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Rice (Oryza sativa L) stands as a staple food crop globally particularly
in the regions with warm climates. However, its cultivation faces
significant challenges from abiotic stresses like salinity, which hinder
crop growth and productivity. Salinity stress disrupts essential
physiological processes, leading to reduced yields and compromised
food security. In response to this pressing concern, this review
investigates the potential of exogenous proline application to enhance
salt tolerance in rice. The study delves into the intricate mechanisms
underlying salinity stress in rice plants, highlighting its detrimental
effects on growth, ion balance, and cellular metabolism. Salinity-
induced oxidative stress, characterized by the accumulation of reactive
oxygen species (ROS), exacerbates cellular damage, impairing plant
growth and development. Proline, an amino acid known for its
multifaceted roles in stress mitigation, emerges as a promising
candidate for enhancing salt tolerance in rice. Exogenous application of
proline demonstrates significant improvements in rice growth, yield
and physiological attributes under saline conditions. The study
elucidates the impact of exogenous proline on various aspects of rice
physiology, including seed germination, water relations, and oxidative
stress mitigation. By enhancing nutrient uptake, maintaining ion
homeostasis, and fortifying antioxidant defences, proline offers a
promising avenue for sustainable rice production in the face of
escalating salinity stress. In conclusion, this study underscores the
pivotal role of exogenous proline in augmenting salt tolerance in rice,
offering insights into novel strategies for mitigating the adverse effects
of salinity stress on crop yields.

Copy Right, 1JAR, 2024,. All rights reserved.

Rice (Oryza sativa L) is a grass plant that belongs to the family Poaceae and is an edible starchy cereal grain. It is
mostly grown in warm regions of the world, particularly on the west coast of North America, Asia, Africa, and
northern Italy. The world's most significant and widely farmed food crop is rice, which is also the most popular
cereal. The huge rice farming has dependent on irrigation water since the state of the green revolution. Compared to
other cereals, rice takes a lot of water to grow; around 3000-5000 liters are needed to create per kilogramme of rice
(2). In India, rice is cultivated on 44 million hectares area accounting 20% of total rice production worldwide (2). In
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Asian nations like Nepal and Cambodia, the commencement of the rice growing season is commemorated with a
Royal Ploughing Ceremony. The three biggest rice patrons are China, India, and Indonesia. Rice contains
carbohydrates, fat, proteins, vitamins, minerals and water. The World Health Organization (WHO) conditionally
advised supplementing rice with folic acid and vitamin A in 2018 and strongly advised reinforcing it with iron.
Growth of rice depends on both biotic and abiotic environmental factors,

Among all the abiotic circumstances, the salinity is one of the major abiotic stresses which impose blockage in plant
growth and production. Around 800 million hectares of land globally are affected by salinity. Plant phenotypic and
physiological processes are intricately linked to soil salinity. Elevated salinity stress disturbs plant equilibrium and
ion distribution in leaf cells as well as across the whole leaf (4). Older leaves accumulate NaCl as a result of
prolonged saline exposure which affects the photosynthesis rate significantly (5). It also affects the overall
metabolism of the plant and damages it (6). Salinity also effects the chloroplast activities. (7).

Salt stress in rice

1
— :

- > . N > -
l
—-I Osmotic effect lonic effect =
X x

1
Homeostasis in

’ Osmaotice signaling = OSMOCAONIC
L .

lonic signating

oy
2

. ¥
| 1
#Cell division and growthlr

'S

L

Salt tolerance in rice ]

Figure 1:- Salt stress response in rice plant.

Rreactive oxygen species (ROS) has been produced at a faster rate under salinity stress. Lipids, proteins and DNA
are among the macromolecules damaged by ROS, which can also lead to cell death. Antioxidant enzymes, such as
catalase (CAT) and peroxidise (POX), are known to provide stress protection by scavenging reactive oxygen species
(ROS), which increases stress tolerance and prevents oxidative damage to the cellular structure (8). Because K*
participates in maintaining osmotic control and competes with Na®, salt tolerance is directly correlated with K*
contents. Among all the cereals, rice is the most sensitive to salinity stress. Rice is relatively tolerant to soil salinity
during germination and late vegetative growth. Rice has traditionally been grown in the saline soils of the coastal
regions. A certain amount of salt is constantly present in the nearby rivers, canals, streams, and other water bodies.
When the salinity of the soil exceeds EC ~4 dSm ™, it is said to be moderate for rice. In rice plants, too much salt
lead to osmotic stress as well as ionic toxicity. When exposed to high salinities, rice plants exhibit distinct
morphological and biochemical changes.
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Figure 2:- Genes involved at the root, shoot, and leaf levels in the process of rice salt tolerance.

Proline, an imino acid, plays an important role in plants exposed to various stress condition. Crop productivity in
coastal locations may be improved by proline treatment in conjunction with a suitable farmer who has a higher yield
effective. Proline has three major roles during stress that is — metal chelators, an antioxidative defence molecule and
a signalling molecule. Plants require proline because it is an osmolyte, an antioxidant, a cytosolic pH regulator, and
a protein stabiliser (9). Antioxidants were most enormous in salt tolerant plants, which shows that salt-tolerant
genes are less expressed in rice. The wheat plant accumulated large concentrations of total soluble phenols, glycine,
betaine, proline, and chlorophyll due to the plant's usage of proline as an osmotic defender against water shortage

(20).
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Figure 3:- Proline serves a variety of purposes in plants. Proline is a component of metabolic signalling networks
that affect mitochondrial processes, stress relief, and development. It is also employed for protein synthesis, has
protective properties as an osmolyte, helps maintain the redox balance, and can regulate development. (11).
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If proline supplied exogenously on plants at low concentrations it enhanced stress tolerance in rice. Proline when
exogenously applied to roots of Arabidopsis resulted in a reduced level of ROS, indicating the ROS scavenging
potential of proline (12). Exogenous application of proline provided osmoprotection and enhanced the growth of
plants exposed to salt stress. There is various successful application of exogenous proline to improve stress
tolerance. Proline application greatly raised K*/Na" in salt-tolerant and salt-sensitive cultivars (13). The amount of
salt tolerance was correlated with the acquisition of proline and the enhanced activity of antioxidants CAT and APX
(14). Proline increases nutrient absorption, maintains a greater K'/Na" ratio, and likely strengthens the rice's
antioxidant defence system, all of which help rice become resistant to salt. The administration of proline affected the
fresh weight of the shoots and did not tolerate the effects of salt stress (15).

Role of salinity stress in rice :

Salinity, an abiotic stressor, significantly constrains for crop production. Typically, saline soil exhibits a pH range of
7 to 8.5. The impact of salinity on plants is multifaceted and profoundly disrupts crop yield and production. Various
factors contribute to poor plant performance under salt stress, including agronomic practices, enzyme activity,
nutritional management, genetic traits, and hormonal imbalances. One of the most detrimental effects of salt stress is
the accumulation of Na* and CI ions in plant tissues and soil. This accumulation disrupts ion balance within plants
and soil, leading to physiological disorders. Additionally, high soil salt concentrations can impede water uptake by
roots, leading to physiological drought, reduce plant osmotic potential, and disrupt cellular metabolic functions due
to toxicity. It's estimated that salt stress has already caused a 20% reduction in crop production on irrigated lands
globally, with projections indicating the potential loss of 50% of arable land by the mid-21st century due to this
stressor. Salinity effect the plant mainly imparting two types of stresses — (i) Osmotic stress and (ii) lonic stress.
When it comes to coping with salinity stress, plants can be categorized into two main groups: Halophytes and
Glycophytes, distinguished by their degree of tolerance to salt levels. Halophytes are capable of withstanding high
concentrations of salt, reaching up to 400 mM NacCl, whereas Glycophytes thrive at lower concentrations. Excessive
salt has detrimental effects on various essential metabolic processes in rice, such as cell wall integrity, plasmolysis,
cytoplasmic stability, and ER function (16).

Rice is notably sensitive to salt, a concern underscored by the reduction in yield induced by salinity, posing a
significant threat to food security. Particularly in coastal regions, rice cultivation has grappled with saline soil for
generations. While rice can withstand limited exposure to saltwater without compromising growth and yield,
excessive salinity triggers biochemical and physiological changes, inhibiting growth and causing yield losses.
Despite management practices such as transplanting aged seedlings to mitigate salinity stress at the seedling stage,
the flowering phase remains vulnerable. Unlike the seedling stage, where salt tolerance is independent of the
flowering/reproductive stage, salinity poses a significant challenge during flowering. Various strategies, including
the use of osmoprotectants, have been explored to counter salt stress in rice, with studies focusing on different types
of osmoprotectants. Osmoprotectants, also known as compatible solutes, are small organic molecules characterized
by a neutral charge and low toxicity at high concentrations. These compounds serve as osmolytes, aiding organisms
in surviving extreme osmotic stress. They can be categorized into three chemical classes: betaines and related
compounds, sugars and polyols, and amino acids. Upon encountering osmotic pressure, many floras accumulate
specific organic solutes. This collection of compounds that work well together is a fundamental approach employed
by plants to protect themselves from salinity. These solutes accumulate in the cytosol, reducing cytoplasmic water
potential and functioning as osmoprotectants.

Proline, an indispensable imino acid crucial for primary metabolism in plants. It plays a pivotal role in maintaining
the pH of cytosolic redox within cells and acts as an antioxidant or singlet oxygen quencher. Notably, there is a
substantial accumulation of proline in salt-tolerant transgenic rice plants expressing PSCS (17). The synthesis of
proline from glutamic acid occurs via Al-pyrroline-5-caroxylate (P5C) facilitated by two enzymes: P5C synthetase
(P5CS) and P5C reductase. Conversely, proline is degraded back to glutamic acid via P5C through the actions of
two enzymes: proline dehydrogenase and P5C dehydrogenase (18).
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Figure 4:- Biosynthetic pathway of proline through Glutamate and ornithine in plants (adopted from Ahmad and
Sharma 2008). P5CS pyrroline-5-carboxilate synthetase, PSCR pyrroline-5-carboxilate synthetase, Pro DH proline
dehydrogenase.

Exogenous application of proline in rice:

Proline, a versatile imino acid, serves as both a signalling molecule initiating cascades of cellular communication
and a key osmolyte, particularly prominent under diverse environmental stresses such as salinity (19). Its functions
encompass the regulation of osmotic pressure within cells, prevention of protein denaturation, maintenance of
membrane integrity, enzyme stabilization, and mitigation of toxic reactive oxygen species (ROS). Recognized as a
crucial osmotic regulator in cells facing water scarcity, saline conditions, or heavy metal exposure, proline
accumulation occurs in the cytosol in response to various biotic and abiotic stressors.

The utilization of proline had a significant impact on water relations in rice cultivars across both years of study. It
enhanced water relations, likely by promoting increased water uptake. Notably, application of proline during the
seedling and vegetative stages led to noteworthy improvements in water potential in the first year, with a similar
trend observed in the second year. Additionally, foliar application of proline contributed positively to plant growth
and yield characteristics. In wheat, exogenous proline application during the vegetative stage effectively mitigated
the adverse effects of salt stress. This foliar proline treatment also enhanced the growth of salt-affected rice plants by
bolstering photosynthetic capacity. Furthermore, under saline conditions, exogenous proline application significantly
improved physiological attributes, including antioxidant activity such as catalase (CAT), superoxide dismutase
(SOD), and malondialdehyde (MDA) contents. Moreover, proline application was associated with increased rice
plant height, total tillers and panicle length also.
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Figure 5:- The summarized physiological and biochemical changes observed under the influence of exogenous
proline that have beneficial effects on the tolerance of stress factors in cultivated plants. Up-regulated processes
and/or biochemicals are marked in green, down-regulated are marked in red.

Proline metabolism in salt stress:

Numerous researches indicate that exposure to saline stress initiates the activation of genes responsible for proline
biosynthesis, ultimately leading to an accretion of proline (20). Application of proline from external sources can
notably enhance plant tolerance to salt stress by modulating internal proline metabolism, a procedure that is in part
made possible by the varying expression of particular proline-related genes. The foliar administration of proline to
maize decreased P5CS activity while increasing PDH levels under salt stress conditions (21). The administration of
proline exogenously considerably boosted the expression of PSCS and P5CR in salt-stressed rice (22).

Impact of proline treatment on salt stressed crop plants:

Sprouting of seeds stands as a pivotal phase within the plant life cycle, as it is highly susceptible to abiotic stress
factors (23). Exogenous application of proline demonstrates a favourable concentration-dependent impact on seed
germination amidst salt stress conditions. The application of 1 mM proline effectively mitigates the adverse effects
induced by 400 mM NaCl, although 100 mM proline fails to yield a notable effect. Likewise, treatment with 50 mM
proline enhances the germination of two Sorghum bicolor cultivars under saline conditions (24).

In stressed plants, reactive oxygen species (ROS) are continuously generated as a result of incomplete oxygen
reduction. Some ROS serve as secondary messengers, triggering tolerance to abiotic stresses. Proline is recognized
as a molecular chaperone owing to its ability to scavenge ROS, stabilize proteins and other macromolecular
complexes, and maintain cellular redox potential. When 10 mM proline is externally applied to salt-stressed rice
seedlings, it reduces the activity of superoxide dismutase (SOD), peroxidase (POX), and catalase (CAT), while
increasing the content of hydrogen peroxide (H,05).

Mechanisms of proline induced stress protection:

The precise molecular mechanisms underlying proline's protective role in cellular stress remain incompletely
elucidated, though they are believed to hinge on its chemical properties and impact on redox systems such as the
glutathione (GSH) pool. While proline's function in stress adaptation is commonly attributed to its osmolytic nature
and capacity to mitigate water stress, challenging environmental conditions often disrupt intracellular redox
equilibrium, necessitating additional mechanisms to counteract oxidative stress. Consequently, proline's protective
mechanisms are thought to encompass the stabilization of proteins and antioxidant enzymes, direct scavenging of
reactive oxygen species (ROS), maintenance of intracellular redox balance (e.g., NADP*/NADPH and GSH/GSSG
ratios), and modulation of cellular signalling pathways via proline metabolism.
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Figure 6:- Potential functions of prollne and proline metabolism in stress protection (25).

Conclusion:-

Salinity poses a significant challenge to crop yields in coastal regions of India. Application of exogenous proline has
demonstrated marked improvements in growth, as well as increased grain and straw yields, while concurrently
elevating the K*/Na" ratio and nutrient absorption in both rice varieties grown under saline conditions. Proline plays
a pivotal role in enhancing rice tolerance to salinity by bolstering nutrient uptake, maintaining optimal K*/Na" ratios,
and potentially fortifying antioxidant defence systems. Beyond field experimentation, gaining deeper insights into
the biochemical and physiological functions of proline is essential for identifying and developing plants with
enhanced tolerance mechanisms against salinity. The accumulation of proline and the enhanced activity of the
antioxidant enzymes CAT and APX were related to the level of salinity tolerance. One of the most important
challenges for plant physiologists is to find the right solutions and reduce the effects of stress. Numerous studies'
findings demonstrate that applying exogenous proline to plants may decrease the harm that comes from
environmental stress. Under both normal physiological parameters and stressful environments, plants acquire proline
as a proteogenic amino acid. Additional functions of proline in plants include osmotic and energy supply, ROS
scavenger, and stress reliever. Proline's function as an osmotic protector or growth signal is determined by the
balance between its production and breakdown. It is still uncertain how proline content and abiotic stress tolerance
in plants relate to one another. However, plant researchers agree that proline accumulation is beneficial to plants,
especially after recovery from stress. Proline affects plant growth and production via its metabolic signal-mediating
function. To increase plant stress tolerance, more investigation into the variables governing the expression of the
enzymes involved in proline production and degradation will be helpful. Not only exogenous application of proline
could be used for induction of stress response, but also molecular engineering modulating genes expression through
gene modifications or gene editing. However based on regulations, which restrict applications of such organisms in
particular country development of non-invasive techniques seems to be rationale choice. Additionally, it's essential
for a deeper comprehension of the components of the regulatory network that govern how plants react to stress.
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