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Salinity has complex effects on plants, impacting many cellular and physiological systems. Plant roots absorb elevated
sodium ions (Na*) in the soil. Elevated concentrations of Na* alter the normal balance of ions within plant cells.
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| 1. Introduction

The increasing global human population and climate change pose a danger to food security. By the end of the next three
decades, there will be 9 billion people on the planet, and currently, the number of people facing hunger is estimated to be
at 690 million, or 11% of the world’s population. Moreover, estimates suggest that by 2050, there will be an 85% increase
in the global population, or over 2.7 billion people, who will require food. 2. Serious food problems will arise in the future
when these predictions are weighed against the decline in agricultural areas. Furthermore, crop productivity is a major
barrier to meeting future food demand, and is greatly threatened by pressures including increased drought, heavy
precipitation, high or low temperature, and salinity driven by climate change Bl The salinity problem is one of the longest-
lasting environmental pressures. About 33% of coastal areas are severely affected by salinity, a persistent stressor in the
soil, particularly in light of the rise in sea level during the last 25 years . Furthermore, saline is more noticeable in arid
and semi-arid areas. According to reports, during the past 30 years, there has been a strong correlation between rising
temperatures and falling precipitation in arid regions due to climate change. It is projected that excessive salinity issues
will affect almost half of all arable agricultural land by 2050 &,

Rice (Oryza sativa L.) is a crucial staple food for more than 50% of the global population. It is cultivated in over 113
countries, with Asian nations accounting for 90% of the world’s total production. Rice is the main source of calories in
underdeveloped and developing countries . Considering that the populations of Asian countries account for over 60% of
the global population, rice is a highly significant crop for ensuring food security. By the end of the century, it is projected
that more than 30% of rice fields will become saline due to soil salinity caused by earthquakes, tsunamis, and rising sea
levels. Recent research has indicated that coastal systems experience a significant detrimental impact (about 66%) due to
rising sea levels, leading to soil salinization . Modern farmed rice genotypes exhibited noticeable decreases in yield
when the salinity level surpassed a threshold of 3 dS m™ (30 mM NaCl), and the ability of salt-sensitive genotypes to
survive was compromised at 70 mM NacCl. Efforts have been focused on developing novel salt-tolerant rice genotypes,
resulting in some indications of progress &,

Salinity has complex effects on plants, impacting many cellular and physiological systems. Plant roots absorb elevated
sodium ions (Na*) in the soil . Elevated concentrations of Na* alter the normal balance of ions within plant cells. This
changes the typical homeostasis of ions between the cytoplasm and vacuole, resulting in osmotic stress 19, Osmotic
stress can lead to the dehydration of plant cells, which impacts cell turgor pressure and the general structure of the cell
and triggers the production of reactive oxygen species (ROS) 11, Elevated levels of Na* can also have a detrimental
effect on the photosynthetic apparatus. Sodium ions (Na*) disrupt the absorption and utilization of vital nutrients, such as
magnesium ions (Mg,*), crucial for forming chlorophyll 2. This interference can result in a decrease in chlorophyll levels
and a reduction in photosynthetic activity 13, As a result, the stress caused by high salt levels negatively impacts the
plant's overall yield, reducing crop productivity 141,

Plants have developed various strategies to deal with and mitigate the detrimental impacts of salt stress at the cellular
level. One of the processes is ion homeostasis, in which plants control the absorption, storage, and removal of ions,
particularly sodium (Na*) and chloride (CI7), to avoid the accumulation of harmful ions in the cytoplasm 12, Moreover,
antioxidant defense mechanisms are vital in eliminating reactive oxygen species (ROS) produced under salt stress and
safeguarding cellular structures and biomolecules against oxidative damage X2 The heightened activity of antioxidant
enzymes including catalase (CAT) and superoxide dismutase (SOD) supports this defensive mechanism L&, In addition,
plants can undergo morphological adaptations, such as alterations in root architecture, to improve water and nutrient



absorption under salt stress 4. However, a crucial approach plants employ is osmotic adjustment, wherein they store
suitable solutes, such as proline and sugars, to maintain cellular osmotic balance and facilitate water uptake 8],

| 2. Salinity Problem in Paddy Fields

High salinity levels present a notable obstacle for paddy fields, which are crucial for ensuring global food security as they
serve as the principal habitat for growing rice. Salinity is the accumulation of salts, specifically sodium chloride (NacCl), in
the soil and irrigation water 19 This can have negative effects on the growth and productivity of plants. Increased salinity
in paddy fields, where rice is cultivated in flooded conditions, can significantly harm agricultural sustainability, rural lives,
and food production. Gaining insight into the causes of salt issues in paddy fields is crucial for developing efficient
approaches to reducing the negative impact of salinity stress on rice farming 9. Salinity difficulties in paddy fields arise
from various variables, encompassing natural phenomena like seawater intrusion and geological processes, as well as
human actions such as inappropriate irrigation practices, land-use alterations, and climate change. To tackle salt issues in
paddy fields, a multidisciplinary strategy is necessary. This approach should combine scientific expertise, policy
interventions, and community involvement to support sustainable rice production and enhance resilience in environmental
difficulties. This entry aims to analyze the underlying causes of salinity issues in paddy fields and propose effective
remedies to alleviate the adverse effects of salinity stress on rice farming and agricultural sustainability 211,

Seawater intrusion is the main natural factor that leads to salt in paddy fields located in coastal locations. The increase in
sea levels, erosion of coastal land, and alterations in hydrological patterns worsen saltwater intrusion into freshwater
sources utilized for irrigation. Consequently, this results in elevated levels of salinity in paddy soils. In dry and semi-arid
environments, soil salinization can be influenced by geological variables such as rock weathering and mineral deposits.
This occurs when water evaporation rates surpass precipitation 22,

Human activities play a significant role in causing salt issues in paddy fields. Improper irrigation methods, such as
excessive groundwater extraction and surface water diversion, can lead to a decline in the water table and an increase in
soil salinity due to capillary rise and the deposition of salts 23, In addition, the use of saline water sources for irrigation,
inadequate drainage systems, and insufficient soil management practices can worsen salinity problems in paddy fields.
Soil salinization is also caused by changes in land use, deforestation, and urbanization, which disrupt hydrological cycles
and accelerate soil erosion 24,

Climate change worsens salinity issues in paddy fields by modifying precipitation patterns, elevating evaporation rates,
and amplifying extreme weather occurrences such as droughts and storms. Diminished freshwater availability and
elevated temperatures intensify soil salt buildup, especially in low-lying coastal areas and places facing water constraints.
Climate change also impacts the distribution of salt-tolerant plant species and worsens soil erosion and land degradation,
intensifying salinity problems in paddy fields (23],

Poor soil management approaches exacerbate salinity issues in paddy fields by disturbing soil structure, diminishing soil
fertility, and heightening susceptibility to salt accumulation. The excessive application of chemical fertilizers, incorrect
tillage methods, and failure to incorporate organic matter reduce the quality of the soil and its ability to withstand saline
stress 23, The process of soil compaction and erosion, and the reduction in soil organic carbon increases the infiltration
and retention of salt, resulting in lower rice yields and a decline in the quality of ecosystem services in paddy landscapes.

| 3. Effects of Salinity on the Physiological Development of Rice Plants

Salinity stress hampers multiple biochemical processes in rice plants, impacting their physiological growth. Elevated salt
levels in the soil and irrigation water disturb the osmotic equilibrium inside plant cells, resulting in water scarcity and
reduced absorption of water by roots 24, The osmotic stress induces the buildup of compatible solutes, such as proline,
glycine betaine, and carbohydrates. These solutes serve as osmoprotectants, preserving cellular turgor pressure and
osmotic equilibrium 28, In addition, the presence of high salt levels causes changes in the way mineral nutrients are
stored in rice plants, resulting in imbalances and deficits of critical ions, including potassium (K), calcium (Ca), and
magnesium (Mg) 2. The biochemical alterations hinder the growth and progress of plants, leading to diminished tillering,
leaf aging, and a decline in grain production in rice fields affected by salinity 2.

Salinity stress triggers alterations in enzyme activity in rice plants. These enzymes are crucial for perceiving stress,
transmitting signals, and developing systems to tolerate stress [28. Enzymes participating in antioxidant defense
mechanisms, such as superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), and ascorbate peroxidase (APX),
are increased in expression in reaction to salinity stress to eliminate reactive oxygen species (ROS) and safeguard



cellular components from oxidative harm 29, In addition, enzymes responsible for the synthesis of osmolytes, such as
pyrroline-5-carboxylate synthetase (P5CS) and betaine aldehyde dehydrogenase (BADH), are activated to produce
suitable solutes that help with osmotic adjustment and stress tolerance 9. Extended exposure to elevated salt levels can
affect the functioning of enzymes and hinder systems that enable stress tolerance in rice plants. This can result in
oxidative stress and harm cellular structures (27,

Salinity stress induces intricate genetic responses in rice plants, which entail activating stress-responsive genes and
regulatory mechanisms to augment stress tolerance and ensure survival B, Transcription factors, including bHLH, GRAS,
MADS, AP2/ERF, NAC, MYB, and bZIP, have essential functions in controlling the expression of stress-responsive genes
involved in osmotic adjustment, ion homeostasis, antioxidant defense, and hormone signaling pathways [22[33][34][35](36]
Moreover, discovering quantitative trait loci (QTLS) linked to salinity tolerance features facilitates marker-assisted breeding
and genetic engineering methods to create salt-resistant rice varieties 4. Manipulating crucial genes related to stress
perception, ion transport, and osmolyte production pathways can increase salinity tolerance and raise rice productivity in
saline-affected areas [8l,

Rice plants display diverse physiological adaptations to manage salinity stress, encompassing alterations in water
relations, ion absorption and transportation, photosynthesis, and carbon metabolism 22, Rice plants reduce stomatal
conductance and transpiration rates to minimize water loss and preserve cellular hydration. This response to salinity
stress conditions results in stomatal closure and decreased photosynthetic activity (Figure 1). Rice plants possess salt-
excluding systems, such as ion exclusion from roots, ion compartmentalization in vacuoles, and tissue tolerance
mechanisms. These processes allow the plants to prevent excessive salt accumulation in sensitive tissues and maintain a
balanced distribution of ions. The physiological adaptations of rice plants in saline-affected environments play a crucial
role in their survival and productivity B2, However, it is important to note that determining salinity tolerance mechanisms
and elements such as proline could help improve the salinity tolerance capacity of rice plants in future research.
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Figure 1. Salinity negatively alters the plant’s biochemical, physiological, morphological, and harvesting traits.
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| 4. Proline Biosynthesis

Proline is an amino acid involved in protein synthesis and gives proteins a stable shape ¥4 Free proline has specific
functions in plant cells, particularly osmoregulation, antioxidant defense, and stabilization of cellular structures under
adverse environmental conditions. Proline is synthesized from starch through either the glutamic acid (Glu) pathway or the
ornithine (Orn) pathway in plant cells. L-proline is mainly synthesized by the action of Al-pyrroline-5-carboxylate-
synthetase (P5CS) and Al-pyrroline-5-carboxylate-reductase (P5CR), which convert Glu into L-proline in the cytoplasm
and/or chloroplast. The initial enzyme facilitates the transformation of Glu into glutamic-5-semialdehyde (GSA), which then
spontaneously cyclizes to generate pyrroline-5-carboxylate (P5C). P5CS is synthesized by P5CS1 (response to stress)
and P5CS2 (general cellular maintenance) genes with different subcellular locations through separate regulatory
pathways, forming two isoforms [AL42][43][441[45]

The reduction of P5C to proline by PSCR, which uses NADPH as the electron donor, is the second biosynthetic pathway
for proline. Ornithine undergoes reversible transamination to produce glutamic semialdehyde (GSA), which is the initial
stage of the alternate route. The mitochondrial enzyme ornithine 6-aminotransferase (OAT) aids in facilitating this process.
Similar to the Glu route, GSA spontaneously cycles to generate P5C, which P5CR then uses to convert to proline 41461,
Proline dehydrogenase (ProDH), an enzyme that catalyzes the conversion of proline into P5C, is responsible for proline
catabolism in the mitochondria. P5C dehydrogenase (P5CDH) oxidizes P5C, a frequently occurring intermediate, to
produce Glu. The enzyme ProDH has two isoforms that are expressed under different conditions (Figure 2) ¥4, The
active transport of proline, P5C, GSA, and Glu between the cytosol, chloroplasts, and mitochondria is a component of the



compartmentalized metabolism of proline, even if the precise mechanisms behind intracellular transport are still poorly
understood [48],
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Figure 2. Schematic of proline biosynthesis in plant cells. Glu: glutathione, Pro: proline, Orn: ornithine, Putr: putrescine,
GSA: guanidino succinic acid, FAD: flavin adenine dinucleotide, NADP: nicotinamide adenine dinucleotide phosphate,
P5C: 1-pyrroline-5-carboxylic acid.

| 5. Genetic Regulation of Proline in Rice

The proline gene mechanism in rice plants is a complex system that encompasses several genetic and metabolic
processes. It plays a crucial role, especially in the plant’'s response to abiotic stress conditions such as drought and salt.
Al-pyrroline-5-carboxylate synthetase (P5CS) and proline dehydrogenase (ProDH) are crucial enzymes in proline
metabolism. The most significant aspect of this system is the control of these enzymes at the transcriptional level. Genes
that encode P5CS play a vital role in proline synthesis and are controlled by several transcription factors triggered by
stress. Similarly, ProDH, the enzyme responsible for the breakdown of proline, is also closely regulated during periods of
stress (Table 1). The equilibrium between synthesis and degradation processes is crucial in maintaining proline
homeostasis in rice plants when exposed to abiotic stress conditions 42150,

Furthermore, proline accumulation in rice is intricately connected to the plant's reaction to different environmental
conditions. Under drought circumstances, some rice cultivars demonstrate an increase in the expression of genes
associated with proline synthesis, resulting in elevated proline levels and improved resistance to drought B, Furthermore,
proline in rice has a physiological function that goes beyond osmotic correction. It participates in removing reactive
oxygen species, safeguarding cells from oxidative harm during periods of stress. This function is especially apparent in
genetically modified cultivars, promoting proline metabolism and increasing tolerance to several abiotic stressors B9,

Table 1. Genes responsible for regulating the proline process in rice.

Gene Name Function and Description References

Encodes the enzyme Al-pyrroline-5-carboxylate synthetase, which performs a crucial role

OsP5CS1 in the production of proline. Under stressful situations, there is an upregulation of gene 521

(0s059g0455500) . L . .
expression, resulting in an enhanced production of proline.

OsP5CS2 Likewise, OsP5CS1 also codes for Al-pyrroline-5-carboxylate synthase and has a function [52]

(0s019g0848200) in the proline synthesis pathway.
Encodes an enzyme called pyrroline-5-carboxylate reductase, which is responsible for
OsP5CR - - S ; - 53]
catalyzing the last stage in the process of proline biosynthesis. It catalyzes the conversion
(0s019g0948400) .
of P5C to proline.

OsP5CDH Plays a vital function in proline metabolism under stressful situations by facilitating the [52]
(0s05g0536400) conversion of P5C to proline.

OsProDH Encodes proline dehydrogenase, involved in the catabolism of proline. It contributes to the [54]
(0s10g0550900) regulation of proline levels both during and after exposure to stress.

OsOAT Ornithine d-aminotransferase plays a crucial role in a different process for producing [5]

(0s039g0643300) proline from ornithine, particularly in the presence of high salt levels.



Gene Name Function and Description References

It has been determined that this entity has a role in the proline metabolism pathway,

OsDDP6 specifically in response to salinity-induced stress. It has increased expression levels in rice 561
(0s05g0594700) -
genotypes that are resilient to salt stress.
The gene encodes a C4HC3 RING-type E3-ubiquitin ligase, which exhibits elevated
OsRFPv6 . . L . . [57]
expression levels in response to abiotic stress. This gene activates several stress-
(0s02g01323000) X . . . . . .
responsive genes, including those involved in proline metabolism.
The gene encodes a dehydration-responsive element-binding protein that exhibits
OsDREB6 responsiveness to several stressors, including dehydration and cold. It has been shown to 581
(0s09g0369000) p ' g ceny :

participate in proline metabolism under osmotic and cold stressors.

| 6. Proline Response to Salt Stress

Plants use different biochemical and physiological strategies to reduce the negative impact of salt stress and keep cellular
balance. Accumulating suitable solutes like proline is a key element of plant salt tolerance strategies. Proline, a non-
standard amino acid, builds up in plant tissues during salt stress to play multiple roles in osmotic regulation, antioxidant
protection, and cellular integrity. Proline accumulation is a characteristic response of plants to several abiotic stressors,
such as drought, salt, severe temperatures, and heavy metal toxicity 2. In these unfavorable conditions, plants face
cellular dehydration, ion imbalance, oxidative stress, and protein denaturation, threatening their survival and growth.

Proline is a versatile chemical, playing a vital role in alleviating the detrimental impacts of abiotic stresses on plant cells
[60]

Osmotic adjustment plays a crucial role in responding to abiotic stress. Proline is synthesized and stored in plant cells in
response to salinity stress. It acts as a compatible solute, helping to preserve cellular turgor pressure and osmotic
balance. Plant proline protects against water scarcity and high salt levels, enhancing the plant’'s capacity to endure and
recuperate from dehydration and osmotic stress 42611, Managing stress is accomplished by plants through the utilization
of osmotic signaling pathways, which include the regulation of water transport systems, the activation of enzymes that
produce osmolytes, and the control of gene expression 82, Sugars, polyols, and proline are all examples of osmolytes
that accumulate when plants are subjected to salt stress. According to Zhao et al. [ osmolytes regulate osmotic
pressure by effectively lowering the intracellular osmotic potential. In response to salt stress, osmolytes act as signaling
molecules that cause ABA accumulation, impact gene expression, and control plant development E4I55 Osmolytes,
including proline, are responsible for these functions.

In addition, proline acts as a powerful antioxidant by eliminating reactive oxygen species (ROS) produced during abiotic
stress situations. Proline aids in counteracting the harmful effects of free radicals, safeguarding cellular structures from
oxidative harm, reducing oxidative stress, and promoting cellular equilibrium 8. The antioxidant capabilities of this
substance are crucial in minimizing cellular damage and improving the ability of plants to withstand and adapt to
unfavorable environmental conditions, thereby promoting plant survival and adaptation 4. Proline plays a crucial role in
the plant stress response system, allowing plants to endure and flourish in unfavorable environmental circumstances due
to its many functions.

The research has linked the overaccumulation of proline and salinity tolerance; salt-stressed plants with a higher proline
concentration can be assumed to be salt tolerant. Beyond this link, proline plays a vital role in plants exposed to salt
stress by regulating osmotic pressure. Proline restricts the accumulation of Na* and CI™ in the cytosol and simultaneously
protects plant cells against oxidative damage 2268l Nevertheless, some research findings have disagreed with this and it
is disputed as to whether proline buildup is a characteristic associated with enhanced salt tolerance or merely a stress
response. One study could find no notable correlation between proline accumulation and the salinity tolerance capacity of
several rice genotypes 3, Other studies showed that tolerant genotypes accumulate higher proline levels than sensitive
genotypes A2 Fyrthermore, research has demonstrated that applying proline as an external substance to crops
can enhance their ability to withstand high salt levels 74, Several studies have shown a direct relationship between the
buildup of proline and the ability of plants to tolerate salt, emphasizing the crucial function of proline in improving plant
resistance to salinity stress. The specific ways in which proline enhances salt tolerance are still being studied.

| 7. Exogenous Proline Application Improves Salinity Tolerance

Proline, when utilized as an exogenous chemical, has been shown to mitigate the harmful impact of salt on plants and
enhance their tolerance to salinity 73, Recent advancements in this research have concentrated on tackling concerns
related to the reduction in ionic toxicity, nitrogen fixation in biological systems, and the activation of genes associated with



salt tolerance 8. There is little data about the mechanisms that enhance plant salt tolerance with the application of
external proline. Nounjan et al. 4 studied the impact of exogenous proline on gene expression related to proline
metabolism (P5CS and P5CR) and antioxidant enzymes (SOD, APX, and CAT) in salt-stressed Oryza sativa seedlings.
The study aimed to provide an understanding of the processes involved and showed that the expression of P5CS and
P5CR genes increased in response to exogenous proline after a six-day salt treatment. Moreover, supplementing rice
plants with exogenous proline during salt stress boosted the activity of genes responsible for antioxidant-related enzymes.

External proline has been demonstrated to effectively alleviate the impact of salt stress by enhancing the water potential
and water content of leaves, therefore improving water utilization efficiency. The water potential of Brassica juncea leaves
decreased during salt stress. Applying 20 mM proline as a foliar spray reversed the decrease in water potential [Z8].
Moreover, external proline might alleviate the growth suppression of salt-sensitive Cucumis sativus when it is cultivated in
saline conditions. When cultivated in these conditions, the leaves had a higher water content, as reported in reference EI}
Salinity not only leads to elevated levels of Na* and CI™ in plants but also results in deficiencies of Ca?*, K*, Mg?*, NO™, S,
and other essential elements, finally causing an overall nutritional deficiency. Several studies have shown that exogenous
proline positively impacts plant tolerance to salt stress and enhances the plant’s capacity to absorb essential nutrients [%
[8182]  pJants experience mineral nutrient imbalance from elevated Na* and CI~ levels and decreased levels of other
cations such as K* and CaZ* owing to excessive salt concentrations. Salt-tolerant plants use ion homeostasis as an
adaptive strategy to cope with salt stress in salty conditions 3. The plant may prevent damage to lipids, proteins, and
nucleic acids caused by an accumulation of ions like Na* and CI~ by employing these strategies B3I[8485] Sobahan et al.
[88] found that administering exogenous proline to Oryza sativa under 100 mM NaCl resulted in an elevated K*/Na* ratio.
This is in comparison to plants that were exposed to salt stress. Stressed plants generate reactive oxygen species (ROS)
due to the incomplete elimination of oxygen. Ben Rejeb et al. [87, identified some molecules with the ability to function as
second messengers, contributing to the resistance against abiotic stressors. Proline is suggested to operate as a
molecular chaperone due to its capacity to scavenge reactive oxygen species (ROS), stabilize protein and other
macromolecular complexes, and provide cellular redox potential. [BA[E8] Furthermore, external proline combined with salt
stress boosts enzymatic and non-enzymatic antioxidant functions, improving plant resilience. The external addition of 15
mM proline to the growth medium of mung bean plants treated with 300 mM NaCl led to a notable decrease in
malondialdehyde (MDA) and hydrogen peroxide levels. Moreover, this decrease was significantly associated with elevated
levels of glutathione and increased activities of glutathione peroxidase, glutathione-S-transferase, and glutathione
reductase 89,

The effect of exogenous proline on salinity-stressed plants has been extensively studied, but the effects on rice plant
information are limited. The first study was conducted by Deivani et al. 2. They applied salt doses (0, 100, 200, 300, and
400 mM NacCl) and proline (1, 5, and 10 mM Proline) to two Malaysian rice genotypes at the seedling stage. They found
that external proline effectively interacted with varying salinity levels, alleviating salt's harmful impact on two rice varieties’
development and photosynthetic capacity. Proline pretreatment (1mM) enhanced cellular capabilities, but at higher
concentrations, it was toxic and impaired different processes 2. The second study investigated the effect of exogenous
proline (10 mM) treatment with the salinity stress (100 mM) on rice seedlings and on antioxidant enzymes and gene
expression profiles. The exogenous proline improved the accumulation of APX enzymes and upregulated antioxidant-
related gene expression profiles with reduced Na*/K* content in rice seedlings 7. The last study was conducted by The
et al. B4: 5 and 10 mM exogenous proline application with 150 mM NaCl stress at the seedling stage markedly enhanced
plant height, root quantity, root NO3 concentration, root NR, and root GS activity in response to salt stress. The NO3
content, NR, and GS activities were proposed to be crucial in controlling nitrogen metabolism during salt stress. The study
concluded that proline’s potential to reduce salt-stress-induced damage was linked to alterations in nitrogen absorption
activities 1. To a certain extent, exogenous proline can stimulate yield when it is subjected to salt stress. Adding
exogenous proline to salt-stressed Triticum aestivum increased the fresh and dry biomasses, grain yield, and weight of
one thousand grains 22, Foliar application of proline resulted in a rise in the number of seeds produced by Zea mays
plants and an increase in the total grain weight and the weight of 100 grains 23], On the other hand, there is still a lack of
information on the influence of exogenous proline on salt-stressed rice genotype yields.
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