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Abstract: Although rice is highly sensitive to salinity, it is considered one of the best crops to grow in
salt-affected mudflat soils to alleviate the salinity problem. Applying chemical compounds for an
increase in leaf CO; and nutrient levels can help mitigate the negative impact of salinity on plants in
a cost-effective manner. To identify the benefits of using lithovit (Liv), ethanol (Eth), and potassium
carbonate (KC) as a source of CO, and K to enhance rice production in salt-affected soils, a field study
was conducted to assess the effects of these compounds on the agro-physiological parameters of two
rice genotypes (Gizal78 and Gizal79) in saline soils. The compounds were applied as a foliar spray at
a concentration of 30 mM each before and after the heading growth stage. The results indicated that
the genotype, application time, compounds, and their potential two-way interactions significantly
influenced all agro-physiological parameters, with only a few exceptions. The genotype Giza 179
exhibited higher pigment contents, photosynthetic capacity, relative water content (RWC), grain
yield, and most yield components compared to Giza 178, with increases ranging from 2.1% to 37.9%.
Foliar application of different compounds resulted in a 9.7-37.9% increase in various parameters and
a 34.6-43.2% decrease in the number of unfilled grains (NUFG) per panicle compared to untreated
treatment. Foliar application of different compounds before heading resulted in an increase in various
parameters by 4.8-16.1% and a decrease in the NUFG per panicle by 22.9% compared to those applied
after heading. Heatmap clustering analysis revealed that foliar application of Liv before heading was
the most effective treatment in enhancing various parameters for both genotypes and mitigating the
negative effects of salinity stress on the NUFG. This was followed by Eth and KC before heading
for Giza 179. Applying Eth and KC to the leaves after heading had a moderate positive impact on
most parameters for Giza 179, outperforming the application after heading for Giza 178. Overall,
our findings indicate that spraying readily available compounds that elevate CO, and K levels in
rice leaves can help alleviate the negative impacts of salt stress and improve rice production in
salt-affected soils in a cost-effective manner.

Keywords: ethanol; grain yield; lithovit; photosynthetic attributes; pigment contents; potassium
carbonate; relative water content
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1. Introduction

Rice (Oryza sativa L.) is a vital staple food for about half of the world’s population. It is
grown on 11% of the world’s cultivated land and contributes over 20% of the world’s total
calorie intake [1,2]. By 2030, rice production needs to increase by 20% to meet the growing
population’s demands and decrease in arable land [2]. Rice yield significantly increased
in the latter half of the 20th century, but the growth rates of rice yields have decreased
and even reached a plateau in key rice-producing countries like the USA, South Korea,
China, and Indonesia [1,3,4]. This indicates that in the future, increasing rice production in
these countries may necessitate expanding the cultivated land rather than boosting yields
per unit area. However, many new areas are experiencing salinity stress, particularly in
arid and semiarid regions, due to climate fluctuations, high temperatures, and limited
freshwater resources. Over 331 million hectares (Mha) of land worldwide are affected by
salinity stress, which is expected to increase by about 1.0-1.5 Mha each year [5,6].

Rice is a suitable option for enhancing salt-affected mudflat soil despite its sensitivity
to salt stress (threshold EC around 3 dS m™!). The water in paddy fields aids in salt leaching,
mitigating the adverse impacts of salinity on rice growth and yield [7,8]. Applying proper
agronomic techniques allows these soils to be utilized more effectively for rice production.
Salt stress can limit crop growth and yield by limiting water availability to the plant (osmotic
stress), increasing the uptake of harmful ions like Na* and Cl~ (specific ion toxicities),
and inhibiting the uptake of essential nutrients like K* and Ca?* (ion imbalance) [6,9,10].
These three components of salinity stress interact together to, directly and indirectly, distort
various physiological and biochemical processes necessary for plant growth and production,
such as photosynthetic machinery, CO; assimilation, respiration, photosystem II function,
Rubisco activation, Calvin cycle patterns, stomatal conductance, mesophyll biochemical
capacity, chloroplast structure, and plant water relations [11,12]. Most importantly, CO,
assimilation and stomatal conductance are closely linked under saline conditions and tend
to decrease together. Reduced stomatal conductance limits CO; entry into the leaf, leading
to decreased photosynthetic capacity of the mesophyll, particularly in C3 plants [12-14].
Therefore, increasing CO, concentration can boost plant growth and help counteract the
harmful impacts of salinity stress on rice production. This is because a significant portion
of a plant’s dry weight is derived from CO; assimilation during photosynthesis. Previous
studies have shown that higher CO, levels in C3 plants enhance leaf photosynthesis and
growth by increasing Rubisco enzyme activity, which is not fully saturated at current
atmospheric CO; levels, and inhibiting leaf respiration rates [15,16]. Elevated CO, also
reduces CO, losses from photorespiration by inhibiting oxygenation by Rubisco [17-19].
Zheng et al. [20] reported that elevated CO, concentrations could enhance the growth and
grain yield of C3 plants by stimulating the leaf photosynthesis rate and increasing non-
structural carbohydrate levels. Furthermore, elevated CO; concentrations can mitigate the
negative impacts of drought stress on the growth and production of C3 plants by decreasing
stomatal conductance and leaf transpiration rate and increasing leaf photosynthesis rate [21].
Kazemi et al. [22] found that increased CO; levels helped reduce the negative effects of
salinity stress on rice growth and production. However, the extent of this benefit varied
depending on the rice genotypes and salinity levels. Generally, elevated CO, concentrations
have a greater positive impact on C3 crops than Cy4 crops. Previous studies have shown that
elevated CO, concentrations can increase the production of Cs3 plants by 15-41% and Cy
plants by 5-10% [23-25]. Intriguingly, increased CO; levels notably improved crop growth
and yield in stressful conditions, with little effect in non-stressful conditions [26-28].

Fortunately, in open field environments, plant CO, levels can be boosted by applying
nano-fertilizers or specific chemicals directly onto the leaves, known as CO, fertilization.
One example of such a product is lithovit, a natural CO; foliar fertilizer derived from
Nano-CaCOj3. When lithovit is sprayed onto leaves, it breaks down into calcium oxide
(CaO) and releases CO, through leaf stomata, raising CO; levels within the leaves higher
than in the atmosphere. The nanoparticles in lithovit can easily enter through the stomata
of plant leaves and form a thin layer on the leaf surface. This layer is more effectively
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absorbed when the leaves are moistened with dew overnight [29-31]. Additionally, lithovit
contains nano-iron (Fe) and nano-magnesium (Mg), essential for various physiological
and biochemical functions in plants, whether in normal or stressful conditions. Nano-
Fe is crucial for photosynthetic reactions as it activates enzymes in the photosynthetic
system, aids in electron transport, and supports RNA synthesis. Nano-Mg is essential
for photosynthesis as it is the core of the chlorophyll molecule. It also aids in starch
translocation, sugar synthesis, and nutrient uptake [32,33]. Therefore, foliar application
of lithovit may enhance rice growth and production under salinity stress conditions by
boosting the photosynthesis rate and reducing the negative effects of this stress. Previous
studies have shown that applying lithovit to leaves can greatly enhance the growth and
yield of field crops compared to other growth stimulants. This is because lithovit releases
COy, which improves photosynthesis efficiency. In some cases, lithovit has increased crop
production by up to 50% and improved plants’ resilience to environmental stressors [34-36].

Ethanol (Co,H5OH) is a clear, odorless, and non-toxic solvent that can also serve as
a source of CO,. When applied to leaves, ethanol is quickly converted to formaldehyde
and formic acid, which are then metabolized to CO; in the leaf mesophyll. This process
results in higher CO; levels and a higher CO, to O, ratio, which boosts photosynthesis and
reduces photorespiration rates, especially in C3 plants [37-39]. Increasing the CO; to O,
ratio in the leaf mesophyll reduces competition between O, and CO, for Rubisco enzymes
and 1,5-bisphosphate (RuBP) substrates, favoring RuBP carboxylation over oxygenation.
In addition, applying ethanol to the leaves can enhance the production and stability of
photosynthetic pigments, leading to improved photosynthesis [40]. Considering these facts,
treating plants with ethanol may improve rice growth and production under salinity stress
conditions by enhancing photosynthesis and mitigating stress effects. Previous studies
have shown that applying ethanol externally can effectively alleviate the negative effects
of various abiotic stresses. For instance, ethanol has been found to help mitigate chilling
stress in rice [41], drought stress in safflower [37], heat stress in tomato [42], and salt stress
in soybean [38] and rice [43].

Potassium (K) is a crucial nutrient for plant photosynthesis because it helps regulate
stomatal function, which in turn controls the opening and closing of stomata to balance
the intake of CO, and the release of water vapor. A deficiency in K can reduce stomatal
conductance, increase mesophyll resistance, decrease RuBPC/RuBPO activity, and lower
photosynthetic CO, fixation, finally decreasing the net photosynthesis rate. Potassium
also activates the ATP synthase enzyme, supporting photosynthesis [44,45]. Therefore, to
improve plant photosynthesis efficiency and mitigate the negative impacts of salinity stress,
the external application of K can be beneficial. Burbulis et al. [46] found that applying
potassium bicarbonate (KHCO3) to green foxtail leaves can help mitigate drought stress
effects by improving photosynthetic parameters like gas exchange, effective quantum yield
(PPSII), and maximum quantum yield (Fv/Fm) of photosystem II (PSII). Li and Hao [47]
also found that applying exogenous KHCO3 had a significant effect on the photosynthesis
of eggplant under low CO; conditions.

Therefore, the aims of this research were to (1) examine the effects of foliar application
of CO;, supplementation compounds such as lithovit and ethanol, as well as compounds
that enhance abiotic stress tolerance like potassium carbonate (K,COj3), on the photosyn-
thetic efficiency and yield of rice grown in saline soil; and (2) identify the optimal timing
for the application of these compounds to enhance various agro-physiological traits in two
rice cultivars with different levels of salt tolerance.

2. Materials and Methods
2.1. Experimental Site and Agricultural Practices

The research was carried out at the El-Sirw Agricultural Research Station in Damietta
Governorate, Egypt, in the summer of 2022 and 2023. The station is situated at coordinates
31°25'3.1440” N and 31°48/51.9984" E. The experimental area experiences an arid climate
with no precipitation during the rice cultivation periods. The average minimum and
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maximum temperatures varied from 30.0 to 35.0 °C and 10.0 to 17.3 °C, respectively. The
relative humidity in the morning and at midday ranged from 70.5 to 83.5% and 42.5 to 56.5%,
respectively. The average evaporation ranged from 5.56 to 7.61 mm day . Soil samples
were collected from a depth of 0-30 cm before sowing for evaluation of physicochemical
properties. The analysis results are presented in Table 1. Standard methods described by
Cottenie et al. [48] and Burt [49] were employed for analyzing the soil’s physiochemical
properties.

Table 1. Physicochemical properties of the experimental saline soil during the 2022 and 2023 growing

seasons.

Soil Properties 2022 2023 Soil Properties 2022 2023

Clay 56.15 55.90 CaZ* 8.3 8.5

Soil texture (%) Silt 30.20 30.65 Cations content MgZ+ 10.10 10.2
Sand 13.65 13.45 (meq L~ 1) K* 0.70 0.70

Organic matter (%) 1.00 0.90 Na* 60.1 62.4

pH 8.20 8.30 ) HCO;~ 9.24 9.74

ECe (dSm™1) 7.90 8.20 Anions content Cl- 61.5 60.9

(meq L1

30.0 29.0 S042~ 9.03 11.03

Available ion content P 110 102 2 503 515

(m k 71) . . . e . .
B8 K 400 380 iﬁﬁigﬁlte(m eﬁ;‘ Zn2* 0.90 0.82
PP Mn2* 4.60 450

The seeds of the salt-sensitive genotype Gizal78 and the salt-tolerant genotype Gizal79
were sown in the nursery bed on May 1st and 3rd in the first and second growing seasons,
respectively, at a seeding rate of 170 kg ha~!. The pre-germinated seeds were evenly
spread in the nursery bed to encourage early growth. When the permanent field was
prepared, 30-day-old seedlings were transplanted into 10 m? plots with a 20 x 20 cm
spacing. Phosphorus, nitrogen, and potassium fertilizers were applied at rates of 75 kg
P,05 ha!, 165 kg N ha™!, and 57 kg K,O ha~! using single superphosphate (15% P,0s),
urea (46.0% N), and potassium sulfate (48% K,O), respectively. The phosphorus and
potassium fertilizers were applied as a basal dose during field preparation, while the
nitrogen fertilizer was applied in three equal doses at different growth stages: tilling stage,
panicle initiation stage, and booting stage. Weed and disease control practices followed
the recommended guidelines for rice cultivation in salt-affected soil. In both seasons, the
previous crop was Egyptian clover (Trifolium alexandrinum L.).

2.2. Experimental Design and Treatments

The experiments were conducted using a randomized complete block design with
a split-split plot arrangement and three replications. The main plots were assigned two
genotypes (Gizal78 and Gizal79), the sub-plots were designated for two foliar application
times (before heading and after heading), and the sub-sub-plots were randomly allocated
with four treatments of CO; + K source compounds. The treatments for CO, + K source
compounds consisted of foliar application with distilled water (untreated treatment), potas-
sium carbonate (KC), ethanol (Eth), and Lithovite (Liv). Each KC, Eth, and Liv treatment,
which purchased from Sigma Aldrich, St. Louis, MO, USA, was applied at a concentration
of 30 mM. The Lith compound consisted of nanoparticles of magnesium carbonate (4.62%),
calcium carbonate (79.19%), iron (0.75%), zinc (0.005%), and selenium dioxide (11.41%). The
treatments were applied using a 16 L pressurized backpack sprayer with 0.2% Tween-20
added to improve leaf adhesion. The sprayer nozzle was positioned 40 cm above the
plants to ensure thorough coverage of all above-ground parts of the rice plant. The various
solutions were carefully sprayed onto the rice plant leaves until they reached the point of
run-off.
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2.3. Measured Parameters
2.3.1. Physiological Parameters

After 10 days of foliar application of CO, + K source compounds post-heading treat-
ment, we randomly selected five fully expanded uppermost leaves from each experimental
unit to measure the contents of chlorophyll-a (Chl a), chlorophyll-b (Chl b), and carotenoids
(Car). Fresh samples weighing 400 mg were collected from the leaves and immersed in
7 mL of 80% acetone in the dark at room temperature until the samples were decolorized.
The resulting solution was then filtered through Whatman No. 4 filter paper, centrifuged,
and adjusted to a final volume of 15 mL with 80% acetone. The absorbance of the extracted
sample was measured at 470 nm for Car, and at 645 nm and 663 nm for Chl a and Chl b
using a spectrophotometer (Spectro UV-2550, Shimadzu, Tokyo, Japan). The content of
Chla, Chl b, and Car (mg g~ fresh weight) was calculated using the formulas described by
Arnon [50] and Lichtenthaler and Wellbura [51].

Photosynthetic parameters were measured on the second fully expanded leaf from
the top of five plants per experimental unit using a handheld Photosynthesis System (LI-
6400XT, LiCor Inc., Lincoln, NE, USA) between 10:00 a.m. and 12:30 p.m. The parameters
measured included net photosynthetic rate (A), stomatal conductance (gs), transpiration
rate (E), and intrinsic water use efficiency (WUEi). The leaf chamber settings included
a CO, concentration of 400 pmol mol 1, a leaf temperature of 25 °C, and a leaf-to-air
vapor-pressure difference of 0.7 kPa.

The leaf relative water content percentage (RWC%) of the second fully expanded leaf
from the top was determined in five plants per experimental unit using the formula:

RWC = (FW — DW)/(TW — DW) x 100, (1)

where FW represents the fresh weight (g) of a 10 cm? leaf area, TW is the turgid weight (g)
after soaking in water for 24 h at room temperature, and DW is the dry weight (g) after
drying at 75 °C for 72 h.

2.3.2. Agronomic Parameters

Following the maturity stage, measurements were conducted on 10 randomly chosen
hills from each experimental unit. Plant height (PH), panicle length (PL), and panicle
number (PN) per hill were documented. Furthermore, 10 panicles were randomly gathered
from each experimental unit to measure panicle weight (PW), the number of filled grains
per panicle (NFG), the number of unfilled grains per panicle (NUFG), and thousand-grain
weight (TGW). Grain yield (GY) and biological yield (BY) were assessed in a 6 m? plot. BY
was determined through manual harvesting of the area, air-drying the plants, and weighing
them. The grains were separated from the plants, cleaned, dried to 14% moisture content,
and weighed to determine GY. The harvest index (HI) was calculated by dividing GY by
BY after converting both values to tons per hectare (t ha™!).

2.4. Statistical Analysis

The data were initially assessed for normality to detect and eliminate any outliers. Sub-
sequently, a homogeneity test of variance (Bartlett test) was performed for each parameter
to determine if the results from both seasons could be merged for analysis. An analysis of
variance (ANOVA) was carried out for each measured parameter at a significance level of
5%. The impacts of the season (S), genotype (G), foliar application timing (FT), and CO, + K
source compounds (CO; + K) were examined individually, along with potential interactions
between them, including two-way and three-way interactions. Subsequently, Tukey’s post
hoc test was employed to compare multiple treatment means with a significance level of
p < 0.05. Pearson correlation analyses were carried out to examine relationships among
all variables. Statistical analysis was conducted using SAS-statistical software packages-
version 9.3 (SAS Institute, Inc., Cary, NC, USA). Principal component analyses (PCA) and
heatmap clustering analyses were conducted to explore the relationships between different
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agro-physiological parameters and experimental treatments and explain the main sources
of variation among variables. PCA and heatmap were conducted using R Studio 1.4.1717
software (RStudio, Boston, MA, USA; available at: http://www.rstudio.org/, accessed on
31 October 2022). Standard errors of the mean were calculated using Sigma Plot 13.0 (Systat
Software, Inc., San Jose, CA, USA) and are represented in the Figures as error bars.

3. Results
3.1. Impacts of Experimental Factors on Different Parameters
3.1.1. Pigment Contents

The analysis of variance showed significant effects of individual factors (S, G, FT, and
CO; + K) on pigment contents (Chla, Chlb, Chlt, and Car) at p < 0.05, 0.01, and 0.001.
Two-way interactions between the main factors of study (G x FI, G x CO; + K, and
FT x CO, + K) also significantly impacted pigment contents. However, interactions
between season and the three main factors did not significantly impact pigment contents
(Table S1).

Regarding genotypes, Giza 179 had higher pigment contents than Giza 178. On
average, over two seasons, Chla, Chlb, Chlt, and Car were 7.9%, 13.9%, 10.1%, and 14.8%
higher in Giza 179 than in Giza 178, respectively (Figure 1). Applying different CO, + K
source compounds to the leaves before heading, regardless of the genotypes, led to a
significant increase in all pigment contents compared to the application after heading. Over
two seasons, foliar application of CO; + K source compounds before heading resulted
in significantly higher levels of Chla, Chlb, Chlt, and Car contents by 6.1%, 16.1%, 9.9%,
and 13.9%, respectively, compared to those applied after heading (Figure 1). The foliar
application of different CO, + K source compounds significantly increased pigment contents
in plants compared to untreated plants, regardless of genotypes and application time. The
highest pigment values were observed with Lith application, followed by Eth and KC.
Over two seasons, Chla, Chlb, Chlt, and Car contents increased by 25.1%, 19.6%, 23.1%,
and 29.6% with Lith application, 20.6%, 14.4%, 18.3%, and 23.7% with Eth application, and
18.2%, 10.3%, 15.3%, and 18.7% with KC application, respectively, compared to the control
treatment (Figure 1).

Figure 2 shows how various pigment contents respond to the interactions between the
main study factors (G x FI, G x CO; + K, and FT x CO; + K). The highest pigment contents
were observed in Giza 179 when treated with foliar CO, + K source compounds before
heading, as well as when treated with Lith or Eth. Initially, Giza 178 had lower pigment
content than Giza 179. However, the pigment content of Giza 178 could be improved by
treating it with foliar CO, + K source compounds before heading (not after heading) and
with Lith. With these treatments, the pigment content of Giza 178 became comparable to
that of Giza 179. Moreover, applying different sources of CO; + K before heading was
more effective in enhancing pigment content compared to applying them after heading.
However, there was no significant difference in pigment content when using the three
CO; + K sources (Lith, Eth, and KC) either before or after heading. The control treatment
consistently showed the lowest pigment content values, regardless of genotype or timing
of foliar application (Figure 2).
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Figure 1. Influences of genotype, foliar application timing, and foliar CO; + K source compounds
on different pigment contents in two seasons (n = 3 £ SE). The letters and bars on the top of each
column represent significant differences at the 0.05 level based on Tukey’s HSD test and standard
error (SE), respectively. The lowercase letters belong to the first season, and the uppercase letters

belong to the second season.
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Figure 2. Influences of interaction between genotypes and foliar application timing, genotypes, and
foliar CO; + K source compounds, as well as between foliar application timing and foliar CO, + K
source compounds on different pigment contents (n = 6 & SE). The letters and bars on the top of each

column represent significant differences at the 0.05 level based on Tukey’s HSD test and standard
error (SE), respectively.
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3.1.2. Photosynthetic and Relative Water Content

The combined analysis of variance showed that the individual factors (S, G, FT, and
CO; + K) had different impacts on various photosynthetic parameters and RWC. The
season had significant effects on all photosynthetic parameters except A and RWC. Only A
showed significant differences among genotypes in terms of photosynthetic parameters. FT
and CO, + K significantly affected all photosynthetic parameters and RWC, except for E,
which did not vary significantly among FT treatments (Table S1). The interactions between
seasons and various factors (G, FT, CO; + K) did not significantly affect photosynthetic
parameters and RWC. However, the interactions of G and FT (excluding A), G and CO, + K,
and FT and CO; + K (excluding E) significantly affected these parameters. Furthermore, the
interaction of all three factors (G, FT, and CO, + K) significantly impacted only E, while the
interaction of all four factors (S, G, FT, and CO, + K) significantly affected only gs (Table S1).

Net photosynthetic rate (A) was the only parameter that exhibited a notable difference
between the two genotypes. More specifically, A was 7.8% higher in Giza 179 than in
Giza 178 (Figure 3). When various CO, + K source compounds were applied before
heading, there was a significant increase in A, gs, WUEi, and RWC by 8.9%, 8.7%, 8.9%, and
5.2%, respectively, compared to when applied after heading, irrespective of the genotypes
(Figure 3). The use of different CO, + K source compounds significantly improved various
photosynthetic and RWC parameters compared to the control treatments. Lith and Eth were
the most effective, followed by KC. In contrast, the control treatment did not effectively
alleviate salinity stress on photosynthesis and RWC parameters, as it yielded the lowest
values for these parameters. Over two seasons, the Lith, Eth, and KC treatments increased
Aby 37.9%, 32.0%, and 20.1%, gs by 29.8%, 22.3%, and 13.0%, E by 12.5%, 10.9%, and 0.5%,
WUEIi by 29.0%, 23.7%, and 19.8%, and RWC by 17.9%, 16.9%, and 12.0%, respectively,
compared to the control treatment (Figure 3).

Figure 4 illustrates the response of photosynthetic and RWC parameters to the inter-
actions between the main study factors (G x FI, G x CO, + K, and FT x CO; + K). The
application of CO, + K source compounds before heading did not differ from applying
them after heading for Giza 179. However, for Giza 178, applying the compounds before
heading improved A, gs, IWUEi, and RWC by 8.5%, 11.6%, 13.9%, and 7.7%, respectively,
and decreased E by 5.9% compared to applying them after heading. The photosynthetic
and RWC parameters of different CO, + K source compounds for each G or FT were ranked
in the order of Lith > Eth > KC > control. In most cases, these source compounds showed
better performance with Giza 179 compared to Giza 178 and when applied before heading
rather than after heading (Figure 4).

3.1.3. Grain Yield and Yield Components

The combined analysis of variance showed that the main factors of study (G, FT, and
CO; + K) had different effects on grain yield (GY) and its various components. The CO, +
K source compounds and FT factors had a significant impact (p < 0.05 and 0.001) on GY
and its components, except for PL and TGW, which did not show significant differences
among FT treatments. Genotypes exhibited highly significant variations (p < 0.001) for
the NUFG, TGW, GY, and HI, while the other yield components did not show significant
differences among genotypes (Table S1). The interactions between the three main study
factors (G x FT, G x CO, + K, and FT x CO; + K) significantly impacted GY and its yield
components. However, PH, PN, PL, NFG, and HI were not significantly affected by the
G x FT interaction. Additionally, PH was not significantly affected by the G x CO; + K
interaction (Table S1). The TGW, GY, and HI values were higher in Giza 179 than in Giza
178, while the NUFG showed the opposite trend. The other yield components were similar
in both genotypes. Over two seasons, TGW, GY, and HI were 16.8%, 11.0%, and 6.9% higher
in Giza 179, respectively, while the NUFG was 28.6% higher in Giza 178 (Figure 5).
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Figure 3. Influences of genotype, foliar application timing, and foliar CO, + K source compounds
on net photosynthetic rate (A), stomatal conductance (gs), transpiration rate (E), intrinsic water use
efficiency (WUEI), and relative water content (RWC) in two seasons (n = 3 = SE). The letters and bars
on the top of each column represent significant differences at the 0.05 level based on Tukey’s HSD
test and standard error (SE), respectively. The lowercase letters belong to the first season, and the
uppercase letters belong to the second season.
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Figure 4. Influences of interaction between genotypes and foliar application timing, genotypes, and
foliar CO, + K source compounds, as well as between foliar application timing and foliar CO, + K
source compounds on net photosynthetic rate (A), stomatal conductance (gs), transpiration rate (E),
intrinsic water use efficiency (WUE), and relative water content (RWC) (n = 6 & SE). The letters and
bars on the top of each column represent significant differences at the 0.05 level based on Tukey’s
HSD test and standard error (SE), respectively.
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Figure 5. Influences of genotype, foliar application timing, and foliar CO, + K source compounds
on different yield components in two seasons (n = 3 & SE). The letters and bars on the top of each
column represent significant differences at the 0.05 level based on Tukey’s HSD test and standard
error (SE), respectively. The lowercase letters belong to the first season, and the uppercase letters
belong to the second season.
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In terms of timing for applying CO, + K source compounds, it was found that the
GY and yield components were higher when the compounds were applied before heading
rather than after heading. However, the NUFG showed the opposite trend. Over two
seasons, applying CO, + K source compounds before heading resulted in improvements
in PH, PN, PW, NFG, GY, BY, and HI by 6.8%, 7.4%, 14.0%, 4.8%, 14.0%, 6.3%, and 8.0%,
respectively, while decreasing the NUFG by 22.9% compared to applying them after heading
(Figures 5 and 6). When comparing different CO, + K source compounds, all compounds
improved GY and its components compared to the control treatment. Lith was the most
effective among the compounds tested, followed by KC and Eth. Over two seasons, the
foliar application of Lith, KC, and Eth significantly improved PH by 12.0%, 9.7%, and 11.6%,
PN by 22.3%, 12.7%, and 13.0%, PL by 19.1%, 10.1%, and 13.4%, PW by 23.9%, 23.7%, and
13.1%, NFG by 19.0%, 21.2%, and 14.1%, TGW by 22.4%, 23.1%, and 15.5%, GY by 32.5%,
24.9%, and 23.5%, BY by 13.0%, 11.7%, and 11.2%, and HI by 22.3%, 15.2%, and 13.9%,
while decreased the NUFG by 42.0%, 43.2%, and 34.6%, respectively, compared to control
treatment (Figures 5 and 6).

Figures 7 and 8 show the response of GY and its components to the interactions
between the main study factors (G x FI, G x CO, + K, and FT x CO; + K). Generally,
applying CO, + K source compounds before heading had a more positive effect on GY and
most of its components than applying them after heading in both genotypes. However,
applying CO;, + K source compounds before heading had a more positive effect on PH, PN,
GY, BY, and HI in Giza 179 compared to Giza 178, while the NFG and NUFG showed the
opposite trend. For example, in Giza 179, there was a significant increase in PH by 8.4%,
PN by 8.5%, GY by 19.3%, BY by 7.6%, and HI by 12.5%. On the other hand, in Giza 178,
the same treatment resulted in a smaller increase in PH (5.1%), PN (6.3%), GY (7.6%), BY
(5.0%), and HI (2.9%). However, the NFG increased by 2.7% and 7.0%, while the NUFG
decreased by 13.7% and 28.9% in Giza 179 and Giza 178, respectively (Figures 7 and 8).
Over two seasons, different CO, + K source compounds led to significant increases in
various parameters in both genotypes and application times. For instance, there was a
10.0-15.0% and 9.0-10.0% increase in PH, a 9.0-19.8% and 16.3-24.7% increase in PN, an
11.7-20.3% and 8.6-18.0% increase in PL, a 13.1-24.5% and 13.1-24.2% increase in PW, a
13.8-21.8% and 14.4-21.7% increase in the NFG, a 15.6-25.2% and 15.6-24.3% increase in
TGW, a 25.6-35.4% and 19.3-30.0% increase in GY, a 10.0-12.4% and 12.0-13.6% increase in
BY, and a 16.5-26.2% and 7.6-18.6% increase in HI. Additionally, there was a decrease in
the NUFG by 30.7-44.8% and 40.1-41.0% in Giza 178 and Giza 179, respectively, compared
to the control treatment. Similarly, the application of different CO, + K source compounds
resulted in a 10.6-12.7% and 8.7-11.3% increase in PH, 14.3-23.8%, and 8.4-20.8% increase
in PN, 11.9-22.4% and 8.4-15.8% increase in PL, 15.2-30.6% and 10.8-17.4% increase in
PW, 12.4-19.9% and 15.8-22.2% increase in the NFG, 16.0-23.5% and 15.1-23.8% increase in
TGW, 24.2-33.3% and 22.6-31.6% increase in GY, 12.3-14.5% and 10.0-11.4% increase in BY,
and 12.7-21.9% and 14.0-22.8% increase in HI. Additionally, there was a decrease in the
NUFG by 45.3-49.8% and 25.1-33.7% when applying these compounds before and after
heading, respectively (Figures 7 and 8).
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Figure 6. Influences of genotype, foliar application timing, and foliar CO; + K source compounds
on grain yield and other yield components in two seasons (n = 3 & SE). The letters and bars on the
top of each column represent significant differences at the 0.05 level based on Tukey’s HSD test and
standard error (SE), respectively. The lowercase letters belong to the first season, and the uppercase
letters belong to the second season.
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3.2. Relationships Between Different Parameters for Each Experimental Factor

A Pearson correlation analysis was performed to investigate the relationships be-
tween all parameters for each experimental factor, as shown in Figures 9 and 10. In both
genotypes, most parameters were strongly correlated with each other, except for E, which
did not show significant correlations with other parameters in Giza 178. However, E
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showed strong correlations with pigment contents (r = 0.84-0.94), A and RWC parameters
(r =0.72-0.96), GY (0.74), BY (0.82), and certain yield components such as PH (0.72), PN
(0.87), PL (0.92), and the NUFG (—0.76) in Giza 179. Additionally, in Giza 178, the NGF
showed strong correlations with all parameters (r = 0.74-0.93) except Chl b and E. In Giza
179, it exhibited strong correlations only with Chla (0.84), Chlt (0.78), PN (0.72), PW (0.81),
NUFG (—0.89), TGW (0.99), GY (0.74), and BY (0.78). Furthermore, in both genotypes, PW
showed strong correlations with pigment contents (r = 0.76-0.84) and GY and its compo-
nents (r = 0.75-0.93). However, it did not show a significant correlation with photosynthetic
and RWC parameters, except for WUEi and RWC, which showed a significant correlation
with PW only in the Giza 178 genotype (Figure 9).
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Figure 9. Pearson’s correlation matrix between different parameters across two seasons in geno-
types (Giza 178 and Giza 179) and application time of CO, + K source compounds (before and after
heading) factors. The different abbreviations used in this figure are as follows: Chla = chlorophyll-
a; Chlb = chlorophyll-b; Chlt = total chlorophyll; Car = carotenoid; A = Net photosynthetic rate;
gs = Stomatal conductance; E = Transpiration rate; WUEi = Intrinsic water use efficiency; RWC = rela-
tive water content; PH = plant height; PN = panicle number per plant; PL = panicle length; PW = pan-
icle weight; NFG = number of filled grains per panicle; NUFG = the number of unfilled grains per
panicle; TGW = thousand-grain weight; GY = grain yield per ha; BY = biological yield per ha; and
HI = harvest index.



Agronomy 2024, 14, 2850

18 of 28

—cc & =) = |
56568<5uSEEEaE s 200mT WS EA LR 205hT
Chla ® 00 00e® - -0+e00ee - oo+’ o0+ 00000000’
Chb OO0 00OV ® VDGO 92000 000000
Chit P9 09 +* ® - 00090+ +90® 75 e - 000 - -0000000® .75
Car O900 0 -0c000¢ -000 O+ 000 - 0000000
AG® - -©-00000+-00+ 0 . 90 -+00- 0000 N, .
»Sgtessasesssesll $3aoregtatesesll’
L 3 . O * L ] £
WUEI @+ ®+» 0000000 25 WUEI @@+ - @+ - o+ + o 025
RWC doooeoo0o0do oo RWC 900 +90@+20 -
PH @« - - 0000000 R o PH ©® - 000 ee®o [l o
pNPL.: - e @ PNPL.‘OOOO..:
o o P e o o e o o o @ -
Control P oveoeooe B K,CO, PW ®eo®-0o®o %
NiZel XXX X X NFGC 00900
NUFG 0 000® 05 NUFGC doo®e @05
TGW @00 & TGW ®® e ®
GY 99 Bo7s GY 90O BRo s
BY @& BY ®e
H®R H®Nl
— — ©
ccc® 2 =
5668<8u2EEEE 22060 T 2R EEaE 20 nT
Chla ®000e - ® -+ eee oeoo s [ ’ os s Deoe 00000 '
Chb OO0O®e®ee0e 6 o009 e » 00000000 -00O
Chit @90+ @+ +eee ®o® e o 75 0o 0O 0OO0OOOO® 075
Car 99+ 00000 o000 e R oy r X x x
N O L LX) L0 eDOo W . o+ 00000000, .
gsE.;.OOOO c 9@ ) 00000 0beoso0oe )
o|- @@ SO0 o o @ me - e HDOOO
WUEI ®®eee - oo o o5 | OO0 00O - 000 B2
RWC ®eo0® 900 RWC @ e @ OO e+ s o
PH ®@®e® 3 rrd X PH @@ ®@ec000 o
PN ®® o90e PN 0000 +000
rsssssss ) tP83s 388 o
Ethanol NFC 9§ O®®+® » Lithovite NFG @@ ¢ e e e
NUFGC ® 00 @ e |05 NUFC ®eso00® o5
TGW @e® - TGW @eee
GY 909 Ros GY 90O BRo7s
BY @@ BY @®
H®R H®R

Figure 10. Pearson’s correlation matrix between different parameters across two seasons in different

CO; + K source compounds factor. The different abbreviations used in this figure are as follows:
Chla = chlorophyll-a; Chlb = chlorophyll-b; Chlt = total chlorophyll; Car = carotenoid; A = Net
photosynthetic rate; gs = Stomatal conductance; E = Transpiration rate; WUEi = Intrinsic water

use efficiency; RWC = relative water content; PH = plant height; PN = panicle number per plant;

PL = panicle length; PW = panicle weight; NFG = number of filled grains per panicle; NUFG = number

of unfilled grains per panicle; TGW = thousand-grain weight; GY = grain yield per ha; BY = biological

yield per ha; and HI = harvest index.

The results in Figure 9 indicate strong correlations among all parameters in both
the application time of CO; + K source compounds (before and after heading), with a
few exceptions. For instance, E did not show significant correlations with GY and its
components in both application times, except for GY in the before heading application
time and PN and PL in the after heading application time, which showed correlations
with E. Additionally, E exhibited strong correlations with pigment contents and A in both
application times and with gs and RWC only in the after-heading application time. The
NUFG did not show significant correlations with A, gs, and E in both application times.
At the same time, it displayed a strong negative correlation with PH (—0.97), PN (—0.82),
and PL (—0.78) when CO, + K source compounds were applied before heading, not after
heading. PW, NFG, and TGW did not show significant correlations with photosynthetic
parameters (A, gs, E, and WUWi) when CO; + K source compounds were applied before
heading. However, when applied after heading, they exhibited strong correlations with A
(r =0.73-0.84) and WUE:i (r = 0.87-0.95) (Figure 9).

The strength correlations between different parameters also depended on the various
CO; + K source compounds. Generally, the most studied parameters were strongly corre-
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lated with each other in Ethanol and KC treatments, followed by Lithovite. However, few
parameters showed a strong correlation with each other in the control treatment (Figure 10).
Various pigment contents and photosynthetic parameters were strongly correlated with
GY and most yield components in treatments treated with different CO, + K source com-
pounds. Only Chlb, gs, and E showed strong correlations with GY in the control treatment.
In the control treatment, the various pigment contents and photosynthetic parameters were
more strongly correlated with the NFG than the NUFG. In contrast, the opposite trend was
observed in the Lithovite treatment. However, the Ethanol and KC treatments showed
strong correlations with both the NGF and the NUFG (Figure 10).

3.3. An Overview of the Association Between Various Agro-Physiological Parameters and
Experimental Factors

The performance of agro-physiological parameters under different interactions be-
tween three experimental factors (genotypes, application time, and CO, + K source com-
pounds) was visualized through heatmap clustering (Figure 11a). The heatmap categorized
the agro-physiological parameters into four clusters and the different experimental treat-
ments into three clusters. E and the NUFG were in separate clusters (cluster C and cluster D,
respectively). Pigment contents, except Chla, NGF, PW, and TGW, were grouped together
in cluster B. The remaining parameters, including GY and most photosynthetic parameters
and yield components, were grouped together in cluster A. The treatments involving Liv
application before heading for both genotypes (Liv-B-V1 and Liv-B-V2) and Eth or KC
application before heading for Giza 179 (Eth-B-V2 and KC-B-V2) were grouped together
in group IL. This group showed the highest values for most parameters of cluster A and
cluster B and the lowest values for the NUFG. The value of E in this group was higher in
Eth-B-V2 and Liv-B-V2 and moderate in Liv-B-V1 and KC-B-V2. On the other hand, the
four control treatments (C-B-V1, C-B-V2, C-A-V1, and C-A-V2) and treatments involving
Eth or KC application after heading for Giza 178 (Eth-A-V1 and KC-A-V1) were grouped
in group I. Interestingly, group I displayed a reverse trend compared to group II, with the
lowest values for cluster A, cluster B, and cluster C parameters and the highest values for
the NUFG. The treatments that involved applying Liv after heading for both genotypes
(Liv-A-V1 and Liv-A-V2) and applying Eth or KC before heading to Giza 178 (Eth-B-V1
and KC-B-V1) or after heading to Giza 179 (Eth-A-V2 and KC-A-V2) were combined in
Group III. This group displayed intermediate values for all parameters compared to Group
1 and Group 2 treatments (Figure 11a).

The association between different agro-physiological parameters and experimental
treatments was examined using principal component analysis (PCA) (Figure 11b). The PCA
biplot shows that the first component (PC1) and a second component (PC2), which have
eigenvalues greater than one, explain most of the total parameter variability, accounting for
80.1% and 6.5% of the total variability, respectively. Additionally, the PCA biplot clearly
differentiates between all parameters and experimental treatments. PC1 is strongly and
positively correlated with all parameters except the NUFG, which exhibits a negative
relationship with PC2. Notably, the physiological parameters, such as chlorophyll contents
and photosynthetic parameters, were closely associated with treatments involving Liv
application before heading for Giza 179 (Liv-B-V2) or after heading for both genotypes
(Liv-A-V1 and Liv-A-V2), as well as Eth application before heading for both genotypes
(Eth-B-V1 and Eth-B-V2) and after heading for Giza 178 (Eth-A-V1). On the other hand,
grain yield (GY) and its components, except the NUFG and RWC, were closely linked to the
Liv application before heading for Giza 178 (Liv-B-V1) and KC application before heading
for both genotypes (KC-B-V1 and KC-B-V2) and after heading for Giza 179 (KC-A-V2)
(Figure 11b).
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Figure 11. (a) Clustering heatmap categorizing different agro-physiological parameters and var-
ious experimental treatments for easy visualization. (b) Biplot of the first two components of
principle component analysis shows the relationships between different agro-physiological param-
eters and experimental treatments. The different abbreviations used in this figure are as follows:
Chla = chlorophyll-a; Chlb = chlorophyll-b; Chlt = total chlorophyll; Car = carotenoid; A = Net
photosynthetic rate; gs = Stomatal conductance; E = Transpiration rate; WUEi = Intrinsic water use
efficiency; RWC = relative water content; PH = plant height; PN = panicle number per plant; PL = pan-
icle length; PW = panicle weight; NFG = number of filled grains per panicle; NUFG = number of
unfilled grains per panicle; TGW = thousand-grain weight; GY = grain yield per ha; BY = biological
yield per ha; and HI = harvest index. A, B, C, and D represent the trait groups, while I, II, and III
represent the experimental treatment groups.

4. Discussion

Ensuring food security for a growing population requires enhancing rice production
not only in normal soils but also in salt-affected soils, where rice is commonly used as
a pioneer crop to rehabilitate these lands. However, rice is generally known to be salt-
sensitive. Its yield tends to decrease by 12% for each unit increase in electrical conductivity
of saturated soil extract (ECe) above 3 dS m~! [52]. The ECe of 6 dS m~! reduced the rice
grain yield by 50% [53]. Additionally, moderate salinity stress (NaCl less than 50 mM) can
result in a significant reduction in several plant growth and yield parameters of rice, such
as biomass accumulation, tiller, and panicle numbers, spikelets per panicle, grain-filling
percentage, and grain yield. On the other hand, severe stress (NaCl more than 100 mM)
can lead to the death of rice plants before they reach maturity or a substantial decrease
in grain yield, even in salt-tolerant genotypes [10]. For instance, Zayed et al. [54] found
that the grain yield of salt-tolerant Giza 178 genotypes decreased from 9.45 ton ha~! in
non-saline soils to 4.35 ton ha~! in saline soils with an EC of 8.4 dS m~! (80 mM NaCl). In
this study, various treatments were assessed in saline soil with an ECe ranging from 7.90 to
8.20 dSm~! and a pH of 8.25 (Table 1). This indicates that this soil falls under the category
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of moderately saline (EC4—8 dS/m), which is roughly equivalent to 40 to 80 mM NacCl,
as reported by Mondal et al. [55]. Therefore, with the application of proper agronomic
techniques, these soils can be utilized more effectively for rice production.

Generally, salinity stress disrupts a variety of physiological processes at different
plant levels, leading to a significant reduction in plant growth and yield. The closing of
stomata and limitation of CO, uptake are significant adverse effects of salt stress, resulting
in reduced photosynthesis efficiency and disruption of the Calvin cycle’s carbon reduction
process. This disruption hinders the oxidation of NADP+, an essential electron acceptor in
photosynthesis [10,56,57]. Furthermore, salinity stress leads to plants accumulating high
levels of sodium (Na*) and chloride (C1™) ions while reducing the uptake and transport of
potassium (K*) and magnesium (Mg?*) [6,9]. The excess Na* and CI~ hinder chlorophyll
production by lowering chlorophyll levels or speeding up its breakdown. Furthermore,
Mg?* is crucial for chlorophyll synthesis. Its deficiency can reduce the production of photo-
synthetic pigments by affecting enzyme activities and hindering chlorophyll biosynthesis
in plants [10,57,58]. Potassium is essential for reducing oxidative stress and regulating
stomatal function to maintain a balance between CO, absorption and water vapor release.
Therefore, a deficiency in K* can negatively impact CO, fixation, assimilate transport, and
cause damage to membranes and chlorophyll [44,45,57,59]. The abovementioned negative
impacts of salinity stress on physiological and biochemical processes lead to a notable
reduction in key agro-physiological parameters. This could explain why untreated plants
in this study showed lower values for all studied parameters than those treated with
compounds for CO; + K sources (Figures 1-8).

Because stomatal closure is a common response to salinity stress, which leads to a
decrease in CO, entry into leaves and photosynthetic capacity, elevated CO, levels may
mitigate these negative effects and enhance plant growth and productivity, especially in
C; plants. Previous studies have shown that elevated CO; levels can improve leaf photo-
synthesis, plant growth, and yield in C3 plants when they are stressed. This improvement
is attributed to the increased activity of the Rubisco enzyme, which is not fully saturated
at current atmospheric CO; levels [15,16,60]. Elevated CO; levels also reduce CO, losses
from photorespiration by inhibiting oxygenation by Rubisco, leading to increased carbon
assimilation for plant growth and development [17-19]. Elevated CO, levels reduce water
loss through transpiration by decreasing stomatal conductance and transpiration rates. As
a result, plants can use water more efficiently under stress conditions [61]. These various
physiological adjustments lead to increased leaf photosynthesis rates, ultimately promoting
better plant growth and higher crop yields in stressed plants. Studies have demonstrated
that elevated levels of CO; result in a 15-41% increase in the production of C3 plants,
whereas Cy4 plants only achieve a 5-10% enhancement [23-25]. Interestingly, elevated CO,
levels generally led to increased growth and yield of several field crops. However, this
enhancement was more pronounced under stressful conditions than under non-stressful
conditions [26-28].

Raising ambient CO; levels in open fields on a large scale is costly and impractical. A
more cost-effective approach involves foliar spraying compounds like lithovit and ethanol
directly onto plant leaves. These compounds break down and release CO; inside the leaf
intercellular, providing plants with the necessary CO, for photosynthesis. This process
boosts light-saturated photosynthesis in C3 plants, improving photosynthesis efficiency
and ultimately enhancing crop growth and yield under stress conditions [34—40,62]. In
this study, foliar spraying of Liv and Eth (a carbon foliar fertilizer) significantly enhanced
various agro-physiological parameters, regardless of genotypes and application time, com-
pared to the untreated treatment. The application of Liv increased pigment contents by
19.6-29.6% (Figure 1), photosynthetic parameters by 12.5-37.9% (Figure 3), and yield and
its components by 12.0-32.5% (Figures 5 and 6), while it decreased the NUFG by 42.0%
(Figure 6), when compared with untreated treatment. Similarly, Maswada and Abd EI-
Rahman [63] found that foliar spraying of Liv (a nano-CaCOj3) significantly increased total
chlorophyll and carotenoids contents, ion contents, growth parameters, yield, and yield
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components of wheat under salinity stress. It also increased the total chlorophyll content,
plant dry wheat, and leaf area of tomatoes under salinity conditions [64]. Sorour et al. [62]
also found that the foliar application of Liv significantly enhanced various parameters
related to growth, yield, and quality of sugar beet crops under salinity stress conditions.
Additionally, Gomaa et al. [65] found that the growth of salt-stressed green bean plants, in-
cluding plant dry weight and leaf area, was promoted by foliar spraying with Liv. Lithovit
has been proven to boost crop production by up to 50% in certain crops by counteracting
the harmful effects of abiotic stress on their physiological and chemical processes [34-36,66].
These findings indicate that using Liv through foliar spraying can be a cost-effective and
sustainable way to enhance rice growth and yield in saline soils. Lithovit stays on the leaf
surface and gets absorbed when dew moistens it, leading to increased CO, levels in the
plant leaf. This boosts photosynthesis, plant physiology, growth, and yield, especially in
stressful conditions.

This study also found that foliar spraying with lithovit was more effective in im-
proving agro-physiological traits than Eth and KC (Figures 1, 3, 5 and 6). This could be
attributed to the lithovit compound also containing various macro- and micro-nutrients
such as Mg, Ca, Fe, Zn, and Si, which are involved in several physiological processes
within plant cells. Therefore, these nutrients offer additional protection against the neg-
ative impacts of salinity stress on plant growth, physiology, and yield. These nutrients
help mitigate the negative effects of salinity stress by preserving membrane integrity and
stability, protecting chloroplast structure and functions, maintaining photosynthetic and
enzyme activity, facilitating osmotic adjustment, regulating stomatal function, aiding in the
transport of photoassimilates, promoting chlorophyll synthesis, and serving as functional,
structural, or regulatory cofactors for numerous enzymes [67-70].

Ethanol is also a cost-effective compound, priced at $1.0 for 26.5 L of 20 mM ethanol,
that can be used as a source of CO, to enhance photosynthesis efficiency under various
abiotic stress conditions. When ethanol is sprayed on foliage, it breaks down into CO,
within the leaf mesophyll, increasing the CO; to O, ratio. This improvement in ratio
enhances the photosynthesis rate and decreases photorespiration, particularly in C3 plants,
ultimately improving plant growth, physiology, and yield under stress conditions [38—43].
In this study, Eth’s foliar spraying significantly enhanced agro-physiological parameters,
regardless of genotypes and application time, compared to the control. The application of
Eth increased pigment contents, photosynthetic parameters, and yield and its components
by 14.4-23.7% (Figure 1), 10.9-32.0% (Figure 3), 11.2-23.5% (Figures 5 and 6), respectively,
while decreased the NUFG by 34.6% (Figure 6), when compared with control treatment.
This finding indicates that exogenous application of Eth could be a cost-effective and
sustainable approach to mitigate the harmful effects of salinity stress on rice’s physiological
and yield performance. Similarly, previous studies have shown that foliar spraying of
Eth can effectively alleviate the negative impacts of various abiotic stressors by increasing
CO, concentrations within the leaf and enhancing photosynthesis efficiency. It has been
shown to mitigate the effects of salinity and drought stress in soybean [38,40], salinity and
chilling stress in rice [41,43], heat stress in tomatoes [42], and drought stress in rice and
wheat [71]. For instance, in a study by Das et al. [38], it was found that treating soybean
plants with moderate (8 dS m~!) and high (16 dS m~!) salinity levels, along with 30 mM
ethanol, resulted in enhanced photosynthetic pigment contents, ion content (K* and Mg?*),
net photosynthetic rate, RWC, water use efficiency, leaf area, and plant biomass. This
ultimately led to improved growth performance of soybean plants, such as plant height
and plant dry weight, by 12.35% and 32.38%, respectively, compared to untreated plants.
Rahman et al. [40] also found that spraying ethanol (20 mM) on soybean plants improved
their growth performance under drought conditions. This was accomplished by increasing
photosynthetic pigment levels, gas exchange characteristics, RWC, plant biomass, and
leaf area.

One effective way to help plants deal with abiotic stress is by providing essential nu-
trients through foliar spraying. Previous studies have demonstrated that foliar application
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of potassium can mitigate the adverse effects of salinity stress on various crops [72-75].
Potassium is crucial for various plant metabolic processes, and the K* /Na* ratio is a reliable
indicator of salinity tolerance. Salinity stress can trigger the production of ROS, leading to
lipid peroxidation and potassium leakage from cells through potassium efflux channels [76].
Therefore, K is a vital macronutrient necessary for various plant functions under salinity
stress, such as osmotic adjustment, maintaining turgor, stabilizing cell membranes, and
regulating enzyme activation, protein synthesis, and cytoplasmic homeostasis. Previous
studies have shown that foliar spraying of K in the form of K-carbonate (K,CO3) or K-
bicarbonate (KHCO3) can help alleviate the adverse effects of abiotic stress on various
agro-physiological parameters [46,47,77]. Fortunately, these compounds are safe for both
humans and the environment, making them suitable for eco-friendly farming practices. In
this study, foliar spraying of KC resulted in improved pigment contents, photosynthetic
parameters, and yield and its components by 10.3-18.7%, 12.0-20.1%, and 9.7-24.9%, re-
spectively, compared to the control treatment (Figures 1, 3 and 5). KC was particularly
effective in reducing the NUFG compared to Liv and Eth compounds, with a 43.2% decrease
compared to the control (Figure 6). This indicates that K helps transfer photoassimilates for
grain development, reducing the NUFG, especially under salinity stress. Previous studies
have shown that maintaining sufficient K levels in stressed plants, which can be achieved
rapidly and effectively by foliar spraying K directly onto the leaves, helps minimize the
detrimental effects of stress, such as salinity and drought, on grain filling, yield, and yield
components when compared to plants lacking adequate K levels [77-79]. Therefore, ap-
plying K foliar to rice crops in the form of KC, which is highly soluble compared to other
forms of K [80], can be a key strategy to rapidly improve their salt tolerance.

The study’s results also showed that the impact of CO, + K source compounds in
enhancing the agro-physiological characteristics of rice in saline soils is influenced by the
timing of application and the salt tolerance of the rice varieties under treatment. Overall, the
compounds were more effective when applied before flowering rather than after, and they
had better results on the salt-tolerant genotype (Giza 179) compared to the salt-sensitive
genotype (Giza 178) (Figures 2, 4, 7 and 8). These results were confirmed by heatmap and
PCA analysis (Figure 11a,b), showing that it is highly recommended to apply CO, + K
source compounds to the leaves before heading to improve the physiological and yield
performance of rice in saline soil conditions. According to a study by Mahmoodi et al. [81],
foliar application of nutrients before the heading stage, i.e., “maximum tillering and panicle
initiation”, resulted in the highest values of several agro-physiological traits of rice plants.
Similarly, Kumar et al. [82] found that the optimal crop growth rate in rice was achieved
by applying nutrients foliar during the tillering and panicle initiation stages. Importantly,
most rice varieties accumulate most of their total dry matter (65-70%) during the vegetative
growth stages, with only 30-35% of dry matter accumulating after flowering [81]. These
findings can be attributed to plants achieving their peak size during the exponential
growth phase, and leaves have a high absorption capacity for foliar compounds. Therefore,
administering compounds through foliar application in both the vegetative and pre-heading
stages is more efficient and economical than after heading.

The higher values of various agro-physiological parameters in the salt-tolerant geno-
type Giza 179 compared to the salt-sensitive genotype may be attributed to differences in
their mechanisms of salinity tolerance. Salt-tolerant genotypes usually have higher photo-
synthesis rates, stomatal conductance, RWC, photosynthetic pigments, osmotic adjustment
ability, K* /Na™* ratio, lower Na* accumulation, increased productive tillers, larger root
systems, minimal reduction in GY, higher levels of soluble carbohydrates, and enhanced
activity of antioxidant enzymes [83-85]. These results indicate that using salt-tolerant
rice varieties along with foliar application of CO, + K source compounds at the right tim-
ing also plays a vital role in enhancing the physiological and yield performance of rice in
salt-affected soils. This finding was supported by heatmap and PCA analysis (Figure 11a,b).
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5. Conclusions

While rice is highly susceptible to salinity stress, it is commonly planted as a pioneer
crop to rehabilitate salt-affected mudflat soils. To improve the growth, physiology, and yield
of rice plants in these soils, specific integrated farming techniques must be implemented to
counteract the negative effects of salinity stress. The impact of various farming practices,
such as foliar application of CO; + K source compounds at different stages (before and
after heading) on two rice genotypes with varying salt tolerance, was assessed based on
various agro-physiological parameters. The study results showed that foliar spraying with
different CO, + K source compounds positively influenced pigment content, photosynthetic
efficiency, yield, and its components. However, it also led to a reduction in the NUFG
compared to untreated treatment. The efficacy of these compounds in achieving these
results was Liv > Eth > KC, except for the NUFG, where KC was more effective in reducing it
than Liv and Eth. The various CO; + K source compounds were more effective in improving
the agro-physiological parameters of rice when applied before flowering rather than after,
and they had a greater positive impact on the salt-tolerant genotype (Giza 179) compared to
the salt-sensitive genotype (Giza 178). In conclusion, the study suggests that utilizing CO, +
K source compounds at the appropriate timing and cultivating salt-tolerant rice varieties can
help mitigate the negative effects of salinity stress on rice. Farmers can increase rice yield
in salt-affected mudflat soils by adopting these integrated farming practices. Nevertheless,
a more extensive field study that includes a variety of crop species and varying levels of
salinity, as well as different application methods and concentrations of CO, + K source
compounds, particularly for Liv and Eth, would be required to confirm the positive effects
of these compounds in effectively addressing salinity problems. Additionally, other studies
need to explore how CO, + K source compounds affect intracellular CO, levels, CO,
diffusion, ion concentrations, and the function of antioxidant enzymes, which will be the
main focus of our upcoming research.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy14122850/s1, Table S1: Combined analysis of variance
(ANOVA) for the main effects of season (S), genotype (G), foliar application timing (FT), CO, + K
source compounds (CO; + K), and their different interaction on all studied traits.

Author Contributions: Conceptualization, S.E.-H., B.A.Z. and A.M.O.; methodology, B.A.Z., AM.O,,
MM.A, HA.G.,SM.A., DEE.-S,S.AS., AAG,SE. and S.E.-H.; software, B.A.Z.,S.E.-H., AM.O.,,
MM.A., HA.G,,SM.A,,D.EEE.-S,,S.AS., A.A.G., S.E. and Y.H; validation, B.A.Z., S.E.-H., AM.O.,
MM.A, HAG,SMA,DEE.-S,S.AS., AAG. and S.E. formal analysis, B.A.Z,; S.E-H., AM.O.,
MM.A, HAG.,SMA,DEE.-S,SAS., AAG, SE. and YH,; investigation, S.E-H., S.E., B.A.Z.
and A.M.O.; resources, B.A.Z.,S.E.-H.,, AM.O,, MM.A.,, HA.G.,,SM.A,, D.EE.-S,,S.AS.,, A A.G., S.E.
and Y.H.; data curation, B.A.Z., S.E.-H., AM.O.,, MM.A.,, HA.G.,,SM.A.,, D.EE.-S,,S.AS., A AG,,
S.E. and Y.H.; writing—original draft preparation, S.E.-H., B.A.Z. and A.M.O.; writing—review and
editing, S.E.-H. and Y.H.; visualization, S.E.-H., S.E., B.A.Z. and A.M.O,; supervision, S.E.-H., B.A.Z.
and A.M.O.; project administration, S.E.-H., B.A.Z. and A.M.O.; funding acquisition, S.E.-H. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Researchers Supporting Project number (RSPD2024R730),
King Saud University, Riyadh, Saudi Arabia.

Data Availability Statement: All data are presented within the article.

Acknowledgments: The authors acknowledge the Researchers Supporting Project number
(RSPD2024R730), King Saud University, Riyadh, Saudi Arabia.

Conflicts of Interest: The authors declare no conflicts of interest.


https://www.mdpi.com/article/10.3390/agronomy14122850/s1
https://www.mdpi.com/article/10.3390/agronomy14122850/s1

Agronomy 2024, 14, 2850 25 of 28

References

1.  FAOSTAT. Food and Agriculture Organization of the United Nations Statistics Database, Rome. 2021. Available online:
https:/ /www.fao.org/statistics /en (accessed on 15 February 2021).

2. Yuan, S.; Linquist, B.A.; Wilson, L.T.; Cassman, K.G.; Stuart, A.M.; Pede, V.; Miro, B.; Saito, K.; Agustiani, N.; Aristya, V.E.; et al.
Sustainable intensification for a larger global rice bowl. Nat. Commun. 2021, 12, 7163. [CrossRef] [PubMed]

3. Steinwand, M.A_; Ronald, P.C. Crop biotechnology and the future of food. Nat. Food 2020, 1, 273-283. [CrossRef]

4. Tian, Z.; Wang, ].W.; Li, J.; Han, B. Designing future crops: Challenges and strategies for sustainable agriculture. Plant J. 2021, 105,
1165-1178. [CrossRef] [PubMed]

5. Rengasamy, P. Soil processes affecting crop production in salt-affected soils. Funct. Plant Biol. 2010, 37, 613-620. [CrossRef]

6. El-Hendawy, S.E.; Hassan, WM.; Al-Suhaibani, N.A.; Refay, Y.; Abdella, K.A. Comparative performance of multivariable
agro-physiological parameters for detecting salt tolerance of wheat cultivars under simulated saline field growing conditions.
Front. Plant Sci. 2017, 8, 435. [CrossRef]

7. Wang, Z,; Fan, B.; Guo, L. Soil salinization after long-term mulched drip irrigation poses a potential risk to agricultural
sustainability. Eur. ]. Soil Sci. 2019, 70, 20-24. [CrossRef]

8.  Xu,Z,;Shao, T;Lv, Z,; Yue, Y,; Liu, A,; Long, X.; Zhou, Z.; Gao, X.; Rengel, Z. The mechanisms of improving coastal saline soils by
planting rice. Sci. Total Environ. 2020, 703, 135529. [CrossRef]

9.  Oyiga, B.C,; Sharma, R.C.; Shen, J.; Baum, M.; Ogbonnaya, E.C.; Léon, ]. Identification and characterization of salt tolerance of
wheat germplasm using a multivariable screening approach. J. Agron. Crop Sci. 2016, 202, 472—485. [CrossRef]

10. Rodriguez Coca, L.I; Garcia Gonzalez, M.T.; Gil Unday, Z.; Jiménez Hernandez, J.; Rodriguez Jauregui, M.M.; Fernandez Cancio,
Y. Effects of Sodium Salinity on Rice (Oryza sativa L.) Cultivation: A Review. Sustainability 2023, 15, 1804. [CrossRef]

11.  Arif, Y.; Singh, P; Siddiqui, H.; Bajguz, A.; Hayat, S. Salinity induced physiological and biochemical changes in plants: An omic
approach towards salt stress tolerance. Plant Physiol. Biochem. 2020, 16, 64-77. [CrossRef]

12. Shahid, M.A.; Sarkhosh, A.; Khan, N.; Balal, RM.; Alij, S.; Rossi, L.; Gémez, C.; Mattson, N.; Nasim, W.; Garcia-Sanchez, F.
Insights into the physiological and biochemical impacts of salt stress on plant growth and development. Agronomy 2020, 10, 938.
[CrossRef]

13. Plaut, Z.; Grieve, C.M.; Maas, E.V. Salinity effects on CO, assimilation and diffusive conductance of cowpea leaves. Physiol. Plant.
1990, 79, 31-38. [CrossRef]

14. Qiu, D.I; Lin, P; Guo, S.Z. Effects of salinity on leaf characteristics and CO,/H;O exchange of Kandelia candel (L.) Druce seedlings.
J. For. Sci. 2007, 53, 13-19.

15. Niaz, A,; Syed, S.Z.; Shahid, M. Alternative routes to improving photosynthesis in field crops. Trends Plant Sci. 2020, 25, 958-960.

16. Chang, Z.; Hao, L.; Lu, Y.; Liu, L.; Chen, C.; Shi, W,; Li, Y.; Wang, Y.; Tian, Y. Effects of elevated CO, concentration and
experimental warming on morphological, physiological, and biochemical responses of winter wheat under soil water deficiency.
Front. Plant Sci. 2023, 14, 1227286. [CrossRef]

17. Yu,].; Chen, L.; Xu, M.; Huang, B. Effects of elevated CO, on physiological responses of tall fescue to elevated temperature,
drought stress, and the combined stress. Crop. Sci. 2012, 52, 1848-1858. [CrossRef]

18.  Zhang, X.; Xu, D.; Guan, Z.; Wang, S.; Zhang, Y.; Wang, W.; Zhang, X; Fan, X,; Li, F;; Ye, N. Elevated CO, concentrations promote
growth and photosynthesis of the brown alga Saccharina japonica. ]. Appl. Phycol. 2020, 32, 1949-1959. [CrossRef]

19. Liu, L,; Hao, L.; Zhang, Y.; Zhou, H.; Ma, B.; Cheng, Y,; Tian, Y.; Chang, Z.; Zheng, Y. The CO; fertilization effect on leaf
photosynthesis of maize (Zea mays L.) depends on growth temperatures with changes in leaf anatomy and soluble sugars. Front.
Plant Sci. 2022, 13, 890928. [CrossRef]

20. Zheng, Y.; Li, E; Hao, L.H.; Yu, ].J.; Guo, L.L.; Zhou, HR.; Ma, C.; Zhang, X.; Xu, M. Elevated CO, concentration induces
photosynthetic down-regulation with changes in leaf structure, non-structural carbohydrates and nitrogen content of soybean.
BMC Plant Biol. 2019, 19, 255. [CrossRef]

21. Fan, X.D.; Cao, X.; Zhou, H.R.; Dong, W.; He, C.L.; Xu, M.; Wu, X.; Wang, L.; Chang, Z.; Zheng, Y. Carbondioxide fertilization
effect on plant growth under soil water stress associates with changes in stomatal traits, leaf photosynthesis, and foliar nitrogen
of bell pepper (Capsicum annuum L.). Environ. Exp. Bot. 2020, 179, 104203. [CrossRef]

22. Kazemi, S.; Eshghizadeh, H.R.; Zahed, M. Responses of four rice varieties to elevated CO, and different salinity levels. Rice Sci.
2018, 25, 142-151. [CrossRef]

23. Lotze-Campen, H.; Schellnhuber, H.J. Climate impacts and adaptation options in agriculture: What we know and what we don’t
know. J. Verbrauch. Lebensm. 2009, 4, 145-150. [CrossRef]

24. Shanker, A K.; Gunnapaneni, D.; Bhanu, D.; Vanaja, M.; Lakshmi, N.J.; Yadav, S.K.; Prabhakar, M.; Singh, V.K. Elevated CO; and
water stress in combination in plants: Brothers in Arms or Partners in Crime? Biology 2022, 11, 1330. [CrossRef]

25.  Vanaja, M,; Sarkar, B.; Sathish, P; Jyothi Lakshmi, N.; Yadav, S.K.; Mohan, C.H.; Sushma, A.; Yashavanth, B.S.; Srinivasa Rao, M.;
Prabhakar, M.; et al. Elevated CO, ameliorates the high temperature stress effects on physio biochemical, growth, yield traits of
maize hybrids. Sci. Rep. 2024, 14, 2928. [CrossRef]

26. Markelz, R.C;; Strellner, R.S.; Leakey, A.D. Impairment of C4 photosynthesis by drought is exacerbated by limiting nitrogen and
ameliorated by elevated [CO;] in maize. J. Exp. Bot. 2011, 62, 3235-3246. [CrossRef]

27. Manderscheid, R.; Erbs, M.; Weigel, H.-J. Interactive effects of free-air CO, enrichment and drought stress on maize growth. Eur.

J. Agron. 2014, 52, 11-21. [CrossRef]


https://www.fao.org/statistics/en
https://doi.org/10.1038/s41467-021-27424-z
https://www.ncbi.nlm.nih.gov/pubmed/34887412
https://doi.org/10.1038/s43016-020-0072-3
https://doi.org/10.1111/tpj.15107
https://www.ncbi.nlm.nih.gov/pubmed/33258137
https://doi.org/10.1071/FP09249
https://doi.org/10.3389/fpls.2017.00435
https://doi.org/10.1111/ejss.12742
https://doi.org/10.1016/j.scitotenv.2019.135529
https://doi.org/10.1111/jac.12178
https://doi.org/10.3390/su15031804
https://doi.org/10.1016/j.plaphy.2020.08.042
https://doi.org/10.3390/agronomy10070938
https://doi.org/10.1111/j.1399-3054.1990.tb05862.x
https://doi.org/10.3389/fpls.2023.1227286
https://doi.org/10.2135/cropsci2012.01.0030
https://doi.org/10.1007/s10811-020-02108-1
https://doi.org/10.3389/fpls.2022.890928
https://doi.org/10.1186/s12870-019-1788-9
https://doi.org/10.1016/j.envexpbot.2020.104203
https://doi.org/10.1016/j.rsci.2018.04.002
https://doi.org/10.1007/s00003-009-0473-6
https://doi.org/10.3390/biology11091330
https://doi.org/10.1038/s41598-024-53343-2
https://doi.org/10.1093/jxb/err056
https://doi.org/10.1016/j.eja.2011.12.007

Agronomy 2024, 14, 2850 26 of 28

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

Li, Y,; Zhang, P.; Sheng, W.; Zhang, Z.; Rose, R.].; Song, Y. Securing maize reproductive success under drought stress by harnessing
CO, fertilization for greater productivity. Front. Plant Sci. 2023, 14, 1221095. [CrossRef]

Attia, AN.E.; El-Hendi, M.H.; Hamoda, S.A.F.; El-Sayed, S.O.S. Effect of nanofertilizer (lithovit) and potassium on leaves chemical
composition of Egyptian cotton under different planting dates. J. Plant Prod. Mansoura Univ. 2016, 7, 935-942.

Morsy, A.S.M.; Awadalla, A.; Sherif, M.M. Effect of irrigation, foliar spray with nano-fertilizer (lithovit) and N levels on
productivity and quality of durum wheat under Toshka Conditions. Assiut J. Agri. Sci. 2018, 49, 1-26. [CrossRef]

Zorovski, P; Vlahova, V.; Sevov, A.; Georgieva, T. Effect of applied fertilizers on vegetative growth and soil respiration in
organically grown Triticum monococcum L. Sci. Pap. Ser. Manag. Econ. Eng. Agric. Rural. Dev. 2021, 21, 831-838.

Rout, G.R; Sahoo, S. Role of iron in plant growth and metabolism. Rev. Agri. Sci. 2015, 3, 1-24. [CrossRef]

Nawaz, F; Shehzad, M.A.; Majeed, S.; Ahmad, K.S.; Agib, M.; Usmani, M.M.; Shabbir, R.N. Role of mineral nutrition in improving
drought and salinity tolerance in field crops. In Agronomic Crops Volume 3: Stress Responses and Tolerance; Hasanuzzaman, M., Ed.;
Springer: Singapore, 2020; pp. 129-147.

Byan, U.A L Influence of using some safety materials on water requirement and water use efficiency of snap bean plant. Arab.
Univ. ]. Agric. Sci. 2014, 22, 381-393. [CrossRef]

Moisa, R.; Berar, V. Researchers regarding the growth of tomato seedlings under different treatments with natural fertilizers. J.
Hortic. For. Biotechnol. 2015, 19, 82-86.

Mohammed, EEM.A.; Meawad, A.A ; Elesawy, A.E.; Abdelkader, M.A.I. Maximizing land utilization efficiency and competitive
indices of roselle and cluster bean plants by intercropping pattern and foliar spray with lithovit. Saudi J. Biol. Sci. 2022, 29,
2886-2891. [CrossRef]

Moghadam, A.K.; Rokhzadi, A. Growth and yield parameters of safflower (Carthamus tinctorius) as influenced by foliar methanol
application under well-watered and water deficit conditions. Environ. Exp. Bot. 2015, 13, 93-97.

Das, A K,; Anik, T.R.; Rahman, M.M.; Keya, S.S.; Islam, M.R.; Rahman, M.A ; Sultana, S.; Ghosh, PX.; Khan, S.; Ahamed, T.; et al.
Ethanol treatment enhances physiological and biochemical responses to mitigate saline toxicity in soybean. Plants 2022, 11, 272.
[CrossRef]

Muhibuddin, A.; Maulana, Z; Salam, S.; Syamsia, S.; Reta, R.; Fattah, A. The effect of ethanol on potato growth and production at
moderate elevation. Res. Agri. Eng. 2022, 68, 113-119. [CrossRef]

Rahman, M.M.; Mostofa, M.G.; Das, A K.; Anik, T.R.; Keya, S.S.; Ahsan, S.M.; Khan, M.A.R.; Ahmed, M.; Rahman, M.A; Hossain,
M.M.; et al. Ethanol positively modulates photosynthetic traits, antioxidant defense and osmoprotectant levels to enhance
drought acclimatization in soybean. Antioxidants 2022, 11, 516. [CrossRef]

Kato-Noguchi, H. Low temperature acclimation mediated by ethanol production is essential for chilling tolerance in rice roots.
Plant Signal. Behav. 2008, 3, 202-203. [CrossRef]

Todaka, D.; Quynh, D.T.N.; Tanaka, M.; Utsumi, Y.; Utsumi, C.; Ezoe, A.; Takahashi, S.; Ishida, J.; Kusano, M.; Kobayashi, M.; et al.
Application of ethanol alleviates heat damage to leaf growth and yield in tomato. Front. Plant Sci. 2024, 15, 1325365. [CrossRef]
Nguyen, H.M.; Sako, K.; Matsui, A.; Suzuki, Y.; Mostofa, M.G.; Ha, C.V,; Tanaka, M.; Tran, L.-S.P; Habu, Y.; Seki, M. Ethanol
enhances high-salinity stress tolerance by detoxifying reactive oxygen species in Arabidopsis thaliana and rice. Front. Plant Sci.
2017, 8, 1001. [CrossRef] [PubMed]

Marschner, H. Marschner’s Mineral Nutrition of Higher Plants, 3rd ed.; Academic Press: London, UK, 2012; pp. 178-189.
Hasanuzzaman, M.; Bhuyan, M.H.M.B.; Nahar, K.; Hossain, M.S.; Mahmud, J.A.; Hossen, M.S.; Masud, A.A.C.; Moumita; Fujita,
M. Potassium: A vital regulator of plant responses and tolerance to abiotic stresses. Agronomy 2018, 8, 31. [CrossRef]

Burbulis, N.; Vainoriene, R.; Blinstrubiené, A.; Jonytiene, V.; Liakas, V. Effect of potassium bicarbonate on photosynthetic
parameters of Setaria viridis under drought conditions. Zemdirb.-Agric. 2017, 104, 79-84. [CrossRef]

Li, Y.C.; Hao, ].J. The effect of KHCO3 on photosynthesis of eggplant seedlings. Adv. Mater. Res. 2013, 634, 1129-1134. [CrossRef]
Cottenie, A.; Verloo, M.; Velghe, M.; Camerlynck, R. Chemical Analysis of Plant and Soil. In Manual Laboratory of Analytical and
Agrochemistry; Ghent State University Press: Ghent, Belgium, 1982.

Burt, R. Soil Survey Laboratory Manual Report No. 42 USDA, National Resources Conservation Service; 1100; United States Department
of Agriculture: Washington, DC, USA, 2004.

Arnon, D.I. Copper enzymes in isolated chloroplasts. Polyphenoloxidase in Beta vulgaris. Plant Physiol. 1949, 24, 1-15. [CrossRef]
[PubMed]

Lichtenthaler, H.K.; Wellburn, A.R. Determinations of total carotenoids and chlorophylls a and b of leaf extracts in different
solvents. Biochem. Soc. Trans. 1983, 11, 591-592. [CrossRef]

Hanson, B.; Grattan, S.R.; Fulton, A. Agricultural Salinity and Drainage; University of California, Division of Agriculture and
Natural Resources, UC DANR Pub: Oakland, CA, USA, 1999; Volume 3375, 160p.

Djaman, K.; Mel, V.; Boye, A_; Diop, L.; Manneh, B.; El-Namaky, R.; Koudahe, K.; Futakuchi, K. Rice genotype and fertilizer
management for improving rice productivity under saline soil conditions. Paddy Water Environ. 2020, 18, 43-57. [CrossRef]
Zayed, B.A.; Amira, M.O.; Rashwan, E. Impact of different rates of phosphoric acid foliar spraying on rice growth and yield traits
under normal and saline soils conditions. East Afr. Sch. ]. Agric. Life Sci. 2019, 2, 56-66.

Mondal, K.M.; Bhuiyan, S.I.; Franco, D.T. Soil salinity reduction and prediction of salt dynamics in the coastal rice lands of
Bangladesh. Agric. Water Manag. 2001, 47, 9-23. [CrossRef]


https://doi.org/10.3389/fpls.2023.1221095
https://doi.org/10.21608/ajas.2018.14899
https://doi.org/10.7831/ras.3.1
https://doi.org/10.21608/ajs.2014.14743
https://doi.org/10.1016/j.sjbs.2022.01.026
https://doi.org/10.3390/plants11030272
https://doi.org/10.17221/45/2021-RAE
https://doi.org/10.3390/antiox11030516
https://doi.org/10.4161/psb.3.3.5542
https://doi.org/10.3389/fpls.2024.1325365
https://doi.org/10.3389/fpls.2017.01001
https://www.ncbi.nlm.nih.gov/pubmed/28717360
https://doi.org/10.3390/agronomy8030031
https://doi.org/10.13080/z-a.2017.104.011
https://doi.org/10.4028/www.scientific.net/AMR.634-638.1129
https://doi.org/10.1104/pp.24.1.1
https://www.ncbi.nlm.nih.gov/pubmed/16654194
https://doi.org/10.1042/bst0110591
https://doi.org/10.1007/s10333-019-00763-w
https://doi.org/10.1016/S0378-3774(00)00098-6

Agronomy 2024, 14, 2850 27 of 28

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Zhang, ].; Jia, W.; Yang, J.; Ismail, A.M. Role of ABA in integrating plant responses to drought and salt stresses. Field Crops Res.
2006, 97, 111-119. [CrossRef]

Muhammad, J.; Muhammad, A.; Noor, S.A.; Muhammad, Y.; Javaid, I; Xiuling, L.; Depeng, W.; Shah, F. Modulation in growth,
gas exchange, and antioxidant activities of salt-stressed rice (Oryza sativa L.) genotypes by zinc fertilization. Arab. J. Geosci. 2019,
12,775.

Wang, M.; Zheng, Q.; Shen, Q.; Guo, S. The critical role of potassium in plant stress response. Int. . Mol. Sci. 2013, 14, 7370-7390.
[CrossRef] [PubMed]

Cakmak, I. The role of potassium in alleviating detrimental effects of abiotic stresses in plants. J. Plant Nutr. Soil Sci. 2005, 168,
521-530. [CrossRef]

Arndal, M.F,; Schmidt, I.K.; Kongstad, J.; Beier, C.; Michelsen, A. Root growth and N dynamics in response to multi-year
experimental warming, summer drought and elevated CO, in a mixed heath land-grass ecosystem. Funct. Plant Biol. 2014, 41,
1-10. [CrossRef]

Keshav, D.; Vicki, L.K.; William, C.P.; Norman, P.A.H. Enhancement of photosynthetic performance, water use efficiency and grain
yield during long-term growth under elevated CO; in wheat and rye is growth temperature and cultivar dependent. Environ.
Exp. Bot. 2014, 106, 207-220.

Sorour, S.G.H.R.; Mosalem, M.E.; Abotaleb, A.A.N.; Gharieb, A.S. Alleviation of salt-stress on sugar beet (Beta vulgaris L.) using
molasses, humic, and nano-CaCOj3. App. Ecol. Environ. Res. 2021, 19, 4923-4939. [CrossRef]

Maswada, H.F.; Abd El-Rahman, L.A. Inducing salinity tolerance in wheat plants by hydrogen peroxide and lithovit “a nano-
CaCO; fertilizer”. J. Agric. Res. Kafr EI-Sheikh Univ. 2014, 40, 696-719.

Shaban, N.; Rizkallah, J.; Sassine, Y.N. Performance of salt-stressed tomato crop as affected by nano-CaCO3, glycine betaine, MKP
fertilizer and aspirin application. Agric. For. 2019, 65, 19-27.

Gomaa, R.; Tantawy, A.; El-Behairy, U.; El-Shinawy, M. Effect of nano-calcium and nano-silicon compounds on salinity tolerance
for green bean plants. In Proceedings of the Twelfth International Dryland Development Conference, ‘Sustainable Development
of Drylands in the Post 2015 World’, Alexandria, Egypt, 21-24 August 2017; International Dryland Development Commission
(IDDQ): Cairo, Egypt, 2017; pp. 252-263.

Abd El-All, A M. Nano-Fertilizer application to increase growth and yield of sweet pepper under potassium levels. Agri. Res.
Technol. Open Access J. 2019, 19, 145-156. [CrossRef]

Schmidt, S.B.; Husted, S. The Biochemical properties of manganese in plants. Plants 2019, 8, 381. [CrossRef]

Ashraf, M.Y,; Tariq, S.; Saleem, M.; Khan, M.A; Hassan, S.W.U.; Sadef, Y. Calcium and zinc mediated growth and physiobiochem-
ical changes in mung bean grown under saline conditions. J. Plant Nutr. 2020, 43, 512-525. [CrossRef]

Mostofa, M.G.; Rahman, M.M.; Ghosh, T.K.; Kabir, A.H.; Abdelrahman, M.; Khan, M.A.R.; Mochida, K.; Tran, L.S.P. Potassium in
plant physiological adaptation to abiotic stresses. Plant Physiol. Biochem. 2022, 186, 279-289. [CrossRef] [PubMed]

Kumari, V.V,; Banerjee, P.; Verma, V.C.; Sukumaran, S.; Chandran, M.A.S.; Gopinath, K.A.; Venkatesh, G.; Yadav, S.K.; Singh, VK,;
Awasthi, N.K. Plant nutrition: An effective way to alleviate abiotic stress in agricultural crops. Int. J. Mol. Sci. 2022, 23, 8519.
[CrossRef] [PubMed]

Bashir, K.; Todaka, D.; Rasheed, S.; Matsui, A.; Ahmad, Z.; Sako, K.; Utsumi, Y.; Vu, A.T.; Tanaka, M.; Takahashi, S.; et al.
Ethanol-mediated novel survival strategy against drought stress in plants. Plant Cell Physiol. 2022, 63, 1181-1192. [CrossRef]
Zheng, Y,; Jia, A.; Ning, T.; Xu, J.; Li, Z,; Jian, G. Potassium nitrate application alleviates sodium chloride stress in winter wheat
cultivars differing in salt tolerance. J. Plant Physiol. 2008, 165, 1455-1465. [CrossRef]

Fayez, K.A ; Bazaid, S.A. Improving drought and salinity tolerance in barley by application of salicylic acid and potassium nitrate.
J. Saudi Soc. Agric. Sci. 2014, 3, 45-55. [CrossRef]

Merwad, A.RM.A. Efficiency of potassium fertilization and salicylic acid on yield and nutrient accumulation of sugar beet grown
on saline soil. Commun. Soil Sci. Plant Anal. 2016, 47, 1184-1192. [CrossRef]

Akram, M.S.; Ashraf, M.; Akram, N.A. Effectiveness of potassium sulfate in mitigating salt-induced adverse effects on different
physio-biochemical attributes in sunflower (Helianthus annuus L.). Flora 2009, 204, 471-483. [CrossRef]

Cuin, T.A.; Shabala, S. Compatible solutes reduce ROS induced potassium efflux in Arabidopsis roots. Plant Cell Environ. 2007, 30,
875-885. [CrossRef]

Naz, T.; Mazhar Igbal, M.; Tahir, M.; Hassan, M.M.; Rehmani, M.L.A.; Zafar, M.I.; Ghafoor, U.; Qazi, M.A.; EL Sabagh, A.; Sakran,
M.I Foliar application of potassium mitigates salinity stress conditions in spinach (Spinacia oleracea L.) through reducing NaCl
toxicity and enhancing the activity of antioxidant enzymes. Horticulturae 2021, 7, 566. [CrossRef]

Cha-um, S.; Siringam, K.; Juntawong, N.; Kirdmanee, C. Water relations, pigment stabilization, photosynthetic cabilities and
growth improvement in salt stressed rice plants treated with exogenous potassium nitrate application. Int. J. Plant Prod. 2010, 4,
187-198.

Islam, A.; Muttaleb, A. Effect of potassium fertilization on yield and potassium nutrition of Boro rice in a wetland ecosystem of
Bangladesh. Arch. Agron. Soil Sci. 2016, 62, 1530-1540. [CrossRef]

Bahamonde, H.A ; Pimentel, C.; Lara, L.A.; Bahamonde-Fernandez, V.; Fernandez, V. Foliar application of potassium salts to
olive, with focus on accompanying anions. Plants 2023, 12, 472. [CrossRef] [PubMed]

Mahmoodi, B.; Moballeghi, M.; Eftekhari, A.; Neshaie-Mogadam, M. Effects of foliar application of liquid fertilizer on agronomical
and physiological traits of rice (Oryza sativa L.). Acta Agrobot. 2020, 73, 7332. [CrossRef]


https://doi.org/10.1016/j.fcr.2005.08.018
https://doi.org/10.3390/ijms14047370
https://www.ncbi.nlm.nih.gov/pubmed/23549270
https://doi.org/10.1002/jpln.200420485
https://doi.org/10.1071/FP13117
https://doi.org/10.15666/aeer/1906_49234939
https://doi.org/10.19080/ARTOAJ.2019.19.556098
https://doi.org/10.3390/plants8100381
https://doi.org/10.1080/01904167.2019.1685098
https://doi.org/10.1016/j.plaphy.2022.07.011
https://www.ncbi.nlm.nih.gov/pubmed/35932652
https://doi.org/10.3390/ijms23158519
https://www.ncbi.nlm.nih.gov/pubmed/35955651
https://doi.org/10.1093/pcp/pcac114
https://doi.org/10.1016/j.jplph.2008.01.001
https://doi.org/10.1016/j.jssas.2013.01.001
https://doi.org/10.1080/00103624.2016.1166242
https://doi.org/10.1016/j.flora.2008.05.008
https://doi.org/10.1111/j.1365-3040.2007.01674.x
https://doi.org/10.3390/horticulturae7120566
https://doi.org/10.1080/03650340.2016.1157259
https://doi.org/10.3390/plants12030472
https://www.ncbi.nlm.nih.gov/pubmed/36771554
https://doi.org/10.5586/aa.7332

Agronomy 2024, 14, 2850 28 of 28

82. Kumar, R;; Singh, A.; Yadav, R.B.; Kumar, A.; Kumar, S.; Shahi, U.P; Singh, A.P. Growth, development and yield response of rice
(Oryza sativa L.) as influenced by efficient nitrogen management under subtropical climatic condition. J. Pharmacogn. Phytochem.
2017, 1, 791-797.

83. Liang, W.; Ma, X.; Wan, P; Liu, L. Plant salt-tolerance mechanism: A review. Biochem. Biophys. Res. Commun. 2018, 495, 286-291.
[CrossRef]

84. Chen, Y, Liu, Y,; Ge, J.; Li, R.;; Zhang, R.; Zhang, Y.; Huo, Z.; Xu, K.; Wei, H.; Dai, Q. Improved physiological and morphological
traits of root synergistically enhanced salinity tolerance in rice under appropriate nitrogen application rate. Front. Plant Sci. 2022,
13, 982637. [CrossRef]

85. Li, Z,; Zhou, T.; Zhu, K.; Wang, W.; Zhang, W.; Zhang, H.; Liu, L.; Zhang, Z.; Wang, Z.; Wang, B.; et al. Effects of salt stress on
grain yield and quality parameters in rice cultivars with differing salt tolerance. Plants 2023, 12, 3243. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.bbrc.2017.11.043
https://doi.org/10.3389/fpls.2022.982637
https://doi.org/10.3390/plants12183243

	Introduction 
	Materials and Methods 
	Experimental Site and Agricultural Practices 
	Experimental Design and Treatments 
	Measured Parameters 
	Physiological Parameters 
	Agronomic Parameters 

	Statistical Analysis 

	Results 
	Impacts of Experimental Factors on Different Parameters 
	Pigment Contents 
	Photosynthetic and Relative Water Content 
	Grain Yield and Yield Components 

	Relationships Between Different Parameters for Each Experimental Factor 
	An Overview of the Association Between Various Agro-Physiological Parameters and Experimental Factors 

	Discussion 
	Conclusions 
	References

