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RESUMO 

 

A soja é uma leguminosa largamente cultivada em diversos países devido aos elevados teores 

de proteínas e óleos contidos em seus grãos. É utilizada na alimentação humana e animal ou 

destinada a produção de medicamentos, produtos industriais e biocombustível. Por outro lado, 

o estresse salino é um fator limitante na produção da cultura e estima-se que mais de 800 

milhões de hectares são afetadas pela salinidade. Nesse sentido, o objetivo dessa pesquisa foi 

avaliar o comportamento estrutural, utilizando variáveis da raíz, caule e folha, detalhando as 

possíveis modificações anatômicas envolvidas nesses órgãos, além de compreender o 

comportamento nutricional, o aparato fotossintético, trocas gasosas, sistema antioxidante e 

danos oxidativo em plantas de soja submetidas a estresse salino progressivo. Para isso, o 

experimento foi randomizado em cinco tratamentos (0, 50, 100, 150 e 200 mM de NaCl). Na 

raíz, aumentos na epiderme e endoderme revelam os papeis protetores dessas estruturas em 

plantas submetidas até 100 mM Na+, que favorecem a redução do influxo de Na+. Com o 

incremento da salinidade, o maior aumento do aerênquima lisígeno minimiza a absorção de 

íon tóxicos através da substituição das células mortas por espaços de ar. Em relação ao caule, 

aumentos no córtex e na medula, no primeiro entrenó nas concentrações de 100 mM Na+, 

amenizam os danos e estresse oxidativo gerados pelo sal nas regiões meristemáticas. Em 

todas as regiões da raiz e do caule analisadas nas plantas de soja submetidas a concentrações 

de 50-200 mM Na+, o metaxilema é reduzido para evitar a cavitação e perda da 

funcionalidade dos elementos de vasos e, essas alterações, maximiza a impermeabilidade 

deste tecido evitando o fluxo iônico através do aumento da espessura da parede celular. Em 

relação às folhas, o estresse salino progressivo interfere negativamente na homeostase de 

K+/Na+, o conteúdo nutricional, aparato fotossintético e trocas gasosas, também aumenta o 

dano oxidativo e, em certa medida, induz o sistema antioxidante e prejudica os pigmentos 

fotossintéticos. Por outro lado, os impactos da salinidade promovem modificações anatômicas 

foliares que minimizam os efeitos deletérios associados ao Na+. Efeitos como o aumento da 

cera epicuticular em concentrações salinas de 50 mM Na+ favorecem uma proteção lipofílica 

que evita a perda de água pela transpiração e a incidência direta da radiação solar nas células 

epidérmicas. Além disso, as melhorias observadas na quantidade dos estômatos, em sua forma 

mais elíptica, bem como o aumento da espessura da epiderme, até 100 mM Na+, evidenciam 

uma estratégia para o uso eficiente da água. Por fim, esta pesquisa mostrou que plantas de 

soja submetidas a estresse salino progressivo exibiram modificações anatômicas para 

minimizar os efeitos deletérios associados ao Na+. 

 

Palavras-chave: Exclusão de Na+, Glycine max, Salinidade, Sódio. 

 

 

 

 

 

 

 

 



ABSTRACT 

 

Soybean is a legume that is widely cultivated in many countries due to the high levels of 

proteins and oils contained in its grains. It is used in human and animal nutrition or for the 

production of medicines, industrial products and biofuel. On the other hand, salt stress is a 

limiting factor in crop production and it is estimated that more than 800 million hectares are 

affected by salinity. In this sense, the aim of this research was to evaluate the structural 

behavior, using root, stem and leaf variables, detailing the possible anatomical changes 

involved in these organs, in addition to understanding the nutritional behavior, the 

photosynthetic apparatus, gas exchange, antioxidant system and oxidative damage in soybean 

plants submitted to progressive salt stress. For this, the experiment was randomized into five 

treatments (0, 50, 100, 150 and 200 mM NaCl). In the root, increases in the epidermis and 

endoderm reveal the protective roles of these structures in plants subjected to 100 mM Na+, 

which favor the reduction of the influx of Na+. With the increase in salinity, the higher 

increase in the lysigenous aerenchyma minimizes the absorption of toxic ions by replacing 

dead cells with air spaces. In relation to the stem, increases in the cortex and pith, in the first 

internode in concentrations of 100 mM Na+, alleviate the damage and oxidative stress 

generated by salt in the meristematic regions. In all root and stem regions analyzed in soybean 

plants subjected to concentrations of 50-200 mM Na+, the metaxylem is reduced to prevent 

cavitation and loss of functionality of vessel elements and, these changes, maximizes the 

impermeability of this tissue preventing ionic flux by increase the thickness of the cell wall. 

In relation to leaves, progressive salt stress negatively interferes in K+/Na+ homeostasis, 

nutritional content, photosynthetic apparatus and gas exchange, also increases oxidative 

damage and, to some extent, induces the antioxidant system and harms photosynthetic 

pigments. On the other hand, the impacts of salinity promote leaf anatomical changes to 

minimize the deleterious effects associated with Na+. Effects such the increase of epicuticular 

wax in saline concentrations of 50 mM Na+ favor a lipophilic protection that prevents the loss 

of water through transpiration and the direct incidence of solar radiation in the epidermal 

cells. In addition, the improvements observed in the number of stomata, in their most 

elliptical form, as well as the increase in the thickness of the epidermis, up to 100 mM Na+, 

evidence a strategy for the efficient use of water. Finally, this research showed that soybean 

plants subjected to progressive salt stress exhibited anatomical changes to minimize the 

deleterious effects associated with Na +. 

 

Keywords: Glycine max, Na+ exclusion, Salinity, Sodium. 
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CONTEXTUALIZATION 

Soybean [Glycine max (L.) Merr.], belonging to Fabaceae and Papilionoideae, is a 

species from China and adjacent regions (FREITAS, 2011), in which its improvement began 

with the appearance of plants from natural crossings, between two wild soybean species that 

have been domesticated and improved by scientists from ancient China (FARIAS et al., 2007; 

LEE et al., 2011). The records indicate that G. max was derived from G. gracilis, which in 

turn has G. soy as an ancestor (MISSION, 2006). 

In Brazil, the first crop was registered in Bahia via the United States, in 1882, by 

Gustavo Dutra, then professor at the Bahia School of Agronomy, who conducted the first 

evaluation studies of cultivars introduced in the country (MUSSKOPF; BIER, 2010). In 1891, 

cultivar adaptation tests were performed at the Agronomic Institute of Campinas, State of São 

Paulo (SP). At that time, the interest was only forage use and its use as grain was only started 

in 1941 in Rio Grande do Sul (ROCHA, 2009). 

Soybean is an annual, autogamous, herbaceous, erect plant with wide variability in 

morphological characteristics that can still be influenced by various environmental conditions 

(MATTOS et al., 2016). Its cycle, which is the number of days from emergence to maturity, 

can take from 75 days for the earliest cultivars and 200 days for the later ones (SEDIYAMA, 

2009). 

The root system is pivotal, with a main root and profuse lateral branches capable of 

establishing symbiosis with atmospheric nitrogen-fixing bacteria (NICOLOSO et al., 2008). 

The stem is hairy and often branched, with a height between 30 and 200 cm and can have 

indeterminate, semi-determined or determined growth (CAPELLARI JUNIOR et al., 2007). 

Cultivars of undetermined growth do not have terminal flowering branches and 

continue to develop knots and lengthen the stem so that they continue to increase height until 

the end of flowering (ROCHA, 2009). While cultivars with a determined growth habit have 

plants with stems terminated by floral races and, after flowering begins, the plants increase 

very little in height (SOUZA et al., 2014). 

The leaves are alternate, of long petioles and composed of three large, usually oval 

leaflets. The flowers are axillary or terminal, papillary type, white, yellow or violet, 

depending on the variety (BORÉM, 1999). The fruits are oblong and hanging pods, pubescent 

and 25 to 75 mm long, with grains numbering from one to five per vage (BORÉM, 2005). 

These are mostly elliptical and flat and in a state of maturity, they may have a straw yellow, 

olive, light brown or black color in the cultivated varieties (MISSÃO, 2006). 
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The soybean cycle is divided into developmental, vegetative and reproductive stages. 

The vegetative stages are named by the letter V and the reproductive stages by the letter R. 

With the exception of emergence and opening events of the cotyledons, the letters V and R 

are followed by numbers that identify specific stages (ROCHA, 2009). The V stages 

correspond to the events that occurred since the seedling emergence until the last trifoliate 

emission before the first flower opening. While the R stages comprise the events that occurred 

from the opening of the first flower to the complete maturation of the pods (FAGAN et al., 

2010). 

Currently, soybeans are cultivated in several countries due to the high levels of protein 

and oil contained in their grains (BRUNINI et al., 2016). It is used in human and animal food 

(RENNÓ, 2015; ZAKIR; FREITAS, 2015), or intended for the production of medicines, 

industrial products and biofuel (STACHIW et al., 2016). Given this global need, soybeans are 

an essential and growing crop for many productive sectors. 

The USA leads the world soy production followed by Brazil (AGRIANUAL, 2016; 

FAO, 2019). In this country, production is predominantly concentrated in the Midwest and 

South regions, with Mato Grosso being the main producer of the crop. In the North, Pará 

deserves to be highlighted as the second largest producer in the region (IBGE, 2016). 

The advance of soybean has been occurring in all regions of the country, especially in 

the North and Northeast (CONAB, 2016). However, the constant use of technologies such as 

excessive application of fertilizers, pesticides, irrigation water in productive environments can 

cause serious damage to the biosphere, one of them is salinization of soils (PEDROTTI et al., 

2015). 

Soil salinization is a growing problem worldwide. Approximately 800 million hectares 

of soils are estimated to be affected by salts (FAO, 2019), with most of the world's irrigated 

areas suffering from reduced yields due to excess salts in the soil (RIBEIRO et al., 2003; 

SOUSA , 2007). Salt-affected soils are mainly found in arid and semi-arid climates in more 

than 100 countries on all continents except Antarctica. In Brazil the problem is verified 

throughout the country, especially in the Northeast, where approximately 25% of irrigated 

areas were salinized (GHEYI, 2000). 

Man-induced salinization is most noticeable in environments with high 

evapotranspiration and low rainfall throughout the year, manifesting itself most markedly in 

these areas due to inadequate irrigation management, where drainage control is not done or 

not done inefficient way (OLIVEIRA, 1997). In the semi-arid Northeast there are currently 

large areas with salinized soils, due to the physical and chemical nature of the soils, water 
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deficit and high evaporation rate, with higher incidence of the problem in the most intensively 

cultivated land using irrigation, in the agricultural poles irrigated (SILVA et al., 2011). 

The factors directly responsible for soil salinization in irrigated areas are the use of 

irrigation water with high saline concentration, increased water table due to inadequate 

irrigation management, absence or deficiency of drainage, increased water table due to loss of 

water, water by infiltration into canals and reservoirs and, or, accumulation of irrigation water 

in the lower parts of the land (GHEYI et al., 1997). 

Another factor also responsible for the induction of salinity is the excessive 

application of high saline fertilizers, such as potassium chloride, ammonium nitrate and 

commercial formulations, in an indiscriminate and excessive manner, which may induce an 

increase in osmotic pressure in the solution soil, affecting seed germination and the 

development of very young plants (FIGUEIRÊDO, 2005; WANDERLEY, 2009). 

In this sense, salinity is one of the major limiting factors for plant development and 

productivity, being considered the major abiotic stress (ALLAKHVERDIEV et al., 2000). 

There are two types of salinity: primary, considered a natural process in areas where there is 

little rainfall and high evaporation, as well as gradual accumulation of ions from weathering 

(arid regions); and the secondary, resulting from an anthropic process, mainly by brackish 

water irrigation (WILLIAMS, 1987). 

The effect of salinity on plants is conditioned by two components: osmotic stress and 

ionic stress. The first results from the elevation of solutes in the soil solution, causing a water 

deficit by reducing the osmotic potential; and the second is due to the high tissue Na+ contents 

and the alteration of the K+/Na+ ratio, as well as the nutritional imbalance (MUNNS; 

TESTER, 2008). Still within the context of the osmotic effect of salinity, it is observed that 

plants have rapid inhibition of young leaf expansion, reduced stomatal conductance and leaf 

senescence at high Na+ concentrations (FRICKE, 2002). 

Evolutionarily, plants that have adapted to environments with a high concentration of 

salts have been derived from halophyte plants. These plants can tolerate concentration levels 

above 300-1000 mM of salt (ZHU, 2007) through the ability to compartmentalize sodium and 

accumulate osmolytes, keeping potassium concentrations constant. Halophyte plants can 

accumulate more salt in the leaves and roots, and can force sodium through the tonoplast with 

highly selective protein transporters for Na+/K+ (RADYUKINA et al., 2007). Most halophytes 

respond to salinity by exclusion (YADAV et al., 2011), and yet, plants must absorb salt under 

saline stress and store it in vacuoles or tissues where their damage is minimal or segregated. 

Secretion occurs through the elimination of salty leaves and also by salt glands, specialized 
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cells in the leaves and stem that secrete salt, which is carried by rain or wind (ASLAM et al., 

2011) 

Different from halophytes, plants considered glycophytes make up the majority of all 

plant life, including crops important to the world economy and food. These species do not 

tolerate saline stress and, contents above 100-200 mM of salt, can already cause the inhibition 

of growth and death of individuals (ZHU, 2007). On the other hand, it cannot be said that 

glycophytes do not have protective measures against these environmental conditions, instead, 

this group of plants even create a high K+/Na+ ratio through the active transport of ions, 

changing ionic gradients and electrochemicals to be more favorable to cytosolic processes 

(YADAV et al., 2011). Salt accumulates in Organs reproductive organs and leaves, and the 

plant focuses on mere survival rather than growth or reproduction (ZAKHARIN; 

PANICHKIN, 2009). 

Plants under saline stress develop various strategies to tolerate saline stress to some 

extent, including morphological, physiological, biochemical and anatomical aspects, through 

alternative processes that include selective accumulation and / or exclusion of ions, control of 

the intake of root ions and leaf transport, compartmentalization of ions in the vacuoles, leaves, 

osmolytes synthesis, alteration of photosynthetic pathways and induction of antioxidant 

enzymes (IVENGA and REDDY, 1996; MUNNS, 2002). 

Na+ removal from cytoplasm is performed by Na+/H+ antiport proteins that use H+ 

pumps to regulate the expression and activity of K+ and Na+ transporters, and under optimal 

conditions the plants present high K+ concentration, which acts on enzymatic activation, 

stomatal opening and closing, among other functions, and low Na+ concentration. Already in 

salinity conditions, K+ levels decrease in the plant (ZHU et al., 1993). In general, Na+ toxicity 

is most noticeable in the leaf blade, where Na+ accumulates due to the process of leaf 

transpiration, while in roots Na+ accumulation is more prominent in the epidermis, as it has 

direct contact with the soil solution and in the central cylinder (MUNNS, 2002). 

The general hypothesis of the work considers the deleterious effects promoted by 

saline stress on anatomical responses. In other hand, root, stem and leaf anatomical 

modifications may contribute to compartmentation, minimizing salt transport on tissues. The 

general aim of this research was to evaluate the structural behavior using root, stem and leaf 

variables, detailing the possible anatomical modifications involved in these organs, as well as 

to understand the behavior of photosynthetic machinery, gas exchange, antioxidant system 

and oxidative damage in soybean plants subjected to progressive salt stress. For this, the thesis 

was divided into two chapters and the data structured according to submission guidelines. 
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The hypothesis of the first article considered the deleterious effects of salt stress on 

plant metabolism. In other words, the anatomical modifications linked to the root and stem 

can minimize the negative impacts caused by Na+. The aim of this research was to evaluate 

the structural behaviour of the roots and stems, detailing possible anatomical modifications in 

these organs in soybean plants under progressive salt stress. The results published in Plant 

Biology. 

The hypothesis of the second article was based on problems caused by saline stress on 

structural responses. Additionally, the anatomical modifications linked to leaves can 

contribute to the reduction of excessive transpiration and consequently minimize salt transport 

within the plant. The aim of this research was to evaluate the physiological, biochemical and 

nutritional effects and how they affect the structural characteristics in soybean plants 

subjected to progressive salt stress. The results expected to be published in Journal of Plant 

Growth Regulation. 
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Effect of progressive salt stress on growth, physiology, biochemistry and leaf structure of soybean 41 

plants 42 

 43 

Abstract 44 

 45 

Soybean is a legume widely cultivated in several countries, mainly because the grains are rich in oil and 46 

proteins, where they are appreciated in human, animal food or in the production of consumer goods. On 47 

the other hand, one of the factors that limit global production is saline soils, where it is estimated that 800 48 

million hectares of land are affected by salinity worldwide. Based on the hypothesis that the problems 49 

caused by saline stress promote responses and that the plant uses anatomical leaf changes to reduce 50 

excessive transpiration and consequently minimized the transport and accumulation of salt on the plant, 51 

the aim of this research was to evaluate the physiological, biochemical and nutritional parameters and 52 

how they influence the characteristic of soybean plants submitted to progressive salt stress. The 53 

experiment was conducted at random with five treatments (0, 50, 100, 150 and 200 mM NaCl). The data 54 

showed that in the highest concentrations of Na+ negative interference in K+/Na+ homeostasis, nutritional 55 

content, photosynthetic apparatus and gas exchange, also the increase in oxidative damage and induced, 56 

to a certain extent, the antioxidant system and compromised the photosynthetic pigments. Structurally, it 57 

was observed in concentrations of up to 100 mM Na+, greater deposition of epicuticular wax, changes in 58 

the amount and shape of the stomata and increased thickness of the leaf epidermis. Finally, our research 59 

showed that the effects caused by salinity promoted anatomical changes to minimize salt damage. 60 

 61 

Keywords Glycine max ● Epicuticular wax ● Salinity 62 
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Abbreviations  81 

APX Ascorbate peroxidase 

CAR Carotenoids 

CAT Catalase 

Chl a Chlorophyll a 

Chl b                      Chlorophyll b 

Ci Intercellular CO2 concentration 

CO2 Carbon dioxide 

E Transpiration rate  

EDS Equatorial diameter of the stomata 

EL Electrolyte leakage 

ETAb Epidermis thickness from abaxial leaf side 

ETAd Epidermis thickness from adaxial leaf side 

ETR Electron transport rate 

ETR/PN Ratio between the apparent electron transport rate and net photosynthetic rate 

EXC Relative energy excess at the PSII level 

EWL Epicuticular wax load 

F0 Minimal fluorescence yield of the dark-adapted state 

Fm Maximal fluorescence yield of the dark-adapted state 

Fv   Variable fluorescence 

Fv/Fm     Maximal quantum yield of PSII photochemistry 

gs Stomatal conductance 

H2O2 Hydrogen peroxide 

LDM Leaf dry matter 

LMD Leaf metaxylem diameter 

LPT Leaf phoelm thickness 

LXT Leaf xylem thickness 

MDA Malondialdehyde 

NPQ Nonphotochemical quenching 

O2
- Superoxide anion 

PDS Polar diameter of the stomata 

PN Net photosynthetic rate  

PN/Ci                                       Instantaneous carboxylation efficiency 

POX Peroxidase 

PPT Palisade parenchyma thickness 

PSII Photosystem II 
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qP   Photochemical quenching 

RDM Root dry matter 

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 

SPD Stem pith diameter 

SPhT Stem phoelm thickness 

SXT Stem xylem thickness 

TD Trichome density 

TDM Total dry matter 

Total Chl Total Chlorophyll 

TS Trichome size 

WUE Water-use efficiency 

ΦPSII Effective quantum yield of PSII photochemistry 
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Introduction 101 

Soybean (Glycine max (L.) Merrill) is one of the most important crops in the world because 102 

grains are rich in oil and protein (Xu et al. 2016) which are appreciated in food and feed (Sanjukta and 103 

Rai 2016), besides being used as an energy source in biofuels (Pereira et al. 2017). Global production is 104 

estimated at approximately 338 million tons, with the United States being the main producer, followed by 105 

Brazil and Argentina (FAO 2018). However, one of the main factors limiting soy production is saline 106 

soils (Parihar et al. 2015), where approximately 800 million hectares of land are affected by salinity 107 

worldwide (FAO 2018). 108 

Salinity is one of the main forms of abiotic stress, occurring mainly in arid and semi-arid 109 

regions, where it presents low precipitation and high evapotranspiration (Abuelgasim and Ammad 2019). 110 

However, anthropogenic factors may favor and potentiate salt accumulation through the use of low 111 

quality irrigation water, poorly drained soils, and overuse of fertilizers and pesticides (Manchanda and 112 

Garg 2008). Among the salts that are accumulated in soils and harmful to agricultural crops, NaCl stands 113 

out, which in recent years has been the target of numerous studies on its effects on plants (Shahbaz et al. 114 

2011; Rasool et al. 2013; Qin et al. 2016b; de Oliveira et al. 2019).  115 

The high concentrations of NaCl in the soil favors the accumulation of Na+ ions inside the plant 116 

cell vacuoles (Horie et al. 2012) causing an osmotic imbalance by decreasing the soil water potential and 117 

reducing the plants ability to absorb water (Rengasamy 2010) and subsequently causing ionic imbalance, 118 

making Na+ potentially toxic in plant metabolism (Blumwald 2000). This is due to the replacement of K+ 119 

by Na+ in cytosol, altering biochemical reactions and protein conformation, and K+ acts as an enzymatic 120 

cofactor and protein synthesis (Zhu 2002). Furthermore, the osmotic pressure caused by excess Na+ in the 121 

growth regions of the plant favors the competitive absorption between ions and hinders the locomotion 122 

and accumulation of macro and micronutrients essential for the plant (Parihar et al. 2015). 123 

Plants under saline stress develop various strategies to tolerate saline stress to some extent, 124 

including morphological, physiological, biochemical and anatomical aspects, through alternative 125 

processes that include selective accumulation and / or exclusion of ions, control of the intake of root ions 126 

and leaf transport, compartmentalization of ions in the vacuoles and leaves, osmolytes synthesis, 127 

alteration of photosynthetic pathways and induction of antioxidant enzymes (Munns 2002; Acosta-Motos 128 

et al. 2017). 129 

In mild to moderate Na+ concentration, structural changes in the leaf epidermis are reported as a 130 

strategy to prevent direct solar radiation and excessive sweating through changes in the stomata guard 131 

cells (Barbieri et al. 2012), increased leaf hairiness (Bickford 2016) and epicuticular wax accumulation 132 

(Yang et al. 2015). On the other hand, under severe Na+ exposure conditions oxidative stresses occur and 133 

negatively affect plant growth and development (Pulavarty et al. 2016), as well as increasing the 134 

accumulation of reactive oxygen species (ROS) and ionic toxicity, compromising the antioxidant defense 135 

mechanism, decreasing photosynthetic pigments and unbalancing hormones (Kim et al. 2016). 136 

Our hypothesis was based on problems caused by saline stress on structural responses. 137 

Additionally, the anatomical modifications linked to leaves can contribute to the reduction of excessive 138 

transpiration and consequently minimize salt transport within the plant. The aim of this research was to 139 
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evaluate the physiological, biochemical and nutritional effects and how they affect the structural 140 

characteristics in soybean plants subjected to progressive salt stress. 141 

      142 

Materials and Methods 143 

Location and growth conditions  144 

The experiment was performed at the Campus of Paragominas of the Universidade Federal Rural da 145 

Amazônia, Paragominas, Brazil (2°55’ S, 47°34’ W). The study was conducted in a greenhouse in which 146 

the temperature and humidity were controlled. The minimum, maximum and median temperatures were 147 

24.6, 28.8 and 26.6 °C, respectively. The relative humidity during the experimental period varied between 148 

60% and 80%. 149 

 150 

Plants, containers and acclimation 151 

Seeds of Glycine max (L.) Merr. var. M8644RR Monsoy™ were germinated and grown in 1.2-L pots 152 

filled with a mixed substrate of sand and vermiculite at a ratio of 3:1. The plants were cultivated under 153 

semi-hydroponic conditions containing 500 mL of distilled water for eight days. A modified Hoagland 154 

and Arnon (1950) solution was used for nutrients, with the ionic strength beginning at 50% (6th day) and 155 

later modified to 100% after two days (8th day). After this period, the nutritive solution remained at total 156 

ionic strength. 157 

 158 

Experimental design 159 

The experiment was randomized into five treatments (0, 50, 100, 150 and 200 mM NaCl, described as 0, 160 

50, 100, 150 and 200 mM Na+, respectively). Five replicates of each treatment were conducted, producing 161 

a total of 25 experimental units (pots), with one plant in each unit.  162 

 163 

Plant conduction and salt stress 164 

One plant per pot was used to examine the plant parameters. The plants received the following macro- 165 

and micronutrients in the nutrient solution: 8.75 mM KNO3, 7.5 mM Ca(NO3)2·4H2O, 3.25 mM 166 

NH4H2PO4, 1.5 mM MgSO4·7 H2O, 62.50 µM KCl, 31.25 µM H3BO3, 2.50 μM MnSO4·H2O, 2.50 μM 167 

ZnSO4·7H2O, 0.63 μM CuSO4·5H2O, 0.63 μM NaMoO4·5H2O, and 250.0 μM NaEDTAFe·3H2O. To 168 

simulate Na+ exposure, NaCl was used at concentrations of 0, 50, 100, 150 and 200 mM Na, applied over 169 

15 days (days 20–35 after the start of the experiment). During the study, the nutrient solutions were 170 

changed at 07:00 h at 3-day intervals, with the pH adjusted to 5.5 using HCl or NaOH. On day 35 of the 171 

experiment, physiological and morphological parameters were measured for all plants, and leaf tissues 172 

were harvested for anatomical, biochemical and nutritional analyses. 173 

 174 

Measurement of chlorophyll fluorescence 175 

The minimal fluorescence yield of the dark-adapted state (F0), the maximal fluorescence yield of the 176 

dark-adapted state (Fm), the variable fluorescence (Fv), the maximal quantum yield of PSII 177 

photochemistry (Fv/Fm), the effective quantum yield of PSII photochemistry (ΦPSII), the photochemical 178 

quenching coefficient (qP), the nonphotochemical quenching (NPQ), the electron transport rate (ETR), the 179 
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relative energy excess at the PSII level (EXC) and the ratio between the electron transport rate and the net 180 

photosynthetic rate (ETR/PN) were determined using a modulated chlorophyll fluorometer (model OS5p; 181 

Opti-Sciences). Chlorophyll fluorescence was measured in expanded leaves under light. Preliminary tests 182 

determined the location of the leaf, the part of the leaf and the time required to obtain the greatest Fv/Fm 183 

ratio. This evaluation used the acropetal third of leaves from in the middle third of the plant that were 184 

adapted to the dark for 30 min. The intensity and duration of the saturation light pulse were 7,500 µmol 185 

m–2 s–1 and 0.7 s, respectively. 186 

 187 

Evaluation of gas exchange 188 

The net photosynthetic rate (PN), transpiration rate (E), stomatal conductance (gs), and intercellular CO2 189 

concentration (Ci) were evaluated using an infrared gas analyser (model LCPro+; ADC BioScientific). 190 

These parameters were measured in expanded leaves from middle region of the plant. The water-use 191 

efficiency (WUE) was estimated according to the protocol described by Ma et al. (2004), and the 192 

instantaneous carboxylation efficiency (PN/Ci) was calculated using the formula described by Aragão et 193 

al. (2012). Gas exchange was evaluated in all plants under constant conditions. The CO2 concentration 194 

was artificially controlled in 360 μmol mol-1 CO2, photosynthetically active radiation was 800 μmol 195 

photons m-2 s-1, the air-flow rate was 300 µmol s-1 and the temperature was 28 °C. Measurements were 196 

taken between 10:00 and 12:00 h 197 

 198 

Measurements of anatomical parameters 199 

Samples were collected from the middle region and midgrip of the leaf limb of fully expanded leaves. 200 

Subsequently, all collected botanical materials were fixed in FAA 70 for 24 hours and dehydrated in 201 

ethanol and embedded in Historesin LeicaTM (Leica, Nussloch, Germany). Transverse sections with a 202 

thickness of 5 μm were obtained using a rotating microtome (model Leica RM 2245, Leica Biosystems). 203 

The sections were stained with toluidine blue (O’Brien et al. 1964). The epidermal dissociation method 204 

was used for stomatal and trichome characterization. The slides were observed and photomicrographed 205 

under an optical microscope (Motic BA 310, Motic Group Co. LTD.) coupled to a digital camera (Motic 206 

2500, Motic Group Co., LTD.). The images were analysed with a Moticplus 2.0 that had been previously 207 

calibrated with a micrometre slide from the manufacturer. The anatomical parameters evaluated were: the 208 

polar diameter of the stomata (PDS), the equatorial diameter of the stomata (EDS), the trichome size 209 

(TS), leaf metaxylem diameter (LMD), the leaf phoelm thickness (LPT), the leaf xylem thickness (LXT), 210 

the trichome density (TD) and the trichome size (TS), the epidermis thickness from adaxial leaf side 211 

(ETAd), the epidermis thickness from abaxial leaf side (ETAb), the palisade parenchyma thickness 212 

(PPT), the spongy parenchyma thickness (SPT). For both leaf faces, the stomatal density (SD) and 213 

trichome density (TD) was calculated as the number of stomata and trichome per unit area, 214 

respectivament, and the stomatal functionality (SF) was calculated as the ratio PDS/EDS, as described by 215 

Castro et al. (2009). The stomatal index (SI %) was calculated as the percentage of stomata in relation to 216 

total epidermal cells, by area.  217 

 218 

Epicuticular wax quantification 219 
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Wax extraction was based on the recommendations of Damato et al. (2017) with modifications. In 220 

individual pre-weighed recipients, fragments 1 cm² of the middle third of the leaf were immersed in 2 mL 221 

chloroform for 30 seconds. The obtained extract was placed in a water bath at 60 °C until the total 222 

evaporation of chloroform and then weighed. Wax quantification was expressed by the amount of wax 223 

per unit leaf area (mg/cm-2). 224 

 225 

Extraction of antioxidant enzymes, superoxide anion and soluble proteins 226 

Antioxidant enzymes (SOD, CAT, APX and POX), superoxide anion and soluble proteins were extracted 227 

from leaf tissues according to the method described by (Badawi et al. 2004). The extraction mixture was 228 

prepared by homogenizing 500 mg of fresh plant material in 5 ml of extraction buffer, which consisted of 229 

50 mM phosphate buffer (pH 7.6), 1.0 mM ascorbate and 1.0 mM EDTA. Samples were centrifuged at 230 

14,000 × g for 4 min at 3 °C, and the supernatant was collected. Quantification of the total soluble 231 

proteins was performed using the method described by (Bradford 1976). Absorbance was measured at 232 

595 nm, using bovine albumin as a standard. 233 

 234 

Superoxide dismutase assay 235 

For the SOD assay (EC 1.15.1.1), 2.8 ml of a reaction mixture containing 50 mM phosphate buffer (pH 236 

7.6), 0.1 mM EDTA, 13 mM methionine (pH 7.6), 75 µM NBT, and 4 µM riboflavin was mixed with 0.2 237 

ml of supernatant. The absorbance was then measured at 560 nm (Giannopolitis and Ries 1977). One 238 

SOD unit was defined as the amount of enzyme required to inhibit 50% of the NBT photoreduction. The 239 

SOD activity was expressed in mg–1 protein. 240 

 241 

Catalase assay 242 

For the CAT assay (EC 1.11.1.6), 0.2 ml of supernatant and 1.8 ml of a reaction mixture containing 50 243 

mM phosphate buffer (pH 7.0) and 12.5 mM hydrogen peroxide were mixed, and the absorbance was 244 

measured at 240 nm (Havir and McHale 1987). The CAT activity was expressed in μmol H2O2 mg–1 245 

protein min–1. 246 

 247 

Ascorbate peroxidase assay 248 

For the APX assay (EC 1.11.1.11), 1.8 ml of a reaction mixture containing 50 mM phosphate buffer (pH 249 

7.0), 0.5 mM ascorbate, 0.1 mM EDTA, and 1.0 mM hydrogen peroxide was mixed with 0.2 ml of 250 

supernatant, and the absorbance was measured at 290 nm (Nakano and Asada 1981). The APX activity 251 

was expressed in μmol AsA mg–1 protein min–1. 252 

 253 

Peroxidase assay 254 

For the POX assay (EC 1.11.1.7), 1.78 ml of a reaction mixture containing 50 mM phosphate buffer (pH 255 

7.0) and 0.05% guaiacol was mixed with 0.2 ml of supernatant, followed by the addition of 20 µl of 10 256 

mM hydrogen peroxide. Absorbance was then measured at 470 nm (Cakmak and Marschner 1992). POX 257 

activity was expressed in μmol tetraguaiacol mg–1 protein min–1. 258 

 259 



35 
 

 
 

Determination of superoxide anion concentration 260 

To determine the O2
- concentration, 1 ml of extract was incubated with 30 mM phosphate buffer [pH 7.6] 261 

and 0.51 mM hydroxylamine hydrochloride for 20 min at 25 °C. Then, 17 mM sulphanilamide and 7 mM 262 

α-naphthylamine were added to the incubation mixture for 20 min at 25 °C. After the reaction, an 263 

identical volume of ethyl ether was added, and the mixture was centrifuged at 3,000 × g for 5 min. The 264 

absorbance was measured at 530 nm (Elstner and Heupel, 1976).  265 

 266 

Extraction of oxidative stress markers 267 

Oxidative stress markers (H2O2 and MDA) were extracted according to the protocol described by Wu et 268 

al. (2006). Briefly, a mixture of H2O2 and MDA was prepared by homogenizing 500 mg of fresh leaf 269 

materials in 5 ml of 5% (w/v) trichloroacetic acid. The samples were then centrifuged at 15,000 x g for 15 270 

min at 3 °C, and the supernatant was collected.  271 

 272 

Determination of hydrogen peroxide concentration 273 

To measure H2O2, 200 µl of supernatant and 1800 µl of reaction mixture (2.5 mM potassium phosphate 274 

buffer [pH 7.0] and 500 mM potassium iodide) were mixed, and the absorbance was measured at 390 nm 275 

(Velikova et al. 2000). 276 

 277 

Quantification of malondialdehyde concentration 278 

MDA was measured by mixing 500 µl of supernatant with 1,000 µl of the reaction mixture, which 279 

contained 0.5% (w/v) thiobarbituric acid in 20% trichloroacetic acid. The mixture was incubated in 280 

boiling water at 95 °C for 20 min. The reaction was terminated by placing the reaction container in an ice 281 

bath. The samples were centrifuged at 10,000 × g for 10 min, and the absorbance was measured at 532 282 

nm. The nonspecific absorption at 600 nm was subtracted from the absorbance data. The MDA–TBA 283 

complex (red pigment) amount was calculated based on the method of Cakmak and Horst (1991), with 284 

minor modifications and using an extinction coefficient of 155 mM-1 cm-1. 285 

 286 

Determination of electrolyte leakage 287 

Electrolyte leakage was measured according to the method described by Gong et al. (1998), with minor 288 

modifications. Fresh tissue (200 mg) was cut into pieces that were 1 cm in length and placed in containers 289 

with 8 ml of distilled deionised water. The containers were incubated in a water bath at 40 °C for 30 min. 290 

The initial electrical conductivity of the medium (EC1) was then measured. Next, the samples were boiled 291 

at 95 °C for 20 min to release the electrolytes. After cooling, their final electrical conductivity (EC2) was 292 

measured (Gong et al. 1998). The percentage of electrolyte leakage was calculated using the formula EL 293 

(%) = (EC1/EC2) x 100. 294 

 295 

Determination of photosynthetic pigments 296 

The chlorophyll and carotenoid determinations were performed with 40 mg of leaf tissue. The samples 297 

were homogenized in the dark with 8 mL of 90% methanol (Nuclear). The homogenate was centrifuged at 298 

6,000 × g for 10 min at 5°C. The supernatant was removed, and chlorophyll a (Chl a) and b (Chl b), 299 
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carotenoid (Car) and total chlorophyll (total Chl) contents were quantified using a spectrophotometer 300 

(model UV-M51; Bel Photonics), according to the methodology of Lichtenthaler and Buschmann (2001). 301 

 302 

Determining of Na and nutrients 303 

Samples with 100 mg of milled samples were weighed in 50-mL conical tubes (FalconR, Corning, 304 

Mexico) and pre-digested (48 h) with 2 ml of sub boiled HNO3 (DST 1000, Savillex, USA). After, 8 ml 305 

of a solution containing 4 ml of H2O2 (30% v/v, Synth, Brasil) and 4 ml of ultra-pure water (Milli-Q 306 

System, Millipore, USA) were added, and the mixture was transferred to a Teflon digestion vessel, closed 307 

and heated in a block digester (EasyDigest®, Analab, France) according to the following program: i) 308 

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 309 

cool. The volume was made to 50 mL with ultra-pure water, and iridium was used as an internal standard 310 

at 10 µg l–1. The determination of Na, K, P, Ca, Mg, S, Fe, Mn and Cu was carried out using an 311 

inductively coupled plasma mass spectrometer (ICP-MS 7900, Agilent, USA). Certified reference 312 

materials (NIST 1570a and NIST 1577c) were run in each batch for quality control purposes. All found 313 

values were in agreement with certified values. 314 

 315 

Measurements of morphological parameters 316 

The growth of roots, stems and leaves was measured based on constant dry weights (g) after drying in a 317 

forced-air ventilation oven at 65 °C. 318 

 319 

Data analysis  320 

The data were subjected to an analysis of variance, and significant differences between the means were 321 

determined using the Scott-Knott test at a probability level of 5% (Steel et al. 2006). Standard deviations 322 

were calculated for each treatment. 323 

 324 

Results 325 

Salinity reduced K+ / Na+ homeostasis and nutritional content 326 

The addition of Na+ in plants promoted influences (P <0.05) on the content of Na+, K+ and K+/ Na+ of the 327 

leaves, showing increases of 453% to 86977% for Na+, reductions of 6% to 29% for K+ and 84% to 100% 328 

for K+/Na+, when compared to the control treatment (Table 1). The increase in salinity caused significant 329 

changes in nutritional content. Plants subjected to concentrations of 50 to 200 mM Na+ had reductions 330 

that oscillated in Ca (38% to 63%), Mg (20% to 41%), S (14% to 27%), Fe (19% to 40% ), Mn (10% to 331 

28%) and Cu (13% to 37%), in relation to the control plants (Table 2). 332 

 333 

Na+ promoted damage in photosynthetic apparatus 334 

Plants exposed to salinity exhibited significant increases in F0 values, ranging of 14% to 37%, compared 335 

to control (Fig. 1). Differing of Fm, with continuous decreases of 3% to 23% as well as Fv of 8% to 40%. 336 

For Fv/Fm, salt stress induced significant losses that ranged of 5% to 22% in plants under concentrations 337 

of 50 to 200 mM Na+, comparing with control plants. Plants subjected to concentrations of 50 to 200 mM 338 

Na+ exhibited significant reductions in ΦPSII (13% to 62%), qP (1% to 30%) and ETR (13% to 62%) 339 
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(Table 3). On the other hand, salt stress caused increases of 32% to 141% for NPQ, of 8% to 52% for 340 

EXC and of 41% to 1472% for ETR/PN, comparison with control treatment. 341 

 342 

Salt stress affects gas exchange 343 

Plants exposed to Na+ had interferences (P<0.05) in gas exchange, PN values ranging from 38% to 96%, 344 

in relation to the control (Table 4). Similar behaviors were observed in E, with decreases of 32% to 65%, 345 

as well as in gs, with negative oscillations of 52% to 85%. Additionally, gradual reductions were detected 346 

in WUE (8% to 89%) and PN/Ci (39% to 98%) in plants under 50 to 200 mM Na+ concentrations, when 347 

compared to the control treatment. 348 

 349 

Salinity interferes on stomata and trichomes 350 

Plants submitted to 50 and 100 mM Na+ presented significant increases, with peaks on the adaxial and 351 

abaxial faces in SD (44% and 23%), PDS (13% and 7%), EDS (29% and 17%), SF (15% and 15%) and SI 352 

(34% and 18%), in the same order, compared to the control plants (Table 5 and Fig. 2). 353 

The increase in salinity caused impacts (P<0.05) on the trichomes on both faces, with damages more 354 

intense in the 200 mM Na+ concentration. For TD, the reductions were 62% and 84%, while for TS 57% 355 

and 55% on the adaxial and abaxial faces, respectively, when compared to the control. 356 

 357 

Modifications induced by the progressive salt stress on epicuticular wax and leaf structures 358 

Salt stress promoted significant changes on EWL indices, with an increase of 12%, followed by 359 

reductions of 21%, 31% and 35% in plants under concentrations of 50, 100, 150 and 200 mM Na+, 360 

respectively, if compared to control (Table 6). In SEM, it was possible to follow the behavior of EWL in 361 

leaf surface due to salt stress (Fig. 3). During the reduction of the wax deposition areas was verified that 362 

the losses occurred preferentially from the central region to the periphery of the epidermal cells. To leaf 363 

structures, plants subjected to Na+ had significant effects (Table 6). The values of LXT, DVE, ETAd, 364 

ETAb and SPT under 100 mM Na+ concentration increased by 28%, 6%, 62%, 46% and 57%, in this 365 

order, compared to control treatment, but under 200 mM Na+ concentration reductions of 9%, 17%, 9%, 366 

3% and 16% were detected, respectively. In LPT (50 mM Na+), increases of 34% were observed, but with 367 

reductions of 12% under 200 mM Na+ concentration. In relation to PPT, salinity caused significant 368 

increases that ranged from 12% to 54%, compared to the control treatment. Anatomically, the leaves of 369 

plants submitted to salinity presented the first alterations under 100 mM Na+, when compared to the 370 

control (Fig. 4). In the central vein (in cross section), was observed progressive changes of the tissues, 371 

mainly of the vascular system, reduction of the the number, shape and size of the auxiliary bundles. 372 

Aditionally, also were detected spaces in the palisade parenchyma and minor arrangement of the spongy 373 

parenchyma of the leaf mesophyll. 374 

 375 

Salinity modified the antioxidant system 376 

Plants submitted to treatments with 50 to 200 mM Na+ had significant increases in SOD levels (93% to 377 

125%), compared to control (Fig. 5). On the other hand, salinity induced peaks in the activities of CAT, 378 

APX and POX enzymes under 100 mM Na+ concentration, with significant interferences in CAT values 379 
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ranging from 5% to 121%, in POX ranging from 58% to 514% and APX ranging from 5% to 43%, if 380 

compared to the control. 381 

 382 

Na+ increases oxidative stress 383 

Salinity caused significant interference in O2
- values, with progressive increases of 2% to 40%. H2O2 had 384 

significant increases from 13% to 103% after salt stress (Fig. 6). For MDA, the values suffered significant 385 

increases of 8% to 30% in plants under concentrations of 50 to 200 mM Na+. In relation to EL, salt stress 386 

caused significant interferences of 15% to 64% in plants under concentrations of 50 to 200 mM Na+, 387 

when compared to the control. 388 

 389 

Plants exposed to Na+ toxicity decreases photosynthetic pigments 390 

Saline conditions promoted changes (P <0.05) on photosynthetic pigments, inducing reductions of 14% to 391 

33% in Chl a values, and 18% to 69% in Chl b, compared to control, in plants under 50 to 200 mM Na+ 392 

concentrations (Table 7). Similar trend was observed in the Total Chl, with losses ranging from 16% to 393 

46% and in Car of 21% to 70%. However, plants subjected to 50 to 200 mM Na+ presented progressive 394 

and significant increases in ratio Chl a/Chl b (16% to 46%) and ratio Total Chl/Car (21% to 70%), when 395 

compared to the control. 396 

 397 

Salt stress negatively interferes on biomass 398 

The biomass was significantly affected by the salt stress (Fig. 7 and Fig. 8). Plants exposed to Na+ 399 

presented decreases of 36% to 76% for LDM, 43% to 75% for RDM, 51% to 78% for SDM, and 42% to 400 

76% for TMD, when compared to control. 401 

 402 

Discussion 403 

The increases in Na+ content in leaf tissues in plants confirm the effectiveness of salt stress in 404 

this study. High concentrations of salts, mainly Na+, interfere with K+ absorption due to the high affinity 405 

of transporters and also by non-selective cationic channels (Chen et al. 2005). This may justify the 406 

reduction in the K+ content and the K+/Na+ ratio in the leaves with the increase in salinity. When there is 407 

an imbalance in the absorption of K+, it causes several metabolic disorders in the plant, such as losses in 408 

enzymatic activation, protein synthesis, negative interferences in photosynthesis, cell expansion, stomatal 409 

movements, among others (Flowers et al. 2015). The accumulation of Na+ in aerial organs, mainly in the 410 

leaf tissues, is a strategy to reduce the osmotic and ionic stress in the root tissues caused by this ion 411 

(Farooq et al. 2015). Silva et al. (2020), evaluating anatomical changes of stem and root of Glycine max 412 

submitted to progressive concentrations of 0 to 200 mM NaCl, observed a more accumulation of Na+ in 413 

the aerial organ. Tiwari et al. (2010), submitting 17 genotypes of Cucumis sativus in four salinity levels, 414 

found increases in Na+ content and decreases in K+ accumulation and K+/Na+ ratio in the leaves of all 415 

analyzed genotypes. Ding et al. (2012), investigating the growth, the antioxidant system and the 416 

nutritional content in the leaves of Solanus melongena exposed to 90 mM NaCl, verified increases of 417 

518% in the Na+ content and decreases of 49% and 1022% in the accumulation of K+ and relation K+ / 418 

Na+, respectively. 419 
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Plants submitted to salinity had reductions in the content of macronutrients (Ca, Mg and S) and 420 

micronutrients (Fe, Mn and Cu). These nutritional disorders are associated with high salt concentrations 421 

that increase osmotic pressure in the plants growth regions and interfere with the water and nutrient 422 

absorption capacity (Munns 2002). In this way, it favors the competitive absorption between ions and 423 

hinders the movement and accumulation of essential nutrients for the vegetable (Parihar et al. 2015). 424 

Calcium is established as the second intracellular messenger in plants and its chemical by-425 

products function as an important secondary messenger signaling molecule (Reddy et al. 2011). When the 426 

extracellular stress signal is perceived by membrane receptors, a complex cascade of intracellular 427 

signaling occurs, including Ca2+, which favors the expression of multiple responsive stress genes and 428 

several responses to tolerance, such as reductions in plant growth, apoptosis, Na+ translocation into the 429 

cells of older tissues, among others (Mahajan et al. 2008). On the other hand, the high Na+ requirements 430 

can replace the Ca2+ of the membranes, leading to a decrease in the K+/Na+ selectivity (Munns and Tester 431 

2008) and weakening a cell wall structure, making it more susceptible to ruptures (Hepler and Winship 432 

2010). Reducing the concentration of K+ and Ca2+ ions in tissues caused by salt stress is probably the 433 

main reason for the reduction in plant growth (Aghajanzadeh et al. 2019). Morgan et al. (2014) evaluating 434 

an ionic homeostasis and ATPase activities in Vicia faba submitted to 100 mM NaCl and in two harvest 435 

periods (7 and 14 days), found reductions in the content of Ca2+. Similarly, Teixeira and Carvalho (2009), 436 

evaluating the saline influence (0, 60, 120 and 240 mM NaCl) on the mineral composition of Portulaca 437 

oleracea, observed reductions of up to 56% and 81% in the Ca content in plants sown in the spring and 438 

summer, respectively. 439 

Similar as occurs in K+ and Ca2+, the decrease in Mg2+ in plant tissues under salinity conditions 440 

can happen due to Na interference (Mei et al. 2014). Mg belongs to the central structure of the Chl a 441 

molecule and participates in several enzymatic processes that involve phosphate transfer (Guo et al. 442 

2015). The decrease in the Mg2+ content may also have contributed to the decrease in the photosynthetic 443 

pigment content observed in this study. Another nutrient that exhibit significant function in the formation 444 

of the photosynthetic apparatus and in the electron transport system is sulfur. The compounds containing 445 

S are also involved in ROS metabolism, in which they play an important role in mitigating salt-induced 446 

oxidative stress and improving K+/Na+ ion selectivity (Nazar et al. 2011). On the other hand, S deficiency 447 

obstructs plant metabolism, decreasing the chlorophyll content, photosynthetic efficiency and alters the 448 

content and activity of RuBisCO (Fatma et al. 2014). Bendaly et al. (2016) evaluating physiological and 449 

metabolomic changes of Atriplex halimus in progressive salinity from 0 to 400 mM NaCl, observed 450 

reductions in the Mg2+ contents in the higher salt concentrations. When studying the effect of 35 mM 451 

NaCl on the F6 cultivar of Fragaria × ananassa, Karlidag et al. (2011) found reductions of 75% and 47% 452 

in Mg and S contents, respectively.   453 

In general, micronutrients act as a regulatory mechanism for Na uptake and translocation, in 454 

addition to being involved in the integrity and function of biomembranes in plants (El-Fouly et al. 2010). 455 

Fe is an important and essential micronutrient for the synthesis of chlorophyll and is present in plant 456 

enzymes that act in photosynthesis and cellular respiration (Xiong et al. 2014). Similarly, Mn also plays 457 

an important role as an activator of several enzymes, participates in photosynthesis, constitutes PSII 458 

proteins and activates decarboxylase, dehydrogenase, superoxidase and phosphatase (Schmidt and Husted 459 
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2019). Mn deficiency inhibits growth and induces chlorosis, necrosis and leaf fall (Schmidt et al. 2016). 460 

Cu is highly affected by salinity and the low absorption of this micronutrient can cause leaf damage as 461 

well as a significant reduction in chlorophyll pigments and photosynthesis, impairing the electron 462 

transport activity of PS II (Yruela 2009). When analyzing the nutritional content of Cucumis sativus 463 

plants submitted to salinity, Huang et al. (2010) found reductions of 69%, 73% and 65% in the amount of 464 

Fe, Mn and Cu, respectively. Oliveira et al. (2019) evaluating the morphological, physiological and 465 

biochemical impacts on the behavior of Eucalyptus urophylla seedlings exposed to 250 mM NaCl, found 466 

reduction of 59% reduction in Fe content. 467 

The addition of Na+ in the plants promoted successive increases in the F0 values indicating that 468 

this ion decreased the proportion of oxidized quinone (QA) and negatively affected the efficiency of the 469 

capture of light energy in the PSII reaction center (Li et al. 2015). The reduction in the values of Fm, Fv 470 

and Fv/Fm observed after saline stress reveals a deficiency in the conversion of photochemical energy, 471 

with possible photoinhibition, or injuries caused in the PSII complex (Murchie and Lawson 2013). 472 

Additionally, salt stress impairs the structure and organization of the thylakoid membrane, often causing 473 

decreases in the photosynthetic activity of the reaction centers (Shu et al. 2013). Khoshbakht et al. (2018) 474 

evaluating the fluorescence parameters of chlorophyll in Citrus reticulata × Citrus limetta seedlings 475 

submitted to 75 mM NaCl found increases in F0 values and reductions in Fm, Fv and Fv/Fm. Stepien and 476 

Johnson (2009) studying the photosynthetic responses of Arabidopsis thaliana found reductions in the 477 

values of Fv/Fm when submitting the plants in concentrations of 100 and 150 mM NaCl. 478 

Plants exposed to concentrations of 50 to 200 mM Na + exhibited decreases in the values of 479 

ΦPSII, qP and ETR demonstrating less energy absorption from photons and subsequent decrease in energy 480 

flow for excitation of electrons captured by plastoquinone (Buonasera et al. 2011). On the other hand, the 481 

increase in the values of NPQ, EXC and ETR/PN in plants with Na+ suggests mechanisms of protection 482 

against damage in the PSII, such as greater thermal dissipation in the reaction center (Porcar-Castell et al. 483 

2014) and increased photorespiration through the consumption of photochemical energy (Baker 2008).  484 

Yuan et al. (2014) evaluating photosynthetic performance and heat dissipation capacity in Cucumbis 485 

sativus plants submitted to 75 mM NaCl observed decreases of 35% and 35% in the values of ΦPSII and 486 

qP, respectively. Yan et al. (2014) investigating changes in photosynthesis and efficiency of PSII in leaves 487 

of Caragana korshinskii exposed to three levels of salinity (0, 100 and 300 mM NaCl) found increases in 488 

NPQ values and reductions in ΦPSII, qP and ETR after 1, 9 and 18 days after the application of stress. 489 

Aragão et al. (2012) submitting Jatropha curcas plants to levels of 0 and 100 mM NaCl detected 490 

decreases in the values of qP and ETR of 28% and 36%, and increments in NPQ, EXC and ETR/PN of 491 

200%, 120% and 42%, in the same order. 492 

Negative effects on PN, E and gs were observed in plants exposed to salinity. The inadequate 493 

osmotic condition induced by the Na+ stress probably stimulated the abscisic acid (ABA) biosynthesis, 494 

acting on stomatal closure and negatively influencing on gs values (Acosta-Motos et al. 2017). 495 

Additionally, stomatal-related limitations, as evidenced by reductions in SD, SI and SF, impair E and CO2 496 

influx, inducing reductions in PN (Hasanuzzaman et al. 2018). In other words, the reductions of E and PN, 497 

coupled with the low performance in stomatal regulation (gs) justify the reduction detected in WUE and 498 

clear limitations on gas exchange. Agrawal et al. (2013) evaluating the growth, gas exchange and ionic 499 
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regulation of two Ziziphus mauritiana cultivars submitted to NaCl (electrical conductivity from 0 to 16 500 

dS m–1) observed decreases in PN, gs and E values. Equivalent physiological responses to our research 501 

were found by Zheng et al. (2009) comparing the performance of two Triticum aestivum genotypes 502 

exposed to 50, 100 and 150 mM Na+, describing reductions in PN and gs. Shahbaz et al. (2011)evaluating 503 

the repercussions of the salt stress on growth, photosynthetic capacity and ion accumulation in eight 504 

Helianthus annuus cultivars found reductions in WUE. 505 

The increases showed on PN/Ci in plants under concentrations of 50 to 200 mM Na+ indicates a 506 

decrease in RuBisCO enzyme activity, compromising CO2 fixation in the Calvin-Benson cycle and 507 

resulting in an increase in Ci (He et al. 2014). Rodrigues et al. (2014) evaluating the physiological 508 

adjustment of Ricinus communis plants under concentrations of 50, 100 and 150 mM NaCl reported 509 

increases in PN/Ci values. Chen et al. (2009) observed increases in Ci after comparing the progressive 510 

effects of the salinity (40 to 200 mM NaCl) on growth and photosynthetic attributes of Populus bonatii 511 

cultivars. 512 

In relation to SD and SI were observed partial increases in concentrations of 50 and 100 mM 513 

Na+, being explained by the decrease of the epidermal cell expansion and leaf area (Fu et al. 2013). On 514 

the other hand, decreases in SD and SI (150 and 200 mM NaCl) negatively affected the CO2 absorption 515 

and consequently the gs values (Asmar et al. 2013). The oscillations in the numbers of PDS, EDS and SF 516 

proved that the salt stress structurally influenced the stomata, inducing an elliptic form. Khan et al. (2003) 517 

described that elliptical stomata have better functionality, when compared with the circular form. The 518 

decreases in TS and TD values (50 to 200 mM Na+) were linked to two effects simultaneous, the salt 519 

stress and higher sun exposure on epidermal cells, favoring water losses via transpiration process 520 

(Bickford 2016b). Barbieri et al. (2012) comparing two Ocimun basilicum cultivars under concentrations 521 

of 100 and 200 mM NaCl showed reductions in SD values. Sarabi et al. (2017) studying Cucumis melo 522 

plants submitted to 30, 60 and 90 mM Na+ verified successive decreases on TS and TD values. 523 

The partial increase in EWL observed at 50 mM NaCl is essential to improve the radiation 524 

reflection incident on the epidermis, protecting against excessive transpiration and respiration, 525 

consequently decreasing the leaf temperature (Sheperd and Griffiths 2006). However, under 526 

concentrations higher than 100 mM NaCl there is a degradation of epicuticular wax that may be 527 

correlated with Na+ and Cl- accumulations in leaves (Yang et al. 2015). Avestan et al. (2019) studying 528 

Fragaria ananassa (25 and 50 mM NaCl) observed changes in structure and reduction in the amount of 529 

EWL. 530 

Anatomical changes in vascular bundles and the reduction in LXT and LPT values observed 531 

under 200 mM Na+ clearly affected the solute translocation by the conductive tissues and reduced the 532 

photoassimilate accumulation (Nikinmaa et al. 2013). On ETAd and ETAb in plants exposed up to 100 533 

mM Na+, the partial increases suggest an anatomical adaptation to salinity, aiming to prevent the 534 

excessive water loss during transpiration (Javelle et al. 2011). On the other hand, the reduction in these 535 

leaf anatomical variables may indicate that plants under concentrations above 150 mM NaCl are in 536 

susceptible to damages caused by severe salinity. The decreases in PPT and SPT (200 mM Na+) may have 537 

contributed to the decrease in PN, Ci and PN/Ci values, because the palisade parenchyma presents the 538 

largest amount of chloroplasts, being these organelles responsible for the photosynthetic process, while 539 
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SPT is related to intense formation of intercellular spaces involved with gas exchange (Sorin et al. 2015). 540 

Moreover, the large arrangement found in the mesophyll impairs the cell surface contact and 541 

consequently the capture of light energy and gas exchange necessary during the photosynthetic process 542 

(Polizel et al. 2011). Paz et al. (2014) submitting Lotus tenuis plants in solution containing 90 mM NaCl 543 

found increases in ETAd, ETAb, PPT and SPT values. 544 

Plants exposed to salinity (> 50 mM Na+) had increases in SOD, CAT, APX and POX activities, 545 

demonstrating the efficiency of the antioxidant system in relation ROS accumulation under simulated 546 

saline stress in this research. SOD catalyzes the reaction of O2
- forming H2O2 (Gill and Tuteja 2010), 547 

while CAT, APX and POX convert H2O2 to non-reactive compounds, such as H2O and O2 (Abedi and 548 

Pakniyat 2010). Fariduddin et al. (2013) found increases in SOD and CAT activities assessing the 549 

activities of the antioxidant enzymes in two Cucumis sativus cultivars exposed to 150 mM Na+. El-550 

Mashad and Mohamed (2012) investigating the salinity effects on antioxidant system found increases in 551 

POX activities after Vigna sinensis plants subjected to 100 and 150 mM NaCl. Rasool et al. (2013) using 552 

growth parameters and biochemical attributes in eight Cicer arietinum genotypes under concentrations of 553 

25 to 100 mM NaCl, reported increases in SOD, CAT, and APX enzymes. 554 

Increases in MDA and EL values found in plants exposed to Na+ clearly reveal damages on 555 

membranes caused by the action of ROS, such as O2
- and H2O2. ROS are highly reactive and toxic, 556 

causing structural and functional deteriorations of the membranes and subsequent lipid peroxidation 557 

(Yuan et al. 2010; Siddiqui et al. 2015). Increases in MDA, EL and H2O2 were observed by Hu et al. 558 

(2012) studying genes, proteins and enzymes linked to antioxidant metabolism in two Lolium perenne 559 

genotypes under 250 mM NaCl. Farhangi-Abriz and Torabian (2017) evaluating antioxidant enzymes, 560 

oxidative stress and osmotic adjustment in Phaseolus vulgaris seedlings submitted to three levels of 561 

salinity (0, 6 and 12 dSm-1 NaCl), found increases in MDA, O2
- and H2O2. 562 

Damages on photosynthetic pigments (Chl a, Chl b, Total Chl and Car) in plants exposed to salt 563 

stress is associated with oxidative stress promoted by increases in MDA, O2
- and H2O2 previously 564 

detected in this study. These substances are highly toxic and promote the degradation of the thylakoid 565 

membranes, where there is a high concentration of chlorophyll molecules, and negatively interfere with 566 

the biosynthesis of these pigments (Takahashi and Badger 2011). Shu et al. (2012) evaluating the effects 567 

of the saline stress (75 mM NaCl) on the structures and functions of photosynthetic apparatus in Cucumis 568 

sativus plants found reductions in Chl a, Chl b and Total Chl values. Similar behavior was observed by 569 

Ma et al. (2012) evaluating Oryza sativa leaves submitted to 150 mM NaCl obtaining decreases of 21%, 570 

19% and 20% in Chl a, Chl b and Total Chl, respectively. Aghaleh et al. (2009) studying the progressive 571 

effects of the salt stress (100 to 600 mM NaCl) in two species of the Salicornia genus detected reductions 572 

in Chl a, Chl b and Car contents in both species. 573 

Salinity affected the plant growth, promoting reductions in LDM, RDM, SDM and TDM values. 574 

The lower biomass in plants exposed to Na+ can be explained by multiple effects, such as reductions in 575 

stomatal characteristics, gas exchange and chlorophyll fluorescence. Under salt stress conditions often 576 

there is a reduction in biomass, because the osmotic stress caused by the Na+ negatively affects the 577 

processes linked to cell division and elongation (Fricke and Peters 2002; Munns and Tester 2008). This 578 

ion also inhibits the root system development due to structural and functional restrictions, with 579 
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consequent impacts on nutrient uptake and translocation (Zahra et al. 2014), besides reductions in light 580 

and CO2 capture and inefficient stomatal regulation (Degl’Innocenti et al. 2009; Hussain et al. 2016). Qin 581 

et al. (2016) observed decreases in LDM, RDM and SDM values submitting Vitis vinifera plants under 582 

salt conditions. Khan et al. (2014) investigating the physiological and biochemical behavior in Vigna 583 

radiata plants exposed to salt stress (100 mM NaCl) found reductions in TDM. 584 

 585 

Conclusion 586 

This research has shown that progressive salt stress interferes negatively in K+/Na+ homeostasis, 587 

nutritional content, photosynthetic apparatus and gas exchange, also increases oxidative damage and to 588 

some extent induces the antioxidant system and impairs photosynthetic pigments. On the other hand, 589 

salinity impacts promote leaf anatomical modifications to minimize the deleterious effects linked to Na+. 590 

Effects such as the increase of epicuticular wax under saline concentrations of 50 mM Na+ favor a 591 

lipophilic protection that avoids the loss of water by perspiration and the direct incidence of solar 592 

radiation on epidermal cells. Additionally, the improvements observed in stomata quantity, in their most 593 

elliptical shape, as well as the increase of epidermis thickness, up to 100 mM Na+, evidences a strategy 594 

for the efficient use of water. 595 
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Figures 900 

 901 

Fig. 1. Minimal fluorescence yield of the dark-adapted state (F0), maximal fluorescence yield of the dark-902 

adapted state (Fm), variable fluorescence (Fv) and maximal quantum yield of PSII photochemistry (Fv/Fm) 903 

in soybean plants submitted to salt stress. Bars with different letters indicate significant differences from 904 

the Scott-Knott test (P<0.05). Bars corresponding to means from five repetitions and standard deviations. 905 
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 922 

Fig. 2. Adaxial leaf surface (A, C, E, G and I) and abaxial (B, D, F, H and J) in soybean plants submitted 923 

to salt stress. 0 mM Na+ (A – B), 50 mM Na+ (C – D), 100 mM Na+ (E – F), 150 mM Na+ (G – H) and 924 

200 mM Na+ (I – J). Legends: EST = Stomata, T = Trichome. Bars: 50 µm. 925 

 926 
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 928 

Fig. 3. Adaxial leaf surface (A, C, E, G and I) and abaxial (B, D, F, H and J) in scanning electron 929 

microscopy showing epicuticular wax deposits in soybean plants submitted to salt stress. 0 mM Na+ (A – 930 

B), 50 mM Na+ (C – D), 100 mM Na+ (E – F), 150 mM Na+ (G – H) and 200 mM Na+ (I – J). Bars: 25 931 

µm. 932 

 933 
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 934 

 935 

Fig. 4. Leaf cross section showing midrib (A, C, E, G and I) and the middle region (B, D, F, H and J) in 936 

soybean plants submitted to salt stress. Legends: 0 mM Na+ (A – B), 50 mM Na+ (C – D), 100 mM Na+ 937 

(E – F), 150 mM Na+ (G – H) and 200 mM Na+ (I – J). Legends: P = Phoelm, X = Xylem, VE = vessel 938 

elements, EAd = Adaxial epidermis, EAb = Abaxial epidermis, PP = Palisade parenchyma, SP = Spongy 939 

parenchyna. Bars: 150 µm. 940 
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 943 

Fig. 5. Activities of superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX) and 944 

peroxidase (POX) in soybean plants submitted to salt stress. Bars with different letters indicate significant 945 

differences from the Scott-Knott test (P<0.05). Bars corresponding to means from five repetitions and 946 

standard deviations. 947 
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 964 

Fig. 6. Superoxide anion (O2
-), hydrogen peroxide (H2O2), malondialdehyde (MDA) and electrolyte 965 

leakage (EL) in soybean plants sprayed with EBR and exposed to salt stress. Bars with different letters 966 

indicate significant differences from the Scott-Knott test (P<0.05). Bars corresponding to means from 967 

five repetitions and standard deviations. 968 
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Fig. 7. Leaf dry matter (LDM), root dry matter (RDM), stem dry matter (SDM) and total dry matter 986 

(TDM) in soybean plants submitted to salt stress. Bars with different letters indicate significant 987 

differences from the Scott-Knott test (P<0.05). Bars corresponding to means from five repetitions and 988 

standard deviations. 989 
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Fig. 8. Morphological modifications in soybean plants submitted to salt stress.1007 
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Tables 1008 

Table 1. Na and K contents and K+/Na+ ratio in soybean plants submitted to salt stress. 1009 

Na+ (mM) Na+ in leaf (mg g DM-1) K+ in leaf (mg g DM-1) K+/Na+ in leaf 

0   0.03 ± 0.01d 8.62 ± 0.61a 1045.37 ± 84.34a 

50   0.18 ± 0.01d 6.83 ± 0.30b   166.72 ± 7.45b 

100   2.30 ± 0.11c 5.46 ± 0.21b     12.49 ± 0.59c 

150 11.76 ± 0.20b 6.55 ± 0.14c       2.23 ± 0.06c 

200 27.82 ± 0.66a 6.70 ± 0.16d       0.80 ± 0.01c 

Na+ = Sodium; K+ = Potassium; K+/Na+ = Potassium and sodium ratio. Columns with different letters indicate significant differences from the Scott-Knott test (P<0.05). 1010 

Values described corresponding to means from five repetitions and standard deviations. 1011 
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Table 2. Nutrient contents in soybean plants submitted to salt stress. 1028 

Na+ (mM) Ca (mg g DM-1) Mg (mg g DM-1) S (mg g DM-1) Fe (µg g DM-1) Mn (µg g DM-1) Cu (µg g DM-1) 

0 18.54 ± 0.83a 4.79 ± 0.26a 2.93 ± 0.15a 108.16 ± 5.52a 66.21 ± 1.51a 2.52 ± 0.03a 

50 11.55 ± 0.27b 3.82 ± 0.10b 2.53 ± 0.09b   87.65 ± 3.74b 59.47 ± 1.04b 2.19 ± 0.04b 

100   8.61 ± 0.42c 3.35 ± 0.13c 2.42 ± 0.05b   79.00 ± 2.40c 57.71 ± 0.94c 2.05 ± 0.05c 

150   7.37 ± 0.20d 3.11 ± 0.16c 2.21 ± 0.08c   74.37 ± 1.84d 56.00 ± 1.75c 1.97 ± 0.05d 

200   6.80 ± 0.09d 2.82 ± 0.25d 2.15 ± 0.07c   65.11 ± 1.72e 47.38 ± 1.34d 1.59 ± 0.04e 

Ca = Calcium; Mg = Magnesium; S = Sulphur; Fe = Iron; Mn = Manganese; Cu = Copper. Columns with different letters indicate significant differences from the Scott-1029 

Knott test (P<0.05). Values described corresponding to means from five repetitions and standard deviations. 1030 
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Table 3. Chlorophyll fluorescence in soybean plants submitted to salt stress. 1047 

Na+ (mM) ΦPSII qP NPQ ETR (µmol m-2 s-1) EXC (µmol m-2 s-1) ETR/PN 

 0 0.39 ± 0.02a 0.60 ± 0.02a 0.80 ± 0.04d 57.8 ± 3.1a 0.50 ± 0.02d   3.05 ± 0.18d 

 50 0.34 ± 0.02b 0.59 ± 0.04a 1.05 ± 0.07c 50.6 ± 3.2b 0.54 ± 0.04c   4.30 ± 0.45d 

100 0.29 ± 0.02c 0.55 ± 0.01b 1.22 ± 0.03b 42.4 ± 2.6c 0.59 ± 0.02b 11.04 ± 0.87c 

150 0.26 ± 0.02d 0.53 ± 0.02b 1.31 ± 0.07b 38.6 ± 2.6d 0.60 ± 0.02b 47.87 ± 2.68a 

200 0.15 ± 0.01e 0.42 ± 0.01c 1.92 ± 0.12a 21.7 ± 1.6e 0.76 ± 0.02a 29.84 ± 2.17b 

ΦPSII = Effective quantum yield of PSII photochemistry; qP = Photochemical quenching coefficient; NPQ = Nonphotochemical quenching; ETR = Electron transport rate; 1048 

EXC = Relative energy excess at the PSII level; ETR/PN = Ratio between the electron transport rate and net photosynthetic rate. Columns with different letters indicate 1049 

significant differences from the Scott-Knott test (P<0.05).Values described corresponding to means from five repetitions and standard deviations.  1050 
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Table 4. Gas exchange in soybean plants submitted to salt stress. 1066 

Na+ (mM) PN (µmol m-2 s-1) E (mmol m-2 s-1) gs (mol m-2 s-1) Ci (µmol mol-1) WUE (µmol mmol–1) PN/Ci (µmol m-2 s-1 Pa-1) 

 0 19.01 ± 0.93a 2.69 ± 0.16a 0.344 ± 0.013a 243 ± 5c 7.09 ± 0.68a 0.078 ± 0.005a 

 50 11.81 ± 0.59b 1.82 ± 0.04b 0.166 ± 0.011b 249 ± 7c 6.50 ± 0.42b 0.048 ± 0.003b 

100   3.84 ± 0.11c 1.01 ± 0.09c 0.066 ± 0.005c 317 ± 11b 3.81 ± 0.28c 0.012 ± 0.001c 

150   0.81 ± 0.05d 0.96 ± 0.08c 0.056 ± 0.005d 362 ± 14a 0.85 ± 0.08d 0.002 ± 0.001d 

200   0.73 ± 0.05d 0.94 ± 0.06c 0.052 ± 0.004d 376 ± 11a 0.78 ± 0.06d 0.002 ± 0.001d 

PN = Net photosynthetic rate; E = Transpiration rate; gs = Stomatal conductance; Ci = Intercellular CO2 concentration; WUE = Water-use efficiency; PN/Ci = Carboxylation 1067 

instantaneous efficiency. Columns with different letters indicate significant differences from the Scott-Knott test (P<0.05).Values described corresponding to means from 1068 

five repetitions and standard deviations. 1069 
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Table 5. Stomatal and trichome characteristics in soybean plants submitted to salt stress. 1085 

Na+ (mM) SD (stomata per mm2) PDS (µm) EDS (µm) SF SI (%) TD (trichome per mm²) TS (µm) 

Adaxial face 

 0   81.3 ± 7.9c 13.5 ± 1.09b 17.34 ± 1.4b 0.45 ± 0.03b   6.01 ± 1.61b 15.47 ± 1.15a 799 ± 71a 

 50 116.9 ± 9.7a 13.7 ± 1.20b 18.12 ± 1.7b 0.52 ± 0.05a   6.85 ± 1.22a   8.23 ± 0.82b 608 ± 53b 

100   96.6 ± 8.6b 15.2 ± 1.17a 22.30 ± 1.4a 0.44 ± 0.04b   8.02 ± 1.43a   8.18 ± 0.70b 524 ± 49c 

150   85.1 ± 6.9c   9.9 ± 0.68c 17.01 ± 1.7b 0.38 ± 0.03c   5.91 ± 1.42b   6.25 ± 0.46c 422 ± 28d 

200   66.1 ± 6.6d   8.3 ± 0.74d 14.99 ± 1.4c 0.32 ± 0.03d   5.40 ± 1.33b   5.92 ± 0.78c 341 ± 31e 

Abaxial face 

 0 304.9 ± 24.2b 13.8 ± 1.0b 21.6 ± 2.1b 0.51 ± 0.05b 15.64 ± 1.50b   33.57 ± 3.11a 705 ± 67a 

 50 376.1 ± 35.3a 14.7 ± 1.1a 22.3 ± 1.9b 0.58 ± 0.05a 18.39 ± 1.13a   15.80 ± 1.40b 621 ± 54b 

100 213.5 ± 20.6c 10.1 ± 0.8c 25.3 ± 2.1a 0.41 ± 0.04c 12.96 ± 1.15c   12.83 ± 1.18c 560 ± 55c 

150 193.1 ± 17.9c   9.7 ± 0.8c 23.1 ± 1.9b 0.39 ± 0.03c 11.56 ± 1.05d   10.61 ± 0.92d 553 ± 51c 

200 106.7 ± 8.6d   8.4 ± 0.7d 13.6 ± 1.1c 0.32 ± 0.03d   7.65 ± 0.70e     5.27 ± 0.39e 314 ± 30d 

SD = Stomatal density; PDS = Polar diameter of the stomata; EDS = Equatorial diameter of the stomata; SF = Stomatal functionality; SI = Stomatal index; TD = Trichome 1086 

density; TS = Trichome size. Columns with different letters indicate significant differences from the Scott-Knott test (P<0.05).Values described corresponding to means 1087 

from five repetitions and standard deviations. 1088 
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Table 6. Epicuticular wax load and leaf anatomy in soybean plants submitted to salt stress. 1099 

Na+ (mM) EWL (mg cm-2) LXT (µm) LMD (µm) LPT (µm) ETAd (µm) ETAb (µm) PPT (µm) SPT (µm) 

 0 7.09 ± 0.41b 142.2 ± 4.5c 32.6 ± 3.1a 54.0 ± 4.9b 10.57 ± 0.64b 10.17 ± 0.65b 53.7 ± 4.9c 45.8 ± 2.4b 

 50 7.97 ± 0.42a 161.7 ± 9.3b 33.9 ± 2.5a 72.9 ± 3.2a 11.63 ± 1.20b 14.03 ± 1.01a 60.4 ± 5.6b 46.0 ± 4.5b 

100 5.59 ± 0.53c 182.2 ± 3.9a 34.7 ± 3.4a 53.2 ± 3.1b 17.12 ± 1.60a 14.81 ± 1.37a 82.9 ± 4.8a 71.9 ± 4.1a 

150 4.92 ± 0.39d 135.7 ±13.3c 32.3 ± 2.0a 48.9 ± 3.0c 10.32 ± 0.59b 10.95 ± 0.60b 61.8 ± 2.0b 45.1 ± 3.1b 

200 4.57 ± 0.35d 129.3 ± 12.9c 27.0 ± 2.0b 47.3 ± 3.9c   9.65 ± 0.87b   9.86 ± 0.63b 60.9 ± 2.3b 38.3 ± 2.7c 

EWL = Epicuticular wax load; LXT = Leaf metaxylem thickness; LMD = Leaf metaxylem diameter; LPT = Leaf phoelm thickness; ETAd = Epidermis thickness from 1100 

adaxial leaf side; ETAb = Epidermis thickness from abaxial leaf side; PPT = Palisade parenchyma thickness; SPT = Spongy parenchyma thickness. Columns with different 1101 

letters indicate significant differences from the Scott-Knott test (P<0.05). Values described corresponding to means from five repetitions and standard deviations. 1102 
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Table 7. Photosynthetic pigments in soybean plants submitted to salt stress. 1118 

Na+ (mM) Chl a (mg g–1 FM) Chl b (mg g–1 FM) Total Chl (mg g–1 FM) Car (mg g–1 FM) Ratio Chl a/Chl b Ratio Total Chl/Car 

 0 12.27 ± 0.67a 6.67 ± 0.07a 18.94 ± 0.74a 1.05 ± 0.04a 1.44 ± 0.08b 18.08 ± 1.32c 

 50 10.50 ± 0.89b 5.49 ± 0.41b 15.98 ± 0.86b 0.83 ± 0.03b 1.93 ± 0.26b 19.28 ± 1.05c 

100 10.42 ± 0.19b 5.31 ± 0.71b 15.73 ± 0.69b 0.77 ± 0.04c 2.00 ± 0.32b 20.58 ± 1.70c 

150   9.22 ± 0.31c 2.49 ± 0.31c 11.71 ± 0.59c 0.49 ± 0.03d 3.74 ± 0.40a 24.13 ± 1.68b 

200   8.25 ± 0.12d 2.07 ± 0.07c 10.32 ± 0.09d 0.31 ± 0.02e 3.98 ± 0.18a 33.13 ± 2.39a 

Chl a = Chlorophyll a; Chlb = Chlorophyll b; Total chl = Total chlorophyll; Car = Carotenoids. Columns with different letters indicate significant differences from the Scott-1119 

Knott test (P<0.05).Values described corresponding to means from five repetitions and standard deviations. 1120 
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GENERAL CONCLUSIONS 

This research showed that soybean plants subjected to progressive salt stress 

exhibited anatomical modifications to minimize the deleterious effects associated with 

Na+. For all the root regions studied, increases in the epidermis and endodermis 

revealed the protective roles of these structures in plants subjected to 100 mM Na+, 

reducing the Na+ influx and the formation of lysogenic aerenchyma and increasing the 

salinity. In addition, dead cells are replaced by air spaces, thus minimizing the uptake of 

this toxic ion. Regarding the stems, there were increases in the cortex and pith in the 

first internode under concentrations of 100 mM Na+, these being anatomical responses 

aiming to alleviate damage and oxidative stress generated by the salt in meristematic 

regions. Finally, all the root and stem regions analysed in the soybean plants subjected 

to concentrations of 50–200 mM Na+ avoid cavitation and loss of function associated 

with vessel elements reducing the metaxylem, and this modification maximizes the 

impermeability of this tissue and prevents ionic flux due to increased cell wall 

thickness. Relative to leaves, has shown that progressive salt stress interferes negatively 

in K+/Na+ homeostasis, nutritional content, photosynthetic apparatus and gas exchange, 

also increases oxidative damage and to some extent induces the antioxidant system and 

impairs photosynthetic pigments. On the other hand, salinity impacts promote leaf 

anatomical modifications to minimize the deleterious effects linked to Na+. Effects such 

as the increase of epicuticular wax under saline concentrations of 50 mM Na+ favor a 

lipophilic protection that avoids the loss of water by perspiration and the direct 

incidence of solar radiation on epidermal cells. Additionally, the improvements 

observed in stomata quantity, in their most elliptical shape, as well as the increase of 

epidermis thickness, up to 100 mM Na+, evidences a strategy for the efficient use of 

water. 


