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ARTICLE INFO ABSTRACT

Keywords: Rice (Oryza sativa L.) is among the most consumed cereals in the world. Its growth is severely affected by
Salt stress excessive salinity, leading to considerable negative economic impacts. Thus, BRS Esmeralda and Sao Francisco
Oryza sativa rice cultivars, presenting antagonist cultivation recommendations and differential salt tolerance, were selected to
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examine how salt stress influences ionic homeostasis and photosynthetic capacity. Phenotypic, physiological,
molecular, and morphological results indicated that Sao Francisco had a better potential to withstand salt stress
than BRS Esmeralda. Although salinity promoted a significant increase in Na® content, particularly in BRS
Esmeralda, the harmful effects were less severe in Sao Francisco. The upregulation of SOS and NHX gene ex-
pressions revealed that Sdo Francisco used these mechanisms to control Na™ accumulation in cytosol. Besides,
Sao Francisco plants were efficient in reducing the adverse effects of salinity on photosynthesis. Under salt stress,
Sao Francisco leaves exhibited better effective quantum efficiency of PSII, photochemical extinction coefficient,
and electron transport rate. Besides, the relative energy excess in PSII and non-photochemical quenching were
both smaller compared to BRS Esmeralda. Na* cytotoxic effects damaged the chloroplast ultrastructure in BRS
Esmeralda, reducing photosynthetic capacity. In contrast, the Sao Francisco cultivar’s better performance was
followed by an efficient Na™ exclusion and photosynthetic capacity maintenance, leading to lower growth losses.
Overall, the findings are suitable for understanding salt responses and developing functional markers associated
with salt stress tolerance improvement in rice.

Abbreviations: A, CO, assimilation; A/Ci, instantaneous carboxylation efficiency; Chl, chlorophyll; DM, dry mass; E, transpiration rate; ES, BRS Esmeralda; ETR,
electron transport rate; EXC, energy excess at the PSII level; Fv/Fm, maximum quantum yield of PSII in dark-adapted leaves; g, stomatal conductance; NHX, Na*/H™"
exchanger; NPQ, non-photochemical quenching; PBS, phosphate-buffered saline; PCA, principal component analysis; PPFD, photosynthetic photon flux density; qP,
photochemical quenching; ROS, reactive oxygen species; SF, Sao Francisco; SOS, salt overly sensitive; ®PSII, effective quantum yield of PSII.
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1. Introduction

Rice (Oryza sativa L.) is a cereal and staple food crop for more than
half of the world’s population (Singh et al., 2019). The importance of
stimulating its production is closely related to the increasing demand for
food from a growing population. However, this crop’s development and
grain yield is negatively affected by a range of environmental stresses
(Mantri et al., 2012). Among those abiotic stresses, salinity is one of the
most relevant since it affects about 1 billion hectares in more than 100
countries worldwide, thus severely compromising world agricultural
productivity (FAO, 2019). The impact of salt stress on plant develop-
ment is mainly due to reduced osmotic potential in the root environment
and excessive Na™ and Cl~ ions accumulation. Besides, salt stress can
lead to reactive oxygen species (ROS) overproduction, disrupt regular
cell metabolism, and causing damage to the cellular components
(Gadelha et al., 2017).

Salt stress imposes a reduction of seed germination rate, inhibition of
photosynthesis, ionic toxicity, water absorption limiting, chlorosis, and
senescence, culminating in oxidative stress, reduced growth, and losses
of grain yield (Singh and Sengar, 2014). Rice is considered a
salt-sensitive crop (Islam et al., 2019). Then, salinity can interfere with
various plant physiological functions such as water and nutritional
balance, enzymatic activity, protein synthesis, and gene expression
(Hasegawa, 2013). Remarkably, the impairment of plant growth is
associated with reductions in photosynthetic rates (Mahlooji et al.,
2018; Najar et al., 2019). Saline stress, in turn, causes decreased sto-
matal opening, limiting gas exchange, as well as damaging photosys-
tems, electron transport, and chloroplast structure, reducing enzyme
pigments and inhibiting the enzymes involved with CO, fixation
(Negrao et al., 2017; Shahzad et al., 2019). However, not all rice vari-
eties respond equally to salt stress. Some studies have already pointed
out that some of them have distinct salinity tolerance mechanisms
(Chang et al., 2019; Frukh et al., 2020; Gerona et al., 2019; Liu et al.,
2019; Singh et al., 2019).

Some plants can prevent or minimize salt stress’s harmful effects by
reprogramming various biochemical and molecular processes. These
responses are mainly related to cellular homeostasis restoration, as strict
control of Na™ accumulation in the cytosol, osmoprotectant accumula-
tion, and antioxidant enzyme activation. Besides, there are changes in
carbon metabolism, photochemistry, membrane structure modification,
and plant hormones induction (Keisham et al., 2018; Shahzad et al.,
2019; Wu, 2018). Strategies such as Na' efflux back to the growth
medium or the apoplast, Na* compartmentalization into the vacuole,
control of xylem loading, Na™ retention in stem cells, Na™ recirculation
by phloem, the allocation of salts to old leaves, and Na™ excretion to the
leaf surface (halophytes only) are essential for salt stress tolerance
(Yamaguchi et al., 2013). The ionic adjustment is mediated by channels
or antiport proteins carriers (Na*/K"), including SOS (salt overly sen-
sitive) and NHX (Na'/H" exchanger) transporter families. The SOS
signaling pathway started on the plasma membrane results in the Na™*
exclusion of the roots. Besides, NHX transporters located in the tonoplast
promote the entry of Na' into the vacuole or endosomes (Khan et al.,
2015; Wu, 2018). Both mechanisms act to maintain low levels of Na™
cytosolic, which avoids its harmful effects on metabolism (Krishna-
murthy et al., 2019).

According to EMBRAPA (2013), the Sao Francisco is a promissory
rice cultivar since it produces 8 % more than other commercial cultivars
on irrigated cultivation. Additionally, the cultivar BRS Esmeralda has
high productivity in rainfed cultivation (Castro et al., 2014), and the
BRS Esmeralda cultivar exhibits drought tolerance (Peres et al., 2018).
However, both cultivars still needed to be tested against other abiotic
stress, such as salinity. Given this, the present work aimed to broaden
the knowledge about rice plants’ development under saline stress and
evaluate rice cultivars’ differential salt tolerance, seeking to understand
and elucidate the regulatory mechanisms and the molecular routes
involved in this process. In our preliminary studies, the Sao Francisco
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cultivar exhibited the most tolerance compared to the other four rice
cultivars, while the BRS Esmeralda cultivar was the most sensitive when
grown for twelve days in the presence of 80 mM NaCl. Thereby, we
hypothesized that the Sao Francisco cultivar plants activate mechanisms
to control sodium accumulation, which allows the maintenance of
photosynthesis efficiency and the consequent growth of these plants
under salt stress conditions. Our findings allowed us to analyze via an
integrated manner the physiological, biochemical, anatomical, and
molecular changes of rice cultivars, which are differentially susceptible
to salinity. Thus, it will contribute to the rice breeding programs and the
future production of this crop in stressful conditions.

2. Materials and methods
2.1. Plant material and growth conditions

The BRS Esmeralda (ES) and Sao Francisco (SF) rice cultivars were
selected for this research because they showed more distinct salinity
tolerance in pre-test under salt conditions (80 mM NaCl), with SF being
more tolerant to salinity. Fig. S1 offers the principal component analysis
(PCA) of seven growth and photosynthesis parameters from five rice
cultivars (BRS Esmeralda, BRS Pepita, BRS Primavera, BRS Sertanejo,
and Sao Francisco). It reveals the salinity tolerance contrast between SF
and ES cultivars. The SF and ES seeds were supplied from Instituto
Agronomico de Pernambuco (IPA).

The seeds were sown in vermiculite moistened with distilled water.
Seven days old seedlings were placed in a hydroponic system containing
a nutrient solution (Clark, 1975) oxygenated with aquarium pumps
(dissolved oxygen of 7.5 + 0.3 ppm). After seven days more, half of the
plants were transferred to buckets (two plants per bucket) containing
nutrient solution added NaCl (salt stress). Only the first salt-treatment
application, the salt-treatment was divided into two daily doses to
avoid osmotic shock and reaching the final concentration of 80 mM
NacCl. This NaCl concentration was used because it generates salt stress
capable of strongly inhibiting the growth of rice plants without them
dying (Lopes et al., 2020). The other half of the plants remained in the
nutrient solution without NaCl (control condition), and the pH solution
was monitored daily and adjusted to 6.0 as needed. Besides, nutrient
solutions were renewed every three days to avoid nutritional deficiency.
During the experiment, the greenhouse conditions were as following:
midday photosynthetic photon flux density (PPFD) approximately 1200
pmol m~2s™!, mean temperature of 32.2 + 2 °C during the day and 25.9
=+ 1 °C at night and mean relative humidity of 63.4 + 16 %. The harvests
were performed at 0, 12, 24, 48 h after exposure to NaCl only for
real-time quantitative PCR (qPCR) analysis and at 6 and 12 days for
physiological, biochemical, anatomical essays.

2.2. Experimental design and statistical analysis

The experimental design was completely randomized in factorial
scheme 2 x 2, comprising two rice cultivars (ES and SF) and two growth
conditions [control (0 mM NaCl) and salinity (80 mM NaCl)]. Each
treatment was established with five repetitions of two plants, except for
gene expression analysis conducted with only three repetitions with two
plants. The data were submitted to a two-way analysis of variance
(ANOVA), F-test (p < 0.05), and the mean values were compared by the
Tukey test (p < 0.05). Statistical analyses were performed using the
Sisvar® 5.3 software.

2.3. Growth parameters

The plants from each treatment were individually harvested. The leaf
area was measured using a LI-3000 leaf area meter (LI-COR, Inc. Lincoln,
NE, USA). Subsequently, plant material was separated into two groups.
In the first group, one plant of each repetition was divided into leaves,
roots, and stems for drying in a forced-air circulation oven at 60 °C for
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48 h, then the dry mass was determined. In the second group, the fresh
tissues of leaves and roots of the other plant of the same repetition were
frozen immediately in liquid nitrogen and kept at -80 °C for biochemical
analysis.

2.4. Gas exchange and chlorophyll a fluorescence

Gas exchange and chlorophyll a fluorescence measurements were
performed in fully expanded leaves under constant CO5 concentration
and PPFD of 400 pmol mol~! CO, and 1200 pmol photons m ™2 s7!,
respectively. Before harvesting, gas exchanges [stomatal conductance
(gs), CO, assimilation (A), and transpiration (E)] were determined on the
first fully expanded leaf from the apex using an infrared gas analyzer -
IRGA (LI-6400XT, LI-COR, USA) coupled with artificial light. The
carboxylation efficiency of ribulose-1,5-bisphosphate carboxylase/oxy-
genase (Rubisco) was estimated by the ratio A/Ci. Others parameters
were also evaluated using a fluorometer (6400-40, LI-COR, USA)
coupled to IRGA in dark-adapted leaves, as effective quantum yield of
PSII [®PSII = (Fm’ — Fs)/Fm’], non-photochemical quenching [NPQ =
(Fm — Fm')/Fm’], photochemical quenching [qP = (Fm' — Fs)/(Fm' —
Fo')], maximum quantum yield of photosystem II (PSII) in dark-adapted
leaves [Fv/Fm = (Fm — Fo)/Fml], energy excess at the PSII level [EXC =
(Fv/Fm) - (®PSII)/(Fv/Fm)], and electron transport rate [ETR = (®PSII
x PPFD x 0.5 x 0.84)] (Aratijo et al., 2018).

2.5. Photosynthetic pigments

The chlorophyll a (Chl a), chlorophyll b (Chl b), and carotenoids
were extracted in dimethyl sulfoxide (DMSO) saturated with CaCO3 for
48 h at room temperature. Afterward, the samples were incubated at 65
°C in a water bath for 45 min (Barnes et al., 1992). Photosynthetic
pigments were spectrophotometrically measured by absorbance reading
at 480 nm, 649 nm and 665 nm, and the concentrations were calculated
through the following equations: Chl a = 12.47Ag¢5 — 3.62A449; Chl b =
25.06A649 — 6.50A¢es5; total chlorophyll (Chl total) = 5.97A¢es +
21.44Ag49, and carotenoids = (1000A4g9 — 1.29 Chl a - 53.78 Chl b)/220
(Wellburn, 1994).

2.6. Chloroplast ultrastructure

For ultrastructure observation, fresh leaves (last fully expanded leaf)
were cut into 0.05 M sodium phosphate buffer (pH 7.2) containing 2.5 %
glutaraldehyde (v/v) and 4 % paraformaldehyde. The fixed samples
were washed in 0.05 M sodium phosphate buffer (pH 7.4) and post-fixed
in 1 % (w/v) osmium tetroxide (OsO4). After dehydration in a graded
series of acetone solutions, the samples were embedded in epoxy resin
(EMbed 812) according to Yamane et al. (2012) with some modifica-
tions. Ultrathin cuts were collected on 300-mesh copper grids, then
stained with 2 % uranyl acetate and 0.5 % lead citrate. The chloroplast
structure was observed using a transmission electron microscope (TEM,
JEOL model JEM 101) at 100 kV.

2.7. Ions contents and Na* and K loading in xylem sap

Extracts were obtained after homogenization of 50 mg of the dry
mass (DM) of leaves and roots in 5 mL deionized water at 95 °C for 1 h
and centrifuged at 3.000 x g for 10 min. The Na* and K* contents were
determined by flame photometry (Micronal®, model B462), according
to Malavolta et al. (1989). Xylem sap was collected from plants, ac-
cording to Pandolfi et al. (2012). The roots were cut about 2 cm above
the shoot-root junction and placed in a pressure chamber (Scho-
lander-PMS Instrument Company, USA). A sufficient pressure (10-25
bar) for xylem sap exudation was applied. Then, the K™ and Na™ were
measured in crude exudate by flame photometry, as described above.
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2.8. Detection of Na" by confocal microscopy

Fully expanded leaves from the sixth nodes of both ES and SF rice
cultivars subjected to control conditions and 80 mM NaCl were collected
at days 6 and 12. Leaf-blade samples were taken halfway between the
midrib and leaf margin and free-hand sectioned. Cross-sections at ~20
pm thick were made with a double-edged razor blade and petiole pith
from Cecropia sp., which was used for holding the leaf blade sample
(Silva et al., 2013).

For the characterization of the leaf blade’s general anatomy under
light microscopy, previously to the confocal microscopy analyses, some
sections were stained with Astra blue and safranin as follows. Sections
were cleared with 50 % household bleach, washed three times each 10
min with distilled water, stained with a mixture of 1 % Astra blue and
0.05 % safranin for 2 min, and mounted in distilled water (Johansen,
1940; McVeigh, 1935). Observations in unstained sections were also
made. Photographs of the samples were then taken using a digital
camera (UC 30; Olympus, Hamburg, Germany) attached to a light mi-
croscope (BX 41 T F; Olympus, Tokyo, Japan).

For the confocal microscopy analyses, sections were placed on 0.01
M phosphate-buffered saline (PBS) at pH 7.4 (Sigma-Aldrich) and later
incubated with a cell membrane permeable cytosolic Na™ indicator, 5
uM Asante NaTRIUM Green-2 AM, for 1 h in the dark (Lamy and Chat-
ton, 2011; Roder and Hille, 2014). Fluorescence emission by Asante
NaTRIUM Green-2 AM was collected from 535 to 555 nm. Sections were
washed three times each 5 min with PBS and incubated with Calcofluor
White (0.2 pg/mL) (Fluorescent Brightener 28, Sigma, UK) for 5 min in
the dark. Fluorescence emission by calcofluor white is blue and indicates
cellulose in the cell walls. Sections were then washed three times each 5
min with PBS, mounted in PBS at pH 7.4, and sealed with commercial
nail polish. Samples were analyzed on a confocal scanning laser mi-
croscope (LSM710, Carl Zeiss, Jena) using appropriated lasers. Images
were captured with Zen software (Zeiss).

2.9. Gene expression analysis

Total RNA was isolated from root tissues using an SV Total RNA
isolation system (Promega, USA), according to the manufacturer’s in-
structions. The concentration of total RNA was measured through a
Nanodrop2000 spectrophotometer (Thermo Scientific, Waltham, USA),
and its purity was checked by analyzing the Aygp/A2g0 and Azgo/A230
absorbance ratios. First-strand cDNA was synthesized employing the M-
MLV Reverse Transcriptase (Promega), according to the manufacturer’s
protocol. The relative expression of marker genes related to Salt Overly
Sensitive (SOS) and Na™/H" exchanger (NHX) was made from the spe-
cific primer sets previously reported in the literature. The specific primer
(0OsS0OS1-3 and OsNHX1-6) and reference gene (OsUBQ5) were synthe-
sized as described by Celik et al. (2019), Passricha et al. (2019), Fu et al.
(2018), and Zhang et al. (2018) (Table S1). gPCR was performed on a
Mastercycler ep realplex 4S (Eppendorf, Germany) using GoTaq®qPCR
Master Mix. Relative expression was calculated employing the cycle
threshold (CT) Z’MCT method (Livak and Schmittgen, 2001).

3. Results
3.1. Negative impacts of salt stress on growth

Salt stress limited the growth of rice plants of both cultivars
(Table 1). Salinity severely decreased the leaf area of both cultivars at six
days of stress, and it was more pronounced at 12 days. Under saline and
non-saline conditions, SF plants had a larger leaf area than ES, and the
reductions caused by salinity in SF were also smaller than ES. The ES
cultivar’s leaf areas were reduced by salinity about 51 and 87 % at 6 and
12 days of stress, respectively. While in SF cultivar, these reductions
were 44 and 64 %, respectively. Besides, salt stress reduced the dry
masses of leaves, stems, and roots. The losses of the leaves dry mass in
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Table 1
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Leaf area and dry masses of leaves, stems, roots, and total dry mass of plants of BRS Esmeralda (ES) and Sao Francisco (SF) rice cultivars under absence (Control) and

presence of 80 mM NacCl (Salt stress) for 6 and 12 days of treatments (DT).

Dry mass (g plant™)

Leaf area (cm?)

DT Cultivar Leaves Stems Roots Total
Control Salt stress Control Salt stress Control Salt stress Control Salt stress Control Salt stress
6 ES 39.89 Ab 19.52 Bb 0.40 Ab 0.16 Bb 0.13 Ab 0.14 Ab 0.15 Ab 0.10 Bb 0.68 Ab 0.40 Bb
SF 64.40 Aa 36.10 Ba 0.57 Aa 0.32 Ba 0.19 Aa 0.20 Aa 0.18 Aa 0.15 Ba 0.94 Aa 0.67 Ba
12 ES 173.18 Ab 23.21 Bb 1.12 Ab 0.20 Bb 0.34 Ab 0.18 Bb 0.35 Ab 0.18 Bb 1.81 Ab 0.56 Bb
SF 270.25 Aa 98.70 Ba 1.81 Aa 0.68 Ba 0.64 Aa 0.37 Ba 0.51 Aa 0.38 Ba 2.96 Aa 1.43 Ba

The data represent the mean of five replicates. According to the F test (p < 0.05), all parameters show significant interaction between salinity and cultivars, except
stems dry mass at 6 and 12 days. On the same analysis time, the upper-case letters compare the salinity treatments within each rice cultivar, and the lower-case letters
compare the rice cultivar within each salinity treatment, according to the Tukey test (p < 0.05).

the ES cultivar were 60 and 82 %, while in the SF cultivar, these re-
ductions were 44 and 62 %, at 6 and 12 days of stress, respectively
(Table 1). There was no change in the stem dry mass of both cultivars at
six days of stress, but at 12 days, salinity reduced it 47 and 42 % in the ES
and SF cultivars, respectively. Also, the reductions in ES cultivar root dry
mass due to salt stress were 33 and 49 %, while in the SF cultivar, these
reductions were 17 and 25 %, at 6 and 12 days of stress, respectively. As
a result of these changes caused by salinity, the ES cultivar’s total dry
mass was reduced by 41 and 69 % at 6 and 12 days, respectively.
Nevertheless, in SF cultivar, such reductions were 29 and 52 % at 6 and
12 days, respectively. These results confirmed the better phenotypic
appearance of SF plants observed under salt stress (Fig. 1), maintaining a
better growth from roots to leaves than ES.

3.2. Differential changes in photosynthetic parameters by salinity

Salinity promoted considerable reductions in A, g, E, and A/Ci of
both cultivars at all analyzed times (Fig. 2). Although this occurred, in
general, the decreases caused by salt stress were less severe in SF plants.
Reductions in A, g, E, and A/Ci in ES cultivar were 64, 74, 55, and 60 %
at six days, respectively, and 52, 78, 59, and 37 % at 12 days (Fig. 2). In
SF cultivar, these reductions were 47, 26, 16, and 60 % at six days,
respectively, and 33, 38, 62, and 22 % at 12 days.

In general, salt excess in the root environment also harmed the ¢PSII,
qP, and ETR (Fig. 3a, c, f). However, harm to these parameters was less
evident or did not occur in SF plants. At six days, ¢PSII, qP, and ETR of
ES cultivar were 27, 06, and 25 % lower under salinity, respectively.
While in SF cultivar, reductions of 13 and 12 % occurred only in ¢PSII

Control

and ETR, respectively. At 12 days, the @PSII, qP, and ETR in the ES
cultivar reduced 33, 17, and 39 % by salinity, respectively, while in the
SF cultivar, only @PSII and ETR reduced 8 and 11 %, respectively.
Additionally, it was possible to notice that salinity caused increases in
the NPQ and EXC in both cultivars, being more evident in ES plants
(Fig. 3b, e). In ES cultivar, these increases of NPQ and EXC were 62 and
24 % at six days, respectively, and 71 and 31 % at 12 days. On the other
hand, the values of NPQ and EXC in SF plants under salinity were 12 and
8 % higher, respectively, than those under control at six days and 48 and
7 % higher at 12 days. Otherwise, salinity provoked no significant
changes in the Fv/Fm (Fig. 3d).

There was not chlorophyll degradation caused by salinity in both
cultivars (Table 2). The cultivar ES showed an increase of 16, 20, and 15
% in Chl a, Chl b, and Chl total contents, respectively, under salinity at
six days. Meanwhile, salinity induced a 22 % increase in Chl b at 12 days
in the SF cultivar. On the other hand, salinity caused the degradation of
52 and 7 % of carotenoids in ES cultivar at 6 and 12 days, respectively.
Furthermore, an 18 % reduction in carotenoids in the SF cultivar
occurred only at six days.

The TEM images displayed changes in the chloroplast ultrastructure
of ES and SF cultivars under salinity (Fig. 4). In general, the salinity
caused disorganization in the lamellar system (Fig. 4b, d, f, and h), and
grana and lamellae showed slightly swollen concerning controls. There
was also damage in thylakoid stacking (Fig. 4d, h). Starch grains and
plastoglobuli accumulation was observed in plants under salt stress.
These changes in chloroplast ultrastructure induced by salinity were
more remarkable in ES (Fig. 4b, d) than in SF plants (Fig. 4f, h). Also, it
was possible to observe the dissolution of grana and the envelope’s

80 mM NacCl

BRS Esmeralda Sao Francisco

BRS Esmeralda Sao Francisco

Fig. 1. Phenotypes of BRS Esmeralda and Sao Francisco rice cultivars cultivated under absence (control; a, b) and presence of 80 mM NacCl (¢, d) for 12 days. Scale

bars, 10 cm.
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Fig. 2. CO, assimilation rate (A, a), stomatal conductance (g, b), transpiration rate (E, ¢), and carboxylation efficiency of Rubisco (A/Ci, d) of BRS Esmeralda (ES)
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Tukey test (p < 0.05).

disruption in ES plants, mainly at 12 days (Fig. 4d).

3.3. Ionic homeostasis

Salinity significantly reduced the K* contents in leaves and roots of
both cultivars at 6 and 12 days of salt stress (Fig. 5a, b). In general, the
reductions caused by salt stress were less severe in SF plants. In ES
cultivar, the reductions in K™ contents in leaves and roots were 40 and
13 % at six days, respectively, and 51 and 59 % at 12 days. While in SF
cultivar, the reductions in K* contents in leaves and roots were 14 and
31 % at six days, respectively, and 24 and 42 % at 12 days. The salinity
decreased 54 and 22 % of K' contents in the xylem sap at six days of ES
and SF cultivars, respectively (Fig. 5c). Nevertheless, at 12 days, the K™
content was reduced by 26 % only in ES.

The plants accumulated more Na™ in the tissues and xylem sap due to
salt stress (Fig. 5d-f). Nevertheless, in general, the SF plants showed
smaller increases in Na™ content than ES plants. In ES leaves, these in-
creases were 511 and 536 % at 6 and 12 days, respectively, while in SF
leaves, they were 117 and 281 % (Fig. 5d). In ES roots, the salt stress
increased Na™ content by 276 and 574 % at 6 and 12 days, respectively,
while in SF roots, they were 256 and 559 % (Fig. 5e). The salinity
increased Na™ content in xylem sap of ES by 129 and 55 % at 6 and 12
days, respectively. In comparison, Nat content in xylem sap of SF was
only 85 and 15 % higher at 6 and 12 days, respectively, under salt stress
(Fig. 5f).

The general anatomy of the leaf blade of the rice plants, as observed

in unstained (Fig. 6a) and stained (Fig. 6b) sections, revealed a single-
layered epidermis presence bulliform cells on the adaxial surface and
homogenous mesophyll. The vascular bundles were composed of xylem
(metaxylem and protoxylem) and phloem, surrounded by a bundle
sheath. Sclerenchyma bundles right below the epidermis were observed
on the adaxial and abaxial sides of the vascular bundles. Some sections
showed intact protoxylem (Fig. 6b) while others, protoxylem lacunae
(Fig. 6a). As both rice cultivars take similar leaf anatomy, only the ES
cultivar was shown.

The Na' accumulation pattern in leaves was inspected by confocal
microscopy utilizing a Na™ fluorescent probe (Fig. 6¢-j). Green fluo-
rescence was observed in the controls (Fig. 6¢, e, g, and i) as well as salt-
stressed plants (Fig. 6d, f, h, and j) at days 6 and 12. The Na™ presented
on the outer periclinal walls of epidermal cells, on the adaxial surface,
except for the bulliform cells. On the abaxial side, in the cell walls of
both metaxylem and sclerenchyma cells, and within the chlorenchyma
cells (Fig. 6¢-j). It is essential to mention that the protoxylem, phloem
cells, and vascular bundle sheath cells did not show any green fluores-
cence. Plants from both cultivars under salt-stressed (Fig. 6d, f, h, and j)
showed a more apparent green fluorescence than controls (Fig. 6c, e, g,
and i) at both times of collection. However, Na™ was even more intense
in ES plants under saline stress (Fig. 6f) than in the controls (Fig. 6e) at
day 12. Na® accumulation seems to move from the metaxylem to the
chlorenchyma cells. When comparing plants under salt stress at day 6
(Fig. 6d, h) and day 12 (Fig. 6f, j) of both cultivars, the green intensity
becomes less bright in the metaxylem and brighter the chlorenchyma
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Fig. 3. Effective quantum yield of PSII (¢PSII, a), non-photochemical quenching (NPQ, b), photochemical quenching (gP, ¢), photosystem II maximum efficiency
(Fv/Fm, d), energy excess at the PSII level (EXC, e), and electron transport rate (ETR, f) of BRS Esmeralda (ES) and Sao Francisco (SF) rice cultivars grown under
absence (white bar) and presence (gray bar) of 80 mM NaCl for 6 and 12 days. The data represent the mean of five replicates. According to the F test (p < 0.05), all
parameters show significant interaction between salinity and cultivars, except Fv/Fm (d). On the same analysis time, the upper-case letters compare the salinity
treatments within each rice cultivar, and the lower-case letters compare the rice cultivar within each salinity treatment, according to Tukey test (p < 0.05).

cells.

3.4. Gene expression of ion transporters

To investigate the differential Na™ accumulation in the ES and SF
cultivars under salinity, the transcription level of nine genes (OsSOS1,
0sS0S2, 0sSOS3, OsNHX1, OsNHX2, OsNHX3, OsNHX4, OsNHX5, and
OsNHX6) related to the regulation, transport, and, consequently, Na*
ionic homeostasis was evaluated (Fig. 7). In general, salinity induced the

activation of the SOS pathway in rice roots. At 12, 24, and 48 h of the
onset of salt stress, the OsSOSI and OsSOS2 genes’ relative expression
was markedly higher under salt stress, mainly in SF cultivar (Fig. 7a, b).
On average, the abundance of the OsSOS1 gene in SF plants was 2.7 times
higher than ES cultivar under saline environment, while that of the
OsSOS2 gene was 1.6 times higher. Differently, the relative expression of
the 0sSOS3 gene was lower or remained unchanged by salinity, except
after 24 h of salt stress in SF plants, in which the gene abundance was 2.0
times higher than the control condition (Fig. 7c¢). However, the levels of
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Chlorophyll (Chl) @, b and total, and carotenoids content in plants of BRS Esmeralda (ES) and Sao Francisco (SF) rice cultivars under absence (Control) and presence of

80 mM Nacl (Salt stress) for 6 and 12 days of treatments (DT).

Contents (mg g~! DM)

DT Cultivar Chl a Chl b Chl total Carotenoids
Control Salt stress Control Salt stress Control Salt stress Control Salt stress
6 ES 14.30 Ba 16.53 Aa 4.62 Ba 5.55 Aa 19.32 Ba 22.19 Aa 12.99 Aa 6.18 Bb
SF 10.86 Ab 11.55 Ab 3.38 Ab 3.41 Ab 14.38 Ab 15.09 Ab 12.35 Aa 10.08 Ba
12 ES 13.46 Ab 12.99 Ab 4.65 Ab 4.80 Ab 18.28 Aa 17.83 Ab 65.18 Aa 60.53 Bb
SF 14.35 Aa 14.27 Aa 5.29 Ba 6.43 Aa 19.69 Aa 20.82 Aa 66.21 Aa 66.56 Aa

The data represent the mean of five replicates. According to the F test (p <0.05), all parameters show significant interaction between salinity and cultivars. On the same
analysis time, the upper-case letters compare the salinity treatments within each rice cultivar, and the lower-case letters compare the rice cultivar within each salinity

treatment, according to the Tukey test (p < 0.05).

Control 80 mM NacCl

BRS Esmeralda

Séao Francisco

80 mM NaCl

Day 6

Day 12

Fig. 4. Chloroplast ultrastructure of BRS Esmeralda and Sao Francisco rice cultivars grown under absence (control) and presence of 80 mM NaCl for 6 and 12 days.
Note the disorganization in the lamellar system of BRS Esmeralda rice cultivar plants grown under salt stress (b, d) compared to the ones in the control plants (a, c).
The disorganization is most noticeable at day 12 (d), when thylakoid stacking clearly shows damage and plastoglobuli accumulation. The same pattern of structural
changes in the lamellar system caused by the salinity is observed for the Sao Francisco rice cultivar grown under salt stress (f, h) compared to the ones control plants
(e, 8). S, starch grain; arrow, grana; arrowhead, stroma thylakoid (stroma lamellae).

0sS0S3 transcription under salinity at all times evaluated were higher in
SF plants than ES plants.

The OsNHX4 and OsNHX6 genes were not responsive to salinity in
the two rice cultivars, but the OsNHX1, OsNHX2, OsNHX3, and OsNHX5
gene expressions were all induced (Fig. 7d-g). The OsNHX1 expression
was higher under salinity in ES roots only at 48 h of salinity exposure,
1.12 times higher. In comparison, it was higher in SF since 12 h, and the
OsNHX1 expression was higher in SF than ES under salinity at all times
of analysis, being 91 % higher on average (Fig. 7d). The OsNHX2 genes
were not overexpressed in ES cultivar under salt stress. In contrast,
OsNHX2 in SF cultivar was overexpressed at 24 and 48 h after saline
treatment (Fig. 7e). Its relative expression after 24 h was, on average,
18.4 times higher than ES plants under salinity and 4.0 times higher than
SF in the absence of salinity. The salinity reduced OsNHX3 expression
only in 12 h, but it significantly enhanced OsNHX3 expression at 24 and
48 h (Fig. 7f). Also, at 24 and 48 h of stress enforcement, the mRNA
abundance of OsNHX3 was 17 and 39 % higher in SF cultivar than in ES

cultivar under salt stress and, on average, OsSNHX3 expression was 1.2
and 1.3 times higher in SF and ES under salinity than non-saline con-
dition, respectively (Fig. 7f). The salinity increased OsNHX5 expression
in ES cultivar until 24 h, an average increase of 91 % compared to
control (Fig. 7g). In the SF cultivar, there was a considerable reduction
in expression at 12 h caused by salt stress followed by overexpression at
24 h. In 48 h, OsNHX5 expression was reduced by salinity in both cul-
tivars. Besides, the cultivars showed a similar level of OsNHX5 expres-
sion under salinity after 24 h.

4. Discussion

Plants growing under salt stress conditions face severe metabolism
changes that impair their development. These disturbances culminate in
considerable losses in productivity and generate environmental and
economic impacts, especially in major crops such as rice (Hoang et al.,
20165 Majeed and Muhammad, 2019). Nevertheless, some plant species
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Fig. 5. K" and Na* content in leaves (a, d), roots (b, e), and xylem sap (c, f) of BRS Esmeralda (ES) and Sao Francisco (SF) rice cultivars grown under absence (white
bar) and presence (gray bar) of 80 mM NaCl for 6 and 12 days. The data represent the mean of five replicates. According to the F test (p < 0.05), all parameters show
significant interaction between salinity and cultivars. On the same analysis time, the upper-case letters compare the salinity treatments within each rice cultivar, and
the lower-case letters compare the rice cultivar within each salinity treatment, according to the Tukey test (p < 0.05).

have developed a few tolerance mechanisms for minimizing or avoid
damage imposed by salinity (Gupta et al., 2018; Riaz et al., 2019;
Shahzad et al., 2019). Thus, this study evaluated the differential toler-
ance of two rice cultivars to salt stress and provided evidence about
some physiological, biochemical, and molecular mechanisms effective
for this phenomenon.

Salinity limited rice plants’ growth (Table 1; Fig. 1). Furthermore,
the most severe reductions imposed by salt stress in the leaf area, dry
mass, and phenotypic appearance were more evident in the ES plants
than in SF, indicating a differential sensibility to salinity. Many studies
had already shown that this complex environmental adversity inhibits
rice plants’ growth (Chang et al., 2019; Fu et al., 2018; Gerona et al.,
2019; Mirdar Mansuri et al., 2019; Tsai et al., 2019). These studies
showed that different genotypes or varieties have contrasting salt stress

tolerance by strictly regulated mechanisms. Maintaining productivity is
due to adjustments in the main plant physiological processes, such as
photosynthesis, protein synthesis, gene expression, ionic homeostasis,
redox status, and metabolite levels. So, the type of acclimatization
response to salt stress depends on the species, cultivar, and experimental
conditions (Prisco et al., 2016).

4.1. Ultrastructure preservation is crucial for salt tolerance

For many plants, the principal physiological process affected by Na*
toxicity is photosynthesis. Wherein all participating components of the
photosynthetic machinery are potentially affected by salt stress, such as
photosynthetic pigments, photosystems, electron transport systems, gas
exchange processes, and enzymes involved in carbon metabolism.
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Control: unstained

BRS Esmeralda

Control 80 mM NaCl

BRS Esmeralda

Sao Francisco
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Control: stained with astra blue and safranin

Control 80 mM NacCl

Day 6

Day 12

Fig. 6. Cross-sections of the leaf blade taken halfway between the midrib and leaf margin of BRS Esmeralda and Sao Francisco rice cultivars grown under absence
(control) and presence of 80 mM NaCl for 6 and 12 days. General anatomy of BRS Esmeralda cultivar’s leaf blade as observed under light microscope in an unstained
section (a) and section stained with Astra blue and safranin (b). Subcellular localization of sodium (Na*), with Asante NaTRIUM Green-2 AM and calcofluor-white
(counterstain), in both rice cultivars grown under absence (control) and presence of 80 mM NaCl for 6 and 12 days as observed under confocal microscopy (¢ - j).
Green and blue fluorescence indicate the presence of Nat and cellulose, respectively. Bc, bulliform cell; Bs, bundle sheath cell; Ch, chlorenchyma; Epb, epidermis on
the abaxial side; Epd, epidermis adaxial side; Mx, metaxylem; Ph, phloem; Px, protoxylem; Pxl, protoxylem lacunae; Sc, sclerenchyma. Scale bars (a—j), 50 pm (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Therefore, any mechanism that relieves Na* toxicity in leaves and in-
creases photosynthetic efficiency became essential for plant tolerance to
salt stress (Ashraf and Harris, 2013; Nowicka et al., 2018). In this study,
salinity drastically reduced gas exchange, impairing A, g;, E, and A/Ci of
rice plants, especially in the ES cultivar (Fig. 2). In SF plants, the damage
caused by salinity on the gas exchange was less severe. It follows the
results obtained by Radanielson et al. (2018), pointing out that the
tolerant genotype required higher salinity levels than the sensitive ge-
notype to reduce the net rates of photosynthesis and leaf transpiration
by 50 %. Thus, our data suggest that in the SF cultivar, the process of
fixing CO, was more effective, and more carbon was available to be
invested in plant growth, which supported the better growth and
development of this cultivar under salt stress conditions (Pan et al.,
2016; Tang et al., 2018; Zhu et al., 2019).

There was no difference in Fv/Fm of plants under saline and non-
saline conditions of both cultivars (Fig. 3d), indicating no photo-
inhibition (Mancarella et al., 2016). Salt stress, however, reduced the
@®PSII and ETR in both cultivars (Fig. 3). Such reductions were more
pronounced in ES cultivar than SF, which evidence gqP loss and an excess
of reducing power associated with lower energy capture efficiency in
open PSII reaction, leading to inhibition of electron transport and a

notable thermal dissipation, observed by increased NPQ (Du et al., 2019;
Miranda et al., 2016; Nie et al., 2018). Thus, SF plants presented lesser
damage than ES plants, suggesting a better photosynthetic adaptation to
preserve better the ®PSII and ETR under salt stress (Fig. 3a, f), which led
to a lower NPQ and EXC (Fig. 3b, ). Some previous studies had already
reported a similar behavior when comparing other sensitive and tolerant
salt-stress genotypes (Chutimanukul et al., 2018; Wang et al., 2019). In
these studies, tolerance to salinity is associated with a better ability to
prevent damage caused by excess energy and the maintenance of
biochemical homeostasis in photosynthetic reactions, generating fewer
biomass losses (Tsai et al., 2019).

Among the typical salt-stress damage, there is reducing of chloro-
phyll synthesis or pigment degradation, which compromises photosyn-
thetic activity and, consequently, plant growth and development (Nie
et al., 2018; Qu et al., 2012). However, at six days of the saline treat-
ment, there was a chlorophyll increase in ES plants (Table 2), indicating
an initial attempt to dispel excess excitation energy of the photosystems.
Still, increasing the time of exposure to stress, this improvement was
repealed without any effectual increment in qP. Indeed, SF plants still
show lower chlorophyll than ES under salt conditions until six days but
already maintained similar qP to control plants, which means a more
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the same analysis time, the upper-case letters compare the salinity treatments within each rice cultivar, and the lower-case letters compare the rice cultivar within
each salinity treatment, according to the Tukey test (p < 0.05).
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efficient photoprotection mechanism against long-term salinity. The
tolerance to salt stress of Thellungiella salsuginea, a halophyte plant, is
also related to the more efficient use of excitation energy (Goussi et al.,
2018). On the other hand, carotenoids can act as accessory pigments, as
well as they can prevent photooxidative damage to chlorophyll mole-
cules. Hence, the reduction of damage caused by salinity in SF,
conserved the carotenoid contents, provides a photoprotective action to
the photochemical apparatus and qP maintenance that supports better
performance in front of salt stress (Table 2; Fig. 3c).

Damage to leaf anatomy and chloroplasts integrity eventually impair
or even prevent the photosynthetic process under salt stress conditions
(Du et al., 2019). Salt-tolerant plants, such as halophytes, maintain the
structural integrity and arrangement of chloroplasts, which is essential
for converting luminous energy into chemical energy (Bejaoui et al.,
2016). Some of the damages induced in the chloroplast by salinity
include the morphological deformations, like thylakoid swelling and
envelope rupture, altering the appearance of some starch grains and
some vesicles, probably originating from the dismantling of thylakoid,
besides chloroplasts with a reduced number of the thylakoid (Aratijo
et al., 2021; Goussi et al., 2018). These salt-induced changes in chlo-
roplast structure are linked to chlorophyll content changes, PSII effi-
ciency, and chlorophyll fluorescence (Islam et al., 2019). In our study,
ES plants grown in a saline environment presented losses in several of
these traits, while SF plants showed less noticeable alterations, indi-
cating minor damage to chloroplasts (Fig. 4). This finding suggests that
the higher tolerance to salt stress observed in cultivar SF than ES is
related to the better prevention of chloroplast ultrastructure.

4.2. Na' and K" uptake control is critical under salt stress

To understand the mechanisms that contribute to the differential
tolerance between ES and SF cultivars, these rice cultivars’ performance
concerning ionic adjustment was assessed, which relates to the con-
trasting responses for tolerance or susceptibility to salt stress. Salt
tolerant plants employ strategies to restrict the movement of cytotoxic
Na™ in growing and metabolically active plant organs, and they regulate
the necessary ionic flow to maintain a high content of essential ions such
as K (Assaha et al., 2017; Chakraborty et al., 2019). Accordingly, in this
study, SF plants under salt stress accumulated a lower Na® content in
leaves and roots, generally it maintained higher K* content than the ES
under the same conditions (Fig. 5a, b, d, e). Besides, leaves accumulated
fewer Na* than roots, indicating a mechanism for regulating this toxic
ion’s translocation from the root system to the leaves, which was more
efficient in SF. It may be supported by changes in Na* and K* concen-
tration in the xylem sap of cultivars. Indeed, the SF suffered an initial
reduction (at six days) in the K* concentration in xylem sap under
salinity, but this does not occur at 12 days, indicating a rebalance in the
K" concentration so that the SF cultivar has a K* concentration like the
non-saline condition (Fig. 5¢). The K" content reduction was lesser in
the SF leaves than in the ES cultivar (Fig. 5a), which did not present K*
concentration preservation in the xylem sap under salt stress conditions
at 12 days (Fig. 5¢). Under these same conditions, the SF cultivar also
displayed less Na™ concentration in the xylem sap than the ES cultivar;
thus, Na' uptake was limited. Other researchers had already found
equivalent results working with rice varieties (Gerona et al., 2019; Liu
et al., 2019; Zhang et al., 2018). For example, Na* transport from the
root to the aerial part was reduced in the Reiziq cultivar, considered
salt-stress tolerant, due to a reduction in the capacity of Na™ efflux in the
root elongation zone through partial activation of the OsSOS1 gene (Liu
et al., 2019) Additionally, low levels of Na™ may benefit an increase of
Ca®* which contributes to salt stress tolerance (Zhang et al., 2018).
Although calcium metabolism was not the focus of our study, it is
another path to be explored in the future. Therefore, these findings
support that SF cultivar tolerance may be related to mechanisms of
exclusion or restriction to Na' influx at the root besides vacuolar
compartmentalization (Zhang et al., 2018), and better maintenance of
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the K*/Na' ratio compared to ES, evident in saline conditions in leaves,
roots, and xylem sap (Fig. S2). This better control of the Na' and K™
balance in SF is most evident by the K™/Na™ ratio higher than one in the
leaves at both 6 and 12 days. Thus, the K*/Na™ ratio that is an indicator
in selecting new winter wheat species with higher salt tolerance (Cheng
et al., 2015) may also be a good indicator for rice genotypes.

The confocal microscopy fluorescence technique used to examine
Na® dynamics in leaf tissues (Fig. 6) confirmed the leaf Na™ content
results (Fig. 5d). In response to salt stress, there was a more notorious
Na™ fluorescence signal in the leaves, especially in ES plants, which
reinforces this cytotoxic ion’s most considerable accumulation in this
cultivar (Fig. 5d). Also, its relationship with salinity sensitivity. Analysis
by confocal microscopy showed that Na® accumulation by the SF
cultivar seems lower than the ES cultivar when the green intensity of
both cultivars under salt stress is compared (Fig. 6f, j). Although it was
stored mainly in the vacuole, Na' accumulation was specific to certain
leaf sites, and not all cells accumulated Na® within the vacuole. That is
quite noticeable as the parenchyma cells around the metaxylem, pro-
toxylem, phloem, sheath bundle, and bulliform cells do not show Na*
accumulation. As the metaxylem cells become active in grasses, proto-
xylem cells usually break or tear, giving rise to the protoxylem lacunae
(Evert, 2006; Tucker, 1957). As we analyzed fully expanded leaves from
the sixth nodes and the lifespan of protoxylem is short and restricted to
young leaves, it is possible that the Na™ was not located within such cells
and neither in their walls because the cells had already been torn nor
were not actives in water transport. However, high-intensity fluores-
cence points in the leaf sections are reported as a helpful marker of Na™
in Pongamia pinnata under salt stress (Marriboina et al., 2017). Besides, it
has been reported that cytosol Na* fluorescence intensity is higher in
salt-sensitive wheat than in tolerant cultivars. However, the opposite
occurs in the vacuole (Cuin et al., 2011).

Also, as the bulliform cells are the largest living cells observed in the
section, and therefore with the largest vacuoles, one may expect that
such cells would accumulate Na® (Fig. 6a, b). However, they do not
constitute sites of Na™ accumulation (Fig. 6f, j). Bulliform cells can
rapidly take up or lose water (i.e., expanding and contracting); also, by
forming longitudinal strips on the adaxial leaf surface, they have been
implicated in the leaf rolling response in drought-stressed grasses (Kel-
logg, 2015; Matschi et al., 2020). Na® accumulation within bulliform
cells could disturb the water balance necessary to control leaf rolling.
Therefore, excluding Na™ from bulliform cells may be a way to guar-
antee that plants growing under salt stress will still be able to roll their
leaves and avoid other disturbances such as loss of water and heating of
leaf tissues.

Several studies reported that the activation of the expression SOS and
NHX genes is strongly associated with salt stress tolerance in different
species, such as sorghum (Kandula et al., 2019; Miranda et al., 2017),
maize (Huang et al., 2018), barley (Fu et al., 2018), tomato (Baghour
et al., 2019), and in the rice itself (Bertazzini et al., 2018). In our study,
in general, the expression of OsSOS1, OsSOS2, and OsSOS3 genes
increased in both cultivars from the onset of salt stress (Fig. 7a—c).
Nevertheless, in rice plants of the SF cultivar, the abundance of these
transcripts was considerably higher, supporting that this cultivar has an
efficient mechanism of restriction to Na™ uptake, which contributes to
minimize the damage caused by this ion in growth and efficiency
photosynthetic, culminating in a better performance to salinity
(Baghour et al., 2019; Miranda et al., 2017; Zhang et al., 2018).
Although the expression of OsSOS3 is higher only at 24 h, there is no
difference between control and salt treatments at 12 and 48 h. However,
the maintenance of basal levels of OsSOS3 associated with the higher
expression of OsSOSI and OsSOS2 at 12 h in the SF is consistent with
their role Na™ sensor and antiport activity (Ji et al., 2013). On the other
hand, the lower expression OsSOS3 that occurs in the ES cultivar may be
crucial to salt sensibility, as observed in Arabidopsis and brassica (Nutan
et al., 2017; Ye et al., 2013)

Concerning the NHX genes, six members of the NHX family have
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already been identified in the rice genome (Fu et al., 2018; Zhang et al.,
2018), but in the cultivars analyzed under experimental conditions, only
OsNHX1, OsNHX2, OsNHX3, and OsNHX5 genes were detected. The
abundance of OsNHX1 and OsNHX2 transcripts was increased more in SF
than in ES under salt stress (Fig. 7d-g). Similarly, expression peaks of
OsNHX3 occurred 24 h after the onset of salt stress in the SF cultivar.
Despite the gene expression stimulation of OsNHX5, this seems not to be
involved with differential tolerance to salinity of the ES and SF cultivars
since there is not a clear pattern in its expression over time. On the other
hand, our findings suggest that there was compartmentalization of Na™
in the vacuoles (Fig. 6) associated with the higher expression of OsNHX1
and OsNHX2 at all times evaluated, contributing to maintaining a high
K*/Na' ratio in the cytosol and tolerance to saline stress in SF cultivar.
Otherwise, there is no clear expression pattern of NHX genes amount in
ES over time; for instance, OsNHX1 was higher only at 48 h, and OsNHX2
was slightly increased only at 24 h, which was not capable of dealing
with all Na™ content presented earlier. In agreement, other authors also
showed that transgenic plants overexpressing NHX family members
presented beneficial physiological changes, such as maintenance of
redox homeostasis, increased chlorophyll, and proline contents, which
contribute to an increased tolerance to salt stress compared to wild
plants (Baghour et al., 2019; Huang et al., 2018; Mushke et al., 2019),
including high K*/Na™ ratio (Wang et al., 2019). Collectively, the data
presented here show that the most salt-tolerant cultivar (SF) modulates
integrated responses to NaCl stress, which prevents the harmful effects
of salinity in growth and photosynthetic capacity. In this way, all work
contributes to understanding the complex accumulation mechanisms of
sodium and their impacts on the photosynthetic system. We provided a
suitable discussion of the relationship of attributes concerning struc-
tural, functional, biochemical, and molecular adjustments that lead to
salt tolerance differences in rice genotypes. On this hand, the future
perspective is to combine our results with omics data and mathematical
models (integrated network analysis) to integrate and expand the
knowledge of complex plant metabolism (Jamil et al., 2020).

5. Conclusion

The study confirmed contrasting salt stress tolerance between ES and
SF rice cultivars observed in previous experiments to choose cultivars.
The salt stress tolerance was related to ionic homeostasis and photo-
synthetic efficiency maintenance. The salt-tolerant cultivar (Sao Fran-
cisco) has more efficient transcriptional and functional regulatory
mechanisms than the salt-sensitive cultivar (BRS Esmeralda), based on
their capacity to minimize the toxicity of Na™ in the cytosol, the harmful
effects in the gas exchanges, energy capture, electron transport, and
integrity of chloroplasts. These adjustments allowed the SF cultivar to
grow better in saline environments than the ES cultivar, minimizing the
damage imposed by this salt stress.
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