on gas exchange can be explained
by the favourable conditions detected in stomatal performance and leaf anatomy, thus enhancing the diffusion of carbon dioxide.

Keywords 24-epibrassinolide - Antioxidant system - Glycine max - Root anatomy - Zinc supply
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PDS Polar diameter of the stomata

Py Net photosynthetic rate

PN/G; Instantaneous carboxylation efficiency

POX Peroxidase

PPT Palisade parenchyma thickness

PSII Photosystem II

qp Photochemical quenching

RCD Root cortex diameter

RDM Root dry matter

RMD Root metaxylem diameter

RDT Root endodermis thickness

RET Root epidermis thickness

ROS Reactive oxygen species

RuBisCO Ribulose-1,5-bisphosphate carboxylase/
oxygenase

SD Stomatal density

SDM Stem dry matter

SF Stomatal functionality

SI Stomatal index

SOD Superoxide dismutase

SPT Spongy parenchyma thickness

TDM Total dry matter

Total Chl  Total Chlorophyll

VCD Vascular cylinder diameter

WUE Water-use efficiency

Dpgy Effective quantum yield of PSII photochemistry

1 Introduction

Soybean (Glycine max L.) is the most widely cultivated le-
gume around the world due to its high protein and oil content
(Singh etal. 2008; Nisa et al. 2016; Baig et al. 2018). Its world
production reached 338 million tons in the 2017/2018 harvest,
with the United States, Brazil and Argentina being the main
producers (FAO 2018). In field conditions, it has been fre-
quently observed that the growth and development of this
species can be affected by abiotic stresses induced by nutri-
tional imbalances (Wang et al. 2015; Santos et al. 2017), metal
toxicity (Balasaraswathi et al. 2017; Reis et al. 2018), water
deficiency (Kunert et al. 2016; Wijewardana et al. 2019), sa-
linity (Shu et al. 2017) and high temperatures (Allen Jr. et al.
2018).

Zinc is the second most necessary micronutrient for plants
(Jain et al. 2010), being the deficiency of this element caused
by the weathering process in tropical soils (Suhr et al. 2018).
On the other hand, the zinc toxicity in plants is mainly deter-
mined by the anthropic activity associated to deposition of
pollutants rich in heavy metals (Nagajyoti et al. 2010).
Many plants contain 3 to 100 pg Zn g ' dry matter, which is
considered sufficient to promote adequate plant growth rates,
while concentrations above 300 g Zn g are generally con-
sidered toxic (Noulas et al. 2018). The Zn content in soil is
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variable depending on its physical and chemical characteris-
tics, but concentrations higher than 100 pug g ' in soil are
unusual (Rezapour et al. 2014; Antoniadis et al. 2018).
However, plants frequently exhibit symptoms of Zn deficien-
cy in shoots with concentrations lower than 2 pg Zn g' dry
matter (Sinclair and Krdmer 2012).

Zinc is essential for plant growth (Sadeghzadeh 2013;
Hafeez et al. 2013) and plays important roles in essential pro-
cesses, such as membrane biosynthesis, photosynthetic ma-
chinery, hormonal regulation, metabolism of lipids and
nucleic acids, gene expression, and protein synthesis
(Hansch and Mendel 2009; Noulas et al. 2018; Manaf et al.
2019). Additionally, Zn is the single metal required in all six
classes of the enzymes (oxidoreductases, transferases, hydro-
lases, lyases, isomerases and ligases) essential during photo-
synthesis processes and subsequent starch accumulation
(Palmer and Guerinot 2009; Tripathi et al. 2015).

Deficiency linked to zinc frequently results in lower bio-
mass and yield (Hidoto etal. 2017), reduces chlorophyll levels
(Kosesakal and Unal 2009; Samreen et al. 2017) and minor
efficiency linked to antioxidant system, more specifically re-
lated to superoxide dismutase (SOD) enzyme (Singh et al.
2019). Chloroplast ultrastructure is affected, resulting in ab-
normalities in leaf structure leading to leaf chlorosis (Kim and
Wetzstein 2003; Fu et al. 2015). In relation to the photosyn-
thetic machinery, decreases in the photochemical efficiency
and the activities of ribulose-1,5-bisphosphate carboxylase/
oxygenase (RuBisCO) and carbonic anhydrase (CA) enzymes
have been reported (Salama et al. 2006; Tavallali et al. 2009;
Hajiboland and Amirazad 2010). However, excess levels of
Zn also promote deleterious effects on crop yield (Tripathi
etal. 2015) because Zn toxicity negatively affects CO, assim-
ilation and stomatal mechanisms (Azzarello et al. 2012), thus
decreasing the transpiration rates and water content in the leaf
(Sagardoy et al. 2009) and resulting in a lower biomass
(Marques et al. 2017).

The root is a vital organ of the plant and has specialized
tissues with important functions connected to influx of water
and nutrients (Barberon et al. 2016). The exodermis and en-
dodermis are tissues that act in regard to protection and selec-
tivity of the root, thus contributing to the symplastic immobi-
lization of excesses of Zn in the vacuoles of the root cells
(Enstone et al. 2003; Arrivault et al. 2006; Sinclair and
Krdmer 2012). The cortex is a tissue with a storage capacity
for water and nutrients in the root (Hameed et al. 2009).
However, under conditions of oxidative stress, reduction and
disintegration of cortical cells can occur (Singh et al. 2007;
Talukdar 2013), negatively impacting the respiration and nu-
trient content of the root tissue (Schneider et al. 2017). In
plants exposed to low/high availability of nutrients, the corti-
cal tissue can be replaced by the cortical aerenchyma of the
root, which allows for a higher allocation of the nutrients to
other plant functions, such as growth and reproduction (Fan
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etal. 2003; Lynch 2007; Postma and Lynch 2011; Saengwilai
etal. 2014).

The exogenous application of 24-epibrassinolide (EBR)
can be a possible solution to mitigate the damage caused by
deficiencies and excess Zn in plants because EBR is one of the
most bioactive forms of brassinosteroids (BRs); it is extracted
from plants and is biodegradable (Azhar et al. 2017). This
steroid presents a broad spectrum of systemic action on plant
metabolism (Oh et al. 2012), including CO, (Li et al. 2016b),
gas exchange (Swamy and Rao 2009), photochemical effi-
ciency (Thussagunpanit et al. 2015), antioxidant metabolism
(Xia et al. 2009) and growth rate (Abdullahi et al. 2003). In
addition, BRs activate proton pumps, stimulate the synthesis
of proteins and nucleic acids (Bajguz 2000) and modulate
cellular expansion and division (Zhiponova et al. 2013).

This study has focused on the gap in the literature in rela-
tion to EBR’s hypothetical effects in regard to Zn. Zn is the
second most common micronutrient required by plants; how-
ever, deficiencies and excesses of Zn promote deleterious ef-
fects on soybean plants. Interestingly, EBR can be a possible
solution to mitigate the damage caused by deficiencies and
excesses of Zn in plants because this steroid presents a spec-
trum of actions linked to increments in nutrient content (Lima
et al. 2018), reactive oxygen species scavenging (Oliveira
et al. 2019) and stimulation of biomass (Maia et al. 2018).
Therefore, the aim of this research was to determine whether
EBR can mitigate oxidative stress in soybean plants subjected
to different Zn supplies and to evaluate its possible repercus-
sions on anatomical, nutritional, biochemical, physiological
and morphological behaviours.

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 con-
ducted in a greenhouse with the temperature and humidity
controlled. The minimum, maximum, and median tempera-
tures were 21, 31 and 25.2 °C, respectively. The relative hu-
midity during the experimental period varied between 60%
and 80%.

2.2 Plants, Containers and Acclimation

Seeds of Glycine max (L.) Merr. var. M8644RR Monsoy™
were germinated and grown in 1.2-L pots filled with a mixed
substrate of sand and vermiculite at a ratio of 3:1. The plants
were cultivated under semi-hydroponic conditions containing
500 mL of distilled water for eight days. A modified Hoagland
and Arnon (1950) solution was used for nutrients, with the

ionic strength beginning at 50% (6th day) and later modified
to 100% after two days (8th day). After this period, the nutri-
tive solution remained at total ionic strength.

2.3 Experimental Design

The experiment followed a completely randomized factorial
design with two concentrations of 24-epibrassinolide (0 and
100 nM EBR, described as - EBR and + EBR, respectively)
and three Zn supplies (0.2, 20 and 2000 pM Zn, described as
low, control and high supply of Zn). 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.

2.4 24-Epibrassinolide (EBR) Preparation
and Application

Ten-day-old seedlings 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-d
intervals until day 35. The 0 and 100 nM EBR (Sigma-
Aldrich, USA) solutions were prepared in agreement with
Ahammed et al. (2013). Based on preliminary studies and
literature available (Lima and Lobato 2017; Maia et al.
2018; Pereira et al. 2019; Oliveira et al. 2019), the EBR is
more efficient in plants pretreated (10th day). On the other
hand, Zn was applied only on 20th day after experimental
implementation due to need of leaf area and plant tissue suf-
ficient to make all analyses involved in this research.

2.5 Plant Conduction and Zn Supplies

The plants received the following macro- and micronutrients
contained in the nutrient solution: 8.75 mM KNOs, 7.5 mM
Ca(NO3)2‘4H20, 3.25 mM NH4H2PO4, 1.5 mM MgSO47
H,0, 62.50 uM KCl, 31.25 uM H;BO;, 2.50 uM MnSOy
H,0, 0.63 uM CuSO45H,0, 0.63 uM NaMoO, 5H,0 and
250 uM NaEDTAFe-3H,0, with Zn concentrations adjusted
to each treatment. For Zn treatments, ZnCl, was used at con-
centrations of 0.2 uM (low) and 20 uM (control) and
2000 1M (high) applied over 15 days (days 20-35 after the
start of the experiment). Plants were maintained from 8th to
20th day under equal Zn concentration (20 uM Zn), consid-
ered as control treatment. One plant per pot was used to ex-
amine the plant parameters. On day 35 of the experiment, all
plants were harvested and analysed.

2.6 Measurement of Chlorophyll Fluorescence
and Gas Exchange

The chlorophyll fluorescence was measured in fully expanded

leaves under light using a modulated chlorophyll fluorometer
(model OS5p; Opti-Sciences). Preliminary tests determined
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the location of the leaf, the part of the leaf and the time re-
quired to obtain the greatest F/fm ratio; therefore, the acrop-
etal third of the leaves, which was 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 in all plants, measuring expanded leaves in
middle region of the plant under constant conditions of a
CO, concentration, using an infrared gas analyser (model
LCPro*; ADC BioScientific), photosynthetically active radia-
tion, air-flow rate and temperature in a chamber at
360 umol mol™' CO,, 800 umol photons m > s,
300 umol s ' and 28 °C, respectively, between 10:00 and
12:00 h. Previous tests using equal soybean variety and green-
house were conducted to configure the equipment and deter-
minate the work conditions. The water-use efficiency (WUE)
was estimated according to Ma et al. (2004), and the instanta-
neous carboxylation efficiency (Pn/C;) was calculated using
the formula that was described by Aragdo et al. (2012).

2.7 Quantifications Linked to Anatomical Variables

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 to examine the anatomical var-
iables. Subsequently, all collected 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 pum 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 man-
ufacturer. The anatomical parameters evaluated were polar
diameter of the stomata (PDS), equatorial diameter of the sto-
mata (EDS), epidermis thickness from adaxial leaf side
(ETAd), epidermis thickness from abaxial leaf side (ETAb),
palisade parenchyma thickness (PPT), spongy parenchyma
thickness (SPT), and the ratio PPT/SPT. In both leaf faces,
the stomatal density (SD) was calculated as the number of
stomata per unit area and the stomatal functionality (SF) as
the ratio PDS/EDS according to Castro et al. (2009). The
stomatal index (SI %) was calculated as the percentage of
stomata in relation to total epidermal cells by area. In root
samples, the root epidermis thickness (RET), root endodermis
thickness (RDT), root cortex diameter (RCD), vascular cylin-
der diameter (VCD) and root metaxylem diameter (RMD)
were measured.
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2.8 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). The extraction
mixture was prepared by homogenizing 500 mg of fresh plant
material in 5 ml of extraction buffer, which consisted of
50 mM phosphate buffer (pH 7.6), 1.0 mM ascorbate and
1.0 mM EDTA. Samples were centrifuged at 14,000xg for
4 min at 3 °C, and the supernatant was collected.
Quantification 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.

2.9 Superoxide Dismutase Assay

For the SOD assay (EC 1.15.1.1), 2.8 ml of a reaction mixture
containing 50 mM phosphate buffer (pH 7.6), 0.1 mM EDTA,
13 mM methionine (pH 7.6), 75 uM NBT, and 4 uM ribofla-
vin was mixed with 0.2 ml of supernatant. The absorbance
was then 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.

2.10 Catalase Assay

For the CAT assay (EC 1.11.1.6), 0.2 ml of supernatant and
1.8 ml of a reaction mixture containing 50 mM phosphate
buffer (pH 7.0) and 12.5 mM hydrogen peroxide were mixed,
and the absorbance was measured at 240 nm (Havir and
McHale 1987). The CAT activity was expressed in pmol

H,0, mg"" protein min"".

2.11 Ascorbate Peroxidase Assay

For the APX assay (EC 1.11.1.11), 1.8 ml of a reaction mix-
ture containing 50 mM phosphate buffer (pH 7.0), 0.5 mM
ascorbate, 0.1 mM EDTA, and 1.0 mM hydrogen peroxide
was mixed with 0.2 ml of supernatant, and the absorbance
was measured at 290 nm (Nakano and Asada 1981). The

APX activity was expressed in umol AsA mg ™" protein min .

2.12 Peroxidase Assay

For the POX assay (EC 1.11.1.7), 1.78 ml of a reaction mix-
ture containing 50 mM phosphate buffer (pH 7.0) and 0.05%
guaiacol was mixed with 0.2 ml of supernatant, followed by
addition of 20 pL of 10 mM hydrogen peroxide. The absor-
bance was then measured at 470 nm (Cakmak and Marschner
1992). The POX activity was expressed in pmol tetraguaiacol
mg' protein min .
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2.13 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 «-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 3000xg
for 5 min. The absorbance was measured at 530 nm (Elstner
and Heupel 1976).

2.14 Extraction of Nonenzymatic Compounds

Nonenzymatic compounds (H,0, 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. Then, the samples were centrifuged at 15,000 x g
for 15 min at 3 °C to collect the supernatant.

2.15 Determination of Hydrogen Peroxide
Concentration

To measure H,0,, 200 uL of supernatant and 1800 pL 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).

2.16 Quantification of Malondialdehyde
Concentration

MDA was determined by mixing 500 pL of supernatant with
1000 pL 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 10,000xg for 10 min,
and the absorbance was measured at 532 nm. The nonspecific
absorption at 600 nm was subtracted from the absorbance
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 co-
efficient of 155 mM ' cm ™.

2.17 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 deionized water. The con-
tainers were incubated in a water bath at 40 °C for 30 min, and
the initial electrical conductivity of the medium (EC;) was

measured. Then, the samples were boiled at 95 °C for
20 min to release the electrolytes. After cooling, the final
electrical conductivity (EC,) was measured. The percentage
of electrolyte leakage was calculated using the formula EL
(%)= (EC,/EC,) x 100.

2.18 Determination of Photosynthetic Pigments

The chlorophyll and carotenoid determinations were per-
formed with 40 mg of leaf tissue, being used five samples
per treatment. The samples were homogenized in the dark
with 8 mL of 90% methanol (Nuclear). The homogenate
was centrifuged at 6000xg for 10 min at 5 °C. The supernatant
was removed, and chlorophyll a (Chl ) and b (Chl b), carot-
enoid (Car) and total chlorophyll (total Chl) contents were
quantified using a spectrophotometer (model UV-M51; Bel
Photonics), according to the methodology of Lichtenthaler
and Buschmann (2001).

2.19 Determination of 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) ac-
cording to the following program: i) 100 °C for 30 min; ii)
150 °C for 30 min; iii) 130 °C for 10 min; iv) 100 °C for
30 min and; and v) left to cool. The volume was made to
50 mL with ultra-pure water, and iridium was used as an
internal standard at 10 pg I"". The determinations of Zn, P,
K, Mg, Fe, Cu and Mo were carried out using an inductively
coupled plasma mass spectrometer (ICP-MS 7900, Agilent,
USA). Certified reference materials (NIST 1570a and NIST
1577¢) were run in each batch for quality control purposes. All
found values were in agreement with certified values.

2.20 Measurements of Morphological Parameters
The growth of roots, stems and leaves was measured based on

constant dry weights (g) after drying in a forced-air ventilation
oven at 65 °C.

2.21 Data Analysis
The data were submitted to ANOVA and applied Scott-Knott

test at a probability level of 5% (Steel et al. 2006). All statis-
tical procedures used the Assistat software.

@ Springer



24

J Soil Sci Plant Nutr

3 Results
3.1 Zn Contents in Plants after EBR and Zn Treatments

The low and high Zn supplies promoted changes in the con-
tents of this element in the root, stem and leaf tissues of soy-
bean plants (Table 1). Plants sprayed with EBR and exposed
to low Zn presented increases in Zn concentrations of 48%
(root), 42% (stem) and 41% (leaf) when compared to the same
treatment without EBR. However, the control + EBR treat-
ment exhibited increases of 44%, 50% and 12% in root, stem
and leaf, respectively. In relation to the high Zn with EBR,
significant decreases were detected in the Zn contents in the
stem and leaf by 21% and 10%, respectively, but there was an
increase in the root tissue of 7%.

3.2 Root Structures Were Positively Modulated by EBR

The low and high Zn supplies resulted in negative changes in
root anatomy (Fig. 1). However, the application of EBR in the
plants submitted to the low Zn treatment promoted increases
for RET, RDT, RCD, VCD and RMD of 16%, 3%, 14%, 33%
and 74% (Table 2), respectively, when compared to the same
treatment without EBR, while the control + EBR treatment
had increases of 10%, 5%, 10%, 38% and 5%, respectively.
Plants exposed to high Zn + EBR had increases of 25%, 7%,
9% 29% and 69%, respectively.

3.3 EBR Maximized the Nutrient Contents

Soybean plants exposed to low and high concentrations of Zn
had reductions (P < 0.05) in nutrient contents in their tissues
(Table 3). However, plants subjected to a low Zn supply and
sprayed with EBR had increases in the values of K, P, Mg, Fe,
Cuand Mo at 14%, 15%, 9%, 29%, 23% and 42% (root); 4%,
16%, 15%, 16%, 30% and 12% (stem); 25%, 13%, 12%, 10%,
7% and 55% (leaf), respectively, compared with the same
treatment without EBR (Table 3). In the high Zn treatment
with EBR, we also observed increases in K, P, Mg, Fe, Cu
and Mo of 29%, 13%, 24%, 19%, 37% and 10% in roots; 7%,
12%, 50%, 9%, 9% and 4% in stems; and 6%, 28%, 15%,
17%, 17% and 50% in leaves compared with the equal treat-
ment without EBR.

The steroid provoked benefits for the photosynthetic ma-
chinery of plants under Zn stress.

Plants with low and high Zn supplies exhibited reductions
in F,,, F, and F,/fm, but increase in Fy, in relation control
treatment (Fig. 2). In F,, the EBR application resulted in
increases of 2% and 2% in the low and high supplies, respec-
tively, when related to the same treatment without EBR. For
F,, we detected increases of 3% and 3% in plants under low
and high Zn supplies with EBR, respectively. In F,/fim, a low
Zn with EBR had an increase of 1%, while the control + EBR
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showed an increment of 2% in relation to the same treatment
without EBR. Decreases in ®pgy;, qp and ETR and increases in
NPQ, EXC and ETR/Py were verified under low and high Zn
in soybean plants (Table 4). However, plants treated with
100 nM EBR and exposed to low Zn had increases of 4%,
4%, and 5% for ®pgy;, qp and ETR, respectively, and reduc-
tions in NPQ (8%) and EXC (1%) compared to the low Zn
without EBR. In relation to the high Zn with EBR, there were
increases of 16%, 12%, and 14% for ®pgy;, qp and ETR, re-
spectively, and decreases in NPQ (8%) and EXC (6%) and
ETR/Py (5%) compared with the same treatment in the ab-
sence of EBR.

3.4 Exogenous EBR Improved the Gas Exchange

The low and high Zn supplies had negative effects on gas
exchange (Table 5). However, the application of EBR in
plants with a low Zn supply resulted in increases of Py, g,
WUE and Py/C; of 5%, 14%, 10% and 32%, respectively, and
decreases 0f 20% for C; when compared to the same treatment
without EBR. The high Zn + EBR had incremental changes in
Py, E, g, WUE and P\/C; of 20%, 9%, 13%, 10% and 59%,
respectively, and a reduction of 19% in C;.

EBR action enhanced the stomatal performance in plants
exposed to different Zn supplies.

The stomatal characteristics showed decreases in SD, SF
and SI, as well as increases in PDS and EDS on the adaxial
and abaxial faces of soybean leaves exposed to the low and
high Zn concentrations (Table 6). The action of EBR on the
adaxial face of leaves in both treatments (low and high Zn)
caused increases in SD (26% and 76%, respectively), SF (5%
and 4%, respectively) and SI (24% and 57%, respectively) and
reductions in PDS (4% and 8%, respectively) and EDS (9%
and 12%, respectively). For the abaxial face, the low and high
Zn supplies with 100 nM EBR spray promoted increases in
SD (13% and 30%, respectively), SF (4% and 2%, respective-
ly) and SI (6% and 8%, respectively) and decreases in values
of PDS (5% and 8%, respectively) and EDS (10% and 11%,
respectively) when compared to the same treatment in the
absence of EBR.

Beneficial repercussions on leaf anatomy promoted by the
steroids in plants under Zn stress.

The low and high concentrations of Zn promoted negative
changes in the leaf anatomy (Fig. 3). However, plants under
low Zn and EBR had increases in ETAd (21%), ETAb (25%),
PPT (11%) and SPT (12%) and a reduction in PPT/SPT (2%)
compared with the same treatment without EBR (Table 7). For
the high Zn with EBR, we observed significant increases in
ETAd (19%), ETAb (14%), PPT (10%) and SPT (16%) and a
decrease in PPT/SPT (6%).

Antioxidant enzymes were stimulated after EBR spray in
plants treated with different Zn concentrations.
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Table 1 Zn contents in soybean

plants sprayed with EBR and EBR Zn supply Zn in root (ug g DM ) Znin stem (ug g DM ") Zn in leaf (ug g DM ")
exposed to different Zn supplies

_ Low 8.21+0.19Bb 3.28+0.24Cb 4.33+0.19Cb

_ Control 9.24+0.52Bb 4.65+0.26Bb 9.12+0.20Bb

_ High 2636.76 £ 124.22Aa 342.73£9.02Aa 665.87+6.46Aa

+ Low 12.15+0.93Ba 4.67+0.19Ca 6.10£0.34Ca

+ Control 13.27+0.76Ba 6.96+0.29Ba 10.20+0.33Ba

+ High 2834.10+ 157.69Aa 270.99£9.77Ab 598.71 £7.34Ab

Zn = Zinc. Columns with different uppercase letters between Zn supplies (low, control and high Zn supply under
equal EBR level) and lowercase letters between EBR level (with and without EBR under equal Zn supply)
indicate significant differences from the Scott-Knott test (P < 0.05). Means + SD, n=5

Soybean plants exposed to low and high Zn supplies had
increases (P <0.05) in SOD, CAT, APX and POX values
(Fig. 4). The application of 100 nM EBR in plants under a
low Zn supply provoked significant increases of 26% 18%,
66% and 25%, respectively, when compared to the low sup-
plement Zn with 0 nM EBR. The high Zn + EBR resulted in
significant increases in the activities of SOD (29%), CAT
(24%), APX (72%) and POX (44%) compared with the same
treatment in the absence of EBR (Fig. 4).

Oxidative stress induced by different Zn supplies was alle-
viated after treatment with the steroid.

The oxidant compounds (O, and H,0,) and indicators of
cell damage (MDA and EL) in plants exposed to low and high
Zn supplies showed increases (Fig. 5). However, plants with a
low supply of Zn and 100 nM EBR had reductions in O,
(46%), H,0, (6%), MDA (17%) and EL (10%) levels com-
pared to the low Zn and 0 nM EBR plants. In relation to the
high Zn with EBR, decreases were verified in O, (29%),
H,0, (2%), MDA (15%) and EL (6%) in comparison with
the same treatment in the absence of EBR.

EBR prevented the degradation of photosynthetic pigments
in plants under Zn stress.

In both treatments (low and high Zn), a concentration of
100 nM EBR promoted maximization of the photosynthetic
pigments (Table 8), increasing the levels of Chl a (29% and
31%, respectively), Chl b (95% and 65%, respectively), Chl
total (38% and 35%, respectively) and Car (38% and 45%,
respectively) when compared with equal treatment without
EBR (0 nM). In addition, there were reductions in the Chl a/
Chl b ratio 0f31% and 14% and in the Chl/Car ratio of 4% and
5%, respectively.

Effects deleterious on the biomass were mitigated in plants
treated with EBR and subjected to Zn stress.

Plants under low and high Zn supplies presented improve-
ments in growth when receiving EBR application, for the low
Zn + EBR increases of 25%, 32%, 5% and 22% of LDM,
RDM, SDM and TDM, respectively, compared to low Zn +
0nM EBR (Fig. 6). In the high Zn with EBR, we also detected
increases in the values of LDM, RDM, SDM and TDM of
14%, 5%, 12% and 10%, respectively.

4 Discussion

Plants exposed to low and control Zn+ 100 nM EBR had
increases in Zn content, suggesting that this steroid improved
the absorption, transport and accumulation of Zn in the eval-
uated tissues. This result can be associated with the intense
interaction between Zn”* fons and organic acids, such as his-
tidine, to form soluble Zn complexes, favouring the absorp-
tion and accumulation of this metal in the cytosol of the root
cells (Khodamoradi et al. 2015). Histidine is an amino acid
that plays a central role in the homeostasis of “** ions, facil-
itating the mobility of this element in the xylem sap via
symplastic transport (Kozhevnikova et al. 2014;
Khodamoradi et al. 2015). On the other hand, exogenous
EBR also minimized the toxic effects of Zn, reducing the Zn
content in the tissues exposed to a high Zn supply. This reduc-
tion is related to higher synthesis of phytochelatins (PC) in the
root cells (Anwar et al. 2018). PC contributes to detoxification
mechanisms of heavy metals (Rajewska et al. 2016), chelating
the metal ions and forming complexes, with consequent im-
mobilization of this metal in the cytoplasm of root cells
(Bajguz and Hayat 2009; Bajguz 2010). Tadayon and
Moafpourian (2019) verified that foliar application of
0.4 mg L' EBR increased the efficiency of foliar application
of Zn and B, affecting the chemical and reproductive charac-
teristics of Vitis vinifera plants.

EBR revealed beneficial effects on root tissues (RET, RDT,
RCD, VCD and RMD). Increases in the expression of RET,
RDT and RCD demonstrated that EBR modulated growth
linked to the root meristem through cellular expansion and
differentiation, conferring higher protection to this organ
(Wei and Li 2016). The epidermis, endoderm and cortex are
tissues that are associated with the mechanism of protection
and selectivity in the roots, and the increases detected in these
tissues contribute to forming a barrier against biotic and abi-
otic stresses (Cui 2015; Barberon et al. 2016). EBR has pos-
itive effects on VCD and RMD, suggesting that the higher
densities of these tissues must facilitate transport of water
and nutrients via the symplast (Meyer et al. 2011).
Reductions in RET and RCD promoted by the high Zn supply
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Table 2 Root anatomy in

soybean plants sprayed with EBR ~~ EBR  Znsupply  RET (um) RDT (pm) RCD (pm) VCD (pm) RMD (pm)

and exposed to different Zn

supplies B Low 118£0.6Bb  17.84+0.6Ba  279.7+150Bb  2508=13.0Bb  25.61.5Bb
B Control 132+£0.6Ab  1922+0.5Aa  333.9+09.0Ab  2823+16.0Ab  47.3+2.2Aa
B High 102+05Ch  1682+0.7Ba  252.6+152Ba  221.1+14.0Cb  21.8+1.3Cb
+ Low 13.7£03Aa  1843+0.6Ba  319.6+21.2Ba  3342+12.7Ba  44.6+1.8Ba
+ Control 145+0.6Aa  20.20+0.5Aa 366.9+22.5Aa 388.8+313Aa 49.5+2.0Aa
+ High 128+03Ba  17.94+0.7Ba  2763+16.0Ca  2853+15.1Ca  36.8+2.2Ca

RET =Root epidermis thickness; RDT = Root endodermis thickness; RCD = Root cortex diameter; VCD =
Vascular cylinder diameter; RMD = Root metaxylem diameter. Columns with different uppercase letters between
Zn supplies (low, control and high Zn supply under equal EBR level) and lowercase letters between EBR level
(with and without EBR under equal Zn supply) indicate significant differences from the Scott-Knott test

(P<0.05). Means = SD, n=5

(500 uM ZnSO4) were verified by Bazihizina et al. (2014)
after studying the impacts of this metal on the cellular struc-
ture of Nicotiana tabacum roots. Maia et al. (2018) observed
in a study with Solanum lycopersicum plants that a spray with
100 nM EBR promoted increases in RET (9%), RDT (14%),
RCD (12%), VCD (7%) and RMD (17%).

Plants treated with low and high concentrations of Zn and
sprayed with 100 nM EBR presented increases in the contents
of macronutrients (K, P, and Mg) and micronutrients (Fe, Cu

and Mo). The increments induced by the EBR on Zn contents
(mainly under low and control Zn supplies) can be explained
by the increases in RDM, suggesting higher amounts of root
hairs, because this tissue have large contact surface exposed to
substrate, facilitating the uptake and mobility of the Zn in
plant tissues (Tanaka et al. 2014). These results revealed that
the EBR mitigated the negative impacts of Zn on the ionic
homeostasis of these essential elements in the absorption
channels, optimizing the transport and assimilation process

Table 3 Nutrient contents in soybean plants sprayed with EBR and exposed to different Zn supplies

EBR  Znsupply K(@mggDM') P(mggDM') Mg(mggDM') Fe(uggDM') Cu(uggDM') Mo(uggDM™)
Contents in root
B Low 23.1+0.7Bb 5.9+0.1Bb 5.7+0.2Ab 943.2+28.1Bb 4.84+0.34Cb 2.6+0.2Cb

Control 25.7+0.5Ab 9.3+0.3Ab 6.0+0.3Ab 1670.6+36.5Ab  8.92+0.45Ab 4.5+0.2Bb
_ High 23.5+0.8Bb 6.3+0.2Bb 4.5+0.2Bb 864.9+25.3Cb 6.72+0.36Bb 5.0+0.1Ab
+ Low 26.3+0.7Ca 6.8+0.2Ba 6.2+0.1Ba 1215.5+459Ba  5.95+0.34Ca 3.7+0.1Ca
+ Control 35.7+1.6Aa 12.7+1.0Aa 6.7+0.1Aa 2333.8+81.9Aa  10.11+0.40Aa 6.0+£0.2Aa
+ High 30.2+0.7Ba 7.1+0.3Ba 5.6+0.1Ca 1032.6+429Ca  9.22+0.36Ba 5.5+0.1Ba
Contents in stem
_ Low 26.9+0.9Ba 5.92+0.2Ab 3.4+0.1Bb 582+2.1Ab 1.35+0.10Bb 7.7+0.2Cb
B Control 31.8+1.5Ab 6.12+0.3Ab 3.7+0.1Ab 58.9+2.0Ab 1.69+0.11Ab 9.6+0.1Ab
B High 16.1+0.7Ca 3.13+0.1Bb 1.2+0.1Cb 23.2+1.8Ba 1.11+£0.05Cb 8.9+0.2Ba
+ Low 279+1.8Ba 6.85+0.1Aa 3.9+0.2Aa 67.3+3.0Aa 1.75+0.07Ba 8.6+0.1Ca
+ Control 39.0+0.4Aa 7.05+0.3Aa 42+0.2Aa 69.4+0.9Aa 1.98+0.08Aa 10.7+0.3Aa
+ High 173+1.7Ca 3.50+0.1Ba 1.8+0.1Ba 254+1.5Ba 1.21+0.03Ca 9.3+0.3Ba
Contents in leaf

Low 17.4+0.1Bb 7.1+0.1Bb 4.1+0.1Bb 77.6+1.2Bb 1.22+0.02Bb 3.1+0.1Cb

Control 18.6 +0.2Aa 7.7+0.1Ab 44+0.1Ab 114.7+ 1.6Ab 1.43+0.05Ab 43+0.1Ab
B High 14.1+0.5Ca 29+0.1Cb 3.3+0.1Cb 52.0+0.9Cb 1.16+£0.01Cb 3.6+0.1Bb
+ Low 21.7+0.6Aa 8.0+0.1Ba 4.6+0.1Ba 85.5+2.4Ba 1.31+£0.04Ba 4.8+0.1Ca
+ Control 19.3+£0.9Ba 8.5+0.1Aa 4.8+0.0Aa 127.6+0.2Aa 1.69+0.04Aa 6.1+0.2Aa
+ High 15.0+0.9Ca 3.7£0.1Ca 3.8+0.1Ca 61.0+3.7Ca 1.36+0.05Ba 54+0.1Ba

Mg = Magnesium; P = Phosphorus; K = Potassium; Fe = Iron; Cu= Copper; Mo = Molybdenum. Columns with different uppercase letters between Zn
supplies (low, control and high Zn supply under equal EBR level) and lowercase letters between EBR level (with and without EBR under equal Zn
supply) indicate significant differences from the Scott-Knott test (P < 0.05). Means + SD,n=35
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Fig. 1 Root cross sections in
soybean plants sprayed with EBR
and exposed to different Zn
supplies. Low Zn without EBR
(A), Low Zn with EBR (B),
Control Zn without EBR (C),
Control Zn with EBR (D), High
Zn without EBR (E), High Zn
with EBR (F). RE =Root
epidermis; RC = Root cortex;
RD =Root endodermis; VC =
Vascular cylinder; RM = Root
metaxylem. Bars: 300 pm

of H,PO, ", Ca®*, Mg®*, Mn** Fe**, Cu®* and Zn** ions by the
roots (Karlidag et al. 2011). The exogenous steroid increased
the uptake of the Mg”* ion in the root and improved the trans-
port of this element from root to shoot, increasing the chloro-
phyll levels and improving the photosynthetic characteristics
(Fiedor et al. 2008; Yuan et al. 2015). In addition, increases in
Fe, Cu, Zn and Mn contribute to a better response related to
the antioxidant system because they are metal cofactors of the
three main forms of SOD (Fe-SOD, Cu / Zn-SOD and Mn-
SOD) (Hansch and Mendel 2009; Abreu and Cabelli 2010). A
study conducted by Samreen et al. (2017) evaluating the effect
of Zn stress (0, 1 and 2 uM Zn) on the growth, chlorophyll
content and mineral content of Vigna radiata plants verified
that Zn toxicity had deleterious effects on P, K, and Fe

contents in plants. Billard et al. (2015) investigated the im-
pacts of Zn deficiency on nutritional status and protein mod-
ifications in Brassica napus plants and found that Zn-deficient
plants exhibited a lower absorption of elements (K, Mg and
Fe).

The exogenous application of 100 nM EBR mitigated the
negative effects of low and high Zn supplies on F, F,, F, and
F,/fm, indicating that EBR reduced photoinhibition and im-
proved photochemical efficiency. Reductions in Fy and in-
creases in F,, suggested that EBR enhanced the electron trans-
fer from the primary plastoquinone acceptor (Q,) to the sec-
ondary plastoquinone acceptor (Qg) on the acceptor side of
PSII, reflecting positively on F,/fm (Shu et al. 2016). Andreji¢
et al. (2018), studying the impact of Zn excess (250, 500 and
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1000 mg Zn kg-1) on gas exchange and chlorophyll fluores-
cence in plants Miscanthus x giganteus, verified reductions in
Fn, Fy and F,/fim, while Xia et al. (2009) confirmed in a study
with Cucumis sativus that 0.1 uM EBR increased the F,/fim
values, optimizing the activity of PSIIL.

The highest values of ®pgy;, q, and ETR are intrinsically
related to the increase in F,/fim, as previously described in this
study. These results confirm that exogenous EBR maximized
the energy capture efficiency by the PSII open-reaction

centres in Zn-stressed plants (Zhang et al. 2013; Jia et al.
2015). In addition, the increase in ETR, as indicated by higher
values of ®pg);. corroborates that EBR increased the capacity
of the photosynthetic apparatus to maintain the Q, in the
oxidized state, optimizing the transport of electrons through
PSII (Dobrikova et al. 2014). Siddiqui et al. (2018), investi-
gating the chlorophyll fluorescence of Brassica juncea plants
pretreated with two BRs, detected increases promoted by EBR
(10 M) in Dpgyy (19%), qp (17%) and ETR (19%), while

Table4  Chlorophyll fluorescence in soybean plants sprayed with EBR and exposed to different Zn supplies

EBR  Zn supply Dpgyy qp NPQ ETR (pumol m?2s™) EXC (pmol m?2s™) ETR/Py

_ Low 0.26+0.02Aa  0.69+0.03Ba  0.96+0.02Aa  38.2+3.5Aa 0.67+0.04Aa 249+0.22Aa
B Control 0.28+0.01Ab  0.80+0.02Aa  0.68+0.02Ca 40.4+2.3Ab 0.66+0.01Aa 236+0.22Aa
_ High 025+0.01Ab  0.68+0.01Bb  0.75+0.01Ba 36.9+2.3Ab 0.67+0.01Aa 2.61+0.16Aa
+ Low 0.27+0.03Ba 0.72+0.04Ba  0.88+0.02Ab  40.0+3.5Ba 0.66+£0.01Aa 2.50+£0.08Aa
+ Control 0.32+0.01Aa  0.84+0.03Aa  0.61+0.02Cb  47.3+2.0Aa 0.61+0.02Bb 2.35+0.16Aa
+ High 0.29+0.01Ba 0.76+0.01Ba  0.69+0.01Bb  42.1+1.7Ba 0.63+£0.01Bb 248+0.11Aa

Opg = 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.
Columns with different uppercase letters between Zn supplies (low, control and high Zn supply under equal EBR level) and lowercase letters between
EBR level (with and without EBR under equal Zn supply) indicate significant differences from the Scott-Knott test (P < 0.05). Means = SD, n=5
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Fig. 3 Leaf cross sections in a b
soybean plants sprayed with EBR
and exposed to different Zn
supplies. Low Zn without EBR
(A), Low Zn with EBR (B),
Control Zn without EBR (C),
Control Zn with EBR (D), High
Zn without EBR (E), High Zn
with EBR (F). EAd = adaxial
epidermis; EAb = Abaxial
epidermis; PP = Palisade
parenchyma; SP = Spongy
parenchyma. Bars: 200 um

Table 5 Gas exchange in soybean plants sprayed with EBR and exposed to different Zn supplies

EBR Znsupply Py(umolm?s) E(mmolm?s”) g (molm?>s") C(umol mol™) WUE (umolmmol ") Py/C;(umolm™>s™' Pa)
_ Low 15.4+0.8Ba 2.88+0.10Aa 021+0.02Ba  302+12Ba 5.38+0.43Ab 0.056+0.002Bb
_ Control ~ 17.3+0.7Ab 3.02+0.11Aa 039+0.01Aa  270+14Ca 5.73+0.32Ab 0.065+0.003Ab
B High 14.2+0.9Bb 2.63+0.06Bb 023+0.02Ba  338+13Aa 5.40+0.20Ab 0.041+0.002Cb
+ Low 16.2+1.5Ba 2.75+0.11Ba 024+0.02Ba 243+ 13Ab 5.91+0.18Ba 0.074+0.003Ba
- Control ~ 20.2+1.2Aa 3.08 £0.04Aa 039+0.01Aa  252+21Aa 6.58 £0.19Aa 0.089+0.006Aa
+ High 17.1+1.4Ba 2.87+0.07Ba 026+0.02Ba 273+ 19Ab 5.95+0.20Ba 0.065+0.002Ca

Py = Net photosynthetic rate; £ = Transpiration rate; g = Stomatal conductance; C; = Intercellular CO, concentration; WUE = Water-use efficiency; Py/
C; = Carboxylation instantaneous efficiency. Columns with different uppercase letters between Zn supplies (low, control and high Zn supply under equal
EBR level) and lowercase letters between EBR level (with and without EBR under equal Zn supply) indicate significant differences from the Scott-Knott
test (P<0.05). Means = SD, n=5
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Table 6 Stomatal characteristics

in soybean plants sprayed with EBR  Zn SD (stomata per PDS (um) EDS (um) SF SI (%)

EBR and exposed to different Zn supply mm’)

supplies
Adaxial face
B Low 178 + 6Bb 134+03Ba  235+09Ba  0.57+0.01Ba 7.5+0.6Bb
_ Control 242 +3Ab 129+0.8Ba  21.3+£0.8Ca  0.61+0.01Aa 9.7+0.4Ab
_ High 85+7Cb 144+02Aa 258+0.6Aa 0.56+0.03Ba 4.7+0.3Cb
+ Low 225+9Ba 128+09Aa 214=0.5Bb  0.60+0.05Aa 9.3+0.5Ba
+ Control 250+2Aa 123+05Aa  202+1.5Ba  0.61+£0.03Aa 10.7+0.2Aa
+ High 150+ 8Ca 132+04Ab  228+02Ab 0.58+0.04Aa 7.4+0.3Ca
Abaxial face

Low 357+2Bb 132+04Ba  24.1+08Ba  0.55+0.04Aa 34.3+0.8Bb

_ Control 427+8Ab 122+03Ca  21.6+1.0Ca 0.57+0.04Aa  36.5+0.6Ab
_ High 257+8Cb 143+02Aa  268+09Aa 0.54+0.04Aa 33.1+0.9Bb
+ Low 404 +9Ba 125+03Aa  21.8£0.7Bb  0.57+0.04Aa 36.5+0.7Ba
+ Control 457+7Aa 112+04Bb  188=12Cb 0.60+£0.05Aa 38.8+0.4Aa
+ High 335+6Ca 13.1£0.6Ab 23.9+0.5Ab  0.55+0.04Aa 35.9+0.8Ba

SD = Stomatal density; PDS = Polar diameter of the stomata; EDS = Equatorial diameter of the stomata; SF =
Stomatal functionality; SI= Stomatal index. Columns with different uppercase letters between Zn supplies (low,
control and high Zn supply under equal EBR level) and lowercase letters between EBR level (with and without
EBR under equal Zn supply) indicate significant differences from the Scott-Knott test (P < 0.05). Means + SD,

n=>5

foliar spray of HBL (10™® M) promoted increases of 17%,
16% and 18% for ®pgyy, q,, and ETR, respectively.

The decrease induced by EBR in the NPQ, EXC and ETR/
Py of plants exposed to the low and high Zn supplies revealed
that the application of this steroid resulted in less excitation
energy dissipation in the form of heat, avoiding the damage by
photoinhibition in the centres of reaction (Ogweno et al. 2008;
Zhang et al. 2015). Additionally, reductions of the expression
of EXC and ETR/Py indicated that the excess electrons were
used less often for secondary processes, such as photorespira-
tion, and thus were potentially available for primary process-
es, such as reductions of NADP* during the biochemical fix-
ation of CO, (Silva et al. 2012). Lima et al. (2018) found that
the application of 100 nM EBR in Eucalyptus urophylla under
Fe deficiency significantly reduced the values of NPQ (19%),
EXC (14%) and ETR/Py (16%), promoting protection of PSII

against possible damages caused by the excess of excitation
and improving the use of electrons during the photochemical
activity.

EBR minimized the damage caused by Zn concentra-
tions (low and high) on gas exchange. Increases in Py and
E are positively related to the improvements expressed in
g, and these effects are explained by the positive impact
of EBR on the enzymatic activities of CA (Hayat et al.
2011) and RuBisCO (Yu et al. 2004), which are key en-
zymes in the initial process of photosynthesis. The high
CA activity increases the carboxylation state of RuBisCO
in the Calvin cycle, consequently decreasing C; and in-
ducing Py maximization (Hasan et al. 2011; Alyemeni
and Al-Quwaiz 2016). The increase in WUE is associated
with the benefits promoted by EBR on Py. In addition,
P\/C; values were increased in EBR-treated plants due to

Table7 Leafanatomy in soybean

plants sprayed with EBR and EBR  Znsupply  ETAd (um) ETAb (um) PPT (um) SPT (um) Ratio PPT/SPT

exposed to different Zn supplies
_ Low 156+13Bb  142+02Bb  844+20Bb  77.6+32Bb  1.09+0.03Ba
_ Control 185+0.7Aa  174+02Ab  933+50Aa  88.0+4.0Aa  1.06=0.01Ba
_ High 149+1.0Bb  13.8+09Bb  768+3.0Cb  654+47Cb  1.18+0.01Aa
+ Low 18.8+0.6Aa  17.7+£0.7Aa  93.6+24Aa  872+1.7Aa  1.07+0.03Aa
+ Control 189+13Aa  189+05Aa  955+54Aa 91.8+4.1Aa  1.04=0.03Aa
+ High 178+0.7Aa  158+04Ba  84.1+35Ba  758+39Ba  1.11+£0.01Ab

ETAd = Epidermis thickness from adaxial leaf side; ETAb = Epidermis thickness from abaxial leaf side; PPT =
Palisade parenchyma thickness; SPT = Spongy parenchyma thickness. Columns with different uppercase letters
between Zn supplies (low, control and high Zn supply under equal EBR level) and lowercase letters between EBR
level (with and without EBR under equal Zn supply) indicate significant differences from the Scott-Knott test

(P<0.05). Means = SD, n=5
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Fig. 4 Activities of superoxide 9% b "
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increased Py and a simultaneous reduction in C;. Fei et al.
(2016) detected reductions in Py, gs and E, as well as
increases in C; promoted by the low Zn supplement in
Citrus sinensis plants. Ouni et al. (2016), analysing the
effects of Zn concentrations (100 and 300 ppm) on the gas
exchange of Polypogon monspeliensis, observed reduc-
tions in Py, gs and WUE values under the highest con-
centration of Zn (300 ppm). However, Jiang et al. (2012)
demonstrated that the effects of EBR foliar spraying
(0.1 uM) improved the gas exchange (Py, g and C;) in
Cucumis sativus plants.

Exogenous EBR (100 nM) had positive effects on sto-
matal characteristics (SD, PDS, EDS, SF and SI). The
increases of SD, SF and SI revealed that the EBR im-
proved stomatal performance, corroborated by higher
values detected for g. This steroid regulates stomatal de-
velopment, activating specific proteins that act on the sto-
matal intracellular signalling pathway (Kim et al. 2012;
Casson and Hetherington 2012), maximizing the gas ex-
change and increasing the opportunity for CO, uptake by
the mesophyll cells (PPT and SPT) (Flexas et al. 2008,
2012). Additionally, the reductions observed in PDS and
EDS reveal beneficial interferences of the EBR in the

stomata form, inducing stomata to be more elliptic and
providing increases in SF (Martins et al. 2015). Subba
et al. (2014), investigating physiological and biochemical
changes induced by nine concentrations of Zn (0-20 mM
Zn) in Citrus reticulata seedlings, observed reductions in
SD in the leaves of plants exposed to deficiency (0, 1, 2, 3
and 4 mM Zn) and excess (10, 15 and 20 mM Zn) when
compared to a sufficient concentration (5 mM Zn).
Plants treated with EBR (100 nM) and exposed to Zn
supplies (low and high) had beneficial effects on leaf
anatomy (ETAd, ETAb, PPT and SPT). The increases in
PPT and SPT are connected to increments shown in Py
and P\/C; because the gas exchange has an influence on
the mesophyll, facilitating CO, diffusion from the envi-
ronment to the carboxylation sites in the chloroplasts
(Ennajeh et al. 2010). The high values of ETAd and
ETADb in plants sprayed with EBR can be explained by
the higher values of £ and WUE, in which the epidermis
is a coating tissue, clearly contributing to the use of water
and avoiding excessive loss of water during the transpira-
tion process (Javelle et al. 2011). Kim and Wetzstein
(2003) investigated Carya illinoinensis plants subjected
to Zn deficiency and reported decreases in PPT and SPT
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and found a reduction in the number of cells of the
palisade parenchyma per length in leaf. Mattiello et al.
(2015) examined the impacts of Zn deficiency on physi-
ological and anatomical characteristics of Zea mays leaves
during 0, 2, 6, 10, 14, 18 and 22 days after the Zn omis-
sion; they reported intense reductions in their size, com-
posed of 44% mesophyll and 8% intercellular space. In
addition, the epidermal area on the adaxial and abaxial
surfaces corresponded to 15% and 10%, respectively.

The application of EBR (100 nM) contributed to an
increase in the activities of the SOD, CAT, APX and
POX enzymes of the plants exposed to the low and high
Zn supplies, revealing the intrinsic action of this
substance on antioxidant metabolism. These changes
contribute to a higher photochemical efficiency, as
evidenced by the increases in F,/fm and ETR. A study
conducted by He et al. (2016) evaluating the enzymatic
responses and growth of Solanum melongena seedlings

Table 8  Photosynthetic pigments in soybean plants sprayed with EBR and exposed to different Zn supplies

EBR Znsupply Chla(mgg ' FM) Chlb(mgg ™' FM) Total Chl(mg g FM) Car(mg g FM) Ratio Chla/Chlb Ratio Total Chl/Car

_ Low 8.19+0.36Bb 1.37+0.05Bb 9.56+0.31Bb 0.48+0.01Bb 6.06+0.41Aa 20.88+0.50Aa

Control 12.38+1.12Aa 3.04+0.06Ab 15.42+0.83Aa 0.84+0.02Ab 4.33+0.10Ba 19.60+0.24Ba
_ High 741+0.50Bb 1.17£0.04Cb 8.59+0.19Cb 0.42+0.01Cb 6.36+0.41Aa 21.07+0.60Aa
+ Low 10.53 £0.30Ba 2.67+0.14Ba 13.20+0.57Ba 0.66+0.02Ba 4.20+0.24Bb 19.96 +0.54Aa
+ Control ~ 12.45+0.44Aa 321+0.08Aa 15.67+1.10Aa 0.91+0.02Aa 3.95+0.15Ba 18.15+0.44Bb
+ High 9.69+0.20Ca 1.93£0.15Ca 11.62+0.39Ca 0.61+0.01Ca 5.46+0.33Ab 20.04+0.49Aa

Chl a=Chlorophyll a; Chl b= Chlorophyll b; Total chl=Total chlorophyll; Car = Carotenoids. Columns with different uppercase letters between Zn
supplies (low, control and high Zn supply under equal EBR level) and lowercase letters between EBR level (with and without EBR under equal Zn
supply) indicate significant differences from the Scott-Knott test (P <0.05). Means = SD, n=5

@ Springer



J Soil Sci Plant Nutr

33

Fig.6 Leaf dry matter (LDM), 7.7 a b 8.4
root dry matter (RDM), stem dry 0 Low Zn
d total dry matter 6.6 N ez 72
matter (SDM) and total dry 6 B High zn 2
(TDM) in soybean plants sprayed
with EBR aqd exposed to differ— 55 60
ent Zn supplies. Columns with Ad Aa
different letters indicate signifi- » Aa £ e
cant differences from the Scott- C Ab SANC)
Knott test (P <0.05). Columns z Ba Ba Ba z
corresponding to means from five = 33 Bb Bb 36 @
repetitions and standard Bb Ba Ca
deviations 2.2 24
11 1.2
6.3 21
c d
5.4 18
4.5 15
Aa Aa
Ab
A
@ 3.6 a 12 @
E Ba E
0 27
2 - Ba Ba Bb - Ca 9 F
Ca
1.8 6
0.9 3
0.0 0
-EBR +EBR -EBR +EBR
Treatment

subjected to Zn toxicity (10% Zn)+0.1 uM EBR detected
increases in the activities of SOD (20%), CAT (25%),
APX (11%) and POX (17%). Li et al. (2016a), investigat-
ing the exogenous effects of EBR on Solanum
Iycopersicum seedlings, also found benefits on the antiox-
idant system, in which 5 nM EBR notably increased the
activities of the SOD, CAT and APX enzymes under Zn
stress.

Exogenous EBR (100 nM) promoted reductions in ROS
levels (O, and H,0,) and mitigated the membrane damage
(MDA and EL) in Glycine max plants exposed to Zn stress
(low and high), and these results were attributed to higher
activity of the antioxidant enzymes (SOD, CAT, APX and
POX) as previously detected in this study. In cells, the SOD
enzyme rapidly converts O, to H,0,, while the CAT and
APX enzymes act to dissociate H,O,, with consequent forma-
tion of H,O and O,, reducing the concentrations of oxidizing
compounds (Li et al. 2016a). On the other hand, high concen-
trations of O, and H,0, often promote lipid peroxidation
(MDA), inducing electrolyte leakage (EL) and negatively
impacting the membrane function (Kumari et al. 2010;
Gallego et al. 2012). Ramakrishna and Rao (2012) evaluated
Raphanus sativus seedlings subjected to three concentrations
of EBR (0.5, 1.0 and 2 uM) and exposed to Zn stress and

verified significant reductions in O, (57%), H,0, (27%)
and EL.

Plants under Zn stress (low and high) and sprayed with
EBR had increases in the levels of Chl a, Chl b, Chl total
and Car, and these effects were related to lower accumulation
of ROS (0, and H,0,) in leaf tissue, reducing the oxidative
damage to the structures and functions of the thylakoid mem-
branes (Ramakrishna and Rao 2012). This result was con-
firmed by the decreases in the MDA and EL levels previously
described in this study. In addition, EBR promoted an increase
in Mg content, which is a structural element of the chlorophyll
molecule (Fiedor et al. 2008). These benefits induced by EBR
enhanced pigment biosynthesis and promoted a positive im-
pact on the photosynthetic apparatus. Mateos-Naranjo et al.
(2018) found reductions in Chl @, Chl b and Car levels in
Juncus acutus plants exposed to Zn toxicity (100 mM Zn).
However, Ramakrishna and Rao (2015) demonstrated that
foliar application of EBL and HBL at concentrations of 0.5,
1.0 and 2.0 uM effectively alleviated the deleterious effects of
Zn toxicity on Raphanus sativus, protecting mainly the chlo-
roplast membranes and increasing Chl a, Chl b and Car.

The EBR application reduced the deleterious effects on
plant biomass (LDM, RDM, SDM and TDM) caused by
low and high Zn supplementation. These results suggest
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that EBR stimulated cell division and elongation in roots,
stems and leaves, increasing the rate of growth and devel-
opment (Miissig 2005; Que. et al. 2018). The increase in
biomass can be explained by the benefits to root anatomy,
gas exchange, antioxidant enzymes (SOD, CAT, APX and
POX) and nutrient contents demonstrated in this study
(Shahbaz et al. 2008; Hayat et al. 2012; Santos et al.
2018). Pascual et al. (2016) reported significant reduc-
tions in the LDM and RDM values of Glycine max
plants subjected to Zn deficiency. Research conducted
by Marques et al. (2017) studying Jatropha curcas plants
subjected to different concentrations of Zn (100, 200, 300,
400 and 600 uM) observed a decrease in plant biomass
(leaf, stem and root) after exposure to a higher concentra-
tion of Zn (600 uM).

5 Conclusion

Our study proved that 24-epibrassinolide mitigated the
oxidative stress induced by different zinc supplies in soy-
bean plants. In other hand, plants exposed to high zinc
supply without 24-epibrassinolide application presented
deleterious effects more intense. The steroid spray allevi-
ated the impact produced by zinc stress on nutritional
status because these results were intrinsically linked to
improvements on vascular cylinder and metaxylem, im-
proving the magnesium, phosphorus, potassium, iron,
copper and molybdenum contents. In relation to the pho-
tosynthetic machinery of plants treated with 24-
epibrassinolide and exposed to high and low zinc sup-
plies, antioxidant enzymes play crucial roles, dismutating
superoxide and hydrogen peroxide, and protecting the
chloroplast membranes, with clear positive repercussions
on chlorophylls, effective quantum yield of photosystem
I photochemistry and electron transport rate. The stimu-
lation induced by this substance on gas exchange can be
explained by the favourable conditions detected for sto-
matal density, stomatal index, palisade parenchyma and
spongy parenchyma, enhancing the carbon dioxide diffu-
sion in the chloroplasts. Finally, an interesting result
found in this research is related to 24-epibrassinolide ap-
plication on leaves promoting beneficial effects on root
anatomy, validating the systemic action of this steroid.
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Abstract

Iron (Fe) is essential for chlorophyll biosynthesis and functions in chloroplasts. Fe deficiency provokes negative effects on
photochemical efficiency and electron transport. 24-Epibrassinolide (EBR) is a natural molecule with potential advantages,
including a natural origin, biodegradability and high plant steroid bioactivity, improving metabolism and inducing toler-
ance during stress. Present study was aimed to investigate whether pre-treatment with EBR can trigger protective roles in
soybean plants cultivated under the conditions of Fe deficiency and to evaluate the responses linked to the nutritional status,
photosynthetic pigments and chlorophyll fluorescence. The study was carried out using a completely randomized design with
four treatments (0 nM EBR +250 uM Fe, 0 nM EBR+2.5 uM Fe, 100 nM EBR +250 uM Fe and 100 nM EBR +2.5 uM
Fe). Results revealed that the exogenous EBR minimized the damage caused by Fe deficiency. This steroid maximized the
Fe content in the leaf, stem and root, as well as improved the nutrient content and metal homeostasis, as confirmed by the
increased detection of Fe**/Mg*, Fe?*/Mn* and Fe**/Cu’* ratios in plants under Fe deficiency. Additionally, plants under
Fe deficiency and sprayed with EBR had improvements on chloroplastic pigments, with significant increases in chlorophyll
a (14%), chlorophyll b (23%), total chlorophyll (15%) and carotenoids (28%). Steroid also increased the photochemical
efficiency, positively regulating electron transport and reducing the negative impacts associated with photoinhibition in
photosystem II. Therefore, pre-treatment with EBR improved the nutrient contents and physiological performance of soybean
plants under the conditions of Fe limitation.

Keywords Chlorophyll - Electron transport rate - Fe supply - Gas exchange - Ionic homeostasis - 24-Epibrassinolide
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E Maximal fluorescence yield of the dark-
adapted state

F, Variable fluorescence

FF Maximal quantum yield of PSII
photochemistry

8 Stomatal conductance

H,0, Hydrogen peroxide

K Potassium

LDM Leaf dry matter

MDA Malondialdehyde

Mg Magnesium

Mn Manganese

Mo Molybdenum

NPQ Nonphotochemical quenching

0,” Superoxide

P Phosphorus

PDS Polar diameter of the stomata

Py Net photosynthetic rate

P\/G; Instantaneous carboxylation efficiency

POX Peroxidase

PPT Palisade parenchyma thickness

PSII Photosystem II

qp Photochemical quenching

RCD Root cortex diameter

RDM Root dry matter

RMD Root metaxylem diameter

RDT Root endodermis thickness

RET Root epidermis thickness

ROS Reactive oxygen species

RuBisCO Ribulose-1,5-bisphosphate carboxylase/
oxygenase

SD Stomatal density

SDM Stem dry matter

SF Stomatal functionality

SI Stomatal index

SOD Superoxide dismutase

SPT Spongy parenchyma thickness

TDM Total dry matter

Total Chl  Total Chlorophyll

VCD Vascular cylinder diameter

WUE Water-use efficiency

Zn Zinc

Dpgir Effective quantum yield of PSII
photochemistry

Introduction

Soybean (Glycine max L.) is one of the most important
leguminous crops. In general, grains are composed by
high contents of proteins (42%), oil (22%) and iron (Singh
et al. 2008; Anwar et al. 2016; Aksoy et al. 2017). Grain
global production had reached 338 million tons in the

@ Springer

2017/2018 harvest, representing the second largest produc-
tion recorded and driven by the United States and Brazil
(Ekpei et al. 2018). However, the yield of this leguminous
crop has been primarily affected by nutrient deficiency
(Santos et al. 2015; Keino et al. 2015; Bai et al. 2018) and
adequate mineral nutrition plays a vital role in the growth
and development of this agricultural crop.

Iron (Fe) is the fourth most abundant element found
in the Earth’s crust and the second-most abundant metal
in soil (Lopez-Millan et al. 2013). Despite the high Fe
content in soil, Fe is mainly found as oxyhydroxide poly-
mers, such as Fe(OH)*", Fe(OH), e Fe(OH),", which have
low solubility, limiting the absorption and Fe supply to
plants (Silveira et al. 2007; Rout and Sahoo 2015; Tsai
and Schmidt 2017). This problem is critical, especially in
areas with limestone soils under high pH, where approxi-
mately 30% of the world’s arable land presents this restric-
tion. Therefore, Fe deficiency has been one of the most
widespread nutritional deficiencies among crops (Jin et al.
2007; Morrissey and Guerinot 2009; Aksoy et al. 2017).

Fe is the micronutrient most absorbed by higher plants
(Baker et al. 2003). This metal is involved in the synthesis
of chlorophylls and is essential for the maintenance of the
structure and function of chloroplasts (Rout and Sahoo
2015; Chen et al. 2015), catalysing enzymatic reactions
linked to respiration, synthesis of DNA, hormone synthe-
sis and redox metabolism (Barberon et al. 2014; Xiong
et al. 2014). However, when this micronutrient is not avail-
able to the plants, frequent detection of yellowing of the
upper leaves, chlorosis in the leaf nervure and a lower
growth rate occurs (Jeong and Connolly 2009). In addi-
tion, Fe deficiency causes negative effects on chloroplast
constitutive proteins, such as cytochrome b6f complex
(Cyt b6f) and ferredoxin (Fd), reducing the efficiencies of
photosystem II and electron transport (Lopez-Millan et al.
2013; Roncel et al. 2016).

24-Epibrassinolide (EBR) is the most bioactive form of
brassinosteroids (BRs) (Bishop and Koncz 2002), which
are classified as polyhydroxylated steroids (Clouse 2002),
mainly located in the meristem and found under low concen-
trations in plant tissues (Janeczko et al. 2016). Additionally,
these steroids are essentials for division and cell elongation
(Zhiponova et al. 2013), increases on antioxidant enzyme
activities (Ahanger et al. 2018), regulation and allocation
of carbohydrates (Pociecha et al. 2016), improvement in gas
exchange and the efficiency of photosystem II (Wu et al.
2014). EBR also promotes beneficial effects on plant toler-
ance to different abiotic stresses, such as water deficit (Lima
and Lobato 2017; Kaya et al. 2019), salinity (Ahmad et al.
2018a; Alam et al. 2019; Ahanger et al. 2020), extreme tem-
perature (Fariduddin et al. 2011), pesticide stress (Sharma
et al. 2016), heavy metal (Kohli et al. 2018a; Ahmad et al.
2018b) and nutritional deficiency (Borges et al. 2019).
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Our hypothesis focused on metabolic problems caused by
Fe deficiency, declining nutrient contents (Lima et al. 2018),
chloroplast pigments (Roncel et al. 2016) and performance
of photosystem II (Osério et al. 2014). However, considering
the available literature, EBR is associated with root anatomy
(Ribeiro et al. 2019), ionic homeostasis (Oliveira et al. 2019)
and the electron transport rate (Pereira et al. 2019). Based on
this overview, we aimed to investigate whether pretreatment
with EBR can trigger protective roles in Glycine max plants
cultivated under the conditions of Fe deficiency, evaluating
the responses linked to the nutritional status, photosynthetic
pigments and chlorophyll fluorescence.

Materials and Methods
Location and Environmental Conditions

The study was performed at the Campus of Paragominas
of the Universidade Federal Rural da Amazonia, Parago-
minas, Brazil (2° 55" S, 47° 34" W). The experiments were
conducted in a temperature- and humidity-controlled green-
house. The minimum, maximum, and median temperatures
were 25 °C, 35 °C and 26.2 °C, respectively. The relative
humidity during the experimental period varied between 60
and 80%.

Plants, Containers and Acclimation

Glycine max (L.) Merr. var. M8644RR Monsoy™ seeds
were germinated and grown in 1.2-L pots (0.15 m in height
and 0.10 m in diameter) filled with a mixed substrate of
sand and vermiculite at a ratio of 3:1. Plants were cultivated
under semi-hydroponic conditions with water aeration at
500 mL of distilled water for 8 days. A modified Hoagland
and Arnon (1950) solution was used for supply nutrients,
with the ionic strength beginning at 50% (5th day) and later
modified to 100% after 2 days (7th day). After this period,
the nutritive solution remained at the total ionic strength.

Experimental Design

Experiment was performed using a completely randomized
design with four treatments (0 nM EBR +250 uM Fe, 0 nM
EBR +2.5 uM Fe, 100 nM EBR +250 uM Fe and 100 nM
EBR +2.5 uM Fe, described as — EBR/Fe adequate (Con-
trol), - EBR/Fe deficiency, + EBR/Fe adequate and + EBR/
Fe deficiency, respectively. With five replicates for each one
of four treatments, 20 experimental units were used in the
experiment, being one plant in each experimental unit. Fe
concentrations were chosen based in research of Lima et al.
(2018) and preliminary assays. While EBR treatments were
defined using the recommendation of Pereira et al. (2019).

24-Epibrassinolide (EBR) Preparation
and Application

Ten-day-old seedlings 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-days intervals until day 25. The 0- and 100-nM EBR
(Sigma-Aldrich, USA) solutions were prepared by dissolv-
ing the solute in ethanol 100%, followed by dilution with
Milli-Q water [ethanol:water (v/v)=1:10,000] (Ahammed
etal. 2013).

Cultivation of Plants and Fe Treatment

Plants received macro- and micronutrients using nutritive
solution described by Pereira et al. (2019), with the Fe con-
centrations adjusted to each treatment. For Fe treatments,
FeCl,-4H,0 + EDTA was used at the concentrations of
2.5 uM (Fe deficiency) and 250 pM (Fe adequate) applied
over 16 days (days 10-26 after the start of the experiment).
On day 26 of the experiment, physiological and morphologi-
cal parameters were measured for all plants, and leaf tissues
were harvested for biochemical, anatomical and nutritional
analyses.

Determining of Fe and Nutrients

Milled samples (100 mg) of root, stem and leaf tissues were
pre-digested using conical tubes (50 mL) with 2 ml of sub
boiled nitric acid (HNO,). Subsequently, 8 ml of a solution
containing 4 ml of hydrogen peroxide (H,0,) (30% v/v) and
4 ml of ultra-pure water were added, and transferred to a
Teflon digestion vessel in agreement with Paniz et al. (2018).
The determination of iron (Fe), phosphorus (P), potassium
(K), magnesium (Mg), manganese (Mn), copper (Cu) and
zinc (Zn) performed using an inductively coupled plasma
mass spectrometer (model ICP-MS 7900; Agilent).

Measurement of Chlorophyll Fluorescence and Gas
Exchange

Chlorophyll fluorescence was measured in fully expanded
leaves under light using a modulated chlorophyll fluorom-
eter (model OS5p; Opti-Sciences). Preliminary tests deter-
mined the location of the leaf, the part of the leaf and the
time required to obtain the greatest F,/F, ratio; therefore,
the acropetal third of the leaves, which was 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. Gas exchange was evaluated in all plants and
measured in the expanded leaves in the middle region of the
plant using an infrared gas analyser (model LCPro*; ADC
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BioScientific) in a chamber under constant CO,, photosyn-
thetically active radiation, air-flow rate and temperature con-
ditions at 360 pmol mol~" CO,, 800 pmol photons m™s™",
300 umol s~! and 28 °C, respectively, between 10:00 and
12:00 h. The water-use efficiency (WUE) was estimated
according to Ma et al. (2004), and the instantaneous car-
boxylation efficiency (Py/C;) was calculated using the for-

mula that was described by Aragdo et al. (2012).
Measurements of Anatomical Parameters

Samples were collected from the middle region of the leaf
limb of fully expanded leaves of the third node and roots
5 cm from the root apex. Botanical material was fixed in
FAA 70 for 24 h and then was dehydrated in a series of
ethanol and butanol for inclusion in histological paraf-
fin (Johansen 1940). Transverse sections were prepared in
agreement with procedures described by Maia et al. (2018).
For stomatal characterization, the epidermal impression
method was used according to Segatto et al. (2004). The
slides were observed and photomicrographed under an opti-
cal microscope (Motic BA 310; Motic Group Co. LTD.)
coupled to a digital camera (Motic 2500; Motic Group
Co., LTD.). The images were analysed using Moticplus 2.0
software. In both leaf faces, the stomatal density (SD) was
calculated as the number of stomata per unit area and the
stomatal functionality (SF) as the ratio PDS/EDS accord-
ing to Castro et al. (2009). The stomatal index (SI%) was
calculated as the percentage of stomata in relation to total
epidermal cells by area.

Extraction of Antioxidant Enzymes, Superoxide
and Soluble Proteins

Antioxidant enzymes (superoxide dismutase, catalase,
ascorbate peroxidase and peroxidase), superoxide and solu-
ble proteins were extracted from leaf tissues according to
the method of (Badawi et al. 2004). The extraction mixture
was prepared by homogenizing 500 mg of fresh plant mate-
rial in 5 ml of extraction buffer, which consisted of 50 mM
phosphate buffer (pH 7.6), 1.0 mM ascorbate and 1.0 mM
EDTA. Samples were centrifuged at 14,000xg for 4 min at
3 °C, and the supernatant was collected. Quantification 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.

Superoxide Dismutase Assay
For superoxide dismutase (SOD) assay (EC 1.15.1.1), 2.8 ml
of a reaction mixture containing 50 mM phosphate buffer

(pH 7.6), 0.1 mM EDTA, 13 mM methionine (pH 7.6),
75 uM NBT, and 4 pM riboflavin was mixed with 0.2 ml of
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supernatant. The absorbance was then 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.

Catalase Assay

For Catalase (CAT) assay (EC 1.11.1.6), 0.2 ml of super-
natant and 1.8 ml of a reaction mixture containing 50 mM
phosphate buffer (pH 7.0) and 12.5 mM hydrogen peroxide
were mixed, and the absorbance was measured at 240 nm
(Havir and McHale 1987).The CAT activity was expressed

in pmol H,0, mg™" protein min™".

Ascorbate Peroxidase Assay

For ascorbate peroxidase (APX) assay (EC 1.11.1.11),
1.8 ml of a reaction mixture containing 50 mM phosphate
buffer (pH 7.0), 0.5 mM ascorbate, 0.1 mM EDTA, and
1.0 mM hydrogen peroxide was mixed with 0.2 ml of super-
natant, and the absorbance was measured at 290 nm (Nakano
and Asada 1981).The APX activity was expressed in pmol

AsA mg™! protein min™'.

Peroxidase Assay

For peroxidase (POX) assay (EC 1.11.1.7), 1.78 ml of a reac-
tion mixture containing 50 mM phosphate buffer (pH 7.0)
and 0.05% guaiacol was mixed with 0.2 ml of supernatant,
followed by addition of 20 pL of 10 mM hydrogen peroxide.
The absorbance was then measured at 470 nm (Cakmak and
Marschner 1992).The POX activity was expressed in pmol

tetraguaiacol mg™' protein min~.

Determination of Superoxide Concentration

For determination of superoxide (O,7), 1 ml of extract
was incubated with 30 mM phosphate buffer [pH 7.6] and
0.51 mM hydroxylamine hydrochloride for 20 min at 25 °C.
Then, 17 mM sulphanilamide and 7 mM a-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 3000xg for 5 min. The absorb-
ance was measured at 530 nm (Elstner and Heupel 1976).

Extraction of Nonenzymatic Compounds

Nonenzymatic compounds (hydrogen peroxide and malon-
dialdehyde) were extracted as described by Wu et al. (2006).
Briefly, a mixture for extraction of H,0, and MDA was pre-
pared by homogenizing 500 mg of fresh leaf materials in
5 mL of 5% (w/v) trichloroacetic acid. Then, the samples
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were centrifuged at 15,000xg for 15 min at 3 °C to collect
the supernatant.

Determination of Hydrogen Peroxide Concentration

To measure hydrogen peroxide (H,0,), 200 pL of superna-
tant and 1800 pL 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

Malondialdehyde (MDA) was determined by mixing 500
uL of supernatant with 1000 pL of the reaction mixture,
which contained 0.5% (w/v) thiobarbituric acid (TBA) in
20% trichloroacetic acid. The mixture was incubated in boil-
ing 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 10,000xg for 10 min, and the absorb-
ance was measured at 532 nm. The nonspecific absorption
at 600 nm was subtracted from the absorbance 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
155mM~" em™".

Determination of Electrolyte Leakage

Electrolyte leakage (EL) 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 containers were incubated in a water bath at 40 °C for
30 min, and the initial electrical conductivity of the medium
(EC,) was measured. Then, the samples were boiled at 95 °C
for 20 min to release the electrolytes. After cooling, the final
electrical conductivity (EC,) was measured (Gong et al.
1998). The percentage of electrolyte leakage was calculated
using the formula EL (%)= (EC,/EC,) X 100.

Determination of Chloroplastic Pigments
and Biomass

Chlorophyll and carotenoid determinations were performed
using a spectrophotometer (model UV-MS51; Bel Photon-
ics) according to the methodology of Lichtenthaler and
Buschmann (2001). Biomass of roots, stems and leaves was
measured based on constant dry weights (g) after drying in
a forced-air ventilation oven at 65 °C.

Data Analysis

Normality of residues was verified with Shapiro-Wilk test.
Subsequently, data were submitted to one-way analysis of
variance and applied Scott—Knott test at a probability level
of 5% (Steel et al. 2006). All statistical procedures used the
Assistat software.

Results
Fe Deficiency is Attenuated by EBR

Fe deficiency promoted negative changes in the Fe content
in the root, stem and leaf tissues of soybean plants (Table 1),
being also verified visual symptoms in leaves (Fig. 1). How-
ever, after the exogenous application of EBR (100 nM) in
plants under Fe deficiency, substantial increases in Fe in the
roots, stems and leaves equal to 91%, 66% and 26%, respec-
tively, were induced compared with plants that received
equal treatment without EBR (Fe deficiency and — EBR).

EBR Mitigates the Deleterious Effects Provoked
by Fe Deficiency on Root Anatomy

Plants subjected to Fe deficiency showed reductions
(P<0.05) in RET, RDT, RCD, VCD and RMD (Fig. 2
and Table 2), whereas plants sprayed with 100 nM EBR
and exposed to Fe deficiency exhibited increases of 26%,
20%, 9%, 23%, 205% for RET, RDT, RCD, VCD and RMD,
respectively, compared with the same treatment without
EBR (Fe deficiency and — EBR).

Table 1 Fe contents in soybean

Sl St i BB Fe supply EBR  Feinroot (uggDM™)  Feinstem (uggDM™')  Fein leaf (ug g DM™")

exposed to Fe deficiency Control = 15.419.06+469.11b 44.63+0.67b 95.11+1.30b
Control + 18.878.61 +130.34a 5422+2.10a 103.17+0.37a
Deficiency ~ — 6982.19+512.40d 2239+0.76d 58.09+0.87d
Deficiency ~ + 13,369.60+289.67c 37.07+1.73¢ 73.20+1.22¢

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

Fe=1Iron
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Fig.1 Trifoliate leaves of soy-
bean plants sprayed with EBR
and exposed to Fe deficiency.
Fe control/— EBR (a), Fe con-
trol/+EBR (b), Fe deficiency/—
EBR (c¢), Fe deficiency/+ EBR
(d)

Steroid Treatment Enhances Homeostasis
and the Nutrient Content

Soybean plants exposed to Fe deficiency showed reductions
in the nutrient content (Table 3). However, plants subjected
to Fe deficiency + 100 nM EBR showed increases in the
P, K, Mg, Mn, Cu and Zn contents (root: 16%, 3%, 16%,
14%, 46% and 9%, respectively; stem: 8%, 2%, 18%, 5%.
5% and 18%, respectively; leaf: 5%, 7%, 7%, 16%, 15% and
4%, respectively) compared with treatment with Fe +0 EBR
deficiency (Table 3). The Fe>*/Mg?*, Fe>*/Mn**, Fe*/Cu®*
and Fe>*/Zn** ratios increased by 66%, 67%, 32% and 75%
in the roots (Table 4), respectively, 41%, 58%, 58% and 40%
in the stem, respectively, and 18%, 8%, 10% and 21% in
the leaves, respectively, compared with the same treatment
without EBR (Fe deficiency and — EBR).

EBR Improves the Performance of Photosystem II
in Plants Exposed to Fe Restriction

Fe deficiency caused significant changes in F, and F./F,.
However, EBR application induced a reduction of 16% in F,
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and an increase of 6% in F\/F,, (Fig. 3) compared with treat-
ment without EBR and under Fe deficiency. Plants exposed
to Fe deficiency showed significant decreases in @pgyy, gp
and ETR (Table 5), whereas EBR promoted significant
increases of 14%, 25% and 17%, respectively, compared with
plants without EBR and under Fe deficiency. Plants exposed
to Fe deficiency showed increases in the variables NPQ,
EXC and ETR/Py;: however, after receiving a spray with
EBR, significant reductions of 23%, 6% and 15% (Table 5),
respectively, were obtained compared with equal treatment
without EBR (Fe deficiency and — EBR).

Negative Effects of Fe Deficiency and EBR on Gas
Exchange

Plants subjected to Fe deficiency exhibited losses in gas
exchange (Table 6), but the presence of EBR in plants under
Fe deficiency provided significant increases in Py, E, g,
WUE and Py/C; of 38%, 12%, 16%, 22% and 61%, respec-
tively, and a reduction of 13% in C;, compared with plants
without EBR and exposed to Fe deficiency.
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Fig.2 Root cross sections
in soybean plants sprayed A B
with EBR and exposed to Fe RE
deficiency. Fe control/~ EBR ;
(a), Fe control/+EBR (b), RC
Fe deficiency/- EBR (¢), :
Fe deficiency/+EBR (d). RD- e
RE=root epidermis; RCroot ¥ : § E -
cortex; RD=root endodermis; ‘VCR“ 7, j -
VC=vascular cylinder; RM root RS ! 1‘
metaxylem. Bars: 300 ym ’ o
O 5
- -
C D
VeSS

Tabié 2. Root anatomy in. Fesupply EBR RET(um)  RDT(um)  RCD (um) VCD (um) RMD (um)
soybean plants sprayed with
EBR and exposed to Fe Conrol -  1274£036b 1689+0.6la 28891+1048b 284.53+12.18a 80.75+3.57a
Sy Control  +  1493:083a 17.63+06la 32877426152 296.82+1746a 8351+6.17a

Deficiency —  9.89+039% 11.67+064c 23051+1027d 190.99+1049 2132+1.18¢

Deficiency + 1250+0.19b  14.05+£0.67b 252.92+10.07c 234.87+1540b 65.03+3.96b

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

RETroot epidermis thickness, RDTroot endodermis thickness, RCDroot cortex diameter, VCD vascular
cylinder diameter, RMDroot metaxylem diameter

EBR Positively Modulates Leaf Anatomy

Fe deficiency caused negative changes in SD, PDS,
EDS, SF and IS on both leaf faces (adaxial and abaxial)
(Table 7). However, the application of 100 nM EBR on
the adaxial face produced increases in SD (7%), SF (2%)
and SI (4%) and reductions in PDS (4%) and EDS (6%).
Additionally, on the abaxial face exposed to Fe defi-
ciency, EBR exogenous induced increases in SD (3%)

and SI (0.4%), and decreases in PDS (13%) and EDS
(7%) compared with equal treatment in the absence of
EBR (Table 7). To leaf cross section, plants subjected
to Fe deficiency showed significant declines in ETAd,
ETAb, PPT and SPT (Fig. 4 and Table 8). However, foliar
spraying of 100 nM EBR in Fe-deficient plants promoted
increases in ETAd (16.2%), ETAb (16.5%), PPT (12%)
and SPT (19.3%) compared with the same treatment with-
out EBR.
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Table 3 Nutrient contents in soybean plants sprayed with EBR and exposed to Fe deficiency

Fesupply ~ EBR  P(mggDM™) K(mggDM™) Mg(mggDM™) Mn(uggDM™) Cu(uggDM™)  Zn(uggDM™)

Contents in root

Control - 18.25+0.81a 36.95+0.48a 27.65+0.71b 165.93+2.68d 13.57+0.74d 44.80+1.10b
Control + 19.03+0.48a 37.50+0.73a 27.82+0.52b 193.20+1.39¢ 16.35+0.82¢ 46.56 +1.69b
Deficiency — — 12.15+£0.77¢ 32.65+0.38¢c 27.90+0.76b 303.68+6.54b 24.20+0.58b 45.92+291b
Deficiency — + 14.09+0.47b 33.72+0.38b 32.30+1.05a 34721 +1.05a 35.24+1.26a 50.00+0.73a
Contents in stem

Control - 7.44+0.21a 56.98 +0.60b 237+0.11d 10.26+0.42d 2.03+0.03¢ 20.86+0.61d
Control + 7.51+0.19a 58.57+0.54a 2.76 +0.08¢ 11.20+0.38¢ 2.12+0.12¢ 23.42+1.23c
Deficiency — — 6.56+0.05¢ 52.73£0.40d 3.33+0.04b 25.84+0.36b 3.72+0.01b 26.93+0.20b
Deficiency — + 7.06+0.11b 53.94+0.40c 3.91+0.20a 27.03+£0.31a 3.89+0.02a 31.84+1.35a
Contents in leaf

Control - 7.32+0.04a 27.02+0.40b 4.60+0.24b 24.34+0.20b 1.84+0.02d 30.90+0.39¢
Control + 7.46+0.12a 28.02+0.36a 4.70+0.20b 25.25+0.39a 1.98+0.01c 31.64+0.84c
Deficiency - 6.25+0.09¢ 23.06+0.70d 4.76+0.11b 16.05+0.05d 2.22+0.03b 53.28+0.82b
Deficiency — + 6.56+0.10b 24.63+0.10c 5.10+0.11a 18.64+0.10c 2.55+0.04a 5541+097a

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

Mg =magnesium, P=phosphorus, K = potassium, Fe =iron, Cu=copper, Zn=zinc

Table4 Metal ra}ios in soybean Fe supply EBR Fe**/Mg** Fe/Mn2* Fel*/Cu?t Fet/Zn2*

plants sprayed with EBR and

exposed to Fe deficiency Ratios in root
Control - 0.558+0.017b 92.97+1.92b 1138.86 +74.25a 344,38 £15.15b
Control + 0.679+0.016a 97.72+1.28a 1156.97+5191a 405.90+13.75a
Deficiency - 0.250+0.019d 23.00+1.73d 288.45+18.22¢ 152.68+16.11d
Deficiency + 0.414 £0.020c 38.51£0.85¢ 379.64 +09.86b 267.38+05.07¢
Ratios in stem
Control - 0.019+0.002a 4.30+0.18b 21.94+0.47b 2.14+0.05b
Control + 0.020+0.002a 4.85+0.16a 25.68+1.07a 2.32+0.05a
Deficiency - 0.007+£0.001¢ 0.87+0.03d 6.02+0.23d 0.83+£0.03d
Deficiency + 0.009 £0.001b 1.37 +0.06¢ 9.53+0.42¢ 1.16£0.04¢
Ratios in leaf
Control - 0.021 £0.002a 3.91+0.02b 51.97+3.16a 3.08+0.05b
Control + 0.022+0.003a 4.09+0.03a 5223+12la 3.26+0.06a
Deficiency - 0.012+0.001¢ 3.62+0.05¢ 26.22+0.44¢ 1.09+0.03d
Deficiency + 0.015+0.001b 3.93+0.08b 28.78 +£0.88b 1.32+0.07¢

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

Fe =iron, Mg =magnesium, Mn =manganese, Cu = copper, Zn=zinc

Beneficial Actions of EBR on the Antioxidant System

Fe deficiency had negative effects on SOD, CAT, APX
and POX activities (Fig. 5); however, plants exposed to
Fe deficiency and sprayed with EBR showed increased
values of 11%, 35%, 8% and 24%, respectively, compared
with treatment without EBR and exposure to Fe deficiency.
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Effects of EBR on Oxidant Compounds and Cell
Damage

Regarding oxidative compounds (O,™ and H,0,) and indi-
cators of cellular damage (MDA and EL), plants subjected
to Fe deficiency showed increases in their concentrations
(Fig. 6). However, the application of 100 nM EBR provided
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Fig.3 Minimal fluorescence yield of the dark-adapted state (F;),  deficiency. Columns with different letters indicate significant differ-
maximal fluorescence yield of the dark-adapted state (F,), variable  ences from the Scott-Knott test (P <0.05). Columns corresponding to
fluorescence (F,) and maximal quantum yield of PSII photochemis-  means from five repetitions and standard deviations

try (F,/F,) in soybean plants sprayed with EBR and exposed to Fe

Table 5 Chlorophyll fluorescence in soybean plants sprayed with EBR and exposed to Fe deficiency

Fesupply ~ EBR &y ap NPQ ETR (umol m~s™")  EXC(umolm™s™")  ETR/Py

Control - 032+£001b  0.75+0.06b  0.86+0.07c  46.77+124b 0.56+0.01c 242+0.08b
Control + 035+00la  087+0.02a  0.74+0.06¢ 50.90+2.20a 0.53+0.03¢ 245+0.13b
Deficiency - 024+001d  040+0.02d  149+0.10a  34.56+1.70d 0.64+0.02a 2.91+0.18a
Deficiency ~ + 028+00lc 0504003  1.13+0.06b  40.54+2.13¢ 0.60+0.01b 247+0.16b

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

Ppgypeffective quantum yield of PSII photochemistry, g, photochemical quenching coefficient, NPQ nonphotochemical quenching, ETR electron
transport rate, EXCrelative energy excess at the PSII level, ETR/Pyratio between the electron transport rate and net photosynthetic rate
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Table6 Gas exchange in soybean plants sprayed with EBR and exposed to Fe deficiency

Fe supply EBR Py (umol m™2 s E (mmol m2s™") g, (mol m™ s7h C; (umol mol™')  WUE (umol mmol™) Py/C; (umol
m2s Pa! )
Control - 19.35+0.65b 2.57+0.25a 0.34+0.02a 239+ 10b 7.67+0.60a 0.081 +0.005b
Control + 20.79+0.63a 2.60+0.17a 0.34+0.03a 216+11c 8.01 +0.44a 0.097+£0.002a
Deficiency — 11.87+0.34d 2.25+0.12b 0.22+0.01c 297 +15a 5.32+0.53¢ 0.040+0.003d
Deficiency  + 16.46+0.24¢c 2.53+0.10a 0.26+0.02b 258+19b 6.52+0.20b 0.065+0.003¢

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

Py net photosynthetic rate, E transpiration rate, g, stomatal conductance, C;intercellular CO, concentration, WUE water-use efficiency, Py/C;car-
boxylation instantaneous efficiency

Table7 Stomatal characteristics

vsoytioa gl spoed Fe supply EBR SD (stomata per mmz) PDS (um) EDS (um) SF SI (%)

with EBR and exposed to Fe Adaxial face

deficiency Control -  15843+3.15b 1143£037c 2101059 0.54+000a 7.79+0.33a
Control + 168.57+6.30a 11.06+0.51c  19.50+0.85d 0.57+0.04a 7.84+0.44a
Deficiency — 140.00+4.67d 1298+0.40a 26.26+0.88a 049+0.02c  6.14+0.38¢c
Deficiency + 151.86+3.16¢c 12.17+£0.23b  23.15+£0.70b 0.53+0.00b  6.90+0.29b
Abaxial face
Control - 285.57+3.13b 11.71+£043b  22.40+0.59c 0.52+0.01b 13.65+0.55a
Control + 292.86+3.17a 10.88+0.37c  19.64+049d 0.55+0.0la 13.94+0.70a
Deficiency — 258.71+6.63d 13.09+0.352 27.85+0.54a 0.47+0.02c 12.01+0.64b
Deficiency + 271.57+45l1c 12.03+0.42b 23.46+0.37b 0.51+0.01b 12.46+0.57b

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

SDstomatal density, PDS polar diameter of the stomata, EDSequatorial diameter of the stomata, SF stoma-

tal functionality, S/stomatal index

reductions in the levels of O, (35%), H,0, (11%), MDA
(10%) and EL (12%) compared with treatment without EBR
and under Fe deficiency.

EBR Spray Modulates the Beneficial Effects
on Photosynthetic Pigments

Plants exposed to Fe deficiency displayed negative changes
in photosynthetic pigments (Table 9), but the presence of
100 nM EBR promoted significant increases in Chl a (14%),
Chl b (23%), total Chl (15%) and Car (28%) compared with
treatment in the absence of EBR combined with Fe defi-
ciency. Additionally, reductions were found in the ratios of
Chl a/Chl b and total Chl/Car at 6% and 11%, respectively.

Biomass of Soybean Plants Treated with EBR
and Exposed to Fe Restriction

Plants exposed to Fe deficiency presented slight benefits
regarding morphological parameters when sprayed with
EBR, with increases of 0.2%, 1.4%, 0.3% and 0.6% in LDM,
RDM, SDM and TDM, respectively, compared with treat-
ment without EBR and under Fe deficiency (Fig. 7).
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Discussion

The increase in the Fe content in plants exposed to Fe defi-
ciency + 100 nM EBR suggests that this steroid improved
the absorption, transport and accumulation of Fe in the
evaluated tissues (Fig. 8). EBR induces Fe uptake by root
epidermal cells, increasing the activity of the H*-ATPase
enzyme (Song et al. 2016), responsible for the release of
protons (H¥) to the rhizosphere (Kim and Guerinot 2007).
The acidification induced by this enzyme increases the
iron solubility in the rhizosphere. Consequently, oxidized
Fe** is reduced to the soluble form of Fe** through the
reductase modulated by the FRO2 gene (ferric reductase
oxidase); thereafter, the iron is transported to the inte-
rior of the cell by the protein IRT1 (iron-regulated trans-
porter) (Giehl et al. 2009). Vardhini et al. (2012) studied
the effects of two brassinosteroid analogues (EBR and
28-homobrassinolide) on the mineral content and metabo-
lites and observed that leaf spray of both forms increased
the Fe content in the roots of Raphanus sativus.

EBR promoted beneficial effects on the root tissues
(RET, RDT, RCD, VCD and RMD) of plants exposed to
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Fig.4 Leaf cross sections

in soybean plants sprayed
with EBR and exposed to Fe
deficiency. Fe control/~ EBR
(a), Fe control/+EBR (b), Fe
deficiency/— EBR ¢), Fe defi-
ciency/+EBR (d). EAd adaxial
epidermis; EAbadaxial epider-
mis; PP palisade parenchyma;
SPspongy parenchyma. Bars:
200 um

Table8 Leaf anatomy in

sogbesis flanksspaaveditih Fesupply EBR ETAd (um) ETAb (um) PPT (um) SPT (um) Ratio PPT/SPT

EBR and exposed to Fe Control - 14984039 16.09+0.59 76.28+299a 6332+2.12b 1.21+0.08b

Sy Conrol  +  1696+056a 1808+046a 7748+372a 68.44+230a 1.13+0.09
Deficiency —  12.13+046d 1126+081d 6241+17lc  39.71+2.85d 1.58+0.10a
Deficiency + 1409+035¢  13.12£0.52c  69.90+£1.93b 47.39+3.02c 1.48+0.07a

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

ETAdepidermis thickness from adaxial leaf side, ETAbepidermis thickness from abaxial leaf side, PPTPal-
isade parenchyma thickness, SPT'spongy parenchyma thickness

Fe deficiency. Increases in RET, RDT and RCD after the
exogenous application of EBR (100 nM) indicated that this
steroid stimulates the processes of cell division and elonga-
tion of the root meristem, specifically the epidermis (Gonza-
lez-Garcia et al. 2011; Hacham et al. 2011). The epidermis,
endoderm and cortex are tissues that are associated with
the mechanism of root protection and selectivity, and the
increases detected in these tissues serve as a barrier against
abiotic stresses, such as Fe deficiency (Cui 2015; Barberon
et al. 2016). Increases in VCD and RMD induced by EBR
suggest that higher densities of these tissues may facilitate

water flow and nutrients in plant tissues. Maia et al. (2018)
studied the responses induced by the exogenous application
of EBR (100 nM) on root anatomy in contrasting Solanum
lycopersicum genotypes (BRs-efficient and BRs-deficient)
and observed increases in RET (9%), RDT (14%), RCD
(12%), VCD (7%) and RMD (17%).

Plants with Fe deficiency and sprayed with EBR exhib-
ited increased contents of macronutrients (P, K and Mg)
and micronutrients (Mn, Cu and Zn) (Fig. 8). These results
confirm that exogenous EBR (100 nM) mitigated the effects
of Fe deficiency, optimizing the absorption and assimilation
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Fig.5 Activities of superoxide dismutase (SOD), catalase (CAT),
ascorbate peroxidase (APX) and peroxidase (POX) in soybean plants
sprayed with EBR and exposed to Fe deficiency. Columns with dif-

processes of ions, also implying beneficial effects on nutri-
tional balance (Talaat and Shawky 2013). Additionally,
increases in the Fe**/Mg**, Fe>*/Mn’*, Fe’*/Cu’* and Fe**/
Zn** ratios can be attributed to the simultaneous actions of
the family transporters NRAMP, DMTI and IRT1, which
function in Fe absorption and the intracellular transport of
other metals, such as Mn, Cu and Zn (Kaiser et al. 2003;
Colangelo and Guerinot 2006; Socha and Guerinot 2014).
Tomasi et al. (2014) investigated the accumulation of nutri-
ents in Fe-deficient Cucumis sativus leaves and observed
that the Cu and Zn contents were higher in the leaf vascular
system. Lima et al. (2018) proved that exogenous EBR pro-
voked increments in the P (103%), K (8%), Mg (9%), Mn
(21%), Cu (26%) and Zn (25%) contents by evaluating the
nutritional status of Eucalyptus urophylla roots under Fe
deficiency.

@ Springer

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

Exogenous EBR (100 nM) mitigated the negative effects
caused by Fe deficiency on F,, F,, F, and F,/F,,. indicating
that this plant steroid reduces photoinhibition and improves
photochemical efficiency in soybean plants. A reduction
in F;; and increase in F,, indicate that EBR increased the
proportion of oxidized quinone (Q,), improving the cap-
ture of photons in PSII reaction centres and increasing the
F/F,, values (Hertle et al. 2013; Li et al. 2017). Pestana
etal. (2005) evaluated the physiological responses of Citrus
taiwanica rootstocks under different Fe concentrations (0, 5,
10, 15 and 20 pM) and detected increased F, but reduced F,
and F/F,. Xiaetal. (2009) used Cucumis sativus to confirm
that 0.1 pM EBR via foliar spraying elevated F,/F,, values,
optimizing the activity in PSIL

The increase in @pgy;, gp and ETR values in plants
exposed to Fe deficiency + 100 nM EBR (Fig. 8), being
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Fig.6 Superoxide (O,7), hydrogen peroxide (H,0,), malondialde-
hyde (MDA) and electrolyte leakage (EL) in soybean plants sprayed
with EBR and exposed to Fe deficiency. Columns with different

Table 9 Photosynthetic pigments in soybean plants sprayed with EBR and exposed to Fe deficiency

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

Fesupply EBR Chla(mgg™ FM) Chlh(mgg™ FM) Total Chl (mg g™ FM) Car(mg g™ FM) Ratio Chla/Chl b Ratio Total Chl/Car

Control -
Control +
Deficiency

Deficiency +

8.45+0.44a
8.50+0.48a
6.62+0.28¢
7.55£0.37b

2.00£0.12a
2.02+0.19a
1.37+0.12¢
1.73+0.13b

10.41+£0.57a
10.48 £0.52a
7.99+0.32¢
9.23+£0.56b

1.53+0.07a
1.65+0.12a
0.99+0.04c
1.26£0.11b

4.37+0.40a
4.30+0.35a
4.87+0.45a
4.54+044a

6.82+0.51b
6.60+0.65b
8.25+0.41a
7.33+£0.45b

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

Chl achlorophyll a, Chl bchlorophyll b, Total chltotal chlorophyll, Carcarotenoids

intrinsically related to increases in chloroplastic pigments
and F,/F,,. This result indicates a higher dissipation of fluo-
rescence by processes related to electron transport in the
chloroplasts and consequent generation of ATP and NADPH,

reflected in increments in Py (Rivero et al. 2010; Tikhonov
2013; Dumas et al. 2016). EBR also had a positive influence
on gp and ETR, increasing the activity of the cytochrome
b6f complex (Cyt b6f) and ferredoxin (Fd), which are plant
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Fig.7 Leaf dry matter (LDM), root dry matter (RDM), stem dry mat-
ter (SDM) and total dry matter (TDM) in soybean plants sprayed with
EBR and exposed to Fe deficiency. Columns with different letters

proteins with vital functions in photosynthesis, both using Fe
as a structural element (Buonasera et al. 2011). Roncel et al.
(2016) investigated the impacts of Fe deficiency on photo-
synthetic electron transport in Phaeodactylum tricornutum
plants and detected reductions in @pg;; and ETR. However,
Siddiqui et al. (2018) studied chlorophyll fluorescence in
Brassica juncea plants treated with 10~ M EBR and showed
increases in @pgy; (19%), gp (17%) and ETR (19%); however,
107® M 28-homobrassinolide promoted increases of 17%,
16% and 18% for ®pgy;, gp and ETR, respectively.

EBR decreased the NPQ, EXC and ETR/Py values in Fe-
deficient plants, revealing that EBR improves the efficiency
and conversion of energy absorbed by the PSII antenna,
attenuating the photoinhibitory damage in the reaction cen-
tres (Ogweno et al. 2008; Zhang et al. 2015). The reduction
of EXC is caused by the decrease in NPQ, indicating that

@ Springer

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

this steroid reduces photochemical damage in PSII (Silva
et al. 2012). Additionally, a reduction in ETR/Py induced
by EBR suggests the lower use of photochemical energy in
other metabolic processes, such as photorespiration, nitro-
gen metabolism and the Mehler reaction (Silva et al. 2010;
Krumova et al. 2013; Pociecha et al. 2017). Timperio et al.
(2007) studied the effect of Fe deficiency on the pigment
composition and organization of the thylakoid membrane
and showed increased energy dissipation (NPQ) in Spinacia
oleracea leaves exposed to 18 days of Fe deficiency.

In this study, EBR mitigated Fe deficiency in Glycine
max, minimizing negative effects under gas exchange. EBR
positively modulated PN, E and Ci because of better perfor-
mance in gs (Yu et al. 2004). Additionally, EBR improved
the carboxylation rate of RuBisCO (Hasan et al. 2011), con-
sequently promoting a better efficiency of CO, fixation in
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Fig.8 Schematic representation
connected to nutritional status,
photosynthetic pigments and
chlorophyll fluorescence in soy-
bean plants sprayed with EBR
and exposed to Fe deficiency,
being variables focused on main
results of this research

the Calvin—Benson cycle in chloroplasts and decreasing the
intercellular CO, concentration (C;) (Yu et al. 2004). The
increases obtained for WUE are explained by the improve-
ments promoted by EBR under Py and E, with WUE calcu-
lated by the relationship between variables Py and E (Bar-
ros Junior et al. 2017). Abiotic stresses, including the Fe
deficiency, provoke negative interferences on gas exchange,
affecting mainly Py and WUE, and these modifications
often delay growth and development (Sharma et al. 2020).
Larbi et al. (2006) evaluated the effects of Fe deficiency on
gas exchange and CO, assimilation in Beta vulgaris, Pyrus
communis and Prunus persica plants and verified reductions
in Py and E, as well as an increase in C;, in leaves under
extreme chlorosis induced by Fe deficiency in all species
studied. Additionally Ogweno et al. (2010), confirmed, using
Solanum lycopersicum, that 1.0 mg L' of EBR maximized
the CO, uptake, inducing a significant increase in Py.

EBR positively modulates the stomatal characteristics
(SD, PDS, EDS, SF and SI) of plants subjected to Fe defi-
ciency. Increases detected in SD, SF and SI demonstrated
that exogenous EBR (100 nM) optimizes stomatal perfor-
mance (g,), probably regulating the development of stomata

Soybean plants sprayed with EBR and submitted to Fe deficiency

Fe deficiency - EBR

Fe deficiency + EBR

through the activation of protein kinase in the stomatal
intracellular signalling pathway (Kim et al. 2012; Casson
and Hetherington 2012). Concomitantly, higher concentra-
tions of CO, were absorbed by the mesophyll cells (PPT
and SPT) (Flexas et al. 2008, 2012). Regarding PDS and
EDS, EBR promoted reductions in PDS and EDS, indicating
that smaller stomata have greater functionality and benefi-
cial effects on gas exchange, presenting a decrease in pore
size and a lower loss of water via E (Eburneo et al. 2017).
Fernandez et al. (2008) detected structural alterations associ-
ated with chlorosis by Fe deficiency in Pyrus communis and
Prunus persica, demonstrating a significant decrease in the
stomatal pore length in both species.

Plants treated with EBR (100 nM) and exposed to Fe
deficiency showed beneficial effects on leaf anatomy (ETAd,
ETADb, PPT and SPT). The increases in PPT and SPT are
associated with increases verified in Py and Py/C; because
the photosynthetic process is regulated by the intrinsic trans-
port capacity of the mesophyll and conductance of CO, of
ambient air to the carboxylation sites in the chloroplasts
(Ennajeh et al. 2010). The high values of ETAd and ETAb
in plants sprayed with EBR can be explained by the higher
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values in E and WUE, in which the epidermis is a coat-
ing tissue, clearly contributing to water use and avoiding
excessive water loss during the transpiration process (Javelle
etal. 2011). Yuan et al. (2018) investigated the anatomical
and ultrastructural responses in Capsicum annuum leaves
at four Fe concentrations (0, 0.05, 0.1 and 2.0 mM Fe L")
and described that leaves exposed to Fe deficiency (0 mM
Fe L") presented mesophyll cells weakly compressed and
few chloroplasts.

The exogenous application of EBR contributed to
increased activities of the SOD, CAT, APX and POX
enzymes of plants exposed to Fe deficiency, revealing an
intrinsic action of this steroid on the antioxidant system.
Additionally, EBR promotes photochemical efficiency, as
evidenced by the increases in F,/F,, and ETR. Song et al.
(2016) evaluated the enzymatic activities and growth of Ara-
chis hypogea seedlings exposed to Fe deficiency in com-
bination with EBR and detected increases in SOD, POX
and CAT. EBR up-regulated the expressions of the POX
and CAT genes, mitigating the adverse impacts on Brassica
Jjuncea seedlings exposed to Pb toxicity (Kohli et al. 2018b).
Bajguz (2010) studied the exogenous effects of EBR on the
culture of Chlorella vulgaris exposed to Cu, Cd and Pb and
observed beneficial effects on the antioxidant system, pro-
moting increases in the activities of antioxidant enzymes
(SOD, CAT and APX).

The EBR application promoted reductions in the ROS lev-
els (O, and H,0,) and mitigated membrane damage (EL and
MDA). These results are attributed to increases in antioxidant
enzyme activities (SOD, CAT, APX and POX) previously
detected in this study. These enzymes are responsible for cell
detoxification (Ahmad et al. 2010; Rattan et al. 2020), alle-
viation of oxidative stress and cell death generated by ROS
(Bajguz 2010; El-Beltagi and Mohamed 2013). Additionally,
high concentrations of O, and H,0, frequently promote lipid
peroxidation (MDA), inducing electrolyte leakage (EL) and
negatively interfering with membrane functions (Kumari et al.
2010; Gallego et al. 2012). Kohli et al. (2019) found significant
reductions of O,", H,0, and MDA in Brassica juncea treated
with EBR and Pb-stress. Tewari et al. (2013) evaluated the
induction of ROS under Fe deficiency and the mechanism of
programmed cell death in Brassica napus leaves and detected
significant accumulations of O, and H,0, in chloroplasts.
Abdelmajid et al. (2008) evaluated the symbiotic response of
two varieties of Phaseolus vulgaris exposed to Fe deficiency
and found accumulated MDA of 24% in ARA14 and 44% in
Coco blanc, indicating oxidative stress and lipid peroxidation
in the cell membrane of the nodules of both varieties. How-
ever, Choudhary et al. (2011) evaluated Raphanus sativus
seedlings subjected to three concentrations of EBR (107,
10 and 10”7 M) and exposed to Cu and showed a significant
decrease in the MDA content (44%) with 10° M EBR.

@ Springer

EBR induced increases in the Chl a, Chl b, Chl total and
Car levels of plants under Fe deficiency (Fig. 8), suggest-
ing that this steroid improves the function of the enzyme
ferrochelatase in the route of chlorophyll biosynthesis. Fer-
rochelatase is an enzyme present in the thylakoid membrane,
where it is responsible for inserting Fe into protoporphyrino-
gen IX oxidase (PPO), which acts as a catalyst during the
oxidation reaction of protoporphyrinogen IX to protopor-
phyrin IX to form the chlorophyll molecule (Lermontova
et al. 1997; Suzuki et al. 2002). Molassiotis et al. (2005)
investigated the oxidative stress, antioxidant activity and
activity of Fe(III) chelate reductase in Prunus rootstocks
exposed to Fe deficiency and detected reductions in the Chl
total levels. Bajguz (2011) analysed the contents of chloro-
phylls and phytochelatins, as well as growth, in Chlorella
vulgaris treated with EBR (108 M) and exposed to Cd, Pb
and Cu and detected an increase in the Chl total content
positively induced by the action of this steroid. Kaya et al.
(2020) evaluating Capsicum annuum plants sprayed with
EBR and subjected to Cd toxicity reported that this steroid
mitigated the deleterious effects on Chl a and Chl b, being
these results explained by the improvements on antioxidant
system and subsequent lower oxidative stress.

EBR application reduced the deleterious effects caused
by iron deficiency on the plant biomass (LDM, RDM, SDM
and TDM). These increases are explained by EBR stimulat-
ing the processes of cell division and elongation, combined
with adequate nutrient contents and higher photosynthetic
rates (Shahbaz and Ashraf 2007), resulting in the accumula-
tion of dry matter (Bhardwaj et al. 2007). Mahmoudi et al.
(2007) reported that Fe deficiency significantly inhibits the
biomass in two Cicer arietinum varieties. However, Swamy
and Rao (2009) proved that exogenous application of EBR
(0.5, 1.0 and 3.0 pM) improved the growth of Pelargonium
graveolens plants, promoting increases in LDM, RDM, and
SDM. Jan et al. (2018) working with Pisum sativum seed-
lings under Cd stress described significant increments in dry
matter and length of root and shoot after EBR treatment,
being associated by these authors to stimulation promoted by
this steroid on elongation rate and cell division. In relation
next steps, future research using contrasting genotypes to
EBR biosynthesis (deficient and efficient) and focusing on
gene expression related to Fe transporters are necessary to
expand the knowledge on EBR roles in higher plants.

Conclusion

Exogenous EBR minimizes the damage caused by Fe defi-
ciency. This steroid maximized the Fe content in the leaf,
stem and root, suggesting that EBR enhances the uptake
and transport of Fe and other essential nutrients, improv-
ing the nutritional status. In parallel, EBR benefits metallic
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homeostasis, as confirmed by the increments detected in
the Fe**/Mg**, Fe**/Mn** and Fe**/Cu®* ratios in plants
exposed to Fe deficiency. Steroid mitigates the negative
effects of Fe deficiency on chlorophylls, being modulated
by antioxidant enzymes (superoxide dismutase, catalase,
ascorbate peroxidase and peroxidase) and corroborated
by reductions in the malondialdehyde levels and electro-
lyte leakage, revealing a protective action of EBR against
damage provoked by oxidative stress in chloroplast pig-
ments. Concomitantly, plants treated with EBR exhibited
fewer deleterious effects caused by photoinhibition in PSII
(Photosystem II), minimizing the relative energy excess at
the PSII level and nonphotochemical quenching. However,
EBR increased the electron transport rate and photochemi-
cal quenching, indicating a higher photochemical efficiency.
Therefore, our results demonstrate that EBR spray improved
the nutrient content and physiological performance of soy-
bean plants under the conditions of Fe limitation.
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CONCLUSAO GERAL

Os resultados de ambos os estudos demonstraram que suprimentos baixos e altos de Zn
e Fe produziram efeitos deletérios em plantas de soja. Contudo, nossas pesquisas
revelaram claramente que EBR pode desempenhar papéis multiplos e benéficos em
plantas de soja expostas aos efeitos negativos de Zn e Fe.

EBR aliviou o impacto produzido pelo estresse do zinco no sistema radicular agindo
positivamente sobre a epiderme radicular, endoderme radicular, cortex, cilindro vascular
e metaxilema, melhorando intrisecamente a homeostase dos nutrientes nas plantas.

As repercussdes benéficas da EBR no crescimento, manutencdo dos pigmentos
fotossintéticos, maquinario fotossintético e trocas gasosas estavam intrinsecamente
ligados @ menor producgdo de compostos oxidantes e danos as células.

A aplicacdo exdgena do EBR em plantas expostas ao estresse de Zn e Fe melhorou, de
modo geral, os pardmetros anatdmicos, nutricionais, fisiologicos, bioquimicos e
morfolégicos, com 100 nM EBR como concentracdo 6tima. 1sso pode ser recomendado
para a utilizacdo pratica em plantas expostas a deficiéncia de Zn e Fe e ao excesso de
Zn.



