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RESUMO

A soja é uma leguminosa largamente cultivada em diversos paises devido aos elevados teores
de proteinas e 6leos contidos em seus gréos. E utilizada na alimentacio humana e animal ou
destinada a producédo de medicamentos, produtos industriais e biocombustivel. Por outro lado,
0 estresse salino € um fator limitante na producdo da cultura e estima-se que mais de 800
milhdes de hectares sdo afetadas pela salinidade. Nesse sentido, 0 objetivo dessa pesquisa foi
avaliar o comportamento estrutural, utilizando variaveis da raiz, caule e folha, detalhando as
possiveis modificacdes anatdmicas envolvidas nesses orgdos, 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, 0
experimento foi randomizado em cinco tratamentos (0, 50, 100, 150 e 200 mM de NaCl). Na
raiz, aumentos na epiderme e endoderme revelam os papeis protetores dessas estruturas em
plantas submetidas até 100 mM Na*, que favorecem a reducdo do influxo de Na*. Com o
incremento da salinidade, o maior aumento do aerénquima lisigeno minimiza a absor¢do de
ion toxicos através da substituicdo das células mortas por espagos de ar. Em relagédo ao caule,
aumentos no cortex e na medula, no primeiro entrend nas concentragdes de 100 mM Na*,
amenizam os danos e estresse oxidativo gerados pelo sal nas regides meristematicas. Em
todas as regides da raiz e do caule analisadas nas plantas de soja submetidas a concentracGes
de 50-200 mM Na*, o metaxilema é reduzido para evitar a cavitacdo e perda da
funcionalidade dos elementos de vasos e, essas alteragfes, maximiza a impermeabilidade
deste tecido evitando o fluxo ibnico através do aumento da espessura da parede celular. Em
relacdo as folhas, o estresse salino progressivo interfere negativamente na homeostase de
K*/Na*, o contetdo 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 modificacGes anatdémicas
foliares que minimizam os efeitos deletérios associados ao Na*. Efeitos como o aumento da
cera epicuticular em concentracOes salinas de 50 mM Na* favorecem uma protecao lipofilica
que evita a perda de agua pela transpiracdo e a incidéncia direta da radiac&o solar nas células
epidérmicas. Além disso, as melhorias observadas na quantidade dos estdmatos, em sua forma
mais eliptica, bem como o aumento da espessura da epiderme, até 100 mM Na*, evidenciam
uma estratégia para o uso eficiente da agua. Por fim, esta pesquisa mostrou que plantas de
soja submetidas a estresse salino progressivo exibiram modificagcfes anatdmicas para
minimizar os efeitos deletérios associados ao Na*.

Palavras-chave: Exclusdo de Na*, Glycine max, Salinidade, Sodio.



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 NacCl). 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 Sdo
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 (BOREM, 1999). The fruits are oblong and hanging pods, pubescent
and 25 to 75 mm long, with grains numbering from one to five per vage (BOREM, 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 (MISSAO, 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
(RENNO, 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, Para
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 (GHEY 1, 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 (GHEY 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 (FIGUEIREDO, 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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* The soybean is a legume that is widely cultivated in many countries due to the high
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levels of protein and oil contained in its seed, and is used for human and animal nutri-
tion. However, salinity affects more than 800 million hectares worldwide, limiting glo-
bal agricultural production.

The aim of this research was to evaluate the structural behaviour of the roots and stems
under progressive salt stress, detailing the possible anatomical modifications to these
organs in soybean plants during this stress. The plants were randomized into five treat-
ments (0, 50, 100, 150 and 200 mm NaCl).

All the root regions studied and exposed to 100 mm Na” exhibited increases in the epi-
dermis and endodermis and formation of lysogenic aerenchyma with increasing salin-
ity, revealing the protective roles of these structures in reducing Na" influx. In the
stem, increases in the cortex and pith in the first internode subject to 100 mm Na™ sug-
gest anatomical responses that aim to minimize oxidative stress.

Soybean plants subjected to progressive salt stress (>50 mm Na') avoided cavitation
and loss of function linked to vessel elements, reducing the metaxylem in all the root
and stem regions analysed. Finally, our results confirm anatomical changes to the roots

and stems.

INTRODUCTION

Soybean [Glycine max (L.) Merr.] is a legume that is widely
cultivated in many countries due to the high levels of protein and
oil contained in its seeds (Nishinari ef al. 2014). Soybean is used for
human and animal nutrition (Sanjukta & Rai 2016), industrial
products and biofuel (Cavalett & Ortega 2010; Chen et al. 2012).
According to the FAO (2017), the USA leads the world production
of soybean, followed by Brazil and Argentina, with estimated pro-
duction levels of 119, 114 and 54 million tons, respectively. How-
ever, high salt concentrations in the soil limit the worldwide
agricultural production (Parihar et al 2015), with more than
800 million hectares estimated to be affected by salinity worldwide
(FAO 2017), representing a challenge to modern agriculture in gly-
cophyte cultivation, such as soybean, in areas under saline condi-
tions (Cheeseman 2015).

Salinity is one of the main forms of abiotic stress and occurs
mainly in the arid and semiarid regions of the world (Abuel-
gasim & Ammad 2019). Limited rainfall in these regions, associ-
ated with low bioclimatic activity and low weathering, lead to
the formation of soils with high salt concentrations (Hanin et al.
2016). Additionally, excess fertilizers, pesticides and inadequate
irrigation management potentiate the salinization process (Man-
chanda & Garg 2008). Saline solution consists of a variety of dis-
solved salts, such as Na,SO, MgSO,, CaSO,; MgCl,, KCl,
Na,CO; and NaCl; NaCl is the most common salt and the target
of most studies on salinity (Munns & Tester 2008).

Salt stress promotes several deleterious effects (Acosta-
Motos et al. 2017), including reduction of leaf area, negative

regulation of photosynthesis (Agrawal et al. 2013), stomatal
closure and overproduction of reactive oxygen species (ROS)
(Hussain et al. 2016), resulting in chlorosis and leaf senescence
(Phang et al. 2008). In the short term, osmotic stress induced
by Na' decreases water availability in the plant. In the long
term, toxicity occurs through ionic imbalance (Horie et al.
2012), mainly by the replacement of K" by Na" in the cytosol,
negatively interfering with homeostasis, including the K'/Na"
ratio. Potassium deficiency impacts development of the root
components (Sustr et al. 2019), such as the metaxylem, which
is essential to uptake of water and nutrients (Oliveira et al.
2019), also affecting biochemical reactions and protein confor-
mations that depend of this element as a cofactor during pro-
tein biosynthesis (Zhu 2002).

Stress induced by Na™ causes structural changes to plants,
including changes in important plant organs, such as roots and
stems (Barberon et al. 2016). In roots, this stress often reduces
the elongation rate (Potters et al. 2007; Deinlein et al. 2014),
creates disorders of root architecture (Julkowska et al. 2014),
interferes with gravity responses, induces halotropism (Sun
et al. 2008) and anatomical modifications, including decreased
cell expansion, delayed cell division and impaired differentia-
tion (Robin ef al. 2016). In stems, there is a reduction in height
to minimize salt uptake, maximization of cutin synthesis in
epidermal cells, lignification of cells and disorders in xylem
structure (Dolatabadian et al. 2011; Nja et al. 2018). Specifically
in soybean plants, salt stress negatively affects the stem cortex
(Dolatabadian et al. 2011), significant reducing the length of
roots (Shu et al. 2017), leading to lower biomass in root and
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stem tissues (Alam et al. 2019) and consequent increments in
cell death (Egbichi et al. 2014).

Anatomical modifications represents an important strat-
egy in plant survival in an environment affected by salinity;
in this process, structures linked to roots and stems are
modified depending on the exposure time and the intensity
of salinity. In the root, mild or moderate salt stresses the
epidermis and endodermis cells, where root vessel elements
become thickened in order to prevent Na' accumulation in
this organ (Choat et al. 2010). Under severe salinity condi-
tions, the inverse behaviour occurs due to the deleterious
effects caused by excess Na', affecting cell expansion and
cell wall integrity (Sellami et al. 2019). In stems, mild or
moderate saline stress promotes an increase in the amount
of parenchyma cells, contributing to the compartmentaliza-
tion of this ion into vacuoles (Horie et al. 2012), while
severe salt stress creates a decrease in parenchyma cells that
can be related to unfavourable osmotic conditions and
inhibition of cell differentiation (Zhang et al. 2016).

Our hypothesis 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.

MATERIAL AND METHODS
Location and growth conditions

The experiment was performed on the campus of Paragominas
of the Universidade Federal Rural da Amazonia, Paragominas,
Brazil (2°55'S, 47°34’ W). The study was conducted in a
greenhouse in which the temperature and humidity were con-
trolled. The minimum, maximum and median temperatures
were 27.7, 28.9 and 26.3 °C, respectively. The relative humidity
during the experimental period varied between 60% and 80%.

Plants, containers and acclimation

Seeds of Glycine max (L.) Merr. var. M8644RR Monsoy™ were
germinated and grown in 1.2-1 pots filled with a mixed sub-
strate of sand and vermiculite at a ratio of 3:1. The plants were
cultivated under semi-hydroponic conditions containing
500 ml distilled water for 8 days. A modified Hoagland &
Arnon (1950) solution was used for nutrients, with the ionic
strength starting at 50% (day 6) and later being modified to
100% after 2 days (day 8). After this period, the nutrient solu-
tion remained at total ionic strength.

Experimental design

Plants were maintained entirely randomized into five treat-
ments (0, 50, 100, 150 and 200 mm NaCl, described as 0,
50, 100, 150 and 200 mm Na', respectively). Five replicates
of each treatment were conducted, producing a total of 25
experimental units (pots), with one plant in each unit.
These Na“ concentrations were defined based on the studies
conducted by He et al. (2014) and Liu et al. (2016), both
using soybean plants.
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Plant conditions and salt stress

Plants received macro- and micronutrients using aerated
nutrient solution as in Oliveira et al. (2019). To simulate Na"
exposure, NaCl was used at concentrations of 0, 50, 100, 150
and 200 mm Na, applied over 15 days (days 20-35 after the
start of the experiment). On day 35 of the experiment, physio-
logical and morphological parameters were measured for all
the plants, and leaf tissues were harvested for anatomical,
biochemical and nutritional analyses.

Measurements of anatomical parameters

Samples were collected from the root apex and fragments from
5,10 and 15 cm from the root apex and middle region of the 1st,
2nd and 3rd internode. Subsequently, all the collected materials
were fixed in FAA 70 for 24 h, dehydrated in ethanol and
embedded in Historesin (Leica, Nussloch, Germany). Trans-
verse and longitudinal sections with a thickness of 5 pum were
obtained using a rotating microtome (model Leica RM 2245;
Leica). The sections were stained with toluidine blue (O’Brien
et al. 1964). Some sections were analysed in polarized light to
visualize the cellular constituents of birefringent nature.

Scanning electron microscopy (SEM)

The root apex previously fixed in FAA was dehydrated in an
ethyl series, processed in a critical point CO, dryer and metal-
lized with gold (layer approximately 20-nm thick) under a cur-
rent of 25 mA. The micrographs were obtained using scanning
electron microscopy (model LEO 1450 VP, Zeiss).

Determination of Na+ and K+

Quantifications of Na” and K in root and stem tissues were
carried out using an inductively coupled plasma mass spec-
trometer (model ICP-MS 7900; Agilent, USA) in agreement
with procedures described by Paniz et al. (2018).

Measurements of morphological parameters

The biomass of roots and stems was measured based on con-
stant dry weights (g) after drying in a forced-air ventilation
oven at 65 °C.

Data analysis

The data were subjected to ANOVA, and significant differences
between the means were determined using the Scott-Knott test
at a probability level of 5% (Steel et al. 2006). Standard devia-
tions were calculated for each treatment.

RESULTS
Sodium and K" content in root and stem

Salt stress caused significant modifications to the Na" content
in the vegetative organs (Table 1), with values of 19 to
22 mg-g:DM™" (root), ranging from 15.6 to 55.6 mg-g:DM ™"
in the stem under 50, 100, 150 and 200 mm Na', compared to

2 Plant Biology © 2020 German Society for Plant Sciences and The Royal Botanical Society of the Netherlands
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Table 1. Na' and K" contentsand K'/Na" ratio in soybean plants submitted
to salt stress.

Na* (mm) Na® in root (mg-g-DM~") Na* in stem (mg-g-DM~")
0 2.47 +£0.18c 0.16 £+ 0.03e

50 19.04 + 1.68b 15.64 £+ 0.10d

100 20.85 £+ 0.82a 46.23 + 1.92c

150 21.71 +£1.99a 54.16 + 0.90b

200 22.26 +2.17a 55.62 + 0.63a

Na* (mwm) K" in root (mg-g-DM™") K" in stem (mg-g-DM~")
0 27.78 £ 2.17a 62.47 +1.29a

50 15.45 + 0.99b 37.72 £ 0.91b

100 10.48 + 0.33c 23.82 + 1.08c

150 8.72 + 0.45d 12.98 + 0.16d

200 7.76 £ 0.17e 10.03 + 0.05e

Na" (mm) K*/Na" in root K'/Na" in stem

0 11.25 + 0.30a 382.61 + 20.57a

50 0.81 £ 0.03b 2.41 +0.07b

100 0.50 £ 0.03c¢ 0.51 £ 0.04c

150 0.40 + 0.04d 0.24 + 0.02d

200 0.35 4 0.02d 0.18 £ 0.01e

Columns with different letters indicate significant differences from the
Scott-Knott test (P < 0.05). Values described are means from five repeti-
tions 4 SD.

the control. In relation to K* content (Table 1), plants exposed to
50, 100, 150 and 200 mm Na® suffered decreases (P < 0.05) of
44%, 62%, 69% and 72% (root) and 40%, 62%, 79% and 84%
(stem), respectively, compared with the control treatment (0 mm
Na'). The K'/Na' ratios confirmed intense reductions (Table 1),
which oscillated in roots (93%-97%) and stems (99.4%-99.7%)
under 50 to 200 mm Na" in comparison to the control.

Anatomical changes linked to root after salt stress

Sodium stress promoted significant differences in root epider-
mis and endodermis thickness, cortex thickness, vascular cylin-
der diameter and metaxylem diameter at different root depths,

Table 2. Root anatomy in soybean plants subjected to salt stress.
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with increases at 50 and 100 mm Na" and decreases at 150 and
200 mm Na' treatment (Table 2). For the root epidermis thick-
ness and metaxylem diameter (5 cm from apex), there were
increases of 53% and 112%, respectively, under 50 mm Na',
but reductions of 44% and 57% under 200 mm Na', compared
to the control treatment (0 mm Na'). For root endodermis
thickness (10 cm from apex), treatment with 100, 150 and
200 mm Na' resulted in decreases of 2%, 7% and 56%, respec-
tively, while treatment with 50 mm Na' caused an increase of
17% compared to the control. For root cortex thickness and
vascular cylinder diameter (15 cm from apex), there were
increases of 28% and 64%, respectively, under 100 mm Na',
but decreases of 8% to 17%, respectively, under 200 mm Na®
compared to the control (Figs 1 and 2). The root exhibited
structural changes in all regions analysed, and these changes
increased with the addition of Na" in relation to control plants.
The root apex was reduced in the size and thickness of the root
cap (Fig. 3). In cross-sections, the regions at 5, 10 and 15 cm
from the root apex showed lysogenic aerenchyma, thickening
of the cell walls and cells with plasmolysed parenchyma. In the
vascular cylinder, there was a reduction in cell size and defor-
mation of vessel elements (Fig. 2).

Modifications induced by progressive salt stress in stems

Salt stress caused significant changes in the internodal regions
studied (Table 3). Plants subjected to concentrations of 50—
200 mm Na' had significant reductions in the second intern-
ode, which fluctuated in stem epidermis thickness (28%-51%)
and cambium thickness (37%-82%) compared to the control
(0 mm Na®). For stem cortex thickness, phloem thickness,
xylem thickness and metaxylem diameter (50 mm Na'), there
were increases of 65%, 50%, 36% and 42% in the first intern-
ode, respectively; however, treatment with 200 mm Na'
resulted in decreases of 62%, 56%, 58% and 47%, respectively,
compared to the control. For the first internode of stem pith
diameter, there were increases of 20% in plants treated with

Na' (mwm) RET (um) RDT (um) RCT (um) VCD (um) RMD (um)
5 cm from apex
0 169+ 1.1b 239+ 2.0b 385.5+37.1a 332.7 +32.2a 63.2+4.7b
50 259+ 2.3a 33.1+3.1a 289.9 4+ 8.2b 265.0 + 12.5b 133.7 £8.9a
100 13.1+1.2c 21.7+1.8b 269.7 4+ 9.6b 237.6 + 14.4c 32.5+2.7c
150 119+ 1.0c 19.6 + 1.4c 228.7 £ 13.3c 213.5 + 18.5d 31.7+2.2c
200 9.4 +0.7d 16.4 + 1.5d 199.4 + 14.4d 206.1 +5.7d 27.1+2.1¢
10 cm from apex
0 11.2 +0.8b 20.7 +1.8b 289.0 + 12.5a 251.7 +£4.9b 42.6 +3.9c
50 12.2+0.7b 24.3 + 1.6a 293.9 + 13.6a 257.2 +9.4b 53.1+2.2b
100 13.7 +1.3a 20.3 + 1.6b 207.8 +10.7b 401.4 +9.7a 64.1 +4.9a
150 11.0 £ 0.9b 19.3 + 1.4b 195.9 + 18.3b 263.7 £17.1b 39.9 +3.2¢
200 109+ 1.1b 9.2 +0.8¢c 190.4 + 18.6b 238.7 +18.8b 38.7 +1.7c
15 cm from apex
0 11.9+1.1a 20.5 + 1.9b 205.6 + 8.8b 310.5 + 30.4b 55.3+4.8b
50 12.3 + 1.0a 25.4+2.8a 216.4 +15.3b 335.2+11.4b 67.0+4.7a
100 13.3 +0.9a 19.0 +1.2b 263.6 + 26.1a 510.7 + 44.4a 44.4 +4.3c
150 10.7 + 0.9b 17.9 + 1.5b 200.9 + 15.5b 273.6 + 21.5¢ 37.4 +3.3d
200 9.8+ 0.7b 13.9 + 1.0c 190.0 + 18.6b 258.2 + 16.4c 33.3+2.3d

Columns with different letters indicate significant differences from the Scott-Knott test (P < 0.05). Values are means of five repetitions =+ SD. RET = Root epi-
dermis thickness; RDT = Root endodermis thickness; RCD = Root cortex thickness; VCD = Vascular cylinder diameter; RMD = Root metaxylem diameter.
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Fig. 1. Transverse section of roots from 5 cm (A, D, G, J and M), 10 cm (B,
E, H, Kand N) and 15 cm (C, F, I, L and O) from the apex in soybean plants
subjected to salt stress. 0 mm Na+ (A, C), 50 mm Na+ (D, F), 100 mm Na+ (G,
1), 150 mm Na+ (J, L) and 200 mm Na+ (M, O). RE = root epidermis; RC = root
cortex; RD = root endodermis; VC = vascular cylinder; RM = root metaxylem.
Bars: 200 pm.

100 mm Na' and a decrease of 18% in plants treated with
200 mM Na' compared to the control (Fig. 4). In the cross-sec-
tion of the stem, the first internode had structural similarities
at all analysed Na" concentrations (Fig. 5). However, under the
150 and 100 mm Na' treatments, the second and third intern-
odes exhibited a delay in tissue development and cellular alter-
ations, such as parenchyma cells with thin cell walls,
plasmolysis, low activity in vascular cambium due to the pres-
ence of a discontinuous vascular cylinder, and immature
phloem and secondary xylem cells.

Sodium negatively affects biomass

The plant biomass was significantly impacted by salt stress
(Table 4). Plants exposed to Na' suffered reductions of 43%,
48%, 59% and 75% in roots and 51%, 65%, 78% and 78% in
stems when exposed to 50, 100, 150 and 200 mm Na', respec-
tively, compared to the control.

Fig. 2. Transverse section of roots showing aerenchyma formation in 5 cm
from the apex (A, C), cortical region with plasmolyzed parenchyma cells in
10 cm from the apex (D, F) and vascular cylinder (G, 1) and with polarized
light (J, L) 15 cm from the apex in soybean plants subjected to salt stress.
0 mm Na+ (A, D, G and J), 100 mm Na+ (B, E, H and K), 100 mm Na+ (C and
F) and 200 mm Na+ (I and L). RE=root epidermis; RC =root cortex;
AE = aerenchyma; RD = root endodermis; VC = vascular cylinder; RM = root
metaxylem. Bars: 50 pm (A C) and 200 pm (D, L).

DISCUSSION

The increases in root and stem Na' content confirm the effi-
cacy of the salt stress simulated in this study. In addition, con-
centrations above 100 mm NaCl revealed that Na' absorbed by
the roots was transported and accumulated in the stem tissues.
Under increased salt conditions, Na" uptake negatively affected
the absorption of essential elements, including K, as con-
firmed in this research. Reductions in the K'/Na" ratio after
salt stress are intrinsically related to lower K' content in the tis-
sues evaluated, resulting in an ionic imbalance that has a nega-
tive impact on metabolic activity (Hanin et al. 2016). There is a
negative relationship between Na' and K', in which K" eflux
represents a faster and more cost-effective method to estimate
tolerance to salinity, as found in Hordeum vulgare (Chen et al.
2005). However, at high concentrations, the Na' influx into
cells is frequently toxic to plant metabolism and, to minimize
the effects on growth and development that can lead to cell
death, excess Na* can be extruded or compartmentalized in the
vacuole (Farooq et al. 2015). Oliveira et al. (2019) evaluated
the homeostasis, antioxidant metabolism and leaf anatomy of
Eucalyptus urophylla subjected to 250 mm NaCl and found
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Fig. 3. Root apex analysed by scanning electron microscopy (A, C, E, G and
1) and longitudinal section (B, D, F, H and J) in soybean plants subjected to
salt stress. 0 mm Na+ (A, B), 50 mm Na+ (C, D), 100 mm Na+ (E, F), 150 mm
Na+ (G H) and 200 mm Na+ (I, J). Bars: 200 pm.

Table 3. Stem anatomy in soybean plants subjected to salt stress.
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increases in the Na' content in roots and stems. Rodrigues
et al. (2014), studying the physiological adjustment of Ricinus
communis exposed to 50, 100 and 150 mm NaCl, described
NaCl increases of 6-, 11- and 19-fold in the roots and 18-, 19-
and 20-fold in the stems, respectively, when compared to con-
trol plants (0 mm NaCl). Falakboland et al. (2017), working
with 12 varieties of Hordeun vulgare, determined that the K"
cation modulates tolerance to salt stress, and these authors sug-
gested that this element is crucial for enzyme activation and
protein synthesis stabilization. Wang et al. (2019), using two
leaf types (cotyledon and true leaf) in Ricinus communis seed-
lings submitted to Na stress, proved that the K'/Na" ratio is
significantly affected, causing disorders in physiological pro-
cesses.

The increases in root epidermis thickness, endodermis thick-
ness and cortex thickness under mild and moderate salinity (50
and 100 mm Na') suggest resistance of the root tissues to simu-
lated abiotic stress. In this context, the epidermis, endodermis
and cortex represent a mechanical barrier in the radial trans-
port of water and ions, such as Na', and prevent the reflux of
solutes to protect the vascular tissues (Liska et al. 2016; Doblas
et al. 2017). The vascular cylinder and metaxylem contribute to
the conduction of water to the upper organs, and affect Na'
efflux via conductive cells. Additionally, the partial increases
observed in the vacuolar cylinder diameter and root metaxylem
diameter (50 and 100 mm Na') suggest a plant strategy to
improve water use efficiency and Na" exclusion in the shoot
through Na' partition assimilation (Deinlein ef al. 2014; Prince
et al. 2017). On the other hand, under severe salinity (150 and
200 mm Na'), there were reductions in all variables evaluated,
and these results were clearly related to the deleterious effects
of excess Na" on the roots, because the increase in concentra-
tion of this ion in the solution causes plasmolysis and reduc-
tions in the protective tissues (epidermis and endodermis).
These responses contribute to the prevention of cavitation in

Na" (mm) SET (um) SCT (um) SPhT (um) SXT (um) SMD (um) SCat (um) SPD (um)
1st internode
0 204 +1.3a 102.0 +2.7b 384+28b 133.9+8.4b 30.7 +£2.1b ? 842 +41c
50 169+ 1.2b 168.1 + 11.7a 57.5+2.4a 182.0 +4.7a 43.7 + 1.4a ? 917 + 9%
100 12.1+1.0c 97.5+7.3b 56.4 + 4.4a 129.2 +7.9b 23.0+2.7¢ ? 1008 + 43a
150 10.4 +0.8d 93.1+8.1b 28.3 +1.9¢ 86.6 + 3.4c 18.0 +1.2d ? 842 + 75¢
200 10.1 £ 0.4d 38.4 + 3.5¢ 16.9 + 1.9d 56.8 + 3.9d 16.3 +0.9d @ 691 + 62d
2nd internode
0 192+ 1.1a 195.9 + 10.2a 94.0 +6.2a 341.2 +26.9a 97.9 +£9.9a 57.9+4.8a 3053 +213a
50 139+ 1.1b 114.5+8.9b 64.1 +4.4b 317.6 £ 14.1a 63.9 + 2.6b 36.7 £3.2b 2259 + 40b
100 11.9+1.0c 88.3 + 8.6¢ 46.9 + 4.4c 257.9 + 20.5b 47.0 £4.2c 26.9 + 2.5¢ 1977 + 45c
150 10.7 £ 0.7d 88.0 + 5.8¢ 45.6 + 3.0c 232.5 +16.9¢ 37.9 + 2.6d 15.9 +£0.7d 1502 + 98d
200 9.4 +0.9d 87.0+7.2¢ 355+3.2d 142.3 + 12.4d 322+22d 10.6 + 0.6e 1151 = 71e
3rd internode
0 16.2+1.2a 161.6 + 13.1a 103.0 +4.5a 405.8 + 28.6a 1237+ 11.1a 58.8 +3.9a 3003 + 103a
50 10.8 +0.8b 102.4 + 6.6b 746 +2.1b 313.0 + 30.4b 80.7 + 1.9b 38.5+3.6b 2595 + 88b
100 10.2 £ 0.3b 88.4 +6.2c 70.8 +5.3b 288.8 + 18.5b 56.1 1.5¢ 29.6 +2.2¢ 2133 + 60c
150 9.6 +0.7¢c 87.6 +2.3c 63.5+2.7c 271.7.£.1:9¢ 51.9+1.0c 25.9 + 1.0d 2094 + 23c
200 8.9+ 0.5¢ 86.3 +7.3c 57.1+3.2d 250.5 + 16.9d 50.5 + 3.5¢ 225+ 1.8d 2089 + 113c

Columns with different letters indicate significant differences from the Scott-Knott test (P < 0.05). Values are means from five repetitions + SD. SET = Stem
epidermis thickness; SCT = Stem cortex thickness; SPhT = Stem phloem thickness; SXT = Stem xylem thickness; SMD = Stem metaxylem diameter; SCaT = Stem

cambium thickness; SPD = Stem pith diameter.
"Cambium not included.
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Fig. 4. Transverse section of the stem at the 1st internode (A, D, G, J and
M), 2nd internode (B, E, H, K and N) and 3rd internode (C, F, |, L and O) in
soybean plants subjected to salt stress. 0 mm Na+ (A, C), 50 mm Na+ (D, F),
100 mm Na+ (G, 1), 150 mm Na+ (J, L) and 200 mm Na+ (M, O). SE = stem
epidermis, SC=stem cortex, SPh=stem phloem, SX=stem xylem,
SPi = stem pith. Bars: 500 um (A, D, G, J and M) and 800 um (B, C, E, F, H, I,
K, L, N and O).

the vascular cylinder and the subsequent loss of conductive cell
functionality (Choat et al. 2010). Reductions in vascular cylin-
der diameter and root cortex thickness induced by salinity (150
and 200 mm) were observed by Hameed et al. (2009) who anal-
ysed anatomical adaptations of the thicker regions of adventi-
tious roots of two Imperata cylindrica ecotypes.

The emergence of lysigenous aerenchyma under saline stress
indicates a possible function of dead cells in preventing the
influx of Na' ions, when this salt is in excess in the internal
parts of the roots, with subsequent exclusion or ion impedence
(Liu et al. 2007). Wang et al. (2010), studying Thellungiella
halophila subjected to 300 mm NaCl, found programmed and
progressive cell death. In addition, cell wall thickening in corti-
cal parenchyma cells is related to the frequent deposition of lig-
nin and suberin to render them impermeable to water and ion
passage (Purushothaman et al. 2013). Saqib et al. (2005) com-
paring two Triticum aestivum genotypes cultivated under saline

Fig. 5. Transverse section of the stem at the 2nd internode showing the
pith region (A-C), vascular region (D, F) and the 3rd internode showing the
vascular region (G, 1) and with polarized light (J, L) in soybean plants sub-
jected to salt stress. 0 mm Na+ (A, D, G, and J), 100 mm Na+ (B, E, H, and K)
and 200 mm Na+ (C, F, |, and L). SPi=stem pith, SPh=stem phloem,
SCa=stem cambium, SM=stem metaxylem. Bars: 50 um (A, C) and
200 pum (D, L).

Table 4. Biomass in soybean plants subjected to salt stress.

Na" (mm) root (g) stem (g)
0 4.24 £+ 0.09a 7.02 +0.36a
50 2.43 £+ 0.04b 3.42 £0.18b
100 2.19 + 0.05c 2.45 +0.18c
150 1.74 + 0.02d 1.51 £0.11d
200 1.06 + 0.03e 1.52 £+ 0.09d

Columns with different letters indicate significant differences from the
Scott-Knott test (P < 0.05). Values described are means from five repeti-
tions =+ SD.

conditions, described that the increased formation of root aer-
enchyma in the tolerant genotype induced a reduction in Na"
content and increment of the K™ concentration, improving the
Na“/K" ratio, Na* exclusion and salt tolerance. Akhtar et al.
(2017) evaluating six Typha domingensis ecotypes often found
in saline and/or polluted environments and exposed to pro-
gressive salt stress, confirmed significant increases in aerench-
yma area of all ecotypes, in which this anatomical adaptation
confers tolerance to salinity. Shen et al. (2014), studying differ-
ent root regions in Zea mays seedlings subjected to 200 mm
NaCl, described the thickening of cortex cells.
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Regarding vessel elements, the irregularities observed under
high concentrations (150 and 200 mm Na”) of Na" reveal dis-
turbances to the production of components, especially of the
secondary cell wall, resulting in changes in the mechanical
properties, making them susceptible to negative pressures and,
consequently, interfering with water transport to other organs
(Lefebvre et al. 2011; Bensussan et al. 2015). Sellami et al.
(2019), studying the vascular anatomy of Arabidopsis exposed
to salt stress (150 mm NaCl), detected xylem vessel deforma-
tions. For root cortex thickness and vascular cylinder diameter,
the progressive reductions in the root apex and damage
observed 5 cm from the apex corroborated that newly devel-
oped roots usually do not continue the normal processes of cell
growth and elongation due to a lack of nutritional resources or
an imbalance of ROS in this region (Jiang et al. 2016; Robin
et al. 2016).

Under stress conditions, the stem epidermis contributes to
the reduction in water loss via transpiration, and the reduction
in stem epidermis thickness (>50 mm Na') represents the
potential to increase plant tolerance to dehydration (Javelle
et al. 2011). The partial increases in stem cortex thickness and
pith diamter demonstrate that plants attempt to respond or
tolerate mild and moderate salinity (50 and 100 mm Na') in
meristematic regions. Thus, the cells that make up the cortex
and pith can play a role in the storage of toxic ions, in this case
Na“, within their vacuoles or cytoplasm, as a way to attenuate
the impact of this ion on the stem and to prevent cell damage
(Horie et al. 2012). On the other hand, the reduction in stem
cortex thickness and pith diameter found under high salt stress
(150 and 200 mm Na*) suggests a decrease in Na* uptake, caus-
ing unfavourable osmotic conditions and the appearance of
plasmolized cells. Zhang et al. (2016), combining saline and
alkaline stresses, found reductions in the stem epidermis thick-
ness, cortex thickness and pith diameter in Melilotus officinalis
subjected to 200 mm NaHCO;.

The reductions observed in the stem cambium thickness,
phloem thickness, xylem thickness and metaxylem diameter
under severe salt conditions indicate that cambial activity was
minimal, leading to a reduction of these tissues and favouring
development of numerous narrow vessels in an attempt to
reduce Na" transport (Zahra et al. 2014) but without compen-
sating for larger vessel function (Boughalleb et al. 2009). The
stem cambium is a secondary meristem responsible for radial
growth, in which activity results in the differentiation of xylem
and secondary phloem that mainly act in plant support, water
conduction and photoassimilate transport between the roots
and shoots (Risopatron et al. 2010). Nja et al. (2018), compar-
ing the apical and basal internodes of Medicago sativa treated
with 150 mm NaCl, observed reductions in stem phloem (6%
and 3%) and xylem (20% and 14%) thickness.

Salinity affected plant growth, inducing reductions in the
roots and stems. The lower biomass of plants exposed to Na"
can have multiple causes, including reductions in root anatomi-
cal variables and delay in stem cambium differentiation. Under
salt stress conditions, plants frequently exhibit reductions in
biomass because the osmotic stress induced by Na" negatively
interferes in the processes of cell division and elongation (Fricke
& Peters 2002; Munns & Tester 2008), inhibiting root system
development due to structural and functional restrictions; this
limited development consequently impacts nutrient uptake and
translocation (Zahra et al. 2014) and negatively affects light and
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CO, capture and stomatal regulation (Degl'Innocenti et al.
2009; Hussain et al. 2016). Qin et al. (2016), studying the inter-
ference of 100 mm NaCl on growth, the photosynthetic appara-
tus and cell ultrastructure, observed decreases in the roots and
stems of Vitis vinifera. Yu et al. (2015) evaluated the effect of
salinity on the morphological and nutritional characteristics,
yield and composition of essential oils in Mentha canadensis and
found progressive reductions in the roots and stems under NaCl
concentrations of 0-150 mm.

CONCLUSIONS

This research showed that soybean plants subjected to progres-
sive 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 sub-
jected to 100 mm Na', reducing the Na" influx and the forma-
tion 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 gen-
erated 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 metaxy-
lem, and this modification maximizes the impermeability of
this tissue and prevents ionic flux due to increased cell wall
thickness.
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Effect of progressive salt stress on growth, physiology, biochemistry and leaf structure of soybean
plants

Abstract

Soybean is a legume widely cultivated in several countries, mainly because the grains are rich in oil and
proteins, where they are appreciated in human, animal food or in the production of consumer goods. On
the other hand, one of the factors that limit global production is saline soils, where it is estimated that 800
million hectares of land are affected by salinity worldwide. Based on the hypothesis that the problems
caused by saline stress promote responses and that the plant uses anatomical leaf changes to reduce
excessive transpiration and consequently minimized the transport and accumulation of salt on the plant,
the aim of this research was to evaluate the physiological, biochemical and nutritional parameters and
how they influence the characteristic of soybean plants submitted to progressive salt stress. The
experiment was conducted at random with five treatments (0, 50, 100, 150 and 200 mM NacCl). The data
showed that in the highest concentrations of Na* negative interference in K*/Na* homeostasis, nutritional
content, photosynthetic apparatus and gas exchange, also the increase in oxidative damage and induced,
to a certain extent, the antioxidant system and compromised the photosynthetic pigments. Structurally, it
was observed in concentrations of up to 100 mM Na*, greater deposition of epicuticular wax, changes in
the amount and shape of the stomata and increased thickness of the leaf epidermis. Finally, our research

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

Keywords Glycine max e Epicuticular wax e Salinity
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Introduction

Soybean (Glycine max (L.) Merrill) is one of the most important crops in the world because
grains are rich in oil and protein (Xu et al. 2016) which are appreciated in food and feed (Sanjukta and
Rai 2016), besides being used as an energy source in biofuels (Pereira et al. 2017). Global production is
estimated at approximately 338 million tons, with the United States being the main producer, followed by
Brazil and Argentina (FAO 2018). However, one of the main factors limiting soy production is saline
soils (Parihar et al. 2015), where approximately 800 million hectares of land are affected by salinity
worldwide (FAO 2018).

Salinity is one of the main forms of abiotic stress, occurring mainly in arid and semi-arid
regions, where it presents low precipitation and high evapotranspiration (Abuelgasim and Ammad 2019).
However, anthropogenic factors may favor and potentiate salt accumulation through the use of low
quality irrigation water, poorly drained soils, and overuse of fertilizers and pesticides (Manchanda and
Garg 2008). Among the salts that are accumulated in soils and harmful to agricultural crops, NaCl stands
out, which in recent years has been the target of numerous studies on its effects on plants (Shahbaz et al.
2011; Rasool et al. 2013; Qin et al. 2016b; de Oliveira et al. 2019).

The high concentrations of NaCl in the soil favors the accumulation of Na* ions inside the plant
cell vacuoles (Horie et al. 2012) causing an osmotic imbalance by decreasing the soil water potential and
reducing the plants ability to absorb water (Rengasamy 2010) and subsequently causing ionic imbalance,
making Na* potentially toxic in plant metabolism (Blumwald 2000). This is due to the replacement of K*
by Na* in cytosol, altering biochemical reactions and protein conformation, and K* acts as an enzymatic
cofactor and protein synthesis (Zhu 2002). Furthermore, the osmotic pressure caused by excess Na* in the
growth regions of the plant favors the competitive absorption between ions and hinders the locomotion
and accumulation of macro and micronutrients essential for the plant (Parihar et al. 2015).

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 and leaves, osmolytes synthesis,
alteration of photosynthetic pathways and induction of antioxidant enzymes (Munns 2002; Acosta-Motos
et al. 2017).

In mild to moderate Na* concentration, structural changes in the leaf epidermis are reported as a
strategy to prevent direct solar radiation and excessive sweating through changes in the stomata guard
cells (Barbieri et al. 2012), increased leaf hairiness (Bickford 2016) and epicuticular wax accumulation
(Yang et al. 2015). On the other hand, under severe Na* exposure conditions oxidative stresses occur and
negatively affect plant growth and development (Pulavarty et al. 2016), as well as increasing the
accumulation of reactive oxygen species (ROS) and ionic toxicity, compromising the antioxidant defense
mechanism, decreasing photosynthetic pigments and unbalancing hormones (Kim et al. 2016).

Our hypothesis 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
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evaluate the physiological, biochemical and nutritional effects and how they affect the structural

characteristics in soybean plants subjected to progressive salt stress.

Materials and Methods

Location and growth conditions

The experiment was performed at the Campus of Paragominas of the Universidade Federal Rural da
Amazodnia, Paragominas, Brazil (2°55° S, 47°34* W). The study was conducted in a greenhouse in which
the temperature and humidity were controlled. The minimum, maximum and median temperatures were
24.6, 28.8 and 26.6 °C, respectively. The relative humidity during the experimental period varied between
60% and 80%.

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 nutritive solution remained at total

ionic strength.

Experimental design
The experiment was randomized into five treatments (0, 50, 100, 150 and 200 mM NacCl, described as 0,
50, 100, 150 and 200 mM Na*, respectively). Five replicates of each treatment were conducted, producing

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

Plant conduction and salt stress

One plant per pot was used to examine the plant parameters. The plants received the following macro-
and micronutrients in the nutrient solution: 8.75 mM KNGOz 7.5 mM Ca(NOs);-4H,0, 3.25 mM
NH4H2PO4, 1.5 mM MgS0O4-7 H20, 62.50 pM KClI, 31.25 pM H3BO3, 2.50 uM MnSO4-H20, 2.50 uM
ZnS04-7TH20, 0.63 pM CuSO04-5H,0, 0.63 UM NaMoO4-5H,0, and 250.0 uM NaEDTAFe-3H,0. To
simulate Na* exposure, NaCl was used at concentrations of 0, 50, 100, 150 and 200 mM Na, applied over
15 days (days 20-35 after the start of the experiment). During the study, the nutrient solutions were
changed at 07:00 h at 3-day intervals, with the pH adjusted to 5.5 using HCI or NaOH. On day 35 of the
experiment, physiological and morphological parameters were measured for all plants, and leaf tissues

were harvested for anatomical, biochemical and nutritional analyses.

Measurement of chlorophyll fluorescence

The minimal fluorescence yield of the dark-adapted state (Fo), the maximal fluorescence yield of the
dark-adapted state (Fm), the variable fluorescence (Fy), the maximal quantum vyield of PSII
photochemistry (Fv/Fm), the effective quantum yield of PSII photochemistry (®psi), the photochemical
quenching coefficient (ge), the nonphotochemical quenching (NPQ), the electron transport rate (ETR), the
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relative energy excess at the PSII level (EXC) and the ratio between the electron transport rate and the net
photosynthetic rate (ETR/Pn) were determined using a modulated chlorophyll fluorometer (model OS5p;
Opti-Sciences). Chlorophyll fluorescence was measured in expanded leaves under light. Preliminary tests
determined the location of the leaf, the part of the leaf and the time required to obtain the greatest Fv/Fm
ratio. This evaluation used the acropetal third of leaves from in the middle third of the plant that were
adapted to the dark for 30 min. The intensity and duration of the saturation light pulse were 7,500 pmol

m=stand 0.7 s, respectively.

Evaluation of gas exchange

The net photosynthetic rate (Pn), transpiration rate (E), stomatal conductance (gs), and intercellular CO;
concentration (C;) were evaluated using an infrared gas analyser (model LCPro*; ADC BioScientific).
These parameters were measured in expanded leaves from middle region of the plant. The water-use
efficiency (WUE) was estimated according to the protocol described by Ma et al. (2004), and the
instantaneous carboxylation efficiency (Pn/Ci) was calculated using the formula described by Aragéo et
al. (2012). Gas exchange was evaluated in all plants under constant conditions. The CO, concentration
was artificially controlled in 360 umol mol® CO,, photosynthetically active radiation was 800 pmol
photons m? s, the air-flow rate was 300 pmol s and the temperature was 28 °C. Measurements were
taken between 10:00 and 12:00 h

Measurements of anatomical parameters

Samples were collected from the middle region and midgrip of the leaf limb of fully expanded leaves.
Subsequently, all collected botanical materials were fixed in FAA 70 for 24 hours and dehydrated in
ethanol and embedded in Historesin Leica™ (Leica, Nussloch, Germany). Transverse sections with a
thickness of 5 pm were obtained using a rotating microtome (model Leica RM 2245, Leica Biosystems).
The sections were stained with toluidine blue (O’Brien et al. 1964). The epidermal dissociation method
was used for stomatal and trichome characterization. The slides were observed and photomicrographed
under an optical microscope (Motic BA 310, Motic Group Co. LTD.) coupled to a digital camera (Motic
2500, Motic Group Co., LTD.). The images were analysed with a Moticplus 2.0 that had been previously
calibrated with a micrometre slide from the manufacturer. The anatomical parameters evaluated were: the
polar diameter of the stomata (PDS), the equatorial diameter of the stomata (EDS), the trichome size
(TS), leaf metaxylem diameter (LMD), the leaf phoelm thickness (LPT), the leaf xylem thickness (LXT),
the trichome density (TD) and the trichome size (TS), the epidermis thickness from adaxial leaf side
(ETAd), the epidermis thickness from abaxial leaf side (ETADb), the palisade parenchyma thickness
(PPT), the spongy parenchyma thickness (SPT). For both leaf faces, the stomatal density (SD) and
trichome density (TD) was calculated as the number of stomata and trichome per unit area,
respectivament, and the stomatal functionality (SF) was calculated as the ratio PDS/EDS, as described by
Castro et al. (2009). The stomatal index (SI %) was calculated as the percentage of stomata in relation to

total epidermal cells, by area.

Epicuticular wax quantification
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Wax extraction was based on the recommendations of Damato et al. (2017) with modifications. In
individual pre-weighed recipients, fragments 1 cm? of the middle third of the leaf were immersed in 2 mL
chloroform for 30 seconds. The obtained extract was placed in a water bath at 60 °C until the total
evaporation of chloroform and then weighed. Wax quantification was expressed by the amount of wax

per unit leaf area (mg/cm).

Extraction of antioxidant enzymes, superoxide anion and soluble proteins

Antioxidant enzymes (SOD, CAT, APX and POX), superoxide anion and soluble proteins were extracted
from leaf tissues according to the method described by (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
14,000 x g 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 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 riboflavin was mixed with 0.2
ml of supernatant. The absorbance was then measured at 560 nm (Giannopolitis and Ries 1977). One
SOD unit was defined as the amount of enzyme required to inhibit 50% of the NBT photoreduction. The

SOD activity was expressed in mg protein.

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 umol H,O, mg™

protein min,

Ascorbate peroxidase assay

For the 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
supernatant, 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 the POX assay (EC 1.11.1.7), 1.78 ml of a reaction mixture containing 50 mM phosphate buffer (pH
7.0) and 0.05% guaiacol was mixed with 0.2 ml of supernatant, followed by the addition of 20 pl of 10
mM hydrogen peroxide. Absorbance was then measured at 470 nm (Cakmak and Marschner 1992). POX

activity was expressed in pmol tetraguaiacol mg! protein min2.
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Determination of superoxide anion concentration

To determine the O, concentration, 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, an
identical volume of ethyl ether was added, and the mixture was centrifuged at 3,000 x g for 5 min. The

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

Extraction of oxidative stress markers

Oxidative stress markers (H202 and MDA) were extracted according to the protocol described by Wu et
al. (2006). Briefly, a mixture of H,O, and MDA was prepared by homogenizing 500 mg of fresh leaf
materials in 5 ml of 5% (w/v) trichloroacetic acid. The samples were then centrifuged at 15,000 x g for 15

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

Determination of hydrogen peroxide concentration

To measure H,O,, 200 pl 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).

Quantification of malondialdehyde concentration

MDA was measured by mixing 500 pl of supernatant with 1,000 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. The reaction was terminated by placing the reaction container in an ice
bath. The samples were centrifuged at 10,000 x g 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 coefficient of 155 mM* cm?.

Determination of electrolyte leakage

Electrolyte leakage was measured according to the method described by Gong et al. (1998), with minor
modifications. Fresh tissue (200 mg) was cut into pieces that were 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.
The initial electrical conductivity of the medium (EC,) was then measured. Next, the samples were boiled
at 95 °C for 20 min to release the electrolytes. After cooling, their final electrical conductivity (ECz) was
measured (Gong et al. 1998). The percentage of electrolyte leakage was calculated using the formula EL
(%) = (EC./EC>) x 100.

Determination of photosynthetic pigments
The chlorophyll and carotenoid determinations were performed with 40 mg of leaf tissue. The samples
were homogenized in the dark with 8 mL of 90% methanol (Nuclear). The homogenate was centrifuged at

6,000 x g for 10 min at 5°C. The supernatant was removed, and chlorophyll a (Chl @) and b (Chl b),
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carotenoid (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).

Determining of Na and nutrients

Samples with 100 mg of milled samples were weighed in 50-mL conical tubes (Falcon®, Corning,
Mexico) and pre-digested (48 h) with 2 ml of sub boiled HNOs; (DST 1000, Savillex, USA). After, 8 ml
of a solution containing 4 ml of H>O, (30% v/v, Synth, Brasil) and 4 ml of ultra-pure water (Milli-Q
System, Millipore, USA) were added, and the mixture was transferred to a Teflon digestion vessel, closed
and heated in a block digester (EasyDigest®, Analab, France) according to the following program: 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 determination of Na, K, P, Ca, Mg, S, Fe, Mn and Cu was 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.

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.

Data analysis

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

Results

Salinity reduced K* / Na* homeostasis and nutritional content

The addition of Na* in plants promoted influences (P <0.05) on the content of Na*, K* and K*/ Na* of the
leaves, showing increases of 453% to 86977% for Na*, reductions of 6% to 29% for K* and 84% to 100%
for K*/Na*, when compared to the control treatment (Table 1). The increase in salinity caused significant
changes in nutritional content. Plants subjected to concentrations of 50 to 200 mM Na* had reductions
that oscillated in Ca (38% to 63%), Mg (20% to 41%), S (14% to 27%), Fe (19% to 40% ), Mn (10% to
28%) and Cu (13% to 37%), in relation to the control plants (Table 2).

Na* promoted damage in photosynthetic apparatus

Plants exposed to salinity exhibited significant increases in Fo values, ranging of 14% to 37%, compared
to control (Fig. 1). Differing of Fm, with continuous decreases of 3% to 23% as well as F, of 8% to 40%.
For Fu/Fm, salt stress induced significant losses that ranged of 5% to 22% in plants under concentrations
of 50 to 200 mM Na*, comparing with control plants. Plants subjected to concentrations of 50 to 200 mM
Na* exhibited significant reductions in ®pg (13% to 62%), ge (1% to 30%) and ETR (13% to 62%)
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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
EXC and of 41% to 1472% for ETR/Pn, comparison with control treatment.

Salt stress affects gas exchange

Plants exposed to Na* had interferences (P<0.05) in gas exchange, Py values ranging from 38% to 96%,
in relation to the control (Table 4). Similar behaviors were observed in E, with decreases of 32% to 65%,
as well as in gs, with negative oscillations of 52% to 85%. Additionally, gradual reductions were detected
in WUE (8% to 89%) and Pn/Ci (39% to 98%) in plants under 50 to 200 mM Na* concentrations, when
compared to the control treatment.

Salinity interferes on stomata and trichomes

Plants submitted to 50 and 100 mM Na* presented significant increases, with peaks on the adaxial and
abaxial faces in SD (44% and 23%), PDS (13% and 7%), EDS (29% and 17%), SF (15% and 15%) and Sl
(34% and 18%), in the same order, compared to the control plants (Table 5 and Fig. 2).

The increase in salinity caused impacts (P<0.05) on the trichomes on both faces, with damages more
intense in the 200 mM Na* concentration. For TD, the reductions were 62% and 84%, while for TS 57%

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

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

Salt stress promoted significant changes on EWL indices, with an increase of 12%, followed by
reductions of 21%, 31% and 35% in plants under concentrations of 50, 100, 150 and 200 mM Na",
respectively, if compared to control (Table 6). In SEM, it was possible to follow the behavior of EWL in
leaf surface due to salt stress (Fig. 3). During the reduction of the wax deposition areas was verified that
the losses occurred preferentially from the central region to the periphery of the epidermal cells. To leaf
structures, plants subjected to Na* had significant effects (Table 6). The values of LXT, DVE, ETAd,
ETAb and SPT under 100 mM Na* concentration increased by 28%, 6%, 62%, 46% and 57%, in this
order, compared to control treatment, but under 200 mM Na* concentration reductions of 9%, 17%, 9%,
3% and 16% were detected, respectively. In LPT (50 mM Na*), increases of 34% were observed, but with
reductions of 12% under 200 mM Na* concentration. In relation to PPT, salinity caused significant
increases that ranged from 12% to 54%, compared to the control treatment. Anatomically, the leaves of
plants submitted to salinity presented the first alterations under 100 mM Na*, when compared to the
control (Fig. 4). In the central vein (in cross section), was observed progressive changes of the tissues,
mainly of the vascular system, reduction of the the number, shape and size of the auxiliary bundles.
Aditionally, also were detected spaces in the palisade parenchyma and minor arrangement of the spongy

parenchyma of the leaf mesophyll.

Salinity modified the antioxidant system
Plants submitted to treatments with 50 to 200 mM Na* had significant increases in SOD levels (93% to
125%), compared to control (Fig. 5). On the other hand, salinity induced peaks in the activities of CAT,

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

compared to the control.

Na* increases oxidative stress

Salinity caused significant interference in O, values, with progressive increases of 2% to 40%. H,0O, had
significant increases from 13% to 103% after salt stress (Fig. 6). For MDA, the values suffered significant
increases of 8% to 30% in plants under concentrations of 50 to 200 mM Na*. In relation to EL, salt stress
caused significant interferences of 15% to 64% in plants under concentrations of 50 to 200 mM Na*,

when compared to the control.

Plants exposed to Na* toxicity decreases photosynthetic pigments

Saline conditions promoted changes (P <0.05) on photosynthetic pigments, inducing reductions of 14% to
33% in Chl a values, and 18% to 69% in Chl b, compared to control, in plants under 50 to 200 mM Na*
concentrations (Table 7). Similar trend was observed in the Total Chl, with losses ranging from 16% to
46% and in Car of 21% to 70%. However, plants subjected to 50 to 200 mM Na* presented progressive
and significant increases in ratio Chl a/Chl b (16% to 46%) and ratio Total Chl/Car (21% to 70%), when

compared to the control.

Salt stress negatively interferes on biomass
The biomass was significantly affected by the salt stress (Fig. 7 and Fig. 8). Plants exposed to Na*
presented decreases of 36% to 76% for LDM, 43% to 75% for RDM, 51% to 78% for SDM, and 42% to

76% for TMD, when compared to control.

Discussion

The increases in Na* content in leaf tissues in plants confirm the effectiveness of salt stress in
this study. High concentrations of salts, mainly Na*, interfere with K* absorption due to the high affinity
of transporters and also by non-selective cationic channels (Chen et al. 2005). This may justify the
reduction in the K* content and the K*/Na" ratio in the leaves with the increase in salinity. When there is
an imbalance in the absorption of K*, it causes several metabolic disorders in the plant, such as losses in
enzymatic activation, protein synthesis, negative interferences in photosynthesis, cell expansion, stomatal
movements, among others (Flowers et al. 2015). The accumulation of Na* in aerial organs, mainly in the
leaf tissues, is a strategy to reduce the osmotic and ionic stress in the root tissues caused by this ion
(Farooq et al. 2015). Silva et al. (2020), evaluating anatomical changes of stem and root of Glycine max
submitted to progressive concentrations of 0 to 200 mM NaCl, observed a more accumulation of Na* in
the aerial organ. Tiwari et al. (2010), submitting 17 genotypes of Cucumis sativus in four salinity levels,
found increases in Na* content and decreases in K* accumulation and K*/Na* ratio in the leaves of all
analyzed genotypes. Ding et al. (2012), investigating the growth, the antioxidant system and the
nutritional content in the leaves of Solanus melongena exposed to 90 mM NaCl, verified increases of
518% in the Na* content and decreases of 49% and 1022% in the accumulation of K* and relation K* /

Na*, respectively.
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Plants submitted to salinity had reductions in the content of macronutrients (Ca, Mg and S) and
micronutrients (Fe, Mn and Cu). These nutritional disorders are associated with high salt concentrations
that increase osmotic pressure in the plants growth regions and interfere with the water and nutrient
absorption capacity (Munns 2002). In this way, it favors the competitive absorption between ions and
hinders the movement and accumulation of essential nutrients for the vegetable (Parihar et al. 2015).

Calcium is established as the second intracellular messenger in plants and its chemical by-
products function as an important secondary messenger signaling molecule (Reddy et al. 2011). When the
extracellular stress signal is perceived by membrane receptors, a complex cascade of intracellular
signaling occurs, including Ca?*, which favors the expression of multiple responsive stress genes and
several responses to tolerance, such as reductions in plant growth, apoptosis, Na* translocation into the
cells of older tissues, among others (Mahajan et al. 2008). On the other hand, the high Na* requirements
can replace the Ca?* of the membranes, leading to a decrease in the K*/Na* selectivity (Munns and Tester
2008) and weakening a cell wall structure, making it more susceptible to ruptures (Hepler and Winship
2010). Reducing the concentration of K* and Ca?* ions in tissues caused by salt stress is probably the
main reason for the reduction in plant growth (Aghajanzadeh et al. 2019). Morgan et al. (2014) evaluating
an ionic homeostasis and ATPase activities in Vicia faba submitted to 100 mM NaCl and in two harvest
periods (7 and 14 days), found reductions in the content of Ca?*. Similarly, Teixeira and Carvalho (2009),
evaluating the saline influence (0, 60, 120 and 240 mM NaCl) on the mineral composition of Portulaca
oleracea, observed reductions of up to 56% and 81% in the Ca content in plants sown in the spring and
summer, respectively.

Similar as occurs in K* and Ca?*, the decrease in Mg?* in plant tissues under salinity conditions
can happen due to Na interference (Mei et al. 2014). Mg belongs to the central structure of the Chl a
molecule and participates in several enzymatic processes that involve phosphate transfer (Guo et al.
2015). The decrease in the Mg?* content may also have contributed to the decrease in the photosynthetic
pigment content observed in this study. Another nutrient that exhibit significant function in the formation
of the photosynthetic apparatus and in the electron transport system is sulfur. The compounds containing
S are also involved in ROS metabolism, in which they play an important role in mitigating salt-induced
oxidative stress and improving K*/Na* ion selectivity (Nazar et al. 2011). On the other hand, S deficiency
obstructs plant metabolism, decreasing the chlorophyll content, photosynthetic efficiency and alters the
content and activity of RuBisCO (Fatma et al. 2014). Bendaly et al. (2016) evaluating physiological and
metabolomic changes of Atriplex halimus in progressive salinity from 0 to 400 mM NaCl, observed
reductions in the Mg?* contents in the higher salt concentrations. When studying the effect of 35 mM
NaCl on the F6 cultivar of Fragaria x ananassa, Karlidag et al. (2011) found reductions of 75% and 47%
in Mg and S contents, respectively.

In general, micronutrients act as a regulatory mechanism for Na uptake and translocation, in
addition to being involved in the integrity and function of biomembranes in plants (EI-Fouly et al. 2010).
Fe is an important and essential micronutrient for the synthesis of chlorophyll and is present in plant
enzymes that act in photosynthesis and cellular respiration (Xiong et al. 2014). Similarly, Mn also plays
an important role as an activator of several enzymes, participates in photosynthesis, constitutes PSII

proteins and activates decarboxylase, dehydrogenase, superoxidase and phosphatase (Schmidt and Husted
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2019). Mn deficiency inhibits growth and induces chlorosis, necrosis and leaf fall (Schmidt et al. 2016).
Cu is highly affected by salinity and the low absorption of this micronutrient can cause leaf damage as
well as a significant reduction in chlorophyll pigments and photosynthesis, impairing the electron
transport activity of PS Il (Yruela 2009). When analyzing the nutritional content of Cucumis sativus
plants submitted to salinity, Huang et al. (2010) found reductions of 69%, 73% and 65% in the amount of
Fe, Mn and Cu, respectively. Oliveira et al. (2019) evaluating the morphological, physiological and
biochemical impacts on the behavior of Eucalyptus urophylla seedlings exposed to 250 mM NacCl, found
reduction of 59% reduction in Fe content.

The addition of Na* in the plants promoted successive increases in the Fo values indicating that
this ion decreased the proportion of oxidized quinone (Qa) and negatively affected the efficiency of the
capture of light energy in the PSII reaction center (Li et al. 2015). The reduction in the values of Fn, Fy
and Fv/Fm observed after saline stress reveals a deficiency in the conversion of photochemical energy,
with possible photoinhibition, or injuries caused in the PSIlI complex (Murchie and Lawson 2013).
Additionally, salt stress impairs the structure and organization of the thylakoid membrane, often causing
decreases in the photosynthetic activity of the reaction centers (Shu et al. 2013). Khoshbakht et al. (2018)
evaluating the fluorescence parameters of chlorophyll in Citrus reticulata x Citrus limetta seedlings
submitted to 75 mM NaCl found increases in Fo values and reductions in Fm, Fy and Fu/Frn. Stepien and
Johnson (2009) studying the photosynthetic responses of Arabidopsis thaliana found reductions in the
values of F./Frn when submitting the plants in concentrations of 100 and 150 mM NacCl.

Plants exposed to concentrations of 50 to 200 mM Na + exhibited decreases in the values of
®pgy1, gp and ETR demonstrating less energy absorption from photons and subsequent decrease in energy
flow for excitation of electrons captured by plastoquinone (Buonasera et al. 2011). On the other hand, the
increase in the values of NPQ, EXC and ETR/Py in plants with Na* suggests mechanisms of protection
against damage in the PSII, such as greater thermal dissipation in the reaction center (Porcar-Castell et al.
2014) and increased photorespiration through the consumption of photochemical energy (Baker 2008).
Yuan et al. (2014) evaluating photosynthetic performance and heat dissipation capacity in Cucumbis
sativus plants submitted to 75 mM NaCl observed decreases of 35% and 35% in the values of ®pg;; and
g, respectively. Yan et al. (2014) investigating changes in photosynthesis and efficiency of PSII in leaves
of Caragana korshinskii exposed to three levels of salinity (0, 100 and 300 mM NaCl) found increases in
NPQ values and reductions in ®psy, gp and ETR after 1, 9 and 18 days after the application of stress.
Aragdo et al. (2012) submitting Jatropha curcas plants to levels of 0 and 100 mM NaCl detected
decreases in the values of gp and ETR of 28% and 36%, and increments in NPQ, EXC and ETR/Py of
200%, 120% and 42%, in the same order.

Negative effects on Py, E and gs were observed in plants exposed to salinity. The inadequate
osmotic condition induced by the Na* stress probably stimulated the abscisic acid (ABA) biosynthesis,
acting on stomatal closure and negatively influencing on gs values (Acosta-Motos et al. 2017).
Additionally, stomatal-related limitations, as evidenced by reductions in SD, Sl and SF, impair E and CO;
influx, inducing reductions in Py (Hasanuzzaman et al. 2018). In other words, the reductions of E and Py,
coupled with the low performance in stomatal regulation (gs) justify the reduction detected in WUE and

clear limitations on gas exchange. Agrawal et al. (2013) evaluating the growth, gas exchange and ionic
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regulation of two Ziziphus mauritiana cultivars submitted to NaCl (electrical conductivity from 0 to 16
dS m™) observed decreases in Py, gs and E values. Equivalent physiological responses to our research
were found by Zheng et al. (2009) comparing the performance of two Triticum aestivum genotypes
exposed to 50, 100 and 150 mM Na*, describing reductions in Py and gs. Shahbaz et al. (2011)evaluating
the repercussions of the salt stress on growth, photosynthetic capacity and ion accumulation in eight
Helianthus annuus cultivars found reductions in WUE.

The increases showed on Pn/C; in plants under concentrations of 50 to 200 mM Na* indicates a
decrease in RuBisCO enzyme activity, compromising CO; fixation in the Calvin-Benson cycle and
resulting in an increase in C; (He et al. 2014). Rodrigues et al. (2014) evaluating the physiological
adjustment of Ricinus communis plants under concentrations of 50, 100 and 150 mM NaCl reported
increases in Pn/Ci values. Chen et al. (2009) observed increases in C; after comparing the progressive
effects of the salinity (40 to 200 mM NaCl) on growth and photosynthetic attributes of Populus bonatii
cultivars.

In relation to SD and S| were observed partial increases in concentrations of 50 and 100 mM
Na*, being explained by the decrease of the epidermal cell expansion and leaf area (Fu et al. 2013). On
the other hand, decreases in SD and SI (150 and 200 mM NaCl) negatively affected the CO, absorption
and consequently the gs values (Asmar et al. 2013). The oscillations in the numbers of PDS, EDS and SF
proved that the salt stress structurally influenced the stomata, inducing an elliptic form. Khan et al. (2003)
described that elliptical stomata have better functionality, when compared with the circular form. The
decreases in TS and TD values (50 to 200 mM Na*) were linked to two effects simultaneous, the salt
stress and higher sun exposure on epidermal cells, favoring water losses via transpiration process
(Bickford 2016b). Barbieri et al. (2012) comparing two Ocimun basilicum cultivars under concentrations
of 100 and 200 mM NaCl showed reductions in SD values. Sarabi et al. (2017) studying Cucumis melo
plants submitted to 30, 60 and 90 mM Na* verified successive decreases on TS and TD values.

The partial increase in EWL observed at 50 mM NaCl is essential to improve the radiation
reflection incident on the epidermis, protecting against excessive transpiration and respiration,
consequently decreasing the leaf temperature (Sheperd and Griffiths 2006). However, under
concentrations higher than 100 mM NaCl there is a degradation of epicuticular wax that may be
correlated with Na* and CI- accumulations in leaves (Yang et al. 2015). Avestan et al. (2019) studying
Fragaria ananassa (25 and 50 mM NaCl) observed changes in structure and reduction in the amount of
EWL.

Anatomical changes in vascular bundles and the reduction in LXT and LPT values observed
under 200 mM Na* clearly affected the solute translocation by the conductive tissues and reduced the
photoassimilate accumulation (Nikinmaa et al. 2013). On ETAd and ETADb in plants exposed up to 100
mM Na*, the partial increases suggest an anatomical adaptation to salinity, aiming to prevent the
excessive water loss during transpiration (Javelle et al. 2011). On the other hand, the reduction in these
leaf anatomical variables may indicate that plants under concentrations above 150 mM NaCl are in
susceptible to damages caused by severe salinity. The decreases in PPT and SPT (200 mM Na*) may have
contributed to the decrease in Py, Ci and Pn/Ci values, because the palisade parenchyma presents the

largest amount of chloroplasts, being these organelles responsible for the photosynthetic process, while



540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579

42

SPT is related to intense formation of intercellular spaces involved with gas exchange (Sorin et al. 2015).
Moreover, the large arrangement found in the mesophyll impairs the cell surface contact and
consequently the capture of light energy and gas exchange necessary during the photosynthetic process
(Polizel et al. 2011). Paz et al. (2014) submitting Lotus tenuis plants in solution containing 90 mM NaCl
found increases in ETAd, ETAD, PPT and SPT values.

Plants exposed to salinity (> 50 mM Na*) had increases in SOD, CAT, APX and POX activities,
demonstrating the efficiency of the antioxidant system in relation ROS accumulation under simulated
saline stress in this research. SOD catalyzes the reaction of O, forming H.O, (Gill and Tuteja 2010),
while CAT, APX and POX convert H,O, to non-reactive compounds, such as H,O and O, (Abedi and
Pakniyat 2010). Fariduddin et al. (2013) found increases in SOD and CAT activities assessing the
activities of the antioxidant enzymes in two Cucumis sativus cultivars exposed to 150 mM Na*. El-
Mashad and Mohamed (2012) investigating the salinity effects on antioxidant system found increases in
POX activities after Vigna sinensis plants subjected to 100 and 150 mM NaCl. Rasool et al. (2013) using
growth parameters and biochemical attributes in eight Cicer arietinum genotypes under concentrations of
25 to 100 mM NaCl, reported increases in SOD, CAT, and APX enzymes.

Increases in MDA and EL values found in plants exposed to Na* clearly reveal damages on
membranes caused by the action of ROS, such as O, and H,O,. ROS are highly reactive and toxic,
causing structural and functional deteriorations of the membranes and subsequent lipid peroxidation
(Yuan et al. 2010; Siddiqui et al. 2015). Increases in MDA, EL and H,O, were observed by Hu et al.
(2012) studying genes, proteins and enzymes linked to antioxidant metabolism in two Lolium perenne
genotypes under 250 mM NaCl. Farhangi-Abriz and Torabian (2017) evaluating antioxidant enzymes,
oxidative stress and osmotic adjustment in Phaseolus vulgaris seedlings submitted to three levels of
salinity (0, 6 and 12 dSm™* NaCl), found increases in MDA, O, and H,0,.

Damages on photosynthetic pigments (Chl a, Chl b, Total Chl and Car) in plants exposed to salt
stress is associated with oxidative stress promoted by increases in MDA, O; and H;O; previously
detected in this study. These substances are highly toxic and promote the degradation of the thylakoid
membranes, where there is a high concentration of chlorophyll molecules, and negatively interfere with
the biosynthesis of these pigments (Takahashi and Badger 2011). Shu et al. (2012) evaluating the effects
of the saline stress (75 mM NaCl) on the structures and functions of photosynthetic apparatus in Cucumis
sativus plants found reductions in Chl a, Chl b and Total Chl values. Similar behavior was observed by
Ma et al. (2012) evaluating Oryza sativa leaves submitted to 150 mM NaCl obtaining decreases of 21%,
19% and 20% in Chl a, Chl b and Total Chl, respectively. Aghaleh et al. (2009) studying the progressive
effects of the salt stress (100 to 600 mM NaCl) in two species of the Salicornia genus detected reductions
in Chl a, Chl b and Car contents in both species.

Salinity affected the plant growth, promoting reductions in LDM, RDM, SDM and TDM values.
The lower biomass in plants exposed to Na* can be explained by multiple effects, such as reductions in
stomatal characteristics, gas exchange and chlorophyll fluorescence. Under salt stress conditions often
there is a reduction in biomass, because the osmotic stress caused by the Na* negatively affects the
processes linked to cell division and elongation (Fricke and Peters 2002; Munns and Tester 2008). This

ion also inhibits the root system development due to structural and functional restrictions, with
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consequent impacts on nutrient uptake and translocation (Zahra et al. 2014), besides reductions in light
and CO; capture and inefficient stomatal regulation (Degl’Innocenti et al. 2009; Hussain et al. 2016). Qin
et al. (2016) observed decreases in LDM, RDM and SDM values submitting Vitis vinifera plants under
salt conditions. Khan et al. (2014) investigating the physiological and biochemical behavior in Vigna

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

Conclusion

This research 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.

Acknowledgements

This research had financial supports from Fundacdo Amazdnia de Amparo a Estudos e Pesquisas
(FAPESPA/Brazil), Conselho Nacional de Desenvolvimento Cientifico e Tecnolégico (CNPg/Brazil) and
Universidade Federal Rural da Amazonia (UFRA/Brazil) to AKSL. In other hand, BRSS was supported

with scholarship from Coordenacéo de Aperfeicoamento de Pessoal de Nivel Superior (CAPES/Brazil).

References

Abedi T, Pakniyat H (2010) Antioxidant enzymes changes in response to drought stress in ten cultivars of
oilseed rape (Brassica napus L.). Czech J Genet Plant Breed 46:27-34.
https://doi.org/10.17221/67/2009-CJGPB

Abuelgasim A, Ammad R (2019) Mapping soil salinity in arid and semi-arid regions using Landsat 8 OLI
satellite data. Remote Sens Appl Soc Environ 13:415-425.
https://doi.org/10.1016/j.rsase.2018.12.010

Acosta-Motos JR, Ortufio MF, Bernal-Vicente A, et al (2017) Plant responses to salt stress: Adaptive
mechanisms. Agronomy 7:1-38. https://doi.org/10.3390/agronomy7010018

Aghajanzadeh TA, Reich M, Hawkesford MJ, Burow M (2019) Sulfur metabolism in Allium cepa is
hardly affected by chloride and sulfate salinity. Arch Agron Soil Sci 65:945-956.
https://doi.org/10.1080/03650340.2018.1540037

Aghaleh M, Niknam V, Ebrahimzadeh H, Razavi K (2009) Salt stress effects on growth, pigments,
proteins and lipid peroxidation in Salicornia persica and S. europaea. Biol Plant 53:243-248.
https://doi.org/10.1007/s10535-009-0046-7

Agrawal R, Gupta S, Gupta NK, et al (2013) Effect of sodium chloride on gas exchange, antioxidative

defense mechanism and ion accumulation in different cultivars of Indian jujube (Ziziphus



620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659

44

mauritiana L.). Photosynthetica 51:95-101. https://doi.org/10.1007/s11099-013-0003-8

Aragdo RM, Silva EN, Vieira CF, Silveira JAG (2012) High supply of NO3 — mitigates salinity effects
through an enhancement in the efficiency of photosystem Il and CO2 assimilation in Jatropha
curcas plants. Acta Physiol Plant 34:2135-2143. https://doi.org/10.1007/s11738-012-1014-y

Asmar SA, Castro EM, Pasqual M, et al (2013) Changes in leaf anatomy and photosynthesis of
micropropagated banana plantlets under different silicon sources. Sci Hortic (Amsterdam) 161:328—
332. https://doi.org/10.1016/j.scienta.2013.07.021

Avestan S, Ghasemnezhad M, Esfahani M, Byrt CS (2019) Application of nano-silicon dioxide improves
salt stress tolerance in strawberry plants. Agronomy 9:1-17.
https://doi.org/10.3390/agronomy9050246

Badawi GH, Yamauchi Y, Shimada E, et al (2004) Enhanced tolerance to salt stress and water deficit by
overexpressing superoxide dismutase in tobacco (Nicotiana tabacum) chloroplasts. Plant Sci
166:919-928. https://doi.org/10.1016/j.plantsci.2003.12.007

Baker NR (2008) Chlorophyll fluorescence: a probe of photosynthesis in vivo. Annu Rev Plant Biol
59:89-113. https://doi.org/10.1146/annurev.arplant.59.032607.092759

Barbieri G, Vallone S, Orsini F, et al (2012) Stomatal density and metabolic determinants mediate salt
stress adaptation and water use efficiency in basil (Ocimum basilicum L.). J Plant Physiol
169:1737-1746. https://doi.org/10.1016/j.jplph.2012.07.001

Bendaly A, Messedi D, Smaoui A, et al (2016) Physiological and leaf metabolome changes in the
xerohalophyte species Atriplex halimus induced by salinity. Plant Physiol Biochem 103:208-218.
https://doi.org/10.1016/j.plaphy.2016.02.037

Bickford CP (2016a) Ecophysiology of leaf trichomes. Funct Plant Biol 43:807-814.
https://doi.org/10.1071/FP16095

Bickford CP (2016b) Ecophysiology of leaf trichomes. Funct Plant Biol 43:807.
https://doi.org/10.1071/FP16095

Blumwald E (2000) Sodium transport and salt tolerance in plants. Curr Opin Cell Biol 12:431-434.
https://doi.org/10.1016/S0955-0674(00)00112-5

Bradford MM (1976) A rapid and sensitive method for the quantitation of microgram quantities of protein
utilizing the principle of protein-dye binding. Anal Biochem 72:248-254.
https://doi.org/10.1016/0003-2697(76)90527-3

Buonasera K, Lambreva M, Rea G, et al (2011) Technological applications of chlorophyll a fluorescence
for the assessment of environmental pollutants. Anal Bioanal Chem 401:1139-1151.
https://doi.org/10.1007/s00216-011-5166-1

Cakmak I, Horst WJ (1991) Effect of aluminium on lipid peroxidation, superoxide dismutase, catalase,
and peroxidase activities in root tips of soybean (Glycine max). Physiol Plant 83:463-468.
https://doi.org/10.1111/j.1399-3054.1991.th00121.x

Cakmak I, Marschner H (1992) Magnesium deficiency and high light intensity enhance activities of
superoxide dismutase, ascorbate peroxidase, and glutathione reductase in bean leaves. Plant Physiol
98:1222-1227. https://doi.org/10.1104/pp.98.4.1222

Castro EM, Pereira FJ, Paiva R (2009) Plant histology: Structure and function of vegetative organs. 234



660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699

45

Chen W, Zou D, Guo W, et al (2009) Effects of salt stress on growth, photosynthesis and solute
accumulation in three poplar cultivars. Photosynthetica 47:415-421.
https://doi.org/10.1007/s11099-009-0063-y

Chen Z, Newman I, Zhou M, et al (2005) Screening plants for salt tolerance by measuring K+ flux: a case
study for barley. Plant, Cell Environ 28:1230-1246. https://doi.org/10.1111/j.1365-
3040.2005.01364.x

de Oliveira VP, Lima MDR, da Silva BRS, et al (2019) Brassinosteroids Confer Tolerance to Salt Stress
in Eucalyptus urophylla Plants Enhancing Homeostasis, Antioxidant Metabolism and Leaf
Anatomy. J Plant Growth Regul 38:557-573. https://doi.org/10.1007/s00344-018-9870-3

Degl’Innocenti E, Hafsi C, Guidi L, Navari-l1zzo F (2009) The effect of salinity on photosynthetic activity
in potassium-deficient barley species. J Plant Physiol 166:1968-1981.
https://doi.org/10.1016/j.jplph.2009.06.013

Ding HD, Zhu X-H, Zhu ZW, et al (2012) Amelioration of salt-induced oxidative stress in eggplant by
application of 24-epibrassinolide. Biol Plant 56:767—770. https://doi.org/10.1007/s10535-012-0108-
0

El-Fouly MM, Mobarak ZM, Salama ZA (2010) Improving Tolerance of Faba Bean during Early Growth
Stages to Salinity through Micronutrients Foliar Spray. Not Sci Biol 2:98-102.
https://doi.org/10.15835/nsh223701

El-Mashad AAA, Mohamed HI (2012) Brassinolide alleviates salt stress and increases antioxidant
activity of cowpea plants (Vigna sinensis). Protoplasma 249:625-635.
https://doi.org/10.1007/s00709-011-0300-7

Elstner EF, Heupel A (1976) Inhibition of nitrite formation from hydroxylammoniumchloride: A simple
assay for superoxide dismutase. Anal Biochem 70:616-620. https://doi.org/10.1016/0003-
2697(76)90488-7

Farhangi-Abriz S, Torabian S (2017) Antioxidant enzyme and osmotic adjustment changes in bean
seedlings as affected by biochar under salt stress. Ecotoxicol Environ Saf 137:64-70.
https://doi.org/10.1016/j.ecoenv.2016.11.029

Fariduddin Q, Khalil RRAE, Mir BA, et al (2013) 24-Epibrassinolide regulates photosynthesis,
antioxidant enzyme activities and proline content of Cucumis sativus under salt and/or copper
stress. Environ Monit Assess 185:7845-7856. https://doi.org/10.1007/s10661-013-3139-x

Farooq M, Hussain M, Wakeel A, Siddique KHM (2015) Salt stress in maize: effects, resistance
mechanisms, and management. A review. Agron Sustain Dev 35:461-481.
https://doi.org/10.1007/s13593-015-0287-0

Fatma M, Asgher M, Masood A, Khan NA (2014) Excess sulfur supplementation improves
photosynthesis and growth in mustard under salt stress through increased production of glutathione.
Environ Exp Bot 107:55-63. https://doi.org/10.1016/j.envexpbot.2014.05.008

Flowers TJ, Munns R, Colmer TD (2015) Sodium chloride toxicity and the cellular basis of salt tolerance
in halophytes. Ann Bot 115:419-431. https://doi.org/10.1093/acb/mcu217

Fricke W, Peters WS (2002) The biophysics of leaf growth in salt-stressed Barley. A study at the cell
level. Plant Physiol 129:374-388. https://doi.org/10.1104/pp.001164



700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739

46

Fu QS, Yang RC, Wang HS, et al (2013) Leaf morphological and ultrastructural performance of eggplant
(Solanum melongena L.) in response to water stress. Photosynthetica 51:109-114.
https://doi.org/10.1007/s11099-013-0005-6

Giannopolitis CN, Ries SK (1977) Superoxide dismutases: 1. occurrence in higher plants. Plant Physiol
59:309-314

Gill SS, Tuteja N (2010) Reactive oxygen species and antioxidant machinery in abiotic stress tolerance in
crop plants. Plant Physiol Biochem 48:909-930. https://doi.org/10.1016/j.plaphy.2010.08.016

Gong M, Li Y-J, Chen S-Z (1998) Abscisic acid-induced thermotolerance in maize seedlings is mediated
by calcium and associated with antioxidant systems. J Plant Physiol 153:488-496.
https://doi.org/10.1016/S0176-1617(98)80179-X

Guo W, Chen S, Hussain N, et al (2015) Magnesium stress signaling in plant: Just a beginning. Plant
Signal Behav 10:37-41. https://doi.org/10.4161/15592324.2014.992287

Hasanuzzaman M, Shabala L, Zhou M, et al (2018) Factors determining stomatal and non-stomatal
(residual) transpiration and their contribution towards salinity tolerance in contrasting barley
genotypes. Environ Exp Bot 153:10-20. https://doi.org/10.1016/j.envexpbot.2018.05.002

Havir EA, McHale NA (1987) Biochemical and developmental characterization of multiple forms of
catalase in tobacco leaves. Plant Physiol 84:450-455. https://doi.org/10.1104/pp.84.2.450

He Y, Yu C, Zhou L, et al (2014) Rubisco decrease is involved in chloroplast protrusion and Rubisco-
containing body formation in soybean (Glycine max.) under salt stress. Plant Physiol Biochem
74:118-124. https://doi.org/10.1016/j.plaphy.2013.11.008

Hepler PK, Winship LJ (2010) Calcium at the cell wall-cytoplast interface. J Integr Plant Biol 52:147-60.
https://doi.org/10.1111/j.1744-7909.2010.00923.x

Hoagland DR, Arnon DI (1950) The water-culture method for growing plants without soil, 2nd edn.
California Agricultural Experiment Station

Horie T, Karahara I, Katsuhara M (2012) Salinity tolerance mechanisms in glycophytes: An overview
with the central focus on rice plants. Rice 5:1-18. https://doi.org/10.1186/1939-8433-5-11

Hu L, Li H, Pang H, Fu J (2012) Responses of antioxidant gene, protein and enzymes to salinity stress in
two genotypes of perennial ryegrass (Lolium perenne) differing in salt tolerance. J Plant Physiol
169:146-156. https://doi.org/10.1016/j.jplph.2011.08.020

Huang Y, Bie Z, He S, et al (2010) Improving cucumber tolerance to major nutrients induced salinity by
grafting onto Cucurbita ficifolia. Environ Exp Bot 69:32-38.
https://doi.org/10.1016/j.envexpbot.2010.02.002

Hussain MI, Lyra DA, Farooq M, et al (2016) Salt and drought stresses in safflower: a review. Agron
Sustain Dev 36:1-31. https://doi.org/10.1007/s13593-015-0344-8

Javelle M, Vernoud V, Rogowsky PM, Ingram GC (2011) Epidermis: The formation and functions of a
fundamental plant tissue. New Phytol 189:17-39. https://doi.org/10.1111/j.1469-8137.2010.03514.x

Karlidag H, Yildirim E, Turan M (2011) Role of 24-epibrassinolide in mitigating the adverse effects of
salt stress on stomatal conductance, membrane permeability, and leaf water content, ionic
composition in salt stressed strawberry (Fragariaxananassa). Sci Hortic (Amsterdam) 130:133-140.
https://doi.org/10.1016/j.scienta.2011.06.025



740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779

47

Khan MIR, Asgher M, Khan NA (2014) Alleviation of salt-induced photosynthesis and growth inhibition
by salicylic acid involves glycinebetaine and ethylene in mungbean (Vigna radiata L.). Plant
Physiol Biochem 80:67—74. https://doi.org/10.1016/j.plaphy.2014.03.026

Khan PSSV, Kozai T, Nguyen QT, et al (2003) Growth and water relations of Paulownia fortunei under
photomixotrophic and photoautrophic conditions. Biol Plant 46:161-166.
https://doi.org/10.1023/A:1022844720795

Khoshbakht D, Asghari MR, Haghighi M (2018) Influence of foliar application of polyamines on growth,
gas-exchange characteristics, and chlorophyll fluorescence in Bakraii citrus under saline conditions.
Photosynthetica 56:731-742. https://doi.org/10.1007/s11099-017-0723-2

Kim J, Liu Y, Zhang X, et al (2016) Analysis of salt-induced physiological and proline changes in 46
switchgrass (Panicum virgatum) lines indicates multiple response modes. Plant Physiol Biochem
105:203-212. https://doi.org/10.1016/j.plaphy.2016.04.020

Li J, Yang P, Gan Y, et al (2015) Brassinosteroid alleviates chilling-induced oxidative stress in pepper by
enhancing antioxidation systems and maintenance of photosystem Il. Acta Physiol Plant 37:1-11.
https://doi.org/10.1007/s11738-015-1966-9

Lichtenthaler HK, Buschmann C (2001) Chlorophylls and carotenoids: Measurement and characterization
by UV-VIS spectroscopy. In: Current Protocols in Food Analytical Chemistry. John Wiley & Sons,
Inc., Hoboken, NJ, USA, pp 431-438

Ma JF, Mitani N, Nagao S, et al (2004) Characterization of the silicon uptake system and molecular
mapping of the silicon transporter gene in rice. Plant Physiol 136:3284-3289.
https://doi.org/10.1104/pp.104.047365

MalL, LiY, YuC, etal (2012) Alleviation of exogenous oligochitosan on wheat seedlings growth under
salt stress. Protoplasma 249:393-399. https://doi.org/10.1007/s00709-011-0290-5

Mahajan S, Pandey GK, Tuteja N (2008) Calcium- and salt-stress signaling in plants: shedding light on
SOS pathway. Arch Biochem Biophys 471:146-158. https://doi.org/10.1016/j.abb.2008.01.010

Manchanda G, Garg N (2008) Salinity and its effects on the functional biology of legumes. Acta Physiol
Plant 30:595-618. https://doi.org/10.1007/s11738-008-0173-3

Mei XQ, Li SS, Li QS, et al (2014) Sodium chloride salinity reduces Cd uptake by edible amaranth
(Amaranthus mangostanus L.) via competition for Ca channels. Ecotoxicol Environ Saf 105:59-64.
https://doi.org/10.1016/j.ecoenv.2014.04.005

Morgan SH, Maity PJ, Geilfus CM, et al (2014) Leaf ion homeostasis and plasma membrane H+-ATPase
activity in Vicia faba change after extra calcium and potassium supply under salinity. Plant Physiol
Biochem 82:244-253. https://doi.org/10.1016/j.plaphy.2014.06.010

Munns R (2002) Comparative physiology of salt and water stress. Plant, Cell Environ 25:239-250.
https://doi.org/10.1046/j.0016-8025.2001.00808.x

Munns R, Tester M (2008) Mechanisms of Salinity Tolerance. Annu Rev Plant Biol 59:651-681.
https://doi.org/10.1146/annurev.arplant.59.032607.092911

Murchie EH, Lawson T (2013) Chlorophyll fluorescence analysis: A guide to good practice and
understanding some new applications. J Exp Bot 64:3983-3998. https://doi.org/10.1093/jxb/ert208

Nakano Y, Asada K (1981) Hydrogen peroxide is scavenged by ascorbate-specific peroxidase in spinach



780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819

48

chloroplasts. Plant Cell Physiol 22:867-880

Nazar R, Igbal N, Masood A, et al (2011) Understanding the significance of sulfur in improving salinity
tolerance in plants. Environ Exp Bot 70:80-87. https://doi.org/10.1016/j.envexpbot.2010.09.011

Nikinmaa E, HOltta T, Hari P, et al (2013) Assimilate transport in phloem sets conditions for leaf gas
exchange. Plant, Cell Environ 36:655-669. https://doi.org/10.1111/pce.12004

O’Brien TP, Feder N, McCully ME (1964) Polychromatic staining of plant cell walls by toluidine blue O.
Protoplasma 59:368-373. https://doi.org/10.1007/BF01248568

Parihar P, Singh S, Singh R, et al (2015) Effect of salinity stress on plants and its tolerance strategies: a
review. Environ Sci Pollut Res 22:4056-4075. https://doi.org/10.1007/s11356-014-3739-1

Paz RC, Reinoso H, Espasandin FD, et al (2014) Akaline, saline and mixed saline-alkaline stresses induce
physiological and morpho-anatomical changes in Lotus tenuis shoots. Plant Biol 16:1042—-1049.
https://doi.org/10.1111/plb.12156

Pereira GG, Garcia RKA, Ferreira LL, Barrera-Arellano D (2017) Soybean and soybean/beef-tallow
biodiesel: a comparative study on oxidative degradation during long-term storage. J Am Qil Chem
Soc 94:587-593. https://doi.org/10.1007/s11746-017-2962-6

Polizel AM, Medri ME, Nakashima K, et al (2011) Molecular, anatomical and physiological properties of
a genetically modified soybean line transformed with rd29A: AtDREB1A for the improvement of
drought tolerance. Genet Mol Res 10:3641-3656.
https://doi.org/http://dx.doi.org/10.4238/2011.0ctober.21.4 ABSTRACT.

Porcar-Castell A, Tyystjarvi E, Atherton J, et al (2014) Linking chlorophyll a fluorescence to
photosynthesis for remote sensing applications: mechanisms and challenges. J Exp Bot 65:4065—
4095. https://doi.org/10.1093/jxb/erul191

Pulavarty A, Kukde S, Shinde VM, Sarangi BK (2016) Morphological, physiological and biochemical
adaptations of Eucalyptus citriodora seedlings under NaCl stress in hydroponic conditions. Acta
Physiol Plant 38:1-12. https://doi.org/10.1007/s11738-015-2042-1

Qin L, Kang W huai, Qi Y ling, et al (2016a) The influence of silicon application on growth and
photosynthesis response of salt stressed grapevines (Vitis vinifera L.). Acta Physiol Plant 38:1-9.
https://doi.org/10.1007/s11738-016-2087-9

Qin L, Kang W, Qi Y, et al (2016b) The influence of silicon application on growth and photosynthesis
response of salt stressed grapevines (Vitis vinifera L.). Acta Physiol Plant 38:68.
https://doi.org/10.1007/s11738-016-2087-9

Rasool S, Ahmad A, Siddigi TO, Ahmad P (2013) Changes in growth, lipid peroxidation and some key
antioxidant enzymes in chickpea genotypes under salt stress. Acta Physiol Plant 35:1039-1050.
https://doi.org/10.1007/s11738-012-1142-4

Reddy ASN, Ali GS, Celesnik H, Day IS (2011) Coping with stresses: Roles of calcium- and
calcium/calmodulin-regulated gene expression. Plant Cell 23:2010-2032.
https://doi.org/10.1105/tpc.111.084988

Rengasamy P (2010) Soil processes affecting crop production in salt-affected soils. Funct Plant Biol
37:613-620. https://doi.org/10.1071/FP09249

Rodrigues CRF, Silva EN, da Mata Moura R, et al (2014) Physiological adjustment to salt stress in R.



820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859

49

communis seedlings is associated with a probable mechanism of osmotic adjustment and a
reduction in water lost by transpiration. Ind Crops Prod 54:233-239.
https://doi.org/10.1016/j.indcrop.2013.12.041

Sanjukta S, Rai AK (2016) Production of bioactive peptides during soybean fermentation and their
potential health benefits. Trends Food Sci Technol 50:1-10.
https://doi.org/10.1016/j.tifs.2016.01.010

Sarabi B, Bolandnazar S, Ghaderi N, Ghashghaie J (2017) Genotypic differences in physiological and
biochemical responses to salinity stress in melon (Cucumis melo L.) plants: Prospects for selection
of salt tolerant landraces. Plant Physiol Biochem 119:294-311.
https://doi.org/10.1016/j.plaphy.2017.09.006

Schmidt SB, Husted S (2019) The biochemical properties of manganese in plants. Plants 8:.
https://doi.org/10.3390/plants8100381

Schmidt SB, Jensen PE, Husted S (2016) Manganese deficiency in plants: The impact on photosystem I1.
Trends Plant Sci 21:622-632. https://doi.org/10.1016/j.tplants.2016.03.001

Shahbaz M, Ashraf M, Akram NA, et al (2011) Salt-induced modulation in growth, photosynthetic
capacity, proline content and ion accumulation in sunflower (Helianthus annuus L.). Acta Physiol
Plant 33:1113-1122. https://doi.org/10.1007/s11738-010-0639-y

Sheperd T, Griffiths DW (2006) The effects of stress on plant cuticular waxes. New Phytol 171:469-499

Shu S, Guo SR, SunJ, Yuan LY (2012) Effects of salt stress on the structure and function of the
photosynthetic apparatus in Cucumis sativus and its protection by exogenous putrescine. Physiol
Plant 146:285-296. https://doi.org/10.1111/j.1399-3054.2012.01623.x

Shu S, Yuan L-Y, Guo S, et al (2013) Effects of exogenous spermine on chlorophyll fluorescence,
antioxidant system and ultrastructure of chloroplasts in Cucumis sativus L. under salt stress. Plant
Physiol Biochem 63:209-216. https://doi.org/10.1016/j.plaphy.2012.11.028

Siddiqui MH, Al-Khaishany MY, Al-Qutami MA, et al (2015) Response of different genotypes of faba
bean plant to drought stress. Int J Mol Sci 16:10214-10227. https://doi.org/10.3390/ijms160510214

Silva BRS, Batista BL, da Silva Lobato AK (2020) Anatomical changes in stem and root of soybean
plants submitted to salt stress. Plant Biol plb.13176. https://doi.org/10.1111/plb.13176

Sorin C, Musse M, Mariette F, et al (2015) Assessment of nutrient remobilization through structural
changes of palisade and spongy parenchyma in oilseed rape leaves during senescence. Planta
241:333-346. https://doi.org/10.1007/s00425-014-2182-3

Steel RG., Torrie JH, Dickey DA (2006) Principles and procedures of statistics: a biometrical approach,
3rd edn. Academic Internet Publishers, Moorpark

Stepien P, Johnson GN (2009) Contrasting responses of photosynthesis to salt stress in the Glycophyte
Arabidopsis and the Halophyte Thellungiella: role of the plastid terminal oxidase as an alternative
electron sink. Plant Physiol 149:1154-1165. https://doi.org/10.1104/pp.108.132407

Takahashi S, Badger MR (2011) Photoprotection in plants: A new light on photosystem 11 damage.
Trends Plant Sci 16:53-60. https://doi.org/10.1016/j.tplants.2010.10.001

Teixeira M, Carvalho IS (2009) Effects of salt stress on purslane (Portulaca oleracea) nutrition. Ann Appl
Biol 154:77-86. https://doi.org/10.1111/j.1744-7348.2008.00272.x



860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899

50

Tiwari JK, Munshi AD, Kumar R, et al (2010) Effect of salt stress on cucumber: Na+ -K+ ratio, osmolyte
concentration, phenols and chlorophyll content. Acta Physiol Plant 32:103-114.
https://doi.org/10.1007/s11738-009-0385-1

Velikova V, Yordanov I, Edreva A (2000) Oxidative stress and some antioxidant systems in acid rain-
treated bean plants protective role of exogenous polyamines. Plant Sci 151:59-66.
https://doi.org/10.1016/S0168-9452(99)00197-1

Wu Q-S, Xia R-X, Zou Y-N (2006) Reactive oxygen metabolism in mycorrhizal and non-mycorrhizal
citrus (Poncirus trifoliata) seedlings subjected to water stress. J Plant Physiol 163:1101-1110.
https://doi.org/10.1016/j.jplph.2005.09.001

Xiong H, Guo X, Kobayashi T, et al (2014) Expression of peanut Iron regulated transporter 1 in tobacco
and rice plants confers improved iron nutrition. Plant Physiol Biochem 80:83-89.
https://doi.org/10.1016/j.plaphy.2014.03.021

Xu D, Zhang J, Cao Y, et al (2016) Influence of microcrystalline cellulose on the microrheological
property and freeze-thaw stability of soybean protein hydrolysate stabilized curcumin emulsion.
LWT - Food Sci Technol 66:590-597. https://doi.org/10.1016/j.lwt.2015.11.002

Yan H, Hu X, Li F (2014) Leaf photosynthesis, chlorophyll fluorescence, ion content and free amino
acids in Caragana korshinskii Kom exposed to NaCl stress. Acta Physiol Plant 36:2285-2295.
https://doi.org/10.1007/s11738-012-1029-4

Yang C, Ma S, Lee I, et al (2015) Saline-induced changes of epicuticular waxy layer on the Puccinellia
tenuiflora and Oryza sativa leave surfaces. Biol Res 48:1-8. https://doi.org/10.1186/s40659-015-
0023-x

Yruela | (2009) Copper in plants: Acquisition, transport and interactions. Funct Plant Biol 36:409-430.
https://doi.org/10.1071/FP08288

Yuan GF, Jia CG, Li Z, et al (2010) Effect of brassinosteroids on drought resistance and abscisic acid
concentration in tomato under water stress. Sci Hortic (Amsterdam) 126:103-108.
https://doi.org/10.1016/j.scienta.2010.06.014

Yuan 'Y, Shu S, Li S, et al (2014) Effects of exogenous putrescine on chlorophyll fluorescence imaging
and heat dissipation capacity in cucumber (Cucumis sativus L.) under salt stress. J Plant Growth
Regul 33:798-808. https://doi.org/10.1007/s00344-014-9427-z

Zahra J, Nazim H, Cai S, et al (2014) The influence of salinity on cell ultrastructures and photosynthetic
apparatus of barley genotypes differing in salt stress tolerance. Acta Physiol Plant 36:1261-1269.
https://doi.org/10.1007/s11738-014-1506-z

Zheng YH, Xu XB, Wang MY, et al (2009) Responses of salt-tolerant and intolerant wheat genotypes to
sodium chloride: Photosynthesis, antioxidants activities, and yield. Photosynthetica 47:87-94.
https://doi.org/10.1007/s11099-009-0014-7

Zhu J-K (2002) Salt and drought stress signal transduction in plants. Annu Rev Plant Biol 53:247-273.
https://doi.org/10.1146/annurev.arplant.53.091401.143329



51

900 Figures
700 2100
A B
600 1800
500 1500
a a
400 - a b 1200
b c £
LI.° d c d w
300 - e 900
200 - 600
100 f 300
1750 1.4
D
1500 1.2
1250 - 1.0
a a
1000 b b & 08 ¢
> d 'S
W c e ]
750 | d 06
e
500 - 0.4
250 - 0.2
0.0
(] 50 100 150 200 0 50 100 150 200
Na* (mM)
901

902 Fig. 1. Minimal fluorescence yield of the dark-adapted state (Fo), maximal fluorescence yield of the dark-
903  adapted state (Fm), variable fluorescence (Fy) and maximal quantum yield of PSII photochemistry (Fv/Frm)
904  in soybean plants submitted to salt stress. Bars with different letters indicate significant differences from
905  the Scott-Knott test (P<0.05). Bars corresponding to means from five repetitions and standard deviations.
906

907

908

909

910

911

912

913

914

915

916

917

918

919

920



921

922
923

924
925
926

5

N

Fig. 2. Adaxial leaf surface (A, C, E, G and 1) and abaxial (B, D, F, H and J) in soybean plants submitted
to salt stress. 0 mM Na* (A — B), 50 mM Na* (C — D), 100 mM Na* (E — F), 150 mM Na* (G — H) and
200 mM Na* (I - J). Legends: EST = Stomata, T = Trichome. Bars: 50 pm.
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Fig. 3. Adaxial leaf surface (A, C, E, G and I) and abaxial (B, D, F, H and J) in scanning electron
microscopy showing epicuticular wax deposits in soybean plants submitted to salt stress. 0 mM Na* (A —
B), 50 mM Na* (C - D), 100 mM Na* (E - F), 150 mM Na* (G — H) and 200 mM Na* (I —J). Bars: 25
pm.
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Fig. 4. Leaf cross section showing midrib (A, C, E, G and I) and the middle region (B, D, F, H and J) in
soybean plants submitted to salt stress. Legends: 0 mM Na* (A — B), 50 mM Na* (C - D), 100 mM Na*
(E — F), 150 mM Na* (G — H) and 200 mM Na* (I —J). Legends: P = Phoelm, X = Xylem, VE = vessel
elements, EAd = Adaxial epidermis, EAb = Abaxial epidermis, PP = Palisade parenchyma, SP = Spongy
parenchyna. Bars: 150 pm.
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Fig. 5. Activities of superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX) and

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

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

standard deviations.
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Fig. 6. Superoxide anion (Oy), hydrogen peroxide (H202), malondialdehyde (MDA) and electrolyte

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

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

five repetitions and standard deviations.



984

985
986

987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004

57

14 7

LDM (g)
RDM (9)

SDM (g)
TDM (g}

0 50 100 150 200 0 50 100 150 200
Na* (mM)

Fig. 7. Leaf dry matter (LDM), root dry matter (RDM), stem dry matter (SDM) and total dry matter
(TDM) in soybean plants submitted to salt stress. Bars with different letters indicate significant
differences from the Scott-Knott test (P<0.05). Bars corresponding to means from five repetitions and

standard deviations.
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Tables

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

Na* (mM) Na* in leaf (mg g DM™) K*in leaf (mg g DM™Y) 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 +0.06¢c
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).

Values described corresponding to means from five repetitions and standard deviations.
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Table 2. Nutrient contents in soybean plants submitted to salt stress.
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Na* (mM) Ca(mg g DM™) Mg (mg g DM™) S (mg g DM™) Fe (ug g DM™) Mn (ug g DM™) Cu (ug g DM?)
0 18.54+0.83a 479 +0.26a 2.93+0.15a 108.16 +5.52a 66.21+ 1.51a 252 +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 + 0.42¢ 3.35+0.13c 2.42 +0.05b 79.00 + 2.40c 57.71 + 0.94c 2.05 +0.05¢
150 7.37 +0.20d 3.11+0.16¢ 2.21+0.08c 74.37 +1.84d 56.00 + 1.75¢ 1.97 +0.05d
200 6.80 + 0.09d 2.82 +0.25d 2.15+0.07c 65.11 +1.72¢ 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-

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

Na* (mM) Dpg) ap NPQ ETR (umol m2s?) EXC (umol m2s?) 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

®pg = Effective quantum yield of PSII photochemistry; ger = Photochemical quenching coefficient; NPQ = Nonphotochemical quenching; ETR = Electron transport rate;
EXC = Relative energy excess at the PSII level; ETR/Pn = Ratio between the electron transport rate and net photosynthetic rate. Columns with different letters indicate

significant differences from the Scott-Knott test (P<0.05).Values described corresponding to means from five repetitions and standard deviations.
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Table 4. Gas exchange in soybean plants submitted to salt stress.
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Na* (mM) Pn (umol m2 s E (mmol m?2s?) gs (mol m2s?) Ci (umol mol?) WUE (umol mmol ™) Pn/Ci (umol m2 st Pat)
0 19.01 £ 0.93a 2.69 +0.16a 0.344 £0.013a 243 + 5¢ 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 £ 0.005¢ 317+11b 3.81 +0.28¢ 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 £ 0.06¢c 0.052 + 0.004d 376 £1la 0.78 + 0.06d 0.002 + 0.001d

Pn = Net photosynthetic rate; E = Transpiration rate; gs = Stomatal conductance; Ci = Intercellular CO, concentration; WUE = Water-use efficiency; Pn/Ci = Carboxylation

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

five repetitions and standard deviations.
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Table 5. Stomatal and trichome characteristics in soybean plants submitted to salt stress.
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Na* (mM) SD (stomata per mm?2) PDS (um) EDS (um) SF Sl (%) TD (trichome per mm?) TS (um)
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 1169+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 152+1.17a 2230+ 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 = 0.46¢C 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 + 3le
Abaxial face

0 3049 +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 147 +1.1a 22.3+1.9b 0.58 +0.05a 18.39 +1.13a 15.80 £ 1.40b 621 £+ 54b
100 2135+ 20.6¢ 10.1£0.8¢c 253 +2.1a 0.41 +0.04c 12.96 + 1.15¢ 12.83 +1.18c 560 + 55¢
150 193.1+17.9c 9.7+£0.8¢c 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 136+ 1.1c 0.32 £0.03d 7.65 = 0.70e 5.27 £ 0.39% 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

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

from five repetitions and standard deviations.
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Table 6. Epicuticular wax load and leaf anatomy in soybean plants submitted to salt stress.
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EWL (mg cm?)

Na* (mM) LXT (um) LMD (um) LPT (um) ETAd (um) ETAb (um) PPT (um) SPT (um)

0 7.09£0.41b 142.2 + 4.5¢ 32.6+3.1a 54.0 + 4.9b 10.57 + 0.64b 10.17 + 0.65b 53.7 +4.9¢c 458 +2.4b
50 7.97+0.42a 161.7 +9.3b 33.9+25a 72.9+3.2a 11.63 + 1.20b 14.03 +1.01a 60.4 + 5.6b 46.0+4.5b
100 5.59 £0.53¢ 1822 +3.9a 34.7 +3.4a 53.2 +3.1b 17.12 + 1.60a 14.81 + 1.37a 82.9 +4.8a 719+4.1a
150 4.92+0.3%d 135.7 +13.3¢ 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+12.9¢ 27.0+2.0b 47.3+39¢c 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

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

letters indicate significant differences from the Scott-Knott test (P<0.05). Values described corresponding to means from five repetitions and standard deviations.
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Table 7. Photosynthetic pigments in soybean plants submitted to salt stress.
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Na* (mM) Chla(mgg™FM) Chlb (mg g™ FM) Total Chl (mg g1 FM) Car (mg gt 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 + 1.05¢
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+£2.3%

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

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



